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Platinum (Pt) nanocatalysts are essential for facilitating cathodic oxygen reduction reaction
in proton-exchange-membrane fuel cells, which however suffer from a trade-off between
activity and durability. Here we present a unique design of ultrafine Pt nanocatalyst with
embedded atomically dispersed cobalt oxide clusters (CoOx@Pt). This “endohedral-oxide
design exploits the strong Pt/oxide interaction which grant the catalyst its exceptional
structural and chemical durability, without sacrificing activity. The CoOx@Pt nanocatalyst
delivers an outstanding initial mass activity (MA) of 1.10 A/mget, a rated power density of
1.04 W/cm?, and a Pt utilization of 10.4 W/mget in a membrane electrode assembly. It exhibits
exceptional durability featuring a MA retention of 88.2%, a voltage loss of 13.3 mV at 0.8
A/cm?, and an ultrasmall rated power loss of 7.5% after the accelerated stress test. The
extraordinary durability promises a projected lifetime of 15,000 hours and may greatly

reduce the lifetime adjusted cost.
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Proton-exchange-membrane fuel cells (PEMFCs) that directly convert the chemical energy in

hydrogen to electricity represent an attractive zero-emission power generation technology 3. The
implementation of PEMFCs requires costly platinum group metal (PGM) catalysts to facilitate the
sluggish cathodic oxygen reduction reaction (ORR), which accounts for up to 50% of the total
system cost and represents a critical sustainability roadblock preventing widespread adoption of
PEMFCs 2*. To ensure the competitiveness of PEMFCs in the transportation sector, the US
Department of Energy (DOE) has set a series of technical targets for PEMFC catalysts °. Generally,
fuel cell performance should be evaluated at both low current density (LCD) and high current
density (HCD) regimes for different operation scenarios. The kinetic-dominated LCD region
strongly affects the fuel efficiency in vehicle applications, since the cells predominantly (90% of
the time) operate in a low-power mode during cruising 6, while the performance in HCD regime
determines the maximum power output available for the start-up or aggressive acceleration 2, and
generally dictates performance retention and the PEMFC lifetime. Performance retention is
especially critical in the emerging heavy-duty vehicle applications, which requires traveling six

times further than typical light-duty applications and thus demands a much longer lifetime 27,

However, the key performance metrics of PEMFEC catalysts (e.g., activity vs. lifetime
durability) often display an intrinsic trade-off relationship and is difficult to achieve
simultaneously. These challenges have motivated immense efforts to improve the catalyst activity
and durability 17, In particular, various nanostructured (nanowires, nanoframes, nanocages, core-
shell, etc.) Pt-based alloy (Pt-M, M = Co, Ni, etc.) catalysts with tailored strain and ligand effects
have been explored to modulate the oxygen binding energy and the ORR catalytic activity 182°,
However, the application of these elaborate designs in practical fuel cells is commonly challenged
by their limited stability and/or difficulties in mass production 3. For example, the Ostwald
ripening of typical nanostructured catalysts could lead to rapid loss of electrochemical surface area
(ECSA) and overall mass activity (MA). The Pt-M alloy catalysts often suffer from additional
durability penalties associated with the dissolution of non-precious metal cations 2*2°, which could
occupy the proton sites in the ionomers and lead to cation poisoning effects 2123 that substantially
impede mass transport and compromise the practical fuel cell performance. Although the
formation of PtCo/Pt core-shell catalyst can partly mitigate this problem, such alloy catalysts

exhibit relatively larger size (> 4 nm) that limits their ECSA (=40 m?/gey) and thus their mass
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specific-performance is limited. To this end, it has been shown that structurally ordered
intermetallic Pt-M alloys could improve stability and deliver satisfactory MA retention (> 60%) in
LCD region. However, the metal leaching and the associated cation poisoning effects could still
compromise the mass transport 223, which remains a persistent challenge particularly in the HCD
region where mass transport dominates the device performance, as highlighted by an unsatisfactory
rated power loss (>10%) 142429,

Catalyst design

Considerable efforts have been made to mitigate metal leaching and cation poisoning
effects in Pt-M alloy catalysts 32033, For example, it has been shown that oxide-supported Pt
catalysts can exhibit improved activity and stability due to the strong metal-oxide interaction
323435 Although the role of the oxide support in modifying the electronic structure and stabilizing
the Pt has been well corroborated 343, the typically poor conductivity and limited stability of the
oxide support itself under acidic conditions prevent its practical implementation in PEMFCs %7,
Inspired by these pioneering studies, herein we report a unique design of ultrafine Pt nanocatalysts
with atomically dispersed “endohedral” Co oxide (CoOx) clusters, in which each CoOx is fully
protected by the Pt shells, to form a CoOx@Pt nanostructure as a highly durable ORR
electrocatalyst in PEMFCs (Fig. 1a and b). This endohedral-oxide design retains the full benefit
of the strong Pt-oxide interaction to modify the electronic structure of Pt, thus simultaneously (i)
suppressing the Pt atom dissolution, and (ii) enhancing the catalytic activity. Meanwhile, with the
unstable and less conductive oxide species fully enclosed by the metallic Pt shells, this design also
effectively (i) mitigates the CoOx dissolution and the consequent cation poisoning effect, and (ii)

bypasses the charge transport limitations of typical oxide support (Fig. 1b).

These combined merits deliver superior PEMFC performance and durability. With the
embedded CoOx retarding Pt leaching and Oswald ripening, the resulting CoOx@Pt exhibits
extraordinary stability at an ultrafine size (=1.5 nm) and displays a compressive surface strain to
enable superior performance compared to commercial Pt or PtCo alloy catalysts. The membrane
electrode assembly (MEA) made with the CoOx@Pt nanocatalysts demonstrates an outstanding
initial MA of 1.10 A/mgrem and a high rated power density of 1.04 W/cm? (10.4 W/mgpem) at
only 0.10 mg/cm? total PGM loading. With minimized metal dissolution, the developed MEAs
deliver the best durability reported to date: achieving an MA retention of 88.2%, a voltage loss
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of only 13.3 mV at 0.8 A/cm?, and an exceptionally small rated-power loss of 7.5% after the
accelerated stress test (AST), greatly exceeding the relevant DOE performance targets °. The
exceptional durability makes the CoOx@Pt nanocatalyst a highly promising material especially for

heavy-duty fuel cell applications, where the catalyst durability represents a major roadblock.
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Fig. 1. Schematic illustration of a membrane electrode assembly (MEA) in a single fuel cell and
our catalyst design. (a) Components in a single fuel cell, the proton exchange membrane and the
catalyst layers form the MEA. (b) The design and advantages of the ultrafine CoOx@Pt core-shell
nanocatalysts supported on carbon.

Synthesis and structural characterizations

The designed CoOx@Pt/C core-shell nanocatalysts were prepared by mixing carbon
support with platinum acetylacetonate (Pt(acac)z) and cobalt acetylacetonate (Co(acac)z) in
acetone under stirring, followed by evaporation of the solvent to obtain a dried powder mixture.
The mixture was then annealed at 250 °C under Ar atmosphere and followed by an acid washing
and annealing treatment at 180 °C to produce the final catalysts (Extended Data Fig.1 and 2). The
scanning transmission electron microscopy (STEM) and high-resolution TEM (HRTEM) images
reveal that the resulted CoOx@Pt/C product (Fig. 2a, Extended Data Fig.3a) are uniformly
dispersed on the carbon support with an average diameter of 1.5 £ 0.2 nm (Fig. 2b). Powder X-ray
diffraction (XRD) studies show a similar XRD pattern to that of the commercial Pt (c-Pt/C) and
commercial PtCo (c-PtCo/C) catalysts with a face-centered cubic (fcc) structure (Extended Data
Fig.3b). We see a notably broader peak in the XRD pattern, based on which we can estimate an
average size of 1.5 nm, consistent with microscopic size analysis (Extended Data Fig.3c).

