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ABSTRACT: Iridium (Ir) catalysts are essential for the acidic oxygen evolution reaction (OER) in proton-exchange membrane
water electrolyzers (PEMWEs), but their high cost, scarcity, and geographical concentration limit large-scale adoption. In addition,
the discovery of non-Ir alternatives is slow due to the vast design space possible. Here, a “megalibrary” is used to explore the catalytic
activity of ∼156 million distinct nanostructures comprised of Ru, Co, Mn, and Cr to find alternatives to Ir catalysts for OER. Over
40 RuCoMnCr oxides, ranging from low to high activity, were selected, scaled to milligram levels, and studied for their catalytic
performance. The activities measured within the megalibrary closely correlated (r = 0.84) with those of the macroscopic samples. In
a PEMWE, the most active catalyst, Ru52Co33Mn9Cr6 oxide, demonstrated a voltage of 1.58 V at 1 A/cm2 and 1.77 V at 3 A/cm2. At
1 A/cm2, it operated continuously for over 1000 h with an average voltage increase rate of 57 μV/h. This study establishes a
roadmap to accelerate catalyst discovery for energy conversion, and the platform is a route to large data sets that will facilitate the
development of AI and machine learning algorithms that can identify key catalyst design features.

■ INTRODUCTION
A promising approach to contribute to the decarbonization of
chemicals and fuels involves the production of hydrogen via
water electrolysis using renewable electricity.1 Proton-exchange
membrane water electrolyzers (PEMWEs) produce hydrogen
with good energy efficiencies.2 However, their rapid scaling is
limited by their reliance on IrO2 as the anodic oxygen
evolution reaction (OER) catalyst3 since the global supply of Ir
is limited and geographically localized, with >90% in South
Africa.4 Therefore, there is a need for non-Ir OER catalysts that
meet or exceed the activity and stability of IrO2. While many
advances have been made, the catalysts that have been
identified suffer from insufficient activity, stability, or elemental
scarcity.5 For example, while RuO2 is more catalytically active
than IrO2, its low stability makes it a nonviable replacement.

5

Efforts have been directed toward improving the stability of
Ru-based catalysts while maintaining high activity by
introducing additional elements (e.g., Co,6,7 Ni,8 Mn,9,10

Cr,11 and Ti10) or tailoring catalyst morphology,12 phase,13

and structure.14−16 The number of possible candidates to be

explored simply through the systematic combination of the
elements is daunting, and it is unlikely that optimum structures
will be identified serendipitously or through serial methods
based on intuition.
Important advances in catalyst discovery have been made

through the development of high-throughput techniques,17,18

such as thin film deposition19 and inkjet printing.20 These have
typically been limited to 100−25,000 features per library,18,21
and the libraries are comprised of features that are highly
compositionally variable within a single entity, making it
difficult to create scaled up forms that match the properties
identified through screening. Recently, we introduced the
concept of material megalibraries,22 made possible through a
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combination of polymer pen lithography (PPL)23 and scanning
probe block copolymer lithography (SPBCL).24 Megalibraries
consist of hundreds of millions of positionally encoded, well-
defined nanostructures (particles) on a surface, allowing one to
investigate a much broader parameter set on a 2 cm × 2 cm
chip. Each of these particle features is generated from a single
attoliter-volume nanoreactor where all of the metal precursors
within them are converted into a single particle product. Thus,
far, the megalibrary platform has been utilized to identify
thermocatalysts for single-walled carbon nanotube growth,22

photocatalysts for pollutant degradation,25 halide perovskites
for record blue-light photoluminescence,26 and polyelemental
heterostructured materials for a variety of uses, including to
enable the acquisition of the massive data sets needed to train
machine learning models.27

Herein, we report a four-element (Ru, Co, Mn, and Cr)
OER catalyst megalibrary comprised of ∼156 million
individual nanoparticles with 250,000 unique chemical
compositions on a 4 cm2 chip. These elements were chosen
because they are more abundant and lower in cost than Ir.
They have been utilized in other bimetallic OER catalyst
studies6,7,9,11,28 that identified materials with enhanced
activities or stabilities but did not identify clear candidates
that could comprehensively compete with IrO2. Scanning
electrochemical methods were used to screen the megalibrary
for high-performance OER catalysts (Figure 1). From this
analysis, Ru52Co33Mn9Cr6 oxide emerged as the most active
OER catalyst. Importantly, quantitative activity measurements

of scaled-up forms of the catalyst out-performed those of both
RuO2 and IrO2. Ru52Co33Mn9Cr6 oxide exhibited exceptional
activity and stability in membrane electrode assembly (MEA)
tests for practical PEMWE applications.

