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Characterization 

The crystal structures were analyzed by X-ray diffraction (XRD, Shimadzu XRD-

6100) using Cu Kα radiation (λ = 1.5418 Å) over a 2θ range of 5–90°. The morphology 

was examined using field-emission scanning electron microscopy (FE-SEM, ZEISS 

Ultra Plus). Detailed microstructural information was obtained using transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM, JEOL EM002B). 

Elemental distribution was analyzed by energy-dispersive X-ray spectroscopy (EDS) 

attached to the TEM. Surface chemical states and elemental composition were 

characterized by X-ray photoelectron spectroscopy (XPS, JEOL JPS-9010MC). All 

binding energies were calibrated with respect to the C 1s peak at 284.8 eV. The bulk 

elemental composition was quantified by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Agilent) to determine the metal stoichiometry.

Electrochemical measurements 

All electrochemical measurements performed on a CHI660E electrochemical 

workstation (Shanghai Chenhua) using a standard three-electrode configuration. The 

as-prepared catalyst grown in situ on nickel foam (NF) served directly as the working 

electrode, with an average mass loading of ~3.0 mg. A Hg/HgO electrode and a carbon 

rod were used as the reference and counter electrodes, respectively. 

All measurements were conducted in 1.0 M KOH electrolyte at room temperature. 

Prior to testing, the electrolyte was purged with N2 for 30 min to remove dissolved 

gases. Continuous stirring was applied during measurements to facilitate bubble release 

and prevent blockage of active sites. The OER and HER activities were evaluated by 

linear sweep voltammetry (LSV) at a scan rate of 5 mV s−1. All polarization curves 

were corrected with 90% iR compensation. Tafel slopes were derived from the Tafel 

equation: 

η= a+b*log j (1)

where η is the overpotential, j is the current density, and b represents the Tafel 

slope. 



Electrochemical impedance spectroscopy (EIS) was conducted in the frequency 

range of 0.01–105 Hz with an amplitude of 5 mV. The electrochemical double-layer 

capacitance (Cdl) was determined from cyclic voltammetry (CV) curves recorded in the 

non-faradaic region (1.0–1.1 V vs. RHE) at scan rates of 20, 40, 60, 80, and 100 mV 

s−1. The electrochemically active surface area (ECSA) was estimated according to:

ECSA = Cdl/Cs (2)

where Cs represents the specific capacitance.

For stability evaluation, chronopotentiometry was performed in 1.0 M KOH at 

current densities of 50 mA cm−2 for OER and 10 mA cm−2 for HER. Additionally, 2000 

cyclic voltammetry (CV) cycles were conducted at 100 mV s−1, followed by LSV 

measurements to assess activity retention. Prior to formal testing, the electrodes were 

activated by 20 CV cycles at 20 mV s−1.

All potentials were converted to the reversible hydrogen electrode (RHE) using: 

ERHE = EHg/HgO + 0.059 × pH + 0.098 (3)

The overpotential (η) for OER was calculated as:

η = ERHE − 1.23 (4)

The mass activity (MA) (mA mg−1) at a given overpotential was obtained by:

MA = j/ms (5)

Where j is the current density (A cm2), and ms is the total catalyst mass on 

theelectrode (g cm2)

The intrinsic catalytic activity of catalysts was assessed by calculating 

turnoverfrequency (TOF), defined as: 

TOF = (A*J) / (4*F*m) (6)

where A is the geometric surface area (cm2) of the electrode, j is the current density 

(Acm−2), F. is the- Faraday constant (96485 C. mol−1), and m is molar quantity 

ofelectrochemically active sites (mol). The factor of 4 corresponds to the four-

electrontransfer required for the evolution of one O2 molecule during the oxygen 

evolution reaction.



The number of active sites (m) was estimated from CV data by analyzing the 

lineardependence of anodic peak current (ia) on scan rate (v), assuming a surface-

controlledone-electron redox process (n=−1). The relationship is described-as:

Slope = (n2*F2*m)/(4*R*T)

where R is the gas constant (8.314-J mol−1 K−1) and T is the absolute temperature (K).

