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its d-band centre, leading to increased oxygen binding strength and, 
thus, improved ORR activity according to the modified volcano plot 
in alkaline media (Supplementary Fig. 4 and Fig. 1f).

The target catalyst was synthesized via a solvothermal method 
(Methods) and structural characterization results are shown in 
Fig. 2a–i. Energy-dispersive X-ray (EDX) mapping analysis indi-
cates a sandwich-like core–shell structure (PdHx@Pt NS), with a 
total thickness of 3–4 nm, a Pt shell thickness of ~1 nm and a Pt:Pd 
atomic ratio of 44:56 (Fig. 2a,b and Supplementary Figs. 5 and 6). 
The X-ray diffraction (XRD) patterns of the as-prepared PdHx@Pt NS 
displayed the typical face-centred cubic structure (Fig. 2h). Further, 
selected area electron diffraction analysis revealed {110} facets on 
the edge of the NS, indicating that the lateral surface of the NS is 
most probably parallel to the {111} facets (Supplementary Fig. 7). The 
time evolution studies of PdHx@Pt NS formation during synthesis 
(Supplementary Fig. 8 and Supplementary Note 1) and transmission 
electron microscopy (TEM) images of catalysts with a Pt precursor 
ratio of >50% (Supplementary Figs. 9 and 10) helped elucidate the 

growth mechanism, indicating that Pt grows on the surface of PdHx 
NS (Fig. 2c). We further observed a smaller energy separation between 
the first and second peaks in the Pd K-edge XANES spectra of PdHx@
Pt NS compared with Pd foil, indicating the formation of Pd hydride 
in PdHx@Pt NS (Fig. 2d)11,33,34. Additionally, the Fourier transform 
(FT) of the extended X-ray absorption fine structure (EXAFS) spec-
tra (Fig. 2e) revealed a longer Pd–Pd/Pt radial distance in the first 
scattering shell of PdHx@Pt NS, probably due to the incorporation 
of H. The XANES spectra at the Pt L3 edge (Fig. 2f) indicated that the 
Pt features in PdHx@Pt NS resemble those of Pt foil, indicating a pre-
dominantly metallic character. Compared with that of Pt foil and 
commercial Pt/C, the longer Pt–Pt/Pd radial distance for the first 
coordination shell of PdHx@Pt NS (Fig. 2g) suggests a lattice expan-
sion in the Pt layer, consistent with the electron diffraction pattern 
results (Supplementary Fig. 11). This lattice expansion should, cor-
respondingly, lead to an upshift in the d-band centre35,36. This analysis 
was further validated by the surface valence band spectra of X-ray 
photoelectron spectroscopy (XPS; Fig. 2i).
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Fig. 4 | Operando XAS studies of PdHx@Pt NS and Pt/C under electrochemical 
conditions. a,b, Operando XANES spectra at the Pt L3 edge of PdHx@Pt NS (a) 
and Pt/C (b) under steady-state conditions with potentials increasing from 0.3 V 
to 1.1 V (versus RHE) in 1.0 M of KOH. Corresponding spectra with potentials 
decreasing from 1.1 V to 0.3 V are shown in Extended Data Fig. 3a,b. c, Relative 
changes in absorption peaks ((ΔµE − Δµ0.3V)/Δµ0.3V; Supplementary Fig. 14) at the 
Pt L3 edge of PdHx@Pt NS and Pt/C plotted as a function of the applied potentials. 
d,e, Pt L3-edge Δµ(E) spectra of PdHx@Pt NS (d) and Pt/C (e), acquired using the 
expression Δµ(E) = µ(E) − µ(0.45 V). This analysis involves subtracting a reference 
spectrum (assuming no adsorbates) from the ones at different potentials and 
comparing them with theoretical Δµ curves based on crystallographic models. 

