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Chapter 1

Introduction

1.1 Hydrogen, a future energy source

An acceleration in global energy demand and extended dependence on fossil fuels
for energy production and transportation, are responsible for a global energy crisis.
[1-3]. The immoderate burning of fossil fuels depletes natural resources, and it
plays a significant role in carbon dioxide emissions [4]. Using natural gas to pro-
duce Hydrogen, consumes a large number of natural resources and contributes to
increasing the greenhouse effect [5, 6]. Experts assume these processes are account-
able for rising average global land-ocean temperatures [7-10] [Fig. 1.1]. Hydrogen
is perceived in compounds and produced by decomposition or conversion of other
molecules such as hydrocarbons or water splitting. Transforming hydrogen to elec-
tric energy using a fuel cell produces only water and heat as a byproduct [Fig. 1.2].
Therefore, hydrogen and fuel cells may play an essential role in the future energy
strategy for various applications across all areas, e.g., transport, industry, and
domestic field [5]. Possessing high efficiency and almost zero carbon emissions, hy-
drogen can reduce greenhouse gas emissions [4]. Despite being the most abundant
element on the earth, elemental hydrogen is not available in significant quantities.
However, several other fundamental difficulties must be overcome for hydrogen to
be adopted widely in future green energy infrastructure [11].
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Figure 1.1: Annually global land and ocean temperature correlation to the 20%-
century aggregate from 1880-2021. Cold years are indicated by blue bars ; red
bars indicate hotter years. Reprinted with permission from [12].

Green electricity
produces hydrogen

Figure 1.2: Electrocatalytic water splitting uses electricity to produce hydrogen,
leaving out water as a byproduct. Reprinted with permission from [13].

To fulfill the increasing energy demand, we need to consider the future potential
for a range of renewable methods such as environment friendly, onshore and off-
shore wind, hydroelectric energy, wave and tidal energy, geothermal energy, solar
and electrochemical energy [6] [Fig. 1.3]. Electrochemical water splitting (EWS) is
a reliable technique to produce clean and sustainable hydrogen from water. Pro-
duction of hydrogen relies on the low-cost catalyst, low overpotential, the highly
active, and stable catalyst for oxygen evolution reaction (OER)/ hydrogen evolu-
tion reaction (HER).



Figure 1.3: Green hydrogen production, storage, and transportation for the do-
mestic use. Reprinted with permission from [13].

1.2 Electrochemical Oxygen Evolution Reaction
(OER)

Electrochemical water splitting (EWS) is one of the promising techniques to pro-
duce hydrogen in a more convenient, affordable, and sustainable way. All other
methods have drawbacks as they suffer from corrosion, sensitivity, and purity for
hydrogen production. For example, steam reforming of hydrocarbon generates
byproducts of COs, CO and sulfur oxides, along with hydrogen. Photochemical
hydrogen production is the slowest technique amongst all. Precursors and reagents
experience corrosion via metal hydride acid hydrolysis. Furthermore, these tech-
niques also need high temperature and pressure [14]. Large-scale production of
bulk hydrogen could be achieved through EWS [15]. Electrolysis is well-suited to
pair with renewable energy sources such as wind and solar energy [3]. A typi-
cal EWS process includes two half cell reactions, the OER occurs at the anode,
and HER at the cathode [Fig. 1.4]. The efficiency of both the OER and HER
process depends on the electrolyte solutions (i.e., acidic or alkaline), and catalyst
materials. The overall water-splitting reaction can be represented as shown below,

Equation 1.1 shows the overall reaction of electrochemical water splitting process,
this reaction splits into two half cell reactions,

2H,0 — O 1) +4H" +4e” (1.2)



2HT +2e —— HQT(g) (13)

The equations 1.2 represents OER at the anode and equation 1.3 shows HER at
the cathode. Among the two half-cell reactions of water splitting, the anodic OER
typically requires a large overpotential [16]. The theory implies that the OER
should happen at 1.23 V versus reversible hydrogen electrode (RHE), while the
HER should operate at 0 V versus RHE [14, 17]. Despite this, due to the sluggish
kinetics of OER in alkaline environments, the required potential of a OER is larger
than 1.23 V, even with the highly active noble metal electrocatalysts [16, 18].

HER OER

In acidic electrolyte: In acidic electrolyte:

4H" + 4e- — 2H, 2H,0 — O, + 4H" + 4e
In alkaline electrolyte: In alkaline electrolyte:

4H,0 + 4e- — 2H, + 4OH & 4OH — O, + 2H,0 + de
ov
Overpotgntial

Ovenpotential
1.23V

Memane

Water splitting Electrolyzer

Figure 1.4: Schematic drawing of the electrocatalytic water splitting and reaction
kinetics of HER and OER. Reprinted with permission from ref [19] Copyright (C)
2019 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.

In OER, Oy is generated via four electron coupled proton transfer processes (ECPT).
The OER is highly pH-sensitive. The standard OER mechanism in the acidic con-
dition is shown as follows [14, 20],

HQO(Z) +* —*OH+e +H" (1.4)



*OH — *O +e” + HT (1.5)
*O + HQO([) —— *OOH + e~ + H (16)

*OOH — Oy + e + HY 4+ * (1.7)

The mechanism in alkaline or neutral media shown is below [14, 20],

¥4+ OH™ — *OH + ¢~ (1.8)

*OH + OH™ — *O + HyO) + e~ (1.9)

*O + OH™ — *OOH + e~ (1.10)

*OOH + OH™ —— Og(g) + HyO(y +e= +* (1.11)

The * indicate the active site on the catalyst surface. Due to the high thermody-
namic limitation, it is difficult for the newly formed intermediate *O, to produce
a molecular oxygen immediately [18, 20]. In alkaline condition in OER, an ac-
tive site on the electrocatalyst surface adsorbs hydroxyl radical to produce a *OH
radical. An intermediate of *O is generated after eliminating coupled proton and
electron from *OH. The nucleophilic attack of OH™ on *O yields another inter-
mediate *OOH in the next step. Eventually, another ECPT procedure yields one
oxygen molecule [21]. The OER process manifest a significantly faster reaction
rate in alkaline condition than in acidic [17, 22]. Due to the complex nature of the
four-electron transfer kinetics, the OER is considered a much more complicated
process than HER. Thus, it is regarded as the bottleneck of the electrochemical
water-electrolysis system.

1.3 Cost effective and low overpotential catalyst

Electrochemical water splitting (EWS) seems superior for hydrogen production
until the cost-effectiveness come into focus. High OER efficiency is achieved by
circumventing high energy due to the overpotential in water electrolysis. This can
only be possible with discovering electrocatalytic materials for HER and OER by
attuning and improving their electrocatalytic properties [14]. The cost-efficiency
of large scale EWS depends on the electrode materials used to fabricate cathode
and anode. In the early eighties and nineties, expensive nobal metals and metal
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oxides such as Platinum (Pt), Iridium oxide (IrO), and Ruthenium oxide (RuOy)
were used [23, 24]. Since these electrode materials are expensive and rare, large-
scale hydrogen production is practically not possible with these materials. Many
researchers have made great efforts in developing non-nobal but highly active elec-
trocatalysts for both HER and OER electrocatalysis. Such electrocatalysts include
transition metal (TM) (oxy)hydroxides [25-28], layered double hydroxides (LDHs)
[14], chalcogenides [29], phosphides [30], nitrides [31, 32], borides [33], and carbides
(34, 35]. Several crucial reaction intermediates like H*, O* HO*, and HOO* are
involved in an OER process and are hence essential for EWS. Electrode materials
properties administer this process. Therefore, electrocatalysts that can form these
surface intermediate species with proper bonding energies are thus counted as a
favorable electrocatalysts [36]. In this circumstance, noble metals (NM) ( e.g., Ir,
Ru, Pt, Palladium (Pd)) based electrocatalysts are the most desirable candidates
for EWS. Despite this, the high cost and limited resources of NMs substantially
restrict their large-scale applications [37]. Therefore, it is necessary to develop
cost-effective, catalytic active, and robust electrocatalysts for EWS. Conveniently,
several earth-abundant TM (e.g. Manganese (Mn), Iron (Fe), Nickel (Ni), Cobalt
(Co)), based catalysts manifest superior electrocatalytic performance concerning
HER or OER or for both. These low-cost materials have recently been particularly
studied in the last few years. Some of them show remarkably high EWS activity
that is equivalent to NM-based catalysts [3].

1.4 Challenges for this thesis

1.4.1 Studying the real dynamical structure of the water -
electrode interface

Solid-liquid interfaces dominate most fundamental chemical processes in specific
topics in materials science, electrochemistry, photochemical process, catalysis, cor-
rosion science, mineral science, environmental science, lubrication, etc. [38, 39].
Interfacial reaction at the edge among the electrode materials and the electrolyte
has an extensive impact on electrocatalysis. The HyO/ electrolyte - catalyst inter-
face is critical to understand for the complex electrochemical process. A cation/
anion from the catalyst surface and intermediate ions from the electrolyte can act
as booster for specific reaction mechanism. The deliberate control of these inter-
facial reaction signifies a promising chemical approach for tuning the electrolyte-
catalyst interface to procure excellent catalytic activity. The OER includes com-
plicated interaction between electrolyte, crystalline/amorphous catalyst, gaseous
phase, and liquid phase intermediates and reaction products [40, 41]. Many mod-
ern spectroscopic techniques used to analyze solid - liquid interfaces like Vibra-



tional, IR-absorption, and Raman scattering provide vibrational information of the
adsorbates. UV-Visible and Fluorescence emission investigate information about
electronic structure. Ellipsometry provide thickness information. X-ray absorption
(XAS) reveal electronic and local structure. Neutron scattering characterizes vi-
brational properties. X-ray photoelectron spectroscopy (XPS) provide information
of essential electronic and chemical properties [38, 42]. However, these techniques
could not study solid-liquid interface properly due to the liquid’s high vapor pres-
sure and the maintenance of an ultra-high vacuum in presence of a liquid. An
additional challenge is to investigate proper signals from the atoms or molecules
at the interface and avoid the contribution of the bulk signal [38]. Although
significant improvement has been made over the last decades, interpreting these
interfaces is still challenging. The fast diffusion of the liquid allows accumulation
of the trace amount of bulk contamination at the interface; it complicates the
preparation of pure, pristine liquid-solid interface under a controlled environment
[39]. There are a couple of significant reasons for such experimental limitations:
i) the catalyst surface is concealed under the solid or liquid electrolyte, and con-
ventional spectroscopic techniques could not quickly reveal it [41], ii) catalytically
active species are either bound to catalyst surface or mobile on the surface, which
prevents a proper investigation of the electrochemical activities in conventional
measurements [43]. Significant work reports on rate-determining steps and classi-
fying descriptors for the OER activity by thermodynamic approach [16, 44]. There
is substantial progress on connections between catalytic and electronic properties
of catalyst materials, supported by employing spectroscopic techniques and first-
principles computations [16, 18, 45]. However, fewer studies are reported on the ac-
tual observations of HyO-catalyst surface dynamic interface, particularly in-depth
knowledge about atomic-scale. There are still open questions for the HoO-catalyst
interface, which drags attention, for example, heat and electric charge transport at
the solid-liquid interface [46], structural changes at the interfaces under highly re-
ducing, oxidizing conditions, variable current densities in electrochemical reactions
and electric double layer [47, 48], multielectron/-proton transfer processes [49],
molecular-level understanding of water at interfaces [48], dissolution and leaching
study of A and B site atoms in doped oxides at the interface [50]. To answer
these questions, there is a need for atomic resolution in-situ/ operando studies,
time-resolved surface-specific spectroscopy, and theoretical simulations [47, 48].

1.4.2 Active sites

In 1925 H.S.Taylor proposed that the concentration of the reactive sites where
the actual rate-determining catalytic process emerges is much smaller than the
concentration of the total existing surface sites [51]. The nature of the active sites
depends on where the bond breaking occurs, and it differ from the different types

7



of chemical bonds. For example, dissociation of Hy occurs at a single metal atom
[52] or at the step edge and at the metal surface with kinks but not on the smooth
crystalline facet of Pt (111) [53-55]. Although a lot of research is done towards
an understanding of the Oy dissociation but less is known about how many atoms
participate in the dissociation process or how the lattice oxygen vacancy plays a
role as an active site [56]. Few electrocatalytic OER studies report the forma-
tion of an amorphous phase that suggests active sites exert a different structure
than the pristine catalyst material [57-59]. Recent operando spectroscopy studies
report evidence of the activity of multiple active sites in Iron-Cobalt oxides in
electrocatalytic OER [60] and formation of active oxyhydroxide phase of Nickel
[61] in electrocatalytic OER process. A combination of the electrochemical and
computation studies reveals the improvement of oxygen reduction reaction (ORR)
activity due to favorable adsorption energies of oxygen intermediates on the single
Cu atom active sites [62] and improved OER activity and charge transfer due to
the formation of active sites in low crystalline Iron/Nikle bimetallic metal-organic
framework [63]. As the electrocatalytic OER occurs at the catalyst surface, re-
gardless of significant progress in the OER, understanding the intrinsic activity of
active sites is still unknown [63]. This thesis will study perovskite oxide surface
structure and termination in contact with HyO.

1.4.3 Formation of the active sites on the surface

Most of the research reports improved OER activity by the formation of catalytic
active sites due to surface transformation, drastic self surface-reconstruction, active
oxyhydroxide type phase formation, and amorphization of the catalyst. Pristine
catalyst surface undergo small or indeed overall structural transformation, instead
of straight OER catalysis process on their surfaces. Such surface transformation
signifies the physical modifications of electronic properties and atomic structure
of the pristine surface. It balances the electrochemical environment and forms the
electrochemically favorable active sites during OER electrocatalysis. The pristine
surface does not show any changes in nonreactive conditions. The reconstructed or
transformed surface acts as the actual electrocatalyst or an active site in the OER.
The catalytic processes proceed at the interface, controlled by more highly active
sites than bulk. Many defects and surface vacancies can exist on the amorphous
or an active catalyst surface during OER [64-66]. In recent studies, the surface
transformation of catalyst materials have been reported in HER and CO, reduc-
tion reaction (CRR) [67, 68]. Baumer et al. have demonstrated how the Ni- and
La-termination governs the surface transformation of (001) LaNiOj epitaxial thin
films, which regulate the electrocatalytic activity for the OER [69]. Surface trans-
formation of Co304 to a Co304-CoS, by surface sulphurization process improved
OER activity and enhanced overall catalytic performance due to the transforma-



tion of CoS, into cobalt oxyhydroxide (CoOOH), which acts as the active site in
the OER process [70]. Bo et al. also report improvement of OER activity in Nickel
(oxy)hydroxide due to Iron (Fe) Chromium (Cr) doping which forms a defective
complex of Cr, Fe-sub-b-NiOOH [71]. Lopes et al. report formation of a thin layer
of Co hydr(oxy)oxide (CoOxHy) on a Lag ¢Srg4CoO3 perovskite surface during the
OER process due to the A-site dissolution into the electrolyte and surface oxygen
vacancy formation [72]. Fabbri et al. reports dynamic self reconstruction of the
surface is the primary component for the active perovskite catalyst for OER [73].
Furthermore, it is crucial to understand the nature of surface reconstruction, par-
ticularly identifying the actual active site at the surface [74]. Besides, a proper
understanding of the correlation between active sites and their catalytic behav-
ior depends on operando structural investigation at atomic resolution. Even the
complex structure of the heterogeneous materials restricts the precise structural
analysis, which makes OER mechanism understanding very challenging. [75]. Al-
though transition metal (TM) acts as an active site due to flexible valence in many
catalysts, it is still unclear why different TM-based catalysts show distinct OER
activity [75]. A clear understanding of a surface transformation/reconstruction
process will be very effective in designing excellent electrocatalysts for the OER.
It is challenging to trace and control the surface reconstruction process carefully
during the OER due to the limitations of ex-situ characterization techniques. An
in-depth understanding of the origin of structural transformation that underlay the
formation of the active state of a surface-interface to water and the correspond-
ing influential factors is critical to evaluate the eventual state of materials under
OER conditions. This thesis will attempt to comprehend the atomic dynamics at
Lag.¢Srg 4Co0O3 surface with-H,O interface.

1.4.4 Defect reactions

Unlike perfect lattice, a defect site incorporates unique electronic properties that
benefit electrocatalytic activity. Defect sites bind reaction intermediates which
improve selectivity and activity. Significantly, defects alter the electronic struc-
ture in the vicinity and secure the active sites. It is worth investigating the role of
defect sites in electrocatalytic OER, which will improve the fabrication of the ideal
catalyst [76]. To fabricate a cost-effective and more active catalyst few questions
are crucial to answer, i) does cation doping, cation vacancies, cation leaching, and
oxygen vacancies tune the OER mechanism?, ii) if yes, then how? and iii) how de-
fect engineering can be used to improve the OER activity of earth-abundant oxides
materials to overcome activity of IrOy and RuO,? [76, 77]. The OER favors the
surface of catalyst where electrons, intermediate species, reactant, and product can
be transferred [73, 78]. Introducing an oxygen deficiency at the surface can tune
the electronic properties to improve the chemical species adsorption, generate more



active sites, and enhance the OER activity [78-81]. Although promising materi-
als, perovskite oxides need additional improvement to exceed nobal-metal-based
OER catalysts [80]. In general, perovskite oxides have high crystallization temper-
ature and low surface area; hence, they are in large bulk size and thus exhibit low
catalytic activity, but oxygen vacancies at the surface control the electronic prop-
erties of the perovskite materials, which improves OH adsorption and enhances
the OER activity [78]. A-site and B-site atom doping [82], and low-temperature
hydrogen reduction of perovskites [81, 83] techniques used to generate oxygen-
deficient sites to improve OER performance. In addition to oxygen vacancies, A
and B sites metal cation vacancies impact OER activity [77] due to their orbital
and electron distribution, which is also challenging to investigate [78]. Chen et al.
report the formation of Tin (Sn) vacancies in SnCoggFep1(OH)g) by Ar plasma
etching, which generates abundant CoFe active sites results in improved OER ac-
tivity [78]. Also A-site double cation defects improve the OER activity due to
increase in oxygen content and higher oxidation states of Iron and Cobalt atoms
in the La0.68r0‘4000,8Fe0.203_5 and Ba0.5SI'0.5COO.8Feo.203_5 [84] Xiao et al. re-
ports an exciting approach to study pristine spinel Co30, and oxygen vacancy
rich Co3z04 to investigate defect mechanism and dynamic activity of defect sites
in electrocatalytic OER by using a combination of operando techniques. The oxy-
gen vacancies play a crucial role in improving the catalytic activity of Co3O,4 [85].
Along with dynamic behavior, it is worth studying the reversible and irreversible
nature of the defect sites to study the stability behavior of the catalyst. Although
some efforts are made to investigate defect mechanisms in OER catalysis, few open
questions still exist and drag attention, e.g., i) how to control types of defect, i.e.,
single type defect as an active site without side effect, ii) stability of defect in
harsh electrocatalytic conditions, iii) how to combine in-situ/ operando experi-
mental investigations with theoretical understandings to answer defect dynamics
in catalyst surface, and iv) how to scale up the energy conversion performance of
defect sites to improve the engineering of an ideal catalyst and enhanced mass and
charge transport at the electrolyte-catalyst interface [76]. This thesis studies on
understanding the defect reactions on the catalyst surface in contact with HyO .

1.4.5 Connection to stability and corrosion

Most of the catalysts developed in the past few years show OER activity (for small
current density, e.g., 10 mA cm™2) up to several tens of hours, and rarely some of
them can last for a few hundreds of hours [86, 87]. The stability of OER catalyst
decreases over large current densities (e.g., 1000 mA cm™?2) [88, 89]. The poor sta-
bility during OER can be induced by the formation of catalytical inactive phase
e.g. surface reconstruction, oxidative decomposition, cation leaching, and irregular
agglomeration [90]. Corrosion is a spontaneous process that dramatically damages
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metal-based devices in industrial applications [91]. In typical corrosion mecha-
nism, oxidation-reduction reactions occur spontaneously at different regions of the
metal surface, which usually produces the corrosion layers of the metal rust [92].
This metal rust can be utilized as an active nanomaterial for electrochemical re-
actions. The pristine metal/catalyst surface exerts low catalytic activity for water
oxidation. However, these pristine surfaces can corrode due to the dissolution of
the electrode material to generate metals ions interacting with strong corrodents.
These ions react with electronegative radicles or hydroxyl groups from corrosion
layers in nanosheets that act as active materials for the OER and HER from cor-
rosion [92]. Liu et al. report the improved OER activity of Iron-substrate-derived
electrodes by corrosion engineering with stability for more than 6000 hours at large
current densities [90]. Increasing OER activity by the formation of corrosion re-
sistance Nig g7, Feg 33 oxide layer on stainless steel by dissolution-based mechanism
provides the significance of corrosion engineering for the stability of OER catalysts
[93]. Abbou et al. report enhanced long-term stability of the SnO, aerogel support
due to the doping of the electronically similar lattice species like Sn** but with dif-
ferent valence electrons. Doped SnO, aerogel support acts as corrosion resistance
material in the acidic medium and limits the detachment of the catalytically active
Ir, nanoparticles, which improves OER stability, and activity [94]. These valuable
findings suggest that corrosion engineering can improve the stability and activity
of the OER catalyst. However, there are still open questions [95], for, eg. i) how
the catalyst corrodes during OER and how it impacts the stability and activity
of the OER process, ii) how to avoid degradation of the catalyst, iii) distinguish
irreversible processes involved in active layer formation from corrosive processes.
This thesis will study the diverse behavior different perovskite oxide thin films in
contact with H,O .
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Chapter 2

Oxide catalyst for Oxygen
Evolution Reaction

2.1 Binary oxides

Non-nobal transition-metal (TM) cations, especially flexible valence metal cations
in binary oxide materials, show high catalytic activity and are the main active sites
in electrochemical reactions [17]. The eco-friendly binary metal oxides (mostly
TMOs) have been found to manifest excellent catalytic activity along with ad-
equate natural abundance. Thus, it is possible to use them for electrocatalysis
at a comparatively low cost. Although they are beneficial in many applications,
several TMO differs in their crystal structure and electrocatalytic activity [96].
Due to the superior electrochemical properties and long-term durability, binary
metallic oxide, mainly (nobal metal oxides) RuOs and IrO; electrode materials are
broadly utilized in numerous applications, specifically water splitting, chloralkali
generation, wastewater management, metallic electro-deposition, etc [97, 98]. The
electrocatalytic activity of such electrodes materials are assigned to the surface
area and their natural catalytic properties [99-101]. By doping with non noble
materials, the electrocatalytic properties of the binary oxides can be drastically
improved [102]. A definite proportion of mixture of two noble metal binary oxides
of IrO,:Ru0O, improves OER performance with small crystal size [103]. Non-nobal
transition metal binary oxides for example Nickel (Ni)-Cobalt (Co) [104], (Man-
ganese -Chromium) Mn,Cry_,O; 5 [105], (Cobalt Ferrite Iron) CoFe,O,4 [106], Ni-
Co oxide, Mn-Fe oxide [107], (Cobalt-Cerium) Co,_,Ce,O, [108] show significance
improvement in their OER activity due to flexible valence of transition metal and
tunable structural and electronic properties.
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2.2 Scaling relation

The scaling relation of adsorption energies of energy descriptor in a four concerted
electron coupled proton transfer (ECPT) process such AG(*O)-AG(*OH) is an
essential benchmark for the screening of the thermodynamic overpotential and
OER activity of the catalyst [16, 109]. A proton is introduced into the electrolyte
at each step in a ECPT, ultimately linking with a transferred electron at the cath-
ode. First OH™ adsorbs on the surface-active site (equation 1.8). The adsorbed
OH* intermediate species undergo consecutive deprotonation to form O* inter-
mediate (equation 1.9). In the O-O bond formation step enables O* to interact
with another OH™ and generate the HOO* intermediate (equation 1.10). O is
evolved in the last step through the deprotonation of HOO* intermediate with the
reproducing of the active site (equation 1.11).
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Figure 2.1: (a) Gibbs free energies of intermediates and reactive species at U
= 0 for ideal and actual catalysts. Reprinted with permission from ref [44] .
Copyright (©) 2010 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim. (b)
Adsorption energy of HOO* Vs. adsorption energy of HO* on different catalyst
surfaces such as perovskite, rutile, anatase, Mn,O,, Co304, and NiO oxides. (c)
Volcano shape plot for the Activities trends for OER for perovskites (compiled
data from literature). (b and c) are reproduced from the ref [16], Copyright (©)
2011 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim

The overpotential of OER is determined by the positive values of the AG1 - AG4
steps [Fig. 2.1a]. The lowest overpotential of a catalyst can be used to describe a
good electrocatalytic performance. Fig. 2.1a shows that an ideal OER electrocat-
alyst requires all four fundamental steps with reaction free energies of the same
magnitude at U = 0 and OER equilibrium potential = 1.23 eV. This ideal situation
is difficult to achieve in actual electrochemical experimental conditions [16, 44]. It
is due to the linear correlation of adsorption energies of OER intermediate species
HO*, HOO*, and O* according to the Adsorbate Evolution Mechanism [16]. Usu-
ally, both HOO* and HO* binds by an oxygen atom with the catalyst surface via
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a single bond, so the average binding energy of HO* and HOO* is with a constant
difference of 3.2 £ 0.2 ¢V for catalyst (metals/oxide surfaces), despite the binding
site. Therefore, the difference between AGO* and AGHO™* can be utilized as a
universal descriptor to anticipate their OER activity Fig. 2.1c [110, 111].

An ideal catalyst needs the adsorption strength of the critical intermediates to be
not too strong or too weak. Man et al. report that the overpotentials depend on the
binding strength of the intermediate species. That means if the reaction energy
of one of the step from AGI - AG4 is changed, the other steps simultaneously
changes too [16]. The standard scaling relationship between HO* and HOO*
intermediates binding energies across many oxides catalysts. Fig. 2.1b shows that
the binding energies of HOO* and HO* intermediates are linearly correlated, with
a slope of about 1 and an intercept of 3.2 eV. The consistent variation between
the HOO* and HO* intermediate species, the difference in the overpotential(n),
nOER from one oxide catalyst to the other are determined by the O* adsorption
energy. Hence, the plot of nOER as a function of AGO* - AGHO* directs to
the universal volcano-shaped behavior autonomous of the catalytic materials. The
calculated overpotentials differ from the experimentally observed potentials. The
frozen surface approximation phenomenon is considered for the thermodynamic
calculation of the overpotential. In this essential concept activation barriers, pH,
current densities, and applied electric potentials are not considered. The effective
surface area is unknown for such calculations. The plot of nOER as a function
of free energies AGO*-AGHO* for the perovskite oxides shows volcano shape
correlation Fig. 2.1c. The most active catalyst with low overpotentials does not
follow this volcano shape trend. Recent experimental studies show dynamic TM
adatoms on LagSrg4MnO3 and Lag¢Srg4CoOj3 surface (see chapter 5 and 7) and
H>O intercalation in Birnessite [112] under OER like conditions in ETEM which
remain outside of this trend. It is interesting to investigate these materials as they
do not follow the classical AEM approach.

2.3 Perovskite oxides

Perovskite oxides indicate a group of compounds with the general formula of ABOs,
where A-sites are elements from the Lanthanide group or alkaline earth metal ele-
ments and B-sites are transition metals[113-119]. In this type of crystal structure,
A-cation shares the closely-packed sites with three O?~ anions, and B-cation is in-
volved completely in octahedral sites coordinated by oxygen Fig. 2.2 [120]. Tuning
the A-site cations in the perovskite structure can affect the valence state of B-site
cations or stimulate oxygen vacancy (Vo) formations. By different combinations
of A and B sites, the electronic structure can be modified. This structural flex-
ibility determines the electrocatalytic OER activities [113, 121]. A broad range
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of perovskite oxide composites can be tuned by combinations of A-site and B-site
cations, which modulate the electronic structure and OER activity [73, 122, 123].

Figure 2.2: Schematic drawing of the simple cubic perovskite structure.

This flexibility can tune the electronic structure of perovskites and allow studying
the correlation between structure and electrocatalytic activity. Consequently, nu-
merous tactics can alter perovskite oxides’ electronic and catalytic properties for
enhanced electrocatalytic performance. Substantial attempts have been dedicated
to develop perovskite electrocatalysts with leading OER performance [124].

2.4 OER mechanism in Perovskites

Ngrskov and coworkers have theoretically proposed a primary oxygen evolution
reaction mechanism by the Adsorbate Evolution Mechanism (AEM) [18]. The
AEM is considered to incorporate four concerted electron coupled proton transfer
(ECPT) reaction concentrated on the TM ion in alkaline condition, as illustrated
in equation (1.8)—(1.11) [16, 18, 125] [Fig. 2.3(a)]. Though, several references rec-
ognize this mechanism [16, 126, 127], it is essential to understand that AEM is
based on frozen surface approximation, i.e., the interaction of intermediate species
with the HoO at the interface is disregarded [16]. The crucial point of the AEM
is that all the intermediate oxygen species react on the active sites on the metal
without involving the oxygen in the lattice. This mechanism is employed to access
scaling relation for the OER descriptor investigation [16]. Despite this, compre-
hensive efforts have shown an inconsistency between experimental electrocatalytic
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activity and theoretical calculations based on the AEM. For example, perovskites
systems such as Lag5Cag5C003_4 and BagsSrg5CogsFep203_4 with overpoten-
tials of 0.28 V and 0.25 V, respectively. These values have lower thermodynamic
barriers than pristine LaNiOz ( 0.33 V), which was supposed to be the optimum
electrocatalyst [45, 122, 128]. Perovskite surfaces may hold multiple active lattice
oxygen atoms to activate a different reaction mechanism than the conventional
AEM approach. Liu et al report discrepancies in the experimentally observed
oxygen reduction reaction (ORR) overpotential than the calculated overpotential
based on the AEM [129]. These inconsistencies urge to seek new possible OER
mechanisms on complex multi correlated systems.
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Figure 2.3: Schematic drawing of the OER mechanism. (a) Classical approach
of AEM mechanism. (b) Possible OER mechanism involving lattice oxygen.
Reprinted with permission from ref [45]. Copyright 2017 Springer Nature: Na-
ture Chemistry

According to the AEM mechanism, this inconsistency may originate from exclud-
ing the lattice oxygen in the OER. The high activity in the La; _,Sr,CoO3_4 system
was derived from the participation of lattice oxygen, DFT calculations, and elec-
trochemical characterization also supports this [126]. Shao-Horn et al. proposed
the lattice oxygen-facilitated mechanism (LOM) in recent work Fig. 2.3 (b). It sug-
gests LOM based on the reversible formation of oxygen vacancies [45], They have
provided experimental proof to confirm that the oxygen generation in the OER
process through from lattice oxygen via in situ 1¥O-labeled mass spectrometry. Yoo
et al. substantially confirmed the participation of lattice oxygen of the perovskite
lattice through the electronic origin and kinetic feasibility by DFT calculations,
suggesting that a perovskite’s surface lattice oxygen can take part in OER via
the nonelectrochemical route [130]. However, this mechanism is promising for the
weekly binding perovskite oxide systems [130]. The adsorbed O* diffuses from sur-
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face TM to adjunct surface lattice oxygen and then surface lattice oxygen transfers
out of the surface to form OO* and oxygen vacancy. The origin of LOM can be
understood as TM changing from the high oxidation state to the more stable lower
oxidation state throughout the OER.

The experimental work carried out in this thesis also reports a drastic decrease in
OER activity of Pry¢7Cag.33MnO3 due to irreversible formation and annihilation of
oxygen vacancies on the surface during OER. However, in perovskite oxides, alka-
line earth metals in the A-site can be leached out in an aqueous solution [121, 131].
Some perovskite oxides experience surface reconstruction or amorphization after
OER in alkaline conditions [57, 69, 132]. Structural changes by cation leaching in
electrolyte solutions are significant issues in perovskite oxide electrocatalysts for
OER [133]. The experimental work presented in this thesis suggests consideration
of the OER mechanism beyond AEM or LOM and frozen surface approximation.
I discovered that the perovskite surface is dynamic under the OER conditions in
in-situ environments. Importantly, I found surface transformation during in-situ
observations in OER-like conditions. These findings provide insights into oxygen
evolution catalysis’s new possible reaction path, which is essential for developing
electrochemical catalysts.
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Chapter 3

Transmission Electron microscpy

In 1923 Louis de Broglie proposed that an electron is no longer regarded as a single
particle but must also be related to the wave-like nature, its wavelength is possible
to measure, and interference of these waves can be predicted [134]. Soon after, an
idea of an electron microscope was proposed, and in 1932, M. Knoll and E. Ruska
demonstrated the practical use of electrons to obtain optical images [135]. Louis
de Broglie and E. Ruska received the Nobel prize for their outstanding contribu-
tions. This chapter aims to summarize the fundamentals of conventional transmis-
sion electron microscopy, contrast mechanism in high-resolution TEM (HRTEM),
electron energy loss spectroscopy (EELS), and the environmental TEM (ETEM)
approach. Further, I will elaborate on the main challenges in the TEM sample
preparation and application of ETEM in the catalytic field that has lead to the
developments described in the following chapters 4, 5, 6 and 7.

3.1 Contrast mechanism in HRTEM

As the electron wave propagates through the specimen and interacts with the
electrostatic potential, it changes its phase and amplitude. Both types of modi-
fications contribute to the image forming contrast. In the transmission electron
microscope (TEM), the image of the transmitted electron wave is the result of
all scattering processes, elastic and inelastic as well as coherent and incoherent,
undergone by the electron beam throughout it’s entire travel path and within the
range of accepted scattering angles as determined by an aperture in the projec-
tion system. As it is useful to review the possible scattering contributions, the
resulting image contrast, and the limitations that are thus imposed on the sample
in order to achieve atomic resolution [136, 137]. In the following section 3.1.2,
the concepts of image contrast formation within the kinematical and dynamical
scattering theory are briefly introduced. Diffraction in the sample also contributes
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to the amplitude contrast either using diffracted or un-diffracted beam due to the
selection of specific aperture. On the other hand, image contrast can appear due to
the alteration in the phase of the (direct and diffracted) electron waves leaving via
a thin specimen. A TEM image could be constructed by recombination of direct,
diffracted beam and the resulting interference pattern. However, the Interpreta-
tion of the phase contrast mechanism becomes complicated due to variations in the
thickness and scattering potential of the different specimens and their orientations
concerning the electron beam [136, 137]. As electron diffraction plays an essential
role in the contrast mechanism, it is helpful to understand fundamental concepts
of two beam condition, kinematic and dynamical electron scattering.

3.1.1 Two beam condition

In order to understand the contrast formation from a partially coherent incident
electron wave interacting with a thin sample, it can be useful to first consider
the simplified case of a coherent wave scattered once by a thin sample, which
is oriented thus that only one strong interference direction is allowed within the
imaging aperture. This case is colloquially referred to as the “two-beam condition
for kinematical electron diffraction,” and the coherent elastic scattering direction
from an ideal crystalline solid can be determined by Bragg’s law and the Ewald
Sphere construction. This is achieved by using objective aperture [Fig. 3.1 (a) and
(b)]. The specimen is tilted so that a single strong diffraction event occurs. So
one can use dark field (DF) or Bright field (BF) mode alternatively to interpret
the contrast, because in the perfect two-beam case, the BF contrast is simply the
inverse of the DF. It is known as two beam condition [136, 138, 139]. The elec-
tron wave diffracted by the lattice planes in the crystal forms a beam propagating
in different directions according to the Bragg diffractions conditions. The exit-
ing electron wave from the specimen results in the change of the phase which is
determined by the diffraction theory by quantum mechanics [140].
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(a) Bright-field TEM (b) Dark-field TEM

Specimen

Objective lens

Objective
aperture

Figure 3.1: Schematics of Optic ray diagrams of (a) bright-field mode, and (b)
dark-field mode.

3.1.2 Kinematical and Dynamical diffraction conditions

Two theories describe the diffraction contrast, kinematical and dynamical. In
kinematical approximation, two beams are considered, direct and diffracted. The
primary beam contains only the unscattered electrons. There is no absorption of
electrons, so the intensity of the diffracted beam is smaller than the direct beam.

(a) _ (b)
Intensity
0 4 0

Top
Kinematical |

condition < 0
N A Y
)
o —,
Multiple
beam beam scattering events

Bottom

Direct Diffracted

Figure 3.2: (a) Direct and diffracted beam. (b) Multiple scattering events.

Kinematical theory predicts the single scattering event (until the dotted hiori-
zontal line in Fig. 3.2 (a) while the dynamic theory assumes coherent multiple
scattering [Fig. 3.2 (b)]. That means the sample should be very thin to follow
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the kinematic approach. It suggest, in the two-beam situation there will be one
diffraction event for one traversing electron only, and the intensity that is lost in
the direct beam is only transferred to the diffracted beam. In the kinematical
limit, the scattering intensity is proportional to the square of the structure factor,
which in turn is composed of the Fourier transform of the electrostatic potential, or
atomic scattering power, of the unit cell. However, as the electron travels through
a thin specimen, there will be oscillations between the relative intensities of the
direct and diffracted beam, but diffracting back to the direct beam is also very
likely as the Bragg condition is satisfied. This will provide the thickness variation
contrast, for example, a very thin wedge shape sample prepared by ion milling.
The thickness contrast of the wedge shape’s sample is evaluated by the angle and
the sample’s extinction distance. Therefore, the image may show dark or bright
contrast depending on the thickness of the specimen and the measurement area
[137, 139].

