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Methods
Chemicals. Ruthenium(Ⅲ) acetylacetonate (Ru(acac)3, 97%) was purchased from Shanghai 

Aladdin Biochemical Technology Co. Ltd. Nickel(Ⅱ) acetylacetonate (Ni(acac)2, 98%) was 

purchased from Adamas. Polyvinylpyrrolidone (PVP, MW ≈ 55000) and Nafion (5 wt%) were 

purchased from Sigma-Aldric. Benzyl alcohol (C6H5CH2OH, analytical reagent, ≥ 99%), resorcinol 

(C6H6O2, analytical reagent, ≥ 99.5%), ethanol (CH3CH2OH, analytical reagent, ≥ 99.7%), 

isopropanol (C3H8O, analytical reagent, ≥ 99.7%) were purchased from Sinopharm Chemical 

Reagent Co. Ltd. (Shanghai, China). The DI-water (18.2 MΩ cm−1) was freshly prepared through 

an ultra-pure purification system (Master-515Q, HHitech). All the chemicals were used without 

further purification.

Synthesis of NA-Ru3Ni. Typically, Ru(acac)3 (7.5 mg, 0.0188 mmol), Ni(acac)2 (1.6 mg, 0.0063 

mmol), 50 mg PVP, 50 mg resorcinol and 5 mL benzyl alcohol were added into a vial (volume: 30 

mL). The mixture was ultrasonicated for around 30 minutes to obtain a homogeneous solution, and 

then the solution was proceeded at 180 oC for 1 hours in an oil bath. After the resulting solution 

was cooled to room temperature, products were collected by centrifugation, and washed three times 

with ethanol. 

Synthesis of Ru3Ni-300 and Ru3Ni-600 samples. The obtained NA-Ru3Ni was loaded onto 

Vulcan XC-72 carbon to obtain a NA-Ru3Ni/C (33.3 wt% metal loading). For contrast, the NA-

Ru3Ni/C was annealed under 300 ℃ for 5 h at the heating rate of 10 oC min−1 under a reduction 

atmosphere (5% H2, 95% N2) in a tube furnace and then cooled naturally to room temperature. The 

annealed product was washed several times with DI water and ethanol, resulting in the final Ru3Ni-

300 sample. The Ru3Ni-600 sample was obtained using the same procedure except that the reaction 

condition was changed to 600 oC for 2 h.

Characterizations. The crystalline phases of all samples were evaluated by X-ray diffraction 

(XRD, Rigaku Miniflex-600) with a Cu Kα radiation (λ= 0.15 nm, 40 kV). TEM images were 



obtained using a JEM-2100plus electron microscope. HAADF-STEM images and elemental 

mapping results were recorded on a Themis Z (3.2) with spherical aberration corrector operating 

at 300 kV. Elemental analysis of Ru and Ni were quantitatively conducted by ICP-MS with a 

SPECTRO BLUE SOP. The chemical states of Ru and Ni were investigated by XPS using an 

Escalab 250Xi equipped with an Al Ka (1486.6 eV) excitation source. The binding energies in the 

XPS spectral were calibrated by referencing C 1s to 284.8 eV.

Electrochemical measurements in three-electrode system. All the electrochemical tests were 

conducted in a three-electrode system using a DH7001A electrochemical workstation (Donghua 

Analytical Instrument, China). In the electrochemical measurements, the Hg/HgO reference 

electrode was carefully calibrated with respect to the RHE by testing cyclic voltammogram in a 

highly-pure H2-saturated 1 M KOH with Pt wires used as working electrode and counter electrode. 

Therefore, the potential with respect to RHE in our measurements can be calculated as follows: 

E(RHE) = E(Hg/HgO) + 0.935 V.

Prior to the electrochemical measurements, the carbon-support catalysts were prepared. 

Typically, 1 mg NA-Ru3Ni was uniformly dispersed in an ethanol solution (2 mL) with 

ultrasonicating. Then this solution was dropwise added to an ethanol solution containing 2 mg 

carbon support (Vulcan XC-72) and ultrasonicating for 30 min. The carbon-supported catalyst was 

collected by centrifugation and dried in a vacuum oven. Subsequently, the carbon-supported 

catalyst was treated in an oven at 250 oC for 1 h and termed as NA-Ru3Ni/C. Finally, the NA-

Ru3Ni/C catalyst was uniformly dispersed in the mixed solution of 310 μL isopropanol, 930 μL 

ethanol and 10 μL Nafion solution (5 wt%), and then 20 μL of the NA-Ru3Ni/C catalyst ink was 

dropped on the surface of the glassy carbon electrode and dried at room temperature. 

