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ABSTRACT: Alkaline fuel cells represent a promising energy
conversion technology since they enable the use of precious metal-
free electrocatalysts for the oxygen reduction reaction. Among
these, La-based perovskite oxides, with great compositional and
structural tunability, are especially attractive. However, we believe
that the current literature lacks a thorough understanding of their
inherent (in)stability issues. Here, we report on nine La-based
perovskite oxide electrocatalysts for the oxygen reduction reaction,
including LaMO3 (M = Mn, Co, Ni) and LaCoxM1−xO3 (M = Mn,
Ni; x = 0.9, 0.5, 0.1). While some exhibited initial promising
activity, they all degraded significantly, even after brief electro-
chemical testing. Through comprehensive structural character-
ization of LaCo0.9Mn0.1O3, particularly scanning transmission electron microscopy, we found evidence to support a degradation
mechanism in which the B-site cation species irreversibly leach from the perovskite under testing conditions. A sample cycled 10 000
times from +0.4 to +1.2 V vs reversible hydrogen electrode (RHE) showed an amorphous La oxide shell 1−2 nm thick. Bulk analyses
showed that B-site leaching also occurs for samples soaked in 1 M KOH or pure EtOH. The mechanistic insights provided here
should help inform the future design of La-based perovskite oxide electrocatalysts for alkaline fuel cells and stress the importance of
stability metrics validating claims of promising electrocatalytic activity.

1. INTRODUCTION

Anthropogenic CO2 has a considerable contribution from the
transportation sector.1 To this end, electric vehicles have been
presented as a potential solution.2 Fuel cells,3 as a promising
alternative to the internal combustion engine (ICE), have
much higher energy conversion efficiencies, as well as
potentially zero carbon emissions.4 Specifically, the efficiencies
of hydrogen fuel cells (∼60%) are largely dictated by
electrochemical reactions and are much higher than those of
ICEs (∼20%), which are limited by the Carnot cycle.5,6 In
addition, fast fueling rates (minutes) for hydrogen or other
fuelscomparable to an average gasoline carmake them
more attractive for transportation applications when compared
to batteries, which can require hours to charge.
Prototype fuel cell electric vehicles have so far almost

exclusively made use of proton (acidic) exchange membrane
(PEM) fuel cells, mainly due to the industrial availability of
Nafion.7 Nevertheless, anion exchange membrane (AEM) fuel
cells present multiple benefits that make them promising
alternatives to PEM systems.8 The less corrosive alkaline
environments of AEM fuel cells enable the use of non-noble
metals as electrocatalysts for the hydrogen oxidation reaction
(HOR) and the oxygen reduction reaction (ORR).9 Addition-
ally, the electroosmotic flow direction in alkaline fuel cells

dramatically mitigates the loss in efficiency (∼10%) caused by
water crossover,10,11 which is an intrinsic limitation of acidic
fuel cells.12

Out of the numerous non-noble metal potential electro-
catalysts, the La-based perovskite oxides (general structure
LaMO3) appear promising.13 There have been various reports
on the ability of these materials to catalyze reactions such as
the oxidation of hydrocarbons,14 the reduction of nitrogen
oxides,15 and most important to this study, the evolution16 and
reduction17 of oxygen. The ability to tune their properties,
such as electronic and ionic conductivity and catalytic activity,
by controlling their elemental composition, makes them
especially attractive.18,19 However, the stability of electro-
catalysts in fuel cells is as crucial as their catalytic activity and is
a main concern in the fuel cell industry.20−23 Still, to this day,
the long-term stability of these types of materials appears to be
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very seldom included in studies presenting them as promising
catalysts for the ORR.24

For perovskite oxides (general structure ABO3), multiple
ORR mechanisms have been proposed. The most common
ones revolve around the B-site cation being the active site, with
the B-site oxygen vacancy sometimes considered to be the true
active site.17,25 However, the proposed mechanisms generally
assume an ideal catalytic cycle, in which the electrocatalytic
material is stable throughout testing. In addition, indirect
evidence from La-based perovskite oxide single-crystal studies
suggests the presence of side reactions that could lead to
continuous degradation of the catalyst.26 In other words, it
appears that the stability of the La-based perovskite oxides as
ORR electrocatalysts has been generally overlooked in the
analyses.
In this study, we have employed initial-vs-final-state (i.e.,

beginning of life, BOL; end-of-life, EOL) evidence to support a
reaction mechanism that considers the inherent instability of
La-based perovskite oxides under ORR testing conditions in
alkaline media. Specifically, we have found evidence for the
leaching of the B-site cations under testing conditions,
resulting in an amorphous La oxide shell, which, in turn,
leads to a continuous decrease in electrocatalytic activity. The
information provided here could enable the use of La-based
perovskite oxides as practical catalysts for alkaline fuel cells,
provided that their instability is mitigated. This work should
also underline the paramount significance of studying the long-
term stability of seemingly promising catalysts.

2. METHODS
2.1. Materials and Reagents. All chemicals were used as

received without any further purification. La(NO3)3·6H2O
(99.99%), Co(NO3)2·6H2O (≥98%), Mn(NO3)2·4H2O
(≥97.0%), and Ni(NO3)2·6H2O (99.999%) were purchased
from Sigma-Aldrich. Citric acid (CA; ACS grade), HCl (36.5−
38.0 w/w %; ACS plus grade), HNO3 (68.0−70.0 w/w %;
ACS plus grade), acetone (99.5%; ACS grade), and KCl
(99.6%; ACS grade) were purchased from Fisher Scientific.
KOH (≥85%; ACS grade) was purchased from EMD
Millipore. Absolute ethanol (EtOH; 200°; USP grade) was
purchased from KOPTEC. Isopropanol (IPA; ACS grade) was
purchased from Macron Fine Chemicals. NH4OH solution
(28.0−30.0%; ACS grade) was purchased from EMD
Chemicals. Ar (100%; UHP300) and O2 (100%; UHP300)
were purchased from Airgas. Diamond paste (diamond
polishing compound; 1 μm), MetaDi Fluid (extender for
diamond abrasives), polishing cloth (Microcloth), and sand-
paper (CarbiMet 2 240/P280, 400/P800; BuehlerMet II 600/
P1200; MicroCut 800/P1500, 1200/P500) were purchased
from BUEHLER. Nafion solution (alcohol-based 1100 EW at
5 wt %, with IPA and EtOH) was purchased from the Fuel Cell
Store. Deionized (DI) H2O was obtained from a 7148 Thermo
Scientific Barnstead Nanopure dispensing system (18.2 MΩ·
cm). Transmission electron microscopy (TEM) grids (LC400-
CU-100 Lacey Carbon Film, CU, 400 Mesh, 100 μm) were
purchased from Electron Microscopy Sciences. VULCAN
XC72R carbon black was purchased from Cabot.
2.2. LaCoO3 Precursor. Briefly, 2.5 mmol (1.08 g) of