■ RESULTS AND DISCUSSION
Synthesis and Screening of a RuCoMnCr Oxide

Electrocatalyst Megalibrary. A RuCoMnCr oxide OER
catalyst megalibrary was synthesized using a PPL-enabled
SPBCL method25 (see Supporting Information). In a typical
experiment, a polymer pen array containing 250,000 pen tips
separated by 30 μm was spray-coated with a quaternary ink
gradient composed of Ru, Co, Mn, and Cr metal salt
precursors and a poly(ethylene oxide)-b-poly(2-vinylpyridine)
(PEO-b-P2VP) block copolymer and used to pattern nano-
reactors onto a glassy carbon (GC) substrate (Figures 1 and
2a). The reactors were thermally annealed at 625 °C under H2
for 6 h, and the morphology and size of the resulting
nanoparticles were characterized using scanning electron
microscopy (SEM) and atomic force microscopy (AFM),
which indicated that the as-synthesized nanoparticles were
predominately single particle structures (>95% yield) (Figure
S1). In the four quadrants of the megalibrary, the average size
of nanoparticles was 17 ± 3 nm for the Ru-rich region, 15 ± 3
nm for the Co-rich region, 15 ± 3 nm for the Mn-rich region,
and 14 ± 3 nm for the Cr-rich region (Figure S1e−h). Finally,
air oxidation at 400 °C was used to transform the RuCoMnCr
nanoparticle megalibrary into a RuCoMnCr oxide nanoparticle

Figure 1. Schematic of the use of megalibrary synthesis, screening, and catalyst scale-up to discover new electrocatalysts. In megalibrary synthesis,
nanoreactors with a systematic gradient of elemental precursors (metal salts) are prepared from an ink-coated PPL pen array. The gradient on the
array is made via four-nozzle pressurized spraying. After thermally annealing the reactors at 625 °C under H2 for 6 h and then at 400 °C in air, a
nanoparticle megalibrary comprised of 156 million distinct nanoparticles with 250,000 unique composition combinations was formed. Then,
scanning droplet cell electrochemistry was used to screen the array for OER activity, yielding an activity map with >5000 data points. Finally, the
compositions identified through screening were independently scaled through bulk synthesis and characterized with respect to activity and stability.
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megalibrary (confirmed by scanning transmission electron
microscopy (STEM), vide inf ra). The nanoparticles remained
intact after the oxidation process, and the particle sizes slightly
increased to 20 ± 3 nm, 16 ± 3 nm, 16 ± 3 nm, and 16 ± 3
nm for the Ru-, Co-, Mn-, and Cr-rich regions respectively
(Figures 2b−e and S2); we attribute this result to nanoparticle
lattice expansion due to oxygen incorporation.
To rapidly identify the high-activity compositional candi-

dates, we used an automated programmable scanning electro-
chemical method to measure OER activity. Specifically, a
customized scanning droplet cell (SDC)20 (Figure 1)
containing a reference electrode (saturated calomel electrode),
a counter electrode (graphite), and a flowing electrolyte (0.5
M H2SO4, Ar-saturated) was moved laterally across the
megalibrary (the working electrode). During scanning, a 500-
μm diameter electrolyte droplet with a 1.27% atomic screening
resolution (see Supporting Text) was created at the SDC
opening to perform serial measurements of electrochemical

signals. To evaluate OER activity, cyclic voltammetry (CV)
experiments at four different scan rates over a nonfaradaic
region (0.9−1.0 V vs the reversible hydrogen electrode
(RHE)) were first performed to determine the electrochemi-
cally active surface area (ECSA) across the whole chip (Figures
S3 and S4b). To measure the catalytic activity and produce
catalytic current maps, the SDC head was subsequently
scanned across the megalibrary at a slower velocity (300
μm/s) and at a constant applied potential of 1.7 V vs RHE
(Figure S4a). To analyze the data, the background current of
the bare GC was subtracted from the catalytic current, and the
current was normalized with ECSA to generate a final specific
activity (SA) map (Figure 2f).
By comparing the optical image of the GC substrate after

