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Carbonate formation lowers the electrocatalytic
activity of perovskite oxides for water electrolysis
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The study of oxide electrocatalysts is often complicated by the formation of complex and unknown surface
species as well as the interaction between the catalysts and common support materials. Because unknown
surface species may result from air exposure, we developed a clean transfer system for the air-free
electrochemical investigation of epitaxial thin films fabricated under typical surface science conditions.
LaNiOsz electrocatalysts exposed to ambient air exhibit a lower activity towards the oxygen evolution
reaction than samples probed without air exposure. We demonstrate that this decrease in activity is
connected to an alteration of the chemical environment of the electrocatalytically active sites through
carbonate formation on exposure to CO,. Our study therefore shows that (1) the effects of air exposure
must be considered for transition metal oxide catalysts and (2) that for the perovskite oxide LaNiO3 the
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Introduction

The field of electrocatalysis has experienced a resurgence due to
its potential for applications in climate-neutral energy storage
and conversion and chemical feedstock production." Noble
metal-free transition metal oxides, often in the form of perov-
skites (ABO3), are of special interest because of high activities in
alkaline media. Catalysts from earth-abundant materials now
outperform precious metal benchmarks for the oxygen evolu-
tion reaction (OER), a bottleneck for various electrochemical
energy transformation technologies.>” Due to the complexity of
the active surface under operation conditions, further

“Department of Materials Science and Engineering, Stanford University, Stanford, CA
94305, USA. E-mail: c.baeumer@jfz-juelich.de

Stanford Institute for Materials and Energy Science, SLAC National Accelerator
Laboratory, Menlo Park, CA 94025, USA

“Institute of Electronic Materials (IWE2) and JARA-FIT, RWTH Aachen University,
52074 Aachen, Germany

MESA+ Institute for Nanotechnology, University of Twente, Faculty of Science and
Technology, 7500 AE Enschede, Netherlands

“Department of Chemistry, Stanford University, Stanford, CA 94305, USA

/Peter Gruenberg Institute and JARA-FIT, Forschungszentrum Juelich GmbH, 52425
Juelich, Germany

fAdvanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California
94720, USA. E-mail: SNemsak@Ibl.gov

T Electronic supplementary information (ESI) available: XPS, AFM and RHEED
analysis of the samples: ex situ and in situ samples compared with
clean-transfer samples. Testing the clean transfer system with Pt oxidation and
reduction. Analysis of the activity enhancement. See DOI: 10.1039/d1ta03205d

1 Present address: Advanced Materials Department, Jozef Stefan Institute, SI-1000
Ljubljana, Slovenia.

19940 | J Mater. Chem. A, 2021, 9, 19940-19948

clean surface is more active than the air-exposed surface.

optimization of catalyst activity and stability makes use of single
crystalline catalyst surfaces to derive structure-function rela-
tionships between the reactivity and the atomic-level surface
structure and composition.*™*°

Epitaxial thin films allow investigation of oxide catalysts
fabricated with unit-cell precision.'* Recently, we used epitaxial
LaNiO; layers to demonstrate the important role of the surface
terminating layer composition,'? an activity descriptor that is
difficult to recognize in catalysts fabricated using traditional
routes.”* Beyond the intrinsic oxide surface composition,
surface contaminants may alter the catalyst surface composi-
tion and electronic properties, as has been demonstrated
extensively at solid/gas interfaces, where trace amounts of CO,
CO,, and H,S are “poisonous” for fuel cell operation.*>*” For the
technologically important solid/liquid interface, typical inves-
tigation pathways always involve exposure to ambient air after
synthesis and before testing the electrocatalytic performance.
Surface contaminants induced by simple exposure to air are
well recognized for Li-ion batteries, where the formation of
lithium and nickel carbonates results in degradation, especially
for Ni-rich cathode materials."®'® For electrocatalysts, the
possible formation of such contaminants has been recog-
nized,” but their effect on electrocatalytic performance has yet
to be explored.

