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Section 1. Materials and structural characterization

Nickel foam (NF) was purchased from Suzhou Sinero Technology Co., Ltd. Hexadecyl 

trimethyl ammonium bromide (CH3(CH2)15NBr(CH3)3, CTAB, 98%) was obtained 

from Shanghai Haohong Biomedical Technology Co., Ltd. Ti3AlC2 MAX powder (400 

mesh) was got from FoShan XinXi Technology Co., Ltd. Lithium fluoride (LiF, 

99.9%), hydrochloric acid (HCl, 37 wt %), nickel (Ⅱ) nitrate hexahydrate 

(Ni(NO3)2
.6H2O, 99%), Cobalt (Ⅱ) nitrate hexahydrate (Co(NO3)2

.6H2O, 99.99%), urea 
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(NH2CONH2, 99%), sodium sulfide nonahydrate (Na2S.9H2O, 99%) and ethanol were 

gained from Sinopharm Chemical Reagent Co., Ltd. All chemicals were purchased 

commercially and used as received without further purification.

Powder X-ray diffraction (PXRD) patterns were obtained on a Bruker D8 Advance 

X-ray diffractometer using Cu-Kα radiation (λ = 1.5418 Å). The working voltage was 

40 kV and the working current was 40 mA. The patterns were collected with a 2θ range 

from 10° to 80° at a step of 0.0167°. X-ray photoelectron spectroscopy (XPS) of 

samples was gained using a Thermo ESCALAB 250XI with aluminum Kα radiation. 

Scanning electron microscopy (SEM) images were obtained on a Hitachi S-4800 SEM 

at 5 kV. The pictures of the samples were characterized by using a field emission 

scanning electron microscopy (FE-SEM, Hitachi S-4800 SEM) and a transmission 

electron microscopy (TEM, JEOL JEM200CX, JEOL). Elemental mapping was studied 

via high-angle annular dark-field scanning TEM energy dispersive X-ray spectroscopy 

(EDS).

Section 2. Electrochemical measurement

The electrochemical measurements were carried out in 1M KOH aqueous solution with 

a three-electrode configuration on a CORRTEST CS2350H working station at room 

temperature. Hg/HgO saturated with KOH and Pt filament were used as reference and 

counter electrodes respectively. The prepared samples with a size of 1 cm × 1 cm were 

directly used as the working electrodes without using any binder or conductive agent. 

The electrochemical impedance spectroscopy (EIS) tests were recorded in a frequency 
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range from 100 kHz to 0.01 Hz with 10 mV amplitude at stable open circuit voltage. 

The double-layer capacitances (Cdl) of the catalysts were determined in the non-faradaic 

potential region at various scan rates of (10, 25, 50, 75, and 100 mV·s-1) between 0.92 

and 0.98 V vs. RHE as the means for estimating the electrochemical surface area 

(ECSA). The double-layer capacitance was then carried out by plotting the ΔJ = (Ja - 

Jc) at 0.95 V vs. RHE against the scan rate. The OER activities of all the electrocatalysts 

were assessed by the linear sweep voltammetry (LSV) method within the potential 

range of 0.85-2.00 V vs. RHE. And the stability tests were performed by 1000 cyclic 

voltammetry (CV) cycles and the chronoamperometry (CA) measurements for 24 hours 

at the current density of 100 mA cm-2.

Section 3. Computational method

In this manuscript, to further quantify the change of reaction free energy during water 

electrolysis, we performed density functional theory (DFT) calculations. All the 

calculations have been carried out with the Quickstep module in the CP2K v7.1 

software.1 To be more specific, all the structures have performed geometry optimization 

calculations under DZVP-MOLOPT-SR-GTH basis sets2 and Geodecker–Teter–Hutter 

pseudopotentials Perdew-Burke-Ernzerhof (PBE) functional.3-5 The frequency 

calculation is performed at the same computational level to ensure that the geometry 

optimization calculation structures have no imaginary frequency and obtained the free 

energy correction. In order to avoid the basis set superposition error (BSSE) caused by 

the gaussian basis group, TZVP-MOLOPT-SR-GTH has been used to obtain single-
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point energy. We used DFT-D3 dispersion 6,7 to correct the scheme and note that the 

400 Ry absolute energy cutoff and a 55 Ry relative cutoff have been used in all 

calculations. 

Section 4. Construction models

To begin with, based on the XRD and HRTEM results, the Co3S4 (111) surface and 

Ni3S2 (110) surface slab were used to model the active surface. For Co3S4 crystal, the 

crystal surface structure is transformed as follows to ensure the lattice vectors of the 

(111) surface are orthogonal. The total structure extends two layers along the Y axis, 

and a thickness of 20 Å vacuum was added in the Y axis direction perpendicular to the 

slabs, which means the entire molecular model is placed into one 

periodic cell (84 atoms) so that the interactions 6.5726 × 11.3841 × 35.4287 Å3

between the slab and any adjusting molecules can be eliminated.

