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Bimetallic nanoalloys planted on super-
hydrophilic carbon nanocages featuring
tip-intensified hydrogen evolution
electrocatalysis

Linjie Zhang 1,7, Haihui Hu1,7, Chen Sun1, Dongdong Xiao2, Hsiao-Tsu Wang3,
Yi Xiao1, Shuwen Zhao1, Kuan Hung Chen4, Wei-Xuan Lin4, Yu-Cheng Shao5,
Xiuyun Wang 6, Chih-Wen Pao 5 & Lili Han 1

The insufficient availability and activity of interfacial water remain a major
challenge for alkaline hydrogen evolution reaction (HER). Here, we propose an
“on-site disruption and near-site compensation” strategy to reform the inter-
facial water hydrogen bonding network via deliberate cation penetration and
catalyst support engineering. This concept is validated using tip-like bimetallic
RuNi nanoalloys planted on super-hydrophilic and high-curvature carbon
nanocages (RuNi/NC). Theoretical simulations suggest that tip-induced loca-
lized concentration of hydrated K+ facilitates optimization of interfacial water
dynamics and intermediate adsorption. In situ synchrotron X-ray spectro-
scopy endorses an H* spillover-bridged Volmer‒Tafel mechanism synergisti-
cally relayed between Ru and Ni. Consequently, RuNi/NC exhibits low
overpotential of 12mV and high durability of 1600 h at 10mA cm‒2 for alkaline
HER, and demonstrates high performance in bothwater electrolysis and chlor-
alkali electrolysis. This strategy offers a microscopic perspective on catalyst
design for manipulation of the local interfacial water structure toward
enhanced HER kinetics.

Hydrogen (H2) is an increasingly important piece of the net zero
emissions by 2050 puzzle1–3. So far, the most promising route for
sustainable green H2 production is the alkaline water electrolysis
powered by renewable electricity4. Unfortunately, its commercial
implementation is frustrated by the sluggish water dissociation (H2O +
* + e−→H* + OH−) kinetics of the cathodic hydrogen evolution reaction
(HER)5,6. In this context, considerable interest has been given to
leveraging the adsorption energies of H* andOH* intermediates in line
with the bifunctional mechanism7. Consequently, versatile transition-

metal alloy catalysts exhibiting dual-site synergy have been
developed8,9. Despite remarkable progress, the intrinsic site-specific
kinetics of these alloys typically fall short of that exhibited by noble Pt,
the current state-of-the-art HER catalyst. Additionally, their vulnerable
intermetallic synergy during prolonged catalysis remains an unre-
solved concern10. This underscores that, to underpin the success of
catalyst synthesis, it is crucial to not only consider the electronic reg-
ulation achieved through alloying but also to meticulously tailor the
local interfacial structure.
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Virtually, besides water dissociation, the interfacial water avail-
ability and activity are also twopivotal factors determining the alkaline
HER activity but have received relatively less attention11,12. Recent stu-
dies have shown that the hydrogen bonding network connectivity of
near-surface water molecules in the electric double layer (EDL) plays a
key role in addressing the water supply issues in alkaline HER, high-
lighting the importance of OH* favorably adsorbed on the catalyst
surface13–16. Although these findings fundamentally clarifies the kinetic
hysteresis in alkaline HER, they fail to explain the yet unsatisfactory
HER activity of those alloy catalysts that comprise metal with a high
OH* affinity17. Indeed, it is generally neglected that, in high pH elec-
trolytes, an increased degree of hydrogen bonding tends to form a
rigid, ice-like interfacial water layer. This layer may not only deactivate
the O‒H stretch for water dissociation but also impedes the diffusion
of dissociated OH‒ across the EDL to the bulk solution, thus hindering
active site recovery18–20. Moreover, the OH‒ adsorbed on catalyst sur-
face can stabilize the dissociated OH* via hydrogen bonding interac-
tions, making their desorption more difficult21. These concomitant
side-effects are believed to compromise the HER performance due to
the presence of a robust interfacial hydrogen bonding network.
Therefore, it is essential to find away out of this dilemma to unlock the
full potential of catalysts for alkaline HER. The formulation of a viable
strategy to customize the interfacial structure, thereby facilitating an
engineered hydrogen bonding network within the EDL, is highly
sought after.

In this study, we introduce an “on-site disruption and near-site
compensation” strategy designed to reshape the hydrogen bonding
network, thus achieving a trade-off between water availability and
activity at the catalyst interface (Supplementary Fig. 1). To
demonstrate this concept, we elaborately architect a range of Ni-
based bimetallic nanoalloys planted on super-hydrophilic N-doped
carbon nanocages (MNi/NC, where M denotes the other metals Ru,
Pt, Pd, Cu, Zn in each individual alloy) via an intriguing “Kirkendall
hollowing and alloying” process. The nanoalloys act as nanotips
protruding from the carbon nanocages, featuring the “tip effect”
which induces tip-enhanced local electric field, thereby con-
centrating hydrated electrolyte cations on their surfaces22,23. This
configuration is supposed to significantly disrupt the hydrogen
bonding network within the EDL, thus increasing its flexibility and
altering the OH* binding strength, which facilitates the OH* inter-
mediates removal into the bulk24–26. In addition, the penetration of
hydrated cations can transport polarized water molecules to the
catalyst surface in an H-down orientation, thus augmenting the
kinetics of water dissociation11,27–30. Moreover, the super-
hydrophilic character of the carbon nanocages support, endowed
by the abundant surface OH functional groups, is expected to
compensate for the integrality of hydrogen bonding network spa-
tially adjacent to the EDL, thereby counteracting the perturbations
caused by intruding cations. By leveraging this reorganized inter-
facial hydrogen bonding network, the exemplary RuNi/NC catalyst
features tip-intensified alkaline HER activity with both low over-
potential of 12 mV at 10mA cm–2 and Tafel slope of 30.9mV dec–1,
outperforming the established Pt/C benchmark with a 13.6-fold
increase in mass activity (5.32 AmgRu+Ni

−1 vs. 0.39 A mgPt
−1) at

–0.05 V vs. RHE. Furthermore, RuNi/NC displays a strong stability
up to 1600 h at 10mA cm–2, ranking it among the leading HER cat-
alysts in alkaline media. Its high HER performance also promises the
successes in both practical water electrolysis and chlor-alkali elec-
trolysis, achieving low voltages of 1.42 V and 1.96 V at 10mA cm–2,
respectively. Finally, mechanistic insights critically important to the
tip-intensified HER activity of RuNi/NC are depicted from both
theoretical and in situ studies, revealing significantly ameliorated
intermediate binding by the interfacial K+ cations, and a Ru‒Ni dual-
site synergy relayed in a hydrogen (H*) spillover-bridged Volmer‒
Tafel mechanism.