Here, we investigate the influence of air exposure and isolate
the role of CO, contamination on the surface chemistry of
atomically-defined LaNiO; catalyst layers for OER. Inspired by
the recent report by Faisal et al.,>* we developed a clean transfer
method that bridges surface science fabrication and analysis
techniques with electrochemical characterization of the solid/
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liquid interface without exposure to ambient air. Making use of
this clean transfer, we find that preventing contamination from
ambient air can lead to improvements in OER overpotential of
90 mV at 1 mA cm 2 compared to electrodes exposed to air.
Using near-ambient pressure XPS, we demonstrate that the
local chemical environment of the active Ni sites changes on
exposure to gaseous CO,, due to the formation of surface
carbonate groups. These carbonate groups are thermodynami-
cally stable,” block the active sites, and ultimately prevent the
formation of the active Ni oxyhydroxide surfaces.”” Under-
standing the deactivation of surfaces by air exposure has
important implications for technological applications of tran-
sition metal oxide catalysts.

Results and discussion
UHV characterization of LaNiO; thin films

We fabricated epitaxial 20 nm LaNiO; thin films on (001)-
oriented Nb:SrTiO; substrates with predominant Ni-
termination using pulsed laser deposition (PLD) guided by in
situ reflection high-energy electron diffraction (RHEED) (see
Methods and ref. 12 for details). The growth process proceeds in
a two-dimensional manner, resulting in smooth, step-terraced
surface morphologies with ~200 pm RMS roughness (Fig. 1).
X-ray diffraction of the (002),. peak (using the pseudocubic
description of the unit cell) reveals a single-phase perovskite
layer with pronounced Kiessig oscillations, indicative of
coherent thickness and smooth interfaces. XPS investigation
after storage in UHV (p™" < 2 x 10~° mbar) for ~40 h and UHV
transfer to the analysis chamber confirms that the LaNiO; thin
films are Ni-terminated (see ref. 12) and free of adsorbed
contaminants except for a thin layer of adventitious carbon, as
expected for a UHV transfer system (Fig. 2).

Clean transfer systems bridging surface science
characterization and liquid electrochemistry

To avoid possible contaminants from air-exposure when exam-
ining the electrocatalytic properties, we developed a clean transfer
system. A UHV compatible clean transfer vessel was attached to our
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UHV synthesis and characterization cluster setup. After pulsed
laser deposition and surface characterization including AFM, XPS,
and RHEED, the sample is brought into the clean transfer vessel,
which can be detached and inserted into a dedicated glove box for
electrochemical characterization. This glove box contained a N,
atmosphere (CO, partial pressure ~5 ppm) with a constant stream
of pure N, gas and hosted a rotating disc electrode setup specifi-
cally modified for the study of single crystalline samples.”* After
electrochemical characterization, the sample was thoroughly
rinsed with deionized water (Milli-Q, R > 18 MQ cm), dried,
remounted into the UHV sample holder and inserted into the clean
transfer vessel. Importantly, the samples are mounted without the
frequently applied silver paste and tested electrochemically without
the need for epoxy coverage,”* further minimizing possible
contamination sources. After attachment to UHV chamber, the
transfer vessel was evacuated, and the samples were further
characterized.

To test our clean transfer between UHV characterization and
electrochemical testing, we first considered the electrochemical
oxidation of Pt as a benchmark based on the report by Faisal
et al.** Transferring a 50 nm Pt thin film on a Si/SiO, substrate
back and forth between the glove box-based electrochemical
setup and an XPS tool, we found the expected reversible
oxidation and reduction of the Pt layer as evidenced by cyclic
voltammetry and XPS analysis (supplementary Fig. 27). This test
indicates that our tool yields the desired combination of
surface-science  characterization  with  electrochemical
investigation.

Next, we characterized LaNiO; epitaxial thin films as elec-
trocatalysts using the clean transfer method. AFM after the
electrochemical treatment revealed a smooth and step-terraced
morphology even after tens of cycles during cyclic voltammetry,
similar to the as-prepared state (supplementary Fig. 1t), con-
firming the suitability of our model-system approach.

