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ABSTRACT: Designing nonprecious electrocatalysts for the
challenging oxygen reduction reaction (ORR) is of paramount
importance to advance hydrogen fuel cell technologies. Elucidating
the ORR mechanism requires well-controlled surface structures
and compositions at the atomic scale, which are often lacking in
nanoparticle studies. Here, we report the growth and ORR activity
in alkaline media of (100)-oriented, crystalline spinel oxide thin
films prepared with atomic layer precision by molecular beam
epitaxy. Co active sites were incorporated into a more conductive
Fe;0, host to mitigate the insulating nature of Co;0,. Co-doped
Fe;0,, with Co-doping levels from 0 to 25%, were grown
epitaxially on single-crystal MgO (100) substrates, prepared as
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thin-film electrodes with a front contact, and tested in a customized rotating disk electrode (RDE) assembly. The reliability of this
RDE assembly for quantitative ORR activity measurements was validated with both polycrystalline Pd thin films and conductive
RuO, (110) on an insulating substrate. Co-doped Fe;O,, with a 15% Co-doping level, achieved the optimal ORR activity in alkaline
media. This was ascribed to the maximum number of Co active sites that could be incorporated without affecting the conductivity of
the Fe;O, matrix. This study enables investigating the ORR processes in a new realm—on epitaxial thin-film spinel oxides
customized with a precision previously reserved/achieved for the semiconductor industry—and provides new strategies to overcome
the generally low conductivity of metal oxide films as electrocatalysts in alkaline fuel cells.

B INTRODUCTION

Hydrogen fuel cells serve as high-efficiency energy conversion
devices for converting hydrogen directly into electricity. This
technology, when combined with water electrolysis, can balance
the mismatch between intermittent solar/wind energy and the
need for continuous power in existing electrical grids."”” During
the past two decades, hydrogen fuel cells, especially proton
exchange membrane fuel cells (PEMFCs), have witnessed
tremendous progress in both electrocatalysts and membrane
technologies.z_4 The high energy efficiency (>65%) and
volumetric/gravimetric power density of PEMFCs have enabled
a steadily growing market for fuel cell electric vehicles
(FCEVs).” Unfortunately, PEMFCs still inherently require a
large amount of expensive platinum group metal (PGM) based
electrocatalysts to catalyze the sluggish oxygen reduction
reaction (ORR).”™® The cost of such electrocatalysts is
projected to be the largest single component (~40%) of a
PEMEC stack.” Recently, alkaline/anion exchange membrane
fuel cells (AEMFCs) have emerged as an alternative
technology'”"" since they enable the use of nonprecious metal
electrocatalysts, such as metal-N-doped carbons,'”"’ perov-
skites,"*"* and, particularly, 3d transition metal oxides,"°™** due
to their low cost and high performance. We recently developed a
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novel family of 15 AB,O, spinel oxides (A = Mn, Fe, Co, Ni, Cu;
B= Mn, Fe, Co) as ORR electrocatalysts for alkaline fuel cells.”*
Among those, Mn—Co spinel oxides exhibited significantly
enhanced ORR activities relative to both Co;0,/C and Mn;0,/
C and rivalled Pt/C electrocatalysts in alkaline fuel cells.”” The
superior performance of these Co—Mn spinels was ascribed to
the synergistic effect of Co and Mn, as evidenced by operando X-
ray absorption spectroscopy measurements,”>”’ Furthermore,
Mn—Co—Fe trimetallic oxides exhibited enhanced long-term
durability, which was ascribed to the Fe maintaining the
structural integrity while Co and Mn served as coactive catalytic
sites.”®