La(NO3)3·6H2O, 2.5 mmol (0.73 g) of Co(NO3)2·6H2O, and
5.0 mmol (0.96 g) of CA were added into a beaker and
dissolved in 25 mL of IPA (deep coral clear solution, pH ∼ 1).
The solution was stirred and heated to 60 °C using a hot plate
until completely dry (light coral solid).

2.3. LaMnO3 Precursor. Briefly, 2.5 mmol (1.08 g) of
La(NO3)3·6H2O, 2.5 mmol (0.63 g) of Mn(NO3)2·4H2O, and
5.0 mmol (0.96 g) of CA were added into a beaker and
dissolved in 25 mL of DI H2O (clear solution, pH ∼ 1). Then,
3 mL of NH4OH solution was added at once while stirring.
White precipitates formed instantly and then dissolved again
(tan solution, pH ∼ 8.5). The solution was heated to ∼130 °C
until it became pastelike. The sample was dried in a vacuum
oven set to 100 °C (light tan solid).

2.4. LaNiO3 Precursor. Briefly, 2.5 mmol (1.08 g) of
La(NO3)3·6H2O, 2.5 mmol (0.73 g) of Ni(NO3)2·6H2O, and
5.0 mmol (0.96 g) of CA were mixed in 25 mL of DI H2O
(clear aqua (greenish-blue) solution, pH ∼ 1). Then, a 3 mL
aliquot of NH4OH solution was instantly added. White
precipitates formed and most of them dissolved immediately
(deep blue solution, pH ∼ 8.5). Then, the solution was heated
to ∼130 °C until it became slurry-like (bluish-green slurry).
The sample was dried in a vacuum oven set to 100 °C (light
tan solid).

2.5. LaCoxM1−xO3 (M = Mn, Ni; x = 0.9, 0.5, 0.1)
Precursors. Briefly, 2.5 mmol (1.08 g) of La(NO3)3·6H2O,
2.5 mmol of Co(NO3)2·6H2O and Mn(NO3)2·4H2O or
Ni(NO3)2·6H2O with a target ratio of 1:9, 5:5, or 9:1, and
5.0 mmol (0.96 g) of CA were added into a beaker and
dissolved in 25 mL of DI H2O. About 3 mL of NH4OH
solution was added to the solution. The solution became
cloudy due to precipitates that dissolved again (pH ∼ 8.5).
The solution was heated to ∼130 °C until it became very
viscous. All samples were dried in a vacuum oven set to 100
°C. The colors of the solutions and solids varied depending on
the ratios of precursors.

2.6. La-Based Perovskites. The obtained precursor solids
were ground using a mortar and pestle. About a gram of the
ground precursor was placed in a clean alumina boat. The boat
was placed in the middle of a quartz tube and inside a tube
furnace (air). The furnace temperature was ramped up to 600
°C over 60 h, held at 600 °C for 8 h, and then left to cool
down to room temperature. After the heat treatment, only ∼30
wt % of the solid was obtained due to the removal of nitrates,
hydroxides, and citric acid. All of the final products were black
powders, regardless of the elemental composition.

2.7. Catalyst Composites. To finalize the catalyst
preparation for electrochemical testing, 40 mg of the
perovskite catalyst and 60 mg of carbon black were placed in
a zirconium ball mill canister and ball-milled at 400 rpm for 20
min using a Pulverisette 7 classic (Fritsch, Germany). This step
was performed for two main reasons: to increase the overall
conductivity of the catalyst (now a composite) and to increase
the active surface area of the perovskite. The resulting powder
was scraped off from the canister with a spatula and placed in a
clean vial. All of the final composite products were black
powders, regardless of the elemental composition.

2.8. Powder X-ray Diffraction (XRD). The XRD patterns
of the synthesized perovskites were obtained using a Rigaku
Ultima IV (Rigaku Corporation, Japan) with Cu Kα radiation
(40 kV and 44 mA) at a scan rate of 5°/min.

2.9. Low-Magnification TEM. TEM was performed at
room temperature using a Tecnai 12 BioTwin transmission
electron microscope (Fei Company; Hillsboro, OR), with a
LaB6 electron source at 120 kV, and a Gatan Orius S1000
CCD camera. The electron beam was aligned by hand prior to
every set of measurements. Roughly 15 images from different
regions within the grids (top, bottom, left, right, center) were

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c00108
J. Phys. Chem. C XXXX, XXX, XXX−XXX