The composition analysis via inductively coupled plasma atomic emission spectroscopy
(ICP-AES) shows that the CoOx@Pt/C has a Co:Pt atomic ratio of 4.7:95.3 (Extended Data Table
1), while the energy dispersive X-ray spectroscopies (EDS) reveal a consistent Co:Pt ratio of
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4.9:95.1. The electron energy loss spectroscopy (EELS) mapping (Fig. 2¢) and the corresponding
spectra (Extended Data Fig.4a) reveal that the Co content is sparsely dispersed inside the
nanoparticle. Interestingly, X-ray photoelectron spectroscopy (XPS) analysis of the CoOx@Pt/C
(Extended Data Fig. 5 and 6) shows no Co 2p peak (Extended Data Fig. 5¢), indicating the majority
of Co is embedded inside the catalyst. Indeed, the Co 2p peak (consistent with Co?*) emerged after
removing the surface atomic layer by in-situ Ar* etching (Extended Data Fig. 5).
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Fig. 2. Synthesis and structural characterization of CoOx@Pt supported on carbon. (a) HAADF
STEM images of the CoOx@Pt/C nanocatalyst, (b) corresponding size distributions and the averaged
size measured in particle diameter. (c) Low voltage (60 kV) STEM-EELS elemental maps with red
representing Pt and green representing Co signal. EELS spectrum from the Co signal marked by the
blue circle is shown in Extended Data Fig.4. In situ Fourier transform EXAFS of CoOx@Pt/C collected
at Co edge: (d) unbiased spectrum (red solid line) compared with Co foil (green dot line) and Co(OH)2
(black dot line) references; and (e) potential dependent spectra compared with unbiased one, showing
unchanged signals under varied applied potentials.

We further conducted in-situ X-ray absorption spectroscopy (XAS) studies in 0.1 M HCIO4
aqueous solution to understand the local atomistic and electronic structures (Fig. 2d,e, Extended
Data Fig. 7, 8 and 9). The Pt Ls-edge X-ray absorption near-edge structure (XANES) spectra show
that the majority of Pt is in the metallic phase (Extended Data Fig.4a). The extended X-ray
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absorption fine structure (EXAFS) fitting result gives a Pt-Pt bond length of 2.74 A (Extended
Data Fig.7b, ¢, Extended Data Table 2), which is 1.4% smaller than that in bulk Pt (2.78 A in Pt
foil), suggesting a compressive strain that is beneficial for ORR*%, The Co K-edge XANES result
confirms the Co(ll) oxidation state (Extended Data Fig.8a).

Importantly, the Co EXAFS and fitting results show a single Co-O peak with a
coordination number of 6 = 1, with no obvious Co-Co and Co-O-Co interactions (Fig. 2d,
Extended Data Table 2), indicating atomically dispersed Co(I1)Os clusters. Moreover, the Co
K-edge is found to be independent of the applied potentials (Fig. 2e, Extended Data Fig.8b),
suggesting the Co(l1)Os clusters are well-protected inside the nanoparticles and do not directly
interact with electrolytes. Meanwhile, the intensity of Pt-O interaction reduced with decreasing
potential from 0.90 V to 0.54 V (Extended Data Fig.9a and c), which is consistent with the
desorption of oxygenated species on Pt surface in this potential regime. Interestingly, a clear Pt-O
interaction remains at 0.54 V (Extended Data Fig.9c, red arrow) where the electrode surface is
presumably free of oxygenated adsorbates (Extended Data Fig.9d red arrow, Extended Data Table
2) *°. Such remaining Pt-O interaction is attributable to the interaction between Pt atoms and the
embedded Co(ll1)Os species. These combined STEM-EELS/EDS, XPS, and in-situ XAS
characterizations robustly demonstrate the atomically dispersed Co(I1)Os clusters are well-
protected by the Pt shell, which is not surprising since any surface CoOx species would be removed

during the acid washing process (Extended Data Fig.2).
Fuel cell performance

The practical fuel cell performance of the CoOx@Pt/C was evaluated in a 5 cm? single-cell
fuel cell fixture (Fig. 1a). The MEA was prepared by directly coating the catalyst ink on the proton
exchange membrane using the ultrasonic spray at the cathode loading of 0.09 mgeem/cm? and
anode loading of 0.01 mgeem/cm? (see Methods). The performance is benchmarked against
commercial c-Pt/C and c-PtCo/C under identical conditions. Notably, the CoOx@Pt/C exhibits an
initial MA of 1.10 A/mgrem (Fig. 3a, Extended Data Fig.10a solid lines), considerably higher than
those of the c-Pt/C (0.34 A/mgpcm), c-PtCo (0.57 A/mgrem) and DOE target (0.44 A/mgrcm).
Furthermore, the CoOx@Pt/C retains 88.2% of its initial MA after the aggressive square wave AST
(Fig. 3a, Extended Data Fig.10a dot lines), which is much higher than the 22.5% and 36.8% MA
retentions observed in c-Pt/C and c-PtCo, respectively. It represents the state-of-the-art MA
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retention achieved in the demanding square wave AST test (Extended Data Table 3)%.
Significantly, the end-of-life (EOL) MA (0.97 A/mgpcwm) is 3.7 times of the DOE target (0.264
A/mgpem), 4.6 times the c-PtCo/C catalyst (0.21 A/mgecm), and 13.1 times of the c-Pt/C
catalysts (0.07 A/mgpawm), and represents the highest EOL MA reported in MEA tests to date
(Extended Data Table 3) 24284143,

While the MA test under pure oxygen evaluates the intrinsic activity of catalysts with little
impact from mass transport issues, the rated power measured in the Hz-air test directly reflects the
practical performance. The Hz-air fuel cell with CoOx@Pt/C catalyst delivers a rated power of 1.04
W/cm?, outperforming those with c-Pt/C (0.88 W/cm?) and c-PtCo (0.92 W/cm?) (Fig. 3b), and
exceeding the DOE target of 1.0 W/cm?. In addition, a useful metric to evaluate the PGM
utilization in fuel cells is to normalize the power by the total PGM loading (W/mgpcm). In this
regard, the CoOx@Pt/C MEA delivers a high Pt utilization of 10.4 W/mgeam (Fig. 3c), well above
the DOE target (8.0 W/mgpem). Furthermore, the CoOx@Pt/C demonstrated notably better
performance than c-Pt/C or c-PtCo/C throughout the entire current density regime (Fig. 3d and e,
Extended Data Fig.10b). These power performances of the CoOx@Pt/C are among the best
reported performance for Pt-based catalysts (Extended Data Table 3). More importantly, the
CoOx@Pt/C exhibits a record high EOL rated power (Pt utilization) of 0.96 W/cm? (9.6
W/mgram) (Fig. 3b, Extended Data Table 3), greatly higher than those of ¢c-Pt/C (0.32 W/cm?, 3.2
W/mgecm) and c-PtCo (0.61 W/cm?, 6.1 W/mgpecwm).

The stability can be further evaluated by the voltage loss at a given current density (e.g.,
0.8 A/cm?). The DOE 2020 target suggested a voltage loss <30 mV at 0.8 A/cm?. When comparing
the BOL and EOL polarization curves, the CoOx@Pt/C exhibits superior durability greatly
outperforming the c-Pt/C or ¢-PtCo, with only 13.3 mV loss at 0.8 A/cm? (Fig. 3f), which is
substantially smaller than that of Pt/C (162.5 mV) or c-PtCo/C (61.3 mV). Moreover, there
was only a slight drop throughout the entire curve after the AST for CoOx@Pt/C (Fig. 3f), even in
the more challenging HCD region (e.g., 11.1 mV loss at 1.0 A/cm? and 12.0 mV loss at 1.25
Alcm?), clearly highlighting the exceptional stability of the CoOx@Pt/C catalysts. With the high
MA retention of 88.2% and remarkably low rated power loss of 7.5%, the CoOx@Pt/C
nanocatalyst represents the first catalyst satisfying both MA and the more challenging power
durability targets (light green area in Fig. 3g). It is interesting to note that such a small voltage

loss in the HCD region can be translated into an extraordinary projected lifetime of around 15,000
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hours (Fig. 3h), which is three times of the DOE 2020 target (5,000 hours) for light-duty
transportation applications °.
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Fig. 3. MEA performance of CoOx@Pt/C, commercial PtCo (c-PtCo/C), commercial Pt/C (c-Pt/C).
(a) Comparison of mass activity (MA) obtained in H2/O2 tests at the beginning of life (BOL; before AST)
and end of life (EOL; after AST). Comparison of (b) rated power density and (c) Pt utilization obtained
in Hz/air tests at BOL and EOL. DOE targets are represented by green dash (BOL) and green dot
(EOL) lines. (d, e) Polarization plots (left axis) and power density plots (right axis) of (d) c-PtCo/C and
(e) CoOx@Pt/C obtained in Hz/air tests at BOL and EOL, highlighting extraordinary power performance
and stability of the MEA with CoOx@Pt/C. (f) Voltage loss at current density of 0.8, 1.0 and 1.25
mA/cm?. (g) The comparison of MA loss and power loss between the MOx@Pt/C (M=Co, Fe, Ni)
catalysts (data obtained from 5 cm? (solid star) and 25 cm? (hollow star) cell active area),, reference
catalysts (triangle) and the state-of-the-art catalysts reported in the literature (circle): PtCo/HSC-e,
PtCo/HSC-f 25, PtNi P1-NA, PtNi P2-NA 24 L1oPtCo/C, L1oPtCo/gel *3; L1oCoPt/Pt, L1oFePt/Pt 28;
L12PtsCo/Fe-N-C 28, It highlights that MOx@Pt/C (M=Co, Fe, Ni) is the only catalyst that can meet both
durability targets including MA and power loss target (noted by light green square), while CoOx@Pt/C
represents the best among these MOx@PU/C catalysts. (h) The comparison of major fuel cell
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performance metrics among DOE target, the state-of-the-art catalyst (PtCo/HSC-e/f DOE selected as
current status reference) >2°, and the CoOx@P1/C in this work.

