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Experimental Section

Synthesis of Ni3S2@NF

Ni3S2@NF was synthesized by one-step hydrothermal method. 16 mM Na2S·9H2O was 

added to deionized water (30 mL) and stirred vigorously. Then, 4×2 cm2 of washed 

nickel foam was placed into autoclave and heated at 120 °C for 6h. After the reaction, 

the sample was vacuum dried at 60 °C for 3h.

Synthesis of Ni3S2/Pt5Ru1@NF

The final Ni3S2/Pt5Ru1@NF sample was acquired by chemical reduction at room 

temperature. H2PtCl6·6H2O (0.575 mmol), RuCl3 (0.575 mmol), and Na3C6H5O7·2H2O 

(0.01 M) were dissolved into deionized water (40 mL) and stirred evenly. Then, the 

Ni3S2@NF and NaBH4 (0.01 M) were put into it. After reaction for 1 h, the obtained 
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Ni3S2/Pt5Ru1@NF was washed by deionized water and dried at 60 °C for 3 h under 

vacuum.

Synthesis of Ni3S2/Pt@NF

The Ni3S2/Pt@NF control sample was acquired by chemical reduction at room 

temperature. H2PtCl6·6H2O (0.575 mmol), Na3C6H5O7·2H2O (0.005 M) were dissolved 

into deionized water (20 mL) and stirred evenly. Then, the Ni3S2@NF and NaBH4 

(0.005 M) were put into it. After reaction for 1 h, the obtained Ni3S2/Pt5Ru1@NF was 

washed by deionized water and dried at 60 °C for 3 h under vacuum.

Synthesis of Ni3S2/Ru@NF

The Ni3S2/Ru@NF control sample was acquired by chemical reduction at room 

temperature. RuCl3 (0.575 mmol), Na3C6H5O7·2H2O (0.005 M) were dissolved into 

deionized water (20 mL) and stirred evenly. Then, the Ni3S2@NF and NaBH4 (0.005 

M) were put into it. After reaction for 1 h, the obtained Ni3S2/Pt5Ru1@NF was washed 

by deionized water and dried at 60 °C for 3 h under vacuum.

Synthesis of Pt/C@NF

Pt/C@NF was synthesis by immobilizing Pt/C onto NF. An immobilization ink solution 

was firstly prepared by mixing 10 mg Pt/C with 40 μL Nafion, then dispersed in 1.0 

mL of water-ethanol solution (VWater / VEthanol = 4:1), followed by 30 min sonication. A 

piece of the treated NF was then immersed into the ink solution for 3 min and dried in 

air at room temperature.

Material Characterization

The morphologies of Ni3S2/Pt5Ru1@NF, Ni3S2/Pt@NF, Ni3S2/Ru@NF, Pt/C@NF and 

Ni foam were observed employing field-emission scanning electron microscope 

(ZEISS, Gemini SEM 300) and transmission electron microscope (JEOL, 4000EX). 

High-resolution transmission electron microscopy (HRTEM) of the Ni3S2/Pt5Ru1@NF 

was characterized by transmission electron microscope (JEOL, 4000EX). Raman 



scattering spectra were recorded by a Renishaw System 2000 spectrometer. The 

crystalline structures of these samples were characterized using X-ray diffraction 

(Rigaku, TTR-III) with a Cu Kα radiation. The chemical states of the sample on the 

surface were analyzed by XPS (ESCALAB 250Xi). Proportion of Ni, S, Pt and Ru in 

Ni3S2/Pt5Ru1@NF was measured by inductive coupled plasma emission spectrometer 

(Optima 7300 DV).

Electrochemical Characterization

Electrochemical measurements were achieved by Autolab electrochemical analyzer 

with a typical three-electrode system comprising of the Ni3S2/Pt5Ru1@NF sample as 

the working electrode, graphite rod electrode as the counter electrode and Ag/AgCl as 

the reference electrode. All potentials mentioned in this work were revised to reversible 

hydrogen electrode (RHE) by means of Nernst equation. First, cyclic voltammograms 

(CVs) with different rate of 20 and 100 mV s-1 were applied to activate the working 

electrode. Then, the linear sweep voltammetry (LSV) curves were recorded at 5 mV s-

1 with 95% iR-corrections to remove barrier of uncompensated resistance. 

Electrochemical impedance spectroscopy (EIS) measurement was conducted at the 

amplitude voltage of 5 mV by using AC impedance technology with range from 0.1 

MHz to 100 mHz. To estimate double-layer capacitance (Cdl), CV measurements were 

achieved by different scan rates ranging from 25 to 150 mV in the potential windows -

0.98 to -0.88 V for HER. Long-term stability tests were conducted using 

chronopotentiometry under continuous current density. Additionally, 1.0 M KOH and 

0.1 M HClO4 solution was used for above electrochemical test. The TOF value is 

obtained by following Eq. (1): 

                                                        (1)
TOF =  

J × A
N × F × n

where J is the measured current density, A is geometric area of the electrode, N is the 

number of electrons required for reaction, F is Faraday constant and n is the number of 

active sites. The electrochemical surface area (ECSA) of Ni3S2/Pt5Ru1@NF and control 

samples were estimated from their Cdl value. And the detailed ECSA is acquired by 



ECSA = Cdl/Cs, where Cs is the specific capacitance of the sample, which is usually 

between 20 and 60 μF cm-2 and here we take the average value of 40 μF cm-2 for 

calculation.