All the electrochemical tests were carried out in 1 M KOH solution. Linear sweep voltammetry 

was performed at 5 mV s−1 and all the polarization curves were iR-corrected unless otherwise 

stated. The current density was obtained by normalizing the current to the geometric surface of the 

work electrode. EIS was performed with 5 mV amplitude in a frequency range from 0.1 to 1000000 



Hz at the open circuit voltage to obtain the solution resistance (Figure S37). The ECSAs of catalysts 

were calculated by integrating the CO adsorption area from the CO-stripping curves, and the charge 

density for the monolayer adsorption of CO was assumed as 420 μC cm−2. For CO stripping 

measurements, CO gas (99.99%) was fed into the electrolyte with holding a potential of 0.1 VRHE 

for 30 min. Then, N2 gas was purged to remove CO from the electrolyte, and the CO stripping 

curves were recorded between 0.1 VRHE and 1.0 VRHE with a sweep rate of 50 mV s−1. The 

accelerated durability tests were performed at room temperature in N2-saturated 1.0 M KOH 

aqueous solution by applying the cyclic potential sweeps between 0.1 VRHE and -0.1 VRHE at scan 

rate of 100 mV s−1 for 10k cycles. The TOF (H2 s−1) values of catalysts were calculated based on 

the number of active sites using the following equation:

TOF = I / (2Fn)

where I (A) is the current during the LSV measurement at a specific overpotential, F is Faraday 

constant (96485.3 C mol−1), and n is the number of active sites (mol). The number 2 means 2 

electrons to generate one H2 molecule.

Electric-field-induced K+ accumulation measurements. Electric-field-induced K+ accumulation 

was measured in 1 M KOH. NA-Ru3Ni/C, Ru3Ni-300/C and Ru3Ni-600/C catalysts were tested 

with constant potential of -0.1 VRHE. When the testing time reached 120 s, the electrode was directly 

raised above the electrolyte. After removing the applied potential, the electrodes were immersed in 

20 mL pure water, and adsorbed K+ of catalysts surface was released into the pure water. Then, we 

used the ICP-MS to check the amount of K+, which were normalized by using ECSA.

AEM electrolysis. The ink of NA-Ru3Ni/C catalyst was air brushed onto the gas diffusion layer 

(GDL, YLS30T) with a loading about 0.048 mg cm−2 to form cathode electrode (0.5 cm2). The 

anode electrode was prepared by brushing NA-Ru3Ni/C inks on 300 µm Nickel foam, which was 

degreased and pretreated in 0.1 M HCl solution before using to remove the passive oxide layer and 

other contaminants. Subsequently, an anion exchange membrane (Sustainion X37-50) was 



sandwiched between the cathode and anode catalyst to construct the electrolyser (NA-

Ru3Ni/C||NA-Ru3Ni/C), and the 1 M KOH was fed to both sides of the electrolyser.

COMSOL Multiphysics simulations. In this work, we performed the COMSOL Multiphysics 

finite-element-based solver to simulate the electric field and K+ density on the surface of the 

electrodes. Electric field E was computed as the opposite gradient of the electric potential V as 

follows: E = −∇V. The electric conductivity of the electrode (ruthenium) was taken to be 1.37 × 

107 S m−1. The conductivity of 1 M KOH solution was assumed to be 2.0 S m−1.1 Therefore, we 

computed the charge density ρ using Gauss’s law for electric field: ρ = εrε0∇·E, where ε0 denoted 

the dielectric function for a vacuum, and εr denoted the dielectric function of the materials, and 

equals 80 for the electrolyte and 1 for ruthenium. The ‘Electrostatics’ and the ‘Transport of diluted 

species’ modules were combined to solve the potassium ion density in the electrical double layer. 