PPL and electrochemical measurements (Figure S4d,e), we
identified the region with the highest activity on the SA map.
The elemental composition at a given position on the
megalibrary was determined based on established methods25

Figure 2. RuCoMnCr oxide megalibrary synthesis, characterization, and electrochemical screening. (a) Optical image of nanoreactors patterned on
a polystyrene film-coated GC substrate. Scale bars = 5 mm (top) and 50 μm (bottom). (b−e) AFM height images of a metal oxide nanoparticle
array at selected regions (single particle yield >95%) and corresponding statistical analysis. Scale bars = 2 μm. (f) OER SA mapping of a
representative RuCoMnCr oxide megalibrary measured in 0.5 M H2SO4 at 1.7 V versus RHE. (g) Representative high-resolution HAADF-STEM
image of a Ru52Co33Mn9Cr6 oxide catalyst. The plane spacing of 0.23 nm corresponds with the (200) facet of Ru52Co33Mn9Cr6 oxide. Scale bar = 5
nm. (h−l) Corresponding EDX elemental mapping of Ru52Co33Mn9Cr6 oxide nanoparticle. Scale bar = 10 nm.
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that rely on energy-dispersive X-ray spectroscopy (EDX) and
inductively coupled plasma mass spectrometry (ICP-MS).
Through this process, two highly active regions were observed
(Figure S4c). On average, these regions corresponded to
Ru52Co33Mn9Cr6 oxide and Ru29Co35Mn16Cr20 oxide compo-
sitions, with Ru52Co33Mn9Cr6 oxide showing the highest OER
activity; thus, Ru52Co33Mn9Cr6 oxide was chosen for
comprehensive structural and electrochemical characterization.
Structural and Compositional Characterization of

Catalyst Candidates. Since it is challenging to characterize
directly the structure of nanoparticles in a megalibrary due to
the thickness of the GC substrate, we synthesized
Ru52Co33Mn9Cr6 oxide nanoparticles on a silicon nitride
membrane via SPBCL and dip-pen nanolithography

(DPN)29 for high-angle annular dark-field STEM (HAADF-
STEM) and EDX characterization. After we annealed the
patterned nanoreactors on the membrane under H2, the
Ru52Co33Mn9Cr6 nanoparticles were determined to be similar
in size to that of the particles synthesized via PPL (Figure S5).
HAADF-STEM imaging revealed a lattice spacing of 0.21 nm,
which corresponds to a (200) facet of Ru52Co33Mn9Cr6
metallic nanoparticles. The STEM-EDX mapping revealed
that Ru, Co, Mn, and Cr were distributed uniformly
throughout the nanoparticles (Figures S6 and S7). A native
metal oxide shell was observed on the nanoparticle surface,
which can be attributed to the high reactivity of Co, Mn, and
Cr metals, which oxidize upon exposure to air (Figure S6f).
Upon oxidation in air at 400 °C, the nanoparticle structures

