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Final Report for: Uncovering and controlling the mechanisms of
surface chemical and electrochemical stability on perovskite oxides-

Modifying the surface stability of doped LaMnO; by electrical
polarization and metal deposition

Dongha Kim, Roland Bliem, Bilge Yildiz, MIT

Abstract

Understanding the effects of surface composition, gas environment, and high temperatures on
the oxygen exchange kinetics of functional perovskite oxides is essential to ensure high long-term
stability for their applications in energy technology and electronics. In this project, we have
focused on the surface processes underlying one of their main degradation mechanisms: high-
temperature surface segregation of dopants, leading to the formation inactive surface phase.
Based on the understanding of the segregation mechanism, we have also investigated a way to
remove such surface degradation by applying electrical polarization.

During the first two years of the project, we investigated the surface properties of doped LaMnOs3;
as a model system to study how the surface stability of functional perovskite oxides is affected
by polarization and doping of the surface layer; 1) The effect of electrochemical polarization of
Lao.sBao2MnOs3 (LBM) LagsSro.2MnOs (LSM), and Laog.sCao.2MnQOs (LCM) thin films, 2) as well as of
the deposition of Hf on LaosSro2MnOs on their segregation behavior have been performed
successfully. 3) Measurements of the structure of low-index LSM surfaces and of the segregated
SrOx phase helped us better understand the surface processes in atomic scale. We could also
develop a theoretical background on how the degradation proceeds under different oxygen
chemical potentials on each perovskite compound, LBM, LSM, and LCM. During the last year,
based on all these findings and knowledges, 4) we were able to develop a way to remove the
dopant segregation on each compound by inducing a targeted surface reaction with electrical
polarization. Below is a brief summary of our results following the order of the above
numberings:

1) The effect of polarization on dopant segregation behavior of doped LaMnOs:

The effects of electrochemical polarization are studied on Ca-, Sr-, and Ba-doped LaMnOs.
Applying polarization changes the oxygen chemical potential in the electrode thin films, and thus
modifies the oxygen vacancy concentration. The three dopants of choice (Ca, Sr, and Ba) carry
the same charge but have different ionic sizes, resulting in an equivalent response to changes in
the defect distribution but different elastic energies within the lattice. This selection thus allows
assessing the role the two main driving forces of segregation, both of which change as a function
of oxygen content: (i) the electrostatic attraction of the dopant cation to the surface, which is
enriched in charged oxygen vacancies (ii) the elastic energy created by the size mismatch of the
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dopant and the host cation La. Both driving forces result in the precipitation of the dopant to the
surface in an oxide form, e.g. SrOy, by interacting with gaseous oxygen in the environment. Here,
we investigate the balance of these two contributions by selectively controlling the elastic energy
of dopants and monitoring their segregation using X-ray photoelectron spectroscopy (XPS) and
imaging techniques. Polarization is applied using a recently developed approach based on a linear
lateral potential gradient across the surface. The investigated voltage ranges from -0.8 V to +0.8
V corresponds to effective oxygen pressures spanning 31 orders of magnitude (from 10-%¢ to 10*°
atm, according to the Nernst equation). We observe progressive enhancement of Sr and Ba
segregation with increasing bias voltage for both polarities, whereas Ca segregation only
increases for cathodic polarization. This observation is interpreted as a transition between the
electrostatically and elastically dominated regimes for Ba and Sr. In contrast, Ca segregation
exclusively responds to changes in the electrostatic energy due to the small size mismatch
between Ca and the host A-site cation, La*. The present study provides quantitative insights into
how the elastic energy, manifested by lattice parameter and cation size, and the electrostatic
energy, manifested by charged defect concentration and distribution, determine the extent of
segregation for a given polarization and atmosphere relevant to the operating conditions of
perovskite oxide materials. With a collaborative work with Dr. Franziska Hess, a postdoctoral
associate in our group, we could also find representative defect reactions that explain the dopant
segregation under both cathodic and anodic polarizations. We have submitted a manuscript with
the above results and it is currently under review.

2) The effect of surface metal doping on the dopant segregation behavior of LSM:

In addition to the polarization-dependence of segregation, the response of the surface stability
to surface metal doping has been studied. The deposition of metals is expected to modify the
equilibrium surface oxygen vacancy concentration, thus modifying the electrostatic driving force
of segregation. Here, we study the effect of doping the surface of LSM thin films with Hf, which
shows a high affinity to oxygen and form a difficult-to-reduce oxide. Using ambient-pressure XPS
at 450°C and 550°C in 1 mTorr O3, we observe lower segregation when the surface of LSM thin
film is doped with Hf. This behavior is attributed to the decrease in equilibrium oxygen vacancy
concentration at the surface resulting from incorporation of Hf into the surface of LSM. The
results will be submitted for publication in the near future.

3) Structural properties of LSM surfaces and the surface SrOy precipitates:

Structural properties of LSM surface and SrOy precipitates have been investigated using scanning
tunneling microscopy (STM), low-energy electron diffraction (LEED), and extended X-ray
absorption fine structure (EXAFS). While the STM study focuses on the properties of ideal
Lao.sSro.2Mn03 (100) and (110) surfaces, EXAFS is employed to investigate the structural changes
occurring with Sr enrichment and the formation of SrOx. STM and LEED results indicate square
and rectangular surface unit cells for LSM (001) and (110) surfaces, respectively. EXAFS results on
LSM samples exhibiting different intensities of segregation are dominated by the signature peaks
of the bulk perovskite LSM structure. At elevated temperature the emergence of a weak shoulder
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of the Sr-Mn peak at slightly higher bond distances is observed, indicating the formation of a new
species.

4) Reversible dopant segregation on doped LaMnOs by electrical polarization:

Lastly, reversibility of dopant segregation is investigated on LCM, LSM, and LBM. Based on the
experimental and theoretical results obtained in the part 1), we were able to reverse the dopant
segregation of each perovskite compound by inducing appropriate defect reactions under
electrical polarization. Anodic polarization on an LCM thin film, which had undergone dopant
segregation under cathodic polarization, removed the pre-existing surface insulating dopant
oxides (CaOx) by re-dissolving them into the lattice and the surface oxygen exchange kinetics of
LCM regained its original activity in its pristine state (‘activation’). This result can be explained by
the dismantlement of CaOx via a surface defect reaction and sequent redissolution of Ca?* into
the bulk via the reduced electrostatic energy of dopant (Eecec) under anodic polarization.
However, there has been no available theory that can explain how the surface precipitates could
be dismantled under anodic polarization. Previously proposed defect reaction rather predicts an
increased dopant segregation under anodic polarization, which directly contradicts what we
observed. In combination with X-ray absorption studies and analysis on the kinetics of reversing
dopant segregation, we could propose a theory that can explain the activation under anodic
polarizations: anodic polarization oxidized LCM surface and new unit-cells are created at the
surface of LCM by incorporating Ca and O from CaOx into their A- and O-site, respectively. The
results will be submitted for publication in the near future.

Introduction

Perovskite oxides (ABOs) are considered key players in clean energy conversion applications,
including in solid oxide fuel cells (SOFCs) ¢, gas separation membranes 7, catalysts for gas
conversion/reformation 8 and syngas production °. They are also important in advanced
electronics, such as memristive switches 1°. While the diffusion and charge exchange processes
occurring in the bulk are considered well-known 11, there is a clear lack of understanding
regarding surface processes 2, even though they are crucial in the interaction of the material
with the reacting species in the environment.

In fuel and electrolysis cells 13, oxygen exchange (incorporation and evolution) reactions are
considered a bottleneck constraining their efficiency. The activity for these reactions suffers from
long-term degradation occurring under the demanding conditions of such devices, which involve
high temperatures from 700°C to 1000°C, oxidizing atmospheres 14, such as air or pure oxygen,
and cell voltages, which can approach 1 V. It is thus important to resolve surface degradation that
occurs under these operation conditions in order to increase the long-term overall efficiency of
the cells. Like in most catalytic processes, the operating conditions usually require a compromise
due to the conflicting temperature dependence of stability and reaction rates. In La-based mixed
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conducting perovskites such as La1xSrkCoOs (LSC) or doped manganites La;«DxMnOs; (D = Ca?*,
Sr?*, Ba’*: LCM, LSM, and LBM, respectively), the decrease in reactivity to oxygen exchange
reactions proceeds via the segregation and precipitation of aliovalent dopant cations at high
temperatures. The formation of an inactive surface oxide phase *2° on these materials under
operation conditions drastically decreases the initial high activity for the oxygen reduction
reaction.

Dopant segregation in doped LaMnQs and related compounds is influenced by a variety of
parameters. Temperature is one important factor, since it changes the equilibrium defect
concentrations %! and is required to overcome the high migration barriers reported for the
diffusion of dopants through the cation vacancies ranging from 2.0 eV to 4.0 eV 22?4, Another
parameter that influences dopant segregation is the microstructure of thin film electrodes, such
as grain boundaries or dislocations. The lower coordination and availability of sites at grain
boundaries aid accelerated diffusion of dopants, thus facilitating segregation. The diffusion
coefficient at grain boundaries can exceed the bulk value by several orders of magnitude 2>2°,
Moreover, the segregation behavior can be affected by changed defect formation energies in the
electrode. For example, controlling surface composition or reducibility has been shown to modify
the intensity of segregation by altering essential properties such as the surface oxygen vacancy
concentration ?’. The gas environment, in particular the oxygen partial pressure, is certainly
among the most important parameters influencing this degradation behavior, as it changes the
oxygen stoichiometry of the electrode materials. Conflicting results can be found in literature,
reporting either progressive enhancement 22 or decrease ° of segregation in LSM with decreasing
oxygen pressures. The results reported in these two studies, however, are limited to relatively
narrow pressure ranges 28 and small number of sampling points '°. In LSC and related oxides, a
broader range of oxygen chemical potentials has been studied using electrochemical polarization
2931 resulting in an increase in segregation for cathodic polarization of the electrode. The large
gap in ionic conductivity between LSC and LSM and its sister compounds *32, however, prohibits
simply generalizing conclusions for LSC to all types of perovskite cathode materials 33. On LSM,
previous reports on the polarization-dependent behavior 343> focus on the
activating/deactivating effect of cathodic/anodic current 3%3° and the oxygen exchange for
negative voltages %1, No systematic analysis of the role of polarization in the electrostatic and
elastic driving forces of segregation in doped LaMnQOs or related compounds, however, has ever
been performed.

1) As a first theme of our project, we use electrochemical polarization to systematically
control the electrostatic and elastic driving forces of dopant in LaMnOs. Using polarization
enabled us to vary the oxygen chemical potential of the film by the Nernst equation, thereby
changing each driving force correspondingly. We employ a recently developed cell configuration
utilizing a polarization gradient %° across a thin-film model electrode to access effective oxygen
pressures spanning a range from 107 to 10> atm. By selecting the three dopant cations, Ca, Sr,
and Ba, with the same charge (2+) but highly different cation sizes (Rca < Rsr < Rga), we add an
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additional parameter which allows us to probe the effects of the misfit elastic energy created by
the dopants’ size mismatch with respect to the host cation La®".

These two variables, the oxygen chemical potential and the dopant cation size, permit us to
disentangle the role of the two predominant mechanisms behind segregation of dopant cations
on this type of perovskite oxides reported in the literature 1°: minimization of the elastic (Eela)
and the electrostatic energy (Eeiec) of the dopant cation in the perovskite lattice. The elastic
contribution originates from the mismatch between the preferred lattice size of the dopant
versus the host lattice. The electrostatic energy arises from the attraction of the negatively
charged dopants (D** on a La3* site) to the surface enriched with positively charged oxygen
vacancies '°. For example on the LaosSro.1MnOs (001) surface, the oxygen vacancy concentration
was reported to exceed the bulk value by a factor of approximately 10° under typical SOFC
operation conditions, and to exhibit a further increase by three orders of magnitude upon
decreasing the oxygen pressure to 101° atm 42, Similar differences between the surface and bulk
oxygen vacancy concentrations can also be found in other perovskite oxides, including LaCoQOs3,
LaFeOs, LaNiOs %3, and SrTiOs %4 The altered bonding environment at the surface affects the
formation energy of defects — in this case the formation of oxygen vacancies is facilitated at the
surface, which has also been reported for several binary oxides including CeO, *>#5, rutile TiO2 %/,
or MnO, 8. Based on the excess of oxygen vacancies at the surface under increasingly reducing
conditions, we postulate that Eclec increases with a decrease in oxygen pressure (p0O;), and we
test this hypothesis in our experiments in this work.