The effect of ambient air for LaNiO; electrocatalytic
performance

We now consider the impact of air exposure on our LaNiO;
model electrocatalysts. For this purpose, we tested three

44 45 46 47 48 49 50
26 (°)

Fig.1 (a) X-ray diffractogram of a 20 nm LaNiOs film on Nb:SrTiOz. The (002) substrate peak is marked with a star, the (002),. film peak with an
arrow. (b and c) Atomic force microscopy (AFM) of a 20 nm LaNiOs film with different magnification. AFM was performed after UHV transfer from

the deposition tool to the analysis chamber.
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(a) C 1s XPS spectra for LaNiOs surfaces in various conditions. The C—C peak indicates the presence of adventitious carbon and the —CO+

peak indicates the presence of surface carbonates. Both peaks exhibit increasing intensity for increased exposure to ambient air. For the clean
transfer method, only the C-C peak but not the —COs3 peak increase compared to the as-prepared state. (b) XPS survey spectra in the as-
prepared state after in situ transfer and after OER using the novel clean transfer method. Expected core level and possible contaminants are
marked as solid lines at the literature main peak position. The La core levels have a complex shape and satellite structure spanning tens of eV as
indicated by the brackets. In both cases, only the LaNiOsz-related core levels are detectable.

nominally identical sets of three 20 nm LaNiOj; thin films with
Ni termination. All films were deposited on the same day and
under identical conditions. The first set of LaNiO; thin films
was transferred to the electrochemical setup immediately after
growth without air exposure, with approximately 10 min expo-
sure to the N, atmosphere in the glove box after leaving UHV
environment. The other two sets of LaNiO; thin films were
exposed to ambient air for 2 and 4 days, respectively, before
undergoing identical electrochemical treatment. The first cyclic
voltammetry sweeps showed that the samples transferred
without air exposure (“quasi in situ”) showed no Ni oxidation
and reduction peaks, indicative of a pristine LaNiO; surface
(Fig. 3a). Our prior work showed that the often-observed Ni
oxidation and reduction peaks at 1.44 and 1.39 V vs. RHE
indicate the formation of a (oxy-)hydroxide on the perovskite
surface.'*?*

In contrast, the samples exposed to air showed these peaks
in the first cycle, presumably due to reaction with water vapor in

ambient air. On investigation of the OER activity (Fig. 3b), we
found that the activity of the films exposed to ambient air is
generally lower than for samples transferred to the electro-
chemistry setup without air exposure, but the activity differ-
ences are relatively small for the initial cyclic voltammetry
sweeps. After two sweeps to ~1.9 V vs. RHE, the Ni oxidation
and reduction peaks increased for all samples. For the samples
after clean transfer, the typical oxidation and reduction peaks at
1.44 and 1.39 V vs. RHE appeared, indicating the formation of
an OER-active oxyhydroxide-type surface layer.’> For the
samples exposed to air, the anodic peak at 1.45 V vs. RHE
increased. In the cathodic sweep, a second peak at 1.33 V vs.
RHE appeared. These redox features indicate the formation of
new surface phases formed during OER, a point that we will
return to below.

For the same films, we also performed chro-
nopotentiometry measurements for current densities in the
range of 0.06 to 1 mA cm ™ (Fig. 4a). During chronopotentiometty,
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Fig. 3

(a) First sweep during cyclic voltammetry in the Ni redox region with representative 20 nm LaNiOs thin film electrocatalysts. (b) Cyclic

voltammetry in the OER potential regime. The average between anodic and cathodic sweep of the second cycle is shown. (c) First sweep during
cyclic voltammetry in the Ni redox region after two sweeps to OER potentials. Scan rate was 10 mV s for all panels.
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the behavior of the differently treated films is noticeably different.
While samples directly transferred without air exposure show the
highest activity, samples exposed to air for 2 and 4 days exhibit
higher overpotentials for each current density. The overpotential is
higher for films exposed to air for 4 days than for 2 days, with total
overpotential differences of ~90 mV for current densities of 1 mA
cm 2, as can be seen in the Tafel plot in Fig. 4b. The Tafel slope at
high current densities is similar (=120 mV dec™ "), but for low
current densities, air-exposed samples exhibit an inactive Tafel
slope of =120 mV dec™* while samples without air exposure show
a wider potential range with a more active Tafel slope of =80 mV
dec ™. These trends were found throughout the set of three times
three samples, verifying the robustness of our observations.
Making use of our clean transfer approach, we performed an
XPS investigation of the LaNiO; surface after OER with and
without air exposure. As Fig. 2 shows, the C 1s spectra after OER
reveal an increase in adventitious carbon for all samples. For the
samples without air exposure, this increase is markedly smaller
than for samples exposed to air. An increase in adventitious
carbon is expected even for a clean transfer due to the unavoid-
able storage times in the N,-glove box and non-UHV conditions
during pump-down of the transfer vessel. Importantly, the C 1s
spectra of samples transferred without air exposure do not show
an increase in the coverage of carbonates at the catalyst surface
before and after OER, and a survey spectrum confirms the
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Fig. 4 (a) Chronopotentiometry of the same films as in Fig. 3 for

