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ABSTRACT OF THE DISSERTATION

Thermally Induced Evolutions of Metallic Nanoparticles
Through In Situ Transmission Electron Microscopy
by
Xiner (Lucy) Lu
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2024

Associate Professor Kai He, Chair

Platinum-based metallic NPs hold considerable interest due to their applications
especially in catalysis. The catalytic performance depends on their morphology, structure,
and composition. The response under thermal stimuli remains complex and is not fully
elucidated. TEM is an indispensable method for characterizing materials from the atomic
level to nanoscale. In situ TEM has enabled unprecedented capabilities for observing the
real-time evolution of materials during dynamic processes. This study investigates the
thermally induced structural and chemical evolutions of Pt-based NPs with different
structures and elemental compositions using in situ TEM. In situ TEM generates massive
datasets, necessitating effective tools for data analysis. Image segmentation using machine
learning was developed to analyze STEM images and quantify NPs behavior at elevated

temperatures.

Xiv



The first NP system investigated is Pt-Ni NPs. We synthesized NPs with two distinct
structures. In situ TEM reveals morphological evolution from truncated octahedron to
spherical-like isotropic shapes, followed by pancake-like ellipsoid shapes. In situ STEM with
EDS mapping shows that solid-solution compositional configuration is retained over a large
temperature range, while core-shell NPs undergo irreversible solid-solution transitions

through chemical homogenization at elevated temperatures.

The study extends to quinary PdCuPtNiCo NPs with core-shell and HEA structures.
STEM and EDS mapping examine the crystal structure and mixing patterns. In situ
experiments reveal that chemical evolutions during heating are controlled by mass transfer
with nearby NPs. Without mass transfer, NPs maintain their solid solution structure;
however, mass transfer with background atom clusters or neighboring NPs leads to the

formation of Janus structures after heating.

Overall, this work provides new scientific knowledge about structural and chemical
evolutions of metallic NPs model systems during heat treatment. The obtained knowledge
can be used as design principles to extend to other multimetallic systems to improve

materials’ performance in real applications.
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CHAPTER 1 Introduction

1.1 Metallic Nanoparticles

Nanotechnology plays a crucial role in numerous fields, allowing us to manipulate
molecules and atoms to create specific structures. NPs are tiny solid particles, typically on
the nanometer scale, with exceptional physicochemical properties [1]. Nanocrystals are a type
of crystal that have at least one dimension between 1 and 100 nm and are characterized by a single-
domain crystalline structure without the complexity of grain boundaries. The interest in
nanocrystals is rising due to their unique role as intermediaries between atoms and bulk solids, as
well as their remarkable properties and potential uses [2]. Notably, many of these applications
require metals in a nanoscale form, ideally as nanocrystals with precisely controlled

characteristics.

Metallic materials are widely used in various industrial applications including
aerospace, automotive, energy storage and conversion due to their excellent mechanical and
physicochemical properties [3]. As complexity increases, metallic materials including
monometallic, bimetallic, multimetallic (23 elements), and high-entropy (=5 principal
elements) alloys (HEAs) have received significant attention due to their advantageous
catalytic, electrical, structural, magnetic and optical properties [4]. However, their
performances largely depend on their shapes, sizes, crystal structures, chemical

compositions and so on.

1.1.1 Controlled Shape

The diversity of shapes that metallic NPs have is extensive, with each shape offering

unique properties and advantages for specific applications [5]. The controlled synthesis of



these shapes leverages thermodynamic and kinetic factors, as well as the use of surfactants
and ligands. A wide range of shapes has been successfully created, encompassing not only
basic geometries such as spheres, cubes, tetrahedrons, octahedrons, decahedrons, and
icosahedrons, but also 1-dimensional and 2-dimensional forms like rods, wires, plates, discs,
triangular and hexagonal plates. Additionally, more complex structures such as bipyramids,
tetrapods, and hyper-branched shapes have also been achieved [6]. As shown in Figure 1.1,
shape-controlled synthesis of metal NPs involves a meticulous process that begins with
monomers and progresses through the stages of seed formation, nucleation, and growth.
Initially, metal precursors (monomers) are reduced in a controlled environment to form
small clusters of atoms, known as seeds. These seeds serve as the nucleation sites where the
NPs begin to take shape. The nucleation phase is critical, as it determines the initial size and
distribution of the particles. By manipulating factors such as temperature, concentration of
precursors, and the presence of surfactants or capping agents, people can direct the uniform
formation of seeds. During the growth phase, these seeds undergo further atomic deposition,
where additional metal atoms are added, leading to the enlargement of the NPs. The growth
phase is where the final shape of the NPs is established, heavily influenced by the kinetics of
atom deposition and the selective binding of surfactants to specific crystallographic facets.
This selective binding can inhibit growth in certain directions, allowing for the synthesis of
NPs with controlled various shapes. Each stage from monomer to seed, through nucleation
and growth, is finely tuned to achieve the desired morphology, enabling the tailoring of

physical and chemical properties for specific applications [7].
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Figure 1.1 An illustration of general synthetic strategies for size and shape control of metal

NPs [6]. Reproduced with permission. Copyright 2012, WILEY-VCH.

Figure 1.2 shows an example of TEM images of different shapes of synthesized Pt NPs.
Cubic NPs, often synthesized using seed-mediated growth or controlled chemical reduction,
expose high-energy {100} facets. These facets are active sites for catalytic reactions, making
cubic NPs particularly useful in catalytic applications [8]. Octahedral NPs are characterized
by their {111} facets, which typically exhibit lower surface energy than {100} facets. This
shape is advantageous in applications requiring high surface stability and reduced

agglomeration. Octahedral Pt-Ni NPs are known for their excellent catalytic properties in

3



oxygen reduction reactions [9]. Rod-shaped NPs, or nanorods, have an elongated structure
with high aspect ratios. This shape provides a high surface area-to-volume ratio and
anisotropic properties, which are beneficial for applications in optoelectronics and drug
delivery [10, 11]. Nanowires are even more elongated than nanorods and are used in
electronic and sensing applications due to their excellent electrical conductivity and high
surface area. Metallic nanowires, such as Au-Ag and Pt-Pd, have shown promising results in
biosensing and as components in nanoelectronic devices [12]. Branched or dendritic NPs
have multiple arms extending from a central core, providing a large surface area and

numerous active sites. This shape is advantageous for applications requiring extensive

surface interactions, such as catalysis and sensing [13].

Figure 1.2 TEM and HRTEM images of shape-controlled NPs: a) Pt cubes, b) Pt cuboctahedra,
c) Pt octahedra, d) Pd triangular plates, e) Pd hexagonal plates, f) Pd nanobars, and g) Pd-Pt

bimetallic nanodendrites [6]. Reproduced with permission. Copyright 2012, WILEY-VCH.

The controlled shape of metallic NPs is a critical aspect of nanotechnology that

significantly influences their properties and applications. The ability to manipulate NPs



morphology enables precise tailoring of their properties for diverse applications. However,
the real-world utility of these materials extends beyond their initial synthesis. Under thermal
and actual reaction conditions, NPs can undergo shape transformations that critically
influence their performance and stability. For instance, high temperatures or reactive
environments can cause reshaping, sintering, or dissolution of specific facets, altering their
activity and efficiency [14]. Therefore, understanding and controlling these shape changes
are vital for maintaining the desired properties and functionality of metallic NPs in practical

applications.

1.1.2 Controlled Structure

The progression from monometallic to bimetallic and multimetallic NPs represents a
significant development in nanomaterials, offering more control over structure and
properties. Initially, monometallic NPs served as the building blocks for understanding
fundamental synthesis principles and characterizing basic properties. However,
incorporating a second constituent introduces additional compositional and structural
complexities, resulting in bimetallic nanocrystals adopting various configurations. These
configurations include ordered intermetallics, random alloys, core-shell structures, and
more [15]. Figure 1.3 shows the simulations of EDS maps of seven different octahedral Pt-Ni
NPs with different structures [16]. Alloy structure has a homogeneous distribution of two or
more metals throughout the particle. These structures can exhibit enhanced catalytic,
magnetic, or optical properties due to the synergistic effects between the constituent metals
[17, 18]. Core-shell structure consists of a core of one metal surrounded by a shell of another.
For multimetallic NPs, this structure can also be extended to multiple elements consisting of

either core or shell [19]. This structure allows for the combination of core and shell
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properties, such as enhanced stability, catalytic activity, and biocompatibility [20, 21].
Except for these structures shown in Figure 1.3, Janus structure features two distinct faces
with different compositions or properties. This unique structure enables asymmetric
functionality due to the presence of possible different metals on separate faces [22]. Hollow
and porous structures have internal cavities, providing high surface area and low density.

These structures are advantageous for catalytic applications where mass transport and

surface interactions are critical [23, 24].

Figure 1.3 3D renderings of different NP structures. Pt atoms are shown in red and Ni atoms
are shown in green. (1) Pt monolayer over a Ni core; (2) Pt edges over a Ni core; (3) Pt
hexapod; (4) Pt hexapod and edges; (5) Pt hexapod, Pt edges and Pt core; (6) Ni facets that
are not connected; (7) random alloy structure [16]. Reproduced with permission. Copyright

2018, Springer Nature.



Considering that complex structures may transform from one form to another when
subjected to elevated temperatures, or other reaction conditions, both catalytic activity and
stability can be significantly impacted. Hence, it is essential to comprehend these

transformation pathways through in situ experiments.

1.1.3 Controlled Composition

The selection of metal elements incorporated into metallic NPs are crucial
determinant of their properties and functionalities. The choice of metals is guided by the
desired physical, chemical, and catalytic properties, as well as the application requirements.
The combination and proportion of metals can significantly influence the stability, reactivity,

and overall performance of the NPs.

Bimetallic Nanoparticles

Bimetallic heterogeneous nanocrystals composed of both noble metal and TM
elements often demonstrate superior catalytic performance compared to single noble metal
catalysts [25]. Nanoscale Pt-Ni bimetallic NPs with octahedral shape and controlled size
have been actively explored in recent years due to their outstanding activity for ORR [26]. In
2007, Stamenkovic et al. found that the PtsNi (111) surface is 10 times more active for the
ORR than the Pt (111) surface, and 90 times more active than the Pt/C catalysts [27]. Zhang
et al. successfully synthesized monodisperse Pt3Ni nanoctahedra and nanocubes by co-

reducing Pt(acac)z and Ni(acac)z in a mixed organic solvent of oleic acid and oleylamine [28].

The synthesis of metallic NPs has been a significant focus of research due to their
unique properties and wide range of applications. Achieving precise control over the

composition, size, morphology and structure of these NPs requires the use of sophisticated



synthesis methods. These methods can be categorized into two main types bottom up

methods and top down methods, as listed in Table 1.1 [29].

Table 1.1 Top down methods and bottom up methods of NP preparation [29]. Reproduced

with permission. Copyright 2019, Elsevier.

Sr. Top down methods Bottom up methods
No. Methods Examples Methods Examples
- Physical vapor
Mechanical Ball mllhng. Solid state deposition
1 - Mechanochemical :
milling methods Chemical vapor
method s
deposition
Liquid state Sol gel method.s
9 Laser svnthesis Chemical reduction
ablation rﬁetho ds Hydrothermal method
Solvothermal method
Spray pyrolysis
3 Sputtering Gas phase Laser ablation
methods :
Flame pyrolysis
Bacteria
. . Fungus
4 Biological Yeast
methods
Algae
Plant extract
Electrodeposition
process
5 Other methods Mlcrowav.e .techm.que
Supercritical fluid
precipitation process
Ultra sound technique

High Entropy Alloy Nanoparticles

HEMs have received considerable critical attention in recent years due to their unique
properties and wide applications led by the multielemental composition and solid-solution
structure. By changing the added metal species and inducing the anion source, versatile

HEMs could be obtained. In 2004, Yeh et al. introduced the concept of HEAs [30]. Based on


https://www.sciencedirect.com/science/article/pii/S1773224718308189#tbl1

Boltzmann's hypothesis, the mixing configurational entropy during the formation of a solid
solution from n elements with equimolar fractions can be calculated from equation (1),
where R is the gas constant. According to the classifications in HEAs research, the
multicomponent alloys which satisfy the requirement (2) can be named as HEAs [31]. For
alloys with equal molar fractions with 3, 4, 5, 6 and 9 elements, their mixing entropy value
AS,.ix can be easily calculated as 1.10R, 1.39R, 1.61R, 1.79R and 2.20R, respectively.
Therefore, only the alloys with more than 5 different kinds of metal elements and random

mixing crystal structure can be defined as HEAs.
ASmix = =R X In- = Rinn (1)
AS,ix > 1.5R (2)

In recent years, the high phase and chemical stability under extreme environments
caused by the unique crystal structure has made HEMs a promising candidate for energy
conversion and storage applications. Bulk HEAs are difficult to use for catalytic applications
due to their low surface area and low number of active sites. Compared with the bulk
counterpart, HEA NPs with more than 5 kinds of metal elements and homogeneous mixing
structure own large surface area and enriched catalytic active sites, therefore demonstrating
excellent catalytic performances on both thermocatalysis and electrocatalysis reactions [32].
For example, Yao et al. successfully synthesized a library of HEA NPs by carbonthermal shock
method and proved the catalytic utility with ~100% conversion and >99% nitrogen oxide

selectivity as ammonia oxidation catalysts [33].

The most important property of HEAs is that they are single phase materials where

entropic stabilization accounts for compositionally complex solid solution formation.
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However, multimetallic NPs may have heterogeneous structure. Mirkin et al. made great
progress in synthesizing multicomponent NPs through polymer nanoreactor-mediated
synthesis and the obtained product had heterogeneous structure with phase segregation
[34]. Skrabalak group reported the synthesis of quinary, senary, and septenary NPs
comprised of PdCuPtNi with Co, Ir, Rh, Fe, and/or Ru with core-shell structure and
conversion of two-phase core-shell NPs into single-phase HEA NPs by thermal treatment
[35]. This demonstrates the ability to manipulate the degree of intermixing between the core

and shell phases and the generality of this NP conversion strategy to monodisperse HEA NPs.

The primary key to synthesizing HEMs is adjusting their thermodynamic parameters
to create homogeneous distribution of kinds of elements. HEMs with high surface area and
abundant active sites are favorable for energy applications. However, the size, phase and
elemental composition of the synthesized HEMs are highly dependent on the selection of

synthesis approaches and parameters. I summarized the general methods in Figure 1.4.
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Figure 1.4 Summary of synthesis methods of HEMs divided into solid phase and liquid phase

synthesis.

Mechanochemical synthesis to reorganize atoms from different elements into the
same lattice is an efficient solid-state synthesis for HEMs. Wu et al. prepared CoCrFeNiPt and
CoFeNiCrPd ingots using the vacuum arc melting method under argon atmosphere and then
used spark discharge system to prepare HEA NPs [36]. Besides the solid phase precursors,
aqueous precursor solutions are also widely applied to synthesize HEMs. The liquid-state
synthesis of HEMs can be broadly classified into three main categories. The first one is
increasing the temperature rapidly in seconds to shock the precursors and obtain high-
entropy phases. Hu group at the University of Maryland first employed flash heating and
cooling with temperature ~2000 K and shock duration ~55 ms of metal precursors on

oxygenated carbon support to produce HEA-NPs with up to eight dissimilar metallic
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elements [33]. They synthesized a wide range of multicomponent NPs with narrow size
distribution and uniform dispersion by controlling the carbothermal shock parameters. It is
noted that they used conductive carbon support, which are carbon nanofibers as substrate
for the carbonthermal shock process. After the rapid shock, high concentration of metallic
NPs formed across the carbon surface without agglomeration. On the one hand, the ultrafast
heating is a nonequilibrium process which drives the particle “fission” and “fusion” events to
achieve uniform mixtures. On the other hand, the rapid cooling rate 105> K/s dominate the
kinetic control and avoid phase segregation [33]. Similarly, this rapid heating route has also
been developed in various forms to synthesize HEMs such as PtPdFeCoNi HEA-NPs by
microwave heating [37], HEO microparticles by Joule heating [38]. Pyrolysis can also be
applied to the synthesis of HEM NPs in high temperatures, including fast moving bed
pyrolysis to prepare denary MnCoNiCuRhPdSnIrPtAu HEA-NPs and flame spray pyrolysis to
obtain quinary (Mn, Fe, Ni, Cu, Zn)3(0)4+ HEO NPs [39, 40]. Instead of drying solution on
carbon support, continuous synthesis using aerosol droplets for fast heating and quenching
treatment is more suitable for large-scale production [41] [24]. Similarly, vapor phase spark
discharge method enables the precursors to a direct vapor-crystal transformation to confine
the NPs in their alloyed states [42]. Ultrasound irradiation process is able to produce
instantaneous massive energy in momentary timespans, meeting the rapid heating

requirement to form multimetallic NPs and high-entropy perovskite oxides [43, 44].