On the other hand, we propose that the elastic energy (Eeia) affects dopant cations in the bulk
and changes their solubilities within the lattice. The cation radii of the chosen dopants here are
not the same as that of the host. Ca?* is smaller than the host cation La3* (by -1.5 %), and Sr** and
Ba?* are larger by +5.9 % and +18.4 %, respectively. Based on this, the relative stabilities of the
dopants in the perovskite lattice decrease along the Ca, Sr, Ba series; the reactivity of the dopant
to form these precipitates increases with larger dopant size mismatch with respect to the host.
We propose that the concomitant formation of dopant oxides at the surface is caused by
chemical reactions of the segregated dopant with oxygen from the environment. These reactions
can result in the formation of dopant oxide and peroxide, either in the form of particles on the
surface 224 or monolayers covering the entire surface . We can thus predict the oxygen
chemical potential where the formation of these reaction products sets in for the three dopants
and show that this onset oxygen chemical potential is correlated with the dopant cation size. In
this work, we probe the two segregation mechanisms described above as a function of oxygen
chemical potential modulated by electrochemical polarization of doped LaMnOs electrodes.
Using X-ray photoelectron spectroscopy (XPS), secondary electron microscopy (SEM), and atomic
force microscopy (AFM), we observe a progressive enhancement of surface segregation under
increasing cathodic polarization for all three compounds. This behavior originates from the
electrostatic attraction (Eelec) Of charged dopants to the surface, which is enriched in oxygen
vacancies under reducing conditions. Under anodic polarization, segregation is driven by the
instability of dopants within the lattice and the reaction with gaseous oxygen in the environment.
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The reactivity of dopant cations is enhanced by lattice misfit strain (Eela) of the large dopant
cations in the form of an increase in segregation for LBM and LSM under anodic conditions. For
LCM which had negligible Eela, Ca segregation is suppressed under a wide range of anodic
polarization. Clear differences in the transition point between the elastically and electrostatically
dominated regimes demonstrate the balance between these two driving forces and their
response to changes in the oxygen chemical potential. Thus, this study provides a systematic
analysis of the role of polarization and effective pO, in segregation processes on perovskite
oxides and advances the understanding of their driving forces in both reducing and oxidizing
conditions.

2) Having seen that electrostatic interaction between dopant and oxygen vacancies plays an
important role in dopant segregation, we investigated if the electrostatic energy of dopant can
be modulated by changing the reducibility of the surface through doping additional metal cation.
This alters the oxygen vacancy formation energy and thus the oxygen vacancy concentration at
the surface. On LaosSro.2Co0:s, this type of modification has been successfully performed using
doping of the surface region via metal deposition *°. The different nature of the low-temperature
solid oxide fuel cell electrode material LapsSro.2Co0s regarding for example ionic conductivity
renders a direct comparison to LSM difficult. In the framework of the present report, we
investigate the effect of depositing Hf, a metal forming very stable oxides due to their hard-to-
reduce nature, on Sr segregation in LSM. As a result, we observe lower segregation when the
surface of LSM thin film is doped with Hf. This behavior is attributed to the decrease in
equilibrium oxygen vacancy concentration at the surface resulting from incorporation of Hf into
the surface of LSM. Thus, we find a clear enhancement in the surface stability of LSM, indicating
that the targeted modification of the surface reducibility is an approach that is broadly applicable
to stabilize oxide electrode surfaces against the segregation of aliovalent dopants.

3) While research on the cause of Sr segregation and possible strategies to stabilize the
surface of LSM have seen substantial progress, the question of the nature of the SrOx phase and
its role in the surface structure of LSM remains an open question. In an additional essential part
of the present project, we aim to resolve the atomic-scale properties of LSM surfaces as well as
the structure, nucleation, and growth of SrOx as a result of Sr segregation using surface-sensitive
spectroscopy, diffraction, and imaging techniques.

4) As mentioned above, dopant segregation and the resultant formation of insulating phases,
e.g. SrOy, at the surface block the electron transfer and oxygen exchange pathways, thus leading
to a severe drop in oxygen exchange kinetics of the electrode >1>2. One promising way to tackle
this problem in SOFC/EC application is removing dopant segregation by operating perovskite
oxides in a reversible mode. For example, Zhu et al. demonstrated that operating perovskite
oxides alternately under SOEC (anodic polarization) and SOFC (cathodic polarization) mode could
far improve their stability by removing dopant segregation during SOFC operation >3, Similarly, a
study by Wang et al. showed that the surface oxygen exchange rate of (Lao.sSro.2)o.osMnOs
increased by several tens of times under cathodic polarization by removing dopant segregation
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induced under anodic one >, and such passivation and activation were reversible through several
cycles 37, Equation 1 explains how cathodic polarization induces redissolution of Sr into the
perovskite phase during oxygen evolution reaction 37:°2,

V" + SrOsurf + 2MnmnX = Sria” + 2Mnwn” + 1/20 (1)

Obviously, activation under cathodic polarization (cathodic activation) is effective for the
perovskite oxides whose segregation behavior has positive relation with polarization (red solid
curve in Figure 0-1a) 2°37°%55, The amount of insulating dopant species changes reversibly with
applied polarization, following the segregation graph (red dashed curve). Figure 0-1b illustrates
the advantage of employing such perovskite oxides in a reversible operation between SOEC and
SOFC. However, many perovskite oxides often show the opposite segregation behavior;
increased dopant segregation under cathodic polarization (blue solid curve in Figure 0-1a) >4°%
€0 For such materials in their reversible operation, surface degradation is expected to be
removed during SOEC mode as described in Figure 0-1c (anodic activation). Several groups
demonstrated with various perovskite oxides that SOEC operation (anodic polarization) could
remove Sr segregation and far improve the stability of the cell during reversible operations
>4,56,57,6162  Despite a number of experimental evidence, however, the principle of anodic
activation has not been successfully explained so far because it directly contradicts the
mechanism shown in equation 1. Applying anodic polarization would in principle induce the
reverse reaction of equation 1 and even promote dopant oxide formation at the surface 3763, As
another activation pathway of perovskite oxides, elucidating the principle of anodic activation
would be a pivotal milestone for improving the long-term stability of perovskite oxides not only
in their SOFC/EC application, but also in other fields where perovskites are subject to a cycle of
reducing and oxidizing environments, e.g., solar thermochemical fuel production.

As described in part 1), we observe that LCM thin film shows suppressed dopant segregation
under a wide range of anodic polarization (blue solid curve in Figure 0-1a). This is because anodic
polarization lowers the electrostatic attraction of negatively charged dopant (Cai,’) towards a
surface by reducing the number of positively charged surface oxygen vacancies. Hinted by the
segregation behavior of LCM, we choose LCM as an ideal model system for investigating the
possibility of anodic activation as another activation pathway of perovskite oxides. Broad
negative segregation behavior observed in LCM would allow us to do mechanistic studies by
investigating its anodic activation process in a wide range of defect chemistry.

In this last part of our project, we show that insulating dopant oxide at the surface of LCM thin
film can be removed with anodic polarization, which contradicts the conventional mechanism of
activation shown in equation 1. Such anodic activation was also observed in LSM. In-situ
electrochemical impedance spectroscopy (EIS) shows that applying anodic polarization for a short
time reactivates the initially degraded surface of LCM by removing dopant oxide at the surface
and this process is reversible during several cycles. By investigating the kinetics of activation
process in combination with X-ray absorption spectroscopy (XAS), we could propose a new
mechanism behind this novel activation process under anodic polarization; a new fresh
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perovskite surface is formed during the oxidation of LCM under anodic polarization and the pre-
existing insulating dopant oxides at the surface are dissolved into the new lattice during the

process.

Anodic
passivation

a
\
i /
c \
\ \ /
6 iy z
© ¥ /
& K ‘
a \ \ /
O A H
w \ \ ’
= . \ !
S | Cathodic B B Anodic
& | activation S,/ activation
(&) >~
€ --- " --»
. LCM
T
n ) 0 n )

Polarization (V)

< Cathodic activation >

n)
SOEC: fuel production

Cathodic

Segregation . activation

ne)
SOFC: electricity generation

Cc

Cathodic
passivation

< Anodic activation >

ne)
SOFC: electricity generation

Anodic

Segragation activation

n+)
SOEC: fuel production

Figure 0-1. Schematics of cathodic and anodic activations during reversible operation between
SOFC and SOEC modes. a) Two different segregation behaviors of perovskite oxides with respect
to polarization or overpotential (positive relation: red curve, negative relation: blue curve).
Corresponding activation on each segregation behavior is indicated as dashed arrow. b) Cathodic
activation: SOFC operation (negative overpotential) reactivates perovskite oxide surfaces that
were initially degraded under SOEC operation due to dopant segregation. c) Anodic activation:
SOEC operation (positive overpotential) reactivates perovskite oxide surface that were initially

degraded under SOFC operation due to dopant segregation.

Experimental Methods
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1) Lateral polarization of LagsDo.2MnOs thin film electrodes

Dense thin-film Lag.sBao2MnOs (LBM), Lao.sSro2MnOs (LSM), and Lao.sCao.2MnOs (LCM) electrodes
were prepared using pulsed laser deposition (PLD) from each target composition, onto
commercial (100)-oriented single crystals of yttria-stabilized zirconia (YSZ, 8 mol% Y.0s3,
purchased from MTI Corp.). The film thickness of approximately 100 nm was measured using a
Bruker DXT Stylus profilometer. All the thin film electrodes were deposited at a substrate
temperature of 700°C in 0.5 mTorr O; and cooled down to room temperature in 500 mTorr O,.
The crystallographic orientation of the films was determined using X-ray diffraction (XRD; Cu Ka
radiation, Rigaku Smartlab). Before the growth process, the back and one edge of the YSZ crystals
were coated with Pt paint, which establishes a connection between the back side of the
electrolyte and a sputter-deposited Pt counter electrode in contact with the perovskite film
(Figure 0-2). These painted Pt layers, connecting the back, edge, and upper region of the YSZ
crystals, are used as a counter electrode in the polarization experiments. This configuration
enables us to establish a continuous gradient in polarization in lateral direction on the cathode
film surface (see description below). The Pt paint was heated at 700°C in air for 30 min to
evaporate the solvent and form a porous Pt layer. After the thin-film growth, electrical contact
points were created using sputter deposition of a Ti adhesion layer (10 nm) followed by a Pt
contact layer (100 nm). The regions for sputtering were defined by a Kapton mask which covered
the films leaving a 2 mm-gap at the side for depositing upper side of the counter electrode. The
working electrode was deposited through a 3x7 mm?-sized rectangular opening of the mask at a
distance of 3 mm from the counter electrode. In order to remove pre-existing surface segregate
layers, which form on the surface during PLD deposition, the thin-film samples were immersed
into a high-purity deionized water for 1 min. This process selectively removed the surface species
without significantly compromising the nominal dopant amount in the perovskite phase.
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Figure 0-2. lllustration of the experimental setup allowing for applying a continuous polarization
gradient across the top electrode surface %°. The bias voltage applied between the two Pt
electrodes leads to a monotonous decrease of the voltage difference applied between the two
contacts on the top electrode. The resulting lateral gradient of the oxygen chemical potential is
reflected in a gradual variation of the pO>-dependent surface properties.