Figure 3.3: Change in the atomic contrast at two positions (white rectangle A
and yellow rectangle B) due to thickness gradient at the Prg9Cag;MnOj3 surface.
White arrow show direction of decrease in thickness.

Fig. 3.3 show difference in the atomic contrast of the position A and B of

Prp9Cag1MnOj3 (112) surface. The white arrow shows a direction of decrease in
thickness. The atomic contrast at the top edge (white rectangle A) show dark
black spots while bright spots are in bulk due to a strong thickness gradient. In
dynamical diffraction, incident beams scatter elastically from periodic alignment
of parallel planes; if it is well aligned to the Bragg condition, then beam scatters
to the next plane, and this process continues [Fig. 3.2 (b)]. As the sample gets
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thicker, the electron continues to scatter elastically, and the kinematical diffraction
condition is no longer valid in this situation [below the horizontal dotted line in
Fig. 3.2 (a)] and the dynamical diffraction condition governs the process from
that point. Typically, this is the practical situation in most crystalline samples
[137, 141, 142].

3.1.3 Lens Aberrations and Phase contrast

The resolution of smallest feature on the specimen surface or focusing the smallest
electron beam in the TEM is defined by the precise functioning of the objective
lens. However, like other magnetic lenses, the objective lens suffers from aber-
ration problems which results in degrading its performance [137]. The objective
lens is affected by two principal aberrations, i) Spherical aberration and ii) Chro-
matic aberration. Chromatic aberrations dominates the phase-contrast imaging
at lower acceleration voltages [143, 144]. Perovskite materials are studied at accel-
erating voltage of 300 kV in this thesis. Therefore this thesis focuses on spherical
aberrations (Cy) and Cy correction.
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Figure 3.4: (a) Schematics of optic ray diagrams of general image formation mech-
anism in TEM based on the Abbe’s theory. Schematic of the phase shift induced
by (b) spherical aberration and (c) defocus of the objective lens due to the scat-
tering of electrons off the optical axis. (d) The connection between the diffracted
beam in reciprocal space and real space interference lattice fringes. Reprinted with
permission from ref [140]. Copyright (C) 2000 American Chemical Society
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Fig. 3.4 (a) shows the primary image formation mechanism in the TEM based on
Abbe’s theory [136, 140]. When an electron passes through the periphery of the
objective lens, it gets refracted more than the electrons passing through the optical
axis, therefore these peripheral refracted electrons will not reach the focal point
and produce spherical aberration Fig. 3.4 (b). As the objective lens plays the most
important role in an image formation, only an objective lens is considered in this
mechanism. The exit wave ¥ (x,y) consists of structural information, but due to the
aberrations produced in the objective lens, the transmitted wave will propagate
non-linearly. The scattered electrons with an angle 6 experience a phase shift
due to the C, and the defocus from the objective lens. A change in focal length
due to spherical aberration acting on the off-axis portions of the electron wave
corresponds to a phase shift in the image plane as a function of the scattering
angle of electrons. The electron wave in real and reciprocal space is related by the
Fourier transform (FT) for the Fraunhofer diffraction condition. Therefore if ¢)(u)
is the FT of the exiting electron wave 9 (r), then the amplitude of the diffraction
is given by,

P'(u) = () exp [ix(u)] (3.1)

where u is the reciprocal space vector in the scattering angle u = 2 sinf/\ , and
x(u) is a phase function-oriented by the objectice lens; i.e. a complex phase factor
describing the phase error induced by the aberrations of the objective lens which
is determined by the (Cj) spherical aberration and the defocus A f of the objective
lens.

The phase function is given by,
x(u) = gC’S)\Su4 — TAfu? (3.2)

where A = wavelength of an electron. Fig. 3.4 (b) shows the resultant path differ-
ence due to the variation in the focal length of the ray OA and OB. The defocus
represent relative phase shift of the scattered electron with an angle 6 [Fig. 3.4
(c)]. According to the Huygens theorem, the spherical wave originated from the
point O will have a path length difference, and the increasing scattering angle will
increase the corresponding phase shift. The interference of the Bragg reflected
beams forms a high-resolution TEM image of a crystalline specimen [Fig. 3.4 (d)].
As the phase of each Bragg beam is disturbed by the phase shift induced by the C;
and Af perturbs the phase shift of each Bragg beam, and therefore the informa-
tion is transformed non-linearly. A mathematical representation of the observed
image intensity I(x,y), i.e., inverse Fourier transform (FT~') of ¢/(u) of the front
focal plane, is:

I(z,y) = [FT7 [/ (W)][* = [W(x,9) @ toni (2,9, AF)] (3.3)
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where ® is the convolution of the exit wave with the lens transmission function
tobj (@, ¥, Af),(x,y) which is then FT~! of the phase factor exp [ix(u)]. The con-
volution introduced in the phase contrast transfer function induces the transfor-
mation of nonlinear information of the objective lens which leads to the complex
image interpretation. Equation 3.3 is found in Abbe’s theory which relates the exit
wave function ¥ (x,y) with the experimental image intensity I(x,y). However, there
are further functions that need to be multiplied into equation 3.2 to change the
amplitude of the image wave; these are functions describing the aperture due to
the largest scattering angle that can be collected in the TEM, as well as functions

describing the effect of partial incoherence (for example - spatial and temporal)
[140].

3.1.4 Image (C;) corrector and Image simulation

The microscope’s resolution can be improved by correcting the aberrations of the
objective lens and thus reducing the phase error introduced above. In the current
studies CETCOR - C; corrector is used for FEI Titan ETEM G2 80-300 system.
Using the C; corrector, it is attempted to correct defocus (C1), 2 fold astigma-
tism (A1), second-order aberrations (A2-3-fold astigmatism, B2-axial coma) and
third-order aberrations (A3-4-fold astigmatism, S3-star aberration, C3-spherical
aberration (Cy)).
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Figure 3.5: C; corrector. Tableau (a) and phase plate (b) obtained for uncorrected
and (c and d) for corrected state.

In order to determine the higher-order aberrations, a tableau of tilted diffrac-
tograms is recorded during the C, correction. An amorphous material is selected
for diffraction analysis (e.g., a thin carbon specimen) since crystalline materials can
introduce a local ordering effect that influences the corrector algorithm. Reveal-
ing asymmetric aberrations suppressed in the on-axis imaging is done by tilting a
series of diffractograms known as the Zemlin tableau technique [145, 146]. Fig. 3.5
shows (a) an uncorrected state of the C, corrector. (c¢) shows corrected state with
tableau series of diffractograms recorded by tilting in different angles around the
optical axis. Fig. 3.5 (c¢) shows almost no two-fold (A;) astigmatism or change in
defocus for the tilted diffractograms. Fig. 3.5 (b) and (d) shows the phase plate,
which is calculated by fitting the C1 and A2 values for different outer tilt angles
of the optical axis and using these sampling points to calculate back a likely phase
aberration function. The recording of tilt tableau series continues until the flat
phase region (the range of scattering angles for which no or negligible phase errors
are introduced) in the center extends up to a desired angle, which in turn deter-
mines the range of spatial frequencies that can be interpreted near-linearly, and
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thus the ultimate resolution of the HRTEM image.

Aberrations | Values | Angle | Confidence
C1 -781 nm - 3.53 nm
Al 13.2 nm | 89.5° 3.92 nm
A2 88.6 nm | -131.3° 64.6 nm
B2 56.3 nm | 91.9° 37.3 nm
Cs -1.8 pm - 3.06 pm
A3 1.23 ym | -31.8° 1.77 pm
S3 1.54 pym | -172.2° | 1.04 pm

Table 3.1: Aberration values for uncorrected state

Aberrations | Values Angle | Confidence
C1 -898 nm - 3.16 nm
Al 52 nm | -156.3° | 3.43 nm
A2 27.12 nm | -173.6° 58 nm
B2 8.67 nm 82.7° 33.64 nm
Cs 359.3 nm - 2.83 nm
A3 1.34 pm | -125.3° | 1.52 pm
S3 594.2 nm | -21.3° | 932.7 nm

Table 3.2: Aberration values for corrected state

Table 3.1 and 3.2 shows the differences in aberration parameters for uncorrected
state and after C; correction. The confidence value gives a good estimation of the
accuracy of the measurement. In order to achieve better results the confidence
value should be greater than the obtained value of an aberration coefficient. Aber-
ration values obtained from experimental aberration corrections are utilized for
image simulation to gain better insights into the atomic contrast. The multislice
image simulation is performed for the HRTEM images using QSTEM software
[147].
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Figure 3.6: (a) The experimental image of an LaggSro4MnO; edge. (b) The

simulated image shows A-site contrast fluctuations from randomization of the oc-
cupancy and (c¢) homogeneous A-site contrast.

Fluctuation of the A-site contrast is observed in the simulated image due to the
random distribution of A-site atoms. Fig. 3.6 (b) shows a simulated image of
Lag¢Srg4MnO3 (001) surface. The clustering of dark black contrast of A site
(La/Sr) atomic columns due to random distribution of the La or Sr atoms (indi-
cated by white arrows) is clearly visible in the Fig. 3.6 (b). However, this behavior
is absent in the experimental image Fig. 3.6 (a). To avoid complete randomization
of the doping concentration of A-site atoms, the atomic models of the perovskite
unit cells are prepared using a python based script, which adjusts doping con-
centration after the initial model creation. It avoids the agglomeration of similar
A-site (La or Sr) atoms to avoid the inhomogeneous A-site contrast effect, thus
matching the experimental HRTEM contrast, as shown in the Fig. 3.6 (c).
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Figure 3.7: Selection of a single A-site unit cell for fitting of lens aberrations and

thickness parameter from (a) the experimental, and (b) the simulated image of
LaO.GSI'OAMHOg (001) surface.

To estimate the experimental conditions, a single unit cell is extracted from the
sub-layer of the surface in the experimental image [Fig. 3.7 (a)] and the simulated
image [Fig. 3.7 (b)]. The lens aberrations C1, Al, A2, B2, S3, C, and thickness
parameters of the experimental and simulated images are fitted by minimizing the
root mean square (RMS) difference after parameter adjustment of the simulation.
The minimization algorithm makes use of the metropolis method and the decrease

in virtual temperature as a function of the iteration step as reported in the ref
[148].
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Figure 3.8: (a and b) The experimental images of LaggSrg4MnO3 (001) surface
used for the selection of position of adatom contrast calibration. (c) A simulated
image of Lag ¢Srg4MnOj3 (001) surface with 1-6 Mn adatoms on A-site terminated
surface. (d) Show the atomic model of LaggSrg4MnO3 prepared using python
based script for the image simulation. (e) Comparison of amplitude of simulated
and experimental adatoms contrast. (f) Experimental adatom contrast marked by
the white arrow show good agreement with the simulated 3 Mn adatom contrast.
(g) Comparison of the line profile of intensities of the simulated (purple) and
experimental (black line with triangle symbols) images of 3 Mn adatoms. The 30

indicate the lower limit of Mn adatom column detectability above noise level of
the CCD
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Aberration Parameters | LaggSrg,sMnO3 | Pri_,Ca,MnO;
C1 -3 nm -6.3 nm
Al 2.023 nm 6.809 nm
Al angle 1.18 rad 2.41 rad
Cy -10.643986 pum | - 1.581758 pum
B2 0 nm 863.9 nm
Thickness 4.2 nm 4.3 nm
Focal spread 10 nm 10 nm
Calibration factor 24 -

Table 3.3: Contrast fitting parameters

The LaggSro4MnO3 (001) surface is simulated [Fig. 3.8 (c¢)] with pseudo-cubic
(110) zone axis with R3C space group to understand the contrast of atomic dy-
namics at the catalyst surface-H,O vapour interface. Fig. 3.8 (d) show the atomic
model of Lag ¢Srg4MnO3 (001) surface used for the simulation. Table 3.3 show the
lens aberrations and thickness parameter obtained by the minimizing the RMS
difference, as mentioned earlier. To calculate a scaling factor, we have used an
intensity ratio of a single A-site unit cell column from the experiment to the simu-
lated image in Fig. 3.7. This scaling factor is multiplied by the simulated 1-6 Mn
adatom intensity. Then the amplitude of the simulated adatoms is extracted and
plotted against different experimental adatom positions shown in the Fig. 3.8 (a)
and (b). The amplitude comparison in the plot Fig. 3.8 (e) suggests the presence
of 3, 4, and 5 Mn adatom occupancies on the LaggSrg4MnO3 (001) surface. To
confirm this, the intensity of the adatom column in the experimental image shown
in the Fig. 3.8 (f) is plotted against the simulated 3 Mn adatom column Fig. 3.8
(g). Intensity line profile Fig. 3.8 (g) of the experimental position fits perfectly to
the 3 Mn simulation intensity, and is in good agreement with the amplitude anal-
ysis. The details of Mn adatom hopping are discussed in the Chapter 5 and single
and multiple A /B-site adatom contrast, on A-site and B-site, and the terminated
surface is discussed in the Appendix A.2.
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Figure 3.9: (a) The experimental image of the PrgoCag;MnO3 (001) surface
recorded in HV. (b) A simulated image of PryoCag1MnOsz (001) surface show
the exact A-site and B-site mixed terminated surface. (¢) Show the atomic model
of Prg9Cag1MnQO;3 prepared for the image simulation.

Fig. 3.9 (a) show an experimental image of the Pr9CagMnO3 (001) surface with
mixed termination. Fig. 3.9 (b) show a simulated image of Prg¢Cag;MnOgz (001)
surface with mixed A-site and B-site termination like the experimental image.
Similar to the previous process, a python-script-based atomic model is used for
[Fig. 3.9 (c)] for the simulation. Simulated image enables to reveal the differ-
ence in A-site and B-site atomic contrast in the experimental image Fig. 3.9 (a).
Information obtained from the image simulation of Pry¢Cag;MnO3 is used to
understand the atomic dynamics in the Chapter 6.

3.2 Electron Energy Loss Spectroscopy (EELS)

Electron energy-loss spectroscopy (EELS) measures the energy dispersion of elec-
trons after their elastic and inelastic interactions with the specimen. Utilizing
the energy loss of the incident electron beam (in the range of 0-2000 eV), EELS
can reveal information about the materials’ valence electron excitation and vibra-
tional modes (mostly at high energy resolution in the meV range close to ZLP).
In high-resolution core loss EELS (HREELS), characteristic energy losses from
the excitation of bound electrons lie in the range of a few hundred eV. HREELS
allows the study of the chemical and physical properties of the adsorbed molecules
or atoms [149-151].
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3.2.1 Elastic and inelastic scattering

Elastic scattering of an electron signifies no exchange of energy. It is also referred to
as the Coulomb interaction of the incident electron with an electrostatic potential
of the specimen. When an incidence electron approaches an atomic nucleus, it
gets deflected via a large angle by Coulomb interaction. Such long angle deflection
agrees with Rutherfords’ calculation for the scattering of alpha particles. If such
a deflection exceeds 90°, it is considered a backscattered electron. However, most
of the incident electrons scatter through small angles in the range of 10-100 mrad
for a 100 keV electron beam energy [Fig. 3.10 (a)] [149-151].
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Figure 3.10: (a) Schematic drawing of elastic and inelastic scattering. (b)
Schematic diagram of inelastic excitations. Reprinted with permission from ref
[152]. Copyright () 2013, John Wiley and Sons.

The Coulomb interaction of an incident electron with the electron in the atomic
shell is an inelastic scattering, that means as soon as the interaction process results
in noticeable energy transfer, i.e. if the magnitude and not just the direction of the
momentum vector changes, it is inelastic [Fig. 3.10 (a)]. If the incident electron
provides sufficient energy to the inner shell electron greater than its binding energy,
it can transit to the unoccupied states above the Fermi level. The incident electron
loses this characteristic energy and scatters through a particular angle around 10
mrad for 100 keV electron beam energy, but it is important to mention that the
inelastic scattering angle is material-dependent. An electron from the outer shell
undergoes the recombination process and occupies this vacant core hole position
by liberating excess energy in the form of the kinetic energy of atomic electron,
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i.e. Auger electron or electromagnetic radiation (x-rays) [Fig. 3.10 (b)]. How-
ever, valence to conduction band excitations may occur due to inelastic scattering.
The oscillations of the electron density in the conduction band, i.e., plasmons, are
also visible in the EELS, since they are the primary inelastic interaction and pre-
dominantly determine the mean inelastic free path mentioned in the next section.
[149-151].

3.2.2 EELS instrumentation

Fig. 3.11 shows a schematics of standard TEM-based post-column EELS system.
The main component of the EELS setup is the high-resolution spectrometer. A
single-channel electron detector was used for serial spectrum recordings in earlier
times. However, position-sensitive detectors, for example, photodiode or charge-
coupled diode (CCD), are developed for simultaneous spectrum recording [136,
150].
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Figure 3.11: Schematic drawing of the postcolumn EELS setup
An advanced post-column Gatan imaging filter (GIF) introduces quadrupole and

sextupole lenses to correct aberrations in the EELS spectrometer. This advanced
GIF with a 2k x 2k detector can perform correction of the pre-edge background

33



and elemental mapping for an appropriate core loss ionization [149-151]. The spec-
trum is recorded using a prism spectrometer. The scattered electrons enter the
EELS spectrometer through an entrance aperture (variable in diameter, e.g., 1, 2,
3, and 5 mm). The electrons pass through a drift tube in the spectrometer and
deflect by > 90° due to the magnetic field. A post-column filter can be operated
in imaging (EFTEM) or spectrum (EELS) mode. Spectrum mode is functionally
similar to placing the diffraction pattern on the entrance aperture, hence that
is why the collection angle of the aperture is important for the quantification.
Electrons that have lost more energy are deflected more than those suffering zero
loss (the Lorentz force acting on a moving charge scaling with it’s velocity). A
spectrum is then projected on the dispersion plane, recording the distribution of
beam intensity versus loss of energy [136, 150]. Scanning transmission electron
microscopy (STEM) mode focuses electron beam in a small probe, and then raster
scans over the specimen surface to acquire a series of spectra for spatial informa-
tion. In STEM mode, the spectrum imaging (SI) technique records a spectrum
at each pixel to construct a SI on a spectrum-by-spectrum basis. Combination of
spectroscopic and spatial information provides a broad range of data interpreta-
tion opportunities. Information of the single spectrum analysis technique can be
transferred to the entire SI to perform spatially resolved analysis. This capability
makes the STEM-EELS mode a powerful tool for material characterization and
analysis [153].

3.2.3 Zero loss peak (ZLP) and Thickness of the specimen

Thickness is an essential parameter of the EELS analysis. It is helpful to know
the local thickness of the specimen for the correct data interpretation of the ele-
mental concentration, defect, or low and core loss EELS spectrum and also in the
HRTEM image simulation. Log-ratio is the most commonly used procedure for
thickness analysis. It calculates the ratio of the integrated intensity of the ZLP
Iy and integrated intensity of the entire spectrum I, (contribution mostly from
the plasmon peak ~50-100 eV). Therefore, according to the Poisson statistics of
inelastic scattering gives the relative thickness,
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where the A is the inelastic mean free path (IMFP) of the electron. The ratio of
the ¢/\ provides the relative thickness of the selected area of the specimen and it
is useful for the EELS data interpretation [149-151].
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Figure 3.13: Calulation of relative thickness PrgoCag1MnO3 surface. (a and b)
STEM image of PryoCag;1MnOj3 lamella. (¢) Annular dark field (ADF) image of
surface. Green rectangle show a region of interest (ROI). Small numbered squares
shows positions used for the calulation of ¢/A . Yellow arrow in all images show
direction of the decrease in thickness of the specimen. (d) ¢/A calculted from the
positions in the ROI shown in the (c).

Fig. 3.13 show a measurement of the relative thickness (/) of the

Prp9Cag1MnOj; surface. Fig. 3.13 (a) and (b) shows the STEM images of the
TEM lamella of PrygCag1MnO3 specimen. The green rectangle show the region
of interest for the ¢/\ measurement. The spectra is acquired in the STEM-EELS
(dual) mode from the thick region to the thin region (position 6 - 1 in image c).
Yellow arrows in all the images show the direction of the decrease in thickness. The
thickness profile across the ROI is shown in image (d). A linear decrease in the ¢/
indicates a thin region at the edge of the specimen. It also suggests the absence
of plural scattering at the PrggCag;MnOj top surface (at the edge). The Malis
method (included in Gatan digital micrograph) is the most common technique to
calculate the IMFP. The A depends on the electron energy, collection semiangle
[ and the material [154]. The current study uses 300 kV electron energy and
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f= 23 mrad (with 2.5 mm entrance aperture) and 46 mrad (with 5 mm entrance
aperture) for the EELS measurements. Therefore, using the Malis method, we get
a rough estimation of A =~ 114 nm (for =23 mrad) and ~ 101 nm (for f= 46
mrad) for the perovskite oxides, respectively.

3.2.4 EELS spectrum

350 400 450 500 550 600 650 700 750 800 850 900 950

Energy loss (eV)

Figure 3.14: Core loss EELS spectrum of PrgoCag1MnOj3 recorded at dispersion
of 1 eV/Ch.

Fig. 3.12 (a) and (b) shows the low loss region, which includes information of the
conduction and valence band electrons from the weakly bonded electrons [136].
The low loss region contains a ZLP at 0 eV and a peak from inelastically scattered
electrons from the outer shell electron of the specimen. This peak is called a
plasmon peak [150] is shown in the Fig. 3.12 (b) which is deconvoluted using the
inbuilt function of Fourier log method in the Gatan DM. Though ZLP is a useful
feature in the EELS data analysis, it may be problematic. It can damage the CCD
detector or create a ghost peak if it is overdosed [136]. Fig. 3.14 show the overview
of the EELS spectrum of the Pry¢Cag1MnOs. It contains information on the
primary elements present in the specimen from tightly bound core-shell electrons
[136]. The core loss edges show comparatively low intensity as compared to ZLP.
The signal intensity decreases rapidly as the energy loss increases, and the signal
is almost negligible above 2 keV [136]. Fig. 3.14 shows core loss of Calcium (Ca)
L-edge, Oxygen (O) K-edge, Manganese (Mn) L-edge, and Praseodymium (Pr) M
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edge. This thesis uses EELS analysis to understand Transition metal (TM)-oxygen
(O) bonding and TM valence analysis. The detailed analysis of TM-O core loss
edges is discussed in the section 3.2.6.

3.2.5 Dual-EELS mode

ZLP calibration while measuring core losses is typically not possible in single spec-
trum EELS mode. Dual-EELS mode allows measuring of core losses while moni-
toring the ZLP. It is possible to transfer the calibration from the zero-loss peak to
the core loss spectra in the Gatan digital micrograph software.
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Figure 3.15: O K and Mn L edges recorded using Dual EELS technique in Titan
ETEM operated at 300 kV. (a) Zero loss peak. (b) O k and Mn L edges in the
core loss region.

Dual-EELS mode also improves the signal-to-noise ratio when measuring the strong
elastically scattered zero-loss peak and weak core loss features simulteneously [155].
The Gatan spectrometer is enhanced with a fast electrostatic shutter that allows
millisecond exposure times when recording an entire high loss spectrum and si-
multaneous capturing of the low-loss regions [150, 156]. O K and TM L edges
are measured using Gatan Quantum 965ER post-column energy filter in the Dual-
EELS mode. Fig. 3.15 Show (a) ZLP and (b) core loss of O-K and Mn-L edges
recorded using 0.1 eV dispersion/Ch in the Dual-EELS mode.

3.2.6 Core loss excitations

Core loss is usually used to classify the elemental composition and its electronic
states. Particularly for the transition of 3d states in the TM, perceived as “white
line” (due to they emerged as white areas on a photographic negative when an x-ray
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absorption spectrum was recorded) [150]. The inner-shell electrons located in the
K and L shells of the atoms possess binding energies in the range of 400-2000 eV.
Due to the characteristic energy loss of each element, these ionization edges provide
characteristic chemical information. These ionization edges are superimposed on to
the background [Fig. 3.14] caused by the plasmon loss, which can be extrapolated
and extracted for structural or elemental analysis. Also, the background of the
tails from the elements ionization edges coming before contributes to the next
element [Fig. 3.16 b]. This background should be carefully removed [136].
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Figure 3.16:  Background correction of O K and Mn L-edge of the
Pro9Cag1MnOj3 surface. Background correction for the O K-edge (a) and Mn L-

edge (b) using a power-law window of 29 eV and 50 eV, respectively. Background-
corrected O K (c¢) and Mn L (d)edges.

The plasmon peak has the second-most intensity in the EELS spectrum after
the ZLP. The background in the core loss edges arises from the decrease in the
continuum after the maximum intensity of the plasmon loss (in the range of 15-25
eV). Fig. 3.16 (c) show that ionization of the O K-edge continuum contributes to
the Mn L-edge background. This O K-edge contribution still interferes in the Mn-
L edge intensity after background correction of the O K-edge. Therefore separate
background correction should be done for the Mn L-edge as shown in the image
Fig. 3.16 (b) and (d).
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Figure 3.17: (a) Mn L edge recorded from positions in the ROI shown in the
Fig. 3.13 (b) Lj3/Ly ratio and Mn valence calculated from Mn L edges in (a).

The sharp peaks shown in the Fig. 3.17 (a) arise due to the excitation of the core
electron into the empty 3d states of TM. The L3 and Ly edges vary minor in energy
and arise from the L shell’s spin-orbit splitting. The spin-orbit coupling induces
the 1/2 state (Lg) and has low energy than the (L3) 3/2 state. The ratio and
the chemical shift of the L3/Ly are useful to understand the change in the valence
state of the TM [136, 137, 150]. The empty/half-occupied 3d orbitals are quite
sensitive to the valence states of the TM, which can be efficiently investigated by
analyzing the Lj/Lo peak ratio and peak positions [149-151]. Fig. 3.17 (a) shows
the Mn Lj and Ly edge, and (b) Mn valence as well as Ls/Ly ratio extracted from
the ROI shown in Fig. 3.13 (c). Further details of the EELS data interpretation
and TM valence analysis can be found in chapters 5, 6, 7.

3.2.7 Electron Monochromator for EELS

The energy resolution is a crucial element in EELS analysis. A few meV energy
resolution is desired to study fundamental aspects of vibrational mode excitations
of atoms, fine structure, valence analysis, and electronic structural analysis. EELS
resolution strongly depends on electron source; thermionic emission sources pro-
vide, Tungsten (W) 3 eV and Lanthanum hexaboride (LaB6) 1.5 eV, respectively.
However, combining a field emission gun or a Schottky gun with a monochro-
mator provides sub (0.1) eV EELS resolution. Commonly, Wien filters are used
as monochromators with perpendicular magnetic and electrostatic fields allow-
ing electron of perticular energy distribution to pass through the TEM column
[136, 150].
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Figure 3.18: Zero loss peaks recorded from using normal and with the monochro-
mated source in Titan ETEM operated at 300 kV. The full widths at half-maximum
(FWHM) are 1.2 eV for normal, 0.4 and 0.3 monochromated setup, respectively.

Fig. 3.18 shows the zero peak acquired with and without a monochromator showing
the decrease in full width at half maximum (FWHM). For the in-situ ETEM exper-
iments, specific alignments are required for the gas regulations, EELS spectrometer
alignments, and spherical aberrations. All these processes are time-consuming, and
in-situ ETEM experiments may take 2-3 days. Therefore all these processes make
it difficult to work with monochromated EELS [136, 150]. In this thesis conven-
tional STEM-EELS measurements show sufficient information with 1.2 eV FWHM
of the ZLP.

3.3 Environmental Transmission Electron
microscopy (ETEM)

Nanomaterials and nanostructures play a critical role in the progress of some
crucial technologies. Due to the high demand for nanomaterials in various en-
ergy fields, their characterization techniques are also concurrently developed. Due
to the capability of studying nanomaterials at atomic resolution, high-resolution
transmission electron microscopy (HRTEM) is one of the essential techniques used
now [157, 158]. The Aberration-corrected Microscope could achieve spatial reso-
lution up to 50 pm [159-162]. Generally, HRTEM studies of nanomaterials are
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carried out under ultrahigh vacuum conditions (/1le-7 mbar). However, such cir-
cumstances may be insufficient when studying the active state in heterogeneous
catalysis. The reaction mechanisms, structural properties, and surface dynamics
firmly depend on the surrounding reactive or inert environment [158] (see chapter
4,5, 6 and 7). Under such circumstances, the HRTEM observations instead are
carried out in in-situ/operando conditions under the controlled exposure of a reac-
tive gas. However, due to a small mean free path of the electron beam in a gaseous
environment, the use of TEM for in situ observations of complex reactions is prob-
lematic [158]. Accordingly, a constrain of the gas environment to the proximity
of the solid nanomaterial is required to restrict the number of gas molecules along
the electron beam path. Therefore a differentially pumped microscope vacuum
column or a tight sealed environmental cell provided with an electron-transparent
membrane have been developed [158, 163]. The lamella is directly exposed to
the gas environment in an isolated pumped volume on the microscope column,
or in the environmental cell in a differentially pumped microscope Fig. 3.19. Dif-
ferential pumping apertures isolate the TEM sample and gas molecules from the
microscope vacuum in the environmental cell. The coherence of the electron beam
is reduced due to the scattering of electrons by the gas molecules and the electron-
transparent membrane. Another way of decreasing the number of gas molecules
in the microscope includes nozzles for localized gas injection [158, 164, 165].
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Figure 3.19: Schematic drawing of the differential aperture pumping system in
ETEM. Reprinted with permission from ref [158] . Copyright 2012 Elsevier: Mi-
cron.

Pressure limiting apertures included keep the high-pressure area as small as possi-
ble. Pumping from turbomolecular and ion getter pumps maintain the pressure in
Field emission gun (FEG) chamber ~1e-9 mbar, column ~1le-7 mbar and octagon
~le-7 mbar in HV mode. In the ETEM mode using the differential pumping
system octagon pressure ranges between ~1le-5 to 20 mbar depending on the gas
type [166] [Fig. 3.19]. The great strength of in-situ TEM/ ETEM is to char-
acterize local chemical and structural changes at the catalyst surface at atomic
resolution. In-situ TEM/ETEM analysis allowed it to understand complex het-
erogeneous catalysis mechanisms [167]. The in-situ TEM/ETEM technique is used
in critical reactions, such as improving the catalytic performance of exhaust gas
catalysts [168], ammonia synthesis [169], nanocarbon growth [170, 171], carbon
monoxide (CO) oxidation [172-174], water splitting [175], and oxidation and re-
duction reactions [176]. The combination of electron energy loss spectroscopy
(EELS) and high-spatial-resolution in ETEM offers insights into the oxygen va-
cancy formation on catalyst surface [177]. Aberration corrected optics system in
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ETEM observations allows real space atomic resolution of dynamic catalysts sur-
face in few millibars of gaseous environment [178]. The capability to regulate the
gas concentration through ETEM observations is a beneficial way of exploring
the changes in the structure and electronic properties. Recent ETEM observa-
tions correlate surface atomic dynamics to real electrochemical studies in OER-like
conditions (see chapter 5, 6, 7). Advancements towards monitoring the electron
beam-induced and applied electric potentials in ETEM allow in-situ studies of dy-
namic catalyst-electrolyte/HoO interface under OER like conditions [133]. These
findings suggest that ETEM has excellent potential and a promising future in the
field of heterogeneous catalysis development. In this thesis, in-situ TEM inves-
tigations are carried out with a FEI Titan ETEM G2 80-300 operated at 300
kV in the Collaborative Laboratory and User Facility for Electron Microscopy at
Georg-August-Universitat Gottingen [179).

3.4 Sample preparation for the ETEM

This section presents the instruments and a technique used to prepare thin lamellas
for the in-situ ETEM observations.

3.4.1 Focused Ion Beam (FIB)

The FIB instrument consists of a liquid ion metal source, an ion source and column,
a chamber with a vacuum system (=~ 1 x 107'° mbar for field emission gun),
a sample stage (vacuum range ~ 1 x 107¢ * =% mbar, depending on the ion-
gas molecule interaction), detectors, and a supporting gas delivery and computer
system. For very small sample areas, sputtering is done with a liquid metal ion
source (LMIS) in FIB. Gallium (Ga) is the most commonly used LIMS in FIB due
to its i) low melting point (29.8° C) - which minimizes interdiffusion of liquid into
the Tungsten (W) crucible chamber and possible reactions, ii) low volatility - which
preserves the metal supply and results in longer life times, iii) low vapor pressure -
due to this Ga can be used in pure liquid form since it does not evaporate, iv) low
surface free energy - it stimulates viscous behavior on the W substrate, v) emission
characteristic - it promotes high angular intensity at minimal energy spread, vi)
excellent vacuum, mechanical and electrical properties. When Ga LMIS is heated,
molten Ga flows and wets W metal needle. An electric field (10 V/cm) is applied
to the W tip, which induces this molten Ga to form a 2-5 nm diameter point
source in the shape of " Taylor cone” as a result of the balance of electrostatic and
surface tension force due to the applied electric field. To ionize Ga an extraction
voltage is applied by field evaporation of the metal at the end of the cone. A
steady flow of Ga ions replaces the evaporated Ga ions. The emission current
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of the Ga ions varies with the applied voltage in the range of 5 - 30 kV. The
lifetime of the Ga LIMS depends on the amount of liquid material in the reservoir
and the material properties. The lifetime is measured as pA - hours/available
source material in milligrams. Usually, Ga has a lifetime of approximately 400
nA-hours/mg. Ga ions are more massive and travel at very low velocities; hence
their Lorentz force is lower and magnetic lenses could not focus them effectively
compared to the electrons [180]. Therefore, the Ga ion beam is focused using two
electrostatic lenses [181]. Using a spot size of ~ 5 - 10 nm, it is possible to deposit
material up to 30 nm and to mill the smallest feature (line pattern) down to 10
nm [182]. Helios G4 dual beam system is used for the ultra-thin TEM lamella
preparation for in-situ studies in this thesis. This system has accelerating voltage
from 200 eV - 30 keV, current range 01.pA-70 nA, and offers a range of in-line
and retractable detectors for imaging with backscattered, secondary or forward-
scattered electrons. This system is is equipped with the easy lift technique for
the fine controlled movement, and a Pt or carbon deposition gas injection systems
[183].

3.4.1.1 Dual-Beam approach

The FIB system may be used only with an ion column, but in recently developed
FIB system, it is combined with a scanning electron microscope (SEM) column,
the FIB/SEM Dual beam system for advanced TEM lamella preparation.

{=em Thin surface

section

Figure 3.20: Schematics of FIB system.
This combination is particularly beneficial for cross-section TEM lamella prepa-
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ration. SEM can monitor cross-section preparation, polishing, and thinning during
the FIB works flows. Dual beam is configured so that the sample will be tilted to
52° for the milling process [Fig. 3.20], which is beneficial for the careful observa-
tion through SEM during complex thinning/polishing processes the TEM lamella
[183].