Besides the ultrafast heating and cooling synthetic methodologies to reach
nonequilibrium process and achieve uniform dispersed HEM NPs, Waag et al. reported a
laser synthesis of colloidal CoCrFeMnNi HEA NPs [45]. They first prepared HEA bulk target
by mixing and heat treatment, and then applied a laser beam to irradiate the surface of the
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target. Through the laser ablation, a cavitation bubble formed and the ablated species
condensed and released as HEA NPs in the liquid. The scalability and reproducibility with 3
grams of colloidal HEA NPs have also been proved using this method [45]. Concurrent
chemical reduction of platinum-group metals in organic solvents can form solid-solution
HEA [46]. Mori et al. utilized hydrogen spillover phenomenon with TiOz to obtain supported

HEA NPs [47].

1.2 Application of Metallic Nanoparticles

The production and consumption of energy are closely linked to global climate
change. Presently, most energy consumption relies on fossil fuels. However, these non-
renewable resources are depleting rapidly, and the combustion of large quantities of fossil
fuels generates significant pollutants, leading to greenhouse effects, acid rain, and other
severe environmental issues [48, 49]. The traditional energy structure and low utilization
rates cannot meet the future demands for efficient, clean, economical, and safe energy in a
sustainable society. Consequently, there has been a growing exploration of renewable and
clean energy sources, such as solar, wind, geothermal, and ocean energy [50]. To promote
the development of new energy, energy conversion and storage materials play an important
role in extending interest in energy devices such as lithium-ion batteries, fuel cells and

perovskite solar cells [51, 52].

Catalysis is fundamental to the chemical and petroleum industries, playing a crucial
role in a wide range of chemical reactions and processes that support clean energy and
environmental sustainability [53]. Catalysts can be classified into two types: homogeneous

and heterogeneous. Homogeneous catalysts exist in the same phase as the reactants,
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typically in solution. An example is soluble organometallic compounds acting as catalysts in
hydrogenation [54]. In contrast, heterogeneous catalysts are in a different phase than the
substrates; for instance, a solid catalyst might accelerate a reaction involving liquid or gas

phase reactants [55].

Both types of catalysts have their advantages and disadvantages, as summarized in
Table 1.2. The active centers of homogeneous catalysts are all metal atoms, which provide
high selectivity. They operate under relatively mild reaction conditions but have low thermal
stability and limited applicability, and product separation is challenging. However, their

reaction mechanisms are easier to understand.

Heterogeneous catalysts, on the other hand, have active centers that are only surface
atoms. They tend to have lower selectivity and often require more severe reaction
conditions, but they possess high thermal stability and wide applicability. Product
separation is easier with heterogeneous catalysts, though their reaction mechanisms are less
well understood. Many catalytic reactions depend on heterogeneous catalysts, including
metals, metal oxides, and metal salts. Noble metals such as Pt, Pd, Rh, and Ir are exceptional
heterogeneous catalysts, though they are costly and scarce. TMs like Ni, Cu, Co, and Fe are
also widely used as catalysts. Therefore, combining noble metals and TMs in catalysts can

potentially offer excellent catalytic properties while reducing costs [56].
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Table 1.2 Comparison of homogeneous catalysts and heterogeneous catalysts.

Homogeneous Heterogeneous

Active centers all metal atoms only surface atoms

Selectivity high low
Reaction condition mild (50-200°C) Severe (often>250°C)

Thermal stability low high
Applicability limited wide
Product separation difficult easy

Reaction mechanism reasonably well understood poorly understood

Among noble metals, Pt exhibits exceptional catalytic activities across numerous
applications, such as automotive exhaust gas treatment, petroleum refining, organic
synthesis, hydrogen production, and PEMFC [57, 58]. ORR is a critical half-cell reaction in
chemistry, particularly for PEMFCs, where oxygen molecules react with protons and
electrons to form water. Improving catalysts for ORR is a major focus because of its slow
kinetics and significant potential loss. Additionally, the cathode in PEMFCs typically requires
a higher Pt loading, often several times that of the anode. However, Pt resources are limited,
necessitating strategies to reduce Pt usage and enhance catalytic activities by designing

specific Pt-based nanomaterials [59].

Pt-based nanomaterials, compared to their bulk counterparts, have a significantly
increased specific surface area and a greater number of exposed active sites, leading to much
higher Pt atom utilization. Various strategies have been developed to optimize these
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nanostructures and further enhance their catalytic properties [60]. These strategies include
incorporating another TM element to create Pt-based alloys, core-shell, or heterogeneous
structures, controlling exposed crystal facets, developing three-dimensional nanostructures
like hollow spheres and nanoframes, and utilizing support materials with stable structures,

high specific surface areas, and more anchoring sites [9, 23].

The suitability of a catalyst for a specific process is primarily determined by three
catalytic properties: activity, selectivity, and stability. These properties are intrinsically
dependent on the catalyst's structure, morphology, and composition [61]. From a materials
science perspective, a fundamental understanding of the structure-property relationship
and the evolution of material structure and chemistry at relevant length and temporal scales

is crucial and urgent for the rational design of energy-related applications.

1.3 Fundamental Concepts

Understanding the thermal-induced evolutions of metallic NPs requires a solid
understanding of several key phenomena: metal interdiffusion, surface energy-driven
coalescence and growth, and phase stability and intermetallic formation. These concepts

provide the foundation for explaining observed behavior.

1.3.1 Metal Diffusion

Metal diffusion is a key phenomenon in alloy systems, where atoms from different
metals migrate into each other. This process significantly impacts the structural and
functional properties of metallic NPs, especially at elevated temperatures. The diffusion

process in metals can be described using Fick's laws. Fick's first law states that the diffusion
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flux, J, which is the amount of substance that flows through a unit area per unit time, is

proportional to the concentration gradient:

do
J="P%

where ] is the diffusion flux, D is the diffusion coefficient, ¢ is the concentration, and x is the
position. Atomic diffusion can be driven by concentration gradients or surface energy
minimization. Diffusion driven by concentration gradients follows Fick's laws, where atoms
move from regions of high concentration to low concentration, leading to homogenization
over time. This type of diffusion is quantified by the diffusion coefficient and can be described
by Fick's second law:

d 0%
9% _pl®
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The diffusion coefficient D is temperature-dependent and follows an Arrhenius relationship:

—Q
D = Dyexp (ﬁ

where Dy is the pre-exponential factor, Q is the activation energy for diffusion, R is the

universal gas constant, and T is the absolute temperature [62].

The diffusion of elements within NPs is influenced by their diffusion coefficients
values, atomic sizes, and electronegativities. Elements with higher diffusion coefficients will
migrate more rapidly, particularly under thermal conditions. Here, the diffusion coefficients
of the further studied metal elements are summarized in Table 1.3, which displays the
diffusivity data for Ni-X dilute systems, where X represents different solute elements [63].

The table provides Do and Q values at two different temperature points (700 K and 1700 K),
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showcasing how these parameters change with temperature. Cu exhibits the highest
diffusion coefficients among the four metals, indicating rapid diffusion within the Ni lattice.
The lower activation energy further facilitates this process, especially at elevated
temperatures. This suggests that Cu can quickly homogenize within Ni, impacting phase
formation and potentially reducing the stability of distinct phases. Pt has relatively low
diffusion coefficients and relatively high activation energy, indicating slower diffusion within
the Ni lattice compared to Cu and Pd but faster than Co. This suggests that Pt atoms will
migrate less readily compared to Cu and Pd, potentially leading to the formation of stable Pt-
rich regions. Co exhibits the lowest diffusion rates in Ni among the four metals, with a
significant increase in diffusivity at higher temperatures. The high activation energy suggests
that considerable thermal energy is required for Co atoms to diffuse within the Ni lattice.
Overall, rapid diffusing elements like Cu can quickly homogenize, ensuring a uniform
distribution. However, the slower diffusion of Co and Pt can maintain distinct regions. The
diffusion behavior of these metal elements highlights the diverse effects they can have on the

thermal evolution and stability of multimetallic NPs.

Table 1.3 Diffusion parameters for the solute diffusion of Ni-X systems [63].

Solute Do (104m?/s) Q(eV) T (K)
Pd 0.141 2.74 700
0.432 2.72 1700

cu 0.254 2.85 700
0.620 2.75 1700

Pt 0.090 2.94 700
0.275 2.95 1700

Co 0.085 3.07 700
0.243 3.09 1700
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1.3.2 Surface Energy

Surface energy is a fundamental concept in materials science, particularly significant
for understanding the behavior of metal NPs. The surface energy of a material is the excess
energy at the surface of a solid compared to the bulk. This concept is crucial because NPs
have a high surface-to-volume ratio, making surface energy a dominant factor in determining
their properties and stability. Surface energy (y) can be defined as the energy required to
create a unit area of a surface. For metals, this energy arises from the disruption of atomic
bonds at the surface, leading to higher energy states compared to the atoms in the bulk.

Mathematically, surface energy is expressed as:

aw

T}

where dW is the work done to create a new surface area dA [64].

The high surface energy of metal NPs tends to drive changes in morphology to
minimize the total surface energy. This can lead to phenomena such as facet development
and rounding of edges. As NPs reduce their surface energy, they may undergo shape
transformations, which is critical in applications like catalysis where specific surface facets
exhibit different catalytic activities [65]. Atomic diffusion driven by surface energy
minimization involves the migration of atoms to reduce the system's overall surface energy.
For example, Ostwald ripening involves the dissolution of smaller NPs and redeposition of
material onto larger ones, driven by the reduction in total surface energy. The larger
particles grow at the expense of smaller ones, leading to a more thermodynamically stable
distribution of particle sizes [66]. Adjacent NPs may coalesce to form larger particles. This

process reduces the total surface area and thus the total surface energy. Coalesce would
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reduce the active surface area for catalytic reactions and further decrease the performance
[67]. Surface energy also influences the phase stability of NPs. For instance, in multimetallic
NPs, the different surface energies of the constituent metals can lead to surface segregation,
where one metal preferentially occupies the surface. Intermetallic formation in NPs can also
be driven by surface energy considerations. The surface energy of intermetallic phases can

be different from that of pure metals, influencing the formation and stability of these phases.

The surface energies of representative facets for the studied metals are shown in

Table 1.4 [68]. The weighted surface energy (y) is defined by the following equation:

_ Xy Yk Anka
Yy = YA = Z thlfh"}d
hkl (hkl}

where ypy; is the surface energy for a unique facet, Ay, is the total area of all facets in the
{hkI} family, and f;}, is the area fraction of the {hkl} family. The shape of metals significantly
influences their surface energy, which in turn affects their stability, growth, and properties.
Different facets such as {111}, {110}, and {311} planes exhibit varying surface energies due
to differences in atomic density and coordination. For instance, in fcc metals, the {111} facet
typically has lower surface energy compared to other facets, making it more stable and
energetically favorable. This anisotropy in surface energy leads to the formation of NPs with
specific shapes that minimize the overall surface energy, such as octahedra, which are bound
by {111} facets. In our study, we focus on the fcc structure, commonly observed in metals

like Pt, Ni, and their alloys.

Pd and Cu have relatively low surface energies, which implies that in a multimetallic

NP, these metals are less likely to migrate to the surface to minimize total surface energy. Pt
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has moderate surface energy. Therefore, Pt atoms can migrate to the surface but not as

dominantly as Ni or Co. Ni and Co have the highest surface energies among the selected

metals. This makes them prone to surface segregation in multimetallic NPs to reduce the

overall surface energy.

Table 1.4 Surface energy values and lattice constants of selected metal elements [68].

. Lattice
Element Facet Surface eznergy Weighted surfjlce constant
(1/m?) energy (J/m?) A)
(111) 1.36
(100) 1.52
Pd g;g 12; 1.45 3.8898
(210) 1.63
(221) 1.50
(111) 1.34
(100) 1.47
Cu S;B 12;} 1.42 3.61496
(210) 1.60
(221) 1.48
(111) 1.49
(100) 1.86
Pt S;B 1;? 1.60 3.9231
(210) 1.89
(221) 1.60
(111) 1.92
(100) 2.21
Ni 8;3 ggg 2.04 3.52387
(210) 2.40
(221) 2.17
(111) 2.04
(100) 2.48
(311) 3.28
Co (331) 364 2.15 3.548
(210) 4.36
(221) 2.33
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In catalytic applications, the surface reconstruction of NPs under reaction conditions
can alter the catalytic performance. Understanding and controlling surface energy is thus

essential for optimizing catalysts’ properties.

1.3.3 Phase Stability
Phase stability in multimetallic systems is governed by thermodynamic principles,
particularly Gibbs free energy (G). The stability of a phase is determined by its Gibbs free

energy, which is a function of enthalpy (H), entropy (S), and temperature (7).

G=H-TS

A phase is stable if it has the lowest Gibbs free energy under given conditions. In
multimetallic systems, the Gibbs free energy depends on the interactions between different

atomic species, their concentrations, and temperature.

Enthalpy represents the total heat content of the system, including bond energies

between atoms. In multimetallic NPs, the enthalpy of mixing (AHmix) is crucial, which can be

positive or negative depending on whether the mixing is endothermic or exothermic. For
example, if two kinds of atoms mix favorably, the enthalpy of mixing is negative, promoting
a homogeneous alloy phase. Entropy measures the disorder of the system. In multimetallic

NPs, the configurational entropy (ASconfig) is significant, representing the number of ways

atoms can be arranged. At higher temperatures, the entropy term (-TS) becomes more
significant, favoring phases with higher disorder. This can lead to a tendency towards

homogeneity at elevated temperatures as atoms become more randomly distributed.
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Phase diagrams are graphical representations of the equilibrium between different
phases in a multicomponent system as a function of composition and temperature. These
diagrams provide valuable insights into the stability of different phases, mapping the stable
phases at varying compositions and temperatures. For instance, binary phase diagrams
illustrate the phase behavior of systems with two components. Figure 1.5 shows three binary
phase diagrams [69]. Taking Pt-Ni as an example, at lower temperatures, it showes ordered
intermetallic phases like PtNis, PtNi, and Pt3Ni, which are indicated by distinct phase
boundaries. As the temperature increases, the system tends towards a disordered solid

solution due to increased entropy, where the atomic arrangement becomes more random.

In contrast, ternary phase diagrams, such as the Fe-Ni-Pt system shown in Figure 1.5,
involve three components and thus provide a more complex representation of phase
equilibria [69]. These diagrams show not only the regions of single-phase stability but also
the interactions between the three elements, leading to the formation of various solid
solutions and intermetallic compounds. The increased complexity of ternary systems results

in more intricate phase boundaries and regions where multiple phases coexist.
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Figure 1.5 Isothermal section of the Fe-Ni-Pt system at 600 °C with three constituent binary

phase diagrams [69]. Reproduced with permission. Copyright 2024, Elsevier.

As the complexity of the system increases, the likelihood of phase separation also
increases. This is because the addition of more components introduces more variables,
which affect the overall stability of the system. The presence of multiple components
increases the chances of phase segregation, where regions within the material become

enriched in certain elements, leading to heterogeneous structures. Phase segregation occurs
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when different elements in a multimetallic NP separate into distinct regions or phases rather

than forming a homogeneous mixture. Several factors can drive phase segregation.

1) Lattice strain: Lattice strain is a measure of the distribution of lattice constants
arising from crystal imperfections, such as lattice dislocation. This strain can drive
segregation to minimize the energy. For example, it has been used to create a phase-

separated and strained Pd-Rh heterostructure [70].

2) Temperature: At lower temperatures, the enthalpy term dominates, favoring phase
separation if mixing is energetically unfavorable. At higher temperatures, the entropy term

becomes significant, promoting homogeneity as the system seeks to maximize entropy.

3) Surface energy: The surface energy of different metals can lead to segregation at
the NP surface. Metals with lower surface energies may preferentially occupy the surface,

while those with higher surface energies migrate to the interior or form distinct phases.

By understanding phase stability and controlling the synthesis conditions,
researchers can design NPs with desired phases and properties. This is particularly
important for multimetallic NPs, where multiple elements contribute to complex phase

behaviors.

1.4 Motivation

The study of metallic systems has evolved over time from simple monometallic
materials to more complex bimetallic materials and now to HEAs. The increased complexity
of metallic materials allows for a greater range of potential properties and their development
has led to the discovery of new materials with desirable properties for various applications.