Results
Synthesis and characterizations of MNi/NC
The bespoke MNi/NC catalysts series, including RuNi/NC, PtNi/NC,
PdNi/NC, CuNi/NC and ZnNi/NC, were readily synthesized using a
generalizedmethod involving tandem high-temperature pyrolysis and
“inside-out” Kirkendall alloying and hollowing process (Fig. 1a). Initi-
ally, nickel nitrate was coordinated with ethylenediaminetetraacetic
acid (H4EDTA) to produce the coordination complex [Ni2(EDTA)]n
precursor. Subsequent pyrolysis at 1000 °C in an Ar atmosphere, fol-
lowed by an acid wash, yielded the intermediary Ni nanoparticles
encapsulated in N-doped nanocarbons (Ni@NC). Whereafter, Ni@NC
was mixed with specific metal salts and co-annealed in a 5wt% H2-Ar
atmosphere at a designated temperature to produce the final MNi/NC
catalyst. Notably, during the conversion from Ni@NC to MNi/NC, the
bulk of encapsulated Ni nanoparticles migrated outward and reacted
with the other metal present on the surface, forming smaller-sized
nanoalloys. This process resulted in a hollow interior and abundant
pore channels within the carbon nanocage. This unique structural
evolution can be reasoned to the intermingling ofmetals driven by the
typical Kirkendall effect, which arises from the relatively faster diffu-
sion rate of Ni atoms than the targeted metal (M) atoms at elevated
temperatures31. This culminates in a net outward flow of Ni atoms
toward the surface, and the subsequent vacancies coalescence into the
Kirkendall voids at the original sites of the Ni nanoparticles.

Transmission electron microscope (TEM) analysis of the inter-
mediary Ni@NC reveals the presence of buried Ni nanoparticles with
an average size of ca. 10 nm within the onion-like multilayered gra-
phitic nanocarbons (Fig. 1b, c and Supplementary Fig. 2). In contrast,
TEM images of MNi/NC clearly illustrate the formation of hollow car-
bon nanocages, characterized by shell thicknesses ranging from 2 to
3 nm and diameters spanning 5 – 10 nm, with curvature radii varying
from 2.1 to 6.0 nm (Supplementary Fig. 3). The external surfaces of the
nanocages are intricately adorned with Ni-based bimetallic nanoalloys
resembling nanotips protruding from the high-curvature carbon
nanocages. High-angle annular dark field (HAADF) scanning trans-
mission electron microscopy (STEM) mapping exhibits the evenly
distributed bimetallic elements within these nanoalloys (Fig. 1d‒mand
Supplementary Figs. 4–8). And atomic-resolution HAADF imaging
using aberration-corrected STEM (AC-STEM) reveals well-matched
lattice atomic arrangements corresponding to Ru1.68Ni0.32 (hex-
agonal), PtNi3 (cubic), Pd0.19Ni0.81 (cubic) and CuNi3 (cubic) and
Zn0.08Ni0.92 (cubic), respectively. Furthermore, their metal contents
determined by inductively coupled plasma-atomic emission spectro-
metry (ICP–AES) are presented in Supplementary Table 1. As observed,
a discrepancy in the alloy composition is evident for these MNi/NC
samples, especially for RuNi/NC, which exhibits a much lower Ni
content. This disparity might be attributed to the significant lattice
mismatch between hexagonal Ru and cubic Ni, which likely impedes
the complete Kirkendall alloying process, resulting in some Ni nano-
particles remaining unalloyed within the graphitic carbon nanocages.
Various factors, such as lattice matching, atomic radius, electronic
configuration, and thermodynamic compatibility of the metals are
posited to collectively influence the kinetics of Kirkendall alloying, and
consequently determine the final alloy structure.

The definitive phase structures of these nanoalloys were corro-
borated through X-ray diffraction (XRD) analysis (Fig. 1n). Except for
RuNi/NC, which shows diffraction peaks corresponding to hexagonal
Ru1.68Ni0.32 and residual cubic Ni, all other MNi/NC samples exhibit
similar patterns to Ni@NC and match well with the standard patterns
of their respective cubic alloy structures. Notably, a comparison
between Ni@NC and the MNi/NC series reveals a significant attenua-
tion of the graphite (002) peak at 26° in the latter, accompanied by the
emergence of an amorphous carbon peak at a lower angle. This
observation indicates an impaired graphite structure and evidences
the Kirkendall alloying process during which intermetallic
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interdiffusion across the carbon layers occurred. Such Kirkendall
alloying is anticipated to engender a strong metal-support interaction
that not only upgrades the electronic structures of nanoalloys but also
establishes a robust linkage between the nanoalloy and carbon nano-
cages conducive to sustained electrocatalysis. Besides, after Kirkendall
alloying, allMNi/NC samples exhibit enhancedwater affinity compared
toNi@NC, as evidencedby their super-hydrophilic characterswith low
water contact angles <10° (Fig. 1o and Supplementary Fig. 9). The
super-hydrophilicity of MNi/NC is primarily attributed to the rich
surface oxygen-containing functional groups and defects inherited
fromNi@NC formed during the pickling process, andmight be further
amplified by the increased surface roughness and microporosity
resulting from the Kirkendall alloying process. Importantly, this super-
hydrophilicity could play a crucial role in enhancing the HER

electrocatalytic activity by endowing the material with improved
electrolyte accessibility, enhanced mass transport, increased active
site availability, stabilized reaction intermediates, and reduced charge
transfer resistance.

3D electron tomography and X-ray spectroscopic analysis of
RuNi/NC
To meticulously dissect the local microstructural attributes, RuNi/NC
was selected as a prototypical example from the MNi/NC series for an
in-depth analysis. The STEM image presented in Fig. 2a clearly shows
the uniform dispersion of RuNi nanoalloys on carbon nanocages,
exhibiting a mean diameter of 2 nm (Supplementary Fig. 10). The well-
defined lattice atomic arrangement, characteristic of the hexagonal
P63/mmc Ru1.68Ni0.32 alloy oriented along the [10�1] zone axis, is