The Δµ method effectively isolates surface/adsorbate interactions and minimizes 
the fluence of bulk metal–metal interactions, providing valuable insights into 
the nature of the absorbates, their coverage and specific adsorption sites on the 
surface22,40. f, Schematic of OH or O adsorption on Pt NS with {111} facet and Pt 
nanoparticle in 1.0 M of KOH. g, White-line intensity of XANES spectra at the Pt L3 
edge of Pt/C (cyan) and PdHx@Pt NS (pink) as a function of time, with the applied 
potentials cycling between 0.05 V and 1.1 V in O2-saturated 1.0 M of KOH. h,i, i1/i2 
of XANES spectra at the Pd K edge of Pd/C (blue) and PdHx NS (purple) (h) and 
PdHx@Pt NS (green) (i) as a function of time, with the applied potential cycling 
between 0.05 V and 1.1 V in O2-saturated 1.0 M of KOH.
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Electrocatalytic evaluation and operando 
characterization of catalysts
The electrochemical characterization was first performed using cyclic 
voltammetry (Fig. 3a) in Ar-saturated 1.0-M KOH electrolyte. In contrast 
to commercial Pt/C, commercial Pd/C and PdHx NS, the voltammetric 
profiles of PdHx@Pt NS showed distinctive features of the hydrogen 
underpotential deposition (HUPD) region, resembling those of Pt{111} 
single crystals in alkaline electrolytes (Supplementary Fig. 12)37,38. This 
resemblance indicated that the surface of PdHx@Pt NS is dominated by 
Pt{111} facets. The dominance of that particular facet is also supported 
by the narrow oxidation peak of PdHx@Pt NS in carbon monoxide (CO) 
stripping voltammograms (Extended Data Fig. 2a)39. The CO stripping 
results also enabled an estimation of the NS thickness of 3.0–3.3 nm 
(Supplementary Note 2), consistent with the TEM characterization.

The ORR performance of the catalysts was evaluated in 
O2-saturated 1.0-M KOH solution. As shown in the polarization curves 
(anodic scans; Fig. 3b), PdHx@Pt NS exhibited the highest E1/2 (0.970 V), 
followed by PdHx NS, Pd/C and Pt/C (Supplementary Table 1). Although 
the enhancement in E1/2 in the anodic scans of PdHx@Pt NS was limited 

(5 mV compared with PdHx NS), a substantial improvement of 43 mV was 
achieved in the cathodic scans (Extended Data Fig. 2b,c). This substan-
tial change unambiguously demonstrated that Pt played a key role in 
enhancing the oxidative stability of PdHx@Pt NS, which could benefit its 
long-term durability especially under high-temperature conditions11,31. 
When the ORR activity was quantified/normalized in terms of the mass 
activity and specific activity at 0.95 V versus RHE of the anodic scans, 
PdHx@Pt NS exhibited mass activity and specific activity values of 
0.90 A mg−1 and 1.71 mA cm−2, respectively, which are about 28 and 49 
times higher than those of Pt/C (Fig. 3c and Supplementary Fig. 13). 
Conversely (and as would be anticipated), Pt/C displayed the highest 
ORR activity among the studied catalysts in 0.1 M of HClO4 electrolyte 
(Fig. 3d–f). Thus, we attribute the enhanced ORR kinetics of PdHx@
Pt NS in alkaline media mainly to the expansively strained Pt shell. 
Further discussions on the determining factors are provided in Sup-
plementary Note 3.

Operando XAS was used to further investigate the superior ORR 
activity and oxidative stability of PdHx@Pt NS in alkaline media (Fig. 4). 
Figure 4a,b presents the XANES spectra at the Pt L3 edge of PdHx@Pt 
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Fig. 5 | ORR performance of PdHx@Pt NS under different conditions. a, ORR 
polarization curves of PdHx@Pt NS and Pt/C before and after 10,000 ADT cycles 
in O2-saturated 1.0 M of KOH. Scan rate, 5 mV s−1. b, High-angle annular dark-field 
STEM image and EDX elemental mapping of PdHx@Pt NS after 10,000 ADT cycles. 
c,d, FT of k3-weighted EXAFS spectra of PdHx@Pt NS (c) and Pt/C (d) after 10,000 
ADT cycles. e, DEMS analysis of CO2 (m/z = 44) evolved due to the oxidation of 