Regardless of the working reactions, the thermal stability of these materials has always been
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a major problem for academic and industrial research, as the compositions and surface
structures of crystals under working scenarios are subjected to increased temperatures.
Thermal response at high working temperatures is important for improving the design and
reliability of metallic materials. People have investigated the shape change of bimetallic NPs
in the past [71, 72]. Gocyla et al. reported a morphological evolution sequence, with the
transformation from concave octahedra to truncated octahedra or cuboctahedra [71]. Gan et
al. revealed a surface evolution in which Pt-rich surface atoms diffused and covered the
concave Ni-rich {111} surfaces [72]. While these studies investigated shape stability, they
primarily concentrated on the morphological and surface evolution and less on the internal
compositional changes. The lack of investigations into compositional change inside NPs
causes the mechanism by interaction between noble and TM has not been fully established.
In this research, by investigating metallic NPs with different degrees of complexity, we aim
to study their temperature-dependent structural and chemical evolutions and provide a
comprehensive understanding of the underlying mechanisms of these evolutions. The
results of this research will be useful for designing new materials that can withstand extreme
thermal conditions and for improving the stability and efficiency of existing materials. The

research aims to answer the following key questions:

1) How will different structures and phases evolve during the thermal treatment

process?

2) How will different metallic elements change their spatial distributions at elevated

temperatures?
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3) How will a thermal process impact the relationship between structural transition

and composition distribution?

To address these scientific questions, we formulate a central hypothesis that
controlled thermal treatment provides effective tunability to change the order-disorder
transitions in the composition complex metallic NPs and could provide insights into
designing novel heterogeneous catalysts. We aim to test this hypothesis in two model

systems, i.e., bimetallic Pt-Ni NPs and multimetallic PdACuPtNiCo NPs.

Based on the overarching hypothesis, we further formulate the following three

specific hypotheses outlined below:

Hypothesis 1: NPs would undergo facet development to minimize the free energy
with surface rounding at elevated temperatures. Specifically, we start with bimetallic Pt-Ni
NPs with terminating {111} facets and study their morphological evolution during heating

in Chapter 4.

Hypothesis 2: Constitutional elements tend to be homogenized due to entropic effects
at elevated temperatures. Specifically, with controlled colloidal synthesis, homogeneous and
heterogeneous structures could be obtained. Then the evolutions of both structures are
observed in real time. The two distinct structures of both bimetallic Pt-Ni NPs and

multimetallic PdCuPtNiCo NPs were studied in Chapters 4 and 5.

Hypothesis 3: The existence of two or more types of noble-metal or transition-metal
elements would have extra synergetic effects in addition to the simple combination of the
individual elemental contributions. Specifically, NPs with five elements are synthesized and

investigated with phase transformation and segregation during heat treatment in Chapter 5.
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The objectives of this research are to specifically test these hypotheses through case

studies of well-defined model systems.
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CHAPTER 2 Experimental Methods

Portion of this chapter is a reprint of the material as it appears in “In situ transmission
electron microscopy and artificial intelligence enabled data analytics for energy materials”
[Zheng, H.; Lu, X;; He, K, Journal of Energy Chemistry 2022, 68, 454-493], used with

permission from Elsevier.

The synthesis and characterization of metallic NPs are fundamental to understanding
their properties and optimizing their performance for various applications. This chapter
aims to provide a comprehensive background on the hot injection synthesis method and
TEM characterization method used in this study. Detailed experimental procedures are

described in sections 4.2 and 5.2.

2.1 Synthesis Methods

Among the synthesis methods, liquid state synthesis including the hot injection
method is a prominent technique that offers several advantages, including high crystallinity
and uniform particle size. The hot injection method involves heating organic metal
compounds and decomposing them at high temperatures condition to produce metallic NPs.
This is a common method to obtain monodisperse nanocrystals [73]. The process of
nucleation and growth is primarily affected by the reduction rate of metal ion precursors.
The metal ions with higher reduction potential are more easily to be reduced. For example,

as shown in Table 2.1, Ni2* with lower E, is harder to be reduced compared to Pt2*[74].
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Table 2.1 Reduction potentials of the metal ions.

Reduction reaction Eo (V vs SHE)2

Au3* +3e-— Au 1.50
Pt2+ + 2e- - Pt 1.18
Ir3*+3e-->1Ir 1.16
Pd?* + 2e-— Pd 0.95

Agtr+e > Ag 0.80
Rh3* + 3e- = Rh 0.76
Ru3* + 3e- = Ru 0.45
Cu?* +2e- - Cu 0.34
Ni2+ + 2e- — Ni -0.25
Co%* +2e-— Co -0.28
Fe2+ + 2e- - Fe -0.44

aStandard conditions: 25 °C and 1 atm. SHE: standard hydrogen electrode. Eo: standard redox

potential in volts (V).

The general procedure for synthesizing NPs via this method begins with the selection
of metal precursors. Metal-organic precursors, such as metal acetylacetonates, carbonyls, or
oleates, are chosen based on the desired metals. For example, acetylacetonates (M(acac)x)
are chosen to decompose under moderate conditions [75]. The chemical nature and thermal
stability of precursors determine the decomposition temperature and the final composition

of the NPs.

These metal precursors are then dissolved in a high-boiling-point solvent along with
surfactants. Surfactants play a crucial role in stabilizing the NPs and controlling their growth.
Surfactants and stabilizers, such as oleic acid and oleylamine, can selectively bind to different
crystal facets, influencing the shape and size of the NPs [26]. The solvent used in the process
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also affects the solubility of the precursors and the kinetics of the decomposition reaction.

High-boiling-point solvents provide a stable environment for high-temperature reactions.

The reaction mixture is subsequently heated to a temperature where the metal
precursors decompose, typically in the range of 200-300 °C. The heating rate and the final
temperature are carefully controlled to ensure uniform decomposition and NP formation.
Reaction temperature and time play significant roles. Once the decomposition is complete,
the reaction mixture is cooled to RT. The resulting NPs are then purified by centrifugation
and washing with solvents such as ethanol or acetone to remove any unreacted precursors

and surfactants.

Here, in the bimetallic Pt-Ni NPs system, we selected Pt(acac)z and Ni(acac)2 as metal
precursors and benzyl ether, oleylamine and oleic acid as organic solvents. W(CO)s was used
as surfactant to control the shape of the NPs. After multiple trials, we found the optimized
reaction condition is reaction temperature of 200 °C and reaction time of 35 min. Detailed

procedure is described in section 4.2.1 in Chapter 4.

However, synthesizing monodisperse HEA NPs via colloidal chemistry is challenging
due to the different reduction rates of metal precursors and the limited understanding of
reaction intermediates. The Skrabalak group proposed a general approach to HEA NPs
through an NP conversion pathway. In this method, two-phase core-shell NPs are
synthesized using the colloidal chemistry method and then converted into single-phase HEA
NPs by heat treatment [19]. Figure 2.1 illustrates the sequential process involved in forming
HEA NPs. The procedure begins with the preparation of monodisperse bimetallic seeds,

which serve as the foundation for subsequent reactions. Then, other metal precursors are
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co-reduced in a heated solution. The resulting core-shell NPs are loaded onto a carbon
support and annealed to form HEA NPs. Since it involves a more complicated system than
bimetallic NPs, the synthesis principle is also more complex. Their approach to designing
monodisperse core-shell NPs follows specific principles: (1) placing metal precursors with
higher reduction potentials relative to other metals in the core of the core-shell NPs, (2)
positioning metal precursors with significantly lower reduction potentials relative to other
metals in the shell, and (3) using metals that impede alloy phase formation or exhibit poor
wettability in the core of the core-shell NPs. This strategy for converting NPs into HEA offers
an efficient method to create monodisperse alloy NPs spanning a wide range of compositions
[19]. Through collaboration with Skrabalak group, quinary PdCuPtNiCo NPs with core-shell

and HEA structures were obtained for further study.
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Figure 2.1 Illustration of the NP conversion process to synthesize HEA NPs [19]. Reproduced

with permission. Copyright 2024, Springer Nature.

2.2 Characterization Methods

2.2.1 Conventional Transmission Electron Microscopy
TEM is an advanced technique for characterizing materials through imaging,

diffraction, and spectroscopy with high resolution [76]. Figure 2.2 is a schematic diagram of
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a TEM, where the emission source is located at the top of the column. The electron gun is
powered by a high voltage source, usually ranging from 100 to 300 keV, and emits electrons
into a vacuum. These electrons interact with atoms within the sample, altering their
trajectory and causing 3D scattering. The extent of scattering angles is influenced by the
density and thickness of the sample, resulting in varying brightness and contrast in the
images produced. A TEM comprises multiple stages of lenses: the objective lens focuses the
beam passing through the sample, the condenser lens forms the primary electron beam, and
the projection lens enlarges the beam for observation on a phosphor screen. Then images
are displayed on imaging devices such as fluorescent screens, films, or CCDs after

magnification and focusing.

Condenser lens 1 (Spot size)

Condenser lens 2 (Intensity)
Condenser aperture (C2)

Upper objective lens (Focus)
Specimen
Objective aperture  Back focal plane

/| M

lower objective lens (Focus)

Diffraction lens (Focus ED) [

Intermediate lens (Magnification)t

Projector lens (Magnification) [

Figure 2.2 Schematic of a TEM. The electron beam is shown in blue. Lenses are indicated by
gray brackets labeled with their names and respective microscope functions. Black bars

represent apertures, and a red arrow denotes the specimen and its intermediate images. The
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paths of scattered electrons are depicted in orange and green [77]. Reproduced with

permission. Copyright 2020, WILEY-VCH.

Conventional TEM has four standard TEM modes, as shown in Figure 2.3. BF imaging
refers to capturing images where the transmitted beam passes through the objective
aperture. DF images, on the other hand, are obtained when the diffracted beam passes
through the objective aperture. By changing the objective aperture to a selected area
diffraction aperture, selected area electron diffraction SAED patterns can be generated to
identify crystallography and phase information. HRTEM imaging is commonly utilized to
visualize material structures at the atomic level, leveraging phase interference from multiple

beams.
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Figure 2.3 TEM images of Au seeds using different modes. (a) BF image. (b) DF image. (c)
Corresponding SAED pattern. (d) HRTEM image [78]. Reproduced with permission.

Copyright 2010, American Chemical Society.

2.2.2 Scanning Transmission Electron Microscopy
STEM represents an alternative mode in TEM characterization. Unlike TEM, STEM
employs detectors instead of apertures, offering greater flexibility. By adjusting the camera

length, the collection angle of the detector can be varied, as shown in Figure 2.4. Z-contrast,
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a technique for high-resolution atomic and mass-thickness imaging, is also known as HAADF

imaging.
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Figure 2.4 Schematic of the detectors in STEM. [79]. Reproduced with permission. Copyright

2009, Springer.

Analytical spectroscopy techniques such as EDS and EELS can identify information
including chemical bonds, valence states, elemental compositions, electronic structures, and
their spatial distributions when integrated with STEM. The significant advancements in
aberration correctors and monochromators since the 1990s have facilitated exceptional
spatial resolutions of approximately 0.4 A and energy resolutions up to about 4.2 meV. These
advancements provide unparalleled capabilities to resolve more information including the

structure and chemistry of materials [80-82].
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EDS is one of the strong techniques used to analyze the sample elemental
composition. Its principle involves high-energy electromagnetic radiation that ejects core
electrons from atoms. The resulting electron vacancies are filled by higher-energy electrons,
releasing energy as they relax. This energy release is characteristic for each element,

enabling identification of the elements present and their relative proportions in the sample.

EELS, on the other hand, analyzes the energy distribution of electrons passing
through a specimen. These electrons may have undergone elastic scattering or inelastic
collisions, which provide insights into the electronic structure, bonding, or valence states of
the specimen. EELS complements EDS by offering more detailed information beyond
elemental identification and is particularly effective for detecting light elements that are

challenging to analyze with EDS.

2.2.3 In Situ Transmission Electron Microscopy

Advanced TEM-based techniques have been extensively employed to characterize a
wide range of materials from conditions such as a specific reaction or process. This approach
is known as "postmortem” or "ex situ" examination [83]. In contrast, to gain a deeper
understanding of the intrinsic properties of materials, it is essential to directly observe their
transformation during live reactions or processes, known as "in situ" characterization. In situ
TEM involves applying one or more physical stimuli (such as heat, force, light, electrical bias,
magnetic fields, electron beams, cooling, etc.) or chemically reactive environments (such as
gases or liquids) within the TEM column. This approach mimics realistic operational
conditions of the material and allows real-time observation of its structural, chemical, and

functional changes.
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In situ TEM has rapidly advanced over the past two decades, with significant efforts
focused on developing instrumentation and conducting materials science research in
dynamic environments [84-86]. The focus of interest comprises the study of materials
undergoing transformation in chemical reactions or physical changes such as gas-phase,
vacuum, and liquid-phase environments. In these studies, various stimuli may be applied
solely or in combination with the samples using different types of in situ specimen holders
(such as open cells and closed cells) or column settings (such as ETEM), as shown in Figure

2.5.

These sophisticated in situ TEM methodologies enable real-time imaging, diffraction,
and spectroscopy to directly observe the structural and chemical changes occurring during

dynamic processes at their operational conditions.
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Figure 2.5 Schematic illustration of in situ TEM methodologies and Al-enabled data analytics
for energy conversion and storage materials [87]. Reproduced with permission. Copyright

2022, Elsevier.

While traditional TEM postmortem characterization has been crucial in uncovering
the effects of catalysts' static structures (such as crystal facets, defects, interfaces, etc.) on
catalytic properties in as-synthesized and post-reaction states, understanding the dynamic
evolution of the structure-property relationship under operational conditions and realistic
environments is equally vital using in situ TEM. Depending on the type of catalysis—

thermocatalysis, electrocatalysis, or photocatalysis—in situ TEM employs different stimuli
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to observe the dynamic processes such as catalyst NPs crystal growth or the initiation of

catalytic reactions across solid-solid, solid-liquid, and solid-gas phases.

Thermal stability is a critical concern in catalytic processes across academic research
and industrial applications. Catalyst nanocrystals are subjected to thermal conditions to
adjust compositions and surface structures or exposed to elevated temperatures during
operation. Therefore, understanding the material transformation pathways and thermal
stability at relevant temperatures is essential for designing catalysts effectively. In situ
heating is a commonly used function in TEM, evolving through generations with different

types of heating sample holders, as illustrated in Figure 2.6(A-C).

The first-generation heating holder is the furnace-type (Figure 2.6A), capable of
heating the entire 3 mm TEM grid to approximately 1000 °C. However, it suffers from uneven
temperature distribution and significant thermal drift on the sample. Moreover, its geometry
causes strong X-ray shadowing, making it unsuitable for EDS analysis [88]. Figure 2.6(B)
shows another type of bulk heater with the design of spiral-shaped tungsten wire, enabling
the heating temperature up to ~1500 °C [89]. However, a shortcoming is that it limits the
sample amount with nanostructured materials in contact with the surface of the wire,
significantly reducing the visible area and the tilting range. In contrast, the latest heating
holder utilizes the MEMS technique. This technique enables localized Joule heating using a
nanopatterned metal heating element controlled by a four-probe feedback loop [90], as
shown in Figure 2.6(C). The MEMS-based heating holder enables accurate control of local
temperatures up to 1100-1300 °C, is suitable for nanostructured samples, and FIB samples,

and provides larger tilting ranges and improved EDS collection capabilities. This technique
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allows for rapid heating to the desired temperature, significantly reducing specimen drift
compared to furnace-type holders. The low thermal mass of the MEMS heating element
minimizes thermal expansion in the local area, enabling quick stabilization of drift within

minutes, which greatly facilitates in situ observations.

MEMS heating chips are typically calibrated by the manufacturer using temperature-
dependent resistance measurements. However, the actual temperature of the local
observation area may differ from the temperature controller readout due to electron-beam-
induced heating effects. For instance, the high-energy electron beam in TEM can serve as a
local heat source to initiate nanocrystal transformations. However, directly measuring the
exact temperature in this scenario is challenging [91]. This effect becomes more pronounced
when the heating holder is used in non-vacuum environments with varying gas species and
pressures. To mitigate the influence of these factors, it is crucial to accurately verify
temperature calibration under real experimental conditions. This verification can be
achieved using thermometric materials with known characteristic transition temperatures
(such as melting points, crystal phase transitions, magnetic transitions, thermal expansion
of lattice, or chemical reactions). Additionally, spectroscopic methods like EELS or
diffraction techniques can measure plasmon/phonon excitations to further validate

temperature conditions [92].

