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ABSTRACT: A detailed understanding of the effects of surface
chemical and geometric composition is essential for under-
standing the electrochemical performance of the perovskite
(ABO,) oxides commonly used as electrocatalysts in the
cathodes of ceramic fuel cells. Herein, we report how the
addition of submonolayer quantities of A- and B-site cations
affects the rate of the oxygen reduction reaction (ORR) of St-
doped LaFeO; (LSF), LaMnO; (LSM), and LaCoO; (LSCo).
Density functional theory calculations were performed to
determine the stability of different active sites on a collection
of surfaces. With LSF and LSM, rates for the ORR are
significantly higher on the A-site terminated surface, while
surface termination is less important for LSCo. Our findings
highlight the importance of tailoring the surface termination of

the perovskite to obtain its ultimate ORR performance.
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Enhancing oxygen reduction activity by controlling the
surface chemistry of the perovskite-structured (ABO;)
mixed oxides used as cathodes in ceramic fuel cells has been a
long-term goal for improving stability and performance. The
surface composition (chemical and geometric) may not be the
same as that of the bulk and is often not known because of
segregation of the constituent cations during the high-
temperature treatments required for cell manufacture.'”
Therefore, it is generally not clear which surface structures
should be targeted. In an effort to provide insight into how
surface composition affects performance, several recent studies
have used controlled deposition of thin films to modify
cathode surfaces.*”® For example, Rupp et al.” and
Rahmanipour et al.® have attempted to elucidate the nature
of the active sites on La,_,Sr,CoO;_s (LSCo) and
La,_,Sr,FeO;_s (LSF), respectively, by molecular engineering
of the surfaces through controlled deposition of the
component oxides; however, these studies have generated
additional questions. For example, it was reported that the
addition of an A-site oxide (SrO) diminishes the performance
of LSCo,” while the addition of La,O; to LSF enhanced
performance.® In the work reported herein, we used combined
experimental and theoretical studies to demonstrate that
significant differences exist in the surfaces of LSF, LSCo, and
La,_Sr,MnO;_s; (LSM) that help to explain why these
materials exhibit significantly different behaviors. Atomic
layer deposition (ALD) of A and B site ions was used to
provide atomic-level control of surface composition (see
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Figure 1) of real-world, high-performance cathodes and
allowed us to investigate how the terminating sequence of
the perovskite affects performance. Observation of significant
changes in catalytic properties with changes in the sequence of
the terminating atoms on LSF and LSM surfaces, coupled with
density functional theory (DFT) calculations of the stability of
each surface, was used to determine the optimal surface
composition for these perovskites.

Electrochemical performance measurements were made
using 1 cm diameter symmetric button cells that were prepared
from yttria-stabilized-zirconia (YSZ), porous—dense—porous,
trilayer wafers consisting of a dense 80 um thick layer
sandwiched between two 35 pm thick, 60% porous layers with
2 pm pores. LSF, LSM, or LSCo (30 wt %) was added to the
porous layers using infiltration of aqueous salt solutions
followed by annealing in air (each sample had 20% Sr on the A
site unless indicated otherwise, e.g., LaggSrq,FeO;_5). Details
of the cell preparation are in previous publications’ " and the
Supporting Information. Decoration of the perovskite surface
with submonolayer amounts of A- or B-site cations was
achieved using ALD with Sr(TMHD),, La(TMHD);, Pr-
(TMHD),, Ca(TMHD),, and Mn(TMHD), (TMHD =
2,2,6,6-tetramethyl-3,5-heptanedionato) precursors. Cation
deposition rates per ALD cycle (measured gravimetrically
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Figure 1. Schematic showing the different ALD-modified surfaces that were investigated in this study.

using a high surface area alumina support) are given Table S1
and were between 5 X 10'3 and 8 X 10'® metal atoms cm™>,
corresponding to <0.1 monolayers per cycle, for each of the
metal oxides.

Low-energy ion scattering (LEIS) provided a measure of the
outermost surface chemical composition and was used to
confirm the number of ALD cycles required to obtain a
monolayer coverage. LEIS studies were performed on a porous
LSF—YSZ electrode that was calcined to 1123 K and a dense
LSF slab that had been annealed to 1473 K prior to ALD
deposition. The LEIS spectrum of the pristine LSF slab, Figure
2a, exhibits the expected peaks for La, Sr, and Fe. The Sr peak
is the most intense because of surface enrichment which is
known to occur upon high-temperature annealing in air. "
Figure 2b shows the LEIS spectrum of this sample after S
La,O; ALD cycles. Note that this spectrum is now dominated