Computational Methods

All DFT calculations were accomplished by using Vienna Ab Initio Simulation 

Package (VASP), adopting the projector augmented wave (PAW) method.[1] The 

generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 

version was utilized to represent the exchange and correlation energies.[2] A cut-off 

kinetic energy of 520 eV was selected for plane-wave basis functions and the 3 × 3 × 1 

Monkhorst–Pack grids were applied to all DFT optimizations.[3] The adjacent slabs 

were separated by a vacuum layer of 15 Å, which is sufficiently large to exclude the 

influence of models in vertical direction. In overall HER pathway, protons would be 

produced on the surface of electrocatalysts and the free energy of protons (ΔGH) is the 

key indicator to evaluate HER catalytic activity and is achieved by following Eq. (2): 

ΔGH = ΔEH + ΔEZPE – TΔSH                                            (2)

where ΔEH, ΔEZPE and TΔSH are described the binding energy, zero-point energy 

change and entropy difference of hydrogen adsorption, respectively. And ΔEH is 

calculated by following Eq. (3):

ΔEH = Esurf+H – Esurf – 1/2EH2                                            (3)

where the Esurf+H is the total energy of absorbed system, the Esurf and EH2 are the energies 

of bare surface and gas phase species, respectively.



   

Figure S1. SEM images of Ni3S2/Pt5Ru1@NF: (a) low magnification, and (b) high 

magnification.

Figure S2. SEM photos of control samples. (a) Ni Foam, (b) Ni3S2@NF.



Figure S3. Line scan for the Ni3S2/Pt5Ru1@NF.

Figure S4. XPS spectra of (a) Ni 2p, (b) S 2p in Ni3S2@NF.



Figure S5. Polarization curves of Ni3S2/Pt5Ru1@NF and control samples based on 

ECSA-normalization toward HER in (a) 0.1 M HClO4, (b) 1.0 M KOH.

Figure S6. Raman spectra of Ni3S2/Pt5Ru1@NF and control samples. (a) Pristine states, 

(b) 1.0 M KOH and Ni3S2/Pt5Ru1@NF in 1.0 M KOH, and (c) Ni3S2/Pt5Ru1@NF with 

(up)/without 1.0 M KOH. 



Figure S7. Calculated models of (a) Ni3S2/Pt5Ru1, and (b) Ni3S2/Pt6.

Figure S8. Calculated work function (ϕ) of (a) Ni3S2, (b) Pt, and (c) Pt5Ru1.



Table S1. ICP-MS analysis of series of Ni3S2/Pt5Ru1@NF catalysts.

Catalyst Pt loading

[wt. %]

Ru loading

[wt. %]

Molar ratio of Pt 

: Ru

Ni3S2/Pt5Ru1@NF 1.52 0.30 5.07

Ni3S2/Pt@NF 1.85 / /

Ni3S2/Ru@NF / 1.78 /

Table S2. The fitted parameters of the EIS data of Ni3S2/Pt5Ru1@NF, Pt/C, 

Ni3S2/Pt@NF, Ni3S2/Ru@NF and Ni foam for HER in 1.0 M KOH.

Parameter Ni3S2/Pt5Ru1

@NF

Pt/C 

(Pt=20 %)

Ni3S2/Pt@

NF

Ni3S2/Ru

@NF

Ni Foam

Rs 0.69683 0.72489 0.70316 0.70271 0.67703

T-T 0.31780 0.00149 0.30957 0.00830 0.00202

T-P 0.71219 0.81157 0.70055 0.86512 0.78460

R1 6.53500 20.39000 8.16600 48.55000 21.53000

Cψ 0.92857 0.00002 0.00428 0.00334 0.00001

R2 4.90600 25.39000 11.38000 46.27000 28.19000



Table S3. The fitted parameters of the EIS data of Ni3S2/Pt5Ru1@NF, Pt/C, 

Ni3S2/Pt@NF, Ni3S2/Ru@NF and Ni foam for HER in 0.1 M HClO4.

Parameter Ni3S2/Pt5Ru1

@NF

Pt/C 

(Pt=20 %)

Ni3S2/Pt

@NF

Ni3S2/Ru

@NF

Ni Foam

Rs 5.71300 5.43700 5.74000 5.77900 5.54700

T-T 0.02815 0.00129 0.03998 0.00656 0.00039

T-P 0.52085 0.69569 0.60584 0.83801 0.85548

R1 0.69609 3.84400 0.52661 2.49700 3.67700

Cψ 0.00347 0.51852 0.00139 0.00271 0.00007

R2 5.73700 7.17800 5.93600 3.43900 13.94000

Table S4. Comparison of electrochemical performance of Ni3S2/Pt5Ru1@NF catalyst 

with other reported nickel-based chalcogenides catalysts.

Catalysts
η@10 mA cm-2

mV

Tafel slope

mV dec-1

Electrolyte 
(KOH)

Substrate Ref.

Ni3S2/Pt5Ru1@NF 13 62.4 1.0 NF This work

Ni3S2 186 89.3 1.0 NF [4]

Ni3S2/MnS-O 116 41 1.0 NF [5]

CoNi2S4/Ni3S2 171 88.6 1.0 NF [6]

δ-FeOOH/Ni3S2 106 82.6 1.0 NF [7]

NiWO4-Ni3S2 136 112 1.0 NF [8]

Fe-Mo-S/Ni3S2 141 123 1.0 NF [9]

Co3O4@Mo-
Co3S4-Ni3S2 

116 98 1.0 NF [10]

Ni3S2/MnO2 102 69 1.0 NF [11]

MoS2/Co9S8/Ni3S2 113 85 1.0 NF [12]

Ni3S2@NiV-LDH 126 90 1.0 NF [13]
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