Fig. 1 | Schematic synthesis and structural characterizations of MNi/NC
(M=Ru, Pt, Pd, Cu, Zn) catalysts. aSchematic illustration of the synthetic process
of MNi/NC. b, c TEM images of Ni@NC. d‒m HAADF-STEM images (the orange
dashed circles sketch the outlines of the curved carbon nanocages) and EDS

mappings of MNi/NC, and AC-STEM images of MNi nanoalloys (insets are the
schematical crystallographic atomic arrangements): (d, e) RuNi/NC; (f, g) PtNi/NC;
(h, i) PdNi/NC; (j, k) CuNi/NC; (l,m) ZnNi/NC. n XRD patterns of Ni@NC and MNi/
NC. o Optical images showing water contact angles of Ni@NC and MNi/NC series.
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Fig. 2 | 3D TEM tomography and ex situ synchrotron XAFS study of RuNi/NC.
a–c HAADF and AC-STEM images of RuNi/NC. d 3D visualization of a single RuNi/
NC nanoparticle, showing the partial embedding of RuNi nanoalloy within the
carbon nanocage shell, achieved through electron tomography technique. eCross-
section of RuNi/NC, highlighting the multilayer porous shell and hollow cavity of

the carbon nanocage. f Laminated cross-sections and isosurfaces of RuNi/NC.
gXANES and (h) FT-EXAFS spectra at theNiK-edgeofNi@NC,RuNi/NC,Ni foil, and
NiO. i XANES and (j) FT-EXAFS spectra at the Ru K-edge of RuNi/NC, Ru foil, and
RuO2. Wavelet transform analysis of (k) Ni K-edge and (l) Ru K-edge EXAFS oscil-
lations of RuNi/NC.
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distinctly portrayed in Fig. 2b. Furthermore, the annular bright field
(ABF) STEM image in Fig. 2c clearly delineates that the RuNi nanoalloy
is effectively supported by the carbon nanocages featuring continuous
multilayer graphite lattice fringes. To resolve the local structure more
comprehensively, we performed three-dimensional (3D) electron
tomography for RuNi/NC (Supplementary Movie 1). The 3D structural
visualization depicts a singular RuNi nanoalloy about 3 nm in size
plantedon a carbonnanocagewith an approximatediameter of 20 nm,
as vividly shown in Fig. 2d and Supplementary Fig. 11. The pony-size
carbon nanocage, distinguished by its high-curvature surface, renders
the RuNi nanoalloy a nanotip-like protrusion, thus inducing a typical
tip effect on the RuNi nanoalloy with a locally enhanced electric field32.
Additionally, as a result of the outward Kirkendall diffusion of Ni
atoms, substantialmicropores areobserved across the entire structure
of the carbon nanocage. This observation is further attested by the
high specific surface area (326.3m2 g−1) and total pore volume
(1.18 cm3 g−1) of RuNi/NC, as measured by N2 isothermal sorption
(Supplementary Fig. 12). The cross-section depicted in Fig. 2e unveils
the apparent hollow cavity within the carbon nanocage composed of
multiple graphite layers. Their graphitic structure is verified by Raman
spectra (Supplementary Fig. 13), ensuring a highly conductive network
favorable for electrocatalysis33,34. Notably, it distinctly discloses that
the tip-like RuNi nanoalloy is partially embedded within the shell
region of the carbon nanocage. This configuration affirms a robust
metal-support interaction, indicative of a promising and enduring
framework for electrocatalysis. Such intimate integration between the
RuNi nanoalloy and the carbon nanocage is further elucidated by the
laminated cross-sections and isosurfaces of RuNi/NC, as depicted
in Fig. 2f.

The local electronic structures of Ni and Ru atoms in RuNi/NC
were then investigated by X-ray absorption spectroscopy (XAS).
Figure 2g illustrates that the X-ray absorption near edge structure
(XANES) spectroscopy reveals nearly coincident Ni K-edges for
Ni@NC and Ni foil, indicating the metallic state of Ni in Ni@NC35.
Conversely, the Ni K-edge of RuNi/NC is situated between those of
Ni foil and NiO, exhibiting a more pronounced white line peak
compared to Ni@NC. This suggests that the Ni valence in RuNi/NC is
intermediate between 0 and +2, likely due to electron transfer from
Ni to the more electronegative Ru in the RuNi nanoalloy, a finding
that is consistent with the X-ray photoelectron spectroscopy (XPS)
analysis (Supplementary Figs. 14–16). The local coordination
environment of Ni atoms in RuNi/NC was probed by Fourier trans-
formed extended X-ray absorption fine structure (FT-EXAFS) spec-
troscopic curve fitting analysis (Supplementary Fig. 17). The Ni K-
edge EXAFS spectrum shows a prominent peak at 2.15 Å, attributed
to Ni‒Ru and Ni‒Ni bonds, while a fainter peak at 1.56 Å corresponds
to the Ni‒N bond (Fig. 2h, Supplementary Tables 2 and 3)36. Besides,
the Ru K-edge XANES spectrum of RuNi/NC aligns with that of Ru
foil (Fig. 2i), and the Ru K-edge EXAFS of RuNi/NC reveals a sig-
nificant peak at 2.33 Å, indicative of Ru–Ni and Ru–Ru bonds (Fig. 2j
and Supplementary Table 4)37. The wavelet transformed EXAFS of
RuNi/NC further distinguishably demonstrates the local bonding
information, prominently featuring a strong peak of Ru–Ni bond
(Fig. 2k, l).

Electrocatalytic HER performance
TheHERperformanceofRuNi/NCwas assessed in 1MKOHsolution (pH
13.74 ±0.12) by a three-electrode configuration with a rotating disk
electrode (RDE) as theworkingelectrodeunder ambient conditions. For
comparison, Ni@NC, Ru/NC (Supplementary Fig. 18) and commercial
20wt% Pt/C catalysts were also tested under identical conditions. The
linear sweep voltammetry (LSV) curves illustrated in Fig. 3a and Sup-
plementary Fig. 19 demonstrate the high electrocatalytic HER activity of
RuNi/NC, achieving a low overpotential (η) of 12mV to deliver a current

density of 10mAcm‒2. This performance markedly surpasses those of
Ni@NC (459mV), Ru/NC (55mV) and Pt/C (28mV), poisoning it among
the leading results to date. Additionally, RuNi/NC requires merely −43
and −66mV to attain the current densities of 50 and 100mAcm‒2,
respectively. The superior HER activity of RuNi/NC is further validated
by a 13.6-fold increase in mass activity (5.32 A mgRu+Ni

−1, with a mass
loading of 0.01mg cm−2 for Ru and 0.03mg cm−2 for Ru +Ni) compared
to that of Pt/C (0.39AmgPt

