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Résume

Le craquage de I’eau est I'une des manicres les plus propres pour stocker de I’énergie. La
production d’hydrogéne et d’oxygeéne sous forme gazeuse peut étre utilisée dans les piles a
combustible pour générer de 1’électricité, de la puissance et de la chaleur. Dans le cas du
processus de craquage de 1’eau, la réaction d’évolution de I’oxygeéne (REO) se produisant a
I’anode est la plus lente, limitant son efficacité. Des électrocatalyseurs sont utilisés pour
réduire la barriere cinétique de la REO. Le développement de catalyseurs qui soient stables et
avec des hautes performances, dédiés a la REO, requiere une compréhension fondamentale de
leurs propriétés électrocatalytiques, d’ou le fait que leur caractérisation holistique soit

indispensable.

L’objectif de cette thése est d’examiner des catalyseurs a base de Co pour la REO dans un
milieu alcalin en utilisant des techniques avancées de microscopie ¢€lectronique en
transmission (a balayage) (MET(B)). En débutant par la caractérisation de la surface d’un
catalyseur oxyde hautement actif pour la REO, le Bag 5Sry sCo¢ sFe0203.5 (BSCF), il est montré
que les surfaces de particules de BSCF, telles que synthétisées, sont riches en Co/Fe et adoptent
une structure en spinelle avec une valence réduite des ions de Co. La structure Co/Fe en
spinelle est, de plus, liée a la formation de Co(Fe)OOH hautement actif a la surface du BSCF.
Un examen approfondi et en temps réel des catalayseurs oxydes BSCF en utilisant la MET
électrochimique en phase liquide montre un comportement de mouillage changeant des
catalyseurs oxydes a base de Co par I’analyse de mouvements du liquide autour des particules
d’oxydes. Les interactions interfaciales a la surface de I’électrolyte sous voltamétrie cyclique
sont corrélées a 1’¢lectromouillage et aux transformations hydrophiles de surface. L’évolution
de I’oxygéne moléculaire est détectée qualitativement sous des conditions de REO en
identifiant des pics d’O, dans des spectres de perte d’énergie des électrons. La quantification
de IO, en utilisant la spectroscopie de perte d’énergie des électrons est également démontrée,

en attendant des améliorations futures.

Le travail ci-inclus offre de nouvelles perspectives au cadre de caractérisation des catalyseurs
oxydes pour la REO en utilisant la MET(B). Les structures volumiques a surfaciques des
catalyseurs peuvent étre analysées et les interactions interfaciales des catalyseurs en particule
simple peuvent étre examinées en temps réel. Les conclusions aident dans la compréhension

des performances et de la stabilité des catalyseurs oxydes évoluant I’oxygene, avec de futures

il



perspectives envisageant un examen quantitatif complet et en temps réel des réactions
¢électrocatalytiques. A terme, une caractérisation quantitative par la MET(B) électrochimique
en phase liquide pourrait fournir une compréhension des sites de surface actifs et des cinétiques

de réaction des catalyseurs d’évolution d’oxygéne.

Mots-clés : réaction d’évolution de 1’oxygene, électrocatalyseurs, oxydes a base de Co,
microscopie électronique en transmission (a balayage), spectroscopie de perte d’énergie des

électrons, microscopie €lectronique en transmission électrochimique en phase liquide.



Abstract

Water splitting is one of the cleanest ways to store energy. The production of hydrogen and
oxygen gases can be utilized in fuel cells to generate electricity, power, and heat. In the water
splitting process, the oxygen evolution reaction (OER), taking place at the anode, is the
sluggish reaction limiting the efficiency. Electrocatalysts are used to reduce the kinetic barrier
of OER. Development of high-performance and stable OER catalysts requires fundamental
understanding of their electrocatalytic properties and, hence, their holistic characterization is

indispensable.

The objective of this thesis is to probe Co-based oxide catalysts for OER in an alkaline medium
using advanced (scanning) transmission electron microscopy ((S)TEM) techniques. Starting
with the surface characterization of a highly active OER oxide catalyst, Bag sSt0.5C00.8Fe0.203:15
(BSCF), it is shown that the surfaces of the as-synthesized BSCF particles are Co/Fe rich and
adopt a spinel-like structure with a reduced valence of Co ions. The Co/Fe spinel structure is
further linked to the formation of the highly active Co(Fe)OOH at the BSCF surface. Further
real-time probing of BSCF oxide catalysts using electrochemical liquid-cell TEM shows a
switchable wetting behavior of Co-based oxide catalysts by analyzing the liquid movement
around oxide particles. The interfacial interactions at the surface-electrolyte under potential
cycling are correlated to electrowetting and hydrophilic surface transformation. Molecular
oxygen evolution is detected qualitatively under OER conditions by identifying the O, feature
in electron energy-loss spectra. Quantification of the O, using electron energy-loss

spectroscopy is also demonstrated, pending further improvements.

The work herein offers new insights into the characterization framework of oxide catalysts for
OER using (S)TEM. The bulk to surface structure of the catalysts can be analyzed, and the
interfacial interactions of single-particle catalysts can be probed in real-time. The findings aid
in understanding the performance and stability of oxygen-evolving oxide catalysts with further
prospects envisioned towards a complete quantitative probing of electrocatalytic reactions in
real-time. Ultimately, quantitative characterization in electrochemical liquid-phase (S)TEM
can provide understanding of surface-active sites and reaction kinetics of oxygen evolution

catalysts.



Keywords: oxygen evolution reaction, electrocatalysts, Co-based oxides, (scanning)
transmission electron microscopy, electron energy-loss spectroscopy, electrochemical liquid-

phase transmission electron microscopy.
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Chapter 1 Introduction

Compared to traditional fossil fuel technologies, water splitting, production of hydrogen and
oxygen gases [1], is a cleaner way to store energy. The operation of low temperature water
electrolysis is classified into alkaline [2] and polymer—electrolyte membrane (PEM)
electrolyzers [3], depending on the kind of electrolyte and the type of ions (OH™ and H).
Conventional alkaline electrolysis is performed in the alkaline liquid electrolyte using a
diaphragm to separate gases while PEM provides a solid electrolyte medium with high proton
conductivity. Alkaline electrolysis is well established and it is the most applied commercial
technology. Its main advantages are the long-term stability and relatively low cost.
Considering electrolyzing water with alkaline electrolytes, the cathode involves the hydrogen
evolution reaction (HER, H,O + 4e” — 2H, + 40H") while the anode proceeds with oxygen
evolution reaction (OER, 4OH  — O, + 2H,O + 4¢’). A schematic illustration of an

electrolyzer, alkaline cell is shown in Figure 1.1.

Anode Cathode
Power supply

0, e e o H,
OH ®
7 Mo
@
® °
L]
° [°Y 4
Le] H,O0 <—
Alkaline electrolyte
O, evolution H, evolution
40H — O, + 2H,0 + 4e H,0 +4e" — 2H, + 40H"

Figure 1.1. Schematic illustration of alkaline electrolysis. OER occurs at anode while HER happens
at cathode.
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Chapter 1 Introduction

Compared to HER, OER is more sluggish due to its four-electron transfer reaction. According
to thermodynamics, the minimum potential between two electrodes to trigger water splitting
(H.O — 2H; + O») is Ecg=1.23 V [4]. However, in the real case, the potential to have water
splitting is higher. The additional applied potential is called overpotential (1) and it represents
the potential difference between the applied and equilibrium potentials of the reaction (E-Ecq).
The slow kinetic nature of OER due to its four electron-transfer nature requires much higher
overpotential than HER (Moer>NuEer), meaning that OER leads to high energy losses during
water splitting. Thus, it is widely accepted that OER is the kinetical bottleneck limiting the
efficiency of water electrolysis. To lower this kinetic barrier in OER, catalysts to reduce the
overpotential are used. In practice, the overpotential for OER is commonly referred to a value
that has to be applied to achieve a specified current density, for example, 10 mA/cm?* [5]. When
compared to the value of the overpotential, the performance OER electrocatalysts can be
evaluated. Thus, low overpotential values of electrocatalysts indicate better electrocatalytic

ability.

To lower the OER overpotential, highly active electrocatalysts with long-term stability have
been developed. In the past decades, precious metal oxides such as RuO; and IrO; had been
the benchmarks of OER catalysts due to their high activity at a wide range of pH values [6—
8]. However, the scarcity of iridium and ruthenium leads to their high cost, which limits their
large-scale industrial utilization. Therefore, design and synthesis of low-cost and highly active
catalysts for OER is central to boosting the efficiency of water electrolysis. Transition metal
oxides have been considered as a strong candidate to replace precious oxide catalysts for OER
owing to their low-cost and stability in alkaline medium [9]. Researchers have explored
transition metal oxides with different structures such as perovskite, spinel, and layered double
hydroxides showing outstanding OER activity and stability [4,9—-11]. One of them, the highly
active Co-based perovskite oxide OER catalyst Bag 5sSrosCog sFeo203.5 (BSCF) [12] is the main

focus of my thesis.

Designing catalysts with better performance and stability requires a fundamental
understanding of how the electrocatalysts work during the reaction. A critical aspect towards
this understanding is to obtain detailed information of the surfaces that are responsible for the

reactions. Scanning transmission electron microscopy ((S)TEM) based techniques are



Chapter 1 Introduction

particularly useful to diagnose the catalytic functionalities due to their high spatial resolution
down to the nanometer scale and, more importantly, due to their combination of a great variety
of analytical methods to inspect the crystal structure, elemental composition, and/or valence
site-specifically. A step forward includes performing (S)TEM in real-time during operation
which can further provide valuable information of the evolution of the catalysts, solid-liquid
interactions, and detection of the catalytic products during relevant conditions. The objective
of this thesis is to probe the OER oxide catalysts using (S)TEM techniques and ultimately

provide insights of the dynamic behavior during OER catalytic processes.

An overview of the fundamentals of OER such as mechanisms and descriptors for oxide
catalysts is given in Chapter 2. It also discusses solid-liquid interfacial interactions that are
related to OER. In situ/operando characterizations of electrocatalysts during operation

conditions are also reviewed.

Chapter 3 includes an overview of the methodology and instrumentation. The first part
includes the operating principles of (S)TEM techniques. The second part covers electron
energy-loss spectroscopy (EELS) which is used to probe the surface of BSCF and the catalytic
products during the reaction. The third part reviews electrochemical liquid-phase (S)TEM that

is implemented to perform operando characterizations.

In Chapter 4, the detailed investigation of electron probing of the surface structure of BSCF is
given. Postmortem and identical location (S)TEM analyses reveal that the Co/Fe spinel-like
surface retains a stable chemical environment of the Co/Fe ions. The spinel surface is found
to be related to the surface transformation of BSCF’s surface to the oxyhydroxide active OER

phase.

Chapter 5 details the operando TEM and EELS studies of Co-based OER catalysts. Switchable
wetting of the Co-based oxide catalysts is probed using electrochemical liquid-phase TEM by
analyzing the liquid movement surrounding the single oxide particles. Further, the molecular
oxygen is detected using EELS under operation conditions. The mechanism of switchable
wetting is proposed to be related to electrowetting, surface reconstruction of hydrophilic

oxyhydroxide phase, and evolution of molecular oxygen.

13
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Chapter 6 presents the quantification of molecular oxygen using EELS. The evolution of the
fingerprint of molecular oxygen in O K EEL spectra is shown to correspond to OER potentials
during cycling. Mapping of O; in the vicinity of an IrO; particle under chronoamperometry is
demonstrated. Standard-based quantification workflow is presented to quantify the molecular
oxygen fine structure. To validate the quantification, air cell conditions, in which the N»/O,
ratio is known, are used. The quantification process is further applied to liquid-cell enclosure
with O gas. The discrepancies between the quantification results and nominal values are

discussed.

Chapter 7 summarizes the electron probing of oxygen-evolving Co-based oxide catalysts and

provides future directions of the work.



Chapter 2 Literature review

This chapter covers the background and literature review. I start by introducing the
mechanisms that are used to describe electrocatalytic oxygen evolution reaction (OER) (2.1).
Then the focus is placed on BagsSrosCoosFeo.03-5 (BSCF), a highly active perovskite OER
catalyst (2.2). Descriptors and surface stability aspects are also discussed. The next section
(2.3) generalizes solid-liquid interfacial interactions, which are prominent during the
heterogenous OER electrocatalysis. Charge-transfer processes, surface restructuring, and
surface wetting are also discussed. As a mean to experimentally verify what contributes to the
OER catalysts performance and stability, the final section presents the work that has been

reported using operando and in situ methodologies (2.4).

2.1 Mechanism of oxygen evolution reaction (OER)

The performance of OER catalysts can be improved by tuning the intrinsic activity of the
structure or/and by increasing the number of the active sites at the catalytic surfaces. To get
insights into intrinsic activity of the active sites and reaction mechanisms, researchers have
utilized and developed computational tools based on density functional theory or molecular
dynamic simulations where different OER reaction mechanisms have been proposed [13].
Schematic illustrations of the conventional adsorbate evolution mechanism (AEM) and lattice-
oxygen-mediated mechanism (LOM) are shown in Figure 2.1a,b. AEM is assumed to involve
four concerted proton—electron transfer (CPET) reactions centered on the metal ion. That is,
at each step, a proton is injected into the electrolyte and is coupled with a transferred electron
[14]. First, hydroxyl ions (OH) adsorb on the surface metallic site (M). The M-OH then
deprotonate to form metal-oxygen bonds (M-0O). Then, M-O reacts with another OH™ to form
the MOOH intermediate. In the final step, O, is evolved through the deprotonation of HOO

15



Chapter 2 Literature Review

with the regeneration of the active site. LOM, on the contrary, describes nonconcerted proton-
electron transfer reactions. LOM also involves oxidation of lattice oxygen at the surface of the
electrocatalysts [15]. Compared to conventional AEM, LOM proceeds on two neighboring
metal sites rather than a single metal site. First, two OH™ on the dual metal sites deprotonate at
the same step, resulting in oxidation of lattice oxygen and formation of two metal—oxo species.
Then, instead of forming the OOH intermediate state, these two neighboring oxo species

directly couple to form O,*".

Another way to understand OER electrocatalysis is via trends that describe the activity among
different catalysts. Early works from Rossmeisl et al. proposed the standard Gibbs free energy
difference of two intermediate states (AGOO* —AG ,30*) as a universal descriptor to predict the
OER activity of electrocatalysts [14]. The descriptor (AGg* — AG,(_),O*) indicates that the
optimized adsorption strength of the intermediates should be neither too weak nor too strong,
resulting in a volcano plot of OER overpotential as a function of (AGg* —AG 20*), Figure 2.1c.
Many descriptors on the basis of oxygen binding energy have been proposed to describe the
relationship between electronic structure and activity. The descriptors, specifically for oxide
OER electrocatalysts, can be separated into two main categories: molecular orbital (MO) and
bulk band theory. For example, e, filling [12,16,17] relies on the basis of MO principles while
metal-oxygen covalency [18,19], O 2p band center [20], and charge transfer energy [21] are
related with the bulk band theory. The following section covers several popular descriptors

that describe perovskite oxides as OER catalysts.

O‘*M—fo OH"

b
05|
H,0+e” 2 0H- 2H,0+2e”
10|
>
O—M—o M/ I~ 2
0, +H, O+e\

Figure 2.1. Schematic illustration of the OER mechanisms.. (a) Conventional adsorbate evolution
mechanism (AEM). (b) More recent lattice oxygen mediated mechanism (LOM). a and b reproduced
from ref. [22] with permission. © 2016 Springer Nature. (¢) OER overpotential values of metal oxide
catalysts with different structures as a function of (AGg* — AG,(_’IO*). Reproduced from ref. [14] with
permission. © 2011 Wiley-VCH.
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Chapter 2 Literature Review

2.2  Perovskite OER catalysts and Ba.sSro.sCoosFe203-3

Perovskites of the general formula ABOs have transition metals that occupy B-sites with
corner-sharing octahedra of oxygen, while alkaline and/or rare-earth ions are located on the
A-sites with 12-fold coordination with oxygen [23]. A schematic illustration of the perovskite
structure is shown in Figure 2.2a. Owing to their tunable electronic structure via substitution
of a variety of elements in the structure, they have been shown to exhibit diverse physical and
chemical properties such as ferroelectricity [24], piezoelectricity [25], pseudocapacitance [26],
etc. The behavior of electrocatalytic oxygen evolution on perovskite oxides was first reported
in 1980s [27-29], when Bockris ef al. systematically studied OER electrocatalytic properties
of lanthanum-based perovskites with different B-site first-row transition metals [27]. The
authors proposed that, on the basis of MO, the electrocatalytic activity of lanthanum-based
perovskites increased with increasing occupancy of antibonding orbitals of the intermediate

state B-OH.

2.2.1 egoccupancy as a descriptor

In 2011, Suntivich et al. presented a complete study with several perovskites were evaluated
for the oxygen evolution reaction. Within this study, an exceptional OER electrocatalyst, the
complex perovskite BagsSrosCopsFeo203.5 (BSCF), in alkaline solution [12] was presented
revealing that the intrinsic OER activity of BSCF is even better than the benchmarked IrO,
nanoparticles [12]. Typically, BSCF has been shown to exhibit exceptional oxygen ion
conductivity [30] for applications such as gas sensors, oxygen transport membranes, and solid
oxide fuel cell (SOFC) electrodes [31-33]. The breakthrough from Suntivich et al. opened a
new application regime for BSCF, specifically for OER electrocatalysis. After Suntivich and
co-workers reported the outstanding OER performance of BSCF, many studies on BSCF as
OER catalysts followed [12,34-39]. Conventional MO principles were proposed in
Suntivich’s article to explain the activity of perovskite oxides as OER catalysts. A step forward
from the occupancy of antibonding orbitals proposed by Bockris et al. back in 1980s, Suntivich
and co-workers included covalent mixing and crystal field of metal d and O 2p orbitals. The

B-site transition metal site is normally considered as active during electrocatalysis. Their anti-
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bonding states split into e, and ty, as shown in Figure 2.2b. The e, orbitals on the surface of
the transition metal ions participate in the bonding of surface adsorbates. The binding of
oxygen is stronger when the e, filling is lower, and vice versa. Thus, in principle, neither too
high nor too low occupancy can lead to optimized binding strength of intermediate adsorbates.
In this way, the electron filling in e, orbitals of transition metals acts as a descriptor for
elucidating the OER catalytic activity of perovskite oxides. It was proposed that the optimized
e, occupancy is close to 1.2 for OER electrocatalysts by reporting a volcano plot of e, electron
versus OER applied potential at i = 50 pA/cmo,” (Figure 2.2¢). As shown on the plot, with the
filling close to 1.2, BSCF exhibits the best OER activity among the perovskites compared.
After successfully explaining the trend of OER activity among perovskite oxides, the e, filling,
which is regulated via oxidation [17] and spin states [40,41], has been widely used to elucidate

the performance of OER oxide electrocatalysts [16,17,42].
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Figure 2.2. eg occupancy as a descriptor for perovskites. (2) A unit cell of perovskite structure shows
that the B-site metals are with octahedral coordination. (b) M 3d and O 2p orbitals form bonding (¢ and
1) and anti-bonding orbitals (6* and ©*). For octahedral coordination around the transition metal, the
M 3d orbitals are split into e, and t,, states. Reproduced from ref. [11] with permission. © 2015 Royal
Society of Chemistry. (c) The volcano plot of e; electron versus potential (RHE) for different perovskite
oxides. Adapted from ref. [12] with permission. © 2011 AAAS.

2.2.2 Bulk O 2p band center and metal-oxygen covalency

Even though the electron filling in e, orbitals has been demonstrated as a useful activity
descriptor in perovskite oxides for OER, the molecular orbital approximations can only be

applied when the metal-oxygen bonds are nearly ionic. It cannot explain the different activity
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of LaNiO3, LaCo00O3, and LaMnOj3; where three perovskites possess the same e; occupancy ~1.
The hybridization of the M 3d and O 2p bands should also be considered since the M-O bonds
possess covalent nature [11,13,43]. Bulk band theory provides deeper and more complete
insights into the OER catalytic activity of perovskite oxides and their mechanistic details. A
schematic illustration of a bulk band diagram of metal and oxygen band hybridization is shown
in Figure 2.3a. Suntivich and co-workers further proposed metal-oxygen covalency to describe
OER activity [43]. By estimating the hybridization of metal and oxygen bands from O K edge

in X-ray absorption spectroscopy, they defined the covalency parameter as (holeeg +

1/ 4 holetzg ). Greater covalency reflects that the active B-site cation has a larger O 2p

character, enhancing the charge transfer between the active sites and adsorbates [12,43]. Figure
2.3b shows the influence of covalency on OER activity when the e, occupancy of the reported
oxides is ~1. Grimaud et al. also reported that the computed O 2p band center relative to the
Fermi level can be used as a descriptor for OER activity by correlating the experimental OER
activities of cobalt-based perovskites as shown in Figure 2.3¢ [19]. Lee et al. demonstrated
that the gap between O 2p-band center and Fermi level significantly correlates with surface
oxygen exchange kinetics and oxygen absorption strength on the metal oxide surface [44].
Recently, Jacobs et al. reported on a strong linear correlation between the measured OER

activity of perovskite oxides and the oxygen p-band bulk descriptor [20].
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Figure 2.3. Bulk O 2p band center and metal-oxygen covalency. (a) Schematic illustration of
perovskite density of state (DOS), orange = transition metal 3d and blue = O 2p on the basis of bulk
band theory. Reproduced from ref. [11] with permission. © 2015 Royal Society of Chemistry. (b) OER
activity plots against M-O covalency. Reproduced from [43] with permission. © 2014 American
Chemical Society. (c) OER activity (potential at 0.5 mA/cm?) versus the calculated O p-band center
relative to the Fermi level for different perovskite oxides. Reproduced from ref. [19] with permission.
© 2013 Springer Nature. (d) Correlation between the measured oxygen surface exchange coefficient
and calculated O p-band center for different perovskites. Adapted from ref. [44] with permission. ©
2011 Royal Society of Chemistry.
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2.2.3 Surface stability of BSCF

The O 2p band center indeed provides a powerful perspective to describe perovskite oxide
OER electrocatalysts. However, the OER activity cannot be fully explained by the bulk O 2p
descriptor which is based on the assumption that the surface electronic structure is the same as
in the bulk. If the surface that is responsible for OER activity is not what is claimed or surface
reconstruction occurs, the bulk descriptors may not be applicable. For example, as shown in
Figure 2.3c, the OER activity of BSCF does not scale with the O 2p band center. The reason
for the deviation was studied by May et al. [38]. They reported surface amorphization and A-
site dissolution of BSCF after cycling. Compared to TEM images of cycled and as-prepared
LaMnO; (LMO), BSCF shows formation of amorphous layers on the surface after cycling
(Figure 2.4). Thus, the amorphized surface layer on BSCF likely resulted in the deviation of
OER activity using the O 2p band center as the descriptor. Although the bulk band descriptor
fails to explain the OER activity of BSCF, the stability of the electrocatalysts is correlated to
the O 2p band center. This was further explained by the positive correlation between O 2p-
band center and oxygen vacancy formation energy: BSCF has a closer O 2p-band center (-1.5
eV) to the Fermi level than LMO so it is easier for BSCF to form oxygen vacancies, resulting
in surface amorphization and A-site dissolution [38,45]. The structure change of BSCF has
also been studied via X-ray absorption spectroscopy (XAS) techniques [37] where Risch et al.
pointed out that the amorphization is associated with the increasing number of edge-sharing

Co octahedral in BSCF.

Figure 2.4. TEM images of as-prepared and cycled perovskites. (a) TEM images of A: as-prepared
and B: cycled BSCF showed that amorphization on the surface of BSCF (b) TEM images of C: as-
prepared and D: cycled LMO. Adapted from ref. [38] with permission. © 2012 American Chemical
Society.
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The surface stability of BSCF remains unclear despite its exceptional OER activity. BSCF is
a perovskite that can accommodate a large number of oxygen vacancies [46] due to the low
formation energy of oxygen vacancies [19,38]. In 2017, Han et al. demonstrated that the low
energy penalty for oxygen vacancy formation in BSCF relates to high water uptake and high
ion mobility [45]. The authors observed strong structural oscillations of BSCF in the presence
of both water vapor and electron-beam irradiation using environmental TEM (ETEM) (Figure
2.5a). They claimed that the oscillation was related to the uptake of water vapor (Figure 2.5b)
in BSCF due to formation of O,. As seen in the electron energy-loss spectroscopy (EELS) in
Figure 2.5¢, BSCF in H,O vapor showed an O, energy-loss peak, which is indicative of the
generation of oxygen molecules under electron-beam irradiation. Overall, oxygen vacancies
seem to explain well BSCF’s surface stability. However, its OER activity still cannot be

explained.