To exclude the other factors (e.g., carbon support) that may contribute to the improved
durability, we have also prepared in house alloy PtCo catalyst (Ptz9C021/C) on the same carbon
support (Extended Data Table 1, Extended Data Fig. 11), which show considerably more serious
Co leaching and worse durability, EOL performance, confirming the critical role the embedded
CoOx in CoOx@Pt/C (Extended Data Fig. 12). Additionally, similar strategies have been used to
prepare ultrafine NiOx@Pt/C and FeOx@Pt/C catalysts with atomically dispersed metal oxide
clusters (Extended Data Fig.13 and 14), which also showed highly impressive performance and
durability (Fig. 3g, Extended Data Fig.15, Extended Data Table 3). These studies suggest that
our strategy is transferable to other catalyst systems, and thus bring new insight into the

catalyst design beyond conventional alloy system.

To the best of our knowledge, our catalyst represents the only catalyst with both BOL
and EOL performance metrics simultaneously exceeding the DOE targets (Fig. 3h, Extended
Data Table 3)1°44, 1t should be highlighted that although a number of advanced catalyst designs
have led to impressive BOL performance previously, the durability has been a persistent challenge
and the EOL performance is generally far from satisfactory #24°, In particular, there is no report of
catalyst system that can deliver a rated power retention of 90 % and MA retention of 60% while
satisfying all BOL performance metrics set in DOE targets °. As the fuel cells must meet
performance requirements throughout their service lifetime, the EOL instead of BOL
performance ultimately determines the amount of Pt needed?. In this regard, the exceptional
EOL performance achieved in our design is particularly important for enabling PEMFCs with
substantially reduced lifetime-adjusted cost in practical applications. More importantly, the
performance and the durability of the developed CoOx@Pt/C catalyst are well validated in the
large 25 cm? fuel cell (Extended Data Fig.16), further demonstrating the industrial significance of
our catalyst design. Future studies and optimization of cell components, including the flow field,
bipolar plate, load cables, gas diffusion layer, membrane, etc., may further boost the overall cell

performance, particularly for large fuel cell stacks.
The origin of the exceptional durability

We have analyzed the nanocatalyst size distribution before and after the AST in MEA (Fig.
4, Extended Data Fig.17, Extended Data Fig.18, Extended Data Table 4). Overall, the size of c-
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Pt/C increased dramatically from 3.5 £ 0.8 nm at BOL to 7.2 = 3.6 nm at EOL (Extended Data
Fig.17a-d, Extended Data Fig.18), and a similar size growth was also observed in c-PtCo/C (from
4.7+ 1.4nmat BOL to 8.1 £3.5nmat EOL) (Fig. 4, Extended Data Fig.17e-h). Such a substantial
size increase can be attributed to (i) nanoparticle detachment, movement, and coalescence, and (ii)
oxidative dissolution, diffusion, and Ostwald ripening process?. In contrast, the average size of
the CoOx@Pt/C only increased moderately from 1.5+ 0.2 nm at BOL to 2.5 + 1.2 nm at EOL (Fig.
4a and b, Extended Data Fig.17i-1). Similarly, the CoOx@Pt catalyst exhibits a considerably higher
EOL ECSA (35.9 + 0.9 m?grem) from CO stripping experiments at 80°C in MEAs than those of
commercial Pt (8.9 + 1.8 m?/grem) and PtCo alloy (12.3 + 1.0 m?/grem) catalysts (Extended Data
Table 4). These analyses are consistent with the observed EOL performance trend and clearly
highlight the benefit of our design to effectively restrain the Pt dissolution and thus limit the size
growth. In particular, the endohedral CoOx strengthens the interactions with surface Pt atoms due
to the strong metal-oxide interaction, greatly slowing down the oxidation and dissolution of surface

Pt atoms and retarding the Ostwald ripening process (Fig. 1b).

Additionally, we have characterized the MEA cross-section after AST and evaluated the
Pt-loss into the Pt band resulted from the dissolved Pt that redeposit at the membrane interface®.
Our analyses reveal that the MEA with CoOx@Pt/C shows only 12.8+1.9% Pt mass loss into the
Pt band, which is much smaller than that of the MEA with c-PtCo/C (25.4+5.3% Pt mass loss)
(Fig. 4e and f). Considering much smaller size of CoOx@Pt/C (~1.5 nm) than c-PtCo (~4.7 nm),
the surface-area normalized dissolution rate of our CoOx@Pt/C is only ~16-25% of that of much
larger c-PtCo samples, further highlighting the exceptional stability of the ultrafine CoOx@Pt/C

nanoparticles in spite of their small size.

Furthermore, the EDS composition analyses (Extended Data Fig.19) and dissolution
experiment (Extended Data Fig.20) also confirmed that the Co content of CoOx@Pt nanoparticles
was well retained during the AST with a minor decrease from 4.9 at.% at BOL to 4.5 at.% at EOL
(Fig. 49, Extended Data Table 5), with the Co content remaining sparsely embedded inside the
nanoparticle (Extended Data Fig.4b, Extended Data Fig.21). In contrast, there was a drastic

composition change from 26.4 at.% to 9.8 at.% in the c-PtCo nanoparticles (Fig. 49, Extended

10
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Data Table 5), indicating substantial leaching of Co cations that may cause considerable loss in

intrinsic activity and cation poisoning effects on the mass transport and overall device performance

21,22

Moreover, CO stripping experiments were also used to probe the change in the
chemisorption behavior of different catalysts. Previous studies have shown that the lower the peak
potential of CO oxidation, the weaker the CO binding strength, which indicates a lower Pt d-band
center and weaker oxygen adsorption energy favorable for ORR kinetics #’. Interestingly, after the
AST, both c-Pt/C and c-PtCo/C show a notable shift to higher binding energy, while such a shift
is not observed in the CoOx@Pt/C (Fig. 4h, Extended Data Fig.22), indicating the retainment of
the favorable weak oxygen adsorption characteristics CoOx@Pt/C, which is essential for the

excellent EOL performance.
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Fig. 4. Size, composition and CO stripping analyses of catalysts at BOL and EOL. TEM images
of CoOx@Pt/C at (a) BOL and (b) EOL, and c-PtCo/C catalysts at (c) BOL and (d) EOL. The inset
shows the corresponding size distribution histogram and the average size in diameter. Bright field
STEM images of the EOL MEA cross sections of (e) CoOx@Pt/C and (f) c-PtCo. Note that the
CoOx@Pt MEA has much less Pt dissolution as reflected by a smaller size growth and fraction of Pt-
band (marked by red) compared to c-PtCo MEA (marked by blue). (g) The change of Co atomic
composition at BOL and EOL in MEA. (h) Comparison of CO stripping experiments at 80°C in MEAs,
showing the change of oxidation peaks at BOL (solid lines) and EOL (dotted lines) of the commercial
and CoOx@Pt/C catalysts.

To further understand the fundamental origin of their exceptional stability, we

computationally predicted the atomistic configurations, energetics, and electronic structure of the

11



10
11

12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
28
29
30
31

ultrafine Pt nanoparticles with endohedral CoOx clusters to compare their thermodynamic and
kinetic stability with pure Pt and PtCo alloy nanoparticles. No rigorous information exists in the
literature on the atomistic configurations of Pt-based nanoparticles in this size regime, not even
pure Pt, which must be predicted ab initio. We therefore performed extensive Density-Functional
Global Optimization (DF-GO) “® on nanoparticles with different atom numbers and stoichiometry,
to determine their Global Minimum (GM) configurations, the corresponding energetics, electronic
structure, and interaction with oxygen adatoms (see Methods). Here we used a simplified but
representative model of single CoOx within the Pt shell (around 80 atoms) , at a size (~1 nm) that
is at the smaller end of our experimental nanoparticle that is accessible to both accurate and
affordable computations. Our calculations indicated that the preferred stoichiometry of the CoOx

unit was CoOs (Extended Data Fig. 23), in agreement with experimental EXAFS studies.