−1, with amass loadingof0.05mg cm−2 for Pt)
at −0.05V vs. RHE (as per this potential scale hereafter) (Supplementary
Fig. 20). Given their similar electrochemical active surface area (ECSA)
estimated from the double-layer capacitance (Cdl) of RuNi/NC
(14.7mF cm‒2) and Pt/C (14.5mF cm‒2) (Supplementary Fig. 21), this
result indicates a substantially enhanced intrinsic activity of RuNi
nanoalloy active sites compared toPt. This conclusion canbe supported
by the significantly higher ECSA-normalized current density of
0.44mAcm‒2 for RuNi/NC, compared to the 0.12mAcm‒2 for Pt/C at
−0.1 V (Supplementary Fig. 22). To eliminate themass loading effect and
obtain a clearer idea of the intrinsic activity, the turnover frequency
(TOF) is calculated for all catalysts (Supplementary Fig. 23). The results
demonstrate thatRuNi/NCexhibits a significantly higherTOFvalue than
Pt/C across the whole potential range, achieving a TOF of 1.70 s−1 at an
overpotential of 100mV, which is nearly double that of Pt/C (0.89 s−1).
The underlying reaction kinetics is analyzed by Tafel plots shown in
Fig. 3b, revealing that RuNi/NC possesses a Tafel slope as low as
30.9mVdec‒1, significantly superior to Pt/C (48.1mVdec‒1), indicating a
rapid HER kinetic essence of RuNi/NC following the highly desired
Volmer–Tafel mechanism38. This enhanced reaction rate is further cor-
roborated by electrochemical impedance spectroscopy (EIS) measure-
ments, which confirm the lowest charge transfer resistance of RuNi/NC
among the samples (Supplementary Fig. 24). Notably, beyond its high
performance in alkaline media, RuNi/NC also demonstrates high HER
electrocatalytic activity in0.5MH2SO4 (pH0.33 ±0.03) and 1MPBS (pH
7.02 ±0.02) electrolytes (Supplementary Figs. 25‒28), with impressively
low overpotentials of 40 and 56mV at 10mAcm‒2, respectively (Fig. 3c
and Supplementary Table 5). These results endow RuNi/NC a high-
performance pH-universal HER electrocatalyst across various applica-
tion scenarios.

To further examine the durability of RuNi/NC for HER, a chron-
opotentiometric test was conducted at 10mA cm‒2 in 1M KOH. As
depicted in Fig. 3d, RuNi/NC exhibits a quite high catalytic stability
for up to 1600 h, with a minimal potential fading rate of only
0.036mV per hour, which is significantly lower than the 0.67mV per
hour observed for Pt/C over a duration of just 130 h under identical
conditions. Additionally, the catalytic stability of RuNi/NC was eval-
uated at higher current densities ranging from 50 to 300mA cm‒2,
revealing similarly high stability over durations of 140 – 200 h
(Supplementary Fig. 29). Such striking robustness validates the high
structural stability and corrosion resistance of RuNi/NC,which canbe
attributed to its structural superiority, including robust metal-
support interaction and finely tailored electronic structures. To
ascertain the actual contribution of RuNi nanoalloys for HER elec-
trocatalysis, a poisoning experiment was further implemented using
potassium thiocyanide (KSCN) as a probe reagent due to its strong
complexation ability to metal atoms39. As shown in Supplementary
Fig. 30, the introduction of 10mM KSCN into the electrolyte sig-
nificantly decreased the HER current density on RuNi/NC and
increased the overpotential to 125mV at 10mA cm‒2, implying the
inhibition of RuNi active sites by KSCNmolecules. This indicates that
the superior HER performance is predominantly attributed to the
RuNi nanoalloys. Importantly, the high electrocatalytic HER perfor-
mance of RuNi/NC exceeds that of the majority of previously
reported Ru- and Ni-based leading HER electrocatalysts in both
overpotential and stability metrics at a current density of 10mA cm‒2

in 1M KOH electrolyte (Supplementary Table 6).
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Overall water electrolysis and chlor-alkali electrolysis
performance
Motivated by the high alkaline HER performance of RuNi/NC, we
further explored its practical utility in overall water electrolysis in a
1 M KOH electrolyte, paired with a commercial RuO2 anode in a
single cell. As shown in Fig. 3e, LSVs reveal that the cell necessitates
only 1.42 V (without iR compensation) to reach a current density of
10mA cm‒2, significantly outperforming the Pt/C || RuO2 electro-
lyzer (1.61 V), as well as the majority of previously reported Ru-/Ni-
based alkaline water electrolysis HER electrocatalysts (Supple-
mentary Table 7). Moreover, the RuNi/NC || RuO2 electrolyzer
demonstrates an impressive capability to sustain a steady current
density of 10mA cm−2 throughout a prolonged test lasting over 40 h
with only minimal voltage decay (Fig. 3f). Notably, during the water
electrolysis, drastic bubbling was observed at both the RuNi/NC
cathode and RuO2 anode, while the H2 bubble flow on RuNi/NC was
obviously smoother without any adhesion (Supplementary Fig. 31
and Supplementary Movie 2), highlighting the super-hydrophilic

merit of RuNi/NC surface conducive to the rapid liberation of
active sites.

To further assess the practical applicability of RuNi/NC, we
conducted experiments mimicking industrial high-temperature
(90 °C) chlor-alkali electrolysis conditions. This process simulta-
neously generates caustic soda, chlorine gas (Cl2), and H2 through
brine electrolysis40,41. The electrochemical cell consists of two
chambers separatedby a cation-exchangemembrane, with the anode
chamber containing a saturated NaCl solution (pH 7.01 ± 0.03) and
the cathode chamber filled with a mixture of 3M NaCl and 3MNaOH
(pH 14.12 ± 0.11) (Supplementary Fig. 32). RuNi/NC was used as the
cathode HER catalyst, while commercial RuO2 was used as the anode
catalyst for the chlorine evolution reaction (ClER, E0 = 1.36 V vs. RHE).
As shown in Fig. 3g, it is noteworthy that this RuNi/NC || RuO2 elec-
trode pair achieves the chlor-alkali electrolysis at a current density of
10mA cm-2 with a low cell voltage of 1.96 V, significantly out-
performing the Pt/C || RuO2 combinationwhich requires 2.27 V under
identical conditions. Notably, this cell voltage represents by far the

Fig. 3 | ElectrocatalyticHERperformancesofRuNi/NC. a LSVs in 1MKOH.bTafel
plots in 1M KOH. c Comparison of overpotentials at 10mA cm‒2 (η10) in 1M KOH,
0.5MH2SO4 and 1M PBS. d Chronoamperometry for stability tests of RuNi/NC and
Pt/C at 10mA cm‒2 in 1M KOH without iR-compensation. The testing conditions
include RDE surface area: 0.196 cm2, catalyst loading: 0.25mg cm‒2, rotation rate:
1600 rpm, scan rate: 5mV s‒1, temperature: 25 °C, electrolyte pH: 13.74 ±0.12
(1M KOH), 0.33 ± 0.03 (0.5M H2SO4), and 7.02 ± 0.02 (1M PBS), electrolyte
resistance: 6.8 ± 0.2Ω (1M KOH), 6.2 ± 0.2Ω (0.5M H2SO4), 12.1 ± 0.1Ω (1M PBS).
e LSVs of RuNi/NC || RuO2 and Pt/C || RuO2 for overall water electrolysis.
f Chronopotentiometry of RuNi/NC || RuO2 for overall water electrolysis at