3.4.1.2 Ga ion - material interaction

Ion milling is a process of physical sputtering. During sputtering, an ion that is
incident to the material surface undergoes a series of collisions before coming to rest
within the material, or being reflected. The displacement of sample atoms similarly
proceeds in a cascade-like fashion, until one or multiple atoms are ejected from
the surface or the energy dissipates to secondary effects (amorphization, electronic
and vibrational excitations). A collision cascade is a group of neighboring energetic
collisions of atoms caused by an energetic particle in a liquid or solids. If a surface
atom receives enough kinetic energy to overcome the surface binding energy, it
ejects as a sputtered particle. Phonons, plasmons, and secondary electrons are also
generated due to inelastic scattering resulting from ion bombardment. Secondary
electrons are used for image formation in the SEM, although in principle secondary
ions can also be used [183].
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X-ray or Auger e ‘ — Low energy sputtered ion
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Figure 3.21: Schematics of Ga Ion-Solid interaction.
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The kinetic energy of the incident Ga ion induces interaction between the ion
and the solid surface. If Ga ion does not backscatter, it eventually comes to rest
and is implanted within the solid at some depth R, [Fig. 3.21]. Redeposition is
also an important phenomenon that occurs due to the deposition of sputtered and
backscattered ions in the proximity of the milling area. Surface degradation could
result from the redeposition; therefore, special care must be taken while preparing
cross-section TEM lamellas. Surface amorphization is the biggest drawback of the
TEM lamella preparation in the FIB. The ion implantation is one of the cause of
the formation of the amorphous phase in the material, while knock on damge is
the other [183]. It is impossible to avoid amorphization completely, even with a
careful low kV milling process. Argon (Ar) ion milling in the precision ion polishing
system could more easily minimize this amorphous region due to the lower mass
of Ar and lower accessible beam energy. However, due to the redeposition and
lower controllability, the risk of surface damage and contamination is high during
Ar ion milling. The solution of choice to this problem in the work presented here
is the use of lower Ga ion beam acceleration voltage, but more critically the in-situ
recrystallization of the damaged (amorphous surface) in ETEM under high partial
pressure of oxygen. During the Ga ion milling step, the surface protection layer
is an important aspect that needs to be considered here. Pt is the most common
protection layer used in most cases. However, for ETEM observations under OER-
like conditions this will not be helpful as it shows OER and ORR activity. A novel
approach is developed using spin-coated Alkali Resistant Positive Photoresist X-
AR-P5900/4 (Photoresist) as a protection layer [184]. [Appendix A.2]

3.4.2 Precision Ion Polishing System (PIPS)

In the present study, the Argon ion milling process is used to partially remove the
residual surface protection layer as well as the amorphous layer formed during FIB
thinning. For this, we used precise Ar ion milling of cross-sectional TEM lamellas
using a Gatan precision ion polishing (PIPS) 691 and II systems. Generally, the
Ar ion milling technique uses 0.5 - 6 keV accelerating potential. The ion beam
penetration in the specimen is tuned by controlling the incident angle of the Ar ion
beam. Low angle < 5° provides selective thinning and reduces ion implantation.
However, incidence angle < 5° deposits the ion beam energy at the top layer of the
specimen, which results in amorphization. Lower Ar ion beam energy will reduce
the beam damage, but it consumes more time. Therefore, a proper combination
of correct beam energy, incidence angle, and time makes Ar ion milling a valuable
technique in sample preparation [136].
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Figure 3.22: Procedure of surface cleaning and recrystallization. (a) As prepared
TEM lamella with photoresist (top) layer. (b) Surface after 10 min plasma clean-
ing. (c) Surface after additional 10 min plasma cleaning. (d) Surface after 1 min
of Ar ion polishing. (e) Recrystallized surface in 1 mbar of O in ETEM

Fig. 3.22 shows the series of images of the single crystalline surface preparation for
the ETEM observations. The as-prepared TEM lamella Fig. 3.22 (a) is cleaned
using plasma (70% Ar and 30% Os) cleaner for 10 minutes, Fig. 3.22 (b) and (c)
respectively . However, the photoresist protection layer could not be removed by
just using plasma cleaning, and a few tens of nanometer of photoresist were still
on the surface. An Ar ion beam is used with 0.2 keV accelerating voltage with
25 pA beam current with tilting offset of £5° for 1 minute. Fig. 3.22 (d) show
surface after Ar ion milling. Almost all the photoresist was removed from surface,
and some of the crystalline surface was amorphized by the Ar ion beam. This
amorphous surface was recrystallized in ETEM under the influence of electron
beam in the presence of 1 mbar of Oy [Fig. 3.22 (e)].

3.4.3 Plasma Cleaning

Carbon contamination on TEM lamella prepared in FIB systems influences the
HRTEM imaging quality [185]. Contamination due to hydrocarbon growth is also
regularly observed on samples during TEM observations [186]. Plasma cleaning
expeditiously removes hydrocarbon from the TEM lamella surface. One could use
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FIB milling for such cleaning, but it is time-consuming, and it may damage the
specimen surface [187]. In this work, we used The Evactron@®) De-Contaminator
System to clean the residual hydrocarbon and carbon from the TEM lamella. A
low radio frequency (RF) plasma ionizes the gas mixture (used mixture in current
work is 70% Ar and 30% O,). The oxygen molecules are scattered by interacting
with electrons and forms oxygen radicals. These oxygen radicals interact chem-
ically with hydrocarbons and carbon atoms, producing carbon monoxide (CO),
carbon dioxide (CO,), and H,O, which are easily removed by the system vacuum.
This process is also referred to as “ashing”. At the same time, the Ar ions clean
the surface since it does not react chemically with the specimen. The plasma is
generated in the hollow cathode and flows relatively slowly to the sample. That
in turn means that the kinetic energy of Ar ions is low (below 100eV on average
at higher pressures), which results in better surface cleaning instead of damag-
ing events. [188]. Fig. 3.22 (b) and (c) show surface after plasma cleaning for
10 minutes each, respectively. These two images show that the top layer of the
photoresist is removed, but 100% removal of photoresist by plasma cleaning is not
possible. Therefore, using PIPS and recrystallization in ETEM is reasonable way
to achieve the desired crystalline sample surface for in-situ ETEM observations.
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Abstract: The study of changes in the atomic structure of a catalyst under chemical reaction conditions
is extremely important for understanding the mechanism of their operation. For in situ environmental
transmission electron microscopy (ETEM) studies, this requires preparation of electron transparent
ultrathin TEM lamella without surface damage. Here, thin films of Pri.,Cay,MnO3 (PCMO, x = 0.1,
0.33) and Laj_4SryMnO3 (LSMO, x = 0.4) perovskites are used to demonstrate a cross-section specimen
preparation method, comprised of two steps. The first step is based on optimized focused ion beam
cutting procedures using a photoresist protection layer, finally being removed by plasma-etching.
The second step is applicable for materials susceptible to surface amorphization, where in situ
recrystallization back to perovskite structure is achieved by using electron beam driven chemistry
in gases. This requires reduction of residual water vapor in a TEM column. Depending on the
gas environment, long crystalline facets having different atomic terminations and Mn-valence state,
can be prepared.

Keywords: perovskites; environmental transmission electron microscopy; surface chemistry

1. Introduction

Rational design of heterogeneous catalysts for high selectivity and turnover of chemical reactions
requires detailed knowledge about the activity- and selectivity-determining structural properties,
including catalytically active sites. Analysis of atomic and electronic structure of catalyst surfaces
and subsurfaces under chemical reaction conditions thus is essential, since catalysts often undergo
significant changes in surface and defect structure in their active state [1-3]. In situ atomic scale studies
of electrocatalysts under working conditions can contribute substantially providing insights into the
underlying reaction mechanism [4,5]. Environmental transmission electron microscopy (ETEM) offers
unique opportunities in gaining atomic resolution images of surfaces and subsurfaces, formation of
surface disorder, as well as spatially resolved spectroscopic information about the electronic structure
and oxidation states of catalyst surfaces. In a dedicated ETEM instrument, a standard specimen
chamber is replaced with a differently pumped environmental cell (E-cell) equipped with inlet and
outlet lines [6]. The E-cell allows performing tomography [7], collecting high resolution images [8]
and provides an easy access to use analytical techniques such as energy dispersive X-ray spectroscopy
(EDX) and electron energy loss spectroscopy (EELS) [9,10], although the maximal pressure is limited to
20 mbar [11], or 100 mbar [12]. In its turn, dedicated gaseous holders [13] allow performing studies at
pressures up to 4-5 bars [14], but field of view, spatial resolution, quality of images and use of analytical
tools are limited because of silicon nitride membranes especially at low accelerating voltages [8]. Due to
these recent technical improvements, ETEM has become a valuable instrument to reveal structural
transformations of nanoparticles and catalyst surfakes in reactive environments [15-18].

Catalysts 2019, 9, 751; d0i:10.3390/catal9090751 www.mdpi.com/journal/catalysts



Catalysts 2019, 9, 751 20f16

At the same time, atomic resolution studies of catalysts require electron-transparent specimens
with a thickness of only a few nanometers. Ideally, for reliable in situ experiments with cross-section
specimens one needs to have an original surface of a catalyst showing no traces of preparation process
in order to relate the obtained results with ex situ experiments. Conventional preparation methods
include mechanical polishing and ion beam milling, where protection against surface damage is
achieved by deposition of metal films [19]. In order to avoid sample thinning, Jacobs and Verhoefen [20]
developed a method where a catalyst film is deposited onto a very thin Si3N; membrane. Since
the catalyst properties strongly depend on preparation methods and morphology, this method does
not allow comparison with the properties of the system used in operando. Nowadays, focused
ion beam (FIB) cutting combined with a lift-out technique is often applied for the preparation of
ultrathin lamellas of almost any kind of material [21]. This also allows integration of lamella onto
micro-electro-mechanical systems (MEMS) used in dedicated in situ holders. In order to minimize ion
beam damages, the presence of protection layers such as Pt/C or W/C films is required [22]. However,
both metals form clusters and can be very active as catalysts, thus masking the activity of studied
material. Moreover, the presence of heavy atoms can change the contrast of high-resolution images
collected to observe dynamical changes of catalysts surface. Alternative protection layers containing
mainly carbon have been also reported [23].

Recently, it was demonstrated that electron beam driven epitaxial recrystallization of an amorphous
surface layer developed during FIB cutting on the preexisting crystalline SrTiOj3 is possible with high
beam currents in scanning TEM (STEM) mode [24]. However, in high vacuum the resulting oxygen
stoichiometry cannot be controlled. In a gaseous environment, the effects caused by the interaction
of electron beam with the sample can be combined with a control of chemical changes. For example,
STEM EELS imaging of a manganite in 3 mbar of O, can give rise to sample oxidation by oxygen
uptake [25]. This is in contrast to reduction of the same material in high vacuum at the same used
electron fluxes due to oxygen knock out.

In this study, we demonstrate a FIB based two-step preparation method of cross-section TEM
perovskite oxide specimens, resulting to well-ordered crystalline surface edges with controlled oxygen
stoichiometry and avoiding any contamination by metallic impurities. We have selected (001) oriented
epitaxial La;.,SryMnOj3 (LSMO) with x = 0.4 and Pr;_«Ca,MnO3; (PCMO) with x = 0.1 and 0.33 thin
films showing quite high activity as catalyst materials for the oxygen evolution reaction [17,26-28].
The first essential step for the lamella preparation is the FIB cutting using a protection layer of alkali
resistant positive photoresist. After ion milling and removal of the photoresist by plasma etching thin
amorphous layers still can present on materials. The second step is the in situ recrystallization of
remaining amorphous surface layers. Epitaxial recrystallization can be achieved in O; as well as in He
and N, with residual O, leading to different surface terminations. The partial pressure of residual
water in the column of electron microscope is found to be an essential parameter determining whether
the epitaxial recrystallization of the perovskite or phase decomposition into a binary oxide evolves.
Since the selected materials have significantly different electrical properties we think that observed
effects are valid for many other complex oxides as well.

2. Results

The low magnification cross-section image of LSMO (x = 0.4) specimen prepared using photoresist
protection layer is shown in Figure 1a. Two windows of different thickness are used to demonstrate the
opportunity to control the thickness of lamella. The HRTEM image in Figure 1b and HRSTEM image
in Figure 1c show that plasma cleaning during 5 min removes the rest of the photoresist completely.
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Figure 1. (a) Low magnification image of Lag 6Srg 4MnO3; (LSMO) (x = 0.4) lamella prepared with the
use of photoresist protection layer; (b) High-resolution transmission electron microscope (HRTEM)
image of an edge collected from the thin window area; (c) high-resolution scanning TEM (HRSTEM)
image, the areas marked with red and blue are used to collect electron energy loss spectroscopy (EELS)
data (0.1 eV/channel) presented in (d). Spectral features marked with A, B, C, L, and L3 are discussed
in text.

Both the HRTEM and HRTEM images show that the ~40-50 nm thin lamella has a crystalline
structure, despite a thin subunit-cell thick disordered surface layer. EELS spectra presented in Figure 1d
show that this disordered surface of LSMO film has lower oxidation state of Mn than the bulk. Three
characteristic peaks of O K-edge are visible at 529 eV (A), 534 eV (B) and 543 eV (C). The prepeak (A)
due to O 1s transitions to O 2p states hybridized with Mn 3d. It reflects the presence of O 2p holes.
The other two peaks are due to transition from O 1s into O states which are hybridized with Cad/Prd
states (B) and free electron like features (C) [29]. Since oxygen vacancies are electron donors, a decrease
in the intensity of the prepeak A indicates an increasing amount of oxygen vacancies. Its lack in the
spectrum from the surface points to a reduced state of Mn. This is also confirmed by the analysis
of the Mn L-edge. The Mn L edge is due to transition of the spin-orbit split 2p into Mn 3d states
and thus shows Lz and L, subfeatures. The Lz/L; intensity ratio is a measure of the Mn oxidation
state [30]. Our analysis yields an oxidation state between +2.6 and +2.8 for the amorphous material.
Atomic force microscopy images of the same LSMO 0.4 films show crystalline surface which consist of
atomically flat terraces and unit cell height steps [28] as a result of step flow growth mode on vicinal
SrTiO3 (STO) (001). There is some evidence that crystalline LSMO films on SrTiO3 can have reduced
surfaces after vacuum annealing [31]. Since the LSMO films studied here are annealed in oxygen
after growth, complete oxidation of the surface as seen in [31] is expected. We thus attribute surface
disorder and Mn reduction of the TEM lamella shown in Figure 1 to preparation-induced damage.
Indeed, scattering of Ga ions during FIB thinning can give rise to preferential knock out of oxygen at
the LSMO-photoresist interface.

The possibility of a beam stimulated transformation of preparation induced surface disorder to
the perovskite crystal structure is demonstrated for a 2-3 nm thick amorphous PCMO layer on top of
crystalline PCMO x = 0.33 in different gases, i.e. He, N, and O, in Figure 2. The cross-section lamellas
have been cut from the PCMO/LSMO/Nb-STO stack; 300 kV electron beam stimulation is performed in
TEM mode with a beam of about 100 nm in diameter and ~4 nA current. Such illumination conditions
result in a 14,000-20,000 e-s 1-A2 dose rate. Thar)pqrocess takes about 20-25 min in order to complete
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the transformation of the amorphous layers in He (Figure 2a) or in N, (Figure 2c) to a surface facets
having of a length of about a few dozen nanometers, Figure 2b,d, respectively. It is noteworthy
that the first facets of several nanometers in length were formed already after the first three minutes.
The corresponding movies S1, S2 and S3 show the real time changes of structure in N gas (pn = 5 ubar)
at the beginning, after about 20 min and at the end of process, respectively. During all stages of process
a pronounced atomic dynamics at the surface is observed similar to Epicier et al. [32]. Also, Figure 2b,d
demonstrate that electron beam irradiation can result in different surface terminations. This will be
discussed in detail further down. Thus, the process resembles the so-called solid phase epitaxial (SPE)
growth, where an initially amorphous Si [33] or complex oxide [34] thin film is epitaxially recrystallized
on a crystalline template at elevated temperatures. Remarkably, the electron-beam-induced SPE
process in our environmental TEM study is observed at room temperature and depends on a reactive
gas environment. The required electron flux is orders of magnitude lower than that reported for the
transformation of amorphous STO into perovskite structure during operation the microscope in STEM
mode (electron dose rate ~ 1 x 10% e™-s™1-A~2, high vacuum conditions p = 1077 mbar) [24].

He, 750 sec

A-termination

Figure 2. HRTEM images of an edge of Pr;,Ca,MnO3; (PCMO) (x = 0.33) material in He (ppe = 50
ubar) at the beginning (a), after 750 s (b), and in N at the beginning (c) and after 700 s (d), respectively.

The crystallization in O, gas proceeds similarly as in He or Ny, however, it takes only about
5-6 min at the same illumination conditions. Snapshots of crystallization in O, are presented in
Figure 3. At the beginning, during several minutes, only mobility of atoms in amorphous layer is
visible, similar to observations in He or N (Figure 3a-d). Then, the growth of small pyramidal islands
is observed (one island is marked with the yellow arrow). These islands grow slowly and over time
reach the surface of amorphous layer (Figure 3e). At the same time the thickness of amorphous layer
is decreasing. Finally, the amorphous material between crystalline islands also becomes crystalline,
and flat facets up to 10 nm in length are formed (Figure 3f-h). It is important to note that in all gases
(He, N and Oy), the final phase of crystallization, i.e. when crystalline islands have sprouted through
the amorphous layer, proceeds faster.
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Figure 3. A series of images showing transformation of amorphous edge of PCMO (x = 0.33) into
crystalline structure. The images were collected in Oy, poz = 50 ubar. (a) During several minutes only
mobility of atoms in amorphous layer is visible. (b—d) The growth of small island of pyramidal shape
is observed (the place is marked with the yellow arrow). (e)These pyramids grow slowly and reach the
surface of amorphous layer. Its thickness becomes smaller at the same time. Finally, amorphous areas
between pyramids also transform in crystalline perovskite oxide phase, and flat facets up to 10 nm in
length are formed (f-h).

In order to verify the chemical composition of original, amorphous and recrystallized PCMO,
the EELS spectra were collected at the beginning of experiment and after the recrystallization was
completed. In addition, K- edges of oxygen and L-edges of Mn were collected with the better energy
resolution to examine the oxidation state of Mn.

The HRSTEM images shown in Figure 4a,b demonstrate an edge of PCMO (x = 0.33) film before
and after recrystallization in oxygen at pop = 50 ubar, respectively. Clean and atomically sharp steps
having a height of few unit cells are commonly observed. The corresponding EELS spectra are shown
in Figure 4c. All spectra were aligned using a zero-loss peak (ZLP) as a reference, and then normalized.
Note, that the spectrum collected from the amorphous edge looks noisier than other spectra because of
smaller thickness of the edge. Based on the reduced intensity of the O K prepeak (A), the crystallization
in He results in a reduced state of Mn at the surface. The analysis of Ls/L, ratio of Mn L-edge yields an
average value of 3.30 + 0.06 and a value of 3.24 + 0.02 close to the surface (see Figure S1). In contrast,
when the crystallization was performed in O, the average value of the Mn oxidation state is 3.36 +
0.06 and 3.35 + 0.06 at the surface (see Figure S2). All values are close to the value for the nominal
composition as in bulk (+3.33). Thus, the use of oxygen leads to the epitaxial recrystallization of a
stoichiometric PCMO, whereas in He, a crystalline edge with increased lattice disorder is developed.
The average Mn valence state is the same in He5%s in O, within error based on the analysis of the
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Ls/L, intensity ratio. However, there is a strong reduction of the O K prepeak at the surface, pointing
towards a more reduced state in He. The effect of disorder on electronic properties is quite complex.
For example, in addition to oxygen vacancies, charge neutral pair defects can contribute to the lattice
disorder in He which can maintain the Mn valence while changing the O K edge. Nevertheless, for all
three gases used, the lattice spacing up to most top unit cell corresponds to the bulk PCMO material
within error.

O-K edge L] Mn-L edge
(c) Alal lc Amorphous edge ‘Lz
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Figure 4. HRSTEM images of PCMO (x = 0.33) before (a) and after (b) crystallization under electron
beam in oxygen, respectively. (c) EELS spectra (0.1 eV/channel) collected from the areas marked with
different colors in (a) and (b). Spectral features marked with A, B, C, L, and L3 are discussed in the text.

The chemical composition of the amorphous layer as well as recrystallized material was also
verified using EELS, and only Pr, Ca, Mn, and O edges were detected; Figure 5 shows the results for the
PCMO, x = 0.33. A HRSTEM image of the recrystallized area is shown in Figure 5a. The EELS spectra
reveal a decrease of Ca content in the surface unit cells (Figure 5b). Since the properties of perovskite
materials strongly depend on the amount of doping, a careful choice of the illumination conditions and
the environment is very essential for control of the chemical composition of the recrystallized perovskite.
A long lasting electron beam illumination to fully recrystallize the amorphous layer obviously results
in element-specific knock out damage of light elements which is evidenced by chemical analysis
(Figure 5). In addition, the lattice disorder of the recrystallized perovskite due to off-stoichiometry is
visible by broadening of spots and changing of their intensities in corresponding FFT images calculated
from the HRTEM images collected in all the gases used. The effect is notably less pronounced in series
of HRTEM images collected from the same TEM lamella in O, (see Figures S3 and S4), supporting our
statement of a less vacancy disordered structure because Mn acquires its nominal valence state.

As it was already described above, that flat facets were formed from the amorphous material at
the surface of PCMO in all He, N, and O, gases used. Moreover, a careful inspection of the top atomic
layer revealed that the termination of the recrystallized edge depends on the gas used. This effect is
shown in Figure 6. Both A- and B-cation stable terminations were observed after recrystallization in
N, (Figure 6a), while only the A-cation termination of facets was found after recrystallization in He
(Figure 6d). The observation is verified by HRTEM image simulations presented in Figure 6b,c,e f,
respectively. The HRTEM images of PCMO al@%@ [100] and [010] look differently because of the
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symmetry inherent in the Pbnm space group. The Mn-O (B-termination along [010]) is obviously
recognized in Figure 6a,b because of a characteristic zigzag motif of Mn-O atomic columns (see Figure
S6 for details). In the case of A-termination the difference in HRTEM images along [100] and [010] is
almost invisible.

300 460 5;}0 650 70'0 U(I)O 900 |0'00 1100
Energy Loss (eV)

Figure 5. (a) HRSTEM image of PCMO (x = 0.33) with two selected area used to verify the chemical

composition of original PCMO material and recrystallized amorphous layer. The corresponding

normalized spectra (1 eV/channel) are shown in (b), and the signal from Ca is remarkably weaker at the

last unit cell.

Figure 6. Experimental HRTEM images of PCMO (x = 0.33) collected in N, (a) and in He (d) at p = 50
ubar; (b,c,e,f) corresponding calculated images along [100] and [010] directions. Both A- and B-cation
stable terminations are visible in Ny, whereas only the A-cation termination of facets is visible in He.
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As an example for the recrystallization of PCMO (x = 0.1), Figure 7a—c shows the evolution in
He. The first crystalline facets showed up only after 28 min, compared with about 11 min for PCMO
(x = 0.33). After such a long irradiation time, one can expect a high density of defects in the material.
Indeed, the spots in the FFT image became more smeared after 28 min, which is evidence of the
increased structural disorder (see Figure S5). The weak signal of Ca is still visible in the EELS spectra
taken from the edge (Figure 7d,e) taking into account that the concentration of Ca is already very low in
the original material. In general, the EELS data from PCMO (x = 0.1) sample are very scattered. In some
areas the analysis of O-K and Mn-L edges shows that the oxidation state of Mn is in the +3.0-+3.3
range (Figure 7f) pointing against a large concentration of single oxygen vacancies as origin of the
lattice disorder. However, very low values of the oxidation state of Min were also observed (Figure S7).

1500 sec

Normalized Itensity (a.u)

T T T T T
500 500 700 800 900 100
Energy Loss (sV)

1710sec

Mn-L edge

Normalized Irtensity (a.u)

Energy Loss (aV)
Figure 7. (a)-(c) HRTEM mages showing transformation of amorphous edge into crystalline for the
PCMO (x = 0.1) in He gas at pressure of 50 ubar. The first crystalline facets (marked with the yellow
arrow in b) start to appear after ~28 min (1710 s). (d) High-angle annular dark field (HAADF) image of
the recrystallized area. (e) EELS spectra (1 eV/channel) demonstrate the presence of Pr, Ca, Mn and O.
(f) EELS spectra (0.1 eV/channel) reveal a slightly reduced Mn oxidation state.

Usually, the recrystallization of the edge in PCMO (x = 0.1) took much longer for all gases used.
This is however consistent with cyclovoltammetry studies, showing a pronounced surface Mn2*/ %Vo
© Mn3*/Og redox couple for PCMO (0.33) which is absent in x = 0.1. As an example, Figure 8 shows
cyclovoltagrams of two epitaxial (001) oriented PCMO (x = 0.1 and x = 0.33) films on LSMO/Nb:STO at
pH = 13 measured at a sweep rate of 10 mV/s. The electrochemical measurements were performed in
0.1 M potassium hydroxide (KOH) electrolyte prepared by diluting KOH stock solution with deionized
water (for neutral pH see [17]). Both films show an exponential increase of currents at positive potential
due to oxygen evolution reaction (OER), as verified by measuring the formed O, by a ring electrode.
The pronounced redox peak for x = 0.33 indicategqn easier oxygen vacancy formation and healing
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process compared to x = 0.1 which explains the observation of faster epitaxial recrystallization for
x = 0.33 compared to x = 0.1 in the ETEM experiments.

0'08 T T T T T T
PCMO
x=0.1
0.06 4 ——x=033 <

j [mA/em?]

11 12 13 14 15 16 17
E-iR (V vers RHE)

Figure 8. Cyclovoltagramms of (001) oriented PCMO (x = 0.1) and (x = 0.33) films in 0.1 M KOH. The
x = 0.33 film shows a redox couple which is overlapping to the onset of OER at the anodic branch and
well separated from OER at the cathodic branch. This redox couple is absent for PCMO (x = 0.1).

Finally, we note that the epitaxial crystallization only happens at the preexisting crystalline
interface, when the partial water pressure is prpo < 5.1078 bar (Figure 9). In other words, the residual
pressure of water vapor in the column should be below 0.1% of the working gas. Exemplary snap shot
from the Quadera™ software (Figure 9a) shows two periods during the experiment in He when the cold
trap was not used (Cold trap OFF) and after it was activated (Cold trap ON). At the higher pressure of
water vapor (pr0 = 25-1078 bar, Cold Trap OFF) the amorphous layer was transformed into randomly
oriented PrO, particles as shown in Figure 9b (see also Figure S8). Similar structural transformations of
initially amorphous areas were reported earlier for the ETEM experiments performed in water vapor
at higher pressures of 5-107° and 5-107° bar [18], and this is consistent with the drop of OER activity
in electrochemical experiments over time due to Mn leaching into the electrolyte [28]. After the cold
trap was filled with liquid nitrogen and as soon as the partial pressure of water vapor dropped about
an order of magnitude (prpo = 25:107° bar), the epitaxial recrystallization was observed (Figure 9c)
similar to results presented in Figures 2—4.
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Figure 9. (a) A snapshot of Quadera™ software during environmental transmission electron microscopy
(ETEM) experiment at 50 ubars of He with and without activated cold trap. Experimental HRTEM
images in He when the cold trap was OFF and ON are shown in (b) and (c), respectively. The white
arrows point out on randomly oriented PrO, particles, growing in amorphous layer (b), and epitaxially
growing pyramids of PCMO (x = 0.33) (c).

3. Discussion

As already mentioned, the observed recrystallization of amorphous PCMO resembles SPE of an
amorphous Si which happens via a moving amorphous/crystalline interface, where velocities of a few
nm per min requires elevated temperatures above 500 °C [33]. The recrystallization temperature can
be significantly reduced to around 200-300 °C, if the recrystallization is assisted by ion irradiation [34].
Although the electron-beam induced recrystallization reported here also happens via the movement
of the crystalline/amorphous interface, it however strongly differs from the SPE. First of all, the
beam induced temperature increase AT in the TEM lamella is irrelevant, excluding a thermally
activated growth mechanisms. The upper limit of temperature increase for the used beam parameters
is AT =0.015K (see Appendix A). Furthermore, the epitaxial recrystallization in our experiments
strongly depends on the gas environment. In high vacuum conditions, no epitaxial growth is observed.
Here, the amorphous layer partially disappears on timescales of tens of minutes due to electron
beam-induced sputtering of atoms from damaged areas.

In oxygen both amorphous PCMO x = 0.1 and x = 0.33 layers transform into a crystalline perovskite
layer under oxygen uptake during the recrystalfjgation process. This is confirmed by a change of
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the Mn valence state from about +2.9 in the amorphous to close to the nominal value. There are
three possible candidates for beam induced electronic excitations driven the observed solid state
chemistry: (i) a photo-chemical process driven by beam induced generation of hole carriers. Since the
lifetime of photo-holes (1 ns) is orders of magnitudes below the recrystallization rate (1 s per atom),
a photo-chemical process is highly improbable. (ii) An electrochemical process driven by beam induced
positive electric potentials due to secondary electron emission. Such an electrochemical mechanism is
feasible: The relevant redox potential for oxygen in manganites is of the order of 1 V (see Figure 8),
a potential which can be easily generated in semiconductors at dose rates above 10.000 e/AZs [35].
(iii) Radiolysis, the dissociation of molecules or covalently bound solids by inelastic scattering of
primary electrons with bond forming valence electrons. Whereas radiolysis may be relevant for the
dissociation of molecular oxygen and activation of O, for the solid state reaction, it is irrelevant in
ionic or metallic solids. Here, this is confirmed by the formation of rather perfect crystalline perovskite
structure in O,.

Beam-induced displacements of atoms by nuclear collisions is probable process for activating the
growth of crystalline PCMO by a moving amorphous/crystalline interface as observed in O, as well as
in the inert gases N, and He. However, it cannot explain the oxygen uptake in Op. Maximum energy
transfer takes place by backscattering of electron which could displace surface adsorbed oxygen into
the amorphous material on the top side of the lamella, but would lead to sputtering on the bottom
side and at the edge. This would represent an “inverse sputtering process”, where in contrast to HV,
oxygen vacancies are filled by activated surface oxygen. Conversely, in Ny, one should then form
oxynitrates, in contrast to observation.

The observation that the amorphous phase transforms into crystalline PrOx nanoparticles in the
presence of sufficient partial pressure of H,O by preferential leaching of Mn and also Ca give strong hints
about the beam induced chemistry involved. Based on the equation provided by Egerton et al. [36],
for the energy transfer between a high energy electron and an atom due to elastic scattering, we calculate
the upper limit for the different atomic species: Eay is 53.1 eV (Oy), 42.5 eV (Ca), 34.0 eV (Mn) and
14.4 eV (Pr). This must be compared to binding energies of E, = 50 eV (O), 70 eV (A site) [14] and
between 50-170 eV (Ti as an exemplary B-site in BaTiO3) [37], depending on the crystal orientation of a
perfect perovskite single crystal. This is consistent to the statement that E,;;zx < Ep. However, Ej, should
be generally reduced in the amorphous phase of the same chemical elements, because of the lower
density of packing, open voids and change of bond coordination. Remarkably, our experiments show
that the preferential sputtering of atomic species strongly depends on the gas environment. In HV,
the amorphous surface layer is partially removed with preferential sputtering of O, Ca and Mn without
formation of PrOy. In contrast, in O, or inert gases, the presence/absence of preferential leaching of Mn
and Ca strongly depends on the pipo. This reflects that the vacancy formation energy close to surfaces
depends on the surface chemistry. The presence of adsorbed surface H,O, where Mn?* and Ca?* is
soluble, clearly facilitates the leaching of displaced Mn and Ca species, giving rise to the formation of
PrOx. In contrast, in O, this process is suppressed and the uptake of oxygen for example by occupation
of Vp vacancy sites is the dominating process.

Clearly, the crystallization rate and thus the velocity of the amorphous/crystalline interface is
slowed down in inert gases He and N», compared to experiments in O,. This indicates, that beam
induced atomic displacements cannot be the only driving force for the movement of the interface.
Figure S9 shows that residual molecular and atomic oxygen is also present in an inert gas experiment,
e.g., in He. Its relative concentration is only slightly reduced after switching on the cold trap.
The epitaxial recrystallization in inert gases may thus be influenced by the presence of oxygen. The
analysis of the Mn valence state after He in comparison with the amorphous material at the pristine
lamellas does not provide evidence for a large amount of oxygen uptake, since the Mn valence state is
the same within error. However, sputtering of oxygen may be still compensated by the electrochemical
oxidation, which is slowed down at lower poy. This could indicate that beam induced epitaxial
recrystallization in inert gases is also accompanéefl by a solid state chemical reaction with oxygen.
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Consequently, even without net uptake of oxygen, the presence of surface adsorbed oxygen species
can alter the beam induced effects from absent in high vacuum, over leaching in H,O to perovskite
epitaxy in inert gases.

4. Materials and Methods

Thin films of Pr;CaxMnO3 (PCMO) with different Pr/Ca ratio (x = 0.1 and x = 0.33) were grown
on Nb-doped SrTiO; (001) with a 20 nm thick epitaxial Lag Srg4MnO3; (LSMO) (001) interlayer by
reactive Xe-ion beam sputtering in an oxygen atmosphere with a partial pressure of 1.4-104 mbar at the
deposition temperature of Tgep = 1020 K. The PCMO film of thickness of d ~ 100 nm reveals epitaxial
growth with [001]/[110] growth domains, inevitably present due to twinning. The LSMO interlayer
was grown in order to adjust the lattice misfit between STO and PCMO. The growth parameters and
detailed structural characterization of studied films is published elsewhere [17,18,28].

Specimens for in situ TEM studies were prepared by lift-out technique using a NanoLab 600
(Thermo Scientific™, former FEI, Hillsboro, Oregon, USA) dual beam instrument operated at 30
and 5 kV. Conventional method with FIB lift-out technique usually starts from the deposition of
platinum/carbon (Pt/C) protection layers by electron or ion beam [38]. Since Pt is highly active catalyst,
its presence at the surface of perovskites should be excluded. All lamellas in this study were prepared
using a protection layer of Alkali Resistant Positive Photoresist X AR-P 5900/4 (ALLRESIST GmbH,
Strausberg, Germany) which was deposited onto the surface of LSMO and PCMO thin films before FIB
cutting procedure. Electron transparent lamella was finally cleaned with Ar* ions with energies from
500 eV to 100 eV using a Gatan PIPS 691 ion polishing system. The rest of protection layer was removed
with a plasma cleaner prior TEM studies. High-resolution TEM (HRTEM), electron diffraction (ED) and
STEM studies were performed using an aberration corrected Titan 80-300 environmental microscope
(Thermo Scientific™, former FEI, Hillsboro, Oregon, USA) operated at 300 kV. The specimens were
imaged along [010] and [110] crystallographic directions in the Pbnm space group. ETEM experiments
are performed with Ny, He, O, gases. The chemical composition of gas environment was controlled
by the Residual Gas Analyzer (RGA) QMG220 (Pfeiffer Vacuum GmbH, Germany) controlled by
Quadera™ software (version 4.3, INFICON Aktiengesellschaft, Liechtenstein, 2010). During the
experiments the deviations of pressure from desired values of 5 and 50 microbars did not exceed
5%. Other residual gases are always present in the inlet tubes and electron microscope column. In
order to minimize their influence the inlet tubes were purged firstly with the working gas. Then, the
specimen chamber was also purged with the working gas during at least half an hour, and the electron
beam was blanked. These procedures allowed reducing the presence of other gases to be less than
1%. For example, during the used experimental setting, typical values are HyO: 1% (cold trap off)
and 0.05% (cold trap on); Oy: 0.2%; Np: 0.04%; hydrocarbons (unspecified) and very low amounts of
atomic nitrogen and oxygen. Switching on the cold trap thus changes the main residual gas impurity
from H,O to O, (see SI1). EELS data were collected with a Gatan Imaging Filter (GIF) Quantum 965ER
(Gatan, Pleasanton, CA, USA). Atomic models were built using the Vesta software package (version
3.4.7,2019) [39]. High-angle annular dark field (HAADF) contrast and spectrum imaging was used in
order to visualize change in chemical composition. HRTEM images were simulated using QSTEM
software (version 2.51, 2019) [40].

5. Conclusions

We successfully demonstrated high-quality preparation of cross-section TEM lamella of complex
oxide thin films by FIB, using metal free protection layer, i.e. photoresist. Although beam damage is
small, subunit cell disordered layers remain on the surface after plasma etching of photoresist which
can be treated in situ by beam driven recrystallization in suitable gas environments. It allows the
formation of well-ordered crystalline facets with different surface termination, dependent on the gas.
This is an important prerequisite for the in situ atomic scale observation of active states of catalysts.
The work also demonstrates the feasibility of digegt imaging of solid state chemical and structural
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transformations from amorphous to crystalline structures on atomic scale. The length of modified edge
at TEM lamella varies in a range from several nanometers to several tens or even hundred nanometers.
The chemical composition of the modified area depends on the gases used, as well as on the presence
of residual water molecules in the column of electron microscope. The presence of water can cause
selective leaching of atomic species (Mn and Ca) and thus irreversible chemical changes of surface
of PCMO perovskites. By contrast, the reduction of water partial pressure below 5-1078 bar forms
conditions, where crystalline perovskite oxide structure can be grown from a damaged amorphous
material by electron-beam-induced solid phase epitaxy controlled by gas regulated solid state chemistry.
The observation that the nominal Mn oxidation state can be reached from the reduced amorphous
state in pop = 50-10° bar points to the key role of residual oxygen in N, and He environments for the
healing of preparation induced damage. At this point of our studies, we suggest that beam-induced
atomic displacements drive the crystallization front between the amorphous and crystalline phase.
However, this process is most probably accompanied by beam-induced electrochemical oxidation
which compensates the sputtering of oxygen or can even drive oxygen uptake to the stoichiometric
level. This statement is strongly supported by the observed higher speed of epitaxial recrystallization
for the material with a pronounced electrochemical redox couple Mn?*/3Vg « Mn**/Oo.

