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HIGHLIGHTS

e LSCF and LSCF-MgO are etched to study oxygen exchange kinetics.

o The roles of surface topography and chemistry on oxygen exchange are investigated.

o Etching removes Sr-excess, exposes B-site cations & increases 200% LSCF-MgO surface.
o Etching results in reduced activation energy from 1 eV to 0.4 eV.

o Etching enhances oxygen exchange kinetics by an order of magnitude.

ARTICLE INFO ABSTRACT
Keywords: Oxides are critical materials for energy devices like solid oxide cells, catalysts, and membranes. Their perfor-
Mesoporous materials mance is often limited by their catalytic activity at reduced temperatures. In this work, a simple etching process

Oxygen reduction
Solid oxide cell cathode
Nanoscale oxide

with acetic acid at room temperature was used to investigate how oxygen exchange is influenced by surface
chemistry and mesoporous structuring in single-crystalline epitaxial (Lag,e0Sr0.40)0.95(C00.20Fe0.80)O3. Using low
Surface tuning energy ion scattering and electrical measurements, it is shown that increasing the B-site transition metal cation
Surface modification surface exposure (most notably with Fe) leads to strongly reduced activation energy from E, ~ 1 €V to E, ~ 0.4
Thin-films eV for oxygen exchange and an order of magnitude increased oxygen exchange kinetics below 400 °C. Increasing
the active area by ~200% via mesoporous structuring leads to increased oxygen reduction rates by the same
percentage. Density functional calculations indicate that a B-site exposed surface with high oxygen vacancy
concentration can explain the experimental results. The work opens a pathway to tune surfaces and optimize
oxygen exchange for energy devices.

1. Introduction micrometer-scale (i.e., in micro-SOC), they offer a large energy density
that makes them attractive to replace batteries in high-power consumer

Solid oxide cells (SOCs) are among the most efficient clean energy products. Despite their significant advantages, SOCs are not widely
conversion technologies. They can use many different fuels and be built- implemented owing to their high operating temperature (>700 °C), and
in micrometer or large scale with excellent modularity [1-3]. At the there are also cost and reliability issues. Lowering their operational
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temperature results in high ohmic resistance at the electrolyte and high
polarization resistance, especially at the cathode. The former can be
overcome by developing thin-film electrolytes, while the latter is much
more challenging and requires an increase in oxygen exchange kinetics
at reduced temperature. Indeed, the sluggish kinetics for oxygen re-
actions at the cathode is the greatest challenge for reducing the SOCs
operational temperature [1,3-5].

Perovskite materials like (La,Sr)(Co,Fe)O3 (LSCF) and (La,Sr)CoOs3
(LSC) have been widely investigated for SOC cathodes because of their
high ionic and electronic conductivities, both of which are required for
good cathode performance. The surface nanostructure and surface
chemistry/crystal structure of cathodes also play critical roles in oxygen
exchange, and they have been extensively studied to improve their
performance [5-10]. It is generally accepted that increased porosity or
roughness favors oxygen exchange due to an extended surface and
increased reaction area [9,11,12]. Recent works, however, shed light on
other key considerations to improve cathode performance. Different
surface crystallographic planes [8], cations with different reducibility at
the surface [7], or different oxide phases at the surface [7,13-15] can
modify oxygen exchange kinetics dramatically. Also, it has been theo-
retically shown that B-site terminated surfaces can feature two to three
orders of magnitude faster oxygen exchange kinetics than A-site termi-
nated ones [5].

When thinking about chemical surface engineering, one should also
consider that perovskites suffer from Sr>* surface segregation, which is
known to be detrimental to catalytic and transport properties because of
the formation of dielectric phases like SrO, reconstructed Sr-excess
phases (SrO-nABOs), or reaction products following the SrO reactivity
with chemisorbed gas species (i.e., St(OH), or SrCO3) [16-19]. Cation
diffusion kinetics in perovskites and the concomitant detrimental for-
mation of Sr-excess phases becomes particularly acute above 450 °C [5,
15,17,20]. This provides an upper limit for operating a perovskite
cathode with an acceptable degradation between 5% and 10% for
operation times of 10 000 h [20]. However, developing cathodes
working at such low temperatures has not been possible due to the low
oxygen exchange kinetics that leads to high polarization losses. This
highlights the need for novel nanostructured materials with a high
catalytic activity that can work at reduced temperatures.

In this work, model heteroepitaxial films of (Lag0Sro.40)0.95(-
Cog.20Fe0.80)03-5 (100LSCF) and vertically aligned nanocomposite
(VAN) heteroepitaxial films of 50 wt % LSCF +50 wt % MgO (50LSCF-
50MgO) were investigated. In the case of the VAN films, simple etching
allows the removal of MgO (readily soluble in mild acids) from the LSCF
matrix, rendering mesoporous thin-film LSCF cathodes with a maxi-
mized surface area for solid/gas reactions. Moreover, by comparing this
material with an equally etched single-phase LSCF film in which only the
surface chemistry is altered (not the surface nanostructure), it was
possible to highlight an additional important effect on the oxygen
reduction kinetics caused by a change in the surface chemistry upon
etching. This allows us to distinguish the surface nanostructure and
chemistry roles on the surface exchange kinetics. It is shown that surface
area increases oxygen exchange proportionally to the increased
geometrical factor. In contrast, modifying the surface chemistry leads to
substantial changes in the electrochemical properties. Particularly, it is
observed that surface chemistry dramatically reduces the oxygen ex-
change activation energy and significantly increases its kinetics. Hence,
it is found that an increase in oxygen exchange kinetics by more than one
order of magnitude at temperatures ranging between 300 °C and 500 °C,
and the activation energy for oxygen reduction decreases from ~1 eV to
~0.4 eV. At the same time, it is shown from surface chemical analysis
that chemical etching exposes an increased concentration of B-site cat-
ions (particularly Fe) at the surface. Furthermore, the experimental
findings are supported by Density Functional Theory (DFT) calculations
which show that a B-site (specifically Fe) exposed films with surface
defects, namely a high local concentration of oxygen vacancies, can
explain the low activation energies experimentally measured.
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2. Experimental section