10mAcm−2. The testing conditions include carbon paper electrode surface area:
1 cm2, catalyst loading: 0.25mgcm‒2, cell configuration: single cell, scan rate:
5mV s‒1, temperature: 25 °C, electrolyte: 1M KOH (pH 13.74 ± 0.12), and without iR-
compensation. g LSVs of RuNi/NC || RuO2 and Pt/C || RuO2 for chlor-alkali elec-
trolysis. h Chronopotentiometry of RuNi/NC || RuO2 for chlor-alkali electrolysis at
10mAcm‒2. The testing conditions include electrode surface area: 1 cm2 (carbon
paper or low-carbon steel), catalyst loading: 0.25mg cm‒2, cell configuration:
H-type cell, membrane: cation exchange membrane, scan rate: 5mV s‒1, tempera-
ture: 90 °C, electrolytes: saturated NaCl (anolyte, pH 7.01 ± 0.03), and 3M NaOH
and 3M NaCl (catholyte, pH 14.12 ± 0.11), and without iR-compensation.
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lowest reported for chlor-alkali electrolysis (Supplementary Table 8).
Moreover, the authenticity of the anodic ClER is confirmed by
iodometric analysis, and rotating ring-disk electrode (RRDE) studies
demonstrate an average ClER selectivity exceeding 90% at 1.9 V vs.
RHE (Supplementary Figs. 33 and 34). Furthermore, durability tests
show that the RuNi/NC || RuO2 system maintained stable perfor-
mance during continuous operation at 10mA cm-2 for 120 h, with
minimal voltage fluctuations, highlighting the robustness of RuNi/NC
against brine-induced corrosion (Fig. 3h). These performances
position RuNi/NC as a promising candidate for large-scale chlor-alkali

electrolysis and other electrochemical processes requiring sustained
HER catalysts.

Mechanic understanding of the tip-intensified HER activity
To study how local interfacial structural manipulation benefits the cat-
alytic activity, we conducted COMSOL Multiphysics finite element
simulations to understand the relationship between nanotip curvature
and cation concentration at the electrode-electrolyte interface42–45.
Figure 4a illustrates the increase in electron density at the tip as cur-
vature increases, resulting in a localized enhancement of the

Fig. 4 | Finite element simulation, DFT calculations and in situ synchrotron
X-ray absorption spectroscopic study. a Color maps of electron density dis-
tribution on the surfaces of electrodes with different curvature radii of 2, 4, and
6 nm. b Simulated surface density distribution of K+ on a tip electrode with a
curvature radius of 2 nm. cThe applied potential-dependent local K+ concentration
on different curved tips.d Free energy diagrams ofH2O adsorption/dissociation on
different sites without K+ (denoted as E-field) and with K+ (denoted as K+/E-field).

e PDOSofRu andNi siteswithK+ onRuNi/NC surface towardH2O adsorption. f Free
energy diagrams of H* adsorption on different sites without K+ (denoted as E-field)
and with K+ (denoted as K+/E-field). g Comparison of H2O dissociation and H*
adsorption free energies on different sites.h Schematic illustration of the proposed
HER catalytic mechanism on RuNi/NC. i XANES and (j) EXAFS spectra at the Ru K-
edge, and (k) XANES and (l) EXAFS spectra at the Ni K-edge of RuNi/NC recorded at
different applied voltages during electrocatalytic HER process.
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electrostatic field. Quantitative analysis show that reducing the curva-
ture radius from 10 to 1 nm leads to a nearly four-fold increase in the
local electric field strength of the electrical double layer (EDL), from
0.67 × 105 – 2.6 × 105 kVm‒1 at ‒0.1 VRHE (Supplementary Fig. 35a). This
enhancement in electric field strength suggests a significant con-
centration of hydratedK+ cations in the outer Helmholtz layerwithin the
EDL. Applying the Gouy-Chapman-Stern model, we find that a tip with a
2 nm curvature radius exhibits approximately double the surface K+

concentration compared to a tip with a 4nm radius (Fig. 4b and Sup-
plementary Fig. 35b–d). Interestingly, our simulations indicate that tip
curvature has amore substantial effect on surface K+ concentration than
the applied potential (Fig. 4c). These findings support the hypothesis
that the tip effect might be leveraged in catalyst design to disrupt the
interfacial hydrogen bonding network by inducing K+ enrichment within
the EDL. This approach may facilitate the release of trapped OH* inter-
mediates, thereby enhancing HER activity46.

To delve deeper into the potential influence of concentrated
interfacial K+ cation on regulating the HER elementary steps, including
H2O adsorption/dissociation and H* adsorption/recombination, density
functional theory (DFT) calculations were performed. The slabs were
modeled based on the hexagonal RuNi (110) surface given its thermo-
dynamically favored stability (Supplementary Data 1, and Supplemen-
tary Figs. 36 and 37). In the presence of a local electric field with a
magnitude set at ‒1 V/Å29,43, two distinct scenarios were constructed: a
layer of H2O molecules without K+ (denoted as E-field) and with K+

(denoted as K+/E-field). Subsequently, the intermediate adsorption on
both the Ru site and Ni site were compared. The Gibbs free energy
change diagram for H2O adsorption and dissociation reveals that, in the
absence of interfacial K+, both Ru and Ni sites could readily adsorb H2O
(Fig. 4d). However, the introduction of K+ renders a selectively dis-
couraged H2O adsorption on the Ni site, while minimally affecting the
Ru site, implying a preference for H2O adsorption on the oxyphilic Ru
site. Notably, a spontaneous H2O dissociation only on the Ru site is
simulated in the presence of interfacial K+, suggesting the pivotal role of
interfacial hydrated K+ in promoting H2O dissociation and thus accel-
erating HER kinetics. The strong H2O adsorption/dissociation capability
on the Ru site is further evidenced by the computed partial density of
states (PDOS) of H2O adsorption with K+ and E-field (Fig. 4e), which
shows a larger orbit overlap and upshifted d-band center (εd) on Ru site
than that on Ni site. Moreover, Fig. 4f illustrates the Gibbs free energy of
H* adsorption (ΔGH*), where the presence of K+ and E-field endows Ni
site with an optimally favorable ΔGH* approaching zero, implying the
dissociated H* intermediates may overflow from Ru site to the adjacent
Ni site and preferentially absorb on there. This assertion is further
supported by the significantly lower activation free energy calculated
for H* migration from a Ru site to an adjacent Ni site compared to that
towards another adjacent Ru site (Supplementary Fig. 38). To perceive
the impact of interfacial K+ on regulating the adsorption behavior of
intermediates on Ru and Ni sites, Fig. 4g presents the specific Gibbs free
energies for bothH2Odissociation andH* adsorption onRu andNi sites.
By contrastive analysis, we can deduce that, the tip-intensified HER
electrocatalysis of RuNi/NC likely proceed through a cooperative relay
between neighboring Ru and Ni sites facilitated by hydrated K+. This
hypothesizedmechanismentails H2O adsorption anddissociation onRu
site, followed by the migration of dissociated H* and subsequent Tafel-
type recombination on Ni site, i.e. an H* spillover-bridged Volmer‒Tafel
electrocatalytic process, as schematically depicted in Fig. 4h.