Interestingly, our DF-GO studies reveal that the most stable structure in this size range
(e.g., Ptzs, Pt77Co, and Pt77Co0s) typically exhibit a barrel-like structural motif (Fig. 5a, Extended
Data Fig.24), which is energetically more stable by several eV with respect to other motifs, such
as the truncated octahedron Ptzg with a closed-shell crystalline-like Wulff shape (Extended Data
Fig.25). It is noteworthy to observe that simulated TEM images for the Pt77zCoOs GM configuration
show apparently similar feature to those observed in experimental STEM studies (Extended Data
Fig.26). Moreover, the Bader analysis reveals a Bader charge of 1.34 on Co atoms, which compares
well with the Bader charge of 1.36 for Co in bulk CoO, consistent with Co?* status observed in
XAS studies (Extended Data Fig. 8, Extended Data Fig.28). We also note that the predicted oxygen
and platinum coordination numbers of Pt (evaluated with a cut-off distance of 3.00 A) are 0.21
and 6.23, in agreement with the experimental values of 0.4 +0.3 and 6 + 1, respectively (Extended
Data Table 2). Our predicted structure also exhibits a significant compressive strain, in agreement
with XAS experiment (see Extended Data Fig.29).

More importantly, our calculation shows that the free energy of the Pt nanoparticle with
endohedral CoOs (Pt77C00s) is 1.85 and 1.55 eV lower than that of pure Pt (Ptzs) and PtCo alloy
(Pt77Co) structures with a similar size (Fig. 5b), respectively. We have further calculated the work
function of these structures and found the order: Ptzs (4.94 eV) < Pt77Co (4.97 eV) < Pt77C00s
(5.04 eV) (Fig. 5¢), which correlates well with the experimentally observed order of stability under
bias (Fig. 3). Indeed, the nanocatalysts need to adjust their work function via oxygen adsorption

and/or adding positive charge so that their work function equalizes with the target electrode
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improved stability against oxidative dissolution.

a s A o, qulnerable Less
ety 4, [ORERS Lole Ty sites € Vulnerable
FF $ ,:' A o ‘,_’;, S e ;<._.5 e d 5: Ptn

b . SRR SNESSAT Rl A

O 00 = = 5]

3 04 = £ o] h‘ﬂ s

% 0.8 o

2 1.2 -4 6: PtnCo

E -1.6 Lower S 4- -

uf -2.04 Formation Energy * E,] ”,ﬂ L
5 21

c 5.081 2 o]l [ I ]

S 5.04- * 8 64Pt,,Co0;

o 4 . [ . ]

« 5.004 Higher o 44 .
3496‘ . Work Function 2< ’ .
= 4. - - - g |
as2l 0- ' LﬂIrﬂ ““h
Pt;s Pt;;Co Pt;;Co0, 145 14 13 12 11 10
Pure Pt PtCo alloy CoO,@Pt 0,4 Energy (eV)

Fig. 5. Simulation results for the Global Minimum (GM) configurations of pure Pt, PtCo alloy,
and CoOx@Pt clusters with similar size. (a) Atomistic configurations: Ptzs, Pt77zCo, and Pt77C00Oes.
(b, c) Comparison of the formation energy Eformation (b) and the work function ¢ (c) of the GM clusters,
indicating the CoOx@Pt is thermodynamically and kinetically the most stable. (d) Distribution of
oxygen adsorption energy at surface sites, showing that CoOx@Pt has fewer sites with strong oxygen
adsorption energy that are kinetically vulnerable to oxidative dissolution.

Next, we further explored the relative kinetic stability of these clusters under ORR
conditions. Previous studies have revealed that the Pt dissolution during fuel cell operation mainly
goes through an oxidative/reductive dissolution mechanism 3. Therefore, we have calculated the
oxygen adsorption energies on the surface sites of Ptzs, Pt7zCo, and Pt77zCoOs nanocatalysts to
probe the kinetics of Pt dissolution. It is interesting to note that both Ptzs and Pt7zCo alloy have a
considerably higher population of surface sites with stronger oxygen adsorption energy (Fig. 5c,
black and blue), which are considered to be more vulnerable sites, i.e., more prone to oxidation
and oxidative dissolution 33051 In contrast, the surface Pt sites on Pt77CoOs generally show
weaker oxygen adsorption energy and thus have a higher kinetic barrier for oxidative dissolution
(Fig. 5c, red, reported in full as Extended Data Fig.31). Overall, these calculations explain the
exceptional stability of the CoOx@Pt/C against oxidative dissolution of surface Pt atoms and
Oswald ripening process, which further prevents the embedded CoOx from leaching out, as

observed in experiment (Fig. 4). While these beneficial effects of embedded CoOx can be
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reasonably demonstrated from the simplified Ptz7zCoOs model, we have also generated a larger
predictive structural model (Pti124C060O1s) of size around 1.5 nm in diameter, and reach a
composition closely matched with the experimental results (Extended Data Fig.32). Preliminary
simulation results confirmed that the Pti24C0sO1s model is also energetically stable, thus
suggesting a general behavior of CoOx@Pt particles in the investigated size and composition

ranges.

Overall, by embedding near atomically dispersed CoOx clusters inside ultrafine Pt
nanoparticles to induce strong metal-oxide interaction against both size and composition
degradation, we have created a unique design of ultrafine CoOx@Pt/C nanocatalysts. Both
experiments and simulations corroborate the existence of a set of CoOx-endohedral-doped Pt
nanoparticles with unique thermodynamic stability and reduced tendency to oxidative dissolution.
This CoOx@Pt/C nanocatalysts show remarkable fuel cell performance, delivering a high MA of
1.10 A/gram, a high power-density of 1.04 W/cm? at a low total PGM loading of 0.1 mge/cm?, an
unprecedentedly MA retention of 88.2%, and power retention of 92.5% after the aggressive 30,000
cycles of square wave AST, all exceeding the current state-of-the-art catalysts and the relevant
DOE targets for the first time. The remarkable power retention performance projects a record-
breaking fuel cell lifetime of 15,000 hours (see Method for details). Lastly, we should note that
the atomically dispersed CoOx species embedded in the Pt nanoparticle are conceptually distinct
from conventional oxide supported catalysts. Our design takes advantage of the strong metal-oxide
interaction while avoiding the common drawbacks of the oxide as a support, such as oxide
dissolution and low conductivity. Considering fuel cell system cost and lifetime represent the two
major roadblocks, our study presents a major leap in fuel cell catalyst development and holds
significant potential for improving the commercial viability of PEMFCs, particularly for heavy-

duty applications.
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Methods

Chemicals and Materials

Platinum(l1) acetylacetonate [Pt(acac)z], aquivion D83-06A ionomer dispersion were purchased
from Sigma Aldrich. Cobalt(l1) acetylacetonate [Co(acac)z], 10% Pt/C (weight ratio of Pt: 10%),
Pt/C (weight ratio of Pt: 40%) were purchased from Alfa Aesar. Commercial PtCo/C (c-PtCo/C)
catalyst was purchased from Premetek. Acetone and isopropanol (IPA) were purchased from
Fisher Scientific. Freudenberg H14C7 gas diffusion layer (GDL) and polytetrafluoroethylene
(PTFE) gasket were purchased from Fuel Cell Store. Carbon support (Ketjenblack EC-300J) was
purchased from Fitz Chem LLC. The water was Ultrapure Millipore (18.2 MQ-cm)

Catalysts Preparation

Synthesis of CoOx@Pt/C: The carbon support (Ketjenblack EC-300J) was activated in
hydrogen (Hz)/argon (Ar) mixture before use as noted in the literaturel. A typical synthesis
includes 150-180 mg carbon support, 150-170 mg Pt(acac)2, 150-160 mg Co(acac)2, and 15ml
acetone were mixed under ultrasonication for 20 minutes. After acetone evaporation, the resultant
metal precursor adsorbed carbon support was collected, and then annealed in a quartz tube in Ar
gas tube, whereby the temperature is heated from room temperature (20 °C) to 250 °C and
maintained at 250 °C for 8 hours. The sample was collected after it was cooled to room
temperature. Then the obtained powder was washed in N2z-saturated 0.05M H2SO4 solution at 80
°C for 12-16 h. After acid washing, the catalyst was rinsed with ultrapure water till the pH was
neutral and collected via centrifugation. After thoroughly drying in a vacuum, the obtained catalyst
was further annealed in Hz2/Ar mixture at 180 °C for 1.5 h. After cooled down to room temperature,

the sample collected was the CoOx@Pt/C catalyst, which was ready for the test.

