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Experimental Sections 

Chemicals and materials 

Tetrapropyl orthosilicate (TPOS), resorcinol and ammonium hydroxide 

(NH3·H2O, 25%) were purchased from Aladdin; formaldehyde (37%), nickel(II) sulfate 

heptahydrate (NiSO4·6H2O, ≥98.5%). Sodium hydroxide (NaOH), potassium 

hydroxide (KOH, 90%) and absolute ethanol were received from Shanghai Macklin 

Biochemical Co, Ltd. All chemicals used without further purification. TGP-H-060 

TORAY Coborn paper (CP) was purchased from Suzhou Sino Technology Co., Ltd. 

sulfuric acid (H2SO4, AR, ≤98%), acetone (C3H6O, AR, ≤95%) were purchased from 

Sinopharm Co., Ltd., Deionized water.

Synthesis of CN 

First, 3.46 mL of TPOS (12 mmol) was added to the mixed solution containing 70 

mL of ethanol, 10 mL of DI water and 3 mL of NH3·H2O. Then, after 15 min of stirring, 

0.4 g of resorcinol and 0.56 mL of formaldehyde were casted into the solution with a 

further 24 h of stirring. The obtained SiO2@SiO2/phenolic resin (PF) precursor were 

collected through centrifugal washing with DI water and ethanol for three times, 

respectively. When the precursor was dried in vacuum oven over one night, 2 g of 

precursor was put into porcelain boat for high-temperature calcination under NH3/N2 

atmosphere to convert PF into carbon material. The calcined condition set as 700 ℃ for 

5 h with a ramping rate of 5 ℃/min.

Synthesis of Synthesis of Ru3Ni/CN

50 mg NC, 15 mL water and 15 mL ethanol were added to the beaker and 
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ultrasonic treatment for 30 min. 4 mL RuCl3 solution and 9 mL Ni(bpy)3SO4 solution 

(0.25 mmol and 0.75 mmol bpy in 50 ml ethanol and water mixed solution) were added. 

Dried at 60℃ and annealed at 400℃ in a nitrogen atmosphere.

Materials Characterizations

The structures of all Ru3Ni/CN series samples were first examined by powder XRD 

on SmartLab. X-ray diffractometer with Cu Kα Radiation (λ = 1.541 Å). The 

morphology and structure observations of samples were conducted with TEM and 

HRTEM on F-200 field emission electron microscopy with an acceleration voltage of 

200 kV. Atomic structures of samples were observed through HAADF-STEM on a 

JEOL JEM-ARF200F (200 kV) with a spherical aberration corrector. Elemental 

mapping was also measured. X-ray photoelectron spectroscopy (XPS) (ESCALAB-

250) was used to determine the sample's chemical composition and valence state. ICP-

AES measurement was used to determine the Ru loading amounts. Gas physical 

adsorption (BET) (ASAP 2460) was used to analyze the product's specific surface area.

In situ Raman characterization 

The operando Raman spectra were collected on a LabRAM HR Evolution Raman 

spectrometer equipped with an excitation laser of 532 nm and an electrochemical cell, 

catalysts were directly dropped on glassy carbon electrode as the working electrode, 

calomel electrode and carbon rod were used as the reference electrode and counter 

electrode, respectively. It operated from 200 to 4000 cm−1 and 0 to -80mV vs. RHE in 

1 M KOH solution to evaluate the water dissociation ability of catalysts. The specific 

process is as follows: 5 mg of the catalysts was added to 1000 μL of anhydrous ethanol 
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and 20 μL of Nafion solution (5 wt.%), and then ultrasonically dispersed for 30 minutes 

to obtain the catalyst ink. Dropping ink onto the pretreated electrode, we controlled the 

catalyst mass loading to 1.5 mg cm−2. Data acquisition is carried out at room 

temperature.