A new mechanism of OER in BSCF was proposed by Fabbri et al. in 2017 [35]. The authors
claimed that dynamic reconstruction of self-assembled metal oxy(hydroxide) active layer on
the BSCF nanoparticles is the reason for its high activity during OER. The formation of the
oxy(hydroxide) oxygen was claimed to be due to lattice oxygen evolution reaction (LOER,
oxidation of lattice oxygen), triggered by OER when the electrode is brought out of
equilibrium [47]. The LOER at the perovskite surface also resulted in the dissolution of A-site
cations (ABO;-s + OH™ <> BO(OH) + AT+ 0, + 3e7). The mechanism of self-reconstruction
of the CoFeO(OH) active layer and the dissolution of Ba/Sr A-site cation is shown in Figure
2.5d. The ability of the structure to accommodate LOER is due to the flexibility of the
perovskite structure, which is related to oxygen vacancies. The more vacancies, the more
flexibility for the surface reconstruction, so the more active the perovskite oxides are as
electrocatalysts for OER. Perovskite oxides with different oxygen vacancy content (8) were
compared in their studies. Bag sSros5CoosFe203-5, 6~0.75 > Lag»Sr05C003-5, 6~0.4 (LSC) >
Co0i-5, 6~0.01. BSCF with the largest number of oxygen vacancies showed the lower OER
overpotential compared to LSC and CoO,

In short, BSCF was reported as a promising OER electrocatalyst in alkaline medium back in
2010s. The early reported e, occupancy descriptor can explain the exceptional activity of

BSCF among perovskite oxides but when it moved to a more generalized bulk O 2p band
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center descriptor, BSCF OER activity seems to fail to scale with bulk band descriptor. It is
noted that the use of the proposed descriptors to explain the OER trend of electrocatalysts is
on the basis of the intrinsic, claimed surface. BSCF undergoes surface amorphization at the
surface during OER so the bulk band descriptor does not apply. Finally, a more recent

explanation on the basis of oxygen vacancies further describes the surface stability and OER

activity of BSCF.
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Figure 2.5. Surface stability of BSCF. (a) TEM images of structural evolution of the BSCF particle in
water vapor under the electron beam. (b) Scheme of water uptake and oxygen evolution. Water uptake
process occurred first to form hydroxyl groups and then hydroxyl groups were oxidized on lattice
oxygen site into O, under the e-beam induced oxidative potential. (c) O K edge and low-loss EEL
spectra of BSCF under different conditions. H,O and O, reference EEL spectra are included. a-c
Reprinted from ref. [45] with permission. © 2017 Springer Nature. (d) Proposed mechanism of
formation of highly active CoFeO(OH) surface layer and Ba/Sr A-site dissolution during OER/LOER.
Reprinted from ref. [35] with permission. © 2017 Nature Springer.
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2.3  Solid-liquid interfacial interactions

The solid-liquid interface is central to heterogeneous catalysis. Thus, following the discussion
of the bulk and surface properties of OER electrocatalysts [48], the solid-liquid interfacial

interactions are considered to broaden the understanding of OER electrocatalysis.

2.3.1 Charge transfer and surface restructuring

Charge transfer is a process that takes place at the solid-liquid interface in reactions involving
electrocatalysts. It relates to the chemical adsorption/desorption of molecules or ions on the
surface [49]. In particular for the surface of (110)-orientated RuO, single crystal surface
interacting with molecules in acidic electrolyte [49], it has been reported that the redox peaks
could be attributed to deprotonation of H>O at the active sites of RuO; surface. In addition to
chemical adsorption/desorption, surface restructuring during the electrocatalytic process is
also induced by the charge transfer at the solid-liquid interface. For example, the
aforementioned surface amorphization, A-site dissolution, and corner-sharing to edge-sharing
of Co octahedra at the BSCF surface are related to charge transfer at the interface [37,38].
Surface restructuring during electrocatalytic operation conditions may play a role to enhance
the activity of OER electrocatalysts, acting as a strategy to increase the number of active sites
at the surface of the catalysts during the operation. The first example mentioned in the previous
section was the dynamic surface reconstruction of BSCF proposed by Fabbri ef al. [35]. Other
than BSCF perovskite, Bergmann et al. reported that Co3;O4 spinel structure reversibly
transforms into amorphous CoO4(OH), active surface layer at OER potential [50]. The surface
transformation is closely related to the charge-transfer redox reaction at the surface. In general,
the spinel structure consists of mixed valences: +2 in the tetrahedral sites (Tq) and +3 in the
octahedral sites (Oy), with a 1:2 ratio, namely, [Co* q]i [Co* om]2 in Co30s. Two redox
features are seen in the cyclic voltammogram of Co3zO4 as shown in Figure 2.6a. The first one
annotated A1/C1 refers to Co(Il)/Co(Ill) while A2/C2 is Co(Ill)/Co(IV) redox reactions.
Co®'14 ions of the crystalline Co;O4 in the near-surface get oxidized to +3 and change their
coordination from tetrahedral to octahedral, resulting in the formation of the catalytic

amorphous surface layer (Figure 2.6b). Co octahedral site, on the other hand, is inactive and
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is not involved in oxyhydroxide phase transformation [51]. In addition to Co-based oxide OER
catalysts, surface transformation at the solid-liquid interface was found in Ni-based OER
catalysts. A typical example is the Ni(OH)»/NiOOH transformation that is coupled to Ni*"**
under potential cycling and NiOOH has been considered as an active phase for OER [52].
Thus, surface structure and surface interaction with the electrolyte are critical phenomena
towards the understanding of OER electrocatalysts. The charge transfer process is one of the
most important interactions for electrocatalytic OER in liquid. It can induce surface

reconstruction and hence lead to active phase formation during OER.
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Figure 2.6. Surface restructuring on Co30a. (a) Cyclic voltammogram of Co3;04. A1/CI refers to
Co(II)/Co(III) while A2/C2 is Co(IIT)/Co(IV) redox features. (b) Crystalline Co3Os at resting state and
amorphous CoOx(OH), with Co octahedral coordination under OER potential. Both a and b are reprinted
from ref. [50] with permission.

2.3.2 Surface wettability

In addition to the surface restructuring and charge transfer, one of the classic solid-liquid
interactions is surface wettability. Typically, surface wettability is measured by the contact
angle O between a liquid droplet and solid surface, which is related to their interfacial tensions
[53]. Three surface tensions depending on the interacting media need to be considered: solid-
liquid (ysp), liquid-gas (yLv), and solid-gas (Ysv). The equilibrium between these interfacial

tensions determines the contact angle according to the equation:

Ysv = Vsi + Vivcos6 (2.1)
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This equation predicts that the more hydrophilic the surface is, the larger contact angle it has,

and vice versa, as shown in the schematic illustration of Figure 2.7.

B

Hydrophobic surface Hydrophilic surface

Figure 2.7. Contact angles (0) of the hydrophobic/hydrophilic surface. Surface tensions balance
between solid-liquid (ys), liquid-gas (yLv), and solid-gas (ysv).

Application of external stimuli can also induce changes of the wettability of surfaces. In some
cases, it can even be accomplished reversibly [54]. For example, switchable wetting induced
by light illumination has been demonstrated on TiO, [55-57]. The formation of oxygen
vacancies due to the illumination resulted in a reduction of the Ti oxidation state to +3, which
led to the formation of the hydrophilic Ti-OH at the surface [56]. Other than light-induced
hydrophilicity, electrical potential or temperature have also been demonstrated to adjust the
surface wettability. It was shown that the wettability of a surface coated with a self-assembled
monolayer (SAM) was altered under applied potential [58]. The switching configuration of
the SAM layer has found to trigger the alteration of the wetting upon the application of the
electric potential. Additionally, the temperature has been reported to induce
hydrophilic/hydrophobic transition due to the modification of a thermal responsive polymer

on surfaces [59].

Another way to adjust surface wetting is via electrowetting [60,61] which is induced by the
alteration of surface tension at solid-liquid interfaces. When the electric potential is applied
between a dielectric surface with a liquid, interfacial charges accumulate and form a capacitive
system. Thus, the interfacial tension between the solid-liquid interface is altered due to
capacitance formed. The change of the contact angle related to the interfacial capacitance is
described by the Young-Lipmann equation assuming that the interfacial capacitance is a

constant [60,61]:
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1
cosf — cosf, ECVZ (22)

where 0 is the contact angle after application of the voltage V, 6 is the contact angle at
equilibrium (at 0 V), and c is the capacitance at the solid-liquid interface. A schematic
illustration of the electrowetting mechanism on a dielectric surface (EWOD) is shown in
Figure 2.8. Typically, the applied potential to induce EWOD is relatively high (several tenths
to several hundreds of volts) [60].
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Figure 2.8. EWOD mechanism. The charges accumulate at the interface and adjust the contact angle
when the electric potential is applied across the interface. Reproduced from ref. [60] with permission.
© 2002 AIP Publishing.

Electrowetting can take place on conductive surfaces with much lower applied voltage. In
typical electrowetting behavior occurring between conductor-liquid interface, the interfacial
capacitance is determined by the charges of the electrical double layer. As the capacitance
value is inversely proportional the thickness of the charged layer, a larger interface capacitance
at the conducting surface can be produced than the one on a typical thick dielectric layer,
resulting in lower voltage required to induce electrowetting [62]. The voltage can be as low as
several volts on the conductive surface [62,63]. Ounnunkad et al. reported reversible
electrowetting on the basal plane of graphite [64]. The range of the applied potential was lower
than 1 V. They concluded that the interaction of water with graphite and the crystallinity of
the material are responsible for the phenomenon of reversible electrowetting. In most cases,

the interfacial capacitance is approximated to be a constant using the Helmholtz model of the
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electric double layer [64]. However, constant capacitance is unrealistic due to the variation in
electrode/electrolyte capacitance. Lomax et al. have measured the potential-dependent

interfacial capacitance of graphite/LiCl,q) interface using AC impedance [62].

Additionally, electrochemical interactions or modifications at the solid-liquid interface can
alter the interfacial capacitance and further influence electrowetting. Tang et al. reported that
ion intercalation on a graphite surface induced pseudocapacitance, leading to the alteration of
the electrowetting behavior [65]. Zahiri et al. demonstrated active control of the wettability of
copper oxide surface by switching the oxidation state of Cu electrochemically [66]. They
showed that surface redox reaction at the Cu oxide surface can induce a change in the contact
angle. Similar electrochemically induced modifications of surfaces have been demonstrated
on liquid Ga by application of electric potential in alkaline medium and it was associated with

the reversible formation of hydrophilic hydroxyl groups at its surface [67].

More importantly, wetting can influence the chemical properties such as catalytic
performance. It has been reported that the effect of surface wettability is important for many
aspects in heterogeneous catalysis such as activity, selectivity, and stability [68,69]. For
example, surface functionalization like phosphorylation [70] and plasma treatments [71] have
been shown to improve the hydrophilicity of NiFe hydroxide, a typical OER catalyst. Li et al.
proposed that the enhanced electrochemical surface area after phosphorylation resulted in
more catalytic active sites for water adsorption and oxidation [70] whereas Zhang et al.
proposed that hydrophilicity of the surfaces promotes the charge-transfer rate between the

electrolyte and electrode, and thus, leads to better OER activity [71].

2.4 Operando/in situ techniques for oxygen electrocatalysis

One of the central challenges in studying electrocatalysis is to understand their functionality
and their activity, specifically, under operation conditions. In the past decades, researchers
have developed a great variety of operando/in situ techniques to investigate the properties of
electrocatalysts in real-time [72,73]. This section mainly focuses on X-ray based spectroscopy

and (S)TEM based techniques as they have been applied for electrocatalytic studies.
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2.4.1 X-ray based techniques

X-ray based techniques are the most widely used operando methods to study electrocatalysis
under operation conditions. In this section, three X-ray based tools are covered: Ambient-
pressure X-ray photon-electron spectroscopy (APXPS), X-ray absorption spectroscopy
(XAS), and surface X-ray diffraction (SXRD).

2.4.1.1 Ambient-pressure X-ray photon-electron spectroscopy

XPS measures the emitted electrons that are excited by X-ray photons. The kinetic energy of
the emitted electron reflects the electron binding energy. It is a surface-sensitive technique
since the depth of penetration for photons and electrons is small and it is used to probe the
surface electronic states such as coordination and valence of elements. Typically, XPS is
performed in an ultra-high vacuum chamber which brings severe limitations to the application
of operando/in situ analyses for electrocatalytic processes. Thus, ambient-pressure XPS has
been developed using a combination of differential pumping systems and conical detectors
close to the electrode surface which greatly reduces the limitation of ultra-high vacuum
operating conditions [74]. In APXPS, a thin layer of the liquid electrolyte can be formed on
the surface of electrocatalysts using the “dip-pull” method as shown in Figure 2.9a. Favaro et
al. studied the chemical and structural evolution of different conformal CoOy catalyst layers
under OER with the condition that a thin liquid layer on the CoOy surface is present [75]. They
discovered the transformation of Co(OH), to CoO(OH) under precatalytic electrochemical
conditions (Figure 2.9b). The limitation of the dip-pull method is the mass transport
restrictions imposed by the thin-film electrolyte [72]. However, operando APXPS can provide

information of surface electronic states and even reaction intermediates of the electrodes.
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Figure 2.9. Operando ambient pressure XPS. (a) The dip-pull method to form a thin liquid layer at
the electrode surface in operando APXPS. (b) Phase conversion of Co(OH), to CoO(OH) under pre-
OER condition. Reprinted from ref. [75] with permission. © 2017 American Chemical Society.

2.4.1.2 X-ray absorption spectroscopy

XAS measures the changes in X-ray absorption or fluorescence as a function of X-ray photon
energy [76]. The X-ray energy is enough to excite core-level electrons to higher-level
unoccupied states. The excitation process of the electron leads to absorption of the X-ray
energy. XAS normally refers to an ionization edge of the electronic states of a specific element.
For example, Co K edge represents the ionization process arising from the transition of a 1s
electron to the unoccupied state of Co atoms. XAS can be separated into three regions: the pre-
edge region, X-ray absorption near-edge structure (XANES, extending from the edge to about
50 eV), and extended X-ray absorption fine structure (EXAFS, extending from 50 eV and
above up to 1000 eV). Depending on the edges and spectrum regions, XAS can provide a great
variety of information of electronic structures ranging from valence, coordination, orbital
filling, density of states, etc. It is a powerful tool to investigate the electronic structure and
coordination environment of electrocatalysts, especially when it is applied under operation
conditions [72,73,77]. In general, pre-edge and XANES regions reveal information of
position/occupancy of orbitals, site symmetry, and oxidation state. The EXAFS region is
further away from the ionization edge. It gives the information of bonding, near-neighbor
distances, and coordination numbers. The signal originates from the interference between the

outgoing and backscattered waves of photoelectrons ejected from the absorbing atoms. This
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technique has been widely applied to OER electrocatalysts such as IrO, [78,79], NiFe
oxyhydroxide [80,81], and Co-based oxides [82—84]. For example, in 2015, Fribel et al.
systematically studied the highly active catalyst NiFeOOH for OER using operando Ni and Fe
K edge XAS [81]. They showed that the shift of the pre-edge peak which reflects the 1s to 4p
transition and the main absorption edge in Ni K-edge in XAS when the anodic potential applied
was higher than 1.52 V, as shown in Figure 2.10a. The results suggested that Ni** oxidizes and
this was associated with a structural change from Ni(OH), to NiOOH. Moreover, through
EXAFS spectra, they revealed that the Fe—O bond distance in Fe—Ni hydroxides is smaller
than in pure y-FeOOH while Ni-O remained identical under OER conditions. Instead of using
K edge spectra, in 2021, Mefford et al. used Co L3 edge XAS to probe the potential-dependent
Co oxidation state of Co(OH); in combination with scanning transmission X-ray microscopy
(STXM) (Figure 2.10b) [85]. They claimed that compared with determining oxidation state
via edge position of K edge spectra, Co L edge spectra serve as fingerprints of the oxidation
state and coordination environment around Co and can be easily identified by linear
combinations of reference spectra. The evolution of Co L3 edge operando XAS spectra under
potential scan showed the trend of oxidation of Co®" (Figure 2.10c) compared with the
reference spectra of Co**, Co®*, and Co>**. The derived Co oxidation states are shown in Figure
2.10d using a linear combination method and fitting with an ideal solution model. Notably, no

Co*" is observed during OER according to their STXM-XAS characterizations.

Overall, operando XAS techniques probe the chemical and electronic states of the target
catalysts under operation, providing invaluable multiple chemical and structural information
of electrode materials during electrocatalysis. However, electrocatalytic reactions occur on
specific surface-active site while the XAS analysis provides average information from
samples. Thus, it exhibits some limitations on the mechanistic insights that can be revealed in

site-specific catalytic reactions.
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Figure 2.10. Operando XAS. (a) XANES of Ni K edge XAS of NiFe oxyhydroxide. Left Panel is
zoom-in of pre-edge. Reprinted from ref. [81] with permission. © 2015 American Chemical Society.
(b) Experimental setup of STXM-XAS. (c) Potential-dependent Co L; edge XAS spectra with reference
B-Co(OH), (Co?"), LiCoO; (Co*") and SrsCos0;5 (Co>"). (d) Co oxidation state of Co(OH), plotted
with potential vs RHE, with an ideal solution model fit. Reproduced from ref. [85] with permission. ©
2021 Springer Nature.

2.4.1.3 Surface X-ray diffraction

Operando surface X-ray diffraction (SXRD) has been implemented for studying the surface
structural changes under electrochemical conditions in the past decades [§6—88]. Specifically,
Reikowski et al. used operando surface X-ray diffraction technique to study Co oxide thin
films, particularly Co3O4 (111) and CoOOH (001) [89]. By analyzing the out-of-plane grain
size Ad, with respect to the applied potential, they observed that CoOOH (001) (blue in Figure
2.11) remains stable in the applied potential range while a reversible structural change of
Co304 (111) (red in Figure 2.11) occurs during potential cycling. They proposed that the
observed potential-dependent restructuring of Co304 (111) is due to fast and reversible
formation of a skin layer on the surface. The process reflects Co;04/CoOOH transition at the
potential 1.2 V versus RHE. The mechanism of the formation of a skin layer on Co3O4 (111)

may be due to the displacement of Co** from tetrahedral to octahedral geometry site.

31



Chapter 2 Literature Review

S 0.0
S -05F -
3 -1.0f E

Erne / V

Figure 2.11. Potential-dependent out of plane grain size Ad.. The red and blue represent Co3O4 (111)
and CoOOH (001) thin films, respectively. Filled and open symbols refer to the positive and negative
going potential sweep, respectively. The solid lines are CV curves. Reproduced from ref. [89] with
permission. © 2019 American Chemical Society.

2.4.2 In situ (scanning) transmission electron microscopy

In addition to X-ray-based techniques, scanning transmission electron microscopy ((S)TEM)
can also be used to image the morphological evolution of catalysts under working conditions.
The main advantages of its implementation are the high spatial resolution, the ability to
perform structural and chemical studies, and the unique ability to perform site-specific analysis
(the detailed operation of electrochemical liquid-phase TEM (LP-TEM) will be discussed in
Chapter 3). However, very few studies of oxygen evolving oxide catalysts have emerged thus
far. Morphological and structural evolution of Co3;04 nanoparticles during OER conditions
was recently reported using in situ electrochemical LP-TEM by Pefia et al. [90] where an
irreversible phase transformation of amorphous Co oxyhydroxide was observed. Crystalline
Co304 nanoparticles were embedded in a matrix of amorphous Co oxyhydroxide-like phase
(Figure 2.12a and b) after applying chronopotentiometry with high geometrical current. Their
results contradicted the previously reported reversible structural modifications of Co0304
[50,89]. This could be explained by the use of different electrochemical conditions. Their

chronopotentiometry at relatively high current may induce irreversible phase transformation.
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Figure 2.12. Co304 nanoparticles after chronopotentiometry. (a) /n situ HAADF-STEM images of
Co504 nanoparticles after 90s chronopotentiometry (10 mA/cm?gc). (b) Formation of amorphous Co
oxyhydroxide-like phase on Co304 after 145 s chronopotentiometry. Reproduced from ref. [90] with
permission. © 2019 American Chemical Society.
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Chapter 3 Methodology and

Instrumentation

This chapter introduces the principles of the methodology and instrumentation implemented
for obtaining the results of the thesis. It is noted that the main aspects of the instrumentation,
necessary to understand the results of the thesis are included. A more detailed description can
be found in refs. [91-93]. The first section (3.1) discusses the general background of
(scanning) transmission electron microscopy ((S)TEM). Analytical electron energy-loss
spectroscopy (EELS) under (S)TEM mode is covered in section 3.2 including descriptions of
the principles, and its operation. The third section (3.3) covers the electrochemical liquid-

phase TEM (LP-TEM).

3.1 Principles of (SYTEM

3.1.1 Overview of (S)TEM

An overview of a standard transmission electron microscope is shown in Figure 3.la.
Typically, the electron gun, i.e. the source of electrons, is a single crystal tungsten in a fine tip
shape with a size a few tenths of nanometers. Due to the fine tip geometry, a strong electric
field is created when anodic biasing (~kV range) is applied in front of the tip. The electrons
are extracted from the tip using the electric field. This kind of electron gun is called field
emission gun (FEG). To avoid oxidation of the W tip and maintain clean surface for field
emission, ultra-high vacuum ~107' torr is required in the FEG chamber. In this case the W tip
is operated at ambient temperature and it is called cold FEG. Alternatively, the tip can be

heated up and treated with ZrO, to improve the emission characteristics and it is known as
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Schottky FEG, which is the most popular FEG currently. Cold FEG provides better spatially
coherent electron beam meaning that a high energy resolution ~0.3 eV can be reached. Thermal
assisted Schottky FEG gives greater stability of the electron source. After the electrons are
generated from the electron gun, the electrons are further accelerated with high voltage
(ranging from several tenth to several hundred kV) to achieve shorter wavelength A, whose

numerical value, taking into account relativistic effects, is given by the equation:

h
1=

eV (3.1)
\/ZmoeV(l + W)

where h is Planck’s constant, my is the electron rest mass, V is the accelerating voltage, and ¢
is the speed of light. The acceleration process resulting in shortening the wavelength is the key
to have extreme spatial resolution. As an example, for a TEM with 200 kV accelerating

voltage, the wavelength of the electron is 2.5 pm.

Once the electron beam is generated, the electrons travel through a series of electromagnetic
lenses and apertures, Figure 3.1a. The electromagnetic lenses control the path of the electron
beam and they are used to deflect and/or focus the electron beam by altering the strength of
the lenses depending on the operation needed. The apertures select the electron beam
irradiation or control the convergent or collection angles during operation. The condenser lens
system controls the condition and intensity of the electron-beam that illuminates the specimen.
The following lenses typically are the objective, intermediate, and projector lenses (which will
be discussed in the TEM subsection). Scanning coils are included in the column for the
operation of scanning TEM mode. Eventually, the electrons are collected at the detector units

after interacting with the specimen.

When the high energy electron beam interacts with thin specimen, it generates a wide range
of secondary signal as shown in Figure 3.1b. Signals of transmitted electrons that penetrate the
specimen such as directly transmitted electrons and forward scattered electrons are often
collected wusing different detectors to perform imaging and diffraction. Analytical
characterization such as energy dispersive spectroscopy (EDS) and electron energy-loss

spectroscopy (EELS) can be performed by using the signals of X-ray and inelastic scattering
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electrons, respectively. The following subsections describe the techniques of TEM, STEM
imaging, diffraction, and EDS.

Electron gun ' ' | Incident electron beam
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Figure 3.1. Overview of (S)TEM and electron-matter interactions. (a) Overview of a (scanning)
transmission electron microscope. (b) Signals generated when a high-energy beam of electrons interacts
with a thin specimen.

3.1.2 Principles of TEM operation in transmission mode

TEM mode is realized when a parallel and broad electron beam illuminates a thin specimen
followed by collecting the transmitted electrons using detectors such as charge-couple devices
(CCD) or complementary metal oxide semiconductor (CMOS). The illumination of the
electron-beam is controlled by the condenser system of the microscope. The current of the
electron beam can be tuned by adjusting the electromagnetic strength of the C1 which is related
to the choice of spot size during operation. For large spot sizes, the crossover after C1 is higher
so the electrons that pass through C2 are limited, resulting in a lower current of the electron-
beam. C2 strength is related to whether the electron-beam converges on the specimen. C2
apertures determine the convergent angle o during the operation as shown in Figure 3.2a. The
parallel illumination of the electron-beam can be achieved by underfocusing the C2 lens or
using third condenser lens. The objective lens is responsible for image formation under TEM
mode. It focuses the electrons emerging from exit surface of the specimen on the back focal

plane (BFP). Under diffraction conditions on appropriate specimen, diffraction patterns are
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formed on the BFP. Afterwards, the image is formed at the first image plane. To switch
between TEM image mode and diffraction mode, the strength of the intermediate lens is
modulated. The apertures that are placed on the image plane of the objective lens are selected
area apertures. They are used to select the area for the diffraction patterns. The projector lens
eventually projects the images or diffraction pattern onto the detector units. A schematic
illustration of TEM image and diffraction modes are shown in Figure 3.2b. The image
formation under TEM mode is based on the exit-plane wave which represents the electrons
after interaction with the specimen. Thus, the contrast of TEM images is generated by the exit-
plane wave. TEM contrast can be separated into amplitude contrast and phase contrast based

on the wave properties of the electrons.