carbon support in Pt/C and PdHx@Pt NS in 0.1 M of KOH. The potential was cycled 
between 0.30 V and 1.50 V at a scan rate of 10 mV s−1. f, Temperature-dependent 
ORR performance of 60 wt% of Pt/C and PdHx@Pt NS, evaluated by mass activity 
determined at 0.95 V in anodic scans in O2-saturated 1.0 M of KOH. The activity 
was normalized to its corresponding O2 concentration to eliminate the effects 
from the temperature-dependent solubility of oxygen.
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NS and Pt/C in 1.0 M of KOH, acquired under steady-state conditions 
from 0.30 V to 1.10 V versus RHE. In particular, the intensity of the 
white line at ~11,566 eV increased with increasing potentials due to 
enhanced charge transfer from Pt to oxygenated species (*OH or *O) 
accumulated on the Pt surface at higher potentials22,40. Compared 
with Pt/C (Fig. 4b and Extended Data Fig. 3b), the changes in the 
white-line intensity in PdHx@Pt NS were relatively small (Fig. 4a and 
Extended Data Fig. 3a). This contrast can be further supported by the 
relative changes in absorption peaks ((ΔµE − Δµ0.3V)/Δµ0.3V) in Fig. 4c 
and Supplementary Fig. 14, in which PdHx@Pt NS displayed greater 
reversibility and stability than Pt/C (Extended Data Fig. 3c,d).

To further examine the adsorbed species under polarization condi-
tions, we used the delta mu (Δµ) method, a surface-sensitive technique 
for identifying surface–adsorbate interactions41,42. As shown in Fig. 4d,e, 
prominent peaks at ~11,566 eV arose from the adsorption of *OH or *O 
at atop sites of Pt, followed by n-fold bonded configurations at higher 
potentials22. Comparatively, the Δµ spectra of PdHx@Pt NS displayed 

substantially smaller changes, suggesting a lower Θ*OH with the applied 
potential. As schematically depicted in Fig. 4f, the surface of PdHx@Pt 
NS tends to adsorb fewer *OH or *O species compared with Pt nanopar-
ticles, giving rise to more active sites and, thus, probably contributing 
to the observed enhanced/superior performance. We speculate that 
such a low coverage of surface *OH and/or *O species on PdHx@Pt NS 
is probably due to the unique Pt NS structure with exposed {111} facets, 
which adsorbs those species more weakly, compared with other facets25.

To understand the role of Pt and Pd in PdHx@Pt NS under operat-
ing conditions, we further tracked the dynamic changes in the XANES 
spectra. Compared with Pt/C, PdHx@Pt NS exhibited much weaker 
changes in the white line of the Pt L3 edge during potential scans 
(Fig. 4g), indicating a lower coverage of *OH or *O species, consistent 
with the characteristics observed under potentiostatic conditions 
(Fig. 4a–f). Similarly, we observed that PdHx NS displayed noticeably 
smaller changes in the i1/i2 ratio of the Pd K edge (Fig. 4h), correspond-
ing to smaller changes in the oxidation state of Pd. This distinction can 
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Fig. 6 | AEMFC performance with PdHx@Pt NS cathodes. a,b, Cell voltage and 
power density as a function of current densities of a single AEMFC with 60 wt% 
Pt/C or PdHx@Pt NS as the cathode and 60 wt% PtRu as the anode. The metal 
loading of the cathode was controlled to 0.1 mgmetal cm−2 (a) and 0.01 mgmetal cm−2 
(b). The cell was operated at 80 °C and fed with fully humidified H2 (500 s.c.c.m.) 
and O2 (500 s.c.c.m.) with 0.2 MPa of back pressure on both sides of the cell. 
c, Representative 65-h stability tests of AEMFCs with 0.01 mgmetal cm−2 of Pt/C 
and PdHx@Pt NS cathodes, measured at a constant current density load of 

600 mA cm−2. The observed fluctuations are due to the implementation of 
recovery polarization curves to mitigate performance losses52. d, Single-AEMFC 
performance with reduced PGM loadings. e, Comparison of the total catalyst cost 
and total PGM loading for PdHx@Pt NS and Pt/C catalysts. The dashed lines mark 
the US DOE loading target (≤125 µgPGM cm−2) and the US DOE ultimate cost target 
(≤US$30 kW−1

net)
46–49. An overall analysis of the total PGM loading and catalyst 

cost, compared with the representative state-of-art PGM-based AEMFCs, is 
summarized in Supplementary Fig. 18 and Supplementary Tables 3 and 4.
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be understood by considering the dominance of Pd{111} facets in the 
PdHx NS structure, in a manner similar to Pt. Additionally, PdHx@Pt NS 
showed an overall higher i1/i2 value at the Pd K edge compared with PdHx 
NS (Fig. 4i), indicating some charge transfer from Pd to Pt.