The setup for the simultaneous probing of a range of polarization (Figure 0-2) is based on the
recent design by Huber et al. *°. The sample bias is applied to a Pt contact sputtered onto the
electrode film, while the counter electrode (CE), the porous Pt layer on the backside of the YSZ
electrolyte, is connected to ground. In contrast to a traditional CE, this model electrode is in
electrical contact with a stripe of Pt on the working electrode (WE) film through the thin film
electrode. This contact is established by connecting the porous CE to the sputtered Pt contact
across one edge of the electrolyte. The sputtered Pt contact point on the WE does not have any
contact to the electrolyte or the CE. In this configuration, the thin film electrode responds to a
potential difference similar to an Ohmic resistor, resulting in a linear voltage drop across the
distance between the two electrodes, shown by Huber et al. *° and confirmed by in-situ XPS
measurements of LSM under polarization. Thus, applying a bias voltage between the WE and CE
(ground) creates a gradient in the electric potential, monotonically changing across the film
surface from the full applied voltage at the WE contact to 0 V at the CE contact on the film
electrode. As a result, the differences in both the electric potential as well as the oxygen chemical
potential between the CE and WE cover a continuous range of values. This novel experimental
setup allows us to use one single sample to probe the effect of a large range of bias voltages. This
not only saves time, but also eliminates potential experimental variables, such as differences in
film thickness, temperature, or pO;, which can differ slightly between samples and experiments.

In-situ APXPS measurements were performed for cathodically biased LSM at the synchrotron
beamline TEMPO at SOLEIL (Paris, France). Considerable levels of the contaminants Cr and MoOx,
however, accumulated on the surface during the measurements, compromising the validity of
the acquired data. While the MoOxy species is homogeneously distributed across the sample, the
Cr intensity was found to increase close to the (negative) working electrode. The in-situ results
reported below are only to be considered qualitatively as support for the ex-situ observations.
Most of the arguments on the lateral polarization experiment are concluded from ex-situ
experiments, unless noted.

For ex-situ measurements, -800 mV, 0 V, and +800 mV were applied to the WE of three separate
thin film electrode samples. These potential values correspond to oxygen pressures of 10716, 1,
and 10% atm, respectively. One other sample was reserved as an as-prepared reference sample.
The local cation composition at four to five points (+160, +320, +480, +640, -750 mV) between
the two electrodes was analyzed by X-ray photoelectron spectroscopy (XPS) using a Physical
Electronics Versaprobe Il X-ray photoelectron spectrometer equipped with a monochromated Al
Ka X-ray source. The distance between each point is constant and corresponds to a potential
difference of 160 mV. While applying bias, the films were heated for one hour at 770 °C in an
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atmosphere of 1 atm O; in a tube furnace. For quantitative analysis, core-level emissions with
similar inelastic mean free paths were chosen; these are La 4d (A = 1.7 nm; Mn 3p (A = 1.7 nm);
Ba4d (A=1.7nm);Sr3d (A=1.6 nm); Ca 2p (A = 1.4 nm) . The angle between the analyzer and
the surface plane was set to 45°. Angle-resolved XPS (AR-XPS) was used to analyze the cation
composition both in a more surface-sensitive (20° with respect to the surface plane) mode and a
bulk-sensitive mode (45° and 90°). The XPS spectra were analyzed to quantify the amount of each
component by normalizing their peak area by the sensitivity factor of each core-level orbital.®®
For LSM, in-situ XPS experiments were performed in 100 mTorr O; at 650°C using the
configuration described above at the beamline TEMPO at the synchrotron facility SOLEIL, France.

The surfaces of the films were imaged using high-resolution scanning electron microscopy
(HRSEM) and atomic force microscopy (AFM) to reveal the morphology of the surface segregates,
which typically precipitate out as particles. HRSEM was measured by a Zeiss Merlin HRSEM with
an in-lens secondary electron detector. AFM measurements were performed using a Veeco
Metrology Dimension 3100 AFM with a Nanoscope V controller (tapping mode), as well as a Park
NX-10 AFM operated in non-contact mode.

The polarization-dependence of Sr surface segregation was measured by means of X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy, and atomic force microscopy
(AFM). A novel experimental setup provides access to a continuous range of electrochemical
potentials on a single sample, ensuring equivalent conditions for each data point. The XPS data
acquired on samples heated at 770°C in 1atm O; shows a clear enhancement of the segregation
of Sr when negative bias is applied to the cathode surface.

2) Effect of surface metal doping

The measurements are performed on LapsgSro2MnQOs thin films grown using pulsed laser
deposition using the same deposition recipe as above polarization study. The surface topography
was characterized using atomic force microscopy (AFM; Veeco Metrology Dimension 3100 AFM
with a Nanoscope V controller; operated in tapping mode). Hf was deposited by physical vapor
deposition in ultrahigh vacuum at room temperature using a Focus EFM 3T electron-beam
evaporator. The deposition rate was calibrated using a quartz crystal microbalance (Sentys). A
thickness of 4A was selected, approximating a monolayer of deposited material. During
deposition one half of the LSM/YSZ samples was covered by Al foil, inhibiting metal deposition
on this half of the samples. This geometry allows for a direct comparison of the evolution of
untreated and metal-doped LSM by comparing spots at a distance of few millimeters on the same
sample in experiments at high temperatures and oxygen pressures.
The APXPS measurements on the effects of metal deposition were performed at beamline 9.3.2
of the Advanced Light Source (Lawrence Berkeley National Laboratory, USA). After transfer the
samples were annealed in ImTorr O; at approximately 260°C (as measured by a K-type
thermocouple attached to the sample surface) to remove residual C species. The low-
temperature reference spectra were taken under these conditions. Spectra of the Sr 3d, La 4d,
Mn 3p, O 1s, and Hf 4f regions were acquired. The photon energies were adjusted to achieve a
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kinetic energy of 290eV for all elements in order to achieve comparable mean free paths of the
photoelectrons. The Sr 3d spectrum was monitored during heating up to the onset of
segregation, which was observed at approximately 450°C. The high-temperature effect of metal
doping was determined at this onset temperature and at 550°C.

3) Atomic-Scale Surface Structure and Topography

The present project employs a multi-technique approach to investigate the surface properties of
Lao.sSro.2Mn0O3 (LSM) and their relation to surface stability and degradation. The surface structure
and topography has been studied on LSM single crystals, grown using the floating zone method
by a collaborating group (Checkelsky Lab, MIT) and cut to expose (001) and (110) facets (cubic
notation) by Surface Preparation Laboratory (Netherlands) , as well as epitaxial thin films on
commercial SrTiO3 (001) substrates (MTI Corp) grown using pulsed laser deposition (PLD). These
samples were mounted on Omicron-type Ta sample plates via spot-welding Ta wire holding the
crystal in place. These samples were loaded into ultra-high vacuum (UHV) setups with a base
pressure <2x10° mbar and equipped with manipulators with heaters based on thermal radiation
of a hot filament and high-precision leak valves to set a well-defined background pressure. The
scanning tunneling microscopy (STM) images were acquired using a variable-temperature
scanning tunneling microscope (VT-STM) (Omicron GmbH, Germany) operated in constant
current mode at room temperature; low-energy electron diffraction (LEED) patterns were
obtained using SPECTALEED rear-view LEED optics. Prior to the measurements, the samples were
heated to 350°C in 2 x 10*mbar Oz to remove residual carbon in an UHV preparation chamber,
forming part of the setup for STM and LEED.

4) Reversibility of dopant segregation

The measurements are performed on LagsCao2Mn0s, La0sSro2Mn0Os, and Lag.sBao2MnOs thin
films grown using pulsed laser deposition using the same deposition recipe as above polarization
study. Characterization and pre-treatment (dipping into water for 1 min) of samples and were
done similarly as described above. Polarizations were applied via lateral polarization or
conventional method (single-valued polarization on the whole electrode) at 770°C in 1atm O,.
The amount of surface insulating species was quantified by X-ray photoelectron spectroscopy
(XPS) using a Physical Electronics Versaprobe Il X-ray photoelectron spectrometer equipped with
a monochromated Al Ka X-ray source. In-situ electrochemical impedance spectroscopy (EIS) were
collected in the frequency range from 1 MHz to 0.1 Hz using an AC voltage amplitude of 10 mV.
HRSEM was measured by a Zeiss Merlin HRSEM with an in-lens secondary electron detector. Ex-
situ X-ray absorption spectroscopy (XAS) measurements were done at the beamline 23-ID-2 at
Brookhaven National Laboratory (BNL), USA.

Results and discussion

1) Lateral polarization of Lag.gsDo.2MnQs3 thin film electrodes
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Building on the study of cathodic polarization of Lag.gSro2MnOs, which was described in the
previous progress report, we performed a systematic study of doped LaMnOs films with three
different dopants of the same valence state (Ca, Sr, and Ba) under cathodic and anodic
polarization.

1.1. Structure of dense thin-film electrodes:

After deposition and pre-treatment with deionized water, the films were characterized using out-
of-plane X-ray diffraction (XRD) and profilometry. As shown in Figure 1-1, the XRD patterns of the
films show clear peaks corresponding to a (110) orientation (cubic indices), with small
components arising also from (100) and (111). The sample thickness is in a range of 80 - 100 nm.
In scanning electron microscopy (SEM) images of the as-prepared samples no particles are
discernible. XRD spectra acquired after annealing with polarization do not exhibit any significant
changes compared to the as-prepared films.

YSZ (400)

116 YSZ (200) LBM
—— LSM (220)

|
(100) Ul (111) (2000—— LCM | |

.|I
|
Ill. |

20

Figure 1-1. XRD patterns of LagsCap:MnOs (LCM, blue), LaosSro2MnOs (LSM, red), and
Lao.sBao2MnOs (LBM, black).

1.2. Potential distribution on the thin film electrode formed by lateral polarization (in-situ

measurement[

The potential distribution within the LSM film can be illustrated by comparing the peak positions
of the La 4d spectra at the spots selected for measuring the potential effects. Figure 1-2 shows
the position-dependent La 4d peak position as a function of position measured from LSM sample
at 650°C in an atmosphere of 100 mTorr O.
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Figure 1-2. La 3d spectra acquired at 650°C in five different positions illustrating the gradual
change in polarization across the surface: (a) overview (b) zoomed-in view. The position of the La
4d peak exhibits a continuous monotonic shift with variations of the polarization (nominal values
derived from distance) ranging from the working electrode (-600 mV) to the grounded counter
electrode. The total shift corresponds to approximately 550 meV.

1.3. Surface chemistry of doped LaMnOs film electrodes:

X-ray photoelectron spectra of all constituent elements have been acquired to quantify the
dopant segregation behavior of LCM, LSM, and LBM. Ca 2p, Sr 3d, and Ba 4d core-levels have
been selected for chemical analysis, because they are known to change significantly with bonding
environment, and thus, have been widely used in previous segregation studies 127:66:67,

Figure 1-3 shows characteristic spectra of the respective dopant species for the as-prepared and
annealed films. The spectra have been deconvoluted into two Voigt doublet components: a
component at high binding energy, which is commonly attributed to the segregated dopant oxide
(green) and a lattice component at low binding energy (blue), corresponding to the original
perovskite phase. O 1s, La 4d, and Mn 3p core-level spectra were also acquired to quantify the
composition of the surface region. The as-prepared films show low amounts of the respective
surface component while the intensity of the lattice component is close to the nominal value of
0.2 in Lao.sD0.2MnO:s. As a result of annealing, the intensities of the surface components of each
dopant increase significantly.
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Figure 1-3. Representative core-level X-ray photoelectron spectra of a) Ca 2p, b) Sr 3d, and c) Ba
4d. Lap.sCap2MnO0s3, LaosSro2Mn0s3, and Lag.gsBao2MnOs films were annealed in pure O; for 1 h at
770°C; no bias was applied on the samples shown here. The spectra of the respective as-prepared
(top) and annealed (bottom) films were deconvoluted to show lattice (blue) and surface (green)
species.