To experimentally validate the catalytic mechanism of RuNi/NC
and elucidate the specific roles of Ru and Ni sites, in situ XAS mea-
surements were performed under operational HER conditions to
scrutinize the local structural evolutions and electronic changes of
RuNi/NC (Supplementary Fig. 39). Figure 4i presents the Ru K-edge
XANES spectra at varying applied potentials, a slight shift of the
absorption edge to the higher energy side under open circuit voltage
(OCV) as compared to the ex situ spectrum, indicates an increase in the

oxidation state of Ru. This shift is likelydue to the adsorption ofH2Oor
OH– on Ru atoms, causing electron delocalization and partial surface
atomrearrangement47,48. As the appliedpotential shifted to–0.025 and
–0.05 V, a gradual shift of absorption edge towards lower energy was
observed, indicating a reduced oxidation state of Ru subsequent to
H2O dissociation. This shift signifies rapid H2O dissociation under the
reductive conditions of HER, corroborating the efficacy of Ru in H2O
dissociation. Accordingly, the Ru K-edge FT-EXAFS spectra exhibited a
noticeable increase in the alloying degree as the applied potential
decreased (Fig. 4j), and upon returning to OCV, the Ru–Ni coordina-
tion peak recovered, suggesting a highly resilient active sites of RuNi/
NC for HER. In contrast, the Ni K-edge XANES spectra exhibited
imperceptible absorption edge shift under different applied potentials
(Fig. 4k), and the intensity of the first-shell peak in the FT-EXAFS
spectramarginally increased at –0.05 V (Fig. 4l), probably reflecting an
increased alloying degree under cathodic potential. This insensitivity
in electronic structure change implies that Ni atoms may not partici-
pate in the redox process during HER, aligning well with the non-
faradaic Tafel process involving the recombination of two H* to gen-
erate theH2 gas, thus affirming the role of Ni as anH*-adsorption site in
HER. The foregoing analysis unequivocally establishes that HER cata-
lysis by RuNi/NC adheres to a relayed Volmer–Tafel mechanism,
wherein Ru and Ni respectively facilitate the H2O dissociation-related
Volmer process andH* recombination-related Tafel process, which are
bridged by the H* spillover in between.

Discussion
We have developed a universal synthetic route for architecting Ni-
based bimetallic nanoalloys planted on super-hydrophilic and high-
curvature carbon nanocages, which feature the pronounced tip effect.
Leveraging these intriguing structural merits, we have successfully
achieved the cations penetration-induced reorganization of interfacial
hydrogen bonding network through an “on-site disruption and near-
site compensation” strategy. The exemplary RuNi/NC demonstrates a
high performance in HER, characterized by the tip-intensified high
mass activity and low Tafel slope, coupled with strong durability.
Moreover, its high catalytic capability has been showcased in both
alkaline water electrolysis and high-temperature chlor-alkali electro-
lysis. Finite element simulations in tandem with DFT calculations
suggest the pivotal roles of the tip-induced enrichment of surface K+

cations in facilitating the H2O dissociation-associated Volmer step and
the H* adsorption-associated Tafel step. Further mechanistic insights
garnered through in situ XAS studies disclose that the superior HER
activity is attributed to a synergistic relay between Ru and Ni sites via
an H* spillover-bridged Volmer‒Tafel catalytic mechanism. This study
not only presents a high-performance alkaline HER electrocatalyst but
also offers amicroscopic perspective for enhancingwater dynamicsby
meticulous local interfacial structural design of catalysts towardwater-
involved catalysis and beyond.

Methods
Chemicals
All chemicals and solvents used in this studywere reagent grade and not
further purified. Ethylenediamine tetraacetic acid (H4EDTA,
C10H16N2O8,≥99.5%), iron chloride hexahydrate (FeCl3·6H2O,≥99%),
nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 99%), zinc chloride
(ZnCl2,≥98%), N,N’-dimethylformamide (DMF, C3H7NO,≥99.5%), trie-
thylamine (C6H15N,≥99.5%), sodium hydroxide (NaOH,≥96%), sodium
chloride (NaCl,≥99.5%), potassium dihydrogen phosphate
(KH2PO4,≥99.5%), dipotassium hydrogen phosphate (K2HPO4·3H2O,
≥99%), isopropanol (C3H8O,≥99%), sulfuric acid (H2SO4, 95% ~ 98%)
and hydrochloric acid (HCl, 36% ~ 38%)were purchased fromSinopharm
Chemical Reagent Co. Ltd. Platinum tetrachloride (PtCl4, 99%) was
purchased from Shanghai Haohong Scientific Co. Ltd. Palladium chlor-
ide (PdCl2, 99%) was purchased fromShanghai Adamas Reagent Co. Ltd.
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Cupric chloride (CuCl2, 98%) was purchased from Aladdin. Potassium
hydroxide (KOH, 95%) was purchased from Macklin. Ruthenium chlor-
ide hydrate (RuCl3·xH2O, 99.9%) was purchased from J&K Scientific.
Nafion 117 solution was purchased from Dupont. And ultrapure water
(18.25MΩ cm) from a water purifier systemwas used in all experiments.

Synthesis of [Ni2(EDTA)]n
A solution was prepared by dissolving 3.32 g (11mmol) of Ni(NO3)2‧
6H2O in 40mLofDMF, followedby the addition of 3mL (21.6mmol) of
triethylamine and 1.18 g (4mmol) of H4EDTA dissolved in 60mL of
DMF. The resulting mixture was stirred for 1 h to form a precipitate,
which was subsequently washed three times with DMF by centrifuga-
tion. After drying under vacuum at 60 °C overnight, an aquamarine
powder of 2.06 g was obtained.

Synthesis of Ni@NC
2 g of [Ni2(EDTA)]n was finely ground and placed in a tube furnace for
pyrolysis. It was heated under an Ar atmosphere at a rate of 5 °Cmin‒1

until reaching 1000 °C, followed by dwelling at this temperature for
1 h. After naturally cooling, a black powder (552.8mg) was obtained.
This powder was then dispersed in amixed solution of 1M FeCl3‧6H2O
(28mL) and 1MHCl (22mL) at 80 °C and stirred for 12 h. After cooling,
the precipitated solid was washed with ultrapure water several times
until a near-neutral centrifugate was achieved. Finally, it underwent
vacuum drying at 60 °C overnight to yield a black powder product
(171.3mg).