B

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


analyzed for particle size distribution purposes, and length
measurements and counting were performed using ImageJ
(https://imagej.nih.gov/ij/download.html). For a typical
sample, a spatula tip of the 40 wt % catalyst was transferred
to a clean 5 mL vial. An antistatic gun was used when
appropriate, to keep the powder from exiting the vial. The vial
was then filled to about one-fourth of its volume with EtOH,
capped, and sonicated for at least 15 min, while occasionally
swirling the vial to ensure homogeneous mixing. About 3 μL of
this suspension, typically light gray in color, was then deposited
on the grid, held by tweezers that were preemptively rinsed
with IPA and dried under an infrared (IR) lamp. The grid was
left to dry under the IR lamp and subsequently placed on the
appropriate TEM grid box, for analysis.
2.10. High-Angle Annular Dark-Field Scanning Trans-

mission Electron Microscopy and Electron Energy Loss
Spectroscopy (HAADF-STEM/EELS). HAADF-STEM/
EELS measurements were performed using a Titan microscope
(FEI; Hillsboro, ORE) at 300 kV. The HADDF-STEM images
were recorded using an FEI Ceta 16M camera. The EELS data
were recorded with a GIF Tridiem energy filter (Gatan;
Pleasanton, CA) with 0.5 eV/channel energy dispersion. The
typical pre-oxygen reduction reaction (ORR) sample was
prepared exactly as detailed in Section 2.9. The typical post-
ORR sample was prepared in a fashion similar to the one
detailed in Section 2.12: The electrode was rinsed with DI
H2O and dried under an IR lamp. Then, a small drop of EtOH
was added to the film, and the catalyst was scraped off using a
plastic pipette. The appropriate part of this tube was cut and
placed inside a clean 5 mL vial, and the vial was filled with
EtOH to about one-fourth of its volume. The vial was then
sonicated for at least 15 min, with the typical occasional
swirling for mixing purposes. About 5−15 μL of this
suspensiona very light gray color (almost colorless)were
then deposited on top of the appropriate TEM grid, in
increments of 5 μL that were each left to dry under the IR
lamp. This grid was then stored for further analysis.
2.11. Image Processing. The STEM images were

processed using a Gaussian filter with a radius of 1.5 pixels.
The EELS maps were processed in the following steps: first,
the original EELS map signals were denoised using Noise2-
Void (https://arxiv.org/abs/1811.10980), a self-learned con-
volutional neural network, with the original data sets used as
both the training data and predictions; second, the denoised
map signals were background-subtracted using a linear
combination of power laws (LCPL) model;27 and finally, the
individual La, Co, and Mn signals were integrated to produce
individual maps, which were superimposed to produce
composite maps. The EELS depth profiles were plotted with
background-subtracted original EELS data using the Cornell
Spectrum Imager (CSI),27 an open-source ImageJ plugin, with
0.7 nm2 squares average spectra taken at the specified depths.
The EELS line profiles were plotted from the EELS maps using
a line width of 6 pixels.
2.12. Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-AES). ICP-AES was performed inde-
pendently by the Cornell Nutrient Analysis Laboratory
(CNAL). For a typical powder sample, 5 mg of the 40 wt %
catalyst was placed in a clean 20 mL vial. The aluminum
coating under the vial’s cap was removed using a spatula. Then,
2 mL of freshly prepared aqua regia (HCl/HNO3 4:1 v/v) was
added to the vial, and the vial was swirled and subsequently left
to rest for 30 min, inside a fume hood. After this, 18 mL of DI

H2O was added to the vial, and then the vial was sonicated for
30 min. Since the carbon support does not dissolve in aqua
regia, the vial was left to rest at least overnight, and lastly, the
top 5 mL of the liquid was transferred to a separate and clean
vial using a Pasteur pipette, and this vial was sent for analysis.
For the typical electrode sample (after ORR), the rotating disk
electrode (RDE) was rinsed with DI H2O and dried under an
IR lamp. Once dry, a small drop of EtOH was added to the
film, and the catalyst was scraped off using either a Teflon tube
or a plastic pipette. The tip (∼1″) of this tube was then cut and
placed inside a 20 mL vial, and the rest of the previous
procedure was performed, utilizing 3 mL of fresh aqua regia
and 5 mL of DI H2O, instead of 2 and 18 mL, respectively. For
a typical electrolyte sample (after ORR), all of the electrodes
were removed from the electrochemical cell, and then 5 mL of
fresh aqua regia was added to the cell, evenly split between the
three necks. The contents of each neck were thoroughly mixed
by dis/charging a Pasteur pipette multiple times, and the walls
of each neck were rinsed using this liquid. The whole cell was
placed inside a large beaker with sufficient water to match the
liquid volume inside the cell, and this large beaker was
sonicated for 30 min. After this, the contents of all of the cells’
necks were transferred to a 20 mL vial, and the volume of this
vial was later reduced to ∼5 mL, using a hotplate to slowly
remove the excess solvent (∼2 h). Whenever the final volume
of this sample was too low and colorless/light white crystals
precipitated (presumably KCl, from the neutralization of HCl
and KOH), a minimum amount of DI H2O was added to the
vial, until no solid was present after a few minutes of
sonication. The final content of this vial was transferred to a
new and clean 20 mL vial and sent to the CNAL for analysis.

2.13. Thermogravimetric Analysis (TGA). TGA for
sample LaCo0.9Ni0.1O3 was performed using a Q500
Thermogravimetric Analyzer module (TA Instruments; New
Castle, DE), using 100 μL Pt pans and a temperature ramp of
10 °C/min, from room temperature to 700 °C. The analysis
was done in an air atmosphere, with a purge flow rate of 60
mL/min. About 100 mg and 1 g of standards were used for
weight calibration, and nickel and alumel wires were used for
temperature calibration, following the Curie point method.
The data were plotted with the temperature axis increasing
from right to left, for visual ease.

2.14. X-ray Photoelectron Spectroscopy (XPS). XPS
was performed using an ESCA-2SR instrument (Scienta
Omicron, Sweden) with an operating pressure of ∼1 × 10−9

Torr. Monochromatic Al Kα X-rays (1486.6 eV) were
generated at 300 W (15 kV; 20 mA). Photoelectrons were
collected at a 0° emission angle from a 2 mm analysis spot with
a source to an analyzer angle of 54.7°. A hemispherical analyzer
determined the electron kinetic energy, using a pass energy of
200 eV for survey scans. All spectra were calibrated with the
C1s peak to 284.5 eV and a maximum intensity equal to 1. For
the calculation of Osur/(Osur + Olatt), the peak areas were used.
LaCo0.9Mn0.1O3 samples were prepared on a replaceable glassy
carbon electrode. Detailed procedures can be found in Sections
2.15−2.21.