In virtue of the lateral polarization method, only two films were required to take 9 different sets
of spectra (or even more if needed), eliminating potential errors resulting from different sample
preparation and history. Figure 1-4 describes the progressive changes in each dopant core-level
spectrum (Ca 2p, Sr 3d, and Ba 4d) with the gradual shift from positive to negative potential.
Given the positions at the surface, at which these spectra were taken, the corresponding
potentials are assigned as +160 mV, +320 mV, 480 mV, 640 mV, -750 mV, based on the
approximately linear relation of position and potential observed in synchrotron photoemission
measurements (Figure 1-2). The intensity of each spectrum was normalized by the amount of
total A-site cations. By deconvoluting each spectrum as illustrated in Figure 1-4, the respective
segregated component, Casurf, Srsurf, and Basuf, can be quantified as a function of the
electrochemical potential. The amounts of segregation in the different oxides can also be visually
recognized when tracking the relative intensities of the points highlighted by the dashed lines at
two different binding energies: 344.5 and 343.5 eV for LCM, 130.8 and 129.1 eV for LSM, and
89.3 and 85 eV for LBM. In case of LCM, it is observable from Figure 1-4a that both the absolute
and relative intensity of the surface component (Casurr 2p3/2, 344.5 eV) continuously increase
compared to the lattice component (Caiatt 2p3/2, 343.5 eV) as potential decreases. For the case of
LBM shown in Figure 1-4c, both the absolute and relative intensity of the surface component (Ba
4ds/2, 89.3 eV) decrease with a potential drop to -480 mV but increase again as potential becomes
more negative. While for LCM and LBM the higher binding energy peak corresponds well to the
location of a sub-peak of the surface component, the energy of 130.8 eV has been selected for
the case of LSM, since it is best suited for following changes in the Sr 3d peak shape. The peak at
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130.8 eV contains intensity contributions of both surface and lattice component. Thus,
comparing it with the peak at 129.1 eV (purely Sriatt 3ds/2) provides a rough estimate of the
amount of segregation. Also, the increase in the high-binding energy shoulder between 131 and
133 eV is an indicator of segregation. It can be seen in Figure 1-4b that the segregation becomes
less as potential goes down to 160 mV but increases again when moving to more negative
potentials.
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Figure 1-4. X-ray photoelectron spectra taken for Ca 2p, Sr 3d, and Ba 4d illustrating the extent
of dopant segregation at the surface as a function of applied potential at 770°Cin 1 atm O for 1
h for a) Laop.sCao.2Mn0O3, b) Lao.sSro.2MnQs3, and c) Lag.sBao2MnQOs. The 0 mV spectrum in each core-
level is deconvoluted into the emission arising from the surface (green) and lattice (blue) binding
environments.

Figure 1-5 shows the intensity of the respective surface components normalized by the total peak
area of the A-site cations, plotted as a function of the applied potential. In all three compounds,
the surface contribution of the dopant is found to increase towards higher negative polarization
values within a particular potential range: -754 to 640 mV for LCM (Figure 1-5a), -754 to 160 mV
for LSM (Figure 1-5b), and -754 to -480 mV for LBM (Figure 1-5c). The ranges vary substantially
between the three compounds, illustrated by the clear shift of the point of minimum segregation.
In the cases of LSM and LBM, for which the dopant has a larger cation radius than La, segregation
increases also with increasing anodic polarization, leading to a minimum in the potential-
dependent intensity of the surface component. A monotonic increase in segregation is observed
from 160 mV to 640 mV for LSM and -480 mV to 640 mV for LBM. For all three compounds, the
segregation curve exhibits a sharp transition point, a minimum in the cases of LSM (160 mV) and
LBM (-480 mV) and the change between steep and flat potential-dependence of segregation for
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LCM (-480 mV). The corresponding potential of minimum segregation shifts towards more
negative values with increasing dopant radius.
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Figure 1-5. XPS intensity of surface a) Ca, b) Sr, and c) Ba components, normalized by the total
intensity of A-site cations of Lag.sCao.2MnQ3, Lao.sSro.2MnQs, and Laop.sBao2MnQs, respectively. The
filled circles indicate the data points from the polarized samples annealed at 770°C in 1 atm O3
for 1 h. The open circles indicate the data points from the as-prepared samples. The arrows in
the graphs indicate the regions where the electrostatic energy or elastic energy is the dominant
reason of segregation of the dopant. The thick trend lines serve only as a guide to the eye.

1.4. Surface morphology of doped LaMnOs thin-film electrodes:

The differences in surface topography due to dopant segregation have been analyzed by SEM
and AFM, as shown in Figures 1-6 and 1-7. For LSM and LBM, the surface at the highest negative
(cathodic) potential (-750 mV) is populated by small particles (Figure 1-6b, left and 1-6c¢, left).
However, the species on LCM exhibit a granular structure consisting of particles of similar size,
covering its entire surface (Figure 1-6a, left). Under the most positive (anodic) potential (+640
mV), the surfaces of LSM and LBM are characterized by the formation of smaller particles than
those under the negative potential, whereas LCM does not exhibit any discernible features.
Further SEM images of LSM and LBM were acquired under the potentials showing the lowest
segregation in XPS, +160 mV and -160 mV, respectively. For LCM, +160 mV was selected as an
intermediate step.
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Figure 1-6. SEM images of the LapsCao2MnOs3, Lao.gSro.2Mn0Os, and Laog.gBao.2MnOs surfaces after
annealing at 770°C in 1 atm O3 under polarization, acquired at different locations corresponding
to the indicated bias voltages. a) LapsCap2MnOs at -750 mV, +160 mV, and +640 mV, b)
Lao.sSro.2Mn0s at -750 mV, +160 mV, and +640 mV, and c) Lao.sBap.2MnOs3 at -750 mV, -160 mV,
and +640 mV. The magnification of all the images is 25k with a scale bar indicating 1 um. Insets
in Lao.gSro2MnO3 and Lag.gBap2MnOs at +640 mV are 4-times further magnified images for a
clearer view of small particles on their surface.

The influence of the applied potential on the surface roughness has been also been assessed
using AFM. Figure 1-7 summarizes the AFM results and provides a comparison of the three
compounds. Images (a-c) illustrate the surface topography after annealing at high negative (-670
mV) and positive (+670 mV) potentials in pure Oz for 1 h at 770°C. Tiny particles observed by SEM
on the most positive side of LBM (the inset in Figure 1-6c, right) were not observed by AFM.
Graphs at the bottom of Figure 1-7 show the trend in roughness values from the matrix phase
(particle free zones) of each film surface. The root-mean-square (RMS) roughness (blue line)
shows a clear common trend towards smoother surfaces at positive potentials for LCM and LBM.
Especially for LCM, the evolution of surface roughness matches well with the evolution of Casurf
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as quantified by XPS in Figure 1-7. However, LSM does not exhibit any clear trend in the
roughness and very little overall variation. The large error bar for LCM at -670 mV results from a
coexistence of rough and flat patches at the surface.
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Figure 1-7. AFM images (top) and AFM roughness (bottom) measured for (a) Lao.sCao.2MnOs, (b)
Lao.sSro.2Mn0s, and (c) LaosBap.MnOs. AFM images were taken at -0.67 V (left) and + 0.67 V
(right). AFM roughness was measured by the variation of the root-mean-square (RMS) roughness
of the surface layer (excluding particles) and the particle volume per pm? and is plotted as a
function of bias voltage.

1.5. Further discussion

The present results on surface degradation in a lateral polarization gradient demonstrate
both, differences and similarities of the three compounds under scrutiny: In LCM, LSM, and LBM
dopant cations segregate to the surface at high temperature (770°C) and form chemically
different surface species. In highly reducing conditions the extent of segregation increases 37 for
all three compounds, whereas under oxidizing conditions an enhancement is only observed for
LSM and LBM. The XPS results display dopant-specific trends of the extent of segregation as a
function of bias voltage showing; a sharp transition between two regimes of segregation behavior
is observed for each compound. These trends also find representation in gradual changes
observed in SEM and AFM images.

Here, we relate the polarization-dependent segregation behavior of the three different
compounds to varying contributions of the two driving forces of segregation outlined in the
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introduction: an elastic and an electrostatic force. Their balance in causing the segregation of the
different dopants at different oxygen chemical potentials is subject of the two main hypotheses
tested in the present report: 1) Eelec increases with a decrease in effective pO2 and 2) Eela increases
with an increase in effective pO, for all three compounds in the present study. The first
hypothesis is related to the trend for increasingly negative potentials. For all three compounds,
segregation is indeed increasing at high negative potentials, corresponding to reducing
conditions: -754 to 640 mV for LCM, -754 to 160 mV for LSM, and -754 to -480 mV for LBM.
Entering the regime of high oxygen vacancy concentrations thus leads to enhanced segregation.
The in-situ data for cathodically polarized LSM in Figures 1-2 support these results; the high
surface sensitivity even substantially enhances the differences observed between the points.
Under reducing conditions, the reported chemical expansion of perovskite oxides %8 diminishes
the importance of the elastic energy. The electrostatic energy, on the other hand, increases with
the expected rise of the oxygen vacancy concentration upon reduction of the surface. Thus, the
observed increase at decreasing effective oxygen pressures is in good agreement with hypothesis
1. However, as the potential becomes more positive and the conditions more oxidizing, the lattice
parameter of LaMnOs decreases 299, raising the elastic energy contribution for larger dopants
substituting La, in this case Sr and Ba. At the same time, the number of oxygen vacancies at the
surface decreases and so does the electrostatic energy. These simultaneous changes occurring in
the oxide films cause the nature of the dominant driving force to transition from electrostatic to
elastic. Since Ca is the smallest of the three dopants and exhibits barely any size mismatch with
La, the contribution from the elastic energy is negligible for Ca. Hence only the effect of a
decrease in electrostatic energy is observed to modify the extent of segregation, manifesting
itself as a continuous decrease throughout the graph in Figure 1-5a. The existence of a transition
point to a flatter potential-dependence, however, indicates that there is a discernible
contribution of Eeia even under mildly reducing conditions, but under neither of the conditions
investigated it is sufficient to overcome the overall decrease caused by the drop in Eeec. With
increasing cathodic polarization, Eelec begins to fully dominate the observed behavior as soon as
the potential is sufficiently negative to induce substantial reduction. For LSM, a clearer transition
is observed. However, the effective pO; at the transition between the two regimes is substantially
higher than in the case of LCM. The larger cation mismatch between Sr and La significantly
increases the importance of Eea compared to Ca. Under increasingly oxidizing conditions,
segregation of Sr is progressively enhanced. This behavior is found to be even more prominent
in LBM owing to its larger cation radius. The intrinsically high misfit elastic energy of Ba in LBM
grows further as pO;increases. The large dopant size results in a predominantly elastically driven
segregation behavior already at the reducing condition of -480 mV. These results coincide well
with our initial expectations for dopants with different cation radii. The observations indicate
that the second hypothesis is based on a correct concept even though the rise in elastic energy
is not sufficient for Ca to enter an elastically dominated regime. The clear increase in segregation
at high cathodic polarization for all three compounds strongly supports the first hypothesis of a
common electrostatic driving force.
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In agreement with the spectroscopy results, measurements of the surface topography using
SEM (Figure 1-6) and the particle volume and roughness using AFM (Figure 1-7) display a gradual
change across the surface of LCM and LBM. The low level of segregation and the variations in
particle shape and surface topography of LSM may conceal a comparable trend. In the case of
LBM, a comparison of the particle volume and the contribution of the segregated species to the
Ba 4d spectra shows very good agreement. This close correspondence allows us to assign the
preferential growth mode of BaOy as Volmer-Weber type (3D particles). The clear difference in
particle shape indicates the possibility of different surface phases under reducing and oxidizing
conditions. For LCM segregation clearly proceeds in a different manner: No distinct particles
protruding from the surface layer are observed at any condition, but the overall surface
roughness is found to grow dramatically for increasingly negative potentials. This can be
interpreted as the growth of a rough two-dimensional oxide layer of precipitates wetting the LCM
surface. The change in surface roughness could be attributed to the growth of a flat but granular
structure rather than the presence of a smooth 2D wetting layer. These two cases, however, are
expected to be indistinguishable in XPS experiments.