The reported results are important both for the design of in situ experiments related to the study
of heterogeneous catalysis and battery technology in oxide-based materials. The well controlled design
of perovskite oxide surface edges in O, and inert gases at low ppo is a vital requirement for the
realization of a well-defined starting state of the surface in situ reactions. In order to have better control
over size and chemical composition of the modified area, significant improvements of specimen stage
stability, inlet and outlet systems of ETEM as well as chemical analysis of gaseous environment is
highly desirable.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/751/s1:
Figure S1: The PCMO (x = 0.33) after electron beam treatment in He at 50 pbars, Figure S2: The PCMO (x = 0.33)
after electron beam treatment in O2 at 50 pbars, Figure S3: HRTEM image and rotationally averaged profiles
of PCMO in O2 and in He (x = 0.33), Figure S4: HRTEM image and rotationally averaged profiles of PCMO in
He (x = 0.1), Figure S5: Analysis of broadening of spots in FFTs, lattice disorder in PCMO (x = 0.1), Figure Sé:
(1) Through focus series of HRTEM images of PCMO (x = 0.33) for the thickness of 10 nm, (2) Experimental and
calculated HRTEM images of PCMO (x = 0.33) for the thickness of 3 nm, Figure S7: The PCMO (x = 0.1) after
electron beam treatment in He at 50 pbars, Figure S8: HRSTEM image and EELS spectrum of PrOx particle at the
surface of PCMO (x = 0.33), Figure S9: An example of multiple ion detection scan in Quadera™ software, Table S1:
Summary of the Mn valence PCMO (x = 0.33) after electron beam treatment in He at 50 ubars, Table S2: Summary
of the Mn valence of PCMO (x = 0.33) after electron beam treatment in O2 at 50 pbars. Table S3 (1): Simulation
parameters for the through focus series, (2) Simulation parameters for individual experimental images, Table S4.
Summary of the Mn valence of PCMO (x = 0.1) after electron beam treatment in He at 50 pbars.
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Appendix A

We calculate the upper limit of TEM lamella heating in the irradiated area under the assumption
that all excitations due to inelastic scattering of primary electrons are converted into heat. The energy
uptake per unit volume and second (= adsorbed power P per unit volume V) is thus:

P AEWN,

14 63V
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where the rate of incidents electrons is given by:
. A
L
e
Here, A denotes the illuminated area of the lamella and j the electron current density of primary

electrons. In order to estimate the temperature increase due to the absorbed power, we us the Fourier

law in 1D:
. dr P
=% A
where « is the thermal conductivity of the manganite, ] is the heat flux density, which is equal to the
absorbed power per unit area. From these equations it follows:

_LP

AT = —
K A

where L is the length where the heat must be transported before it hits the interface to the substrate
with a much higher thermal conductivity. Heat transfer due to gas convection is negligible at the used
pressure range of our experiments.

For the calculation, we use a current of I = 4 nA on a circle of 100 nm diameter. This corresponds
to an average dose rate (flux) of r = 3.18 x 10* ¢/AZs. In semiconductors, the average energy transfer
per inelastic excitation AE ~ 3 Eg, where Eg is the bandgap of the material [41]. Since the low loss
excitations are the dominating feature in EELS, we use this estimate. It gives AE = 3eV per inelastic
scattering event in PCMO.

With a measured inelastic mean free path of A = 70 nm, the scattering probability of an electron in
the thin surface regions of t = 10 nm is W = t/ A = 0.14. Thermal conductivity of PCMO at T = 300 K
is k = 1.5 W/mK [42]. The distance of the electron irradiated surface area to the substrate is around
L =100 nm. This yields an upper limit of beam-induced lamella heating of AT = 15 mK.
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sustainable production of clean fuels from renewable

energy sources is limited by a large overpotential of the
anodic oxygen evolution reaction (OER)!-3. Understanding of its
origin requires knowledge about the pathway of the formation of
di-oxygen O, out of 2 H,O molecules by a proton-coupled
electron transfer. Even for the best electrocatalysts, i.e., transition
metal (M) oxides (O), the reaction path for O-O formation is not
well understood. For heterogeneous systems, the reaction is cat-
alyzed at active surface sites, where different sites and mechan-
isms are suggested. This includes single* or dual®~ transition
metal (M) sites with flexible valence states, concerted
proton—electron transfer®® as well as redox active lattice O10-12-
including oxygen vacancy formation and annihilation!3. Despite
remarkable progress in application of density functional theory
(DFT) to the oxide-water interface, the theoretical understanding
of the dynamic interface structure during OER is still limited
since it requires serious approximations!?. Among of the far-
reaching are the frozen surface approximation and that solvation
effects are, if at all, only considered as a static average. This
underestimates the flexibility of M surface coordination due to
interface solvent effects that is on the other hand known to be
crucial in homogeneous catalysis for the formation of high- or
hetero-valent M—O moieties that precede O-O bond formation!>.
There are controversial conclusions whether the predicted
unsuitable scaling relation between metal M-OH and M-O
adsorption energies™®17 as the origin of large overpotentials for
single surface sites can be broken by bifunctional mechanism at
two distinct M and M’ sites!8 or is restored by surface solvation!?.
Recent experiments show that ternary alloying of two different
transition metals with a highly flexible coordination metals
indeed lead to a remarkable reduction of OER overpotential in
gelled oxyhydroxides?®. An improved theoretical understanding
thus requires a comprehensive atomic scale understanding of the
dynamic electrolyte-catalyst interface structure under OER con-
ditions as an essential ingredient for the knowledge driven further
improvement of electrocatalysts by material design.

In addition to OER activity, the stability is strongly affected by
the interfacial electrolyte interactions. A distinction between
reversible dynamics that emerges in a stationary state and irre-
versible processes that change the activity is essential. Such
insights are promoted by the progress of operando studies that
can address different types of dynamical changes. A first type of
rather slow dynamics is the change of electrode surface during
potential cycling. The important role of solvate interactions has
been e.g., established for the noble metal Pt, where Pt surface
oxide that is formed under anodic polarization adsorbs water that
dissociates and forms hydrated Pt?!. Metal oxides such as CoOy
can form a disordered surface during OER?223, A second type of
rather fast dynamics is due to thermally activated mobility of
surface atoms?* or adatoms?” that is hardly accessible in oper-
ando experiments. Clearly, surface adatom dynamics depends on
temperature and surface barriers that can be modified due to H,O
solvation or dissociation?® and is always present, even in thermal
equilibrium. Driving the OER, the emerging non-equilibrium
surface should show a reversible dynamics in a stationary state
that depends on the formed atomic and chemical surface struc-
ture. Non-equilibrium dynamics of catalyst atoms may be even
involved in OER mechanism?’. A third type of surface dynamics
is irreversible defect reactions, typically the formation of oxygen
vacancies'>?8 or the dissolution of metallic species®. Such pro-
cesses are even gradually present at the highest performance
system  RuO,30. Metal dissolution can depend on
overpotential®!32 surface symmetry33, pH value and particle
size?. In order to avoid such corrosive processes, approaches for

The efficiency of electrochemical water splitting for the

application of different operando techniques®, comprehensive
atomic scale understanding of all three classes of surface
dynamics are far of reach at present, but are urgently required to
establish the intimate connections between surface stability, the
nature of the active sites and reaction pathways’.

In situ environmental transmission electron microscopy
(ETEM) in combination with aberration correction and image
simulation has developed to a level where it can provide atomic
resolution real space information about the equilibrium surface
reconstruction in various ambient conditions3-40 including
strategies for controlling the impact of electron beam*142, The
recent development of atomic scale dynamic studies show surface
mobility of Ce atoms on CeO, facets in high vacuum®? and a
transition of a TiO, surface reconstruction in H,O from static to
dynamic after adding CO**. Steps towards the control of electron
beam-induced and applied electric potentials at TEM samples
enable in situ studies of electrode surfaces in ETEM under anodic
polarization, approaching OER relevant potentials?$4°.

In this study, two perovskite manganites AMnO; were selected,
where the Mn valence state can be controlled by A-site
doping without changing the crystal symmetry. Specifically,
La, Sr,MnO; at x=0.4 (LSMO) is a metal-like electrode with
high and stable oxygen evolution activity that is close to Ir0,%°.
Moreover, Pr;Ca,MnO; at x=0.33 (PCMO) is a semi-
conducting small polaron material with high initial OER activity,
yet less stability, due to oxygen vacancy formation and fast
leaching of the resulting reduced Mn species. Thus LSMO is
suitable for the study of reversible surface dynamics, whereas
PCMO shows a pronounced irreversible defect reaction. Both
systems have almost the same initial Mn valence but differ in
Mn-O covalency and charge localization. This differences allows
us to correlate in situ ETEM studies of surface structure and
dynamics with ex situ analysis of electrochemical OER. We find
that the (001) surfaces of both manganites show an at least 20
times higher Mn-adatom mobility in an adsorbed water layer
compared to other ambients.

Results and discussion

Structure, activity, and stability of LSMO and PCMO (001).
Rotating ring disk electrode (RRDE) cyclovoltammetry (CV) was
carried out at epitaxial (001) oriented thin film electrodes in
0.1 M aqueous KOH solution (Fig. 1). Both materials initially
show good electrocatalytic oxygen evolution performance (for
oxygen detection and Tafel analysis see Supplementary Figs. 1-3).
Most striking is the different behavior just below the onset of the
OER, where a redox wave is visible in PCMO as a negative cur-
rent peak at E = 1.3 V vers reversible hydrogen electrode (RHE),
complemented by a positive shoulder at the onset of OER. This
feature is absent in LSMO. The redox couple is related to rever-
sible formation and annihilation of oxygen vacancies, which are
electron donors and thus induce a surface reduction of the
transition metal!3. The defect reaction is given by

Pr,_,CaMn*™0, s + V;+1/20, >Pr,_ Ca Mn*™O; + 2¢~

For neutral pH values in an unbuffered solution, which is more
relevant for the comparison to in situ XANES and ETEM studies,
a similar behavior of the CV is observed!3. The easy formation of
V, in PCMO indicates that lattice oxygen is redox active, such
that transfer of holes between Mn3d and O2p states can oxidize
02~ to form O~ and 05(g); see e.g., refs. 4647 For LSMO such a
surface redox process is only observed when the cycling is
extended to more negative potentials below E = 0.6 V vers RHE*S.

Comparing the cycle dependence of the OER activity for

self-repair have been pursued. Despite a huge progress inHOLSMO and PCMO in Fig. 1b, there is a strong difference in
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Fig. 1 Electrocatalytic characterization. a Cyclovoltammetry of (001)
oriented epitaxial thin film manganite electrodes in 0.1M aqueous KOH
solution at 10 mV/s and rotated at 1600 rpm for cycles #2/#50 (PCMO)
and #3/#100 (LSMO), respectively. In addition to the OER, PCMO shows a
pronounced surface redox couple. b Temporal stability of the electrode
current density at E=1.75V vers. RHE for cycling from E=11-1.75V vers.
RHE and 7 min chronoamperometric OER between cycle 3 and 4 (see
method section).

stability between both electrodes. Initially, the current density j
of both systems at E=1.75V vers. RHE is similar, ie., j=
1.03 mA/cm? for LSMO and j = 1.05 mA/cm? for PCMO. These
values are close to the activity of IrO, (110) films#°. However,
upon cycling and chronoamperometric OER between cycle 3 and
4, the decrease for PCMO is much more pronounced than for
LSMO. Comparing the pristine and post electrolysis structure of
LSMO and PCMO after 50 electrochemical cycles (Supplemen-
tary Figs. 4-7) reveals significant differences. Whereas for LSMO
the crystalline surface structure with flat terraces and unit cell
height steps is fully preserved, PCMO displays an increase of
surface roughness. Postmortem high-resolution scanning trans-
mission electron microscopy (HRSTEM) combined with electron
energy loss spectroscopy (EELS) of film surfaces shows a strong
surface depletion of Mn for PCMO, leading to a 2-3 nm thick Pr-
enriched surface. Emerging small peaks in XRD after 1h of
electrolysis are consistent with a thin cubic PrO,., layer. In
contrast, the Mn concentration at the LSMO surface is only
slightly reduced.

Surface termination of the manganite films in H,O. The study
of surface termination of epitaxial perovskite films using envir-
onmental high-resolution transmission electron microscopy
(ETEM) was demonstrated by Roddatis et al.*? and requires
careful TEM lamella preparation, as documented in the Supple-

surface termination of the LSMO and PCMO (001) oriented thin
film electrodes in high vacuum (HV), O, and H,O are shown in
Fig. 2. For LSMO predominant A-terminated surfaces (La-Sr-O)
are observed in O,, whereas in high vacuum (HV), a mixed
surface termination with disorder at the B-terminated (Mn-O)
areas is developed. This is observed even after saturation of the
surface in 1 mbar O,. In H,O vapor, the LSMO surface appears to
be dominated by an A-site layer; however, Mn is still present as
dynamic surface adatoms. For PCMO, a disordered surface
develops in HV following the ordering of the surface in 1 mbar of
O,, where a mixed termination of an ordered surface is observed.
In H,O, a mixed surface termination emerges, where the A-
terminated areas (Pr-Ca-O) show higher ordering compared to
the B-terminated areas. Surface Mn adatoms as well as subsurface
lattice Mn is highly mobile.

The determination of surface termination requires the
comparison of the HRTEM images with simulated images
(Fig. 2d, h). In these simulations, the lamella thickness ¢ at the
surface is estimated from measurement of the inelastic scattering
intensity by EELS and fine-tuned by a fit of contrast of simulated
to experimental images using a Monte-Carlo-based simulated
least-squares optimization, yielding ¢t =4.2 (4.3) nm for LSMO
(PCMO). The obtained electron optical parameters, such as
defocus, spherical aberration, astigmatism, and axial coma, fit
reasonably well to those estimated from tilt-tableau measure-
ments via the Cs-corrector software. The different surface
terminations can be clearly distinguished by the weaker contrast
of the MnO columns. In the subsurface, A-site and B-site
columns are separable from contrast due to different atomic
numbers and octahedral tilt patterns of MnOg octahedra. Details
of the image fitting and parameters used can be found in the
Supplementary Fig. 12 and Supplementary Table 1.

Reversible Mn-adatom dynamics at the LSMO-H,O interface.
Figure 3 shows a time sequence of HRTEM images for the LSMO
x=0.4 (001) surface in 0.5Pa of H,O. The full image series is
compiled in Movie M01. The surface is well ordered and shows
stable A-termination over more than 30 min. However, mobile
Mn is, in fact, present on the surface. This is indicated by the
sudden appearance and disappearance of atom contrast at B-layer
surface positions on flat stable A layers (Fig. 3a). We define
the detection limit of Mn atoms by the amplitude of the signal
above the noise level 30, where o is the standard deviation of the
background fluctuations of the CCD signal at an area above the
surface in the presence of the experimental gas. Image simulation
and contrast quantification show that signal to noise ratio at the
used frame rate of 4.4 fps does allow for detection of triple or
higher occupancy of B-columns by Mn at a 4.2-nm thick lamella
surface (Fig. 3b, ).

Closer inspection of image contrast in Fig. 3a reveal adatom
contrast mainly appears at interstitial surface positions and rarely
at the nominal octahedral positions of an ideal non-reconstructed
surface. Contrast quantification of the columns of Mn adatoms is
obtained by calibration of the experimental A-site contrast at
the lamella surface to the simulated contrast, as shown in the
Supplementary Figs. 13-15. Based on contrast simulations,
the interpretation of dynamic adatom contrast other than Mn
on a static A-layer is unlikely: O and OH species are below the
contrast detection limit. La/Sr occupancy on B-terminated layers
can be excluded from contrast. Fast La/Sr adatom dynamics on a
stable A-terminated layer can be not entirely excluded from
contrast. However, this would lead to an A-enriched surface with
a Mn depleted layer, which is contrary to our observations for
LSMO but in agreement to Mn surface leaching in PCMO

mentary Figs. 8-11 and the associated text. The changes of7(Jreported below. Since all experiments in different environments
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Fig. 2 HRTEM cross plane images of LSMO and PCMO (001) surfaces in different ambients. All images are taken at negative defocus, i.e., atomic
columns appear as dark contrast, and with objective lens aberrations corrected up to 5th order. a-d LSMO is imaged in the pseudocubic [110] zone axis.
a Mixed B- and A- termination in high vacuum (HV). b Dominant A-termination in 1 mbar O,. ¢ In 0.5 Pa H,0, the surface consists of a stable A-layer with
highly mobile Mn on top (see Fig. 3). d Simulated image with A-termination and surface step. e-h PCMO is imaged in the orthorhombic [110] zone axis.
e Disordered surface structure in HV. f Highly ordered surface in 1 mbar of O, with a mixed termination. g In 0.5 Pa of H,0, the B-terminated areas of
PCMO exhibit pronounced disorder with mobile Mn. h Simulated image for PCMO with different surface terminations.

’;;7:5 2o \
SRV AV
]
2
2
e

0.70 1.05

x [nm]

0.35 0.70 1.05 0.35 0.70 1.05 0.35

x [nm] x [nm]

Fig. 3 Observation of dynamic Mn adatoms on a LSMO (001) surface in 0.5 Pa of H,0 at [110] zone axis. a Time sequence of HRTEM images taken at
4.4 fps at negative defocus. Mn-adatom contrast appears and disappears on a stable La(Sr)O surface layer as indicated by white arrows. b Simulated
HRTEM image with Mn-adatom column occupation of 3, 4, and 5. The Mn columns are located at interstitial surface positions on an A-terminated sample.
Lamella thickness is 4.2 nm. ¢ Line profiles of simulated (red) and experimental (black with symbols) images of B-columns with 3, 4, and 5 Mn atom
occupation. The 3o threshold indicates the detection limit of Mn columns above noise level, i.e., triple Mn occupation at a B-layer column. The time
sequence gives a lower limit of the Mn-adatom hopping rate of r>4s~.

reveal that surface Mn is more mobile than A-type cations, our
overall conclusion from image contrast and electrochemical
behavior is that Mn adatoms are the highly mobile species on
stable LSMO surfaces in H,O.

The camera frame rate of around 4 fps is selected as a
compromise between achieving sufficient signal to noise ratio and
capturing some of the surface dynamics. Double Mn B-layer
occupancy corresponds to the detection limit at 30 of the noise

contrast appears and disappears with the frame rate used. We can
thus only determine a lower limit of the surface hopping rate,
which is given by the frame rate of the images. If triple Mn
occupation appears and disappears on the timescale of the frame
rate, it may be attributed to one of the following events: (i) A
single Mn atom hops to another site and the remaining double
occupation contrast becomes invisible. (ii) Two or three Mn
atoms coincidentally hop to another site and the B-site contrast

level. Both triple Mn as well as higher Mn B-layer occupancyy Jon the original site disappears. Since (i) has a lower probability
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Fig. 4 Slowed down Mn surface mobility due to a unit cell height surface
step at a LSMO (001) facet in 0.5 Pa of H,0. a First HRTEM image of a
time sequence taken at a frame rate of 4.4 fps with the surface step taken
at the same conditions as in Fig. 3; see Movie M02. b Simulated HRTEM
image with the step and 3 Mn occupation contrast on a slightly displaced B-
site column. ¢ Line profiles of the time sequence taken at the B-layer as
indicated by the green box in a. It is showing an increased sticking time of a
triple Mn column of 1.4 s near the step edge compared to <0.23 s at the flat
surface, providing evidence for a locally increased surface barrier.

than (i) and represents the slowest process, it defines the
minimum detectable hopping rate of r>4s~1.

The dynamic state with highly mobile Mn atoms on top of a
more or less static A-terminated layer can be strongly affected by
the presence of a surface step. Since the Mn surface mobility
depends on the surface activation barrier, it can be strongly
reduced at step edges due to an Erich-Schwdébel barrier. Figure 4
shows an increased contrast of mobile Mn atoms in the vicinity of
step edges formed by a static A-terminated layer. The reduction
of Mn mobility in the vicinity of the step edges can directly be
observed in the Movie M02. The analysis of line profiles at the B-
layer location in the vicinity of the step edge in Fig. 4 reveal a
reduction of the Mn-adatom hopping rate from r>4s7! to r =
0.7 s~ 1. Remarkably, the A-layer forming the step edge in Fig. 4 is
quite stable and does not change on the timescale of the
Movie M02 of 1 min 25; see also Supplementary Fig. 16.

Compared to H,O, the Mn surface mobility on LSMO (001) in
high vacuum (HV) and in other gases is strongly reduced at the
same dose rate (Supplementary Figs. 17-19, Movies M03-MO05).
The surface with mixed termination shows contrast changes on
the B-site columns with < 0.25s~1 in HV and r<0.2s~! in 100
Pa O,, where the highly ordered surface is predominantly A-site
terminated. The high Mn surface mobility on LSMO (001) is thus
a unique observation in H,O and is visible in a pressure range of
0.01-5Pa. At higher H,O pressures, LSMO becomes unstable,

ionization of H,O. Despite the high mobility, the Mn leaching is
rather slow, as confirmed by the post-ETEM stoichiometry
analysis (Supplementary Fig. 20). Furthermore, the Mn valence
state remains quite stable, indicating only a slight Mn reduction
in increasing H,O pressure and ruling out pronounced formation
of oxygen vacancies.

Irreversible Mn-adatom dynamics at the PCMO-H,O
interface. Figure 5 shows a time series of HRTEM images of the
(001) PCMO surface in 0.5 Pa H,O, taken from Movie M06. After
fully ordering in O, (Fig. 2f), the addition of H,O causes the
surface to form a disordered layer of highly mobile Mn atoms,
visible as rapid fluctuation of B-site contrast. Similar to LSMO,
the hopping rate of Mn atoms is above the frame rate of the
camera, i.e., ¥ <4 s~ In contrast to the disordered B-terminated
surface, the A-subsurface layer remains highly ordered and static
on the timescale of several seconds (Movie M06). In addition, an
increase of contrast dynamics is observed at the B-site columns at
the subsurface. Figure 5b, ¢ shows the later stages of the PCMO
(001) surface in 0.5 Pa H,O. Three min after initiation, the fast
Mn leaching has led to the formation of a Pr-rich surface bilayer
(Movie M06) which further grows up to a thickness of 3-4
monolayers over the course of the in situ experiment (11 min).
The growth of a cubic phase due to Mn leaching is directly visible
in the surface structure. Postmortem EELS analysis of the surface
area in Fig. 5f reveals Pr and O, whereas the Mn L-edge at 640 eV
as well as Ca L-edge at 346 eV (not shown) are below the noise
level. We thus associate the cubic oxide visible in HRTEM with
PrO;, with x close to 2. The growth speed of the PrOy slows down
over time, indicating self-passivation of the surface by the formed
PrOy layer. Post-ETEM EELS of the Mn L and O K edges at the
PCMO surface region reveals a pronounced Mn depletion (Sup-
plementary Fig. 21), which is accompanied by Mn reduction.
Leaching out of subsurface Mn in PCMO (001) is only observed
in H,O and is absent in HV (Movie M07) and O, (Movie M08).
In contrast, the Mn concentration at LSMO surfaces remains
unmodified. This is fully consistent with the observation of dif-
ferent electrode behavior in electrochemical experiments descri-
bed above.

Enhanced Mn mobility at (001) surface due to presence of
adsorbed H,O layer. The formation of a few monolayer thick
water layer on oxide surfaces down to pressures of ~10~> Pa much
below the equilibrium vapor pressure of water of py,, = 3.17 kPa
at T=25°C has been previously demonstrated®*->2. It is driven
by the large adsorption enthalpy of H,O on oxide surfaces of the
order of AH,4,,—160 kJ/mol°!>3. Although this value might vary
between different oxides, AH,;,, < AH,; = —44 kJ/mol for H,O
on bulk water reflects exothermic water adsorption on oxide
surface at much reduced pressures. In the HV of the ETEM (p >
1075 Pa), the effect of H,O condensation on manganite surfaces
can be only avoided by using a cold trap that is reducing the
partial pressure of H,O in HV by one order of magnitude*?. The
thickness of the adsorbed water layer in the ETEM experiments as
a function of py o is calculated by using the energy balance
between surface energy y; of the oxide in HV, the surface energy
Yu,0 of liquid H>O to vapor and AH,q (see Supplementary Fig. 22
and associated text). The liquid state of 2-4 monolayer H,O is
consistent with our observation of enhanced mobility of Mn
on manganite (001) surfaces in a pressure range between 0.01 and
5 Pa of H,O compared to HV.

Thermally induced versus electron beam-induced hopping. In
order to separate out the effect of the electron beam on adatom

possibly due to the impact of ions formed by beam—induced?Qmotion from the thermally induced motion, the momentum
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Fig. 5 Atomic surface dynamics of the PCMO (001) surface in 0.5 Pa H,0. a HRTEM images taken from a time series taken at a rate of 4 fps at [110]
zone axis and negative defocus, compiled in Movie MO6. b, ¢ Later stages of that surface area at same conditions. The line profiles are taken at the B-site
(d) and A-site (e) columns. Whereas the A-site columns of the first subsurface layer remain ordered (f), the B-site columns transform into a dynamical
highly disordered surface structure. The measured hopping rate of Mn adatoms is r > 4 s=7, from triple Mn coincidence occupation. In addition to surface
movement, there is a pronounced leaching of Mn from the subsurface to the surface leading to the growth of a Pr-rich surface layer, where Mn L3 5 is below

the detection limit (f).

transfer from scattering of the high energy primary electron beam
on the adatoms is calculated. As pointed out by Egerton®, for
energies of primary electrons Ey>10keV, the interaction is
dominated by elastic scattering of the incident electrons at the
atomic nuclei, and momentum transfer due to inelastic scattering
at the electron shell can be disregarded. This allows calculation of
the momentum transfer using the Rutherford scattering equation.
We consider the maximum momentum transfer perpendicular to
the primary electron beam, which gives rise to transversal
movement of adatoms on a surface parallel to the electron beam.
Figure 6 compares the beam-induced hopping rates for O, Mn, Sr
and La adatoms to the thermally activated hopping rate as a
function of the surface activation energy E, for an upper limit of
used dose rates of 12.000 e~/A2s (see method section). For E, >
0.2 eV, the calculated beam-induced hopping rate for Mn ada-
toms is below the experimentally observed hopping rate in HV,
indicating that the slow Mn motion is thermally activated. The
comparison of the calculated thermally activated hopping with
the experimentally observed r (HV) = 0.25s~! leads to an esti-
mated E, (Mn) = 0.75 €V in HV. The increase of the Mn-adatom
hopping in H,O to r (H,0)>4s~! thus can be interpreted as
resulting from a reduction of the effective surface activation
barrier in the presence of a H,O layer to E, (Mn) < 0.62 eV most
probably due to partial solvation of surface Mn in H,O. Fur-
thermore, the calculation of momentum transfer between the
electron beam and H,O shows that the adsorbed H,O layer is
only marginally affected by the beam since the beam-induced

the impingement rate of H,O molecules of around 10%s~! at p =
0.5 Pa.

Parallel trends in electrolysis and ETEM studies with respect to
reversible and irreversible dynamics. For LSMO x=0.4, the
(001) interface to liquid H,O is quite stable both in in situ ETEM
experiments as well as in cyclovoltammetry in alkaline conditions
between +1.1 and 1.75V vers. RHE. Only slow Mn leaching is
observed in previous studies by postmortem XPS after 1h of
electrochemical OER, which can be further slowed down by
choosing a Mn/A ratio =1 ref. 3. In contrast to LSMO, the in situ
ETEM study of PCMO shows pronounced irreversible surface
dynamics of Mn, leaching into the liquid H,O layer in parallel to
fast drop of OER activity in electrolysis and observation of a Pr-
rich surface layer in postmortem studies. The huge difference in
reversibility of Mn-adatom motion at the interface between the
more or less static A-site terminated layer and liquid H,O must
therefore be attributed to the different materials properties of
LSMO and PCMO. Post-ETEM electron energy loss spectroscopy
(EELS) of the Mn L edge at a=1-nm thick surface layer on
PCMO demonstrates a change of Mn valence from 3.5 + 0.1 after
oxidation in O, to 3.2 £ 0.1 after ETEM study in 0.5 Pa and 3.1 +
0.1 in 5 Pa of H,O (Supplementary Fig. 21). Thus, Mn is reduced
although the experiments are performed under anodic polariza-
tion. In contrast, for LSMO the pristine Mn valence of 3.5+ 0.1
after oxidation in O, and 3.4+0.1 after ETEM study in 0.5Pa
H,O is preserved within the error of measurements (Supple-

desorption rate is with ~2.5 1073 s~! orders of magnitudes below73mentary Fig. 20). Previous post electrochemical XPS studies of
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Fig. 6 Calculated beam-induced and thermally activated adatom hopping

rate r at T=22°C as a function of the surface activation energy E,.
Additionally, the experimentally observed Mn-adatom hopping rates in high
vacuum r(HV) and r(H,0) in 0.5 Pa H,0 are indicated. Colored areas mark
the regimes for thermally and beam-induced hopping for Mn. The
activation energy of O diffusion in bulk LMO is from ref. > and for O in Sr-
doped LMO grain boundaries from ref. 66. For the activation energy of Mn
the lower and upper limit of Mn diffusion in LMO are indicated, since it
shows a broad range of values, depending on the La-off-stochiometry of the
sample®’. See method section for details of the calculations.

Fig. 7 Schematic representation of a snapshot of the dynamic manganite-
H,0 interface. a For LSMO, the observed reversible Mn-adatom dynamics
in liquid H,O is connected to the absence of defect reactions and
preservation of Mn oxidation state. b In contrast for PCMO, the reduced
Mn2+ species are formed, due to surface and subsurface oxygen vacancy
V, formation.

LSMO (001) do not show surface loss of oxygen?®. As summar-
ized in Fig. 7, these observations suggest that stabilization of high
oxidation states of surface Mn is essential for a high reversibility
of Mn-adatom movement and thus for the stability on the sur-
face. Surface reduction and Mn?* formation lead to irreversible

H,O compared to Mn3*. Leaching of Mn?* in H,O is also
predicted by a Pourbaix diagram of binary Mn-O compounds.

We attribute the different behavior of LSMO and PCMO to
their different electronic properties, in particular covalency and
charge localization (see Supplementary Figs. 23 and 24). Metallic
LSMO exhibits spatially delocalized charge carriers, so called large
polarons due to a larger Mn-O covalency and an electron-
phonon coupling constant a = 1°°. As long as the metallic state is
preserved at the electrode surface, an extra charge acquired from
water oxidation cannot change the valence state of a single atomic
surface species. In contrast, PCMO x =0.33 displays localized
charge carriers, so called small polarons due a smaller Mn-O
covalency and larger a ~ 3 (see ref. °7). They represent Zener
polarons, which are located on Mn-O-Mn bridges®3-%0. From the
chemical perspective, such a Zener polaron represents the
formation of an O-oxo species, due to the presence of a localized
hole charge and thus the oxidation of the lattice oxygen with a
formal valence state of O>~. Under anodic polarisation, hole type
polarons can accumulate on the surface near Mn-O-Mn bridges
and thus can easily induce oxidation of lattice oxygen to O~ as an
intermediate step for subsequent formation of vacancies Vo.
Formation of O~ and Vg thus can therefore reduce Mn and turn
reversible adatom dynamics of oxidized metal species into
irreversible processes of reduced metal species. Note that the
different charge carriers may be also the origin of the different
Tafel slopes b of both manganites. For LSMO, b =~ 60 mV/dec fits
to the theoretical prediction for a chemical rate-limiting step that
follows an electrochemical pre-equilibrium, probably O-O bond
formation. For PCMO, the higher b = 90-120 mV/dec is
consistent with electron transfer as the rate-limiting step and
thus may reflect the lower intrinsic electric conductivity as well as
limitations due to surface reduction.

Solvated dynamic Mn adatoms and impact on reaction
mechanisms of oxygen evolution. The demonstrated parallel
trends in in situ ETEM and electrolysis studies underpins that the
observation of enhanced surface dynamics of Mn adatoms in
H,O is highly relevant for the real-world electrochemical beha-
vior of the manganite electrodes. Clearly, there are differences in
the properties of a Helmholtz layer in a liquid electrolyte with ion
concentration of 10~! M and the thin water layer adsorbed on top
of oxide materials in ETEM. In particular, the ion concentration
is much lower, with typically 10-6-10~7 M in the vapor®® that is
close to the ion concentration at neutral pH. However, the
composition of ions generated by electron impact is different
since positively charged ions such as H,O" dominate over anions
such as OH™. Our ETEM studies are performed under positive
electric potentials of U= 42V with respect to ground and thus
under anodic polarization. Due to the high electric conductivity
of the manganite lamella on highly conductive Nb-doped SrTiOs,
beam-induced potentials can be disregarded*®. The comparison
of hopping rates in different ambients clearly demonstrate that
the observed >20x increased Mn-adatom mobility in H,O while
other conditions of the experiment remain the same is not due to
the electron beam. This is fully understandable from the calcu-
lation of beam-induced momentum transfer in Fig. 6. Therefore,
the enhancement of thermally activated adatom motion in water
is fully relevant for OER catalysis in ex situ electrochemical
conditions. It can be attributed to a partial solvation of surface
Mn in liquid H,O. Such solvation effects thus do not only affect
the adsorption energies of the reactants but also strongly modify
the coordination and electronic properties of active sites.

The formation of a partial solvation shell of H,O around
chemisorbed Mn adatoms in OER thus has far-reaching

Mn surface dynamics due to the higher solubility of Mn?t in74consequences for understanding of the reaction pathways. First
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of all, Mn can develop other, more flexible coordination to OH,
and OH compared to a static octahedral Mn-O coordination of a
frozen surface (Fig. 7). This would allow new configuration for
the formation of the O-O double bond. Furthermore, the
question is raised whether the Mn dynamics affect the OER.
The electron transfer rate per surface Mn atom derived from
RRDE measurements is between 0.2s~! (1.6V) and 10s!
(1.74V vers RHE), assuming a Faraday efficiency of 1 and a
complete Mn surface coverage. Due to partial coverage, these
numbers represent a lower limit of the electron transfer rate per
Mn. Comparing these numbers with the observed lower limit of
Mn-adatom hopping r = 4571, shows that both are of the same
order of magnitude or even higher. Consequently, Mn can move
over several surface sites during a full O, evolution cycle.

In summary, our study reveals unexpectedly high Mn-adatom
hoping rates implying that the understanding of OER mechan-
isms requires theoretical treatment beyond the frozen surface
approximation. There is strong experimental evidence from ref. 2!
that surface Mn species represent the catalytically active sites for
LSMO. Fast Mn leaching at PCMO surfaces dramatically
decreases OER activity. Although hopping rates and contrast of
single Mn atoms are beyond the resolution of our experiments,
the observation of dynamic multiple occupancy of surface sites by
Mn moieties establishes a pronounced dynamical surface
reconstruction of the catalyst-water interface with partial
solvation of surface Mn atoms in H,O. Mn-adatom contrast
dominantly appears at interstitial surface sites rather than the
nominal octahedral B sites of an unreconstructed ideal surface,
suggesting a modified surface coordination. The implications of
these findings are quite far-reaching. First of all, leaching of
reduced transition metal species is observed for many transition
metal oxides®1:92. Our results imply that the underlying transition
from reversible dynamics of surface atoms to irreversible leaching
of surface and subsurface metal species is controlled by charge
localization and a related shift of the Fermi energy. Indeed, the
recent results on self-gating of electrocatalysts evidences a
modification of the Fermi level at the onset of an electrochemical
reaction®®. The finding of pronounced reversible dynamics of
partially solvated adatoms in the stationary state of OER implies
that for the theoretical understanding of heterogenous catalysis
some aspects of homogeneous catalysis must be taken into
account, such as modified metal coordination, different valence
states, solvation shell reorganization during electron transfer,
solvent thermal fluctuations and possibly Mn displacements
during intermediate formation. Incorporating these effects into
theoretical analysis will open new strategies of breaking scaling
relations between adsorption energies and thus new perspectives
in atomic scale design of efficient and stable electrode surfaces
for OER.

Methods

Film fabrication and structure. La; cSr, ;MnO; and Pr 33Cag6,;MnO3 (001) films
were prepared by ion-beam sputtering (IBS) on 0.5 wt% Nb-doped SrTiO; (STNO)
substrates with (100)-orientation (CrysTec GmbH, Berlin, Germany). The

Lag 6S19.4MnO; (Prg 33Cags;MnO3) with thickness of 80 nm were grown at 800 °C
(650 °C) in an oxygen atmosphere of 1.7 - 10~ mbar. In order to avoid rectifying
junction properties for PCMO, a 20-nm thick Lag ¢Sro4MnO; (LSMO) buffer layer
was deposited without vacuum breaking. LSMO has a rhombohedral lattice,
spacegroup R3c with a small rhombohedral tilt angle of 90.37°, lattice parameter
a=75.47 A, which converts in a pseudocubic lattice constant a. = 3.87 A. PCMO is
orthoarhombic, spacegroup Pbnm, with ideal lattice parameters a = 5.42 A b=
5.45A and ¢=7.67 A. Due to the larger lattice constant of STNO (a = 3.92), the
films have in-plane tensile and out-of plane compressive strain leading to a. =
3.83 A (LSMO) and ¢ =7.62 A (PCMO). For LSMO, we use pseudocubic notation
to facilitate the comparison of the (001) surface with the equivalent (001) surface of
PCMO. The films show atomically flat surfaces with unit cell high steps. The
temperature dependent electric resistivity of the films shows the expected metal-
like (LSMO) and small polaron hopping like (PCMO) characteristics. See Sup-
plementary Figs. 4-7 and 24 for more details.

Backside contacts for the STNO substrate consisted of 5nm Ti and 100 nm Pt
layers prepared by IBS at room temperature to ensure an ohmic contact. Carbon
tape and InGa eutectic (Sigma-Aldrich, Munich, Germany, 99.99%) served as the
flexible and adjustable conductive spacer. In the final assembly, only the thin film
surface is exposed to the electrolyte after fixation with chemically stable,
nonconductive epoxy (Omegabond 101).