The Poisson-Nerst-Planck equations were solved in the steady state:
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Here ci with i ∈ {K+, OH−} are the concentrations of the potassium or hydroxyl ion, zi is the valency 

of ions, e is the elementary charge, kB is Boltzmann constant, the absolute temperature T was taken 

is 297.3 K. The diffusion coefficients D of the potassium ion, the hydroxyl ion, and the proton in 

water were taken to be 2.14 × 10−9 m2 s−1, 2.71 × 10−9 m2 s−1 and 7.10 × 10−9 m2 s−1.2,3 Two-

dimensional axisymmetric models were built to represent the three-dimensional NA-Ru3Ni, Ru3Ni-

300 and Ru3Ni-600 structures used in this work. Triangular meshes were used for all simulations.

DFT calculations. All of the spin-polarized DFT calculations were performed using the VASP 

program,4-6 which uses a plane-wave basis set and a projector augmented wave method (PAW) for 

the treatment of core electrons.4 The Perdew, Burke, and Ernzerhof exchange-correlation 

functional within a generalized gradient approximation (GGA-PBE)7 was used in our calculations, 

and the van der Waals (vdW) correction proposed by Grimme (DFT-D3)8 was employed due to its 



good description of long-range vdW interactions. For the expansion of wavefunctions over the 

plane-wave basis set, a converged cutoff was set to 450 eV. 

The structural models of Ru3Ni(0001) surface were constructed of four atomic layers with the 

bottom two layers fixed in their respective bulk positions and all the other atoms fully relaxed. 

Here we included a water bi-layer to describe explicitly the polarization involved in proton transfer. 

The positions of these water molecules were optimized with VASPsol. The K cation in electrolyte 

is modelled by initially inserting a K atom at 3.0 Å away from the Ru3Ni(0001) surface. As 

expected, the K atom is spontaneously oxidized to K+ in liquid water, and one electron will 

simultaneously emerge on the Ru3Ni(0001) surface. The vacuum space was set to larger than 18 Å 

in the z direction to avoid interactions between periodic images. In geometry optimizations, all the 

atomic coordinates were fully relaxed up to the residual atomic forces smaller than 0.01 eV Å1, 

and the total energy was converged to 10−5 eV. The Brillouin zone integration was performed on 

the (5 × 5 × 1) Monkhorst–Pack k-point mesh.9 The activation energy barriers of water dissociation 

reaction were calculated through the climbing image nudged elastic band (NEB) method,10 in 

which all of force components perpendicular to the tangent of the reaction path were relaxed to be 

less than 0.05 eV Å1. 

For alkaline HER, the overall HER mechanism includes the water dissociation reaction to 

supply hydrogen and the adsorption/combination of reaction H*.11 The  is proven to be a key 
ΔG

H *

descriptor to characterize the HER activity of the electrocatalyst from the thermodynamic 

viewpoint. The optimum value of  should be zero. The  is calculated as follows:12 
|ΔG

H * | ΔG
H *

ΔG
H * = ΔE

H * + ΔEZPE - TΔSH

where  is the binding energy of adsorbed hydrogen, and  and  are the difference 
ΔE

H * ΔEZPE ΔSH

in zero point energy (ZEP) and entropy between the adsorbed hydrogen and hydrogen in the gas 

phase, respectively. As the contribution from the vibrational entropy of hydrogen in the adsorbed 

state is negligibly small, the entropy of hydrogen adsorption is , where  is the 
ΔSH ≈  -

1
2
SH2

SH2



entropy of H2 in the gas phase at the standard conditions. Therefore, the  value for 
ΔG

H *

Ru3Ni(0001) surface should be .12ΔEH +  0.24 eV

To evaluate the local electric field located between the negatively charged metal surface and 

electrolyte solution, we used the parallel plate capacitor model consists of two unevenly charged 

plates (  and ) with an area of S. We defined the local electric field as , whereQ1 Q2
E =  

(Q1 + Q2)/S
2ε

 represents the absolute permittivity of water. 𝜀



Figure S1. Schematic illustration showing the co-reduction synthesis of NA-Ru3Ni.



Figure S2. (a) TEM image and (b) histogram for size distribution of NA-Ru3Ni.



Figure S3. (a-f) HRTEM images of nano cones from different positions.



Figure S4. (a) HAADF-STEM image and (b) STEM-EDS spectrum of NA-Ru3Ni. 