While there have been numerous studies on metal oxide
electrocatalysts, mechanistic studies on well-defined surfaces
have been elusive. Despite tremendous efforts in developing
alkaline ORR electrocatalysts, it is a formidable task to
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Figure 1. Structural characterization of Co-doped Fe;O,. (A) X-ray diffraction (XRD) patterns (6—26 scan) of a series of epitaxial Co-doped Fe;O,
films grown on single-crystal MgO (100) substrates by molecular beam epitaxy (MBE). (B) Reflection high-energy electron diffraction (RHEED)
pattern of 15% Co-doped Fe;O, at the end of an ~50 nm thick layer with the beam along the [001] direction. (C) SEM-EDX spectra of a series of Co-
doped Fe;0, films at 30 keV. The dashed arrow shows increasingly stronger Co K-edges after all the spectra were normalized to the Fe K-edges. (D)
Quantitative analysis of the relative Co and Fe atom % as a function of nominal Co atom % estimated by a quartz crystal microbalance (QCM) in the

MBE chamber.

simultaneously control surface morphology, atomic arrange-
ment, particle size and its distribution, and crystal structures of
metal oxide nanoparticles. Those factors often convolute and
complicate our understanding of the structure—activity relation-
ships. Single crystals, especially Pt and Au prepared by the flame
annealing technique (Clavilier method),” have profoundly
shaped the atomic and molecular-level understanding of
electrochemical reaction mechanisms. Thus, we are interested
in preparing metal oxides of similar quality. Herein, we report
our investigation of metal-oxide thin films with a well-defined
surface structure to better understand the structure-(re)activity
relationship(s) and identify the active site(s) and reaction
path(s) for the ORR in alkaline media. Thin-film electrocatalysts
have been prepared using magnetron sputtering,”’ ™ chemical
vapor deposition,* inkjet printing,** etc., which often result in
polycrystalline films with a significant surface roughness and
defect density. In this work, epitaxial thin-film metal oxides were
prepared on single-crystal substrates by molecular beam epitaxy
(MBE) layer-by-layer growth. MBE enables the growth of high-
quality metal oxide films with well-defined, atomically flat
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surfaces and minimal defects, which can overcome the
aforementioned challenges associated with nanoparticles and
polycrystalline thin films.*> Procedures for characterizing and
preparing thin-film electrodes with a front contact are described
in detail. A customized thin-film rotating disk electrode (RDE)
assembly was designed to reliably and rigorously characterize the
electrochemical behavior of these thin-film electrodes.*
Although epitaxial thin-film metal oxides have a well-defined
structure and composition with minimal defects, relative to
nanoparticle counterparts, spinel oxides, such as Co;0, or
Mn;0, grown by MBE, are wide-band gap materials with too
low conductivity (MQ-level resistance) to serve as working
electrodes. Spinel oxide nanoparticles largely bypass such
problems by having small particle sizes embedded in a
conductive carbon matrix and with defects and/or oxygen
vacancies, which can serve as charge transfer paths.”*** In order
to tackle this challenge, we incorporated a small amount of Co
active sites into a more conductive Fe;O, matrix. The Co-doped
Fe;0, showed improved ORR activity, relative to pure Fe;0,.
Other strategies, such as annealing Co;O, to create oxygen
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vacancies or growing an ultrathin (few nanometers thick) Co;0,
film on Fe;O, are also discussed as ways to mitigate the
conductivity issues of Co;0, thin films.