The first step for producing the PLD thin-films is to synthesize the
bulk targets with appropriate chemical composition. The targets were
produced using commercial ceramic powders with the stoichiometry
(Lag.60Sr0.40)0.95(Cop.20Feq.80)03 (LSCF) (Fuel cell materials, Nexceris,
LLC) and MgO (99.95% purity, Alfa Aesar Ltd). Disk-shape samples of
12 mm in diameter and 2 mm thick (80 mg of powder) were uniaxially
pressed (Perkin-Elmer) at 800 MPa for 180 s. After that, they were cold
isostatically pressed (Stansted Fluid Power Ltd) at 150 MPa for 180 s to
produce the targets for pulsed laser deposition (PLD). The green bodies
obtained were sintered in covered alumina crucibles with atmospheric
powder at 1300 °C for 4 h and a heating rate of 5 °C/min. Sintered
pellets were ground before each deposition manually with a 1200 grid
grinding paper. Targets with compositions corresponding to 100 wt %
LSCF-0 wt % MgO (100LSCF), 75 wt % LSCF-25 wt % MgO (75LSCF-
25Mg0), and 50 wt % LSCF-50 wt % MgO (50LSCF-50MgO) were pro-
duced. As will become apparent throughout the manuscript, the targets
with a mixture of LSCF and MgO are used to synthesize the self-
assembled VAN comprised of LSCF nanowalls and MgO nanopillars.

Using these bulk targets, LSCF and VAN thin-films were grown on
two substrates, (001) Nb-doped SrTiO3 and (001) 0.3(LaAlO3)-0.7
(SraTaAlOg) (LSAT). The substrates were chosen because they have little
lattice mismatch (lower than 0.2%) with the thin-films investigated in
this manuscript, and so the films should grow with high crystallinity.
Before each deposition, the PLD chamber was evacuated to a base vac-
uum of at least 1.3 x 10~°° mbar. The oxygen partial pressure during the
deposition was kept at 0.4 mbar. The deposition temperature of the thin-
films was optimized for each substrate independently. Single crystalline
and epitaxial films were obtained at 750 °C for (001) Nb-doped SrTiO3
and at 800 °C for (001) LSAT. A KrF excimer laser (Lambda Physik, Inc)
with a wavelength of 248 nm was focused on the target for the deposi-
tion. The laser energy density and frequency were kept constant at 0.5 J/
cm? and 3 Hz, respectively. The target-substrate distance was fixed at 45
mm. The deposition rate for the thin-films and VAN was 0.003 nm per
pulse. Subsequently, thin-films were investigated in the as-grown state,
etched at room temperature state, and ‘etched + annealed’ state. For the
latter, the samples were annealed at 450 °C for 4 h. The etching was
done by immersing the VAN in 20 vol % acetic acid while stirring the
solution for 5 min, 10 min, 15 min, and 17 min. Throughout the
manuscript, it is indicated whether the results are presented for the as-
grown, etched or ‘etched + annealed’ states.

Several characterization techniques were used to analyse the sam-
ples. Firstly, X-ray diffraction was done in a high-resolution X-ray
diffractometer using Cu Kal radiation (A = 1.5405 A) (Malvern Pan-
alytical, Spectris plc). The 6-26 scans were done in the angular range
between 15° and 120° with a step size of 0.01° and counting time of 0.4
s/step. Atomic force microscopy (Multimode 8, Bruker Ltd) was done in
the tapping mode. Commercial Silicon cantilevers (Budget sensors Ltd)
were used for all measurements, which had a nominal spring constant of
40 N/m and a resonance frequency of 300 kHz. Images were acquired
with a lateral resolution of (256 x 256) pixels and a frequency of 1 Hz.
Scan areas between (1.0 x 1.0) pmz and (5.0 x 5.0) pm2 were measured
in several points of the samples. Topographic images were processed
using line flattening or median of differences to remove the effect of the
surface tilt and drifts. The reduction of MgO content with etching time
was estimated by considering the integrated area of the (002) peaks
following each etching step.

Secondly, X-ray photoelectron spectroscopy was undertaken using a
monochromatic Al Kal radiation (hv = 1486.6 eV) using a SPECS
PHOIBOS 150 electron energy analyser with a total energy resolution of
500 meV. To remove the charging effect during the measurements, a
low-energy electron flood gun with proper energy was applied. All
spectra were aligned to the C 1s at 284.8 eV. To evaluate further the
chemical composition of the first atomic layer of the samples, a Low
Energy Ion Scattering (LEIS) technique was employed [21]. A Qtac100
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LEIS instrument (ION-TOF GmbH) operating with three different pri-
mary ions (helium, neon or argon) and equipped with a Hyperion high
brightness primary ion source (Oregon Physics, USA) was employed.
Neon primary ion beam was preferred for its higher mass resolution
between Fe and Co and the higher sensitivity to the elements in this mass
range. In the first atomic layer surface analysis, Ne+ 5 keV was rastered
on a sample area of 500 pm x 500 pm. The energy range was maintained
in 1000-3100 eV range. The total Ne + dose was kept around 5 x 103
ions/cm?. For the calibration and error calculation, a PLD dense LSCF
target of known stoichiometry was snapped in two pieces and Ne™ leis
analysis was performed on the fresh LSCF surface.

Thirdly, scanning electron microscopy (SEM, FEI Nova NanoSEM
FEG) measurements were done in as-grown samples. The images ob-
tained were used to calculate the surface area of the samples. Image
analysis using ImageJ2 [22] allowed us to obtain the porous fraction of
the samples and the perimeter of the porous. Using the thickness of the
nanocomposites and perimeter of the porous nanostructure, it was
possible to estimate the increase in surface area as a function of etching
time in all samples.