different current densities applied for 5 min each. Note that the current
density did not reach a steady state for all potentials. The time for each
step was kept short to avoid long-term degradation effects. (b) Tafel
plot based on the measurement in (b) and additional, nominally
identical samples. Error bars indicate the standard error for three
nominally identical samples treated in the same way.
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absence of other typical contaminants. In contrast, samples
exposed to air show a distinct shoulder at a binding energy of
~289 eV, indicating the formation of carbonate groups on the
surface. These groups form on the surface during air exposure
and remain on the surface even after using LaNiO; to catalyze the
OER for the conditions investigated here. For the clean transfer
samples, they do not occur before or after OER.

The effect of CO, exposure traced in near ambient pressure
XPS analysis

The formation of carbonates is likely an effect of exposure to CO, in
the ambient atmosphere, possibly in combination with other gases
like water vapor. To clarify the effect of exposure to CO, selectively,
we employed near ambient pressure X-ray photoelectron spectros-
copy (NAP-XPS)” at beamline 9.3.2 at the LBNL Advanced Light
Source (see Methods for details). After annealing in an atmosphere
of 10 mTorr O, at 300 °C, the surface is clean; no contamination
peaks are detectable in an XPS survey scan within the detection
limit.”® The Ni 3p and La 4d level obtained at 300 °C in O, are typical
for LaNiO; (Fig. 5a—c). Ni 3p can be fitted with an asymmetric
Doniach-Sunjic doublet, characteristic of the envelope for the
complex multiplet splitting in a transition metal compound, which
we described in more detail elsewhere.”” The La 4d level contains
a doublet related to the bulk (Egdf{f =~ 101.2 eV), a second doublet
related to surface species (Esf‘;fce =~ 103.0 V), and a satellite
doublet at (E::éfz =~ 105.0 eV), similar to earlier reports.’>*

After exposure to 150 mtorr CO, and cooling down to room
temperature, the surface is covered by -CO; carbonate species
and adventitious carbon, as evidenced in the C 1s spectrum
(Fig. 5b). The O 1s spectrum also indicates carbonate formation
in the CO, atmosphere (supplementary Fig. 41). At the same time,
a high-binding energy shoulder arises in the Ni 3p level with
E;%*e/z =~ 71.4 eV, while the La 4d level does not change appre-
ciably (Fig. 5d and f). The Ni 3p*%® shoulder contributes = 6% of
the total Ni 3p intensity and comparison to experimental spectra
obtained from several reference measurements including
NiCO;-2Ni(OH), - xH,O powder (Ef:}i)m3 = 71.7 eV) suggests that
the side peak occurring after exposure to CO, may be related to
the formation of NiCO; surface species. This assignment is
substantiated as the Ni 3p side peak increases monotonically with
the increasing C 1s°%* and O 1s°°* intensity during cooldown in
CO, (Fig. 5e and supplementary Fig. 4f). The formation of
carbonate species on the surface is particularly favorable at room
temperature, as would be expected from adsorption thermody-
namics. Our NAP-XPS analysis therefore indicates that exposure
to common contaminants like CO, present in ambient air leads
to a change in the surface chemistry of the electrocatalyst layer. In
particular, the local binding environment of the Ni species —
which we assume are the active sites for electrocatalysis — changes
appreciably.

