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Abstract

Abstract

Noble metal/metal oxide (NM/MO) nanostructured composites are attractive catalysts for accelerating
ecofriendly chemical reactions and ionic—electronic transportation due to the strong interaction between NMs
and MOs. Oxygen ionic conductivity is essential in applying NM/MO, especially CeO,-based nanocomposites
(NCs). In addition to the interfacial effect for the improved ionic conductivity, conductive phase (CeO)
connectivity is important for providing the transportation pathway. However, it is difficult to evaluate the phase
connectivity of the complicated interwoven structure. Topological data analysis (TDA) is suitable for studying
the data shape from topology in multiscale and multidimensions. Homology, an algorithmic method, which is
one of the TDA tools, has been widely applied in materials science for distinguishing and classifying the
complicated structures of various materials and therefore can be applied for evaluating phase connectivity.
This thesis aims to apply homology to TEM images of Pt/CeO, NCs for structural description, which helps
understand the structure—ionic conductivity relationship.

This thesis comprises three parts. First, atomic-scale TEM was conducted to structurally engineer Pt/CeO»,
which provides hints to prepare different structures for the homology analysis. Pt/CeO, NCs were prepared by
annealing PtsCe alloys through an oxidation-induced phase separation behavior. The oxygen partial pressure
and annealing temperature are the two main factors affecting the Pt/CeO; structure because they influence the
counter diffusion of Pt and Ce atoms in the PtsCe alloy for phase separation and oxygen inward diffusion
through CeO.. Second, a homology descriptor, Betti numbers, was applied to the TEM images for quantitative
phase connectivity evaluation. For different structures varying from lamellar to maze patterns prepared using
different oxygen partial pressure, the two-dimensional (2D) phase connectivities of CeO, phases were
described, and their positive effects on ionic conductivity were demonstrated by the zeroth Betti number (5,).
For different structures varying from stripy to network patterns prepared at different annealing temperatures,
the 3D phase connectivities were quantified since the network structure cannot be accurately interpreted by
2D structural characterization. It was also demonstrated that 3D CeO- phase connectivities are decisive for
oxygen-ion conduction. Third, the various structures mentioned above were analyzed using the persistence
diagram, another homology descriptor, for structural classification. As the persistence diagram provides both
homological and geometric information about the TEM structural images, the differences among various
structures were identified. The structures were classified combing the persistence diagram and machining
learning model.

In summary, this study successfully applied TDA to the TEM images of Pt/CeO, NCs for structural
description. Long-striped pattern with high phase connectively (low value of 5, ) is ideal for the oxygen-
transportation in Pt/CeO, NCs. Therefore, these findings give sights for the structural design and property
prediction of many other nanomaterials. It is expected to be applicable in estimating the oxygen-ion transport
properties, and other transport phenomena, such as magnetic and electronic transportation. The feasibility of
applying machine learning to the computed homology provides us a way to analyze material structure

automatically and efficiently.






Chapter 1

Chapter 1 Introduction

The strong interaction at the interface between nanoscale noble metals (NM) and metal oxides (MO)
makes it very attractive in various applications, such as catalysis, environmental remediation, and fuel cells.
Owing to the importance of configuration in composites to the corresponding properties, tailored
heterostructures by processing adjustment have been studied extensively for designing excellent NM/MO
nanocomposites (NM/MO NCs). Based on the NM MO combines, various synthesis methods were developed,
such as the sol-gel method, deposition—precipitation methods. Self-assembled NM/MO NCs from binary
alloys are of interest because of their easy control and structural diversity.

Ce0;-based NCs have received much attention because of the strong oxygen storage ability of the CeO
phase. The interfacial effects between NM, such as Pt, cause charge perturbation and oxygen vacancies (Vo)
formation. Consequently, the properties of the CeO»-based NCs are significantly improved. Specifically, the
excellent ionic conductivity, an essential function in the fuel cells, of CeO»-based NCs makes it suitable as an
electrolyte or electrode material. As the ion transportation pathway is critical for ionic conductivity, the
structure—ionic conductivity relationship should be studied to design desired ionic conductors. Quantifying
this relationship will further provide hints for the materials’ design.

Mathematical tools help quantify data. Computational homology, one of the TDA methods, meets the
requirements for extracting features from structural data. It has recently been gradually applied to materials
science, such as the atomic configuration of metallic glass and ceramics. Using homology analysis to link the

structure—ionic conductivity is interesting and promising in materials science.

1.1 Metal/oxide nanocomposites

1.1.1 Theoretical studies on metal-oxide interface

Metals and oxides show extremely different properties because of their different metallic and ionic
bonding characteristics, respectively. The combination of metals and oxides, while exceeding the component
performance, is the most interesting object for materials science. Fast-developed MO composites with superior
properties, such as catalytic and electronic transportation, are attributed to the synergetic effect at the MO
interface. Both theoretical and experimental studies on model systems (Pt/CeO,, Pd/CeO,, and Ni/ZrO,)
verified the important roles of the interfacial effect, establishing fundamentals for designing unique systems
with new functionalities. This subsection summarizes theoretical studies by the first-principles mechanism on
the interfacial effect between metals and oxides. The experimental studies on the application of the interfacial
effect will be introduced in the next subsection.

Before understanding the strong interfacial effect between the metal and oxide surfaces, the bonding
nature of MO interfaces must be clarified. Although a large atomic structure mismatch exists at the

heterointerface between the metal and the oxide, an effective chemical bonding transition stabilizes the
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interface [1]. It favors specific parallel alignment at the interfacial plane; that is, a preferred orientation
relationship forms. For face-centered cubic (fcc) metals and oxides, {111} and {100} paralleled interfaces are
usually concerned. Owing to the most stable (111) surface in the fcc structure, NMs absorbed on CeO, (111)
and oxides on (111) Pt planes have been heavily studied. For the NM atoms, several O sites are possible for
adsorption on the CeO; (111) surface. Figure 1.1a shows the top view of the CeO, (111) surface, where NM
adatoms can be stable on top of the surfaces by adsorption. Obviously, the surface O-bridge sites (Figure 1.1b)
are the most preferable adsorption sites for Pt atoms because of the lowest adsorption energy [2, 3]. Different
adatoms have different preferable adsorption sites, as shown in Figure 1.1c, where the O-hollow sites are
preferable for Rh atoms. Due to the strong covalent bonds between atomic-specie pairs, such as Pt-Ce and Pt—

O, the physical and chemical properties are consequently changed at the interfaces.

(a) Py (b) (c)
= 1: | - o :
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Figure 1.1. Bonding structure of NM on CeO»(111) plane. (a) Model of CeO; surface for NM adsorption from
the top view of CeO(111). ‘O, ‘On’ and ‘O’ are related to the top, hollow and bridge sites of surface
oxygen atoms, respectively. The most stable position for (b) Pt and (c) Rh absorbed on CeO(111) plane [3].

The charge density difference and spin densities for the NM-Ce0O,(111) interface were frequently used
to characterize the changes in the electronic properties due to the NM adatoms. Z. Lu et al. discovered the
significant electron depletion around the NM atoms and electron accumulation on their near next surface Ce
ion. As shown in Figure 1.2a—c, the thin (blue) and thick (yellow) could around the atoms in Figure 1.2 indicate
the positive and negative charges, respectively. Such localized charge redistribution indicates electrons’
transfer from the NM adatoms to their nearest-neighbor Ce ion. Consequently, Ce ions were reduced, and
oxygen vacancies formed by getting excess electrons. The spin densities of the NM—CeO- interfaces shown in

Figure 1.2d and e confirmed that the surface reduced Ce** ions by the reaction (NM/Ce**—NM*/Ce*") because

the spin densities are mainly localized on NM adatoms and their next near reduced Ce ions. The above changed
electronic properties have also been verified by many other studies, such as Pt cluster on CeO>(111) surface
by C. Campbell [4] and G. Vayssilov et al. [5], Ag islands on CeO2(111) by P. Luches et al. [6], and Cu and
Au atoms on Ce(111) surface by M. Branda et al. [7]. Since the bonding strength of NM-Ce varies with the
metals, the interface effect differs: Rh > Pt > Pd [3]. Besides, the interfacial effect of the metal cluster is
stronger than that of single atoms [2].

Using the spin-polarized density-functional theory (DFT) with the Hubbard U term, in which an onsite

Coulomb correction potential (U) is introduced as an energy penalty on the delocalization of electrons, many
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Figure 1.2. The charge density difference (CDD) maps and spin densities for the most stable optimized
configurations of the NM/CeO»(111) interfaces: (a) and (d) Pd/CeO,(111); (b) and (e) Pt/CeO,(111), and (c)
and (f) for the Rh/CeO(111) interface. Here and onwards, blue and yellow clouds represent positive and
negative charges, respectively [3].

researchers found that due to the electronic perturbation and oxygen vacancies’ formation, the interfacial effect
facilitates the adsorption and oxidation of gas molecules and thus improves the catalytic properties. Figure 1.3
illustrates that the interfacial effect between TiO, and Pt(111) activates CO; reduction using the
Tis06Hs/Pt(111) model [8]. The optimized configuration of CO, adsorption on Pt(111) and TizOsHs—Pt(111)
interface are shown in Figure 1.3a and b, respectively. The original linear configuration remained on the Pt(111)
surface. However, it changed to a V-shape on the TizOgHs—Pt(111) because of the strong CO- interaction with
the interface forming C-O bonds. The differential charge density around the interface is shown in Figure 1.3c,
where blue and yellow clouds represent depletion (positive) and cumulation (negative) of electronic charge,
respectively. The charge density redistribution, that is, electron depletion and accumulation around Ti and O2
atoms in COg, respectively, suggests a substantial transfer of electrons from the interface to the CO, molecule,
resulting in enhanced CO; reduction activity. DFT calculations for the reaction energy of CO; reduction shown
in Figure 1.3d indicates that the TisOsHs—Pt(111) interface facilitates CO- reduction due to the strong binding
to the interfacial sites. Similarly, Single Pd atoms embedded in CeO,(111) are active for NO reduction with
CO because of the Pd—oxygen vacancy pair and interfacial effect [9]. The interface of the Ni atoms, which
builds tetrahedral Nis clusters supported on the CeO»(111) surface is promising for methane reforming
reactions because CHs is stably adsorbed at the interfacial O site [10]. Oxygen vacancies Vo on CeO; (111)
facilitate H and OH incorporation below the surface, which helps understand the CeO; reactivity in selective
alkyne hydrogenation and water-gas shift reactions [11, 12]. The Pt/CeO(111) interface has been exclusively
studied and was found to be potent for various catalysts, such as water-gas shift processes [13, 14], methanol

oxidation [15], and selective hydrogenation of quinolines [16].
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Figure 1.3. Side views of optimized configurations of CO, adsorbed on (a) Pt(111) and (b) TisOsHe/Pt(111)
surface. (c) Differential charge density of CO; adsorbed at the TisOsHes/Pt(111) interface. (d) Calculated free
energy diagrams for CO; reduction to CO on Pt(111) and TizOsHe/Pt(111) surfaces at 0 V vs. reversible
hydrogen electrode [8].

1.1.2 Structure and properties of metal-oxide nanocomposite

According to the abovementioned theoretical studies, a strong interfacial effect between metals and oxides
increases the oxygen vacancies and electronic perturbation, which provides numerous active sites.
Consequently, many applications have been studied for MO NCs, such as catalysts, fuel cells, and sensors.
One of the interesting objectives is the configuration control of MO NCs to tune the interfacial effect for
superior functionalities. Concerning NM or MO nanoparticles (NPs) as catalysts, NM-MOs can be divided
into five categories based on the configuration shown in Figure 1.4: (1) NM-decorated MO NPs; (2) NM-
decorated MO nanoarrays; (3) core-shell structures; (4) yolk—shell nanostructures; (5) Janus NM-MO
nanostructure [17].

The structure of NM-decorated MO NPs has a high surface area, but is unsuitable for charge separation
and transfer [18, 19]. The shape of MOs has been changed to increase the active sites for interface bonding
and further improve catalytical properties, such as Au-decorated TiO- hollow nanospheres [20] for enhanced
visible-light-driven photocatalyst, Ag-decorated ZnO nanorods [21] showing obvious photocurrent
multiplication effect, and ZnO/Au nanoneedles as robust substrates for food safety monitoring [22]. These
configurations are summarized as the second category, NM-decorated MO nanoarrays. Core—shell
nanostructure is useful for preventing aggregation and deterioration of metal NPs. The most common
Au@TiO; core—shell structure with a controlled core diameter and shell thickness makes it a candidate for

several applications in catalysis and sensors [23]. The yolk—shell nanostructure shown in Figurel.4 comprises
4
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a hollow MO shell with an NM core, like the core—shell structure. The structural features are the void between
the core and the shell and the movable NM core. This kind of structure can advantageously reduce the NM
aggregation and thermal stability. Yolk-shell structures with unique large hollow spaces and good
biocompatibility are suitable for drug delivery vehicles, nanoreactors, and lithium-ion battery electrodes [24].
The Janus NM-MO nanostructure combines two components at a small junction point, whereas other regions
are exposed to high catalytic activity. Due to this special configuration, it possesses excellent performance in

electric, magnetic, optical, and biological applications [25].

)
®C

Noble metals- Noble metals- Noble metal/metal Noble metal/metal Janus noble metal-
decorated metal decorated metal  oxide core/shell oxide yolk/shell  metal oxide
oxide NPs oxide nanoarrays nanostructures nanostructures  nanostructures

Figure 1.4. Schematic representation of different structures of NM/MO NCs [17].

The configuration between NM and MO in the form of thin films is another important part of the
abovementioned configuration, which is mainly used in sensors and solid oxide fuel cells (SOFCs) for
electrical conduction. Concerning the NM-MO interface within thin films, interwoven nanostructures are
promising for mixed electronic and ionic conductors, which are usually applied in SOFCs as anodes (Figure
1.5), such as Pt-CGO (gadolinia-doped CeQ;) [26-28] and Pt-YSZ (yttria-stabilized zirconia) [29-32]. Oxygen-
ion conductors, such as YSZ, are generally deposited on the porous metal films, resulting in a mesoporous
NM-MO structure. The basic requirements for excellent electrodes in SOFCs are the high electronic—ionic
conductivity, high electrocatalytic activity for the electrode reaction, and porous microstructure for gaseous
diffusion. Therefore, the combination of NM-catalyzing reduction reaction and MO-favorable ionic
transportation makes it exhibit good electrochemical properties and is promising for SOFC applications

(magnified schematic in Figure 1.5).

Figure 1.5. Summary of the schematic of different structures of NM-MO NCs.
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1.1.3 Synthesis of metal-oxide nanocomposites

According to the expected configuration of NM—-MOs, different preparation methods have been applied,
including the deposition—precipitation method [33], sol-gel method [34], chemical reduction [35], and alloy
oxidation [36-38]. Deposition—precipitation methods have commonly been used to synthesize Au NPs on ZnO;
or TiO, templates. The advantages of this method include fine Au NPs and well-defined coupling between Au
and the template [39, 40]. The sol-gel method is good for preparing core—shell structures by introducing ligand
or surfactant molecules. It is easy to control the core diameter and shell thickness using the sol-gel method
[41]. Chemical reduction methods are frequently used to prepare NM-decorated MO nanoarrays. It is the
simplest way to integrate NM NPs onto the surface of MO nanoarrays. The selection of a reducing agent is
critical for the nucleation and growth of NMs. In the following part, we will focus on the oxidation of binary
alloys as we used in experiments.

In the case of a binary alloy A:By comprising two components with totally different oxygen affinities
(example, B >A), the oxidation of the binary alloy precipitates the oxide of B in the metal matrix A. The
oxygen partial pressure in the surface is sufficient to oxidize B, but too low for the A oxide formation. Oxygen
dissolves into the alloy and oxidizes B internally because of the faster inward oxygen diffusion than B outward
diffusion in the alloy. When the concentration of oxide molecules exceeds the solubility limit in matrix A, the
oxide of B precipitates from A. Oxygen-ion diffusion through the B oxide to the alloy interface further oxidizes
the alloy. Note that such an oxidation process leading to phase separation is known as internal oxidation, where
the process is kinetically diffusion-limited. Therefore, the depth of the oxidized area (X;) increases with time

(t) following the parabolic kinetics:
X% =2kt (1-1
=2kt 1-1
where kz(,i)is the oxidation rate constant. The constant kz(,i) as a function of temperature T is written by

k® =k EY ot tnk® = kg — £ (1 -2
p = koexp(— 4 ornp—no—ﬁ(—)

where E is the activation energy for the oxidation, k, is a parameter related to the oxide properties, and R is
the Boltzmann constant. Combining Equations (1-1) and (1-2), E can be deduced from the oxidation
experiments. Oxidation kinetics of Pb—Sn [42], Pb—In [43, 44], and Mo-Pt [45, 46] alloys have been studied
and showed parabolic oxidation in good approximation. Since various structures of NM-MO two-phase
composites can be obtained depending on the competition between precipitates’ nucleation and growth, the
outcomes are termed self-assembled structures.

The self-assembled structures of the NM—-MO composites form binary alloys, which are influenced by the
alloy structure, alloy composition, oxygen partial pressure, and temperature. For nanoalloys, MOs-decorated
NMs and NM-core—-MO-shell structures can be obtained. X. Wang et al. [47] prepared Pt-MO (M = Ni, Fe,
Co) catalysts from Pt-M alloy NPs (Figure 1.6a), which showed high catalytic activities for p-

6



Chapter 1

chloronitrobenzene hydrogenation reaction because of the strong Pt—-M,Oy interaction. Amorphous oxides
surrounding a crystalline alloy core from Au-Sn alloys have been prepared (see Figure 1.6b) and showed high
activity in a CO-oxidation prone action [48, 49]. More recently, the growth process of a core—shell structure
driven by oxygen was observed in Pt—Co NPs via in situ atomic-scale transmission electron microscopy (TEM)
technique [50]. For bulk alloys, the shape of MO precipitates varies from particles to needle-like shapes
depending on the concentration of nonNMs in the alloy. Figure 1.6¢ shows that composites of nanocrystalline
ZrO, coupled with nanogold particles were prepared by oxidizing AuZrs metallic compound and exhibited
high catalytic activities for CO oxidation reaction [51]. H. Abe’s group formed an entangled network structure
of metal and MO composite (N#MO) catalysis, such as Ni#Y 203 [52], Ni#NbOx [53], Rh#NbOy [54], and Rh#
Y203 [55]) with excellent catalytical properties. The left panel of Figure 1.6d illustrates the formation of
Ni/NbOy precipitated from the NisNb alloy, and the right panels show the stable Ni/NbOy structure after a 550-
h catalytic process. Usually, it is difficult to control the crystallography of the interface between self-assembly
NM and MO phases. Nevertheless, atomically flat interfaces with a unique orientation relationship, i.e.,
epitaxial relationship, between precipitated NM and MO was found in many systems [56]. This kind of
precipitation can be collectively referred to as cellular precipitation. For the cellular precipitation, the
precipitates are constrained in the normal direction to the alloy surface for fast oxygen diffusion. Consequently,
lamellae patterns can be obtained. As a large internal surface area for the lamellae pattern, an energetically
favorable orientation relationship between the precipitates and alloy or between the two precipitates is

accommodated to decrease the energy.

550 hours

Figure 1.6. Various structures of metal/oxide composites through the oxidation of binary alloy:(a) NiO-
decorated Pt NPs [47], (b) crystalline AuSn core-amorphous Sn oxide shell structure [48], (c) ZrO, NPs’-
decorated Au-Zn alloy [51], and (d) Interwoven Ni#NbOy structure [53].
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1.2 Nanostructured CeO.- based materials as ionic conductors

Oxygen ionic conductors are widely used in oxygen-permeating membranes, catalysts, and SOFCs. CeO--
based materials are one of the main ionic conductor candidates with oxygen-vacancy-mediated transport
mechanisms owing to their excellent ability to store and release oxygen. Pure stoichiometric CeO is unsuitable
as an ionic conductor because of the low concentration of oxygen vacancies. NM-doped CeO; and NM-CeO;

composites are of interest because of the increased oxygen vacancies and the strong interfacial effect.

1.2.1 CeO3- based materials

Cerium, as the most abundant member of the rare earth family, has a configuration of [Xe]4f*5d'6s* with
a partially occupied f orbital. Ce formally has two oxidation states: +4 in CeO; and +3 in Ce;03. CeO; is an
fcc crystal structure with face group Fm-3 m, also called a fluorite structure (Figure 1.7a). In the unit cell, Ce
and O occupy the octahedral interstitial sites, where each Ce cation is coordinated by eight nearest-neighbor
oxygen anions, and each oxygen anion is coordinated by four nearest-neighbor cerium cations [57]. Depending
on the oxygen partial pressure, structural defects exist in fluorite CeO2 (Figure 1.7b). Under relatively lower
oxygen partial pressure, oxygen atoms in the crystal diffuse toward the surface, and oxygen vacancies move
into the crystal (Figure 1.8a [58]). Simultaneously, two electrons condense into the localized f-level traps on
two Ce atoms and thus convert Ce** to Ce®*. Oxygen vacancy formation on the CeO surface accompanies the
reduction of adjacent Ce*" to Ce*, and the concentration of Ce** ions is proportional to that of oxygen
vacancies [59]. Therefore, the valence state ratio (Ce*/Ce*") assesses the concentration of oxygen vacancies.
Figure 1.8b shows the vacancy formation process [60], and it can be described by the reaction:
0% + 2Cef, - Vy + 2Cel, +1/20, (1—3)
Conversely, the transformation from Ce®* to Ce** occurs when the surface oxygen pressure is relatively higher.
Since the oxygen vacancy defects in the CeO; structure importantly affect the physical and chemical properties,
applying the nanoscale scope, doping with other trivalent ions, and compositing with NMs have been largely

studied to further introduce oxygen vacancies.

@ ce
- JAVAS

Figure 1.7. Crystal structure of (a) pure CeO; and vacancy-defected CeO..
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Figurel.8. (a) Ce** in a dimeric surface vacancy cluster are reduced to reactive Ce** when the trimer of

oxygen ions is removed [58]. (b) Process of Vo formation in CeO; [60].

With the decreasing particle size down to the nanometer range, the large surface-area-to-volume ratio
produces more oxygen vacancies in the CeO; particles [61, 62], thus resulting in unique properties. The high
concentration of oxygen vacancy defects in CeO, nanotubes or nanorods significantly affects the photocatalytic
oxidation of water [63], oxidative dehydrogenation of methanol [64], and electrochemical performance
characteristics [65]. Furthermore, the induction of Ce3" caused by the formation of oxygen vacancies leads to
variation in the lattice parameters. Consequently, lattice strain exits in the structure [61, 66]. Enhanced
electronic conductivity and lattice relaxation have been found in the nanocrystalline CeO, materials [67, 68].

Doping of CeO; with trivalent rear-earth (RE) ions, such as Sm, Dy, Gd, and Y, form oxygen vacancies
following the reaction:

RE,03 - 2RE;, + 305 + V5 (1—4)
Using the first-principles DFT calculation, Y. Tang et al. [69] found that two different mechanisms contribute
to the oxygen vacancy formation in doped CeO.. Compared with pure CeO;, the structural distortion in Zr-
doped CeO, reduces the V;, formation energy. However, for Mn-, Pr-, or Sn-doped CeOy, structural distortion
coupled with electronic modification facilitate the V;, formation. Equation (1-4) shows that the concentration
of vacancy defects is controlled by the dopant fraction according to [RE.] = 2[V;]. Usually, the dopants
substitute the Ce atoms in the lattice, while maintaining the fluorite structure. A limitation exists in the
concentration of dopants (xmax) (Figure 1.9 adopted from Ref. [70]). For most dopants, the suitable solubility
(x) is ~0.2 < x < 0.6. Doped CeO, materials, such as CGO, are good commercial electrolytes because of their
high ionic conductivity. The connection between the dopant element and ionic conductivity was clarified using
a quantum-mechanical first-principles study by D. A. Andersson et al. [71]. It was demonstrated that the factors
including migration barriers and vacancy-dopant interactions should be balanced for an optical electrolyte.

Due to the strong MO interaction in NM-CeO, composites as described in Subsection 1.1.1, rich
vacancies are favored to be generated at the NM—CeQ; interface. Owing to the strong oxygen storage and
release capacity and favored oxygen vacancy formation, CeO; has been thought to be the best supporting

material for catalysis at Au and Pt NPs. The atomic columns of Au particles on CeO, were revealed by T.



Chapter 1

Akita et al., [72], which explain the high catalytic activity for the low-temperature water—gas shift reaction.
Through the characterization of atomic-scale structure of the Pt/CeO2(111) interface by aberration-corrected
scanning TEM (STEM) imaging and electron energy loss spectroscopy (EELS) technique, local modifications
of the registry between Pt and O were detected, and the formation of Ce®* at the MO interface was found [73].
Via the interfacial Pt-O—Ce formation, the amount of oxygen vacancy, thereby accelerating oxygen mobility,
promoted the CO oxidation over Pt/CeQ; catalysts [74]. The Pt/CeO; interface is usually engineered to be an

epitaxial relationship, exhibiting high catalytic activity for CO oxidation near room temperature [75].
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Figure 1.9. Summarized maximum values xmgy, i.€., the limitation reported for the dopant concentration. Red
and dashed lines represent the largest and smallest xmqx for each dopant, respectively. The insert displays the

average xmax Values based on at least two entries [68].