40



thermocouple

C Electrical contacts
Spiral-shaped W wire -
e !/ :———f_ 3
& /S E P
Pisisas N
AGER

S AT P

4

) *}{ _Zam

)

f ¢-NiP, nucleus app g Crystallinity i

¢-NiP,

5 nm Ag diffuses Ag diffuses

Figure 2.6 In situ heating setup and applications for nanocrystal evolutions at elevated
temperatures. (A) The furnace-type bulk heating holder [88]. (B) The spiral-shaped

tungsten wire heating holder [89]. (C) The MEMS-based heating holder [90]. (D) In situ
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HRTEM images showing atom migration and structural evolution of Pt NPs [66]. (E) In situ
HRTEM images of PtNi1s octahedral NPs and the corresponding schematics showing the Pt
(red) and Ni (green) redistribution during heating [71]. (F) In situ HAADF-STEM images
showing the structural transformation of Ag-NiPx nanocrystals from core-shell to Janus
structure from 200 to 250 °C [22, 87]. Reproduced with permission. Copyright 2022,

Elsevier.

In situ heating experiments have been conducted inside TEM for various mono- and
multimetallic nanocatalyst systems using different types of heating holders. Yoshida et al.
utilized in situ AC-TEM to investigate the dynamic behavior of Pt nanocrystals under the
influence of a 300 kV electron beam [66]. Figure 2.6(D) presents selected images extracted
from the original in situ TEM video, illustrating how the electron beam enhances the mobility
of Pt atoms, allowing them to migrate on the carbon film. Consequently, Pt atoms can either
remain in place or move to adjacent Pt NPs. This interparticle transfer of surface atoms
between similarly sized NPs leads to the shrinkage of one particle and the growth of another,
known as Ostwald ripening. These observations provide insights into the mechanism of
Ostwald ripening at the single-atom level, suggesting that besides single atoms, bi-atoms and
clusters may also collectively transfer during this process [66]. In addition, the dynamic
behaviors including NP migration, coalescence, and sintering have also been reported in

monometallic Au, Ag, and Pt nanocrystals [93-95].

Understanding the transformation pathways of complex structures in bimetallic

heterogeneous nanocrystals, which can change under elevated temperatures, is crucial for
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assessing their catalytic activity and stability. In situ heating experiments are essential for

gaining insights into these pathways.

Pt-Ni nanocrystals are a popular bimetallic system renowned for their exceptional
electrocatalytic activity in ORR [96]. Gocyla et al. performed in situ heating TEM study of
PtNi1s octahedral nanocrystals [71]. Figure 2.6(E) exhibits a sequence of HRTEM images
showing the evolution of a Pt-Ni NP as it is heated from 50 to 500 °C. Initially, the pristine
Ni-rich Pt-Ni NP has a concave octahedral shape. As the temperature increases, changes in
morphology occur: at 200 °C, Pt diffuses from the edges, forming partially filled {111} facets.
Subsequent Pt diffusion leads to the formation of a truncated octahedron shape at 300 °C,
followed by a cuboctahedron shape at 400 °C, and finally a spherical particle at 500 °C.
Throughout the process, the catalyst maintains a balance between the thickness of the Pt
shell and the enrichment of Ni subsurface, achieving an optimized ratio between {111} and
{100} facets. These facets are crucial for ensuring long-term stability and high catalytic
performance [71]. Similar studies were also performed in sandwich-type Pt-Ni octahedral
NPs [97] and Pt-rich Pt-Ni octahedral NPs [72], further demonstrating the impact of
composition redistribution on catalytic performance. Other bimetallic nanocrystals
involving Pt and TM like Co, Cu, Fe, etc., are also promising electrocatalysts for ORR. Xiong et
al. employed in situ atomic-scale STEM to directly observe the phase transitions and
morphological changes in both fully and partially ordered PtsCo NPs. They discovered that
the optimally ordered structure exhibited significantly enhanced durability compared to the
disordered counterpart [98]. Gatalo et al. studied the heat treatment of PtCus NPs and
identified the mechanism of Cu enrichment at elevated temperatures. They observed that
the migration of Cu single atoms on the carbon support led to morphology reshaping and
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crystal lattice ordering when heated to 500 °C [99]. Yao et al. conducted in situ heating study
on carbon-supported low-Pt alloy catalysts, including PtFes, PtCos, and PtNis. Their findings
showed that surface enrichment of TM elements could lead to faster particle coalescence and
increased particle mobility on the carbon support. This research provides valuable insights

for preparing thermally stable Pt-alloy catalysts with minimal sintering [67].

In addition to the core-shell and order-disorder transformations commonly observed
in the previously mentioned studies, other transformation pathways can also occur in
heterogeneous catalytic systems during heating. Huang et al. investigated the structural
transformation of Ag-NiPx core-shell nanocrystals under thermal treatment using in situ AC-
STEM combined with elemental analysis [22]. It was found that the core-shell structure of
Ag-NiPx nanocrystals remained stable below 200 °C. As the temperature increased, Ag began
to diffuse from the core to the surface, while NiPx simultaneously grew on the opposite side
of the Ag, forming a Janus structure with a sharp interface, as shown in the HAADF-STEM
images in Figure 2.6(F). This newly formed Janus structure remained relatively stable
between 250 and 450 °C. At 500 °C, Ag fully sublimated, leaving behind individual Nii2Ps
nanocrystals. This core-shell to Janus transformation was driven by the minimization of
surface energy, offering valuable insights into the structural engineering of multicomponent
nanocrystals for catalytic applications [22]. In addition, in situ heating TEM has been
extensively utilized to investigate the growth mechanisms of other heterogeneous systems,

such as TM carbide catalysts Mo2C and W2C [100, 101].
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CHAPTER 3 Machine Learning for Images Analysis

Portion of this chapter is a reprint of the material as it appears in “In situ transmission
electron microscopy and artificial intelligence enabled data analytics for energy materials”
[Zheng, H.; Lu, X;; He, K, Journal of Energy Chemistry 2022, 68, 454-493], used with
permission from Elsevier. Portion of this chapter is a reprint of the material as it appears in
“Machine Learning Enhanced Image Segmentation for High-Fidelity STEM Data Analysis”
[Lu, X.; He, K, Microscopy and Microanalysis 2023, 29 (S1), 1895-1896], used with

permission from Oxford University Press.

3.1 Background
3.1.1 Al-enabled Microscopy Data Analytics and Applications for In Situ TEM

Al simulates human intelligence in machines, enabling them cognitive and problem-
solving abilities like humans [102]. ML, a branch of Al, uses computer algorithms to learn
from data and make decisions autonomously. This has advanced to DL, where artificial
neural networks allow the learning process to occur without human intervention [103-105].
In situ TEM is a data-intensive method that produces numerous graphic and spectral
datasets over time, position, or other parameters. Traditional manual processing of these
datasets is tedious and easy to make errors. Thus, Al approaches are preferred for
autonomous and objective data analysis in in situ TEM characterization. Recently, ML-
enhanced methods have been involved in microscopy imaging and spectroscopy data
analysis [106-109]. Therefore, ML is increasingly utilized in analyzing microscopy data from
biomedical imaging and physical studies. ML aims to enable computers to perform specific

tasks automatically without explicit programming. There are two main approaches:
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supervised ML, which uses labeled data for accurate prediction, and unsupervised ML, which
analyzes unlabeled data to uncover hidden patterns. DL employs artificial neural networks
to mimic human brain data processing. DL leverages the depth of neural network layers to
create more effective models with minimal human intervention, requiring more powerful

hardware and computing resources due to its complexity.

The advancement of ML and DL algorithms has significantly improved Al-enabled
data analytics in electron microscopy. TEM-based methodologies produce various data types,
including 2D TEM/STEM images, 3D electron tomography images, diffraction patterns and
EELS spectra. These data types can be integrated into high-dimensional datasets in energy-
filtered TEM, STEM-EELS spectrum imaging, 4D-STEM diffractive imaging, and time-
sequenced in situ TEM, which are ideal for ML/DL methods. ML-based approaches for TEM

data analysis have seen rapid development in recent years.

3.1.2 Machine Learning for TEM Image Processing

In situ TEM imaging typically produces datasets of images over time, capturing a
specific sample in a dynamic process. There is a need to process and analyze these image
data effectively. Al has greatly enhanced and automated image processing through ML,
addressing routine tasks such as image recognition, segmentation, localization,
classification, restoration, representation, and interpretation. Utilizing available algorithms
and tools, Al-enabled image processing has been widely applied to various aspects of TEM

analysis [106-109].

Image segmentation is a common and crucial task in TEM data analysis, requiring

both accuracy and high speed to handle the large volumes of images produced by in situ TEM
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experiments. Beyond pixel-wise segmentation of individual atom columns, DL also provides
effective solutions to the semantic segmentation of TEM and STEM images at the small scale
of microstructures and single particles [110-112]. Recently, Stach and colleagues conducted
a case study on the semantic segmentation of NPs using CNN-based DL models [110]. They
focused on a model system of Au NP catalysts that change in size and morphology during the
Ostwald ripening process, as observed by in situ ETEM. They used the U-Net CNN
architecture to segment NPs in HRTEM images, demonstrating its robustness in consistently
identifying NPs of varying sizes, despite minor variations in edge detection, as shown in
Figure 3.1(A). By systematically comparing CNN learning parameters, the study found that
regularization through batch normalization is more effective than increasing the depth or
complexity of the CNN, offering valuable guidelines to more generalizable segmentation

tasks.
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Figure 3.1 ML approaches for identification and tracking morphologies and microstructures
in TEM images. (A) DL for image segmentation of Au NPs by U-Net frameworks with robust
edge detection [110]. (B) DL for sematic microstructure detection by DefectSegNet model
[112]. (C) U-Net based DL for segmentation of Au NP during in situ LCTEM [113]. (D) YOLO
model-based DL for detecting the dynamic trajectory of a single defect in FeCrAl alloys upon

in situ ion irradiation [87, 114]. Reproduced with permission. Copyright 2022, Elsevier.

Chen and colleagues applied the U-Net DL model to an in situ LCTEM study on the
motion, chemical reaction, and self-assembly of Au NPs in solution environments [113]. The
U-Net model's accurate segmentation of particle boundaries enabled the detection of the
shape evolution trajectory of Au NPs during an etching process over time, as shown in Figure

3.1(C). This etching behavior was found to be highly dependent on curvature. Additionally,
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other ML methods have also been used to study dynamic processes during in situ TEM
experiments [115, 116]. These studies have demonstrated the feasibility and readiness of

applying ML techniques to general in situ TEM experiments in liquid and gas environments.

Meanwhile, Zhu and colleagues conducted a case study on the semantic segmentation
of microstructures in diffraction contrast imaging (DCI) STEM images of steels using the
DefectSegNet CNN architecture [112]. The shape irregularity and distribution
inhomogeneity of nonperiodic crystallographic defects pose significant challenges for the
semantic segmentation of microstructures in practical TEM images. Using supervised DL via
the DefectSegNet framework, three prototypic defect microstructures—dislocations,
precipitates, and voids—were identified and segmented with high pixel-wise accuracy.
Figure 3.1(B) illustrates an example of dislocation detection in the steel matrix, despite the
complex background contrast. This study highlights the effectiveness of DL-enhanced image

segmentation for complex TEM images with significant contrast variations.

Morgan et al. have conducted similar work to detect dislocation loops in FeCrAl alloys
using a CNN-based DL approach [117]. Similarly, they employed the YOLO model-based deep
learning technique to detect and track the dynamic motion of a single defect in FeCrAl alloys
during in situ ion irradiation experiments [114]. Figure 3.1(D) shows the motion trajectory
of the defect throughout its lifespan. This analysis was applied to in situ TEM videos to
automatically detect the trajectories of all relevant defects. Statistical analysis of the
trajectory data subsequently revealed the relationship between the effective diffusion

coefficient and the median defect size. These findings provide critical benchmarks for
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improving the accuracy of detecting and tracking complex features in in situ TEM

experiments.

3.2 Methods

3.2.1 Image Segmentation

There are two primary ML paradigms: supervised and unsupervised learning. In
supervised learning, the availability of ground truth labels for the training data allows the
optimization of model parameters to known outcomes. This approach is commonly utilized
in classification or regression tasks where unique labels are available or the value of interest
can be observed. For image processing applications, supervised learning is widely used for
tasks such as image classification, object detection, and semantic segmentation [118]. For
instance, in image classification, a model is trained to assign an image to one of several
predefined categories, such as identifying different species of animals in photographs. In
object detection, the model not only classifies objects within an image but also identifies their
locations by drawing bounding boxes around them. Semantic segmentation goes a step
further by classifying each pixel in the image, allowing for detailed scene understanding. The
success of these tasks depends on large, well-annotated datasets where each image is labeled

with the correct category or segmentation mask.

Conversely, unsupervised learning involves reducing the features of the data to a
simplified form, enabling the grouping or clustering of training examples based on their
similarities. In the context of image processing, unsupervised learning is employed for tasks
such as clustering, dimensionality reduction, and anomaly detection [119]. Clustering

algorithms, like k-means or hierarchical clustering, group images based on visual similarities
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without requiring labeled data [120]. For example, GAN and autoencoders have
revolutionized image processing. GAN, which consists of a generator and a discriminator
network, can generate realistic images from random noise, finding applications in areas such
as image synthesis and data augmentation [121]. Autoencoders, which learn efficient coding
of input data, can be used for image denoising, compression, and unsupervised feature

learning [122].

The critical information in images is frequently embedded in the spatial relationships
between objects. Therefore, encoding image data to preserve feature arrangements is
essential. This is effectively achieved through the application of convolutional filters, which
process image regions using a sliding window approach. By sequentially processing the
information captured by these convolutional windows through multiple layers, and non-
linear transformations, a CNN is constructed [110]. CNNs are among the most prevalent
machine learning methodologies applied to image processing tasks. Convolutional filters
apply to different areas of an image, allowing the spatial information to be encoded and
utilized to classify individual pixels. In supervised learning, ground truth images where each
pixel is assigned a specific class, are available for each training image. CNN aims to replicate
this classification accurately, assigning the correct label to each pixel. In contrast, for
unsupervised learning, the same CNN architecture can be employed to reproduce the input
image rather than matching it to a known ground truth, which is often unavailable. In this
scenario, the number of tunable parameters is significantly constrained, preventing the CNN
from fully reproducing the input image. Instead, the network outputs a simplified version of

the image, which can be easily segmented with minimal additional processing.
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Given that the creation of labeled training datasets is frequently challenging and time-
consuming, unsupervised learning offers significant advantages. Accordingly, we chose to
use the unsupervised segmentation of TEM images. This approach leverages the power of
CNNs to achieve efficient and effective image segmentation without the necessity for

extensive labeled datasets.

Based on an open tutorial developed by Eric Stach group at University of
Pennsylvania, we modified the workflow leveraging an autoencoder for image processing
with several key steps to ensure accurate and efficient analysis. First, input images are fed
into the system, serving as the raw data for training and analysis. These images are then
processed using a neural network, specifically an autoencoder, which consists of an encoder
to compress the image data into a lower-dimensional representation and a decoder to
reconstruct the images from this compact form. As the network trains, it iteratively adjusts
its parameters across multiple epochs. The performance of the network is monitored
throughout the training process, and the epoch that yields the best reconstruction accuracy
is selected. Once the best epoch is determined, the network processes the input images,
generating reconstructed versions. Subsequently, statistical information is extracted from
these processed images, which may include metrics such as reconstruction error, feature
distributions, or other relevant statistical properties. Finally, the extracted data is plotted to
visualize the results, allowing for verification of the accuracy and efficacy of the autoencoder.
This visualization step is crucial for interpreting the performance of the network and

ensuring that the processed images meet the desired quality and analytical standards.
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Figure 3.2 Modified workflow making use of the autoencoder.

There are four processing steps of the input images as shown in Figure 3.3. In the

initial processing step, images are cropped to remove black borders caused by drift during

the experiment. Drift, primarily induced by high temperatures, can also result from

vibrations in the room or microscope. Proper drift correction is crucial as it ensures that

particles can be accurately tracked, enabling meaningful analysis of the datasets. Drift is a

consistent motion across a series of images, indicating that the entire image, and

consequently all the particles within, move in a uniform direction. Discontinuities in the drift

are corrected using cross-correlation techniques, ensuring smooth and continuous tracking

of particles throughout the image sequence.
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Figure 3.3 Processing steps of the input images.