Durability evaluation and fuel cell testing  
of catalysts
After accelerated durability testing (ADT), PdHx@Pt NS exhibited 
an almost negligible change in E1/2 in the anodic scan (–1 mV) versus 
Pt/C (–15 mV) (Fig. 5a) and a slight decrease in E1/2 in the cathodic scan 
(–6 mV) (Supplementary Fig. 15), maintaining the original morphology 
(Fig. 5b). The XAS spectra of the Pt L3 edge and Pd K edge (Fig. 5c and 
Extended Data Fig. 4a,c,d) indicated minor changes in the geometric 
configuration and electronic structure of PdHx@Pt NS after the ADT 
cycles. By contrast, the notable changes in Pt/C were probably due to the 
increased Pt particle size caused by Ostwald ripening and/or coalescence 
(Fig. 5d and Extended Data Fig. 4b)43. To further identify if carbon cor-
rosion contributed to catalyst degradation, DEMS was used to monitor 
CO2 evolution (Fig. 5e)44. Although strong CO2 signals were identified 
when Pt/C catalysts were polarized more positively, no potential-induced 
CO2 formation was observed for PdHx@Pt NS catalysts. This indicates 
that PdHx@Pt NS catalysts play a minor role in the oxidation of carbon 
compared with Pt/C, which is probably due to the limited interface area 
between PdHx@Pt NS and the carbon support45. Consequently, this 
limited carbon corrosion probably contributed to structural integrity 
by preventing PdHx@Pt NS from detachment or agglomerating.

Temperature-dependent studies were conducted to further evalu-
ate the ORR performance of PdHx@Pt NS at elevated temperatures 
up to 80 °C (Fig. 5f and Supplementary Fig. 16). As shown in Fig. 5f, a 
similar non-monotonic trend was observed for both PdHx@Pt NS and 
Pt/C, probably due to a competition between thermal activation and 
surface oxidation11. Unlike prior findings with PdHx NS11, PdHx@Pt NS 
consistently outperformed Pt/C across the entire temperature range, 
highlighting the role of the Pt layer in enhancing its oxidative stability. 
These results strongly suggest that PdHx@Pt NS could deliver superior 
performance under harsher fuel cell testing conditions.

A comparative study was conducted to assess the performance 
of PdHx@Pt NS, PdHx NS and Pt/C as the cathode catalyst under 
real fuel cell testing conditions (Fig. 6 and Supplementary Fig. 17). 
Figure 6a,b shows the polarization curves of AEMFCs operated under 
the H2–O2 mode with cathode catalyst loadings of 0.1 mgmetal cm−2 and 
0.01 mgmetal cm−2, respectively. For a cathode loading of 0.1 mgmetal cm−2, 
PdHx@Pt NS exhibited a PPD of 1.87 W cm−2 at 4.5 A cm−2, surpass-
ing the value of Pt/C by over 400 mW cm−2 (Fig. 6a). This substantial 
enhancement is not only attributed to the improved ORR kinetics 
but also, and more importantly, to the enhanced oxidative stability 
provided by the Pt surface (Supplementary Fig. 17). Even at a tenfold 
lower cathode loading (0.01 mgmetal cm−2), PdHx@Pt NS delivered a PPD 
of 1.67 W cm−2 (Fig. 6b), substantially outperforming Pt/C (0.75 W cm−2). 
This highlights the effectiveness of PdHx@Pt in substantially lower-
ing the catalyst cost and maintaining a high performance. Moreover, 
the AEMFC with a PdHx@Pt NS cathode clearly displayed superior 
stability than Pt/C within a 65-h testing period (Fig. 6c). When opti-
mizing the catalyst utilization, particularly with a low anode PGM 
loading of 0.05 mgmetal cm−2, we achieved a PPD of 1.30 W cm−2 and a 
total PGM loading (anode and cathode) of 0.06 mgmetal cm−2, which is 
52% lower than the US Department of Energy (DOE) PGM target loading 
(Fig. 6d)46–49. When assessed in terms of the total specific catalyst cost 
(normalized to the PPD), our AEMFC can lower the cost to US$1.27 kW−1. 
This value is within 4% of the US DOE ultimate cost target (with PGM 
in both electrodes), representing an important performance metric 
(Fig. 6e, Supplementary Fig. 18 and Supplementary Tables 3 and 4).