Electrochemical measurements

All electrochemical measurements were conducted using CHI 660E potentiostat 

(Chenhua, China) with conventional three-electrode setup. Graphite rod, silver chloride 

electrode (Hg/HgO), and glassy carbon electrode (diameter: 3 mm) were used as the 

counter, reference, and working electrodes, respectively. Before each testing session, 

the glassy carbon rotating disk electrode (RDE) was polished using alumina suspension 

and rinsed several times with a mixture of ethanol/DI water. The silver chloride 

electrode was also calibrated with respect to the reversible hydrogen electrode (RHE) 

by recording the polarization curve of Pt-plate electrode in highly pure H2-saturated 

electrolytes. we used the saturated as reference electrode. Before each testing session, 

the glassy carbon rotating disk electrode (RDE) was polished using alumina suspension 

and rinsed several times with a mixture of ethanol/DI water. The linear sweep 

voltammetry (LSV) test was performed at a scan rate of 5 mVs−1 after purging H2 in 

the electrolyte for 20 min. All the potentials in the LSV are IR-corrected, and the 

resistance for IR compensation is tested at the open circuit potential. EIS test frequency 

range is 105~10−2 Hz unless otherwise indicated, 1.0 M potassium hydroxide solution 

(KOH) and 0.5 M sulfuric acid solution (H2SO4) were prepared as electrolytes. In the 

typical preparation of catalyst ink, a 5 mg catalyst sample and 50 μL of 5wt% Nafion 
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solution (Sigma-Aldrich) were dispersed in 700 μL water and 300 μL anhydrous 

ethanol mixed solvent by ultrasonic treatment for 30 min to form uniform ink. Then, 

the above catalyst ink was dropped on a glassy carbon electrode with a diameter of 3 

mm and dried in the surrounding environment to form a catalyst film with a mass load 

of 0.25 mgcm−2, and then electrochemically tested in 1.0 M KOH/0.5 M H2SO4 

solution. The stability test was carried out by dropping the catalyst onto the carbon 

paper (Tory, TGP-H-060) and maintaining the current density at 10 mAcm−2. The 

amount of hydrogen produced in the electrolytic cell was collected by the drainage 

method. 

Calculation of the electrochemically surface area

The electrochemically active surface area (ECSA) of the as synthesized samples 

without carbon black was estimated by the cyclic voltammetry (CV) measurements1. 

The electrochemical double-layer capacitance was tested from 0.1 to 0.3 V (vs RHE) 

in 1M KOH. solution for the HER or OER process at different scan rates (20, 40, 60, 

80, 100, 120 mVs−1). The difference between the anode and cathode currents was 

plotted linearly against the scan rate, with the slope corresponding to the 

electrochemical double-layer capacitance (Cdl)

The ECSA was then estimated using the following equation:

ECSA = Cdl·S/Cs

where S represents the real surface area of the smooth metal electrode, which was 

generally equal to the geometric area of the glassy carbon electrode (S = 0.07065 cm2). 

The specific capacitance (Cs) for a flat surface was generally considered to be 60 
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μFcm−2. In this work, we also test the Hupd method for ECSA, in which all catalysts 

were scanned by CV in N2-saturated 1 M KOH solution with a scan rate of 50 mV·s−1

Measurement of turnover frequency (TOF). 

TOF (H2·s−1) is calculated by the following formula. TOF = I/(2nF), where I is the 

current (A) during linear sweep voltammetry (LSV), F is the Faraday constant (96485.3 

C mol−1), and n is the number of active sites (mol). Factor 2 is based on the two-electron 

process of hydrogen evolution reaction.

HER FE

The HER FE of Ru-WC1-x was calculated based on the following equation: FE = 

neF/Q, where e is the number of electrons transferred for generating H2, Q is the total 

charge, n is the amount of generated H2 (in moles) and F is the Faradaic constant.

Electrochemical measurements in AEM electrolyzer

The AEM testing is based on a recent protocol. First, the as-received ion-

exchange-resin membrane (SustainionR37-50) was immersed into 1.0 M KOH for 24 

h before the construction of the AEM electrolyzer. 0.5 Ru-WC1-x, commercial 20% Pt/C 

were used as the cathode catalysts. The catalyst ink for Ru-WC1-x was prepared in the 

same way as described above. 1.5 mg of 0.5 Ru-WC1-x was deposited onto a catalyst-

coated membrane with surface area 1×1 cm2. The AEM electrolyzer was evaluated at 

60 °C, using 1.0 M KOH as the electrolyte with a flowing rate of 40 mLmin−1. The 

RuO2 on titanium foam was prepared as the anode for the electrolyzer. Prior to AEM 

testing, 10 cycles of cyclic voltammetry (CV) were conducted from 1.0 V to 1.5 V of 

cell voltage at a scan rate of 50 mVs−1. Then the AEM electrolyzer was conducted at 2 
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mAcm−2 for 5 min to stabilize. Subsequently, the electrolyzer was tested at 2, 10, 20, 

50, 100, 200 mAcm−2, and increased in 200 mAcm−2 steps until reaching 1 Acm−2 via 

a chronopotentiometry method, and the potential was recorded.
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Fig. S1. TEM of CN.
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Fig. S2. SEM of CN.



