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Abstract
To realise sustainable hydrogen economy, corrosion-resistant non-noble metal catalysts are needed to
replace catalysts based on noble metals. The combination of passivation elements and catalytically
active elements is crucial for simultaneously achieving high corrosion resistance and high catalytic
activity. Here, we investigated the self-selection/reconstruction characteristics of multi-element (nonary)
alloys that could automatically redistribute suitable elements and rearrange surface structures under the
target reaction conditions. We found the following synergetic effect (i.e. cocktail effect) among the
elements: Ti, Zr, Nb, and Mo signi�cantly contribute to passivation, whereas Cr, Co, Ni, Mn, and Fe
enhance the catalytic activity. Practical water electrolysis experiments showed that the self-
selected/reconstructed multi-element alloy demonstrates high performance in proton exchange
membrane (PEM)-type water electrolysis without obvious degeneration during stability tests, verifying the
alloy’s resistance to corrosion in a practical PEM electrolyser.

Introduction
Hydrogen (H2) is important for achieving carbon neutrality, both as a next-generation energy source and
an energy carrier when combined with fuel cells. Water electrolysis driven by renewable energy is a
promising technology1–3 for hydrogen production with zero emission. Water electrolysis can be classi�ed
into the alkaline type4, proton exchange membrane (PEM) type5,6, and anion exchange membrane (AEM)
type7,8. Compared to the other types, PEM-type water electrolysis is considered eco-friendly and e�cient
because it generates no waste, produces very pure H2 gas (> 99.9999 vol% for PEM-type vs. >99.5 vol%

for alkaline type and > 99.99 vol% for AEM-type)9, and displays a high discharge H2 pressure (30–76

bar)10 and a high current density (1.0 − 4.0 A cm− 2) at low overpotentials (1.5 − 1.9 V)3,6,10,11 However,
e�cient electrocatalytic reactions in these systems require considerable amounts of noble metals, for
example, 300 kg of Pt in the cathode and 700 kg of Ir in the anode per 1.0 GW of power input of
electrolyser11. The scarcity of noble metals, especially that of Ir (global production: 63 kt/year)11, makes
it di�cult for PEM-type water electrolysis to reach net-zero carbon and sustainable development goals
(SDGs). Unfortunately, researchers have made little progress toward �nding alternative electrode
materials for PEM-type electrolysers, i.e. the reaction environment (ex. severe oxidation conditions under a
high operation voltage) wherein even noble metals can be dissolved (1.5 ng cm-2 h-1 dissolution rate for
Pt and 0.1 ng cm-2 h-1 dissolution rate for Ir)12,13. Thus, a key challenge is to develop highly corrosion-
resistant non-noble metal electrodes with the performance comparable to noble metal electrodes.

Multi-element alloys containing �ve or even more metals, called high entropy alloy, is a promising
candidate to replace noble metals. Some non-noble metal high entropy alloys displayed excellent
catalytic ability in half-cell reactions (i.e. hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER)) in alkaline or acidic electrolytes14–22. In addition, their corrosion is suppressed through
passivation (i.e., forming metal hydroxides or oxides) and the corrosion characteristics resemble those of
Cu-based alloys in seawater23. However, there has been no systematic investigation of their corrosion
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resistance mechanisms, or the functions and synergy (i.e. cocktail effect) of each element in the high
entropy alloy catalysts with combining both in situ-type electrochemical experiments and theoretical
calculations. The reason is that large number of combinations of elements and their compositions, as
well as the resulting system complexity, impedes the rational design, optimisation and computational
simulation of high entropy alloys. Moreover, no full-cell experiments using PEM-type water electrolyser
have been successfully carried out to verify that noble metal-based electrodes can be replaced by those
completely free from noble metals.