In the second step, images are prepared for the machine learning model using data
augmentation techniques, including cropping and rotation, to enhance the diversity of
training examples. This augmentation process effectively increases the number of unique
images available for training, thereby conserving resources by reducing the need for a large
number of raw images. Each image is divided into smaller segments, each serving as a unique
example in the training set. It is essential to maintain the similarity of these sub-images so
that they closely resemble the larger image, ensuring the model is not biased by artifacts

introduced during data augmentation.

The third processing step involves training the machine learning model. Raw training
images from the previous step are fed into the model, which iteratively adjusts its

parameters to produce outputs that closely approximate the ground truth. During training,
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images are processed in batches, and the model's weights are adjusted based on the average
performance across these batches. This batch processing approach optimizes the model's

ability to generalize from the training data to new, unseen images.

In the final step, the trained machine learning model is applied to the remaining
images. The selected weights from the training phase are used for image segmentation. The
segmented output images enable further analysis, such as quantifying the number of
particles per image, measuring particle sizes, and examining interactions between particles
to determine certain mechanisms. This inference step translates the model's learned
knowledge into actionable insights, facilitating detailed and accurate analysis of the

experimental data.

3.2.2 Synthetic Data Generation

The extraction of scientific information from EM images has increasingly relied on the
application of CNNs due to their exceptional ability to identify patterns in spatial data [110].
However, the efficacy of these networks is dependent on the availability of extensive and
accurately labeled training datasets. The labor-intensive process of manual data labeling
often impedes the acquisition of sufficiently large datasets, which are crucial for both
supervised and unsupervised learning. To mitigate this challenge, datasets are frequently
augmented using GANSs, although these also require substantial amounts of training data

[123].

In response to this issue, we incorporated an approach that involves procedural data
generation using known crystallographic properties of material facets, specifically the {111},

{110}, and {100} planes. This method allows for the creation of "pseudo particles" that not
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only facilitate the generation of synthetic EM images but also enable the extraction of
scientific information such as cross-sectional areas and center of mass positions. This data
can be utilized for both supervised training and augmentation of training sets for
unsupervised learning. By employing procedurally generated data, the dependency on large
quantities of real training data is significantly reduced, enhancing the accuracy of CNN-based
EM image processing. Additionally, these synthetic datasets can serve as ground-truth

training data for supervised learning algorithms.

The implementation of procedural data generation is executed using Python's NumPy
and Matplotlib libraries. The process begins with the modeling of a NP as a 3D grid. Users
can specify the distances to the {111}, {110}, and {100} facets on a scale from 0 to 1, where
1 represents no truncation and 0 denotes maximum truncation. The NP is subsequently
represented as an assembly of its terminating facets. To generate synthetic data, these 3D
objects are projected onto the XY plane, with their density along the Z-axis used to create an
intensity map. An example using {111} truncations is shown in Figure 3.4a. To simulate real-
world conditions more accurately, the generated particles are subjected to random rotations
and positioned at various locations within a single image. The final synthetic image is then
produced by adding noise and blurs to mimic the imperfections commonly observed in

actual EM images. Figure 3.4b demonstrates an example after random rotation.
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Figure 3.4 Symmetric truncated octahedral using {111} facets with a specified distance of
0.8. (a) Projection on XY plane. (b) XY projection after random rotation.By generating
synthetic NPs and creating ground-truth training data, this approach provides a robust
foundation for training CNNs in EM image analysis. The synthetic data generation not only
enhances the volume and diversity of the training datasets but also ensures that the models
trained using these datasets are capable of accurately processing and analyzing real EM

images.

3.3 Results and Discussion
3.3.1 In Situ Images Analysis

We examined the application of ML image segmentation to retrieve useful
information, such as to quantify the number and areas of bimetallic Pt-Ni NPs in in situ
HAADF-STEM images taken at different temperatures. The goal is to evaluate the
effectiveness of an ML-enhanced segmentation approach and provide accurate and reliable
measurements of NPs properties under varying thermal conditions. Figure 3.5a shows the

original HAADF-STEM image of Pt-Ni NP clusters acquired at multiple temperatures at
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elevated thermal conditions during real-time in situ heating experiments. The ML image
segmentation model was then applied to these images. The segmentation results were used
to count the number of NPs and measure their projected areas at each temperature. The ML-
enhanced segmentation successfully identified and outlined NPs across all temperature
conditions, as shown in Figure 3.5b. The number of NPs and their respective areas were
extracted from the segmented images and summarized in Table 3.1. Additional limits were
added to get rid of the smaller particles and the bigger ones, and the contour shows the
counted particles. At RT, the model identified 32 NPs per image with a total projected area
of 700 nm?. Due to the contrast difference especially reflected on the background clusters,
there is a slight change at 300 and 400 °C. As the temperature increased to 500 °C, the
average number of NPs decreased to 27, suggesting particle coalescence. At 700 and 800 °C,
the total area of identified NPs increased, due to the carbon contamination identifying as NP

on the upper right side of the images.
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Figure 3.5 (a) Original in situ heating HAADF-STEM images of Pt-Ni NPs, and (b) contoured

images using ML segmentation.
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Table 3.1 Measurement of number and projected area of NPs from in situ STEM images.

Temperature/°C Number of NPs Total projected area /nm?
20 32 700
300 35 721
400 35 740
500 27 775
600 20 917
700 20 1013
800 22 1008

The results indicate a clear trend of decreasing NP count and increasing average area
with rising temperature. This observation aligns with the expected behavior of coalescence
and growth under thermal conditions. The ML model's ability to accurately segment and
measure these changes highlights its effectiveness in capturing dynamic transformations.
Compared to traditional methods, the ML-enhanced segmentation approach offers
significant advantages. The ML model processes images much faster than manual
segmentation, enabling high-throughput analysis. The automated segmentation reduces
human error and ensures consistent measurements across a large dataset. The trained
model can be applied to new datasets with minimal adjustments, making it highly scalable

for different experimental conditions.

Additional data points, specifically the center of mass locations of each NP within the
images are also incorporated. Figure 3.6a illustrates the labeled center of mass location in a
contoured image. This figure shows how the center of mass is identified and marked within
the NPs, providing a visual representation of each NP’s geometric center. The x and y
coordinates of the center of mass for each NP were labeled in Figure 3.6b, providing a precise

method to track the movement and interactions of the NPs during thermal treatments. Their
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movement, coalescence, or separation could be monitored throughout the process. Here, we
selected a small area with 3 NPs and measured their pairwise distances of the center of mass,
as shown in Figure 3.7. From RT to 500 °C, the ML model can identify all 3 NPs with the
decreasing trend of distances, indicating the interparticle mass transfer. From 600 to 800 °C,
NP 2 and 3 merged and they were identified as a single NP. Therefore, we put the distances
between them as 0 and the other two pairwise distances are the same. At highly elevated
temperatures, NP 1 started merging with NP 2 and 3, showing the reduced distances
between them. By labeling the center of mass location and measuring the pairwise distances,
the coalescence behavior can be quantified and provide more information to understand the

mechanism.
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Figure 3.6 (a) Labeled center of mass location in the example contoured image. (b) x and y

coordinates of the center of mass.
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Figure 3.7 (a) Original HAADF-STEM image. (b) Cropped image from (a). (c) Plot of the center

of mass distances as a function of temperature.
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3.3.2 Data Analysis Precision and Statistics

With the above analysis, we further focused on the precision and statistics of data
analysis. It is noted that the statistical analysis of segmented NPs across different
magnifications offers further insights. At lower magnifications, a larger field-of-view
captures more NPs in a single image, providing a greater number of data points for statistical
analysis. This can be advantageous for understanding the distribution and overall trends
within the sample. However, the reduced pixel resolution at these magnifications

compromises the precision of individual NP segmentation, leading to lower accuracy.

Conversely, higher magnifications provide a more detailed view of fewer NPs,
allowing for highly accurate segmentation and precise characterization of each NP. This
high-resolution data is essential for in-depth studies where accurate measurements of size,
shape, and edge properties are critical. Although fewer NPs are analyzed at high
magnifications, the high accuracy of segmentation ensures that the data obtained has higher

quality, contributing to more reliable conclusions about the material properties.

Therefore, we focused on how to compromise the two factors and examined the
effectiveness of image segmentation for HAADF-STEM images using both traditional global
thresholding methods and ML-enhanced segmentation approach on different
magnifications. We specifically employed the U-Net CNN architecture to evaluate the
accuracy and efficiency of ML algorithms in identifying and segmenting NPs [124]. Figure 3.8
presents the original HAADF-STEM image of Pt-Ni NP clusters with the corresponding
segmentation images using the global threshold method and the ML model. The results

demonstrate that the trained ML model successfully identifies all NPs and segments them
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with well-defined outlines, offering higher accuracy in edge detection compared to the
traditional global thresholding method. This performance emphasizes the potential of ML-

enhanced segmentation in providing more precise and reliable analyses of NP structures.

B~ Global Thresholding
, S

\

Figure 3.8 Image segmentation of HAADF-STEM images. (A) Original HAADF-STEM image of
Pt-Ni NPs. Segmentation of NPs using (B) the traditional global thresholding method, and (C)
the ML trained model at different magnifications [125]. Reproduced with permission.

Copyright 2023, Oxford University Press.

To determine the detection limit, we systematically assessed the impact of imaging
magnification on the quality of ML-based image segmentation (Figure 3.8C). We compared
the same NP cluster from HAADF-STEM images taken at magnifications ranging from 450 kX
to 2.5 MX and quantitatively analyzed their projected areas and accuracy using precisely
measured manual segmentation as the ground truth (Figure 3.9). We found that edge

detection accuracy remains above 95% at magnifications greater than 1.0 MX but decreases
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significantly at lower magnifications due to reduced pixel resolution. This enables us to
establish practical imaging parameters for optimized resolution and field-of-view
combinations, ensuring reliable ML-enhanced image segmentation. These findings offer
valuable guidelines for improving the accuracy and generalizability of segmentation tasks in

data-intensive, high-fidelity TEM /STEM image analyses.
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Figure 3.9 Quantitative analysis of image segmentation accuracy of traditional global
thresholding method and ML-enhanced method for HAADF-STEM images taken at various
magnifications [125]. Reproduced with permission. Copyright 2023, Oxford University

Press.

Moreover, the robustness of the U-Net architecture in handling a diverse range of

image magnifications highlights its adaptability and generalizability, making it a well-
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developed method for high-fidelity image analysis. By maintaining high accuracy across
various conditions, this ML-enhanced approach proves to be a valuable tool, offering
practical guidelines for improving segmentation tasks in data-intensive TEM/STEM

analyses.

In conclusion, we demonstrate the efficacy and advantages of using ML-enhanced
segmentation techniques over traditional methods. The detailed investigation into
magnification effects and segmentation quality provides critical insights on the imaging
conditions and establishes this approach as a well-developed, reliable method for NPs image

analysis.

3.4 Conclusions

Overall, Al-enabled microscopy data analytics has utilized advanced ML approaches
to develop new capabilities for extracting information from TEM images, diffraction
patterns, and analytical spectra with high accuracy and efficiency. In this chapter, we have
explored the integration of Al and ML techniques in TEM data analytics and image
processing. Specifically, we focused on leveraging ML for TEM image processing, showcasing
the potential of CNNs such as U-Net to perform high-precision image segmentation. Our
methodology is centered on robust image segmentation and synthetic data generation. The
use of U-Net architecture enabled accurate contouring of NP boundaries, while data
augmentation techniques ensured model resilience across various imaging conditions. This
approach established a solid framework for high-fidelity data interpretation. We first
applied ML image segmentation to in situ STEM images to quantify NP behavior at different

temperatures, revealing significant trends and underscoring the advantages of automated
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analysis over manual methods. Then we studied the compromise between precision and
statistics and established the optimized imaging conditions with high accuracy for further
analysis. Future work including improving the performance on identifying edges and
boundaries with the incorporation of synthetic data as training dataset and using center of

mass to predict the merging behavior is needed.
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CHAPTER 4 Structural and Chemical Evolutions of Bimetallic Pt-Ni NPs at

Elevated Temperatures

Portion of this chapter is a reprint of the material as it appears in “In Situ TEM for
Structural and Chemical Evolutions of Bimetallic Pt-Ni Nanoparticles at Elevated
Temperatures: Implications for Heterogeneous Catalysis” [Lu, X.; Hwang, S.; He, K., ACS
Applied Nano Materials 2024, 7 (13), 15735-15742], used with permission from American

Chemical Society.

4.1 Background

NPs have attracted significant attention from the scientific community due to their
unique properties substantially distinct from their bulk counterparts, making them
foundational building blocks for nanoscience and nanotechnology [126]. Bimetallic NPs have
emerged as a leading research frontier due to their unique engineering at the nanoscale,
combining two different metals to create a new material with synergistic attributes. These
bimetallic NPs offer enhanced physical, chemical, and biological properties, making them
highly valuable for diverse applications in catalysis, sensing technologies, biomedical
diagnostics, environmental science, and energy sustainability [127, 128]. The design and
controlled synthesis of bimetallic NPs represents a notable success in catalysis, leading to
significantly enhanced catalytic performance across a wide range of processes. These include
organic transformations, fuel cell reactions, and environmental remediation processes
[129]. Specifically, Pt-based bimetallic NPs are the subject of substantial research, with
potential applications in well-established catalytic processes (e.g., polymer electrolyte

membrane fuel cells,[26, 27] water electrolysis) [130] photocatalysis (e.g., photochemical
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water splitting) [131] and thermocatalysis (e.g., petrochemicals production [58] automotive
exhaust treatment [57]). The catalytic properties such as activity, selectivity, and stability
are significantly dependent on catalyst NPs’ morphologies, structures, and compositions
[61]. Therefore, continued effort is urgently needed to understand and control the geometry,

surface facet configuration, compositional distribution and segregation of catalyst NPs [2].

Despite the advancement of catalysts by design, the thermal stability of these
materials has always been a major problem for academic and industrial research. Because
the compositions and surface structures of crystals under working scenarios are subjected
to increased temperatures. Thermal response at high working temperatures is important for
improving the design and reliability. Composition redistribution and shape changes at
relatively low temperatures have been reported for Pt alloy NPs, which are correlated with
the surface structures and facets configuration [71, 72, 97]. Compared to monometallic NPs,
the addition of the second element in bimetallic materials introduces additional
compositional and structural complications, resulting in diverse configurations such as
ordered intermetallic, alloy, core-shell, Janus and so on [15]. This provides more
opportunities to finely adjust the catalytic properties by leveraging the combined structural
and compositional effects, which are often directly linked to geometric and electronic surface
structures [20, 132]. Understanding the transformation pathways of complex structures at
high temperatures is crucial, because the structural evolutions and compositional
redistributions tend to proceed through independent pathways in response to thermal input,
which may not be necessarily coincident to temperature. However, there have been a few
investigations into the compositional change inside Pt-Ni NPs, causing the underlying
mechanism to have not been fully established.
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TEM is a useful tool for characterizing the morphology, structure, and composition of
materials from the atomic level to the nanoscale. With recent rapid development, in situ TEM
has provided capabilities for observing the real-time evolution of materials during dynamic
processes and reactions under various physical or chemical stimuli, offering valuable
insights into fundamental understanding of the underlying mechanisms [87]. Previous
studies have demonstrated the unique power of such in situ techniques to reveal the
dynamics of structural transformations at the atomic scale within individual NPs [72, 133].
In this work, we focus on Pt-Ni NPs as a classic model bimetallic system and use controlled
synthesis to produce single-crystalline Pt-Ni NPs in a well-defined truncated octahedral
shape with {111} terminating facets with two distinct compositional distributions (core-
shell and solid-solution). We utilize in situ heating TEM techniques to examine the thermally
induced response of bimetallic Pt-Ni NPs under elevated temperatures. STEM with EDS is
used to identify the spatially resolved compositional distribution and evolution during in situ
heating, while STEM tomography is also performed to determine the 3D shape of NPs after
heat treatments. The microscopic insights gained from in situ TEM observations help obtain
a better understanding of the complex structure-composition-coupled transformation
mechanisms under thermal treatments, offering new possibilities for achieving synergistic

control over morphology, structure, and composition in bimetallic NPs.

4.2 Experimental Methods

In this study, the experiments were designed to synthesize and characterize
bimetallic Pt-Ni NPs as well as to understand their structural and chemical evolutions

through in situ heating TEM, which is illustrated in Figure 4.1.
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Figure 4.1 Schematic diagram of the synthesis and characterization of Pt-Ni NPs and their
structural and chemical evolutions revealed by in situ heating TEM [134]. Reproduced with

permission. Copyright 2024, American Chemical Society.