2.15. Electrochemical Setup. All of the electrochemical
experiments were performed using a custom-made three-neck
RDE cell, except for the experiments that involved ICP-AES
postanalysis. The latter was performed in a regular (smaller)
four-necked cell. A WaveDriver 20 bipotentiostat (Pine
Research Instrumentation; Durham, NC) was used, in tandem
with an AFMSRCE electrode rotator (Pine Research
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Instrumentation; Durham, NC). No IR-drop correction
techniques were employed before nor after data acquisition.
An AFE3T050GC glassy carbon RDE (Pine Research
Instrumentation; Durham, NC) served as the working
electrode and was modified accordingly, as described in the
next sections. For the experiments that involved XPS
postanalysis, an AFE4TQ050 ChangeDisk RDE tip (Pine
Research Instrumentation; Durham, NC) was utilized instead,
with replaceable SIGRADUR G glassy carbon slugs (HTW
Hochtemperatur-Werkstoffe GmbH; Thierhaupten, Germany)
that were 5 mm in diameter and about 5 mm in height. These
were initially sanded on a mechanical polishing wheel with DI
H2O-wet sandpapers, from coarse to fine, until a mirror finish
was attained. A 6" carbon rod (GAMRY Instruments;
Warminster, PA), contacted through an alligator clip fixed to
the tip using DOUBLE/BUBBLE Extra-Fast Setting Epoxy
(Royal Adhesives & Sealants, LLC), served as the counter
electrode (CE), and a homebuilt Ag/AgCl (saturated KCl)
served as the reference electrode (RE). Nevertheless, all
potentials in this manuscript are reported against the reversible
hydrogen electrode (RHE). The potential of the Ag/AgCl RE
was measured with a source voltmeter against an RREF0021
Ag/AgCl (4 M KCl) “standard” (Pine Research Instrumenta-
tion; Durham, NC) before every electrochemical experiment,
and ranged from −1.00 to −4.50 mV “vs Standard”. This
standard was just a commercial RE that we currently use
exclusively for calibration purposes (Pine reports its potential
to be +0.199 V vs normal hydrogen electrode (NHE)). The
specific readouts of these calibrations were then applied as a
correction to the data, along with the equation for the
reference potential conversion (which stems from the Nernst
equation)

E E E E0.059pHRHE Ag/AgCl Ag/AgCl
o

cal= + + −

where all of the potentials are given in volts, the standard
reduction potential for saturated Ag/AgCl is taken to be
+0.197 V, and the calibration potential is arbitrarily subtracted,
with the calibration electrode always connected to the “COM”
terminal of the voltmeter. For any measurement labeled Ar-
purged or O2 saturated, the desired gas was vigorously bubbled
close to the bottom of the cell for a minimum of 15 min while
rotating the electrode at 1600 rpm, before the start.
Throughout such measurements, the solution was continually
bubbled but with a lower flow rate and with the gas line closer
to the top of the solution (submerged).
2.16. Electrode Modification. All of the glassy carbon

electrodes used, including each of the replaceable slugs for the
exchangeable RDE rod, were prepared for electrochemical
testing following a similar procedure. The electrode was rinsed
with small amounts of acetone, EtOH, IPA, and DI H2O, in
the order, and gently blotted/wiped dry with a Kimwipe. Then,
the electrode was manually polished using diamond paste and
MetaDi fluid on a polishing cloth. After this, the paste was
rinsed off with DI H2O, and the electrode was gently wiped dry
with a Kimwipe and further dried under an IR lamp. The lamp
was kept at ∼30 cm from the electrode, to avoid excessive
heating or uneven drying of any solvent. Once dry, the
electrode was mounted on the rotator, placed inside the
electrochemical cell with Ar-purged 1 M KOH, and cycled 10
times from +200 to −600 mV vs RE at 50 mV/s. The electrode
was then removed from the cell, rinsed with DI H2O, and dried
under the IR lamp. Lastly, 5 μL of the appropriate ink (details
in the following sections) was very gently drop-cast on the

clean glassy carbon surface and allowed to dry under the IR
lamp. This cast/dry process was repeated, for a total cast
volume of 10 μL, to produce a target catalyst (perovskite)
loading of 100 μg/cm2. Once completed, the electrode was
mounted again on the rotator, and submerged in the solution,
ready for electrochemical testing.

2.17. Cyclic Voltammetry (CV). Prior to any ORR
experiment, the typically modified electrode (see Sections
2.16 and 2.18−2.21), was submerged into the Ar-purged
solution and rotated at 1600 rpm for a few minutes. During
this time, the Ar gas line was strategically moved around the
bottom of the cell, to remove any big bubbles that had formed
on the surface of the film upon submersion. After the big
bubbles were removed, the gas line was moved closer to the
surface of the solution (submerged) and away from the
electrode, and the flow rate was reduced. Then, the rotation
was stopped, and a 10-cycle CV was performed, at 50 mV/s,
from +200 to −600 mV vs RE. This corresponds to a window
of roughly +1.2 to +0.4 V vs RHE.

2.18. ORR. For the typical ORR experiment, an ink of 5
mg/mL (40 wt % catalyst/EtOH) with an added 20 μL of
Nafion was used. Once the Ar-purged CV was performed, as
described in Section 2.17, the electrode rotator was set to 1600
rpm, the gas line was placed close to the bottom of the cell, and
the gas was switched from Ar to O2. This is critical for
producing an O2-saturated environment since Ar is heavier
than O2 and can easily stay at the bottom of the electrolyte if
not properly purged. After a minimum of 15 min of vigorous
bubbling, the O2 gas line was again strategically moved around
the bottom of the cell, to remove any big bubbles from the
surface of the electrode, and then moved closer to the surface
of the solution (submerged) and away from the electrode, with
a reduced flow rate. Then, a 10-cycle CV was performed at 5
mV/s and from +200 to −600 mV vs RE.