10

Fig. S3. SEM of Ru/CN.
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Fig. S4. SEM of Ru3Ni/CN.
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Fig. S5. SEM of Ni/CN.
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Fig. S6. Ru3Ni nanoclusters on CN support.
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Fig. S7. (a) specific surface area of the CN. (b) The pore diameter distribution plots 
of the CN. 
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Fig. S8. Raman spectra of Ru3Ni/CN, Ru/CN and Ni/CN.
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Fig. S9. The non-IR corrected LSVs for all electrocatalysts. 
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Fig. S10. Alkaline HER performances of RuNi. Corresponding overpotentials of Ru/CN, Ru/C, 

Ru3Ni/CN, and 20% Pt/C at the current densities of 10 mA cm−2 and 100 mA cm−2 in 1 M KOH.
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Fig. S11. Acidic HER performances of RuNi. Corresponding overpotentials of Ru/CN, Ru/C, 

Ru3Ni/CN, and 20% Pt/C at the current densities of 10 mA cm−2 and 100 mA cm−2 in 0.5 M 

H2SO4.
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Fig. S12. Operando electrochemical impedance spectroscopy characterization. Bode plots of 

Ru/CN for HER in different potentials.



20

 
Fig. S13. Operando electrochemical impedance spectroscopy characterization. Bode plots of 

Ru3Ni/CN for HER in different potentials.
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Fig. S14. ECSA measurements of electrocatalysts in 1M KOH. Electrochemical cyclic voltammetry 

scans recorded for (a) Ru3Ni/CN, (b) Ru/CN, (c) Rui/C and (d) 20% Pt/C. Scan rates are 20, 40, 60, 

80,100 and 120 mVs−1. (e) Linear fitting of the capacitive currents versus cyclic voltammetry scans 

for these catalysts. (f)The calculated ECSA values. 
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Fig. S15. ECSA measurements and specific activities based on Hupd method. The CV curves of (a) 

Ru3Ni/CN, (b) Ru/CN, (c) Ru/C and (d) 20% Pt/C, the scan rate was controlled as 50 mVs−1. (e) 

The corresponding ECSA values and (f) specific activities of Ru3Ni/CN, Ru/CN, Ru/C and Pt/C 

derived from the Hupd method.
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Fig. S16. XPS spectra of Ru3Ni/CN after stability test. The Ni 2p XPS spectra after 100 h stability 

test at 10 mA cm−2.



24

Fig. S17. XPS spectra of Ru3Ni/CN after stability test. The Ru 3p XPS spectra after 100 h stability 

test at 10 mA cm−2.
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Fig. S18. H2 collection volume in different time periods by drainage method.
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Fig. S19. The amount of H2 about experimentally measured and theoretically calculated for 

Ru3Ni/CN in 1.0 M KOH.
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Fig. S20. LSV curves of Ru3Ni/CN and Ru/CN in CO-saturated 1M KOH.
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Fig. S21. (a)The operando Raman spectra of Ru3Ni/CN under applied potentials in 1 M KOH 

solution, (b) Area ratio of dangling O-H bonds.
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Fig. S22. (a)The operando Raman spectra of Ru/CN under applied potentials in 1 M KOH solution, 

(b) Area ratio of dangling O-H bonds.
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Fig. S23. (a) The AEMWE device, (b) Cell voltage of different current density.
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Table S1 The contents of Ru and Ni measured by ICP

Sample Ru(wt%) Ni(wt%) Ru:Ni molar ratio

Ni/CN 0 1.261 -

Ru/CN 7.153 0 -

Ru3Ni/CN 7.432 1.326 3.01:1
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Table S2. Summary of recently reported representative HER catalysts in alkaline 

electrolyte.