B RESULTS AND DISCUSSION

Fe;0, and Co-doped Fe;O, epitaxial thin films were grown on
MgO (100) substrates by MBE. Co-doped Fe;O, films were
prepared by exposing the MgO substrate (heated at 350 °C) to
thermally evaporated Co and Fe atomic beams in a pure O,
environment. The lattice mismatch between (100)-oriented
Fe;0, and (100)-oriented MgO is only 0.5% (apes04 = 8.394 A
differs by 0.5% from twice ayo = 4.217 A), which promotes the
epitaxial growth of Fe;O, on the MgO (100) substrate. A 6—260
X-ray diffraction scan of Co-doped Fe;O, shows the character-
istic diffraction peaks of MgO 200 and the nearby Fe;O, 400
(Figure 1A), which corroborate the spinel crystal structure of the
epitaxially grown Co-doped Fe;O,. XRD over a wide 26 range
shows a single-phase Co-doped Fe;O, solid solution with no
impurity of Co oxides (Figure S1). The 26 angles of Co-doped
Fe;0, at different Co doping levels are 43.24 + 0.02° with a
minimal shift, which is consistent with the negligible difference
between the 400 peaks of bulk Fe;O, and CoFe,0, (i.e., 33%
Co) standards (Figure S2). X-ray reflectivity (XRR) measure-
ments of a 45 nm thick Fe;O, film show clear thickness
oscillations (Figure S3), consistent with the growth of a smooth
film. Reflection high-energy electron diffraction (RHEED) of a
15% Co-doped Fe;0, film shows a sharp and streaky pattern,
and the elongated bright spots are the intersections of the
reciprocal rods with the Ewald sphere (Figure 1B).”” Such a
RHEED patten indicates a high-quality epitaxial thin film with a
smooth surface. The RHEED patterns of other Co-doped Fe;0,
films were similar (Figure S4).

The surface morphology and elemental compositions of Co-
doped Fe;O, were characterized by scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX)
spectroscopy, respectively. An electron beam at 30 keV can
penetrate the 50 nm thick Co-doped Fe;O, films and thus yield
an average composition. As shown in Figure 1C, EDX spectra of
Co-doped Fe;0, films, normalized to Fe K-edges, exhibit a
gradually increasing Co K-edge intensity suggesting a relatively
higher Co content, as indicated by the dashed arrow in the
figure. EDX quantification in Figure 1D indicated that the
relative contents of Co atom %, based on EDX analysis, were
consistent with the values estimated from the quartz crystal
microbalance (QCM). Given that the QCM calibration often
has a relative error of about 10%, EDX quantification confirmed
the successful synthesis of Co-doped Fe;O, films with well-
controlled compositions.

MBE-grown metal oxide thin films were prepared as
electrodes with a front electrical contact for electrochemical
measurements. As shown in Figure 2A, all four edges ofa 1 X 1
cm? thin film were gently scratched and covered with a Ga—In
eutectic. The sides and corners of the thin films were coated with
Ag paint to provide good contact to circumvent the insulating
nature of the oxide substrate. A Teflon O-ring defined a round
region (diameter = S mm) as the exposed electrode area (0.196
cm’) and prevented electrolyte from contacting the Ga—In or
Ag paint. This is especially important for Ag since it is an active
catalyst for the ORR in alkaline media. In order to perform
standard electrochemical measurements, a custom-built rotating
disk electrode (RDE) holder assembly was designed and made
of polyether ether ketone (PEEK) (Figure 2B). As a hydrophilic
material, PEEK can effectively prevent gas bubbles from forming
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on the electrode surface. It is also much harder, relative to
hydrophobic and soft polytetrafluoroethylene (PTFE) Teflon. A
thin-film electrode, together with an O-ring, were placed against
the thin wall at the bottom of the PEEK holder. The RDE holder
was then filled with a carbon felt and compressed tightly with a
stainless steel cap. Three screws helped fix the position of the cap
and connected the RDE holder to a commercial rotator (Pine
Instruments). It is critical to ensure that there is no leakage of
electrolyte passing through the O-ring since multiple
components can contribute to a current much larger than that
from the MBE-grown oxide electrode front surface. This
includes the Ag paint, Pt coating on the back of the oxide
substrate, and carbon felt. The shallow feature at the bottom of
the RDE holder was designed to allow convective—diffusion
processes similar to a flat RDE.**