In this study, we propose a new approach to design high-entropic alloys (abbreviated to HEAs) from the
viewpoints of self-selection of elements and self-reconstruction of structures in target reaction conditions
(Scheme 1). The conventional exploration of HEAs adopts a bottom-up approach, in which different
numbers and combinations of metal species are systematically investigated for optimisation by adding
one element at a time. In contrast, in our top-down approach, �rst HEAs are prepared with a su�cient
number of elements, and the composition in its surface structure is automatically selected in the target
reaction conditions and subsequently rearranged under an applied voltage. This ‘self-selection’, namely
the dealloying of easy-to-dissolve metals, produces surface structures similar to those in an HEA
consisting of only passivation elements and the surface structure after the ‘self-reconstruction’ helps us
elucidate the catalytic reaction on the ‘selected’ surface. Thus, we can focus the combination of initial
elements and the performance evaluation, bypassing the lengthy trial-and-error process that is necessary
in the bottom-up approach. Using this concept, we investigate the effects of applied potential on the
corrosion behaviours of a nonary non-noble metal alloy (Ti, Cr, Mn, Fe, Co, Ni, Zr, Nb, and Mo) by quasi in-
situ electrochemical X-ray photoelectron spectroscopy (EC-XPS)24,25 under similar conditions of PEM-type
electrolysis. We identify an origin of the synergetic effect in the nonary alloy. (1) EC-XPS reveals that Ti,
Zr, Nb, and Mo signi�cantly contribute to passivation, while Cr, Ni, and Co are involved in redox processes
during the potential cycles. (2) Density functional theory (DFT) calculation reveals that Cr, Co, Ni, Mn, and
Fe enhance the catalytic activity. These conclusions are veri�ed by comparing the performances of the
nonary, quaternary (Ti, Zr, Nb, and Mo), and quinary (Cr, Mn, Fe, Co, and Ni) alloys in a practical PEM-type
electrolyser. The nonary alloy catalysts achieved high bifunctional catalytic activity as anodes and
cathodes with long lifetimes. This study provides new candidates and insights for replacing noble metals
with non-noble metals for not only PEM-type water electrolysers but also other water electrolysers, fuel
cells, and electrolytic synthesis cells for electrochemical CO2 reduction.

Results
Synthesis and characterisation of HEAs

Quaternary, quinary, and nonary alloys were synthesised by conventional arc melting. Mother metal
ingots were melted uniformly to obtain a 20-g button ingot of quaternary (Nb, Zr, Mo, and Ti; denoted as
4eHEA), quinary (Cr, Mn, Fe, Co, and Ni; denoted as 5eHEA), or nonary (Ti, Cr, Mn, Fe, Co, Ni, Zr, Nb, and
Mo; denoted as 9eHEA) alloy (Fig. 1a). The crystal structures suggest that 9eHEA contains new phases
unlike those seen in 4eHEA and 5eHEA (Fig. 1b). X‐ray �uorescence (XRF) spectroscopy results show that
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all HEAs contained different metals at almost the same molar ratios (Supplementary Table 1). The button
ingot was mechanically crushed by ball milling to reach a particle size of 500–1000 nm (Supplementary
Fig. S1). The speci�c surface areas measured by nitrogen adsorption/desorption method based on the
Brunauer–Emmett–Teller (BET) theory26 are 43.1, 2.7, and 4.7 m2g−1 for 4eHEA, 5eHEA, and 9eHEA,
respectively (Supplementary Fig. S2). Dark-�eld scanning transmission electron microscopy (DF-STEM)
was used to examine the mechanically crushed 9eHEA particles (Fig. 1c). The high-resolution DF-STEM
image revealed an amorphous-like lattice with high and low intensity distributions at the atomic scale
(Fig. 1d and Supplementary Fig. S3), indicating an absence of obvious segregation in any of the
elements. In addition, the elemental maps indicate that the nine elements were uniformly distributed in
the alloys, and therefore there was no obvious phase separation at the atomic scale on the crushed
particles. We further investigated the chemical binding states of HEAs after ball milling through X-ray
photoelectron spectroscopy (XPS). XPS can detect metallic states of elements in HEA with partial
oxidation under air conditions (Supplementary Figs. S4–S7). For electrochemical tests, the milled HEAs
were mixed with commercially available carbon black (CB) as dispersing supports (Supplementary Figs.
S2 and S8).

Corrosion behaviours of HEAs

The corrosion behaviours of the HEAs were studied in a N2-saturated 0.5 M aqueous H2SO4 electrolyte at
25 °C (Fig. 2a and Supplementary Fig. S9). The anodic polarisation curve from −0.55 to 2.2 V (vs.
reversible hydrogen electrode (RHE)) and the cathodic polarisation curve from 2.2 to −0.55 V (vs. RHE) for
the HEAs demonstrate a single cross potential (Ecoor). From the anodic polarisation curves of 9eHEA, the

corrosion current density (Icoor) at Ecoor was estimated27 as 1.26 μA cm−2 at 0.11 V. This Ecoor value is

close to that of bulk Cu (0.22 V)28. The Icoor value is higher than that of bulk Pt29, but lower than those of

Pt nanoparticles30, Pt-based alloy nanoparticles31, bulk non-noble metals (Ni, Cu, and Fe)28,32,33, 304
stainless steel34, Ni phosphide alloys32, high entropy alloys34–36, 4eHEA, and 5eHEA at similar conditions
(Fig. 2b and Supplementary Table 2). Moreover, the polarisation curves of 9eHEA at 2.20 V (vs. RHE)
reveal no obvious hysteresis (Supplementary Fig. S9), which indicates that this HEA has high corrosion
resistance without pitting-type corrosion37.