Figure 3. OER performance analysis of Ru52Co33Mn9Cr6 oxide catalyst prepared at mg-scale in three-electrode cell. (a) Experimental validation of
the SA obtained from megalibrary screening at four different activity levels: top quartile, upper middle quartile, lower middle quartile, and bottom
quartile. (b) OER polarization curves of scaled-up Ru52Co33Mn9Cr6 oxide and commercial RuO2 measured on Ti felt. (c) Potential as a function of
time (stability) for the Ru52Co33Mn9Cr6 oxide catalyst at 200 mA/cm2 (uncompensated resistance) on Ti felt. The drop in potential at 420 h is due
to the addition of water. (d) Representative high-resolution HAADF-STEM image of the Ru52Co33Mn9Cr6 oxide catalyst after acid leaching and
electrochemical measurements. Inset: the corresponding fast Fourier transform (FFT) diffraction pattern. Scale bars = 10 and 2 nm−1 for inset,
respectively. (e−j) HAADF-STEM image and corresponding EDX elemental mapping of Ru52Co33Mn9Cr6 oxide after acid leaching and
electrochemical measurements. Scale bar = 50 nm.
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and elemental distributions changed; oxygen diffuses into the
core of the nanoparticle leading to a lattice expansion (from
0.21 to 0.23 nm) (Figure 2g), indicative of a metal-to-metal
oxide transformation (Figures 2h−l and S8). After 4 CV cycles
and subsequent OER measurements using chronoamperom-
etry (CA), no detectable changes in morphology were
observed (Figures S9−S11).
OER Catalyst Scale-Up Synthesis and Activity

Validation. To determine whether the catalyst activity
observed in the megalibrary correlates with that of the
comparable materials synthesized using a simple spray-
annealing method (see Supporting Information), we synthe-
sized catalysts on Ti felt with a loading of approximately 1.5
mg/cm2 and performed electrochemical measurements. To
assess activity correlation, we sampled 43 catalysts across the
four SA quantiles (top quartile, upper middle quartile, lower
middle quartile, and bottom quartile) identified during
megalibrary screening (Table S1). Importantly, to avoid
researcher bias, we used an algorithm to make the selections
(see Supporting Information). The algorithm-chosen compo-
sitions were then synthesized via direct precursor spray coating
on a Ti felt electrode, followed by annealing in air at 400 °C
for 1 h (see Supporting Information). The Ti felt was used as
the electrode support because it is used as the anode gas
diffusion layer in PEMWEs. The SAs of these samples at 1.7 V
vs RHE were measured in a typical three-electrode setup, using
a Pt coil as the counter electrode and Ag/AgCl as the reference
electrode (Figures S12 and S13). The SAs of these 43 as-
synthesized catalysts showed a strong linear correlation with
the SAs determined from the megalibrary screening (Pearson r
= 0.84) (Figure 3a) despite the fact that these catalysts were
prepared using different synthetic methods, have different
catalyst loadings and substrate electrodes, and were analyzed
using different measurement methods. Taken together, the
results indicate that the activities of the megalibrary catalysts
and the scaled-up catalysts correlate well with one another.
The most active catalyst, Ru52Co33Mn9Cr6 oxide, exhibited

an overpotential of 183 mV at a geometric current density of
10 mA/cm2 (Figure 3b), which is 55 mV lower than the
overpotential of RuO2 prepared using the same method. The
overpotential of Ru52Co33Mn9Cr6 oxide was only 236 mV at
100 mA/cm2 on the Ti felt working electrode (Figure 3b). The
activity of Ru52Co33Mn9Cr6 oxide competed favorably with
that reported for state-of-the-art Ru- and Ir-based OER
electrocatalysts in acid (Table S2). We also performed X-ray
photoelectron spectroscopy (XPS) to study the near-surface
oxidation states of the catalyst elements (Figures S14−S17).
The near-surface composition of the metallic elements is
Ru47Co37Mn10Cr6 (Figure S14). Due to the overlap of Ru 3d
and C 1s peaks, Ru 3p peaks were used for analysis. The Ru
peaks at 463.0 and 485.4 eV were assigned to Ru4+ 3p3/2 and
Ru4+ 3p1/2, respectively. The Co 2p peaks were deconvoluted
into three sets of peaks (779.6 and 795.0 eV, 781.5 and 797.3
eV, and 785.3 and 803.0 eV), corresponding to Co3+, Co2+,
and satellite peaks, respectively. Although the chemical states
of Mn were difficult to determine due to the low concentration
and the very similar binding energies of Mn2+ 2p3/2, Mn3+
2p3/2, and Mn4+, the energy level splitting (4.7 eV) of the Mn
3s peaks30 indicated that the Mn is mostly Mn4+. The Cr 2p3/2
peak was deconvoluted into peaks from Cr6+ (577.9 eV) and
Cr3+ (575.5 eV).
The durability of Ru52Co33Mn9Cr6 oxide as an acidic OER