1.2.2 Oxygen-ion conductivity in CeO,-based materials

In SOFCs, high oxygen-ion conductivity is required for both the electrode and electrolyte, which is
promising for future energy applications. CeO,-based materials with vacancy jump transportation are attractive
because of their abundant vacancy defects [76]. For polycrystalline materials, the total ion conductivity
comprises the bulk and grain-boundary (GB) transportations. For bulk transportation (Figure 1.10a), the
oxygen ion in the crystal lattice site hops into the adjacent tetrahedral oxygen vacancies by overcoming the
energy landscape. There are three pathways: along the <100>, <110>, and <111> directions. Computational
results of the energy profiles show that pathway 1 along the <100> direction possesses relatively lower
activation energy [77] for the pure CeO,. However, for the RE-doped CeO;, five oxygen vacancy-hopping
models are possible for transportation (Figure 1.10b). Owing to the emerged lattice strain and dislocations

caused by the doped atoms, the type and radius of RE** influence the hopping energy barrier and trapping
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effect, consequently affecting the ionic conductivity [77]. Doping with smaller RE** reduces the hopping
energy barrier, but traps oxygen vacancies at the nearest-neighbor site. In contrast, increased energy barriers
and decreased vacancy trapping occur when doping with larger RE®*. Concerning the GB transportation,
structural disorder and edge dislocation at the GBs facilitate ionic transport, whereas precipitates and oxygen
vacancy depletion block ionic migration, such as SiO; precipitates, at the GBs of YSZ conductors [78, 79].
However, in the case of heterointerfaces, ion redistribution in a space-charge region or the abovementioned

interfacial effect provides a fast conductive pathway along the interface [80].

Model 3

vacancy 0% _ -

Figure 1.10. (a) Three possible oxygen-hopping pathways and energy profiles for fluorite CeO,. (b) Five
models and energy profiles for the oxygen hopping along the path 1, <100>, for the RE-doped CeO, [77].

For oxide-based heterostructures, oxygen transportation along the heterointerface is more dominant than
bulk transport [81]. The origin of fast oxygen transportation in the multilayered heterointerfaces has been
studied, and the influential factors, including edge dislocations, epitaxial strain, and space-charge regions, have
been elucidated [82-84]. Due to the mismatched lattice between the two different phases, the defects certainly
exceed that in the bulk crystals that facilitate the oxygen-ion hopping. As indicated by the density-functional
calculations, the lattice-mismatch strain and oxygen-sublattice incompatibility in multilayers of YSZ and

SrTiOz induce extreme disorder, even at room temperature [83].
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Depending on the mismatch degree of the lattice parameter, the heterointerfaces can be classified into
three groups: incoherent, semicoherent, and coherent interfaces (Figure 1.11). For a large mismatch degree, a
large strain at the interface cannot be accommodated by the elastic strain. To reduce the interfacial strain, misfit
dislocations are introduced in the incoherent and semicoherent interfaces. Rich oxygen vacancies in these
interfaces provide a fast conduction pathway for oxygen ions [85]. However, no misfit dislocations occur in
the coherent interfaces because of the small mismatch degree, resulting in a stained field around the interface.
The phases with larger and smaller lattice parameters are compressed and tensed, respectively. For
heterostructures coupling an ionic conductor with an insulator, the elastic strain influence on the oxygen-ion
transportation has attracted great attention. Generally, tensile strain in the conductive phase positively affects
the interfacial conductivity, such as YSZ-STO multilayers [86], YSZ-Y,0s3 [87], and SrZrOs—RE-O3 (RE =
Sm, Eu, Gd, Dy, and Er) [88]. However, compressive strain negatively influences the ionic conductivity, such
as the case in YSZ-Sc,03; multilayers [89]. Without considering the anisotropies and stress relaxation in
heterostructures, Korte et al. found a linear dependence of the interfacial conductivity on the lattice misfit [87].

As explained in the interfacial effect between metals and oxides, charge transfer appears in the
heterointerface because of the free energy discontinuity. The redistribution of ionic and electronic defects
causes a local space-charge region where mobile charges deplete or accumulate [89]. In the YSZ and CGO
polycrystalline materials with many oxygen vacancies, oxygen vacancies and electrons accumulate at the
space-charge region [67, 90]. The characteristic length scale of the space-charge region is of the same order as
the Debye length, and the space-charge effects are remarkable when this region is comparable to the thickness
of the individual layer. However, the space-charge effects should minimally affect the conduction properties

because of the high concentration of defects with a narrowed Debye length.
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Figure 1.11. Three kinds of interfaces between different phases: incoherent, semicoherent, and coherent

interface with decreasing mismatch.
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1.2.3 Importance of conductive phase connectivity to the ionic transportation

The local structural effect on the oxygen ionic conductivity has been well studied and made great
application progress. It is reasonable to expect a high ionic conductivity in the NM—-CeO, heterostructures.
Nevertheless, studies about the effects of the transportation pathway in a long-range distance (>100 nm) on
the ionic conductivity of the oxide NCs are limited. The relationship between morphology and ionic
conductivity (Li*) has been studied severally for polymers [91-93]. Compared with NPs, the lamellae or

aligned nanowire-filled conductive polymers supply a more continuous fast pathway for Li* transportation
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Figure 1.12. Influence of morphology of conductive phase on Li* transpiration. (a) Fast ion-conducting
pathway without crossing junctions contributes to enhanced ionic conductivity, as reported by Liu et. al. [94].
(b) Network conductive phase showed the highest conductivity than lamellar and cylinders structures, as
demonstrated by J. H. Choi et al. [96].

without crossing junctions, contributing to slow transportation (Figure 1.12a) [94, 95]. Furthermore, Figure
1.12b shows that the network structure was demonstrated to have a higher conductive property than the
lamellae structure for the phase-separated block copolymers because of the highly connective conductive phase
[96]. For CeO.-based NCs, the interaction effects between NM and CeO, dominate the transportation along
the interface. The interface region enriched with oxygen vacancies allows fast oxygen-ion hopping from one
vacancy to another. Also, the bonding states between the Ce atoms could be changed to facilitate oxygen-ion
hopping. Consequently, enhanced oxygen-ion mobility and reduced activation energy are expected for the
composites with high connectivity of CeO, phases. Another influence of the different phase connectivities on
NCs is the interface area between the NM and CeO: in the case of the same volume of CeQO; in the composites.
The higher the connectivity of the CeO. phase, the lower the interface area. Since the strain remains around
the interface, the interfacial area affects the activation energy of the oxygen-ion transportation. Therefore, it is
important to quantitatively identify the phase connectivities to understand the relationship between the
structure and ionic conductivity of CeOz-based NCs.

However, it is difficult and time-consuming to visually distinguish the two similar lamellar structures

and evaluate the phase connectivities quantitatively via a conventional method. As more complicated structures
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are supposed to be obtained with the development of engineered NM-CeO, NCs, quantitative description of
the structures helps clarify the relationship between the morphology and properties, which accelerates the
design of ideal textures with superior transportation properties. Thus, a mathematical tool-TDA extracting the

feature of textures is needed.

1.3 Topological data analysis

Topological data analysis (TDA), a subarea of computational topology, is an emerging mathematical tool
for the robust analysis of statistical data. Using TDA, we can extract the topological features (components,
rings, and cavities) from the scientific data. Various fields, including biology [97, 98], brain science [99, 100],
and materials science [101, 102] have successfully applied TDA for describing data shape. Different from the
conventional data geometry, which focuses on the size and unique shape, topology concentrates on the data
continuity, i.e., the connection and existence of a hole. For example, we naturally think about a cup and a donut
(Figure 1.13) by describing their heights, radii, and colors. These descriptions are entirely different from the

geometric and statistic viewpoints. Actually, they can be the same in the topological world since they can

Figure 1.13. A cup and a donut are topologically equivalent since they can be continuously transformed to
each other. The continuous transformation includes the stretching, twisting, crumpling, and bending without

tearing and gluing.

Figure 1.14. Two maze patterns generated by the reaction diffusion system (Gray-scott) model with different

feed and death rates. Software is available in https://pmneila.github.io/jsexp/grayscott/.
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transform into each other continuously without tearing and gluing. Therefore, TDA is a complementary tool
that aids structural recognition from a different viewpoint. Importantly, for the complicated structures that are
difficult to identify by geometric description (Figure 1.14), TDA analysis is significantly useful in such
classification. Furthermore, homology is an important tool in TDA that describes the data structure

quantitatively. The phase connectivity can be quickly identified through algorism-based computations.

1.3.1 Homology and Betti numbers

Considering the abovementioned example, a cup and a donut are identical in the homological sense
because they can be continuously transformed into each other. Therefore, homology measures the features
related to the different dimensions, rather than the statistical data from a specific dimension. Figure 1.15a
shows the homological features for commonly studied dimensions. In the O-dimension (0D), homology
measures the connected component, tunnels or loops from 1D, and cavities or voids from 2D. For higher k-
dimensional (kD, k > 2) features, it is difficult to visualize them intuitively, but they exist in higher-dimensional
objects. The rank of the i-dimensional (iD) homological group is called the Betti numbers (3;), which counts

the number of iD features. Two-dimensional objects have two values: 8, and ;, and 3D objects have three

values: By, 1, and 3,.

Bo B B2 B3

0-D

Figure 1.15. (a) Betti numbers for different objects. The k-th Betti number measures the kD holes, i.e., Betti
number 1 for connectivity, Betti number 2 for loops, and Betti 3 for enclosed holes. (b) Simplexes with
increasing dimensions: a vertex in 0-D, an edge in 1-D, a triangle in 2-D, and a triangular pyramid in 3-D. (c)

Simplicial complex containing different dimensional simplexes.

A basic item for understanding computational homology is the simplicial complex. The i-simplex is the

convex hull of i + 1 affinely independent points xg, x4, ..., x; € R%. Denoting o = conv{x,, x4, ..., x;}, the
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dimension of o is i. Figure 1.15b shows the different simplex with increasing dimensions. Specifically, a point
is a 0D object, an edge ended with two vertices is a 1D object, a face comprising three edges is a 2D object, a
3D simplex comprises four edge-connected faces forming a closed cycle. A simplicial complex X is a finite
collection of simplices; they can be seen as a higher-dimensional generalization of graphs (Figure 1.15c). An
object can be separated into several groups according to different dimensions. For example, Co(X) is the class
of all vertices, C1(X) is the class of all edges, and C»(X) is the group of all triangle faces. Each group has a
module of 2, i.e., Z, :={0,1}(2n = 0,2n + 1 = 1, for n > 0). To calculate the holes in iD, it is important to
know the boundary of a complex. The boundary operator (3;) connects the simplicial groups into a chain
complex Ci:

Ok+1 , Ok
o ™ Gy = Cg > Cpoqg = -

The boundary of an iD group is the degraded i — 1 subgroup. For example, the boundaries of an edge and a
triangle comprises two vertices and three edges, respectively. However, the boundary of a triangle with three
edges is empty. An iD hole exists when the boundary of C, i.e., the boundary of Ci.1, is empty. Figure 1.16a

lists several simplicial complexes with a spatial hole or not. Two groups must be defined: the cycle (Z,, =
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Figure 1.16. (a) Several examples showing the exitance of homology groups or not. (b) Calculation process
for homology groups. A loop comprising (23, 24, 34) is detected in this complex.

kerd;)and the boundary group (B), = imdy,1). The k-th homology group is H, = Z;/By,. Figure 1.6b shows
the calculation process with a simplicial complex. The results demonstrate that a loop comprising three edges
(24, 23, 34) exists in this component.

To clearly understand what features and how homology measures, digital images will be introduced since
images from experiments or simulations are commonly used data in materials science. Figure 1.17 shows the

workflow for analyzing a grayscale image with five coins on a desk. Figure 1.17a is a grayscale image with
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the histogram on top of Figure 1.17b. The coins from the desk background must be extracted through the image
binarization (Figure 1.15c). The corresponding histogram indicates that only 0 and 255 gray values are shown
at the bottom of Figure 1.15b. Then, B, and 3, are counted by counting the black and enclosed white domains,
respectively. Since the top coin is not totally enclosed by the black background, it does not contribute to ;.
Therefore, B, = 3 and §; = 4. Interestingly, S, and B, here can be used to recognize the number of coins with
a hole and the total number of coins.

Based on how homology works for data analysis, several descriptors, such as Euler characteristic, Betti
curve, Euler characteristic graph, persistence diagram, and persistence image, are used for applications except
for the basic descriptor (S8, and $,), as explained above. The Euler characteristic () is also a descriptor based
only on a relationship between the number of topological features. y is the alternating sum of Betti numbers,
x = 252,(—1)!B;. The Betti numbers and Euler characteristic are invariants for certain static data. The Betti
curves and the Euler characteristic graph are the descriptors that track the changes in Betti numbers and y
when the data is changed by a filtration, respectively. Additionally, persistence diagrams and images are
recently developed descriptors that investigate the persistence of the topological features during the data
change. These nonstatic descriptors are classified as persistence homology, which is an advanced homology
tool. The next subsections will introduce the application of Betti numbers and persistence diagrams as

descriptors in materials science.

1.3.2 Betti numbers for describing the structure of materials

Betti numbers are useful indices to represent material structures and have been used to correlate the
structure and property in various materials quantitatively. Gamerio et al. used Betti numbers on simulated
images to clarify the differences between the deterministic and stochastic models in the structural evolution
during spinodal decomposition [103]. Ishida et al. analyzed the fracture surfaces of low-carbon steel using the
homology method and found that B, is strongly related to the stress intensity factor [104]. Wanner et al.
quantitatively characterized the simulated thermal—elastic response of a calcite-based polycrystal. They
demonstrated that the Betti numbers could distinguish different GB misorientations and the corresponding
response fields [105]. Besides, 5;/8, can further distinguish the data shape. K. Nakane et al. successfully used
B1/B, as indices for tumor tissues from normal tissue from a digital image of colon tissue [106]. A decreased
value of 8/, representing a reduced electrical conductivity in Ni—polymer NCs was reported by Hansen et
al. using SEM images [107]. Also, several researchers analyzed 2D and 3D structures using Betti numbers to
build structure—property relationships. Different types of bone trabecular structures in 3D revealed by the
microcomputed tomography were classified by ,/8,, and B,/8, with high accuracy [108]. Homology is also
suitable for discriminating 3D chondritic meteorites, which were reconstructed by X-ray computed
tomography [109].

The phase connectivity of structures can be easily represented by the number of domains inside the
projected image. Thus, the higher the value of S,, the lower the phase connectivity. The relation applies to
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different structures with similar total phase proportions. Considering Figure 1.14 as an example, it is easy to
count the number of black domains () to evaluate the connectivity of the black phase. The results are S, =
163 and B, = 224 for the left and right panels of Figure 1.14, respectively, suggesting that the left pattern has
higher connectivity than the right pattern. Comparing the two patterns carefully reveals more short stripes and
dots on the right pattern, confirming the lower connectivity. If the white domains are the interesting phase and
the influence of picture edge is excluded, 8; can also reflect the connectivity of white parts. Therefore, Betti

numbers are suitable descriptors for quantitatively evaluating the phase connectivities of structures.

1.3.3 Persistence diagram for structural description

Homology measures the existence of iD holes for a specific structure. In contrast, persistence homology
tracks when the holes appear and disappear as a function of continuous changeable factors, such as point radius,
watermark, and binary threshold. Persistent homology records the number of homological features, iD holes,

and their lifetime from birth (b) to death (d) time. It allows for a multiscale approach to get more information

(c)

Figure 1.17. Calculation process of homology groups for a grayscale image. (a) An image displaying 5 coins
on a desk. (b) Top and bottom panel histograms of grayscale image (a) and corresponding binary image (c),

respectively.

from the data. An important graphical representation of the persistent homology is the persistence diagram
(PD). The pairs (b, d) are represented as points on the coordinate axis, with the birth and death times as the
horizontal and vertical axes, respectively. Through additional filtration, the geometric information of the iD
holes can be obtained.

Figure 1.18a shows a typical example of computational persistent homology by constructing the Rips
complex of point cloud data. As each point’s radius increases, the points touch each other. Consequently, two
touched points are connected by an edge, three touched points form a triangle face, and four touched points
form a tetrahedron 4D simplex. Rips simplicial complex includes every finite set of balls that has a radius, at
most r. As new simplices appear, the Betti numbers change. Tracking the appearance and disappearance of

holes by changing a parameter is termed filtration. The PD in Figure 1.18a draws pairs (birth, death) of Betti
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1 (loops) as the radius increases. Initially, each ball with » = 0.3 distributes dependently, contributing to no
loops among the balls. When r increases to 0.6, five balls form a loop, as indicated by a red arrow. This loop
disappears when the five balls connect to each other (r = 0.8), as indicated by a blue arrow. Consequently, the
birth and death times of this loop are recorded as a pair (0.6, 0.8). Similarly, the loop formed (marked by red
arrow) at r = 0.8 and 0.9 disappeared (marked by the blue arrow) at 1.8 and 1.6 leading to pairs of (0.8, 1.8)
and (0.9, 1.6) in PD, respectively. Since the death time is always later than the death time, all pairs must be
located above the diagonal line of the figure. Moreover, the pairs located near the diagonal line indicate that
the corresponding holes cannot remain persistent for long during filtration, and thus are likely to be considered
as noise.

The applications of the persistent homology with point clouds data are the atomic configuration in
amorphous solids (glass, Figure 1.18b) [110, 111] and organic molecular structures (Figure 1.18c) [112]. The
hierarchical structure of shapes in the amorphous system can be characterized by the point distributions in PDs.
Specific molecules with embedded chemical bonding information can be identified through PDs, which helps
predict the interaction energy with CO,. In addition to the point cloud data, digital images are common cases
for computational persistent homology. Trigger sites and hepatic tumor classification have been studied using
PDs [113, 114]. Furthermore, with the help of PD for discerning different structures, big data processing
becomes possible using machine-learning models. The combination of PD and machine-learning models has

been used in various areas, including image analysis [115], shape analysis [116], and the biology filed [114].

Figure 1.18. (a) Example of a point cloud data for persistent homology analysis. As r of each point increases,
the two points with distance of < 2r are connected with an edge. By constructing the Rips complex, the
appearance and disappearance of loops, i.e., Betti 1, are tracked and recorded as red points in the persistence

diagram. (b) Application of persistent homology on glass [109] and the molecular structure [110].
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1.4 Goals of this study

It is well known that homology for stationary structural analysis helps recognize differences that are
difficult to discern visually, and the conventional geometrical measurements, TDA, enable to determine the
look-alike features and locate the topological features based on connectivity. As a powerful and functional tool
in materials science, TDA is important in classifying different structural data and predicting the corresponding
properties, accelerating the materials’ design in the future. Computed homology for material structures
convenient us to apply the machining learning to the structure analysis, which will be the mainstream of
material characterization.

Although digital images can be obtained from simulated mappings, optical and scanning electron
microscopy were already used for homological structure analysis, and TEM images have rarely been applied
before, which are common techniques for characterizing the nanostructures, especially phase-separated NCs
with clear contrast for identification. The transportation behavior along one conductive nanophase of two-
phase composites is strongly related to the configuration of NCs, which can be uncovered by TEM imaging.
Therefore, applying the homology method to classify various structures and relating the structure to the
transport properties is feasible and worth using STEM image data, which is scanning-type TEM imaging.
Nevertheless, the 2D information about nanostructures contained in the STEM images is difficult to correctly
describe the real 3D object. Much information along the depth dimension is excluded and must be revealed.
STEM tomography, with its mature reconstruction process, does allow the visualization of the 3D
compositional structure of NCs. The relationship between the 3D structure and physical property paves a
longer way to practical issues.

As mentioned in Subsection 1.1.2, Pt/CeO, NCs are a mixture of ionic and electronic conductors with
potential applications as the electrodes of SOFCs. Self-assembled Pt/CeO, from PtsCe alloy with various
structures is suitable for fundamentally studying the homological linkage between the structure and the ionic
conduction along the CeO; phase. Since the self-assembly process via annealing of the binary alloy introduces
internal oxidation, which negatively affects the performance in applications, most studies concentrated on
avoiding the oxidation behavior. Therefore, the kinetic of which has been extensively studied for various
materials and shown a parabolic law, while the questions concerning the nucleation and growth of the
precipitate, orientation relationship between the two separated phases, and the factors affecting the precipitate
morphologies or distributions are limited identified. Understanding the oxidation-induced self-assembly
process mechanism is critical to answer such questions and control the MO interface and the configuration of
NCs.

Therefore, the study aims at applying TDA to TEM structural images to study the structure—ionic
conductivity relationship of Pt/CeO, NCs. To achieve this goal, the following objectives must be accomplished:
(1) Understand the phase separation behavior at the atomic scale during the oxidation of the precursor (PtsCe)

to control the Pt/CeO; interface.
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(2) Apply the Betti number for describing the 2D phase connectivity of Pt/CeO, NCs to understand the
quantitative 2D structure—ionic conductivity relationship.

(3) Apply the Betti number for describing the 3D phase connectivity of Pt/CeO, NCs to understand the
quantitative 3D structure—ionic conductivity relationship.

(4) Describe the Pt/CeO- structures using a persistence diagram for structural classification.

To this end, this thesis comprises seven chapters. Chapter 1 introduces the research background in MO
composites and basic knowledge of homology analysis, leading to the purposes of this thesis. Chapter 2
contains the experimental section for the sample fabrication and subsequent characterization methods. Chapter
3 reveals the mechanism of the oxidation-induced self-assembly phase separation process at the atomic scale.
Chapters 4 and 5 study the 2D- and 3D-reconstructed structure—oxygen-ion-conductivity quantitative
relationships using Betti numbers, respectively. Chapter 6 applies the persistence diagram to identify the
topological features in each structure, and finally, Chapter 7 summarizes the study and provides future

prospects.
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Chapter 2 Experimental procedure

The experiment part of this study comprises four parts: sample preparation, structure analysis,
homological analysis, and ionic conductivity measurement. The target materials are Pt/CeO, hanocomposites
(NCs) from PtsCe alloy by oxidation-induced phase separation behavior. Figure 2.1 illustrates the whole
experimental flow and lists the basic conditions used for some experiments. For the sample preparation, PtsCe
NCs were prepared by oxidizing the PtsCe alloy, and composites with different structures were achieved by
changing the temperature and syngas ratio. The composites were thinned to slices by the focused-ion beam
(FIB) for TEM investigation. X-ray powder diffraction and TEM are used for phase identification and
nanostructural analysis. Specifically, EELS, and 3D tomography in TEM were applied for the 2D structural
observation, Pt-CeQ; interface characterization, and 3D structural visualization, respectively. Two homology
concepts, Betti numbers (8;) and persistence diagram, were applied to quantitative describe the TEM-observed
structures. The ionic conductivity was measured by impedance spectroscopy (IS). The theory and detailed

information about each procedure is introduced in the following sections.

Sample - Structure ‘ Homology ‘ lonic conductivity
preparation analysis analysis ] measurement
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Figure 2.1. Schematic of experiment procedures applied in this work. It includes four main parts: sample
preparation, structure analysis, homology analysis and ionic conductivity measurement. The basic conditions

for some tests are listed in the figure.
2.1 Preparation of metal/oxide nanocomposites

2.1.1 Sample synthesis

The Pt/CeO, NCs with diverse textures were prepared by oxidizing the binary PtsCe alloys. Figure 2.2
shows the schematic of the Pt/CeO2 NCs preparation processes. A total of 3g Pt and Ce mixture elemental
powders were weighed in a fixed atomic ratio (5:1) (Table 2.1). The precursor (PtsCe alloys) were made by

the typical arc-melting method. In a chamber filled with Ar gas, the heat is produced by arc melting the Pt and
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Ce metals on the Cu base to form a hemispherical bulk alloy (~6 mm diameter). Two kinds of alloys, powders,
and pellets were shaped by grinding and polishing the bulk alloy, respectively. The particle sizes of the powders
range from 50 to 60 um. The pellets for ionic conductivity measurement were ~5 mm in diameter and 2 mm
in height. Afterwards, the Pt/CeO, NCs were formed after annealing the two kinds of alloys in the reactive gas
environment. The annealing conditions were changed to generate different configurations of Pt/CeO, NCs.
Table 2.1 summarizes the various Pt/CeO, NCs used herein. In Chapter 3, FIB-thinned and powder PtsCe
alloys were prepared. They were annealed at a low temperature of 400 °C with different duration to track the
phase separation behavior. Different Pt/CeO, powder and bulk samples by changing the syngas ratio were
prepared in Chapter 4. The annealing temperature and duration were kept constant at 600 °C and 12 h,
respectively. In Chapter 5, the annealing temperature was changed from 500 °C to 800 °C to prepare the powder

and bulk NCs, while maintaning the same syngas ratio (2:1) and duration (12 h).

_ Polishin .
Weighing Arc melting &Grindir?g Annealing
_ Bulk
°C-800°C
Pt I‘ﬁ . N co 500°C-800
l I . # 1 bar : ; : |

3 ' 0]
- X&) pal S
oo Powder
Figure 2.2 Schematic diagram of Pt/CeO; NCs production procedures.

