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ABSTRACT: Developing highly active and stable cata-
lysts based on earth-abundant elements for oxygen
electrocatalysis is critical to enable efficient energy storage
and conversion. In this work, we took advantage of the
high intrinsic oxygen reduction reaction (ORR) activity of
LaygSty,MnO;_s (LSMO) and the high intrinsic oxygen
evolution reaction (OER) activity of
BaySrysCoysFe,05_5 (BSCF) to develop a novel
bifunctional catalyst. We used pulsed laser deposition to
fabricate well-defined surfaces composed of BSCF on thin-
film LSMO grown on (001)-oriented Nb-doped SrTiO;.
These surfaces exhibit bifunctionality for oxygen electro-
catalysis with enhanced activities and stability for both the
ORR and OER that rival the state-of-the-art single- and
multicomponent catalysts in the literature.

xygen electrocatalysis is central to the development of
efficient energy storage and conversion devices' such as
metal—air batteries’ and regenerative fuel cells’ to link
intermittent renewable energy with energy needs on-demand.
Progress is hampered by the large intrinsic overpotentials of the
oxygen reduction reaction (ORR)'** and oxygen evolution
reaction (OER) kinetics,” particularly for first-row transition
metal oxides as cost-effective alternatives to catalysts containing
Pt, Ry, or Ir.'9%f " Ap equally important challenge is the
stability of catalysts during oxygen electrocatalysis.****” In our
previous work,***f we have systematically studied the ORR and
OER activities per oxide area (intrinsic activities) of first-row
transition metal-based perovskites, as measured by the
overpotential at 50 uA/cm, >
Perovskites can have intrinsic activities comparable to those
of precious-metal-based catalysts, and we have used activity
descriptors based on the electronic structure of perovskites to
identify new oxide chemistries with enhanced activities.***%%*
Manganite perovskites were among the most active for ORR in
our previous studies of perovskite oxides*®® but have low
intrinsic activity for OER, while BajSrysCoggFeq,0;5 5
(BSCF) exhibited the highest intrinsic activity for OER
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among perovskites and rutile IrO, but lower intrinsic activity
for ORR.*****1° In this study, we fabricated BSCF-decorated
(001)-oriented LaygSry,MnO;_5 (LSMO) surfaces (where all
orientations herein refer to the pseudocubic unit cell), and here
we report their bifunctionality for oxygen electrocatalysis with
intrinsic ORR and OER activities rivaling the most active
catalysts in the literature.

Thin films with the (001) orientation were fabricated in a
two-step process. First, a ~16 nm layer of LSMO was grown by
pulsed laser deposition (PLD) on a 0.5 wt % Nb-doped SrTiO,
(NSTO) substrate with (001) orientation. Second, BSCF layers
with target thicknesses of 1, 2, 5, 10, and 20 nm were deposited
onto LSMO by PLD. We denote these films as BSCFILSMOI
NSTO. More experimental details can be found in the
Supporting Information (SI). The use of well-defined thin
films reduces the uncertainty of oxide surface area estimation
and the influence of different crystallographic orientations on
the activity relative to oxide powder.9 In addition, these thin
films exclude carbon additives often used in the measurement
of oxide powders, eliminating the reasonably high ORR current
contribution from carbon.”'! After fabrication, the BSCF
LSMOINSTO thin films were characterized by X-ray diffraction
(XRD) (Figure S1 and Table S1), Raman spectroscopy (Figure
$2), X-ray reflectivity (XRR) (Figure S3 and Table S1), and
atomic force microscopy (AFM) (Figure 1) to elucidate the
crystal structure, distortion of the local structure, layer
thicknesses, and surface morphology, respectively. The (002)
Bragg peaks of the BSCF thin films were observable by XRD at
greater thicknesses (19.3, 7.9, and 3.8 nm), which indicates
epitaxy for these films, and the observed lattice parameters were
in agreement with that of bulk BSCF powder (space group
Pm3m; Table S1). Moreover, the Raman spectra of these films
show features similar to those of BSCF powder (Figure
$2),'°*'* indicating local symmetry comparable to the
bulk.'®*'? Furthermore, island growth of BSCF on LSMO is
evident from AFM (Figure 1), and the coverage of BSCF on
LSMO was found to increase from 20% to 94% for thicknesses
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no BSCF (0 %)
15.1 nm LSMO (100 %)
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0.9 nm BSCF (20 %)
14.7 nm LSMO (80 %)
RMS: 1 98 nm (106 %)

1.8 nm BSCF (28 %)
16.7 nm LSMO (72 %)
RMS: 1.82 nm (105 %)

19.3 nm BSCF (94 %)
16.1 nm LSMO (6 %)
RMS: 6.33 nm (107 %)

7.9 nm BSCF (91 %)
14.7 nm LSMO (9 %)
RMS: 5.06 nm (106 %)

3.8 nm BSCF (48 %)
17.3 nm LSMO (62 %)

RMS: 2.96 nm (106 %)

Figure 1. Surface morphology of BSCFILSMOINSTO thin films
obtained by AFM in tapping mode. The surface coverage of BSCF
(percentage in parentheses) was estimated from the projected area of
the grains (yellow). It should be noted that the color scale differs for
each sample. The percentage given after the root-mean-square (RMS)
roughness indicates the roughness factor (calculated total surface area
divided by scan area).

of 0.9 to 19.3 nm, respectively. As most of the island radii were
much larger than the thickness (Figure S4), the influence of
different crystallographic orientations associated with island
edges on the activity can be neglected. All of the electro-
chemical measurements were corrected for the roughness factor
of the thin films (see the SI for the calculations).