electrocatalyst in a three-electrode cell was evaluated through

chronopotentiometry (CP) measurements at a current density
of 200 mA/cm2 in 0.5 M H2SO4 electrolyte (Figure 3c). The
Ru52Co33Mn9Cr6 oxide catalyst showed remarkable stability,
maintaining a steady potential for 500 h. In contrast, the OER
stability of most Ru-based electrocatalysts is typically measured
at 10 mA/cm2 in the tens of hours.5 Only a few Ru-based
catalysts are capable of sustaining anodic current densities
above 100 mA/cm2 (Table S2). The ECSA of the catalyst
retained 90.6% of its initial value after stability testing (Figure
S13d,e). The chemical states of metal elements remained
largely unchanged, with more Co oxidized to Co3+ according
to XPS analysis (Figures S16 and 17 and Table S3). However,
we observed changes in the surface composition to
Ru56Co28Mn10Cr6, likely due to Co leaching during the OER
process (Figure S16). The chemical states of metal elements
remained unchanged according to the XPS analysis (Figures
S16 and 17). However, we observed change in the surface
composition to Ru56Co28Mn10Cr6, likely due to Co leaching
during the OER process. We also performed ICP-MS analysis
to evaluate the stability number of the Ru52Co33Mn9Cr6 oxide
(Figure S18). The catalyst exhibited a high stability number of
approximately 106, which is comparable to, or even exceeds,
that of some Ir-based oxide catalysts.31

To enable more extensive characterization and a PEMWE
study, we scaled up the synthesis of Ru52Co33Mn9Cr6 oxide
catalysts using a sol−gel method32 and compared the
structures of the particle products of this reaction with those
of analogous nanoparticles synthesized using SPBCL and DPN
methods. X-ray diffraction (XRD) analysis of the sol−gel
synthesized Ru52Co33Mn9Cr6 oxide catalysts confirmed that
they adopt a rutile structure. The calculated grain size, based
on the Scherrer equation, was 11.2 nm (Figure S19). The
SEM-EDX results showed that the metallic elemental
composi t ion of the as-synthes ized cata lyst was
Ru52Co33Mn9Cr6, consistent with the composition identified
during the megalibrary screening (Figure S20). We charac-
terized the catalysts after acid leaching and electrochemical
measurements, as these samples represent the actual catalysts
under OER operating conditions (Figure 3d−j). Based on
SEM-EDX analys i s , the composi t ion shi f ted to
Ru76Co9Mn11Cr4 after acid leaching and electrochemical
measurements (Figure S21). STEM images showed that the
particles are uniform in size (between 11 and 14 nm, Figure
3d,e) and comparable to particles prepared by PPL (Figure
2b−e), and HR-HAADF-STEM analysis revealed a plane
spacing of 0.32 nm, corresponding to the (110) facets of rutile
phase RuO2 (Figure 3d). The fast Fourier transform (FFT)
(inset of Figure 3d) indicated the existence of
Ru52Co33Mn9Cr6 oxide (200) and (211) facets with a plane
spacing of 0.23 and 0.17 nm, respectively. EDX analysis and
line scan results showed uniform distributions of Ru, Co, Mn,
and Cr across the sample (Figures 3e−j and S22), consistent
with the megalibrary results (Figure 2h−l). We conducted X-
ray absorption spectroscopy (XAS) experiments to characterize
the fine structure of the Ru52Co33Mn9Cr6 oxide catalyst
(Figure S23 and Table S4). The Ru−O bond length was found
to be 1.97 Å, identical to that of RuO2, suggesting that no
global strain is present in the structure. The enhanced activity
and stability are likely attributed to the multielemental oxide
surface.
OER Catalytic Reaction Pathway and Computational