Specimen

B\ Objective lens S\

c1 BFP

1stimage
plane

Intermediate lens
(Change strength)

C2 aperture s

Projector lens

Specimen
TEM image mode Diffraction mode

Figure 3.2. TEM and Diffraction operations. (a) A schematic illustration of how the C2 aperture
controls the convergent angle o. (b) The ray path of the electron beam under TEM image mode and
diffraction mode. The strength of the intermediate lens is stronger under TEM image mode.

The amplitude contrast represents the intensity difference of directly transmitted and scattered
electrons. For thin specimen that elastic scattering is only considered, it consists of two
principal types of elastic scattering: mass-thickness contrast and diffraction contrast. The
mass-thickness contrast arises from the incoherently scattered electrons which represents
Rutherford scattering. It reflects the thickness of the sample and it provides qualitative

information about the atomic number Z of elements. A schematic illustration of mass-
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thickness contrast is depicted in Figure 3.3a. The low mass-thickness region in the specimen
results in low intensity, and vice versa. Diffraction contrast is related to the coherently
scattered electrons that occurs at Bragg angles. In general, the image that is formed by
collecting directly transmitted electrons is called bright-field TEM (BF-TEM). An objective
aperture can be placed at the BFP to select the more centered direct transmitted beam. In this
way, the amplitude contrast of BF-TEM can be improved. If the scattered electron-beam is
selected by an objective aperture, a dark-field TEM (DF-TEM) images can be acquired. It is
called dark-field as the scattered beam is selected so the contrast is inverted compared to BF-
TEM. For example, a strong diffraction spot can be selected in a single crystal specimen to
form a DF-TEM image which can be used to image defects. A schematic illustration of the
manipulation of the objective aperture for achieving different amplitude contrast imaging

conditions is shown in Figure 3.3b,c.

Phase contrast is generated by the phase difference of the exit-plane wave. The broad electron
beam is described as a plane-wave. The exit-plane wave is thus the result of the interaction of
the electron beam with the specimen and carries the structural information. On transmitting a
crystalline specimen aligned to a zone-axis, the incident electron plane-wave undergoes
diffraction. Each diffracted beam experiences a specific phase shift and forms a diffraction
pattern on the BFP where a diffraction spot g reflects a partial beam of wave vector k,. Those
diffracted beams interfere and form a phase contrast image. The simplest case of a phase
contrast image is a lattice plane image. It is typically constructed by the interference of direct
beams, g and -g. A lattice plane image then forms a set of lattice fringes where the periodicity
reflects the d-spacing of lattice planes. Phase contrast depends on the transfer function of the
objective lens which is related to defocus and spherical aberration. The periodicity of the lattice
planes, that is, the d-spacing can be retrieved by mathematically applying a fast Fourier

transform (FFT) to the HRTEM image.
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Figure 3.3. Mass thickness contrast and BF/DF TEM operations. (a) Mechanism of mass-thickness
contrast in the BF imaging mode. Higher mass-thickness of the specimen leads to more elastic
scattering, resulting in more scattered electrons being blocked by the aperture. (b) BF imaging mode.
The direct beam is selected by the objective aperture. (c) Displaced the objective aperture to select
diffracted beam for DF-TEM imaging.

3.1.3 Electron diffraction in TEM

Electron diffraction in TEM is based on Bragg’s law. Considering a set of lattice planes with
d spacing, the reciprocal lattice vector g is given by:

lgl = (32)

1
d
In the reciprocal space, the incident electron beam with a wavelength A forms a vector with a
value 1/A. The Bragg diffraction condition is satisfied when the value of momentum transfer
in the diffraction is equal to a reciprocal lattice vector. Geometrical representation is shown in
Figure 3.4. Thus, the reciprocal lattice points that match the Bragg conditions appear in the
electron diffraction pattern. The most common electron diffraction technique is selected-area
electron diffraction (SAED) based on a parallel electron beam illumination. The use of a
selected-area aperture at the first image plane confines the region of interest for the diffraction.
Although the selected-area aperture is physically located under the specimen, it acts virtually
like an aperture above the specimen to select the region of interest. The area of selection
depends on the size of the apertures. Typically, the selected area can be as small as several
hundred nanometers. SAED pattern is useful for the overall inspection of the crystal structure.
The polycrystalline structure appears to be ring SAED patterns due to a random direction of g
vectors. Single crystals form dotted SAED patterns depending on the symmetry of the crystal

and the zone-axis.
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Figure 3.4. Electron diffraction in TEM. The electron diffraction occurs when the Bragg condition is
satisfied. The reciprocal lattice vector is equal to the momentum transfer of incident beam and
diffraction beam.

3.1.4 Principles of TEM operation in scanning transmission mode

In conventional STEM mode, the electron beam is formed into a small probe (on the sub-
nanometer level size) that is converged using the condenser lens or upper objective lens above
the specimen, Figure 3.5a. To form an image in scanning transmission mode, the electron
probe is scanned across the specimen using scanning coils and the signal of the transmitted
electrons are collected to form a raster STEM image. Detectors are placed underneath the
specimen to collect the signal of the scattered electrons. A bright-field (BF) detector collects
the directly transmitted beam and an annular dark-field detector (ADF) is used to collect the
scattered electrons. When the elastic scattered electrons with high scattering angle are

collected, it forms high-angle annular dark-field STEM (HAADF-STEM) images.

The signal of the incoherently elastic scattered electrons is highly sensitive to variations in the
atomic number (Z) of the atoms in the specimen where the intensity of the scattered electrons
is proportional to Z* (a=1.2-1.8) [94,95]. The contrast in the HAADF-STEM image originates
from mass-thickness contrast. To collect the electrons with different scattering angles, the
camera length is adjusted. The camera length refers to the virtual distance between the
specimen and the detector. Short camera lengths correspond to high angle of scattered

electrons that can be collected.
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Figure 3.5. Principles of STEM. (a) A converged electron-beam illuminates on the specimen under
STEM mode. (b) The effect of the spherical aberration in a lens. o and 8s are the illumination angle and
the radius of the broadening probe due to spherical aberration, respectively. (c) The effect of the
chromatic aberration. dc is the radius of the broadening probe due to chromatic aberration.

STEM imaging can be performed on thicker samples due to the better penetration of the
converged probe of electrons. It also provides better depth of focus than the one in transmission
mode. The major advantage of STEM over TEM mode is the site-specific sub-nanometer
electron beam irradiation that offers the capability to probe local information. In combination
with analytical analyses such as electron energy-loss spectroscopy (STEM-EELS) and energy
dispersive spectroscopy (STEM-EDS), chemical state, valence, and elemental composition

maps other than imaging can be realized.

The spatial resolution in STEM is determined by the probe size of the electron-beam. The
electron probe on the specimen plane is formed by the condenser or upper objective lenses.
The electron probe size, excluding lens effects, is defined as the diffraction limit which is
determined by the Rayleigh criterion, which associates the wavelength to the radius of the airy

pattern [93]
A
5p = 0.61— (3.3)
a
where o is the illumination semi-angle as shown in Figure 3.5b and A is the wavelength of the

electron beam. Eq. ( 3.3 ) gives the theoretical limit of the electron probe size. However, the

imperfection of the lenses leads to broadening of the electron probe. This is known as
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aberrations. An important effect that leads to smearing of the size of the STEM probe is
spherical aberration. It concerns electrons that are initially further away from the optical axis
of the lenses being bent by the lenses closer to the axis, as shown in Figure 3.5b. The

broadening of the electron probe due to spherical aberration is d; and it is given by:
8s = —Csa® (34)

where Csis the spherical aberration coefficient. Another important lens effect is chromatic
aberration. It arises from the fact that the focal point of the lens depends on the energy of the
electrons. The broadening effect of the chromatic aberration ¢ is shown in Figure 3.5¢ and it

is described by:
s = BE (3.5)
c — %“c E ¢4
where C. is the chromatic aberration coefficient, E is the energy of the incident electron beam,

and AE is the energy spread of the electron beam. Thus, the electron probe size in STEM is

defined by the three effects and can be expressed by:

5=/%+%+@2 (3.6)

Using parameters for a conventional STEM (Cs= 1 mm, C.= 1 mm, A =2.5 pm, E =200 KeV,
o = 10 mrad, and AE = 1 V), a resolution 6 = 0.3 nm can be achieved. Recent advancements
of probe-type Cs correction in STEM reduces the C, value down to micrometer levels and gives
sub-angstrom resolution. It is noted that the chromatic aberration is not the limiting factor for

the resolution in conventional STEM since Oc is several times smaller than ds and dp.

43



Chapter 3 Methodology and Instrumentation

3.1.5 EDS

Energy dispersive spectroscopy involves characteristic X-rays that are emitted after the
incident electrons interact with the specimen. The characteristic X-rays are generated in a two-
step process during the interaction. As illustrated in Figure 3.6, first the incident electrons
knock off the inner shell electrons that are bound to the nuclei. Then the outer shell electrons
recombine with the hole, and the process emits the characteristic X-rays. The energies of the
X-rays are characteristic of the difference in energy between the two shells and of the atomic
structure. Thus, the technique is particularly useful for identification of elemental composition
of samples. The relative ratio of two elements in a specimen can be quantified using EDS
quantification. The ratio of two elements A and B is expressed by

Ca Iy

LA i
C; Py

(3.7)

Ca and Cg can be weight percent or atomic ratio of A and B elements in the specimen. Thus,
Ca+Cg = 100%. 1A and I are intensities of characteristic X-rays after background subtraction
of A and B elements, respectively. kag is the sensitivity factor and varies with different pair of
elements. To determine the k factor experimentally, a standard sample with known
composition is used. Once the k-factor is defined, the atomic ratio of elements in the specimen
can be quantified. In an ideal case, the Cliff-Lorimer ratio technique assumes that the specimen

is thin enough so the absorption and fluorescence of the characteristic X-rays are negligible.

Incident electron

Characteristic X-rays

Figure 3.6. Generation of characteristic X-rays.

44



Chapter 3 Methodology and Instrumentation

3.2 Electron energy-loss spectroscopy (EELS)

3.2.1 Physics of EELS

EEL signal has to do with the energy of the electrons that is lost when they interact with matter.
From an atomic point of view, as shown in Figure 3.7a, the incident electrons collide with the
atoms and an inelastic scattering event occurs as a result of Coulomb interaction between fast
incident electron and electrons that surround the nucleus. The inelastic scattering event leads
to energy transfer processes. The kinetic energy of the incident electrons Eo is reduced by a
certain amount of energy AE that is equal to the binding energy and kinetic energy of the
ejected electrons. Thus, the energy-loss term in EEL spectra comes from the difference AE.
As a vector representation, a schematic illustration of the process is shown in Figure 3.7a. The

momentum p and energy Ey of the incident electron are expressed by:

E, = ymyc? (3.9)

where mo, 1, ¢, v, and k are the rest mass of electron, Planck constant, velocity of light, and
the wavefactor of the incident electron, respectively. If the incident electron is scattered by 6

and the momentum is changed to k¢, the change of momentum, also known as scattering vector,
isq = EO - Ef. According to the conservation of momentum, the relationship of the scattering

vector is:

q? = k3 + kf — 2kokgcost (3.10)

As the scattering angle 0 is relatively small, <<1 rad and typically less than 100 mrad, the

magnitude q of the scattering vector is approximated by the expression:

g% ~ ko(6% + 6%) (3.11)

where O is the characteristic inelastic scattering angle corresponding to the average energy-

loss of the incident electron, that is, AE /2:
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6y = AE (3.12)
2E,

The detail derivation of the magnitude of the scattering vector and characteristic angle can be

found in Egerton’s EELS textbook [92]. The inelastic scattering from solids can be described

using bulk band diagram. The inelastic scattering of the incident electrons in the solid can be

seen as the ionization process of the electrons in the solid. The high energy incident electrons

ionize the occupied electrons to unoccupied states in the band energy diagram, Figure 3.7b.

The ionization energy is thus related to the energy-loss of the incident electrons.
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Figure 3.7. Inelastic scattering event in EELS. (a) Left: atomic view and right: vector representation.
(b) Energy diagram in a solid. The blue arrows and brown arrow indicate the ionization process of inner
shell and outer shell, respectively.

In a typical EEL spectrum, the energy-loss of the incident electron is plotted against its
intensity, Figure 3.8a. Most electrons penetrate the specimen without inelastic scattering and
hence the most pronounced feature in an EEL spectrum is the zero-loss peak. The full width
at half maximum (FWHM) of the zero-loss peak reflects the coherency of the incident
electrons and this is defined as energy resolution. Energy resolution is crucial for EELS. It
determines whether the fine structure in the spectra can be resolved. Typically, a Schottky field
emission gun (S)TEM (without exciting a monochromator) gives 1.1 eV FWHM of zero-loss

peak using 0.1 eV/ch as dispersion. The energy resolution of a cold FEG can be as low as 0.3
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eV. These values are enough to resolve the chemical shift of two oxidation states and pre-peak
features in the core-loss EELS. The zero-loss peak intensity represents the probability of
inelastic scattering when the incident electrons travel through the specimen and it can further
provide information on the relative thickness of the specimen. If t is the specimen thickness
and A is the mean free of the inelastic scattering, the relative thickness t/A is In(Iy/Iy) where I;

and Iy is the total integrated intensity and zero-loss peak integrated intensity, respectively.

The energy-loss region which represents electron scattering by phonons follows the zero-loss
peak. This region normally merges with the zero-loss peak due to the fact that the energy-loss
of phonon excitation is quite small. The typical inelastic scattering part in EELS has two main
regions: low-loss and core-loss. The low-loss regime is within an energy-loss below 50 eV
while core-loss ranges from 50 eV to 4000 eV. The low-loss regime in EELS provides
information of inelastic scattering of outer shell electrons such as ionization of valence
electrons which have reduced ionization energies. The inelastic scattering of outer electrons
can also involve plasma resonance. The excitation process can be described as interaction with
a plasmon pseudoparticle whose energy is ho, where h is Planck’s constant and @, is the
plasmon frequency. In thicker samples, the transmitted electron is inelastically scattered more
than once. This effect is referred to plural scattering. In the case of the plasmon scattering, it
forms a series of peaks at multiple plasmon energies. In most cases, plural scattering is
unwanted and it is removed or deconvolved from the spectra to assist the interpretation of the

results.

The core-loss regime is related to the ionization process of the electrons from the inner-shell
resulting in a larger energy-loss. As the empty states are continuous, the ionization of the inner
shell electrons forms an edge lying on the background in the core-loss EELS. The ionization
edge is element and electronic state dependent. The nomenclature of ionization edges in EELS
is shown in Figure 3.8b. For example, if the inner shell electrons of Ni are ionized from 2p to
unoccupied states, it is called Ni L edge in EELS. Thus, the core-loss EELS provides

information of inner shell electrons and elements in the specimen.
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Figure 3.8. EELS spectrum and nomenclature of edges. (a) EELS spectrum includes zero-loss, low-
loss, and core-loss spectrum. (b) Nomenclature of EELS edges of the transition of inner shell electrons
to unoccupied state.

The core-loss region of the EEL spectrum contains information about the density of
unoccupied states in the valence or conduction band and specifically this is represented in the
energy-loss near edge structure (ELNES). A classic example of the ELNES is white lines in
the L edge that represent 2p to unoccupied 3d states of the first-row transition metals. Due to
the spin-orbit coupling, the 2p state splits into two levels: 2ps» (L3) and 2pi» (Lo). The
transition of split 2p states to narrow 3d unoccupied state forms two strong peaks, i.e., white
lines, lying on the L edge. Figure 3.9a shows EEL spectra of L3> edge of the first-row transition
metals. The white line features become less discernible when the atomic number increases,
directly reflecting the 3d unoccupied state. Cu shows no white line features. This is due to the
fact that 3d'? is fully occupied so the white lines are not visible [96]. Additionally, oxidation
states of the transition metals or metal oxides can be acquired on the basis of the energy shift
or intensity ratio of the white lines [97]. The peak shift in the white line is also called chemical
shift, which involves both the initial and final states of a core-electron transition. Qualitatively,
a higher the oxidation state means fewer outer the electrons, which leads to stronger screening
effect of electron excitation. Thus, the bound electron feels more binding from the nuclei,
resulting in larger energy-loss of incident electrons after interaction. The intensity ratio of the

two white-lines reflects the degeneracy ratio of the initial state 2ps» (L3) and 2pin (L2).
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However, due to spin-spin coupling, the white-line ratio depends on the number of electrons
in the final 3d state and therefore varies with atomic number and oxidation state. Variation of
intensity ratio and chemical shift of white-lines in different transition metal oxides are shown
in Figure 3.9c. It is shown that the L; edge of Mn*" has larger energy-loss than Mn®*" by 3eV.

The Ls/L, white line ratio is also lower in Mn*".
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Figure 3.9. Core-loss EELS. (a) EELS L3, edges for the 3d transition metals. Reproduced from ref.
[96] with permission. © 1993 American Physical Society. (b) Alteration of intensity ratio of white lines
and chemical shift of Mn with different oxidation states.

3.2.2 EELS acquisition

Finally, some information on some practical aspects of EELS acquisition is given. The
spectrometer that collects the EEL signal is typically mounted post-column, Figure 3.10,
where the back focal plane of the projector lens is used as the object. The EELS spectrometer
includes a prism to split the electrons with different energy. After dispersion, the electron beam
passes through a series of electromagnetic lenses placed after the prism. Finally, the electrons
reach the detector and form an EEL spectrum. For EELS acquisition in practice, both
convergent (o) and collection () semi-angles should be considered. A schematic illustration
of o and B is shown in Figure 3.11a. Convergent angle represents how the electron beam
converges to the specimen. It is normally determined by C2 aperture and the strength of
condenser lens in the (S)TEM. Collection semi-angle represents how the electron get into the

EEL spectrometer and it is determined by the EELS entrance aperture (in diffraction mode)
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and camera length (CL). In STEM, the collection semi-angle B is defined by the entrance
aperture radius divided by the camera length. Thus, by increasing the size of entrance aperture
or by reducing the CL, B can be increased. It is noted that for quantification the partial cross
section is affected by both o and . Typically, for optimization of EELS collection, it is better
to have large collection semi-angle to increase the intensity and signal-to-noise ratio. However,
too large P results in compensating for energy resolution and signal-to-background ratio. The

actual optimized collection angle depends on the specimen and can vary between microscopes.
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Figure 3.10. A schematic illustration of a post-column EELS spectrometer.

Regarding the acquisition mode in EELS, the electron beam can be located at specific position
and collect EEL spectra in STEM mode. Alternatively, spectrum imaging can be performed to
provide xy spatial information as well as EELS. In STEM spectrum imaging, the electron beam
rasters on the specimen and EELS is collected on each pixel, rendering a three-dimension

dataset with x, y, and AE as shown in Figure 3.11b.
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Figure 3.11. Convergent and collection angles and spectrum imaging. (a) A schematic
representation of convergent (o) and collection (B) semi-angles. (b) EELS spectrum imaging data
dimension under STEM mode.

3.3 Electrochemical liquid-phase (S)TEM

3.3.1 Background and principles of electrochemical liquid-phase (S)TEM

To enable in situ observation of liquid specimen in (S)TEM while maintaining the TEM
column in high vacuum conditions (typically around 10~ to 10”7 mbar) and simultaneously
having electron transparent area for observation, well-developed micro-electro-mechanical
systems (MEMS) with ultra-thin SiNy membranes are typically utilized [98—101]. The
suspended silicon nitride membranes also fulfil the electron transparent capability. The sealed
cell of liquid specimen was first reported in 2003 for imaging the electrochemical applications
and it involved imaging of Cu electrodeposition in aqueous electrolyte, published by Ross et
al. [102]. They have further studied nucleation and growth in electrochemical processes [103—
105]. After the capability of the electrochemical liquid-phase (S)TEM was demonstrated,
many other electrochemical applications such as electrochemical etching [106], fuel cell
[107,108], electrocatalysis [90,109-112], and lithium-ion batteries [113—115] have been
reported.

An illustration of the TEM holder used to perform electrochemical LP-(S)TEM herein is
shown in Figure 3.12a. Its tip can accommodate MEMS chips to seal the liquid. The liquid
electrolyte is usually introduced into the reaction cell from the outside through integrated

microfluidic tubing. Biasing can be performed by connecting the thin film electrodes on the
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MEMS chips through external cables to a potentiostat. Typically, a liquid cell in (S)TEM is
formed by sandwiching two chips, as shown in the cross-sectional view of the assembly in
Figure 3.12b. Two o-rings are placed in between to seal the liquid and avoid breaking the
vacuum of the TEM column. The top chip usually includes microfabricated thin-film metallic
or glassy carbon electrodes to enable electrochemical measurements while the bottom chip has
spacers to support the top chip, letting liquid flow through the membrane region. The thickness

of the spacer ranges from several tenths of nanometers to several micrometers.
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Figure 3.12. Liquid-phase TEM apparatus. (a) Electrochemical liquid-cell TEM holder used herein.
(b) Zoom in and cross-section view of the liquid-cell assembly on the tip of the TEM holder.

3.3.2 Spatial resolution in LP-(S)TEM

The spatial resolution of LP-TEM has been theoretically and experimentally studied
previously [101,116,117]. For thick specimen in which inelastic scattering strongly occurs, the
chromatic aberration in the objective lens dominates the spatial resolution in LP-TEM and is
described by:

1  AE

d==C

B (3.13)

where B, C., AE, and E are semi-angle of objective aperture, chromatic aberration of objective

lens, energy spread due to inelastic scattering, energy of the electrons, respectively. AE can be
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calculated by the inelastic scattering cross section [116]. In the case of liquid water, for
example, the spatial resolution in LP-TEM can be estimated by the following equation

[101,116]:

12 t
dTEM,water =6 X 10*“BC,

= (3.14)

where t is the liquid thickness. The thickness of the nitride window is neglected, and the typical
parameters of LP-TEM operation conditions are used (f = 10 mrad, C. =2 mm, E =200 keV
and t = 1 um). Under these conditions, drem,water 1S estimated to be 3 nm which is larger than
in the case of conventional TEM, therefore providing a reduced spatial resolution in the liquid
cell. On the other hand, in scanning transmission mode, the spatial resolution is limited by the
beam broadening in the presence of thick specimen [116]. Probe broadening occurs due to
elastic scattering which increases the probe diameter as the beam passes through the sample,

resulting in reduction of the spatial resolution [118,119].

The liquid thickness is one of the most critical parameters that influence the (S)TEM analyses.
As the liquid-cell is inserted in the column of the microscope, it is subjected to the pressure
difference between high vacuum (outside) and almost ambient pressure (inside the cell). Thus,
the low-stress SiNy membranes that seal the liquid may bulge under this pressure difference
[120]. If the liquid completely fills the cell, the actual liquid thickness due to bulging of the
membranes is thicker than the gap defined by the spacer. The liquid thickness can be reduced
by forming a thin wetting liquid layer with the presence of gas or vapor on top of the liquid in
the liquid-cell [121-123]. The liquid may be present only as a thin wetting layer on the interior
surfaces of the liquid cell. In this case, the imaging resolution and contrast can be improved
remarkably. Zhu et al. reported sub-nanometer resolution TEM imaging of Pd nanoparticles
confined in a thin-liquid layer. The gas bubble was generated by radiolysis under electron
beam irradiation [122]. Additionally, it has been reported that gas can be generated by
electrolyzing the aqueous solution by applying external electric potential to achieve thin
wetted liquid condition [123]. In addition to thin wetting liquid condition, researchers have

demonstrated the use of graphene or 2D MoS; to seal liquid in TEM [124,125] and atomically-
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resolved TEM images have been reported using graphene liquid-cell [124]. However, in these

cases, electrochemical experiments cannot be performed due to lack of electrodes.

3.3.3 Energy-filtered TEM for LP-TEM

The effect of inelastic scattering plays a critical role for observations in liquid-phase TEM.
Not only the spatial resolution becomes worse, as mentioned above, but the image contrast is
also affected. The severe inelastic scattering produces a structureless background which can
reduce TEM image contrast. One possibility to enhance the contrast in the LP-TEM is to use
energy-filtering techniques. The reason why this technique can improve the TEM contrast will
be discussed in next paragraph. In general, in EFTEM images are formed with electrons that
have specific energies. It can be performed using two different types of energy filters: in-
column or post-column. The in-column energy-filter, such as Q-filter on JEOL TEMs,
provides larger field of view than post column energy-filters during imaging and it is generally
preferred. A schematic illustration of an in-column omega filter is shown in Figure 3.13a. The
Q-filter disperses the electrons off axis but brings them back onto the optic axis before entering
the final projector lens. The ray path of EFTEM imaging using in-column filtering is shown
in Figure 3.13b. The transmitted electrons are first dispersed by the magnetic prism. Then the
electrons at specific energies within a finite energy-range (typically a few eV to tens of eV)
are selected using an energy slit. Finally, the selected electrons form TEM images on the

detector.