Electrochemistry. The electrochemical measurements were carried out with two
Interface 1000E potentiostats (Gamry Instruments Inc., Warminster, PA, USA) in a
bipotentiostat setup and an RRDE-3A rotator (ALS Co. Ltd., Tokyo, Japan). The
rotating ring electrode consists of a disk electrode of the assembled PCMO|LSMO|
NSTO electrode with a diameter of 4 mm and a Pt ring electrode with an inner
diameter of 5mm and an outer diameter of 7 mm. All electrochemical measure-
ments were performed in 0.1 M KOH electrolyte prepared by diluting KOH
stock solution (Sigma-Aldrich, Munich, Germany) with deionized water (MilliQ,
>16.5 MQ). The electrolyte was saturated with Ar gas at least 30 min before
measurements and continuously purged with Ar throughout the measurement.
Electrode potentials were converted to the reversible hydrogen electrode (RHE)
scale using Erpe = Eapplied 1 Erep Where Eree=0.993 V vs. SCE was obtained from
the hydrogen evolution using a clean Pt disk. Cyclovoltagramms are measured at
10 mV/s with rotation of 1600 turns per minute. In Fig. 1b, between third and 4th
cycle, chronoamperometric OER is measured at 1.5, 1.55, 1.6, 1.65, 1.7, 1.75, and
1.8 V vs RHE, each 60s.

Envir tal TEM experi Transmission Electron Microscopy (TEM)
experiments were carried out using a FEI Titan ETEM G2 80-300, operated at
300 kV. The microscope is equipped with a Cs-corrector of the image forming lens
for enhanced high-resolution TEM (HRTEM) imaging, and a Gatan Image Filter
(GIF) Quantum 965ER. A Gatan UltraScan 1000XP CCD was used to collect all
movies with rate of about 4 frames per second (fps) in 512 x 512 pixels. The
microscope was used in the high vacuum (HV) mode (~10~° Pa) with cold trap to
reduce H,O partial pressure, as well as in environmental mode using H,O, O, and
He in a pressure range between 0.01 and 100 Pa. The following movies are pro-
vided: M01 LSMO 0.5 Pa H,O flat facet, M02 LSMO 0.5 Pa H,0 Schwoebel Barrier,
MO03 LSMO HV, M04 LSMO 0.5 Pa O,, M05 LSMO 0.5 Pa N,, M06 PCMO 0.5 Pa
H,0, M07 PCMO HV, M08 PCMO 0.5 Pa O,, M09 LSMO 10 Pa O, recrystalli-
zation early state and M10 LSMO 10 Pa O, recrystallization late state. All time
resolved HRTEM experiments were performed at a beam current of 4 nA and beam
radius between 80 and 100 nm, resulting in a spatially in homogeneous electron
dose rate of 8000-12,000 e/A~2s. Local electron dose rates at the location of TEM
lamella surfaces are measured by calibrated CCD contrast with 0.136 electrons/
counts, yielding ~10,000 e/A~2s for the adatom hopping studies. This dose rate is
two orders of magnitude below the damage threshold in HV. Imaging over a time
of 10 min keeps the total electron dose <6 103 As/cm?, where no changes by
electron irradiation are observed in HV, in good agreement with the studies of the
intrinsic surface in ref. 41,

Electron energy loss spectroscopy (EELS). Was performed using Gatan Quan-
tum 965ER post-column energy filter in the same FEI Titan ETEM. Spectra of the
Mn L, O K, and Pr M edges were acquired. For analysis of the Mn L edge spectra,
Hartree-Slater (HS) type cross-section functions from Gatan’s Digital Micrograph
are used. The Mn valence state has been acquired from a C++ based LabTalk
script using OriginLab software. EEL spectra are extracted from spectrum images at
an area of vacuum and at different H,O vapor pressure for postmortem analysis.
Power-law background functions are fitted to a 50 eV wide window before each Mn
L-edge and 25 eV for O K-edge for background subtraction. By using dual EELS
acquisition, the ZLP is used to correct the drift of the energy shift.

TEM lamella preparation. TEM lamellae were prepared from epitaxially grown
(001) oriented thin films by Focused Ion-Beam lift-out technique using a noble
metal free protection layer and careful low energy ion milling for the preparation of
ultrathin lamella with a thickness close to the surface between 4 and 10 nm. The
loss of oxygen by Ar milling is compensated by a treatment in pure oxygen. Further
details are described in the Supplementary information and Movies M09-M10.

Image simulations. Atomic models and the high-resolution TEM simulated

images were calculated using the multislice method as established in the QSTEM
package®, where electron optical parameters were optimized by using a metropolis
algorithm implementation to fit simulated to experimental images. Structure

models for the image simulations are based on the Pbnm spacegroup for PCMO
with lattice parameters a=5.42 A, b=5.45A and ¢=7.67 A and R3'c for LSMO
using a. = 3.87 A. Details and parameters used for image simulation are given in

75the SL
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Calculation of electron beam-induced and thermally activated hopping. Using  15.

the analytical solution given in ref. 54, the adatom hopping rate is

. l % [ 1 - 1 } ) 16.
ed " [sin*(9/2)  sin(9a/2) 17.
where 9 is the scattering angle of the electrons. The limits
E \05 E \05 18.
Opnin = arcsin 2( . > and 9, = 7 — arcsin 2( . ) (2)
Ex Epnax
19.
are given by ratio of the captured surface energy E; of the adatom to the maximum
possible energy transfer Ey.., which would correspond to a 180° scattering, i.e.,
1.1 E, 20.
Ban(eV) = 5 24 10 he) ()

A is the atomic mass, Z the nuclear charge, e the elementary electron charge, J is 21
the current density of the primary electron beam, 6, =1 barn = 10~28 m2 and
F=(1-1?/)(%), where c is the velocity of light and v the velocity of the 22.
primary electrons. In order to calculate the hopping rate of an adatom on a surface, 23
it is assumed that the kinetic energy transversal to the surface is equal to the surface :
activation energy E,, i.e., E;= E,. In the Mn-adatom hopping studies, E, =
300 keV and for the current density an upper limit of the experimental values of 24
J=2.0 105 A/m? is chosen, corresponding to 12,000 e/AZs. .

The thermally activated hopping rate is given by

_E,
Ry, = vyeft (4) 25

with adatom vibration frequency v, and Boltzmann constant k. We have chosen 26.

vy =1012s~1, which for E,=0eV results in a thermal velocity for Mn atoms
matching the maximum of the Maxwell-Boltzmann distribution.
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ABSTRACT: Perovskite oxides are promising materials for catalysing the oxygen evolution
reaction (OER). However, the understanding of properties of active sites that enable high OER
activity without corrosive electrode reduction is still elusive. In this work, we use combined
electrochemical and Environmental Transmission Electron Microscopy (ETEM) studies to
compare OER stability of (001) surfaces of PrixCa,MnQOs perovskite films with doping of x = 0.1
and x = 0.33. Notably, electrochemical analysis in alkaline conditions as well as ETEM studies in
H>O vapour show parallel trends in stability of both systems: Mn leaching for the PCMO x= 0.33
system due to oxygen vacancy formation at the surface and higher stability of PCMO x=0.1, where
the oxygen vacancy redox peak is absent in cyclovoltammetry. Electron energy-loss spectroscopy
reveals the preservation of Mn valence state in H2O for the PCMO x= 0.1 system, whereas for
x=0.3 Mn is reduced. We interpret this enhanced stability for the low doped system in terms of a
modified Mn 3d - O 2p hybridization, i.e. covalence. For a system with charge localization due to
Jahn-Teller polarons, the covalence determines to what degree redox processes of lattice oxygen

can arise that can finally lead to corrosive oxygen vacancy formation.

KEYWORDS: Thin films, oxygen evolution reaction, in-situ transmission electron microscopy,

electron energy loss spectroscopy, covalence
1. INTRODUCTION

The electrochemical catalytic water splitting including oxygen evolution is an eco-friendly and
sustainable approach to produce hydrogen with zero carbon emission!. The electrocatalytic
splitting of water includes the OER (4OH —O: + 2 H2O + 4 ¢7) at the anode and the hydrogen
evolution reaction (HER) (2 H2O + 2 e*— 2 OH+ H>) at the cathode. The OER incorporates a four
electron transfer process, which needs a high electric potential to overcome rate limiting
thermodynamic and kinetic energy barriers, depending on the reaction mechanism.!-® In particular,

multiple transfers of electrons and protons during the OER result in a higher overpotential in
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contrast to HER. The utilization of efficient OER electrocatalyst is, thus, crucial to significantly

reduce the overpotential of the anodic reaction in water splitting for hydrogen generation.’

At present, the Ruthenium (Ru) or Ru-based catalysts have one of the lowest overpotential for OER
under an acidic environment.!®!! Iridium (Ir) and Ru based perovskites are profoundly tuneable
and distinct materials that assure OER electrocatalyst, with many modifications promoting high
activities and stabilities in acidic environments. Thus, the noble metal oxides IrO, and RuO; are
presently considered as the best catalysts for OER.!? However, the high price and low abundance
limit the practical utilization of these noble metal-based catalysts on a large scale. Therefore,
searching for cost-effective and alternatives for noble metal catalysts is essential.'>13:14 Lately, 3d
transition-metal oxides (TMO) have come forth as potential substitutes to RuO, and IrO; because
of their notable activities and low cost in alkaline conditions.'>”'7 Amongst them, perovskites with
ABOs3 formula have attracted particular attention because of their tuneable structure and
properties.!¥23 Substituting A and B cations alters the electronic structure, oxidation state, and
catalytic properties. This substitution permits controlling the valence states of the B site transition
metals and influences the formation of oxygen vacancies.! Sometimes, fast surface reconstruction
appears after a few OER cycles, or even upon immersion in the electrolyte, before the initiation of
the OER process.”?427 Even though many transition metal perovskite oxides initially show a high
catalytic performance, the electrode surface-electrolyte interface reactions and catalyst stability are
still difficult to interpret. The perovskite interface to water is typically dynamic, showing reversible
as well as irreversible processes under OER conditions.”® The most typical irreversible surface
transformation occurs due to A-site and B-site transition metal cations leaching during OER which
can be facilitated by oxygen vacancy formation and subsequent reduction of the metal species.
Leaching of A-site or B-site elements at the electrode surface during the OER leads to the drastic
change of OER activity.?%?® The underlying mechanisms that control whether the emerging surface

processes are reversible or irreversible are however still elusive.

One important aspect is the participation of lattice oxygen in the formation of molecular oxygen in
some perovskite systems, known as the lattice oxygen mechanism (LOM). This reaction pathway
can decrease the energy barrier and leads to higher activity in some perovskite systems.?%2%30 On
the other hand, the single site adsorbate evolution mechanism (AEM) typically involves four-step
proton-electron transfer reactions occurring entirely on a single B- site metal ion. Based on a frozen

surface approximation, a scaling relation between the adsorption energies of the different surface

80



intermediates was proposed.?! The DFT calculations reveal an adsorption process that involves
antibonding e, orbitals of TM hybridized with oxygen 2p bands of oxygen-containing intermediate
chemical species. Involving lattice oxygen to couple O-O bond to produce an O> molecule could
lower the energy barrier compared to the scaling relation predicted by the AEM, because LOM
circumvents the formation of the HOO* intermediate. An increase of metal-oxygen covalence is
considered as a tool to alter the OER mechanism from the AEM to the LOM.?? Optimizing the e,
filling or increasing the TM 3d—O 2p covalence can booster the OER on the perovskite surface.3>
35 Thus, optimizing both valence and covalence can induce a higher density of the TM 3d acceptor
states near the Fermi level and so facilitate the electron transfer from the oxygen intermediates to
the electrode surface.’ By an increase in covalence, the electron transfer between TM ions and
oxygen is facilitated, and direct O—O bonding with the reversible formation of oxygen vacancy i.e.,

the LOM mechanism becomes favourable.3¢

An increased covalence cannot only give rise to lattice oxygen redox activity but also to the
irreversible formation of oxygen vacancies during OER, as observed in ref*’*® for PCMO. Oxygen
vacancies modify the electrical conductivity of the surface, alter the electronic structure, transition
metal valence as well as can modify the active sites for electrocatalytic reactions.?® However,
examples where oxygen vacancies improve OER activity without hampering the stability of the
electrode are very rare. One example is the Ruddlesden Popper Lag.sSri sNijxFexOas.5, where a
doping dependent oxygen vacancy formation energy and oxygen mobility together with the
capability of in cooperation of excess oxygen may result in a stable LOM mechanism.>® More
frequently, a catalyst corrosion by oxygen vacancies is observed which can even lead to surface
amorphization of perovskites.?® Nevertheless, the impact of oxygen vacancies on the OER activity

is still unresolved.

Environmental transmission electron microscopy (ETEM) is a versatile tool for the study of the
surface changes by the formation of oxygen vacancies due to its high-spatial-resolution as well as
the capability of applying electron energy loss spectroscopy (EELS) to the catalyst surface.*’ In
differentially pumped systems, the reactive gas is allowed to flow over the surface. Aberration
corrected ETEM studies offer the possibility to observe catalysts surface with real space atomic
resolution in several millibars pressure of reactive gases.*! The latest advances of atomic resolution
28,42

observations allow comparison of surface atomic dynamics in reactive and inert atmosphere.

Developments towards controlling the electron beam-induced and applied electric potentials in
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ETEM enable in situ studies of catalyst surfaces under OER relevant potentials.?® The capability
to regulate the gas pressure during ETEM observations is a beneficial way of exploring the changes

in the structure and electronic properties.*?

In this work, we present an in-situ ETEM study of the Pri«CaxMnO3; (PCMO) manganite system
with Ca doping of x = 0.1 and x = 0.33. We observe a pronounced difference of OER stability both
in rotating ring disc electrode (RRDE) experiments as well as in ETEM. While PCMO x = 0.33
display a drastic decrease the OER activity even though it shows initially a high OER current
density?®, PCMO x=0.1 has a lower activity but the decrease is less. EELS analysis shows that the
x=0.1 system preserves Mn>* valence state during OER, while the x = 0.33 system shows surface
reduction due to oxygen vacancy formation and subsequent leaching of the formed Mn?" species.
For the PCMO x=0.1 system we also compare two different surfaces, i.e., the (001) and the (112)
surface which both are stable but display quite different surface dynamics. These observations
allow to derive conclusions on the impact of covalence and surface orientation on the dynamic

states of the electrode interface to water.
2. RESULTS AND DISCUSSION

Electrochemistry. Cyclic voltammetry (CV) study in a rotating ring disc electrode (RRDE) setup
was employed to study the current density with voltage cycling of epitaxial (001) oriented Pr(-
0CaxMnO; thin film at x=0.1 and x = 0.33. The structural characterisation of both films with AFM
and XRD is shown in the supplementary information Figures S1 and S2. Figure 1a depicts the 2"
and 50" cycles of the CV for both doping in O, saturated 0.1 mol KOH. Both films show
exponentially increasing currents that indicates electrocatalytic activity of OER. In order to
qualitatively probe the produced oxygen by the PCMO thin films, additional measurements were
performed in Ar-saturated 0.1 mol KOH, where a potential of 0.5 V vs. RHE is applied to the Pt
ring electrode in order to drive the oxygen reduction reaction (ORR) in transport limitation.** The
ring current densities show the same exponential trend as the disc current densities (supplementary
Figure S3). This supports the assignment of the disc current to the evolution of oxygen. Clearly,
for x=0.33 the onset of OER occurs at lower potential, demonstrating a higher activity compared

to x=0.1 which decreases for both samples upon cycling.

Additionally, a cathodic redox transition peak is visible on PCMO for x = 0.33 at E= 1.3 V vs.
RHE. During cycling, the corresponding anodic peak becomes visible (50" cycle, indicated by
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arrow). The redox couple is related to reversible formation and annihilation of oxygen vacancies,
which are electron donors and thus induce a surface reduction of the transition metal’’. The easy
formation of oxygen vacancies in the PCMO film with x = 0.33 suggests that lattice oxygen is
redox active, i.e., holes can be transferred between Mn 3d and O 2p states. They can oxidize 0>~
to form O~ and O3 (4)%® This feature was not observed in for the PCMO film x=0.1. As a result, the

CV of this film did not show any pre-catalytic redox peaks.

In order to study the stability of both doping levels, chronoamperometric measurement of the OER
current have been performed. Figure 1b and ¢ compares the time decay of the catalytic current
density of both electrodes in Ar-saturated conditions. After an initial fast drop, the current remains
more stable for the x=0.1 sample compared to x=0.33 which has a higher initial absolute current
density (Figure 1b). The chronoamperometric measurements for higher applied potentials up to 1.8
V vs RHE and for O;-saturated conditions are shown in the supplementary Figures S4 and S5.
Remarkably, at higher anodic polarization (Figure 1c) as well as for O2-saturation, the difference
of the time decay of both doping levels almost disappears. This points to a loss of lattice oxygen
and vacancy formation as a dominant corrosion mechanism for the x=0.33 films which is minor at
higher anodic potentials and electrolyte oxygen concentration. AFM images of as grown epitaxial
films before and after electrochemical measurement do not reveal significant changes in the

microstructure of the surfaces after cycling (See supplementary Figure S1).

83



0.15/(a)

b PCMO x= 0.33# 2
£0.10 PCMO x= 0.33# 50

o ——PCMO x=0.1#2

< .05/ --PCMOX=0.1#50 l
E° ,
"0.001=

1112 13 14 15 16 1.7 1.8
E-iR [V vs. RHE]

1.0f
0.84(b) D08
Z06|,
20.41
061 - go.z ]
= £0.0 ;
0.4 02— |
: 0 10 20 30 40 50 60
+  MPCMO x=0.1 t[s]

LI ) =0.
021 & PCMO x=0.33

4 1.65Vvs RHE ]|
[}
£ 0.0 i—-“-
o
£ 12/ Tl
— . 506
™ 1.0 Eo04
S02
0.84 . =0.0
06l : R TP Sy s0e0]
0.41
1.7 V vs RHE
0.2
0.0

0 10 20 30 40 50 60

t [s]
Figure 1. Electrochemical OER performance of epitaxial PCMO x = 0.1 and x = 0.33 (001)
oriented thin films. (a) Cyclic voltammetry for both films at cycles #2 and #50. In addition to the
OER, PCMO x = 0.33 shows a redox couple after 50 cycles as indicated by an arrow.
Chronoamperometric measurements show current at two applied potentials 1.65 V vs RHE (b) and

1.7 V vs RHE (c¢) as a function of time in argon-saturated electrolyte. Inset shows normalized plots

of (b-c) respectively.
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Figure 2. HRTEM images of PCMO (001) surfaces of x= 0.1 and 0.33 in different environments.
(a—) PCMO x=0.1 is imaged in the [010] and (e-g) PCMO x = 0.33 in the [110] zone axis,

respectively. (a) Mixed A and B termination in high vacuum (HV). (b) Dominant A-termination in
1 mbar O». (c) A-site terminated surface with a disordered layer in 0.8 Pa H>O. (e) Disordered
mixed A-site and B-site terminated surface in HV. (f) Highly ordered mixed terminated surface in
1 mbar of Oz. (g) The B- site terminated areas of x = 0.33 show a distinct disordered area in 0.5 Pa
of H>0. (d) and (h) Simulated images with mixed terminations for PCMO x=0.1 and x = 0.33

surfaces, respectively.

Termination of PCMO x=0.1 and x=0.33 (001) surfaces. Surface termination of the (001)
surfaces of PCMO x=0.1 and 0.33 are observed in the ETEM in different reactive (H20 and O2)
and inert (high vacuum - HV) environments. The study of surface termination is performed on the
HRTEM images recorded in negative defocus, i.e., all the atomic columns show black contrast.
Such surface termination analysis is only possible if the TEM lamella are prepared with care
including healing out of surface oxygen loss, as reported by ref28,42. The detailed procedure for
TEM lamella preparation is summarized in the method section. All surfaces are studied after
recrystallization in 1 mbar O2. The resulting trends in surface termination of PCMO x=0.1 and

0.33 epitaxially grown thin films in HV, O2 and H20 are shown in Figure 2.
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In HV, a quite ordered surface with mixed A-site (Pr/Ca - O) and B-site (Mn-O) terminated facets
are observed for PCMO x=0.1 (Figure 2a). In contrast, PCMO x=0.33 shows a strongly disordered
surface (Figure 2e) in HV. In 1 mbar O; both PCMO x=0.1 and x=0.33 develop ordered surfaces
with mixed A and B termination (Figure 2b and Figure 2f). In H>O, the surfaces develop again a
pronounced disordered structure for both doping levels (Figure 2¢ for x=0.1 at 0.8 Pa H>O and
Figure 2g for x=0.33 at 0.5 Pa of H20). For x=0.1, there is a tendency that the A-site terminated
facets are more ordered compared to the B-terminated facets. Figures 2d and h show simulated
images of PCMO x=0.1 and x=0.33 respectively. The simulated images refer to [010] zone axis for
PCMO x=0.1 and [110] zone axis for PCMO x=0.33, both with [001] surfaces. The comparison of
experimental images to simulations allow to distinguish the contrast of A-terminated and B-
terminated facets. The simulated images are obtained from multi-slice simulations using QSTEM*
software. The sample thickness as well as lens aberrations, i.e., defocus, spherical aberration, two-
fold astigmatism and axial coma, are fitted by minimizing the root mean square difference between

experimental and simulated images as described in the method section.

Figure 3. Time resolved series of HRTEM images of PCMO (001) x=0.1 and 0.33 surfaces at
negative defocus that show atomic dynamics in H>O. (a-d) HRTEM images captured from a movie
M2 recorded at 4 frames per second (fps) at [010] zone axis for PCMO x=0.1. The sequence shows

stable A-site termination for a longer time in H2O. The surface does not exhibit any structural
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changes and retains perovskite structure even after 11 min. Mn adatoms show mobility on the
surface from the beginning of the movie. (¢) HRTEM images taken from a time series at a rate of
4 fps at [110] zone axis for PCMO x = 0.33, compiled in movies M3-MS5. (f-h) Later stages of that
surface area at the same conditions confirm Mn leaching from the topmost 3 atomic layers of the

surface.

Dynamical disordered surface layer at the PCMO x=0.1 - H20 interface. Figures 3a-d shows
HRTEM images of PCMO x=0.1 recorded in 0.8 Pa H>O in ETEM taken from the movie M2 at
different times. The frame rate of CCD is adjusted to 4 frames per second (fps) which does not
capture the entire surface dynamics but enables a sufficient signal to noise ratio to observe atomic
contrast. The used frame rate gives only a lower limit to the adatom hopping rate on the surface, as
demonstrated in our prior work?®, Before we start the in situ observations in H2O, the surface is
fully recrystallized in 1 mbar Oz (movie M6 and supplementary Figure S7). Movie M1 shows an
increased adatom dynamics on the PCMO x=0.1 (001) surface in 0.8 Pa H,O (supplementary
Figure S10) compared to O (supplementary Figure S9 and movie M6) or HV (supplementary
Figure S8 and movie M9). Interestingly, the disordered surface layer between two crystalline facets
shows a more pronounced atom dynamics in the presence of H2O compared to the ordered facets.
This disordered layer does not grow over time. The two crystalline A-site terminated surface facets
on each side of the disordered surface region remain stable and retain the perovskite structure even
after 11 min. Consequently, PCMO x=0.1 does not show irreversible structural degradation in

contact with H>O during the time of observation.

Dynamic PCMO x=0.33 - H,O interface with fast Mn leaching. Figures 3e-h represent a time
sequence of HRTEM images of PCMO x = 0.33 (001) surface in 0.5 Pa H>O in ETEM captured
from the movies M3, M4, and M5 respectively. Before the study in H>O, the lamella surface was
completely recrystallized in 1 mbar Oz (Figure 2f and movie M7). In H20, the fluctuating B-site
atomic columns form a highly dynamic disordered layer on the surface, whereas the A-site
subsurface layer remains ordered and stable (Figure 3e and movie M3). Figures 3g and h show the
PCMO x=0.33 surface after 3 min (movie M4) and 11 min (movie M5) of observation. After 3
min, significant leaching of Mn is already visible by the formation of a cubic Pr-rich bilayer
surface. This process continues until the Pr-rich cubic phase forms up to a thickness of 3-4
monolayers (Figure 3h). Previously reported post mortem EELS analysis reveals Pr and O edges,

while the Mn L-edge at 640 eV vanished below the noise level.?8
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Figure 4. Time sequence of HRTEM images of the PCMO x=0.1 (112) surface imaged in [110]
zone axis at negative defocus. (a) Series of HRTEM images captured at 3 fps from movie M8. The
HRTEM images are recorded in 0.5 Pa of H>O. At this surface orientation, alternating B and A site
columns are observed at the surface. The B column show a temporally fluctuating contrast, whereas
the A-column is more stable. (b) Line profile of the top layer at the surface marked by a white
dotted rectangle in the 0s HRTEM image in (a). Yellow rectangles in the line profile graph indicate

the marked three Mn atomic columns.

Dynamic (112) surface of PCMO 0.1 with oscillating Mn column occupation. Figure 4a shows
a time sequence of HRTEM images with a temporally periodic surface reconstruction of a PCMO
x=0.1 (112) surface facet in 0.5 Pa of H>O, taken from movie M8. This surface orientation
intrinsically has a termination of alternating A- and B-columns. The dynamic surface
reconstruction consists of an oscillatory variation of the occupancy of Mn-O columns in [110]
direction with Mn and O atoms, where columns become "less occupied" and "filled" again. In
contrast, the A columns are more or less stable. Such an oscillatory behavior is absent in high

vacuum.

Figure 4b shows the line profile for the area marked by dotted white rectangle in (a). Areas marked
by three dotted yellow circles in the line profile indicate the 1, 2, and 3 B-site atomic columns that
reveal an oscillating type of behavior in the line profile. Contrary to B-site, A-sites marked by

arrow image (a) and in line profile are stable for the 10 min of observation. It is important to note
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that we do not observe Mn leaching out of the (112) surface at x=0.1 Altogether, the PCMO x=0.1
(112) surface, although it is highly dynamic, shows remarkable stability and ordered structure on

time scales of several minutes.

Movie M8 gives a larger overview area with mobile Mn atomic columns on the (112) surface.
Here, additional dynamics of monolayer step edges of the (112) surface are observed. It displays
two different types of atom dynamics: A temporally oscillating surface reconstruction close to the
step edges as well as a jumping-like displacement of entire Mn-O atomic columns. Probably, this

is related to the B-site atomic columns' fast oscillating behavior.

(a) (b) (c) (d) — —
— Surface b c Surface 3.9 ] X=0.1
= 3.6-
2 3.3
z 0
B 2 30 —& Post O,
GCJ j QL 27- —e— Post H,0
“E 1 f>5 ! !
= ; i - 3 6 9 12 15
3 . i = 39 X=0.33
'r_; Bulk : : g Bulk i 3'6f ]
1
; A | | 2,
z b i Post O, Post H,0 3.0- —#- Post 0,
haa i I O-Kedge| Mn L, ;edge 27 —e— Post H,0

530 540 550 640 650 660 3 4 6 & 10
Energy loss (eV)
Position (nm)

Figure 5. EELS analysis of the Mn L-edge and O K-edge of PCMO x=0.1 at the surface and in the
bulk in HV imaged after atomic dynamic observations in 100 Pa O, and 0.8 Pa H>O, respectively.
The spectra of the oxygen K-edge (a) and Mn L—edge (b) are recorded in the area from the surface
(black rectangle) and bulk (red rectangle) shown in the ADF-STEM images (c). Mn L edge show
small change after the H2O treatment at the surface. A slight decrease in the O K prepeak at 531
eV indicates a minor surface reduction. (d) shows that Mn3" valence is retained after contact to the

water for x=0.1 and significant decrease in Mn valence for x=0.33.

Change of the oxidation state close to the surface. Figure 5 shows the electron energy loss
spectroscopy (EELS) analysis of the PCMO x=0.1 (001) surface. The O K and Mn L-edges are
recorded post Oz (100 Pa) and post H>O in high vacuum (after removal of O> and H>O from the
ETEM). They are taken at the surface (black rectangle) and the bulk (red rectangle) of the TEM
lamella, marked in the ADF-STEM image (Figure 5c). All the high loss spectra are energy
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calibrated using the corresponding zero-loss peak and then background subtracted as described in
the method section. Figure 5a shows the O K-edges that are mainly dominated by the three peaks
labeled as a, b, and ¢ and are typical for the perovskite structure. The prepeak at around 530 eV is
attributed to the transition from the 1s oxygen core state to empty 2p states which hybridizes with
Mn 3d orbitals. Peak b is associated to the A-site 5d orbitals/ B-site 4sp orbitals and peak c is

related to transition in the vacuum or due to multiple scattering of electronic excitations.*¢47

Figure 5b compares the Mn L3 and L, edges from the surface and bulk of the post Oz and post H2O
measurements. The energy position of Mn-L edges as well as the intensity ratio of the L, and L3
peaks reflect the Mn valence state in the PCMO x= 0.1 systems. The energy position of Mn-L
edges for post Oz and post H,O show slight changes at the surface. The tiny shift in the Mn-L edges
at the surface in post H20 indicates decrease in the Mn valence state after the H2O treatment in the
ETEM. This is also demonstrated by calculating Mn valence using the integrated Ls/L, ratio as
shown in reference.*® Both PCMO systems show slightly higher Mn valence in contact to high
partial pressure of O> (100 Pa) in ETEM. The resulting Mn valence is shown in Figure 5d (top).
For x=0.1, it is stable in the bulk and shows a very slight valence decrease from Mn 3.3+ (+ 0.26)
to Mn 3.1+ (£ 0.1) at the surface after contact to H2O, however, within error range. EELS analysis
thus suggests that the oxidation state of Mn is more or less maintained for the x=0.1 sample. This
is in good agreement with the preservation of perovskite structure observed in HRTEM images in
H,0. Post mortem EELS analysis after 0.5 Pa H>O for the PCMO x=0.33 is described in ref.?®
Here, the O K prepeak is substantially reduced after the 12 minutes of contact to H>O. The change
in the Mn L edge, Ls/L» intensity ratio and calculated Mn valence indicates a significant decrease
in the Mn valence close to the surface (~ 2 nm) from 3.5+ (£ 0.14) to 2.9+ (= 0.12) after 0.5 Pa
H>O (Figure 5d - bottom).

Figure 6 summarizes the Mn adatom and lattice Mn atomic column dynamics on (001) and (112)
PCMO x=0.1 surfaces recorded in [010] and [110] zone axis, respectively. In Figure 6a, the
fluctuating dynamics of Mn adatom columns is schematically depicted as suggested by the time
series of HRTEM images of the (001) surface of PCMO x=0.1. This is derived from movie M2 and
the two HRTEM figures at 0 and 0.7 s right to the scheme. These HRTEM images clearly show
fluctuating B site contrast on a stable A site terminated surface. This is most probably due to
dynamic Mn adatoms. Figure 6b shows the oscillation of the occupation of an entire lattice Mn

atomic column on (112) surface as visible in Figure 4 and in the HRTEM images right to the
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scheme in Figure 6b). Such a Mn atomic column dynamics is substantial in H>O (see supplementary
Figure S10) and decreases drastically in HV and Oz environment (see supplementary Figs. S8 and
S9). Both (001) and (112) surfaces thus show highly dynamic Mn species at the surface in the
presence of H>O. These dynamics are reversible in contrast to the leaching behavior of Mn for
x=0.33.

(a)

i

B AR

Figure 6. Atomic models and experimental images of the PCMO x=0.1 (001) and (112) surfaces,
showing different type Mn dynamics, respectively. (a) Atomic model and experimental HRTEM
images of (001) surface of PCMO x=0.1 in [010] zone axis. (b) (112) surface of PCMO x=0.1 in
[110] zone axis. Appearance and disappearance of Mn atomic columns are indicated by the pink

arrow and dotted circle for both surfaces, respectively.

In the following, we discuss the physical origin of the different behavior of PCMO 0.1 and 0.33.
Figure 7a shows EELS spectra of O K edges for PCMO with Ca doping from 0, 0.1, 0.34, 0.5 and
0.95 respectively. There is a strong increase of prepeak ‘a’ intensity and shift to lower energy with
increase in Ca doping. These trends are also seen in DFT calculations.*> However, these changes
cannot be solely attributed to the change of the e filling, i.e. Mn valence state. Furthermore, the
degree of hybridization between Mn 3d states to O 2p states, i.e., covalence, is also modified. To
analyze this effect, the prepeak area ‘a’ in Figure 7a is used to calculate the experimental covalence
factor for all the doping levels. After proper background subtraction and normalization, prepeak
‘a’ is integrated from 529 eV to 532 eV and then divided by the change in the valence state.>> All
results are then normalized to the value at PCMO x = 0.5. Figure 7b shows the result, revealing an
increase of hybridization with increasing in Mn valence. The covalence change calculated by the

X-ray absorption near edge spectroscopy*® (XANES) shows a similar trend (Figure 7b blue line).
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PCMO shows Jahn-Teller polarons at both doping levels, i.e. small polarons that show hopping
conductivity.’®! Since acceptor states for electrons from water oxidation are formed by the Jahn-
Teller split empty states, i.e., Mn 3d e, antibonding states, we conclude that also these acceptor
states have a small polaron type of character in the studied doping range. Consequently, electrons
from water oxidation are rather localized and the degree of localization depends on the covalence.
In PCMO x=0.33, the higher covalence, i.¢., the higher hybridization of Mn 3d and O 2p gives rise
to a pronounced Zener polaron physics. Here, Jahn-Teller polarons are ferromagnetically coupled
via the oxygen bridge.*>>? This has the consequence, that additional electrons in Mn 3d acceptor
states can easily reduce lattice oxygen, forming O, and even neutral O charge states, which can
lead to Oz (g) and pronounced oxygen vacancy formation. In contrast, for PCMO x=0.1, such Zener
polaron physics is less pronounced, and the additional electrons in the 3d eg acceptor states can

only move between different Mn sites via thermally active polaron hopping.

Thus, despite of the change in the e, filling, the main difference between the two doping levels is
a change in the overlap of the Mn 3d e, states to the O 2p states. This can be quantified by the
covalence factor which is reduced for the x=0.1 system compared to x = 0.33. Although the atomic
structure at the surface is different to the bulk, our argument is relevant, since the subsurface layer
is important for acquisition the electrons from surface acceptor states. Furthermore, oxygen
vacancy formation in the subsurface is essential for the observed irreversible processes of Mn

reduction and leaching in the x=0.33 system.
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Figure 7. (a) EELS of the O K-edge of PCMO x= 0 - 0.95 thin film lamella, respectively. (b)
Covalence analysis calculated from EELS analysis and X-ray absorption spectroscopy of the O K

edge as a function of Mn valence.
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3. CONCLUSION

In summary, we discovered distinct behaviour of manganite (001) surfaces for OER with different
A-site doping. As more extensively analysed in previous work,?® PCMO x=0.33 shows formation
of Mn?" species which can leach out of the electrode surface. This is due to subsurface oxygen
vacancy formation. The resulting reduced Mn species have a high solubility in H>O. In contrast, O
K and Mn L edges in EELS analysis confirm the stable Mn valence at the PCMO x=0.1 (001)
surface. We have repeated the experiments on the formation of Pr rich cubic phase at the subsurface

of PCMO x=0.33 system which is fully consistent to the results in ref.?®

Similar to cobaltates, where the enhancement in the TM 3d — O 2p covalence facilitates the charge
transfer between the occupied O 2p and unoccupied TM 3d states and increase OER activity?4>3,
the PCMO x=0.33 system shows higher initial OER activity. However, it experiences fast corrosion
on the surface and thus represents an unstable system for OER. In contrast, PCMO x=0.1 (001) and
(112) surfaces show pronounced reversible Mn surface dynamics in H2O. These surfaces possess
a higher stability both in ETEM as well in RRDE studies under conditions that facilitate surface
reduction, i.e., in Oz2-poor environments and at moderate anodic polarisation. In particular, the in-

situ ETEM experiments do not reveal any hint of irreversible Mn leaching out of the PCMO x=0.1

interface to H,O.

Even though PCMO does not belong to the top catalyst for OER, this study gives new insights
about the role of covalence factor and charge localization. Charge localization in e, acceptor states
due to polaron formation is not itself detrimental to electrode stability, which depends on
hybridisation to O 2p states. The latter facilitates lattice oxygen reduction and subsequent vacancy
formation. Thus, this phenomenon can lead to the local reduction of the surface Mn. Remarkably,
high stability and high activity is observed for the (La,Sr)MnOs system in the ferromagnetic
metallic state, where acceptor states are delocalized to varying degrees.?®* Here, electrons from
H>O oxidation form band-like carriers and lattice oxygen reduction is absent. This suggests that
perovskite oxides with simultaneously high activity and stability are based on the requirement that
oxidation of lattice oxygen due to a strong covalence of localized charges needs to be avoided. In
the case of PCMO x=0.1, localized Mn 3d e; charges due to small polaron formation have a lower

overlap to the O 2p states reflected by the smaller covalency.
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4. EXPERIMENTAL SECTION

4.1 Thin film fabrication: ProoCao.:MnO; (and Pro7Cao3MnO3) films were prepared by ion-
beam sputtering (IBS). In a first step, a Lao.sSro4«MnO; (LSMO) layer of 21(2) nm thickness was
deposited at 750 °C onto disc-shaped 0.5 wt % Nb-doped SrTiO3; (STNO) substrates with (100)-
orientation (CrysTec GmbH, Berlin, Germany). In a second step, Pri.xCaxMnO; films were
sputtered at 650 °C without exposing to air. The chamber contained 3x10** mbar Ar and 1.6x10*
mbar O as the reactive gas. Supplementary Figure 2 confirms the epitaxial growth of both films.
Film thicknesses were measured by X-ray reflectometry (XRR).