Study. To investigate the activity and stability of the
Ru52Co33Mn9Cr6 oxide catalyst, we conducted operando
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differential electrochemical mass spectrometry (DEMS)
analysis using an 18O isotope-labeling method.33 The catalyst
surface was first labeled with 18O isotopes by performing CV
cycles in 0.5 M H2SO4 electrolyte prepared in H218O.
Subsequently, the isotopic signal of O2 generated during the
OER process was monitored in real time using DEMS while
CV in 0.5 M H2SO4/H216O electrolyte was conducted (Figure
4a,b). If the oxygen was from the lattice oxygen during the
OER, 34O2 would be generated through a combination of 18O
from the labeled lattice oxygen and 16O from the electrolyte.
The Ru52Co33Mn9Cr6 oxide catalyst exhibits a small signal
ratio of 34O2/32O2 of 0.456%, which is lower than that of
commercial RuO2 (0.626%), indicating suppression of lattice
oxygen evolution. Repeated experiments yielded consistent
results, with a small relative error of less than 6% (Figure S24).
To gain additional insight into the chemical origins of

Ru52Co33Mn9Cr6 oxide catalyst activity and stability, we
performed density functional theory (DFT) calculations. By
evaluating the dopant distributions within the bulk material, we
first identified the most stable (110) slab based on a rutile bulk
structure model with the composition of Ru52Co33Mn9Cr6
oxide, which closely matches the experimentally synthesized
composition (Figures S25 and S26). Free energy diagrams for
the OER via the O adsorbate evolution pathway were
computed for both the Ru52Co33Mn9Cr6 oxide(110) and
RuO2(110) surfaces (Figures 4c, S27, and S28). The formation
of *OOH from *O was identified as the potential-determining
step with an energy barrier of 1.70 eV for Ru52Co33Mn9Cr6

oxide compared to 1.84 eV for RuO2. The Ru52Co33Mn9Cr6
oxide(110) surface showed enhanced activity with an over-
potential of 0.47 V (at the theoretical thermodynamic potential
of 1.23 V versus the standard hydrogen electrode (SHE)). This
enhanced activity can be explained using the projected density
of states of the Ru 4d orbital (Figure S29). The d-band center
of Ru52Co33Mn9Cr6 oxide is down-shifted relative to RuO2,
indicating weaker chemical bonding between the active Ru
sites and adsorbed oxygen intermediates34 and leading to a
reduced overpotential and a higher OER activity. We further
investigated the origin of the catalytic stability by calculating
the crystal orbital Hamilton population (COHP). The average
integrated COHP for the lattice Ru−O bond in the
Ru52Co33Mn9Cr6 oxide is −1.788 eV on average (Figures 4d
and S30), lower than that of the lattice Ru−O bond in RuO2
(−1.805 eV) (Figure S31). This reduction in covalency
corresponds to a more ionic bonding character, which
suppresses oxygen vacancy formation and contributes to the
lattice oxygen stabilization.35,36 These calculations reveal that
optimized interactions between Ru and adsorbed oxygen
intermediates and slightly reduced Ru−O covalency are key to
simultaneously enhancing the OER activity and stability of
Ru52Co33Mn9Cr6 oxide catalysts. We note that our current ex
situ theoretical calculations are primarily intended to provide
qualitative insights in support of experimental observations. To
further bridge the gap between theory and experiment, more
quantitative and advanced modeling approaches such as
machine learning potentials or ab initio molecular dynamics