Zero-loss EFTEM selects the transmitted electrons that did not exhibit any energy-loss. It
filters out inelastically scattered electrons in the TEM images so the contrast is enhanced. To
better illustrate the contrast enhancement in zero-loss filtering, an example of filtered and non-
filtered BF-TEM images of BSCF particles sitting on Pt thin-film electrode in liquid
electrolyte is shown in Figure 3.13c¢,d. Compared to the unfiltered TEM image in Figure 3.13c,
the zero-loss filtered TEM image in Figure 3.13d shows overall better contrast and it is more
clear and less blurry. The polycrystalline structure of the Pt substrate is more visible.
Additionally, a cloud feature surrounding the particle appears in zero-loss EFTEM. In fact, the

cloud surrounding the particle is liquid electrolyte. Once the inelastically scattered electrons
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traversing the liquid are removed by application of zero-loss EFTEM, the contrast of liquid

becomes more visible.

Additionally, the spatial resolution of thick specimen can be improved by zero-loss EFTEM
because the energy-slit can reduce the energy spread of the transmitted electrons in Eq. ( 3.13
). However, the energy-slit also reduces the total number of electrons that can form TEM
images. In this case, the spatial resolution may be limited by the electron dose (at dose-limited

conditions) [116].
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Figure 3.13. EFTEM in LP-TEM. (a) A schematic illustration of in-column omega filter. (b) A
schematic illustration of ray path of EFTEM imaging. a and b are reprinted from ref. [126] with
permission. © 2009 Springer Nature. (c,d) Comparison of TEM images of BSCF particles on Pt
electrode enclosed in SiNy membrane liquid-cell. (b) without zero-loss EFTEM. (c) with zero-loss
EFTEM. The scale bar is 400 nm.

3.3.4 Electron-beam induced effects in LP-(S)TEM

Electron-beam can induce radiolysis of the liquid. For instance, radiolysis of water leads to the

production of a series of species depending on the dose rate and initial solution [127]

H20 il H+, OH_, e;q, H., OH_, H202, Hz, etc
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Some of the species have free radicals which can be strongly oxidizing or reducing and can
react with other radiolysis products in the solution. In the research field of radiation chemistry,
simulations of the electron-beam induced effects on the concentration of radiolysis species in
aqueous solution have been performed [128]. The chemical changes depend on the initial
composition of the solution. For example, radiolysis generates H" ions and thus makes aqueous
solutions more acidic. It has been proposed that by adding scavengers, the production of
undesirable radiolysis products can be mitigated [129]. In addition to the use of scavengers, a
more straightforward way is to directly lower the dose of the incident electron-beam. Although
lowering the electron dose cannot fully eliminate the radiolysis, it can lower the radiation dose
during an imaging experiment and mitigate the effects of radiolytic products. However,
reducing the dose can affect the image quality and resolution. According to the Rose criterion,
an object can be reliably detected if the pixel on the detector has a signal level above the
background so that the signal-to-noise ratio exceeds a value of 3 to 5 [116]. Thus, too low dose
may result in poor resolution and contrast in TEM. Recent advancements in direct electron
detection (DDD) systems provide a new opportunity for realizing lowering the electron dose
in liquid-cell TEM. Unlike conventional CCD and CMOS that have a window on top of the
sensors, electrons directly impinge on the sensors of the DDD. Thus, the direct electron
detector offers higher detective quantum efficiency (DQE), meaning that it is more sensitive
compared to conventional CMOS or CCD cameras. Another advantage of direct electron
detection is higher temporal resolution which is beneficial for capturing the evolution of the

catalysts in transient state or early stage of catalytic reactions [109].

3.3.5 Microfabrication and configuration of electrochemical chips for LP-TEM

In order to successfully perform in situ electrochemical experiments in TEM, it is necessary
to have an optimized configuration of the electrochemical chips. Customized chips provide
the opportunity to design and fabricate the chips that fit the applications needed. Options such
as electrode materials with different thicknesses are important for electrochemical
experiments. In general, the chips are fabricated on Si substrates and consist of an electron
transparent region and three electrodes: working (WE), reference (RE), and counter (CE)

electrodes. The electron transparent region is made by suspending 50 nm SiNy, membrane on
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Si substrate. Three electrodes are then patterned on the chip with membrane windows.
Passivation layers such as SiO, or SU-8 are necessary to control the active surface of the
electrodes in LP-TEM. This section introduces the microfabrication process of

electrochemical chips used for the experiments within this thesis.

A schematic illustration of the process flow is shown in Figure 3.14a. To begin with, 200 um
thickness Si wafer was coated with double side 50 nm thin-film SiNy. Many rectangular
openings of SiNy were patterned and etched via reactive-ion etching from the backside. Si
substrate was then etched anisotropically from the backside of the wafer by immersing the
wafer in the 20% KOH wet bench. Once the Si substrate was fully etched, the SiNy on the
front side of the wafers remained and formed suspended SiNy membranes. The next step of
the process was to pattern the electrodes on the membrane wafers using photolithography.
Then, the thin-film metallic electrodes were deposited by e-beam evaporation followed by a
lift-off process to remove unwanted the metallic thin-film. SiO, passivation layers were
sputtered on the wafers. Then after patterning using photolithography some part of SiO, layer
were etched by buffer HF solution. Thus, SiO» passivation layer covers some parts of the
electrodes so the active surface area can be localized near the membrane region. Finally, the
electrochemical chips were then diced out from the wafers. The runcard of the fabrication

process is attached in Appendix A.

Examples of different designs of electrochemical chips are shown in Figure 3.14b-d. Figure
3.14b shows the electrode configuration with only WE patterned on the membrane region.
Typically, the surface area ratio of CE/WE should be as large as possible to avoid having the
counter electrode limit the reaction. As shown in Figure 3.14a, the WE electrode also possesses
finger geometry within the membrane area. This provides more possibility of dropcast catalyst
particles to partially stay on the WE electrode. In this case, the particles are connected on the
Pt electrode to perform electrochemistry and can be characterized without the interference of
the Pt substrate electrode. Moreover, site-specific loading of catalyst particles on WE can be
performed more easily on the WE with larger surface area. Smaller electrode configurations
like in Figure 3.14c,d allow better wetting of the electrolyte across the three electrodes, and it

allows for larger electrolyte volume to electrode surface ratio.
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Figure 3.14. Microfabrication of electrochemical chips. (a) Microfabrication process flow of the
electrochemical chips. (b-d) Different designs of electrochemical chips with three Pt thin-film
electrodes. The scale bar is 500 pm.

3.3.6 Electrochemical measurements

Electrochemical measurements are typically performed using a potentiostat, which is an
electronic device that can control the potential between different electrodes. Three-electrode
system was used for the electrochemical measurements of this thesis. The advantage of the
three-electrode cell is that a stable reference potential can be achieved. As there is very less
current passing through the WE and RE, the reference potential of RE can be maintained at a
stable reference potential. On the WE the electrochemical event of interest is performed. The
potentiostat is used to control the applied potential of the working electrode with respect to the
RE that has a well-defined and stable equilibrium potential. RE is used as a reference point
against which the potential of other electrodes can be measured in an electrochemical cell. The
purpose of the counter electrode is to complete the electrical circuit and the current is recorded

as electron flow between the WE and CE.
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It is critical to select proper working electrodes to perform electrochemical LP-TEM. As
already mentioned, the electrochemical reactions are carried on MEMS chips so thin-film
electrodes are used. The thickness of commercially provided thin-film electrodes is around
several tenths of nanometers to ensure electrode transparency. However, to enhance image
quality and to perform analytical (S)TEM in electrochemical LP-TEM, thinner electrodes are
required. In the case of EELS, liquid-cell enclosures with SiNy membranes having 15 nm Pt
and 5 nm Ti adhesion layer were prepared to provide the signal-to-noise ration of core-loss O
K EEL spectra. In addition to thickness consideration, the materials of the thin-film WE should
be selected according to the electrochemical reactions of interest. As the catalyst particles are
dropcast on the working electrode, the substrate working electrode should be
electrochemically inert. For example, for studying the hydrogen evolution reaction (HER), it
is recommended to use glassy carbon and not Pt thin-film electrode since Pt is known to be a
superior electrocatalyst for HER. For oxygen evolution reaction (OER), Pt thin-film electrodes
can be used as a substrate working electrode as poorly conductive thin Pt oxide layer is formed
at the surface under OER condition [130—132]. Additionally, Pt is more robust in an oxidative
potential compared with glassy carbon thin-film electrode, hence, Pt electrodes were used

herein.

Cyclic voltammetry (CV) methods sweep the potential with a certain scan rate. During CV
measurements, potential cycling is applied and current response of the cell is collected. A
cyclic voltammogram is formed by plotting current density against the applied potential. The
current density-potential plot is also known as a polarization curve. Under these conditions,
while the potential is cycling, TEM image sequences can be collected at the same time. The
CV measurements can be further synchronized to the TEM image sequence so that information
of the evolution with respect to the applied potential can be extracted. The procedure and codes
of the synchronization used in this thesis are included in Appendix B. Other than CV,
chronoamperometry (CA) can also be used to investigate the oxide catalysts under OER

conditions. CA applies a constant potential and the current response is collected.
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3.3.7 Potential calibration of Pt quasi-reference electrode for electrochemical

LP-TEM

The reference electrode in an electrochemical cell should be placed close to the working
electrode to minimize the uncompensated resistance R, which depends on the conductivity of
the solution and the distance between working and reference electrodes. During
electrochemical measurements, the potential which the instrument records may not be the
potential experienced by the WE electrode due to R,. This phenomenon is called ohmic drop.
Thus, iR, compensation needs to be corrected in an electrochemical cell. The R, can be
measured by electrochemical impedance spectroscopy (EIS). Typically, the EIS measurement
uses AC response. The measurement is displayed as Nyquist plot in which the imaginary part
of the impedance is plotted against the real part for the range of frequencies applied. The R, is
the impendence when the frequency tends to infinity. In the MEMS chip configuration, the
thin-film Pt RE is relatively close to WE. The distance between RE and WE is around several
hundred micrometers. Ry in the microvolume liquid-cell is around several tenths to several
hundreds of ohms in 0.1 M KOH electrolyte. The current range in the micro-volume liquid-
cell is normally at most several hundred nA. In this case, the iR compensation is quite small

and can be neglected in the micro-volume liquid-cell.

As the quasi-reference Pt thin-film electrodes are used in the liquid-cell, it is important to
calibrate the reference potential value. For the electrocatalysis application, the applied
potential is normally referred to as the reversible hydrogen electrode (RHE). It is considered
as a subtype of the standard hydrogen electrode (SHE), which is based on the hydrogen redox

half reaction:

ZH(qu) + 2e” (—>H2(g) (315)

The standard reduction potential of hydrogen half-cell at pH=0 is defined to be 0 V vs. SHE.
Therefore, if SHE is used as a reference electrode, the applied potential is referred to as
reduction potential of SHE (Esur). To convert the applied potential that is referred to RHE, the
pH of the electrolyte on the basis of Nernst equation needs to be considered according to the

following equation:
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To further calibrate the Pt quasi-reference on the MEMS chip, its equilibrium potential against
an external bulk reference electrode needs to be measured. For instance, the potential
difference between the Pt thin-film quasi-reference electrode and external Ag/AgCl reference
electrode in pH=13 of KOH electrolyte is ~ -0.06 V. Since the equilibrium reduction potential
of Ag/AgCl bulk reference electrode versus SHE is Esye = 0.2 V, the applied potential that is
referred to RHE using Pt quasi-reference electrode in a pH 13 KOH electrolyte is converted

using the following equality:

Erue = Ept quasi + 0-2 — 0.06 + 0.059 x 13 (V) (3.17)

Figure 3.15a shows the CV curves of Co30; particles that were dropcast on a Pt working
electrode. The red curves are three CV cycles performed using external bulk Ag/AgCl
reference electrode that is incorporated on the tip of a liquid-phase TEM holder (Figure 3.15b).
The blue curves show the CV cycles of the same working electrode in the same cell using Pt
quasi-reference electrode. In both CV measurements, the pre-peak feature of Co3O4 in the
liquid-cell in 0.1 M KOH electrolyte shows Co III/IV pre-peak feature at 1.5 V vs. RHE, which
is in agreement with the value reported in literature using a bulk electrochemical cell and a 0.1
M KOH solution [133]. It is noted that the noise in the CVs of Co304 could be due to the
contact of the bulk reference electrode. Another method to calibrate the Pt quasi-reference
electrode is to use an internal reference. For example, the equilibrium potential of
ferrocyanide/ ferricyanide redox pair is known to be at 0.4 V vs. SHE [134]. Thus, the potential

of the quasi-reference electrode can be calibrated by the known potential of the redox couple.
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Figure 3.15. Potential calibration of Pt quasi-reference electrode. (a) CVs of Co304 using bulk
Ag/AgCl (red) and Pt quasi-reference electrode (blue). (b) A schematic illustration of bulk reference
electrode on the tip. Reprinted from ref. [135] with permission.

The redox pair for the noble metals as quasi-reference electrodes in an aqueous electrolyte is

given by the reaction:
M —H,0 & M — OH or M — oxide (3.18)
Thus, the stability of the Pt quasi-reference electrode in the liquid-cell depends on the

equilibrium potential of the redox pair. It can be affected by the pH of the electrolyte, liquid

wetting condition, adhesion layer underneath of the Pt thin-film, or the chemical species

produced or consumed at the WE or CE [136].
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Chapter 4 Oxygen Evolution Reaction in
Bao.5Sr0.5Co00.8Fe0.203-5 Aided by Intrinsic
Co/Fe Spinel-Like Surface

The contents of this chapter are adapted from the published article: [39]

Oxygen Evolution Reaction in BagsSr95Coo3Feo 2035 Aided by Intrinsic Co/Fe Spinel-Like
Surface. Shen, T.-H.; Spillane, L.; Vavra, J.; Pham, T. H. M.; Peng, J.; Shao-Horn, Y.; Tileli,
V. Journal of the American Chemical Society 2020, 142 (37), 15876-15883.
https://doi.org/10.1021/jacs.0c06268.

The Supporting Information referred to in the text is included in Appendix C

Contribution of T.-H. Shen: Performed the experiments, analyzed the data, and wrote the

manuscript with contributions from all authors.
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4.1 Introduction

Energy can be stored by splitting water into hydrogen and oxygen gas (H,O — 2H; + O). In
the past decades, the development of catalysts for the anodic oxygen evolution reaction (OER,
40H — 0,+2H,0+4¢") in water electrolyzers has progressed remarkably [11,137-139]. Co-
based oxides of various crystal structures, including perovskites and spinels, show a flexibility
for tuning the electronic structure and lattice arrangement with respect to cation substitution,
which renders them suitable catalysts for OER [12,23,140-142]. Among them,
BaysSro5CoosFe0203-5s (BSCF), a complex perovskite of the ABO; family, exhibits
outstanding OER electrocatalytic properties in alkaline solution [12,35,36,143].

The exceptional activity of BSCF towards OER has been proposed to result from structural
and chemical alteration at the surface during the reaction [35,37,38]. For example, surface
amorphization and Ba®*/Sr*" dissolution of BSCF at OER potentials was linked to increased
OER currents [38]. Additionally, the change of Co ion arrangement from corner-sharing
octahedra to edge-sharing octahedra, which was claimed to lead to formation of B-site
oxyhydroxide (BOOH), was associated with the increasing of active sites for OER [37].
Recently, it was pointed out that a dynamic process of self-assembled CoFeO(OH)
oxyhydroxide surface layer on BSCF during OER could be responsible for its highly active
electrocatalytic properties [35]. In fact, the oxyhydroxide phase is agreed to be an active phase
for OER [75,144,145], and it was reported that Co-based oxides, especially of the spinel
family, are active OER catalysts due to the formation of oxyhydroxide phase when anodic
potential is applied [50,89,144—146]. This active oxyhydroxide phase transformation depends
on the valence and coordination of cations in the spinel structure [51,144,147,148]. On the
other hand, the self-assembled B-site oxyhydroxide surface layer and A-site leaching process
on BSCF was attributed to lattice oxygen evolution reaction (LOER, oxidation of lattice
oxygen, ABO;_s + OH < BO(OH) + A*" + 0, + 3¢") [35,47]. triggered by OER. The authors
argued that the ability to induce LOER is related to the flexibility of the perovskite structure
to form oxygen vacancies. BSCF has an ability to accommodate large amount of oxygen

vacancies [46], thus, it could have more flexibility for LOER.

To study the catalyst transformations undergoing electrochemical reactions, X-ray-based

techniques such as XAS [35,50,148], X-ray photoelectron spectroscopy (XPS) [75], and X-
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ray diffraction (XRD) [89] are widely used. These X-ray-based techniques have shown great
success in understanding surfaces of catalysts, however, their lack of high spatial resolution
remains a drawback that hinders direct imaging of active sites. In contrast, the electron probing
transmission electron microscopy (TEM) techniques are routinely performed at nanometer
spatial resolution, providing an opportunity to probe the surface of catalysts and to gain
insights concerning crystal structure, composition, valence [149,150], 3d unoccupied state

[151], and coordination environment [152].

Herein, complementary TEM-based imaging/diffraction and electron energy-loss
spectroscopy (EELS) techniques are used to study in detail the surface structure of as-
synthesized and post-OER BSCF. A mixed valence Co/Fe spinel-like surface with Co®" and
Fe’* valence is revealed near the surface. For the experiments, a lab-on-chip setup that, unlike
the convention electrochemical cell set-up, is used to ensure that the surfaces of loaded BSCF
particles are directly exposed to electrolytes during electrochemical reactions. The postmortem
EELS results reveal stable valence and composition of the spinel-like surface after
chronoamperometric (CA) measurements. Moreover, identical location (scanning) TEM
((S)TEM) was used to track the morphological evolution of identical BSCF surface after cyclic
voltammetry (CV). The pre-OER behavior as measured in CV of BSCF in a liquid-cell TEM
holder suggests Co redox reactions similar to the ones of the Co3;O4 spinel. Finally, a
mechanism of reversible Co/Fe oxyhydroxide phase transformation from the Co/Fe spinel-like
surface is proposed to pinpoint the role of the spinel-like surface and its effects on the OER

activity of BSCF.

4.2 Experimental Section

4.2.1 Materials

Bay 5Srp5Co0.3Fe0203.5 (BSCF) particles were synthesized using a nitrate combustion method
reported previously [12,37,38,45]. X-ray diffraction of the synthesized BSCF revealed a
perovskite structure (space group: P m -3 m) with a lattice parameter 3.99 A [12]. CoO (Cobalt
(I) oxide, 99.99% trace metals basis, Sigma-Aldrich) and LiCoQO, (Lithium cobalt (III) oxide,

99.8%, Sigma-Aldrich) were used as standards to provide reference Co L3 electron energy-
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loss near edge structure (ELNES) fingerprints for the cobalt +2 and +3 oxidation states. C0304
(Cobalt (ILII) oxide, nanopowder<50 nm particle size, 99.5% trace metals basis, Sigma-

Aldrich) was used for the CV comparison.

4.2.2 Lab-on-chip setup

4.2.2.1 Working electrode preparation

Customized microelectromechanical systems (MEMS)-fabricated chips patterned with a
glassy carbon electrode and electron transparent SiNy were used to deposit the catalysts and
perform electrochemical measurements. The BSCF catalyst suspension was prepared by
dispersing BSCF powders in isopropanol (IPA) and Nafion. This protocol was chosen to
represent standard electrochemical preparation methods. To ascertain that no damage was
induced on BSCF during the preparation process, two control experiments were performed.
The surface of dry-deposited pristine BSCF particles was probed, which showed similar
character with the surface of the particles after IPA preparation (Figure C1), and the surface
properties of pristine BSCF particles directly dispersed in 0.1 M KOH were found to fully
agree with the chemical character of IPA prepared and KOH immersed BSCF particles (Figure
C2 and Table C1). The suspension was then dropcasted on to the electrodes on the MEMS

chips and left to dry (a few minutes).

4.2.2.2 Electrochemical measurements

A potentiostat (Bio-Logic SP-300) with an ultra-low-current probe was used to perform
electrochemical (EC) operations. All the EC measurements were performed in a three-
electrode configuration and using 0.1 M KOH solution as an electrolyte. An immersion set-up
was used to perform EC measurements for postmortem TEM analysis. A schematic of the
immersion set-up is shown in Figure C3. A Pt wire was used as the counter electrode, and an
Ag/AgCl (3 M NaCl, MF-2052, BASi) was used as a reference electrode. After immersion or

electrochemical treatment, the chips were rinsed with deionized water (18.2 MQ.cm, Milli-Q).
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All applied potentials in this paper are reported relative to the reversible hydrogen electrode

(RHE).

4.2.2.3 Identical location TEM methodology

The MEMS chip with loaded BSCF particles was initially used to characterize the BSCF
particles of interest. After initial TEM analysis, the chip was subjected to electrochemical
operations. The identical particles were then reanalyzed. The methodology allowed to trace

the identical particles of interest within multiple rounds of electrochemical experiments.

4.2.3 (S)TEM, EDS, and EELS characterizations

The (S)TEM data acquisition was performed using a spherical aberration (Cs) corrected TEM
(Titan Themis 60-300, ThermoFisher Scientific) except the part of morphological evolution
using a conventional TEM (Tecnai Osiris, ThermoFisher Scientific). Both Titan Themis and
Tecnai Osiris are equipped with a high brightness Schottky field emission source (XFEG™).
All experiments were performed at 200 kV or 300 kV. Energy dispersive spectroscopy (EDS)
analysis was performed on BSCF particles using a Super-X windowless EDX detector fitted
to the Titan Themis and Tecnai Osiris. EELS data were acquired under STEM mode on Titan
Themis. Energy-loss spectra were acquired with a post column electron energy-loss
spectrometer (GIF Quantum ERS, Gatan) at convergence and collection angles of 28 mrad and
19.8 mrad respectively. Energy dispersions used were 0.1 eV/ch and 0.25 eV/ch giving energy
resolutions of 1.2 eV and 1.8 eV respectively. All data was acquired using the spectrum image
(SI) acquisition method and DualEELS™. The low loss energy offset was set to 0 eV in order
to enable post acquisition zero-loss peak and plural scattering correction of the core-loss
spectral datasets. The background of the spectra was subtracted, and plural scattering was
deconvolved using the Fourier-ratio method implemented in the Gatan Microscopy Suite™

(GMS) software.
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4.2.4 In situ electrochemical cell

The in situ electrochemical experiments were performed using a liquid-electrochemistry TEM
holder (Hummingbird Scientific). Customized MEMS chips (top chips) with three Pt
electrodes and 1 um spacer chips (bottom chips) were mounted on to the TEM holder to seal
the micro volume liquid-cell with o-rings in between. One of three ultra-thin Pt electrode is
used as a quasi-reference electrode. This Pt quasi-reference electrode was calibrated as 0.165
* 0.04 V vs. SHE by measuring the potential against an external alkaline reference electrode
(0.1 M KOH filled, RE-61AP, BASi) in 0.1 M KOH solution. The ultra-thin Pt electrode with
larger surface area on the MEMS chips was used as a counter electrode. Both top and bottom
chips were air-plasma treated for 2 minutes to functionalize the surfaces. The BSCF
suspension were taken with a capillary (1 mm OD/0.6 mm, ID/ 90 mm length, Digitimer Ltd)
pulled by a micropipette puller (Narishige PC-10, Tokyo, Japan) and then dropcasted on the
working electrode using a micromanipulator (Narishige MMO-4 hydraulic micromanipulator).
After the oxide suspensions were dropcasted on the top chip, 0.1 M KOH was injected into the
liquid-cell through the flow tubes (360 um OD) to perform cyclic voltammetry.

4.2.5 FElectrochemical measurements in conventional bulk cell

CV measurements were performed with a conventional three-electrode chemical setup
composed of: a disk glassy carbon electrode of 3 mm diameter as working electrode, a
platinum wire as a counter electrode and an alkaline reference electrode (0.1 M KOH filled,
RE-61AP, BASIi). The catalyst suspension was prepared by dispersing Co3;O4 powder and
carbon black in isopropanol and Nafion. The ink was then sonicated in an ultra-sonicator for
1h before being drop-casted onto the working electrode with a dose of 0.26 mg/cm®. A rotating
disk electrode (RDE, Pine Instrument Company) was used at a rotating speed of 1600 rounds

per minute to remove thoroughly the bubbles formed at the electrode surface.
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4.3 Results and Discussion

4.3.1 Structural and chemical analysis of BSCF surfaces

First, the surface structure of pristine BSCF particles was investigated. The dropcasted BSCF
particles are surrounded by secondary phases, as shown by the high-angle annular dark-field
scanning TEM (HAADF-STEM) image in Figure 4.1a. The identical particle was then
immersed in 0.1 M KOH solution for 3 hours to remove soluble Ba/Sr rich secondary phases,
Figure 4.1b. Energy dispersive spectroscopy (EDS) elemental maps of Ba, Sr, Co, and Fe
(Figure C4) of the BSCF particle corroborate Ba/Sr rich composition of the surrounded
secondary phases. The corresponding secondary phases are indicated with white arrows in
Figure 4.1a. These phases might be attributed to reactions between BSCF and CO; and HO at
ambient conditions [153]. A close-up HAADF-STEM image of the BSCF surface after KOH
immersion in Figure 4.1c reveals a 20 nm thick shell structure (change in contrast). Moreover,
statistical analysis of STEM-EDS quantification maps of surface and bulk from several
particles confirms the Co/Fe-rich composition of this shell, Figure C5. In practice, the near
surface demonstrates a gradual transition which takes place over several tenths of nanometers

as shown in Figure Cé6a.