Table 2.1. Various Pt/CeO, NCs prepared from PtsCe alloy by changing the annealing conditions

o W0 1 s e’ ey Do

1 FIB-thinned 2:1 400 10 min
slice

2 Chapter 3 Powder 2:1 400 30 min
3 Powder 2:1 400 12 h
4 Powder, bulk 0:1 600 12 h
5 Powder, bulk 1:1 600 12 h
g Chapterd 202038 o e bulk 21 600 12h
7 Powder, bulk 31 600 12 h
8 Powder, bulk 2:1 500 12 h
9 Powder, bulk 2:1 600 12 h
10 Chapters Powder, bulk 2:1 700 12h
11 Powder, bulk 2:1 800 12 h
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2.1.2 TEM specimen preparation by FIB thinning

FIB is a technique for sputtering the material surface and imaging the material using ion beams, usually
gallium ions (Ga"). Arbitrary nanostructures can be made after the FIB thinning. Figure 2.3a illustrates the FIB
principle. A finely focused beam of Ga* ions operated at a high beam current was used for milling the sample
because the high-energy Ga* removes the target material by sputtering. The higher the beam current, the less
the thinning time and the poorer the achievable resolution and milling precision. As the interaction between
Ga+ and the target material increases, secondary ions (i* or i), neutral atoms (n°), and secondary electrons (")
would be generated above the surface. In contrast, the sputtered ions or secondary electrons caused by the
interaction can be used for imaging. Also, damage to the material’s surface is inevitable during the FIB milling.
The higher the beam current, the deeper the damage on the material surface. Therefore, a decrease in current
is necessary as the sample thickness degrades. Even when using a low beam current for imaging, the long-time
processing required until the sample preparation is completed has severe damage on the surface seen in the
projection direction. To solve the problem, specific material (usually C or Pt) can be deposited on the projection
surface via chemical vapor deposition when a gas (CsHs, CoH16Pt) is introduced to the chamber. The protection

layer also plays a vital role in controlling the sample thickness during milling.
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Figure 2.3. TEM specimen prepared by FIB. (a) Schematic diagram of FIB. (b) Cu grid for supporting the
PtsCe particles. (c) Image of the grid on the stage of the FIB holder. (d) FIB processing, including the carbon
protective layer deposition and thinning by Ga+.
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To thin the Pt/CeO, NCs powders to a thin slice for TEM observation in many cases, a grid (Figure 2.3b)
with a 3-mm diameter to support the powder sample in the TEM holder is necessary. Powders with a 30-um
size can be transferred by a toothbrush marked by the red arrow in Fig 2.3a and then attached to one of the
three posts using the Gatan G2 epoxy glue, which includes the resin and hardener in the ratio of 7:1. After
confirming that the particle has been successfully attached to the post (black arrow in Figure 2.3b), the grid
fixed in the holder was transported to the FIB chamber for thinning. Figure 2.3c shows the holder for the FIB
system, which can also be used for a TEM system. Figure 2.3d shows different sample stages during the FIB
milling (JEM-9320FIB, JEOL, Japan). Next, a suitable particle size was chosen for the thinning process. A
rectangle frame of 10 um x2 um on the particle surface is chosen for C deposition. The Ga* beam operated at
30 kV voltage was used to thin the sample. As shown in the middle panel of Figure 2.3d, the parts above and
below the deposited area are removed with a large current (~10 nA). Then, a beam with a relatively lower
current of 1 nA thins the deposited part to 1 um. Furthermore, a 700-pA beam was used for thinning the sample
until 300 nm. Afterward, the beam current was decreased to 200 pA for the 200-nm thick sample. Next, the
100-pA beam was used on the sample with <80-nm thickness (right panel of Figure 2.3d). A beam with a
current of 30 pA and voltage of 5 kV was used for damage cleaning. Finally, the TEM specimens with a

thickness of ~50 nm were made and transferred to the TEM system for structural characterization.

2.2 Structural characterization techniques

2.2.1 X-ray diffraction analysis

X-ray diffraction (XRD) analysis is a technique for identifying the chemical composition and
crystallographic structure of a material. Figure 2.4a shows powder diffractometers with the Bragg—Brentano
geometry. The incident angle (w) is between the X-ray source and the sample. The diffracted angle (26) is
between the incident beam and the detector. w is always half of 26. For the powder XRD analysis, the sample
is fixed, while the X-ray tube and detector rotate at min and 26Pmin, respectively. The diffraction pattern

occurs when X-ray is coherently scattered by the long-range orderly periodic array of atoms in a crystal,

(b)

Sample Detector

normal s

tube

Figure 2.4. (a) Powder diffractometers using the Bragg-Brentano geometry. (b) Principle of powder XRD
analysis.
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producing constructive interference at specific angles. It is a product of the unique crystal structure of a material
and does not work for amorphous materials. The diffraction angles are determined by the distance between
parallel planes of atoms according to Bragg’s law: 1 = 2dy,;siné, where dy,, is the spacing of the crystal
plane (hkl). The intensity of the obtained diffraction is determined by the arrangement of atoms in the entire
crystals, and the relative intensity reflects the preferable arrangement of atoms on a certain plane. The
diffraction vector (S) bisecting the angle between the incident and scattered beam is always normal to the
surface of powder samples. Different from a single crystal specimen, which produces only one family of peaks
in the diffraction pattern, a powder sample produces all possible diffraction peaks.

A Panalytical X’PERT PRO X-ray diffractometer with a Cu K source; A = 0.154056 nm was used for
the XRD analysis (Figure 2.4b). With the sample fixed, the X-ray tube and the detector rotate at 5°/min and
10°/min, respectively. Using the powder diffraction pattern, the components were identified, and the relative
amounts of each phase, the crystallization degree, and the sample orientation were analyzed.

2.2.2 Transmission electron microscopy

TEM is an indispensable analysis tool in material science due to its extraordinary abilities to provide
atomic-scale structural, phase, and crystallographic data [1-3]. TEM imaging is a technique to form an image
by collecting electrons transmitted through a specimen. Owing to the smaller de Broglie wavelength of the
electrons’ beam, TEM allows imaging with a significantly higher resolution than light microscopes, even
capturing a single column of atoms. Accelerated electrons reach the material surface and then interact with the
specimen. The interactions include elastic and inelastic scattering. The transmitted electrons contain the

physical and chemical information of the specimen due to the wave-particle duality of electrons. transmitted
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Figure 2.5. (a) Schematic of (a) CTEM mode, and (b) STEM mode.
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electrons flow through the vacuum and electromagnetic lenses and are then detected by the charge coupled
device (CCD) for various structural analyses. Figure 2.5 shows the illuminating system of two modes in TEM:
conventional TEM (CTEM) mode with a parallel beam and scanning TEM (STEM) mode with a convergent

beam reaching the sample.
2.2.2.1 Transmission electron microscopy imaging

TEM imaging and selected area electron diffraction (SAED) are operated in the CTEM mode in Figure
2.5a. Electrons are transmitted from the specimen and transported through the objective lens of a TEM
microscope to form a diffraction pattern (DP) and an image at the back-focal and image planes, respectively.
Therefore, a DP was projected on the CCD by adjusting the imaging-system lenses so that the back-focal plane
acts as the object plane for the intermediate lens and projects an image by adjusting the intermediate lens so
that the image plane is the object plane. DP helps identify the phase structure or orientation relationship (OR)
with other phases. High-resolution TEM (HRTEM) images provide information about the atoms’ arrangement
in the crystal and the interfacial connection of the different crystals. The TEM images contain complementary
diffraction contrast, and the image contrast varies with the focus condition for HRTEM.

Figure 2.5b shows that the STEM mode was used for the STEM imaging. Different detectors in the STEM
mode collect the transmitted electrons scattered at different angles. Both annular dark-filed (ADF) and high-
angle ADF (HAADF) detectors are disks with holes in their center. However, the disk diameter and the hole
of the HAADF detector generally with 80—240-mrad are >> that of the ADF detector. The measured contrast
in the ADF images mainly results from electrons diffracted in crystalline areas. However, it is superimposed
by incoherent Rutherford scattering, resulting in a mass-thickness contrast to distinguish different phases
directly. Since the electrons scattered at higher angles are much more caused by the incoherent Rutherford
scattering, atomic number-dependent contrast (Z contrast) is achieved in HAADF images. Projected atomic
scaled points with different brightness can be intuitively and directly interpreted by the difference in weight
and number of certain atom columns. In addition to the experimental HAADF-STEM imaging, simulations
were conducted using Dr. probe software [4] to evaluate the atomic column in the acquired image. It applies
the multislice method [5] to calculate the quasi-elastic forward scattering of the incident high-energy electron
probes by the sample.

Energy dispersive spectroscopy (EDS) captures and analyzes the characteristic X-rays generated from the
sample when its intrinsic electron structure is impacted by a beam of electrons. Excitation and relaxation of
the electrons in the sample generate X-rays, which have discrete energies determined by the orbital structure
of each element present in the sample. Therefore, the EDS analysis can determine the elemental composition
of the sample. EDS mapping is typically done in the STEM mode based on compiling extremely specific
elemental composition data across an area of a sample, called local elemental analysis. It visualizes the

elemental distribution in the selected area, where different colors represent different elements.
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To understand the phase separation mechanism in binary alloys and characterize the Pt-CeO, NCs’
structures, several following TEM techniques were utilized herein. Owing to the large difference in the atomic
mass between the Pt and CeO, phases, it is easy to distinguish the two phases using HAADF-STEM images.
The elemental distribution characteristics in the NCs were also investigated using EDS mapping. HRTEM
imaging and HAADF-STEM imaging were applied for atomic analysis, whereas SAED was used for structural

analysis. Furthermore, EELS was used to investigate the valence state of the CeO, phase.
2.2.2.2 EELS technique

EELS is a viable method of obtaining chemical information and determining the distribution of light
elements with high sensitivity and spatial resolution [6, 7]. When a beam of electrons inelastically interacts
with a sample of typically <100-nm thickness, the transmitted electrons that lose their energy contain the
sample information, such as chemical elements, stoichiometry, and electronic structure. The energy loss of the
electrons is measured by the dispersive properties of a homogeneous magnetic field on the charged electrons
in an electron energy loss spectrometer.

Two well-characterized oxides, CeO- and Ce,O3, can be formed after the oxidation of Ce. It is essential
to study the valence state of the Ce-based phase since oxygen vacancy would be absent in the case of +3 in the
Ce0;, phase, which plays importantly aids oxygen-ion transportation. The Ce-Mas edges of CeO; in Figure
2.6a reflect the electronic transitions from the 3d to the 4f states (M4 and Ms correspond to the 3ds, to 4fs;, and
the 3dsy, to 4f7 transitions) combined with the ligand hole effects [8]. The energy loss near edge structures
(ELNES) of Ce-Mys is valence sensitive, which can be utilized to obtain the spatially resolved chemical
information of Ce-containing materials [9]. The concentration of the 3+ in the CeO; phase can be measured

by the intensity ratio of the Ce-Mass ELNES: Ms/M,. Several methods have been proposed to calculate the Ms-
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Figure 2.6 (a) EELS spectrum for Ce-M, and Ce-Ms edges of standard CeO,. (b) Second derivative
method for calculation of the Ms/M4. Acquired EELS spectra (gray) and corresponding second
derivative spectra (red) in the range of the Ce-My,5 edge. Ms/M4 was calculated by measuring the

integrated area of the Ms and My peaks in the second derivative of the spectra, which are yellow-colored.
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to-Mj ratio, such as the second derivative of the spectra [10], multiple linear least squares fitting method [11],
and the ratio of the peak value. The second derivative method was adopted herein because it is stable at
different experimental resolutions and insensitive to the thickness variation. Figure 2.6b explains that Ce-
Ms/M4 was determined by measuring the positive part of the Ce-Ms and Ce-My peaks in the second derivate

spectra, which were yellow-colored.
2.2.2.3 Electron tomography

Since the first study of the 3D reconstruction of biological macromolecules using electron microscopy in
1968 by de Rosier and Klug [12], electron tomography (ET) has been developed to be a well-established
technique for different materials with mature reconstruction techniques. Owing to the limitation of the
projected 2D images, information in the depth direction of the sample gives us wider insight into the material’s
structure. For crystalline nanomaterials, ET based on HAADF imaging is most suitable and reveals the 3D
structure because of its compositional sensitivity.

The tomographic reconstruction is based on the Radon transformation, which was introduced in Radon’s
paper of 1917 [13]. It defines the mapping of a function f(x, y), describing a real space object, by a projection
or line integral through f along all possible lines L with unit length ds so that Rf = fL f(x,y)ds. Given the
transformation nature, the structure of the object f(x, y) can be reconstructed from projection Rf using the
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Figure 2.7 (a) Schematic of the electron tomography technique with the back- prOJectlon method. (b) Fourier

representation of the object by a single tilt series of images. (c) Processes for 3D reconstruction and
visualization.
38



Chapter 2

inverse Radon transform. A general way to consider the projection of an object is to use a back-projection
method (BJP), which is based on smearing out each image acquired in a tilt series back into a 3D space at the
angle of the original projection. As shown in Figure 2.7a, using a sufficient number of images by tilting the
sample with different angles, the superposition of all the back-projected rays generates the original object. This
kind of direct back projection always results in the blurred structure because of an apparent enhancement of
low frequencies and fine special detail reconstructed poorly (Figure 2.7b). Although the frequency sampling
in each image plane is uniform, a higher data density near the center of the transformed space leads to the
under-sampling of the high-frequency information. To solve this problem, weighted back projection (WBPJ)
and simultaneous iterative reconstruction technique (SIRT) were developed to improve the reconstruction
quality. Using a weighting filter to correct the uneven sampling and further iterative technique to improve the
signal-to-noise ratio, the SIRT algorithm was reported to produce reconstructions that retain the highest fidelity,
especially at high noise levels comparable with BPJ and WBJP [14].

Figure 2.7c displays the 3D reconstruction procedure applied herein. First, 61 tilt series images of the
same area of interest with a 2 interval ranging from —60 “to +60 “were acquired in the HAADF-STEM mode
using a plate-like specimen. Secondly, automatic and manual alignments with the cross-correction method
were successively performed in the Digital Microgragh software (Gatan, America) throughout the tilt series.
Before the reconstruction, the optimal orientation and position of the tilt axis were identified until only the
minor arcs attached to the features in the reconstructed test plane. Then, a subregion with a certain number of
N slices containing the useful data was chosen to launch a 3D reconstruction. Since SIRT can minimize the
missing wedge effect at the cost of longer processing time, SIRT was selected as a reconstruction algorithm.
The material’s 3D structure was finally visualized using the Avizo software (Thermo Fisher Scientific,

America) [15].
2.3 Homology analysis

Homology is an important technique that allows one to draw conclusions about the global properties of
spaces and maps from local computations. In mathematics, topology is concerned with the properties of a
geometric object that are preserved under continuous deformations, such as expansions, contractions, and
twisting. If an object X can be topologically transformed into another object Y, then X and Y can be identified
in the homological sense. Typically, a coffee cup and a ring donut are equivalent in the homology group
because they contain the same connected components and 1D hole, enabling the topological transformation.

Homology computes many types of complexes, including Vietoris—Rips, simplicial complex, and cubical
complex. Different data formats can be used for computational homology projects, such as point clouds and
binary images based on the simplicial and cubical complexes, respectively. Herein, the input data is the
binarized STEM images. Therefore, this subsection explains the computation process for digital images.

Besides, two kinds of homology representations were introduced: Betti numbers and PDs.
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2.3.1 Binarization of STEM images

Binarization is the conversion of grayscale images (i.e., STEM images) into black—white images, which
contain the gray value (Gy) of pixels, either 0 or 255. The schematic of the binarization is shown in Figure
2.8a, where the Gy of each pixel is expressed. The pixels greater than the threshold are converted into white
(Gy = 255), otherwise they are converted to black (Gy = 0). Two main types of binarization methods exist for
obtaining binary images: global and adaptive thresholding. In basic global thresholding, a single value is set
based on the histogram for all pixels in the image. The success of this technique strongly depends on how well
the histogram can be partitioned, such as bimodal histograms. Concerning other kinds of histograms, such as
those from the contrast images with uneven backgrounds, single-value thresholding does not work. To address
such situations, adaptive thresholding by dividing an image into subimages and thresholding each pixel
depending on its location is a useful approach. Figure 2.8b shows the difference between the global- and
adaptive-thresholding methods.

Generally, the basic global threshold T is calculated as follows: 1). The image’s histogram is calculated, and
an initial estimate for T is selected; 2). The average gray values of pixels in the initial two segmented parts (T1
and T2) are computed; 3). A new threshold value T with a mean value of T1 and T2 is computed. 4). Steps 2
and 3 are repeated until the difference in successive iterations is < a predefined limited T,,. Several optimal
global thresholding methods were developed, such as Otsu’s and MaxEntropy methods. For the adaptive
thresholding, depending on the threshold to be calculated, the mean and Gaussian thresholding are frequently
used. The threshold value is the mean of the neighborhood area minus the constant (C) for the former case,
and a Gaussian-weighted sum of the neighborhood values minus C. Two parameters must be determined: block
size and C. Herein, Python with OpenCV library [16] was used to conduct the binarization of the background-
removed STEM images. The following codes for global and Gaussian thresholding were used:

G1 = cv.threshold (image, 130, 255, cv. THRESH_BINARY)

G2 = cv.adaptiveThreshold (image, 255, cv.ADAPTIVE_THRESH_GAUSSIAN_C,
\c.v.THRESH_BINARY, 3, 5)

After binarization, noises are inevitable because of the vague interface between the Pt and CeO, domains.
The left panel of Figure 2.8c shows the magnified binary image. Obviously, some interface regions are noisy.
To improve the binary image’s quality, closing and opening are used to smooth contours. Closing results from
the dilation followed by the object’s erosion in the image with a black background. Some small black noises
in the white parts can be removed by closing processing, and a small connection between two black parts is
separated, as shown in the middle panel of Figure 2.8c. The opening is the reverse of closing, i.e., erosion
followed by dilation. Using the opening treatment, the white dots in the black background were removed, and

a small connection between two black parts was consolidated (right panel of Figure 2.8c).
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Figure 2.8. (a) Binarization algorism. (b) Difference between global and adaptive thresholding. (c) Post-

processing: closing and opening for noise removal.

2.3.2 Calculation of Betti numbers

The nature of the homology is not to measure the size or shape of the structural feature, but to assign to a
topological space an abelian group, i.e., topological complexity of given objects from the algebraic viewpoint.
Specifically, it counts the number of connected components and encloses the regions contained by a geometric
object, represented by Betti numbers (B;). For simple objects, B; can be counted manually, whereas for the

objects with complicated shapes, computer calculation is more convenient and effective. Therefore, it is
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necessary to understand the mathematical concepts of homology computation. Since the homology of images
is based on the cubical complex, the cubical sets and their algebraic translations are introduced in this section.

Generally, a combinatorial object can be defined by vertices and edges for a graph, but it is insufficient
to combinatorialize higher-dimensional topological space. Using cubes to build blocks for homology is useful
for both lower- and higher-dimensional spaces. A union of elementary cubes representing a geometric object
is fundamental for cubical homology. An elementary cube Q in the d-dimensional (dD) vector space R¢ is a
finite product of elementary intervals I; (either a point [[;] or an interval [1;, I;44]), i.e.,

Q=1 xI, x1; cR%

Figure 2.9 displays a variety of elementary cubes. The set of all elementary cubes is denoted by X', while the

set of all elementary cubes in R? is denoted by K¢, namely

K= Uycd.
d=1

Note that the cube [1, 2] c R differs from the cube [1, 2] x [1] € R? because they are subsets of different
spaces, although they have the same position and shape. Therefore, the spatial dimension must be considered
when comparing the objects. Two important definitions, the embedding number and the dimension of Q, are
introduced and denoted by embQ and dim Q, respectively. For Q = I; X I, X~ 1; < R%, embQ := d and
dimQ is the number of intervals [[;, [;,]. The set of k-dimensional (kD) elementary cubes is defined as X
and let
Ky = {Q € K |dimQ = k}and K& := K, n K.
The product of two elementary cubes, P and Q, is a new elementary object with the addition of the embedding
number and the dimension, i.e.,
PxQ = KHE.
Note that generally, P x Q # Q x P. Thus, a cubical set X is the subset of R? that can be written as a finite
union of elementary cubes:
KX):={Q € X|Q c X}and K;,(X) := {Q € K(X)| dimQ = k}.
Specifically, the elements of K, (X) are the vertices of X and the elements of X, (X) are the edges of X on a

graph.
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Figure 2.9. Elementary cubes in R, R2, and R"3.
Once a cubical set X is constructed, translating geometric objects to algebraic ones is then essential to
perform the homology calculation. An algebraic object @, also called an elementary k-chain, is identified to
associate each elementary cube Q € K. The set of all elementary k-chains and all elementary chains are

denoted by
7 = (010 ek ana 7 = | | R,
k=0

respectively. A characteristic function Q := K2 — Z is defined by

Acpy._ (1 ifP=Q
Q(P):= {0 otherwise
The sum of two elementary cubes Q,, Q, € K2 is then induced by
— _ . 2 if Qu=Q;and P = Q4
(01 +0)(P):=0;(P) +Q,(P) ={1  if Q; # Qand = Q, or P = Q,
0 otherwise

and the product of given P € K and Q € K&’ isgiven by P 0 Q :=p x Q. Let § € K¢, it can be the product
of two elementary cubical chains [ and P with embl = 1 and embP =d — 1 such that Q =70 P. This
decomposition is used in the definition of the following boundary maps. The set CZ was used to imply the set
of all-chains and is written by

m

Cd := iz a;0,| a; €Z,0, EKE }

i=1
The cubical boundary map is defined by d,: C¢ — C{_,. Take an elementary cube Q in 1 dimensional space
(d=1) for example, 3,0 := 0 if Q is a point [I;] and 8,0 := [[ + 1] — [1] if Q is an interval [};, [+1]. In the
case of d>1, 0,Q := 0y [ 0 P+ (—1)%™[ ¢ 0, P, where k; = diml =0 or 1 and k, = dimP. For all k >
0, dx_1 ° d, = 0, which means that a boundary does not have its boundary. The boundary operator has the

same type for the cubical set X: 8;: C,,(X) » Cy_1(X). For the k-chian z € C,(X), if 9,z = 0, z is called a
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k-cycle, defined the kernel kerd,; if there exist an element ¢ € C, (X) having the equation d. = z, z is called
a k-boundary, defined by the image Imad, ;. The set of all k-cycles and k-boundaries in C;, (X) are denoted by
kerdy :=Z,(X) :={z € C,,(X)| 0yz = 0} c C,,(X)
Imdy4q1:=Br(X):={z€ C,(X) | z= 0, for some ¢ € Cy1(X)} C C,,(X),
respectively. The k-th cubical homology group of X is written by H, (X) := Z;(X) /B (X) and the k-th Betti
number of X is the rank of Hy. The relationship between Betti numbers and homology group is as follows:
Hy, = ZPk and B}, = rankH,, = rankZ, — rankB,,. The Betti number counts the number of kD holes in X.
Particularly, B, is the number of connected components, 8, counts the number of tunnels or rings, and S,
counts the number of cavities of X. Many homology computation software have been developed to apply the

above algebra to calculate the Betti numbers. Herein, the software Chomp [17] was used.
2.3.3 Persistence diagram method

Persistent homology tracks the H,, elements as the scale parameters, such as distance and time, increase.
Before computing the PD, an important item, filtration, must be known. Given a cubical complex ¥, the
filtration is a totally ordered set of subcomplexes K¢ of K, such that K¢ € K/ if i < j. With the increasing
index i, successive complexes in the filtration maps fi: Kt — 1 occur. A persistence complex is the
sequence of chain complexes X' connected by chain maps £¢. Similarly, when the scale parameter increases
step by step of a cubical complex ¥, the cubical complex correspondingly changes. The cubical complexes
before and after the change are called X and Y, respectively. Consequently, the k-th persistent homology of
the filtration maps: H, (X) — H,(Y), indicating whether the feature (kD hole) in X remains in Y or not. A pair
of b; and d; describes the lifetime, including the burn (b;) and death (d;) times for a feature. All features in
the cubical complex can be represented, thus the persistent homology can be decomposed by all pairs during
the filtration, like H, (%) = @®f_,1(b;, d;). The persistent diagram D, () is a multiset of (b;, d;) represented
by a graph with the x and y axes as b; and d;, respectively.

Figure 2.10 displays the emergence and demise of the 0" persistent homology for a binary image (Figure
2.10a), i.e., the connected white components. Following the approach proposed in the paper [18], the numbers
in the pixel represent the Manhattan distance (MD), where positive and negative numbers are assigned to the
black and white pixels, respectively (Figure 2.10b). There are three pairs of homology filtration, two (=2, 1)
and one (—3, o0), as shown in Figure 2.10c. Figure 2.10d explains how the two pairs are identified. When the
threshold for the MD is set to the largest negative number (—3), only one pixel marked by a red rectangle with
—3 in the left panel is white, whereas other pixels with MD > —3 are black. When the threshold increases to —2,
the white region expands because the surrounding pixels with MD = —2 become white. Additionally, the other
two regions marked by red rectangles appear. With the threshold increases to 1, the three white regions merged
into one large white area. In this case, two of the three regions are called death and the remaining one infinitely

exists. Therefore, there are two pairs of (-2, 1) and one pair of (-3, ). Generally, all birth values are negative,
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and the birth value or lifetime roughly indicates the shape of white phases in the original binary image. i.e.,

the longer the lifetime, the larger the distance between two close white phases. The larger the absolute birth

value, the larger the white phases. Figure 2.11 shows a typical PD (see Figure 2.11b) obtained from the binary

image of Pt-CeO, nanocomposite pattern (see Figure 2.11a) using the HomCloud software [19].