Figure S5. The XPS survey spectrum of the NA-Ru3Ni.



Figure S6. Potential calibration for the Hg/HgO reference electrode in 1 M KOH solution.



Figure S7. Polarization curves (with iR-correction) of different catalysts recorded in 1 M KOH 

solutions at a sweep rate of 5 mV s−1.



Figure S8. (a) The specific activities and (b) mass activities of different catalysts.



Figure S9. Cyclic voltammograms (CVs) in N2-saturated electrolyte (dotted lines) and CO 

stripping curves (solid lines) to estimate the ECSAs for (a) NA-Ru3Ni/C, (b) Ru/C, and (c) Pt/C 

catalysts. 



Figure S10. Tafel plots of NA-Ru3Ni/C, Pt/C, and Ru/C catalysts at the current density of 300-500 

mA cm2.



Figure S11. HER polarization curves of NA-Ru3Ni/C before and after 10k cycles. 



Figure S12. TEM image of NA-Ru3Ni/C catalyst after the long-term testing of 1800 h. 



Figure S13. High-resolution XPS spectra of (a) Ru 3p and (b) Ni 2p for NA-Ru3Ni/C catalyst after 

the long-term testing of 1800 h. 



Figure S14. CV curves of NA-Ru3Ni/C catalyst before and after dealloying. 



Figure S15. HAADF-STEM of NA-Ru3Ni with removing surface Ni atoms.



Figure S16. (a) TEM image and (b) histogram of diameter for Ru3Ni-300. (c) TEM image and (d) 

histogram of diameter for Ru3Ni-600. 



Figure S17. XRD patterns of NA-Ru3Ni, Ru3Ni-300, Ru3Ni-600 samples.



Figure S18. CVs in N2-saturated electrolyte (dotted lines) and CO stripping curves (solid lines) to 

estimate the ECSAs for (a) Ru3Ni-300/C and (b) Ru3Ni-600/C catalysts.



Figure S19. CVs at different scan rates of (a) NA-Ru3Ni/C, (b) Ru3Ni-300/C, and (c) Ru3Ni-600/C.



Figure S20. Double-layer capacitance (Cdl) of NA-Ru3Ni/C, Ru3Ni-300/C, and Ru3Ni-600/C 

catalysts obtained from CVs at different scan rates.



Figure S21. The polarization curves of different catalysts normalized to the ECSA.



Figure S22. The polarization curves of different catalysts normalized to the geometry area after 

dealloying.



Figure S23. CV (a) and HER polarization (b) curves of Ru3Ni-300 before and after dealloying. CV 

(c) and HER polarization (d) curves of Ru3Ni-600 before and after dealloying.



Figure S24. CVs in N2-saturated electrolyte (dotted lines) and CO stripping curves (solid lines) to 

estimate the ECSAs for (a) NA-Ru3Ni/C, (b) Ru3Ni-300/C, and (c) Ru3Ni-600/C catalysts after 

dealloying.



Figure S25. The Nyquist plots of (a) NA-Ru3Ni/C, (b) Ru3Ni-300/C, and (c) Ru3Ni-600/C at 

different overpotential.



Figure S26. Equivalent circuit of the electrochemical impedance spectrum.



Figure S27. Surface K+ density distributions on the surfaces of different tips.



Figure S28. Atomic configurations of water dissociation step on the Ru3Ni(0001) surface with K+. 

The orange, dark cyan, blue, red, and white spheres represent K, Ru, Ni, O, and H atoms, 

respectively. Pink sphere represents the dissociated H atom that adsorbs on the Ru3Ni(0001) 

surface.



Figure S29. Atomic configurations of water dissociation step on the Ru3Ni(0001) surface without 

K+. The dark cyan, blue, red, and white spheres represent Ru, Ni, O, and H atoms, respectively. 

Pink sphere represents the dissociated H atom that adsorbs on the Ru3Ni(0001) surface.



Figure S30. Atomic configurations of water dissociation step on 1e negatively charged 

Ru3Ni(0001) surface without K cation. The dark cyan, blue, red, and white spheres represent Ru, 

Ni, O, and H atoms, respectively. Pink sphere represents the dissociated H atom that adsorbs on 

the Ru3Ni(0001) surface.