Overall, we have successfully bridged the knowledge gap for cata-
lyst design for the ORR in alkaline media using a modified volcano 
plot. Guided by this rationale, we designed and synthesized PdHx@Pt 

NS catalysts with a unique sandwich-based core–shell configuration, 
delivering enhanced ORR activity and stability. This catalyst allowed 
us to meet the US DOE loading and the ultimate cost target, which are 
essential for the wide deployment of fuel cell technologies. This work 
represents a proof of concept for rational catalyst design in AEMFC 
technologies, and more broadly, might inspire research across a range 
of renewable energy applications and technologies.
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Methods
Chemicals and materials
Palladium(II) acetylacetonate (99%), platinum(II) acetylacetonate 
(Pt(acac)2, 97%), oleylamine (C18H37N, 70%), dimethyl sulfoxide 
(≥99%), propyl alcohol (99.5%), ascorbic acid and potassium hydrox-
ide (KOH, ≥99.99%) were purchased from Sigma-Aldrich. Absolute 
ethanol (C2H5OH, 99.5%) was purchased from Fisher Scientific. 
High-surface-area Ketjen black carbon powder (EC-300JD) was pur-
chased from AkzoNobel. Carbon-supported Pt (Pt/C, 20 and 60 wt%), 
Pd (Pd/C, 20 wt%), Rh (Rh/C, 20 wt%), Ru (Ru/C, 20 wt%) and PtRu 
catalysts (PtRu/C, 60 wt%) were purchased from the Fuel Cell Store. 
D2021 Nafion dispersion (20 wt%) and AvCarb MGL190 carbon paper 
were also purchased from the Fuel Cell Store. The quaternary ammo-
nium poly(N-methylpiperidine-co-p-terphenyl) (ion exchange capac-
ity = 2.50 ± 0.05 mmol/g, 25 ± 2 µm thick) membrane and ionomer 
binder were obtained from Eve Energy. Deionized water (18.2 MΩ cm) 
was acquired from a Barnstead Nanopure water purification system. 
Ultrahigh-purity (UHP) nitrogen (UHP N2, 99.999%), UHP Ar (99.999%), 
UHP H2 (99.999%), UHP O2 (99.999%) and CO (99.99%) were supplied by 
Airgas. All chemicals were used as received without further purification.

Preparation of PdHx NS and PdHx@Pt NS catalysts
In a typical synthesis procedure, 0.05 mmol of palladium(II) acetylace-
tonate and platinum(II) acetylacetonate were dissolved in a 20-ml vial 
with 6 ml of oleylamine at 120 °C for 5 min until the solution became 
clear. After the solution was cooled down, EC-300JD carbon powder 
and 35 mg of ascorbic acid were added, followed by 1-h sonication until 
a homogeneously dispersed solution was obtained. The solution was 
then transferred to a 50-ml autoclave with a magnetic stirrer bar, sealed 
and purged with 0.3-MPa CO. The autoclave was then placed in an oil 
bath at 190 °C for 3 h under magnetic stirring (900 rpm). After the auto-
clave was cooled down and vented, the catalysts were collected using a 
centrifuge at ~6,000g (8,000 rpm) for 3 min. The precipitates were then 
washed five times with EtOH and hexane (vol. 1:1) and dried at 60 °C for 
2 h. A series of catalysts with platinum(II) acetylacetonate ratios (5%, 
10%, 15%, 25% and 50%) were synthesized. The catalysts are denoted as 
PdHx@Pt-5 NS, PdHx@Pt-10 NS, PdHx@Pt-15 NS, PdHx@Pt-25 NS and 
PdHx@Pt NS (the target catalyst reported in this article), respectively.

Preparation of Ir/C (20 wt%)
Ir/C was prepared following our previous work53. In brief, 15.5 mg of 
IrCl3·xH2O and 40 mg of EC-300JD carbon powder were dispersed in 
10 ml of water in a beaker with 30-min sonication. The solution was then 
heated with magnetic stirring on a hotplate to form a slurry. The slurry 
was then sonicated for 10 min and then dried at 60 °C in an oven for 
10 h. The dried sample was ground into a powder and annealed in a flow 
furnace under a forming gas (5% H2/N2) atmosphere at 400 °C for 2 h.