2.19. ORR for ICP-AES. For the typical ORR experiment
with ICP-AES postanalysis, an ink of 50 mg/mL (40 wt %
catalyst/EtOH) with an added 20 μL of Nafion was used. The
typical ink had a total volume of about 100 μL, for the sake of
efficient material utilization. For the measurements labeled
oxygen-free, the gas was never switched from Ar to O2, but the
procedure was identical to the one detailed in Section 2.18. For
the measurements labeled oxygen saturated, the procedure was
as described in Section 2.18. For the CVs, 60 cycles were
recorded, instead of 10, and the potential windows had
different lower potential limits, as stated in the respective plots.
The samples were then treated as described in Section 2.12.

2.20. ORR for XPS. For the typical ORR experiment with
XPS post-testing analysis, an ink of 5 mg/mL (40 wt %
catalyst/EtOH) with an added 20 μL of Nafion was used. The
procedure followed was identical to the one detailed in Section
2.18. The only difference was that the ChangeDisk RDE tip
was utilized, instead of the regular RDE. To ensure tight fitting
of the glassy carbon slug in the RDE tip, the glassy carbon was
carefully wrapped with a small amount of Teflon tape prior to
its insertion.

2.21. ORR for HAADF-STEM/EELS. For the typical ORR
experiment with HAADF-STEM/EELS postanalysis, an ink of
5 mg/mL (40 wt % catalyst/EtOH) with an added 20 μL of
Nafion was used. The procedure followed was identical to the
one detailed in Section 2.18. The only difference was that
10 000 cycles were performed, at a scan rate of 100 mV/s. Care
was taken to maintain a high enough flow of O2 for analyte

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c00108
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


saturation purposes but low enough for solution evaporation
purposes. The KOH solution was changed periodically.

3. RESULTS AND DISCUSSION
Nine different La-based perovskite oxide nanoparticle catalysts,
LaMO3 bimetallics (M = Mn, Co, Ni) and LaCoxM1−xO3
trimetallics (M = Mn, Ni; x = 0.9, 0.5, 0.1), were synthesized
via sol−gel chemistry (Figure S1),28,29 followed by a solid-state
reaction at a high temperature. These ratios were selected to
produce a library of catalysts with varying B-site compositions,
including equimolar and doping-type distributions of the
renowned “NMC metals”. Briefly, equimolar amounts of A-
and total B-site precursors were mixed with excess citric acid
(CA) in deionized water. The pH of the solution was adjusted
to ∼8.5, and then the solvent was removed through gentle
heating and stirring. The resulting solid was then pulverized
manually and calcinated at 600 °C in air to produce the
perovskite oxides (see the Supporting Information (SI) for
details). CA was used as a chelating agent to bind the metal
ions and eventually form a homogeneous gel, except for the
LaCoO3 sample.30 Bernard et al. showed that the pH of the
precursor solution affects the products after hydrothermal
reactions, causing the annealed products to be phase mixed
and/or impure.31 Thus, the pH of the liquid precursor solution
was optimized to produce amorphous yet homogeneous
solids.30,31 The B-site cation target composition was controlled
by the molar amounts of precursors added to the solution. For
example, the LaCo0.5Mn0.5O3 reaction mixture consisted of 2.5
mmol of La(NO3)3, 1.25 mmol of Co(NO3)2, and 1.25 mmol
of Mn(NO3)2.
The bulk chemical composition of the samples was

experimentally determined via inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (Table S1), and the
perovskite crystal structure was confirmed via X-ray diffraction
(XRD) (Figure 1). Overall, the chemical composition resulted

in ∼1:1 (A/B) ratios for the bimetallic oxides and ∼0.9:0.1/
0.5:0.5/0.1:0.9 (B/B′) for the trimetallic oxides. For all of the
ICP-AES calculations, the molar amounts of A- and B-site
cations were normalized to the amount of La, thus arbitrarily
assigning La to be 1.00 mol. It should be noted that a realistic
chemical formula for these perovskites would be in the form
ABxBy′O3−δ, where B and B′ correspond to the different B-site

cations, and where δ is proportional to the amount of the so-
called oxygen vacancies within the crystal.32 In the interest of
visual simplicity, the remaining text and figures in this
manuscript address the different samples using their intended
composition formulas (e.g., LaCo0.9Mn0.1O3) and not their real
formulas (e.g., LaCo1.01Mn0.11O3−δ). Based on XRD patterns,
all of the materials consisted of a single-phase rhombohedral or
cubic perovskite structure. Evidence of a cubic cell for samples
like LaNiO3 was provided by the apparent merging of the
peaks at ∼33°, as described in detail by Zhou and Sunarso.33

The data are in good agreement with their Goldschmidt
tolerance factors (0.841, 0.884, and 0.877 for LaMnO3,
LaCoO3, and LaNiO3, respectively, assuming La3+, high-spin
Mn3+, and low-spin Ni3+ and Co3+, and no other oxidation
states).34,35 According to Hong et al., Mn3+ in LaMnO3 is more
stable in a high-spin configuration than in a low-spin one,
whereas Ni3+ and Co3+ in LaNiO3 and LaCoO3 prefer a low-
spin and an intermediate-spin configuration, respectively.25

This leads to a much larger perovskite B-site cation radius for
Mn3+, compared to Ni3+ and Co3+ (Table S2).36 The XRD
peaks of LaNiO3 were shifted to lower 2θ angles compared to
LaCoO3, which implies that Ni3+ had a slightly larger size than
Co3+, thus suggesting low spin for Co3+ in LaCoO3. The XRD
peaks for LaMnO3 appeared at much lower angles, compared
to the rest, as the size of Mn3+ is significantly larger than those
of Ni3+ and Co3+ (relative lattice expansion). These results
correspond well with the reference XRD patterns for bulk
rhombohedral La perovskite oxides, as shown in Figure S2,
with the notable exception of the cubic samples.
The peak positions for the trimetallic oxides followed a