Figure S31. (a) Atomic configurations of water dissociation step on the Ru3Ni(0001) surface with 

K+ at 1/24 ML coverage. The orange, dark cyan, blue, red, and white spheres represent K, Ru, Ni, 

O, and H atoms, respectively. Pink sphere represents the dissociated H atom that adsorbs on the 

Ru3Ni(0001) surface. (b) Gibbs free energy diagrams of alkaline HER on different systems 

including reactant initial state, intermediate state, final state, and an additional transition state 

representing water dissociation. ΔGH* and ΔGW represent hydrogen adsorption free energy and 

water dissociation free energy barrier, respectively. (c) The values of ΔGH* and ΔGW on different 

systems.



Figure S32. Polarization curves of (a) Ru3Ni-300 and (b) Ru3Ni-600 in electrolyte with different 

K+ concentrations.



Figure S33. Polarization curves of (a) NA-Ru3Ni, (b) Ru3Ni-300, and (c) Ru3Ni-600 in electrolyte 

with different Na+ concentrations.



Figure S34. (a) Atomic configurations of water dissociation step on the Ru3Ni(0001) surface with 

Na+ at 1/12 ML coverage. The purple, dark cyan, blue, red, and white spheres represent Na, Ru, 

Ni, O, and H atoms, respectively. Pink sphere represents the dissociated H atom that adsorbs on 

the Ru3Ni(0001) surface. (b) Gibbs free energy diagrams of alkaline HER on different systems 

including reactant initial state, intermediate state, final state, and an additional transition state 

representing water dissociation. ΔGH* and ΔGW represent hydrogen adsorption free energy and 

water dissociation free energy barrier, respectively. (c) The values of ΔGH* and ΔGW on different 

systems.



Figure S35. (a) OER polarization curves and (b) Tafel plots of NA-Ru3Ni/C and commercial 

IrO2/C catalysts.



Figure S36. Chronopotentiometry curve for AEM electrolysis using Pt/C||IrO2 couple operating at 

1 A cm–2.



Figure S37. The Nyquist plots of (a) NA-Ru3Ni/C, (b) Ru/C, and (c) Pt/C at open circuit voltage.



Table S1. Comparison of the HER activity for NA-Ru3Ni electrocatalyst with reported Ru-based 

electrocatalysts in alkaline solution at current density of 10 mA cm2.

Catalysts Electrode
Loading

(mg cm2)

η10

(mV)

Tafel slop

(mV dec1)
References

NA-Ru3Ni RDE 0.08 14 28 This work

2DPC-RuMo GCE 0.25 18 25 13

RuCu NSs/250 GCE -- 20 15 14

RuCo@NC GCE 0.28 28 31 15

NiFeRu-LDH NF -- 29 31 16

Ru/np-MoS2 Carbon cloth -- 30 31 17

Ru/Co3O4 NWs CF -- 31 70 18

Ni@Ni2P-Ru GCE 0.29 31 35 19

Ru1CoP/CDs‐1000 RDE 0.42 51 73 20

Sr2RuO4 GCE 0.23 61 51 21

Ru3Ni3 NAs GCE 0.10 39 26.9 22



Table S2. Comparison of the HER activity for NA-Ru3Ni electrocatalyst with reported Ru-based 

electrocatalysts in alkaline solution at current density of 100 mA cm2.

Catalysts Electrode Loading (mg cm2) η100 (mV) Reference

NA-Ru3Ni RDE 0.08 53 This work

Ru/MoO2 RDE 0.25 90 23

RuP (L-RP) GCE 0.46 93 24

RuCoP GCE 0.30 102 25

Ru-NiCoP/NF NF -- 103 26

Ru/Co3O4 NWs CF -- 136 18

3D RuCu NCs CP 1.33 147 27

RuNi/CQDs‐600 GCE 0.42 193 28

CoRu0.5/CQDs GCE 0.46 215 29

Ru@CQDs480 GCE 0.42 228 30



Table S3 Comparison of the HER activity for NA-Ru3Ni electrocatalyst with other reported 

electrocatalysts in 1 M KOH at current density of 1000 mA cm2.