Figure 4.1. Identical location TEM study on surface structure of BSCF. (a) HAADF-STEM image
of a pristine BSCF particle. White arrows indicate some of the large Ba/Sr rich secondary particles. (b)
HAADF-STEM image of the same BSCF particle after KOH immersion for 3 hours (scale bar in a,b is
100 nm). (c) Close-up HAADF-STEM image of green rectangular box in (b) (scale bar is 20 nm).
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To detail the properties of this surface transition in Figure 4.2c, EELS was performed. The
probed region of interest (green box in Figure C6a) is divided into four sub-regions from the
surface (1) to the bulk (4) as illustrated in the ADF image of Figure 4.2a. The core-loss
components of EEL datasets corresponding to each sub-region are depicted in Figure 4.2b
where three main features emerge. First, the Co L3> white lines in the surface-probed spectra
(sub-region 1) shows a chemical shift of ~1.5 eV to lower energy-loss compared with bulk
EELS (sub-region 4). The shift of Co L3, white lines indicates a change of valence [149]. Thus,
to quantitatively map the valence of Co, multiple linear least square (MLLS) fitting methods
using EEL spectra of CoO (Co*") and LiCoO; (Co™) as standards were applied. The quality
of the MLLS fitting is confirmed by the randomized distribution of the reduced y* map shown
in Figure C7. The MLLS fitting coefficient maps of Co** and Co" in Figure 4.2a reveal that
Co ions at the BSCF surface sit at +2 oxidation state whereas the expected +3 is probed in the
bulk. Second, the gradual suppression of the Co L3/Ba Ms peak ratio and increasing of the Fe
L; intensity near the BSCF surface further confirm the Co/Fe rich surface shell revealed by
STEM-EDS analysis. Last, the surface O K ELNES is significantly different from the bulk.
The change in the fine structure of the O K ELNES is related to the perovskite-to-spinel
transition [154] at the BSCF surface. O K ELNES from the bulk sub-region 4 shows perovskite
characteristics with a flat broad O K peak near 540 eV while sub-regions 1, 2, and 3 have a
sharp peak near 540 eV which corresponds to the O K ELNES of spinel structure at the surface.
In short, the chemical profile of the BSCF surface suggests the presence of a Co/Fe spinel-like
phase.

Insights on the local chemical environment can also be attained by close inspection of the O
K pre-peak (asterisk at ~532 eV) in Figure 4.2b. This feature is associated with the transition
of the oxygen 1s to unoccupied 2p states hybridized with unoccupied metal 3d states in
transition metal (TM) oxides [43,151], which provides information on the oxidation state and
coordination of the TM sites surrounding the excited oxygen atom [155,156]. The reduction
of the O K pre-peak intensity in sub-region 1 of the EEL spectra indicates greater content of
the +2 valence of cobalt at the surface, consistent with the MLLS fitting results in Figure 4.2a.
This observation can be interpreted by a decrease of unoccupied Co 3d states hybridized to O
2p [151]. The reduced oxidation state of Co has been previously found to be a consequence of

the formation of oxygen vacancies for charge compensation [35,46,149,155]. However, the
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underlying Co/Fe spinel structure plays the role of host structure to preserve Co®* valence at
the surface, irrespective of the oxygen vacancy formation since the spinel structure consists of
mix valences: +2 in the tetrahedral sites (Tq) and +3 in the octahedral sites (Op) with 1:2 ratio,
for example [Co* (ra)]1 [Co**(om]2 in C0304. In fact, the reduction of O K pre-peak intensity at
the surface is an indication of cation deficient spinel structure or reduced TM-O bonding
covalency. Both factors can contribute to a decrease of unoccupied 3d density of states,
resulting in a weaker O K pre-peak [156]. On the other hand, the Fe L3> edge suggests that
iron remains in the +3 oxidation state over the entire region without exhibiting a chemical shift
(in comparison to Fe*" EELS standard, Figure C8). Thus far, the distribution of cations (Co*",
Co**, and Fe*") occupied in either Tq4 or Oy sites remains unclear. However, it is assumed that
when the structure changes from perovskite to spinel, the cobalt ions occupy the Ty sites with
+2 oxidation state, that is, Co?" is mainly Ty at the outermost surface while Fe*" ions occupy
Oy, sites. This observation is supported by a recent report that Fe** is prone to occupy Oy, site
in Fe doped Co304 as the formation energy is lower based on DFT calculations [157]. It has
also been reported that Fe** on) confines Co*" to the Ty site at the Co/Fe spinel, resulting in high
activity for OER [147].

Perovskite

Distance from surface (nm)
Normailzed intensity (a.u.)

Spinel

1 1 L fl—L 1

520 540 560 700 720 780 800 820

ADF 3+ 2+ Energy-loss (eV FFT
image Co* Co gy (eV)

Figure 4.2. EELS and electron diffraction analysis of BSCF surface. (a) ADF image close to BSCF
surface and the corresponding MLLS fitting maps of Co?" and Co**. (b) O K, Fe Ls,, Co Ls,, and Ba
Ms; 4 edges EEL spectra with respect to the 4 sub-regions of interest in (a). CoO (Co?") and LiCoO;
(Co*") reference EEL spectra for MLLS fitting are also included. (c) Selected area FFT patterns with
respect to 4 sub-regions indicated on the ADF image. The green, yellow, and orange arrows indicate
the reflections {113}, {111}, and {400} of Co/Fe spinel structure respectively (scale bar is 5 nm™).
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To further confirm the spinel-like surface, structural analysis of the same particle in Figure
4.2¢ was performed by matching the reflections in the selected area fast Fourier transform
(FFT) of TEM images (Figure C6b). The four sub-regions and their corresponding FFT
patterns are shown in Figure 4.2c. The FFT pattern from the inner bulk BSCF (sub-region 4)
shows {101} reflections indicative of the expected perovskite structure with a lattice constant
of 3.99 A [12]. Moving towards the surface, additional reflections start to emerge. The d-
spacings of non-perovskite reflections correspond to crystal planes of (Co, Fe);O4 spinel
structure, with a unit cell constant of ~8.35 A. For example, the d-spacings of the reflection
spots indicated by green, yellow, and orange arrows are matched with spinel reflections {113},
{111}, and {400}, respectively. Further analysis demonstrating the spinel characteristic at the
surface can also be found in Figure 4.3 and the d-spacing reflections of perovskite and spinel
are included in Table C2. The FFT patterns of Co/Fe spinel and BSCF in Figure 4.3 infer the
orientation relationship (001)co/re spinel//(001)scr as both FFTs match reflections viewing from
the [001] zone axis. The FFT pattern of perovskite region shows (100) reflection which is
forbidden for spinel structure. Regarding the interface structure between spinel and perovskite,
it is unclear how the strain is accommodated or whether defects are formed at the interface. In
a particle-based morphology, it is challenging to obtain a well-defined interface to fully
analyze the transition. However, it is expected that the spinel-perovskite interface is gradual.
The spinel occurs more like a phase transformation on the BSCF surface, which may lead to
the gradual transition, due to A-site deficiency/dissolution during the synthesis process or
exposure to ambient air. Our EEL spectra also reveal the gradual transition as shown in Figure
4.2. On the other hand, the TEM image and the corresponding EDS Co map in Figure C9 also
indicate that the Co/Fe spinel does not form a continuous layer on the BSCF surface. The

spinel structure is partly covering the surface with exposed perovskite structure in places.
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ZA.[001]

Figure 4.3. Spinel structure at BSCF surface. (a) High resolution TEM image of BSCF surface. Light-
blue square and orange square indicate the perovskite and spinel regions, respectively. The zone axis is
[001]. (b) Selected area FFT pattern of orange square region showing reflections from spinel structure.
(c) Selected area FFT pattern of blue square region showing perovskite reflections. The blue circles
indicate the {100} perovskite reflections. The scale bar is 5 nm™.

4.3.2 Electrochemical evaluation of Co/Fe spinel surface

The revealed spinel-like surface poses questions on its evolution and the role it plays during
OER. To better understand the mechanism of this unique surface to the improved OER activity
of BSCF, a series of local postmortem analysis using benchtop and identical location

electrochemical experiments were performed.

4.3.2.1 Chemical stability after CA

First, the BSCF surface by postmortem EELS analysis (Figure C10a,b) after CA measurements
in 0.1 M KOH was investigated. Figure 4.4a shows the EELS peak positions of Co L3 edge
for both bulk and surface with respect to applied potential. The superimposed black line is the
current-potential plot of BSCF under anodic potentials. The Co L3 peak positions do not
demonstrate a shift after the potential was applied in the OER regime, indicating a stable Co
oxidation state both in bulk and surface. Additionally, a long-term, ageing conditions were
applied by holding the potential at 1.7 V vs. RHE for 3 hours. The position of the Co L3 edge

for both bulk and surface remains identical to the ones taken immediately after KOH
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immersion indicating that the surface Co oxidation state is +2 and the bulk is +3, as illustrated
in Figure 4.4b (the corresponding EEL spectra are shown in Figure C10c,d). As a possible
OER mechanism, it has been reported that LOER [35] can take place at BSCF perovskite
surface. This would lead to an irreversible change of the valence of Co after OER. In contrast,
the results suggest that a reversible change of Co oxidation state might occur at the surface,
meaning that Co®" transforms to Co®" at the surface when the applied potential exceeds the
Co*'/Co*" redox potential, and Co®" reduces reversibly to Co?* when the potential is removed.
Thus, Co/Fe spinel-like surface is likely responsible for this reversible change of Co oxidation
state since structurally reversible evolution of spinel Co304 during OER has been reported
previously [50]. It is also noted that the chemical stability of the Fe L3, peak position in the
EEL spectra before and after OER conditions (Figure C10) indicate that Fe remains at +3 both
at the surface and in the bulk.

Furthermore, the intensity ratio of Co Li/Ba M5 absorption edges in surface EEL spectra that
were acquired after CA measurements are similar to the ratio of Co L3/Ba Ms in the surface
spectra acquired after KOH immersion only (Figure 4.4c and the corresponding EEL spectra
in Figure C10). That is, the Co/Fe-rich surface is maintained after oxidative potentials are
applied. Previous studies showed that the A-site cation leaching process at BSCF surface
resulted from OER during cycling or holding potential [35,37,38]. Our local probing suggests
that the Co/Fe-rich spinel structure is formed prior to the OER onset or during synthesis, as

indicated previously [158,159].
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Figure 4.4. Postmortem studies of BSCF bulk (blue) and surface (red) after CA measurements.
(a) Current-potential plot of BSCF (black) and Co L3 peak position after 1.3, 1.6, 1.7, and 1.8 V vs.
RHE. Each potential was held for 1 minute. (b) Shift of Co L; peak position and (c) Co Li/Ba Ms
intensity ratio of bulk and surface after KOH immersion for 3 hours compared to the CA measurements
at 1.7 V vs. RHE for 3 hours. The values in (b) and (c) are averaged from three EELS datasets and the
error bars represent a standard deviation.
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4.3.2.2 Morphological evolution after CV

Although the postmodern EELS analysis after CA shows the reversibility and stability of the
Co/Fe spinel-like surface, imaging of a single particle before and after cyclic voltammetry
(CV) measurements reveal morphological changes, Figure 4.5. The overall shape of a BSCF
particle remains unchanged during the entire potential cycling process, however, from the
TEM images in Figure 4.5a it is evident that a rougher surface morphology arises after cycling.
The close-up HAADF-STEM images in Figure 4.5b depict the tendency of the BSCF surface
to adopt a porous surface, whose porosity increases as the number of cycles increases. Based
on XAS studies, it has been hypothesized that BSCF can develop porosity after CV
experiments [37]. However, the possibility that the degradation is an effect of electron beam
induced irradiation cannot be excluded. Still, the potential cycling seems to weaken the Co/Fe
spinel-like surface, which then makes it more sensitive to electron-beam after each CV

measurements.

[— KOH immerse 6 cycles 10 cycles

KOH immerse 1 cycle 6 cycles 10 cycles

Figure 4.5. Morphological evolution of an identical BSCF particle after cyclic voltammetry. The
potential range is 1.1 V — 1.8 V vs. RHE and the scan rate is 10 mV/s (a) TEM images of the full BSCF
particle (scale bar is 100 nm) after CV. (b) Close-up HAADF-STEM images of green rectangular box
in (a) (scale bar is 50 nm).
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4.3.3 In situ electrochemical behavior of BSCF

To support the effect that the presence of the Co/Fe rich surface phase will entail on the active
OER sites of BSCF, in situ electrochemical measurements were performed in a liquid-cell
TEM holder. Using the micro-cell to cycle the BSCF particles enable us to fully control the
loading and acquire polarization curves that are dominated by surface effects. Figure 4.6a
depicts the seventh CV cycle of the bare Pt current collector and the CV curve of the BSCF
loaded working electrode. A pre-peak feature is discerned around 1.3 V vs. RHE in BSCF
while no pre-peak is visible in the CV of the Pt electrode. The 4™ to 10" cycle of the
measurements are shown in Figure C11, and the calculated potential values of the pre-peak
positions in each cycle are depicted in Table C3. The pre-peak feature near this range has been
correlated to the redox potential of Co**/Co** in Co30; spinel [160]. Thus, to link the CV
characteristics of the two systems, the polarization curve of Co3O4 was acquired using the
bulk, rotational disk electrode setup because it provides exact measurements of Co redox
potentials (Figure 4.6b). Two characteristic pre-peaks are evident. The first pre-peak wave of
Co304is at 1.1 V vs. RHE which signifies the +2 to +3 transition of Co ions [161,162]. It has
been reported that the Co**/Co’* redox at ~1.1 V vs. RHE is related to formation of surface
hydroxide (Co**—H,O+OH — Co’'*—OH,q +H,O+¢") for Co-based oxide surfaces [145,162].
It is believed that the pre-peak in BSCF is also associated with this transition but it exhibits an
anodic shift. Based on previous studies of Co-based oxides, the anodic shift of Co redox peak
is a consequence of Fe incorporation in the structure [51,145], which again confirms the Co/Fe
rich BSCF surface. This anodic shift may be also due to pH variation in the in situ
electrochemical cell, as reported previously [162]. The second pre-peak at around 1.5 V versus
RHE in the CV of Co304is a fingerprint of the Co*" to Co** transition, which is also likely to
have shifted anodically and merged into the OER current regime in the CV of BSCF.
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Figure 4.6. CV measurements of BSCF, Pt, and Co30u. (2) /n situ CV measurements of BSCF and
Pt in a micro-volume electrochemical cell. (b) CV measurements of Co3O4 using rotational disk
electrode set up in a bulk electrochemical cell. The colored regions indicate Co*/Co* redox reaction.
Both scan rate is 10 mV/s.

4.4 Mechanism

Based on insights gained by local probing of the BSCF surfaces prior and following OER, a
reversible surface reconstruction of oxyhydroxide formation occurring at the Co/Fe spinel-like
surface is proposed. The proposed mechanism is supported by the reversible oxyhydroxide
phase transformation in Co304 spinel (Co3;04+OH+H,0+-3CoO0OH+¢") [50,89], and this
phase transformation is linked to the Co redox couple Co?'/Co** occupied in tetrahedral
coordination in Co3;O4 [51]. When the applied potential is higher than Co®"/Co*" redox
potential, Co?" in Co/Fe spinel-like surface oxidizes into Co®* accompanied by formation of
Co/Fe oxyhydroxide. A schematic illustration of the mechanism is shown in Figure 4.7. The
proposed mechanism explains the chemical stability revealed by the postmortem TEM studies,
and it is believed that this reversible surface reconstruction during OER cycling results in the
weakening of the Co/Fe surface lattice, which is manifested by porous-like structure. Most

importantly, the formation of Co/Fe oxyhydroxide [144] can explain the excellent OER
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activity of BSCF due to the active Co/Fe oxyhydroxide phase for OER [75,144,145]. We
believe that the underlying perovskite structure is likely not directly involved in the
oxyhydroxide formation. The robust BSCF perovskite structure underneath the Co/Fe spinel
surface likely enhances the electron transport (low bandgap oxide) [163] and thus, augments

the impact of the Co(Fe)OOH active phase on the overall OER activity.

Electrode
Figure 4.7. Proposed model of surface reconstruction of formation of Co/Fe oxyhydroxide at the
spinel-like surface of BSCF during OER cycling.

4.5 Conclusions

BSCEF is typically compared to other members of the perovskite family of catalysts in which
it significantly overtakes all other oxides in catalytic performance. To date, the OER
descriptors proposed for the perovskite group as a whole have also been used to discuss the
high activity of BSCF in correlation with its oxygen vacant lattice. Herein, it is shown that the
remarkable OER activity of BSCF is associated with an intrinsic Co/Fe spinel-like surface.
Upon immersion in alkaline solution and dissolution of secondary, water-soluble phases, the
underlying Co**/Fe** spinel-like surface is unveiled. Postmortem EELS characterization of the
surface spinel after CA showed that the oxidation state Co*'/Fe’* remains unaffected, although
a weak and electron-beam sensitive surface is revealed after CV. The discovery of this
chemically stable but weak Co/Fe surface after OER explained via a reversible Co/Fe

oxyhydroxide surface reconstruction mechanism occurring on this spinel-like surface. Thus,
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this work exemplifies the crucial role that surface-sensitive and electrochemical micro-cell
TEM techniques can play in detailing the active sites of catalysts and can provide a new
characterization framework aiding development of novel design routes for targeted catalyst

preparation.
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Chapter 5 Switchable Wetting of
Oxygen-Evolving Oxide Catalysts

The contents of this chapter are adapted from the published article: [164]

Switchable Wetting of Oxygen-Evolving Oxide Catalysts. Shen, T.-H.; Spillane, L.; Peng, J.;

b

Shao-Horn, Y.; Tileli, V. Nature Catalysis 2022, 5(1), 30-36. https://doi.org/10.1038/s41929-
021-00723-w

The Supporting Information referred to in the text is included in Appendix D.

Contribution of T.-H. Shen: Performed the experiments, analyzed the data, and wrote the
manuscript with contributions from all authors.
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5.1 Introduction

Switchable wetting properties of solid surfaces from a hydrophobic to a hydrophilic character
are of great interest for stimuli-responsive smart materials. In particular, the solid—liquid
interface between a functional inorganic material and a liquid is exploited in a wide range of
technological applications spanning from electrochemical energy systems [48], water
purification [165], tunable optical lenses [166], self-cleaning surfaces [167], and sensors [57].
With respect to metal oxides, a reversible wettability can result in structural or chemical
modifications induced by a variety of stimuli including light illumination [56,168], electrical
potential [60,62,66,169], and temperature [170]. Potential-induced wettability of metal oxides
proceeds through electrowetting [60,61] especially for dielectric oxides such as Al,O; [171]
and TaOy [172]. When the potential is applied, the charges are accumulated at the interface
and are arranged in the form of a capacitor, resulting in reduction of the surface tension at the
solid—liquid interface [60]. Additionally, the surface chemistry of metal oxides can
electrochemically change, and therefore the wettability of metal oxides can be altered via
redox reactions. For example, it has been reported that the hydrophobic Cu,O surface reduces

to hydrophilic metallic copper when a cathodic potential is applied.

In practice, the wettability of solid surfaces under an applied potential can play a critical role
in energy conversion [70,71,173] and especially with respect to heterogeneous catalysis
[68,69]. Hydrophobic surfaces have also been reported to promote CO; reduction on a copper
surface [55]. Moreover, studies showed that enhancement of the hydrophilicity of NiFe
hydroxide by phosphorylation [70] or plasma treatments [71] can increase the activity of the
oxygen evolution reaction (OER)—the anodic, sluggish reaction in water splitting [10].
Hydrophilicity of the surfaces has been shown to promote the charge-transfer rate between the
electrolyte and electrode, enhancing OER activity [71], whereas perovskite oxides with more
hydrophobic surfaces have been shown to be more active for the oxygen reduction reaction
(ORR) [173]. It becomes evident that a fundamental understanding of the potential-regulated

wetting of catalytic particles could unlock its effect on their activity and stability.

To characterize the wetting character of catalysts, analyses in planar structures are mainly
performed [70]. The most common technique involves measurement of the contact angle

between a liquid droplet and a solid surface, which is related to interfacial tension [53]. During
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such measurements, optical images of droplets on thin-film surfaces are taken at a fairly bulk
scale (approximately several hundred micrometers) [174]. Specifically, for determining the
electrowettability, electrical impedance spectroscopy (EIS) is used to acquire information
about the relationship between accumulated charges and wetting under an electric potential
[175]. More surface-sensitive techniques such as X-ray photoelectron spectroscopy have been
used to study the relationship between wetting and surface state especially in the case of water-
splitting catalysts [173]. Liquid-phase transmission electron microscopy (TEM) shows

promise for exploring these effects on a single-particle level [116].

In this study operando TEM in liquids is used to probe the dynamic wetting behavior of
oxygen-evolving cobalt-based oxide catalysts under potential cycling, including probing of
the highly OER-active perovskite BagsSrosCoosFeo203.5 (BSCF). The potential-dependent
variation of the contrast, which indicates the movement of the surrounding alkaline solution
in the images, is associated with the modification of the wettability at the oxide surfaces.
Overall, at low potentials, the hydrophobicity of the oxides reduces when an anodic potential
is applied due to electrowetting induced by OH™ accumulation at the interface. The reduction
of hydrophobicity is stabilized after formation of the hydrophilic oxyhydroxide phase on
BSCF and spinel Co304 at a potential of ~1.2 V versus the reversible hydrogen electrode
(RHE), which is related to the Co*"/Co®" redox reaction. At anodic applied potentials higher
than 1.6 V versus RHE, electron energy-loss spectroscopy (EELS) confirms the evolution of

O, that leads to a thinner liquid environment.

5.2 Experimental section

5.2.1 Materials

BSCEF particles were synthesized using a nitrate combustion method reported previously [12].
X-ray diffraction of the synthesized BSCF revealed a perovskite structure (space group,
Pm—3m) with a lattice parameter of 3.99 A [12]. CoO (cobalt(ii) oxide, 99.99% trace metals
basis, Sigma-Aldrich) and Co3O4 (cobalt (II III) oxide, nanopowder <50 nm particle size,

99.5% trace metals basis, Sigma-Aldrich) were used.
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5.2.2 Working electrode preparation

Customized microelectromechanical (MEMS) fabricated chips patterned with three ultrathin
platinum electrodes were used to deposit the catalysts and perform the operando TEM
experiments. The catalyst suspensions were prepared by dispersing cobalt-based oxide
powders in isopropanol. The suspensions were then dropcast on to the electrodes on the MEMS

chips and left to dry (minutes).

5.2.3 Electrochemical measurements

A potentiostat (Bio-Logic SP-300) with an ultralow-current cable was used to perform
electrochemical operations. All the electrochemical measurements were performed in a three-
electrode configuration. The geometric surface area of the platinum working electrode is 0.001
cm?. For the operando experiments performed on the MEMS platinum chips, one of three
ultrathin platinum electrodes is used as a quasi-reference electrode. This platinum quasi-
reference electrode was calibrated as 0.2 = 0.04 V versus SHE by measuring the potential
against an external alkaline reference electrode (0.1 M KOH filled, RE-61AP, BASi)in 0.1 M
KOH solution. The ultrathin platinum electrode with a larger surface area on the MEMS chips

was used as a counter electrode.

5.2.4 Liquid-phase TEM setup

Liquid-phase TEM analysis was performed using a liquid-electrochemistry holder
(Hummingbird Scientific). First, the customized platinum chips (top chips) and 1 um spacer
chips (bottom chips) were air-plasma treated for 2 min to functionalize the surfaces. After the
oxide suspensions were dropcast on the top chips, both top and bottom chips were assembled
on to the TEM holder. Finally, 0.1 M KOH was injected into the liquid cell through the flow

tubes.
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5.2.5 Operando TEM and selected-area electron diffraction analyses

The operando TEM and selected-area electron diffraction (SAED) measurements were
performed in a JEOL 2200FS TEM operated at 200 kV. Zero-loss energy-filtered techniques
were performed with the in-column omega energy filter to remove inelastic scatting of the
system that includes the SiNy membranes and liquid. A 12 eV energy-selecting slit was centred
on the zero-loss peak in the EELS for the operation of energy-filtered TEM imaging and SAED
acquisition. For the TEM imaging, a direct electron detector (DE-16, Direct Electron) with
high sensitivity and temporal resolution was used to record TEM images using StreamPix
software package, while the CVs were simultaneously recorded. The frame rate of the
recording was set to 20 f.p.s., and the camera binning was set 2 to give a final image size of
2,048 x 2,048 pixels. The raw TEM images are averaged each 10 frames, providing TEM
image sequences with 2 f.p.s. SAED patterns during cycling were acquired on a CMOS

detector (OneView, Gatan) with a frame exposure time of 0.5 s.