EC-XPS measurements of 9eHEA

The surface states and corrosion behaviours of 9eHEA were further investigated by EC-XPS in an N2-
saturated 2.5 mM aqueous H2SO4 electrolyte (Figs. 2c–f, Supplementary Figs.
S7 and S10, and Supplementary Tables 3 and 4). The linear sweep voltammograms were obtained from
0.14 (open circuit potential, (OCP)) to −0.30 V for HER processes and from 0.14 (OCP) to 1.9 V for OER
processes. There were no signi�cant differences in the EC-XPS data between the OCP and HER state,
indicating that the metallic state of HEA was preserved during the reduction processes (Figs. 2d–f). In the
OER processes at OCP, metallic Ti, Cr, Zr, Nb, and Mo were partially oxidised to TiO2, Cr(OH)3, ZrO2, Nb2O5,
and MoO2 as oxide layers, respectively. Mn, Fe, Co, and Ni were mostly maintained despite some partial
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dissolution. At the 1st oxidation stage (0.92 V), Ti, Cr, Mn, Zr, and Nb were further oxidised. Mo was
oxidised to MoO2 and MoO3. Mn, Fe, Co, and Ni were partially oxidised to Mn2O3, Fe2O3/Fe3O4, Co(OH)2,

and Ni(OH)2, respectively. At the 2nd oxidation stage (1.65 V), Cr, Co, and Ni showed potential-dependent
oxidation, which turned Cr(OH)3, Co(OH)2, and Ni(OH)2 to CrO3, CoO/CoO2, and NiO/NiO2, respectively. At
the OER stage (1.90 V), all elements on the surface were completely oxidised. After OER, the OCP was
negatively shifted to 0.89 V, and so the OER process was irreversible. This could be attributed to metal
leaching from 9eHEA during the OER processes and the redox reactions of Cr, Co, and Ni. Note that the
shift in binding energy of Ti, Zr, Nb, and Mo is proportional to the applied potential between OCP and 1.90
V (Supplementary Fig. S10), which indicates that their chemical states (i.e. oxidised state) are potential-
independent. Hence, their oxides work as passivation layers. These results during the OER processes
suggest that the nine metals play three different roles: (i) passivation (Ti, Zr, Nb, and Mo), (ii) redox-active
(Co, Ni, and Cr), and (iii) others (Mn and Fe).

Depth analysis of each element was carried out using angle-resolved EC-XPS (Supplementary Figs.
S7 and S11 and Supplementary Table S4). XPS data at the HER stage are similar to that at
OCP, indicating that all elements had identical distribution. In contrast, XPS data at the OER stage indicate
that Ti, Cr, Mn, Fe, Zr, Nb, and Mo were distributed uniformly along the depth direction, while Co and Ni
showed angle-dependent distributions. Considering the higher concentrations of Co and Ni atoms on the
surface at 1.90 V than at other potentials, these two elements were segregated only at the OER stage due
to the place exchange38,39 with oxygen species (Scheme 1). After the OER stage, Co and Ni penetrated the
underlaying passivation layers. Thus, the OER activity was enhanced by the self-reconstruction of Co and
Ni (i.e., segregation on the surface) that only occurs during the OER stage.

 

PEM-type water electrolysis

After con�rming the high corrosion resistance of our HEAs, we employed them as anode or cathode
catalysts in a membrane-electrode assembly (MEA) to verify the feasibility of a single-cell (4.0 cm2) PEM-
type electrolyser (Supplementary Fig. S12). To understand the catalytic activity of each HEA on individual
electrodes, we prepared three types of MEAs (Supplementary Fig. S13): commercially available Pt/C
cathode catalyst + HEA anode catalyst (abbreviated as Pt/C-HEA), HEA cathode catalyst + commercially
available IrO2 anode catalyst (abbreviated as HEA-IrO2), as well as Pt/C cathode catalyst + IrO2 anode
catalyst (abbreviated as Pt/C-IrO2) for benchmarking. Before the test, we optimised the ball-milling
conditions and the catalyst loading (Supplementary Fig. S14). To fairly compare the catalytic activity of
different HEAs, the I–V curves obtained using 4eHEA, 5eHEA, and 9eHEA as anode and cathode catalysts
were normalised by the respective BET surface area of HEAs (Figs. 3a–3b and Supplementary Fig. S15).
When HEA was used as cathode or anode, 9eHEA-IrO2 and Pt/C-9eHEA showed higher performances than