by the La peak. Quantitative analysis of this spectrum indicates
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Figure 2. LEIS spectra obtained from (a) a pristine LSF slab that had
been sintered at 1473 K, (b) the sample in panel a after S La ALD
cycles, (c) a pristine high-surface area infiltrated LSF—YSZ composite
cathode that had been sintered at1123 K, and (d) the sample in panel
c after 10 La ALD cycles.
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that the surface La cation (La,O;) coverage is somewhat less
than a monolayer (ML), consistent with the ALD growth rate
reported in Table S1, which predicts that S ALD cycles would
produce a La cation coverage of ~0.4 ML (based on the cation
density on LSF(100), which is 6.5 x 10" cm™2). The LEIS
data for the porous LSF—YSZ electrode prior to ALD
modification (Figure 2c) shows that Sr segregation did not
occur to an appreciable extent for the low-temperature
synthesis conditions, resulting in a more stoichiometric LSF
surface. Consistent with the LSF slab data and the gravimetri-
cally measured growth rates, 10 La,O; ALD cycles was
sufficient to form a complete monolayer coating of La,O;
(Figure 2d).

To investigate the effect of decorating the surface of an
infiltrated LSF—YSZ electrode with La,0;, electrochemical
impedance measurements were made for symmetric cells after
S, 10, 20, and 55 La,O; ALD cycles. These samples were
oxidized in air at 773 K for S min after each ALD cycle, and the
impedance spectra were collected with the cell exposed to air
at 873 K. These data are displayed in Figure 3a (the ohmic part
of each spectrum has been subtracted to facilitate comparison),
and the electrode polarization resistance, R,, extracted from
these data are plotted in Figure 3c. After 5 La,O; ALD cycles,
corresponding to ~0.5 ML La,O;, R, decreased from that of
the pristine cell, 0.48 Q-cm? to 0.27 Q-cm” As shown in
Figure S1, this enhancement of electrode catalytic properties
upon surface decoration with submonolayer amounts of La,0;
was observed for LSF electrodes prepared to have bulk
compositions that were both A- and B-site deficient. Enhanced
electrode performance was maintained after 10 La,O; ALD
cycles, which gave an R, of 0.32 Q-cm® However, additional
La,0; increased R, monotonically. After SS cycles, correspond-
ing to 2.8 X 10" La atoms-cm 2, R, was 0.82 Q-cm?, which is
more than twice that of the pristine cell.

The beneficial effect on catalytic properties and R, in the
submonolayer regime was not limited to La,Os; LSF surfaces
decorated with other A-site perovskites elements, including Sr,
Ca, and Pr, produced a similar effect. Figure 3b displays
impedance spectra for an LSF—YSZ cathode as a function of
the number of SrO ALD cycles; similar to the observations
with La, O3, R, was found to decrease from 0.55 Q-cm” to 0.28
Q-cm? after 5 ALD cycles (<1 ML) then increase with further
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Figure 3. Impedance spectra obtained from infiltrated LSF/YSZ composite cathodes as a function of the number of (a) La ALD cycles and (b) Sr
ALD cycles. The polarization resistance, R,, extracted from the impedance spectra as a function of the number of ALD cycles and number of metal

atoms deposited for each sample is plotted in panel c.

SrO deposition, reaching 0.85 Q-cm? after 30 SrO ALD cycles.
Figure S2 displays the analogous data for LSF cathodes
decorated with Pr,05 and CaO and shows the same trends in
electrode performance with submonolayer coverages of these
oxides. The effect of submonolayer-level surface modification
of LSF with A-site cations is summarized in Figure 4, which
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Figure 4. Effect of the addition of submonolayer amounts (S ALD
cycles) of A-site and B-site cations on the R, of infiltrated LSF/YSZ
composite cathodes.

gives the percentage change in the cathode area-specific
resistance after 5 ALD cycles. In all cases, the decrease in
following deposition of A-site cations was close to 50% in the
submonolayer regime, with R, increasing once the ML
coverage was obtained. It is noteworthy that, although Sr
surface segregation is well-known to have a deleterious effect
on electrode performance,””'>'* submonolayer addition of
SrO significantly enhanced performance. A similar enhance-
ment effect has also been reported by Mutoro et al."> for LSC
electrodes decorated with strontium oxide nanoparticles. ALD
was also used to determine the effect of terminating the LSF
surface with the B-site cations, Fe and Mn, and an inert oxide,
Zr. Impedance data for Mn deposition is displayed in Figure
S3, while data for Fe and Zr were reported elsewhere.” Results
are summarized in Figure 4 and show that terminating with
these oxides decreases the catalytic activity of the electrode and
increases R, regardless of the oxide coverage.