Structure and composition characterization

Transmission electron microscopy (TEM) images were taken with a JEOL JEM 2800
transmission electron microscope operated at 200 kV. Atomic resolution high angle annular dark-
field (HAADF) images, as well as energy-dispersive spectroscopy (EDS) maps, were taken using
a JEOL Grand ARM300CF scanning/transmission electron microscopy (S/TEM) operated at 300
kV. The TEM/STEM sample grids were prepared by dispersing the sample in a mixture of water
and ethanol, then drop casting the dispersion onto lacey carbon film coated copper grids (for high-
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resolution STEM and EDS analysis) using a pipette and drying under ambient conditions. The size
analysis for the catalysts from the TEM/STEM images were measured from multiple regions and
averaged from above 400 particles in each sample. The MEA cross-section samples were prepared
with an ultramicrotome at thickness around 150 nm and were analyzed with a JEOL JEM 2800
transmission electron microscope operated at 200 kV. The fraction of Pt mass loss in the Pt band
is calculated by integrating the Pt L-edge from the Pt band region divided by the total Pt signal
from the entire region (membrane plus cathode catalyst layer), the results were averaged from
around 10 different regions in each sample, and the Pt band region was carefully selected by
inspecting the location before and after the acquisition. The concentration of catalysts was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu
ICPE-9000) as well as by EDS coupled in JEOL Grand ARM300CF, note that EDS may not
provide accurate absolute composition due to the background interference, but could reflect
relative composition change. X-ray powder diffraction (XRD) patterns were collected with a
Panalytical X'Pert Pro X-ray powder diffractometer with Cu-Ka radiation. X-ray photoelectron
spectroscopy (XPS) tests were done with Kratos AXIS Ultra DLD spectrometer. XPS depth
profiling was conducted using the instrument’s Ar"™ ion source operated at 4kV/, 50uA, and rastered
over a 3x3 mm area for 4 minutes. The atomic composition was determined based on photoelectron

peak areas and the relative sensitivity factors provided in CasaxXPS.

X-ray absorption spectroscopy (XAS) data collection and analysis

The electrode inks for the XAS electrodes were composed of 60% ethanol, 40% water, 5 wt
% Nafion solution, and the catalyst powder. The ink was spray-coated onto a carbon paper with a
total catalyst loading about 12.5 mg/cm? (with Co loading of 0.05 mg/cm? and Pt loading of 2.7
mg/cm?). The XAS experiments were conducted at room temperature in an in-situ spectro-
electrochemical half-cell circulated with a continuously Oz purged 0.1 M HCIO4 aqueous
solution?, at the beamline 1SS 6-BM and 8-1D in National Synchrotron Light Source 11 (NSLS-11)
(Brookhaven National Laboratory, NY). Before being transferred into the cell, the electrodes were
conditioned in 0.1 M HCIO4 under vacuum for 40 minutes without applying the potential to
remove surface contaminants. Potentiostatic control was maintained with an Autolab PGSTAT30
potentiostat (Metrohnm USA, formerly Brinkman Instruments). Data were collected on the same

electrode in transmission mode at the Pt Ls-edge, and fluorescence mode at the Co K-edge, with a
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Pt/Co reference foil positioned between 12 and 13 as a reference. The voltage cycling limits were
0.05t0 1.00 V vs. RHE. Data collection was performed at the chosen potentials held during anodic
sweeps. The electrode was fully cycled following each potential hold to clean the electrode
surfaces after each potential hold. Typical experimental procedures were utilized with details
provided in previous work®. The data were processed and fitted using the Ifeffit-based Athena*
and Artemis® programs. Scans were calibrated, aligned, and normalized with background removed
using the IFEFFIT suite®. The y(R) were modeled using single scattering paths calculated by
FEFF6'.

Membrane Electrode Assemblies (MEA) Fabrication

The MEA fabrication followed the protocol in the previous work of our group®. The catalyst
ink was made by mixing the catalysts with the ionomer solution (Aquivion D83-06A) and water-
IPA solvent through ultrasonication. The catalyst ink was then spray-coated onto a reinforced
perfluorosulfonic acid (PFSA) membrane (12 um thickness) using a Sono-Tek ultrasonic spray
system to form a catalyst-coated membrane (CCM).

For a fair comparison, cell components and fabrication conditions were the same in all MEAs
except for the cathode catalysts. Accordingly, the MEAs were labeled by the cathode catalysts.
The anode catalyst was the commercial 10% Pt/C with platinum group metal (PGM) loading fixed
to be 0.01 mgeem/cm?. The anode ionomer to carbon mass ratio was 0.6. The commercial 40%
Pt/C (c-Pt/C) and 40% PtCo/C (c-PtCo/C) were used as benchmark of cathode catalyst. The
ionomer to carbon ratio was 0.6 for c-Pt/C and c-PtCo/C, while 0.7 for CoOx@Pt/C. The cathode
catalyst loading was controlled to be about 0.09 mgrem/cm?. The PGM loading on anode/cathode
were confirmed by the ICP-AES measurements. The fabricated CCM was dried under vacuum for
an hour to evaporate the solvents. For the MEA fabrication, two gas diffusion layers (GDLS), two
PTFE gaskets, and the prepared CCM were pressed together. The thickness of the PTFE gasket is
127 pm (5 mil). The thickness of GDL, which includes a microporous layer, is 175 um
(Freudenberg H14C7).

MEA activity tests

The MEA was loaded in Fuel Cell Technology 5 cm? or 25 cm? single-cell fixture with
serpentine flow field and tested in the Scribner 850e fuel cell test stand with automatic back

pressure system. Firstly, MEA activation was conducted by holding the voltage at 0.5 V under
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Ha/Air flow of 100/100 standard cubic centimeters per minute (sccm) for 5 cm? cell and 500/500
scem for 25 cm? cell at 80 °C, 100% relative humidity (RH), 150 kPaabs (all pressure noted in this
work refer to the absolute pressure) until the current reached plateau (usually about 30 minutes).
Then, the MEA was further activated at oversaturated conditions, where the fuel temperate was
set at 80 °C for both cathode and anode before entering the cell (hold at 60 °C). The mass activity
(MA) tests were at 80 °C, 100% RH, 150 kPaabs with a flow rate of 835 (H2)/2000 (O2) sccm.

The rated power at BOL and EOL was tested in Scribner 850e fuel cell fixture under 94 °C,
250 kPaabs, and 100% RH.® The Ha/Air gas flow rate was 126/400 sccm for 5 cm? cell and 630/2000
scem for 25 cm? cell, which is equivalent to the stoichiometry of 1.5/2.0 at 2.4 A/cm? (endpoint of
current density plot). The DOE has set a heat-rejection limit of Q/ATi <1.45 for light-duty vehicles,
assuming 90 kW stack gross power (Pstack) required for 80 kW net power and ambient temperature
of 40 °C as the baseline. Power density at rated voltage (Vrated) is defined as the rated power, which
is the maximum power aligned with heat management capability. The rated voltage is defined by
the following equation 1 (Eq. 1)°.

i — Pstack(1.25=Vrated) Eq 1
AT; Vrated(Tstack—Tambient)

The DOE protocol assumes Pstack = 90 KW and Tambient =40 °C, if Tstack=94 °C, Q/ ATi =1.445,
which meets the target (Q/ATi of <1.45), the Vrated Will be around 0.67 V. Thus, the rated power

will be measured at 0.67 V.°

All ofthe MEA’s BOL and EOL performance metrics, such as MA, ECSA, and Hz crossover,
were recorded by the Scribner 850e fuel cell test station and the Scribner 885 potentiostat. The
ECSA was determined by integrating the CO stripping peak, assuming 420 pC/cm?t. The CO

stripping test in MEA followed the protocol in the literature.°

MEA AST tests

For the accelerated stress test (AST), we adopted the more aggressive 30,000-cycle square
wave protocol with each cycle holding the MEA at the voltage of 0.6 V for 3 seconds and then
0.95 V for 3 seconds. The full AST is carried at 80 °C, ambient pressure, 100% RH with Hz/N2
flow 100/100 sccm for anode and cathode, respectively. We noted that our AST protocol strictly
followed the DOE protocol for PGM-based catalysts.! 12

Calculation of Additional VVoltage Loss in the Load Cables of 25 cm? MEA Cell
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As the cell current in the 25 cm? cell is five times of the 5 cm? cell, the voltage loss due to the
wiring resistance would also increase. This additional voltage loss compared to the 5 cm? cell at
different operating current in the 25 cm? cell can be calculated by igifference times Rcables. FOr
example, at 1.5 A/cm?, the additional voltage loss would be 28.8 mV, given the total cable

resistance is 0.96 mQ (0.48 mQ per 60 cm, 4 gauge cell cable).'> 4

Projection of Fuel Cell Lifetime

As defined by the DOE, the fuel cell lifetime equals the operation time until a 10% loss is
reached in cell voltage at rated power.''? We adopt the current density at 1.5 A/cm? where the
rated power is typically delivered to be the studied point. The lifetime of the tested MEA is then
projected by the ratio between the 10% of initial voltage at 1.5 A/lcm?and the voltage loss rate at
1.5 A/lcm?. An acceleration factor of 100 (with respect to time) over the drive-cycle is used
according to previous literature (Eq.2).*® Noted that a full square wave cycle takes 6 sec (0.6 V for
3 seconds and 0.95 V for 3 seconds).