those using 4eHEA or 5eHEA. The cell voltage of 9eHEA at 1.0 A cm−2 current density normalised by the
electrode surface area (4.0 cm2) show 0.30 V (cathode) and 0.56 V (anode) higher than that of Pt/C-IrO2
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(1.58 V) (Fig. 3c). Their performances are comparable with reported noble metal catalysts and noble/non-
noble alloy metal catalysts in the PEM electrolyser (Supplementary Table S5). The 1.88 V (78.7%) and
2.14 V (69.2%) cell voltages of 9eHEA at 1.0 A cm−2 bring 15.0% and 24.5% energy conversion e�ciency
loss of the electrolyser7 in comparison to the Pt/C-IrO2 case (93.7%). Moreover, from the electrical
impedance data, their Ohmic resistance and charge transfer resistance are close to those of Pt/C-IrO2

(Supplementary Fig. S16).

Next, the cycling stability and durability of HEA catalysts were investigated (Figs. 3c and 3d). After 1,000
cycles, Pt/C-9eHEA showed no degradation at 5.0 A cm−2, while 9eHEA-IrO2 showed 5.4% reduction.

Chronoamperometry (CP) tests of 9eHEA at a current density of 1.0 A cm−2 for 100 h resulted in a current
density reduction of 13% (cathode) and 0% (anode). After the CP test, the morphology and chemical state
of catalysts on the MEA were investigated. Cross-sectional SEM images of MEA and XRD spectra
demonstrate that the original microstructures were well preserved (Supplementary Figs. S17 and S18).
DF-STEM and elemental mapping of 9eHEA anode catalysts revealed a homogeneous distribution
without obvious pitting corrosion (Supplementary Fig. S19). XPS data of 9eHEA in the cathode and
anode con�rmed the metallic state and heavily oxidised state, respectively (Supplementary Figs.
S20 and S21). After the CP test, the alloy’s composition remained almost unchanged (except for Nb as
Nb2O5 at the OER), which indicate that the surface structures are stable after the self-selection, and there
was no Ir contaminations from the system (Supplementary Fig. S22). For comparison, the cycling
stability of 4eHEA and 5eHEA was similarly investigated (Supplementary Fig. S23). Pt/C-4eHEA showed
no degradation but low performance, whereas Pt/C-5eHEA showed high performance as well as
degradation (Figs. 3a and 3b). These results indicate that the combination of Ti, Zr, Nb, and Mo (i.e.,
4eHEA) yields good passivation performance, while that of Cr, Mn, Fe, Co, and Ni (i.e., 5eHEA) gives good
catalytic performance.

 

Computational study of the catalytic mechanism

To understand the catalytic activities of each element in the HEA and obtain deep insight from the EC-
XPS results, we modelled the structures of 9eHEA (Fig. 4a) and estimated the Gibbs free energy for HER
and OER processes by high-throughput DFT calculations, with the aid of a machine-learning force �eld
(MLFF) generated from DFT-molecular dynamics (MD) simulation. We generated 49 slab models, whose
surface areas were around 1.5 nm × 1.5 nm. The computational details and typical adsorption structures
are given in Supplementary Information and Supplementary Figs. S24–S28. In the case of
HER40,41, highly e�cient catalysts tend to have their Gibbs free energy for H* adsorption, |ΔGH*|, close to

zero. For example, ΔGH* for Pt (ΔGH*
Pt) is approximately −0.08 eV. ΔGH* of each element on the 9eHEA