The Faradaic efficiency (FE) for H2 and O2evolution was calculated by:

FE = Vtheo/Vexp

where Vtheo and the Vexp are the experimentally measured and theoretically calculated 

gas volumes (mL), respectively. The theoretical gas volume was obtained from:

Vtheo = Vm*Q/(n*F)

where Vm is the molar volume of an ideal gas at standard conditions (22.4 L mol−1), Q 

is the total charge passed (C), n is the number of electrons involved in the reaction (n = 

4 for OER; n = 2 for HER), and F is the Faraday constant (96485-C mol−1).

Computational details

All the calculations were performed in the framework of the density functional 

theory with the projector augmented plane-wave method, as implemented in the 

VASP.1 The generalized gradient approximation proposed by Perdew, Burke, and 

Ernzerhof was selected for the exchange-correlation potential.2 The van der Waals 

interaction was described by the DFT-D3 approach.3 The cut-off energy for plane 

wave was set to 400 eV. The energy criterion was set to 10−5 eV in iterative solution 

of the Kohn-Sham equation. A vacuum layer of 15 Å was added perpendicular to the 

sheet to avoid artificial interaction between periodic images. The Brillouin zone 

integration was performed using a 2 * 2 x 1 K-mesh. All the structures were relaxed 

until the residual forces on the atoms have declined to less than 0.02 eV/Å. Based on 

the XRD data, we used the structures of xxx with lattice constant Ni3S2 and CoMo2S4 

with lattice constant Ni3S2/CoMo2S4 as the catalyst crystal structures, respectively. 



The lattice constant information is as follows: 
Ni9S6 Co2Mo4S8

Space Group: P 1 (#1-1) Space Group: P 1 (#1-1)
a= 5.67382

α=90.0000°
a= 12.39623

α=90.0000°

b= 5.67382
β=90.0000°

b= 3.20733
β=114.8357°

c= 7.04707
γ=120.0000°

c= 5.93825
γ=90.0000°

In addition, to evaluate the HER and OER activity, the Gibbs free energy of 

intermediate adsorbed on catalyst was considered and the calculation method follows 

our previously published works.4



Figure S1. XRD pattern of Ni3S2/NF.



Figure S2. Raman spectra of Ni3S2/CoMo2S4/NF, Ni3S2/NF.



Figure S3. SEM images of Ni3S2/CoMo2S4/NF.



Figure S4. SEM images of Ni3S2/ NF.



Figure S5. XPS core level spectra of Ni3S2/CoMo2S4/NF, and Ni3S2/NF.



Figure S6. Bode plots of Ni3S2/CoMo2S4/NF, CoMo2S4/NF and Ni3S2/NF recorded at different 

potentials during the OER.



 
Figure S7. Cyclic voltammetry (CV) curves of (a) Ni3S2/CoMo2S4/NF, (b) CoMo2S4/NF, (c) 

Ni3S2/NF, (d)RuO2/NF. and (e) NF recorded at scan rates ranging from 20 to 100 mV s⁻¹.



Figure S8. LSV curves normalized by ECSA.



Figure S9. (a) Cyclic voltammetry (CV) curves of Ni3S2/CoMo2S4/NF、CoMo2S4/NF and 
Ni3S2/NF, (b) TOF of Ni3S2/CoMo2S4/NF、CoMo2S4/NF and Ni3S2/NF at 6 mV/s.

Figure S10. Mass activity of Ni3S2/CoMo2S4/NF、CoMo2S4/NF and Ni3S2/NF.



Figure S11. Polarization curves recorded after 48 test.



Figure S12. Polarization curves recorded after 12 test.



Figure S13. Experimental and theoretical H2/O2 gas volumes generated within 1 h at 
100 mA cm−2.

Figure S14. Faraday efficiency values of the Ni3S2/CoMo2S4/NF at different time periods.