Discussion

Our results show that the OER overpotential during CV sweeps
is ~20 mV higher for LaNiO; electrocatalysts exposed to air than
for a clean LaNiO; surface. This overpotential difference goes

J. Mater. Chem. A, 2021, 9,19940-19948 | 19943
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Fig. 5

(@) Ni 3p, (b, inset) C 1s and (c) La 4d spectra of a LaNiOs film in O, at 300 °C. The surface is clean and the spectra are typical for as-

prepared LaNiOs. (d) Ni 3p, (b) C 1s and (f) La 4d spectra of the same film after cooling down to room temperature in CO,. Fits in panel b were

obtained according to ref. 30. (e) Top panel: Intensity ratio of the Ni side peak and LNO-bulk peak. Bottom panel: Intensity ratio of the C 1s

CO;3

peak and the total Ni 3p intensity. The energy was calibrated through a reference measurement on a Au foil.

along with an increase in carbonate groups contaminating the
perovskite surface, as revealed by NAP-XPS. Interestingly,
during extended use for the chronopotentiometry (CP)
measurement, the overpotential for the clean-transfer samples
decreased, with an initial overpotential of 530 mvV for
1 mA cm ™2 in the second CV cycle (Fig. 3b) and 510 mV observed
during CP (Fig. 4b). For samples exposed to air for 2 days, this
activity enhancement is smaller, and for samples exposed to air
for 4 days, the activity measured in CP is even lower than during
the CV sweep (overpotentials of 560 mV for 1 mA cm™2 in the
CV, and 600 mV in the CP). Therefore, the chronopotentiometry
results (Fig. 4b) show larger activity differences than the cyclic
voltammetry results (Fig. 3b). Note that the current density did
not reach a steady state for all potentials. The time for each step
was kept to five minutes to avoid long-term degradation effects.

We discuss these observations in the context of our recent
demonstration that Ni-oxide-terminated 20 nm LaNiO; thin
films undergo an electrochemically-driven surface phase
change to a disordered Ni oxyhydroxide-type surface layer sup-
ported by the perovskite lattice, which in turn gives rise to the
high OER activity compared to the La-oxide-termination.'” The
decrease in OER activity with increasing exposure to ambient air
indicates that the surface contaminants typically resulting from
air the electrochemical phase

exposure alter surface

19944 | J Mater. Chem. A, 2021, 9, 19940-19948

transformation of the catalyst surface. The contaminated
surfaces also undergo a surface transformation, but the pres-
ence of carbonate species leads to a less active phase than
observed for the air-free samples, where we suspect a Ni
oxyhydroxide-type surface layer. It is known from the study of
alkaline batteries that carbonate formation on Ni surfaces leads
to an impediment of surface oxidation towards trivalent Ni
species and the appearance of a shoulder in the Ni reduction
peak.** This corresponds well to our observation of a higher
oxidation potential and the lower reduction potential (including
the formation of a shoulder-peak) for the air exposed samples
compared to the clean-transfer samples (Fig. 3c). In other
words, the clean transfer samples exhibit a clean, perovskite-
type surface before OER and an active oxyhydroxide-type
surface after OER, while air-exposed samples show a hydroxyl-
ated- and carbonate-contaminated surface even before OER,
and these species remain on the surface during OER, as
confirmed in our laboratory XPS analysis. Due to the carbonate
coverage, the oxidation and reduction of the surface hydroxyl
groups is still possible but requires larger overpotentials and
the entirety of the electrochemical data suggests that the pres-
ence of carbonate species results in an altered surface compo-
sition under reaction conditions, which results in an activity
decrease. The NAP-XPS analysis suggests that carbonate

This journal is © The Royal Society of Chemistry 2021
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formation occurs on the active sites (forming Ni carbonate
species). The contaminants, accordingly, either block the active
sites for the OER or lead to a less active surface phase due to
different mechanisms than the samples transferred without air
exposure. For the CV OER data, we tracked the ratio of the
current densities for air-exposed and clean-transfer samples,
revealing that air exposure leads to a decrease of the current
density by ~20-30% for the potential range of 1.55 to 1.85 V vs.
RHE, which is relatively independent of the potential (supple-
mentary Fig. 31). It is therefore conceivable that indeed
a blocking mechanism decreases the number of active sites, and
the decrease is on the same order of magnitude as the number
of surface Ni sites bonding to carbonate species on exposure to
CO,, which can be estimated to ~15%, using the results from
Fig. 5 and the inelastic mean free path of ~6 A.