To validate the feasibility and reliability of this customized
RDE assembly, thin-film Pd, a well-known benchmark ORR
catalyst in alkaline media,””*” was prepared employing the same
procedure and loaded/assembled for RDE measurements
(Figure 2C). The total resistance of the Pd film and the carbon
felt was 2.5 Q, close to that of a typical commercial RDE (2—5
Q). RDE polarization profiles of the Pd thin-film electrode were
recorded in O,-saturated 1 M KOH at S mV/s and rotation rates
from 100 to 1600 rpm. Well-defined current plateaus indicated
that the Pd thin films were able to achieve a diffusion-limited
response. The larger background noise at 1600 rpm is likely due
to the turbulence/vortex formed by the mechanical instability
(cavitation) of the RDE in solution and a less stable electrical
connection between the rod and the carbon brush in the motor.
The Levich plot in Figure 2D showed an excellent linear
correlation between the diffusion-limited current density (I,)
and @'/? (rotation rate in rpm) with an R? value of 0.998. The
electron transfer number, n, was calculated to be 4.0 & 0.1 based
on the Levich equation (I; = 0.62nFD*30™"°@!*Cy, where n,
F, D, v and Cgp, are the electron transfer number, Faraday’s
constant, diffusion coeflicient, kinematic viscosity, and bulk
concentration of O, in the electrolyte at 25 °C). The Pd film
showed the characteristic current density of about 3.7 mA/cm?
at 1600 rpm, a typical value corresponding to a 4e™ process. It
should be noted that the I; values for a 4e™ ORR process in 1 and
0.1 M KOH at 1600 rpm are 3.7 and 5.5 mA/cm?, respectively,
since the Co, in 1 M KOH is 8.42 X 10™* M, only 70% of that in
0.1 MKOH (1.21 X 107 M).** We used 1 M KOH in this work
since it has a lower solution resistance than 0.1 M KOH and is a
closer approximation of the high OH™ concentration in a
membrane electrode assembly (MEA).

With the validation of the thin-film Pd catalysts, we further
employed a (110)-oriented RuO, film grown on a TiO, (110)
substrate to examine the application of the custom-built RDE for
MBE-grown metal oxides. Since RuO, films are conductive,
while the TiO, substrate is insulating, the success of the RDE
measurements relied on the quality of the front contact.
Electrochemical impedance spectroscopy (EIS) measurements
showed a total ohmic resistance close to an equivalent
measurement on platinum (~50 Q), indicating a good electrical
connection. As shown in Figure 2E, the ORR polarization
profiles in the Ar and O, environments clearly showed that RuO,
is active in catalyzing the reduction of oxygen. RuO, achieved a
current density at 0.3 V of 0.32 mA/cm?, a value much smaller
than that of the Pd thin film (3.7 mA/cm?), clearly indicating
that RuO, is a poorer electrocatalyst when compared with Pd for
the ORR in alkaline media. The CV profiles of RuO, showed the
advantage of MBE-grown metal oxides (Figure 2F). Two
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Figure 2. Methodology for thin-film rotating disk electrode (RDE) measurements. (A) Procedures for preparing epitaxial thin-film electrodes with a
front face contact to circumvent the insulating nature of the metal oxide substrate. (B) Schematic of the customized RDE holder. Carbon felt is filled
and compressed to make good electrical contact with the side and the front of the epitaxial thin-film working electrode (WE). (C, D) RDE
measurements of a polycrystalline Pd film at S mV/s and various rotation rates in O,-sat. 1 M KOH and the corresponding Koutecky—Levich plot
showing a well-defined 4e~ process. (E) RDE measurements of an epitaxial thin-film conductive RuO, on an insulating TiO, (110) substrate in both Ar
and O,-sat. 1 M KOH at 1600 rpm and S mV/s to validate the feasibility of RDE measurements of epitaxial thin-film metal oxides. (F) CV profiles of
Ru0,(110) at S0 mV/s in Ar-sat. 0.1 and 1 M KOH showing two well-defined Ru redox couples belonging to the epitaxial thin-film RuO, (110).