General synthesis of MNi/NC (M=Ru, Pt, Pd, Cu, Zn)
TheMNi/NC synthesis adheres to a standardized procedure. To begin,
30mg of Ni@NC and a certain amount of the second metal salts were
combined in 20mL of distilled water and stirred overnight. Then the
resulting mixture underwent drying in an oven at 80 °C for 10 h. The
ensuing dried powder was subjected to calcination in a tube furnace
under an Ar atmosphere enriched with 5% H2. The heating process
proceeded at a rate of 5 °C min‒1 to a target temperature and was
maintained at this temperature for 2 h, followed by natural cooling to
yield the final black powder product. The specifical amounts of the
secondmetal salts, calcination temperatures (T), and product yields of
MNi/NC sample series are as follows, RuNi/NC (RuCl3·xH2O: 5mg, T:
1000 °C, yield: 21.3mg), PtNi/NC (PtCl4: 5mg, T: 1000 °C, yield:
22.5mg). PdNi/NC (PdCl2: 2mg, T: 1000 °C, yield: 23.4mg), CuNi/NC
(CuCl2: 5mg, T: 900 °C, yield: 25.6mg), ZnNi/NC (ZnCl2: 5mg, T:
600 °C, yield: 22.3mg). These adjustments ensure the synthesis of
distinct MNi/NC nanoalloys while maintaining the overall consistency
of the methodology.

Synthesis of Ru/NC
24.5mg of RuNi/NC was added into 20mL of 5M HCl solution and
stirred at 80 °C for 10 h. After cooling, the resulting solid was washed
with ultrapurewater several times until a near-neutral centrifugate was
achieved, followed by vacuum drying at 60 °C overnight to obtain the
black powder product (14.5mg).

Characterizations
The powder X-ray diffraction (XRD) patterns were obtained on a
Rigaku Miniflex600 X-ray diffractometer equipped with a Cu-Kα

radiation source (λ =0.154 nm). The morphology and structure of
nanomaterials were observed on transmission electron microscope
(TEM, Talos F200X, ThermoFisher Scientific) which was coupled with
energy dispersive X-ray spectroscopy (EDS) with an acceleration vol-
tage of 200 kV. Atomic-resolution high angle annual dark field-
scanning transmission electron microscope (HAADF-STEM) images
and EDS elemental maps were taken using JEM-ARM300F. Detailed
chemical compositions were analyzed by X-ray photoelectron spec-
troscopy (XPS) on ThermoScientific K-Alpha using a monochromatic

Al Kα X-ray beam (1486.6 eV). All binding energies were calibrated
using the C 1 s peak (284.8 eV). The K-edge X-ray absorption fine
structure (XAFS) spectra of Ru and Ni elements were recorded at
beamlines BL12B2 (SPring-8) and TPS 44A of the National Synchrotron
Radiation Research Center. Raman spectra were collected on WiTech
alpha300R using an incident light from a 532 nm laser. N2 adsorption-
desorption isotherm and the Brunauer-Emmett-Teller (BET) surface
area measurements were measured at 77 K using Micromeritics ASAP
2460 instrument. The content of each metal element in the catalysts
was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) on Intrepid II XSP instrument, while the con-
tent of each nonmetal element (EA) in the catalysts was measured by
elemental analysis on Vario MICRO. Contact angles of as-prepared
materials were measured with a video-based contact angle instrument
(OCA 20, Dataphysics).

3D electron tomography
The high-resolution TEM tomography tilt series were collected at
200 kV in a JEOL JEM-F200. The electron micrographs were acquired
using a single-axis high-tilt tomography holder from −74° to 68° with a
linear tilt step of 5°. At each tilt angle, focusing was done on a neigh-
boring particle to decrease beamdamage to the region of interest. The
image size was 4096 × 4096 pixels at a pixel size of 0.17 × 0.17 Å2.
Before tilt series alignment, dead pixels and background for each
projection were subtracted, and pixel binning was performed using
custom-written MATLAB scripts. The acquired tilt series were first
coarsely aligned using cross-correlation, then further aligned (via
center ofmass alignment) and corrected for the rotation axis using the
MATLAB script package49. The aligned tilt series were reconstructed
using the Fourier-based reconstruction algorithm with 200
iterations50. The reconstructed 3D volume was segmented and refined
by threshold segmentation and Gaussian filter in MATLAB.

Electrochemical measurements
All electrochemical measurements were performed at ambient tem-
perature (25 °C) and pressure using a CHI760e workstation (Shanghai
Chenhua Co. Ltd.). The working electrodewas a glassy carbon rotating
disk electrode (RDE) (diameter: 5mm, area: 0.19625 cm2). A saturated
calomel electrode (SCE) and graphite rod (diameter: 6mm) were used
as the reference electrode and the counter electrode, respectively. The
standard potential of the SCE (E0

SCE = 0.241 V vs. SHE) was calibrated
using cyclic voltammetry (CV) test at a scan rate of 1mV s‒1 with Pt foil
serving as bothworking and counter electrodes in anH2-sparged0.5M
H2SO4 solution, and the benchmark thermodynamicH2/H

+ equilibrium
potential was defined by averaging the two inter-conversion point
values obtained51. Themeasuredpotentials versus SCE (ESCE)were then
converted to a reversible hydrogen electrode scale (ERHE) according to
the Nernst equation with ohmic resistance correction:

ERHE iR-correctedð Þ= ESCE +0:059×pH+0:241� iR ð1Þ

where i is the measured current (A), and R is the electrolyte solution
resistance (Ω) obtained by electrochemical impedance spectroscopy
(EIS), which were recorded at −0.005 V vs. RHE without iR compen-
sation in the frequency range of 10‒1 – 106 Hz with an amplitude of
5mV, the value of R can be determined from the high-frequency
intercept of the Nyquist plot with the real axis (Z′), and the standard
deviation was derived from at least three independent measurements.
The determined practical electrolyte pH values are 0.33 ± 0.03 for a
0.5M H2SO4 solution, 7.02 ± 0.02 for a 1M PBS solution, and
13.74 ±0.12 for a 1M KOH solution.

To prepare the catalyst slurry for testing, 2mg of the catalyst was
dispersed in a mixed solution containing isopropyl alcohol (655μL),
ultrapure water (325μL) and 5% Nafion solution (20μL), and then
ultrasonicated for 1 h to achieve uniformity. Next, 24.8μL of the slurry

Article https://doi.org/10.1038/s41467-024-51370-1

Nature Communications |         (2024) 15:7179 9



was carefully deposited onto the surface of RDE electrode with a pip-
ette gun, resulting a catalyst loading of 0.25mg cm‒2. Prior to HER test,
Ar was bubbled into the aqueous electrolyte for about 30min. After a
continuous CV activation at a scan rate of 10mV s–1 until stabilized
current signals were achieved, the linear sweep voltammetry (LSV) was
performed at a scan rate of 5mV s–1 with a rotation rate of 1600 rpm,
and was recorded until three repeated curves were obtained to ensure
the accuracy of the electrochemical tests. This repeatable LSV curve
was then subject to a background current subtraction for subsequent
data process and analysis52. To measure the electrochemical double-
layer capacitance (Cdl), CVs were recorded within the non-Faradaic
potential range at varied scan rates from 20 – 100mV s−1. Chron-
opotentiometry (CP) technique was used to evaluate the stability of
catalysts. Turnover frequency (TOF) of the catalysts was calculated
following the equation53:

TOF ðs�1Þ= j × S
n× F ×N

ðs�1Þ ð2Þ

where j is the current density (A cm‒2), S is the surface area of the
electrode (cm2),n is the number of electrons involved (n = 2 forHER), F
is Faraday’s constant (96485.3 Cmol‒1). N is the number of active sites
on the corresponding electrode. For N calculation, all metal atoms in
RuNi/NC loaded on the electrode were considered as active sites. In
this case, the calculated value is a lower limit of TOF.