To conclude the surface characterization, bright-field TEM images,
HAADF STEM, selected area electron diffraction (SAED) patterns, and
energy-dispersive X-ray spectroscopy (EDS) chemical mapping were
acquired by the FEI Talos F200X TEM. The TEM samples were prepared
using a standard cross-section sample preparation procedure, including
manual grinding, polishing, dimpling, and an ion milling step (PIPS 691
precision ion polishing system, 4.0 keV).

Upon concluding the structural and surface characterization, elec-
trochemical characterization was made. DC conductivity relaxation was
measured on 100LSCF, 75LSCF/25Mg0, and 50LSCF/50MgO thin-films
grown on LSAT because of the substrate’s large resistivity. A 4 point-
probe Van der Pauw configuration and also a 4 point surface resis-
tance with strip current collectors were done using painted Au contact
pads in a HT-Linkam setup (chamber volume ~20 c¢m®). Since results
were almost identical, all results are shown in etched + annealed sam-
ples with Van de Pauw electrodes. Conductivity relaxation experiments
were carried out between synthetic air and O, using a gas flow of ~150
cm®/min directly conveyed on the film surface. The estimated flushing
time is < 6s, as retrieved by utilizing a fast-reacting sample in the sensor
regime [23]. The reported relaxation time constant for each temperature
step is the average of at least 2 full gas exchange cycles.

Lastly, to complement the experimental findings, theoretical calcu-
lations were made using the density functional theory method with a
linear combination of atomic orbitals (LCAO) to simulate the oxygen
reduction reactions at Lag 5Sro sFe;.3O3.5 surfaces at 0 K was used. The
calculations were carried out with the CRYSTAL17 software package
[24]. The hybrid HSE06 functional was used to properly account for the
strong electron correlation in the Fe-containing oxides. The computa-
tional models were visualized with the DLV package throughout this
work [25]. The electrons in Sr, Fe, La, and O atoms are described with
double-zeta polarised basis sets, which are proven to describe these
species in perovskite oxides well [26,27]. Particularly, the La basis sets
contain a quasi-relativistic core pseudopotential to approximate the
relativistic behaviors of La core electrons [28].

Initial bulk Lag 5Sro sFe1 O35 lattice was constructed asa 2 x 2 x 2
supercell (40 atoms) from the experimental unit cell. The structures with
symmetrically unique orderings of the A-site La and Sr atoms are scan-
ned with the Supercell program [29]. The lattice with the lowest elec-
trostatic energy was then relaxed at the DFT level with spin-polarization
and periodic boundary condition, and anti-ferromagnetic ordering was
applied to the Fe atoms. The Coulombic and exchange series were
summed to the cut-off thresholds of 7, 7, 7, 7, and 14 as detailed in the
CRYSTAL17 manual. A Monkhorst-Pack k-point mesh with a shrinking
factor of 4 was used for all models except for the slab calculations, where
the shrinking factor in the z-direction was reduced to 1. The lattice
relaxation steps were considered as converged when the energy differ-
ence between iterations was smaller than 10~ Hartree.
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The surface models were constructed by cleaving the relaxed bulk
lattice at the Fe-terminated (001) plane. The pristine slab contained 6
layers of atoms (60 atoms). The Fe-terminated surfaces were taken as the
reaction surfaces to be studied, and two bottom layers were fixed during
relaxation to represent the bulk solid. An equivalent of 500 A vacuum
layer was applied in the z-direction to eliminate any possible slab-slab
interactions. Two different defective Fe-terminated surfaces were then
prepared by removing two O atoms and removing 4 O atoms and one Fe
atom together from the relaxed pristine slab model, respectively. The
transition states of the oxygen dissociations at the relaxed oxygen va-
cancy sites on each of these surfaces were then searched using the
Distinguished Reaction Coordinates (DRC) method available in the
CRYSTAL17 package [30].

3. Results

The results on heteroepitaxial films of 100LSCF and 50LSCF-50MgO,
before and after chemical etching were compared. This enables us to
distinguish the separate roles of surface chemistry and LCSF surface area
on oxygen exchange kinetics. It is worth noting that by surface chemistry
cations and anions at the first atomic layer of the surface are being
referred to, whereas by the surface area surface topography (i.e. porous or
non-porous surface) exposed to the measurement atmosphere is being referred
to. Throughout the manuscript, it will become clear that the chemical
etching process only modifies the surface chemistry of 100LSCF,
whereas it modifies both surface chemistry and surface area in 50LSCF-
50MgO films. For the latter films, MgO nanopillars in the VAN films are
etched out leaving a mesoporous film consisting of percolated nanowalls
of LSCF. Firstly, the data on phase epitaxial relationships, microstruc-
tures, crystallographic phases, and surface chemistries are presented,
followed by data and calculations on the surface oxygen reaction
kinetics.

The crystallographic data for the 100LSCF and the 50LSCF-50MgO
films is introduced in Fig. 1. Fig. la shows #-2 6 X-ray diffraction
(XRD) pattern of 100LSCF and 50LSCF-50MgO. Both sets of films are of
~70 nm thickness and they are grown on (001) (LaAlO3)g 3-(Sr2Al-
TaOg)o.7 (LSAT) single crystal substrates. This substrate was chosen
because of its low lattice match with LSCF (lattice mismatch 0.13%) and
its high resistivity, making electrical relaxation experiments possible
(shown later in the manuscript). The XRD pattern for 100LSCF shows
four major peaks at 22.8°, 46.5°, 72.6°, and 104.6°. The peaks corre-
spond to (002) orientations of LSCF. The XRD pattern for 50LSCF-
50MgO shows the same (002) orientations of LSCF. Two high-intensity
peaks at 43° and 94.5° are also observed corresponding to MgO (002).
A low-intensity peak at 62.5° corresponds to the MgO (022) [31]. A
small content of MgO oriented along (022) in 50LSCF-50MgO grown on
LSAT is observed.

Fig. 1b shows a schematic nanostructure of an as-grown 50LSCF-
50MgO VAN film consisting of a percolated LSCF matrix and MgO
nanopillars. TEM data in Fig. 2 confirm this microstructure. The surface
topography of the as-grown VAN film obtained using atomic force mi-
croscopy (AFM) is also shown in Fig. 1b. A very smooth film with RMS
roughness of only 1.02 nm is obtained. The MgO pillars are seen inter-
secting the film surface.