reversible redox couples were clearly identified. We assigned
these redox peaks to Ru**/#* (OH adsorption) and Ru*/** (O
adsorption).*' ~** Compared with 0.1 M KOH (Table S2), both
redox couples shifted to less positive potentials in 1 M KOH,
suggesting that OH and O tend to adsorb more easily on RuO,
surfaces at a higher pH. Similar trends were also found in studies
of MBE-grown IrO," and single-crystal Pt (Figure S4).% cv
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profiles of RuO, in 1 M KOH showed that the total charges
corresponding to OH and O adsorption were 22% and 38%
larger than in 0.1 M KOH, indicating a higher OH saturation
coverage at higher pH (Table S1). The O adsorption peak of
RuO, in 1 M KOH was calculated to have a smaller full-width at
half-maximum (fwhm) of 48 mV, smaller than that in 0.1 M
KOH (60 mV), suggesting a stronger attractive interaction
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Figure 3. (A) RDE polarization profiles of various Co-doped Fe;O, at 900 rpm and S mV/s in O,-sat. 1 M KOH. (B) Kinetic current density, as an
ORR activity metric, of Co-doped Fe;0, at 0.5 V vs RHE, showing the optimal activity of 15% Co-doped Fe;0,.

among adsorbates at higher pH (Table S1).* The charge
density of O adsorption in 1.0 M KOH was calculated to be
around 60 4C/cm?, which corresponds to about 3/4 coverage at
coordinatively unsaturated sites (Table S1), a typical value for
maximum coverage of surface oxides.”® Such well-defined
features can only be expected from high-quality single-crystal
metal oxides and are much more pronounced when compared
with early electrochemical studies of RuO, polycrystalline
particles in alkaline media.*' In summary, we have employed
polycrystalline Pd films and MBE-grown RuO, (110) films as
representative examples to establish the reliability of our RDE
methodology for preparing and evaluating single-crystal metal
oxide electrodes as thin-film RDEs.