(a) (b) (c)
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Figure 2.10. Illustration of persistence diagram for a binary image. (a) Original binary image. (b)

Corresponding Manhattan distance in each pixel. Black and white regions are assigned to be positive,

and negative, respectively. (c) Persistence diagram for the image in (a). (d) Evolution tracking with

increasing Manhattan distance.

@) (b)

=—= @i

0 i - F10?
[
. n mL" "5
s -5 7]
] = w 3
4 2
e |
-10 = - 10°
(]
-15
—20 ¢ : : ' ' ' 10°
-~ -20 -15 -10 -5 0 5

Figure 2.11. Typical persistence diagram for a binarized structure. (a) Binary image for a two-phase

composite structure. (b) Corresponding persistence diagram.
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2.4 lonic conductivity measurement

IS is a technique for determining the frequency-dependent transfer function of a system and thus has been
widely applied to interpret the hidden physical behavior of cells. The measured ionic conductivity is influenced
by the nature of the material (composition, density, and microstructure), testing temperature, and pressure. The
complex impedance method has been proven to have a high accuracy in measuring the ohmic conductivity of
ceramic pellets [20]. It is measured at different frequencies or in a certain frequency range to investigate the

response of the electrochemical system to the stimulus of an alternative current waveform (Figure 2.12a). The
ratio of instant changes of voltage and current is the impedance of the system, which contains a magnitude AA—lII

and a phase shift ¢. With Euler’s relationship, it is possible to express the impedance as a complex function
that includes two parts: the real and imaginary parts of the impedance. They show a different frequency
dependency and therefore provide a comprehensive source of information. By varying the imposed alternating
voltage frequency, the relationship between the real (ReZ) and imaginary (ImZ) parts in a certain frequency
range can be obtained from the current response, which is plotted as a Nyquist impedance diagram (Figure
2.12b). Note that the imaginary part is negative, and each point on the Nyquist Plot is the impedance at a
particular frequency. The impedance on the Nyquist Plot can be represented as a vector (arrow) of length |Z|,
and the angle between the vector and the X-axis is called the phase angle arg Z. For the electrodes of SOFCs,
the obtained Nyquist Plot usually comprises a series of suppressed semi-circles [21]. Each circle is related to
a physical or chemical process, including membrane resistance losses, mass transfer, or oxygen reduction
reaction Kinetics in the target materials. Generally, circles at high frequencies originate from the oxygen
transfer through the conductive phase of the composite, middle-frequency circles are caused by the GB effects,
and electrode polarization can be seen at low frequencies. Sometimes, an ohmic resistance from the electrolyte
appears in the high frequency before or between the circles. An important step in interpreting the diagram is
building an equivalent circuit. A couple of resistance (R) and capacitance (C) forms a semicircle, and the
resistance only results in a blank segment. Once R of the target material is determined, the conductivity (o)
and its temperature dependence can be plotted using the equation: ¢ = d/RA, where d is the pellet’s height of
the measured bulk sample and A is the pellet’s surface area. The two parameters, such as the activation energy
(E) and pre-exponential factor (o,), can then be induced following the Arrhenius equation: oT =
ogexp (—E/kT).

The frequently used configuration for the IS measurement is mainly divided into two categories: three-
and two-electrode four-wire setups. Herein, the two-electrode method was employed, and Figure 2.12¢c
presents the schematic. Two CGO pellets sandwiched the Pt—-CeO, NC to block the electron transportation
through the composite, and Ag paste covers the CGO pellet to ensure proper current collection. Four wires
connect to the IS measurement equipment. The symmetrical cell was kept at temperatures of 500 CT-600<T in
the air during the conductivity measurements, which were conducted over the frequency range of 1 Hz—1 MHz

with a 30-mV applied peak-to-peak voltage.
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(b) (c)
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Figure 2.12. (a) Voltage—current curve obtained using IS. (b) Nyquist impedance diagram with the equivalent

circuit model. (c) Two-electrode measurement.
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Chapter 3

Chapter 3 Growth mechanism of the phase separated Pt/CeO>

nanocomposites

To prepare the Pt/CeO, nanocomposites with various structure for homology analysis, understanding the
growth mechanism of the phase separated composites is important for structural engineering. By high
resolution TEM analyzing the powder composites annealed for different duration, 30 min and 12 h, the phase
separation behavior was declared. It involves the following steps: oxygen dissolution into the alloy causes
special periodic compositional perturbation by atomic segregation, specifically, by local diffusion of Pt and
Ce atoms. A striped pattern of Pt and CeO; with a 4-5 nm periodicity formed through phase transformation of
the Pt-rich alloy and oxidation of the Ce-rich alloy, respectively. Notably, a fully epitaxial relationship between
the Pt and CeO, phases was observed even in the initial stage. With continued annealing, the crystals rotated
into an energetically favorable orientation with respect to the remaining (111)Pt//(111)CeQO.. The alloy
oxidation and its resulting nanoscale phase-separation behavior was verified in ex-situ annealing experiment
of an alloy specimen, which has been first thinned by a focused ion beam. Changing the oxygen partial pressure
to the reaction interface may alter the orientation relationship between the hexagonal close-packed PtsCe
structure and face-centered cubic Pt/CeQO; structure, thereby altering the growth direction of the separated
phases. These findings provide us hints to tune the structures by changing the annealing conditions, which is

useful for understanding the structure-property relationship of Pt/CeO, nanocomposites in the Chapters 4-6.

3.1 Introduction

Nanoscale heterostructures of noble metals (NM) and metal oxides (MO) are attractive with a variety of
applications in catalysts [1, 2], photovoltaic [3] and electrode materials of fuel cells [4, 5]. Heterostructures at
nanometer scale of two phases provide rich reaction active sites. Furthermore, the strong interaction of NMs
with MO could contribute to specific performances than mono-component counterparts [6]. Considering the
importance of tolerance capability and interaction at the interface, most researchers are dedicated to prepare
high durable and high surface area configurations by numerous synthesis strategies, including Sol-gel methods
[7], deposition—precipitation [8] and oxidation of bimetallic alloys [9-12]. The oxidation of bimetallic is an
effective way to produce stable NM/MO heterostructures and complex structures can be engineered. For
example, oxide supported noble metal nanoparticles of Au/NiO were synthesized by in situ phase separation
of bimetallic nanoparticles [9]. Core-shell structures with Au core and in-oxide shell with high activity in CO;
hydrogenation were formed by the oxidation of Au-In alloys [10]. Previous studies [13-15] have shown that
the oxidation of binary alloys produces a topology-tailored structure of fibrous networks of NMs#TO, and it

exhibited long-term stable catalytic on CO, reforming of methane [13]. However, much less studies focused
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on the oxidation process of binary alloys, which is a powerful mechanism to produce nanoscale
heterostructures.

Pt-CeO, system has been unceasingly investigated as catalysts in various field, such as CO oxidation,
ethanol oxidation and fuel cells. Electron transfer from Pt to CeO, and oxygen vacancy formation at the
interface were found to paly determinant roles for the high activity by first-principles study [16, 17] and
experiment [18, 19]. Recently, different nanostructures of Pt/CeQ; ranging from stripes to maze patterns were
prepared and contributed to different ionic conductivities, which highlight the importance of the connective
interface of Pt and CeO, domains [20]. It has been shown that different morphologies in the oxide precipitates
of alloys arise from the competition at the oxide/alloy interface between the growth of existing particles and
the nucleation of new particles [21]. Therefore, thorough understanding the oxidation induced phase separation
behavior is important to control the geometry of heterostructures.

Here, | studied the annealing of PtsCe alloys in the syngas of CO and O, at 400 °C. Both FIB-thinned
specimen’s and bulky powder sample’s oxidation under the same condition were analyzed to investigate the
phase separation behavior. A combination of HRTEM and atomic-resolution HAADF-STEM techniques have
been applied to understand the oxidation induced phase separation behavior. Moreover, orientation
relationships among alloy precursor, Pt and CeO, phases were clarified. The oxidation processes in two
samples are proved to be the same. Initially, Pt-rich and Ce-rich area were segregated with coherent
relationship with PtsCe alloy. Striped patterns of alternate crystalline Pt and CeO, phase were then formed
with epitaxial relationship. Finally, the oxidation gives rise to network structure, whose framework is
composed by polycrystalline Pt embedded by nanocrystalline CeO; with incoherent interfaces. However, the
orientation relationship between hcp-structured PtsCe alloy and fcc-structured Pt varies with the oxygen
diffusion rate, which was deduced from the different orientation relationship in TEM specimen and bulk

sample.

3.2 Experimental

3.2.1 Specimen preparation

PtsCe alloy was prepared by arc melting of the elemental metals in a pure argon atmosphere. Alloy
powders with an average particle size of 50 um were then obtained by grinding. The alloy precursor was
transferred to a reactive gas furnace (containing mixed CO and O, at a molecular ratio of 2:1) for phase
separation. Two forms of the alloy, bulky powder and firstly FIB-thinned specimen were used for two different
experiments. The schematic of the two experiments is shown in Figure 3.1. As shown in Figure 3.1a, the bulky
powder alloys were first annealed for 30 min and 12 h to obtain partial and complete phase-separated structures,
respectively. For the ex-situ experiment in Figure 3.1b, the firstly-FIB-thinned alloy specimen was prepared
by FIB milling (JEOL JEM-9420FIB, Japan) of 30-KeV Ga ions and placed in TEM to observe the initial
structure. The firstly-FIB- thinned specimen was then annealed for only 10 min at 400°C to track its phase-

separation behavior.
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(a)

/Alloy Powder Ex-situ N\
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Figure 3.1. The illustration of the two experiments for the understanding of the phase separation behavior.
(a) Powder alloy was used to annealing for 30 min and 12 h for the partially and completely phase separation.

(b) Firstly-FIB-thinned specimen for the ex-situ experiment to track the phase separation process.

3.2.2 Transmission electron microscopy

The morphologies of the three kinds of specimens were investigated by a field emission microscope
(JEOL JEM-2100F, Japan) operated at 200kV. The atomic analyses (HRTEM and HAADF-STEM) and energy
dispersive X-ray spectroscopy (EDS) mapping of specimens were carried out in a JEOL JEM-200ARMF
equipped with double Cs-correctors and a Schottky-filed emission gun. To highlight the lattice fringes in the
atomic HAADF-STEM images, the images were processed by a smooth—filter which is freely available as a
plug-in for the DigitalMicrograph [22]. The Fast Fourier transformation (FFT) patterns were also obtained
using the DigitalMicrograph software package (Gatan, USA). The lattice strain maps were calculated from
HAADF-STEM images by a geometric phase analysis (GPA) plug-in [23]. HAADF-STEM simulations were
performed using the Dr. probe software [24], implementing the multislice method to calculate the quasielastic

forward scattering of the incident high-energy electron probes from the sample.

3.3 Results and discussion

3.3.1 Epitaxial relationship in the self-assembled Pt/CeO; nanocomposites

Phase-separation and self-assembly in oxidized PtsCe alloy leads to a composite of Pt and CeO-, as
indicated by the XRD patterns in Figure 3.2. The EDS mapping for the composite is also analyzed and shown
in Figure 3.3. It is clear that the bright-contrast phase of Pt alternates with the dark-contrast phase of CeO;
forming an interwoven nanostructure. Atomic STEM characterizations of the Pt/CeO, nanocomposites
annealed for 12h at 400°C are shown in Figure 3.4. The average periodicity of approximately 50 stripe
structures was 4.6 nm (see histogram in Figure 3.5a for details). To clarify the orientation relationship between
the Pt and CeO; structures, the heterointerfaces between the two phases enclosed in boxes A and B in Figure

3.4a are magnified in Fig. 3.4b and 3.4c, respectively. As shown in Figure 3.4b, the Pt and CeO; crystals were
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Figure 3.2. X-ray diffraction pattern of the Pt/CeO, composite and reference data of Pt metal, indicating the
strong relative intensity of (220) plane.

exactly on the [110] zone axis but the interface was incommensurate. The angle between the (200) planes of
Pt and CeO, was approximately 57 < and the (1-11)CeO; and (11-1)Pt planes were almost parallel. Figure 3.4c
consolidates the parallel relationship between the (111) planes of Pt and CeO; crystals on

different zone axis. Due to the large lattice misfit (~38 %), several edge dislocations were found at the
heterointerface. However, the relationship was fully epitaxial along the direction of the [111] zone axis (see
Figure 3.4d). The brightest spots (connected by red triangles in Figure 3.4d) were deduced as overlapped Pt
and Ce atoms. More specifically, the calculated lattice-constant ratio between (111)CeO; and (111)Pt was 1.38,
between the verified lattice constant ratio of 4:3 and 7:5 [25]. The lower and upper parts of Figure 3.4e present
a structural model of the observed structure based on the calculated 4:3 CeO/Pt model and a simulated
HAADF-STEM image along the [111] direction, respectively. The simulation results confirm that the Pt and

Ce atoms overlapped at the brightest projection spots (enclosed by the dashed red circles in the model).

Figure 3.3. (a) HAADF-STEM image of Pt/CeO, nanocomposites annealed at 400°C for 12 h. and
corresponding element distribution mappings of (b) Pt and (c) Ce. It suggests the bright and dark phases in

(a) are rich in Pt and Ce, respectively.
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()atifpr /) [114]Ge0,

A [011]Pt // [011]CeO,
Figure 3.4. (a) HAADF-STEM image of the Pt/CeO- bulk sample annealed at 400°C for 12 h showing the
completely separated Pt/CeO, composites. (b)-(c) Enlarged filtered HAADF-STEM images of the boxes in
(a), indicating the incoherent relationship between Pt and CeO,. (d) HAADF-STEM image of another site

on the same sample showing the epitaxial relationship in the [111] zone axis. (e) Schematic of the 4:3 lattice
structure of (111)CeO; on (111)Pt (lower view) and the corresponding simulated HAADF-STEM image (top
view), revealing that the bright spots connected by red dashed triangles in (d) are produced by overlapped
Pt and Ce atoms. (f) Side view along the [01-1] direction of the Pt/CeO; epitaxial interface, which has a 60°¢
rotational relation with (111)Pt//(111)CeO,.

Integrating the relationships observed in Figures 3.4b—d, the lattice-matching relationship between Pt and CeO;
that maintains (111)Pt//(111)CeO; is a certain angle of rotation. From Figure 3.4d, the rotation angle was
deduced as 60< that is, the orientation relationship between Pt and CeO- is Pt(111)//Ce0,(111) 60< This kind
of rotated epitaxial relationship was already reported in thin-layers of Rh/CeO, [26], M0S./S [27, 28], etc., but
firstly found in Pt/CeO, composites here. Owing to the sixfold symmetry axis of (111) planes, a 60 rotation
of (111)Pt plane parallel to a (111)CeO. plane retains the epitaxial relationship, but other planes are
crystallographically non-equivalent. Figure 3.4f illustrates the side view along [01-1] direction of the structure
model in Fig. 3.4e. The atomic arrangement between Pt and CeO matches that of Figure 3.4b. Since the fully
epitaxial Pt(111)/Ce0O>(111) and the epitaxial type of Pt(111)/CeO>(111) 60 “are much similar in the atomic
arrangement at the metal-oxide interface perimeter that plays a central role in catalysis, no prominent
difference would be expected on the performance.

3.3.2 Phase separation behavior during the oxidation of PtsCe alloy

How the special epitaxial relationship of (111)Pt//(111)CeO; with a 60°rotation evolves in the self-

assembled Pt/CeO, composites must be elucidated. For this purpose, | prepared a partially oxidized powder
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Average: 4.58 nm Average: 4.56 nm Average: 4.48 nm
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Figure 3.5. HAADF-STEM images and corresponding statistical data of stripes periodicity for bulky powder
Pt/CeO; alloy annealed for (a) 12 h, (b) for 30 min, and (c) of firstly-FIB-thinned alloy annealed for 10 min.

specimen containing the reaction interface between the PtsCe precursor and phase-separated Pt/CeO;
nanocomposites. By analyzing the reaction interface structure, | can understand the early stage of the phase-
separation behavior. Figure 3.6a displays HAADF-STEM image of the powder precursor heated for 30
minutes, projected along the [0001]PtsCe direction. The reaction interface between the upper PtsCe alloy and
lower Pt/CeO, nanocomposites is marked by the black dashed line. The corresponding FFT images of two
regions enclosed in the yellow-edged squares are shown on the right side of Figure 3.6a. These images clarify
the different crystal structures of the alloy and nanocomposite. In the PtsCe precursor, a periodical
compositional contrast is visible within 10-20 nm from the interface. All spots in the FFT image were
attributable to the PtsCe structure, confirming the absence of precipitates; that is, the contrast was caused by
atomic segregation. Meanwhile, the nanocomposites presented stripy patterns with alternating dark CeO, and
bright Pt. The periodicity of the stripes was 4.6 nm, identical to that in the completely phase-separated
nanocomposites. The statistical data are displayed in Figure 3.5b. It appears that the periodicity of the separated
phase is independent of the annealing duration. Focusing on the near-interface region, one observes that CeO;
stripes in the composites were connected with the dark-contrast phase in the precursor alloy. Moreover, the
stripes were almost perpendicular to the reaction interface, indicating that the nanocomposites growth pointed
toward the reaction interface (white arrows in the Fig. 3.6a). The Pt and CeO, structures viewed from the [-
112] direction were identified by indexing the FFT patterns of the nanocomposites. Evidently, the Pt and CeO-
grains shared a fully epitaxial relationship, unlike that of the completely oxidized sample [(111)Pt//(111)CeO;
609. The orientation relationship between the PtsCe alloy and self-assembled nanocomposites was derived as

(1-100)PtsCe//(220)Pt/CeO,, [0001]PtsCe//[-112]Pt/CeO.,. This result is the first observed orientation
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relationship between hexagonal closest packed (hcp) and face-centered cubic (fcc) structures during a phase
transformation. Another pronounced feature is the growth direction of the nanocomposites, which was parallel
to the [110] direction. The fast growth rate of the (220) plane in [110] direction caused the preferential
orientation of the Pt and CeO, phases in the composites, consistent with the XRD result (see Figure 3.2). In
the XRD pattern, the relative intensity of the (220)Pt plane was much stronger than the referenced XRD powder
data [JCPDS No. 04-0802].

To clarify the reaction interface structure between the PtsCe alloy and Pt/CeO, nanocomposites, the
HAADF-STEM image was magnified at the reaction interface. The image is displayed in Figure 3.6b. A
hexagonal arrangement of atoms was projected along the [0001] zone axis in the PtsCe structure. The reaction
interface was uneven and facilitated phase separation in certain stages. The arrows indicate the terraces lying
exactly on the (220) plane of the nanocomposite. Based on the above-described orientation relationship
between the alloy and the precipitates, the atomistic structures of the phases were derived and are displayed in
the right panel of Figure 3.6b. As shown in the structural model, the plane spacing of (11-20) in the alloy was
approximately twice the plane spacings of (111) in the Pt precipitates. The lattice misfit of the (111) planes of
fully epitaxial Pt and CeO, was calculated as 36 % against Pt crystal, similar to that of the completely oxidized
sample.

= 0001] Pic
e _ {(1100)

w ~(p110

Figure 3.6. (&) HAADF-STEM image of the Pt/CeO, bulk sample annealed at 400°C for 30 min showing the
interface area between the PtsCe alloy and Pt/CeO, composites. The two FFT images were calculated in the
areas within the yellow frames. In front of the dashed line, the contrast was caused by the atomic segregation.
(b) Higher-magnification HAADF-STEM image at the reaction interface, showing the orientation
relationship between the PtsCe and Pt/CeO, composites. Right panel shows the corresponding structure

model.
When alloys containing noble metals are oxidized, the noble metal phase separates from the oxide of the

less noble metal. This phase separation is driven by the large discrepancy in the oxygen affinities of the noble
and non-noble constituents [29]. Unlike nanoscale alloy particles [11], which form metal core-oxide shell
structures when oxidized, the microcrystalline Pt—Ce alloy in the present study formed a spatially periodic
striped pattern similar to a Turing pattern. Such periodic structures have been found in the oxidized alloys
based on silver [30], nickel [31], and other metals undergoing internal oxidation. In this scenario, one alloy

55



Chapter 3

component is selectively oxidized but cannot reach the surface quickly enough to form an oxide layer [32].
Alloy diffusion is thought to be negligibly slower than the inward oxygen movement, so the oxidation process
is diffusion controlled [33]. The oxide in internal oxidation reactions can be spherical, facetted crystalline,
dendritic, or some other shape [34]. In the striped structure observed here, the CeQO; precipitates were
constrained in their growth direction by the cerium and oxygen supplies. Consequently, the distance of oxygen
diffusion to the immobile unreacted cerium was minimal, and the separated phase grew (on average) in the
direction normal to the reaction interface. As oxygen must be transported through the CeO; phase to reach the
reaction interface and Pt and Ce have different oxygen affinities, it was inferred that oxygen dissolution into
the alloy contributed to atomic segregation in front of the reaction interface. CeO; and Pt phases were then
epitaxially formed by oxidation of the Ce-rich alloy and transformation of the Pt-rich alloy, respectively.
Moreover, the Pt-CeO; interface facilitated the oxygen diffusion from the surface to the inner PtsCe alloy [44],
thereby accelerating the oxidation process. The diffusion path of each element in the alloy and oxide is
schematized in Figure 3.7. Owing to the low misfit between the (111) plane of Pt and the (11-20) plane in
PtsCe alloy, the phase transformation with the described orientation relationship, namely, (1-
100)PtsCe//(220)Pt/CeO,, [0001]PtsCe//[-112]Pt/CeO,, beneficially minimizes the lattice strain. In contrast,
the epitaxy (111) planes of Pt and CeO are largely mismatched and cannot be solely compensated by inducing
misfit dislocations. As the remaining lattice strain relaxes, the fully epitaxial relationship of Pt and CeO, at the
early phase-separation stage should change to an epitaxial type of (111)Pt /(111)CeO, 60<in the final stage.

Syngas of CO and O,
0z 0z Surface

Reaction
interface

Figure 3.7. Schematic cross section of the diffusion paths in the PtsCe alloy during phase separation. The
vertical black arrows indicate the diffusion channel of oxygen from the surface. The diffusion paths of Pt and

Ce atoms in front of the phase separation area were marked by red and green arrows, respectively.
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3.3.3 Ex-situ experiment for tracking the phase-separation behavior

Although characterizing the samples prepared at different annealing times revealed the phase-separation
behavior induced by oxidation, observing the whole process in a single sample would provide more conclusive
results. For this purpose, | studied the phase-separation stages in an ex-situ experiment of the firstly-FIB-
thinned alloy specimen. The ex-situ specimen was annealed for 10 min while the other synthesis conditions
were those of the bulky powder sample.

Panels (a) and (b) of Figure 3.8 show the HAADF-STEM images and corresponding selected area
electron diffraction (SEAD) patterns of the PtsCe alloy precursor and the as-annealed alloy of the firstly-FIB-
thinned specimen, respectively. The observed PtsCe alloy precursor with about 300 x 300 nm? area presented
a single hcp phase along the [0001] zone axis (Figure 3.8a) with no evidence of precipitates. After heating the
initial PtsCe alloy specimen ex situ to 400°C for 10 min, two interconnected phases with stripy patterns were
continuously formed from the edge of the specimen (white and gray phases in the STEM image of Figure 3.8b).
In a statistical analysis of the phase-separated region, the periodicity of the two-phase stripes was determined
as 4.6 nm (see Figure 3.5c). The black arrows in Figure 3.8b indicate the growth direction of the striped
structure. The stripes proceeded perpendicular to the alloy interface (dashed line in the figure). The SEAD
pattern showed an additional two pairs of arc-shaped reflections. Based on the calculated diffraction distances,

these reflections were indexed to diffractions of the (111) and (220) planes of the Pt and CeO; phases. The

(a) (b)
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Figure 3.8. Characterization of nano-phase separation in PtsCe alloy. HAADF-STEM images and
corresponding SAED patterns along the [0001] PtsCe zone axis of (a) PtsCe alloy precursor and (b) the firstly-
FIB-thinned specimen ex-situ annealed at 400°C for 10 min. (c¢) HAADF-STEM image of the interface area

containing the alloy precursor and separated phases, and corresponding elemental maps of O, Ce and Pt.
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positions of the diffraction spots suggest an almost-epitaxial relationship of the (111)Pt and (111)CeO; planes,
but with a slight swing in the same direction. Figure 3.8c shows the elemental maps of the interface-contained
regions. The concentrations of O atoms differed on both sides of the interface, suggesting an oxidation- induced
phase separation. Within the phase-separated regions, the white and gray stripes were apparently rich in Pt and
Ce, respectively, confirming that the phase-separated region is composed of Pt/CeO, composites.