surface at 1796 calculation sites can take positive (2.3%) or negative (97.7%) values (Fig. 4b). In
particular, Mn (range: −0.0088 to −0.097 eV, 7 sites) and Fe (range: −0.0064 to −0.106 eV, 8 sites) could be
active sites as effective as Pt. Note that the nearest neighbour elements to the catalytically active sites
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with |ΔGH*| < 0.10 eV are Cr and Fe (15/26 sites) (Supplementary Table 6), which means that these
elements enhance the catalytic activity of the active sites. Moreover, we calculated the Gibbs free
energies of the OER processes42,43 at 270 sites, and focused on the |ΔGO*| (strong adsorption of O*
intermediate on the catalytic site) under an applied potential of 1.23 V (vs. RHE) as the rate-determining
step in the OER processes (Fig. 3c). Fe, Co, and Ni showed low adsorption energies of ΔGO* = −2.36,
−1.98, and −1.00 eV, respectively, in agreement with the experimental �ndings. Note that for the
catalytically active sites in the system with the largest |ΔG| < 3.0 eV, 71% of their nearest neighbour
elements are Fe, Mn, or Cr (27/38 sites, Supplementary Table 7). Therefore, these three elements promote
OER processes on the active sites. The interplay of active sites and their nearest neighbour elements is
important for enhancing the catalytic activities for HER and OER. Furthermore, we simulated the OER
processes on an initially oxidised surface to re�ect the real OER situation by using the model with the
segregated Ni suggested by EC-XPS (Supplementary Fig. S11). The pre-oxidised surface reduced the
activation energy by 0.99 eV (from −2.00 eV to −1.02 eV, Fig. 3f). Thus, the oxidation state near
catalytically active sites is also crucial for enhancing the OER activity and this �nding arises as a
consequence of the self-selection/reconstruction (Scheme 1).

Discussion
We report a bifunctional electrode catalyst based on HEA (9eHEA) and explored the mechanisms of its
high corrosion resistance and high catalytic activity by combining EC-XPS measurements, PEM-type
water electrolysis experiments, and DFT calculations of Gibbs free energy pro�les. The cooperative ‘self-
selection’ process in 9eHEA creates surface compositions/structures similar to those found in 4eHEA.
During the target reactions, the ‘self-reconstruction’ process causes automatic, cell voltage-dependent
segregation and integration of Co and Ni elements, providing favourable conditions for OER. The nine
elements in 9eHEA can be classi�ed according to their roles in PEM-type water electrolysis into: HER
active elements (Mn, Fe), support elements enhancing HER (Cr and Fe), OER-active elements (Fe, Co, and
Ni), support elements enhancing OER (Fe, Mn, and Cr), and passivation elements (Ti, Zr, Nb, and Mo). This
classi�cation is supported by further observations of other HEAs containing fewer elements: (i) 5eHEA
showed a higher catalytic activity than 4eHEA, (ii) 4eHEA demonstrated no degradation in the target
reaction (OER), and (iii) both 4eHEA and 5eHEA showed lower catalytic performances than 9eHEA. Thus,
the catalytically active elements (i.e., those in 5eHEA) and the passivation group of elements (i.e., those in
4eHEA) have synergetic effects in 9eHEA to simultaneously achieve high corrosion resistance (Fig. 2a)
and high catalytic activity (Fig. 3a and 3b). Furthermore, we tried to �nd the best HEA catalyst using the
bottom-up approach (Scheme 1) by synthesising 5eHEA (Cr, Mn, Fe, Co, and Ni), 6eHEA (Cr, Mn, Fe, Co, Ni,
and Mo), 7eHEA (Cr, Mn, Fe, Co, Ni, Nb, and Mo), and 8eHEA (Cr, Mn, Fe, Co, Ni, Zr, Nb, and Mo). By adding
one HER- and/or OER-active element at a time, we gradually improved the catalytic performance
(Supplementary Figs. S29–S32) and �nally reached 9eHEA. However, this approach is both cost- and
time-consuming compared to the proposed top-down approach.
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In conclusion, our systematic study revealed the fundamental mechanism of corrosion-resistant
bifunctional electrode catalysts based on HEAs, and provided the proof-of-concept for the top-down
approach to optimise HEA catalysts for practical PEM-type electrolysers. Our �ndings indicate that the
cooperative self-selection of elements and the self-reconstruction of structures on the surface can
accelerate the design and computational simulation of multi-element alloys by minimising the costly and
lengthy trial-and-error processes. The resultant non-noble metal electrodes with high stability during the
applied voltage cycles may be employed in PEM-type electrolysers driven by renewable power in
particular wind power. Due to the scalable (~ 100 kg/time), cost-e�cient (300 − 400 dollar/kg) and
material processing system such as arc melting and ball milling apparatus, the HEA catalysts can
contribute the global usage of PEM-type water electrolysis. More broadly, the corrosion-resistant multi-
element alloys with high catalytic activity would be crucial for replacing noble metal catalysts in not only
PEM-type water electrolysis but also other types of electrolysers, electrolytic syntheses, and batteries.