The electrochemical activity of epitaxial thin films of Co-
doped Fe;O, were examined via RDE measurements (Figure 3),
following the same procedure discussed above. The ORR
polarization profiles in Figure 3A present the ORR activities of
Co-doped Fe;0, films with different Co-doping levels in 1 M
KOH at 900 rpm and S mV/s. The ORR activities show a steady
increase from 0 to 15% Co followed by a drastic decrease at 20
and 25% Co. The onset potentials for Co-doped Fe;O, films
were estimated to be around 0.7 V vs RHE, which are
significantly lower than either Pd (~1.0 V) or RuO, (~0.9 V).
Co-doped Fe;0, achieved a current density of ~25 yA/cm? at
0.3V, significantly lower than that of Pd and RuO,. We believe
that the low overall activity of Co-doped Fe;O, is largely
governed by the inactive Fe;O, substrate. In order to
quantitatively assess the ORR activities of Co-doped Fe;O,
films, and their kinetic current densities at 0.5 V vs RHE were
determined and are plotted in Figure 3B, based on the
Koutecky—Levich equation, assuming an Iy of 2.7 mA/cm?” at
900 rpm based on the study of the Pd thin films (Figure 2C).
Among the family of Co-doped Fe;O, films studied, the
electrode with a 15% Co-doping level achieved a maximal I of
9.6 A/cm?, 50% higher than that of pure Fe;0, (6.4 yA/cm?).
Further increases in the Co-doping levels led to a dramatic
decrease in activity. CV profiles of Co-doped Fe;0, films
showed larger oxidation currents when the Co atom % increased
from 0 to 15% Co but a significantly smaller current at 25%
(Figure S6). Electrochemical impedance spectroscopy (EIS)
measurements indicated that Co-doped Fe;O, films with 0—
15% Co had a reasonably low ohmic resistance of about 1 k€2 or
lower, while Co-doped Fe;O, films with 25% Co had a resistance
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of 300 kQ (Table S2). Since our Co-doped Fe;O, films showed
pA-level currents, iR-correction with 1 k€Q would have a
negligible impact on the voltage compensation. Thus, we can
ascribe the increase in the activity from 0 to 15% Co-doping
levels to the increasing Co active sites with minimal impact from
the iR drop. The same thing, however, cannot be said for 25%
Co. We ascribe the large activity decrease at 25% to the
significantly higher resistance, which is also evident from the
nearly capacitive behavior of the CV profile (gray line in Figure
S6). In fact, further increasing the Co-doping levels to 30% led to
an ohmic resistance larger than 10 MQ, which is much too
resistive for any meaningful electrochemical measurements.
The aforementioned strategy to incorporate Co active sites
into a more conductive Fe;O, lattice provides a pathway to
tackle the low conductivity issue of Co;0,, albeit with the
limitation of how much Fe can be substituted by Co. Other
strategies, such as creating oxygen vacancies by annealing
treatments, are discussed below. Co;0, thin films were
epitaxially grown on MgAl,O,. MgAl,O, was chosen as the
substrate because of its close lattice match of 0.1%; the crystal
structure was characterized by XRD (Figure S7). The as-grown
Co50, films had an ohmic resistance of over 10 MQ and thus
showed a nearly pure capacitive behavior with a nA-level current
in the CV profiles (Figure S8), which explained why high Co-
doping levels in Fe;0, (>30%) eventually lead to insulating
films. In an attempt to create oxygen vacancies so as to increase
conductivity, Co;O, films were annealed in an Ar atmosphere
from 200 to 900 °C for up to 24 h. Unfortunately, negligible
changes in the ohmic resistance were observed after the
annealing treatment in Ar, suggesting that no oxygen vacancies
were formed. We therefore subjected the Co;0, films to a more
reducing environment of forming gas (5% H, and 95% N,).
Annealing temperatures were carefully ramped up from 200 to
300 °C while monitoring changes in the ohmic resistance. At an
annealing temperature of 250 °C, the ohmic resistance dropped
significantly from 90 kQ to only 70 Q (Table S3). XRD of
Co;0, after annealing in the forming gas at 250 °C showed
evidence of metallic Co formed from Co;0, films on MgAl,O,
(Figure S9). Electrochemical measurements of Co;0, after
annealing in forming gas at 250 °C exhibited unstable redox
reactions among Co(0), Co(+2), and Co(+3) and evidence of
Co dissolution after 20 CV cycles (Figure S10). Electrochemical
measurements of Co;O, annealed at 200 and 225 °C in forming
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gas did not yield reliable electrochemical data given their MQ-
level resistance. Another strategy would be to grow a thin (few
atomic-layer thick) Co;0, layer on top of a Fe;O, epitaxial film
or substrate to provide enough active sites while maintaining a
low bulk resistance. Unfortunately, Co;0, (a = 8.072 A) and
Fe;0, (a=8.394 A) have a large lattice mismatch of 3.8%, which
makes high-quality epitaxial MBE growth very challenging.
Additionally, Co tends to form the Co;0, phase in 10% O; and
CoO in pure O,, while Fe forms Fe,0; in 10% O, and Fe;O, in
pure O,. Such incompatibility in growth conditions makes the
growth of layered Co;0,/Fe;O, structures practically inacces-
sible.

B CONCLUSIONS

In summary, we have prepared well-defined Co-doped Fe;O,
films to controllably introduce Co active sites. By embedding Co
into a conductive Fe;O, substrate, we were able to significantly
mitigate the insulating nature of Co;0,, which allowed us to test
the ORR electrocatalysis on Co atoms in the spinel structure.
Quantitative ORR activity measurements were achieved in a
custom-built RDE. The 15% Co-doped Fe;O, exhibited
enhanced/optimized ORR activity, relative to pure Fe;O,.
Other strategies to improve the conductivity of Co;O, were also
pursued, such as a postannealing treatment to create oxygen
vacancies and the use of a thin Co;0, on Fe;0, layered epitaxial
heterostructure. This study demonstrates the need to increase
the conductivity of single-crystal thin-film 3d metal oxides in
order to allow catalytically active sites to participate in
electrocatalysis. We anticipate that advances in other single-
crystal metal oxide films will result in a deeper mechanistic
understanding of nonprecious metal and metal oxide electro-
catalysts for the ORR, which is the cornerstone for the
implementation of hydrogen fuel cell technologies.