Physicochemical characterization
Powder XRD patterns were collected on a Rigaku Ultima IV diffrac-
tometer (Cu Kα, λ = 1.5406 Å) operated at 1.76 kW (40 kV and 44 mA). 
EDX mappings and high-angle annular dark-field scanning TEM 
(STEM) images were conducted using Thermo Scientific Spectra 300 
Ultra S/TEM (120 kV) and FEI Tecnai F20 TEM/STEM (200 kV). The 
four-dimensional STEM data were collected using a Thermo Fisher 
Titan Themis Cryo S/TEM device with a field-emission gun (X-FEG) and 
a monochromator, operated at 300 kV and room temperature. The 
dataset was acquired with a C2 aperture of 10 μm, camera length of 1.5 m 
and convergence angle of 0.12 mrad in the microprobe mode, utilizing 
the electron microscope pixel array detector GII. The settings included 
a dwell time of 100 μs and a total dose of 800 e− Å−1. The XPS measure-
ments were carried out using a Scienta Omicron ESCA-2SR with mono-
chromatic Al Kα X-rays (1,486.6 eV). The XAS spectra of of the Pd K edge 
and Pt L3 edge were acquired at the beamline ISS 8-ID of the National 
Synchrotron Light Source II, Brookhaven National Laboratory54.

Electrochemical measurements
The rotating-disc electrode experiments were performed in a conven-
tional three-electrode cell with a WaveDriver200 potentiostat from 
Pine Instruments. Before the measurements, the three-electrode cell 
was soaked in aqua regia and rinsed with deionized water several times 
to remove any contaminants. The catalyst ink solutions (5 mg ml−1) were 
prepared by dispersing catalysts (20 wt% or 60 wt%) in 0.25 wt% of a 
Nafion/ethanol solution, followed by sonication for around 30 min to 
form homogeneous catalyst inks. Thin-film electrodes were made by 
drop casting the ink onto a glassy carbon electrode (d = 5 mm) with a 
pipette, achieving a metal loading of 15 µg cm−2 (the loading is shown in 
Fig. 2). The loadings shown in Fig. 1 were adjusted from 15 to ~20 µg cm−2 
to accommodate the difference in electrochemical surface area, since 
the half-wave potentials in the ORR polarization curves were used to 
compare the activities of PGM-group metal particles supported on 
carbon. A high-surface-area graphite rod (99.995%) was used as the 
counter electrode and a Ag/AgCl (saturated KCl) electrode served 
as the reference electrode. All potentials reported in this work are 
referenced to the RHE, which was calibrated in the same electrolyte 
using the potential at zero current of the hydrogen oxidation/evolu-
tion reaction polarization curves on a polycrystalline Pt electrode. 
Cyclic voltammograms (CVs) for all the samples were performed in 
UHP-Ar-saturated electrolyte solutions from 0.05 V to 1.1 V versus RHE 
at a scan rate of 20 mV s−1. The ORR polarization curves were acquired 
in a UHP-O2-saturated electrolyte from 0.30 V to 1.10 V versus RHE at 
a sweep rate of 5 mV s−1 and a rotation rate of 1,600 rpm. All the ORR 
polarization curves were manually compensated with 90% iR loss. The 
electrochemical specific surface areas of all the catalysts were deter-
mined by CO stripping experiments. The CO stripping experiments 
were performed by holding the electrode at 0.1 V versus RHE for 10 min 
in a CO-saturated electrolyte, followed by Ar purging to remove residual 
CO, and subsequent potential scanning from 0.1 V to 1.1 V at 20 mV s−1.

The ORR kinetic currents were calculated via the Koutecký–Lev-
ich equation: ik = (i × ilim)/(ilim − i), where i represents the measured 
current at a specific potential and ilim denotes the diffusion-limited 
current. The kinetic current data are also consistent with those deter-
mined via the Koutecký–Levich plot (intercept of i−1 versus ω−1/2; 
Supplementary Fig. 15 and Supplementary Table 2). For each catalyst, 
its specific activity and mass activity were determined by normalizing 
the kinetic current to the electrochemical active surface area (from CO 
stripping) and the loading of precious metals (Pt + Pd), respectively. 
To evaluate the long-term durability of the catalyst, the ADT protocol 
was carried out by cycling the potential between 0.6 V and 1.0 V versus 
RHE at a scan rate of 100 mV s−1 for 10,000 cycles.