𝐶𝑜3𝑆4 𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑑𝑒𝑙 = 𝐶𝑜3𝑆4(111)(1 0 0
1 2 0
0 0 2)

In the Co3S4(111) active surface model as shown in Figure S4, the bottom 10 layers 

of atoms are fixed when performing a geometry optimization task (The dotted red line 

in Figure S4). And note that when performing the frequency calculation, the entire 

active catalyst layer is fixed while allowing only the adsorbed molecules to rotate.

The catalyst Ni3S2(110) active surface is shown in Figure S6, the crystal surface 

structure is transformed as follows. Like the Co3S4(111) surface, a thickness of 20 Å 

vacuum was added in the Y axis direction perpendicular to the slabs. The entire 

structure is placed into one  periodic cell, which 11.547 × 8.24514677 × 32.812 Å3
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contains 100 atoms. The bottom 6 layers of atoms are fixed when performing a 

geometry optimization task (The dotted red line in Figure S6).

𝑁𝑖3𝑆2 𝑖𝑛𝑖𝑡𝑎𝑙 𝑚𝑜𝑑𝑒𝑙 = 𝑁𝑖3𝑆2(110)(2 0 0
0 2 0
0 0 4)
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Fig. S1 The SEM image of NF@Co3S4/Ni3S2.

Fig. S2. XPS survey spectra of NF@MXene@Co3S4/Ni3S2.
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Fig. S3. High-resolution XPS spectra of Ti for NF@MXene@Co3S4/Ni3S2.

Fig. S4. Forward and backward sweep OER LSV curves of NF@MXene@CoNi-LDH.
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Fig. S5. LSV curves of NF@MXene@Co3S4/Ni3S2, NF@MXene@Co3S4, 

NF@MXene@Ni3S2 and NF@Co3S4/Ni3S2.

Fig. S6. CV curves at the non-faradaic potential for NF, NF@MXene, 

NF@MXene@CoNi-LDH and NF@RuO2.
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Fig. S7. PXRD patterns of NF@MXene@Co3S4/Ni3S2 before and after stability test.

Fig. S8. Nitrogen adsorption isotherms at 77 K of NF@MXene@Co3S4/Ni3S2 before 

and after stability test.
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Fig. S9. Co3S4 (111) active surface

Fig. S10. Illustration of the OER reaction coordinates of Co3S4 (111) from (a) Front 

view, (b) left view and (c) top view.
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Fig. S11. Ni3S2 (110) active surface

Fig. S12. Illustration of the OER reaction coordinates of Ni3S2 (110) from (a) Front 

view, (b) left view and (c) top view.
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Table S1. The comparison of the electrocatalytic performance of previously reported 

catalysts.

Catalyst Substrate η10 (mV)
Tafel Slope

（mV dec-1）

Ref.

NF@MXene@Co3S4/Ni3S2 NF 186 97 This work

NiCo-UMOFNs GC 250 42 8

Co4Ni1P RDE 245 61 9

Ni3S4 GC 307 67 10

Co9S8@TDC GC 330 86 11

Ni3S2/Co3S4@PPy/NF NF 207 52 12

CoNi2S4@CoS2/NF NF 259 45 13

Ni-Co3S4-2 GC 298 90 14

Ni3S2/NF NF 296 65 15

CoSx@Cu2MoS4-MoS2/NSG GC 351 62 16

CoFe0.2Sx GC 304 49 17

3D CoS0.46P0.54 GC 302 67 18

NiCo LDH/NiCoS CC 207 48 19

NiAl-LDHs CFP 190 60 20

NiCo LDHs GP 249 (η20) 108 21

MIM-CoFe LDH NF 217 58 22

Notes: 1M KOH, 10 mA cm-2, NF-Ni foam, GC-glassy carbon, RDE-rotating disk electrode, CC-
carbon cloth, CFP- carbon fiber paper, GP-graphite paper.
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Table S2. BET surface area of NF@MXene@Co3S4/Ni3S2 before and after catalysis.

NF@MXene@Co3S4/Ni3S2 BET surface area (m2 g-1)

Before catalysis 4.74

After catalysis 4.26

Table S3. Summary of the calculated free energy change of corresponding active sites 

during OER.

active sites ΔG1 (eV) ΔG2 (eV) ΔG3 (eV) ΔG4 (eV) ΔGdesorp. (eV)

Co3S4 0.37 1.39 1.64 1.52 0.45

Ni3S2 0.60 1.23 1.60 1.49 0.77

Note: ΔGdesorp. means the free energy from *O2 to O2.
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