The 50LSCF-50MgO VAN films were etched to remove the MgO
nanopillars. The simple process was done by immersing them in 20 vol%
acetic acid while stirring the solution at room temperature. As indicated
in Fig. S1, etching for 15 min or more renders a MgO content below the
XRD detection limit for the 70 nm thickness VAN (this result is also
supported later on by transmission electron microscopy). The fully
etched films have an increase in out-of-plane lattice parameter of the
LSCF phase from (3.898 + 0.001) A to (3.906 + 0.002) A (i.e., a 0.2%
out-of-plane strain). This indicates that the MgO in the as-grown VAN
films imposes a compressive out-of-plane strain in the LSCF constituent
of the 50LSCF-50MgO during growth. As shown later, this strain effect
has no considerable influence on the enhanced oxygen exchange kinetics
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Fig. 1. (a) XRD pattern of 50LSCF-50MgO and 100LSCF grown on LSAT. (b) Schematic representation of as-grown 50LSCF-50MgO VAN and its surface topography
obtained by AFM. (c) Schematic representation of fully etched S0LSCF-50MgO VAN, its surface topography obtained by AFM, and scanning electron microscopy
images (SEM) low and high magnification. The slight modification of the purple colour of the etched VAN film is purposely made to emphasize a change in the surface
topography and surface chemistry upon etching. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 2. (a) and (f) show a TEM image of the cross-section of as-grown 50LSCF-50MgO and etched 50LSCF-50MgO, respectively. (b) and (g) are magnifications of the
out-of-plane interface region and LSCF nanowall in as-grown 50LSCF-50MgO and etched 50LSCF-50MgO, respectively. (c) shows a high magnification of (b),
indicating an out-of-plane domain matching of 13LSCF:12MgO. (h) shows a high magnification of the LCSF perovskite lattice in the etched 50LSCF-50MgO. (d) and
(i) HAADF show an image of a magnified cross-section of as-grown 50LSCF-50MgO and etched 50LSCF-50MgO, respectively. (e) and (j) show an EDS map of the Mg
content for the as-grown 50LSCF-50MgO and etched 50LSCF-50MgO, respectively.

of the LSCF.

Fig. 1c shows a schematic of a fully etched film. The sketch was made
using a different purple colour from the as-grown sample to highlight
the change in the surface topography and the surface chemical compo-
sition discussed later. The AFM image shows a percolated single-
crystalline honeycomb-like mesoporous LSCF film after complete
etching out of the MgO. By doing image analysis (using ImageJ2 [22])
over a5 x 5 pum? area, the relative porosity is determined to be 46% and
the mean pore size to be 64 nm for the etched 50MgO-50LSCF. Impor-
tantly, as seen from the scanning electron microscopy (SEM) image in

Fig. 1c, it is possible to observe that a honeycomb-like mesoporous LSCF
film was successfully synthesized. In other words, etching out MgO from
the VAN films leads to a mesoporous film consisting of percolated
nanowalls of LSCF that span uniformly over a large surface area of
several square microns. In fact, by scanning across the whole film, a
similar pattern was observed. Hence, the process produces a uniform
honeycomb over 5 mm x 5 mm. Several honeycomb-like mesoporous
LSCF nanostructured films can be synthesized by varying the substrate
and VAN composition, i.e. % of MgO in the VAN film. Fig. S2 shows four
exemplary mesoporous nanostructures that feature a different
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morphology of nanowalls of LSCF. By varying such parameters, a tuning
of the surface morphology (pore size from ~2 nm to ~60 nm) can be
achieved. Most importantly, MgO etching leads to a significant
enhancement of the surface area (between ~200% and ~500%), for
films that are, in all cases, as thin as70 nm. Table S1shows a detailed
quantitative analysis of the surface morphology, which is consistently
reproducible over large surface areas. For the rest of the paper, the focus
is the already-described 50LSCF-50MgO VAN film on LSAT and its
properties are compared to 100LSCF.

Fig. 2 shows transmission electron microscopy (TEM) images and
chemical analyses of the SOLSCF-50MgO VAN films. Particularly, Fig. 2a
shows cross-section transmission electron microscopy (TEM). A clean
interface is observed with Moiré patterns and/or thickness fringes pre-
sent (the electron beam is not perpendicular to the interfaces through
the whole film thickness leading to overlapped lattices of LSCF and
MgO). Fig. 2b shows a magnified STEM cross-section image of the
interface between LSCF and MgO. The image reveals a clean interface
between the LSFC and the MgO. Detailed investigation of out-of-plane
heterointerfaces (Fig. 2c) allowed us to determine the domain match-
ing epitaxy (DME) relation of 12MgO:13LSCF. Fig. 2d shows a cross-
section of the VAN that was further analysed by high-angle annular
dark-field (HAADF) imaging. Different contrast was observed between
the LSCF and MgO due to the phases’ different average atomic numbers.
Energy-dispersive X-ray spectroscopy (EDS) corroborates the presence
and distribution of the MgO phase within the VAN (Fig. 2e) without any
Mg in the LSCF phase, within the detection limits.

Fig. 2f shows a low-magnification cross-section STEM image of the
15 min etched 50LSCF-50MgO VAN. The mesoporous LSCF film shows
nanowall features in the cross-section view. These features are consis-
tent with the percolated honeycomb-like mesoporous nanostructure
formed over large areas (Fig. 1). Fig. 2g and h show high magnification
images of an LSCF nanowall region near its vertical surface. The images
reveal that the LSCF matrix remains a structurally intact perovskite
phase after etching. Fig. 2i shows a cross-section HAADF micrograph. In
contrast to Fig. 2d, no MgO is present in Fig. 2i. EDS analysis (Fig. 2j)
reveals only very minor residual MgO at the base of the film in small
regions. Hence, there is only trace MgO remaining in the etched film.
More detailed images of the MgO and LSCF crystalline structure, as well
as distribution of all chemical elements for both as-grown and etched
50LSCF-50MgO, are shown in Supplementary S3.