Figure 4. DEMS analysis and DFT calculations of Ru52Co33Mn9Cr6 oxide catalyst product distribution. (a, b) DEMS signals under applied
potential for 32O2 (16O16O, mass/charge ratio (m/z) = 32) and 34O2 (16O18O, m/z = 34) from the gaseous products for 18O-labeled (a)
Ru52Co33Mn9Cr6 oxide and (b) commercial RuO2. The 18O-labeled catalysts were scanned in a normal H216O-supported 0.5 M H2SO4 electrolyte
at a scan rate of 1 mV/s from 1 V vs RHE until the current density reached 20 mA/cm2. (c) The free energy diagrams for OER on
Ru52Co33Mn9Cr6 oxide(110) and RuO2(110) surfaces. (d) Average COHP of the lattice Ru−O bond for Ru52Co33Mn9Cr6 oxide(110) and
RuO2(110) surfaces.
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Figure 5. PEMWE studies of Ru52Co33Mn9Cr6 oxide catalyst. (a) Polarization curves of Ru52Co33Mn9Cr6 oxide, homemade RuO2, and commercial
IrO2 in PEMWEs at 80 °C. (b) Performance comparison of Ru52Co33Mn9Cr6 oxide, RuO2, and IrO2 in PEMWEs. (c) Polarization curves of
Ru52Co33Mn9Cr6 oxide during the stability test at 1 A cm−2 at 80 °C. The inset displays the potential at 0.1 A cm−2 over varying operation
durations. (d) Stability tests of RuO2 and Ru52Co33Mn9Cr6 oxide at 50 and 80 °C at the current density of 1 A cm−2. (e) Stability tests of
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with enhanced sampling are needed to study redox reactions
and catalyst reconstruction under the influence of applied
potential and local reaction environments.37,38

PEMWE Studies. The optimized Ru52Co33Mn9Cr6 oxide
catalyst was integrated into a membrane electrode assembly
(MEA) as the anode catalyst for a PEMWE. Commercial IrO2,
commercial RuO2, and homemade RuO2 were employed as
references. The Ru52Co33Mn9Cr6 oxide catalyst exhibited
significantly superior activity compared to the RuO2 and
IrO2 catalysts (Figure 5a). At 80 °C, the cell voltage required
to realize a current density of 1 A/cm2 was only 1.583 V,
outperforming homemade RuO2 with a similar size prepared
using the same method (1.610 V), commercial RuO2 (1.635
V) (Figure S32), and commercial IrO2 (1.634 V). Impres-
sively, the Ru52Co33Mn9Cr6 oxide catalyst exhibited high
current densities of 3 and 4 A/cm2 at low cell voltages of 1.772
and 1.858 V, respectively, exceeding the DOE 2026 target (1.8
V at 3 A/cm2)53 and representing one of the most active Ru-
based anode catalysts for PEMWE (Figure 5f). The mass
activity of the Ru52Co33Mn9Cr6 oxide catalyst at 1.5 V was 0.27
A/mgRu, higher than those of homemade RuO2 (0.24 A/
mgRu), and commercial IrO2 (0.17 A/mgIr) catalysts (Figure
5b). In addition to superior activity, the Ru52Co33Mn9Cr6
oxide catalyst showed excellent durability, operating stably for
523 h at 80 °C and 1 A/cm2 with an average degradation rate
of only 40 μV/h. It also maintained stability for 1037 h at 50
°C and 1 A/cm2 with an average degradation rate of 57 μV/h,
which competes favorably with reported Ir-based and Ru-based
catalysts. In contrast, the voltage increased to 2 V within 20 h
for RuO2 at 50 and 80 °C (Figure 5d). To further understand
the degradation of the MEA, polarization curves were used to
evaluate catalyst performance over time (Figure 5c). Voltage
loss was analyzed at 100 mA/cm2 (the kinetic region where the
catalyst plays a critical role) and at 1 A/cm2. Over 350 h of
operation, the voltage losses at 100 mA/cm2 and 1 A/cm2 were
small and nearly identical (13 and 15 mV, respectively).
However, at 450 h, the difference in voltage loss grew (27 mV
at 100 mA/cm2 versus 44 mV at 1 A/cm2), suggesting that the
MEA performance degradation could not be fully attributed to
anode catalyst degradation alone. Instead, membrane degra-
dation and cathode catalyst poisoning were likely contributing
factors to the increased MEA degradation. To evaluate its
operational stability under industrially relevant conditions, we
conducted a durability test at 3 A/cm2 (Figure 5e). The
Ru52Co33Mn9Cr6 oxide catalyst exhibited stable performance
over 220 h with a low voltage decay rate of approximately 10
μV/h. Electrochemical impedance spectroscopy (EIS) was
used to evaluate internal resistances and charge transfer
dynamics before and after durability testing. For the MEA
operated at 1 A/cm2 over 1000 h, the high-frequency
resistance (HFR) remained relatively stable, decreasing slightly
from 230 to 220 mΩ·cm2, which may be due to the membrane