As explained in subsection 3.3.2, oxidation of PtsCe alloy produces not only a Ce metal oxide, but also
an fcc structure of Pt metal, which emerges through a matrix phase transformation. Moreover, the (111) planes
of Pt and CeO- shared a parallel relationship. A striped pattern with the same periodicity was observed both in
the bulky powder sample and the firstly-FIB-thinned sample, suggesting that the metal atoms diffused laterally
regardless of the sample geometry. In the present case, the absence of the oxide layer at the surface further
verified the slow diffusion of alloy components and the resulting predominant oxidant diffusion. Because
oxidation started at the surface and progressed inward, the front and back positions (marked as positions 1 and
3 in Figure 3.8b, respectively) at the interface should indicate the initial and late phase-separation stages,
respectively. Therefore, to extract more information on the oxidation-induced phase-separation behavior, three
regions at different separation stages (enclosed within the yellow-edged circles in Figure 3.8b) were further

B (ili)CeOZ

e

[0001]ptice”

Figure 3.9. (a) HAADF-STEM image of the initial separation stage (region 1 in Figure 1[b]) showing atomic
segregation along the [0001]PtsCe axis, (b)FFT pattern of (a), (c) IFFT image of PtsCe (10-10) extracted from
(b) to highlight the lattice fringe image along {10-10}PtsCe (yellow symbol indicates the edge dislocation),
and (d) strain component &,, of (a) obtained in a GPA analysis: x // [10-10]PtsCe, y /| [1-210]PtsCe. (e)
HAADF-STEM image of another site in region 1 of panel 3.8(b), showing the Pt and CeO; crystals with a
[0001]PtsCe zone axis, and (f) corresponding FFT pattern (red- and green-edged circles enclose diffraction
spots from the Pt and CeO; phases, respectively). (g) and (h) IFFT images displaying the Pt and CeO;

distributions, obtained by extracting the six red circles and six green circles in (), respectively.
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Figure 3.9a isa HAADF-STEM image of the initial separation stage corresponding to Region 1 in Figure
3.8b. The Pt-rich and Pt-poor nanoclusters are distinguished by their Z-contrast intensities. Figure 3.9b displays
the corresponding FFT patterns along the [0001] orientation of the PtsCe alloy precursor. Besides the
reflections of PtsCe, two pairs of weak reflections suggested an ordering of the nanoclusters. The inverse-FFT
(IFFT) patterns of both pairs of reflections confirmed their emergence in different regions (see Figure 3.10).
The spots enclosed by the green- and red-edged circles in Figure 3.9b were identified as CeO, and Pt-rich
alloys, respectively. After extracting the {10-10}PtsCe reflections (enclosed by the yellow-edged circles in
Figure 3.9b), an edge dislocation was identified in the {10-10} plane (Figure 3.9c). This dislocation resulted
from lattice distortion and strain relaxation after component segregation, which would contract or expand the
lattice. To visualize the degree of lattice distortion, the local lattice strain was mapped using GPA. Figure 3.9d
shows the strain component exx Of Figure 3.9a. A small lattice strain appeared around the segregation areas.
The obvious strain field around the edge dislocation implies a compressive strain in the Pt-poor nanoclusters
and a tensile strain in the Pt-rich nanoclusters, which resulted from the larger atomic radius of the Ce atoms
than the Pt atoms. The compositional contrast in Figure 3.9a at the same dislocation position (white-edged

square) affirms this conclusion.

Figure 3.10. (a) HAADF-STEM image of PtsCe alloy annealing for 400°C showing the segregation of Pt and
Ce atoms. (b) Corresponding FFT image of (a). The IFFT patterns from green and red circles are shown in

(c) and (d), respectively.

Figure 3.9e shows another HAADF-STEM image in Region 1 along the [0001]PtsCe direction. The
corresponding FFT pattern in Figure 3.8f demonstrates that Pt and CeO- crystals were formed in the PtsCe
alloy. In addition to the FFT spots of PtsCe alloy, spots attributed to [011]Pt and [011]CeO; (enclosed within
the red- and green-edged circles, respectively) were identified by calculating the interplanar spacings. Panels
(9) and (h) of Figure 3.9 show the IFFT patterns determined from the Pt and CeO; spots in Figure 3.9f,
illustrating the distributions of the Pt and CeQO; phases, respectively. The patterns re-confirm that the bright
and dark contrasts in HAADF-STEM in Figure 3.9¢e are related to the Pt and CeO; phases, respectively. As
the oxidation process occurred after atomic segregation, it was inferred to be governed by inward diffusion of
the dissolved oxygen. Moreover, stress in the atomic segregation area promoted the oxidation [35] and phase

separation processes [36], accelerating the penetration into the phase-separation zone.

59



Chapter 3

HRTEM images of the middle and late separation stages (Regions 2 and 3 in Figure 3.8(b)) are displayed
in Figure 3.11. Figure 3.11a shows the interface area of Region 2, which contains both the PtsCe alloy and the
phase-separated Pt/CeO, composites in the [0001]PtsCe orientation. The growth direction of the Pt and CeO,
stripes (indicated by the white arrows in Figure 3.11a) was explained earlier. In the corresponding FFT pattern
(Figure 3.11b), the red and green-edged circles mark the Pt and CeQ; spots, respectively. Clearly, the epitaxial
relationship between Pt and CeO, was established in this separation stage. Moreover, the growth direction of
the Pt/CeO, composites is consistent with the [111]Pt/CeO, direction. Considering the phase transformation
of PtsCe alloy with an hcp structure to Pt with an fcc structure, the orientation relationship between the two
phases was obtained as {10-10}PtsCe//(1-11)Pt/CeQ,, [0001]PtsCe//[011]Pt/CeO,, which differs from the
typically reported phase relationship in PtsCe surface alloy transformation, i.e., {0001}PtsCe//{111}Pt.28
Figure 3.11c is an enlarged atomic STEM image of the region enclosed by the square in Figure 5(a). This
image confirms the above-derived orientation relationships between the PtsCe alloy and the Pt/CeO;
composites. The atomic structure model of phase separation in this system is shown in Figure 3.11d. In the
direction nearly normal to the growth direction of the precipitates, the lattice spacing of the (10-10) plane of
the PtsCe alloy was twice that of the (111) plane of Pt crystals. This perfect alignment favors phase separation.
In the (111) planes, the ratio of the Pt to CeO; lattice vectors was 1.38 with an approximate misfit of 38%.
Judging from the large misfit at the coherent interface, the epitaxial relationship between Pt and CeO, was
probably unstable to further reactive heating.

Ce(, .. \36"
[011]pt ®[011]ceo, |AEIIY ARSI

Figure 3.11. (a) HRTEM image with [0001]PtsCe zone axis and (b) corresponding FFT of the middle
separation stage (region 2 in Fig. 3.8b) showing the interface area between PtsCe alloy and Pt/CeO;
composites. () HAADF-STEM image of the boxed area in (a), and (d) atomic structure model of each phase
in the interface area. () HRTEM image along the [0001]PtsCe zone axis and corresponding FFT of the late

separation stage (region 3).
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In the late separation stage (close to the edge of the thinned specimen, indexed as region 3 in Figure .3.8b),
the situation was somewhat different. The HRTEM image of this phase-separated area is shown in Figure
3.11e. The composite structure of Pt and CeO; is clearly visible. The corresponding FFT image is displayed in
Figure 3.11f. Comparing the reflections in panels (b) and (f) of Figure 3.11, I find that some reflection spots
developed arc shapes in the late separation stage and the CeO; crystals were shifted from the correct zone axis.
The reflections from CeO»(11-1) disappeared while those from (220) were stronger than those in the interface
area. It was deduced that during the growth process, the CeO; crystals rotated through a small angle while the
epitaxial relationship was retained on the (111) planes. Such rotational behavior is often found in largely
mismatched metal-oxide heterointerface systems because it lowers the interface energy [37, 38]. Given the
large misfit between the Pt and CeO; phases (38%), the crystal rotation was likely enforced by strain relaxation.

Based on the above results, the phase-separation behavior in the present samples was identical to that
found in bulky powder samples and proceeded in three steps. In the first step, atomic segregation of Pt and Ce
in the PtsCe alloy because of their different oxygen affinity. As the oxygen continues to diffuse into the Ce-
rich regions, the self-assembled Pt and CeO; stripy phases with a fully epitaxial relationship then become
separated from the alloy during the early stage. Owing to the large misfit between the lattice constants of Pt
and CeO; phases, the crystals with an initially commensurate interface tend to rotate along [111], and finally
maintain the (111)Pt//(111)CeO:; relation. The phase-separation behavior is schematized in Fig. 3.12. It should
be noted that although stripy patterns of Pt and CeO; are kinetically favorable to minimize the oxygen diffusion
distance to the immobile unreacted cerium, the stripes growth direction and the orientation relationship
between the stripes and the precursor alloy should be energetically favorable because of the large internal
surface area. Therefore, the preferred growth direction and orientation of stripes vary with the orientation of
the precursor alloy and annealing temperature. Moreover, different growth directions ([110] and [111],
respectively) and orientation relationships (see stereographic projections in Figure 3.13) in the bulky powder
and firstly-FIB-thinned specimens indicate the influence of the oxygen partial pressure for the phase separation
behavior. This is because oxygen can more easily reach the reaction interface on the surfaces of FIB-thinned
samples than the inside bulky powder samples. The stripes were assumed to be oriented perpendicular to the
growing interface between the alloy and Pt/CeO, precipitants; accordingly, the growth direction is closely

related to the orientation relationship between PtsCe and Pt/CeO,.

3.4 Conclusion

Self-assembled epitaxial interfaces of Pt/CeO, nanocomposites were successfully formed by simple
oxidation of PtsCe alloy. Nanoscale stripy patterns of alternating Pt and CeO; phases were observed and an
epitaxial interface between Pt and CeO; was identified on their (111) planes. Furthermore, the oxidation-
induced phase-separation process in a partially oxidized sample was observed by atomic-scale TEM, and a
verification experiment was performed by ex-situ annealing of a firstly-FIB-thinned TEM specimen. The

oxygen partial pressure on the surface of the FIB-thinned specimen differed from that inside bulky powder
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samples, affecting the growth direction of the stripes and the orientation relationship between the PtsCe alloy
and Pt/CeO, composites. These findings suggest that Pt/CeO, catalysts with an epitaxial interface can be
economically prepared for fundamental research and practical applications. Furthermore, our results are
Pt/CeO,

nanocomposites with different structures can be prepared by changing the syngas ratio and annealing

expected to assist the structural design of metal-oxide nanocomposites. Consequently,

temperature, which are used for the following chapters to study the strucutre-propery relationship.
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Figure 3.12. Schematic showing the formation of Pt/CeO; heterostructures through oxidation of PtsCe
alloy. The (111)Pt plane is parallel to (111)CeQO: in the Pt/CeO, composites.
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Figure 3.13. Stereographic projections showing the different orientation relationships between hcp-

structured PtsCe alloy and the fcc Pt phase in (a) the firstly-FIB-thinned specimen and (b) the bulky
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Chapter 4

Chapter 4 2D structure -ionic conductivity quantitative relationship of

Pt/CeO2 nanocomposites

Although ionic conductors have been thoroughly investigated, topological features of these materials’
nanotextures have been surprisingly overlooked. To understand the importance of topological features, such
as phase connectivities, to the oxygen ion conduction, different structures of materials are necessary. Based on
the previous chapter on the phase separation behavior in the PtsCe alloy, here | report fabrication of different
metal-oxide nanocomposite consisting of intertwined phases of platinum (Pt) metal and oxygen-ion conductive
cerium oxide (Ce0Q,), i.e., Pt/CeO, by changing the syngas ratio during the annealing. Sectional TEM
observations coupled with topological analysis demonstrated that Pt/CeO, composites having different
nanostructures can be classified with a topological measure that corresponds to the phase connectivity of CeOa,
namely the Betti number 8,, and another that corresponds to holes of the Pt phase, namely the Betti number
B, . The samples’ oxygen ionic conductivity Pt/CeO, was measured at elevated temperatures in air by
alternating current (AC) impedance spectroscopy. It was found that the nanostructure changed from a striped
appearance to a maze-like appearance as the value of 3, /8, decreased. Both the activation energy E and pre-
exponential factor Ing, for the oxygen ionic conductivity was found to be independent of 8; and exhibited
linear, negative correlations to f,. The topological connectivity of the ion-conductive CeO; phase, which was
quantified with the Betti number f3,, was suitable as a descriptor to correlate the image data of nanostructures

with their ionic transport properties.
4.1 Introduction

lonic transport is a critical function for systems such as proton conductive polymers [1], and often governs
the entire performance of batteries and/or fuel cells [2,3]. Most attempts to improve the ionic transport
properties of a given conductor have relied on ion-hopping control between neighboring ionic sites [4,5].
Especially for inorganic conductors such as ionic conductive oxides, several experiments have been conducted
using partial substitution of an ionic site with other ions having a different valence, in other words doping.
This creates intrinsic oxygen vacancies and reduces the activation energy of ion hopping [6-8]. However,
despite improving ionic transport, doping can significantly destabilize the mother phase [9]. Indeed, one of the
most popular oxygen-ion (O,-) conductors, cerium oxide (CeO), exhibits pronounced O.- conductivity at
elevated temperatures when tetravalent Ce** sites are partially substituted with trivalent Gd**, yet the mother
phase can be retained if the Gd** is less than 30 at. % [10—12]. Excessive doping also introduces an ordering
of the oxygen vacancies, leading to a reduction of ionic transport [12].

Much attention has been paid to ion-hopping control, but the effects of connectivity due to ionic

conductive pathways have been surprisingly unexplored except for some pioneering research on polymer and
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nanowire electrolytes for lithium-ion batteries [13—15]. This is despite the fact that ionic conductive pathways
are expected to play a pivotal role in charge transport. Visual characterizations, such as sectional TEM, have
been used extensively to design material textures at the nano- and micrometer scales. Yet these
characterizations have not achieved to directly facilitate the desired control of conductive pathways. This is
because of a lack of quantitative methodology that can extract information on the phase connectivity from
image data.

Homology analysis has been developed as an advanced form of topology that deals not with measurable
features such as lengths and/or angles but mostly with the connectivity of given objects. In recent years it has
been applied to materials science [16-18]. Betti numbers, denoted g;, derived from homology computations,
are used to estimate the topological complexities of percolated structures in terms of their connectivity
properties [18]. More specifically, S, gives the number of connected components (0 dimensional holes), 1
gives the number of tunnels (1 dimensional holes) and 8; counts the number of holes of dimension i. Research
has already been published on the microstructure-electrical conductivity relationships of conductor-insulator
composites using Betti numbers [19,20].

I examined the correlation between the nanostructures and transport properties of ionic conductors, with
the aim of controlling conductive pathways. | report here on sectional TEM observations, coupled with
homology analysis.

A metal-oxide nanocomposite consisting of intertwined fibrous phases of metal and oxide, denoted
NM/MOy, was chosen for TEM-homology analysis because its nanotexture could be tuned by adjusting the
preparation conditions [21]. Four Pt/CeO, composites with apparently very different nanostructures were
analyzed. Impedance spectroscopy measurement revealed ionic transport properties indicative of the ionic
conductive CeO; phase: the samples displayed a positive, linear correlation to the Betti number §,, a
homological measure that corresponds with the connectivity of ionic conductive CeO,. It was demonstrated
that a topological method based on Betti numbers could also be applied to understand the nanostructure-ionic

conductivity relationship in metal-oxide nanocomposites.
4.2 Experimental

The schematic of the experiment process is shown in Figure 4.1. It includes the sample preparation,
structure characterization, homological analysis and ionic conductivity measurement. Figure 4.1a shows the
preparation of the bulk Pt/CeO, nanocomposites by the annealing of the PtsCe alloy and the measurement of
ionic conductivity by the impedance spectroscopy. Figure 4.1b illustrates the homology analysis of TEM
images by counting the number of black domains (marked by light colors), 8,, and white holes (marked by
red), S,. Then the relationship between ionic conductivity and homological descriptors can be declared

guantitatively. The details for the experiments are explained in the following subsections.
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4.2.1 Sample preparation

Pt/CeO, composites powders were synthesized from crashed PtsCe alloy powders, which acted as the
precursor, by heat treatment at 600 °C for 12 h in a gas mixture of CO (2 vol% CO + Ar) and O (1 vol% O, +
Ar) at 60 sccm as the reduction and oxidation sources [22]. The gas ratio of CO to O, was varied to produce
different composite nanostructures. The bulk composites for ionic conductivity measurements were prepared
by directly heating the bulk PtsCe alloy at 600 °C for 4 days. Referenced CeO powders were prepared by

heating commercial CeOy at 800 °C in an oxygen gas stream to fully oxidize the Ce valence to +4.

(a)
Pt;Ce

Figure 4. 0.1. Process for sample preparation and analysis. (a) Nanocomposites of Pt/CeO; were prepared
from PtsCe alloy by heat treatment in a reactive atmosphere at 600 °C, followed by ionic conductivity
measurements using AC impedance spectroscopy. (b) Nanostructures were identified by ADF-STEM

imaging, then related to ionic conductivity by calculating topological invariants g, and ;.

4.2.2 Structure characterization

XRD measurements were carried out on a Panalytical X’PERT PRO X-ray diffractometer by using the
Ka radiation line of Cu. Hard X-ray photoemission spectroscopy (HAXPES) was performed using X-ray with
a photon energy of 5.9493 keV) at the undulator beamline BL15XU of SPring-8, Japan. The HAXPES
measurements were conducted at room temperature under UHV using a hemispherical electron energy analyzer
(VG SCIENTA R4000). The total energy resolution was set to 220 meV. The binding energy was referenced
to the Fermi edge of an Au thin film. A large thin area of the specimen was prepared for TEM observation by
FIB milling, which provided an opportunity to observe the nanostructures of composites in different regions.
First, a particle of ground composite ~20 pm across was glued to Cu grid. Then the particle was milled by Ga
ions using a FIB system (JIB-4000, JEOL, Japan). A thin area with a thickness of ~80 nm was obtained for all
composites. HRTEM studies were undertaken using a JEOL JEM-200ARMF microscope, with double Cs-
correctors, operating at 200 kV. STEM images and energy-dispersive X-ray spectroscopy (EDX) elemental
mapping were acquired with a JEM-2100F microscope (JEOL, Japan) equipped with a Schottky field emission
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gun operated at 200 kV. Annular dark field (ADF)-STEM images of about 492>492 nm were acquired, then
the background contrast eliminated using fast Fourier transform (FFT) in Gatan DigitalMicrograph software
(see Fig. 4.2).
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Figure 4.2. Background removal by fast Fourier transform (FFT). (a) Original STEM image with uneven
background which was caused by non-uniform thickness because of FIB milling. (b) FFT patterns from
original image. Two perpendicular lines indicated by arrows are the noise from the uneven background
which needed to be filtered. (c) Background-removed image, which is the inverse fast Fourier transformed
(IFFT) image of the filtered FFT patterns. IFFT restored the image with background contrast removed from

the filted FFT image.

4.2.3 Homology analysis

CHomP software [23], which can compute topological properties for images and patterns, was used to
compute the topological invariants. It requires binary images. The entire binarization process, including post-
processing smoothing, was performed using OpenCV (an open-source computer vision library) in Python. First,
all the ADF-STEM images were resized to 1024x1024 pixels by bilinear interpolation. Then an adaptive
Gaussian thresholding algorithm was used to convert grayscale to binary images. The core of this algorithm is
to set a threshold value for a pixel based on a certain small region (101 pixels in our case) around it, with the
threshold value determined by a Gaussian-weighted sum of the neighboring values. There were blurred areas
with low contrast, so a closing and opening process was applied to remove isolated small black and white
noises, respectively, and a kernel size of 5>5 pixels was used (Fig. 4.3). After the optimized binary images
were generated, Betti numbers were successfully calculated by CHomP based on homology theory to describe

the geometric features of nanophase-separated composites.

4.2 .4 Electrochemical measurements

To avoid electron transport in the composites, Pt/CeO, composites sandwiched between two CesGdo20-
(CGO) blocking electrodes were used to measure ionic conductivity using impedance spectroscopy (see Figure
4.1a) . Commercial CGO powder was pelletized under a uniaxial press at 20 MPa for 10 seconds. The CGO

pellets were 7 mm diameter and 1 mm thickness. They were calcined in an oxygen atmosphere in a furnace at
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850 °C for 12 h to be fully oxidized. One side of each CGO pellet was coated with a silver electrode to reduce
the contact resistance. The sandwich structure of CGO/Pt/CeO,/CGO cells were kept at a range of temperatures
from 500 °C to 600 °C in air during conductivity measurement. Electrochemical measurements were conducted
using a potentiostat/ galavanostat SP-150 system (Biologic, France) over the frequency range from 1 Hz to 1

MHz with an applied peak-to-peak voltage of 30 mV.
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Figure 4.3. Binarization and post-processing of the background removal image. (a) The background-removed

image by FFT; (b) corresponding binarization image using an adaptive Gaussian thresholding method; (c)
closing, where unnecessary connections of black parts marked by red circles and black spots in (b) were
removed; (d) opening, where gaps in black parts marked by blue circles in (c) were filled and white noise was
removed. Note that the spot size to be removed was determined by the kernel set in the opening and closing

process.

4.3 Results and discussion

4.3.1 Microstructure analysis

Four Pt/CeO, composites were prepared in different syngas ratios of CO and O, of 0:1, 1:1, 2:1, and 3:1,
to form different nanostructures, denoted G01, G11, G21, and G31, respectively. XRD patterns of synthesized
composites shown in Figure 4.4a illustrate that all the samples were composed of crystallized Pt and fluorite
Ce0y, although the peaks of CeO; are weak because of the low fraction (~ 11wt%). It suggests that the PtsCe
alloys were completely transformed to the crystalized Pt and CeO- phases. No significant differences, in terms
of peak positions and intensity ratio, were found in XRD of different samples, indicating the similar chemical
composition regardless of the syngas ratio. The composites consist almost of Ce** species according to the Ce
3d core level HAXPES spectrum of G01, G21 and referenced CeO; in Figure 4.5, which suggests a low
concentration of oxygen vacancies in the composites. HRTEM images of G21 and G01, as shown in Fig. 4.4b
and Fig. 4.4c, respectively, display the alternating nanocrystals of Pt (dark contrast) and CeO; (bright contrast).
The inset FFT patterns with sharp spots of bright phases marked by yellow boxes confirm good crystalline
quality of cubic CeO; phase. Therefore, comparing with the transportation pathway through the interface, the
effect of other structural features to the ionic conductivity should be negligible in this work.
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Figure 4.4. (a) XRD of Pt/CeO; composites prepared in different gas ratio of CO and O,. HRTEM image of
composites in the syngas ratio of (b) 2:1 (G21) and (c) 0:1 (G01).
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Figure 4.5. HAXPES profile of Pt/CeO, composites in the Ce 3d region. The peak positions and peak intensity
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ratios are the same regardless of the syngas ratio. The composites in the gas ratio of 0:1 (G01) and 2:1 (G21)

consist almost of Ce** species according to the referenced CeO; spectrums, suggesting a low concentration of

oxygen vacancies in the composites.

The same with that shown in Chapter 3, EDS mapping in Figure 4.6 shows the distribution of the Pt and

CeO; with bright and dark contrast in the STEM image, respectively. Figures 4.7a—4.7d show typical

background-removed ADF-STEM images of the four composites, suggesting similar homogenous periodic

structures caused by nanophase separation. The nanostructure changed from a striped to a maze-like

appearance as the O partial pressure reduced. Another pronounced feature was the difference in the periodic
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width of the pattern. GO1 had the smallest-width patterns, while the other three samples (G11, G21, G31) have
almost identical width scale patterns. The mean width over 200 white stripes in G01, G11, G21 and G31 was
determined to be 5.140.9 nm, 6.442.1 nm, 6.3%+1.3 nm, and 6.1+1.6 nm, respectively, while the width of CeO;

stripes showed the opposite trend.

il

Figure 4.6. EDS mapping of the nanostructure of Pt/CeO, composites. (a) STEM image, (b) indicating the
distribution of Ce, and (c) Pt. The results show that black and white components in (a) correspond to CeO-

and Pt phases, respectively.
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Figure 4.7. Pt/CeO, composite nanostructures fabricated with CO:O; gas ratios of 0:1 in (a) and (e); 1:1 (b)
and (f); 2:1 (c) and (g); and 3:1 (d), (h). The upper row (a)—(d) shows the ADF-STEM images with background

removed by FFT. The lower row (e)-(h) shows the corresponding binarized images using the adaptive
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thresholding method.

These phase-separated patterns closely resemble Turing patterns, which occur throughout nature [24,25],

and are formed experimentally by reactive phase separation in polymer mixtures [26,27]. The reactive
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diffusion model is widely used to explain the Turing pattern formation, and nanoscale Turing patterns are
expected to form in the reaction-diffusion system with low diffusion properties [24]. In the present case, the
reaction between Ce and O provides a strong driving force for reactive phase separation, and low mobility of
Ce and Pt atoms is responsible for the nanoscale width of patterns. The presence of the CO syngas might
facilitate the Pt atoms’ diffusivity because of their high affinity to CO, and therefore increase the width of the
Pt stripes. The transformation from stripes to maze patterns would be due to decreased reaction rates, as in the
simulation results reported by Glotzer et al.,[26] where CO acting as inhibitor reduced both the O coverage of
the reaction surface and the oxidation reaction rates. As a result, the length of stripe domains would be expected
to decrease with increasing CO partial pressure.

Figures 4.7e—4.7f show the binarized images of the ADF-STEM images in Figs.4.7a-4.7d. They match
the original “background removed” images well, though some low-contrast boundaries (caused by sample
tilting) contain incorrect connection of Pt or CeO, phases. The white pixels of the binarized images were
counted to give the area fractions for the Pt white phase, and the results showed that the four specimens
contained the equivalent proportion of about 55% because of the same PtsCe precursors. The discrepancy from
the thermotical volume fraction of Pt (65%) might be owing to the partition of fuzzy interface. Also,
substitutional Ce atoms in the Pt structure and substitutional Pt atoms in the CeO- structure would result in the
actual density of Pt and CeO- phases, respectively, deviating from their theoretical values.