2) Effect of surface metal doping

2.1. The effect of Hf on Sr segregation

In synchrotron-based ambient-pressure XPS experiments we investigated the effect of metal
doping of the surface on the stability of LaosSro.oMnOs thin-film model cathodes on a YSZ
electrolyte single crystal. We directly compare an untreated half of one single LSM sample with
the second half modified by electron-beam deposition of 4A of Hf or Ti.
Figure 2-1 provides a comparison of Sr 3d spectra of the unmodified side of LSM at low
temperature and at 450°C acquired in situ in ImTorr Oz. The deconvolution of the peaks shows
two species: Sr in the LSM lattice (Sriatt) and a surface phase of Sr (Srsurf), assigned as the
segregating SrOx species. While Sriar: dominates the spectrum at low temperature, the Srsur
contribution increases substantially when heating to 450°C.
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Figure 2-1. Sr 3d spectra of Lao.sSro.2MnQO3/YSZ acquired in-situ in ImTorr 02 at 260°C (a) and
450°C (b). The deconvolution shows two species, Sr in the Lao.sSro2MnQOs lattice (Sriat, purple)
and the segregating SrOy species (Srsurf, cyan). At 450°C a substantial increase in Srsyrt is observed,
corresponding to surface segregation of Sr.

On the side modified by Hf a similar effect was observed, but the increase in Srsuf was found to
be substantially lower. Figure 2-2 shows a comparison of the cation intensity ratios measured on
the Hf-doped and the unmodified halves of the sample at room temperature and during
annealing at 450°C (two spots of each side) and at 550°C. While different descriptors display small
differences in the trends, all graphs clearly show a higher intensity in surface Sr and total Sr in
the case without Hf. In Figure 2-2a, the ratio of Srsurf to Sriatt Shows an overall enhancement of
the surface Sr species on the undoped side of the sample, but at higher temperature the overall
Sr content increases substantially, leading even to a decrease in Figure 2-2a. The increase in total
Sr content is, however, very clear for the Sr/Metals ratio shown in Figure 2-2d. The overall
intensity of Srqur, on the other hand, increases monotonically with temperature, illustrated by
the Srsurt/(Sr+La) and the Srsuri/Metals ratios on display in Figure 2-2b and 2-2c.
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Figure 2-2. Quantification of Sr segregation on Lao sSro.2MnQO3/YSZ with/without prior deposition
of Hf. Intensity ratios at room temperature, 450°C (two points), and 550°C on an area with 4A Hf
(blue) and without Hf (red): (a) Ratio of segregated surface Sr (Srsurf) to Sr in the Laop.sSro2MnOs
lattice (Sriatt). (b) Ratio of Srsurf to the total A-site cation intensity (Sr+La). (c) Ratio of Srsurf to the
sum of all cations. (d) Ratio of total Sr to the total cation intensity. In all cases the relative intensity
of Srsurf and total Sr content is higher without Hf doping and increases more strongly with heating.

Figure 2-3 illustrates the direct relation of Srsurf content and Hf coverage in a line scan across the
surface, moving on a linear path from the Hf-modified region to the undoped half of the sample
in 8 steps. In Figure 2-3a four representative Sr 3d spectra are presented, which were acquired
along the path: (1) Hf-containing side, (3) transition zone with low Hf content, and (5, 7) undoped
side. Figure 2-3b displays the Srsur/Sriatt ratio in direct comparison to the Hf content in the 8 spots
included in the line scan. The increase in Srsu clearly follows the decrease in Hf intensity
throughout the entire line scan. The figure illustrates the direct relation of Srsut content and Hf
coverage in a line scan across the surface, moving on a linear path from the Hf-modified region
to the undoped half of the sample in 8 steps.
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Figure 2-3. Line scan across the LaosSro2MnOs thin film at 450°C in 1.3x103 mbar O,. (a) Sr 3d
spectra in four positions in different locations moving from the Hf-doped side (1) via a transition
zone with low Hf content (3) to the undoped region (5, 7). Segregation increases with decreasing
Hf content. (b) Relation of Hf content and Srsurf/Sriatt ratio in 8 points along a linear path across
the sample. Srsurt/Sriatt Shows a direct, inverse dependence on the Hf content.

In addition to the spectroscopy experiments, the surface was imaged using atomic force
microscopy and scanning tunneling microscopy (insets of Figure 2-4). Figure 2-4 shows a
comparison of AFM and STM images acquired ex-situ after the XPS experiments described above.
A grainy structure with a root-mean-square roughness of =0.96-0.98nm is observed in large-scale
AFM images (4.5x4.5um?, Az=6.5nm) in points without Hf (Figure 2-4a) and with deposition of
4A of Hf (Figure 2-4b) after the annealing experiments. The STM images in the insets
(200x200nm?, Az=7.5nm) do not reveal any discernible differences in the shape and size of the
observable features. The high, bright feature in the center of Figure 2-4a is considered a dust
particle or contaminant, since similar particles are observed in random distribution in all positions
on the sample.
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Figure 2-4. Atomic force microscopy and scanning tunneling microscopy (insets) images of
Lao.sSro2MnOs acquired after the in-situ XPS measurements at up to 550°Cin 1mTorr Oz in regions
without (a) and with (b) prior Hf deposition. Both the root-mean-square roughness (=0.96-0.98
nm in the AFM images) and the average feature shape and size are very similar. The bright feature
in the center of (a) is considered unrelated to Sr segregation; a random distribution of
comparable particles is observed on the entire sample.

2.2. Further discussion

Our results clearly demonstrate the stabilizing role of modifying the surface of the high-
temperature SOFC cathode material LSM with low coverage of Hf deposited by electron-beam
evaporation. These results are not only in good agreement with previously reported stability-
enhancement of (La,Sr)Co0Qs, but also demonstrate that this impact of metal deposition is not
specific to one material or deposition method. Specifically, the present work utilizes electron-
beam evaporation, which does not induce any secondary changes to the surface, and the high-
temperature cathode material (La,Sr)MnQOs, exhibiting intrinsically different properties and
operation mechanisms from the low-temperature oxygen conductor (La,Sr)CoOs.

Here, an in-situ analysis of the stabilizing effect of vapor-deposited Hf on LSM surfaces is
presented. Hf, a 5d transition metal that interacts strongly with oxygen, has been selected for
this study due to it extremely low reducibility and since its strong stabilizing effect on the surface
of LSC °°. Both temperature- and coverage-dependent XPS data show that Hf also has a clear
effect reducing the extent of Sr segregation in LSM. While a general enrichment in the segregated
component Srq.rf is observed also in the presence of Hf, the modification of the surface with Hf
clearly diminishes its intensity as well as the overall Sr enrichment of the surface region accessible
to XPS. This becomes apparent when increasing the temperature to 550°C, resulting in a strong
increase in the total Sr content (Figure 2-2d), contrasted by a decrease in the Srsur/Sriat: ratio
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compared to the value at 450°C (Figure 2-2a). Clearly, this also affects the descriptors
Srsure/(Sr+La) and Srsuri/Metals (Figures 2-2b and 2-2c¢) and leads to an under-representation of
the Srsurf content. The role of Hf is most strongly conveyed by the position-dependent analysis
presented in Figure 2-3, which shows an unambiguous correlation between lower Srs,rf content
and the presence of Hf. The intermediate level of segregation in the transition zone between Hf-
doped and unmodified side provides evidence that the stability enhancement scales with the
deposited coverage in the sub-monolayer regime. The stabilizing effect observed for Hf vapor-
deposited at room temperature also highlights the importance of the surface composition in Sr
segregation. Were bulk effects to dominate the segregation behavior, the highly localized Hf-
containing layer would only have a negligible effect on the distribution and precipitation of Sr-
based species. We therefore attribute this stabilizing effect of Hf deposition to a decrease in
surface reducibility of LSM, which results in a lower oxygen vacancy concentration and thus in a
lower electrostatic driving force of segregation, comparable to results reported for Lag.gSro.2Co03
>0, This interpretation is based on the fact that no changes in the chemical state or the intensity
ratios of other elements in LSM were observed in the presence of Hf. Such changes would be
expected for example for the formation of an entirely different surface phase involving Hf.
Moreover, Figure 2-3 indicates that up to the investigated coverage of 4A the strength of the
observed effect scales with the amount of Hf that is deposited, comparable to doping rather than
a closed layer of a different phase.

3) Atomic-Scale Surface Structure and Topography

3.1. Scanning tunneling microscopy (STM) measurement on LSM thin films

The (110) and (001) surfaces (cubic notation) of LSM have been studied using scanning tunneling
microscopy and low-energy electron diffraction of LSM single crystals and thin films on SrTiOs. To
our knowledge, our measurements are the first reports of STM measurements on LSM single
crystals. For all samples a high surface roughness was observed, borne out by a high step density
in STM images and broad, weak diffraction spots in LEED patterns. For thin-film samples, this
could partially be improved by reducing the thickness of the films, requiring to use Nb-doped
SrTiO3 substrates for conductivity.

Figure 3-1 show large-scale STM images of an as-grown LSM/STO (001) surface after annealing
in 2x10“*mbar O,. The surface is even, but the LSM layers are not closed. The terraces exhibit a
high density of islands and holes with an approximate step height of 3.5-4A, in agreement with a
single unit cell of LSM. Examples of this type of steps are indicated by the blue arrows. The orange
rectangle in Figure 3-1a marks the region, where the image in Figure 3-1b was acquired. In the
magnified view, a high density of particles the surface is discernible (examples highlighted by red
arrows). Since Sr segregation occurs already during the growth of LSM thin films and no
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contaminants or C-related species could be observed in XPS, these particles are assigned as SrOx
precipitates.

Figure 3-1. STM images of Lao.sSro.2Mn0O3/SrTiO3(001). a) Overview image showing LSM terraces
with pits and islands characterized by steps of a height of =3.5-4 A. The orange box indicates the
location, where the detailed image in (b) was acquired. The blue arrows indicate examples of
step sites. The red arrows in (b) indicate SrOx particles that are present after growth.

This interpretation is supported by the observations presented in Figure 3-2, which was acquired
after cleaning the as-grown sample in deionized water, which is expected to dissolve the SrOy
species. Indeed, the particles are no longer present. The surface, however, undergoes further
roughening; additional holes in the terraces are observed. For this preparation it was possible to
acquire high-resolution images, such as the one presented in Figure 3-2a. The inset highlights an
area, in which a square arrangement of atomic-scale features could be resolved. The black, blue,
and red lines in the inset indicate the locations, which were selected for the line scans presented
in Figure 3-2b. The measured distances (=3.5A) are comparable to a primitive LSM unit cell. A
square periodicity can also be derived from LEED patterns, such as the one presented in Figure
3-2c (electron beam energy: 65eV). The cyan square indicates the primitive unit cell of a bulk-
terminated LSM structure with its length corresponding to the unit cell size of LSM. Additional
spots (highlighted by the yellow square) indicate the existence of a surface reconstruction.
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Figure 3-2. STM and LEED of Lao.gSro.2MnQ3/SrTiO3(001) after ex-situ H,0 treatment. a) Close-up
image showing LSM terraces of single-layer height. No SrOx particles are discernible, but dark
spots are observed on the terraces. In the magnified image a square arrangement of atoms at
the surface can be seen. The corrugation is illustrated by the line scans plotted in (b). c) LEED
pattern (E..=65eV) of the surface preparation corresponding to the image in (a). A square pattern
of approximately the size of a primitive LSM unit cell is observed, which is in agreement with the
structure in the STM image in (a). The yellow square highlights weak spots indicating a surface
reconstruction.