5.2.6 Image segmentation

The TEM images were segmented to calculate the one-dimensional cloud length. Each frame
of the TEM images was divided into three classes for the particle, cloud and background using
the plugin Trainable Weka Segmentation in FIJI image-processing software. The classifier
was trained with a random forest algorithm. After the classifier was trained, it was applied to
the TEM image sequences to classify the three regions in the images. An example of the
postprocessed segmentation of the first frame is shown in Figure D1. The segmented images
of three cobalt oxides are shown in Figure D2. Once the images were segmented, the targeted
region, for example, the cloud, was thresholded to calculate the area. A rectangle (red in Figure
D2) perpendicular to the particle surface was drawn across the particle and cloud. The length

of the cloud within this rectangle was calculated.
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5.2.7 EELS characterization

EELS characterization. EELS data were acquired in STEM mode. The STEM-EELS data
acquisition was performed using a spherical aberration (Cs)-corrected TEM (Titan Themis 60-
300, ThermoFisher Scientific) equipped with a high brightness Schottky field emission source
(XFEG). All experiments were performed at 300 kV. Energy-loss spectra were acquired with
a post column electron energy-loss spectrometer (GIF Quantum ERS, Gatan) at convergence
and collection angles of 28 and 19.8 mrad, respectively. The energy dispersion was 0.1 eV per
channel, giving an energy resolution of ~1.1 eV. Operando EEL spectra were acquired in spot
mode using time-series and dual-EELS modes. The low loss energy offset was set to 0 eV to
enable post-acquisition zero-loss peak and plural scattering correction of the core-loss spectral
datasets. The background of the core-loss spectra was subtracted using Gatan Microscopy

Suite software.

5.2.8 EELS quantification

A JEOL F200 CFEG (S)TEM fitted with a K3 GIF Continuum and operated at 200 kV was
used to acquire EEL spectra from BSCF particles dropcast on to lacey carbon support film for
elemental quantification. The probe current was 200 pA during acquisition, and the
convergence angle and collection angle were 8 and 16 mrad, respectively. Spectrum image
data were acquired in dual-EELS mode using a K3 electron-counting detector at spectrometer
energy dispersions of 0.45 eV per channel. Low-loss and high-loss spectral acquisition times
were 1 and 5 ms, respectively, giving a total dwell time of 6 ms per Spectrum Image pixel.
Zero-loss peak lock was enabled. Two-dimensional array spectrum images were acquired in
multiple passes, giving a total accumulated acquisition time of 30 ms per SI pixel. Line profile
spectrum images were calculated from the two-dimensional array datasets, post-acquisition,
to improve the signal-to-noise ratio for EELS quantification. Standards-based quantification
with plural scattering correction was used to determine chemical concentration profiles for
oxygen, iron, cobalt, barium and strontium. Concurrent standards were used for cobalt
quantification, allowing separate concentration profiles to be determined for Co (II) and
Co(III). Reference spectra for Co (II) and Co (III) were acquired from CoO and LiCoO,

powders.
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5.3 Results and discussion

5.3.1 Operando TEM observation of BSCF under potential cycling

BSCF particles were dropcast on customized electrochemical chips patterned with three
platinum thin-film electrodes as shown in Figure 5.1a. The operando TEM measurements were
performed on a BSCF particle (dark contrast) that sits on the platinum working electrode,
ensuring the electrochemical connection of the system (Figure 5.1b). Bright-field (BF) TEM
images were acquired during three cycles of cyclic voltammetry (CV) ranging from 1.0 to 1.85
V versus RHE (Figure 5.1c¢) using an alkaline solution of 0.1 M KOH as the electrolyte. Figure
5.1d shows representative BF-TEM images of the particle’s response to the three CV cycles.
Interestingly, a reversible phenomenon of a dense cloud surrounding the particles and
subsequent dissolution of the cloud was observed which is coupled with the potential cycling.
In particular, the cloud formation substantially diminished during the anodic scan and
increased during the reverse cathodic scan. Image processing consisting of thresholding and
segmentation was applied to determine the modification of the contrast from the BF-TEM
images. A quantitative calculation of the cloud length that surrounds the particle plotted as a
function of the applied potential is depicted in Figure 5.1e. The figure illustrates that the values
of cloud length decrease and reversibly increase under potential cycling. This long-range
alteration of the environment surrounding the BSCF particles is around several hundred
nanometers, and hence the cloud cannot be associated with the direct imaging of the electrical
double layer which is at most several nanometers [176]. Additionally, this phenomenon probed
in liquid-phase TEM is inherently different from the structural oscillations of BSCF particles
induced by the electron beam in water vapour, as previously reported [45]. In our case, the
operando measurements were acquired at a fairly low electron beam dose (3 ¢ /A2 s), resulting

in negligible electron beam irradiation-induced effects.
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Figure 5.1. Real-time monitoring of a BSCF particle during CV measurements. (a) Optical
microscopy image of a customized electrochemical chip with three platinum thin-film electrodes: RE,
reference electrode; WE, working electrode; CE, counter electrode. Scale bar, 250 um. (b) Close-up
TEM image of the WE loaded with BSCF particles. Scale bar, 5 pum. (c) Polarization curves of three
CV cycles in 0.1 M KOH in a liquid-cell enclosure. Scan rate, 20 mV/s. (d) TEM images at different
potential stages for the first, second and third cycles. Acquisition was done at a dose rate of 3 e /A2 s.
Scale bar, 400 nm. (e) Cloud length in each frame of the TEM images as a function of applied potential
(versus RHE). (f) Schematic of reversible liquid movement surrounding BSCF particles in a liquid-cell
enclosure. Shown are the initial state (1.0 V versus RHE) when the hydrophobic surface character of
the BSCF surface accumulates liquid, and the final state (1.85 V versus RHE) where a more hydrophilic

surface character is probed. All potential values are reported versus RHE.

Initial state Highest potential state

It is believed that this long-range alteration is associated with the fluctuation of the liquid that
wets the BSCF particles in the presence of the liquid electrolyte. The ability to produce such
contrast from the liquid solution implies that the TEM liquid cell is not completed filled with
the electrolyte and the particles are not fully immersed in liquid. In practice, the electrolyte
forms a layer across the electrodes and the particles, as shown in the schematics of Figure 5.1f.

The contrast in BF-TEM is associated with amplitude contrast. The difference in liquid
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thickness generates the contrast in BF-TEM which thus indicates the dynamic movement of
the liquid during cycling. It should be noted that bulging of the membranes would not lead to
such locally induced amplitude contrast. When the potential sweeps to lower values, the liquid
surrounding the particles becomes thicker and generates the contrast of the cloud, whereas at
higher anodic potentials, the contrast around the surface of the BSCF particles disappears due
to the thinner liquid that wets the surface of the particles. This pronounced potential-dependent
liquid movement is attributed to the surface functionalization of the BSCF particles. That is,
the wettability of the BSCF surface triggers the liquid movement and hence the amplitude
contrast of the cloud surrounding the particles changes in the BF-TEM images. For all three
cycles, at the initial state, the surfaces display a hydrophobic character (Figure 5.1f, left),
whereas at the highest potential state the surface of the particles exhibits a hydrophilic
character (Figure 5.1f, right). Remarkably, Figure 5.1 illustrates that BSCF exhibits identical
reversible wetting for each cycle stimulated by the application of the potential. Furthermore,
at the anodic potential of ~1.65 V versus RHE an abrupt release of the cloud surrounding the
particles was observed. This depletion of the liquid at this potential range appears to be related

to the OER take-off potential, as seen in Figure 5.1c.

5.3.2 Operando EELS analysis of molecular oxygen evolution

To corroborate that the evolution of oxygen can lead to this abrupt dissipation of the cloud
surrounding the particles at ~1.65 V versus RHE, operando EELS in scanning TEM (STEM)
mode was performed in the liquid cell during potential cycling. The evolution of molecular
oxygen during the OER can be probed by monitoring the oxygen’s core-loss K edge. Overall,
the oxygen K edge in EELS is associated with the transition of the oxygen 1s to unoccupied
2p states. For the binary O, molecule, the signature peak feature in the oxygen K EEL spectra
is at an energy-loss of 531eV and it depicts the transition of oxygen 1s—n* [177]. To record
the evolving molecular oxygen in relation to the applied potential in real time, we probed the
environment in close proximity to the particle-liquid interface as shown in the schematic
illustration in Figure 5.2a. The convergent electron-beam was placed next to the BSCF particle
to avoid electron-beam-induced irradiation effects shown by the red dot in the annular dark-

field image in Figure 5.2b. EEL spectra were continuously acquired during CV (Figure D3) to
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monitor the evolution of the O, peak. Figure 5.2¢ shows the acquired oxygen K EEL spectra
at 1.0 V and 1.9 V versus RHE from the first cycle. The distinct peak feature at 531eV in the
spectrum at 1.9 V indicates molecular oxygen evolution, whereas the broad peak at 540 eV
appearing in all oxygen K EEL spectra is related to the background signal that comes from the
KOH solution and the SiNy membrane. To evaluate the appearance of molecular oxygen, the
O; peak area at 531¢eV is divided by the broad peak area at 540 eV. This is defined as O, peak
intensity ratio (more information on the calculation can be found in Figure D4). The O, peak
intensity ratio evolves periodically as a function of elapsed time, as shown in Figure 5.2d,
which can be correlated with the potential during the CV measurements. This observation
unambiguously confirms that the change of the cloud length at ~1.65 V versus RHE in Figure

5.2e is related to O evolution.

At the same time, the specimen thickness (t) in units of the local inelastic mean free path (A)
varies inversely with the relative O, peak intensity (overlaid in Figure 5.2d). The relative
thickness includes information that has to do with the SiNy membranes, liquid and electrodes
in the direction parallel to the electron beam (as sketched in Figure 5.2a). The relative thickness
(t/A) is determined by the intensity ratio of the zero-loss peak to the total EEL spectrum as
shown in Figure D5. The fluctuation of the relative thickness confirms the dissolution of the
cloud and indicates that the liquid becomes thinner when oxygen is being evolved.
Additionally, similar operando EEL measurements were performed on Co3z04 as shown in
Figure D6. In this case, the relative O, intensity also varies periodically with molecular oxygen
evolving at high anodic potential. Finally, it is noted that this periodic evolution of relative O,
intensity or relative thickness did not occur on a pure platinum working electrode (Figure D7).
Interestingly, according to our operando BF-TEM image sequence in Figure 5.1d, no bubble
formation is observed under potential cycling despite the evolved molecular oxygen signal
being clearly detectable in the EEL spectra. This indicates that the diffusion of the evolved O,
in the thin liquid is fast enough to avoid gas bubble formation during cycling, since gas bubble
formation during gas evolving reactions is a dynamic process of the continuous local release
of the supersaturation of dissolved gas near the catalyst surfaces when diffusion or convection

are not fast enough [178].
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Figure 5.2. Operando EELS analysis of molecular oxygen evolution in close proximity to BSCF
particles. (a) Schematic of STEM-EELS probing near BSCF particles in a liquid-cell enclosure. (b)
High-angle annular dark-field STEM image of BSCF particles in a liquid-cell enclosure. The red point
indicates where the electron-beam position is placed for EELS acquisition. Scale bar, 1 um. (¢) Oxygen
K EEL spectrum. The asterisk at 531 ¢V indicates the peak feature that results from molecular oxygen
evolution. (d) Plot of O peak intensity ratio (green) and relative thickness (orange curve) as a function
of elapsed time (bottom axis) and applied potential (top axis) corresponding to CV measurements in
Figure D3. The relative thickness is defined on the basis of low-loss EEL spectra (Figure D5).

5.3.3 Switchable wetting behavior of cobalt-based oxides

To better understand the origins of the reversible wettability of BSCF, electrochemical liquid-
phase TEM was performed on two other oxygen-evolving cobalt-based oxides: CoO and
C0304. CoO crystalizes in the rock-salt structure with Co*" ions occupying octahedral sites
(On) while Co304 belongs to the spinel crystal structure with cobalt ions having mixed valence
of +2 in the tetrahedral sites (Tq) and +3 in the octahedral sites with a ratio of 1:2. The sequence
of the BF-TEM images of BSCF, Co304 and CoO under potential cycling are shown in Figure
D8 and Figure D9 respectively, and their CV polarization curves are shown in Figure D10. In
all three cases, a similar cloud contrast was formed around the particles at the beginning of the
scan and dissolved progressively with the application of the anodic potential. To quantitatively
analyze the results and compare the behavior of the different oxides, the one-dimensional
cloud length of each oxide was normalized to the value of the cloud length at the launch of the
synchronized imaging with the scan, at 1.0 V versus RHE. Figure 5.3a depicts the normalized
cloud length as a function of applied potential of the first three cycles and reflects the changes
in the wetting character during potential cycling. The plots of the first five cycles of the three
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cobalt-based oxides are shown in Figure D11. Overall, the three oxides show periodic
variations in the normalized cloud length with respect to the applied potential, indicating
reversible wettability during cycling. The trend is similar in all cases. They show a decreasing
cloud length at anodic potentials, up until the highest applied potential, before switching to
increasing cloud lengths at cathodic scans. The normalized cloud length curves of BSCF and
Co304 exhibit three characteristic regions at each half-cycle at low potentials (<1.2V versus
RHE), intermediate potentials (1.2—1.65 V versus RHE) and high potentials (>1.65 V versus
RHE). When the anodic potential is applied, the cloud starts to diminish, indicating a reduction
in the hydrophobicity of the surfaces. At the beginning of the intermediate potential region, at
~1.2 V versus RHE, a distinctive slope flattening occurs. The variation with respect to the
applied potential is accompanied by the stabilization of the cloud surrounding the particles,
indicating that the surface wetting character of BSCF and Co0304 at the intermediate potential
range (1.2-1.65 V versus RHE) does not altered notably and the OH™ charge accumulation
stabilizes. The slope change at 1.2 V versus RHE results from the surface cobalt redox
reaction. In fact, the redox feature (A1/C1) is found in the polarization CV curves of both
BSCF and Co304 (Figure 5.3b,c, respectively). Moreover, the CV of Co3;04 shows an
additional cobalt redox feature A2/C2 at 1.5 V versus RHE. No notable change occurs at 1.5V
versus RHE in the Co304 normalized cloud length plot, meaning that the first surface cobalt
redox reaction dominates its wetting behavior. In fact, the two redox features A1/C1 and
A2/C2 are attributed to Co*"/Co®" and Co’**/Co**, respectively [160]. This indicates that
Co*"/Co®" plays a major role in the wettability characteristics of the cobalt-based oxide
catalysts. Although Co®*/Co*" redox peaks are more pronounced in the CVs of CoO and Co30s4,
this does not lead to further modification of the cobalt local oxygen-coordination shell [89].
Thus, the reaction does not have notable effect on the surface wettability. The abrupt reduction
in the normalized cloud length plot of BSCF at the third region, above 1.65 V versus RHE, is
linked to the evolution of O,. For Co304, no pronounced reduction in the cloud surrounding
the particles is seen in the third region. This could be attributed to the fact that Co3O4 is less
OER-active than BSCF [4]. In contrast to the other two oxides, CoO varies almost linearly
with respect to the applied potential, with the slope remaining constant during the first half-
scans. In other words, the reduction of the hydrophobicity of CoO remains constant across the
first redox feature and the accumulation of OH™ is continuous across the full potential range.

This nearly constant slope could be attributed to the indistinct A1/C1 redox feature, as shown
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in Figure D12, which can be related to the Co?" octahedral coordination in the rock-salt crystal
structure. It has been reported that the octahedrally coordinated Co site is inactive and it is not
involved in the oxyhydroxide phase transformation [51]. Thus, Co*" ions in octahedral sites
may lead to a less pronounced Co*"/Co*" redox feature [133]. Finally, both BSCF and Co30s4
exhibit relatively stable wetting behavior across the three cycles, with BSCF being particularly
stable across the anodic and cathodic scans. For CoO, however, its wettability changes are not
as stable as for the other two oxides as shown in Figure D11. The average slopes are getting
steeper as the cycle number increases. This could be related to the previously reported
irreversible CoO to Co304 transformation at the initial cycles that causes the interfacial

capacitance to change [133].
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Figure 5.3. Potential-induced switchable wetting behavior of cobalt-based oxides. (a) Plot of
normalized cloud length as a function of applied potential for the first three cycles. The cloud length
was normalized from the values of cloud length at 1.0 V versus RHE. (b—d), Representative cyclic
voltammograms of BSCF (b), Co304 (c) and CoO (d) in the potential range 1.0-1.65 V versus RHE.
Scan rate, 10 mV/s. The measurements were performed in a microvolume liquid cell. A1/C1 and A2/C2
redox waves are attributed to Co?"/Co*" and Co®"/Co*", respectively. Cobalt-based oxides are heavily
dropcast on the electrochemical chips to see redox features. The full range of polarization curves are
shown in Figure D12.

5.3.4 Proposed mechanism of wetting behavior

A mechanism of switchable wetting detailed for the highly active BSCF under potential
cycling is schematically illustrated in Figure 5.4. The suggested potential-dependent wetting
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transition of BSCF at the low potential region <1.2 V versus RHE can be explained by the
theory of electrowetting as defined by the Young—Lippmann equation:

c0s0 — c050,q X f C(E)EdE (5.1)

This equation relates the difference of the contact angle 0 after application of the electric
potential E to the contact angle at equilibrium (at 1.0 V versus RHE in our case), 0., with the
potential-dependent capacitance at the solid—liquid interface, C(E). It indicates that on
application of the electric potential a thin layer of OH™ ions accumulates at the interface, giving
rise to interface capacitance that results in a contact angle modification. In practice, this
equation implies an overall reduction of the contact angle under the applied potential,
providing a qualitative explanation of the reduction of the hydrophobicity and a transition
towards a hydrophilic character in BSCF at the low potential range. At 1.2 V versus RHE, the
change of slope is related to the surface Co®"/Co’" redox reaction in tetrahedral coordination
[51,147]. This redox feature has been attributed to reversible oxyhydroxide (CoOOH) phase
transformation, which for the Co*" in spinel proceeds with the electrochemical reaction Co3O4
+ OH™ + H,O < 3CoOOH + e at 1.22 V versus RHE [89,133]. The detailed EELS
quantification profile of all elements in BSCF (Figure 5.4) confirms the predominance of Co**
ions at the surface with a characteristic increase in the Co®* concentration from 0 at.% at the
inner bulk to ~20 at.% at the surface (light blue profile). The full range of EEL spectra are
shown in Figure D13. Previously it is shown that the perovskite BSCF particles possess a
Co/Fe spinel surface with reduced cobalt valence which enables the Co(Fe)OOH phase
transformation [39]. The spinel-perovskite double structure and its stability during cycling are
confirmed by operando selected-area electron diffraction measurements (Figure D14), while
the subtle changes of the {113} spinel reflections indicate the restructuring of the spinel
surface during cycling. The formation of Co(Fe)OOH at the surface modifies the adsorption
of OH™ ions at the interface, leading to alteration of the interface capacitance. Additionally,
taking into account the previously reported intrinsic oxyhydroxide phase hydrophilicity in
nickel-based catalysts [179], it is concluded that BSCF transitions towards a hydrophilic
character at 1.2 V versus RHE, which remains relatively stable until 1.65 V versus RHE.

Similar electrochemically induced modification of intrinsic surface activity has also been
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demonstrated on oxidation of copper surface [66] and liquid gallium [67] by application of

electric potential.

At the third region, above 1.65 V versus RHE, the evolution of O, results in a globally thinner
liquid layer. The influence of the OER on local liquid movement can be attributed to two
factors. First, the increase in the volume of the gas-filled region compresses the liquid layer
during the OER. As the cell is not completely filled with liquid, gas is also present in the cell.
The evolved molecular O, from the catalytic oxide surface dissolves and diffuses through the
thin liquid layer, and once the molecular oxygen reaches the gas—liquid interface, it precipitates
and induces the growth of the volume in the gas-filled region. The growth of the gas region
thus attenuates the thickness of the liquid. Second, the liquid electrolyte surrounding the
surface of the particles is consumed during the OER, which leads to a reduced liquid layer.
Both effects act synergistically and contribute to liquid movement at potentials where the OER

takes place.

Further, our results help access how the liquid moves under the OER. The relative thickness
that is extracted from the low-loss EEL spectra is indicative of the thickness of the cell in its
entirety along the z direction (parallel to the electron beam) while the normalized cloud length
provides information about the in-plane liquid movement (perpendicular to the electron beam).
In the OER regime the normalized cloud length is continuously decreasing on the anodic scan,
whereas the relative thickness reaches a plateau and remains unaltered (as shown in Figure
D15). This means that the liquid thickness is reduced in the in-plane direction (due to the
consumption of liquid surrounding the particles) while the overall thickness of the cell does

not change.
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Figure 5.4. Proposed mechanism of switchable wetting at the BSCF oxide surface under potential
cycling. Electrowetting induces a hydrophobic to hydrophilic transition on the initial Co/Fe spinel
surface on BSCF. The EELS quantification profile of all elements in BSCF is shown next to the
schematic of the initial state. Zero distance corresponds to the surface. Cobalt ions with +2 oxidation
state are present at the BSCF surface while the valence of cobalt in bulk is +3 (as expected in the
perovskite). The bulk atomic percentages correspond well to the stoichiometry of
Bay 5S1r9.5C00.3Fe0203-5. Co/Fe oxyhydroxide forms at the Co/Fe spinel surface at 1.2 V during anodic
scan, holding the hydrophilic character. The surface oxyhydroxide further catalyzes the OER at higher
potential so the surrounding liquid is thinner. The process is reversible.

5.4 Conclusions

Switchable wetting behavior at oxygen-evolving catalyst surfaces has been demonstrated,
specifically cobalt-based oxides, on the basis of relating the contrast seen in electrochemical
liquid-phase TEM to the movement of the liquid surrounding the particles. The alteration of
the surface wetting character shows three distinct regions during cycling, which are related to
electrowetting and surface reconstruction mechanisms. At low applied potential (<1.2 V
versus RHE), electrowetting and potential-dependent interfacial capacitance induce a
hydrophobic to hydrophilic transition. The formation of an oxyhydroxide phase at the surfaces
at 1.2 V versus RHE also leads to the attainment of a hydrophilic wetting character. For
potentials larger than 1.65 V versus RHE, the surface oxyhydroxide further catalyzes the
adsorbed hydroxide ions at the solid—liquid interface to form molecular oxygen, as verified by

operando EELS measurements. Liquid-phase TEM can provide unique insights of wetting
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dynamics in real time, opening a pathway to better understand the solid—liquid interface
interactions. Moreover, its capability to detect the products of catalytic reactions at a single-

particle level was shown.
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Chapter 6 Towards EELS Quantification
of O2 in LP-TEM

In this chapter, an approach to quantifying molecular oxygen using EELS is discussed. First,
the qualitative studies of molecular oxygen evolution under chronoamperometry are detailed.
The next section introduces the fundamentals of EELS quantification process along with the
quantification of gas components in environmental TEM (ETEM). Next, EELS quantification
process in cell enclosure is described. The air-cell enclosure and nitrogen concentration with
known ratio in the SiNx membranes were first used to test the quantification process. Finally,
the process is applied for the quantification of the amount of a molecular oxygen bubble

generated by the application of potential in a liquid-cell enclosure.

6.1 Oxygen evolution of an IrO; particle

The EEL spectra of the molecular oxygen evolution depicted in Charter 5 were acquired under
spot mode as time elapsed, providing the evolution with respect to the applied potential at a
single position. The drawback of the spot mode acquisition is that the spatial information is
lacking. Another way to perform EELS acquisition is to use Spectrum Image (SI) under STEM
mode. This acquisition method thus provides 2-dimensional information and the capability of
mapping. Figure 6.1a illustrates the scanning of the electron-beam across an IrO; particle that
is dropcast on an ultra-thin film Pt electrode in a liquid-cell enclosure with 0.1 M KOH
electrolyte. A thin-film liquid wets the particle. At the same time, a constant anodic potential
at 1.95 V versus RHE is applied. The current response of chronoamperometry in Figure 6.1b

is stabilized at ~80 nA. During the EELS acquisition, dual-range EELS was applied. The low-
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loss EELS provides the thickness map while the core-loss O K edge offers information of
molecular oxygen distribution under the application of the potential. Figure 6.1c shows an
ADF image of IrO, and its corresponding relative thickness map of the SI under
chronoamperometry. The bright contrast in the ADF image indicates the IrO, particle.
Compared to the relative thickness map, the center of the particle shows the relative thickness
(t/\) value as large as 2.5 while the t/A is ~1.3 at the position close to the edge to the particle.
The t/A decreases to ~1 when the position moves farther from the particle. As the relative
thickness reflects the overall thickness of the cell that is parallel to the electron-beam direction,
the decreasing of its value indicates a gradient of liquid profile that is thicker at the edge of the
particle (dark green spot in Figure 6.1c) and thinner at the position being further away from
the particle (light green spot in Figure 6.1c). The O K EEL spectra of dark and light green
spots are shown in Figure 6.1d. The O K EELS from the dark green spot shows a notable

molecular oxygen feature at 531 eV under OER conditions.
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Figure 6.1. Probing molecular oxygen evolution near a single IrO: particle. (a) A schematic
illustration of probing molecular oxygen evolution near a single IrO, particle using Spectrum Image.
2D scan is performed under OER condition. (b) Current response with respect to time of
chronoamperometry at 1.95 V versus RHE. (¢) ADF image and relative thickness map of the IrO;
particle. Scale bar, 100 nm. (d) O K EEL spectra of dark and light green spots in the ADF image.
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To further understand the molecular oxygen distribution in the Spectrum Image, multiple least
linear square fitting (MLLS) was performed to separate the contribution of the components in
the O K EEL spectra. The fitting coefficient of a component in MLLS fitting is qualitatively
proportional to the amount of the component. Figure 6.2 shows the fitting coefficient maps of
the three components at O K edge: IrO,, molecular oxygen, and liquid electrolyte. Prior to the
MLLS fitting, the Spectrum Image was denoised by principal component analysis (PCA) to
have better fitting results. The fitting coefficient map of IrO, does not match the ADF image
of IrO,. This may be due to failure of the MLLS fitting to accurately decompose at the position
of the thick IrO; particle. The fitting coefficient map of O, shows that the value is higher at
the position closer to the IrO, particle. This could be qualitative evidence of the O, evolution
from a single IrO; particle. The fitting coefficient map of the liquid electrolyte also indicates
that increased amount of the liquid at the position that is closer to the edge of the particle. The
map is thus consistent with the relative thickness map in Figure 6.1c. Overall, the MLLS fitting
shows the capability to separate the contributions of different components in O K EEL spectra,

providing qualitatively O» and liquid electrolyte maps.