4.3.2 Homology results

The Betti numbers computed from the ADF-STEM images are shown in Fig. 4.8. Although the error bar
of each sample is large, due to noisy and regional patterns from the images, the trends of averaged Betti
numbers as the gas ratio changes can be identified. The averages were means, gathered from several regions
of the samples.

The black curve with open square symbols in Fig. 4.8a indicates that G11 contained the lowest proportion
of CeO, components, f3,, and this then increased with further increasing CO partial pressure against O,. GO1
and G11 had relatively low g, values because of the long and straight CeO, components (Figs. 4.7a and 4.7b).
In other words, the lower value of 5, means the higher connectivity of the CeO; phase. It is worth noting that
G01 and G21 had almost identical 3, despite their structures being quite different (Figs. 4.7e and 4.79).

For the number of Pt holes, 8;, GO1 had the highest value; it then slightly decreased with the increase in
the fraction of CO in the reaction gas until G21, as shown in Fig. 4.8b. The heart of the topological method
considers two objects to be equivalent if they can deform to each other by pulling and stretching, without
breaking and tearing, regardless of their shape features. Even so, some metamorphosis methods from intrinsic
topology, such as persistence diagrams [28], persistence images [29], and the ratio of 3; to B, [30], reveal
discrepancies in terms of shape features. Among them, the ratio of 8, to 8, was recently used to detect the
contact density of a tumor and its aggregation status [30]. This was also calculated here to evaluate the shape

difference, and the results are displayed as the blue curve with open circles in Fig. 4.8c. It can be seen that the
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ratio 5,/B, decreased as the gas ratio increased, suggesting the contact density of CeO, decreased. In other

words, the shape transformation from striped to maze corresponds to a decrease in Betti number ratio, /8.
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Figure 4.8. Betti numbers as a function of gas ratio CO to O,. (a) Average number of CeO, components (8,)
represented by a black curve with open squares. (b) The number of Pt holes (81) represented by a red curve

with open triangles. (c) The ratio of 8, and B, shown by a blue curve with open circles.

4.3.3 lonic conduction property

Figure 4.9 displays (a) Bode and (b) Nyquist plots of impedance spectra from the G11 composite
measured at different temperatures, along with corresponding fits to an equivalent circuit. Impedance
responses centered at the range from 102 Hz to 10° Hz and at ~10° Hz are temperature dependent. Imaginary
resistance decreased and peak position shifted to higher frequencies with increasing temperature. In the
Nyquist plots the impedance spectra consisted of two well-separated semicircles. The high-real resistance arc

at lower frequency indicated a pronounced decrease in real resistance with increasing temperature.
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Figure 4.9. (a) Imaginary resistance of G11 versus frequency (Bode) plots of impedance spectra measured at
560, 580, and 600 °C. (b) Imaginary versus real impedance (Nyquist) plots of the nanocomposite at different
temperatures. The semicircle at higher frequencies is attributed to the CGO ionic electrodes, while at lower

frequencies the Pt/CeO; composites contribute to the semicircle.
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A less-marked dependence of syngas ratio for impedance is visible at higher frequencies. It was found
that the resistivities R1 of the semicircle at higher frequencies measured on G11 at different temperatures were
similar, and these were attributed to the response of CGO ionic electrodes. A single CGO pellet with Ag
electrodes was then assembled to test the resistance, and the results coincided with R1 as shown in Fig. 4.10.
Therefore, the impedance characteristics at low and high frequencies were ascribed to the sets of parallel
combination of bulk resistance R and bulk capacitance CPE in Pt/CeO; and CGO, respectively. In Pt/CeO;
composites, the RQ circuit originated from the bulk CeO, and the interface between the Pt and CeO,, as
explained by the transmission line model for Ni/YSZ composites [31]. In our case, the electronic transportation
line was largely prohibited by the CGO ionic electrodes. In order to study the effect of structures on the
conduction of Oz in bulk Pt/CeQy, resistances R2 of the low frequency semicircle were extracted to calculate

the ionic conductivity.
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Figure 4.10. Bode plots of impedance spectra for CGO / Pt/CeO, / CGO and simple CGO system, suggesting

the peak at high frequency represents CGO and low frequency corresponds to Pt/CeO,.

Figure 4.11a shows the temperature dependence of ionic conductivity for Pt/CeO, composites as a
function of the gas ratio of CO to O,. The conductivity values o’ of these Pt/CeO, composites were calculated
using the geometrical dimensions of thickness d, and cross-sectional area A, of the cylindrical block used for

the impedance measurement, given by the following equation (4-1):

d
r_ = -
G—RZA (4-1)

Clearly, G11 showed the highest ionic conductance in the measured temperature range, followed by GO1.
When increasing the gas ratio of CO to O, the ionic conductivity decreases. This effect is larger at higher

temperatures: for GO1, it is about one order of magnitude higher than for G31. Hence, the advantage of a highly
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connected CeO, phase with low g, can be seen. In general, the relationship between ionic conductivity and

temperature for the metal/oxide composites follows the classical Arrhenius relationship:

E
ln(a T) = lngy — po (4-2)
where k is the Boltzmann constant, T is the absolute temperature, E is the activation energy, and Ingy is a
temperature-independent pre-exponential factor. According to the equation, the activation energy E and pre-

exponential factor Ing,, were calculated from the fitted line in Fig. 4.11a. From Fig. 4.11b, both E and Ingo

have the same trend and decrease with the increasing gas ratio of CO to O, except for GO1. The highest ionic
conductivity of G11 at measured 500-600 °C temperatures is ascribed to the largest Ilno,, while
nanocomposites with lower E, such as G21 and G31, would facilitate oxygen ion hopping from one site to
another one at lower temperature. Combining the calculated Betti numbers and ionic transport properties, it is
interesting that the magnitude rankings of E and Ilng, are in contrast to the 8, values shown in Fig. 4.8.
Moreover, GO1 and G21 with similar Betti number o have almost the same E and Inay, although the g, values
are totally different. This implies that ;, the number of Pt holes, has little influence on magnitude of E and
Inay. In other words, structures of high connectivity of the CeO, phase with low values of 3, give rise to high

values of activation energy E and pre-exponential factor inay, and they are independent of S;.
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Figure 4.11. (a) Dependence of the ionic conductivity of Pt/CeO, composites versus inverse temperature. (b)
Pre-factor Ino, and activation energy E calculated from the fitting line as a function of the nanocomposites

with different gas ratios.

Some previous papers indicated that the enhancement of conductivity by a network of ceramic phases is
due to the long-range O transfer channel, which is better than the isolated nanoparticles [13,15]. A highly
connected CeO, phase with lower S, in our case gives rise to a higher pre-exponential factor value, thus
provides a faster O, transportation pathway and improved ionic conductivity in the measured temperature

range. Since the Pt phases are not conductive for oxygen ions, it is reasonable that 8; contributes little to the
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ionic transport properties. As we know, the pre-exponential factor Inag, is determined by parameters such as
hopping distance, carrier concentration, and entropy [5]. The activation energy is largely related to the bonding
strength between oxygen and Ce ions. In addition, stress state and dislocations have significant impacts on the
energy required for ion hopping [32]. Particularly for nanostructures of metal and ceramic with dissimilar
structures, a high carrier concentration and enhanced mobility are thought to originate from the interface, as
reported by many researchers [8,33]. Hence, the influence of the gas ratio is reflected not only in the interwoven
structure of two phases but also in the crystallographic information from the interface, such as orientation,

coherence, and so on.
4.4 Summary

In summary, Pt/CeO, nanocomposites with different structures via phase separation were prepared by
changing the gas ratio of CO to O, during annealing. The nanostructures of Pt/CeO, composites were imaged
by sectional TEM. Characterizations based on topological measurements, such as the number of CeO,
components represented by Betti number £,, and the number of Pt holes by Betti number ;, were applied to
relate the nanostructures to the oxygen ionic conductivity at 500-600 °C temperatures. It was demonstrated
that 8;/B, can distinguish different structures from stripes to maze. Furthermore, the Betti number S, is
directly proportional to the activation energy E and pre-exponential factor lna,, which is decisive for ionic
transportation, while the Betti number g, has little effect on the E and [nog, values. Therefore, the Betti
number B, acted as a descriptor to correlate the image data of nanostructures and their ionic transport
properties. The topological approach developed in this report is not limited to a specific metal-oxide composite
but can be extended to different systems including lithium-ion conductive polymers. Considering the limitation
of projected 2D images with lacking depth information, more accurate 3D structural characterization such as
tomography is necessary for better understanding the quantitative phase connectivity-ionic conductivity

relationship by homological descriptors.
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Chapter 5 3D structure-ionic conductivity quantitative relationship of

Pt/CeO2 nanocomposites

Homology analysis revealed a hidden correlation between the charge-transport properties and the 2D phase
connectivities of metal-oxide nanocomposites in the previous chapter. To study the 3D phase connectivity-
ionic conductivity relationship, a group of Pt/CeO, nanostructured composites with different nanotextures
ranging from fibrous networks to lamellae were synthesized and identified by transmission electron
tomography. The pre-exponential factor of the ionic conductivity of each nanocomposite showed a linear
correlation with one of the homological invariants corresponding to the three-dimensional (3D) connectivity
of the ion-conductive CeO; phase, i.e., 3D—f,. The other descriptor for ionic transport, namely the activation
energy, could not be rationally attributed to any of the Betti numbers, but correlated with the local crystallinity
at the Pt/CeO; interface. These findings are helpful in the design of electrolytes or electrodes with high oxygen
ionic conductivities for application in solid oxide fuel cells. Moreover, the homological approach proposed in
this work can be extended to different nanocomposites, opening up an unexplored pathway for the rational
design of nanocomposites based on the homological linkages between their 3D nanotextures and their resulting

functionalities.
5.1 Introduction

Nanostructured composites have been extensively developed in recent years owing to their ability to
access synergistic performances that cannot be achieved using the individual components alone [1-7]. For
example, SOFCs, the electron is composed of Ni-CGO (gadolinia-doped ceria), a typical nanocomposite
comprising catalytically active metals and ion-conductive oxides, which serve as promoters for fuel oxidation
and as mediators of oxygen ions. The atomic arrangement [8, 9], the chemical status of each individual atom
[10, 11], and even the electronic densities at single atomic sites [12, 13] have therefore been investigated to
improve the functionalities of such nanocomposites. However, this atomistic information rarely allows the
development of a good understanding of the correlation between the nanotexture and the material functionality
of a nanocomposite. As a result, few traditional material’s design has led to improved transport properties,
where the charge carriers can travel through interconnected conduction paths over several micrometers.

Two-dimensional (2D) projection imaging through the use of TEM provides deep structural insights into
the textures of nanocomposites over an atomic to micrometer range [14, 15]. However, 2D projection imaging
by TEM is not sufficient for elucidation of the complicated three-dimensional (3D) textures, which are known
to affect their material functionalities (e.g., mechanical strength or electric transport) [16-18]. In contrast,
electron tomography (ET) is an emerging technology that allows direct access to 3D nanotextures. The ability
to image 3D structures and obtain truly quantitative 3D data for such nanostructured materials provides good

opportunities to establish structure-property relationships for nanocatalysts and polymers [19-23]. In particular,
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ET using HAADF-STEM has been exclusively applied for the 3D characterization of crystalline materials
because the image intensities are directly interpretable [20—24].

For the quantitative interpretation of 3D structures, algorithmic homology has been successfully applied
in the materials science as a mathematical tool for the topological analysis of complicated structural features
[25-27]. The use of a homological invariant, namely the Betti numbers, §; (i=0, 1, 2...), is especially efficient
for quantifying the structures of porous materials and/or glass materials, thereby enabling the number of i-
dimensional holes to be counted on a topological surface [28, 29]. Indeed, it was demonstrated based on TEM
projection imaging that the spatial connectivity of the CeO, phase in a lamellar-textured Pt/CeO,
nanocomposite can be quantitatively represented by the zeroth Betti number, Sy, and further, 8, can act as a
rational descriptor that correlates the oxygen ion conductivity and the topological features of the nanotexture
[30].

Thus, | herein demonstrate identification of the complicated 3D textures of nanocomposites using
advanced ET and their quantitative classification using the i-dimensional Betti numbers. For this purpose, a
group of Pt/CeO, nanocomposites is synthesized as a model system by promoting nanophase separation of a
precursor alloy, PtsCe, while controlling the nanotexture. The nanotextures of the Pt/CeO, composites are
reconstructed by HAADF-STEM tomography using scanning transmission electron microscope (STEM) and
mathematical post-processing. The Betti numbers, S;, are then computationally calculated from the
tomographic data and are linked to the experimentally measured ionic transport properties of the
nanocomposites, which are reflected by the pre-exponential factor,ing,. Finally, the connectivity of the CeO,
phase, which is represented by the 5, value, is used to determine the total flow of the ionic current, whereas
the flow rate, which is relate to the activation energy E via the ion hopping frequency, is mostly dominated by

the local structure of the Pt/CeQ; interface.
5.2 Experimental

5.2.1 Sample preparation

Four PtsCe alloy ingots of equal weight were prepared by arc-melting of the elemental materials, Pt and
Ce. The ingots were polished into the disk-like shapes. The Pt/CeO, composites were prepared by annealing
the PtsCe alloy a furnace in a mixture of CO and O, (2:1 ratio). Annealing temperatures of 500, 600, 700, and
800 < was employed to prepare Pt/CeO, composites with different morphologies. Due to the low rate of
oxidation at low temperature, a longer annealing time (i.e., 8 d) was required for the 500 <C sample to ensure
that the reaction reached completion. For all other temperatures, an annealing time of 4 d was used. The weight
gain for each of the four samples was calculated to be ~2.8%, indicating an almost fully phase-separated
process. The crushed powders were used for XRD analysis and FIB milling to obtain a TEM specimen with a

thickness of ~50 nm.
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5.2.2 Characterization of the Pt/CeO, composites

XRD analysis was conducted for phase identification and crystal structure analyses. HRTEM images were
acquired using a double aberration-corrected electron microscope (JEOL JEM-ARM200F, Japan) operated at
200 kV. Aberration-corrected STEM was conducted using a JEM-ARM 200F with a field emission gun and
double correctors. For the HAADF images, the collection angle of the detector was 68—240 mrad. The EELS
spectra were recorded using a Gatan Enfinium camera system with an energy spread AE of =0.25 eV. A low

dose rate and a short acquisition time of 2 s were used for each box scan to avoid beam irradiation. Three
regions, two interfaces, and the center of the CeO; phase were selected for EELS analysis. HAADF-STEM
images showing the 2D projection of the composite structures were obtained using a JEM-2100F (JEOL, Japan)
field-emission gun transmission electron microscope operated at 200 kV. Reconstruction of the 3D
heterostructures was performed using the HAADF-STEM electron tomography technique using the JEM-
2100F instrument. Data collection was carried out by tilting the specimen about a single axis using a Fischione
high-tilt tomography holder, ranging from angles of -60<to +60 “at a 2 °tilt step. At each tilt angle, an image
with a frame size of 1024x1024 was acquired. Since 61 projections were used for reconstruction, the total

electron dose was estimated to be ~8.48x10%¢/A”. By comparing the STEM images before and after the
tomography process (see Figure 5.1), although it was apparent that nanoparticles precipitated on the CeO;
phases, no significant changes were visible in terms of the shapes of Pt and CeO, domains, indicating the
negligible effect of electron damage on the tomography results. Alignment of the image stack and tomographic
reconstructions were performed using DigitalMicrograph software (Gatan, USA), and the reconstruction was
conducted by the simultaneous iterative reconstruction (SIRT) technique [31]. For phase separation, intensity-
based binarization and post-processing of each Z-slice image were performed using a global threshold in
Python with OpenCV libraries. The 3D visualization was perfomed using Avizo software (Thermo Fisher
Scientific, USA). The resulting tomogram was cropped to the region of interest, yielding dimensions of

15015015 nm?® for homology analysis.

Figure 5.1 HAADF-STEM images of the sample NC600 (a) before, and (b) after tomography imaging.
Although the electron beam during the tilt series affected the local structure of the dark CeO; phase, but the

shape of the CeO, domains remains the same as before the tomography.
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5.2.3 Homology analysis

To quantify the topology of each composite, their topological invariants, i.e., their Betti numbers, were
obtained from both 2D projected STEM images and 3D tomographic structural data were measured. For the
analysis of the 2D images, the averaged Betti numbers from three projection images were calculated from the
binary image, which was obtained by adaptive Gaussian thresholding from the background-removed STEM
image. The image processing process and its corresponding details areas those described in our previous work
[30]. In addition, B, was computed as a function of the global threshold for the grayscale images to identify
the structural feature, known as the Betti curve [32]. For the 3D structural data, segregation into two phases
was performed by interactive binarization. The threshold value, that is 130, was determined by comparing the
origin and binarized yz sectional plane of the 3D structure, as shown in Figure 5.2. The selected CeO; phases
are marked by black domains, indicating the suitability of the threshold value. Label analysis was conducted
to highlight the separated CeO, domains. The connected domains were marked using the same color, although
it should be noted different shades of the same color may represent the different domains. We used volume
rendering to clearly visualize the 3D structure, where only the CeO; phases with Pt phases were invisible. To
output a series of 2D binary images for chomp analysis, a segmentation process was used to assign colored
Ce0, domains in black and the invisible Pt phase in white color. The processes used for extraction of the CeO;
phases and homology analysis are illustrated in Figure 5.3. A text file recording the coordinates (X, y, z) of
each 3D structure was obtained from the tomogram and was used to calculate the Betti numbers in Chomp
software [33]. With the exception of the selected size of 15015015 nm?* shown in Figures 4e—4h, different

Figure 5.2. (a) Side view of the structure for reconstruction in the NC600, indicating a narrow thickness
range (< 15 nm) for 3D reconstruction. Selection of the thresholding value (of 130) for the extraction of the
CeO; phase. The yz sectional plane (up) and corresponding binarized image (bottom) of the 3D structure for
the Pt/CeO, composite which was prepared by the annealing at (b) 500 <C, (c) 600 <C, (d) 700 <C and (e)
800 <C. The thickness of the displayed area is 15 nm. The extracted CeO, phases were marked by black color

and the rest parts are the Pt phase in the bottom binarized image.
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sizes were selected by changing the thickness and surface area to exclude the influence of the selected area on

the homology analysis results.

HAADF

- Y

-STEM —» Binarization @ —» Label analysis —»

Segmentation —» Homology analysis

0,1,1) Bo="
(0,20,1) B1="
(1,3,2) By="?

Figure 5.3. Pre-processing and homology analysis for the 3D structure. The reconstructed 3D structure of
the Pt/CeO, nanocomposite obtained from the tomography images was initially binarized to extract the black
CeO; phases. The separated CeO, domain are labeled using different colors. The 3D shapes of the CeO;
phases were visualized by volume rendering. Subsequently, the composite was segmented into black CeO;
and white Pt. A series of binary images were generated in the thickness direction to calculate the Betti

numbers using Chomp software.

5.2.4 lonic conductivity measurement

The ionic conductivity of each sample was investigated using impedance spectroscopy (SP-150, Biologic,
Japan) described previously [30]. The frequency employed ranged from 1 Hz to 1M Hz, and all experiments
were carried out under air. The ingot samples were placed between the CGO pellets to exclude the electronic
current. Ag paste was used to cover one side of each pellet to form an electrode (see Figure 5.4a). The testing
temperature was set from 500 <C to 600 <C. Fitting of the obtained impedance spectra with the corresponding

equivalent circuit model was performed using the EIS Spectrum Analyser software [34].
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Figure 5.4. Schematic illustration of the ionic conductivity measurements for the Pt/CeO, composites based
on the AC impedance spectroscopy method. (b) Experimental and fitting impedance spectra for the Pt/CeO;
composites annealed at 800 <C; these spectra were recorded at different measurement temperatures. The
equivalent circuit with two pairs of resistance R and a constant phase element (CPE) is shown in the inset.

The Pt/CeO, composites contribute to the low frequency impedance response.

5.3 Results and discussion

5.3.1 Local structure analysis

Figure 5.5a shows a section high-angle annular dark-field (HAADF)-STEM image of a typical
nanotexture in Pt/CeO, nanocomposites, which was prepared by annealing a PtsCe alloy in a stream of carbon
monoxide (CO) and oxygen (O2) at 600 °C to promote spontaneous phase separation from the precursor PtsCe
alloy to the nanocomposite. According to the energy-dispersive X-ray spectroscopy (EDS) mapping shown in
Figures 5.5b-5.5d, the black and white contrasting areas in Fig. 5.5a correspond to the CeO- and Pt phases,
respectively. Figures 5.5e-5.5h show the high-resolution TEM (HRTEM) images of the nanocomposite in the
vicinity of the Pt- and CeO interface, which were prepared by annealing the same precursor alloy at 500, 600,
700, and 800 °C, respectively (hereafter denoted as NC500, NC600, NC700 and NCB800, respectively).
Computationally calculated FFT patterns are shown in the right-hand corners of the corresponding images. As
indicated, the lattice parameters of the Pt and CeO- phases in all the samples were calculated as 0.39 and 0.54
nm, respectively. However, upon increasing the annealing temperature, the interface changed from a
disordered phase to a highly epitaxial crystallized region. The sharpness of both Pt and CeO- peaks in the X-
ray diffraction (XRD) patterns showed an increasing trend with the increase in the annealing temperature (see
Figure 5.6). The full-width at half-maximum (FWHM) values of the Pt(111) peaks for the four samples are
listed in Table 5.1, while FWHM of CeO,, peaks are too weak to measure. The increased peak sharpness clearly
shows the increased degree of crystallinity. For a nanoscale heterostructure, the interface between the metal

and the oxide is thought to be the main pathway of oxygen transportation, since the low packing density and
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rich structural defects at the interface contribute to a low activation energy for oxygen hopping [35, 36].
Furthermore, disordered interfaces with more defects than epitaxial interfaces are more conductive to oxygen
ion transport [37, 38].

a

Ce0,[013] “O~7 % © Ce0,[114] +1 © Ce0,[011] Ce0,[011]
Pt[013] Pt [114]* o Pt[O11] - Pt[011]. -

| T

Figure 5.5. (a) HAADF-STEM image of the Pt/CeO, nanocomposite. The corresponding EDS mapping
images show the elemental distributions of (b) Pt, (c) Ce, and (d) their overlap. HRTEM images for the
Pt/CeO, composites prepared by annealing at (e) 500 <C, (f) 600 <C, (g) 700 <C and (h) 800 <C. The insets on
the upper right are the corresponding FFT patterns from the HRTEM images, showing the crystalline

degrees and epitaxial relationships between the Pt and CeO; phases.
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Figure 5.6. XRD patterns of the Pt/CeO, composites annealed at different temperatures ranging from 500 <C

to 800 <C. Only two phases, Pt and CeO, were identified for the various composites.
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Table 5.1. Integrated information for the four Pt/CeO, nanocomposites prepared using different annealing

temperatures.
Sample XRD STEM - CeO, domain Homology analysis  lonic conductivity
Heating HMFW  Width Shape Surface 3D- 3D- 3D- Ino, E
temp.  /Pt(111)  /nm areanm* B, B, B, ISem'K [eV
500 0.73 2.7 Lamellar, 83121 322 31 1 6.4 0.74
particle

600 0.64 5.2 Lamellar 89548 216 68 5 12.8 1.20
700 0.45 4.1 Lamellar 60350 143 27 0 14.8 1.24
800 € 0.41 4.0 Network 171441 164 226 86 141 1.21

To further investigate the compositional or chemical nature at the interface between the Pt and CeO,
phases, electron energy loss spectroscopy (EELS) analysis was conducted, as shown in Figure 5.7. More
specifically, Figure 5.7a shows the HAADF-STEM image of the Pt/CeO, composites prepared at 700 °C,
NC700. Three regions, including two interfaces and the center of the CeO. phase, were selected for
measurement of the EELS spectra. The corresponding EELS spectra for the Ce-M edges are shown in Figure
5.7b together with those for standard Ce-containing materials, namely CeF3; and CeO,. The featured peaks are
located at the same position in each case, i.e., ~ 885 eV (Ce-Ms) and ~903 eV (Ce-M.), which are close to the
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Figure 5.7. STEM-EELS detection of the cerium valence state distribution in the CeO; phase of the Pt/CeO>
composite annealed at 700 <C. (a) Atomic structure of the CeO; phase. The dashed rectangles indicate the
regions used for detection of the EELS spectra. (b) EELS spectra of the colored areas in (a), showing the
ELNES of the Ce Ms and M, edges. (c) The Ms/M, intensity ratios calculated from the positive part of the

second derivative of the experimental spectra for the same three regions shown in part (a) for each sample.
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peak positions of the CeF3 reference spectra (886 eV and 905 eV, respectively). The valence state of Ce was
then quantitively evaluated by calculating the Ms/M, edge ratio by the second derivative method, as illustrated
in Figure 2.10. The same EELS process was conducted for the other samples, as shown in Figure 5.8. Figure
5.7¢ summarize the average Ms/My ratios of the five CeO, precipitates for each sample area. The two broken
lines in Figure 5.7c indicate the Ms/M4 ratio for the reference CeO, (0.95) and CeFs; materials (1.25).
Importantly, all the samples showed similar valence states for the center Ce (red) and interface regions (green
and blue), suggesting a homogenous distribution of Ce** in the CeO, nanophase comprising Pt/CeQO,. The
averaged Ms/My ratios for the whole CeO- phases of the NC500, NC600, NC700 and NC800 samples were
calculated to be 1.17, 1.20, 1.20, and 1.11, respectively. The lower value obtained for the NC800 sample was
attributed to lower concentration of Ce** compared to that present in the other three samples. A high
concentration of Ce®" represents rich oxygen vacancies in conducive CeO; phase, can facilitate oxygen ion
transport to give a high pre-exponential factor inag, [39, 40]. An increased value for the pre-exponential factor
is therefore considered to be related to an increased number of oxygen vacancies, and hence the NC800 sample
is anticipated to have the lowest value of factor Ino, from the local information obtained by EELS analysis.
To confirm this assumption, we examined the temperature-dependent ionic conductivities of the

nanocomposites using alternating-current (AC) impedance spectroscopy.
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Figure 5.8. HAADF-STEM images and corresponding energy loss spectra for the Pt/CeO, composites
annealed at (a) 500 <C, (b) 600 <C, (c) 700 <C and (d) 800 <C. The three regions marked by the different colors
were selected for each sample to investigate the differences between the interface and the bulk center of the