predictable trend, with a higher Mn3+ or Ni3+ content resulting
in shifts toward lower angles. The (024) peak at around 47°
was used to calculate the average grain size of the
nanoparticles, using the Scherrer equation. These ranged
from 13 to 36 nm, with 21 nm being the average size. LaCoO3
showed a significantly larger grain size than the rest of the
samples, and we attribute this to the slightly different synthetic
method employed (see the SI for details). Furthermore, the
resulting single-phase perovskite oxide powders were mixed
with the carbon black support, and ball milled to produce ∼40
wt % catalysts. Thus, all of the data presented in this article
correspond to ABxBy′O3−δ/C (40 wt %), unless otherwise
stated, with the “/C” also omitted for visual clarity. This
loading was confirmed using thermogravimetric analysis
(TGA), as shown in Figure S3. The nanoscopic morphology
of these catalysts was characterized by transmission electron
microscopy (TEM) (Figure S4). A representative image of the
LaCo0.9Ni0.1O3 sample shows the catalyst particles embedded
on the high surface area Vulcan carbon black, as typical of
these composites. The carbon support can be distinguished
from the perovskite oxide particles as highlighted in Figure S4.
About 15 images across the whole grid area were sampled, and
all of the observed particles were counted, for a total of ∼1000
particles, to produce a nanoparticle size distribution (NPSD)
chart (Figure S4). The chart for LaCo0.9Ni0.1O3 showed 35 nm
as the most prominent particle size (XRD grain size = 21 nm),
with the usual thermodynamic tail toward larger sizes, a typical
fingerprint for particle growth as studied through LaMer
diagrams.37 This suggests that the “average” particles contain
multiple grains.
The alkaline ORR activity for all of the samples was

evaluated using rotating disk electrode (RDE) voltammetry
(Figure 2), where the cathodic segment corresponding to the

Figure 1. XRD patterns for the perovskite oxides of different (target)
compositions synthesized in this study. Grain sizes based on the ∼47°
peak.
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second of a total of 10 cycles is shown for each sample. The
polarization curve of a commercial 20 wt % Pt/C catalyst
(black) is shown, as a standard reference, with a half-wave
potential (E1/2) of +0.88 V vs RHE (reversible hydrogen
electrode) measured in 1 M KOH. Figure 2a highlights the
three bimetallic oxides. LaNiO3 performed poorly, with the
most negative E1/2 and onset potential (Eonset), evaluated here
in a qualitative way as the potential at a current density of
−0.25 mA/cm2. LaMnO3 and LaCoO3 both showed promising
electrocatalytic activity, with almost identical E1/2′s of about
+0.82 V vs RHE, just ∼60 mV less positive of the Pt reference
at the same current density. These E1/2 values are also closer to
Pt than similar perovskite oxide catalysts in the liter-
ature,17,38,39 indicating superior ORR activity. Furthermore,
LaMnO3 showed a slightly more positive Eonset (by ∼15 mV),
relative to LaCoO3, suggesting faster ORR kinetics. Analysis of
ORR measurements at varying rotation rates, performed on the
LaCoO3 catalyst, yielded a number of electrons transferred (n)
of 4.04 ± 0.01 and a kinetic current density (jk) of 3.81 ± 0.02
mA/cm2 at +0.8 V vs RHE (Figure S5). These values were
obtained from the slope and intercept, respectively, of Levich
and Koutecky  −Levich plots. An n of ∼4.0 is indicative of the
complete reduction of oxygen to hydroxide. A jk of ∼4 mA/
cm2 at +0.8 V vs RHE is comparable to values reported for
multiple Pt facets, including (100) and (110),40 thus
suggesting promising electrocatalytic activity.
Figure 2b highlights the trimetallic oxides containing Mn.

Analysis of both E1/2 and Eonset values yielded a catalytic
activity order of LaCo0.1Mn0.9O3 > LaCo0.5Mn0.5O3 >
LaCo0.9Mn0.1O3, with the performance of the LaCo0.1Mn0.9O3
catalyst being indistinguishable from that of its bimetallic
parent LaMnO3 catalyst. In contrast, the LaCo0.9Mn0.1O3
catalyst exhibited a decrease of ∼40 mV in E1/2 and ∼30
mV in Eonset when compared to its parent LaCoO3 catalyst.
Figure 2c highlights the trimetallic oxides containing Ni. For
these, the order was LaCo0.9Ni0.1O3 ≈ LaCo0.1Ni0.9O3 >
LaCo0.5Ni0.5O3, with the first two catalysts showing virtually
identical catalytic activity, both in terms of E1/2 and Eonset. The
observed variations in catalytic activity make us reluctant to
make strong claims about a strict activity order as a function of
the bulk composition. Ideally, a multivariate analysis that also
includes the surface composition and oxygen vacancy content,
might be able to better explain these trends. However, such an
analysis is beyond the scope of this study. Overall, the Co and
Mn bimetallic oxides, as well as the LaCo0.1Mn0.9O3 trimetallic,
were identified as the most promising catalysts from this study,
based on initial ORR electrocatalytic activity.

Additional testing of all of the compositions shed light on
the importance of electrochemical stability for alkaline ORR
catalysis, as shown in Figure 3. After 10 consecutive ORR

cycles, a degradation of ∼0.30 mA/cm2 and ∼20 mV, in
diffusion-limited current density (jl) and E1/2, respectively, was
observed for all samples (Table S3). Also, the first cathodic
sweep (shown in blue) for numerous compositions was
significantly different from the rest of the cycles. We were
able to relate these drastic decays in reducing the current
density to surface degradation reactions, as discussed below.
Overall, the observed decays in terms of jl and E1/2 are
substantial and essentially rule out these catalysts as practical
candidates for real fuel cell testing, which is inconsistent with
previous studies claiming them as being promising alkaline
ORR electrocatalysts. Thus, we highlight the importance of a
deep understanding of degradation mechanisms for the design
of better alkaline ORR electrocatalysts.
LaCo0.9Mn0.1O3 was selected for further testing since it

exhibited dramatic changes through the first cycle of the ORR
(Figure 3). We employed various characterization techniques
before and after electrochemical testing. First, a long-term (10k

Figure 2. ORR polarization curves of (a) LaMO3 (M = Mn, Co, Ni), (b) LaCoxMn1−xO3 (x = 0.1, 0.5, 0.9), and (c) LaCoxNi1−xO3 (x = 0.1, 0.5
0.9) compared to that of commercial Pt. 0.1 mgoxide/cm

2, 0.025 mgPt/cm
2, O2-saturated 1 M KOH, 5 mV/s, and 1600 rpm.