10% X Vinitqr (MV) sec . sec
VLossRate( mV) X 6(cycle) e 100 : 3600( )

cycle

Lifetime (hours) = Eq. 2

hour

Computational Studies

Density-Functional Global Optimizations (DF-GO) simulations were performed employing
the Basin Hopping (BH) algorithm 817 as implemented in an in-house python code. In each BH
step, starting from a given locally relaxed initial structure, defined by 3N atomic coordinates
(where N is the number of atoms in the cluster), the GO algorithm generates a new configuration
via a random perturbation of the coordinates which is then subjected to a local geometry
optimization, after which the new configuration is accepted or rejected according to a Metropolis
criterion, i.e., with probability min(1,exp(AE/T), where AE is the energy difference between the
initial and the new locally relaxed configurations and T is a fictitious temperature (in our
simulations varying between 3500 and 5000 K). The procedure starts from a sample of 3N arbitrary
or selected atomic coordinates and iteratively continues with the random generation of new local
minima starting from the currently accepted one, eventually providing a putative Global Minimum
(GM) as the lowest-energy configuration. All the local minima, which belong to a DFT-PBE*®
Potential Energy Hyper-Surface (PES), were generated employing the OPENMX code!®, which

solves the Kohn-Sham equations within the pseudopotential-LCAO framework by using localized
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pseudo-atomic numerical basis sets?, whereas the Hartree potential is evaluated with the aid of a
fast FFT solver, which relies on the use of a plane-wave basis set whose size depends on a chosen
cut-off energy?. In our simulations, the Kohn-Sham energies were evaluated by feeding
OPENMX with ‘Quick’-type basis sets, norm-conserving pseudopotentials, and an energy cutoff
of 150 Ry 2.

The energy sequence as a function of the BH iterations for two typical GO runs: a DF-GO
run on the Ptzo cluster starting from the Ptro truncated octahedron as the initial configuration
(Extended Data Fig.27a), and the random sampling of the oxygen binding sites on the Pt77zCoQOs
GM cluster (Extended Data Fig.27b). In the latter case, oxygen binding sites were singled out by
employing a Voronoi tessellation procedure?. After we tessellated the surface using the Voronoi
approach, we used a stochastic approach to sample the adsorption sites on the VVoronoi tessels. In
detail, for each tessel (triangle) we calculated the outward axis perpendicular to the tessel’s surface
and initiated the geometry relaxation with an oxygen atom randomly located in a plane
perpendicular to the tessel and containing its outward axis. All the tools needed for the analysis of

the results of the simulation are encoded in the authors’ proprietary python software.

Starting from the OPENMX DF-GO database, a more accurate approach was used to predict
energies and atomic equilibrium configurations by local geometry relaxation of candidate low-
energy GO structures using the plane-wave Quantum Espresso (QE) code®*. All the energies
reported in the main text refer to the QE approach. The QE calculations were conducted spin
unrestricted at the DFT/PBE level augmented with both Grimme-D3 dispersion and Hubbard-U
corrections (U=3.5 eV for Co and U=0.0 for the other atomic species). We employed a cut-off
energy of 40 Ry for describing the wave functions, a cut-off energy of 200 Ry for describing the
electron density, and GBRYV ultra-soft pseudopotentials®. Since the investigated systems are finite,
we limited the K-space grid sampling to the Gamma point only. We employed cubic unit cells with
edge of 22 A. The threshold criteria for energy and forces were 1.0 x 10 a.u. and 1.0 x 10 a.u.
for terminating the relaxation runs. Work functions were evaluated according to the procedure
proposed in literature?®2’, Transmission Electron Microscopy (TEM) images were simulated using
the QSTEM code?,
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Data availability: All data are available in the main text or the Extended Data. Further data

enquiries (including codes and trajectories) can be addressed to the corresponding authors on

reasonable request.
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Extended Data Fig.1. TEM and XPS characterizations of the samples during the annealing
synthesis before acid treatment. XPS spectra of (a) Pt 4f, and (b) Co 2p. TEM images of samples
annealed at (c) 100°C, (d) 250°C, (e) 250°C for 3h, and (f) 250°C for 8h. Note that no nanoparticle
was observed in the sample annealed at 100°C, while nanoparticles were observed in the sample
annealed at above 250°C. Moreover, with increasing annealing temperature, the Pt 4f peaks shifted
towards the metallic state (Pt°), while the Co peak remained as oxidized state (Co?*).
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Extended Data Fig.2. Characterizations of the samples before acid treatment (PtOx/CoOx) and
the final catalyst (CoOx@Pt). (a) HAADF STEM image and (b) size distribution of the sample
(PtOx/Co0Ox) before acid treatment. XPS spectra of (c) Pt 4f, and (d) Co 2p before and after acid
treatment. The XANES spectra and Fourier transform EXAFS spectra at (e, g) Pt Ls-edge and (f, h)
Co K-edge. Note that the Pt was reduced to metallic phase during the transition from PtOx/CoOx to
CoOx@Pt, while CoOx remained unchanged in the structure and oxidation state.
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Extended Data Fig.9. The in-situ XAS spectra of CoOx@Pt/C and reference commercial Pt/C at
the Pt Lz-edge. In-situ XANES spectra at 0.54 V and 0.90 V of (a) CoOx@Pt/C, and (b) commercial
Pt/C. In-situ Fourier transform EXAFS spectra at 0.54 V and 0.90 V of (¢c) CoOx@Pt/C, and (d)
commercial Pt/C. Fitting of the Fourier transform EXAFS spectrum at 0.54 V of (e) CoOx@Pt/C, and
(f) commercial Pt/C; noted that no Pt-O interaction is observed at 0.54 V in the commercial Pt/C,
which suggests that the existence of Pt-O interaction at 0.54 V in the CoOx@Pt/C catalyst is from the
interaction with the embedded CoOx.
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Extended Data Fig.10. Fuel cell performances comparison of CoOx@Pt/C catalyst with
commercial benchmarks. (a) iR-free polarization plots were tested under H2/Oz at 80°C, 100 RH%,
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Extended Data Fig.12. MEA performance comparison of CoOx@Pt/C and the reference alloy
samples with higher Co content (Pt79C021/C). () Comparison of MA obtained in H2/O2 flow at the
beginning of life (BOL; before ADT) and end of life (EOL; after ADT). Comparison of (b) rated power
density obtained in Hz/air flow at BOL and EOL and its loss during ADT. Polarization curves of
Pt79C021/C and CoOx@Pt/C obtained in Hz/air tests at (c) BOL (solid lines) and (d) EOL (dot lines). (e)
Voltage loss at different current densities recorded in Hz/air flow. Green dot lines indicate DOE target.
(f) The change of Co atomic composition at BOL and EOL.
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Extended Data Fig.13. TEM images of ultrafine (a) NiOx@Pt/C and (b) FeOx@Pt/C catalysts.
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Extended Data Fig.14. XANES spectra (a and d), Fourier transform EXAFS spectra (b and e),
and the XAS spectra in k-space (c and f) of FeOx@Pt/C (a-c) and NiOx@Pt/C (d-f). Noted that
the atomically dispersed feature is confirmed from the absence of other interactions except the major
M-O peak between 1 to 2 A, as shown in the Fourier transform EXAFS spectra (b and e).
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Extended Data Fig.15. MEA performance of CoOx@Pt/C, NiOx@Pt/C, FeOx@Pt/C. (a) Comparison
of mass activity (MA) obtained in H2/O: tests at the beginning of life (BOL; before ADT) and end of life
(EOL,; after ADT). Comparison of (b) rated power density and (c) Pt utilization obtained in Hz/air tests
at BOL and EOL. DOE targets are represented by green dash (BOL) and green dot (EOL) lines. (d, e)
Polarization plots (left axis) and power density plots (right axis) of (d) FeOx@Pt/C and (e) NiOx@Pt/C
obtained in Hz/air tests at BOL and EOL. (f) Voltage loss at current density of 0.8, 1.0 and 1.25 mA/cm?.
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Extended Data Fig.16. Comparison of key performance metrics for CoOx@Pt/C catalysts at
active cell areas of 5 cm?, 25 cm? and performance after compensating the additional voltage
loss from wiring resistance. (a) Comparison of MA obtained in H2/O2 tests under high or low flow
rate (FR) at the beginning of life (BOL; before AST) and end of life (EOL; after AST). Comparison of
(b) rated power density obtained in Hz/air tests at BOL and EOL. DOE targets are represented by
green dash (BOL) and green dot (EOL) lines. (c) Polarization plots (left axis) and power density plots
(right axis) obtained in Hz/air tests at BOL and EOL, highlighting the extraordinary power performance
and stability of the 25 cm? MEA with CoOx@Pt/C. (d) Polarization plots of 5 cm? and 25 cm? almost