HER‒ClER electrolysis
TheH2 evolutionperformance in chlor-alkali electrolysis was evaluated
using a double-walled H-type cell, simulating industrial conditions at
90 °C by a heating circulating water bath system40. For the anolyte, a
supersaturated NaCl solution (pH 7.01 ± 0.03) was employed to pro-
vide an ample chlorine source for sustained ClER. The catholyte
comprised an aqueous mixture of 3M NaCl and 3M NaOH (pH
14.12 ± 0.11) for HER. The electrochemical cell consisted of separate
anodic and cathodic compartments, divided by a cation exchange
membrane (4 cm2) to facilitate Na+ transport. The cathode consisted of
either RuNi/NC or 20% Pt/C deposited on carbon paper substrate
(1 cm2). For the anode, commercial RuO2-coated low carbon steel
(1 cm2) was utilized. All catalysts were loaded at a consistent mass
loading of 0.25mg cm2. The long-term chronopotentiometric (CP)
measurement was performed at 10mAcm‒2 to assess the stability of
the catalysts. The cell voltages are reported without iR-compensation.

In situ XAFS measurements
For in situ XAFS measurements, a customized plastic (poly-
etheretherketone, PEEK) electrochemical cell was used. A three-
electrode configuration consisting of a sample-coated carbon
paper electrode as the working electrode, a Pt wire as the counter
electrode, and an Ag/AgCl electrode (in sat. KCl) as the reference
electrode was loaded into the cell for electrochemical tests. The cell
compartment was filled with 30mL Ar-saturated aqueous 1M KOH
solution (pH 13.74 ±0.12). Electrochemical experiments were per-
formed using chronoamperometry technique controlled by a poten-
tiostat under ambient conditions; potentials on working electrode
were set at open circuit voltage (OCV) and a series of working voltages
according to their polarization curves. After each voltage was applied
for 1min, in situ XAFS experimental data were collected with three
scans per spectrum.

Computational details
The electronic structure calculations were performed using spin-
polarized density functional theory (DFT) as implemented in the
Vienna Ab initio Simulation Package (VASP)54. The exchange-
correlation effects were described using the Perdew-Burke-Ernzerhof
(PBE) functional within the generalized gradient approximation (GGA)

framework. Ionic coreswere represented by the projector-augmented-
wave (PAW) method. For the plane-wave basis set, a kinetic energy
cutoff of 600 eV was employed. The Brillouin zone was sampled using
a 5 × 5 × 1 Monkhorst-Pack k-point mesh for structural optimizations
and electronic calculations. Geometric relaxations were performed
using the conjugate gradient (CG) algorithm until the energy differ-
ence between successive steps was <10‒6 eV/atom and the maximum
force on any atom was below 0.02 eV/Å. To account for van der Waals
interactions between the substrate and adsorbates, Grimme’s DFT-D3
semi-empirical correction was applied. A vacuum region of 20Å along
the z-axis was introduced to minimize interactions between periodic
images. For a more accurate description of the electronic structure,
density of states and d-band center calculations utilized a denser
11 × 11 × 1 k-point grid. The computational hydrogen electrode (CHE)
model was employed to calculate reaction free energies (ΔG) for the
hydrogen evolution reaction (HER). In this approach, the chemical
potential of a proton‒electron pair (H+ + e‒) is equated to that of half a
hydrogen molecule (1/2H2) in the gas phase. The free energy change
for each reaction step was computed using the following equation:

ΔG=ΔE � TΔS+ΔZPE� jejU ð3Þ

where ΔE represents the reaction energy obtained from DFT calcula-
tions, TΔS is the entropic contribution, ΔZPE is the change in zero-
point energy, and U denotes the applied electrode potential.

The electric field simulation was performed using the method
proposed by Peter E. Blöchl et al. to generate a uniform macroscopic
electric field within the supercell without the necessity of adding or
removing any charge55.

To detail our actual electric field calculations, we include relevant
settings from our INCAR file:

LDIPOL = .TRUE.
IDIPOL = 3
EFIELD = –1
In this configuration, the electric field is applied along the Z

direction (as indicated by IDIPOL = 3), and the strength of electric field
is supplied in units of V/Å with a value of –1 in EFIELD. Dipole correc-
tions to the potential (LDIPOL = .TRUE.) are enabled to avoid interac-
tions between periodically repeated images of the supercell, ensuring
that electrons move along the direction of the electric field.

COMOSOL Multiphysics simulations
To investigate the electric field distribution and potassium ion (K+)
concentration at the electrode surface, a finite element-based multi-
physics simulation approach using COMSOL Multiphysics software
was employed56. The model integrated both electrostatic and species
transport phenomena to elucidate the K+ density within the electrical
double layer. The electric field (E) was derived from the negative gra-
dient of the electric potential (V):

E= �∇V ð4Þ

The charge density (ρv) was calculated using Gauss’s law for the
electric field:

ρv =∇ðε0εrEÞ ð5Þ

where ε0 represents the vacuumpermittivity and εr denotes the relative
permittivity of thematerials (78.3 for the aqueous electrolyte, 1 for both
Ru and Ni). Ion concentrations within the electrical double layer were
determined using the steady-state Poisson-Nernst-Planck equation:

∇ �Di∇ci �
ziDF
RT

ci∇V
� �

=0 ð6Þ
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where ci represents the concentration of K+ or OH‒ ions, zi is the ion
valence, F is the Faraday constant, R is the gas constant, and T is the
absolute temperature (298.15 K). The diffusion coefficients (Di) for K

+

and OH‒ in water were set to 2.14 × 10−9 and 2.71 × 10−9 m2 s−1,
respectively46. Two-dimensional asymmetric model was constructed
to represent the three-dimensional structure of RuNi/NC. The
computational domainwas discretized using triangularmesh elements
for numerical solutions.

Data availability
All data within the article and the Supplementary Information that
support the findings of this study are available, or from the corre-
sponding author upon request. Source data are provided with
this paper.
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