Methods
Preparation of HEA catalysts. Button-like ingots of high-entropic alloy (HEA) were prepared by arc melting
in pure Ar atmosphere (99.9999%, 60 kPa). Each alloy ingot (total weight: 20 g) was synthesised from the
following mother metals: Ti (99.9 wt%), Cr (99.99 wt%), Mn (99.99 wt%), Fe (99.95 wt%), Co (99.995 wt%),
Ni (99.995 wt%), Zr (99.9 wt%), Nb (99.9 wt%), and Mo (99.9 wt%). The mother metals were obtained from
Hirano Seizaemon Syouten Co. LTD, Rare Metallic Co. LTD., Japan Metal Service, Furuuchi Chemical Co.,
and Materials Research Corp. Prior to melting the mother metal ingots, a piece of Ti was melted as a
conventional oxygen getter. Equimolar amounts of all nine metals were well-melted, and then additional
Mn (10% equimolar amount) was introduced due to Mn’s tendency for evaporation (i.e. low boiling point
and higher vapour pressure). After complete dissolution of the mother metals, turnover and re-melting of
the ingot were repeated at least 6 times to make uniformly mixed alloys (i.e. homogenisation). The other
HEAs (4e, 5e, 6e, 7e and 8e HEA) were prepared similarly. The prepared HEA alloy ingot (Fig. 1a) was
mixed with carbon black (CB; Aldrich, product number: 05-1530) in 1:1 weight ratio and then milled with
ZrO2 grinding balls in 1:4 weight ratio HEA/CB to ZrO2 balls (5 mm diameter) at 60 rpm for 6 days. The
ball-milled powder was then collected and denoted as HEA/CB.

Sample characterisation. The morphology and microstructure of as-synthesised samples were
characterised using scanning electron microscopy (SEM; JEOL JCM-7000 NeoScope), transmission
electron microscopy (TEM; JEOL JEM − ARM200F), and the equipped apparatus for energy dispersive
spectroscopy (EDS; SDD Type, detection surface area 30 mm2, solid angle 0.26 sr). X-ray diffraction
(XRD) analysis was carried out using a D2 PHASER (Cu Kα1 radiation; λ = 1.5406 Å, Bruker). X-ray
�uorescence (XRF) spectra were measured using EDX-720 (Shimadzu). The surface chemical states were
studied with X-ray photoelectron spectroscopy (XPS; AXIS ultra DLD, Shimazu) with Al Ka irradiation and
an X-ray monochromator.

Corrosion experiments. Corrosion of the HEAs was measured in a typical three-electrode electrochemical
cell at 25°C with an electrochemical workstation (Biologic, VSP-300). An Ag/AgCl electrode saturated with
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KCl, a graphite rod, and 0.5 M aqueous H2SO4 (pH = 0.5, 95%, Wako, Japan) served as the reference
electrode, counter electrode, and electrolyte, respectively. The potential was calculated with respect to
reversible hydrogen electrode (RHE) using the equation ERHE = EAg/AgCl + 0.0591 × pH + 0.197. The
working electrode was prepared by dispensing 5.6 µL of a catalytic ink onto a disc of glassy carbon (GC;
5.0 cm diameter), resulting in a catalyst loading of 178 µgHEA cm− 2. To prepare the catalytic ink, 7.0 mg
of the crushed 4e, 7e or 9eHEA/CB (in 1:1 weight ratio) and 200 µL of Na�on (5 wt.%, Wako, Japan) were
added to 1800 µL of isopropyl alcohol (IPA, 99.7%, Wako, Japan). The ink was homogenised using an
ultrasonic bath for 10 min. Before corrosion experiments, N2 (99.99%) was passed through the electrolyte
for at least 30 min to remove any dissolved reactive gases. Then, 50 cyclic voltammetry (CV) cycles were
recorded in the potential range between 0.05 and 1.45 V (vs. RHE) at the scan rate of 50.0 mV s− 1.
Subsequently, an anodic and a cathodic polarisation curves were acquired at the scan rate of 0.10 mV s− 

1 in the respective potential ranges of − 0.55 to 2.2 V (vs. RHE) and 2.2 to − 0.55 V (vs. RHE).