ADF image

L

Electrolyte map

Figure 6.2. Fitting coefficient maps of IrOz, and Oz, and electrolyte. A constant potential 1.95 V vs.
RHE was applied. Scale bar, 100 nm.

6.2 EELS quantification process for the molecular oxygen

The section above and Chapter 5 demonstrated qualitatively the probing of molecular oxygen
evolution using EELS under STEM mode. However, to evaluate the absolute amount of

molecular oxygen in the EEL spectra, quantification is needed.
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6.2.1 Fundamentals of EELS quantification

Typically, quantification of EEL spectra approximately evaluates the areal density, N, in terms
of measurable quantities using the integral intensity of the ionization edge k up to a specific

width A [92]

_ LB
110 (B, )

(6.1)

where N, I, I, Ok, B, A are the areal density of atoms, integral intensity at edge k, total
integrated intensity, inelastic partial scattering cross-section, collection angle, and signal
integration width, respectively. The effect of plural scattering is convolved in the core-loss
ionization edge intensity. Thus, the plural scattering may have an impact on the quantification
especially when the specimen is thick or involves high atomic number Z elements. In Figure
6.3 the plural scattering deconvolution is shown. The convolution of the plural scattering in
the core-loss ionization edge may alter the edge shape or intensity which may lead to
inaccurate quantification results. In certain cases, such as low thickness of the specimen or
pure gas samples, the effect of plural scattering is negligible. Otherwise, for thick samples,
plural scattering should be removed prior to performing the quantification or be included

during the quantification process.

The partial scattering cross-section ox(P, A) is the most important parameter to be determined
during EELS quantification. The role of the partial scattering cross-section represents the
scattering strength of the atoms of interest under specific conditions. It can be generally
described by the energy differential cross-section do/dE when the scattering angle is <<I rad

[92]

do  8may’R? 51 A fn (62)
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where E is the energy-loss, R is the Ryberg constant, 6 is the characteristic scattering angle,
ap is the Bohr radius, v is the electron velocity, and my is the electron rest mass. The df,/dE is

known as the generalized oscillator strength (GOS). It represents a transition matrix of the
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initial and final states during the scattering process. Two of the most common approximations
of the GOS are the hydrogenic and Hartree-Slater atomic wave functions. Once the GOS is
theoretically calculated so the energy differential cross-section is determined, the partial

scattering cross-section ok(f3, A) can be calculated with the following equality:

E+A

o (B, ) = d—adE (6.3)
k J dE

In practice, the quantification process in DigitalMicrograph software uses the model-based
quantification [180]. It means that a model fit of integral intensity at the ionization edge is
incorporated. For instance, considering an ionization edge of an element, the background is
treated as a power-law (E™) while the edge is modeled by a single theoretical cross-section
(co(E)). A model fit to integral intensity at core-loss is performed during the quantification

process so the intensity can be expressed by:

aE~" + bo(E) (6.4)

Multiple linear least square (MLLS) fitting algorithm is used to determine the fitting
coefficient a and b within a specific fitting energy-loss range and collection angle. The fitting
procedure assumes that the effect of the plural scattering is negligible or removed. If the
sample is thick and the low-loss EELS data are provided, the effect of plural scattering is
handled by forward convolution of the model cross-section. Thus, the fitting coefficient b is
proportional to the areal density. Relative quantification of two different elements A and B

can be written as

N _1a(B.) 05(B,8) _ by
Ng  Ig(B,8) 04(B,A) bg

(6.5)

For absolute quantification, the coefficient of the cross-section term, b, is divided by the total

spectrum intensity ;. The result thus gives the areal density N.
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Figure 6.3. A schematic illustration of the convolution of plural scattering to the core-loss
ionization edge. Reproduced from ref. [181] with permission. © 2002 Springer Nature.

6.2.2 Quantification of gas composition by EELS in environmental TEM

Environmental TEM (ETEM) ETEM has been used to demonstrate the power to study
dynamic gas-solid reactions in catalytic materials [45,182]. In situ analysis of gas composition
by EELS in ETEM has been reported [183,184]. For instance, Crozier ef al. quantified the
relative O/C ratio of CO gas in ETEM using core-loss EELS based on the concepts detailed in
the previous section. Hartree-Slater cross sections in Digital Micrograph software were used
and plural scattering in the core-loss EEL spectra was excluded due to the low scattering
parameters (t/A<0.2). They reported that average O/C ratios were 0.68+£0.05 for CO gas
showing that the values were low by 30% [184]. In their ETEM experiments, the gas cell had
a large gap with the pole of ~5 mm and therefore the inelastic scattered electrons at the top
and bottom of the cell may follow different trajectories. In this case, the fraction of the inelastic
scattered electrons entering the spectrometer may be different, resulting in discrepancies in the
quantification procedure. Other than core-loss EELS quantification, they also performed gas
component analysis using low-loss EELS, which is particularly useful to quantify molecular
hydrogen gas. Information on the component gases was available but the molar concentrations
of the gas mixture were unknown. The authors used a linear combination of the individual
low-loss EEL spectra of the component gases to determine the molar concentration of the
mixture. They tested their procedure using air for which the O/N ratio is expected to be 0.268.
The average O/N molar concentration ratio using the linear combination method was

0.28+0.01, which is within 4% of the expected value.
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6.2.3 Standard-based EELS quantification

A single cross-section model may not give a reliable fitting of the ionization edge because the
theoretical cross-section models do not fully reflect the electron scattering/transition
processes. The theoretical models assume that atoms are isolated and spherical, meaning that
the bonding and structure of the specimen in the materials are not included in these cross-
section models. Further, the electron-loss near edge fine structures (ELNES) such as white
lines are not included in the theoretical cross section models. Thus, the MLLS fitting can fail.
In fact, multiple cross-section models are included in the fitting to improve the accuracy of the
quantification so more than one cross-section models derived from known standards to
perform MLLS fitting are used. The approach is particularly useful for separating closely
overlapping edges. Additionally, the ELNES features from a known standard can be stored in
a cross-section model and fitted in the quantification process. ENLES features at the edge
onset can be described by acquiring EELS experimental standards. The EELS standards scale
the experimentally measured edge shape by splicing a theoretical cross-section in the tail area
to create an appropriately scaled experimental cross-section. In this way the measured EELS
standards are converted into the scattering cross-section G(E). The standard-based
quantification can be possibly used for quantifying molecular oxygen in O K EELS data. As
shown in the O K in Figure 6.1d, the molecular oxygen peak feature at 531 eV is lying closely
to the broad bump feature at 540 eV which is related to the oxygen in the liquid and SiNy.
Thus, by performing the fitting process using standard spectra of pure O, gas and liquid

electrolyte the contribution in the EEL spectra can be separated.

6.3 EELS quantification in cell enclosure

It is necessary to validate the quantification workflow by performing experiments on control
systems. To evaluate the quantification procedure, it was first tested on an air-cell enclosure
that is sealed with two SiNy membranes. Next, the EELS quantification was applied to a

condition including liquid electrolyte and O, gas.
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6.3.1 Air-cell enclosure

Air can be used as a standard to validate the quantification since the O, to N ratio is well
known (0.268). The air-cell enclosure is similar to the liquid-cell one. It consists of two SiNx
membranes enclosing air. The environment outside is vacuum. A schematic illustration is
depicted in Figure 6.4a. The EEL spectrum of N K and O K edges of the air-cell enclosure
after background removal and deconvolution of plural scattering is shown in Figure 6.4b. EEL
spectra were acquired using Spectrum Image. Standard spectra of the nitrogen and oxygen K
edges in SiNx membranes were also acquired under vacuum cell conditions. N, and O;
reference EEL spectra were extracted from Atlas in DigitalMicrograph software. The four EEL
standard spectra that were used in the quantification are included in Figure 6.4b. Molecular
nitrogen shows a strong peak feature at 401 eV which is due to the transition of 1s to w*
antibonding state. The broad peak at 410 eV is the contribution of nitrogen in SiNx. Molecular
oxygen appears as a notable sharp peak feature at 531 eV, and the broad feature at 540 eV is
related to oxygen in SiNx. Once the standard spectra were determined, they served as
components for the quantification. They were first measured in DigitalMicrograph software
and they were converted in units of cross-section. Then, those cross-sectional models as well
as a background model were applied to fit the integral intensity at each ionization edge of EEL
spectra of the air-cell. As the low-loss data were provided, plural scattering is convolved back
in each cross-sectional model. For example, N K edge ionization edge intensity can be written

as three components: background, nitrogen in SiNy, and N> gas:

aE™" + bo(E)y insin + co(E)nz (6.6)

MLLS algorithm is then applied to determine the fitting coefficients a, b, and c. The areal
density of each component is the fitting coefficient divided by the total intensity and the cross-
section. Further, the ratio of each component can also be determined. The quantification results
are shown in Table 6.1. They indicate that the O,/N; ratio is 0.247 which lies with 8% of the

correct value of O/N, = 0.268 in air.

Next, the areal density of nitrogen in SiNy membranes is considered to test the quantification
results. As the nitrogen concentration (at/nm®) in low-stress SiN, has been reported to be ~45

(at/nm®) [185], the nominal areal density can be calculated if the thickness of the SiNj is
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known. As the air-cell enclosure includes two membranes, the total SiNy thickness is 42(top)
+ 38(bottom) = 80.2 nm based on reflectometer measurements. Thus, the nominal areal density
of the two SiNx membranes is 3609 at/nm’ considering a vacuum cell. The EELS
quantification of nitrogen areal density is 3420 at/nm’ which is within 5% of the nominal

value.

Finally, the areal densities of N> and O; in the air-cell enclosure are considered. According to
ideal gas law, the volume density of gas molecules at ambient pressure is 0.0247
molecules/nm’. In the thickness of the cell, the bulging effect of the SiN, membranes under
the pressure difference in a TEM column also needs to be considered [120]. The maximum
deflection at the center of a bulged rectangular SiNy membrane can be estimated by the
following equation:

_ 2ta, 8Et

3
="+ sy (6.7)

where p, t, G, a, d, E, t, and v are the pressure applied to the membrane, the thickness of the
membrane, the residual stress, the half width of the membrane, the deflection at the center of
the membrane, Young’s modulus, the thickness of the membrane, and Poisson ratio,
respectively. Eq. ( 6.7 ) validates when the aspect ratio the membrane is more than 4 which is
true for both our chips. A schematic of a deflected membrane under pressure difference is
shown in Figure 6.5. The residual stress is 250 MPa for the low stress nitride. Typical

mechanical parameters are used for low stress SiNy: E=235 GPa, v=0.28.
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Figure 6.4. EELS quantification in air-cell. (a) A schematic of air-cell. (b) The EEL spectrum of air-
cell enclosure and standard spectra of N», O», N in SiNy, and O in SiN,.

Under this experiment, the pressure inside the air-cell is assumed to be 1 atm as the inlet/outlet
of the tubes are open to ambient conditions. The half width of the membrane, a, is 25 nm for
both our top and bottom chips. Thus, the bulging equation gives d = 1.2 um of the deflection
at the center of the membrane. Considering two membranes and 1 pm spacer, the maximum
thickness of the cell is ~3.4 um. Thus, the nominal maximum areal density of gas molecules
in a bulged air-cell is 168 at/nm?. The areal density of air, based on the EELS quantification,
is 109+449=549 at/nm” showing that the analysis gives an augmented value by 226%. The
large discrepancy of the quantification remains unclear. It could be related to a possible

erroneous estimation of either the pressure inside the cell or the thickness in the air-cell itself.
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Figure 6.5. A deflected membrane under pressure difference. 2a is the width of the membrane. d is
the deflection of at the center of the membrane. t is the thickness of the membrane.

Although the standard-based EELS quantification of the air-cell enclosure gives an O/N ratio
that matches the nominal value of air, discrepancies of the calculation of the areal density can
still occur. In fact, the quantification process strongly depends on the quality of the fitting.
Change of the background or fitting windows may significantly affect the quantification

results. EEL spectra with low signal-to-noise ratio can also result in poor fitting.

Table 6.1. EELS quantification results of air-cell

Areal density (at/nm?) Relative composition
N in SiN 34201170 1
N> 440+20 0.13
O in SiNy 137070 0.4
0 10916 0.032

6.3.2 Liquid-cell enclosure with O, gas

The quantification procedure was further applied to quantify the amount of oxygen in liquid-
cell enclosure. The system contained also the ultra-thin film Pt working electrode. The cell
was initially filled with 0.1 M KOH electrolyte and the inlet/outlet tubes were closed to ensure
the cell was fully saturated with liquid. Later, a high anodic potential at 2.5 V versus RHE was
applied to generate O, gas in the cell. EELS was continuously acquired when the CA was
applied. The O, gas bubble created a thin-film liquid condition which is beneficial for EELS
acquisition. A schematic illustration of the presence of the O, gas in the liquid-cell enclosure

is shown Figure 6.6a. The EELS of N K and O K and the standard spectra for fitting and

109



Chapter 6 Towards EELS Quantification of O, in LP-TEM

quantification are shown Figure 6.6b. Oxygen in the liquid electrolyte and SiNx membranes
are seen as a single standard spectrum. As with MLLS fitting, including similar standards in
the system may result in overfitting artifacts. Thus, using a single standard spectrum for similar
standards could avoid overfitting. The quantification results are shown in Table 6.2. The total
SiNx membrane thickness was 69 nm for this cell, giving a nominal 3105 (at/nm?). The
quantification results indicate 2090 at/nm? for N which is low by 32% of the nominal areal
density. The discrepancy may be related to the Pt working electrode which leads to noisier
EEL spectra and affects the fitting. Interestingly, the quantification results show molecular
nitrogen also. This may be attributed to the dissolved N> in the electrolyte which can precipitate

when the gas bubble forms.
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Figure 6.6. EELS quantification in liquid-cell with O:z. (a) A schematic illustration of a O, in a liquid-
cell enclosure. (b) The EELS spectrum of liquid-cell with O, gas and the standard spectrum that were
used to perform quantification.

Table 6.2. EELS quantification of liquid-cell with a O: gas

Areal density (at/nm?) Relative composition
N in SiN 2090£100 0.5
N2 291+15 0.07
O in liquid and SiNy 4200£70 1

0O 82040 0.2
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6.3.3 Discussion on areal density of O:

The quantification results show that the areal density of O, is 820 at/nm”. To validate the areal
density results, the value of the nominal areal density of the O, bubble needs to be known.
However, it is difficult to calculate this value in the cell enclosure based on the current
response of the CA measurements. Typically, when the potential is applied, molecular oxygen
is produced and it is initially dissolved in the liquid electrolyte. The formation of a gas bubble
indicates the release of the supersaturation of gas in the electrolyte. However, not all the
produced O is responsible for the formation of the bubble. Some O, may dissolve in the liquid
electrolyte. Additionally, O, bubble may form outside the electron transparent region. Another
factor is that the pressure of the gas bubble is unknown so the nominal volume density cannot
be known. These factors make the calculation of the nominal value of the O, areal density in a
bubble difficult. Thus, it remains challenging to judge the areal density value under this

condition.

6.4 Conclusions

In this chapter, an approach to quantify molecular gas in a cell enclosure using EELS
quantification was demonstrated. The quantification process was based on multiple linear
square fitting of standard spectra. It was shown that the contribution of molecular oxygen fine
structure in EELS can be separated and quantified. The quantification process was first tested
in an air-cell enclosure. The quantified O/N ratio matched the nominal values. However,
discrepancies occurred in the absolute values of the areal density. Further, EELS quantification
was applied to the quantification of OER conditions on a Pt working electrode under
chronoamperometry. Still, discrepancies emerged in the evaluation of the areal density.
Optimization of the EELS quantification process is needed to have reliable quantification
results. Better quality EEL spectra could improve the accuracy of the quantification and reduce

discrepancies.
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The work presented herein involved the development and application of (scanning)
transmission electron microscopy ((S)TEM) techniques for probing oxygen-evolving oxide
catalysts. The contribution concerned all aspects of these materials; from the as-synthesized
powders, to their lab-on-a-chip characterization and postmortem analysis, to their dynamic

monitoring under realistic conditions and towards the quantification of active surfaces.

In detail, we first focused on the surface characterizations and postmortem studies of oxygen
evolution reaction (OER) oxide catalysts. (S)TEM techniques combing imaging and
spectroscopy were used to characterize one of the most active OER oxide catalysts, perovskite
Bay sSrp5Co03Fe0203.5 (BSCF). The characterization revealed a unique surface structure, a
pristine Co/Fe spinel-like surface with Co*", prior to OER. The Co/Fe spinel-like surface was
linked to OER-active CoFe oxyhydroxide phase transformation by relating to electrochemical
measurements. The findings suggest that (S)TEM techniques that provide information of
morphology, crystal structure, composition, and valence were crucial for understanding the
pristine surface of OER catalysts after immersion in electrolyte. Further, the postmortem and
identical location (S)TEM studies based on lab-on-a-chip setup revealed morphological and
chemical information after OER. The unique lab-on-a-chip setup ensured the probed catalyst
particles were exposed to liquid electrolyte after electrochemical operations. Chemically stable
but weak Co/Fe surface after OER was discovered and explained via a reversible Co/Fe
oxyhydroxide surface reconstruction mechanism occurring on the spinel-like surface. This part
of the thesis shows the crucial role that surface-sensitive (S)TEM techniques and lab-on-a-
chip setup can help understand the surfaces of catalysts and can provide a new characterization

framework aiding development of novel catalysts.
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Further, we concentrated on operando studies of Co-based oxide OER catalysts using
electrochemical liquid-phase (S)TEM to probe the solid-liquid interfacial interactions. Prior to
operando experiments, I fabricated and optimized ultra-thin Pt working electrodes on MEMS
chips that were implemented in the electrochemical liquid-phase (S)TEM in order to improve
TEM imaging quality and enhance the signal-to-noise ratio for the electron energy-loss (EEL)
spectra. Moreover, zero-loss energy filtered TEM was applied to enhance the contrast of
operando TEM images. The results revealed potential-dependent contrast variation
surrounding the Co-based oxide catalyst particles in the operando TEM image sequences. This
unique contrast variation was attributed to liquid movement under potential cycling. The liquid
movement was analyzed and further related to wetting dynamics at the solid-liquid interface.
It was proposed that prior to OER the wetting behaviors were governed by electrowetting and
surface transformation during cycling. The electrowetting induced an overall thinning of the
liquid around the oxide particles due to interfacial charges, and the surface transformation of
oxyhydroxide phase with hydrophilic character altered the electrowetting behavior. In the
OER regime, molecular oxygen evolution was detected in real-time using electron energy-loss
spectroscopy (EELS). The detection of O, evolution was fulfilled by probing the peak feature
at O K edge. The evolution of O; correlated to further thinning of liquid surrounding the oxide
particles. In a nutshell, we were able to introduce a characterization framework that opens a
novel pathway towards the visualization and understanding of the solid-liquid interfacial
interactions using electrochemical liquid-phase (S)TEM. It provides insights into physical
wetting dynamics that could be related to chemical OER activity on oxide surface by analyzing

the liquid movement and detecting the reaction products around single particle catalysts.

Finally, we explored a quantitative EELS characterization framework for probing molecular
oxygen. As the O evolution was qualitatively detected in EELS under OER conditions, it is
crucial to quantify the amount of evolved O; to deepen the understanding of OER activity of
single particle catalysts. An approach to quantitatively study molecular oxygen in
electrochemical liquid-phase (S)TEM was demonstrated, following the multiple least linear
square (MLLS) fitting methodology using standard reference EEL spectra. Using IrO, under
OER conditions in a liquid-cell enclosure, the MLLS fitting revealed that molecular oxygen
features of different components in O K edge can be decoupled, generating qualitative O, and

electrolyte maps. The fitting coefficient can further link to areal density so the molecular
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oxygen can be quantified. However, discrepancies occur while the quantification workflow
was tested by applying to cell-enclosure with known composition. Further improvement and
optimization are required to have reliable and robust quantitative characterization framework

of probing molecular oxygen.

Using the developed characterization methodology, future advancements in order to
understand the interfacial phenomena at solid-liquid interface using electrochemical liquid-
phase (S)TEM is envisioned. Interfacial phenomena such as accumulation of interfacial charge
and charge transfer processes are key to heterogeneous electrocatalysis but direct probing of
the phenomena remains challenging. Recently, it was shown that the accumulated charge at
the solid-liquid interface is related to OER rate [186]. Further understanding of the interfacial
charge can thus aid the understanding of the OER mechanism. Although electrochemical
liquid-phase (S)TEM cannot directly image the interfacial charge, recent advancements in 4D-
STEM techniques opens possibilities to probe local charge at the interface. Other than
interfacial charge, probing the reaction intermediates such as adsorbates at the solid-liquid
interface during OER can also be beneficial for understanding the mechanism. Recently, OER
mechanism on oxide surface was proposed to follow nonconcerted proton-electron transfer at
the interface, which is based on measuring the pH-dependency of the OER activity [187].
Probing the reaction intermediates as well as interfacial charge can further deepen the
understanding of how proton and electron transfer occurs during OER. Operando EELS can
potentially provide insights into reaction intermediates if the spectrum quality is sufficient to
resolve fine structures, and the electron-beam induced effects are mitigated to avoid the

damage of the reaction intermediates and the alteration of the electrolyte while probing.

In addition to interfacial phenomena during OER, establishment of a robust and reliable EELS
characterization framework for probing molecular oxygen could be particular important for
understanding OER activity of the catalysts in electrochemical liquid-phase (S)TEM. The
activity comparison of single-particle catalysts can thus be realized when the amount of the
evolved oxygen can be reliably compared. Moreover, this could potentially help identify the
active sites on the catalytic surfaces at single-particle level. This site-specific and quantitative
electron probing framework can provide information of whether the defects or facets on single

particle catalysts are more active for OER, aiding the catalyst design protocols. Further,
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Chapter 7 Conclusions and Perspectives

quantification of reaction products can be generalized to quantify both reactants (OH") in liquid
and products (O) in real-time. The conversion rate of the O, production during catalytic
reactions can be acquired, providing further understanding of OER kinetics. This quantitative
EELS characterization framework requires increasing the quality of EEL spectra with lower
noise and higher energy resolution and, thus, further developments of liquid-cell enclosures

and advancements of instruments are requested.