Figure 3. ORR polarization curves of the nine compositions evaluated
in this study. Blue denotes the first cathodic segment and green
denotes the subsequent consecutive segments. 0.1 mgoxide/cm

2, O2-
saturated 1 M KOH, 5 mV/s, 1600 rpm, and 10 cycles.
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cycles) durability test was performed by cycling the potential
from +1.2 to +0.4 V vs RHE at 100 mV/s and 1600 rpm, using
a triangular waveform (Figure S6).
The E1/2 of the catalyst (measured at −2 mA/cm2)

decreased by ∼75 mV, and the current density decreased by
∼1.25 mA/cm2. This voltage drop would correspond to a
∼10% decrease in cell voltage (assuming a 0.8 V cell with no
loss at the anode), and thus a similar decrease in cell power.
While a decrease in ORR current density is harder to quantify
in terms of the fuel cell power, a ∼30% drop in the limiting
current is very significant. Also, it is worth noting that the
double-layer current of the electrode barely changed
throughout the test, suggesting little to no change in the
catalyst surface area (Figure S6). These results clearly indicate
a significant decrease in electrochemical active sites for the
ORR under testing conditions, again contrary to what
constitutes a promising catalyst.
Second, the metal-based chemical composition of the

electrode and the electrolyte samples after testing were
analyzed using ICP-AES and compared with the pristine
catalyst (Table S4 and Figure S7). All of the “after-testing”
samples exhibited elemental compositions indistinguishable
from the pristine catalyst, except for the sample that was cycled
in an O2-saturated solution from +1.2 to +0.4 V vs RHE, and
the sample that was submerged in an Ar-purged solution and
not cycled. Both of these samples showed a lower Co/La ratio,
indicating significant leaching of Co. Moreover, no La signal
was detected for any of the electrolyte samples, while all the
electrolyte samples showed Co ions in solution. Similar results
have independently been reported by Lopes et al., for
perovskite oxides evaluated as oxygen evolution reaction
(OER) catalysts.41 Since the cation solubility of La(OH)3
(Ksp ∼ 10−19; s ∼ 9 μM) is virtually identical to that of
Co(OH)2 (Ksp ∼ 10−15; s ∼ 11 μM),42 solubility arguments
alone are not sufficient to explain this behavior. On the other
hand, half of the electrolyte samples showed Mn ions in
solution, whereas the other half did not. Since the ECSA and
the amount of electrolyte analyzed for each sample were not
exactly known (see the SI for details), and Mn was a dopant in
these samples, we cannot exclude the possibility of small
amounts of Mn ionstoo dilute to be detected via ICP-
AESleaching out of all of the samples that showed Co ions
in solution. The most surprising finding in this series of
experiments was the fact that the leaching of both B-site
cations (Co and Mn) was observed even for samples that were
not subject to any applied potential, suggesting that the B-site
cations of these materials are "soluble" in the tested
environments. In other words, these results suggest an inherent
instability of these perovskite oxides in alkaline media, as
opposed to degradation resulting from the typical particle
coalescence, detachment, or Ostwald ripening.43 Similar
leaching of B-site cations was observed for post-ORR
LaMnO3 and LaNiO3 samples (Table S5 and Figure S8).
Third, inks made using LaCo0.9Mn0.1O3 were analyzed using

X-ray photoelectron spectroscopy (XPS) (Figures 4 and S9−
S12). Two distinct features can be observed from the O1s
region spectra shown in Figure 4: a decrease in Osur/Olatt ratio
upon electrochemical testing for the ORR; and a gradual ∼1
eV shift toward lower binding energies for both peaks, in the
same order. The Osur/Olatt ratio has been utilized previously as
a descriptor of perovskite oxide catalytic activity, with the
catalyst with the highest ratio performing the best.44,45 As a
general rule, the higher energy O1s peak is assigned to the

oxygen surface species physisorbed on B sites, which may form
oxygen vacancies during reactions, whereas the lower energy
O1s peak is assigned to the lattice oxygen chemically bonded
within the crystal.46−49

Here, our measurements show a clear decrease in this ratio
as a result of testing. Similar degradation was also observed for
inks that were tested after being stored in a closed vial for
different time periods (Figure S10). Nevertheless, the observed
degradation was hindered for the sample that was kept in a
freezer at −5 °C, evidencing inherent thermodynamic
instability. This would also suggest degradation at an alarming
rate in an actual anion exchange membrane fuel (AEMFC)
operated at 60−80 °C. The activity trend (Osur/Olatt ∝
catalytic activity) was further illustrated by the trend of E1/2
values of similarly aged samples (Figure S10). Furthermore,
the ∼1 eV shift to lower binding energies for both peaks is not
surprising, since the chemical environment of the catalyst also
changes with testing, as described below. With regard to the
relatively high overall position of the O1s peaks, we show that
this is a result of the charging behavior of the Nafion binder, as
the bare perovskite exhibited the standard ∼529 eV peak for
bulk oxygen (Figure S12c).45,50 We also note that the
evaluated O1s peaks are convoluted and include contributions
from both the perovskite, the Nafion binder, and the carbon
support. Nevertheless, data of an aged sample without
perovskite crystals suggest that the support is stable, as
opposed to the composite, with the Osur/Olatt ratio even
increasing slightly with time (Figures S10−S12). Overall, these
features point to the thermodynamic instability of oxygen
vacancies in these materials under testing conditions, and how
this all relates to catalytic activity. These results also emphasize
the importance of evaluating catalytic descriptors as a function
of time, and not just as predictors of potential catalytic activity.
Fourth and last, LaCo0.9Mn0.1O3 was subject to analysis

using high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging and electron
energy loss spectroscopy (EELS) elemental mapping (Figure
5). While homogeneous distributions of La, Co, and Mn were
observed for the pretesting ORR sample, the post-testing ORR
sample showed a 1−2 nm thick disordered La oxide shell
(Figure 5). A combination of the EELS depth and line profiles,