To evaluate the surface chemistry at relevant working conditions,
samples were investigated in as-grown state, etched at room tempera-
ture, and ‘etched + annealed’ state in which samples were annealed at
450 °C for 4 h. The annealing conditions were chosen to represent a
typical operational temperature expected for cathodes in micro-SOFC
and considering the metastability of similar perovskites reported

0.8

Stoichiometry
g

0.0 t
As-grown

Etched Etched+Annealed

B/A stoichiometry
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elsewhere [15]. It was observed that the ‘etched + annealed’ surfaces
were stable at the tested temperatures for over 8 h. Longer-term stability
studies were out of the scope of this work, however, it will be further
investigated in future works.

To determine whether etching had any influence on the surface
chemistry of the mesoporous LSCF film (after 15 min etching 50LSCF-
50MgO), low energy ion spectroscopy (LEIS) was performed. LEIS is
very sensitive to the first atomic layer of the surface. The technique and
any measurement errors are described in detail in the experimental
procedure and explained in more detail elsewhere [21]. In brief, Ne-ions
were rastered over the sample surface with a perpendicular angle to it to
probe its composition (the LEIS intensity of each atom species is directly
proportional to its concentration). The stoichiometries were calculated
by first calibrating the Ne primary ion yield concerning the LSCF ele-
ments, analysing de facto a LSCF “fresh” cleaved surface with known
stoichiometry as a reference. More details are described in the experi-
mental section.

Fig. 3a shows the stoichiometry of La, Sr, Co, Fe species present at the
50LSCF-50MgO surface for the as-grown, etched, and ‘etched +
annealed’ samples at 450 °C for 4 h. The cation contents for the indi-
vidual cations for bulk stoichiometric LSCF are shown as horizontal
dashed lines.

In the as-grown state, a very high relative content of Sr at the surface
was observed, which is expected owing to well-known Sr segregation
effects arising from the high-temperature growth (Fig. 3a) [16,17]. In
other words, the B-site cations at the surface are low in content owing to
this Sr-surface enrichment. Notably, there is a low Co content of the
LSCF composition which is close to the detection limit of the LEIS
technique, limiting the possibility of an accurate Co quantification. For
this reason, only the surface Co concentration trend between different
samples is discussed. Such Sr-riched and Co-depleted surfaces have been
reported elsewhere [12,13].

After etching to produce the etched data in Fig. 3 (a), a considerable
decrease in the Sr surface content from (54 + 4) at. % to (34 + 4) at. %
(Sr is etched-out by mild acids [12]) was observed. Unsurprisingly,
therefore, all the other cation contents (La, Co, Fe) increase with etching
(La from (28 4 4) at. % to (64 & 4) at. %, Co from a concentration below
the detection limit to (8 + 15) at. %, and Fe from (10 + 5) at. % to (29 +
5) at. %).

Subsequent annealing procedure that results in the ‘etched +
annealed’ material led to a relatively minor increase in the surface
content of La (from (64 + 4) at. % to (68 & 4) at. %), a substantial in-
crease in the content of Fe (from (29 + 5) at. % to (60 + 5) at. %), as well
as almost no variation in the contents of Co (from (8 £ 15) at. % to (9 +
15) at. %) or Sr (from (34 + 4) at. % to (32 + 4) at. %). Hence, with
annealing, the Fe content increases markedly at the surface to double the

1.0 T

5 keV Ne'
0.8 ]

0.6

0.4 ]

(Co+Fe)/(La+Sr)

02| J |

0.0 I ; ;
As-grown  Etched Etched+Annealed

Fig. 3. (a) Surface chemical stoichiometry quantified using LEIS for SOLSCF-50MgO as-grown, etched, and etched + annealed states. The dashed horizontal lines
indicate the stoichiometric values of the target. (b) B to A stoichiometric ratio obtained by LEIS for the as-grown, etched, and etched + annealed states.
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value of the etched film while the other cation contents change little and
thus, there is preferential enrichment of Fe at the surface under our
annealing conditions (450 °C for 4 h). The changes with annealing
conditions at the surface chemistry imply a thermally activated surface
diffusion that is consistent with other work in similar thin-film perov-
skites that show that annealing at similar conditions (albeit at a higher
temperature of 600 °C cf. our 450 °C anneal) is sufficient to thermally
activate surface cation diffusion [15].

It is noted that the ‘etched + annealed’ material has a near stoi-
chiometric A-site (La + Sr) cation, i.e. comparing measured vs. nominal
compositions, respectively. The A-site cation content values are (68 + 4)
at.% cf. 57 at.% La, and (32 + 4) at.% cf. 38 at.% Sr, and so La + Sr
measured is (100 + 6) at.% cf. 95% nominal. In contrast, even though
the B-site (Co + Fe) surface contents increase after the etching and
annealing process, they remain lower than the nominal content. The
same comparative values are (9 + 15) at. % cf. 0 at. % Co, and (60 + 5)
at. % cf. 80 at. % Fe, and so Co + Fe measured is (69 + 16) at.% cf. the
100% nominal. Therefore, the lower Co and Fe surface content
compared to the nominal one suggests B-site sub-stoichiometry at the
film surface, but a substantial Fe surface exposure level increase.

Fig. 3b shows the relative surface intensities of the B to A ratio of the
stoichiometries for the as-grown, etched, and ‘etched + annealed’ states.
The data confirms the predominant A-site exposure in all the samples
(B/A is always <1) and the increasing level of B site exposure with
surface etching treatment. Hence, there is a gradual increase of B-site
cations (notably Fe as shown in Fig. 3a) at the surface in the etched and
‘etched + annealed’ films. Importantly, while the surface is always A-
site rich, it is observed that the predominantly A-site terminated surface
from the as-grown films change to have both A- and B-site termination in
the ‘etched + annealed’ films.