4.2 Electrochemistry: The electrochemical measurements are performed in a bipotentiostat setup
of Interface 1000E potentiostats (Gamry Instruments Inc., Warminster, PA, USA) and an RRDE-
3A rotator (ALS Co. Ltd., Tokyo, Japan). The PCMO|NSTO electrodes are prepared for the RRDE
disc electrode with a diameter of 4 mm and a Pt ring electrode with an inner diameter of 5 mm and
an outer diameter of 7 mm. All electrochemical reactions are performed in 0.1 M KOH electrolyte.
Electrolyte solution is prepared by diluting KOH stock solution (Sigma Aldrich, Munich,
Germany) with deionized water (MilliQ, >16.5 MQ). The 0.1 M KOH electrolyte was saturated
with Argon (Ar) gas at least 30 min before measurements and continuously purged with Ar during
the measurements. Electrode potentials were converted to the reversible hydrogen electrode (RHE)
scale using ErHg = Eapplied + Eref, Wwhere Erer = 0.993 V vs. SCE is obtained from the hydrogen
evolution using a clean Pt disc. The measured potentials are corrected for the ohmic resistance
extracted from the impedance spectroscopy measurement prior to measurement.

Cyclovoltagramms are measured at 10 mV/s with rotation of 1600 rpm.

4.3 Environmental TEM experiments: In-situ Environmental Transmission Electron
Microscopy experiments are performed using FEI Titan ETEM G2, 80-300 kV. A Cs-corrector and
Gatan Image filter (GIF) Quantum 965ER facilities are attached to the microscope for the superior
HRTEM imaging and EELS spectroscopy respectively. A Gatan UltraScan 1000XP CCD was used
to collect movies with frame rate between 3 and 4 frames per second (fps) in 512 x 512 pixels for
PCMO x=0.33 and 1024 x 1024 pixels for PCMO x=0.1 respectively. ETEM is used to capture
movies in HV (high vacuum ~10-3 Pa) with cold trap to reduce H>O partial pressure in the octagon,
100 Pa Oz and 0.5 — 1 Pa of H>O. All time sequenced HRTEM movies are recorded at a beam
current of 4 nA and beam diameter between 80 and 100 nm, therefore local electron dose rates at

the location of TEM lamella surfaces calculated by calibrated CCD contrast with 0.16696
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electrons/counts yields in between 8,000 — 15,000 e/A2%s for HV, 0> and H,O surface studies

respectively.

4.4 Electron energy loss spectroscopy (EELS): The EELS analysis is carried out using Gatan
Quantum 965ER post-column energy filter in the ETEM. Mn L and O K edges are recorded using
0.1 eV/ch dispersion in post 1 mbar O; and post 8 pubar H,O. Background is subtracted using power-
law background functions from Gatan’s Digital Micrograph are fitted to a 50 eV wide window
before each Mn L-edge and 25 eV for O K-edge respectively. EELS analysis and discussion for
PCMO x=0.33 can be found in the ref.?

4.5 Method of Mn Valence analysis: Mn valence is calculating by Mn Ls/L; integrated intensity
ratio using the similar method described in detail by M. Varela et al.*® A 50 eV wide window is
used in power-law background (inbuilt Gatan DM function) to fit before each Mn Ls-edge. A
Hartree-Slater (HS) type cross-section step function (in Gatan Digital Micrograph) is used for
subtracting the background inside the L3 and L, edges. The HS step function removes continuum
background contribution of a 10 eV window immediately after the L edge. The high loss spectra
is calibrated using the energy calibration of the zero loss peak. The error bars are determined by

performing the integration of L3 and L, edges by shifting the integration windows by =1 eV.

4.6 TEM lamella preparation: TEM lamellae for PCMO x=0.1 is prepared from epitaxially
grown (001) oriented thin films by Focused lon Beam lift-out technique using a noble metal free
protection layer and careful low energy ion milling for the preparation of ultrathin lamella.
Supplementary Figure S6 shows the before and after thinning steps of PCMO x=0.1 TEM lamella.
The lamella preparation is followed by the method explained for the lamella preparation of PCMO
x=0.33 in ref.?® The Ar ion milling (Precision Ion Polishing System (PIPS II) Gatan, Inc) is used
for fine thinning and surface cleaning with 0.3 KeV beam energy and 24.13 pA beam current with
only one stationary beam and stage rotation off (Stage tilt £5°). As reported earlier?®,*? the damaged
perovskite structure by FIB and PIPS can be recrystallized in high partial pressure of Oz in ETEM.
The PCMO x=0.1 reduced surface is recrystallized in 1 mbar O in the ETEM. Supplementary
Figure 7 and movie M6 shows recrystallization process of PCMO x=0.1 (001) surface.

4.7 Image simulations: The multi-slice HRTEM image simulation for both PCMO system shown
in Figure 2 d and h is performed with QSTEM®* using a crystal model in which the placement of

the mixed A-site atoms, i.e., Pr and Ca, is done column by column. For each atomic site, a Pr atom
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is set if the fraction of all previously set atoms exceeds the doping concentration x. A Ca atom is
placed otherwise. This way, agglomeration of A-site atoms of the same kind are avoided in each
column and the resulting A-site contrasts are rather homogeneous matching the experimental

observations.

To approximate the experimental conditions for PCMO x=0.33, a small image section is extracted
from the experimental data close to the surface and the sample thickness as well as the lens
aberrations (including defocus, spherical aberration, two-fold astigmatism and axial coma) are
fitted by minimizing the root mean square difference between experimental and simulated images.
The Metropolis method is employed as minimization algorithm and the virtual temperature is
decreased exponentially as a function of the iteration step. PCMO x = 0.33 crystal model creation

as well as fitting procedure were already reported and used in ref.?8

The main goal of this work is to understand the contrast difference between A and B site atomic
columns. Therefore, only thickness and defocus parameters are used for the PCMO x = 0.1 system.
The (001) surface is simulated without lens aberrations parameters (Figure 2d). The resultant image
adequately provides a contrast difference between A-site (Pr/Ca - O) and B-site (Mn-O) atomic

columns. The resulting electron optical parameters and sample thickness are noted in table 1.

Parameters Fit PCMO (x=0.33) Fit PCMO (x=0.1)
C1 -Defocus -63 A -40 A
Al-Two fold Astimatism 68.09 A 0A
Al angle 2.41 rad 0rad
Cs -spherical -15817.58 A 0A
aberration
B2-Axial coma 8639 A 0A
Thickness 4.3 nm 4.3 nm
Focal spread 100 A 100 A

Table 1: Electron optical parameters as obtained by fitting of simulated to experimental images.
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ABSTRACT: The stability of perovskite oxide catalysts for the oxygen evolution reaction (OER) plays a critical
role for their applicability in water splitting concepts. Decomposition of perovskite oxides under applied poten-
tial is typically linked to cation leaching and amorphization of the material. However, structural changes and
phase transformations at the catalyst surface were also shown to govern the activity of several perovskite elec-
trocatalysts under applied potential. Hence, it is crucial for the rational design of durable perovskite catalysts to
understand the interplay between the formation of active surface phases and stability limitations under OER
conditions. In the present study, we reveal a surface-dominated activation and deactivation mechanism of the
prominent electrocatalyst Lag¢Sro4C003.s under steady-state OER conditions. Using a multi-scale microscopy and
spectroscopy approach, we identify evolving Co-oxyhydroxide as catalytically active surface species and La-hy-
droxide as inactive species involved in the transient degradation behavior of the catalyst. While the leaching of
Sr results in the formation of mixed surface phases, that can be considered as a part of the active surface, the
gradual depletion of Co from a self-assembled active CoO(OH) phase and the relative enrichment of passivating
La(OH); at the electrode surface results in the failure of the perovskite catalyst under applied potential.

INTRODUCTION and in the near-surface region of the oxide catalysts,
Active and durable energy materials are key to estab- which influence the catalytic activity of perovskite
lish a sustainable energy management based on effi- materials.®1? Besides activity, the stability of perov-
cient devices for the production, conversion and stor- skite electrocatalysts in alkaline media and under ap-
age of chemical fuels based on renewable energy, plied potential is highly debated since high robust-
much needed to abandon climate-damaging fossil ness is crucial for their applicability in energy de-
fuels."? Essentially, the sluggish oxygen evolution re- vices.*10111314 Numerous studies have indicated that
action (OER) thwarts the implementation of water electrocatalysts undergo surface reconstructions and
splitting concepts for the production of hydrogen. To chemical transformations under OER conditions, that
overcome this limitation, the exceptional catalyticac- ~ Mmay be related to the transformation of the perov-
tivity of perovskite oxides for the OER has stimulated skite surface toward an active, dynamic state but also
the discussion about the intrinsic properties respon- ~ t0 detrimental processes leading to irreversible deg-
sible for the high catalytic performance of this mate- radation. Here, leaching of cations''>*" as well as
rial class for many years.*” Here, the attention in- structural modifications such as amorphiza-
creasingly lies on the processes at the topmost surface tion't151718212 and even complete decomposition of

oxide catalysts?®?’” were observed and linked to
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changes in the catalysts’ activity. At the same time, re-
cent studies have shown that surface-near phase
transitions may play a key role in the catalytic pro-
cess 81228

Hence it is apparent that surface phase transfor-
mations can trigger catalytic activity, but also are in-
volved in the aging of catalysts. The link between
these processes however remains unresolved to date.
Therefore, a holistic view on both, activity and stabil-
ity of perovskite OER catalysts, with respect to dy-
namic surface processes involved in the oxygen evo-
lution reaction is needed, to develop strategies to
overcome the stability limitations of active perovskite
electrocatalysts. Epitaxial model catalysts offer a high
level of control in material properties and thus at-
tracted much attention for the study of catalytic pro-
cesses at well-defined perovskite surfaces.1:1214:26.29-32
In the present study, we identify active species at the
surface of LSCO at the atomic scale and provide a de-
tailed understanding of the potential-driven, dy-
namic processes at the solid-liquid interface under
OER conditions that result in the formation of Co-ox-
yhydroxide as active surface species and La-hydrox-
ide as inactive passivation layer. Our findings link the
transformation of the crystalline perovskite catalyst
towards mixed chemical phases in the near-surface
region to the degradation behavior of LSCO during
operation in alkaline media.

RESULTS

Catalyst efficacy and lifetime at increased OER re-
action rates. The electrochemical performance of
the 20 nm thick epitaxial LSCO electrocatalysts was
characterized in 0.1 M KOH using a rotating disk
setup. Details on the sample preparation can be found
in the experimental section and reference (26). Fig-
ure 1la shows representative cyclic voltammetry data,
where an iR corrected potential of E = 1.66 + 0.01 V vs.
RHE was determined at a current density of j = 1.0
mA-cm? based on the average value obtained from
three different samples. A representative Nyquist-
plot, obtained by electrochemical impedance spec-
troscopy (EIS) at open circuit potential is shown as in-
set image. Furthermore, Tafel analysis was per-
formed by consecutive steady-state galvanostatic
holds at different current densities as displayed in
Figure 1h. The Tafel plot derived from averaged val-
ues obtained from three samples is given in Figure 1c
with a Tafel slope of 8V/8log(j)~88 mV/dec which is in
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good agreement with the literature.®*** All LSCO lay-
ers hence show high OER activity comparable to the
best-in-class perovskite catalyst.

To evaluate the stability, i.e. the lifetime, of the
LSCO electrocatalysts during OER operation,
chronopotentiometry was performed at different
current densities. Here, the oxygen evolution reac-
tion is driven under steady-state conditions (constant
reaction rate) until the deactivation of the LSCO thin
film electrodes is evident from a rapid increase in
overpotential. All samples used for lifetime testing ex-
perienced equal electrochemical treatment before
the respective galvanostatic measurements. A de-
tailed description of the measurement protocol is
given in the experimental section. The end of lifetime
represents a sudden loss of the OER activity. Increas-
ing lifetimes are observed for decreasing current
densities, ranging between 0.6 - 19.5 hours in the cur-
rent density range between j = 1.0 - 10.0 mA-cm? (Fig-
ure 1d). Notably, the lifetime measurement of epitax-
ial LSCO atj = 0.1 mA-cm™ remained stable for >200 h
and did not reach the end of its lifetime during the
measurement time (denoted by asterisk). The investi-
gation of the potential-dependent catalyst lifetime re-
veals substantial, though considerably varying stabil-
ity of the epitaxial thin film electrodes of only 20 nm
thickness. As can be seen, the lifetime shows a pro-
nounced non-linear trend for LSCO catalysts oper-
ated at different current densities (Figure 1le, left).
Similarly, the total charge Aq, indicative of the total
amount of oxygen generated during the catalyst life,
strongly depends on the applied potential (Figure 1e,
right). This results in pronounced differences in the
efficiency of the catalysts depending on the operation
conditions, where low reaction rates at the catalyst
surface lead to higher stability, while high current
densities and high potentials result in rapid catalyst
deactivation. Consequently, dynamic processes need
to be considered to gain fundamental understanding
of the degradation behavior of LSCO electrocatalysts.

Surface-dominated catalyst deactivation under
steady-state OER operation. After steady-state oper-
ation of the epitaxial LSCO model electrodes until the
end of lifetime, the formation of island-like structures
is visible at the initially smooth surface, which exhib-
its a distinct step terrace structure in the pristine state
(Figure 2a). In spite of the severe morphologic
changes, X-ray diffraction analysis (XRD) in 26-w
measurement geometry reveals only minor changes
in the bulk properties of the thin film catalysts, re-
flected by a slight broadening of the thin film diffrac-
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Figure 1. Electrochemical performance of 20 nm epitaxial (001) LSCO thin films catalyzing the oxygen evolution reaction
(OER). (a) Averaged forward and reverse scans of the second cycle of cyclic voltametry measurements; the inset image shows
the Nyquist-plot obtained by electrochemical impedance spectroscopy. (b) Steady-state measurement of four consecutive gal-
vanostatic holds. (c) Tafel-plot obtained from steady-state galvanostatic measurements; error bars represent the standard
deviation of average values obtained by the measurement of three different samples. (d) Chronopotentiometric measure-
ments for the characterization of the LSCO stability on the basis of the catalyst lifetimes at different applied current densities.
Abrupt increase of potential denotes the end of lifetime. (e) Plot of the lifetimes (left) and the respective transferred charge
(right) depending on the applied current density determined based on the data shown in (d), visualizing a strong non-linearity

i.e. potential dependence of the catalyst deactivation.

tion peak and a slight shift of the peak position to-
wards lower diffraction angles (Figure 2b). Recipro-
cal space mapping confirms a slight expansion of the
c-lattice parameter, while the strain state is preserved
as evident from the constant a-lattice parameter (Fig-
ure 2¢).

These rather marginal changes in the bulk proper-
ties however, are unlikely to explain the complete de-
activation of the catalysts. In fact, it demonstrates the
high dissolution stability of the epitaxial thin film cat-
alysts in steady-state operation mode. Nevertheless, a
slight decrease in thickness of the crystalline LSCO
layer can be observed from the XRD analysis that in-
dicates a loss of the structural order of the perovskite

material in the near-surface region. The degradation
zone can be estimated to be about ~1 nm in depth for
thin film electrodes operated at high current densi-
ties of j = 10.0 mA-cm2based on the periodicity of the
thickness oscillations. After operation at lower cur-
rent densities, the degradation depth was found to be
slightly increased to several nanometers, which is
consistent with an increased amount of transferred
charge in the low potential regime (cf. Figure 1e). The
lifetime of LSCO electrocatalysts under steady-state
operation at increased current densities, therefore,
might be rather determined by a surface-dominated
deactivation mechanism than a bulk process.
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Figure 2. (a) Representative atomic force microscopy (AFM) images of a LSCO thin film comparing the morphology in the as-
prepared state and after the end of lifetime (operated at j = 10.0 mA-cm). (b) X-ray diffraction 26-w analysis reveals a high
crystallinity and similar thickness of the catalyst layers in the as-prepared and the post-catalysis state. (c) X-ray diffraction in
reciprocal space mapping geometry around the asymmetric (013) reflections confirms minor expansion in the thin film c-
lattice parameter, while epitaxial strain is found to be preserved after electrochemical operation (constant a-lattice parame-

ter).

In contrast, bulk degradation and amorphization of
the entire catalytic thin films was reported under re-
peated dynamic cycling.?6 The decreased amorphiza-
tion rate under steady-state operation conditions in
comparison to dynamic operation conditions during
commonly applied potential cycling like cyclic vol-
tametry is consistent with the observations of May et
al.’® However, the limitation of structural changes to
the topmost surface during steady-state operation at
relatively increased current densities associated with
the accelerated failure of the electrocatalysts is sur-
prising.

Surface mobility of cobalt moieties promotes ac-
tivity and surface disorder. To elucidate the atom-
istic details of the catalytic OER process, we investi-
gated the LSCO samples under near-OER conditions
using environmental transmission electron micros-
copy (ETEM), which allows to study the catalyst sur-
face in direct contact to water adsorbates. The exper-
imental details and the lamella preparation proce-
dure followed the routines established in refer-
ences®* and are described in the methods section.
After a recrystallization procedure of the FIB lamella
in O, atmosphere (cf. Figure S1), an atomically sharp
surface is obtained, ideal for atomic-resolution stud-
ies of surface processes at the solid-liquid interface
(Figure 3a). The surface is well ordered and exhibits
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a sharp A-site termination, which remains stable in
0, environment (cf. Figure S2 and movie M1 attached
in the SI). Here, the experimentally observed atomic
ordering is well-comparable to a simulated image of
the LSCO surface structure (Figure 3b), which indi-
cates a predominant A-site termination of the as-pre-
pared (001) perovskite electrocatalyst, consistent
with a typically observed A-site enriched surface. In
order to investigate the LSCO surface structure under
near-OER conditions, the imaging environment is
switched from O, to H,O conditions, which results in
the condensation of a thin water layer at the perov-
skite surface. In addition, the incident electron beam
induces an anodic potential to the sample, leading to
effective near-OER conditions. A time sequence of
HR-ETEM images of the interface recorded in 0.5 Pa
of H,0 is shown in Figure 3c, which reveals dynam-
ical changes of the surface structure that occur within
the timespan of seconds to minutes after exposure to
the water environment. Here, the presence of dy-
namic adatoms on top of the ordered A-site termi-
nated surface is observed (white arrows at t = 0.5 s).
Based on the emerging contrast and their location at
specific B-sites of the extended perovskite lattice, they
are attributed as Co species. They can form dynamic
active sites at the solid-liquid interface under anodic
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Figure 3. Observation of the dynamic LSCO (001) surface by ETEM. (a) The surface of the as-prepared LSCO lamella is atomi-
cally sharp and exhibits A-site termination in O, environment. (b) A simulated image of a LSCO (001) surface shows atomic
contrast, that is consistent with the experimentally obtained HRTEM image. A superimposed structural model illustrates the
atomic positions of Sr, La, Co and O. (c) Representative images of a time sequence (4 fps) demonstrate the LSCO surface dy-
namics in 0.5 Pa of H,0. Highly mobile adatoms are detected at the solid-liquid interface under near-OER conditions, which
appear at the B-site positions of the extended perovskite surface. White arrows highlight several exemplary Co adatoms. (d)
Line profiles are recorded close above the A-site terminated surface as indicated by the white rectangle in (c) to quantitatively
evaluate the hopping events. The noise level is determined above the sample (yellow rectangle) and the 3o threshold is calcu-
lated from the noise signal, which indicates the detection limit of Co adatoms. Intensity fluctuations above 3o level indicate
the presence of highly mobile adatoms at the interface between the electrocatalysts and the condensed water layer. (e) A
structural transformation of the crystalline LSCO surface region towards a disordered layer is detected under near-OER con-
ditions. The image was recorded after imaging under anodic polarization for 17 min in 7 Pa of H,0.

polarization of the OER catalyst. As these ionic pro- moieties at the catalyst surface. The hopping rate, i.e.
cesses occur on very short timescales in comparison the presence of active Co species at the LSCO surface
to the catalysts lifetimes they are likely to play a key was detected to be increased in H,0 environment by
role for the catalyst activity. At the same time, they a factor of eight (cf. Figure S2). The increased mobility

might affect the atomistic processes responsible for of Co cations results in transient changes of the sur-
catalyst degradation. face structure, indicative of the degradation process

The high mobility of the adatoms is further illus- associated to the evolution of the initially atomically
trated by line profiles shown in Figure 3d, extracted sharp surface towards a disordered and Co-rich sur-
right above the topmost A-site column at the solid-lig- face layer at the catalyst-electrolyte interface as can
uid interface. The background fluctuations of the CCD be seen in Figure 3e (cf. movie M3). The surface re-
signal are recorded in the vacuum region above the construction that includes displacements and mixing
surface as a reference and yields the standard devia-  Of A- and B-site cations along the disordered surface
tion 30 which defines the noise level of the measure- was observed to be accelerated by higher partial
ments. Each signal above the 3o-level hence indicates pressures of H,0. Consistently, imaging in 0.5 Pa of

the appearance and disappearance of dynamic Co
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H,O0 results in a slow formation of a disordered sur-
face layer (Figure S3a), while at 11 Pa of H,0, a fast
formation of the disordered surface is observed (Fig-
ure S3b and movie M4). Here, the disordered surface
layer exhibits a thickness of about ~1 nm, well-com-
parable to the degradation zone detected by XRD af-
ter OER operation at high current densities (cf. Figure
2b, o).

OER activity is typically directly linked to the local
electronic structure at the active catalyst surface.
Therefore, electron energy-loss spectroscopy (EELS)
is performed to investigate the evolution of the elec-
tronic structure of the LSCO catalysts under near-OER
conditions. The O-K-edge and Co-L-edge spectra are
acquired in the surface region of the catalyst as well
as in the bulk (Figure 4a). The formation of a disor-
dered surface layer under near-OER conditions is as-
sociated to gradual changes in the electronic signa-
ture towards the surface (Figure 4b,c). The O-K-edge
exhibits three characteristic peaks denoted as (1), (2),
and (3). Here, the pre-peak (1) is attributed to the hy-
bridization of the O 2p states with the Co 3d states and
indicates the presence of O 2p holes, while the peaks
(2) and (3) represent transitions into hybridized O 2p
- Co 4sp states.’”*® The decrease in the height of the
pre-peak (1) obtained in the topmost atomic layers af-
ter operation of the sample at near-OER conditions in-
dicates the decrease in the average Co valence state®,

which furthermore is in good agreement with the ap-
parent shift in the Co-L-edge towards lower energies.

This observation is consistent with the change in
the intensity ratio of the Co-L3/Co-L, signals, that is
sensitive to the valence state of transition metals,
where the average cation valence decreases with an
increasing Co-L,/Co-L, intensity ratio.’” As can be
seen, the ratio is generally increased after treatment
at near-OER conditions, which indicates a reduction
of the average oxidation state of Co cations.* Moreo-
ver, a distinct increase of the Co-Ls/Co-L, intensity ra-
tio is visible with decreasing distance to the topmost
surface (Figure 4c), which further emphasizes that
the electronic changes evident by EELS appear to be
interrelated to the surface processes driven under
near-OER conditions. In comparison, only a small de-
crease in the intensity but no change in the spectral
shape or shift in the peak position is detected for the
La-M-edge spectra in the surface region (Figure S4).

Evolution of the surface chemistry from perov-
skite towards mixed phases. To link the structural
evolution and electronic changes at the perovskite
electrode surface upon OER operation with composi-
tional changes in the near-surface region, a combined
approach of on-line inductively coupled plasma mass
spectrometry (ICP-MS) for the investigation of the
leaching behavior and angle-dependent X-ray photo-
electron spectroscopy (XPS) analysis for probing the
electrode surface region is applied (Figure 5). On-line
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Figure 4. Electron energy loss spectroscopy. EELS analysis is performed in the as-prepare state (O;) and after near-OER con-
ditions after transfer to vacuum (1 x 105 Pa) of the LSCO catalyst. (a) The measurement position is varied between the surface
and the subsurface region of the lamella as highlighted by the white (surface) and the black (bulk) rectangles denoted in the
ADF-STEM image. (b) O-K-edge and Co-L-edge spectra recorded by EELS. (c) Plot of the Co-Ls/ Co-L; intensity ratio versus the
sampling position, where 1 corresponds to the topmost surface. A systematic increase in the Co-Ls/ Co-L; ratio after near-OER
conditions indicates a decrease of the average oxidation state of Co towards the catalyst surface. The spectra are background
subtracted and energy calibrated using the corresponding zero-loss peak.



ICP-MS is performed to determine the rate of cation
dissolution under electrochemical bias in real-time,
enabling immediate tracking of dissolved catalyst
constituents. The contact between the LSCO thin film
electrodes and the scanning flow cell (SFC) setup was
established under 1.0 V vs. RHE applied potential, fol-
lowed by a first galvanostatic hold at different cur-
rent densities of j; = 0.1 mA-cm?, j;= 0.3 mA-cm? or
j1= 1.0 mA-cm®. The duration of each galvanostatic
hold was set to yield identical charge passed (1800 s,
600 s and 180 s, respectively, Aq = 0.18 C). Each meas-
urement protocol was finished with a second gal-
vanostatic hold at j, = 2.25 mA-cm. This protocol was
chosen to test the electrochemical stability under dif-
ferent potentials and to correlate chemical leaching
rates with the respective OER reaction rates (via j).

Throughout the measurements, only the dissolu-
tion of strontium was detected with generally low dis-
solution rates, which indicates a selective leaching of
Sr cations from the A-sites. Here, the first significant
dissolution feature is typically observed during the
potentiostatic hold prior to switching to the galvanos-
tatic holds. This feature is related to the dissolution of
minor Srrich secondary phases, which are com-
monly present at the LSCO surface and is visible
when the contact between the scanning flow cell is
established with the LSCO electrode surface (cf. Fig-
ure S5).4+42 Figure 5a compares the detected Sr disso-
lution rate for the three different measurement pro-
tocols. Here, a small transient decay in Sr dissolution
is observed independent from applied potential ow-
ing to a long tail of the initial contact peak, while dis-
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Figure 5. Investigation of stoichiometric changes of LSCO electrocatalysts during steady-state OER operation. (a) Chemical
analysis of the electrolyte by on-line ICP-MS measurements. The dissolution rate of Sr is monitored during three different
measurement protocols. For the systematic investigation of Sr dissolution at different current densities, two galvanostatic
holds are applied during each measurement protocol, respectively (j; = 0.1 mA-cm?, j; = 0.3 mA-cm™or j; = 1.0 mA-cm?and j,
=2.25 mA-cm). (b) The dissolved amounts of Sr is determined for the galvanostatic holds at different current densities. Error
bars represent the standard deviation of average values obtained from three measurements, each performed on a fresh cat-
alyst surface. (c) Angle-dependent XPS analysis of the surface stoichiometry after OER operation in the low potential regime
similar to the conditions used during on-line ICP-MS. The depletion of strontium and the enrichment of cobalt is detected for
catalysts operated at j = 0.3 mA-cm?and j = 1.0 mA-cm2. XPS analysis was performed at a photoemission angle © = 15° (less

surface-sensitive) and © = 64° (more surface-sensitive).
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tinct dissolution features are only visible for potential
steps that result in increased current densities. Inter-
estingly, a potential-dependent leaching behavior is
evident as summarized in Figure 5b, where Sr disso-
lution is only detectable during OER operation at a
current density j; > 1.0 mA-cm? yielding around
4.3 ng-cm. Here, the dissolution rate increases in a
transient manner and slowly decays until the end of
the hold. While qualitatively a dissolution feature can
be observed at j; = 1.0 mA-cm?, the calculated dis-
solved amount of Sr needs to be taken with care at
these operation conditions since the value is below
the nominal detection limit of the on-line ICP-MS sys-
tem.

Galvanostatic holds at a current density of j, = 2.25
mA-cm? however, are accompanied with increased
Sr dissolution rates and a total amount of dissolved Sr
of about 20.7 + 0.5 ng-cm?, 25.1 + 5.0 ng-cm*? and 21.7
+ 5.8 ng-cm Similarly to the dissolution feature de-
tected at lower current density (j; = 1.0 mA-cm™?), Sr
dissolution rapidly increases during the potential
step. Each experiment was finished when the contact
was lost due to vigorous bubble formation at the
working electrode surface, blocking the channels of
the SFC. Independent from the specific measurement
protocol, the deactivation of the LSCO sample (con-
tact loss) occurred when similar amounts of Sr (ap-
prox. 25 ng-cm?) leached from the crystal lattice for
all measurement protocols applied. Our results are
consistent with precedent literature data, where the
authors observed increased Sr leaching with increas-
ing Sr-substitution at the A-site of the perovskite lat-
tice. Remarkably, the authors found that Sr dissolu-
tion in LSCO is coupled to the dissolution of small
amounts of cobalt.*®

The again non-linear dependence of the dissolution
rate on the applied current density indicates that OER
catalysis driven at higher current densities promotes
the preferential leaching of A-site strontium cations
with a higher rate, consistent with the non-linear be-
havior of lifetime and charge (Figure 1e). To further
characterize the degradation of the LSCO electrocata-
lyst samples, stability-numbers (S numbers) were cal-
culated, which directly correlate to the amount of dis-
solved metal species (here strontium) with the passed
anodic current (the amount of evolved 0,%°). The ob-
tained S-numbers (1.59 x 105, 1.26 x 10°, 1.54 x 10° for
the holds at 2.25 mA-cm? and 9.62 x 10* for the gal-
vanostatic hold at 1 mA-cm) are in the range of 105,
which is close to the values observed for example, for
metallic Ir® (1.0 x 10%), Iry,Sny30:* (1.6 x 10%) and
SriIrO; thin films?® (8.0 x 10%), investigated in acidic
media. Overall, the high S-number of our LSCO thin
films indicate high stability of the investigated LSCO
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perovskite electrocatalyst sample in the j = 1.0 -
2.25 mA-cm? current density range similar to the
chemical stability of the most common oxide catalysts
applied in acidic media.

To correlate the dissolution behavior with stoichio-
metric changes at the electrode surface, angle-de-
pendent XPS analysis is performed (Figure 5c). Here,
the relative cation composition of the electrode sur-
face is determined after transfer of an equal amount
of charge during OER at different current densities of
j=0.1 mA-cm? j=0.3 mAcm?andj = 1.0 mA-cm?
Large photoemission angles © allow for the detection
of surface-near signals (mean escape depth d ~0.6 nm
for Co 2ps;;) while smaller photoemission angles re-
sult in the detection of photoelectrons originating
from larger information depth (mean escape depth d
~1.3 nm for Co 2p;;,). As can be seen, the surface of the
LSCO model electrodes remain predominantly A-site
terminated when operated at low current densities of
j = 0.1 mA-cm? (cf. Figure S6 for as-prepared state).
After operation at higher current densities of j = 0.3
mA-cm?and j = 1.0 mA-cm? we observe a relative in-
crease of the cobalt signal and decrease of the stron-
tium signal for small © while the lanthanum signal
exhibits only minor changes. In contrast, the relative
cation composition appears to remain unchanged in
the (buried) near-surface region of the perovskite cat-
alyst (large 0).

Consistent with our on-line ICP-MS measurements
Sr depletion is promoted at high current densities,
which evidently is accompanied by an enrichment of
cobalt at the LSCO surface. The XPS investigations re-
veal, however, that stoichiometric changes at the
electrode surface are induced even at low current
densities j < 1.0 mA-cm?, while Sr dissolution was de-
tected by on-line ICP-MS only during operation at
j>1.0 mA-cm™? Here, the small dissolution rate of Sr
may prevent its detection by time-resolved ICP-MS
analysis.

Identification of mixed surface phases. To under-
stand the nature of the chemical changes at the LSCO
surface during steady-state OER conditions, galvanos-
tatic holds at j = 1.0 mA-cm™ and j = 10.0 mA-cm? are
applied and XPS core-level spectra of the as prepared
LSCO surface and the operated catalysts are recorded
(Figure 6). Both operated catalysts were still active af-
ter OER operation and transferred to the vacuum of
the XPS within ~2 min to limit post-experimental ag-
ing.

The Sr 3d spectrum of the as-prepared sample, exhib-
its a shoulder at high binding energies, which is typi-
cally related to Sr-rich surfaces phases, frequently ob-
served for LSCO (Figure 6a). 3441424546 After operation
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of the catalyst, the high binding energy component is
vanished, which is consistent with the on-line ICP-MS
investigations presented above. The La 3ds,, spectrum
exhibits distinct multiplet-splitting with a magnitude
of AB.E. = 4.1 eV for the as-prepared perovskite oxide.
In the operated state, the magnitude of the multiplet-
splitting is decreased to AB.E. = 3.8 eV (Figure 6b). Fur-
thermore, a shift in binding energy is evident by com-
parison to the as-prepared state. Both observations
indicate the formation of La(OH); at the surface upon
OER operation.’’ The observed dissolution of stron-
tium and the formation of lanthanum hydroxide is in
accordance with the high solubility of Sr(OH), and the
low solubility of La(OH); at pH = 13 (0.1 M KOH).*® In

addition, changes in the chemistry of the transition
metal can be observed. The Co 2ps, signature is com-
posed of an asymmetric peak and a pronounced tail
towards higher binding energies, where the tail fea-
ture originates from a set of satellite peaks (Fig-
ure 6¢). In the operated state, a main peak of de-
creased width and increased symmetry is visible, in-
dicating a loss in the metallic character of the catalyst
surface. Furthermore, a separation between the main
peak and the remaining tail structure, now composed
of a single satellite peak becomes apparent.
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Figure 6. X-ray photoelectron spectroscopy investigations of the LSCO surface chemistry. Sr 3d (a), La 3ds. (b), Co 2ps (c) and
0 1s (d) XPS core-level spectra of LSCO catalysts in the as-prepared state (first column), and the operated (but still active) state
after OER catalysis for 600s at j = 1.0 mA-cm™? (second column) and the operated (but still active) state after OER catalysis for
600s at j = 10.0 mA-cm? (third column). The respective spectra are displayed for each sample state after subtraction of a
Tougaard background. The O 1s spectra are deconvoluted by data fitting of five different components (ABOs lattice oxygen
(purple), surface termination component (green), oxyhydroxide lattice oxygen (orange), mixed hydroxide groups (cyan), or-
ganic components (blue)). XPS analysis was performed at a photoemission angle O = 46.
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The changes in the relative weight of the satellite fea-
tures gives evidence about the formation of a new
surface component at the operated catalysts which
exhibits an oxidation state of Co(IIl), reflected by the
pronounced satellite peak around ~790 eV.1%50

Further insights on the chemical nature of the co-
balt surface phase are gained based on the O 1s core-
level signature (Figure 6d). Deconvolution of the O 1s
core-level spectrum is based on five different chemi-
cal states which can be assigned to the lattice oxygen
of the LSCO perovskite oxide, a termination layer
component or, after OER operation, a (Co)oxyhydrox-
ide lattice oxygen component, a mixed hydroxide
component and a small amount of organic com-
pounds.

The O 1s signature exhibits clear changes in the rel-
ative intensity of the different components after elec-
trochemical operation, in particular visible in form of
a decreased perovskite signal. The changes in the O 1s
signature, are most likely associated to a change in
the cobalt chemistry. Most likely, the correlated
changes in the spectroscopic signature of the Co 2ps,
and the O 1s core-level regions, indicate the presence
of cobalt-oxyhydroxide at the catalyst surface. The
evolution of a Co(II)-signature is accompanied by the
emergence of an additional peak contributing to the
O 1s signal, which is in accordance with the two dif-
ferent chemical states of oxygen (single bond and
double bond) within the CoO(OH) compound. While
the signal of the CoO(OH) hydroxide groups contrib-
ute to the mixed hydroxide component, the newly
evolved component (orange peak in Figure 6), visible
only for the operated state, likely reflects the CoO(OH)
lattice oxygen contribution.’® The presence of a lan-
thanum oxyhydroxide compound can be excluded
due to its inherent instability in aqueous solution.*

The phase transition of the perovskite surface of
mixed cobalt valency of nominally (III)/(IV) character
towards a Co-oxyhydroxide phase with an oxidation
state of Co(III) is consistent with the EELS results pre-
sented above, that have indicated a reduction of the
average Co oxidation state of the operated catalyst
surface. Furthermore, the observation of CoO(OH)
formation is consistent with recent reports for LSCO
OER electrocatalysts.>? Interestingly, the cobalt oxy-
hydroxide component was vanished after the end of
lifetime, leaving behind a Co 2ps3, and O 1s signature
similar to the initial state, while a clear La(OH); sig-
nature remains visible (cf. Figure S7). However, it
cannot be ruled out that these post-mortem changes
result from the rapidly increasing potential at the end

of the catalysts lifetime in galvanostatic measure-
ments.