Catalyst η10

(mV)
Tafel slope
(mV dec−1)

Electrolyte Ref

Ru3Ni/CN 12 30.3 1 M KOH This work

CoRu-CoMoO4 49 27 1 M KOH [1]

Ru-NiCo2S4 30 41 1 M KOH [2]

Ru/ZnRuO2 35 29.2 1 M KOH [3]

a-Ru@GNL500 23 49 1 M KOH [4]

Ru NRs/TiN 25 27.08 1 M KOH [5]

Ru@MoO(S)3 30 28 1 M KOH [6]

c/a-Ru/VOx 33 27 1 M KOH [7]

CNT-V-Fe-Ru 38 41 1 M KOH [8]

RuCoP 44 37 1 M KOH [9]

Ru@C2N 17 38 1 M KOH [10]

RuNi/MoC 21 49.4 1 M KOH [11]

Ru@CN-0.16 32 53 1 M KOH [12]

Ru-Ni3N 22.6 54 0.1 M KOH [13]

UP-RuNiSAs/C 9 37.6 1 M KOH [14]

Ru/BCN 17 43 1 M KOH [15]

Mo–RuSe2 27 39 1 M KOH [16]

RuGa/C-600 18 38.67 1 M KOH [17]

Ru@Co3O4 9.8 18.6 1 M KOH [18]

Ru/CNT 21 28.8 1 M KOH [19]

Ru-FeCoP/FF 5 36.2 1 M KOH [20]

Ru/G-S 15 52.3 1 M KOH [21]

PtNi/Ru@CFN 25 29.87 1 M KOH [22]

MgOx/MoOy-Ru 8.5 33.3 1 M KOH [23]
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Table S3. Summary of recently reported representative HER catalysts in acidic 

electrolyte.

Catalyst η10

(mV)

Tafel slope

(mV dec−1)

Electrolyte Ref

Ru3Ni/CN 7 30.6 0.5 M H2SO4 This work

I-PtZn@NPC 2.3 18.26 0.5 M H2SO4 [24]

PtRu/mCNTs 17 22.6 0.5 M H2SO4 [25]

Ru2P@NPC 15 28 0.5 M H2SO4 [26]

Ru@MWCNT 13 27 0.5 M H2SO4 [27]

Ir@CON 13 30 0.5 M H2SO4 [28]

Ru2P 13.4 27 0.5 M H2SO4 [29]

Ru/RuO2-C 32 39.1 0.5 M H2SO4 [30]

RuP(L-RP) 19 37 0.5 M H2SO4 [31]

Pt3Co@NCNT 42 27.2 0.5 M H2SO4 [32]

Pt-SA/Mo-L 31 31.1 0.5 M H2SO4 [33]

Pt/WCx 2 16 0.5 M H2SO4 [34]

Pt–Er/h-NC 25 17.1 0.5 M H2SO4 [35]

Pt/NBF-

ReS2/Mo2CTx

29 24 0.5 M H2SO4 [36]

Pt1Ni2Co@NC 26 30.14 0.5 M H2SO4 [37]

Ru/CNT 18 28.7 0.5 M H2SO4 [19]

PtNi/Ru@CFN 29 37.08 0.5 M H2SO4 [22]

Y−Ru/CNT/CC 27 44.3 0.5 M H2SO4 [38]

8Ru/FNPC 53.8 55.4 0.5 M H2SO4 [39]

RuRuO2@Co/CNF 40 71.7 0.5 M H2SO4 [40]
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Table S4. Comparison of the AEMWE performances of Ru3Ni/CN with the reported 

Pt, Ru and non-noble based electrocatalysts.

Catalyst E@0.5 A cm−2 (V) Reference

Ru3Ni/CN 1.706 This work

Pt1/CoHPO 1.722 [41]

Cl-Pt/LDH 1.787 [42]

Pt-AC/Cr-N-C 1.78 [43]

Pt-Ru SWNT 1.813 [44]

Ru/NDC-4 1.863 [45]

UP-RuNiSAs/C 1.70 [14]

Pt@S-NiFe LDH 2.5 [46]

Ni2Mo3N 1.96 [47]

Ni3S2/Cr2S3 1.831 [48]

PtMoAl1xB 1.85 [49]

Pt1/Co(OH)2 2.03 [50]

NA-Ru3Ni/C 1.86 [51]

RuCo@RuSACoSA NMC 1.93 [52]

PtNiNb 1.86 [53]
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