overlapped after compensating voltage loss from wiring resistance at each current density (see
Methods for detail calculation).
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Extended Data Fig.17. STEM images and size distribution at both BOL and EOL. (a-d) c-Pt/C.
(e-h) c-PtCo/C. (i-l) CoOx@Pt/C.
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Extended Data Fig.18. TEM images of c-Pt/C catalysts at (a) BOL and (b) EOL.

47



2
3

BOL

EOL

CoO @PTBOL aL% Pu:Co=9561:49

.18

Intensity (a. u.)

“ CoO,IPLEOL at% PuCo=96.6:456
n

L

Intensity (a. u.)

‘ CP,Co EOL % PtCo=902:88

Yoyt

Ll

Intensity (a. u.)

‘ PlyCoy EOL ath PLCo =938 6.2

Li
L

3 ‘ hév G

Extended Data Fig.19. EDS spectra of catalysts at BOL and EOL. (a) CoOx@Pt/C. (b) c-PtCo/C,
and (c) Pt7eCo21/C.

48



aa b~ 0N

a one cycle of square-wave AST (total 30,000 cycles) |/~ Square-wave AST N\
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> 06 28s ’
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0 'm?n (sec.)
Cc
based on ICP-MS
CNSholanon Relative Atomic Ratio
experiments Dissolved mass / total mass (ng) Weight precent loss fler AST
in liquid cell i
Pt Co Pt Co Pt Co
CoO,@Pt/C 79.4 / 300000 802.5/4827.9 0.026% 16.6% 95.74% 4.26%
c-PtCo/C 216.3 /300000 |13178.6/297486| 0.072% 44.3% 84.52% 15.48%

Extended Data Fig.20. (a) One cycle of the square-wave AST testing profile. (b) Schematic of the
dissolution evaluation. (c) The table compares the mass/percentage of dissolved Pt and Co between
CoOx@Pt/C and c-PtCo/C.
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Extended Data Fig.21. Characterization of catalysts at BOL and EOL, HAADF STEM, and
corresponding EDS elemental mappings of (a-b) CoOx@Pt/C, (c-d) c-PtCo/C, and (e-f) Pt7oC021/C.
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Extended Data Fig.22. CO stripping tests of catalysts at BOL and EOL. (a) CoOx@Pt/C, (b) c-
PtCo/C, (c) c-Pt/C, and (d) Pt7eCo021/C. Tested at 80°C, 100 RH% under ambient pressure.
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Extended Data Fig.23. Energetics of initial structures of Pt7sCoOx clusters generated from the
TO configuration with different oxygen content (x). Note the increase in energy when reducing the
oxygen content of the Pt79CoOs cluster (whose initial configuration was obtained encapsulating an
octahedral CoOs unit inside a Ptze Truncated Octahedron structure). Note that the encapsulation of
CoOx inside the host Pt structure strongly deforms the initial TO shape where Pt atoms belonging to
100 facets (reddish brown color in the figure) and 111 facets can hardly be singled out.
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Extended Data Fig.24. Schematic atomistic configurations and relative energetics of Pt79.xCoOs
GM clusters as derived from DF-GO simulations. The figure shows the GM structures obtained by
varying the number of Pt atoms in PthnCoOs clusters, together with the corresponding formation
energies (red squares in the graph on the left-bottom-panel) calculated taking as a reference Pt
chemical potential the energy per atom of Pt in the Ptz cluster. All the minima, except Ptro, clearly
show a barrel-like shape in which top-Pt atoms tail-off by reducing the Pt content, finally leading to a
Pt74Co0Oes symmetric cylindrical structure. The energy trend shown in the left-bottom-panel indicates
that maximum stability is achieved for the cluster with composition Pt77C00Qs.
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Extended Data Fig.25. Energy stabilization of initial crystalline-like (truncated octahedra, TO)
structures of Ptrg, Pt7sCo, and Pt7sCoOs clusters to the final configurations. We report atomistic
configurations of the putative GM of Ptze, PtzsCo and Pt7sCoOs clusters and the energy differences
between the starting and the GM structures. The initial configurations were generated by relaxing the
crystalline TO structure. Note that all the GM minima exhibit a quasi-cylindrical “barrel-like” structure,
deformed sideways in the case of pure Pt and PtCo alloy or bearing Pt protruding species on top of
one (111) facet in the case of PtnCoOx. Note that the stabilization energies increase in absolute value
after alloying or subsequent oxidation of the pure Pt cluster, showing on the one hand the effectiveness
of the GO algorithm in exploring the PES of the system, and on the other hand indicating that structural
stress in the Pt TO structure increase with nestling the Co species at the center and favor the Co
oxidation.
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Extended Data Fig.26. Comparison of (a) simulated TEM image of the Pt7zCoOs GM configuration as
derived from DF-GO simulations viewed along different orientations and (b) selected experimental
STEM images of CoOx@Pt.
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2 Extended Data Fig.27. DFT-relaxed energies as a function of the iteration number for Ptz (a)
3 and Pt77C00s-0O (b).
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Extended Data Fig.28. Examples of configurations taken from the BO run on the Pt77CoOs
system for which the Bader analysis. We have shown in Extended Data Fig. 23 that the optimum
oxygen coordination number of Co atom is 6, which is consistent with the experimental EXAFS result
as shown in Extended Data Table 2. Using the Bader Analysis on configurations taken from the BO
run on the Pt77CoOs system (two of which are shown in the figure), we found a Bader Charge (BC) of
1.03 for Co when its first coordination shell encompasses two oxygen (O) atoms (Bi-coordinate, left),
a BC of 1.20 when the oxygen coordination increases to 4 (Tetra-coordinate, right), and a BC of 1.34
when Co is part of the Pt77CoOes GM structure where 6 O atoms surround the central Co. This latter
value aligns remarkably well with the 1.36 value computed for Co in the CoO bulk (taken as a reference
for Co in the oxidation state +2), and starkly contrasts with the 0.70 BC attributed to the Co atom in
the Pt7zCo GM model in which Co is bound to Pt, not O, atoms.
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Extended Data Fig.29. Color mapping of Pt-Pt average distances (the cut-off distance for calculating
neighbors was set to 3 A), Lowdin charges, and oxygen adsorption energies for the CoOx@Pt Global
Minimum (GM) cluster, Pt;7CoOs. The Pt-Pt distances range between 2.60 A and 2.75 A,
demonstrating a clear compressive strain in comparison with the bulk Pt nearest-neighbor distance of
2.77 A. Moreover, as it can be evinced from the figure, the weakening of oxygen adsorption energy
correlates well with a combination of compressive strain and charge, in the sense that weaker oxygen
adsorption energy occurs at the sites with more compressive strain (shorter Pt-Pt distances) and less
negative charge.
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Extended Data Fig.30. Histogram of OH (a) and OOH (b) adsorption energies on the surface sites
of the CoOx@Pt Global Minimum (GM) cluster, Ptz7Co0Os, with site count on the left ordinate axis. The
adsorption energies were calculated by taking as reference states Oz and Hz in the gas phase. All
these energy data correlate well and be consistent with linear energy relationships (volcano modeling),
we could then use the oxygen adsorption energy to describe the reactivity.
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Extended Data Fig.31. Histogram of oxygen adsorption energies on the surface sites of (a) the
CoOx@Pt Global Minimum (GM) cluster, Pt77CoOs, and (b) Ptzs. The Sabatier plot derived from
Ref.51 is superimposed to the histogram as dotted magenta line whose numerical values are given
on the right ordinate axis in logarithmic scale (the optimal value of the volcano is highlighted in red),
with site count on the left ordinate axis. To achieve an estimate of ORR activity we exploited the linear
relationship between oxygen adsorption energy and an ORR binding energy descriptor (BED)
developed in Ref.51. We can predict the specific activity of our clusters, and in particular of the putative