Our findings emphasize the particular importance
of dynamic surface transformations at the surface of
perovskite OER catalyst. These processes are accom-
panied with severe changes of the catalyst surface
properties, which occur within the initial phase of
OER catalysis at the solid-liquid interface.

DISCUSSION

In summary, we demonstrate that under OER condi-
tions an active state of the LSCO catalyst surface rap-
idly evolves where highly mobile Co species dominate
the surface chemistry, while additional irreversible
processes result in an altered surface chemistry asso-
ciated with a surface-dominated degradation process
on longer time scales. The clear interrelation between
the applied potential and the chemical changes of the
perovskite surface may support the hypothesis that
the process is driven by the potential-induced
LOER.>*** Here, the evolution of molecular oxygen,
which originates from oxygen anions of the perov-
skite lattice, results in the decomposition of the per-
ovskite structure and the release of Sr, La and Co cat-
ions. The subsequent stoichiometric evolution of the
catalyst surface under applied potential appears to be
mostly determined by the solubility of the involved
cations in the investigated potential-pH-window*, re-
sulting in a complex evolution of mixed oxide phases
at the catalyst surface. The catalyst surface becomes
depleted from highly soluble strontium cations, while
cobalt of finite solubility is enriched at the surface un-
der initial OER operation as illustrated in Figure 7a.
In contrast, lanthanum is insoluble under the given
conditions and consistently, the lanthanum stoichi-
ometry appears to be widely unchanged across the
near-surface region. The topmost surface of operated
LSCO electrocatalysts is found to be composed of
La(OH); and CoO(OH) (Figure 7a).

While Co-oxyhydroxide was reported to actively cat-
alyze the OER®, lanthanum hydroxide may play a par-
ticular role in the deactivation mechanism of LSCO
electrocatalysts, since it does not participate in oxida-
tion reactions’® and is highly stable under OER condi-
tions.*® Therefore, the compound may have a passiv-
ating character and likely blocks parts of the active
catalyst surface. After the assembly of an active Co-
oxyhydroxide layer as well as an inert lanthanum-hy-
droxide phase under applied potential, OER catalysis
will be widely determined by the equilibrium be-
tween the dynamic dissolution of CoO(OH) and its re-
deposition.?
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Figure 7. (a) Schematic illustration of the dynamic surface
transformations induced under OER conditions. Strontium
leaching and Co hopping during in the initial phase of OER
results in the formation of mixed phases at the catalyst sur-
face. A dynamically evolving and catalytically active
CoO(OH) phase as well as a highly insoluble and catalyti-
cally inactive La(OH); phase is formed. (b) Chronopotenti-
ometric measurements for the characterization of the LSCO
stability on the basis of the catalyst lifetimes at an applied
current density of j = 3.0 mA-cm? comparing the lifetime of
LSCO in 0.1 M KOH and Co-spiked 0.1 M KOH. Abrupt in-
crease of potential denotes the end of lifetime. The catalyst
lifetime is considerably increased by Co-spiking of the elec-
trolyte.

Considering the dynamic processes at the catalyst
surface, we propose that the dynamic equilibrium
successively shifts towards Co dissolution with in-
creasing potentials which results in the gradual loss
of cobalt from the active oxyhydroxide layer to the
electrolyte over the course of many completed oxy-
gen evolution reaction cycles. Thus, the depletion of
Co-oxyhydroxide from the self-assembled surface

layer is accelerated at high OER rates, which may re-
sult in a failure of the catalyst when a critical ratio
between CoO(OH) / La(OH); coverage of the surface is
reached. In addition, agglomeration of the CoO(OH)
surface phase may result in a decrease of the catalyt-
ically active surface area. As shown in Figure 7b, this
process can be delayed by spiking the electrolyte by
cobalt, following the report of Chung et al.’¢ In this
way the balance between Co-oxyhydroxide and La-
hydroxide can be manipulated by shifting the equi-
librium between Co dissolution and re-deposition to-
wards the precipitation of the solid Co-oxyhydroxide
phase, which yields a 16-fold increase in lifetime.

Our findings suggest that not only the activity of the
LSCO catalysts is determined by the assembly of ac-
tive surface phases, but that the overall lifetime of the
electrocatalysts is mainly determined by the stability
of the active Co-oxyhydroxide surface layer. Here, it
is crucial to maintain the balance between dissolu-
tion and re-deposition of Co, strongly influenced by
the operation conditions, in order to preserve the ac-
tive Co-oxyhydroxide phase. Potential-dependent
surface processes hence may result in the successive
degradation of the catalytically active surface layer
under steady-state operation conditions, which may
inherently limit the lifetime of perovskite electrocat-
alysts at increased, technically relevant current den-
sities.

CONCLUSION

Under steady-state OER operation, an active surface
state of LSCO electrocatalysts rapidly evolves which
is characterized by Co-oxyhydroxide species which
coincides with high ion dynamics at the solid-liquid
interface. On longer timescales, degradation of the
LSCO electrocatalysts is observed. While the catalyst
bulk remains mostly unaffected at constant load, the
catalyst lifetime is critically limited by the dynamic
transformations of the topmost perovskite surface to-
wards mixed phases. The degradation behavior
hence considerably differs from dynamic conditions,
where excessive amorphization and dissolution pro-
cesses typically result in a loss of the catalytic perfor-
mance over time. The surface transformation is po-
tential-induced and results in a limited efficacy of the
LSCO electrocatalysts in the high potential regime.
We show that dynamic hopping of Co species across
the LSCO surface is facilitated in presence of an aque-
ous electrolyte i.e. at the solid-liquid interface, which
most likely plays an important role in the dynamic
structural and chemical evolution of the catalyst sur-
face. While Sr readily dissolves in the electrolyte at

11



relevant OER potentials, La remains stable at the sur-
face in form of La(OH); and Co enriches at the surface
in form of CoO(OH) during the early stage of steady-
state OER operation. We propose that the interplay of
the catalytically active and dynamically evolving
CoO(OH) and a highly stable and catalytically inactive
La(OH); surface phase results in potential-induced
deactivation of the catalyst. Here the gradual dissolu-
tion of Co in the electrolyte, i.e. successive passivation
of the LSCO surface by La(OH); causes the catalyst
failure. The dynamic transformations in the surface
chemistry that are driven under OER conditions are
therefore key to understand not only activity trends,
but also stability limitations of perovskite electrocat-
alysts.

EXPERIMENTAL

Thin film fabrication. Epitaxial La,Sro4C0o05.5 thin
film model electrodes of 20 nm thickness were depos-
ited on single-crystalline, epi-polished (001) SrTiO;
(STO) and (001) NDb(0.5wWt%):SrTiO; (NbSTO) sub-
strates (Shinkosha Co. Ltd., Yokohama, Japan) with a
size 0f 0.5 x 10 x 10 mm in [001] orientation. The dep-
osition process was performed by reflection high en-
ergy electron diffraction-controlled pulsed laser dep-
osition at an oxygen partial pressure of p(0,) = 0.053
mbar. The growth temperature was T = 650°C and the
laser fluence F = 2.19 J-cm using a repetition rate of f
=5 Hz. The distance between the ceramic target and
the heated substrate was d = 60 mm and a nanosec-
ond KrF-excimer laser with a wavelength of A = 248
nm was used to operate the PLD system. Platinum
electrodes with a thickness of 50 nm were sputtered
at the edges of the oxide thin film surface to provide
for sufficient contact with the potentiostat. Further-
more, the backside and the sides of the substrates
were covered with 50 nm of Pt forming a contact with
the front Pt pads. Conductive Nb:STO substrates were
applied to provide for an additional pathway for
charge transfer through the Nb:STO/LSCO interface to
improve measurement geometry for individual prob-
ing techniques when required (as indicated on the
figure captions respectively). Please note, that the use
of undoped and Nb-doped STO substrates may result
in slight differences in the potential drop within the
sample, and hence was only applied when an influ-
ence on the consistency of data interpretation can be
excluded.

Thin film characterization. The surface morphol-
ogy of the thin film electrodes was investigated using
atomic force microscopy (AFM, Cypher, Oxford In-
struments Asylum Research Inc., Santa Barbara, USA)
operated with a tip with a curvature of ~8 nm. The

crystal structure of the thin films was characterized
by X-ray diffraction (XRD, D8 Discover, Bruker AXS
GmbH, Karlsruhe, Germany) by symmetric 26-w
scans around the (002) reflections as well as recipro-
cal space mapping (RSM) using asymmetric scans
around the (013) reflections in grazing exit geometry.
The diffractometer was equipped with a goebel mir-
ror, a Cu K, monochromator, a centric eulerian cradle
and a Lynxeye XE detector. To provide for lateral res-
olution a pinhole adapter of 2 mm in diameter was
applied. X-ray photoelectron spectroscopy (XPS, Phi
5000 VersaProbe, ULVAC Phi, Physical Electronics
Inc.) was applied to study the surface chemistry, us-
ing the Al Kal line (E; = 1486.6 eV, FWHM = 0.26 eV)
of a monochromized X-ray source and constant pass
energy (Eo = 29.35 eV) in fixed analyzer transmission
mode. To vary between different information depths
of the detected photoelectrons, photoemission angles
of ®=15° and © = 64° (cf. Figure 5c and Figure S6)
were applied for the XPS analysis, while the XPS spec-
tra presented in Figure 6 and Figure S7 were recorded
at © = 46°. To calculate the cation stoichiometry, rela-
tive sensitivity factors (RSF) were referenced to the
ceramic target material. For peak fitting, the full
width half maximum (FWHM) of the components
were constrained to exhibit an equal value and the
components have a fixed position on the B.E. scale for
the comparison of different samples. However, the
mixed hydroxide component is based on the sum of
various overlapping signals of hydroxide groups with
slightly varying binding energy due to differences in
the chemical environment. Consequently, broaden-
ing of the multi-component peak compared to the
other involved (single-component) chemical states re-
quires a larger FWHM applied for peak fitting. For
data evaluation, a Shirley-type background was sub-
tracted and the binding energies of all spectra were
aligned to the C 1s signal. The inelastic mean free path
(1lambda IMPF) was calculated by the QUASES-IMPF
software using the TPP2M formula®’ on the basis of
the material properties of as-prepared LSCO. The
mean escape depth was determined as indicator for
the angle-dependent information depth of the XPS
core-level.’® The energy scale was periodically cali-
brated to the Au 4f core-level spectrum of a reference
sample. XPS analysis of the operated samples was
performed after rapid transfer (¢ ~ 2 min) to UHV sub-
sequent to electrochemical operation and after gently
patting the sample dry with a clean room swipe un-
der N,-atmosphere.

TEM sample preparation. Three ultrathin TEM la-
mellae were prepared from epitaxial (LSCO) (001)
thin films with a thickness of 100 nm deposited on a
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single-crystalline NdGaO; (NGO) substrate in ortho-
rhombic (110) surface orientation. The lamellae were
prepared using an Alkali Resistant Positive Photore-
sist X AR-P 5900/4 protection layer by means of fo-
cused ion beam (FIB) on a DENS solutions heating and
basing chip for in situ TEM measurements. Here, each
lamella is attached to one of the electrical contact of
chip with +20° offset. Platinum (1 um thickness) is de-
posited to establish an electrical contact with the thin
film in order to measure the beam-induced potential.
Here, Pt is deposited far from the region of interest,
so there is no possibility of interference of Pt in the
in-situ ETEM catalytic investigations. Figure S1 a
shows the region of interest for the in-situ ETEM ob-
servations. Primary electron beam induced second-
ary electron emission results in a potential of 1.5 + 0.2
V, which is close to relevant OER potentials. In order
toremove a minor amorphous layer that forms on the
surface upon FIB preparation an electron beam in-
duced surface recrystallization procedure is per-
formed in situ under 1 mbar oxygen partial pressure
at T =400°C. Additional lamellae were prepared on a
Cu grid for EELS analysis.

Environmental transmission electron micros-
copy. To evaluate the processes at the catalyst surface
over time, several ETEM movies are recorded with a
small negative defocus that results in a dark contrast
of all atomic columns. In addition, a through focus se-
ries was acquired in O, gas for contrast simulation.
The in-situ ETEM experiments are carried out using a
FEI Titan ETEM G2 80-300 at operating voltage of 300
kV, equipped with a Cs-corrector. All in-situ movies
are recorded using a Gatan UltraScan 1000XP at a
beam current of 4 nA. The movie in O, is recorded
with a cold trap to decrease the H,O partial pressure.
Local electron dose rates at the location of TEM la-
mella surfaces are measured by calibrated CCD con-
trast with 0.16696 electrons/counts, yielding 19.955
and 35.654 e/A2s? for O, and H,0 environments re-
spectively. A careful analysis of beam effects excludes
that observed increase in Co mobility is induced by
the momentum transfer during scattering of the high
energetic primary electrons and give strong evidence
for thermally induced surface hopping, that is en-
hanced by H,0. The electron beam induced potential
was measured via the electronic contact to the LSCO
film and the DENS solutions holder as well as a FIB-Pt
bridge across the substrate to be 1.5 (+0.2) V with re-
spect to the ground (i.e. TEM column). An impedance
converter was used to maintain nearly open circuit
conditions during the voltage measurement.

Electron energy-loss spectroscopy. The EELS
analysis are performed using Gatan Quantum 965ER
post-column energy filter in the ETEM. Spectra of the

Co-L-, O-K-, and L-M-edges are acquired using 0.25
eV/ch dispersion in 1 mbar O, and post 5 pybar H,0.
Power-law background functions from Gatan’s Digi-
tal Micrograph are fitted to a 50 eV wide window be-
fore each Co L-edge, 25 eV for O-K-edge and 23 eV for
La-M-edge for background subtraction respectively.
Python based code is used for the precise calculation
of the Ls/L, ratio. The spectra are background sub-
tracted and energy calibrated using the correspond-
ing zero-loss peak.

Image simulation. Multislice simulations of
HRTEM images are conducted with QSTEM>® follow-
ing the procedure described in reference (35). For this
purpose, the sample thickness as well as relevant
electron-optical parameters are determined by mini-
mizing the root mean square difference between ex-
perimental and simulated images of a single unit cell
using the Metropolis algorithm. The multislice image
simulations were performed using a sample thick-
ness of 1.53 nm, a defocus of -14.5 nm and a focal
spread of 9 nm. The two-fold astigmatism as well as
the spherical aberration are found to have only a
small influence on the image contrast within their ex-
perimental uncertainty and thus set to zero to avoid
overfitting. In a second step, the obtained parameters
are used during the simulation of a larger supercell
including an A-site terminated surface.

Electrochemical characterization. The electro-
chemical characterization of the thin film electrodes
was performed in a rotating disc electrode (RDE)
setup (Pine Research) in O,-saturated 0.1 molar KOH
with a rotation rate of 1600 rpm using a custom-made
adapter for 0.5 x 10 x 10 mm sized thin film samples.
A chemically resistant Teflon beaker was applied as
electrochemical cell and O,-saturated (continuous
purging) 0.1 M KOH was applied as electrolyte, which
was prepared by dissolution of KOH pellets (Sigma Al-
drich, 99.99 %) in deionized water (Milli-Q, >18.2
MQcm). The potentiostat (BioLogic SP-150, Bio-Logic
Science Instruments, France) was connected to the
platinum contact sputtered at the backside of the sub-
strate via a Pt stamp, providing for facile charge
transfer to the thin film working electrode, while us-
ing a Pt-coil counter electrode. The center of the per-
ovskite catalyst was sealed from the platinum con-
tacts by an o ring with a diameter of d = 7.5 mm. The
measurements were performed in reference to an
Hg/HgO electrode (CHI Instruments), which was ex-
perimentally calibrated to the RHE (HydroFlex) for
each batch of electrolyte. Electrochemical testing was
conducted by electrochemical impedance spectros-
copy, scan-rate dependent cyclic voltametry in the
pseudocapacitive redox phase change region, cyclic
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voltametry in the OER potential region (two cycles re-
spectively). For Tafel analysis, chronopotentiometric
(staircase) measurements were performed at differ-
ent potentials in the range of j = 0.1 mA-cm?-j = 0.8
mA-cm? with galvanostatic holds of 10 min respec-
tively. For lifetime testing LSCO thin film electrodes
were operated in the OER region using chronopoten-
tiometry at different current densities between j = 0.1
mA-cm?-j=10.0 mA-cm? The entire setup was stored
in a glove box, which was continuously purged with
nitrogen gas. All potentials were iR-corrected by the
uncompensated series resistance Rs of the electrode
setup, that is typically in the range between Rs = 75 —
100 , as determined using the high frequency inter-
sect of the Nyquist-plot determined by electrochemi-
cal impedance spectroscopy.

On-line ICP-MS measurements. To investigate the
stability of the LSCO thin-film samples the outlet of a
custom-designed and manufactured polycarbonate
scanning flow cell (SFC) was coupled to the inlet of an
inductively-coupled-plasma mass spectrometer (ICP-
MS, Perkin-Elmer NexION 350X). The micro flow cell
setup allows to probe electrochemical performance
and dissolution behavior at several locations of the
same thin film sample. A glassy carbon rod
(SIGRADUR) was used as the counter- and an Ag/AgCl/
3 M KCl (Metrohm) as the reference electrode, respec-
tively. The counter electrode was channeled in the
SFC from the inlet side via a T-connector, while the
reference electrode was connected through a capil-
lary channel from the outlet side (to avoid Cl contam-
ination). The LSCO thin-films served as the working
electrode (measured working electrode surface was
7.85 x 10 cm?). All electrochemical protocols during
on-line stability measurements were performed us-
ing a potentiostat (Gamry, Reference 600). The work-
ing electrode was placed on an XYZ translation stage
(Physik Instrumente M-403) allowing the rapid
screening of multiple spots along the same LSCO sam-
ple. Electrochemical protocols were performed in
0.05 M KOH electrolyte solution (salt/organic matter
content should be less than 2 w/w% for ICP-MS) satu-
rated with Ar. Three different protocols were carried
out as follows: contact with the working electrode
was established at 1 V vs. RHE and the electrode was
held at this potential for 5 min. This was followed by
either a galvanostatic hold at j = 0.1 mA-cm for t = 30
min or j = 0.3 mA-cm?for t = 10 min or j = 1 mA-cm?
for t = 3 min. All measurements were finished with a
galvanostatic hold at j = 2.25 mA-cm? for t = 30 min.
An iR correction of 1 kQ was applied during all meas-
urements. The total Sr loss during OER operation is
quantified by integration of the dissolution features,

detected by ICP-MS during the respective galvanos-
tatic holds. The ICP-MS was calibrated daily by a four-
point calibration slope made from standard solutions
(Merck Certipur, Sr, La, In, Nb, Y, Ti, Sc, Co, Ge 1000
mg1?) containing the metals of interest in a given
concentration in 0.05 M KOH. *In (for #Sr, **La), #Y
(for °Nb), 45Sc (for 4Ti), and ™Ge (for %°Co) served as
internal standards. Internal standard solutions were
prepared in 1% HNO;.The electrolyte flow-rate was
controlled by the peristaltic pump of the ICP-MS; the
average flow-rate was 3.46 + 0.03 ul-s™.
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Chapter 8

Discussion and Summary

In the following, the outline of the main accomplishments of this thesis and a
critical conclusion are discussed. An essential requirement for atomic-scale in-situ
ETEM observations of catalyst behavior in HyO is a careful specimen thinning pro-
cedure that preserves the surface as much as possible. Conventional TEM lamella
preparation constantly forms amorphous material due to the Ga ion beam dam-
age. The thickness of the damaged surface ranges between subnanometer to several
tens of nanometer depending on the final thinning steps in the FIB. Such a surface
cannot provide information about atomic insights of the HyO-catalyst dynamical
interface. An advanced approach of the FIB system is reported to prepare high-
quality, single-crystalline TEM cross-section lamella of the perovskite thin films.
Catalytically inactive surface protection of polymer-based positive photoresist ma-
terials is used, which can be removed with the help of PIPS and plasma cleaning.
Although it is challenging to obtain a surface without damage, an advanced ap-
proach is used to recrystallize this damaged surface under the electron beam influ-
ence in high partial pressure of oxygen. ETEM observations show that the surface
termination of a single-crystalline ordered surface depends on the gas environment.
The modification of the surface stoichiometry depends on the reactive, inert gas
or in high vacuum (HV) conditions. The presence of a trace amount of resid-
ual HyO also affects the surface chemical composition in the perovskite structure.
The irreversible formation of polycrystalline structures on Pr;_,Ca,MnQOj3 sur-
face from the amorphous layer has been reported if the partial pressure of HyO is
raised in ETEM. Detailed EELS analysis suggests an increase in Mn3" states is
associated with the healing of the damaged surface due to electron beam-induced
electrochemical oxidation of the Pry_,Ca,MnOj surface. This process is high
in high partial pressure of oxygen and slows in an inert atmosphere of He or Ny
due to residual oxygen. In HV conditions, this electrochemical oxidation is almost
negligible. The single controlled crystalline ordered perovskite oxide surface in O,
inert environment, and reactive conditions like H,O is an essential desired com-
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ponent for revealing the surface in situ reactions. These findings are essential for
the in-situ observation of active states of heterogeneous catalytic reaction as well
as in battery research of complex oxide materials.

Electrochemical OER experiments provide information about stability and increase
or decrease in catalyst activity. Comparison of catalyst surface before and after
the electrochemical studies provide valuable information on structural changes.
However, ETEM observations demonstrate atomic mobility at the HyO-catalyst
interface, local structural and TM valence changes compared to electrochemical
experiments. A combination of electrochemical and ETEM experiments could help
to disclose the mechanism of OER activity and the stability of complex catalysts.
Electrochemical studies of LaggSrg4MnO3 show good OER activity and stability
while ETEM observations reveal Mn adatoms on the surface. Mn adatom hop-
ping rate in contact to condensed H,O is at least 20 times higher than in high
vacuum and inert gasses. It certainly indicates that the fast dynamics of Mn
adatom is related to the interaction with HoO and not due to the influence of
electron beam. The calculated electron beam-induced Mn adatom hopping rate
is way beneath the hoping rate observed experimentally in HV. The fast mobility
of Mn adatoms can be evaluated as emerging from a surface activation barrier
reduction in contact with the HyO layer, which is apparently due to partial sol-
vation of surface Mn in H,O. The earlier described OER mechanism AER and
LOM does not comply with our findings; even the thermodynamic calculation for
the OER descriptor has far-reaching repercussions for understanding such OER
mechanism. Theoretical calculations are much desired beyond frozen surface ap-
proximation; the flexible valence of partially solvated Mn is a fundamental factor
that needs to be considered for the evolution of new OER reaction pathways.
Both perovskite system LaggSrg4MnO3 and Prgg;Cag 33MnO3 shows similar cur-
rent density 7 =1.03 mA/cm2 and 7 =1.05 mA/cm2 respectively at £ = 1.75 V
vers. RHE. However, Prg¢:Cag33MnO3 shows a drastic decrease in OER activity
immediately after the third cycle. The sudden OER activity decrease is associ-
ated with irreversible formation of surface oxygen vacancies (Vo). Vo donates an
electron to the surface Mn atoms, promoting Mn3* to Mn?* reduction and Mn
leaching. Pr;_,Ca,MnOj system shows distinct performance by the change in A-
site doping. Detailed electrochemical and ETEM studies are shown in chapter 5,
show the leaching of surface Mn atoms with the formation of Mn?* species due to
formation of surface Vo and reduction of Mn species with high solubility in H,O .
EELS analysis of the Pr;_,Ca,MnOj3 (x=0.1 and 0.33) system for the O k and Mn
L edges implies stable Mn valence at the x=0.1 surface. Pryg7Cag33MnO3 system
shows high OER activity initially, but it undergoes corrosion on the surface and
hence is not a stable OER system. EELS analysis of Prgg;Cag33MnQOg3 shows the
reduction in O K edge prepeak after interaction with HoO , and change in the
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L3 /Ly intensity ratio confirms Mn reduction. PrggCag;MnOj3 system shows high
reversible Mn fluctuation dynamics at the interface to HoO . Surprisingly, it deliv-
ers stable behavior for OER-like conditions in ETEM and actual electrochemical
conditions in RRDE compared to the Prgg;Cag33MnO3 system. ETEM observa-
tions confirm the absence of Mn leaching for the Prg¢Cag1MnOj3 system in contact
with HoO . Though the Pry¢Cag1MnO3 system is not a suitable OER catalyst, it
shows how change in covalency can drastically change OER activity and stability,
which will help in constructing future OER catalysts.

Electrochemical and X-rays studies confirm the change in the activity and stabil-
ity of the LaggSrg4CoQO3 surface due to the formation of the active phase of the
Cobalt-oxyhydroxide type layer. ETEM observations are in good agreement with
the active phase formation on the surface, which strongly determines the OER
activity of the LaggSrg4Co0s. In-situ ETEM studies show mobile Co adatoms
on the LaggSrg4Co03 surface interfaces to HyO; however, an increase in partial
pressure of HoO in ETEM shows the formation of a disordered layer. EELS anal-
ysis confirmed Co valence changes after interaction with HoO , indicating flexible
valence of Co, which could be related to the formation of an active phase of Co on
the surface.

In summary, ETEM observations suggest that partially solvated Mn species are
mobile on the LaggSrg4MnO3 surface and act as an active catalytic site due to
their flexible coordination. The flexible valence and fast mobility of transition
metal without leaching might be a critical factor in breaking the scaling rela-
tion of adsorption energies of the intermediate oxygen species and decreasing the
overpotential of the catalyst. The current studies also suggest that this flexible co-
ordination increases the stability of the LaggSrg4MnO3 catalyst, which is essential
to consider along with the high OER activity. The transition metal-oxygen cova-
lency in the Pr;_,Ca,MnOj system also plays a critical role in the OER activity
and changes the reaction mechanism. ETEM observation showed how transition
metal is mobile on the perovskite surface under the OER-like conditions. These
new insights do not rely on the classical AEM and LOM mechanism and open
new possibilities for developing highly active catalysts suggesting a new approach
for the OER mechanism. Atomically resolved observations open opportunities
for developing highly active catalysts by considering catalyst-electrolyte dynamic
interface, surface transformation, and defect reactions.
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Appendix A

Supplementary Information

A.1 In-situ surface preparation

125



Supporting Information

In situ Preparation of Catalyst Surface for High
Resolution Environmental Transmission Electron
Microscopy

Vladimir Roddatis*, Gaurav Lole, and Christian Jooss**

Institute of Materials Physics, University of Goettingen, D-37077, Goettingen, Germany;

* Correspondence: vroddatis@ump.gwdg.de; Tel.: +49-551-39-25026 (V.R.);
** Correspondence: cjooss@gwdg.de; Tel.: +49-551-39-25303 (C.].);

Received: date; Accepted: date; Published: date

Supporting Figures

Figure S1 - The PCMO (x=0.33) after electron beam treatment in He at 50 pbars.

Figure S2 - The PCMO (x=0.33) after electron beam treatment in Oz at 50 pbars.

Figure S3 - HRTEM image and rotationally averaged profiles of PCMO in Oz and in He (x=0.33).
Figure S4 - HRTEM image and rotationally averaged profiles of PCMO in He (x=0.33).

Figure S5- Analysis of broadening of spots in FFTs, lattice disorder in PCMO (x=0.1)

Figure S6-1. Through focus series of HRTEM images of PCMO (x=0.33) for the thickness of 10 nm.
Figure S6-2. Experimental and calculated HRTEM images of PCMO (x=0.33) for the thickness of 3 nm.
Figure S7 - The PCMO (x=0.1) after electron beam treatment in He at 50 ubars.

Figure S8 - HRSTEM image and EELS spectrum of PrOx particle at the surface of PCMO (x=0.33).
Figure S9 - An example of multiple ion detection scan in Quadera™ software.

Supporting Tables

Table S1. Summary of the Mn valence PCMO (x=0.33) after electron beam treatment in He at 50 pbars.
Table S2. Summary of the Mn valence of PCMO (x=0.33) after electron beam treatment in Oz at 50 ubars.
Table S3-1. Simulation parameters for the through focus series.

Table S3-2. Simulation parameters for individual experimental images.

Table S4. Summary of the Mn valence of PCMO (x=0.1) after electron beam treatment in He at 50 pbars.
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The PCMO (x=0.33) after electron beam treatment in He at 50 pbars.
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Figure S1. The PCMO (x=0.33) after electron beam treatment in He at 50 ubars. (a) HAADF image; (b)

EELS spectra; (c) Mn valence plot; (d) L23-edge of Mn at each point.

Table S1. Summary of the Mn valence PCMO (x=0.33) after electron beam treatment in He at 50 ubars.

The average value is 3.30 +0.06.

Position 1 2 3 4 5 6 7 8 9 10
Mn
3.24 3.31 3.34 3.31 3.32 341 3.34 3.34 3.15 3.27
valence
Error (-) 0 0 -0.06 -0.05 -0.05 -0.03 -0.07 -0.07 -0.08 -0.09
Error (+) 0.04 0 0.06 0.1 0.07 0.07 0.09 0.06 0.11 0.12
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The PCMO (x=0.33) after electron beam treatment in O: at 50 pbars.
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Figure S2. The PCMO (x=0.33) after electron beam treatment in O: at 50 ubars. (a) HAADF image; (b)

EELS spectra; (c) Mn valence plot; (d) L23-edge of Mn at each point.

Table S2. Summary of the Mn valence of PCMO (x=0.33) after electron beam treatment in Oz at 50 pbars.

Average value is 3.36+0.06.

Position 1 2 3 4 5 6 7 8 9 10
Mn
3.35 3.41 3.40 3.30 3.42 3.26 3.30 3.29 3.37 3.45
valence
Error (-) -0.02 -0.02 -0.03 0.0 -0.02 -0.04 -0.05 -0.05 -0.04 -0.07

Error (+) 0.10 0.09 0.05 0.12 0.05 0.09 0.09 0.09 0.06 0.05

Method of Valence analysis used:

Mn valence state is determined by calculating Mn Ls/L2 integrated intensity ratio using method
demonstrated by M. Varela ef al (see Ref. 37 in the main text) for LaxCa1-MnOs yielding a valence V = -
0.73(11) x Mn Ls/L2 intensity ratio + 5.0(4). All our EELS spectra are extracted from spectrum images at
area of vacuum and at different gas pressure for post-mortem analysis as visible in Figures S1 and 2. A
power-law background functions is fit to 50 eV wide windows before each Mn L3-edge. A Hartree-Slater
(HS) type cross-section step function from Gatan Digital Micrograph is used for correcting the
background within the Ls and L2 peaks. The HS step function removes continuum contribution by placing
a 10 eV window exactly after L2 edge. The energy axis is calibrated by using the zero loss peak. The error
bars are determined by changing the position of integration windows of Ls and L2 edges by *1 eV. The
relative thickness of the lamella region, where the spectra is extracted is t/A<0.5, where A = 50 nm
represents the inelastic scattering length.
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Analysis of broadening of spots in FFTs, lattice disorder in PCMO (x=0.33)
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Figure S3. Analysis of broadening of spots in FFTs, lattice disorder in PCMO (x=0.33) in Oz. (a) HRTEM
image of PCMO (x=0.33) at the beginning and (b) after 388 seconds of electron irradiation in Oz. (c) The
rotationally averaged profiles of corresponding FFTs. The intensities of peaks remain almost unchanged.
A shoulder marked with the black arrow originates from the amorphous phase and disappears after 388

seconds.
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HRTEM image and rotationally averaged profiles of PCMO in He (x=0.33)
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Figure S4. HRTEM image and rotationally averaged profiles of PCMO in He (x=0.33). (a) HRTEM image
of PCMO (x=0.33) at the beginning and (b) after 1400 seconds of electron irradiation in He. (c) The
rotationally averaged profiles of corresponding FFTs. The broadening of peaks and change their intensity
is visible, revealing the increase of structural disorder. The broad peak marked with the black arrow

originates from the amorphous phase and disappears after 1400 seconds.
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Analysis of broadening of spots in FFTs, lattice disorder in PCMO (x=0.1)
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Figure S5. (a) HRTEM image of PCMO (x=0.1) at the beginning and (b) after 2000 seconds of electron
irradiation. (c) The rotationally averaged profiles of corresponding FFTs. The broadening of peaks and
change their intensity is clearly visible, revealing the increase of structural disorder. The broad peak

marked with the black arrow originates from the amorphous phase and disappears after 2000 seconds.
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HRTEM image simulations and atomic models

Detailed analysis of image conditions in the ETEM was reported by Bugnet et al. (see Ref. [29] in the main
text). We followed similar procedure of the microscope tuning to achieve the spherical aberration
coefficient (Cs) to a positive value of 10 + 5 um when atoms appear in black at the Scherzer defocus. The
thickness of edge was estimated from low-loss EELSS spectra yielding a value of less than 10 nm. HRTEM
images were calculated using QSTEM software. Parameters of simulations are listed in Table S5-1 and

Table S5-2.

Table S3-1: Simulation parameters for the through focus series

Acceleration voltage 300 kV

Defocus Ci -20 nm - +20 nm
Spherical aberration constant Cs 10 um
Specimen thickness 10 nm

Emitter energy spread leV

An example of seria of images corresponding to this thickness is shown in the following Figure S5-1. The

individual Mn atomic columns are revealed in the narrow interval of defocus values from -12 to -8 nm

(marked with the orange frame).

Figure S6-1. Calculated image of B-terminated surface of PCMO (x=0.33) projected along [010]

corresponding to the thickness of 10 nm
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Taking into account the sputtering of material by electron beam the real thickness could be even less than
9 nm. Figure S5-2 shows calculated images of PCMO (x=0.33) along [010] and [001] crystallographic

directions.

Table 53-2: Simulation parameters for individual experimental images

Acceleration voltage 300 kV
Defocus Ci -2nm
Spherical aberration constant Cs 10 pm
Specimen thickness 3nm
Emitter energy spread leV

Pr/Ca
Mn

'.‘.-.!.&L

A

Figure S6-2. (a) Experimental HRTEM image and (b) corresponding calculated image of B-terminated
surface of PCMO (x=0.33) projected along [010]. (c) Experimental HRTEM image and (d) corresponding
calculated image of A-terminated surface of PCMO projected along [100]. The atomic models are shown in

between.
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The PCMO (x=0.1) after electron beam treatment in He at 50 ubars.
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Figure S7. The PCMO (x=0.1) after electron beam treatment in He at 50 pbars. (a) HAADF image; (b) EELS

spectra; (c) Mn valence plot; (d) L23-edge of Mn at each point.

Table S4. Summary of the Mn valence of PCMO (x=0.1) after electron beam treatment in He at 50 ubars.

The average value is 3.14 +0.06

Position 1 2 3 4 5 6 7
Mn
2.6 3.11 3.52 3.29 2.96 3.10 341
valence
Error (-) -0.13 0 0 0 -0.054 -0.058 -0.01
Error (+) 0.17 0.12 0 0.09 0.15 0.12 0.04

134




Verification of structure and chemistry of particles formed at the amorphous edge.

The structure of nanoparticles formed at the amorphous edge of PCMO (x=0.1; 0.33) was identified using
FFT analysis individually (Fig. S7) and by averaging over many particles similar to reported earlier (see
Ref. 18 in the main text). The structure fits to the fcc cubic fluorite structure (Fm3m, a= 0.5393 nm) of PrO..
Moreover, several particles were also analyzed using EELSS. One of spectra is shown in Fig. S7b. Only O-

K and Pr-M edges are present.
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Figure S8. (a) HRSTEM image of PCMO (x=0.33) the corresponding FFTs is shown in the inset. (b) EELS

spectrum taken from the particle shown in (a). The only O-K and Pr-Mss edges are present.
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Control over the composition and purity of a gas before exposing the sample to the gas.

The mass spectrometry measurements with the rest gas analyzer (RGA) are controlled by the software

program Quadera™.
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Figure S9 An example of multiple ion detection scan in Quadera™ for the experiment in He with and

without using of cold trap.
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A.1.1 Supporting Movies
https://owncloud.gwdg.de/index.php/s/CaypVIYcpbjzUWM
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https://owncloud.gwdg.de/index.php/s/CaypVIYcpbjzUWM

A.2 Dynamic observation of manganese adatom
mobility
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Supplementary Information

Dynamic observation of Mn-adatom mobility at perovskite oxide catalyst
interfaces with water.