To corroborate the LEIS data, X-ray photoelectron spectroscopy
(XPS) on as-grown (Figure S4 a), etched (Figure S4 a) and ‘etched +
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annealed’ (Figure S4 b) films was performed. XPS can provide infor-
mation related to the surface chemistry to volumes of ~1-3 nm® from
the surface [32]. This contrasts with LEIS, which looks only at the sur-
face unit cells. The sub-surface regions of the as-grown sample show the
typical Co 2p and Fe 2p spectra which contain the characteristic features
of mixed Co?" and Co®' and Fe? and Fe" [33,34]. By comparing this
data with LEIS (Fig. 2a), it is clear that Fe is present both at the surface
(LEIS) and sub-surface (XPS) in the as-grown state. On the other hand,
Co content was below the detection limit of the LEIS technique at the
surface (Fig. 3a), but Co is present at the sub-surface (XPS, Figure S4 a) in
the as-grown state.

Upon etching, while the Fe XPS spectrum does not show any sub-
stantial changes, indicating still a considerable presence of Fe?* and
Fe3*, the Co spectrum shows a reduced Co 2p signal (<60% of the in-
tensity of the as-grown sample). This indicates that Co is etched out from
the surface and/or sub-surface regions. Importantly, however, both XPS
and LEIS techniques show that the content of Co at the surface and sub-
surface is low upon etching. After annealing, the features of the Co 2p
spectrum are partially recovered. This could indicate a thermally acti-
vated surface re-construction at the annealing conditions chosen (450 °C
for 4 h), as also suggested by LEIS (Fig. 3a).

Fig. S4 (right-hand images) show XPS spectra for as-grown, etched
(Figure S4 a) and ‘etched + annealed’ (Figure S4 b) films for the Fe 2p
peaks. The features correspond to Fe>" and Fe" cations. Unlike the Co
XPS peaks, the Fe peaks show no clear decrease of Fe content with
etching nor change in its surface oxidation state.

Subsequently, the determination of the oxygen exchange kinetics
comparing 100LSCF thin-films with 50LSCF-50MgOVAN films for as-
grown and ‘etched + annealed’ films is introduced. Fig. 4a shows the
DC in-plane electric conductivity relaxation curves for as-grown and
‘etched + annealed’ samples. The representative data shown was taken
at 400 °C, and show resistivity relaxation after changing the atmosphere
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Fig. 4. DC conductivity relaxation for as-grown and etched + annealed 100LSCF and 50LSCF-50MgO. a) Relaxation curves as a function of time obtained at 400 °C
upon a fast change of atmosphere from air to oxygen. (b) and (c) show the relaxation time (c) as a function of 1000/T for films reduction and oxidation, respectively.
(d) Calculated kehem as a function of 1000/T. All coefficients shown are described in the manuscript. Data from the literature are also presented for comparison
purposes: LSCF: Moreno et al. [35], LSCF: Hopper et al. [36], LSCF: Yang et al. [37], Heterointerface: Hong et al. [38], and LNO: Garcia et al. [39].



M. Acosta et al.

from synthetic air to oxygen. The oxygen reduction reaction occurs and
oxygen is exchanged from the atmosphere into the film (film oxidation).
The change in conductivity as a function of time provides information on
the oxygen reduction reaction kinetics. To describe the relaxation
curves, fitting was done using a simple exponential law:

R(1) =Ry e €}

where R(t) is the resistivity at a given time t, Ry; is the initial resistivity
of the sample and tis the characteristic time constant of relaxation.

Fig. 4a shows that the relaxation timet for as-grown materials is
(125 + 1) s for 100LSCF compared to (132 + 1) s for 50LSCF-50MgO.
Etching + annealing dramatically enhances the kinetics for oxygen
reduction by at least one order of magnitude compared to the as-grown
state, resulting in T of (20 + 1) sand (11 + 1) s for 100LSCF and 50LSCF-
50MgO, respectively.

Fig. 4b and c shows the relaxation times obtained from measure-
ments carried out from 450 °C to 200 °C during the oxidation and
reduction, respectively. For both 100LSCF and 50LSCF-50MgO, t shows
the expected exponential temperature dependence in the as-grown and
etched + annealed states, indicating a thermally activated process. For
the as-grown samples, the oxidation process gives E;=(1.0 + 0.1) eV for
100LSCF and E,=(1.7 + 0.2) eV for 50LSCF-50MgO. Similar values
(within the experimental errors) are obtained for the reduction process:
E,=(0.9 + 0.2) eV for 100LSCF and E,=(1.2 &+ 0.1) eV for 50LSCF-
50MgO.

The data is consistent with activation energies ranging between 0.7
eV and 1.2 eV, reported for oxygen reduction/oxidation processes for
similar perovskite thin-films in literature [40,41]. The larger E, for the
oxygen exchange in 50LSCF-50MgO compared to 100LSCF or other
perovskites in literature could result from the compression of LSCF by
the MgO in the VAN [42] (see supplementary S1) and/or the presence of
MgO at the reaction sites. A detailed explanation of this mechanism is
beyond the scope of this manuscript.

The etched + annealed 100LSCF and 50LSCF-50MgO films show
approximately the same activation energies for the exchange processes
with a mean value of E;=(0.45 + 0.15) eV (Fig. 4b and c). This confirms
that the intrinsic kinetic process is the same for 100LSCF and 50LSCF-
50MgO in the etched + annealed state. Four material properties could
play a role in determining the lower activation energy and fast kinetics
for oxygen kinetics in etched materials compared to as-grown materials:
out-of-plane strain, specific crystallographic planes at the surface, sur-
face topography and/or surface chemistry effects. These possible effects
are examined, one by one, below.

The strain effect on the oxygen exchange kinetics is a parameter only
relevant for 50LSCF-50MgO as the strain of LSCF within the VAN
changes upon etching (see discussion of Fig. 1, and supplementary S1).
The lower activation energy and fast kinetics are featured in both etched
50LSCF-50MgO and etched 100LSCF. At the same time, in the latter,
there is no strain variation upon etching (XRD of as-grown and etched
LSCF are the same). This clarifies that strain is not responsible for the
fast kinetics. Also, since both the VAN and the 100 LSCF thin-films are
epitaxial and have the same (002) orientation (Fig. 1), the surface
crystallography does not influence the activation energy or increase the
kinetics of exchange upon etching + annealing.