4.2.1 Synthesis of Pt-Ni NPs

Pt-Ni NPs were synthesized using a method modified from a previous study [96]. For
a typical synthesis, 7 ml benzyl ether, 2 ml oleylamine, and 1 ml oleic acid were added into a
100 ml three-neck flask, which was placed inside a heating mantle. The temperature was
monitored by a thermometer from the solution within the flask. The solution was heated to
a desired temperature of 200 °C under Ar protection and with magnetic stirring. After that,
20 mg Pt(acac)z2, 10 mg Ni(acac)z, and 60 mg W(CO)es were added into the solution to produce
solid-solution type NPs, and the Ar purging was stopped. Alternatively, 20 mg Pt(acac)2 was
added into the solution at RT followed by adding 10 mg Ni(acac)2z at 200 °C to produce core-

shell type NPs. Then, the mixture was kept at this temperature for 35 min. The reaction
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mixture was cooled down to RT naturally, and the reaction product was centrifuged and
washed with ethanol and hexane several times, followed by vacuum drying at 70 °C for 12 h.

The resulting Pt-Ni NPs were dispersed in hexane for further characterization.

4.2.2 Materials Characterizations by TEM and XRD

The as-prepared Pt-Ni NPs were dispersed and loaded on a silicon-supported silicon
amorphous silicon nitride (SisN4) membrane chip for a DENSsolution Wildfire in situ heating
TEM holder. Real-time HRTEM and HAADF-STEM observations were performed using a
DENSsolution MEMS-based heating holder on an FEI Talos F200X TEM operated at 200 kV
and equipped with a four-quadrant EDS detector for elemental mapping. During a typical in
situ heating experiment, the temperature was increased from RT to a desired elevated

temperature with an incremental step of 100 °C and the heating rate of 100 °C/s, then the

specimen was kept at the same constant temperature for 5 min. The electron dose rate was
controlled under ~200 e/(A2 s) during data acquisition of in situ heating experiments, while
the beam was blanked otherwise to avoid any possible beam-induced artifacts. Atomic-
resolution STEM imaging was also performed using an aberration-corrected Hitachi
HD2700C STEM operated at 200 kV. Electron tomography of NPs after heating was
performed in STEM mode using a JEOL JEM-ARM300F “GrandARM” TEM at 300 kV and a
Hummingbird Scientific’s tomography TEM holder with a homemade sample clamp fixture.
A tilt series of STEM images were collected with the angle interval of 5° and the obtained
image data were processed using Tomo] plugin in the Image] software to reconstruct 3D
tomographic visualization of the NP. X-ray diffraction (XRD) patterns were obtained by a

Rigaku Ultima IV powder X-ray diffractometer equipped with a Cu Ka radiation source.

72



4.3 Results and Discussion
4.3.1 Characterization of As-synthesized NPs

We produced single-crystalline Pt-Ni NPs in truncated octahedral shape with {111}
terminating facets (Figure 4.2) through a wet chemistry approach. As illustrated in Figure
4.3, atomically resolved HAADF-STEM image with FFT clearly shows visible atomic columns
throughout a typical Pt-Ni NP along the [110] zone axis, revealing the well-defined geometry
and the high crystallinity of as-synthesized NPs. The lattice spacings of the adjacent fringes
parallel to the Pt-Ni NP terminating facet were 0.225 nm, which is consistent with the {111}
crystalline plane of a face-centered cubic (FCC) lattice structure. Also, 0.196 nm lattice-
spacing was assigned to the {002} crystalline plane, corresponding to the truncated corners
along [001] directions. The SAED pattern exhibits a series of diffraction rings corresponding
to the FCC lattice planes of {111}, {200}, {220} and {311} (Figure 4.3c). Meanwhile, the XRD
pattern (Figure 4.3d) shows diffraction peaks (20 angles of 41.3°, 48.0°, 70.0° and 84.7°,
shown in Figure 4.4) corresponding to the characteristic peaks of {111}, {200}, {220} and
{311} planes of Pt-Ni fcc structure, respectively. Moreover, the rotationally averaged SAED
radial profile shows a consistent match with the XRD curve, confirming the pure and uniform
solid-solution phase (without any intermetallics) of Pt-Ni NPs [135], which is likely
attributed to the low colloidal synthetic temperature (200 °C) and the off-stoichiometry
(Pt:Ni ~ 57%:43%, measured by EDS) that do not favor the formation of intermetallic
compounds such as L1o and L1z phases [136]. HAADF-STEM images and the corresponding
STEM-EDS elemental maps are shown in Figure 4.3e and f. By adjusting the sequence of
adding Pt and Ni metal precursors, we synthesized Pt-Ni NPs exhibiting two distinct

structures in terms of different elemental distributions. While the EDS mapping in Figure
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4.3e shows the uniform single-phase solid-solution configuration, the EDS mapping in Figure
4.3f shows that the Pt elements are concentrated in the center and Ni elements are rich on
the surface of the NP, representing a core-shell structure with Pt in the core and Ni on the
shell (also shown in the linescan profiles in Figure 4.5). The core-shell chemical
configuration can also be consistently confirmed by the XRD pattern (Figure 4.4), which
indicates obvious peak splitting arising from two separated Pt-rich and Ni-rich phases. It is
also confirmed by XRD and EELS that no oxide (i.e., NiO) can be detected from the core-shell
Pt-Ni NPs. These baseline characterizations of as-synthesized single-crystalline Pt-Ni NPs
confirm the two compositional distributions by our design, which serve as ideal systems for

the following in situ heating experiments.

Figure 4.2 STEM images of as-synthesized Pt-Ni NPs. (a) Low-magnification and (b) high-
magnification STEM images demonstrating the homogeneous truncated octahedral shape

and monodisperse size of Pt-Ni NPs.

74



1/d (nm™)

Figure 4.3 Structural and compositional characterizations of as-synthesized Pt-Ni NPs. (a)
Atomically resolved HAADF-STEM image, and (b) the corresponding FFT pattern, of an
individual Pt-Ni NP. (c) SAED pattern taken from numerous Pt-Ni NPs. (d) XRD pattern and
rotationally averaged SAED radial profile showing the pure solid-solution phase of Pt-Ni NPs.
HAADF-STEM image and the corresponding EDS elemental maps of (e) solid-solution, and
(f) core-shell, Pt-Ni NPs [134]. Reproduced with permission. Copyright 2024, American

Chemical Society.
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Figure 4.4 XRD pattern of as-synthesized Pt-Ni NPs. (a) The XRD pattern of solid-solution
characteristics peaks are found at 41.3°, 48.0°, 70.0° and 84.7°,
corresponding to {111}, {200}, {220} and {311} planes, with inversed lattice spacing (1/d)
values of 4.58 nm1, 5.28 nm1, 7.45 nm-1, and 8.75 nm-1, respectively. (b) The XRD pattern of
core-shell Pt-Ni NPs, in which peak splitting is found for {111}, {200}, and {220} planes due
to the separated phases consisting of the Pt-rich solid-solution core (labeled by red arrows)

and the Ni-rich shell (labeled by green arrows).

76



Intensity (a.u

intensity (a.u.

Linescan 1

Intensity (a u

intensity (a.u.

Linescan 2

e & §
Ni

R
Distance (nm)

0

Linescan 5

| w4 LA
\/WN W/\/\ h\k

Intensity (a.u.

intensity (a.u.

Linescan 3

Linescan 6

bl

0 2 4 6 8 10 12 0 2 4 6 8 10 0 2 4 6 8

Figure 4.5 STEM-EDS analysis of as-synthesized Pt-Ni NPs. (a) STEM-EDS mapping and
linescan profiles obtained from 3 different solid-solution NPs. (b) STEM-EDS mapping and

linescan profiles obtained from 3 different core-shell NPs.

4.3.2 Thermally Induced Morphological Evolution of Single NP
Shape Evolution and Facet Development

First, to reveal the morphological and surface structure evolutions, we performed in
situ heating TEM for an individual Pt-Ni NP in HRTEM mode, as shown in Figure 4.6. The
metallic atom columns were spatially resolved by HRTEM along the [110] zone axis (Figure
4.6a), which allows us to track the morphological evolution by quantifying the projected
atom column positions. To simplify this process, we used a model-based approach to
generate [110]-oriented atomic images and find the closest match to experimental images
(Figure 4.7) to help identify all atom positions (yellow overlays) and terminating facets

(color lines). This allows us to further measure the number of core and surface atomic
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columns (Figure 4.6b) as well as the length of each terminating facet (Figure 4.6c) during the
entire heating process, thereby providing statistical analysis of the structural evolution
during facet development. For a representative Pt-Ni NP, the pristine state at RT is stabilized
by low-index facet termination, with the vast majority being {111}, {110}, and {100} facets.
At the early stage of heating (up to 300 °C), the NP was terminated mainly by low-index facets
{111},{100}, and {110} along with an increasing number of {311} facets, while the NP tended
to form a corner-rounded geometry, manifested by the decrease of the surface-to-core atom
ratio. Starting at 400 °C, more high-index facets {422} appeared to mitigate the number of
{311} facets. Since the surface energy (y) of noble metals generally follows the order of y{111}
< yq100y < y{110} < Yk ({hkl} denoting for high-index planes with at least one Miller index
larger than 1) [137], the appearance of high-index facets is due to the increase of total surface
energies of the NP caused by the thermal input from the environment [138]. When heated
up to 500 °C, {511} facets were developed by replacing the {311} facets and some of the {422}
facets. When the temperature reached 600 °C, high-index facets were largely phased out,
leaving behind the most low-index facets termination to allow the NP to transform into a
more isotropic shape. At this stage, the projected area reached the lowest value, implying the
completion of the surface reduction process which changes the NP into a spherical-like 3D
geometry. Upon further heating the NP to the range of 700-800 °C, its projected area was
subject to a noticeable expansion, along with mixed facet developments including some high-
index facets appearing (such as {511}, {422}, and {331}) and vanishing (such as {311}). Such
an unusual size expansion at high temperatures was unexpected. With the assumption of no
interparticle mass transfer for this isolated NP system, we hypothesize that the lateral

expansion at 700 to 800 °C is likely due to the particle-substrate interaction which changes
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the spherical geometry to a pancake-like shape in 3D, which was further validated by
electron tomography shown below (Figure 4.8a). Although the statistical analysis and the
relevant results shown in Figure 4.6b, c present the information only along the [110]
orientation, it still provides a greatly representative foundation to infer possible evolutions
in 3D space. The temperature-dependent in situ heating TEM observations have revealed the

overall facet development during the corner-rounding and surface reduction process at

elevated temperatures.
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Figure 4.6 Morphological evolution and surface facet development observed by in situ
heating TEM. (a) In situ HRTEM images viewed along [110] zone axis showing the
morphological evolution of a Pt-Ni NP as a function of temperature from 20 to 800 °C. The

color lines indicate different surface facets. (b) The measured surface columns and (c) facet
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length at different temperatures [134]. Reproduced with permission. Copyright 2024,

American Chemical Society.

Figure 4.7 HRTEM images showing the evolution of Pt-Ni NPs under in situ heating from 20

to 800 °C.

Visualization of Three-Dimensional Structure

Based on the in situ heating experiments, we propose that the structural evolution
following two primary stages (Figure 4.8a), (i) facet development that tends to round the
corners of pristine truncated octahedron due to entropic effects, especially at elevated
temperatures [139], and reduce the total facet exposure to minimize the surface energy, and
(ii) particle-substrate interaction that attracts the atoms migrate from NP to the substrate to
improve contact and interfacial wetting. To test our hypothesis about the second stage and
understand the NP expansion observed at 700-800 °C, we performed electron tomography

in STEM mode by conducting a tilt series HAADF-STEM imaging of a NP (Figure 4.9) after in
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situ heating experiments, allowing us to visualize the stereoscopic geometry of the NP
through 3D reconstruction. Figure 4.8b shows the tomographic reconstruction of 3D
visualization of a Pt-Ni NP as well as its projection view (Figure 4.8c) in the x-y plane and
side view (Figure 4.8d) in the x-z plane (z-axis is the electron beam direction). The projection
view displays a shape like the final state after in situ heating at 800 °C in Figure 4.6a, while
the side view renders the cross-section of an ellipsoid NP geometry, which is shortened along
the vertical direction but flattened and enlarged laterally, consistent with our inferred
pancake-like shape giving rise to the areal expansion. A similar shape was also found in
previous work of annealed Pt particles [140]. The morphology and size change could be
attributed to the wetting behavior of the composing elements interacting with the substrate
to minimize the overall interfacial energy [141]. Such temperature-induced wetting also
happened on Pt NPs on silica surface, which can be attributed to the interfacial mixing of Pt
and SiO2 and the resulting negative interface energy [142]. Overall, besides the insights of
surface facet development with the propagation of low-index and high-index crystal planes
upon heating, it is also crucial to be aware of the unavoidable particle-substrate interaction
that would significantly modify the interfacial wetting behavior, which may facilitate the

atom migration and mobilization at high temperatures.
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Figure 4.8 Tomographic visualization of the NP after heating. (a) The atomic model showing
the thermally induced structural evolution of a Pt-Ni NP through two stages including the
facet development and the particle-substrate interaction. (b) 3D visualization of a NP
rendered from STEM tomography reconstruction. The surface rendering of the 3D
reconstruction along (c) the projection view, and (d) the side view [134]. Reproduced with

permission. Copyright 2024, American Chemical Society.
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Figure 4.9 HAADF-STEM tomography tilt series images of a NP after in situ heating.

4.3.3 Thermally Induced Chemical Evolutions of NPs Clusters
Maintained Solid-solution Structure

In addition to the structural evolution revealed above, it is expected that the two
composing elements, Pt and Ni, would also be subject to different types of migrations to be
redistributed within the bimetallic NP and form distinct compositional configurations. From
this perspective, we use as-synthesized Pt-Ni NPs with two distinct compositional
configurations (i.e., solid-solution and core-shell) as different start points and perform in situ
heating to investigate their chemical evolutions as a function of temperature. To minimize
the electron beam induced effects (such as irradiation damage to NPs, local electron heating,
etc.), we chose to conduct simultaneous STEM imaging and EDS acquisition after heating to
certain temperatures, while the beam was kept blank during heating to ensure there was no
beam-induced damage during the in situ experiments. Figure 4.10 shows the HAADF-STEM
images and the corresponding STEM-EDS maps of solid-solution NPs during in situ heating.
The compositional configuration remained a solid-solution type throughout the entire
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heating process from RT to 800 °C. Additionally, individual NPs started to coalesce into a
connected cluster at elevated temperatures between 700 and 800 °C. This indicates that
interparticle mass transfer was facilitated by the surface atom migration through the
enhanced NP wetting to the substrate, which led to the lateral expansion of individual NPs
and narrowed down the gaps between adjacent NPs, eventually making these NPs merge.

This phenomenon matches with the findings above.

> ' 3
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%

Figure 4.10 Compositional evolution of solid-solution Pt-Ni NPs. (a) HAADF-STEM images

and (b) the corresponding STEM-EDS maps of solid-solution Pt-Ni NPs captured at different
elevated temperatures during in situ heating [134]. Reproduced with permission. Copyright

2024, American Chemical Society.

Core-shell to Solid-solution Transformation

Similarly, we conducted in situ heating experiments for core-shell Pt-Ni NPs. Figure
4.11 shows HAADF-STEM images and corresponding EDS maps from RT to 800 °C. It is found
that the core-shell structure was retained up to 300 °C, and mostly remained in the core-
shell state during 300-400 °C (Figure 4.12). Starting from 500 °C, Ni atoms, initially situated

in the shell, were redistributed into the core of the NP. Further heating to 600 °C resulted in
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the complete mixing of Pt and Ni within the NP. When the temperature reached 700 °C,
obvious interparticle mass transfer would occur to initiate the coalescence of multiple NPs
into a connected cluster, which was finally merged into a single large particle at 800 °C. This
coalescence behavior is consistent with the results shown above. After returning to RT, the
merged large particle remains in the solid-solution state, indicating that the core-shell to
solid-solution transformation is an irreversible process. The compositional reconstruction
of the core-shell NPs under thermal input is described as the chemical homogenization of Pt
and Ni atoms between the core and the shell within the NP. This process, where the surface
energy dictates the diffusion of Pt and Ni, ultimately leads to the assimilation of Pt and Ni
atoms, forming a uniformly mixed solid-solution alloy structure [143]. This homogeneous
structure is expected due to the entropy stabilization, favoring the formation of a solid
solution instead of phase separations or intermetallic compounds [144]. Similar
transformations into homogeneous compositional configurations have also been observed

in previous studies involving Ni-Co and Co-Pt core-shell NPs [21, 145].