It is also conceivable that other typical contaminants like Si,
S, and the extended exposure to water in the ambient atmo-
sphere may play a role for this less active surface,” but Si and S
were not observable in XPS. In contrast, we found small
concentrations of F and Ca on the surface for the samples
exposed to ambient air, indicating that the surface contami-
nation process during exposure to ambient air is complex and
possibly involves multiple chemical species. Nonetheless, the
examination of the surface transferred using our clean transfer
vessel did not show any contaminations, suggesting an intrinsic
surface phase transformation of our LaNiO; thin film.

Conclusions

In this study, we developed a clean transfer system for the
combination of surface-science-related and electrochemical
investigation of epitaxial thin films. We found that exposure of
electrocatalysts to ambient air results in a deterioration of the
OER activity, resulting from common contaminants such as
carbonate groups. These alter the chemical environment of the
active sites, thus preventing the formation of the active surface
phase. The OER-active surface phase forming on clean Ni-
terminated LaNiO; thin films shows higher activity compared
to air-exposed samples, which remain covered with carbonate
species. Our study therefore shows that effects of air exposure
must be considered for applications of transition metal oxide
electrocatalysts and we provide an experimental pathway for
such analysis.

Methods

Thin film preparation

Thin films were grown by pulsed-laser epitaxy using the PLD/
MBE2300 setup (PVD Products, USA, at Stanford University) or
the Laser MBE (Surface GmbH, Germany, at For-
schungszentrum Jilich GmbH) using target-to-substrate
distances of 83 mm and 48 mm, respectively. The growth was
monitored in situ using a RHEED system (TorrRHEED™, Staib
Instruments and kSA400, k-space Associates, Inc, respectively)
operated at 35 kV (1.5 pA). The growth temperature was 550 °C.
The laser fluence was 1.6 ] cm™ 2. The oxygen pressure during
deposition was 15 mtorr. After deposition, the samples were

This journal is © The Royal Society of Chemistry 2021
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post-annealed at deposition temperature for 10 min in an
atmosphere of 200 mtorr of oxygen and cooled down to
temperatures below 300 °C within 5 minutes. All substrates
were 10 x 10 mm? (001) Nb-doped SrTiO; (0.5 wt% doping)
(Shinkosha Co., Japan). Prior to the growth, the substrates were
first etched in buffered HF (pH = 4.5) and then annealed at
950 °C for 2 h. The commercial 99.95% elemental purity
multiphase LaNiO; target (La,NiO, + NiO inclusions) was
supplied by Toshima Manufacturing Co., Japan. Comparison to
an in-lab sintered target fabricated with high purity (5 N) metal
oxide precursors showed no differences in growth parameters
or catalytic activity. In both experimental setups, the samples
were mounted into sample carriers without silver paste.

Clean transfer setups

Two separate setups were designed and tested, leading to
equivalent results. For the setup at Stanford University,
a custom-made N,-filled glove box manufactured by PVD
Products was attached to the loadlock. The samples were
inserted into air-tight containers and moved into a N,-filled
glove box by MBraun for electrochemical characterization. For
the setup at Forschungszentrum Jiilich GmbH, a custom-made
vacuum transfer vessel was attached to the synthesis and
characterization UHV tool. The samples were transferred into
this chamber using a wobble stick. The transfer vessel was
detached from the UHV chamber and moved into a N,-filled
custom-made glove box where the samples were retrieved and
unmounted from the sample holder for electrochemical char-
acterization. The N, flow rate was ~3 L min ' and the CO,
partial pressure was measured using a pSense High Accuracy
Portable CO, Meter or K33 ELG CO, + RH/T Data Logging
Sensor (CO2METER.COM). For post-OER analysis, the samples
were thoroughly cleaned in Milli-Q water, remounted into the
sample carrier and inserted into the transfer vessel, which was
now filled with N,. The transfer vessel was reattached to the
UHV cluster and evacuated to p < 3 x 10”7 mbar, enabling
sample transfer to the UHV analysis chambers. Available char-
acterization tools include AFM/STM, XPS/UPS and PEEM
instruments.