The possible influence of surface topography effects on exchange
kinetics is subsequently discussed. By comparing the etched 100LSCF
(reference etched surface area) and etched 50LSCF-50MgO (same sur-
face chemistry as reference 100LSCF but +239% increase in surface
area), the role of the surface topography on the kinetics of oxygen ex-
change can be elucidated. Etched 100LSCF and etched SOLSCF-50MgO
feature almost identical activation energies for oxygen exchange
(mean value of E,=(0.45 + 0.15) eV as already noted and shown in
Fig. 4b and c). Therefore, the first corollary is that the activation energy
and, henceforth, the mechanism for oxygen exchange remains the same
irrespective of the topography and surface area. However, it is observed
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that the surface area does increase the exchange kinetics by decreasing
the time constant for the relaxation kinetics by a factor that is compa-
rable to the ratio between the exposed area and the projected
(geometrical) area [43,44]. Hence, it was found that the relaxation times
T for etched 50LSCF-50MgO are 2-3 times lower than those of etched
100LSCF. This is consistent with increasing the solid/gas interface area
to the geometrical area (+239%) obtained after MgO removal by
etching. The remaining possible materials property responsible for
explaining the extremely low mean activation energies for oxygen ex-
change E;= (0.45 £ 0.15) eV and the very fast kinetics of the materials is
surface chemistry [43].

Before discussing how the surface chemistry influences the oxygen
exchange, it should be stressed the very high activity surface for oxygen
exchange of etched materials at temperatures between 350 °C and
450 °C. For comparative purposes, the oxygen exchange coefficients,
Kchem, determined from Tt = l/kcpem, Where 7T is the relaxation time
(Fig. 4a) and [ is the thin-film thickness are calculated. This calculation is
not possible in the etched 50LSCF-50MgO film owing to its porosity. On
the other hand, 100LSCF has a simple and well-defined planar geometry
(I =70 nm in this work). The determination of a single activation energy
for observed oxygen exchange reduction/oxidation processes in the
whole temperature regime, together with a low E, value, allows us to
exclude contributions from bulk oxygen diffusion in the exchange ki-
netics (typical activation energies for oxygen diffusion in LSCF ranges
between 1.1 and 1.5 eV) [45-47]. Also, due to the substrate’s inert na-
ture (LSAT), any triple-phase boundary reaction could be discarded.
Hence, the oxygen exchange occurs at the LSCF/gas interface for
100LSCF and the 50LSCF-50MgO.

Fig. 4d shows the calculated oxygen exchange coefficients for as-
grown and etched 100LSCF (kchem, Aorr: €xchange coefficient for oxy-
gen reduction in as-grown 100LSCF; Kchem, EorR: €Xchange coefficient for
oxygen reduction in etched + annealed 100LSCF; Kchem, AoEr: €Xchange
coefficient for oxygen evolution in as-grown 100LSCF, and Kchem, EOER:
exchange coefficient for oxygen evolution in etched + annealed
100LSCF). Data of exchange coefficients on state-of-the-art thin-film
cathode materials was also included [35-39]. The as-grown 100LSCF
film features Kchem, Aorr, and Kchem, aorr With, within experimental
error, the same values as reported in the literature [35,36]. This is seen
by extrapolating our as-grown LSCF data in Fig. 4d to higher tempera-
tures (see the overlap of data in this work and that for LSCF reported by
Moreno et al. [35]). On the other hand, the etched + annealed 100LSCF
films feature extremely fast kinetics for temperatures from 450 °C down
to 300 °C. The values are over an order of magnitude faster than the
as-grown films. Both Kchem, Eorr and Kenem, rorr are exceptionally high
and indicate that at temperatures from 300 °C to 450 °C, the kinetics for
oxygen exchange (particularly reduction) in etched + annealed100LSCF
is faster than in Ba0,5Sr0_5C00_8Fe0_203_5 (BSCF) [48], LazNiO4_5 (LNO)
[49], and complex heterointerfaces [11].

Subsequently, the influence of the surface chemistry on the oxygen
exchange activation energy and kinetics is discussed. To estimate the
correlation between the surface chemistry and the oxygen reduction
kinetics, theoretical calculations using density functional theory with a
linear combination of atomic orbitals (LCAO) were performed. To
rationalize the finding, the main conclusions of the surface chemical
analysis are first introduced, i.e. the etched + annealed material is
characterized by a surface with much-increased B-site terminated
(notably in Fe) fraction than the as-grown material, which featured a
predominantly A-site terminated surface. It is well known that the Sr/
LaO surfaces are less active than surfaces containing transition metals
such as Co or Fe at the surface [5,14,50]. Based on these considerations,
the calculations on a B-site terminated surface were investigated further.
In other words, the focus was on understanding how such a surface
might be driving the high electrochemical activity measured (Fig. 4). A
qualitative description is provided by calculating the oxygen reduction
in a model Lag 5Srq sFe;.503.5 (LSF) surface with (100) termination. Co is
not included in the calculation because it is a qualitative approach, and
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its experimentally measured low content (Fig. 3a and Supp 4). This also
allowed the model to be created with a computationally manageable size
due to reduced composition complexity. Also, since it has been experi-
mentally shown that oxygen vacancies are abundant at perovskite sur-
faces [51], and high vacancy concentrations are expected in B-site
terminated perovskites [5], the oxygen reduction at the LSF surface with
a different surface oxygen vacancy content was investigated further. To
keep charge neutrality at the LSF surface, surface oxygen vacancies
could either be compensated electronically or by cation vacancies. No
changes in chemical oxidation states of the cation species were observed
using XPS (Supp 4), and hence it can be assumed that the surface elec-
tronic states of the cations did not change with etching or annealing.
Therefore, it is assumed that charge compensation of oxygen vacancies
occurs with cation vacancies.