B EXPERIMENTAL SECTION

Molecular-Beam Epitaxy (MBE) Growth. Fe;O, and Co-doped
Fe;0, films were epitaxially grown on single-crystal MgO (100) in a
pure O, environment at a background pressure of 1 X 107 Torr using
the PARADIM thin-film growth facility at Cornell University. The
fluxes of the Fe and Co molecular beams were calibrated using a quartz
crystal microbalance (QCM). With the Fe source set to a temperature
0f 1150 °C, the Fe flux was about 2.5 X 103 atom/(cmz-s). The doping
levels of Co (0—25 atom %) were controlled by adjusting the
temperature of the Co source from 1150 to 1280 °C to tune the Co flux
to achieve the desired Co/Fe atomic ratio. The temperature of the
MgO substrate was set at 350 °C. Similarly, Co;0, films were grown on
(100) and (111)-oriented single-crystal MgAlL,O, substrates in a
background pressure of 1 X 107¢ Torr of 10% O;. Ozone was used
because in a pure O, environment at these growth conditions CoO
forms. RuO, films were grown on single-crystal TiO, (110) using a
distilled ozone oxidant (~80% O,) at a background pressure of 1 X 10~
Torr since it is difficult to oxidize Ru. The film growth was monitored in
situ during growth by reflection high-energy electron diffraction
(RHEED).

Structural Characterization. As-grown epitaxial thin films were
characterized by XRD (Rigaku Smartlab) using Cu Ka; radiation. All
XRD patterns of Co-doped Fe;0, were calibrated based on the precise
position of the MgO 200 substrate peak (20 = 42.91°). The elemental
composition was examined by scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDX) (LEO 1550 FESEM) at
Cornell CCMR facilities.

Electrochemical Measurements. MBE-grown metal oxide films
were fabricated as electrodes following the procedure in Figure 2A. The
Ga—In eutectic (Sigma-Aldrich) and Ag paint were used to make front
contacts. Thin-film metal oxides (1 X 1 cm* L X W, 1 mm H) served as
working electrodes (WEs) and were loaded/mounted into a
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customized rotating disk electrode (RDE) assembly as shown in Figure
2B. Pd thin films (0.1 mm, AlfaAesar, 99.95%) were flame annealed
before use. Teflon O-rings were cleaned with H,O and ethanol to
remove possible contamination when exposed to KOH solution. The
1.0 M KOH solution was freshly prepared with ultrapure H,O (18.2
MQ). Ag/AgCl in saturated KCl solution served as the reference
electrode (RE) and a large-surface-area graphite rod was used as the
counter electrode (CE). The potential difference between Ag/AgCl in
saturated KCl and a reversible hydrogen electrode (RHE) in 1.0 M
KOH was calculated to be 1.0258 V based on the Nernst equation.
ORR measurements were carried on in oxygen-saturated 1 M KOH
solution at room temperature (23 °C). Cyclic voltammetry (CV)
measurements were performed in Ar-sat. 1.0 M KOH from 0.2 to 1.3V
at 20 mV/s for 10 cycles. ORR polarization profiles were obtained at 5
mV/s from 0.3 to 1.1 Vvs RHE after CV cycles. The rotation rates were
controlled to be from 0 to 1600 rpm to study the reaction kinetics.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out with a Solartron potentiostat from 20 000 to 0.1 Hz.
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