G. Lole et al.

1. Electrochemical characterization of epitaxial (001) oriented LSMO and
PCMO electrodes
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Supplementary Figure 1: Oxygen evolution of the LSMO x=0.4 (a) and PCMO x=0.33 (b) films
in aqueous 0.1 M Ar-saturated 0.1 M KOH measured by rotating ring disk electrode (RRDE)
cyclovoltammetry. The ring current density (circles) is measured at 0.5 V vs. RHE and only the anodic
scan is shown. Electrodes were swept at 10 mV/s and rotated at 1600 rpm. For PCMO, the shift of the
onset of the ring current compared to the disk current is due to the shoulder in the anodic OER scan
caused by oxygen intercalation.
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Supplementary Figure 2: Tafel analysis of the LSMO x=0.4 thin film in 0.1 M aqueous KOH
solution for cycle #2 (a-c) and #50 (d-f). (a,d) Cyclic voltammogram (b,e) Tafel plot and (c,f) instant
Tafel slope taken for the disk current. Above 1.6 V vers RHE, the transition from capacitive to
catalytic currents sets in, giving a Tafel slope of b ~ 60-70 mV/dec. The voltage resolution of the data
in panels b,c,e,f was reduced from 1 mV to 4 mV by averaging before the analysis.
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Supplementary Figure 3: Tafel analysis of the PCMO x=0.33 thin film in 0.1 M aqueous KOH
solution for cycle #2 (a-c) and #50 (d-f). (a,d) Cyclic voltammogram (b,e) Tafel plot and (c,f) instant
Tafel slope taken for the disk current. The transition from capacitive to catalytic current above 1.6 V
vers RHE is superimposed by pronounced surface redox process, leading to a peak in the Tafel slope of
the anodic current at 1.6-1.65 V vers RHE for cycle #2 and at 1.58-1.68 vers RHE for cycle #50. The
Tafel slope related to OER of PCMO (001) surface is strongly potential dependent and ranges between
90-120 mV/ dec. Tafel slopes for potentials above 1.75 V vers RHE are not further considered because
of the large hysteresis of the current. 140



2. Structural characterization of epitaxial (001) oriented LSMO and
PCMO electrodes in pristine state and post electrolysis
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Supplementary Figure 4: X-ray diffraction and x-ray reflectivity of PCMO x=0.33 and LSMO
x=0.4 epitaxial thin films, pristine and after 1 h of OER at 1.7 V vers RHE. (a) Detailed 260 XRD scan
on the (004)/(220) PCMO reflex as well as the (004) reflex of the LSMO buffer layer for two different
films. (b) Detailed 260 XRD scan on the (004) LSMO reflex for two different films. All films show out
of plane compressive strain which is consistent to the in-plane tensile strain due to the misfit to the
Nb:SrTiO; substrate. Peak position is not changed after electrolysis. (c,d) Reflectometry of the PCMO
and LSMO films giving a thickness of 104 and 85 nm, respectively. The comparison of pristine and
post mortem measurements demonstrates the high stability of the LSMO film, whereas the PCMO films
shows changes in thickness and density.
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Supplementary Figure 5: Exemplary AFM images of as grown epitaxial LSMO x=0.4 (001) (a-b)
and PCMO x=0.33 (001) (d-e) thin films. (c) and (f) show the surface after 50 cycles of OER between
1.1and 1.75 V vers RHE and 7 min CA between cycle 3 and 4. Particles are reminiscent of the aqueous
electrolyte containing 0.1 M KOH. The thickness of all films is 80 nm.
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Supplementary Figure 6: Post mortem study of the surface of LSMO (001) (a,b) and PCMO (001)
(c,d) films after 1h of electrolysis at a potential of 1.7 V vers RHE. a) STEM HAADF image of a
post mortem LSMO film in cross section. The lamella was prepared by FIB using a PtC protection
layer, where a Pt particle at the surface of LSMO is visible as a bright area on the right side of the
image. (b) Line profiles of the La/Mn ratio as a function of the distance to the surface determined by
STEM EELS of a pristine LSMO film, and the same film after electrolysis. Mn depletion is visible for
a region of ~ 1 nm below the surface. In addition, data for a Mn enriched off-stochiometric film is
shown before and after electrolysis, in order to demonstrate reliability of our method. (c) STEM
HAADF image of a post mortem PCMO film in cross section. The lamella was prepared by using an
epoxy protection layer, visible as the dark region above the surface. (b) Line profiles of the Pr/Mn ratio
as a function of the distance to the surface determined by STEM EELS of a pristine PCMO film, and
the same film after electrolysis. Strong Mn depletion is visible for a region of ~ 2 nm below the surface.
The Pr/Mn ratio is also somewhat enhanced over the full length of the line profiles in the electrolyzed
sample, due to the leaching at the two PCMO-water interfaces normal to the electron beam.
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Supplementary Figure 7: Comparison of a PCMO (001) film before and after 3 cycles of
voltammetry between 1.1 and 1.8 V vers RHE and 7x1 min of electrolysis at 1.5, 1.55, 1.6, 1.65, 1.7,
1.75and 1.8 V vers RHE. The new peaks after electrolysis correspond the lattice spacings of 2.15A and
2.1A, respectively. The peak at 42° is close to (002) of the cubic PrO, structure with a= 0.539 nm.
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4. TEM Lamella/Sample preparation and subsequent surface
characterization

For in-situ atomic scale reactions we have fabricated ultrathin TEM lamella by a special technique based
on focused ion beam (FIB) and further ion milling, avoiding damaged amorphous surface layers, as
well as catalytic protection layers such as Pt'. Wedge shaped lamella with dimensions of 14 X 2 X 7
um?® were cut out of the (001) oriented PCMO and LSMO thin films using FEI Nova NanoLab 600 Dual
Beam instrument.

Alkali Resistant
Positive
Photoresist

Cu
* Redeposition

Supplementary Figure 8: SEM-FIB snapshot images of lamella preparation procedure. (a) Cut of
a plate-like cross-section lamella using Alkali Resistant Positive Photoresist X AR-P 5900/4 protection
layer on the LSMO surface. (b) TEM lamella after thinning procedure in FIB. (c) TEM lamella after
glueing to a Cu grid using Cu redeposition technique. Because of inhomogeneous thickness of
photoresist, a curtaining-like pattern is observed. (d) Finally thinned lamella with a few hundreds nm
photoresist layer is still present on top of the film surface in order to protect the lamella from beam
damage.

We have used a commercially available Alkali Resistant Positive Photoresist X-AR-P5900/4
(Photoresist) (http://www.allresist.de/photoresists-xar-p5900-4), deposited uniformly on the sample
surface with a spin coater at 4000 rpm, during 60 sec. The coating was dried for 30 min in the oven
(circulating air) at 100 ° C and then, a mask was placed in the center of the sample and exposed for 6
minutes using the UV lamp 360-450 nm. The sample was etched for 20 seconds with 10% NaOH and
rinsed well in distilled H20, finally 20 sec H-O in ultrasonic bath. A FIB lamella was then cut and lifted
out of the protected area (Supplementary Figure 8). To avoid contamination of platinum in any aspect,
TEM lamella is attached to Cu grid carefully by using Cu redeposition technique (Fig S8d). Copper is
redeposited from Cu grid to attach the lamella using 30 kV accelerating voltage and 1 nA ion beam
current with 1 ms dwell time. The last thinning step was done at 5 kV at ion beam current of 29 pA.
Afterwards, the thickness of photoresist protective layer was about 30 nm along the whole surface of
the lamella which was removed by a final Ar ion milling step by a Gatan Precision lon Polishing System
691 (PIPS). We used 100 eV Argon ions and ion current of 0.42 pA for 20 minutes. Before inserting
the lamella into the TEM, plasma etching in pure oxygen plasma was performed.

Even after the final Ar ion milling step and oxygen plasma etching we still observed a 2 nm thick
amorphous layer on the top of bulk LSMO (Supplementary Figure 9). In order to confirm whether it is
a damaged surface during sample preparation, residual photoresist or any kind of contamination, we
have investigated this surface by electron energy loss spectroscopy (EELS) analysis. The EEL spectra
is recorded with two different energy dispersions. Presence of Mn L and O K edges are clearly seen in
the both spectra. In the amorphous areas, the shape of the O k edge is different from typical perovskite
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oxide spectra and absence of O K prepeak indicates that reduced LSMO was formed during sample
preparation. This is confirmed by the presence of Lanthanum M edge in the amorphous layer.
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Supplementary Figure 9: Typical surface structure of a LSMO lamella after removal of photoresist
by plasma cleaning with a 2 nm thick amorphous layer analyzed by STEM-HAADF (a & c) and EELS
(b & d). Red rectangle marks fully crystalline bulk LSMO and white amorphous surface area, where
EELS of O K-, Mn L- and La M-edges were recorded, respectively. Absence of the typical 3-fold
structure of the O K- edge including the prepeak in amorphous area shows a reduced LSMO state due

to preferential sputtering of oxygen by Ar ion milling.
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Supplementary Figure 10: HRTEM images of the pristine and recrystallized surface and their
corresponding FFT’s in 1 mbar O, (a) Thin amorphous layer at the top of LSMO surface after final
thinning steps of the TEM lamella. (b) Recrystallized surface after 15 min electron beam exposure in
100 Pa of O, The absence of amorphous rings in (d) compared to (c) indicates complete
recrystallization of amorphous LSMO on all Iamelllfﬁurfaces.



Similar to the procedure for PCMO x=0.33%, we performed an electron beam induced surface
recrystallization and oxidation process of amorphous LSMO under oxygen partial pressure of 1 mbar
at room temperature in the ETEM. After continuous exposure to an electron-beam for about 15 minutes,
amorphous LSMO was fully recrystallized with nice atomically flat surface facets showing some unit
cell height step edges at the top of the surface (Supplementary Figure 10).

Following the recrystallization process, it is found that surface oxidation initially started at the
amorphous edge with atomic steps or small pyramids which grows slowly. After a few minutes of
exposure to an electron beam with dose rate of 13100 /A% in 100 Pa of O, single crystalline facets are
formed which are served to study in-situ atomic dynamics in H;O. The recrystallization of the
amorphous layer to the crystalline flat facet after few hundred seconds is visible in Movies M08 and
MO09.

Supplementary Figure 11: STEM HAADF images of the (001) surfaces of LSMO and PCMO after
imaged under HV conditions. Whereas LSMO shows a crystalline surface structure dominated by A-
layer terminated areas, PCMO exhibits a disordered surface in HV, even after full crystallization in 100
Pa O was achieved. LSMO is imaged in the pseudocubic [010] and PCMO in the orthorhombic [110]
zone axis.

5. HRTEM image simulation by the multislice method

Multislice simulations of high-resolution TEM exit wave functions were performed using QSTEM
software developed by Christoph Koch®. Subsequently, the aberration parameters were optimized by
using a metropolis algorithm implementation to minimize the RMS of the difference between a
simulated and an excerpt of the experimental image beneath the surface’. Finally, the optimal aberration
parameters (see Supplementary Table 1) were used for the image simulations including Mn adatoms.

Parameter Fit LSMO Fit PCMO
C1-Defocus -30 A -63A
C3-Cs -106439.86 A -15817.58 A
Al1-Two fold Astigmatism 20.23 A 68.09 A
Al- angle 1.18 rad 241 rad
B2-Axial coma 0A 8639 A
Thickness 42 A 43 A
Focal spread 100 A 100 A
Contrast calibration factor (Sim/Exp)
. 24 -
from first A-layer

Supplementary Table 1: Electron optical parameters determined by fitting simulated contrast to the
experimental images.
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Supplementary Figure 12: Experimental image of LSMO (a) with marked section that was used for
image simulation. (b) Simulated image, using the obtained fit parameters of Table S1. Left column: Cut
out of the experimental image in (a) and the corresponding simulated image section of (b).

The atomic models of the simulated supercells were created with a custom python script based on the
spacegroup Pbnm for PCMO with lattice parameters a = 5.42 A, b = 5.45 A and ¢ = 7.67 A°, and
spacegroup R3¢ for LSMO with a small rhombohedral tilt angle of 90.37° and a pseudocubic lattice
constant a. = 3.87 A®. We use pseudcubic notation for LSMO in order to facilitate the comparison to
PCMO. l.e. the pseudodcubic [110] zone axis and (001) surface refers to [100] zone axis and (011)
surface in the rhombohedral space group. This is used for image simulation, taking the related
octahedral tilting pattern into account. In order to simulate the experimentally established, homogenized
occupation of A sites by La/Sr, the A-site atoms were set column by column and chosen to be Sr if the
concentration of already set atoms falls below x and La otherwise. For the fitting, a cut out of an
experimental image was used for the first subsurface unitcell as shown in Supplementary Figure 12.
The same approach is chosen for PCMO with Pr/Ca on the A sites. This leads to a stronger local
homogeneity of A-site atoms in comparison to a simple random number generation approach while still
preserving the global doping concentration. We justify this local homogeneity with the absence of
strong A-site contrast fluctuations in the experimental images which one would observe in the
simulations in the case of a random number generated structure.

The models for both materials are constructed with the illuminating beam taken to be incident parallel
to the [110] direction of the PCMO and LSMO, respectively. Different numbers of Mn adatoms
occupation on the surface B sites at the upper, center and bottom edge were simulated by variation of
number of Mn atoms parallel to the electron beam as well as their position. The models are exported in
VESTA software for visualization.
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6. Single and multiple adatom contrast (LSMO)
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Supplementary Figure 13: Single and multiple adatom contrast. (a) Calculated image of LSMO
(001) surface with bulk thickness of 4.2 nm. Black dotted circles show the positions of Mn adatom
columns. (b) Visualization of the used surface structure model indicating the position of Mn adatoms
columns and number of Mn adatoms at interstitial sites in a surface B-layer. (c) The corresponding line
intensity profile (black dotted rectangle marked in Fig (a) for columns with 1-6 Mn adatoms. (d)
Amplitude of Mn-contrast for the simulated line profiles, where the scaling factor of the simulated
image was determined from the A-site contrast of the surface columns (last line in table Supplementary
Table 1). In the experimentally measured contrast amplitudes for the three line profiles in Figure 3 in
the main text are shown.
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Supplementary Figure 14: Simulated images of LSMO (001) surface with a bulk thickness = 4.2 nm
and 1, 2 and 3 Mn adatom per column at the top edge (a), center (b) and bottom edge (c) position at the
surface. Black marked areas shows intensity of 1, 2 and 3 Mn adatoms. (d) Line profile at the dotted
rectangle marked in (a) for top, center and bottom position of Mn adatoms. (e) Visualization of the
surface structure with different positions of the Mn columns with respect to the upper edge of the TEM
lamella. 148



7. Mn adatoms on Mn and La/Sr terminated surfaces (LSMO)
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Supplementary Figure 15: Simulated image contrast of A-layer (a), Mn-layer (b) and mix layer
terminated (c) LSMO (001) surfaces with a thickness of 4.2 nm and different adatoms at the surface,
respectively. (d) Visualization of the crystal models used in (a,b and c) with different adatom
configurations. (e) Line profiles of 1-6 Mn adatoms at interstitial positions on an A-terminated surface
in (a). (f) 1-3 La/Sr adatoms on a B terminated surface marked in (b). (g) Line profiles of 1-3 Mn
adatoms at octrahedral positions contrast on A- and B-terminated surfaces in (c).
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8. Stability of a unit cell height surface step in H.O
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Supplementary Figure 16: Temporal sequence of HRTEM images, showing the A-site terminated
LSMO 0.4 (001) surface in 0.5 Pa of H,O (a). A static A-site terminated surface is formed, where
reversible A-site dynamics is only visible at atomic step edges in the real time Movie M02. (b) The
corresponding line intensity profiles for the complete unit cell height surface step at the A-site columns
marked with blue rectangle in (a). (c and d) shows line profiles for left and right corners of the A-site
columns at the step edge marked with white rectangles in (a).

Stable A-site cation atoms termination is observed at room temperature in the in-situ reaction in the
controlled water pressure. The disordered LSMO (001) surface formed crystalline edge that is followed
by stable A-termination. The HRTEM images Supplementary Figure 16 (a) are extracted with the time
difference of 0.23s/frame from the Movie MO02. Time resolved image sequence (a) and the
corresponding line intensity profile (b) of the atomic step edge suggest that A-terminated surface is
remarkably single crystalline ordered and shows atomic mobility. Line profile analysis suggests that
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the atomic contrast is fluctuating on a time scale of several seconds on the same position, which can be
attributed to the stable of AO terminated (001) surface in H20.

9. Mn surface mobility in HV

In order to compare the mobility of adatoms on the (001) surface of LSMO in absence of a liquid water
layer, we continued our experiments with in-situ imaging under high vacuum conditions.
Supplementary Figure 17 shows a time sequence of HRTEM images (0.23s-5.06s) of the crystalline
LSMO surface at an octagon pressure of 2 x 107° Pa with a cold trap in the octagon, in order to further
reduce the water partial pressure.
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Supplementary Figure 17: (a) Time sequence (0.23s — 5.06 s) of HRTEM images of the LSMO
(001) surface in high vacuum. A single crystalline LSMO (001) surface facet was prepared in O, and
was subsequently used to study atomic dynamics in HV. The crystalline surface in HV shows mixed
surface termination and is less mobile as compareiigci in H20. (b) Shows line profile at a B site position



marked as blue rectangle in the image at 0.23s. (c) Line profile of B site position (yellow rectangle) for
time sequence from 0.23s-2.3s, 2.5s-3.6s and 3.9s-5.06s, respectively, where most Mn is visible. The
Mn terminated areas display a more pronounced disorder compared to A site terminated areas.

The study of surface stability and atom dynamics of the LSMO (001) surface in HV are presented in
Supplementary Figure 17. A stable LSMO (001) surface with mixed surface termination and a higher
disorder at the Mn terminate regions is observed in HV. The surface is not changed during 10 min of e
beam exposure at approximate 10,000 e-/A%. For the comparison of Mn surface mobility we have
selected a time sequence of HRTEM images from 0.23s-5.06s from the Movie MO03 with 4 fps.
Supplementary Figure 17 b shows a line profile of a surface area at the B-site positions marked with
blue rectangle. The 3o deviation from the average taken from the noise profile at the brown rectangle
in the image at 0.23s is shown. The line profiles in (c) show line are taken from the images at 0.23s-
2.3s, 2.5s-3.6s and 3.9s-5.06s, respectively, suggesting that Mn occupation of B site columns can be
stable for more than 2 seconds. This also confirms that the rate of Mn surface hopping is withr <0.5 s
! considerably slower in HV. Long-time observation of perovskite structure of LSMO under electron
beam in HV for 12 minutes shows no visible structural changes.
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10. Mn surface mobility on LSMO (001) in O
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Supplementary Figure 18: (a) Time sequence of HRTEM images of a (001) LSMO surface taken
at 0.23s —5sin 100 Pa of O, (Movie M04). The surface is predominantly A-site terminated. (b) shows
line profile at a B site position (yellow rectangle) and noise with a 3¢ line calculated from noise profile
in brown rectangle in images 0.23s. (c) Line profiles at a B site position (yellow rectangle) for time
sequence from 0.23s-2.3s and 2.5s-5.06s, respectively. Mn adatom sticking time is more than 3's, i.e.
hopping rate is r < 0.33 s

153



11. Mn surface mobility in N2
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Supplementary Figure 19: (a) Time sequence of HRTEM images 0.23s — 5.06 s of a (001) LSMO
surface in 10 Pa N». The surface is predominantly B-terminated (Movie M05). (b) Line profiles at a B-
layer position (yellow rectangle) for time sequence from 0.23s-2.3s, 2.5s-3.6s and 3.9s-5s, respectively.
The sticking time is close to 4s, i.e. r ~ 0.25 s™. Noise 3¢ is calculated from the noise profile taken at

the brown rectangle in image at time 0.23s and shown as a dotted line in (b).
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12. Post ETEM analysis of the Mn L and O K edges close to the surface of
LSMO and PCMO
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Supplementary Figure 20: Post ETEM EELS analysis at the Mn L-edge and O K-edge of LSMO
film after removal of water. The O K (a) and Mn L2,3 —edges (b) spectra are taken form the area with
red colored rectangles in HAADF-STEM image (f-i) for pristine and pw2o = 0.5 Pa, 5 Pa & 50 Pa,
respectively. (b) The Mn L3 edge maximum shows very small noticeable shift for post mortem spectra
in water. The close to surface Mn valence change is shown for the pristine sample and different water
pressures. (f-i) HAADF-STEM image showing the rectangles, where EELS spectra were recorded.
Amorphous areas at the top of the surface which forms after switching back from HzO to HV state of
the octagon is strictly excluded from the analysis due to high amount of Carbon. (d) Energy separation
calculated as the difference between positions of the second peak ‘b’ and the pre-peak ’a’ of the O K
edge as a function of increase in water pressure. () Normalized pre-peak intensity versus water
pressure.

We have carried out an extensive investigation of the LSMO (001) surface with high resolution
Scanning transmission electron microscopy — electron energy loss spectroscopy (STEM-EELS). The
EELS edges shapes and chemical shifts are very sensitive towards crystal field interaction and gives
information about 3d occupancy and the valence state of transition metal. Supplementary Figure 20 (a
& b) shows O K and Mn L3 edges corresponding to pristine LSMO surface as well as after reacted
with water with pressures of 0.5 Pa, 5 Pa & 50 Pa, respectively. The Mn L edges spectra (b) exhibits
two edges L3 (641-641.5 eV) and L2 (652-652.5 eV) which are the consequence of the splitting of Mn
2p states in two 2ps» and 2pa/> due to spin orbit coupling. The Mn valence state in Supplementary Figure
20c is analysed by calculating the L3 to L2 ratio and calibration to the data of Varela et al’. Whereas
there is no change between pristine and 0.5 Pa H>O within error, a slight reduction of Mn close to the
surface is observed at higher pressures.

Supplementary Figure 20 (a) shows O K edge spectra at various water pressures. O K edge spectra is

the governed by the excitation of O1s electrons to the O2p unoccupied states (prepeak a), A site d states
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(b) and vacuum levels (c)®. Empty states in the O2p band are formed due to hybridization with Mn 3d
orbitals As shown in Supplementary Figure 20e, compared to the pristine state, the pre-peak a to O K
edge ratio increases at 0.5 Pa and then further decreases at higher water pressure. The latter can be
attributed to an increase of the filling of the O 2p states due to electron donors, such as oxygen vacancies
or due to Sr leaching. It is consistent to the slight trend of Mn reduction obtained from L3/L2 ratio
analysis.

The same post ETEM analysis after H,O is performed for the PCMO (001) surface is shown in
Supplementary Figure 21. Here, a pronounced Mn reduction is observed at 0.5 Pa H;O. This is
consistently obtained from analysis of L3/L2 ratio, energy separation between positions of the second
peak ‘b’ and the pre-peak ‘a’ of the O K edge and normalized O K pre-edge intensity ratio. Due to the
fast Mn leaching in PCMO, the interpretation of the correlation between changes in the L3 and L2 edges
compared to the O K edge is not trivial.
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Supplementary Figure 21: Post ETEM EELS analysis of the Mn L- and O K-edges of close to
surface region of the PCMO (001) film after removal of water. The spectra in O K (a) and Mn L3
—edges (b) are taken from the area with red colored rectangles in HAADF-STEM image (f-h) for pristine
and pr2o = 0.5 Pa and 5 Pa, respectively. (c) Mn valence change from the pristine to 5 Pa water pressure.
(d) Energy separation calculated as the difference between positions of the second peak ‘b’ and the pre-
peak ‘a’ of the O K edge as a function of increase in water pressure. (¢) Normalized pre-peak intensity
versus water pressure. (f-h) HAADF-STEM image showing the rectangles where EELS spectra were
recorded.
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13. Formation of a condensed H:O layer on oxide surfaces at p < pvap

The thickness of a liquid water layer on a metal-oxide surface in the ETEM experiments is calculated
as a function of of water partial pressure pw2o by using energy balance between the surface energy of
the oxide ys in HV, the surface energy yw20o of liquid H,O to H2O vapor and the adsorption enthalpy of
H-O on the oxide surface, AH,4. This results in

(1) Yu20(0) — ¥s = 0AH4(6,p)

For the formation of the first 1-2 monolayers of liquid water, both y,(8) as well as AH,; (6, p) may
depend on the coverage 6. Since experiments show that the formation of the first 2-4 monolayers of
liquid water on the surface is completed for przo > 10°° Pa®1%1, we restrict the calculations to the growth
of liquid H2O on a pre-formed 2ML thick water layer and approximate the water surface energy for 6
> 2 as a bulk water surface i.e. y420(6 = 2) = yy20,, =0.76 J/m For the pressure dependence of the
adsorption energy of water on a liquid water surface, we use

@ AHgq(6 = 2,p) = MHagy(p) = BHaap(Puap) + RTIn (-2-)

Pvap

following from the Clausius Clapeyron equation and using the ideal gas law which is a good
approximation for p < pyg,p.
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Supplementary Figure 22: Calculated coverage of oxide films with liquid water as a function of
the water pressure at 25° C. The driving force for the condensation of water is the large adsorption
enthalpy of H,O on metal oxide surfaces, modified by difference between the surface energy vs of the
oxide and that of a water surface Y10, = 0.76 J/m?,

Supplementary Figure 22 shows the surface coverage of liquid water following from Eq. (1) for
different surface energies ys. The surface energy of perovskite oxides strongly depends on the surface
termination??. A theoretical calculation of a (001) LaMnOs surface yields ys ~ 0.9 J/m? [ref®?].
Independently of the choice of ys, the thermodynamic model shows that liquid H>O can be condensed
on top of a preformed condensed H,O layer. 157



14. Covalency factor and electric transport of PCMO and LSMO
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Supplementary Figure 23: a) Electron energy loss spectra (EELS) of the O K-edge PCMO x=0,
0.1, 0.34, 0.5 & 0.95 and LSMO x=0.4, respectively. Background is subtracted by polynomal fitting
and intensity is normalized to the OK. peak at energy of 543 eV. b) Covalency analysis with respect to
Manganese valence. The covalency factor is obtained by integrating the OK pre-edge peak in an energy
range between 525-532 eV and dividing the integral by the Mn valence. Afterwards all covalency
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Supplementary Figure 24: Typical temperature dependent resistivity of the epitaxial (001) LSMO
and PCMO films of thickness of 80 nm and 100 nm, respectively. The hopping type conductivity of
PCMO x=0.33 is due to the formation of small polaron quasiparticles with an electron-phonon coupling
constant of o ~ 3 and a binding energy of about 370 meV*4. In contrast, the metal like conductivity of
LSMO x=0.4 is due to a large polaron with an electron-phonon coupling constant of a. ~ 1-1.5 resulting
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a binding energy of around 100 meV at room temperature?.
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Structural characterization of epitaxial (001) oriented PCMO
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Figure S1. AFM images of (a) as grown epitaxial PCMO x=0.1 (001) and (b) PCMO x=0.3 (001)
(c) the surface of PCMO x=0.1 after 50 cycles of OER and (d) the surface of PCMO x=0.3 after
50 cycles of OER. Particle on the surfaces are residue of the 0.1 M KOH aqueous electrolyte.
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Electrochemical measurement and characterization of epitaxial (001) oriented LSMO and

PCMO electrodes

In order to prepare electrodes for electrochemical investigation, a layer of a 5-nm Ti and 100-nm
Pt was prepared by IBS as backside contacts for the STNO substrate. This back contact ensures an
ohmic contact. Furthermore, In Ga eutectic (Sigma-Aldrich, Munich, Germany, 99.99%) were
served as a conductive material to assemble the film on a stainless steel cylinder with the help of
carbon tape. As a result, only the thin film surface was exposed to the electrolyte in the final

assembly after fixation with chemically stable, nonconductive epoxy (Omegabond 101).

The electrochemical measurements were carried out using two Interface 1000E (Gamry
Instruments Inc., Warminster, PA, USA) and an RRDE-3A rotator (ALS Co. Ltd., Tokyo, Japan).
The rotating ring electrode consists of a disk electrode of the assembled thin film with a diameter
of 4 mm (A = 0.126 cm?) and a Pt ring electrode with an inner diameter of 5 mm and an outer
diameter of 7 mm. The electrochemical investigations were done in 0.1 M KOH electrolyte
prepared by diluting KOH solution (Sigma Aldrich, Munich, Germany) with deionized water
MilliQ, >16.5 MQ). The electrolyte was saturated with Ar gas at least 30 min before measurements

and continuously purged with Ar on top of the electrolyte during the measurement. Electrode
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potentials were converted to the reversible hydrogen electrode (RHE) scale using Erug = Eappl +

Eref~

0.25 00 0.25 005
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Figure S3. Cyclic voltammograms of (a) PCMO x=0.3 (solid red line) and (b) PCMO x=0.1 (solid
green line) thin films discs and the corresponding ring current (open red and green circles) for
oxygen detection at the ring electrode respectively. The voltage was corrected for electrolyte

resistance.
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Figure S4. Chronoamperometric measurements (a-d) show current at different applied potentials
as a function of time in Argon saturated electrolyte. (e-h) shows normalized plots of (a-d)

respectively.
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Figure S5. Chronoamperometric measurements (a-d) show current at different applied potentials
as a function of time in Oxygen saturated electrolyte. (e-h) shows normalized plots of (a-d)

respectively.
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TEM Lamella/Sample preparation

Before (b) After thinning

Photoresist

Figure S6. (a) A cross-section lamella of PCMO x=0.1 before thinning. (b) TEM lamella after

careful thinning procedure in FIB. Lamella preparation is followed from the ref?.

Surface recrystallization

Figure S7. HRTEM images of the as prepared and recrystallized surface in 100 Pa of O». (a) Thin
amorphous layer at the top of PCMO x=0.1 surface after thinning in FIB. (b) Recrystallized surface
after ~12 min of electron beam exposed in ETEM at 100 Pa of O».
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Surface dynamics in HV
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Figure S8. (a) Time sequence (0s — 10 s) of HRTEM frames of the PCMO x=0.1 (001) surface in
high vacuum (Movie M9). The (001) recrystallized surface in 100 Pa of O is used to study atomic
dynamics in HV. The single crystalline atomically flat surface in HV shows mixed A-site and B-
site surface termination and is less active as compared to in H2O. (b) Line profile at top of A-site
terminated position marked as blue rectangle in the image at 0s. Surface shows almost o Mn

mobility in HV.
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Surface dynamics in 1 mbar O;
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Figure S9. (a) Time sequence of HRTEM images of PCMO x=0.1 (001) surface recorded at Os —
9 s in 100 Pa of O (Movie M6). The surface is dominantly A terminated in O». (b) shows line
profile at a B site position above the A-site terminated surface (blue rectangle) and noise (brown

rectangle) with a 3¢ line calculated from noise profile in images Os.
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Surface dynamics in H,O
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Figure S10. (a) Time sequence of HRTEM images of PCMO x=0.1 (001) surface in 0.8 Pa of H.O
(Movie M1). b shows line profile above A-site terminated surface (blue rectangle) and noise
(brown rectangle) with a 30 line calculated from noise profile shown in images Os.
Fluctuating/blinking type behaviour at same position of Mn atomic columns is clearly visible in

the line profile.
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Figure S1. Recrystallization of the FIB lamella for ETEM investigations.
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0 min
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Figure S1. Lamella and surface preparation. (a) TEM image of region of interest (ROI). The photoresist
protection layer is removed during lamella thinning procedure in FIB. (b) HRTEM images of the pristine and
recrystallized LSCO surface. The thin amorphous layer at the top of LSCO surface formed during ion milling
procedure in FIB can be recrystallized by electron irradiation of the surface. The image shows the result after
11 min in 100 Pa of O; (dose rate — 10320 e/A%s).

To reduce beam damage during FIB preparation of the LSCO lamella for ETEM investigations, a
photoresist protection layer is applied. After removal of the protection layer by FIB thinning, only minor
amorphization of the topmost surface is evident (Fig. S1, above). To reconstruct the perovskite structure
in order to provide for an atomically sharp interface region, the LSCO surface recrystallized by electron

irradiation (Fig. S1, below). For detailed information about the recrystallization procedure, we refer to

reference (1).
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Figure S2. Observation of a well-ordered and stable surface in O,
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——05s 20s
— —10s Noise | ———

Intensity (counts)

Figure S2. (a) Time sequence of HRTEM images of a (001) LSCO surface from 0 s — 1.5 s recorded in a 2.7 Pa O,
atmosphere with a frame rate of 2 fps (Movie M1). The surface shows an ordered A-site termination. (b) Line
profiles are recorded close above the A-site terminated surface as indicated by the white rectangle in the first
image of the time series to quantitatively evaluate the hopping events under oxygen environment. The noise
level is determined above (red rectangle) and the 3o threshold is calculated from the noise signal, which
indicates the detection limit of Co adatoms.

After recrystallization of the LSCO surface, a sharp A-site terminated surface is visible, which remains
stable in O, environment. Notably, the thin film deposition is carried out under oxidizing conditions and
hence may result in a similar surface termination. A time series shown in Fig. S2 reveals no considerable
contrast fluctuations associated to Co hopping events taking place at the surface under O, exposure. The
statistically significant detection of transition metal atoms requires triple occupation, i.e. three adatoms
lined up in the direction of the incident electron beam on the A-terminated surface. Hence, intensity
fluctuations above 3o reflect the appearance and disappearance of adatom contrast, correlated to the
hopping processes of cobalt moieties from the subsurface region onto the surface and vice versa. Only
few signals above the 3o level are evident by line profiles acquired at the interface (white rectangle). The
noise level i.e. the background fluctuations of the CCD signal is recorded in the vacuum region above the
surface (red rectangle). Given the required triple occupation for the statistically significant detection of
Co adatoms and considering the limited frame rate of the CCD detector, a lower limit of the surface
adatom hopping rate of 0.5 s can be determined for O, conditions. In comparison, the lower limit of the
surface adatom hopping rate during H,0 exposure was found to be 4.0 s™, which emphasizes the high
mobility of Co species at the LSCO-H,O interface, under near-OER conditions of the perovskite
electrocatalyst.
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Figure S3. Investigation of the LSCO surface dynamics in 0.5 Pa of H,O.
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Figure S3. (a) HRTEM frames at 0 sec and 4 min recorded in 0.5 Pa of H,0 showing very slow formation of
disordered layer on the surface in low H,O pressure. (b) HRTEM frames with the time interval in 11 Pa of H,0
taken from the movie M4. Fast formation of a highly dynamical disordered surface in high partial pressure of
H,0.

Fig. S3a shows a series of HRTEM images acquired at the LSCO-H,0 interface over the time of several
minutes at equal conditions to Fig. 3¢ of the main manuscript (0.5 Pa H,0). Here, the formation of a
disordered surface layer proceeds slow in comparison to investigations at increased partial pressures of

11 Pa H,0 (Fig. 3b), where the disordered surface layer forms during a comparably short time imaging

time.
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Figure S4. EELS analysis of the La-M-edge.
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Figure S4. Electron energy loss spectroscopy. EELS analysis of the La-M-edge spectra is performed in the as-
prepare state (O2) and after near-OER conditions after transfer to vacuum (1 x 10 Pa) of the LSCO catalyst
comparing the surface and the bulk region.

Fig. S4 shows the La-M-edge recorded in the as-prepared state and after near-OER conditions and
comparing the bulk and surface region of the catalyst. In comparison to the O-K-edge and Co-L-edge only
a small differences are visible for the different ample states. Here, a decrease in the intensity but no
change in the spectral shape or shift in the peak position is visible for the surface region. No significant
shift observed for La M-edge confirms high precision of the energy calibration by zero loss peak and the

observed shift in Co L-edge in Fig. 4 of the main text is due to the interaction with H,0.
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Figure S5. On-line ICP-MS analysis of strontium dissolution.
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Figure S5. Chemical analysis of the electrolyte by on-line ICP-MS measurements. A representative dissolution
measurement is shown including the region of increased Sr dissolution due to the leaching of minor Sr-rich
surface phases during the first contact of the scanning flow cell with the LSCO electrode (contact peak). To
investigate Sr dissolution under OER conditions, two consecutive galvanostatic holds are applied (j; = 1.0
mA-cm? and jz = 2.25 mA-cm?) while the dissolution behavior is monitored.

Fig. S5 shows the dissolution behavior of LSCO during two consecutive galvanostatic holds in analogy to

Fig. 5 of the main manuscript but including the initial contact peak.
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Figure S6. Angle-dependent XPS analysis of the as-prepared LSCO.
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Figure S6. Angle-dependent XPS analysis of the surface stoichiometry of epitaxial LSCO electrodes in the as-
prepared state. The surface is enriched by strontium and depleted from cobalt.

The as-prepared surface of the epitaxial LSCO electrodes are enriched by strontium, while cobalt is

depleted from the surface. In comparison to the operated samples, discussed in the main manuscript (Fig.

5), the strontium enrichment is enhanced due to the presence of additional Sr-rich surface phases that

typically dissolve during the first contact the alkaline electrolyte.
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Figure S7. Surface chemistry of LSCO after the end of the catalyst lifetime.
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Figure S7. X-ray photoelectron spectroscopy investigations of the LSCO surface chemistry. O 1s, Co 2ps2, La 3ds2
and Sr 3d XPS core-level spectra of LSCO catalysts in the as-prepared state (first row), and the operated (but
still active) state after OER catalysis for 600s at j = 1.0 mA-cm*? (second row) and the operated (but still active)
state after OER catalysis for 600 s at j = 10.0 mA-cm? (third row). The respective spectra are displayed for each
sample state after subtraction of a Tougaard background. The O 1s spectra is deconvoluted by data fitting of
four different components (ABOs; lattice oxygen (purple), surface termination component (green),
oxyhydroxide lattice oxygen (orange), mixed hydroxide groups (cyan), organic components (blue). XPS analysis
was performed at a photoemission angle © = 46°.

The as-prepared surface of the epitaxial LSCO electrodes are enriched by strontium, while cobalt is
depleted from the surface. In comparison to the operated samples, discussed in the main manuscript (Fig.
5), the strontium enrichment is enhanced due to the presence of additional Sr-rich surface phases that

typically dissolve during the first contact the alkaline electrolyte.
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