activation or instrument variability (Figure S33a). However,
the charge transfer resistance (RCT) increased by approx-
imately 30 mΩ·cm2 (Figure S33a), which contributed to the
potential loss. Interestingly, the MEA tested at 3 A/cm2 for
220 h showed negligible changes in HFR, RCT, and ECSA
(Figures S33b and S34). Overall, the Ru52Co33Mn9Cr6 oxide
catalyst demonstrated simultaneous high activity and stability.
It exhibited a remarkably low cell voltage (Figure 5f and Table
S5) as compared with reported Ir-based and Ru-based catalysts
and the longest operational stability reported for a Ru-
containing OER catalyst at 1 A/cm2 and 80 °C (Figure 5g and
Table S5). It is noteworthy that the performance degradation
and Ru dissolution of RuO2 are significantly more pronounced
at 80 °C compared to 50 °C, further highlighting the
exceptional stability of the Ru52Co33Mn9Cr6 oxide catalyst
(Figure S35). Looking forward, a commercial PEMWE
requires significantly lower degradation rates (e.g., ∼5 μV/h)
at elevated current densities (e.g., 3 A/cm2). The megalibrary
platform introduced here offers a scalable and versatile
framework for simultaneously optimizing activity and
durability in future catalyst discovery efforts.

■ CONCLUSIONS
This work shows how megalibraries can dramatically accelerate
the pace of discovery of new and functional materials that are
nonobvious and, in many cases, not yet contemplated. In this
case, Ru52Co33Mn9Cr6 oxide was identified as a low cost (∼1/
16 that of Ir) potential replacement for IrO2 for the OER. The
strong correlation between the activity of nanoparticle catalysts
identified using megalibraries and the scaled-up versions of
these catalysts is notable and bodes well for using megalibraries
to discover promising new catalysts for other reactions. Finally,
the extensive data generated by these libraries is unprecedent-
edly large and will be useful for developing AI and machine
learning algorithms that can identify key catalyst design
features for specific reactions and further reduce materials cost.
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Figure 5. continued

Ru52Co33Mn9Cr6 oxide at 50 °C at the current density of 3 A cm−2. (f) Cell voltage comparison of Ru52Co33Mn9Cr6 oxide with the state-of-the-art
catalysts in PEMWEs: SnRuOx,

39 Er-RuO2,
40 Ir-MnO2(γ),41 IrO2@TaB2,42 Pb-RuO2,43 Ru0.9Nb0.1O2,32 TS-Ir/MnO2,44 Ru0.8Cr0.2Ox.

33 Green
markers represent Ir-based catalysts and blue markers represent non-Ir-based catalysts. (g) Stability comparison (combined working current density
and working time) between Ru52Co33Mn9Cr6 oxide and reported acidic OER electrocatalysts in PEMWEs: Pb-RuO2,

43 Er-RuO2,
40 Ru0.8Cr0.2Ox,

33

Ru0.9Nb0.1O2,
32 Ni-RuO2,

8 RuFe@CF,45 SnRuOx,
39 ZnRuOx,

46 SS Pt-RuO2,
12 Ir3Ni NCs,

47 IrO2@TaB2,
42 Ir/D-ATO,48 M-RuIrFeCoNiO2,

49 Ir-
MnO2(γ),41 TS-Ir/MnO2,44 Ba0.3(SO4)δW0.2Ru0.5O2−δ,

50 La- and Mn-codoped porous cobalt spinel fibers,51 and CoWO4.
52 Green markers

represent Ir-based catalysts and blue markers represent non-Ir-based catalysts. Tests were conducted at 80 °C using DI water, unless specified
otherwise. The purple region highlights catalysts achieving both long stability hours (>500 h) and high current densities (>0.5 A/cm2).
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