CeO; phase. The corresponding spectra are marked using the same color.
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5.3.2 lonic conductivities of the Pt/CeO, nanocomposites

The obtained AC impedance spectra showed two well-fitted semi-circles for the Pt/CeO, composites measured
at various temperatures (Figure 5.4b). Signals in the high-frequency semicircle and low-frequency semicircle
regions were ascribed to the CGO pellets and the Pt/CeO, composites, respectively. Each semicircle
corresponds to the parallel combination of the bulk resistance and the bulk capacitance. Figure 5.9a displays
the ionic conductance as a function of the annealing temperature for the Pt/CeO, samples, hamely NC500,
NC600, NC700 and NC800, wherein the conductivity was determined from the resistance R, surface area A
and the thickness d of the Pt/CeO, composites according to the formula: ¢ = d/RA. The trendlines were
fitted based on a linear equation and plotted with the corresponding color for each nanocomposite. It is clearly
seen that NC800 and NC700 exhibit higher conductivities than NC600 and NC500. Using the Arrhenius plots,
the activation energy E and the pre-exponential factor Ing,, were calculated and displayed in Figure 5.9b. Both
E and Ina, exhibit similar trends, where the magnitudes increase with an increase in the annealing temperature
from NC500, NC600, and up to NC700, prior to slightly decreasing for the NC800 sample. Obviously, this
result is not consistent with the trend anticipated from high-resolution TEM or EELS (see the red lines in
Figure 5.9b inset). As mentioned above, for materials with the same components and configuration, the
concentration of oxygen vacancies and the structural effect (i.e., the interface coherence) play important roles
in determining the pre-factor value and the activation energy, respectively [37,39]. We have concluded that
there should be the other unconsidered factor(s) than the local structural analyses, i.e., medium-range
information ranging from 10 to 1000 nm as the transport pathway plays an important role determining in the

ionic conductivity of a material [41-43].
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Figure 5.9. (a) Arrhenius plots (in the range of 500 to 600 <C) of the Pt/CeO, composites annealed at different
temperatures. (b) Corresponding activation energies and pre-exponential factors for the oxygen ionic
transportation deduced from the fitted Arrhenius plots. Red lines are the expected ionic conductivity

parameter trends as a function of the annealing temperature.
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5.3.3 Morphologies of the Pt/CeO, nanocomposites

Figures 5.10a-5.10d show the projection HAADF-STEM images of the Pt/CeO, composites of NC500,
NC600, NC700 and NC800, respectively. For NC500 in Fig. 4a, short stripes and particle-like CeO, domains
are visible as dark areas in the 2D projections. These stripes and particles of CeO; can be clearly observed on
NC600 and NC700. Continuedly rising the annealing temperature up to 800 °C, the composite NC800 was
fully covered with CeO, domains with small sizes (Fig. 5.10d). The widths of the CeO, phases for the various
samples were therefore measured and the statistical results obtained from 200 domains are listed in Table 5.1.
Note that gray-contrasted areas are recognized in some places in the STEM image of NC800 (the red arrows
in Figure 5.10d inset), unlike the clearly contrasted images of NC500, NC600 or NC700. The gray-contrasted
area in NC800 is rationally interpreted as an overlapped projection of the bright Pt- and dark CeO; phases
along the incident electron beam. This gray-contrasted region most likely acts as a bridge connecting the two
spatially separated CeO, domains.

Figures 5.10e-5.10h show the HAADF-STEM tomographs of the different CeO; phases comprising the
Pt/CeO, nanocomposites. Visualizations from three different directions (front view, 30 rotation along the y
axis, and side view) are displayed to provide a comprehensive understanding of the 3D structures. Due to the
counterbalance between the thin area after high-angle tilt and the thick area needed for the integrity of the
featured structure, the choice of thickness is important, especially for the focus-ion beam (FIB) slice that
exhibits a high mass density. For the Pt/CeO, nanocomposites, the low inelastic mean free path (Ap=82 nm)
limits the thickness to < 40 nm for STEM tomography [44]. From the side view of the reconstruction on the
central text plane in NC600 shown in Figure 5.2a, the structure with clear contrast is restricted in the thickness
< 15 nm. Therefore, the thickness of the tomographs along the z-axis is determined to be 15 nm, although it is
not enough to display the complete shape for some large domains. The colored areas represent mutually
connected CeO; phases that are independent from the neighboring phases. As can be seen in Figure 5.10e,
many small particles and short lamellae are distributed in the composites NC500. In contrast, Figures 4f and g
show fewer particles and longer lamellae, as were observed in the 2D images (Figures 5.10b and 5.10c). Clearly,
the CeO; lamellae in these three samples are evenly dispersed along the z axis, which have an almost depth-
prolonged in shape from the corresponding 2D projection images shown in Figures 5.10a—c. In the case of the
NCB800 sample, the many isolated particle-like CeO, domains in Figure 5.10d are connected more deeply to
form a network structure, as shown in Figure 5.10h. The extracted red CeO, component shown in the upper
right-hand corner of Figure 5.10h clearly indicates that the three separated domains on the surface of the FIB-

thinned specimen are connected by bridges (marked by black arrows). This is consistent with the prediction
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that the two black CeO, domains in the 2D STEM image are possibly connected at greater depths, which can
be called the “bridge effect”. Generally, the resolution along the z-axis is significantly reduced (to ~ 2 nm) due
to the “missing wedge” effect and the elongation factor during electron tomography. The distance between the
two nearest CeO, domains in the 2D projection STEM image of NC800 is in the range of 3—4 nm, which is
larger than the tomography resolution. Therefore, the bridge structures, rather than their artifacts could be
properly detected. Moreover, since the same reconstruction method and conditions were applied to all samples,
the quality of the reconstructed structures has a negligible effect on the comparative analysis. Only a few bridge
structures can be observed in the NC500, NC600, and NC700 samples, which therefore supports the existence

of bridge structures in NC800. The total surface areas of the CeO, domains were then calculated (Table 5.1),

and it was found that the network structure of the 800 °C annealed NC800 sample possessed the highest surface
area, followed by the samples annealed at 600 °C (NC600), 700 °C (NC700) and 500 °C (NC500).

Surface
Bﬁdge

Figure 5.10. HAADF-STEM images of the Pt/CeQ; nanocomposites annealed at (a) 500 °C, (b) 600 °C, (c)
700 °C and (d) 800 °C. (e)—(h) Reconstructed 3D structures of the different nanocomposites along three views,
i.e., from the front, with 30° rotation along the y-axis, and from the side. These structures correspond to the
2D projection images shown in in the parts (a)—(d), respectively. The displayed size is 150 x 150 x 15 nm?>.
The inset on the right-hand corner of (h) shows that the separated domains on the surface are connected by

bridges, as marked by black arrows.
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Self-assembled Pt/CeO, nanocomposites were then formed by oxidation of PtsCe alloy to induce phase
separation. The phase separation behavior in the PtsCe alloy at low temperatures (400 <C) was previously
studied by ex situ experiments carried out in our group [45]. In this case, the striped pattern was formed upon
the diffusion of oxygen through the precipitate CeO- and further into the alloy with a minimized distance. The
drastic change from the lamellar structure to the particle-like structure at 800 <C may therefore be attributed
to the accelerated oxygen and metal diffusion rates, and so this variation in the phase-separation mechanism

should therefore be considered.
5.3.4 Homological structure analysis

To quantitatively describe the homological nature of the nanocomposites, the Betti numbers, g;, for the
2D projections and the 3D tomographic structures were computationally calculated. Considering the larger the
area, the better for homology analysis, the 2D projections used for homology analysis are shown in Figures
5.11a-d rather than Figures 5.10a-d. The averaged Betti numbers from the three 2D projections for each
sample are plotted in Figures 5.12a and b, where 2D, and 2D-p; represent the number of CeO, domains
and enclosed Pt holes from the 2D projected STEM images, respectively. Figure 5.12a shows that the number

of CeO, components (2D—f3,) decreased when the annealing temperature was increased from 500 to 700 °C

Figure 5.11. STEM images of the composites for 2D homology analysis. Samples annealed at different
temperatures: (a) 500 <C, (b)600 <C, (c) 700 <C, and (d) 800 <C.

(see Figures 11a—c), and then increased to its highest value for the sample annealed at 800 °C. This is due to
the increased volume fraction of the particle-like domain compared to the striped domain while keeping the
total volume. Figure 5.12b shows that the NC600 and NC700 give the lowest 2D—f; values, while the NC500
and NC800 exhibit similar values. To identify the nanotexture from the topological view, the Betti numbers
were plotted for each image as a function of the binarization threshold from the grayscale STEM image with
background removal (Betti curves), which provided the specific characters for each pattern, as shown in Figure
5.12c. From the Betti curves, the growth and merger of the CeO, domains (2D—f3,) can be observed. The green
curves for NC800 are characterized by smooth profile and sharp peaks. This was attributed to the fact that the
transition interface and the dense small particles in the projection of the network structure are uniformly and

quickly integrated with one another upon increasing the binarization threshold. The black curves for NC500
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give large values of 2D-f,, thereby indicating the presence of numerous randomly distributed mixtures of
particles and short stripes. The long stripes in NC600 and NC700 (the red and blue curves, respectively) give
rise to low values of 2D, and unobvious peaks. Thus, the Betti curves demonstrated the unique transient

interface caused by the projection of 3D network structure in NC800.

For the displayed 3D tomographic structures given in Figures 5.10e-5.10h, the homology analysis results
are shown in Figures 5.12d-5.12f. The colored CeO, domains were assigned to the dark-contrasted phase and
the remaining invisible Pt area was assigned to the bright-contrasted phase. Figure 5.12d shows the 3D-§,,
trend representing the number of CeO, domains, while Figures 5.12e and 5.12f show the 3D—3; and 3D-§3,
results corresponding to the number of Pt channels (Pt domains running through the object or ting-shaped
domains inside the object) and Pt cavities (Pt particles or stripes inside the object), respectively. Despite the
fact that the S, has the same meaning in both the 2D projection images (Fig. 5.12a) and the 3D tomographs
(Fig. 5.12d), it is interesting to note that the 3D—f,, trends is different from that of 2D-8,. More specifically,
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Figure 5.12. Betti numbers of the Pt/CeO, nanocomposites annealed at different temperatures. (a) 2D-f8,
and (b) 2D—, calculated from the 2D projection image. (c) The plot of 2D-f, as a function of the binary
threshold was used to identify the structural features for the various samples. (d) 3D-,, (¢) 3D-84 and (f)

3D-B, as calculated from the reconstructed 3D structure.
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the particle-like pattern in the 2D STEM image of NC800 exhibits the highest value of 2D-p,, while a
relatively lower value of 3D—, was found for the 3D structure due to its 3D network structure that was poorly
visualized by 2D projections. This difference can act as confirmation of the existence of bridge structures and
the unsuitability of using 2D-f, to determine the network structure. As previously mentioned, the 2D images
showed that the 3D CeO: structures in NC500, NC600 or NC700 samples tend to grow in the z-direction. In
addition, the 3D—p, value decreased in an ascending order from NC500, NC600 and NC700 due to the
presence of longer lamellae, which is consistent with the trend of 2D—f,. Therefore, 2D projection is sufficient
to describe the lamellar structures, while 3D reconstruction is necessary for network structure analysis (NC800).
In contrast, the second lowest value of 3D—f3, was obtained for NC800 with a network structure, and this value
was only slightly higher than that of NC700 with a lamellae structure. In addition, for the Pt phases, no
significant differences were found for 3D—£; and 3D—f3, among the NC500, NC600 and NC700. The highest
values of 3D-f; and 3D—f3, were obtained for the network structure of the NC800, which indicates the
presence of many Pt domains due to the strong phase separation behavior. As the nucleation-growth
mechanism in the oxidation of PtsCe alloy [37], the driving force for nucleation is strengthened at higher
annealing temperature (i.e., up to 800 °C), leading to a high density of nuclei. Consequently, the CeO; nuclei
grow and merge into a network structure separating the Pt phase. Based on the above 3D structural analysis, it
is clear that the ionic conductivity parameters are strongly related to the 3D-f, because of their exactly inverse
trends in the dependency of annealing temperature. Whereas, the parameters are independent of the 3D,
and 3D-f, since NC500 and NC700, which are the same in the values of 3D—$; and 3D—f3,, have totally

different values of lnoy and E.

It is important to verify the validity of the reconstructed structure owing to its limited thickness. The
homological nature of the 3D structure (8,, £, and 8,) in the dependency of the thickness were investigated
and shown in Figures 5.13a-c. The number of structural features, i.e., connected domains and holes, should be
increased as the selected volume increases. Therefore, it is reasonable that the numbers of CeO, domains (3D-
Bo) in NC500, NC600, and NC700 increase with the increased thickness because of the emergence of more
new domains. While for NC800, 3D-p, slightly decreases when the thickness increased, indicating that some
separated CeO; domains were connected in this thickness range and further confirming the “bridge effect”
explained above. The 3D-B,; and 3D-f, of the NC500 and NC700 are restricted in the very low value even for
the 20 nm thickness, which can be explained that Pt phase is highly connected acting as a substrate. Upward
trends of the 3D-B; for the NC600 and NC800 demonstrate the whole Pt substrate were divided by the CeO;
precipitants. Moreover, increased 3D-f, for NC800 is the evidence of the Pt cavities separated by the network
CeO; precipitants. It should be noted that when the NC600’s structure thickness increase from 15 nm to 20
nm, misleading background information (i.e., the absence of features beyond the thickness of the sample, see
Figure 5.2a) resulted the significant increase of the number of features. Thus, the 3D structure with 15 nm

thickness is more reliable for the following discussion. Similarly, the positive relationships between the
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selected area and the corresponding Betti numbers (see Figures 5.13d-f) proved the effectiveness of the

reconstructed 3D structure.
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Figure 5.13. The influence of the 3D structural geometry of Pt/CeO; on the Betti numbers. The effect of
thickness on the (a) 3D—f8,, (b) 3D-B4, (c) 3D—B,, and the effect of width on the (d) 3D-f,, (¢) 3D-1, (f)
3D—f,. The structural width and thickness appear to have no influence on the zeroth Betti value as a function

of the annealing temperature.

For the network structure, the hidden information in the thickness direction cannot be correctly displayed
via the projected 2D image, and so interpretation of the structure is different from that of the reconstructed 3D
structure. It is therefore necessary to employ the 3D tomographs to construct the structure-property relationship.
To highlight the quantitative relationship between the 3D structure and the ionic conductivity, the dependency
of both Inag, and E on the 3D, (number of CeO, domains) was plotted in Figure 5.14. As indicated, the Inoo
value (green dots) has an approximate linear relationship with 3D—p,, while the dependency of E (red dots)
on the 3D-f3, consisted of two linear curves having different slopes. The linear relationship between 3D-£,
and Ina, strongly suggests the decisive role of the topological connectivity of the CeO; phases as a conductive
path for oxygen ions that ranged over hundreds of nanometers. The pre-exponential factor Ing, is material-

dependent, and is mainly affected by the hopping rate, the mobile ion concentration, and the ionic charge [46,
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47]. Long stripes and network structures with highly connected ion transport pathways enable long-range
transport for the increased magnitude of pre-exponential factor, ino, [48, 49]. Although the vacancy
concentration varies slightly between the samples annealed at different temperatures, this has little influence

on the value of the compared with the influence imparted by the conduction pathway.
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Figure 5.14. Quantitative relationship between the ionic conductivity parameters: Pre-exponential factor
Ina, activation energy E, and 3D-8,. The green line indicating the trend of Ina, demonstrates its strong
dependence on the CeO; phase connectivity. The red polyline reveals two factors affecting the value of E, i.e.,

namely the interface coherence (steep slope) and the CeO; phase connectivity (gentle slope).

For fast ion transportation in the heterointerface, three factors are generally considered to affect the
activation energy E, namely the interface structure, the interface area, and the space charge region [50-52].
More specifically, as explained above, compared with the epitaxial interface, partially amorphous interface
regions with rich structural defects can significantly lower the activation energy. In the case of a similar semi-
coherent interface, the residual strain field begins to influence E. Owing to a larger lattice misfit between the
Ce0O; and Pt crystals, a certain degree of strain fields remains around the interface. The variation in the degree
of the strain effect with the interface number therefore leads to a difference in the activation energy [46]. In
addition, the activation energy can be lowered by increasing the interface area in the hetero-layered film [50,
53]. Based on our previous work, different Pt/CeO, nanocomposites with the same degree of crystallinity, a

larger number of CeO, domains (2D-f,), and a larger interface area gives rise to a lower value of E, indicating
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the positive effects of the interface area on the oxygen ion transport [30]. This explains why the network
structure with a large number of interfaces has a relatively lower activation energy. Furthermore, despite the
fact that the space charge region in the interfacial region can affect the ionic conductivity, the region is limited
to a Debye length, which is as small as several A [51, 54]. This effect is pronounced only in materials with
low interface concentrations [55], which is not the case for our self-assembled Pt/CeO, nanocomposites with

rich interfaces.
5.4 Conclusion

To understand the relationship between the 3D structure and the ionic conductivity of self-assembled
Pt/CeO nanocomposites, different nanostructured composites were prepared by annealing PtsCe at different
temperatures. Upon increasing the temperature, an enhanced phase separation behavior was found to result in
a transformation from a lamellar to a network structure with an improved crystalline degree at the interface.
Due to the fact that 2D projected STEM is limited to depth information, 3D tomography is necessary to
describe the actual morphology of the entangled network structure. Through the use of local structure analysis
and phase connectivity, we found that one of the ionic conductivity parameters, i.e., the activation energy, was
mainly affected by the local crystallinity at the Pt/CeO, interface, while another parameter, i.e., the pre-
exponential factor was linearly influenced by the quantified CeO, phase connectivity, 3D—f,. The homological
structures of the Pt phase, including the 3D—,; and the 3D—f,, have no effects on the ionic conductivity. Thus,
one of homological descriptor, Betti numbers, can be acting as a bridge to connect the multidimensional
structure and ionic conductivity of Pt/CeO, nanocomposites because of the importance of CeO;, phase
connectivity. And understanding the importance of the transportation pathway for ionic conductivity is helpful
in the design of the solid-oxide fuel cell materials. We expected that the homological approach proposed herein
could be extended to different nanocomposites, therefore opening up an unexplored pathway for the rational
design of nanocomposites based on the homological linkage between nanotextures and functionalities.

In addition to understand the relationship between topological features, such as phase connecitvities, and
properties of materials with the help of Betti numbers, the ablitiy to distinguish and classify different structures
from a large amount of image data is another critical object for predicting the fianl property from a given
structure. In that case, knowing the number of topological featuers is not enough because the geometry
information is missing, which is also important to correctly describe an object. For this purpose, a more
powerful tool, persistence diagram, should be needed for describing image data comprehensively, which will

be discussed in the next chapter.
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Chapter 6 Structural description by persistence diagram

As mentioned in the previous chapters 4 and 5, the quantitative relationships between 2D or 3D structures
in Pt/CeO; nanocomposites and their ionic conductivities can be identified using a homology descriptor, Betti
numbers, considering the role of CeO, phase connectivity in material structure—property relationships.
However, more detailed information about Pt/ CeO, nanostructures, such as the size and shape of CeO,
domains, is required for in-depth structural classification. To obtain both homological and geometrical
information about the structures, persistence diagram (PD), another homological tool, was used to represent
each STEM image. It is proved that PDs can be used to characterize the Pt/CeO, structures observed by TEM
imaging. The size and shape of the CeO, domains can be identified from the PDs. Besides, the combination of
PDs and principal component analysis, a machine learning model, enabled us to perform structural
classification. The application of the PDs to TEM imaging analysis paves the way for fast and convenient

structural analysis.

6.1 Introduction

Metal/oxide nanocomposites with strong interfacial interactions have been immensely studied as catalysts
and electrode materials because of their excellent chemical and physical properties [1,2]. Due to the importance
of material configuration for the final composite performance, various nanocomposites structures were
developed to optimize their properties. As a result, the investigation of structure-property relationships is of
high interest for material design. Traditionally, geometric characterizations, such as size, density, and shape
are used as structural descriptors. However, this approach fails to identify and differentiate minor differences
among various structures, which may have different functionalities. Furthermore, the processing of large
datasets become time-consuming and impractical.

Topological data analysis (TDA) is a powerful tool that has been employed in various research fields,
such as medical biology [3-5], materials science [6-8], sensor and social networks [9, 10], and cosmic web
[11], in the past decades due to its unique characteristics and efficiency. Unlike the traditional geometric
measurements, TDA can be used to identify multidimensional topological intrinsic features known as
homology groups or dimensional holes, including connected components (0-dimensional holes), loops or
tunnels (1-dimensional holes), enclosed pores (3-dimensional features), and so on. These topological invariants
are known as Betti numbers. Based on the most basic descriptors, this approach facilitates the differentiation
between two complicated structures, as already discussed in Chapters 4 and 5. The important role of the
connective components or crack holes in the functionality can be identified [12-14]. On the contrary, the total
Betti numbers can give the whole information for static data with little geometric clues; thus, the information
about where and how structural difference occur cannot be obtained. Persistent homology (PH) acts as a bridge
between geometry and topology. PH tracks the appearance and disappearance of the homology groups through
continuous filtration. Each homological feature is recorded with its birth time, b;, (appearing) and death time,
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d;, (disappearing), and birth and death positions can be identified by reverse analysis. Therefore, PH provides
invaluable structural information and has been used for the characterization of a biological structure [15], a
magnetic domain structure [16], and amorphous material structures [8, 17], as well as image data analysis [18].
Furthermore, PH-based machine learning has been employed for the structural classification and prediction of
even more complicated systems [19-22].

In our previous work [23, 24], the basic homology descriptor, Betti numbers, was applied to analyze the
2D and 3D structures of self-assembled Pt/CeO, nanocomposites, which were detected by scanning
transmission electron microscopy (STEM) imaging and STEM tomography (Chapters 4 and 5), respectively.
The quantitative relationship among the Betti number g,, CeO. phase connectivity, and oxygen ion
conductivity was established. As oxygen ions are transported along the interface with rich oxygen vacancies,
the connectivity of the CeO; phase and the total interface area positively affect oxygen transportation. | applied
PDs to visualize the topological features during filtration from the STEM images and study their relationship
with the oxygen ion conductivity. Finally, the various structures obtained by changing the annealing conditions,
gas ratio (CO:0.), and temperature were classified by principal component analysis (PCA). The aim of this
work was to evaluate whether PH can be used to correlate Pt/CeO, nanostructure with the ion transportation

property.
6.2 Experimental

Figure 6.1 illustrates the processes used for the application of PH to the classification of various Pt/CeO;
nanocomposites structures. All the structures obtained using various gas ratios and annealing temperatures
were the same with those reported in Chapters 4 and 5. It includes structural image collection, PH analysis,

and PCA. The details are explained in the following sections:
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6.2.1 Structural images collection

Phase-separated Pt/CeO, nanocomposites were prepared by the annealing of the PtsCe alloy. By changing
the annealing temperature (500, 600, 700, and 800 °C) and syngas ratio (CO:0, = 0:1, 1:1, 2:1, and 3:1),
different composites with various structures were obtained. The structures obtained using gas ratios of 0:1, 1:1,
2:1, and 3:1 were named as G01, G11, G21, and G31, respectively. The structures annealed at 500, 600, 700,
and 800 °C were named as NC500, NC600, NC700, and NC800, respectively. They were characterized by
STEM imaging (JEOL 2100F, Japan). Several images (4 from each gas ratio group and 7 from each
temperature group) were selected, and all the images had the same size of 1024 pixel <1024 pixel. The scale
was 0.44 nm per pixel for the gas ratio groups and 0.34 per pixel for the temperature groups. Background
subtraction was performed by filtering low-frequency signals in the FFT image. Due to the compositional
contrast in the STEM images, Pt and CeO; phases were easily identified as the bright and dark regions,

respectively. Binary images were then easily obtained using the Gaussian thresholding method.