Figure 4. O1s XPS spectra of LaCo0.9Mn0.1O3 inks deposited on glassy
carbon. The percentages shown correspond to a ratio of the surface
oxygen (blue) and the lattice oxygen (green), following the equation
Osur/(Osur + Olatt). Only the top sample was electrochemically tested.
0.1 mgoxide/cm

2, O2-saturated 1 M KOH, 5 mV/s, 1600 rpm, and 10
cycles from +1.2 to +0.4 V vs RHE.
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Figure 5. HAADF-STEM images and EELS elemental maps of two different LaCo0.9Mn0.1O3 samples. Only the bottom sample was
electrochemically tested. 0.1 mgoxide/cm

2, O2-saturated 1 M KOH, 100 mV/s, 1600 rpm, and 10k cycles from +1.2 to +0.4 V vs RHE.

Figure 6. HAADF-STEM image and EELS depth profile of post-ORR LaCo0.9Mn0.1O3. The bottom image corresponds to the region highlighted in
the top image. 0.1 mgoxide/cm

2, O2-saturated 1 M KOH, 100 mV/s, 1600 rpm, and 10k cycles from +1.2 to +0.4 V vs RHE.

Figure 7. Proposed ORR mechanism for La-based perovskite oxides. Steps 1−4 correspond to the traditional ORR/OER mechanism, where the B-
sites catalyze the reactions that lead to the overall conversion of O2 (step 1) to OH− (step 4). Step 5 corresponds to the irreversible leaching of B-
site cations and subsequent formation of an amorphous La oxide shell, which hinders catalysis.
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and high-resolution STEM images of the edges of these
particles further served as proof of this (Figures 6, S13, and
S14). The lattice fringes observed for the post-testing ORR
particle did not extend to the La-rich shell (Figure 6), as
opposed to the pretesting ORR particle, which was crystalline
throughout (Figure S13). A noticeable feature of the O K-edge
EELS peaks for the post-testing ORR sample confirms this,
with no peak splitting toward the surface, as opposed to the
core, whose O K-edge peak split into three peaks, evidencing
the amorphous and crystalline nature on the shell and the core,
respectively.51 This clear lack of peak splitting of the O K-edge
signal toward the surface was not observed for the pretesting
ORR sample, which also showed a noticeable Co signal at the
surface (Figure S13). Furthermore, EELS line profiles for the
pretesting and post-testing ORR samples showed different (∼2
nm) A- and B-site cation signal onsets after testing but similar
onsets before testing, demonstrating the leaching of the B-site
cations under testing conditions (Figure S14). Similar leaching
of B-site cations has been previously observed for LaNiO3
catalyzing the alkaline OER.52 According to our results, if the
B-site is soluble under alkaline ORR conditions, then it should
come as no surprise that it leaches out during some other
alkaline reaction, such as the OER. The degradation features
discussed here, including surface amorphization and B-site
cation leaching, were not observed for the pretesting ORR
sample, suggesting its long-term stability (minimum of 1 year)
when stored in air, under ambient temperature, pressure, and
humidity. These single-particle analyses matched the bulk
analyses performed via ICP-AES and XPS, which showed
irreversible leaching of B-site cations, and a decrease of active
sites, respectively. We reiterate the importance of chemical and
electrochemical stability as not just a critical factor that should
accompany claims of promising catalytic activity but a
necessary one.
It is known that surface orientation is important for the

catalysis of reactions such as the ORR.26 Specifically, A-site and
B-site terminated surfaces have been a topic of discussion in
theoretical studies.53,54 Although we do not know which
surface structure is the most active for the La-based perovskite
oxide system, we have provided XPS evidence that a higher
Osur/Olatt ratio correlates with higher electrocatalytic activity.
With the progressive leaching of B-site cations during testing
conditions, the remaining amorphous La oxide layer lowers the
overall catalytic activity. Therefore, we propose a modified
mechanism as an alternative to the more widely accepted
alkaline ORR/OER catalytic cycle for La-based perovskite
oxide catalysts (Figure 7).17,25 Of course, in a highly alkaline
environment, the leached B-site cations would more than likely
be present in solution as hydroxide salts. With the B-site as the
active yet unstable site, this mechanism acknowledges the
irreversible leaching of B-site cations under standard testing
conditions, which results in an irreversible decay in electro-
catalytic activity. Thus, future efforts on these materials as
alkaline ORR electrocatalysts should be directed toward
stabilizing their interfaces, to potentially make them practical
candidates for fuel cell and electrolyzer applications.

4. CONCLUSIONS
A family of La-based perovskite oxides including LaCoxM1−xO3
(M = Mn, Ni; x = 1, 0.9, 0.5, 0.1, 0) has been synthesized,
characterized, and tested for alkaline ORR activity. Some of
them exhibited initial promising electrocatalytic activity, with
LaCoO3 exhibiting Levich and Koutecky  −Levich values of n ≈

4.0 and jk @ +0.8 V vs RHE ≈ 3.8 mA/cm2, respectively.
However, all of the compositions were degraded by ∼0.30
mA/cm2 and ∼20 mV over just a few consecutive triangular
potential cycles between +1.2 and +0.4 V vs RHE.
Furthermore, pretesting and post-testing ORR ICP-AES,
XPS, and STEM/EELS measurements on LaCo0.9Mn0.1O3
confirmed the leaching of B-site cations and the formation of
a 1−2 nm thick amorphous La oxide shell under standard
testing conditions. Our findings were utilized to modify the
conventionally accepted La-based perovskite oxide ORR
mechanism, to include an irreversible side reaction (B-site
cation leaching) that poses great challenges for these as-
prepared materials as practical catalysts for the ORR in alkaline
media. This work should also serve as a reminder of the
importance of matching claims of promising catalytic activity
with evidence of stability under testing conditions. Our current
efforts focus on stabilizing these materials with the goal of
promoting them to the realm of practical candidates for the
alkaline fuel cell ORR and/or electrolyzer OER.
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