Catalysts Loading (mg cm2) η1000 (mV) References

NA-Ru3Ni 0.08 168 This work

Ru-Mo2C@CNT 0.95 78 31

Ni3S2/Cr2S3@NF 1.25 261 32

Ru-CoOx/NF - 250 33

FeIr/NF - 204 34

h-NiMoFe 0.5 98 35

NiMoOx/NiMoS - 236 36

A-NiCo LDH/NF 3.15 381 37

IrNi-FeNi3/NF - 289 38

Co-Mo5N6 4.3 280 39

Ni-P-B/Paper 5.63 345 40



Table S4. Comparison of QCO and ECSAs of as-synthesized NA-Ru3Ni, the commercial Ru/C and 

Pt/C catalysts.

Catalysts QCO (mC) ECSA (m2 g1)

NA-Ru3Ni 2.78 41.3

Commercial Ru/C 3.12 46.4

Commercial Pt/C 2.99 44.5



Table S5. Comparison of the TOF for NA-Ru3Ni electrocatalyst with other reported 

electrocatalysts in alkaline solution at different overpotential.

Samples
Overpotential 

(mV)
TOF (H2 s1) References

Ru3Ni/C 50 5.2 This Work

Ru3Ni/C 100 26.5 This Work

Ru@C2N 25 0.8 41

CoRu0.5/CQDs 60 6.4 28

Sr2RuO4 100 0.9 21

Ru@MWCNT 25 0.4 42

Ru-Mo2C@CNT 100 21.9 31

2DPC-RuMo 50 3.6 13

RuNi NSs 50 1.6 43

Ru SAs–Ni2P 57 1.0 44

Ni@Ni2P-Ru 100 1.1 19

R-NiRu 100 0.78 45

Ru@NC(-0.2) 100 10.8 46

WS2 MSLs 200 0.74 47



Table S6. Comparison of the stability for NA-Ru3Ni electrocatalyst with other reported 

electrocatalysts in alkaline solution at different current density.

Samples Current density 
(mA cm2)

Time (h) References

NA-Ru3Ni 100 1450 This work

Ru@Ni-MOF 10 24 48

RuO2-300Ar 50 0.5 49

Ru@NC(-0.2) 35 12 46

Ru1/D-NiFe LDH 100 50 50

RuNi NSs 83 10 43

CoRu0.5/CQDs 20 100 28

Ru2P/WO3@NPC 10 21 51

2DPC-RuMo 10 120 13

Ru/np-MoS2 10 40 17



Table S7. Comparison of QCO, ECSAs, the number of active sites and TOF values (at the 

overpotential of 50 mV) of our synthesized NA-Ru3Ni, the commercial Ru/C and Pt/C catalysts.

Samples QCO (mC) ECSA (m2 g1)

NA-Ru3Ni 

(After dealloying)
3.06 45.6

Ru3Ni-300 2.20 32.8

Ru3Ni-300 

(After dealloying)
2.35 35.0

Ru3Ni-600  1.02 15.2

Ru3Ni-600 

(After dealloying)
1.38 20.6



Table S8. The charge distribution of each slab and electrolyte interface for Ru3Ni(0001) based on 

Bader analysis.

Models Slab surface (e) Electrolyte (e) 

With K+ 0.94 -0.94

No K+, N = -1 1.04 -0.04

No K+ 0.17 -0.17



Table S9 Comparison of the AEM activity for NA-Ru3Ni electrocatalyst with other reported 

electrocatalysts.

Catalysts
Cell voltage 

(V @ mA cm2)

Stability 

(h)

Degradation of 

voltage (%)
Ref.

NA-Ru3Ni/C||NA-Ru3Ni/C 2.05@1.0 2000 5.3 This work

Pt/C||IrO2/C 2.49@1.0 40 7.2 This work

Ni3S2/Cr2S3@NF||NiFeCr-LDH@NF 2.04@1.0 35 6.9 32

FeP–CoP/NC||FeP–CoP/NC 2.10@0.75 24 1.8 52

LSC/K-MoSe2||LSC/K-MoSe2 2.52@1.0 800 - 53

VCoP-2/Ni||VCoP-2/Ni 2.10@1.0 100 5.0 54

LSC&MoSe2||LSC&MoSe2 2.30@1.0 1000 10.9 55
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