Electrochemical XPS measurements. A piece of 9eHEA with a diameter of approximately 7 mm was cut
and mirror-polished with sandpaper and �ne alumina slurries (Baikalox, BAIKOWSKI, France). The area of
the polished surface was 0.340 cm2. After introduction into the UHV system, carbon contamination and
oxide layer on the alloy surface were removed by Ar ion etching at 3 keV. A clean, metallic surface on the
test alloy was con�rmed by XPS (ESCA5800, ULVAC-PHI, Japan) combined with an electrochemical
chamber20,21. Electrochemical measurements were performed in 2.5 mM H2SO4 electrolyte (pH = 2.3) in
the electrochemical chamber �lled with high-purity N2 (G1, 99.99995 vol%, Taiyo Nippon Sanso, Japan).
Note that the low concentration of H2SO4 minimised residual electrolytes on the electrode surface during
the emersion process. After removing all oxides on its surface, HEA was immersed as a working electrode
in the electrolyte, with a piece of Pt foil and a reversible hydrogen electrode as the counter and reference
electrode, respectively, at open circuit potential (OCP) which corresponds to the corrosion potential of
9eHEA. Linear sweep voltammetry (LSV) was performed with a sweep rate of 2.0 mV s− 1 from the OCP to
a designated electrode potential. The potential was applied for 5 min before the emersion process. After
measurement at each potential, the HEA was taken out of the electrolyte solution, the electrochemical
chamber was evacuated quickly using a combination of a sorption pump and a cryopump, and the HEA
electrode was transferred into the XPS chamber. This emersion process from the electrolyte solution to
UHV usually took approximately 5 min without exposing the electrode surface to air. The XPS
measurements were performed from − 10 to 1000 eV in the survey scan mode, and then each element
was investigated in the narrow scan mode. In addition, the detector was moved from 45° to 75° for depth
analysis. After measuring the OER processes, the HEA was mirror-polished again and used to measure
the HER processes in similar ways. All spectra were referred to Nb, which showed the most stable
intensity. For each element, the chemical species were assigned on the basis of binding energies reported
in the ULVAC-PHI database44.

Fabrication of MEA. Anode and cathode catalyst inks were prepared. For each MEA sample, ball-milled
HEA/CB powder (30 mg), Na�on™ solution (57 µL for the anode ink, 104 µL for the cathode ink), and



Page 11/19

IPA/deionised water (1.8 mL:0.2 mL) were sonicated for 1 h to produce a homogeneous ink. A Na�on 115
membrane (thickness: 125 µm, active area: 4.0 cm2) was treated by sequential immersion to remove
contaminations on the membrane in (i) 3.0 wt% H2O2 solution at 80°C for 1 h, (ii) deionised water (18.2
MΩ cm, Millipore) at 80°C for 1 h, (iii) 1.0 M H2SO4 solution at 80°C for 1 h, and (iv) deionised water at
80°C for another 1 h. The prepared catalyst ink was then spray-deposited onto the pre-heated (120°C)
Na�on membrane using an Aerograph airbrush to form a catalyst layer, with a loading amount of 6.0 mg
cm− 2 for HEA/CB and 1.0 mg cm− 2 for Pt/C or IrO2. Note that HEA catalyst inks without CB were not
dispersed well in the IPA/deionized water and then the spray-deposition was failed. Subsequently, a gas
diffusion layer (GDL) made of mesoporous carbon paper (SGL Carbon, GDL 22BB) surface-coated with
CB was hot-pressed onto the cathode catalyst layer on a pre-heated hot-press (130°C) at 5.0 MPa (50 kg
cm− 2) for 3 min. An MEA consisting of the noble metal catalysts Pt/C and IrO2 (loading amount: 1.0 mg

cm− 2 for each) was similarly prepared as benchmarks.

PEM-type water electrolysis test. A potentiostat (VSP-300, Biologic) equipped with booster units (30 A)
was used to carry out the single-cell experiments, which all used a cell temperature of 80°C and ambient
pressure. Deionised water at 85°C was supplied to the anode side at a �ow rate of 10 mL min− 1. The cell
was conditioned by ramping the current density to 5.0 A cm− 2 and then holding it for at least 2 h before
the tests to remove easy-to-dissolve metals and other contaminations. Stable I–V polarisation curves
were recorded from 0 to 5.0 A cm− 2 at a scan rate of 5.0 mV s− 1. Accelerated stress tests were performed
by scanning the cell voltage between 0 and 3.2 V with a scan rate of 1.0 V s− 1 for 1000 cycles. In CV
experiments, the cell voltage in the cyclic voltammogram was automatically iR-compensated with the
Ohmic resistance measured at 0.0 V (vs. RHE). Chronopotentiometry (CP) was performed by holding the
current density at 1.0 A cm− 2 and recording the data for 100 h. Electrochemical impedance spectroscopy
(EIS) measurements were performed in the frequency range of 100 MHz–20 kHz with current
perturbations of ± 200 mA at cell voltages ranging from 1.6 to 2.7 V.