The activity and stability trends of the thin films were
established by cycling 100 times in the OER region (1.15 to
1.70 V vs RHE) and subsequently 100 times in the ORR region
(1.00 to 0.65 V vs RHE) in 0.1 M KOH (pH 13). Alkaline
conditions are preferable for testing of intrinsic activities
because of the excellent oxide stability and fast kinetics of the
OER and ORR at pH 13. The intrinsic ORR activity of LSMOI
NSTO (Figure 2A) in the first few cycles was among the
highest reported (10 pA/cmg, > at 0.85 V vs RHE/0.38 V
overpotential),*" which is comparable to those of LSMO
powder (Figure 2B) and previously reported*! LaMnO,
(LMO) and LaysCaysMnO;_s powders. This finding suggests
that the (001) perovskite surface is primarily responsible for the
ORR activity of LSMO, Wthh is in agreement with previous
work on LMO thin films.” However, the ORR activity of
LSMOINSTO decreased during cycling (Figure 2A), which will
be discussed in detail later. In contrast, the intrinsic OER
activity of LSMOINSTO was among the lowest of perovskite
oxides (23 pA/cmg,* at 1.56 V vs RHE/0.33 V overpotential )
and comparable to that of LSMO powder™" (Figure SS). On
the other hand, the intrinsic OER activity of BSCFILSMOI
NSTO (nearly full coverage of BSCF of ~94%) was found to
be among the highest reported for perovskite oxides
(0.5 mA/cmg;,,* at 1.56 V vs RHE/0.33 V overpotential) and
comparable to that of pristine BSCF powder’™'**'* within
experimental uncertainties (Figure S6).

No significant change was found for the OER activities and
pseudocapacitive current densities of the BSCFILSMOINSTO
films (Figure 2C) during cycling, in contrast to BSCF powder
(Figure 2D).'® The increase in the OER current and
pseudocapacitive current of BSCF powder during cycling in
the OER voltage region has been attributed to an increase in
the electrochemically active area associated with leaching of Ba
and Sr ions, loss of long-range order, and a change of the local
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Figure 2. Cyclic voltammetry of (A) an LSMOINSTO thin film in
comparison with (B) ink-cast LSMO powder and (C) a BSCFILSMOI
NSTO thin film in comparison with (D) ink-cast BSCF powder.'*®
The 2nd, 10th, and 100th cycles in O,-purged 0.1 M at sweep speed of
10 mV/s are shown as solid lines. Dashed lines indicate measurements
in Ar-purged 0.1 M KOH.. The ink-cast electrodes had loadings of
0.25 mg/cmgy® for oxide, 0.05 mg/cmgyy’ for carbon, and
0.05 mg/cmyy” for Nafion. Currents were normalized by the BET
areas (Table S3) for ink-cast oxides and by the measured electrode
area and the roughness factor for thin films (Table S2).

structure from corner—sharlng to edge-sharing octahedra, as
reported previously.'® The cyclic voltammogram (CV) of
BSCFlLSMOINSTO after 100 OER cycles resembles that of a
hydroxide,"® indicating similar changes of (001)-oriented
BSCF on LSMO to BSCF powder, which requires further
studies. This hypothesis is further supported by the scaling of
the OER current with cathodic charge for BSCF coverage equal
to and lower than 48% (Figure S7). Therefore, not only the
film surface but also BSCF away from the film surface on
LSMO contributes to the OER activity, akin to amorphous
oxyhydroxides."® Interestingly, the measured cathodic charge
corresponded to a reduction of up to 77% of all transition metal
ions nominally present in the thinnest films (Table S4). Even
the lowest value of 24% (for 94% BSCF coverage) rivals the
values reported for electrodeposited oxides.'*"*