6.2.2 Computational homology analysis

Persistence diagrams (PDs) were computed from binary images using the data analysis software
“HomCloud” [25]. Each pixel in the binary image was assigned a value according to the Manhattan distance.
The interested phase was (black) CeO-, so black pixels were labeled with negative values, white pixels were
labeled with positive values. The black pixels adjacent to white pixels were regarded as —1, while the white
pixels adjacent to black pixels were regarded as +1. Through the filtration, that is, the increase in the value of
the Manhattan distance, the growth and death of the black phase can be tracked. Owing to the role of CeO;
phase connectivity in oxygen ion transportation, | focused on the 0-th homology. To compute the histograms
from the PDs along the x- and y-axis, the targeted regions were clipped into squares in the range of [-25, 10]
with a bin to be 36.

6.2.3 Principal component analysis

To apply machine learning models, the computed histograms were converted into the persistence image
for vectorization [26]. As mentioned in the reference [27], the persistence image p for a PD D =
{(b;,d;) € A:i = 1,...p) is defined by a function of space R? as

(b; — x)* + (d; — y)?
202

14
p(x, 3’) = z w(bi' di)exp (_
i=1

w(b,d) = arctan (C(d — b)P.
where p(x,y) is a vector in R? representing a PD, and w (b, d) is a weight function. Here the variable
parameters are C, p, and o, and they were set to be (2.0, 0.5, 1.0), respectively, which are the same with those
reported in reference [27]. The learned vectors were classified by PCA. Finally, for explicitly identifying the

geometric structures of the critical areas on the diagram, inverse analyses of the pairs were conducted.
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6.3 Results and discussion

6.3.1 Structures prepared by different annealing conditions

The annealing of the PtsCe alloy in the syngas of CO and O generates nanostructured Pt/CeO, composites.
Changing the syngas ratio and the annealing temperature enables us to form nanocomposites with different
nanostructures. The optimized binary images of various structures analyzed by STEM imaging are shown in
Figure 6.2. Figures 6.2a—d show the binary images with different gas ratios (G01, G11, G21, and G31), and
Figures 6.2e—h show those of different annealing temperatures (NC500, NC600, NC700, and NC800). To
reveal the correlation between CeO, domains connectivity and the ionic conductivities of the Pt/CeO,
nanocomposites, the average width of the CeO, phase (calculated from about 200 data points), the CeO,- phase

area fraction, and the number of black CeO, domains in various structures are summarized in Table 6.1.
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Figure 6 2. Binary |mages from the STEM images of different structures obtalned by changlng the
syngas ratio (CO:0,), (a) G01, (b) G11, (c) G21, and (d) G31, and the annealing temperature: (¢) NC500,

(f) NC600, (g) NC700, and (h) NC800. The scale bars are 100 nm for all images.

According to the phase separation mechanism described in Chapter 3, metal atom segregation in the
precursor alloy and inward oxygen diffusion to react with the Ce-rich alloy resulting the formation of periodic
striped patterns. As the same precursor PtsCe was used, the fractions of the CeO, phase were nearly the same
at 46% for all samples. The balance between segregation and oxidation determines the shape of precipitants.
With the increased CO to O;ratio, that is, decreased oxygen partial pressure, the driving force for oxidation
decreased giving more time for compositional segregation. Consequently, the length of the striped CeO;
decreased, and its width decreased. However, owing to the minor difference in oxygen pressure, only slight

differences were found in the structures. Almost all the structures featured long striped patterns, shorter stripes
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were observed in G31, consisting with the theoretical results. With the increased annealing temperature, the
phase separation process was strengthened. As mentioned in Chapter 5, the inward oxygen diffusion and Pt/Ce
count diffusion accelerated at higher temperatures. At a lower temperature (500 °C), small particle-like CeO;
domains and narrow stripes were formed, as shown in Figure 6.2e. With the further increase in the annealing
temperature to 600 °C, larger islands and wider striped CeO, domains occurred because of the increased
diffusion rate of metal atoms (Pt, Ce) in the alloy, as shown in Figure 6.2f. For NC700 (see Figure 6.2g), more
but narrower stiped patterns were found compared with those of NC600 because of the significantly increased
inward oxygen diffusion, which preventer metal atom diffusion at the oxidation interface. After a certain
temperature (800 °C), the oxidation-induced striped patterns of Pt/CeO, nanocomposites transformed into a
network structure because of the strong phase separation behavior, as shown in Figure 6.2h.

Table 6.1 Measured measured geometric and topological information of various structures

Width  of Width of Black-phase Betti
Sample
CeOz/nm CeOy/pixel area/% number, B,

GO01 47+1.1 10.7x2.3 45724 198.8+45.9
G1l1 5.2+0.8 11.8+1.8 46.8+0.9 156.5+50.7
G21 5.0+0.9 114420 46.4%0.9 199.3+59.8
G31 4.9+0.6 11.1+1.4 45.8+1.6 251.3+48.6
NC500 2.7+0.6 79420 47.8+0.7 187.0+75.0
NC600 52+1.1 15.8+3.2 45.2+1.8 115.7450.6
NC700 4.1+0.8 12.0x2.4 47.0x1.4 76.7+£19.6
NC800 3.4+0.7 9.8+2.0 47.0+1.6 341.6+89.6

6.3.2 Persistent homology analysis

The 0" PD allows tracking changes in CeO, domains in the filtration of the Manhattan distance, providing
information about CeO, phase connectivity. For the computed birth—death pairs (b;, d;) in the 0" PD, the
specific geometric structures of CeO; the phases can be predicted. To understand what type of information can
be obtained from the PD, artificial images of black island-like domains having distinct sizes, densities, and
connections were applied for PH computation. Figure 6.3 shows the birth—death pairs and their corresponding
artificial structures. All the birth values are negative because of the negative Manhattan distance for black
pixels, and all spots are located above the diagonal line since the death time d; is always larger than the birth
time b;. Our PDs shown in Figure 6.1 had two distinct regions; thus, two PD regions were identified: the upside
cloud region (d;> 0), and the downside triangle region (d;< 0). The difference between the two different
regions in the PD is that the islands are isolated in the cloud region, whereas they are connected in the triangle
region. In the cloud region, the more negative the birth time b, is, the larger are the black islands; the higher

the death time d; is, the larger is the distance between the two nearest islands (distance between the two nearest
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borders rather than the centers, marked by blue dashed arrows). In the triangle region, the islands (marked by
green arrows) are connected by a bridge (marked by red arrows) to form a stripe structure. The birth time b;
represents the size of the islands, that is, the more negative b; is, the larger are the islands and the cloud region.
The death time d; represents the size of the bridge, that is, the more negative d; is, the larger are the bridges.
More importantly, in the triangle region, the pairs far from the diagonal line, indicated by pink color,
correspond to dumbbell-like structures consisting of two larger islands and a narrower bridge. In other words,
the narrow bridges are noises that can be negligible compared to the islands with a relatively larger size.
Notably, Betti number S, of the binary image measured (see Table 6.1), which is related to the ionic

conductivity, can also be obtained from the PD. The total number of pairs in the cloud region (Ngiso) equals

Bo-

Based on the above explanation, the pairs in the cloud region give the maximum width of islands and the
distance between two islands, but not the shape of islands. On the contrary, the pairs in the triangle region give
the shape of islands. Many pairs closing to the diagonal line indicate a stripy pattern. The domains become
inhomogeneous in the direction further away from the diagonal line, which are composed of two relatively
large domains and a narrow bridge. Usually, we use the width and length information to describe an object.
As the birth time indicates the size of islands, the average birth time for all pairs in the PD gives us the average
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Figure 6.3. Typical geometric structure in the 0™ persistence diagram. Two regions are separated: the cloud
region and the triangle region. The blue arrows in the cloud region indicate the distance between two near
black islands. The green and red arrows in the triangle region represent the black islands and the bridges
between two black islands, respectively. The pink marked triangle covers the dumbbell-like islands where

the bridges are noises that can be negligible.
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width of islands. Based on the definition of the Manhattan distance, the width of an island equals twice the
Manhattan distance, which is W = 2bay. Given the known total area of black domains, the average length
information can be found by Length L= Area A/ width W. For an image displaying numerous islands, the
average length Ly, = A/(N X 2bg,4), where N is the number of isolated islands in the image. The number of
islands should be equal to S, that is, number of pairs in the cloud region. However, the pairs in the triangle
region far from the diagonal line correspond to the dumbbell-like structures, and the bridges can be negligible.
In that case, the pairs located on the top left of the triangle region (marked by the pink area) should also
contribute to the number of isolated islands. Therefore, N = Ngi>o + Nmarked, Where Nmarked iS the number of pairs
in the marked pink region. As a result, the average width and length of islands can be estimated from the PD.

6.3.3 Persistent homology for experimental STEM images

Figures 6.4a—d show the average (from four images) 0™ PD of the different structures obtained using
various gas ratios. The bins of the histogram (PD) were set to 36 with each bin containing a birth—death pair
corresponding to the CeO, domains, and the intensities of the pairs are indicated by the colors with high (resp.
low) intensity by red (resp. violet). All the PDs had the characteristics of the cloud and triangle regions,
indicating that these nanostructures contained isolated and connected islands, respectively. The intensity

profiles along the x- and y- axes of PDs were plotted, as shown in Figures 6.4e-h and 6.4i-, respectively. The
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dispersion along the horizonal direction of both regions decreased, and the vertical direction of the triangle
region shrunk with the increased gas ratio. Minor difference was found in pair density in the triangle region,
implying the similar features of the islands. As marked by the red triangles in Figures 6.4a-d, the pairs in the
triangle region of GO1 are much more than those in others, indicating the presence of many dumbbell-like
domains in the GO1 structure. Figure 6.5 shows the inverse analysis for the pairs in the pink-area that far from
the diagonal line. Figure 6.5a shows the magnified image of the yellow rectangle area in Figure 6.3a, where
red circles indicate the dumbbell-like structures. Figure 6.5b shows the corresponding pairs of the extracted
dumbbell-like structures in PD, which are located in the red triangle shown in Figure 6.4a. Considering that
the average birth time is close to 10, the marked regions for all PDs are determined to be the areas where d; -b;
=10. It means that when the size difference between the bridge and the domains of the dumbbell-like islands

is larger than 10 pixels, the bridges can be negligible.
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Figure 6.5. (a)Magnified image of the yellow area in Figure 6.3a. The red circles indicate the negligible
bridges of the dumbbell-like domains. (b) Extracted dumbbell-like domains and corresponding
homology pairs, which are located in the pink-marked area in Figure 6.4a.

For the structures obtained at different temperatures, the computed PDs are shown in Figures 6.6a—d. The
difference of pairs density in the cloud region among different structures is large, in which the lowest and
highest density was clearly seen in NC700 and NC800, respectively. The highest density in the marked region
indicates the inhomogeneous domains in NC800. Similarly, the intensity profiles along the x- and y- axes of
PDs are shown in Figures 6.6e—h and Figures 6.6i—I, respectively. The dispersion of both the cloud region and
the triangle increased with the increased temperature.

To clearly identify the differences between the PDs, the average birth time for all regions bayg, that is, the
average width of islands, Wayg, the number of islands in the cloud region, Ngi>o, and the number of islands in
the marked region, Nmarked, are listed in Table 6.2. The trends of Nai-o, Which is f,, are the same as those
discussed in Chapters 5 and 6. Figures 6.7a and 6.7b show the twice bayg and the statistical data of the domain
width (in Table 6.1) of the structures obtained using different gas ratios and temperatures, respectively. Since
no difference was found in the width of CeO, domains among the structures obtained using different gas ratios,
it is difficult to describe the relationship between twice the average birth time 2ba,g and manual statistical data

(see Figure 6.7a). Meanwhile, the average birth time 2bayg represent the width of the CeO, phases as they share
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Figure 6.6. The summed 0™ PDs from the 4 images for sample of (a) NC500, (b) GNC600, (c) NC700,
and (d) NC800. (e)-(h) Corresponding intensity profiles along the x-axis of the upside PDs. (i)-(l)

Corresponding intensity profiles along the x-axis of the upside PDs.

the same trend against temperature (see Figure 6.7b). Moreover, according to the difference between the 2bayg
and real data, the average birth time bay is actually 1 to 1.5 times the width of CeO, domains. Here we use
1.5bayg representing the domain width. The high values of Nmares for GO1 and NC800 means the several
dumbbell-like structures in the structural images, which can be seen from Figure 6.2a. Since all the patterns
were formed by the complete phase separation of the same alloy, PtsCe, the area of the CeO- phase should be
the same, which was assumed to be 46% according to the statistical data shown in Table 6.1. Therefore, the
average length of domains can be obtained by: Lg,g = A/(N X 1.5b4,4). Noted that N is the sum of pairs
from several images (4 for gas ratio group and 7 for temperature group). The results of calculated length value
Lavg and the aspect ratio of the domains are shown in Table 6.2. G11 has a highest value, indicating the existence
of long stripes in the pattern, which is consistent with the structures observed from STEM images (see Figure
6.2b). In contrast, the lowest value of Layg (8.40) for NC800 suggests particle-like patterns, which can also be
confirmed by Figure 6.2h. In other words, the application of PD to TEM images can not only give us the ionic
conductivity-related 3, but also enable us to extract the geometric information of the structures, such as the
width and shape of domains. Moreover, it reduces time consumption compared to traditional statistical

methods.
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Table 6.2 Summarized statistical data of the persistence diagrams for various structures

Average Pairs in the Pairs in the Average Length/width

Sample birth time, cloud region, marked region, length, ratio of CeO;
bavg/pixel Nai>0 Nmarked Lavg/pixel domains

G01 -7.0+ 2.3 795 187 187.1 17.82

G11 -7.1+ 2.2 626 33 274.9 25.81

G21 -6.84 2.0 797 29 229.0 22.45

G31 -6.6+ 1.9 1005 17 190.7 19.26

NC500 -75+2.1 1309 95 213.8 19.00

NC600 -10.7+ 2.3 810 39 247.8 15.43

NC700 -85+ 24 537 74 433.4 33.99

NC800 -8.3+ 3.1 2391 201 104.6 8.40
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Figure 6.7. Comparison of twice the average birth time and the statistical data of CeO, domain width

for the samples obtained using various (a) gas ratios, and (b) annealing temperatures.

6.3.4 Structural classification

Based on the feasibility of differentiating the structures using PD, we can further process and classify a

large amount of data using machine learning models, which is promising for the structural prediction and

designation of electrode materials.
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The 0" PDs were vectorized using the persistence images, where the parameters were set to be o = 2.0,
C =0.5and p = 1.0 to classify different structures. Each TEM image corresponded to one persistent diagram
and one vector in the space. After vectorization, persistence image vectors were projected into two-dimensional
space for visualization. The results for different gas ratios and temperatures are shown in Figures 6.5a and 6.5b,
respectively. The x- and y-axes represent the first and second principal component planes, respectively. The
first principal components correlate with the gas ratio at a maximum degree, while the second principal
components are independent of them at a minimum degree. Distinct colors are assigned to each annealing
condition. Four groups in Figure 6.5a have characteristic differences from the persistence image vectors. Due
to the small data for each sample (4 images per sample), it is difficult to classify them. For the different
temperatures with increased data (15 images per sample) in Figure 6.5b, the location of each sample is different.
Therefore, PH-based machine learning is suitable for the classification of TEM images of phase-separated
Pt/CeO, nanocomposites. More data are required to improve the classification with clearer boundaries among

different areas.

(a)

) ’ e C0:0,=0:1

e g ® CO:0,=1:1
~ ’ * C0O:0,=2:1
< 1 ° o
O C0O:0,=3:1
o o .

- AR i o

-2 o

-4 2 0 2 4
PCA 1
(b)
4 o)
e 500°C

2l o . . * 600°C
o™ {". o0 . .
S of o 0% . 700°C
A i . 800°C

_2-

.. .
25 00 25 50 75 100 125
PCA1

Figure 6.8. Projections of the persistence diagrams on the first and second principal component planes in

PCA for various (a) gas ratios, and (b) annealing temperatures.
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6.4 Conclusion

We applied applied persistence homology to analyze and classify Pt/CeO- nanostructures. Using PDs, not

only the connectivity of the CeO; phase but also average width and length of the separated CeO, domains or

islands were statistically obtained. The stripes and particle-like islands of CeO, were discerned according to

the statistical data. Moreover, we showed that the combination of PH and PCA has the potential to classify

different structures using machine learning. These findings can pave the way for an in-depth understanding of

nanomaterials structure—property relationships based on the analysis of large datasets obtained from TEM

imaging.
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Chapter 7 Summary and future work

7.1 Summary

TEM imaging is one of the most important characterization methods for materials nowadays because of
the high-resolution (several A), which provides rich physical and chemical information. It is indispensable for
nanomaterials’ structural analyses. The phase connectivity is important for transport properties, such as
electronic conductivity and magnetism. Traditionally, the number, length, or diameter of the phases in the
structure are obtained by manually measuring each component in the TEM images. However, it is time-
consuming when the image data is large. Furthermore, it is difficult to give comparable quantitative
information when different structures are complicated and difficult to distinguish. TDA is a fast-growing field
and has recently been applied to materials science for analyzing structures from a topological viewpoint. A set
of approaches in TDA give additional insight into the material’s structure. Computational homology, a TDA
tool, can discern different complicated structures quantitatively and process big data simultaneously. The phase
connectivity can also be interpreted by the homology analysis.

The study aimed at applying TDA to TEM images of Pt/CeO-nanostructured composites. The main tasks
completed herein are as follows:

® Application of Betti numbers as a suitable descriptor for the 2D phase connectivities of Pt/CeO;
nanocomposites. (Chapter 4)

® Application of Betti numbers as a suitable descriptor for the 3D phase connectivities of Pt/CeO;
nanocomposites. (Chapter 5)

® Classification of many TEM images showing the structure of Pt/CeO, nanocomposites by
persistence diagram. (Chapter 6)

In chapter 3, the oxidation-inducing self-assembly phase separation process of the PtsCe alloy was
revealed at the atomic scale. Oxygen dissolution into the alloy causes special periodic compositional
perturbation by atomic segregation, specifically, by local diffusion of Pt and Ce atoms. A striped pattern of Pt
and CeO; forms through the phase transformation of the Pt-rich alloy and oxidation of the Ce-rich alloy,
respectively. Notably, a fully epitaxial relationship between the Pt and CeO, phases was observed even in the
initial stage. With continued annealing, the crystals rotate into an energetically favorable orientation with
respect to the remaining (111)Pt//(111)CeOQ,. The orientation relationship between the PtsCe structure and
Pt/CeO, structures, and the growth direction of the separated phases differe from the oxygen partial pressure.
Therefore, the gas ratio of CO and O, and annealing temperature are important factors for tunning the structure
of Pt/CeO, NCs because they influence the phase separation behavior. NCs with different structures prepared
by changing these two factors are preconditions to study the structure—property relationship, which are used in

the following experiments.
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Chapter 4 studied the quantitative relationship between the structure and oxygen-ion transportation
property by homology analysis. Different syngas ratios were applied for generating various structures. As the
CO-to-O; gas ratio, increased, i.e., decreasing oxygen partial pressure, the interwoven two-phase structure
changed from the striped to the maze pattern. No significant difference was found in the view of crystalline
degree and valence state of Ce in CeO; phases from the XRD analysis and high-resolution TEM (HRTEM).
Homology analysis on the STEM images showed that the structures in the sample with gas ratio of 1:1 has the
lowest 3, value followed by 0:1, 2:1, and 3:1. Thus, the maze pattern has a relatively lower connectedness
than lamellae structures. The trends of B, differed from that of ,. Through the measurement of the oxygen
ionic conductivity by IS, the activation energy (E) and pre-exponential factor (Ing,) were deduced according
to the Arrhenius equation. It was found that the trends of E and Ilng, are same and are negatively related to
that of S, indicating the importance of the CeO, phase connectivity. The two samples: 0:1 and 2:1, with similar
ionic conduction properties totally differed in terms of 8;, implying the little influence of the Pt phases on the
property. As the oxygen ions mainly transport through the conductive CeO; phases, the highly connected CeO,
phases provided a fast O*" transportation pathway and thus improved the ionic conductivity in the measured
temperature range. Therefore, 8, can act as a suitable descriptor to correlate the structures and their ionic
transport properties.

In addition to the 2D structures description performed by computational homology, the 3D structural
analysis was applied because the 2D projection image sometimes cannot accurately convey the structural
information. The structure—ionic conductivity quantitative relationship from a 3D viewpoint was investigated
in Chapter 5. Various structures were obtained by changing the annealing temperature (from 500 <C to 800<C),
while maintaining the same gas ratio (CO:0, = 2:1). The crystalline degree increased as the annealing
temperature increased from the XRD and HRTEM results. Besides, accelerated diffusion rates of metal atoms
and oxygen ions at higher temperatures contributed to a wider and longer stripe pattern. Up to 800<C, the CeO;
phases are small island-like domains. For samples annealed at 500<C, 600<C, and 700<C, each stripe just
extended along the depth direction. However, at 800<C, isolated islands from the cross-sectional view are
actually connected at certain depths, causing a 3D network structure. Consequently, the 2D-Betti humbers,
especially By, could not correctly represent the connectivity of the CeO, phase for the network structure.
Combing the results of the 3D homological structural description, Betti numbers, and ionic conductivity
parameters (E and Inay), it was demonstrated that the ionic conductivity relates to 3D-f,. The homological
structures of the Pt phase, including 3D-8; (number of Pt tunnels) and 3D-8, (number of enclosed Pt pores),
do not affect the ionic conductivity. The value of ing, (green line) is linearly related to 3D-8,. Concerning E,
the crystalline degree and total interface area play additional roles for the low-temperature and high-
temperature annealed samples, respectively. These findings give consolidated evidence that the connectivity
of the CeO; phases significantly influences the oxygen-ion transportation in Pt-CeO, NCs.

As the connectivity of a structure can be quantitatively computed by homology, the classification of

various structures is necessary for multiscale and large data. Chapter 6 applied persistent homology and

118



Chapter 7

principal component analysis (PCA) to classify the different structures. Persistent homology tracks the change
of CeO, phases in the filtration of the MD. The persistence diagram, a representer of persistent homology,
described the shape of the structures. It was found that the persistence diagram contains much more information
than traditional homology. The number of connected features (CeO, domains) and geometric information of
the features can be obtained. Each binary image generated a persistence diagram, and each PD was vectorized
by weighted persistent homology for the machine-learning model: PCA. Finally, Different structures with
temperature or gas ratio as variables were classified by the PCA on persistence diagrams.

The conclusions about the application of homology on the TEM structural images of Pt/CeO, composites
summarized above can be applied to other nanomaterials, especially for those materials in which phase
connectivity influences the transportation of materials, such as magnetic and electrical properties. Long striped
patterns or network structures with high connectivity are supposed to facilitate carries transportation and
oxygen-ion conduction herein. Moreover, these findings pave ways for combining TEM techniques, such as
diffraction pattern, EELS spectra, and atomic-resolution images combining with the homology for data
differential and classification. Therefore, the combination of homology analysis and TEM is promising for
material design, property prediction of materials in the future work.

7.2 Future work

The research work reported herein established the applicability of TDA, i.e., homology, for quantitatively
describing phase connectivities and differentiating between different structures of Pt—-CeO, NCs. However,
this work is an open-ended project on using the homology method in materials science with several
applications. The success achieved in this limited application reveals the potential for many more contributions
to deal with various challenges. In the closing part of this study, a few potential research directions needing
exploration in the near future are listed.

Big data collection

During the various structural classification, it is difficult to distinguish structures from small data
accurately. A large amount of data for each sample is necessary to verify the suitability of homology methods
with machine learning for structural description. However, the TEM specimen preparation is time-consuming;
thus, the quality is difficult to guarantee. With the help of advanced FIB milling, such as machine-learning
support and low-damage processing, good TEM specimens can be easily made, and thus plenty of TEM images
were available. First, at least 50 STEM images for each sample are required for classification. Second, other
types of patterns were prepared by combining different annealing temperatures and syngas ratios.

Homology analysis on the simulated structures

For a complementary understanding of the structure—ionic conductivity relationship, a diverse of
structures needed to be analyzed. However, the structures obtained through experiments are very limited and
time-consuming. More intriguing and complicated structures can be easily predicted through simulation using

a suitable phase separation model. Based on the phase separation mechanism | revealed in Chapter 3, it is
119



Chapter 7

possible to explore a reaction-diffusion model for simulating metal-oxide structures from binary alloy. Not
only the Pt—CeO; nanostructures, but also other metal-oxide structures can be speculated. Applying the
computational homology to the simulated structures, structures generated at in a certain condition can be easily
discerned, Furthermore, it is expected to find an optimized structure with high oxygen-ion conductivity.
Homology analysis on atomic-resolution TEM images

Phase identification is vital for understanding phase transformation behavioral characteristics. Particularly,
discerning the crystal structure from the disordered phases is also critical for the amorphous—crystal phase
transition in alloys. Concerning the periodic and disordered arrangement of atoms in the crystal and amorphous
phases, respectively, the different atomic arrangements can be distinguished by persistent homology. It is
convenient to summarize what condition and when the transition will occur by large data analysis, such as in
situ data. Moreover, identifying nanoparticles from the amorphous substrate using the persistent homology is
worthy for in situ TEM imaging.

Hence, the powerful computational homology can traditionally provide geometric information from
objects and quantitatively describe structures from multidimensional objects and efficiently process big data,
which is critical for material design and property prediction of materials. The application of homology to TEM
images is not constrained for Pt—-CeO NCs, but also for other nanostructured materials. It is expected to thrive

in nanomaterials’ structural analyses with the help of the interaction between TDA and TEM.
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