These results further demonstrate that the local atomic
structure on the cathode surface plays a pivotal role in
determining the catalytic activity for the oxygen reduction and
incorporation reactions and thus the overall cathode perform-
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ance. The fact that submonolayer amounts of La,O; have the
same enhancing effect on both stoichiometric and non-
stoichiometric LSF cathodes further supports this and shows
that, while the bulk composition may affect bulk electron and
oxygen ion transport, sites on the surface that are highly active
for the oxygen-exchange reaction are needed to obtain high
cathode performance.

DFT calculations, which have been successful in modeling
the thermodynamic stability as well as ion transport in solid
oxide fuel cell (SOFC) materials such as LaBO,,'® LSM,"”
LSF'® and LSCF,"” were performed to determine how surface
nonstoichiometry might affect reactivity and whether the
various surface terminations explored experimentally are stable.
For these simulations, the (001) surface of LaFeO; was used as
a prototypical perovskite surface. Figure Sb shows the
calculated stability diagram at 1000 K and Pg_ of 0.2 atm for

the different LaFeO; surface terminations shown in Figure Sa.
To determine the stability of the different terminations, we
considered their respective surface Gibbs free energies (SGFE)
within the region defining the precipitation of bulk La,0; and
Fe,0; as a function of the chemical potential of Fe in the
system. We found that the stoichiometric BO, termination is
thermodynamically the most stable surface SOFC operating
conditions (yellow vertical region in Figure 5b), indicating that
the pristine samples used in the experimental studies were
likely to be BO, terminated. As shown in Figures 3 and Sc, an
improvement in cell performance was observed for systems
with submonolayer coverages of La,O; deposited using ALD.
However, we found that while the stoichiometric AO- and O-
terminated AO surfaces are relatively stable, the defective AO
surfaces, particularly the ones with AO, A and O vacancies are
all thermodynamically unstable under SOFC operating
conditions. This is in agreement with the impedance data for
an LSF electrode as a function of thermal cycling shown in
Figure Sc, where the excellent performance obtained after 10
La,O; ALD cycles goes back to that of pristine LSF upon
heating at 973 K for 2 h. This suggests that the
thermodynamically unstable defective surfaces are likely to
be kinetically trapped phases, resulting in their eventual
reconstruction to the stable stoichiometric BO, surface. It
should be noted that preparing the system in one of these
metastable, kinetically trapped states is enabled by the nature
of the ALD process, where control can be achieved to the level
where the growth results in surfaces with nonuniform surface
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Figure 5. Summary of DFT study of the stability of various terminations of LaFeO5(001). The specific terminations that were studied are shown in
panel a, and the calculated surface Gibbs free energy for each termination as a function of the Fe chemical potential is plotted in panel b; panel ¢
provides impedance spectra for a composite LSF/YSZ cathode as a function of La ALD cycles and annealing temperature for comparison with the

stability calculations.

coverage. We, therefore, hypothesize that although the surface
modification as a result of the submonolayer coverage of La,0;
does not result in intrinsic thermodynamic stability, the
improved cell performance may be attributed to the presence
of kinetically trapped surfaces with AO defects.

Variations in the surface electronic structure between the
stable and defective AO terminations of the LaFeO,(001)
surface were also compared, by considering the averaged
projected density of states (PDOS) of the surface atoms of an
AO surface with an O vacancy (1 V) and the stoichiometric
AO termination (see Figure SS). The surface electronic
structure has similar features in both cases and an observed
down-shift in the surface O2p band center, as expected upon
the removal of a surface O, consistent with previously
established correlations of perovskite SOFC cathode activity
with their bulk O 2p band center.”” However, owing to the
inherent thermodynamic instability of these defective surfaces
as established here, the applicability of an averaged parameter
such as the O 2p band center as a descriptor of activity requires
further investigation, which is beyond the scope of the current
study.
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Going beyond ML coverage of AO units results in reduced
cell performance, as seen from Figures 3 and 5c. To model this,
we considered the stoichiometric AO-terminated surface with
an additional A unit consisting of an adatom adsorbed at the
surface. We found that this system is thermodynamically the
most unstable among the different surfaces considered under
SOFC operating conditions. This suggests that going beyond a
ML coverage should result in a structure with several
stoichiometric AO layers, which is thermodynamically more
stable, as opposed to those with excess A on the surface.
Interestingly, the fact that this is not observed with the thermal
cycling, where further ALD modification upon restoration to
the pristine cell at 973 K once again improves cell
performance, suggests that two different mechanisms may be
at play under different conditions.