3.2. Scanning tunneling microscopy (STM) measurement on LSM single crystals

While in these films on SrTiOs the film properties are influenced by the substrate, LSM single
crystals reflect the pure material’s properties. One of the aims of the surface science study of
LSM is finding a reproducible preparation of high-quality LSM surfaces. Figure 3-3 shows an STM
image acquired after sputtering of an LSM (001) crystal and annealing at 700°C in 5x10°® mbar of
oxygen. The surface is rough, with series of single-unit-cell steps and small flat areas (diameter <
10nm). The LEED pattern in the inset exhibits a square arrangement of diffraction spots, which
are, however, weak and broad. This is in agreement with an ordered structure, which is present
across the entire surface, but limited to small patches straddling the limits of the coherence
length of LEED.
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Figure 3-3. STM and LEED of Lao.sSro.2Mn0O3(001), sputtered and annealed at 700°C. The surface
is rough with a maximum continuous size of terrace below 10nm. LEED (Ee = 32 eV) shows an
ordered square structure, but the small terrace sizes lead to weak, broad diffraction spots.

Figure 3-4 demonstrates the effects of annealing an LSM (001) crystal in 2x10°mbar at 600°C in
an UHV chamber. Even without prior sputtering, carbon-based species can be removed and a
surface based on clean LSM terraces is exposed, as shown in Figure 3-4a. The zoomed-in view in
Figure 3-4b illustrates small, flat terraces with holes and small particles, but it also demonstrates
the coexistence of small areas of a different surface termination. The small areas highlighted by
the cyan arrows present a row-like structure with row distances of 0.8-1 nm, but are flat on the
given size scale. The step height between the two terminations amounts to approximately 2A in
all cases. The atomic-scale image in Figure 3-4c also shows a row-like structure on the
predominant, flatter surface termination. Here, the row distance is in agreement with 3.94, the
lattice constant of a primitive LSM (001) lattice.

DISTRIBUTION A: Distribution approved for public release



annealed 600°C

Twe termmatlongﬁ
- Az<2 ﬁ

Feature distance =3.9A

o

App. Height (A)
o
(8]

(=}

20 40
Length (A)

Figure 3-4. STM results of Lao.sSro.Mn03(001), sputtered and annealed at 600°C in 2x10™> mbar
0,. The surface is still rough but clean terraces are exposed. Two surface terminations coexist,
indicated by the half-unit-cell step height (b). (c) Zoomed-in view of a terrace showing atomic
rows, with a line scan (yellow line, graph in (d)) demonstrating that the feature distance matches
the LSM unit cell size.

STM images acquired on an LSM (110) crystal present a similar picture to the (001) orientation.
Figure 3-5 shows a high density of steps with small terraces. However, in contrast to Figure 3-3,
the surface appears to exhibit a preferential orientation, leading to an elongated shape of
terraces. Moreover, the steps do not agglomerate, but assume an ordered, equidistant
arrangement. The magnified image in the inset illustrates the structure on the terraces: rows
with a spacing of approximately 7A dominate the topography, highlighted by the white lines. The
LEED pattern clearly demonstrates a rectangular surface unit cell. The lowest order spots (yellow
rectangle) correspond to a periodicity of approximately 7.3A, close to double the periodicity of a
primitive surface unit cell (cyan rectangle).
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Figure 3-5. STM and LEED of Lao.sSro2MnQ03(110), sputtered and annealed at 735°C. The surface
is characterized by a high density of steps with an elongated shape, indicating a preferential
growth direction. The inset shows a magnified view of the region highlighted by the black box:
row-like features with a distance of approximately 7A are observed, indicating a surface
reconstruction. The LEED pattern acquired at E. = 45 eV shows a rectangular unit cell (yellow),
which is approximately double the size of the primitive (blue) surface unit cell.

3.3. Extended X-ray absorption fine structure (EXAFS) measurement on LSM thin films

The structure of LSM and the coordination environment of its constituents have been studied
using extended x-ray absorption fine structure measurements. In order to obtain surface-
sensitive information the study was performed at grazing incidence so that only the evanescent
field of the totally reflected x-ray beam interacts with LSM. Here, we present a comparison of
four different preparations of LSM thin films on YSZ: as-prepared, annealed at 750°C in O, after
deposition of 4A Hf, and annealed at 750°C in O, after Hf deposition. Figure 3-6 shows an
overview of Sr K-edge EXAFS results for these four preparations. The intensity is plotted as a
function of radial distance from the Sr site, corresponding to a Fourier-transformation of the raw
data, measured as a function of photon energy. The main peaks corresponding to scattering sites
within the LSM film are assigned as the respective nearest-neighbor bonding partners of the Sr
cations. While the variations in the oxygen and manganese peaks are very small, substantial
changes are occurring at distances exceeding the maximum of the Sr-Mn peak. With annealing,
the profile of the Sr-La peak is flattened, potentially indicating the emergence of a different
species. The deposition of Hf, on the other hand, appears to cause modifications at distances
close to 4A. The broadening in the La-Sr region upon annealing is also observed in the presence
of Hf. In this case, however, part of the intensity shifts towards higher distances.
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Figure 3-6. Extended x-ray absorption fine structure spectra of LaosSro2MnQOs thin films,
comparing different preparations: as-prepared, annealed at 750°C in O, as-prepared + 4A Hf,
annealed at 750°C in O; after depositing 4A Hf.

3.4. Further discussion

The structure of both LSM and the species resulting from Sr segregation is an important topic of
the present project. In order to learn about the nature and structure of the SrOx species the
coordination and bonding environment of Sr was analyzed using surface-sensitive EXAFS of as-
grown and annealed LSM. While the peaks corresponding to the first two coordination shells (O
and Mn) do not undergo any significant changes, the broadening of a peak close to 4A is
observed. This distance approximately corresponds to the Sr-Sr (and Sr-La) bond length, which is
expected to undergo changes with the formation of a different phase containing Sr. The peak
broadening towards lower bond lengths would be in agreement with a SrO-type structure, but
the resolution in the spectra is not sufficient to draw valid conclusions.

In a second part of the EXAFS study, the effect of Hf deposition was investigated. While the room-
temperature spectrum resembles the one of as-grown LSM, an even stronger broadening than
for undoped LSM is observed after annealing Hf-doped LSM, indicating an additional bonding
environment of Sr, potentially originating from a distortion of the surface region by Hf
incorporation. A detailed, reliable analysis of the spectra is however challenging for all the EXAFS
results presented here, since the observations are limited to peak broadening and intensity shifts
rather than the emergence or suppression of clear separate peaks.
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The atomic-scale surface properties of LSM have been studied on LSM (110) and (001) single
crystals and thin films on SrTiO3(001). Large-scale STM images show flat surfaces for LSM thin
films on STO (Figure 3-1), which nevertheless exhibit a high density of islands, indicating a
tendency of LSM to form steps. While the properties of thin films are influenced by the structure
of the substrate, the preference for creating steps finds stronger resonance on LSM single
crystals, for which the surfaces were found to be ordered, but rough (Figures 3-3, 3-4, and 3-5).
The square arrangement of atoms observed on LSM/STO (001) (Figure 3-2) is generally in good
agreement with the main termination observed on LSM (001) crystals after annealing in 2x107
mbar O,. There, a row-like structure in agreement with the unit cell size of LSM (001) coexists
with a second termination with terraces at a step size of 2A, corresponding to half a cubic LSM
unit cell, indicating a potential MnO;-layer-based termination. Moreover, this termination is
expected to be reconstructed, based on its row distance of at least twice the primitive unit cell.
However, these terraces are small and appear highly disordered, indicating low stability and
potential coexistence of different surface terminations. It should also be mentioned that we do
not expect a row-based structure terminating the LSM (001) single crystals just based on the row-
like structure of the main termination, which is assumed to be a La/Sr-O-based layer, based on
the tendency of A-site surface enrichment. The observation of rows could certainly correspond
to a square unit cell imaged with a slightly asymmetric STM tip, giving a square unit cell a row-
like character. The high-resolution STM image of LSM (110) (Figure 3-5) shows rows of surface
features with a spacing of approximately 7A, which indicates the existence of a (2x1) surface
reconstruction.

Corresponding trends are also observed in LEED measurements: patterns of LSM thin films exhibit
sharp diffraction spots, based on the flatter and better-defined surface layers, whereas the
features for the single crystal surfaces are weaker and broader. This broadening of diffraction
spots is a result of both, the coexisting terminations for LSM (001) and the small terrace sizes
observed in STM, approaching the coherence length of the electron beam. The LEED results for
all three types of samples contain additional diffraction spots compared to the pattern expected
for primitive LSM surface unit cells. While the measured LEED patterns do not allow for definite
conclusions on the surface structure, the additional spots clearly demonstrate the presence of a
surface reconstruction. Both observations, the tendency to form steps and the existence of
surface reconstructions, indicate a high surface energy of bulk-terminated LSM, or the
coexistence of terminations of similar energy. It further shows that different surface structures
and terminations should be taken into account in the interpretation of surface processes on LSM.

4) Reversibility of dopant segregation

4.1. Dopant segregation is reversible with electrical polarization

First, polarization-segregation graph of LCM was obtained which is to be used as a reference for
studying its activation behavior. For the experiments, aforementioned lateral polarization
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method?*®’% was employed in order to minimize potential experimental artifacts. LCM films were
annealed at 770°C for 1h under several polarization values, -0.45, -0.3, -0.15, 0.3, 0.6, and 0.9V
(circles in Figure 4-1a), and the resulting dopant segregation on each polarization was analyzed
with X-ray photoelectron spectroscopy (XPS). The deconvolution of Ca 2p core-level spectrum
into the surface (Casurf) and lattice component (Cajatt) allowed the quantification of surface CaOx-
like phase which was formed as a result of Ca segregation (the same method as part 1)). The
amount of Casurf normalized by (La+Ca) is plotted with respect to polarization as shown in Figure
4-1b (circles), re-confirming our previous results on LCM; Casut monotonically decreases as
polarization increases. To test the reversibility of Ca segregation, we annealed another batch of
LCM film under two-step polarization where the polarization value changed from cathodic (1h)
to anodic (1h); -0.45V = 0.9V, -0.3V = 0.6V, and -0.15V - 0.3V (triangles in Figure 4-1a). The
amount of Casurf 0n each sample is plotted together with the segregation graph of LCM (triangles
in Figure 4-1b), indicating that Ca segregation induced under cathodic polarization can be
removed/reversed by applying anodic polarization.