Based on these considerations, Fig. 5a shows two exemplary oxygen
dissociation processes at LSF Fe-O terminated surfaces that can quali-
tatively describe the experimental conditions. Two different defect
structures determine the two conditions: represented in red, the calcu-
lations were made for a surface with a cation-defect-free surface and 2
surface O defect sites. Represented in blue, the calculations were made
for a surface with 1 Fe cation vacancy and 4 O vacancy sites. For both
surface defect structures, the Oy dissociation steps are schematically
represented. Fig. 5b and c shows the i) O adsorption process; ii) Oy
transition state during dissociation with its corresponding activation
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energy; and iii) final Oy dissociated state with its corresponding acti-
vation energy compared to the initial state when Oz was adsorbed for
each surface structure.

The first step in both processes is the O3 adsorption step (Fig. 5biand
Fig. 5¢i), followed by a transition during the dissociation. The transition
step during the dissociation of an adsorbed O, molecule at two surface O
defect sites has an energy barrier of 1.01 eV (Fig. 5b ii). This energy
barrier is expected in perovskites [40,41]. Upon calculating the energy
for the transition step during the dissociation of an adsorbed Oy mole-
cule at 4 surface O defect sites and 1 compensating surface Fe defect
(Fig. 5c ii), it is found that the energy barrier reduces considerably to
0.36 eV. Such a strong decrease in the energy barrier for oxygen
reduction is consistent with our experimental observations for the
etched materials. The higher activity due to increased oxygen vacancy
concentration is consistent with theoretical literature studies [5].

The final state of the upper and lower exemplary cases shows the
final dissociation of oxygen. Upon completing the oxygen reduction, the
case with two surface O vacancies has a relative energy stability of
—0.016 eV compared to the initial state (Fig. 5b iii). The case with 4
surface O defect sites and 1 surface Fe vacancy has a relative energy
stability of —1.14 eV compared to its initial state (Fig. 5c iii). The latter
implies that the dissociated state of the oxygen atoms is significantly
favoured at the highly defective surface. This also implies that the
reverse of the ORR reaction is unlikely at this surface or, in other words,
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that the oxygen reduction is indeed thermodynamically favoured. The
result, therefore, correlates very well with our experimental observa-
tions for oxygen reduction in Fig. 3b and c and, in particular, allows us to
appreciate how the high oxygen vacancy concentration might reduce the
oxygen dissociation barrier, which is generally considered to be one of
the critical steps in the oxygen surface exchange.

The calculations also provide a further detailed understanding of the
oxygen reduction reaction when comparing the surfaces with different
defect states (i.e., comparing the surface with two O vacancy sites and
the surface with 4 O vacancy sites and 1 Fe vacancy). For both cases, the
0-0 bond lengths (1.329 A and 1.320 A, respectively) of the adsorbed
O, and its Mulliken electron densities suggest that the Oy has been
activated to the superoxo O~ state. However, the dissociation barriers
are quite different for the different defect surfaces. Essentially, the extra
oxygen vacancies at the surface can act as electron donors and increase
the local charge density of the surface metal atoms, which allows them
to donate electrons more readily to the incoming O, molecules and help
O, dissociation. Indeed, the average Mulliken charge densities of the
surface Fe atoms calculated in the Fe + O defect case is 24.175 eV,
higher than the value (24.052 eV) calculated for the case with only 2 O
defect sites. Surface oxygen defect engineering has been regarded as an
important way to enhance the ORR reaction activity of solid oxide cat-
alysts. An increased surface oxygen defect concentration has been
responsible for improved oxygen reduction activities in simple oxides
[52-54].

Overall, in this work, the combination of surface chemical modifi-
cation and microstructure engineering leading to a mesoporous surface
yields an unprecedented electrochemical performance of LSCF cathode
thin film. Together with the simple fabrication of one-step film growth
plus room-temperature chemical etching, our approach shows a new
direction for enhancing the oxygen reduction reaction for lower tem-
perature operation of micro solid-oxide cells and membranes. Indeed,
the next step would be to investigate integrating these materials into a
processing route that would allow them to be produced [55,56]. Future
works may also evaluate whether such a simple etching technique could
be replicated in other bulk materials.

4. Conclusions

In this work, both epitaxial (100) LSCF and vertically aligned
nanocomposites comprised of (100) LSCF+(100) MgO were synthesized.
It is shown that a simple room-temperature post-processing etching can
obtain a remarkably active surface with 20 vol % acetic acid. The pro-
cess gives rise to extremely fast oxygen exchange at operational tem-
peratures between 350 °C and 450 °C in (Lag,60Sr0.40)0.95(C00.20F€0.80)
Os3. (LSCF) single-phase and 50 wt% LSCF films and 50 wt% MgO
vertically aligned nanocomposites. It is demonstrated that etching (100)
LSCF changes from a predominantly A-site termination surface to one
with mixed A- and B-site termination. More than an order of magnitude
increase of the oxygen exchange kinetics at temperatures between
300 °C and 450 °C with the mixed A- and B-site terminated surface was
achieved, and activation energies for oxygen exchange as low as 0.4 eV.
The latter is half of the activation energy value for the predominantly A-
site terminated as-grown material. The same etching procedure in the
nanocomposite films gives also rise to an interconnected honeycomb-
like porous nanostructure of (100) LSCF with maximized mesoporosity
(~200% area increase for <100 nm thin-films) which increases the
oxygen exchange kinetics by a factor that is proportional to this solid/
gas interface area increase. DFT calculations confirmed the experi-
mental findings. Hence, Fe-terminated surfaces of LSCF with additional
oxygen vacancies that compensate for cation deficiency explain the ul-
trafast oxygen exchange kinetics obtained. Overall, this study shows a
simple way of creating new surface compositions of cathode materials
for solid electrolytic cells to achieve cathode kinetics, reaching the goals
needed for solid oxide energy devices to work below 500 °C.
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