XAS measurement and analysis
All the operando XAS spectra of Pd K edge and Pt L3 edge were collected 
in the fluorescence mode under real-time electrochemical conditions 
using a custom-made electrochemical cell setup at room temperature, 
at the beamline ISS 8-ID of National Synchrotron Light Source II54. 
Details of the design and operation of this custom-made electrochemi-
cal cell are provided in our previous study55. The preparation of the 
catalyst electrode for operando XAS experiments was similar to the 
rotating-disc electrode, except that the ink was drop cast onto one 
end (1 × 1 cm2) of a piece of carbon paper (1 × 6 cm2, AvCarb MGL190, 
Fuel Cell Store), which worked as both non-active and support with 
negligible effects on the catalytic current. The loading of the catalyst 
was 0.1 mg cm−2. Before the XAS measurement, the electrode surface 
was cleaned by several potential cycles. The operando XAS spectra data 
were collected at the potentiodynamic (non-steady) or potentiostatic 
(steady-state) modes. For the potentiodynamic mode, the XANES spec-
tra of Pd K edge or Pt L3 edge were recorded under potential scanning 
from 0.05 V to 1.10 V versus RHE with a scan rate of 1 mV s−1. The spectra 
were collected every 15 s, including 10 s for tuning monochromators 
and 5 s for data acquisition, giving rise to a potential resolution of 15 mV. 
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For the steady-state mode, the XAS spectra including both XANES and 
EXAFS were collected under varied applied potentials increasing from 
0.30 V to 1.10 V and decreasing from 1.10 V to 0.30 V. All the XAS data 
were analysed with the Athena software packages56.

DEMS study for carbon corrosion
The DEMS measurement for CO2 monitoring was performed at room tem-
perature with a custom-built cell. A detailed description of the DEMS setup 
is provided in our previous work44. The working electrode was prepared by 
drop casting 10 µl of catalyst ink onto a piece of Au-sputtered (~100 nm) 
porous polytetrafluoroethylene membrane and followed by drying using 
an infrared lamp. The working electrode was then assembled between a 
stainless steel frit and polytetrafluoroethylene gasket. A Pt coil served as 
the counter electrode and a Ag/AgCl (saturated KCl) electrode was used 
as the reference electrode. During the experiment, CO2 evolved from the 
working electrode (with catalyst) can easily access the vacuum chamber 
through the porous membrane, rather than undergoing carbonation 
with hydroxide species in the solution. Thus, the generated CO2 can be 
detected by a quadrupole mass spectrometer in less than 1 s. Before 
executing the experiment, ~4 ml of 0.1-M KOH solution was transferred 
to the electrochemical cell and purged with oxygen for at least 20 min 
to remove any residual air from the solution. Controlled potential scans 
were applied to the system with a potentiostat from Pine Instrument 
and a custom-made LabVIEW 8.2 program was used to record the mass 
spectrometric signals at m/z = 44, corresponding to CO2

+. The collected 
data for CO2 were processed by subtracting the background signals.

AEMFC assembly and testing
The alkaline polymer membrane and ionomer binder used in the MEA 
were quaternary ammonium poly(N-methylpiperidine-co-p-terphenyl) 
(ref. 57). In brief, the catalyst/ionomer binder with a mass ratio of 4:1 
was dispersed in a mixture of n-propanol and ethanol under soni-
cation, and then spray coated onto the two sides of the quaternary 
ammonium poly(N-methylpiperidine-co-p-terphenyl) membrane 
with a geometric area of 4 cm2 on a heated vacuum table at 72 °C. The 
catalyst loadings in the cathode or anode were varied to optimize the 
MEA performance. The as-prepared catalyst-coated membrane was 
then soaked in 1.0 M of KOH at 60 °C for 10 h to exchange Cl− with OH−, 
and rinsed with deionized water for several times before assembly. The 
resulting catalyst-coated membrane was placed between two pieces 
of Teflon-treated carbon paper (AvCarb MGL190) and assembled with 
bipolar plates and Teflon gaskets, tightened with 6 N m of torque. 
Single-AEMFC performance was evaluated at 80 °C in an 850e fuel cell 
test system from Scribner Associates. Fully humidified O2 and H2 gases 
were supplied to the cell with a gas back pressure of 0.2 MPa on both 
sides. AEMFC stability measurements were performed at a current 
density of 600 mA cm−2 with 10 μgmetal cm−2 of Pt/C and PdHx@Pt NS 
cathodes. Data points for stability evaluation were recorded follow-
ing a transient voltage decay. The recovery polarization curves were 
obtained by applying a fixed current step of 0.25 A cm−2, with each step 
held for approximately 10 s. During this time, the voltage was allowed 
to stabilize before moving to the next current step. The cell voltage 
ranged from the open-circuit voltage (~1 V) down to 0.2 V. Although 
not implemented here, the best experimental practice is to perform 
periodic recovery polarization at fixed time intervals.