Figure S15. Photograph of the two-electrode electrochemical cell and the corresponding 
electrodes.



b

Figure S16. SEM image and the corresponding elemental mapping of Ni3S2/CoMo2S4/NF after 

the OER stability test.



Figure S17. XPS spectra of Ni3S2/CoMo2S4/NF before and after the OER stability test.
 



Figure S18. DOS plots of Ni3S2, CoMo2S4 and Ni3S2/CoMo2S4 during the OER.



Table S1. Elemental composition (Ni, Mo, Co and S) of Ni3S2/CoMo2S4/NF catalysts 

determined by ICP-OES.

ICP-OES

Catalysts
Ni (at.%) Mo (at.%) Co (at.%) S (at.%) C\O(at.%)

Ni3S2/CoMo2S4/NF 77.3 5.81 1.2 6.22 9.01



Table S2. Comparison of the OER performance of Ni3S2/CoMo2S4/NF with previously reported 

electrocatalysts.

Electrocatalyst Substrate η100 (mV) Tafel (mV dec−1) Ref.

Ni3S2/CoMo2S4/NF Ni foam 202 49
This 
work

Ce-FeS2/Ni3S2 Ni foam 330 100  5

Ni3S2-Fe5Ni4S8 NiFe foam 240 48.1  6

NiFe/NF Ni foam 402 120  7

Ni3Se2/Ni3S2/NF Ni foam 312 145.54  8

Ni3S2 Ni foam 356 210.42  9

Ni3S2-W-Vs Ni foam 246 66  10

a-CoS/Ni3S2 Ni foam 248 53  11

N-CoS2 Ni foam 292 55  12

CoNi2S4（CoNi2S4/Ni） Ni foam 328 160  13

FeCo-Ni3S4 Ni foam 279 63.2  14

NixSy@MnOxHy Ni foam 326 39  15

PtFeCoNiCu Ni foam 264 84  16

MoS2@rGO Ni foam 303 92  17

FeCoCuCrNi-MoS2-MoP Ni foam 234 103.9 18

CuNiCoS4 /1T-MoS2 Ni foam 230 126 19



Table S3. Comparison of the HER performance of Ni3S2/CoMo2S4/NF with previously reported 

electrocatalysts.

 

Electrocatalyst Substrate η10 (mV) Tafel (mV dec−1) Ref.

Ni3S2/CoMo2S4/NF Ni foam 202 100 This work

CoMoS4/CC Carbon cloth 143 105  19

Co3Mo2-LDH Ni foam 165 88  20

C@Mo2C/Co Carbon cloth 145 90.7  21

CoMoS4 Ni foam 141 60.1  22

MoS2/NiS2/CoS2 Ni foam 101 116  23

MoS2/(CoNi@G) Ni foam 150 66  24

Mo-CoS2/NC Carbon cloth 158 65  25

H-Fe-CoMoS Carbon paper 137 98  26

Cu-Ni3S2 Ni foam 121 86.2  27

Co0.5MoS2/N Ni foam 178 63.8  28

Fe-MoS2/CoMo2S4 Carbon paper 122 90  29

CoMo2S4 Ni foam 162 116  30



Table S4. Comparison of overall cell performance of Ni3S2/CoMo2S4/NF and previously 

reported electrocatalysts at a current density of 10 mA cm−2.

Electrocatalyst Cell voltage (V) Ref.

Ni3S2/CoMo2S4/NF 1.50 This work

Pt-CoS2/CC 1.55  31 

CS-NFO@PNC-700 1.66  32 

FeCoP/NF 1.68  33 

NiCo2S4NA/CC 1.68  34 

MoS2-Ni3S2HNRs/NF 1.52  35 

CoSAs-MoS2/TiNNRs 1.65  35

NiFe-LDH/NiCo2O4/NF 1.60  36

Ni/Mo2C-PC/NF 1.66  37 

Co0.50Fe0.50S/rGO@NF 1.66  38  

FeCoNiCuPd/CC 1.52  39

Co-P/NC/CC 1.85  40
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