Interestingly, using electron microscopy techniques for OER catalysts can be further extended
and applied to other more complicated electrocatalytic reactions such as CO; reduction or N,
reduction reactions that involve various product formation. Selectivity of the catalytic products
can be understood in a site-specific way when the different products can be probed in real-

time.
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Runcard of the fabrication of the electrochemical chips

81042 2jokd [Iny] 1s1sey_14n/eZ] @A0wel yd | |
aAowaJ uopdajold mn__ m—_
[ [ [ _ -
| 51e1pKusp Wn 0} 09262V 051OA3/9Z| buiyeod yd| |

[ BUE05 Bl SauEIqUIAW 19010l | sou/ez] Tojem AWWnp Yons el

uonda30.d ¥d BuidIC €l

J1ebuosys EEN aqAey —

BILIOND 53110RCWS) o1 SSIUL U1 POAOUS 29 10U 1 A0S ko iy iser L 122 orowsial 97
Payja Alinj Si ) Wijuod 0} Jojawioloa|sel Yim 498uo s0g uw | 3pIX0 3peld/ZZ 4018 ZO!S JHE Szh
PaAOLLSI 8q 0] ¥d dXew 0} swss gid €3d SWn| Z00€ 103 Ul ASPIND 002SOV/1Z. dojesp ¥d v'Th
|- snoojeq §Z} esoq 0SLVIN/9IZ uoienissed 8s0dxe ¥d €2

SAWH Wng'L Z00€ 103 00ZSOV/1Z. 6uijeod ¥d zzl

BWI} XU JaUUILJ SAUBIGUIBL NIS UO SSB1IS BJEald (I ZOIS YoIU} 00L SOEUWG / 4 20IS 1opIdS vz Buuennds ZOIS 1z
Joke| uoneaissed ZoIS [

5190 Jey sIsay 1IN/zZ SAOWBI SonpIsal Yd e

80Y/9Z Jojem Awwinp aaoway el

UBAI0S BpEld /1Z esu 10 Uay) vl zll

| PUBeaMIBA0 UaN0S BPEld /1Z 591 | Jonoway [
EECREN] )

T Wa 00+ HO098V /vZ] wonisodeq Ny Z0b

| wu g Ho098v1 /vZ| uolysodeq 1L 101

NOLLVOJVAS Nv-1L 0
8YLUN0 YO 1UOZ| 512V 002SOV/1Z. dojpAsp ud 76
Z- sno0§eQ G9 9500 0SIVIN/9IZ 1oKe 1d 850dx8 ¥d £6
11 Awwnp 1802 0} JAqUIBLISY (wny°0) YO U0 (Wn |})ZL54ZV ‘uoepAysq 0S19A3/9Z Buneod ¥O1-¥d 6
Buijeos ajiym seueiquisl }98}0id 80M/97 J9jem Awwinp 3ong 16
JoKe| Ny - AHAVEOOHLITOLOHd 6
5190 ey TSisod LAn/eZ SAOWS) SONpISal dd 78
80M/97 Jajem Awwinp aAowsy X
UBAI0S Bpeld /1Z asul g Uay) vl [
Aynneo ojur 186 Aew jsnp JJ0-}1l 8Y) ZnD 'G9| | J8AOWal ues|d asn o} kmzmm__ ybiuiano ~:m>_OW\®vm_H_ nz G9| | Jenoway '8
330-4n B
| wu og| H0098V1 /vZ| uoisoded 1d [
| wu G| Hoooav1 /vZ| uopisodaq 1L 1L

NOLLVHOJVAS 3d-LL

8PWN0 ¥O1UOZLS 12V 002SOV/1Z. dojohep ud €9
- sno0jeq 59 esod 0SLVIN/9IZ J16Re| 1d osodxe dd Z9
(wnp0) YOT Uo (W 1'1)Z1G1ZV “uonesphyeq 0S19A3/9Z. Buieod YOT-¥d z9
SeuBIqIBW }08}01d $04/97 J8Jem AWWnp YOS )
J15Ke] 1d - AHdVIOOHLMOLOHd 9
Isisey 1dn/eZ osUL Jojem €5
I SIUG OH %LE] oUSq 1M PIOV/P1Z] Uonezifenneu [OH zS
S BUILDYo BUNT OF PooN "B1q G18 SWOpUM BI0S WiojUN 10U SUBIOESIUZ 0,58 HOM %02 ouoq 1om o5ea/T1Z] BUIO1® HOM s
‘saue.quialy - Buydle HOM S
ULG 1oMOd UBH dms dd UOIEqEDID EIdeL/zZ ewsed 2O B3
asu |g Uay Janowey isisey_Ldn/ez 591 | Jonowey ze
uwiz_Jemod UBH_duis ¥d Yojeqenlo eldel 2z ewseld zO Le
diis ud 2
4o1IA0 9950/ 1105 1€ ¥d ZOIS| SLds/ez| oje eI0y opisyoeg 3
| 2058}, 1J0S | € ¥d ZOIS| o} syiew Juewublle apisjuois 1e
310U BpIS0eq PUE YJew JuswubIly - 4338 AIp NIS B
2wn| Z00E 103 Ul ASPIND 002SOV/1Z. dojpAep dd 9T
|- snoojeq 05} @soq 0SLYTN/9IZ S9[0y apIsyoeq 250dXa dd ST
ZWn| 200€ 103 Uty AOPIND 00ZSOV/1Z. dojanep ud (%3
1- sn%ojeq 06} soq 0SLYIN/9IZ ew Juswubiy asodx dd €T
4S8 0U SAWH WnZ'L Z00€ 103 00ZSOV/\Z, opIsoeq ¥d (%3
SOWH Wnz'L 200€ 103 00ZSOV/1Z. apISjuol) dd 1z
S310U opISIEq PUE JHIEU JUSWUBITY - AHAVIDOHLITOLOHd Z
wu oG] Wu~0g 1Us| SPUIN GADd T 2 13d3/EZ] U011I0dS3p NIS S5a115 MO [
| | amez| QS InoyIm oy Ll
NOLLISOd3d NIS 3
Jajem __ _ _ J19Jem IS Wn 00z XIUOIY|IS 10
HIIVM 0
mfmsom_ siojowesey | Em_moi_ EuE&_:vm_ vopduossa| N dais

118



Appendix B

119



Appendix B

Synchronization of TEM image sequence and CV curves

The process flow of analyzing the operando data is shown below. Each step is explained with

the attached Mathematica codes.

120

1. Change the file names of raw TEM images
2. Average the frames of raw TEM images to a target frame rate

- 3. Plot the CV images point by point with the target frame rate

4 Combine the TEM and CV images wih the same frame rate

5. Export a video of combined image sequence

1. Change the file name of the raw TEM images
The StreamPix exported the image sequence with names such as "xxx-001", "xxx-002",
"xxx-003", etc. It thus causes a problem of specifying the images while they are imported
to Mathematica. Therefore, I wrote a function to change the file to "xxx 1", "xxx 2",
"xxx_3". The final numbers can be treated as integers instead of strings.

Rename[renameraw1_String] := Module[ {initialfilename, afterfilename},
nbd = NotebookDirectory []; rawfolder = nbd <> "../TEMraw";
SetDirectory [rawfolder];
initialfilename = FileNames[ {"*.tif", "*.jpg"}];
afterfilename =
Table[ToString[renameraw 1] <> ToString[i] <> ".jpg", {i, 1,

Length[initialfilename]} ];

MapThread[RenameFile, {initialfilename, afterfilename} ];

]



Appendix B

2. Average the frames of raw TEM images

After rename the raw TEM images, the raw TEM images can be specified correctly. The
raw TEM images with high frame rate normally are relatively noisy. Averaging the frames
is needed to improve the image quality. A function "AVGframe" is written. First, it creates
a TEM folder for the averaged TEM images. Then, it imports the raw TEM images, does
the averaging, and exports the averaged TEM images to the TEM folder according to the
target frame rates. The build-in function ImageData is used to take the pixel value of the
images. ImageAdjust function is used to auto tune the contrast and brightness.

AVGframe[renameraw?2_String, originfps_, targetfps , imagesize ,
AVGname_String] =
Block[ {file, divide, partfile, imageimport, imagearray, dividefactor,
AVG, AVGimages, partAVG},
nbd = NotebookDirectory [];
CreateDirectory[nbd <> "../TEM"];
TEMfolder = nbd <> "../TEM";
rawfolder = nbd <> "../TEMraw";
file = FileNames| ToString[rawfolder] <> "/" <> "* jpg"];
dividefactor = IntegerPart[originfps/targetfps];
partAVG[n_] := Block[{},
imageimport =
Table[ Import [
ToString[rawfolder] <> "/" <> ToString[renameraw?2] <>
ToString [i] <> ".jpg", ImageSize -> imagesize], {i,
1 + (n - 1)*dividefactor, n*dividefactor}];
imagearray[i ] := ImageData[imageimport[[i]]];
AVG = Sum[imagearray[i], {i, 1, dividefactor} ]/dividefactor;
AVGimages = ImageAdjust[Image[AVG], {0, 1}];
Export[ ToString[ TEMfolder] <> "/" <> ToString[AVGname] <>
ToString[n] <> ".jpg", AVGimages];
I
Parallelize[
Map[partAVG[#] &, Range[1, IntegerPart[Length[file]/dividefactor]]]]
]
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3. Plot the CV images

The CV measurements from a potentiostat generate a .dat file, that is, a (x,y) file with x
is potential and y is current. A "CVplot" function is written to generate images of
(potential, current density) plot of CV data with the same frame rate of the averaged TEM
images and export to the folder CV. As the step size (V) and scan rate (V/s) are given, the
original CV dataset can be binned to the same frame rate of averaged TEM images. For
example, the potential step size is 1 mV and the scan rate is 20 mV/s, therefore, the data
point rate is 20 data point per second. If the frame rate of the averaged TEM images is 2
fps, one can average every 10 data point to generate 2 data point per second. In this way,
the CV data point rate and image frame rate are synchronized. The function later on
exports the plot of CV point by point. The function also calibrates the potential to a certain
specific value as well as divides the current by area to have current density.

CVplot[filename String, RHEvalue , area , potentialstep , scanrate ,
targetfps_, imagesize , outputname String] :=
Block[ {file, files, data, dataRHE, binfactor, dividefactor,
dataDivide, dataMean, plotrangeboundary, g1},
nbd = NotebookDirectory [];
SetDirectory [nbd <> ".."];
data = Delete[Import[filename], 1];
dataRHE =data/. {E ,1 } > {E + RHEvalue, l/area};
binfactor = IntegerPart[ 1 /targetfps/(potentialstep/scanrate)];
dividefactor =
Partition[Table[i, {i, 1, Length[dataRHE]} ], binfactor];
dataDivide =
dataRHE[[#]] & /@ dividefactor[[Range[ 1, Length[dividefactor]]]];
dataMean =
Table[ {dataDivide[[i]][[All, 1]] // Mean,
dataDivide[[i]][[AllL, 2]] // Mean}, {i, 1,
Length[dividefactor]}];
plotrangeboundary = {{Min[dataMean][[All, 1]]],
Max[dataMean[[All, 1]]]}, {Min[dataMean[[AlL 2]]],
Max[dataMean[[All, 2]]]}};
gl[i_Integer] :=
ListLinePlot[dataMean[[1 ;; i]], PlotRange -> plotrangeboundary,
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PlotStyle -> {Thickness[0.003], Blue}, Frame -> True,
FrameLabel -> {Style["E (V vs. RHE)", 32],
Style["T (mAAN(\*SuperscriptBox[\(cm\), \(-2V)]\))", 321},
FrameStyle ->
Directive[ Thick, Black, 26, FontFamily -> "Helvetica"],
AspectRatio -> 1, ImageSize -> {imagesize, imagesize},
Epilog -> {AbsolutePointSize [20], RGBColor [1, 0, 0],
Point [Last [dataMean[[1 ;; i]]]]}];
CreateDirectory[nbd <>"../CV"];
CVfolder =nbd <> "../CV",
Parallelize[
Map[Export[
ToString[CVfolder] <> "/" <> ToString[outputname] <>
ToString[#] <> ".jpg", gl[#]] &,
Range[1, Length[dividefactor]]]]
]

4. Combine averaged TEM images and CV images
The two datasets: averaged TEM images and CV data point images are generated with
the same frame rate. A function "Imagecombine" is written to combine two datasets at
the same timing. For example, TEM image label 1 is combined with CV image label 1 to
have synchronization.

Imagecombine[filenameTEM_String, filenameCV_String, imagesize | :=
Block[ {partcombine, imageadd, fileTEM, fileCV, filenum},

nbd = NotebookDirectory [];

CVfolder =nbd <> "../CV";

TEMfolder = nbd <> "../TEM";

fileTEM = FileNames[ToString[ TEMfolder] <> "/" <> "* jpg"];

fileCV = FileNames|ToString[CVfolder] <> "/" <> "* jpg"];

filenum = Min[Length[fileTEM], Length[fileCV]];

CreateDirectory[nbd <> "../Combine"];

combinefolder = nbd <> "../Combine";
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partcombine[x_] := Block[ {TEMimage, CVimage},
TEMimage =
Import [ToString[ TEMfolder] <> "/" <> ToString[filenameTEM] <>
ToString [x] <> ".jpg", ImageSize -> imagesize];
CVimage =
Import [ToString[CVfolder] <> "/" <> ToString[filenameCV] <>
ToString [x] <> ".jpg", ImageSize -> imagesize];
imageadd = ImageAssemble[ {TEMimage, CVimage} |;
Export[
ToString[combinefolder] <> "/" <> ToString[filenameTEM] <>
"combine " <> ToString[x] <> ".jpg", imageadd]
I;
Parallelize[Map[partcombine[#] &, Range[1, filenum]]]
]

5. Export a video of the combined image sequence
A function "ExportVideo" is written to export a video of the combined image sequence.
The exported video can be speed up to certain times according to the input variable.

ExportVideo[filenameTEM_ String, imageframerate , faster ] :=
Block[ {imagecombine, file},
nbd = NotebookDirectory [];
combinefolder = nbd <> "../Combine";
file = FileNames[ToString[combinefolder] <> "/" <> "* jpg"];
imagecombine =
ParallelTable[
Import[ToString[combinefolder] <> "/" <> ToString[filenameTEM] <>
"combine " <> ToString [i] <> ".jpg"], {i, 1, Length[file]}];
Export[ToString[nbd] <> "../"" <> ToString[filenameTEM] <>
ToString[faster] <> "X" <> ".mov", imagecombine,

FrameRate -> imageframerate*faster, VideoEncoding -> "MPEG1VIDEO"]
]
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6. Applying the functions for data processing
A cell with all the input variables is written in order to initiate the processing functions
automatically. Once the input variables are set, the processing can run automatically
including generating the folders and exporting images.

(*Raw TEM images file name*)renameraw = "BSCFonGC 20fps ";

(*exported average TEM image file name*)AVGTEMname = "BSCF_GC 2fps ";
(*the file name of raw CV.dat file*)CVrawfilename = "BSCFonGC CV .dat";
(*CV image file name*)CVimagefilename = "BSCFonGC_CV 2fps ";

(*original fps during acquring*)originfps = 20;
(*exported fps*)targetfps = 2;

(*video faster*)faster = 4;

(*exported average TEM image size*)TEMimagesize = 1024;
(*Image size of CV images*)CVimagesize = 1024;

(*combine image size...should same for both*)combineimagesize = 1024;

(*Convert to RHE*)RHEvalue = 0.967,
(*surface area(cm”2)*)area = 0.1;
(*data point in CV*)potentialstep = 0.001;

(*Scan rate in CV*)scanrate = 0.02;

Rename[renameraw |

AVGframe[renameraw, originfps, targetfps, TEMimagesize, AVGTEMname]
CVplot[CVrawfilename, RHEvalue, area, potentialstep, scanrate, \

targetfps, CVimagesize, CVimagefilename]

Imagecombine[AVGTEMname, CVimagefilename, combineimagesize]

ExportVideo[AVGTEMname, targetfps, faster]
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Supporting Information of Chapter 4
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Figure C1. STEM-EELS analysis of a dry pristine BSCF particle. (a) HAADF-STEM image of the
BSCF particle. (b) EEL spectra of O K edge of regions indicated in (a). (¢) EEL spectra of Co L3, and
Ba Ms4. The surface of the BSCF particle shows a reduced oxidation state of Co (red and blue) and a
Ba-rich composition at the most outer surface of the particle (red) prior to dispersing in isopropanol.

Figure C2. STEM-EDS analysis of a pristine BSCF particle dispersed in 0.1 M KOH. (a) HAADF-
STEM image of the BSCF particle. The scale bar is 50 nm. 1-3 areas indicate the regions outside the
particle, surface, and bulk, respectively. The corresponding quantification results are shown in Table
S1. (b-e) EDS elemental maps of Ba, Sr, Co, and Fe showing a B site surface layer.
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Table C1. Quantification results of the three regions indicated in yellow in Figure C2. A-site deficiency
on the surface is highlighted in red.

Atomic fraction (%)
Element Region 1 (outside) Region 2 (surface) Region 3 (bulk)
C 96.23 14.73 3.06
0] 2.60 63.34 60.73
K 0.22 1.41 0.06
Fe 0.32 3.36 3.72
Co 0.32 12.92 14.02
Sr 0.00 2.41 10.41
Ba 0.31 1.84 8.00

Ag/AgCl reference electrode

\4

GC chip working electrode Potentiostat

Pt wire counter electrode

— Glassy carbon electrode

" SiN, membrane

)
e
I’ \\
" “
7
v v

0.1 M KOH

Figure C3. Schematic illustration of the immersion setup used for the electrochemical measurements.
The membrane part on the glassy carbon chip is immersed in the KOH solution.
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Pristine | b .

KOH 3 hrs

100 nm
Figure C4. Dissolution of Ba/Sr-rich phases at BSCF surface after immersion in 0.1 M KOH for 3 h.
(a) HAADF-STEM image of a pristine BSCF particle. (b) EDS elemental maps of Ba and Sr. White
arrows indicate some of the large Ba/Sr rich secondary particles. (¢c) EDS elemental maps of Co and Fe.
(d) HAADF-STEM image of the identical BSCF particle after immersion in KOH. (e, f) EDS elemental
maps of Ba, Sr, Co, and Fe of the immersed in KOH BSCF particle.
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Figure CS. Statistical analysis of the composition of the surfaces and bulk in BSCF after immersion in
0.1 M KOH solution. (a) HAADF-STEM images of 12 BSCF particles showing areas near the surface.
The annotated areas 1 and 2 are the regions of bulk and surface, respectively, that were used to acquire
STEM-EDS spectra for quantification. (b) Bar chart showing the atomic fraction of Ba, Sr, Co, and Fe
of the bulk and surface calculated from the 12 STEM-EDS quantification results. (c) Plot of the B/A
site ratio of bulk and surface BSCF averaged across the measurements. Error bars represent the standard
deviation.
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Figure C6. (a) HAADF-STEM image of BSCF near the surface. The green rectangle depicts the
acquisition region for STEM-EELS data sets in Figure 4.2. (b) TEM image of the same BSCF surface
as in (a). 1-4 indicate the regions that the selected area FFTs in Figure 4.2 were calculated.

50 +
; I

|mage Co®* Co*" Red.y’

Figure C7. MLLS fitting of Co valence in EEL spectrum image. The MLLS fitting includes the Co L3
peak (775-785 eV). The fitting was done in the Gatan Microscopy Suite (GMS) software and the fit-
weights were set equal to 1. The reduced y? reflects the average square deviation of each fitted point
from the corresponding measured value. The randomized values of the y?> map confirm the unbiased
fitting process.
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Table C2. d-spacings of reflections for perovskite and spinel structure.

Perovskite Bao.sSro.5C00.8Fe0.203-5

Spinel (Co, Fe)304

Energy-loss (eV)

Cubic Cubic
(Pm3m,a, = 3.994) (Fd3m,a, = 8.354)
3.99 A (100) 482A011)
282A(101) 295A(220)
230A(111) 251A311
1.96 A (200) 241A222)
1.78A201) 2.09A(400)
1.63A211) 1.48 A (44 0)
Fe L3
’5 1
s” ‘/?MH\\
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Figure C8. EEL spectra showing the Fe L;, edge of BSCF near the surface along with the Fe**
reference. The 1-4 EEL spectra are extracted from Figure 2b. The Fe** (Fe,O3) reference spectrum is
extracted from the EELS Atlas database implemented in the GMS software.

Figure C9. STEM-EDS elemental maps of Ba, Sr, Co, and Fe. Spinel structure corresponds to Co-rich
region in the map.
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Figure C10. (a) Bulk and (b) surface EEL spectra showing the O K, Fe L3, Co L3, and Ba Ms 4 edges
of BSCF after chronoamperometric measurements (CA) at 1.3, 1.6, 1.7, and 1.8 V vs RHE for 1 min.
(c) Bulk and (d) surface EEL spectra showing O K, Fe L3,, Co L3, and Ba Ms4 edges after KOH
immersion for 3 h (black lines) and after CA measurements at 1.7 V vs RHE for 3 h (cyan lines).
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Figure C11. In situ CV measurements of BSCF in a liquid-cell TEM holder. (a) Plot depicting the
measurements of 4th cycle to 10th cycle. (b) Close-up of voltage range between 1.1-1.5 V vs RHE
depicting the pre-peak region during the anodic scan. The first three cycles are not shown because the
underlying signal of the Pt current collector hinders the pre-peak detection. The Pt background signal
decreases with increasing cycle number and, consequently, the pre-peak becomes more pronounced and
is detectable starting from the 4 cycle.

Table C3. Prepeak positions* of in situ CV measurements of BSCF.

Cycle number Pre-peak position (V vs RHE)
1 undetectable
2 undetectable
3 undetectable
4 1.306
5 1.301
6 1.304
7 1.307
8 1.304
9 1.313
10 1.320

*Note that the prepeak positions were determined using the minimum value from calculating the first
derivative of smoothed CV curves (change of slope).
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Supporting Information of Chapter 5

background

e BTG S T

Figure D1. Segmented BF-TEM image of a BSCF particle surrounded by 0.1 M KOH solution. a, first
frame of BF-TEM image. b, segmented image of particle, cloud, and background.

Figure D2. Segmentation of TEM images of three Co-based oxides. a, BSCF. b, C0304. ¢, CoO. The
TEM image sequences are segmented into three categories: Background (dark grey), Cloud (medium
grey), and Particle (light grey). The red rectangles are used for the determination of the parameter cloud
length (indicating with red arrows). The areas of cloud and particle within the rectangles were calculated
and then the areas were divided by the width of the rectangles. The cloud lengths can be determined.
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Figure D3. Polarization curves of the three CV cycles of BSCF during the operando EELS experiments.
The scan rate is 20 mV/s. The reduction of the current density from the first to third cycles is due to the
drift of quasi-reference Pt electrode.
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Energy-loss (eV)
Figure D4. Core-loss O K EELS. The O, peak intensity ratio is defined as the molecular peak intensity
in the range 529-534 eV (red shaded region) divided by the background intensity ranging from 535 to
545 eV (blue shaded region).
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Normailzed intensity (a.u.)
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Figure D5. Low-loss EELS. The relative thickness (t/A) is  defined as

In (intensity of the area of the zero—loss peak (yellow shaded region)

. : - ) This measurement gives an indication
entire EEL spectrum intensity

of the total thickness of the liquid cell.
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Figure D6. Operando EELS analysis of C03O4 under potential cycling. Plot of relative O, intensity
(green) and thickness (orange curve) as a function of elapsed time (bottom) and applied potential (top)
corresponding to two CV cycles.
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Figure D7. Operando EELS analysis of the Pt electrode under potential cycling. Plot of O, peak

intensity (green) and relative thickness (orange curve) as a function of elapsed time (bottom) and applied

potential (top) corresponding to two CV cycles.
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Figure D8. BF-TEM images of Co30;4 at different potential stages for the first, second and third cycles.
Scale bar, 400 nm.
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Figure D9. BF-TEM images of CoO at different potential stages for the first, second and third cycles.
Scale bar, 400 nm.

a b c
. 0'15—|BSéF | | ;— _‘COS|O4 | ] _‘COO‘ | | i
“E o0.10} Lot I ]
2
E 005/ ;o ot 1]
= : 2 P
0.00 == . -PI———J —A

10 12 14 16 18 10 12 14 16 18 10 12 14 16 1.8

E (V vs. RHE)
Figure D10. The polarization curves of CV of BSCF (red), Co304 (blue), and CoO (black) in liquid-
cell enclosure. The scan rate is 20 mV/s.
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Figure D12. The full range of polarization curves in Figure 5.3b-d. BSCF (red), Co304 (blue), and CoO
(black) in liquid-cell enclosure. The scan rate is 10 mV/s. It is noted that the OER currents of different
oxides in the CVs acquired in the liquid cell TEM measurements are not comparable due to variations
with the particle loading on the Pt electrode and the volume of the liquid solution.
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Figure D13. Full energy-loss range EELS spectra involving Ba, Sr, Co, Fe, and O for EELS elemental
quantification. (a) HAADF-STEM image of BSCF surface. The orange rectangle indicates the region
in which the 2D array spectrum image was acquired. The scale bar is 100 nm. (b) EELS from the surface
of BSCF (red rectangular region in a). (¢) EELS from the bulk of BSCF (blue rectangle in c).
Background is removed and plural scattering is deconvolved in both EEL spectra. The normalized
intensity in spectrum region range from 1900-2000 eV was increased by an order of magnitude.
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Figure D14. Operando selected area diffraction analysis of BSCF under potential cycling. (a) BE-TEM
image of BSCF particle on Pt electrode. The red ring indicates the position and size of the selected area
aperture. The scale bar is 1 pm. (b) Polarization curves of the 4 cycles of the experiment. The two purple
points indicate the potentials at which SAED patterns in ¢ are extracted for (c). The scan rate is 20 mV/s.
(c) Frames of SAED patterns at specific potentials. Yellow and magenta rings indicate BSCF perovskite
and Co/Fe spinel reflections, respectively. The magenta arrows indicate the {113} spinel reflections.
The bright rings, which do not belong to perovskite or spinel, are associated with the underlying Pt
polycrystalline thin film electrode. The scale bar is 2 nm'.
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Figure D15. Comparison of normalized cloud length and relative thickness under potential cycling. The
shaded regions indicate oxygen evolving conditions.
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