Data availability
The data supporting the findings of this study are available in the Arti-
cle and its Supplementary Information. Additional data are available 
from the corresponding authors on request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Comparison of ORR activities on Polycrystalline Pt 
(Poly_Pt) and Polycrystalline Pd (Poly_Pd) in acidic and alkaline electrolytes. 
a, O2-saturated 0.1 M HClO4. b, O2-saturated 0.01 M HClO4. c, O2-saturated 0.01 M 
KOH. d, O2-saturated 0.1 M KOH. e, O2-saturated 1.0 M KOH. Scan rate: 5 mV s−1; 

rotation rate: 1,600 rpm. f, Specific activity measured at 0.85 V vs. RHE. The 
comparison showed that the ORR performance of polycrystalline Pd could 
rival, and even surpass, that of polycrystalline Pt at higher pH values, despite 
polycrystalline Pd being significantly less active than Pt at lower pHs.
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Extended Data Fig. 2 | CO stripping and ORR performance of Pt/C, Pd/C and 
a series of PdHx@Pt NS catalysts prepared with different Pt precursor molar 
ratios (5%, 10%, 15%, 25% and 50%). a, CO stripping voltammograms of different 
catalysts in Ar-saturated 1.0 M KOH solution. Since Pt was deposited onto the 
surface of PdHx NS, the surface coverage increased with higher Pt precursor 
ratios. Accordingly, the CO stripping peak of PdHx NS initially exhibited a much 
more positive peak potential than Pt/C, but progressively shifted negatively as 

the Pt ratio increased. Notably, PdHx@Pt NS showed a peak position matching 
that of Pt/C, indicating that its surface was nearly fully covered with Pt. b, c, ORR 
polarization profiles of catalysts during anodic (b) and cathodic (c) scans in 
O2-saturated 1.0 M KOH solution. Even though PdHx@Pt NS did not significantly 
enhance the ORR activity (ΔE1/2 = 5 mV compared to PdHx NS) during the anodic 
scans, an activity improvement of 43 mV was achieved in the cathodic scans, 
pointing to the superior oxidative stability of PdHx@Pt NS.
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Extended Data Fig. 3 | Operando XANES spectra at the Pt L3-edge. a, b, Spectra 
of PdHx@Pt NS (a) and Pt/C (b) measured under steady-state conditions.  
c, d, Comparisons of XANES spectra collected at 0.3 V for PdHx@Pt NS (c) and 
Pt/C (d) during different scan directions. The 0.3 V during anodic scan  

indicates the initial potential when the potential was ramped from 0.3 V to 1.1 V. 
The 0.3 V during cathodic scan means the applied potential when it decreased 
from 1.1 V to 0.3 V.
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Extended Data Fig. 4 | XANES and EXAFS analyses of catalyst stability after 
10,000 ADT cycles. a, b, XANES spectra of PdHx@Pt NS (a) and Pt/C (b) before 
and after 10,000 ADT cycles. PdHx@Pt NS displayed no change before and after 
ADT cycles while Pt/C exhibited a clear diminution in intensity at the white line. 

c, d, Pd K-edge XANES (c) and Fourier transforms of k3-weighted EXAFS spectra 
(d) of PdHx@Pt NS after 10,000 cycles. PdHx@Pt NS displayed no substantial 
changes before and after ADT cycles.
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