Partially BSCF-covered LSMO surfaces (20—91%) were
found to have not only high activities for both OER and ORR
but also enhanced stability for ORR relative to LSMO
(Figure 3). The intrinsic OER activity could be increased by
2 orders of magnitude relative to LSMOINSTO by increasing
the BSCF coverage (Figure 3A—C), where negligible change in
the OER activity was found during cycling. The Tafel slopes for
the OER activities of all BSCFILSMOINSTO samples were
similar (~50 mV/dec) and independent of BSCF coverage
(Figure 3B) as well as the method of measurement (Figure S9),
which is comparable to BSCF powder (Figure S10). On the
other hand, the ORR activities of BSCFILSMOINSTO with
BSCF coverage less than 94% were greater than or comparable
to that of pristine LSMOINSTO (Figure 3D—F). The ORR
Tafel slopes extracted from low overpotentials, where the
influence of oxygen transport is minimal, were similar and close
to 50 mV/dec for all of the surfaces studied (Figure 3E), which
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Figure 3. (A) CVs of BSCFILSMOINSTO thin films in the OER
window during the 2nd cycle, (B) Tafel plot of the capacitance-
corrected CV (Figure S8), and (C) change in the potential at
100 puA/cmg,,> OER current density with cycling. (D) Subsequent
CVs of the same films in the ORR window during the 10th cycle, (E)
Tafel plot of the capacitance-corrected background-subtracted CV, and
(F) change in the potential at 20 #A/cmg,,” ORR current density with
cycling. All of the measurements were performed at a sweep speed of
10 mV/s in 0.1 M KOH purged with O,. For the ORR Tafel plot, the
background currents obtained in Ar-purged 0.1 M KOH were
subtracted. Percentages indicate BSCF coverage. All of the currents
were normalized by the measured electrode area and the roughness
factor (Table S1).

is comparable to LMSOINSTO (Figure S10). These observa-
tions suggest that BSCFILSMOINSTO surfaces with partial
coverage exhibit bifunctional catalytic properties, where BSCF
is responsible for the OER activity while LSMO is responsible
for the ORR activity. More interestingly, while cycling in the
ORR region did not alter the OER activity of BSCFILSMOI
NSTO, it greatly increased the ORR activity of films with
greater BSCF coverage to be higher than that of pristine
LSMOINSTO (Figures 3F and S11). This stands in contrast to
the reduced ORR activity of LSMOINSTO during cycling. The
physical origin for these changes is not understood and
warrants further studies. The OER activity of LSMOINSTO
was increased slightly during OER cycling (Figure $12), which
can be attributed to gradual manganese oxidation and structural
changes during OER akin to those observed for amorphous
manganese oxyhydroxide."** Manganese oxidation during the
OER is supported by the decreased activity for subsequent
ORR measurements (Figure 3D), as we have demonstrated
previously that Mn®* is more active for the ORR than Mn*".”

The intrinsic OER and ORR activities of BSCFILSMOI
NSTO are among the highest for bifunctional catalysts known
in the literature (Figure 4A); the intrinsic OER activity
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Figure 4. (A) OER and ORR overpotentials of BSCFILSMOINSTO
electrodes at 100 yA/cmg,,> OER current density (solid circles) and
20 pA/cmg,> ORR current density at the 10th cycle (open circles)
and 100th cycle (triangles) in 0.1 M KOH. For reference, we have also
included the overpotentials of selected bifunctional oxides®*'**¢
(Figures S6 and S13—S15) at the above current densities and
benchmarks for intrinsic OER (IrO,, RuO,)** and ORR (Pt/C)"*
activities. (B) Sum of OER and ORR overpotentials. Lines were added
to guide the eye.

surpasses those of the benchmark catalysts, IrO, and RuO,,
and the intrinsic ORR activity is superior to those of other
bifunctional oxides, albeit lower than that of Pt/C,'* the
benchmark for the ORR. While the normalization of OER and
ORR currents by geometric areas is most relevant for practical
applications, such as overpotentials for the OER at
10 mA/cmgeO2 and ORR at 3 mA/cmgeo2 current density,"”
the overpotential for a given OER or ORR specific current
(normalized to the oxide surface area) allows us to compare the
intrinsic activities of surfaces. Here we used the OER current
density at 100 uA/cm,,* and absolute ORR current density at
20 pA/cm,,” (Figure 4A), which were chosen to avoid mass
transport limitations in experiments with quiescent electrolytes
and to minimize the influence of pseudocapacitive contribu-
tions. The lowest combined overpotential for OER and ORR
approaches 0.7 V for BSCFILSMOINSTO thin films with
nearly full BSCF coverage (Figure 4B), which rivals the intrinsic
bifunctional activities of state-of-the-art single- and multi-
component oxide catalysts reported in the literature.”"'®

In this work, we have shown that BSCF decoration on
LSMOINSTO comprises a two-component surface with
bifunctionality for oxygen electrocatalysis, with OER activities
comparable to that of BSCF powder and ORR activities
surpassing that of LSMO powder. The combined overpotentials
from both OER and ORR kinetics on BSCFILSMOINSTO can
be as low as 0.7 V, which rivals the intrinsic activities of state-of-
the-art catalysts in the literature. Moreover, BSCF decoration
enhances the surface stability for the ORR relative to LSMOI
NSTO, although this requires further studies. Such work lends
promising insights into the design of highly active and stable
nanostructured bifunctional catalysts for oxygen electrocatalysis
in rechargeable metal—air batteries and regenerative fuel cells.
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XRR patterns, and Raman spectra. This material is available free
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