To examine the generality of the beneficial effect of
decorating LSF surfaces with submonolayer quantities of A-
site cations, experiments were also performed for symmetric
cells with infiltrated LSM—YSZ cathodes infiltrated to 1123 K.
(Note: LSM—YSZ electrodes prepared by infiltration and
calcined at 1123 K do not exhibit hysteretic behavior upon
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polarization.”") Figure 6a shows impedance spectra collected
in air at 873 K for one of these cells as a function of the
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Figure 6. Impedance spectra obtained from (a) infiltrated LSM/YSZ
and (b) LSCo/YSZ composite cathodes as a function of the number
of La ALD cycles. The polarization resistance, R;, extracted from the
impedance spectra as a function of the number of ALD cycles and
number of metal atoms deposited for each sample are plotted in panel
c. To facilitate comparison, data for LSF/YSZ composite electrodes
(from Figure 3) is also included in this plot.

number of La,O; ALD cycles. The trends in these data are
similar to those observed for LSF in Figure 3, with R,
decreasing significantly up to monolayer La,O; coverage and
then increasing with further La,O; addition. As shown in
Figure 6a, the pristine LSM—YSZ electrode had an R, of 1.4 Q-
cm?® which decreased to 0.55 and 0.35 Q-cm?” after S and 10
La,O; ALD cycles, respectively, before gradually increasing
with additional La,O;. Impedance data obtained from an
LSM—YSZ electrode before and after S ALD cycles of SrO,
Pr,0;, and Mn,0Oj; are shown in Figure S4. These results are
again similar to that reported above for LSF with
submonolayer films of the A-site oxides, SrO and Pr,Os;,
both causing R, to decrease by ~40%. In contrast, S MnO,
ALD cycles had a small effect on R, (Figure S4c).
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The fact that the same performance trends were observed
for ALD-modified LSF and LSM surfaces is quite interesting.
LSM is known for being a relatively poor cathode because of
its lack of ionic conductivity.””~>* However, as shown in a
modeling study by Bidrawn et al, cathodes prepared by
infiltration into porous YSZ scaffolds do not require high ionic
conductivity from the perovskite because the ionic con-
ductivity is provided by the scaffold.”® These calculations
suggested that, for electrodes prepared by infiltration, ionic
conductivity of the infiltrated phase does not limit performance
as long as the ionic conductivity is above about 1077 S-cm™
(973 K). Therefore, the poor performance of the pristine
infiltrated LSM cathode used here is likely due to slow surface
kinetics. It was possible to increase oxygen surface exchange so
as to decrease the cathode impedance to 0.35 Q-cm* at 873 K.
Furthermore, only 5 ALD cycles of the B-site oxide, MnO,,
onto LSF doubled R,,. These data suggest that pristine LSM is
also BO, (MnO,) terminated, resulting in sluggish rates for the
surface oxygen exchange reaction. Therefore, an AO-
terminated surface is also catalytically beneficial for LaMnO;
systems.

Finally, ALD modification of LSCo—YSZ electrodes was also
investigated. In this case, enhancement of cathode performance
was not observed upon addition of submonolayers of La,0;, a
result that is consistent with the recent study by Rupp et al.” As
shown in Figure 6b, the R, of pristine LSCo was 0.40 Q-cm?
and was unaffected by the ALD deposition of up to 1 ML of
La,0;. Higher La,O; coverages decreased cathode perform-
ance, as expected. For LSF and LSM, the experimental and
theoretical results all point to the requirement to have highly
defective, A-site terminated surfaces for achieving high catalytic
activity for the surface oxygen exchange reaction. We achieved
this using ALD to add submonolayer amounts of the A-site
cations to select materials and surfaces. By necessity, such
surfaces contain a high concentration of oxygen vacancies
which are most likely the active sites for oxygen adsorption.
LSCo, however, is much more easily reduced compared to
LSM and LSF;**7*® therefore, it intrinsically contains a higher
concentration of oxygen vacancies and other defects prior to A-
site modification. Indeed, this is most likely the reason why
LSCo is one of the best cathode materials for SOFC operation
at intermediate temperatures;”” in effect, LSCo already has the
optimal surface structure. In the submonolayer regime, the
addition of more AO units merely maintains the defect
concentration, while multilayer AO addition ultimately blocks
the active sites leading to an increase in R,

In summary, we have demonstrated that ORR rates on
perovskite-based SOFC cathodes are strongly affected by the
terminating sequence and geometry at the surface. ORR rates
are greatly enhanced on LSF and LSM by addition of
submonolayer quantities of A-site cations, likely because this
enhances the surface oxygen vacancy concentration. LSCo is
much less sensitive to surface modifications because of its
intrinsically higher surface vacancy concentration. These
findings call for a better control of the synthesis of the
perovskite surfaces at the atomic-scale to obtain SOFC
materials with optimal performance.
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