DFT calculations. DFT calculations were performed with the VASP code45 using the projected augmented
wave (PAW) method46. The Perdew-Burke-Ernzerhof (PBE) functional47 was employed as the exchange-
correlation functional. The plane wave energy cutoff was set to 400 Ry. Because the atomic-level
structure of 9eHEA was not known, we adopted a high-throughput protocol with the aid of machine
learning. First, a cubic cell (edge length: 15 Å) was created, and 216 atoms (24 atoms per species) were
inserted into it. After 5 ps of equilibration, we ran 30 ps of DFT-MD simulation with the time step of 2 fs.
DFT-MD simulation was performed at 3000 K in the NVT ensemble. Such a high temperature was
adopted to avoid the structure being trapped in local minima and to accelerate the con�gurational
sampling. However, 30 ps was too short for unbiased sampling of 9eHEA structures, and therefore a
MLFF was constructed from the DFT-MD trajectory based on the Gaussian approximated potential
(GAP)48 and smooth overlap of atomic potential (SOAP)49 schemes. Using the constructed MLFF, we ran
10 ns of classical MD simulations at 3000 K using the LAMMPS package50 and picked 7 snapshots.
Starting from these snapshots, we further ran 5 ps of DFT-MD simulation and then optimised the bulk
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structures including the unit cell vectors. Seven surface slab models were created from each bulk
structure by inserting vacuum at z = 0, 2, 4, 6, 8, 10, and 12 Å. In this way, we obtained 7 (bulk structures)
× 7 (surfaces) × 2 (up and down sides of the slab model) = 98 surface models of 9eHEA. After optimising
the slab model, we added the intermediate species for HER and OER on the surface atoms, and calculated
energy diagrams according to the protocol described in Supplementary Information.
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Schemes
Scheme 1 is in the supplementary �les section.

Figures

Figure 1

Characterisations of HEAs. (a) Photograph of 9eHEA ingot. (b) XRD patterns of HEAs. DF-STEM images
of 9eHEA at (c) low magni�cation and (d) high magni�cation. (e) Elemental maps of the nine elements in
9eHEA, demonstrating the homogeneous distribution of each element. Scale bar in (e): 30 nm.
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Figure 2

Corrosion-resistant characteristics and self-selection of elements in target reactions. (a) Typical corrosion
test of HEAs along the anodic scan direction in 0.5 M H2SO4 electrolyte. (b) Corrosion parameters of
various metals and alloys. (c) Linear sweep voltammogram of 9eHEA in 2.5 mM H2SO4 electrolyte. EC-

XPS measurements were performed at the potentials of OCP (0.14 V, black), 1st stage (0.92 V, green), 2nd

stage (1.65 V, orange), OER (1.90 V, red), and then after OER (0.07 V, purple) and HER (−0.30 V, blue). (d–f)
EC-XPS data in the survey mode for 9eHEA at the potentials indicated in (c) using the same colour codes.
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Figure 3

Performance of PEM-type water electrolysis at 80 °C. I–V curves of 4eHEA, 5eHEA, and 9eHEA used in the
(a) cathode and (b) anode. The current density is normalised by the total surface area of HEA. (c)
Comparison of CV curves in the 1st and 1000th cycles for 9eHEA cathode and anode for cycling stability.
The current density is normalised by the electrode surface area (4.0 cm2). (d) Chronopotentiometry data
(iR-included) of 9eHEA cathode and anode at 1.0 A cm−2.
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Figure 4

DFT calculation of catalytically active sites on 9eHEA. (a) Calculation model of 9eHEA without oxidation.
The Gibbs free energies of (b) HER and (c) OER. Red triangles represent their catalytically active sites. The
calculation model of 9eHEA with pre-oxidation for (d) O* intermediate and (e) OOH* intermediate. Black
circles indicate the intermediates on catalytically active sites (Ni). Red and white balls represent O and H
atoms, respectively. (f) Gibbs free energy pro�les on the Ni with and without oxidation under an applied
potential of 1.23 V.
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