Figure 4.11 Compositional evolution of core-shell Pt-Ni NPs. (a) HAADF-STEM images and

(b) the corresponding EDS maps of core-shell Pt-Ni NPs captured at different elevated
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temperatures during in situ heating [134]. Reproduced with permission. Copyright 2024,

American Chemical Society.

Figure 4.12 Compositional evolution of core-shell Pt-Ni NPs in the temperature range of 300-
500 °C. (a) HAADF-STEM image taken at RT. STEM-EDS mapping obtained at (b) 300 °C, (c)
400 °C, and (d) 500 °C during in situ heating. STEM-EDS maps indicate that the Pt-Ni NPs
remain mostly in core-shell state under 300 to 400 °C, while transforming into solid-solution

state at 500 °C.

4.3.4 ML-assisted Images Analysis

Here, the ML image segmentation method described in Chapter 3 was applied to the
Pt-Ni NPs system to quantify the evolution behavior at elevated temperatures. Figure 4.13a
shows the in situ heating STEM images of Pt-Ni NPs, illustrating the morphological changes
occurring at various temperatures. Figure 4.13b displays the ML segmentation of the in situ
heating images. The segmentation model effectively identifies and outlines each NP, allowing
for precise measurement of their shapes and sizes. Figure 4.13c shows the contoured images
derived from the ML segmentation. These contoured images provide a clear visualization of

the NPs' boundaries, enhancing the understanding of their structural transitions. The
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contours highlight the changes in the projected areas and shapes of the NPs, offering a

detailed view of the morphological evolution as the temperature rises.

Figure 4.13 (a) In situ heating of Pt-Ni NPs, (b) the ML segmentation and (c) contoured

HAADF-STEM images.

Table 4.1 summarizes the measurements of the number and projected area of NPs
obtained from in situ STEM images. The data shows a consistent trend where the number of
distinct NPs decreases while their average projected area increases with rising temperature.
This indicates coalescence and growth of the NPs, driven by surface atom migration and
interfacial wetting. From this result, Figure 4.14 shows the three different stages of NPs
evolution. At RT, Pt-Ni NPs exhibit well-defined truncated octahedral shapes with distinct
facets. As the temperature increases to 400 °C, the individual NPs undergo facet
development, where their high index facets become more pronounced. When the
temperature rises to 650 °C, interparticle mass transfer begins to occur. In this stage, atoms

start to migrate between adjacent NPs, leading to changes in their sizes and shapes. The NPs
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may begin to form necks or bridges between each other, indicating the onset of coalescence
processes. The ML segmentation accurately captures these subtle changes, providing
detailed information on the evolving NP structures. At higher temperatures to 800 °C, the
NPs undergo significant coalescence. During this stage, neighboring NPs merge to form
larger particles with increased projected areas. The original distinct boundaries between
NPs blur as they coalesce into single larger entities. This process is facilitated by the
enhanced atom mobility at higher temperatures, leading to the formation of pancake-like
ellipsoid shapes. The ML segmentation and contoured HAADF-STEM images clearly show the

merging of NPs and the resulting changes in their morphology.

Table 4.1 Measurement of number and projected area of NPs from in situ STEM images.

Temperature/°C Number of NPs Total projected area /nm?
20 9 191
300 5 196
500 1 228
600 1 231
700 1 194
800 1 190
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Figure 4.14 Measured number of NPs and projected area indicating different stages of NPs

evolution at elevated temperatures.

4.4 Conclusions

In conclusion, we conducted in situ heating experiments on truncated octahedral Pt-
Ni NPs with solid-solution and core-shell compositional structures using TEM. Our findings
show the morphological evolution and facet development as a function of temperature,
ranging from RT to 800 °C. We found a general structural evolution involving two stages, i.e.,
(i) the facet development process, where the truncated octahedral NP undergoes corner-
rounding and surface reduction evolutions along with the appearance and vanishing of
various high-index facets during the course, and (ii) particle-substrate interaction, which
enables surface atom migration to flatten the NP from spherical-like to pancake-like shape.

The electron tomography reveals the 3D visualization of a NP after heating, confirming the
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geometric modification and wettability of NPs with the substrate at high temperatures.
Through in situ STEM-EDS mapping, we comparatively investigated the evolution of
compositional configurations in solid-solution and core-shell Pt-Ni NPs and found that solid-
solution configuration remains stable while core-shell configuration tends to be disrupted
and transformed to solid-solution state through chemical homogenization at 500 to 600 °C.
Upon further heating to a higher temperature of 700 to 800 °C, the individual NPs start to
coalesce due to the facilitated surface atom migration induced by particle-substrate
interaction. These observations provide important insights into the structural and chemical
evolution of bimetallic Pt-Ni NPs, aiding in the design of catalysts with improved geometric
and compositional configurations for enhanced performance and stability in heterogeneous

catalysis.
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CHAPTER 5 Structural and Chemical Evolutions of Quinary PdCuPtNiCo

NPs at Elevated Temperatures

5.1 Background

HEMs have received considerable critical attention in recent years due to their unique
properties and wide applications led by their multielemental composition and solid-solution
structure. By changing the added metal species and inducing the anion source, versatile
HEMSs could be obtained. In 2004, Yeh et al. introduced the concept of HEAs [30]. Bulk HEAs
are difficult to use for catalytic applications due to their low surface area and low number of
active sites. Compared with the bulk counterpart, HEA NPs with more than 5 kinds of metal
elements and homogeneous mixing structures own large surface area and enriched catalytic
active sites, therefore demonstrating excellent catalytic performances on both

thermocatalysis and electrocatalysis reactions [32, 33].

Characterization plays an important role in confirming the uniform mixing of
elements. Electron microscopy techniques as powerful tools including TEM, and STEM can
provide useful information such as morphology and size of the materials. In particular,
HAADF-STEM could reach an atomic resolution to identify the locations of different metal
atoms [146]. When combining STEM with spectroscopy techniques, EDS and EELS can
determine the elemental distribution and composition, chemical bonds, valence states, and

electronic structures, which is critical to providing evidence of the homogeneity of HEAs.

To gain better knowledge of the transformation of materials reacting to a certain
environment, in situ TEM has been used to directly observe the process by applying one or
multiple physical stimuli such as heat, force, light, electrical bias, magnetic field, electron
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beam, cooling or gases and liquids [87, 147]. To date, there have been few studies about the
evolution of HEAs under various environments via in situ TEM [148, 149]. In situ heating
TEM at high temperatures has been employed mostly to perform the stability test of high-
entropy NPs. For example, RuRhCoNilr NPs demonstrated high structural stability with
uniform dispersion and size stability annealing up to 500 °C [150]. FeCoNiCuPd HEA NPs
shrunk with the preferential sublimation of the Cu component after 700 °C [151]. For
multimetallic NPs with different mixing patterns, it is necessary for a fundamental
understanding of real-time evolution and reaction pathways. Higher temperature annealing

is of interest to examine the thermal and phase stability of those NPs.

Here, we studied the high-temperature behavior of core-shell and HEA PdCuPtNiCo
NPs in a vacuum environment. We propose the hypothesis that different starting points and
mass transfer lead to different final stages. Because HEA NPs are loaded on carbon support,
the atoms are not mobilized. Their high-entropy homogeneous mixing would maintain well
after heating. For core-shell NPs, if a single one is isolated from others, given the result we
found in the last Chapter, the core-shell structure would transform to solid-solution at
certain temperatures. If there are neighbor NPs with atom transfer, they may merge into a
big NP with solid-solution structure. However, since there are 5 metal elements comprising
this NP, due to the potential synergistic effect, the phase-segregated structure could also
happen at elevated temperatures. To test the hypothetical routes, the structural and
compositional evolutions during heating from RT to 1000 °C are captured in real-time

through in situ STEM imaging and EDS analyses.
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5.2 Experimental Methods
5.2.1 Synthesis of PdCuPtNiCo NPs

NPs containing Pd, Cu, Pt, Ni, and Co were synthesized by graduate student Nabojit
Kar from Prof. Sara Skrabalak group at Indiana University Bloomington based on the method

in a previous study [35]. The details of the methods used by Nabojit are described below.

Synthesis of Core-shell NPs

To start, intermetallic PdCu NPs were synthesized with slight modifications to a
previous method [152]. In a 100 mL three-neck round-bottom flask, 0.2 mmol of PdBr2, 0.2
mmol of Cu(ac)z, 9 mL of oleylamine, and 40 pL of oleic acid were added. This mixture was
heated under vacuum while stirring at 110 °C for 10 minutes. Next, 60 pL of
trioctylphosphine (TOP) was added, and the reaction solution was heated to 235 °C under
an argon atmosphere for 30 minutes. After cooling to RT, the solution was centrifuged at
3900 rpm for 10 minutes to remove large particles. The supernatant containing the particles
was then precipitated by adding a 3:1 acetone/ethanol mixture and collected by
centrifugation at 10,000 rpm. The particles were washed with a 5:1 ethanol/hexane mixture
and, after removing the supernatant, were resuspended in 3 mL of hexane and 16 mL of a

2:1 acetone/methanol solution for storage.

To synthesize quinary PdCu@PtNiCo NPs, PdCu seeds were added to a 100 mL three-
neck round-bottom flask containing 4 mL of oleylamine, 5 mL of 1-octadecene, PtBrz,
Ni(acac)s, and Co(ac)2-4H20, with metal precursor concentrations calculated to maintain a
1:1 ratio of seed to metal precursors. 1,2-Dodecanediol was added at a 20:1 ratio of 1,2-

dodecanediol to metals. This mixture was heated to 110 °C under vacuum for 30 minutes,
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then to 235 °C under argon for another 30 minutes. After cooling to RT, the solution was
centrifuged at 3900 rpm for 10 minutes to remove large particles. The supernatant was
precipitated with a 3:1 acetone/ethanol mixture and collected by centrifugation at 10,000
rpm. The sample was washed with a 5:1 ethanol/hexane mixture, and the particles were

resuspended in hexane for further use [35].

Synthesis of HEA NPs

The quinary PAdCu@PtNiCo NPs were deposited onto a carbon support (Ketjen EC-
600]D) at a mass ratio of 1:9. The NPs were added dropwise to a slurry of the carbon support
in 5 mL of acetone and 2.5 mL of hexane. After adding the NPs, the solution was sonicated
for 1 hour and left to stir overnight. The solvents were then evaporated, and the resulting
solids were dissolved in an acetone solution by sonicating, after which they were transferred
onto a quartz crucible. The boat containing the sample was centered in a fused silica tube
and heated in a tube furnace. The fused silica tube was purged with a Hz2/N2 (4 v/v %)
mixture for 30 minutes, followed by heating the sample to 600 °C for 10 hours at a ramp rate

of 20 °C per minute.

5.2.2 Materials Characterizations by TEM

NPs dispersion was drop-casted onto a MEMS heating chip using a DENSsolutions
Wildfire in situ heating TEM holder. The heating chip was put into Fischione Model 1020
plasma cleaner under Oz and Ar for 2 min to remove existing carbonaceous debris from the
specimen and prevent contamination. In situ HAADF-STEM images and EDS mapping were
acquired on a FEI Talos F200X TEM/STEM operated at 200 kV with a four-quadrant 0.9-sr

EDS spectrometer. Temperature was directly ramped up from RT to a certain temperature
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with a 100 °C interval. The sample was maintained for about 5 min for imaging and mapping.
Atomic HAADF-STEM images were acquired by a spherical aberration-corrected JEOL JEM-
ARM 300F “GrandARM” TEM with a cold field emission source operating at 300 kV, at 53

mrad convergence semi-angle.

5.3 Results and Discussion
5.3.1 Characterization of As-synthesized NPs

The morphology and chemical composition of as-synthesized core-shell and HEA NPs
were characterized by STEM and EDS. HAADF-STEM image in Figure 5.1a shows that the
core-shell NPs are mostly spherical with particle sizes around 10 nm. Figure 5.1b,c show the
atomic resolution HAADF-STEM images of two individual NPs. The contrast difference
between core and shell areas suggests the heterogeneity of elemental distribution. The
lattice can be indexed to the (-110) zone axis with (002) and (111) planes. The elemental
distribution was confirmed by STEM-EDS mapping as shown in Figure 5.1g. The core
consists of Pd and Cu, while the shell consists of Pt, Ni and Co. Figure 5.1e shows the spherical
HEA NPs supported on carbon with sizes around 10 nm. The atom-to-atom contrast variation
in the HAADF and ABF images shown in Figure 5.1e,f suggest a homogeneous mixing of all 5
elements at the atomic level. Inset in the ABF image shows the FFT patterns in the (-110)
zone axis with (002) and (111) planes, demonstrating the single-phase with fcc crystal
structure. The composition uniformity was confirmed by STEM-EDS mapping in Figure 5.1h.
These characterization results confirm that all synthesized NPs have the desired shape, size
and elemental compositions for both materials. Elemental analysis measured by ICP-MS
(Table 5.1) confirms the presence of all the anticipated metals, ranging from 14 at% to 28

at%.
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Figure 5.1 Atomic structure and compositional characterizations of as-synthesized NPs. (a)
HAADF-STEM image of core-shell PACu@PtNiCo NPs. (b) (c) Atomically resolved HAADF-
STEM image of an individual PACu@PtNiCo NP. (d) HAADF-STEM image of HEA PdCuPtNiCo
NPs. (e) Atomically resolved HAADF-STEM image and (f) ABF image of an individual HEA
PdCuPtNiCo NP. HAADF-STEM image and the corresponding EDS elemental maps of (g) core-

shell, and (h) HEA NPs.
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Table 5.1 Atomic percentage obtained from ICP-MS measurement for core-shell and HEA

NPs.
Element at% of core-shell NPs at% of HEA NPs
Pd 28.64 28.48
Cu 20.47 20.51
Pt 14.69 15.08
Ni 18.89 20.77
Co 17.31 15.16

5.3.2 Thermally Induced Chemical Evolutions of HEA NPs

We initially investigated the transformations of HEA NPs loaded on carbon during
heating. Figure 5.2 presents HAADF images alongside EDS maps for Pd, Cu, Pt, Ni, and Co at
various temperatures. At RT, the HEA NPs exhibit a homogeneous distribution of all five
elements. However, at 700 °C, Cu and Ni began to evaporate, indicated by the outward
diffusion of their EDS signals. This phenomenon can be attributed to the nanoscale size of
the particles and the high vapor pressure of Cu relative to the other metals studied [41].
Table 5.2 summarizes the vapor pressure data of the studied metal elements. Despite these
changes, the overall homogeneous structure of the HEA NPs was maintained throughout the
heating process. Graphitization of the supported carbon was also observed. As the
temperature increased, the carbon support began to undergo structural transformation into
graphite. This graphitization was especially pronounced for pairs of neighboring HEA NPs,
leading to the encapsulation of these NPs within a graphite shell, as shown in Figure 5.3. The
process of graphitization involves the reorganization of carbon atoms into a more ordered,
crystalline graphite structure, which can encapsulate and overcoat the NPs [153]. Since these

NPs are anchored on the carbon support, there was no mass transfer happening between
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neighboring NPs, preventing them from merging. This anchoring effect stabilizes the

positions of the NPs, as illustrated in Figure 5.3.
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Figure 5.2 Compositional evolution of HEA PdCuPtNiCo NPs. HAADF-STEM images and the
corresponding STEM-EDS maps captured at different elevated temperatures during in situ
heating.
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Table 5.2 Vapor pressure data.

Temperature [°C] at vapor pressure [mbar]
Element Melting Point [°C]

107 105 103 101
Pd 1555 903 1072 1298 1615
Cu 1085 775 922 1117 1387
Pt 1768 1374 1596 1889 2289
Ni 1455 988 1155 1373 1669
Co 1495 983 1148 1364 1657

Figure 5.3 HAADF-STEM images showing the evolution of HEA PdCuPtNiCo NPs on carbon

under in situ heating from 20 to 1000 °C.