Thin film characterization

X-ray diffractograms were collected using PANalytical X'Pert
PRO diffractometer equipped with a double monochromator
and operating in a parallel-beam geometry, using Cu K, X-ray
illumination. Atomic force microscopy was carried out
without air exposure using an Omicron VT UHV SPM operated
in contact mode with tips coated with boron-doped poly-
crystalline diamond. The cantilever tips had a nominal radius of
less than 150 nm and a spring constant of 25 N m~' (AppNano,
DD-ACTA-10). The force setpoint was limited to 2 nN in order to
minimize a possible effect of the contact mode measurements
on the surface morphology. The samples were transferred from
the analysis chamber or from the transfer vessel in ultra-high
vacuum. XPS characterization with and without air exposure
was performed with a PHI Versa Probe (Physical Electronics
Inc., USA) with Al K,, X-ray illumination, a pass energy of 23.5 eV
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and at a photoemission angle of 45° without neutralization. The
mean escape depth d = 1.6 nm is defined through the inelastic
mean free path of photoelectrons A = 2.2 nm (calculated via
QUASES-IMFP-TPP2M)** and the photoemission angle 6
through d = A x cos 6. The energy scale of the instrument was
calibrated on a Au foil.

AP XPS experiments

The measurements were carried out at the Ambient-Pressure
Soft X-ray Photoelectron Spectroscopy beamline 9.3.2 at the
LBNL Advanced Light Source.** The photon energy was chosen
to result in approximately 200 eV kinetic energy for each core
level to ensure equal information depth throughout the
measurements. The chamber was filled with 10 mtorr O, and
the sample was heated to 300 °C to remove any surface
contaminations before exposing the sample to an atmosphere
of 150 mtorr CO,. Spectral fitting was performed using KolXPD
using the peak models described in the main text after
subtraction of a Shirley background.

Electrochemical characterization

To perform electrochemical experiments with epitaxial thin
films on 10 x 10 x 0.5 mm?® single crystal substrates, we used
a custom-made adapter to press the sample back side to the Pt
plug of a rotating disk electrode (RDE, Pine Research). 50 nm Pt
connections from the sample back side to the front side
ensured ohmic contact to the LaNiO; layer. On the front side,
a film area of 0.75 mm diameter was exposed to the electrolyte
and sealed using an O-ring (FFKM, Marco Rubber, USA). The
RDE shaft was rotating at 1600 rpm. Electrochemical testing
was performed using BioLogic VSP-300or VSP-150 potentiostats,
in a 150 mL alkaline-resistant Teflon cell (Pine Research) with
a Pt wire as a counter electrode. Electrochemical impedance
spectroscopy (EIS) was conducted with the amplitude of 10 mV
at open circuit potential and the correction for the cell resis-
tance (IR correction, typically 50-60 Q) was based on the high-
frequency intercept of the real impedance. The electrolyte
solution of 0.1 M KOH was prepared by dissolving KOH pellets
(Sigma-Aldrich, 99.99%) in deionized water (Milli-Q, >18.2 M Q
cm). We degassed the electrolyte rigorously using N, bubbling
in an inert atmosphere before bringing it into the glove box. It
was then O,-saturated prior to testing for at least 30 minutes
and maintained under O, atmosphere during testing. All elec-
trochemical measurements were performed at room tempera-
ture. While higher electrolyte concentrations and temperatures
can be used to test stability in application-near conditions,*
0.1 M KOH and room temperature represent the recommended
best practices for comparison and benchmarking of model
electrocatalyst systems.*® Potentials were referenced to a Hg/
HgO reference electrode (CHI Instruments, USA), which was
periodically calibrated to the reversible hydrogen electrode
(HydroFlex, USA) in 0.1 M KOH with typical values of ~880 mV.
All OER testing was performed on a fresh electrode that had not
undergone previous testing. Cyclic voltammetry was first per-
formed in the pseudocapacitive redox phase change region

(~0.9 to 1.6 V vs. RHE) at scan rates between 10 and 500 mV s,
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followed by OER testing performed from 0.9 to 1.9 V vs. RHE at
a scan rate of 10 mV s~ '. The CV data was capacitance corrected
through averaging the forward and backward scans. The second
cycle is shown for each sample. Tafel plots were obtained from
chronopotentiometry measurements by averaging the potential
of the last 100 s of a 5 min hold at each current density step.
After electrochemical characterization, the samples were
checked by XPS to verify the absence of Fe-contamination in the
electrode surface.
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