To further confirm the result, the reversibility of Sr segregation on Lao.sSro2MnO3 (LSM) was also
tested with the similar method. LSM films were firstly annealed at 770°C for 1h under several
polarization values, -0.45, -0.3, -0.15, 0.2, 0.5, and 0.8V and their polarization histories are
indicated as circles in Figure 4-1c. In accordance with our recent finding, it showed valley-shaped
segregation behavior with respect to polarization (circles in Figure 4-1d) where segregation was
minimum around 0 ~ 0.2V (Vmin). To test the reversibility of Sr segregation, we compared this
result with samples annealed under two-step polarizations. For testing cathodic activation, the
polarization values were changed from anodic (1h) to Vmin (1h); 0.8V = 0.15V, 0.5V = 0.1V, and
0.2V - 0.05V. For anodic activation, the changes were from cathodic (1h) to Vmin (1h); -0.45V -
0.15V, -0.3V - 0.1V, and -0.15V - 0.05V. The polarization histories are indicated as triangles in
Figure 4-1c. As a result, the final amount of segregation, indicated as triangles in Figure 4-1d, well
followed the segregation graph of LSM after both cathodic and anodic activation processes.
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Figure 4-1. Reversibility of dopant segregation with polarization. a, LagsCao.2MnQs3 thin films were
annealed with lateral polarization method at 770°C in pure pO; for 1h. First set of samples were
annealed under -0.45, -0.3, -0.15, 0.3, 0.6, and 0.9V (circles). Another set of samples were
annealed under two-step polarizations, -0.15V (1h) = 0.3V (1h), -0.3V (1h) = 0.6V (1h), and -
0.45V (1h) = 0.6V (1h) (triangles). b, The amount of Ca segregation on each film was calculated
by deconvoluting Ca 2p XPS spectra into Casurt and Cajatt, and normalizing Casure with total A-site
cations, Casurf/(La+Ca). The color and shape of each data point represent its polarization history
shown in a. Star indicates the segregation amount on the as-prepared film. ¢, Lao.sSro.2MnOs thin
films were tested with the similar method. First set of films were annealed under single-step
polarization; -0.45, -0.3, -0.15, 0.2, 0.5, and 0.8V (circles). Another set of samples were annealed
under two-step (triangles) polarizations. For cathodic activation, the polarization values changed
from anodic (1h) to Vmin (1h); 0.8V = 0.15V, 0.5V = 0.1V, and 0.2V - 0.05V. For anodic
activation, the changes were from cathodic (1h) to Vmin (1h); -0.45V = 0.15V, -0.3V = 0.1V, and
-0.15V = 0.05V. Resulting Sr segregation, Srsuri/(La+Sr), on each film was quantified by XPS and
plotted with respect to the applied polarization.
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4.2. Activation of LCM mediated by removing Ca segregation under anodic polarization

To investigate if the removal of dopant oxide at the LCM surface would lead to the activation of
its oxygen exchange kinetics, we measured in-situ electrochemical impedance spectroscopy (EIS)
while cycling the polarization between -0.15V and 0.9V under 1 atm O; at 770°C. Each
polarization value was chosen to induce segregation and redissolution of Ca, respectively,
referring to Figure 4-1b. Please note that the lateral polarization method is no longer used and
single polarizations were applied to the whole electrodes for the polarization experiments shown
from now. As expected, applying -0.15V on LCM for 10 h increased the impedance of the cell
markedly up to 2.6-fold (Figure 4-2a). The resulting EIS spectra consist of two semicircles at
intermediate (~500 Hz) and low frequency (~20 Hz). Based on the previous EIS studies, each of
them is attributed to the surface oxygen exchange reaction (O + 4e” <> 207%) taking place at the
grain boundary (Rgp) and grain surface (Rgs) of LCM, respectively3’°>°87172 Detailed explanations
on the interpretation and fitting of EIS spectra are available in the Supporting Information.
Interestingly, when 0.9V was applied thereafter, the EIS spectrum shrank rapidly in 5min and the
impedance returned back to the similar value to the as-prepared sample after 30 min, thus
confirming anodic activation. Such impedance change under different polarizations coincides
well with the reversible segregation on LCM shown in Figure 4-1b; applying anodic polarization
removes Ca segregation. Also, the impedance changes between -0.15V and 0.9V were reversible
during several polarization cycles as can be seen in Figure 4-2b. Thus, these results confirm that
anodic polarization can activate the surface of LCM and is mediated by removing Ca segregation.
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Figure 4-2. Rapid and reversible activation behavior of LCM under anodic polarization. All the In-
situ EIS spectra were taken under OV DC bias right after annealing LCM at 770°C in 1 atm pO>
under different polarizations for different time durations. a, LCM thin film was annealed under -
0.15V for 10h, followed by annealing under 0.9V for 1h. EIS spectra were measured every 2h for
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-0.15V and 10min for 0.9V. The polarization was switched with a ramping rate of 1mV/s. b, The
polarization cycle between -0.15V (10h) and 0.9V (1h) was repeated 4 times.

4.3. Kinetics in reversing Ca segregation and activation

For more detailed study, we studied the kinetics in the reversibility of Ca segregation and anodic
activation in a wide range of polarization. Several LCM films were annealed under cathodic
polarization for 1h, followed by applying anodic polarization for different time durations. Then,
the amount of CaOx on each sample was quantified by XPS and plotted with respect to the time
we applied anodic polarization. Two different cathodic polarizations, -0.15V and -0.6V, were
chosen to vary the amount of dopant segregation before applying anodic polarization. Figure 4-
3a shows the results from the samples that were annealed firstly under -0.15V and -0.6V,
followed by annealing under anodic polarization. When dopant segregation was firstly induced
under -0.15V, about half of the surface dopant oxide was removed within 5min after applying
anodic polarizations (pink data points, please read the pink y-axis at the left side). Also, applying
0.9V (pink triangles) removed more dopant oxides than 0.3V (pink circles). The XPS results are
further supported by scanning electron microscopy (SEM) images measured on each sample
(Figure 4-3b, 4-3c, and 4-3d). The number of CaOy surface particles decreased with the time
duration of applying 0.9V and the surface of LCM started to show grainy structure (inset of Figure
4-3d) which is similar with that of the as-prepared sampl. Next, the effect of higher cathodic
polarization, -0.6V, was studied (brown data points, please read the brown y-axis at the right
side). As a result, about 2.8-times more CaOx was formed at the surface of LCM than that of -
0.15V-annealed sample (pink star vs. brown star in Figure 4-3a). This coincides well with the
segregation graph of LCM in Figure 4-1b. Interestingly, very different kinetics in reversing Ca
segregation was observed when the films were annealed under -0.6V. Comparison between pink
and brown data points in Figure 4-3a reveals that dopant oxides were removed in a much slower
rate when Ca segregation was induced under higher cathodic polarization. The initial rate of
reversing segregation for -0.15V - 0.9V was -7.7h ! while that of -0.6V = 0.9V was only -0.12h"
!, Regarding its surface morphology, Ca did not precipitate as particles under -0.6V “° (Figure 4-
3e), unlike the case of -0.15V in Figure 4-3b. However, the grainy structure again started to evolve
on the LCM surface after applying anodic polarizations (Figure 4-3g).
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Figure 4-3. Kinetics in reversing Ca segregation and corresponding surface morphologies of LCM.
a, LCM thin films were annealed under two-step polarizations at 770°C in 1 atm pO,, and the
resulting amount of CaOx on each sample was quantified by deconvoluting its Ca 2p XPS spectra
and plotted with respect to the time duration of applying anodic polarizations. Cathodic
polarizations were first applied for 1h to induce Ca segregation; -0.15V (pink star, please read the
y-axis at the left side) and -0.6V (brown star, please read the y-axis at the right side). Then,
different anodic polarizations were applied for different time periods to remove Ca segregation;
0.3V (circles), 0.45V (squares), and 0.9V (triangles). The SEM images were taken on the samples
annealed under -0.15V - 0.9V (b, ¢, and d) and -0.6V = 0.9V (e, f, and g). Mark at the top-left
corner of each image represents the corresponding data pointin a. Scale barsin b and e represent
4 um and one in the right inset of b indicates 800 nm.

We then investigated the corresponding activation processes at different times for comparison
with the kinetics of reversing Ca segregation assessed above. To do this, EIS measurements were
performed on LCM films under the same conditions we used for the above segregation study. As
-0.15V was applied to LCM film, the impedance of the cell continuously increased as can be seen
in Figure 4-4, which coincides well with the formation of insulating CaOx evidenced by XPS and
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SEM results in Figure 4-3a and 4-3b. After applying -0.15V for 1h, anodic polarization was applied
to remove CaOy and the total impedance of the cell was measured over time. The resulting total
impedances at different times were normalized (Znorm) and plotted in Figure 4-5a (deep pink data
points, please read the thick y-axis at the left side). The graph shows that Z,orm shrink very fast
close to the initial low value (Znorm = 0 when Zanodic = Zinitial) Within a few minutes and 0.9V (deep
pink triangles) was more efficient for activation than 0.3V (deep pink circles). On the other hand,
when LCM film was passivated under -0.6V, followed by activation under 0.3V (deep brown
circles), the total impedance decreased in a far slower rate than the -0.15V case and it could not
fully recover the initial impedance even after 10h. For a comparison of the activation processes
with the kinetics of Ca segregation, the amounts of Casur at different times are plotted together
in Figure 4-5a (light data points, please read the thin y-axis at the right side). It can be seen that
the time took for removing Casurf and activating LCM followed the same trend; -0.15V - 0.9V < -
0.15V - 0.3V << -0.6V - 0.3V. Also, the final impedances and amounts of CaOy followed the
same order; 0.15V - 0.9V < -0.15V - 0.3V < -0.6V - 0.3V. Above results further confirm that
redissolution of CaOx under anodic polarization induced activation and that activation kinetics is
affected by the initial cathodic polarization value on the LCM film.

Next, the reversibility of activation and passivation process is assessed. Each polarization cycle, -
0.15V <> 0.9V, -0.15V & 0.3V, and -0.6V <> 0.3V, was repeated four or five times and the
resulting impedance changes are shown in Figure 4-5b, 4-5c, and 4-5d, respectively. In all the
polarization cycles, the changes were very reversible in terms of both the shape and magnitude
of EIS spectra. Also, SEM images of each film showed that there were no significant
microstructural changes. In some cases, however, the EIS spectra were not reversible. Figure 4-
6 shows irreversible change of EIS spectrum after finishing the first polarization cycle between -
0.6V (1h) <> 0.9V (10h). According to the previous studies on LSM thin film, microcracks or holes
were formed when a high anodic polarization was applied to the film and sometimes this led to
slight decrease in the impedance of the film by making new current pathways 377374, Likewise,
we could also observe the formation of microcracks or delamination of the LCM film when high
anodic polarization (0.9V) was applied for a long time (10h) as can be seen in Figure 4-6. Such
microstructural changes caused permanent decrease in Rgp, resulting in irreversible EIS spectra
between polarization cycles.

= as_prepared
£ 604-0.15V, 1h el e
. E - - --0.15V,10~50min
m— -0.15V, 1h

0 40 80 120 160 200 240
Zre (Q'sz)
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Figure 4-4. EIS spectra were obtained at 770°C in 1 atm pO2 while applying -0.15V on LCM for 5,
10, 20, 30, 40, 50, and 60 min.
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Figure 4-5. Kinetics in the anodic activation of LCM and its correlation with the reversibility of Ca
segregation. a, After applying cathodic polarizations on LCM thin films for 1h, EIS spectra were
obtained at 770°Cin 1 atm pO; while applying anodic polarizations. The resulting total impedance
values were normalized by Znormalized = (Zanodic - Zinitial)/(zcathodic - Zinitial); Znormalized = 0 when Zanodic =
Zinitial and Znormalized = 1 When Zanodic = Zcathodic (indicated as stars). The resulting values are plotted
with respect to the time period of applying anodic polarizations (please read the thick y-axis at
the left side); 0.15V (1h) = 0.3V (deep pink circles), 0.15V (1h) = 0.9V (deep pink triangles), and
0.6V (1h) = 0.3V (deep brown circles). For comparison, the amount of Casur is plotted together
with light colors (please read the thin y-axis at the right side). To test the reversibility of anodic
activation, each polarization cycle was repeated four or five times; b, -0.15V (1h) <> 0.9V (1h), c,
-0.15V (1h) ¢ 0.3V (1h), and d, -0.6V (1h) <> 0.3V (10h).
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Figure 4-6. After applying -0.6V on LCM at 770°C in 1 atm pO; for 1h, EIS spectra were obtained
while applying 0.9V for different time periods.