99



5.3.3 Thermally Induced Chemical Evolutions of Single Core-shell NPs
Evolution without Mass Transfer

The evolution process is more complicated for core-shell NPs because of their
unstabilized entropy and heterogeneous structure. In the first scenario, if one NP is isolated
from all other NPs and there is nearly no mass transfer with it, the evolution route is similar
to HEA NPs. Figure 5.4 shows the in situ STEM-EDS maps of an example isolated single NP.
It showed nonuniform elemental distribution at RT. At 300 °C, gradual inward and outward
diffusion of all elements started, leading to the homogeneous structure at 800 °C. However,
the diffusion of these metals occurred not exactly simultaneously due to the inhomogeneity
of as-synthesized NP. Cu has the highest diffusibility at 400 °C followed by Co and Ni, which
is in agreement with experimental observations that the outward diffusion of Cu is more
notable than Co and Ni [148]. Upon heating to 1000 °C, the homogeneous structure

maintained well.
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Figure 5.4 Compositional evolution of core-shell PACu@PtNiCo NPs with nearly no mass

transfer. HAADF-STEM images and the corresponding STEM-EDS maps captured at different

elevated temperatures during in situ heating.
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Evolution with Interparticle Mass Transfer

However, in another observation shown in Figure 5.5, we found that one core-shell
NP displayed a different evolution route than above. From the EDS maps, Cu started to
diffuse outward and Pt and Ni started to diffuse inward at 400 °C. At 500 °C, these 3 elements
already distributed uniformly within the NP, however, Pd and Co still mainly located at their
previous places. Due to the metal evaporation of Cu at 700 °C, its signal spread over the NP.
Similar metal evaporation of Cu also took place. The HAADF-STEM image at 800 °C shows
the contrast difference, revealing the heterostructure of the heated NP. After heating at 1000
°C, the phase segregation process completed, and the EDS maps showed the featured Janus
configurations with PdPt parts and NiCo parts. We further studied the reason that caused the
phase separation. From the HRTEM image taken at 800 °C (Figure 5.6a), some small atom
clusters appeared near the observed NP on the background with relatively low contrast.
From the EDS mapping in Figure 5.6b, these background atom clusters consist of mainly Pd
and possibly Cu. We speculate that they came from incomplete synthesis of the metal
precursors and became more visible due to the long time of beam irradiation and increased
temperature. There would be possible interactions between these atom clusters with actual
NPs through atomic diffusion on the membrane support [154]. More evidence of other post-
heating Janus NPs is presented in Figure 5.7. These NPs are all in the single NP scale with no

merging with neighbor NPs, and they all exhibited phase segregation after heating.
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Figure 5.5 Compositional evolution of core-shell PACu@PtNiCo NPs with mass transfer.

HAADF-STEM images and the corresponding STEM-EDS maps captured at different elevated

temperatures during in situ heating.
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Figure 5.6 Characterization of background low-contrast small clusters. (a) HRTEM image of
a core-shell PACu@PtNiCo NP at 800 °C. (b) HAADF-STEM image and corresponding EDS

maps at 1000 °C.

after Pd

Cu Pt Ni Co

Figure 5.7 HAADF-STEM images and corresponding EDS maps of 3 core-shell PdCu@PtNiCo

NPs after heating with phase segregation.
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5.3.4 Thermally Induced Chemical Evolutions of Neighbor Core-shell NPs

When there are 2 neighbor NPs within near distances and no carbon support under
them, they would merge via coalescence. Figure 5.8 shows the series of STEM-EDS maps at
different temperatures with in situ monitoring. For each NP, the elemental evolution process
is similar to the individual NP in Figure 5.7. The merging started with a neck connecting 2
NPs from 500 °C. From the EDS maps, the neck mainly consists of Co. The reason for this is
that among the 3 shell elements, Co has the highest diffusibility. The outward Co diffusion of
the neighbor NPs formed a bridge leading to the coalescence. When the temperature
increased to 800 °C, the sphere parts of these 2 NPs were touching and both NPs showed a
homogeneous alloy structure. However, once the temperature increased to 1000 °C, the 2
NPs quickly merged and formed the Janus structure with PdPt on one side and Co on the
other side. We also captured other NPs post-heating to verify the universality of this
phenomenon, as shown in Figure 5.9. If there are multiple NPs within the near distances, the

phase segregation would also take place with more than 2 parts.
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Figure 5.8 Compositional evolution of core-shell PACu@PtNiCo NPs with coalesce. HAADF-
STEM images and the corresponding STEM-EDS maps captured at different elevated

temperatures during in situ heating.
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Figure 5.9 HAADF-STEM images and corresponding EDS maps of 4 coalesced core-shell

PdCu@PtNiCo NPs after heating.

5.3.5 ML-assisted Images Analysis

The ML image segmentation method described in Chapter 3 was applied to the core-
shell PACu@PtNiCo NPs to quantify their behavior at elevated temperatures. Figure 5.10a
displays the in situ heating STEM images, showing the morphological changes at different
temperatures. Figure 5.10b shows the contoured images derived from the ML segmentation,

where the segmentation model accurately identifies and outlines each NP.
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1000°C

Figure 5.10 (a) In situ heating HAADF-STEM images of core-shell PdAdCu@PtNiCo NPs, and (b)

contoured images using ML segmentation.

Table 5.3 summarizes the measurements of the number and projected area of NPs
obtained from contoured images. The plot versus temperature is shown in Figure 5.11. The
data reveals a consistent trend between the two NPs. From RT to 300 °C, there are no
significant changes in the morphology of the NPs. The projected areas of the NPs remain
relatively stable, indicating minimal structural evolution. Between 400 and 600 °C,
interparticle mass transfer becomes evident. The projected areas of the NPs increased,
indicating the interparticle mass transfer. This stage shows the start of atom migration

between adjacent NPs, leading to changes in their sizes. At higher temperatures up to 1000
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°C, significant coalescence occurs. The number of distinct NPs reduces to one, as seen at 800

°C, where the total projected area of the merged NP is 168 nm?. The merging of NPs results

in the formation of larger particles with increased projected areas. The ML segmentation and

contoured HAADF-STEM images clearly show the merging of NPs and the resulting changes

in their morphology.

Table 5.3 Measurement of number and projected area of NPs from in situ STEM images.

Temperature,/°C Number of | Projected area of | Projected area of | Total projected
NPs NP 1/nm? NP 2/nm? area /nm?
20 2 67 80 147
100 2 64 77 141
200 2 66 82 148
300 2 62 75 137
100 2 71 84 155
500 2 76 38 164
600 2 82 87 169
700 2 77 83 160
800 1 168
900 1 170
1000 1 152
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5.3.6 Proposed Mechanism

Overall, to understand how different metal elements affect two kinds of structures -
core-shell and alloy, we did a series of in situ STEM-EDS experiments and found that mass
transfer could be the key to inducing the final configuration of NPs. Figure 5.12 shows a
schematic illustration of our proposed mechanisms. Because HEA NPs are loaded on carbon
support, atoms are immobilized, leading to no mass transfer through this type of material.
Therefore, the alloy structure would maintain well until 800 °C and 1000 °C. For core-shell

NPs, the mechanism is more complicated due to the possible mass transfer via SiNx

Temperature (°C)
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membrane on the MEMS heating chip. We divided this into three scenarios according to the
amount of interacted materials. Firstly, if there is nearly no mass transfer with an individual
NP, the core-shell structure would change to a homogeneous alloy structure upon heating to
800 °C and the alloy would be stable even heating to 1000 °C. Secondly, when small atom
clusters containing Pd or Cu interacted with the NP at 800 °C, it would transform into Janus
structure with noble metals Pd and Pt on one side and TMs Niand Co on the other side. Lastly,
when 2 NPs are adjacent to each other as neighbors, they would merge at 800 °C and the
produced NP would also have Janus structure similar to above. In summary, based on our in
situ experiments data, we suggest that atoms are not mobilized below 800 °C, causing no
mass transfer between the NP and the outside environment within this temperature range.
However, when the temperature is above 800 °C, NPs would have different transformations.
Entropy-stabilized HEA NPs and isolated core-shell NPs would maintain the solid solution
structure. Core-shell NPs with interaction with atom clusters or another NP would transform

to Janus structure.

HEA NP
PdPtCuNiCo Cb—t»
loaded on C arbon suppor

immobilized atoms
- no mass transfer 800°C

(no mass transfer)

Temperature

Core-shell NP

Pd/Cu @core 2(nearly) no mass transfer

Pt/Nl(Co @shell Homogenized at $ isolated from others
(possible mass clevated T

3338338
transfer via SiN,) PdCu Pt Ni Co
S 90

oo

282 mass transfer:gs

¥
.+
-

atoms are not
mobilized <800°C
- no mass transfer

/]

N e e - — — —————————————

mass transferinduced phase segregation

Figure 5.12 Proposed mechanism from in situ TEM heating experiments.
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From the perspective of metal diffusion, the HEA NPs supported on carbon did not
exhibit atomic mobility up to 800 °C, maintaining their alloy structure even at temperatures
as high as 1000 °C. This stability is likely due to the high entropy of mixing, which fosters a
uniform elemental distribution and resists phase separation. Conversely, core-shell
PdCu@PtNiCo NPs displayed more intricate behavior, influenced by potential mass transfer
via the SiNx membrane on the MEMS heating chip. In scenarios without significant external
atomic interaction, the core-shell structure transitioned into a homogeneous alloy at 800 °C,
indicating that internal diffusion for elemental homogenization. However, interactions with
atom clusters prompted the formation of Janus structures. This transformation is driven by

the preferential diffusion of Pd and Cu, attributable to their higher diffusion coefficients.

Considering surface energy, it fundamentally influences NP stability and morphology.
In core-shell NPs, the PtNiCo shell possesses higher surface energy compared to the PdCu
core, leading to the diffusion of the shell elements to minimize overall surface energy. This
tendency becomes more evident when atomic clusters or adjacent NPs interact, resulting in
Janus structures where noble TMs Ni and Co. For HEA NPs, the homogeneous distribution of
all five elements ensures a relatively uniform surface energy across the NP. This uniformity,
coupled with high entropy, sustains a stable alloy structure even at elevated temperatures,

suppressing surface energy-driven coalescence and growth.

From the standpoint of phase stability, this phenomenon could be partially
understood based on the theory of thermodynamics, specifically the second law, which states
that systems evolve towards minimizing their Gibbs free energy [155]. The Gibbs free energy

of mixing AGmix is given by:
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AGpix = AHpix — TASpix

In high-entropy systems, the entropy of mixing ASmix is substantial due to the large
number of different elements. This increased entropy significantly lowers the Gibbs free
energy, especially at high temperatures, favoring the formation of solid solution phase rather
than intermetallic compounds. The substantial ASmix overcomes any medium negative AHmix,
favoring the homogeneous mixing of elements. Without mass transfer between NPs, HEA
NPs remain stable due to the entropy stabilization effect. As T increases, TASmix increases,
further lowering AGmix and maintaining the disordered solid solution structure. In core-shell
PdCu@PtNiCo NPs, phase stability is more dynamic due to the potential for phase
segregation driven by diffusion and surface energy minimization. The formation of a
homogeneous alloy at 800 °C suggests that the core-shell interface becomes
thermodynamically unstable. When small atom clusters or neighboring NPs interact, the
system's free energy is further minimized by forming Janus structures, where phase
separation occurs due to differences in diffusion rates and surface energy between noble and

transition metals.

To validate our proposed elemental redistribution mechanism, we have carried out
collaborations with theorists to conduct a series of molecular dynamics simulations. We have
developed a model with a single core-shell NP and two attached core-shell NPs to simulate
the evolution. This ongoing work would provide more insights into the structural transitions
of NPs and validate the proposed elemental redistribution mechanism under different

conditions.
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5.4 Conclusions

In summary, this study presents comprehensive in situ STEM observations and EDS
mapping of phase segregation phenomena in core-shell and HEA PdCuPtNiCo NPs during
heating. Our findings reveal that phase transformations at elevated temperatures are
predominantly governed by mass transfer mechanisms. HEA NPs demonstrated good
thermal stability, maintaining homogeneous alloy structure throughout the entire heating
process. This stability is attributed to the immobilization of atoms on the carbon support,
which inhibits mass transfer and prevents phase separation. The high configurational

entropy of HEAs also contributes to the stabilization of a single-phase solid solution.

In contrast, core-shell NPs exhibit more complex thermal behavior due to their
potential for mass transfer and interaction with surrounding materials. In the absence of
mass transfer, core-shell NPs undergo a transformation to a homogeneous alloy structure at
800 °C, which is then maintained up to 1000 °C. However, when core-shell NPs interact with
atomic clusters or neighboring NPs, significant phase transformations occur, leading to the
formation of Janus structures. These Janus NPs exhibit a clear segregation of noble metals
(Pd and Pt) and transition metals (Ni and Co), driven by differences in diffusion rates, surface

energy, and atomic interactions.

The observed inward and outward diffusion of metals provides critical insights into
the mechanisms of mass transfer and phase stability in multimetallic NPs. The formation of
Janus structures at high temperatures highlights the role of external interactions in driving
phase segregation. Our study provides valuable guidelines for the design of high-

temperature-resistant materials and stable catalysts.
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CHAPTER 6 Conclusions and Perspectives

6.1 Conclusions

We have systematically studied the evolutions of bimetallic, core-shell and HEA NPs
under thermal conditions using in situ TEM methodologies and Al-enabled data analytics.
After the rapid advancement in the past two decades, in situ TEM has become sophisticated
regarding both methodology and instrumentation. We leveraged the in situ TEM heating
setup and then used this to study the solid phase reactions in energy materials especially

those used as catalysts.

Chapter 1 provides an introduction to multimetallic NPs, highlighting their controlled
shapes, structures, and compositions. The chapter also discusses the various applications of
these NPs and the motivation behind this research. Chapter 2 outlines the experimental
methods used in this study, detailing the synthesis and characterization techniques.
Conventional TEM, STEM, and in situ TEM methods are described, emphasizing their roles

in elucidating the properties and behaviors of multimetallic NPs.

In situ TEM is a technique requiring effective tools for analyzing large datasets. The
rapid advancement of Al technology has enabled diverse ML approaches to address the
significant data analysis challenges in this field. Chapter 3 extensively reviews recent
advancements in ML and DL methods applied to analyze TEM data. Methods for image
segmentation and synthetic data generation are described. We applied the ML image
segmentation on in situ images and extracted information about the dynamics of the NPs,
such as a function of time and temperatures. The results indicated the thermally induced

interactions between NPs during in situ heating at various elevated temperatures. Through
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a series of control experiments, we have determined the optimized imaging parameters with
high accuracy for data analysis, in terms of the optimized resolution for precision and field-

of-view combinations for statistics, which can guide our in situ heating experiments.

The first NP system investigated using in situ TEM is Pt-Ni NPs. The experimental
methods for synthesizing Pt-Ni NPs with 2 distinct structures and the characterization
techniques are described. The observed morphological evolution includes the facet
development from a truncated octahedron to a spherical-like isotropic shape, followed by
the formation of pancake-like ellipsoid shape at high temperatures due to surface atom
migration and interfacial wetting enabled by the particle-substrate interaction. Comparative
investigations by in situ STEM with EDS mapping elucidate that the solid-solution
compositional configuration can be retained over a large temperature range, while core-shell
NPs undergo irreversible solid-solution transitions through chemical homogenization at

elevated temperatures.

The in situ TEM studies extended to another NP system, quinary PdCuPtNiCo NPs
with core-shell and HEA structures. The crystal structure and mixing patterns are examined
by STEM and EDS mapping. Through a series of in situ experiments, We found that the
chemical evolutions during heating are controlled by mass transfer with nearby NPs. If there
is no mass transfer between NPs, they would maintain the solid solution structure. However,
mass transfer with background atom clusters or neighbor NPs would happen and form Janus
structure after heating. These findings elucidate the effect of thermal input on structural
evolution and compositional redistribution of metallic NPs, offering valuable insights into

the design of heterogeneous catalysts.
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6.2 Perspectives

In advancing the understanding of thermally induced evolutions of multimetallic NPs,
computational modeling emerges as a pivotal tool. By simulating the atomic and molecular
dynamics of these complex systems, we can validate the proposed mechanisms of
transformation observed through experiments. These simulations could offer a deep
understanding of the diffusion processes, phase segregation, and surface energy effects that

govern the NPs behavior under thermal conditions.

Leveraging the knowledge gained from this study, we can establish design principles
that are broadly applicable to other multimetallic systems. Understanding the interactions
and behaviors in the two model systems provides a robust framework for predicting and
enhancing the properties of a wide array of metallic NPs. Expanding the research to
encompass a broader range of material systems with diverse metal elements presents an
opportunity. By investigating different combinations of metals in NPs, researchers can
explore new interesting evolutions, which would affect catalytic, electronic, and magnetic
properties. This expansion not only enhances our fundamental understanding of
nanomaterials behavior under dynamic conditions but also facilitates the design and

optimization of novel materials tailored for specific applications.

Overall, this study highlights the effectiveness of in situ TEM in monitoring dynamic
structural and chemical changes in metallic NPs. Integrating ML-enhanced data analytics
with in situ TEM methodologies offers promising avenues for innovative discoveries to

address critical challenges in energy technologies.
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