Pt77CoOs GM, which turn out to be 1.8 mA/cm? (higher than pure Pt of 0.37 mA/cm? in Ref.51).
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Extended Data Fig.32. Simulation results of Pt124C0601s particle. (a) Pti24C06O1s particle after
extensive Density-Functional Global Optimization. (b) DFT-relaxed energies as a function of the
iteration number. Noted that the structural features of the simulated Pt124C06018 compare very well
with experiment: As for the oxidation state, a Lowdin analysis reveals an average charge of +0.37 on
Co atoms, which compares well with the Lowdin charge of +0.39 for Co in bulk CoO, and is thus fully
consistent with Co?* oxidation state observed in XAS studies. The Pt-O and Pt-Pt coordination
numbers based on this larger-sized model are 0.32 and 6.23 respectively, and are in excellent
agreement with the experimental values of 0.4 £0.3 and 6 + 1, respectively. The formation energy of
the Pt124C06018 GM from Pt147-TO and Co147-TO clusters is about -2.72 eV per Co atom, and it is -
2.08 eV per Co atom when referencing to Pt141Co6-TO. The predicted work function of the
Pt124C06018 reads 5.11 eV, which is larger than the predicted work function of the Pt77zC00QOs, thus
suggesting even more robust and resistant to oxidation under ORR conditions.
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Weight % . . 0
(Pt, Co, C) Relative Atomic Ratio %
Sample Based on Based on
ICP-AES ICP-AES Based on XPS|Based on EDS
Pt Co Pt Co Pt Co Pt Co
CoOx@Pt/C 28.9 0.43 95.3 4.7 100 0 95.1 4.9
c-PtCo/C 35.8 3.6 75.0 25.0 70.7 | 293 | 736 | 26.4
Pt79C021/C 28.3 2.2 79.4 20.6 77.4 | 226 | 77.7 | 22.3

1  Extended Data Table 1. Atomic ratios of Pt and Co in catalysts measured by ICP-AES, XPS, and

EDS.
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Pt Ls-edge EXAFS fitting

Scattering

02

Sample oath CN R (A) (109 A?) Eo(eV) | Rfactor
Pt-Pt 71 2.74%0.01 81
CoO,@PY/C unbiased 7+1 0.013
0O-@PYC unbiase PtO 0.320.2 2.0120.03 746
CoO.@Pt Pt-Pt 81 2.74%0.01 81 " 0017
at 0.54 V PtO 0.4+0.2 2.00%0.03 04
Commercial P/C Pt-Pt 9.240.7 2.755+0.003 5.9+0.6
- 0.54V =5 - - : 7.8:05 | 0.006
Co K-edge EXAFS fitting
Sample Scigf:“g CN R (A) 02 (10%A2) | Eo(eV) | Rfactor
CoO@PUC Co-O 61 2.08+0.01 542 241 0.010
unbiased

Extended Data Table 2. Summaries of structural parameters extracted from in-situ EXAFS
fitting of CoOx@Pt at the Pt Lz-edge and Co K-edge and commercial Pt/C reference. CN is the
coordination number; R is the interatomic distance (the bond length between Pt or Co central atoms
and surrounding coordination atoms); 02 is the Debye-Waller factor (a measure of thermal and static
disorder in absorber-scatterer distances); Eo is edge-energy shift (the difference between the zero
kinetic energy value of the sample and that of the theoretical model). R factor is used to value the

goodness of the fitting.
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TOté (A/mg,,) MA AST (W/sz) Power (KW, 4ed/9p) | LOss at 0.8
Catalyst Loading ¥__|Retention - Loss rated 7Pt )
2 0 Condition o Alcm
(mge,cm )| BOL | EOL (%) BOL EOL (%) | BoL | EOL V)
Square
DOE 2020 Target®| <0.125 |>0.44|>0.264] >60 Wave >1.0 >0.9 <10 >8 >7.2 <30
PUC 0.335 | 0.074 Square | 0.878 | 0.320
.
(this work) 010 1i0045[20.012] %?° | wave | 20.014 | +0021 | 836 | 88 | 32 | 1625257
c-PtCo/C 0.57 | 0.21 Square | 0.92 0.61
.
(this work) 0.10 +0.023|+0.028 368 Wave | +0.024 | +0.029 337 9.2 6.1 61.3+13
PtrsC021/C 1.13+0.|0.74+0. Square |1.03+0.0|0.897+0.
.
(this work) 010 1 055 | 0oo | 8° | wave | 12 029 | 129|103 | 89 | 233%23
CoOx@Pt/C 1.10 | 0.97 Square | 1.0410. | 0.962
.
(this work) 0.10 +0.046+0.048 88.2 Wave | +0.017 | +£0.025 75 104 1 9.6 133£1.8
NIO@PUC 010 |o0sss|o710| 800 [S9%® | 1010 | 0938 | 804 | 100 | 92 16.6
(this work) Wave
FeO,@P
e0.@PUC 010 | 101 [0752]| 745 [S9%®| 1000 | 0937 | 808 | 102 | 94 23.9
(this work) Wave
PtNi Triangle N " "
(PLNAY 015 | o050 [ 017 | 332 | (*E| 075« | 04e* | 386 | 50 | 31 58
PtNi Triangle . " "
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PtCo/HSC-e% 0125 | 065 | 037 | 569 S\/?/:f/“ee 110 | 0.889* | 100 | 88 | 7.1 20
PtCo/HSC-f25 0125 | 071|033 | 465 S\f\‘/‘;‘\"/‘f 122+ | o8se* | 275 | 98 | 7.1 20
L1,-CoPt/Pt? 0205 | 056 | 045 | sro [S99%®| o2+ | 042« | 188 | 25 | 20 70*
Wave
L1,-FePyPes 022 | 029 | 017 | 577 |59 | os0 | 041r | 176 | 23 | 19 38+
Wave
L1, Pt:Co/FeNc | 020 | 072 | 044 | 62 Sv(\l/;i;e 083 | 072¢ | 134 | 42 | 36 21
L1,-PtCo® 0206 | 06 |036| 600 [S9%| 089 | 078 | 125 | 43 | 38 26
Wave
L1 -PtCo
0 0208 | 079 |o0498| 630 [S9%| 077 | 063 | 174 | 37 | 30 31
/Hydrogel*® Wave
. 0.10 Triangle
-NPs PtCo? 152 | NA | 770 a5 | NA | NA | 113 | NA NA
i s PtCo (0.04)? 5 Wave 0.45 3
. 0.10 Triangle
- 29 b *
i-NPs PtFe ooap | 12| NA | 70 Wt €1 035 NA | NA | 87 | NA NA
PtCo/C3% 015 | 072 | 0aa | 61 [S99¥| 116 NA | Na | 77 | NA 16.9
Wave
LP@PF-1% 0383 | 108 | 067 | 62 [TMAN9€] A NA | NA | NA | NA NA
Wave
LP@PF-2% 0385 | 177 | 026 | 15 T\r,?;\f];e NA NA | NA | NA | NA NA

Extended Data Table 3. Comparison of key fuel cell performance metrics with the state-of-the-
art catalysts. Notably, the MEA with CoOx@P1t/C catalyst exceeds all DOE performance metrics and
shows the highest EOL performances, highlighting its extraordinary activity and durability. *: value
extracted from performance plots. 2: the total loading of 0.10 mg/cm? is for H2-O> test and 0.04 mg/cm?
is for Hz-Air test. b MA retention value is recorded from a different MEA with a thicker membrane.
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Size (nm) ECSA (m?/grem)
Sample
BOL EOL BOL EOL loss (%)
c-Pt/C 35+08 7.2+3.6 31.8+1.9 89+1.8 72.0
c-PtCo/C 47+14 8.1+3.5 374+ 1.1 12.3+1.0 67.1
Pt79C021/C 1.9+0.6 33x£15 70.8+1.9 286+1.8 59.6
CoOx@Pt/C 15102 25%1.2 73.1x15 359+0.9 50.9

Extended Data Table 4. Comparison of Pt nanoparticle size and ECSA at both BOL and EOL

tested in MEA.
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EDS Co atomic ratio (%)
Sample
BOL EOL
CoOx@Pt/C 4.9 45
c-PtCo/C 26.4 9.8
Pt79C021/C 22.3 6.2

Extended Data Table 5. The averaged atomic ratio (at. %) of Co (Co:Pt) measured by EDS at

BOL and EOL of MEA tests.
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