4.4. A novel mechanism behind anodic activation
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We have confirmed experimentally that anodic activation is possible by electrochemically
modifying the chemistry of perovskite oxides toward the point where driving force (Eclec) of Ca
segregation is suppressed. However, it should be noted that modifying the chemistry of
perovskite oxides does not necessarily lead to the dissolution of ‘secondary’ phases into the
perovskite oxides. Previously proposed mechanism that explains the redissolution of SrO into
LSM under cathodic polarization (equation (1)) cannot explain our results under anodic
polarization.

Via"" + SrOsyurf + 2|\/|nMnX - Sria’ + 2Mnwn” + 1/202 (1)

Equation (1) explains that LSM incorporates Sr of SrOsf into its A-site vacancy while it is being
reduced under cathodic polarization, and vice versa under anodic polarization. However, our
result was the opposite of this; CaO was removed under anodic polarization. To reveal the
mechanism of anodic activation, we measured X-ray absorption spectroscopy (XAS) on the LCM
films that we used for the segregation study in Figure 4-3a.

Figure 4-7a and 4-7b show the O K-edge XAS spectrum of the samples measured in total-electron-
yield (TEY) mode. In general, the first peak at ~530 eV is attributed to hybridized Mn 3d-0 2p
state (hsq), and the second (~536 eV) and third peaks (~544 eV) correspond to La 5d-0 2p and
Mn 4sp—0 2p states, respectively 778, Especially, the integrated area of the first peak at ~530 eV
can be employed to assess the valence state of perovskite oxides. The area of this peak increases
with oxidation of the sample as electrons in the hsq4 state near the Fermi level are removed. For
the samples annealed firstly under -0.15V, the hsq peak showed an abrupt increase in its intensity
after applying 0.9V just for 5min and retained the same intensity afterwards (Figure 4-7a). On
the other hand, when the samples were annealed firstly under -0.6V, the hzq peak increased very
slowly under the same 0.9V polarization and continued to increase during 9h (Figure 4-7b).
Possible contributions from the formation of other oxides, such as CaO, La;03, and MnOx, to the
increase in hsg peak were confirmed to be negligible 7°81. Our result coincides with a previous
paper by Mizusaki et al. 8 where they predicted non-bonding O 2p state being redox-active when
LSM has oxygen-excess defect chemistry under high pO; regime (Figure 4-7d). Thus, based on
the changes in the O K-edge of the two set of samples, it can be concluded that the samples
polarized firstly under -0.6V underwent much slower oxidation process upon annealing under
0.9V than the -0.15V ones. We then plotted the integrated area of hsg peaks in the O K-edge
spectra with respect to the time duration of applying 0.9V (deep triangles in Figure 4-7c) and
compared the resulting graphs with the temporal changes in the amount of CaOx (light triangles
in Figure 4-7c) shown in Figure 4-3a. Interestingly, the temporal changes of CaOx and the change
in the oxidation state of LCM were in a reverse relationship between each other (note that y-axis
at the left side increases in a reverse direction). This is a clear indicator that oxidation process
occurring at the surface of LCM under anodic polarization promoted the removal of CaOy, and
thus activation.
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Figure 4-7. Oxygen-excess non-stoichiometry of LCM coupled with a formation of new fresh unit
cell reactivates its surface. a, Total-electron-yield O K-edge XAS spectra measured on LCM thin
films after annealing under -0.15V, followed by annealing under 0.9V for 5min, 20min, and 1h. b,
Another set of samples were annealed under -0.6V, followed by annealing under 0.9V for 1h,
3.5h, and 9h. ¢, The area of Mn 3d—0 2p peaks in each O K-edge XAS spectra is integrated and
plotted with respect to the time we applied anodic polarization (please read the thick y-axis at
the left side). Deep pink triangles indicate the samples initially annealed at -0.15V for 1h and deep
brown triangles represent those annealed at -0.6V for 1h. For comparison, the amount of Casurt
is plotted together with light colors (please read the thin y-axis at the right side). d, Oxygen-excess
non-stoichiometry of LaixSrxMnOs:s (x=0, 0.1, 0.2, and 0.3) with respect to effective pO:
(replotted from a previous work by Mizusaki et al. ). The curve that coincides with the
composition of our LCM is colored in red and the anodic polarization values we used are
converted to the corresponding pOz.ff according to Nernst equation (marked as squares). e,
Schematics describing the mechanism of activation process on LCM under anodic polarization.

Importantly, this result could explain the reason that LCM samples firstly annealed under -0.6V
took far more time for activation than those annealed under -0.15V (Figure 4-3a and 4-5a).
According to the defect chemistry of LSM 22, LCM would also depleted with V2™ and Vun™ as it
being reduced under -0.6V, given that it represented similar defect chemistry with LSM. In
contrast, the one passivated under -0.15V would have a fairly high amount of Vi, and Vun". As
oxidation of lanthanum manganites accompanies a migration of A- and B-site cations (detailed
explanation is given in the next paragraph), different amount of cation vacancies would result in
different oxidation rates of LCM film and thus different activation speed.

All the results shown so far boil down to one important conclusion: oxidation process of LCM
surface induces dissolution of insulating CaOx and activates the oxygen exchange reaction. We
then investigated possible defect reactions that can explain this. First, we recognized that
different defect equation from equation (1) should be used for describing the defect chemistry
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of perovskite oxide under anodic polarization. Basically, due to its close-packed structure,
perovskite oxide forms cation vacancies under oxidizing condition to satisfy oxygen-excess non-
stoichiometry (A1:AB1AO3 = ABOs.s) instead of incorporating oxygen at its interstitial sites 8384,
Corresponding defect reaction of lanthanum manganite under oxidation is written as:

nil + 6Mng* + 3/20; = V"' + V™ + 6Mng” + 300" (2)

Or, can be rewritten as 8%

5 3+5
LaMnOs + 502 = (Lads/3)(Mnms/3)Os4s = +T{(La 3/(3+ 6)05/(3+ 6)) (MN3/(3+ 5)05/(3+ 5)) O3} (3)

. . . . . i . 5
Equation (2) and (3) describe that new perovskite unit cells with a stoichiometric amount of Sare

formed at the surface of perovskite oxide by incorporating oxygen and forming cation vacancies
in the bulk during its oxidation. Dopant and the possibility of dominant V," formation over Vmn"
82 are not considered in this equation just for simplicity. Also, previous HR-TEM measurement on
LaMnOs.s showed that there was no formation of secondary species during the process ®°.
Mizusaki et al. previously formulated the oxygen-excess defect chemistry of LSM 82 and we
replotted the curves in Figure 4-7d, considering our experimental conditions (see Supporting
Information for the details). It is noteworthy that the amount of dopant is critical for the oxygen-
excess non-stoichiometry (8); higher amount of dopant suppresses the formation of new unit

cells G) The curve that represents the composition of our LCM (Lao.sCao.2MnO0:3) is highlighted in

red, and different polarization values, -0.6, -0.15, and 0.3V, are converted to the corresponding
hypothetical pO;eff and marked as squares.

Inspired from the fact that oxidation process occurring at the surface of LCM induces the anodic
activation, we propose that the formation of new unit cells under anodic polarization would draw
Ca?* and 0% out of CaOy at the surface and incorporate them into the A-site and O-site of the
new unit cells, respectively (Figure 4-7e). This is possible because Ca?* and 0% are readily
enriched at the surface which could be directly used for forming new lattices. Also, the fact that

there is a maximum in the number of new lattices G) as shown in Figure 4-7d indicates that it
would be better to change the operation mode before significant segregation occurs under SOFC
mode. The reason that -0.6V-annealed sample could not recover its initial impedance even after
quite a long time of anodic activation was most probably because the amount of Casuf was too
much for the new lattices to fully incorporate them. We also think that suppressed driving force
of Ca segregation, Eeclec, under anodic polarization would facilitate this process by continuously
pushing Ca from the near-surface region to the bulk of the perovskite phase. Modified from (2),
the final defect reaction explaining this mechanism is shown as equation (4) with oxygen ions as

redox-active species.

nil + CaOsyrf + 200+ Vo + 3/202 - Ca’ + 600" + Vun" (4)
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Conclusion

The surface segregation of dopants in perovskite manganites under polarization has been
investigated from several perspectives using XPS, EXAFS, LEED, STM, and AFM. Information on
the surface structure of Lao.sSro2MnO3(001) and Lao.sSro.2Mn0Os3(110) surfaces has been obtained,
as well as EXAFS data on the changes of the Sr bonding environment and the potential formation
of new phases on LSM surface upon annealing. Different approaches to influence the
electrostatic and elastic driving forces of segregation have been studied. While metal deposition
has been employed to modify the reducibility of the surface of LSM and hence the electrostatic
driving force of segregation, a systematic study of the polarization dependence of dopant
segregation in Lag.sCao.2Mn0Os, Lap.sSro.2MnQOs, and Lag.sBao.2MnOs addresses both driving forces
simultaneously. The deposition of Hf has been found to stabilize the surface of Lag.sSro..MnOs as
a result of a decreased oxygen vacancy concentration, which reduces the electrostatic attraction
of dopant cations to the surface. In the polarization-dependent study the oxygen vacancy
concentration has been modified across a wide range, using both cathodic and anodic
polarization. This approach allows for a systematic study of segregation as a function of effective
oxygen pressures ranging from 107® to 10> atm. The large variation of the oxygen chemical
potential is expected to simultaneously affect the two main origins of segregation reported in
the literature: the lattice mismatch of the dopant with the host cation La and the electrostatic
attraction of the aliovalent dopants by a high oxygen vacancy density at the surface. The different
dopant cation sizes in Lap.sCao.2MnQOs, Lag.sSro2MnOs, and LapsBao2MnOs exclusively affect the
role of the elastic contribution. In all cases, a transition point between the two driving forces is
observed for a characteristic oxygen pressure. Its dependence on the cation radii of the dopants
(Rea > Rsr > Rca) sheds light on the dominant origin of segregation at each point. The observation
of a non-linear dependence of segregation on oxygen chemical potential provides context for the
different observations in literature and illustrates the delicate balance of electrostatic and elastic
energies. The reported observations systematically relate the surface degradation of perovskite
electrode materials to oxygen pressure and polarization and help identify the dominant driving
force of segregation at different conditions. Lastly, we have demonstrated that such degradation
by dopant segregation can also be ‘removed’ by applying polarization. The applied polarization
values were chosen to minimize the two driving forces of Sr and Ca segregation on LSM and LCM,
respectively. We used LCM as a model system for specifically studying anodic activation process,
and through a series of kinetics studies, we could finally propose the mechanism of anodic
activation which had not been clarified before. This insight points toward the advantage of using
perovskite oxides in a reversible mode between SOFC and SOEC, where once degraded LCM
surface during SOFC operation can regain its original activity during SOEC operation. Also, it is
worth noting that there are other perovskite oxides which show oxygen-excess non-
stoichiometry®®, like lanthanum manganites we studied. We believe our finding would thus open
new doors for activating various kinds of perovskite oxides in their applications.

DISTRIBUTION A: Distribution approved for public release



Outlook

On the basis of the results presented above, we are concluding the studies of the polarization
dependence of Sr segregation and the effect of Hf deposition on Lag.gSro.2MnQOs and will submit
them for publication in the near future. The efforts to resolve the structure of SrOx and the
surface structure of Lao.sSro.,MnOs will be intensified in year 3. Surface science studies will be
performed on LaosSro2MnOs3 films on Nb:SrTiOs as well as on a new set of Lao.gSro2MnQO3(001)
single crystals recently supplied by our collaborator Professor Joe Checkelsky at MIT. We aim to
reproduce and improve the atomic-scale information on the surface structure and composition,
as well as investigate the role of different preparation conditions for single crystal surfaces and
growth conditions for thin film. Upcoming synchrotron beamtimes including EXAFS in October
2018 will provide an opportunity to reproduce the preliminary results reported here, improve
the data quality and develop models for the structure of the segregated Sr species or the surface
modifications resulting from metal deposition.
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