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1. Experimental Procedures

1.1. Materials.

Carbon cloth was provided by a commercial supplier (CeTech Co., Ltd), and 

Ni(CH3COO)2·4H2O, ammonium molybdate tetrahydrate, CO(NH2)2, NaBH4, 

Na2MoO4·2H2O, and selenium powder were purchased from Aladdin Co., Inc.20 wt.% Pt/C 

and 5 wt. % Nafion were purchased from Sigma–Aldrich. All the other reagents were analytical 

grade and used in the synthesis process as received without further purification.

1.2. Characterization.

X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max 2500V instrument with Cu 

Kα radiation in the 2θ range of 10-80°. The morphology of the samples was investigated by 

scanning electron microscopy (SEM, JEOLJSM-6360). Scanning transmission electron 

microscopy (STEM) images and energy-dispersive X-ray spectroscopy (EDS) data were 

acquired on a JEOL NEOARM200F microscope equipped with a spherical aberration (Cs) 

probe corrector at 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted on a Kratos 

Analytical Ltd instrument with a Cu Kα source. Raman spectra were recorded on an WITec 

Raman microscope with an excitation laser wavelength of 532 nm.

1.3. Electrochemical measurement

Electrochemical measurements were conducted on an electrochemical work station (CHI660D) 

with a typical three-electrode electrochemical cell consisting of a reference electrode (a 

Hg/HgO electrode), a counter electrode (carbon rod), and the working electrode. for 

electrochemical tests in alkaline high-purity water, a 1 M KOH solution was used as the 

electrolyte. For the electrochemical tests in alkaline simulated seawater, a mixture solution 

containing 1 M KOH and 0.5 M NaCl were used as electrolyte. 

Before the test, the catalyst was subjected to CV at a scan rate of 50 mV/s to stabilize and 

activate the it. The electro-catalytic HER properties were measured using linear sweep 

voltammetry (LSV) at a scan rate of 2 mV/s. All of the LSV curves have been corrected for IR 

compensation. Electrochemical impedance spectroscopy (EIS) was performed at an 

overpotential of 250 mV vs. RHE in the frequency range 10-1~105 Hz. To estimate the 

electrochemical surface area, Cdl values were obtained by scanning CVs in the non-ohmic 

potential range of 0.0254~0.125 V vs. RHE with scan rates from 20 to 180 mV/s. 
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1.4. Computational details

First-principles calculations were performed using the Vienna Ab initio Simulation Package 

(VASP) based on density functional theory (DFT)1-3. Both structural relaxation and static self-

consistency calculations employed the generalized gradient approximation (GGA) with 

Perdew-Burke-Ernzerhof (PBE)4. The interaction of ions with electrons was ascribed by 

projector-augmented wave potentials (PAWs)5. The cutoff energy was set to 500 eV. The 

convergence precision for energy and force  was set at 10-5 eV and 0.01 eV Å-1 per atom, 

respectively. A dipole correction was applied for the entire calculation because of the 

asymmetry in the vertical direction6, 7. A six-layer-thick of NiSe supercell (96 atoms) was used 

to simulate the surface reactions, and a vertical vacuum layer of over 20 Å was set to separate 

the neighboring layers.
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Figure S1. SEM images of NiMoO4 on CC.

Figure S2. XRD pattern and Raman spectrum of NiMoO4 precursor.

There is no obvious characteristic peak of the NiMoO4 precursor in the XRD pattern, indicating 

its low crystallinity. 

The Raman spectra show the peaks at 342.13, 853.17 and 937.54 cm−1, which may correspond 

to the bending mode of Mo–O, the stretching vibrations of the bridging Mo–O–M bonds (M=Ni 

or Mo) and Mo=O bonds of NiMoO4, respectively.
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Figure S3. SEM images of (a-b) Mox-Ni0.85Se/MoSe2-10, (c-d) Mox-Ni0.85Se/MoSe2-30, (e-f) 

Mox-Ni0.85Se/MoSe2, (g-h) Mox-Ni0.85Se/MoSe2-90.



6

Figure S4. The HER polarization curves of a series of Mox-Ni0.85Se/MoSe2, which were 

prepared with different amounts of NaMoO4·2H2O, in 1 M KOH solution.
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Figure S5. HAADF-STEM images of Mox-Ni0.85Se/MoSe2 with different defocus in the same 

area. 

Figure S6. SEM images of NiSe2 on CC. 
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Figure S7. SEM images of MoSe2 on CC.
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Figure S8. XRD patterns of Mox-Ni0.85Se/MoSe2, MoSe2, and NiSe2. It should be noted that 

the two distinct peaks sitting around 26° and 43° originate from the carbon cloth substrate.
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Figure S9. Raman spectra of Mox-Ni0.85Se/MoSe2, MoSe2, and NiSe2.
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Figure S10. Wavelet transform of Se K-edge EXAFS for Mox-Ni0.85Se/MoSe2, NiSe2, MoSe2, 
and Ni Foil. The Se wavelet transform-EXAFS indicates the Ni-Se coordination in Mox-

Ni0.85Se/MoSe2 shares a similar coordination environment to that of NiSe2 and MoSe2.
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Figure S11. The XPS survey spectrum of Mox-Ni0.85Se/MoSe2.
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Figure S12. (a) The LSV curve, (b) the Tafel slope curve, (c) CV curves with different scan 

rates, (d) the EIS curve, and (e) the capacitive currents at -0.5 V vs. RHE as a function of scan 

rate for NiMoO4 in 1 M KOH.

Figure S13. (a) The LSV curve, (b) Tafel slope curve, (c) CV curves with different scan rates, 

and (d) EIS curve of NiMoO4 in simulated alkaline seawater. (e) Capacitive currents at -0.5 V 

vs. RHE as a function of scan rate for NiMoO4 in simulated alkaline seawater.
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Figure S14. Tafel slopes of Mox-Ni0.85Se/MoSe2, NiSe2+MoSe2, NiSe2, and MoSe2 in (a) 1 M 

KOH and (b) in alkaline simulated seawater (1 M KOH + 0.5 M NaCl), respectively.

Figure S15. (a) The EIS curve (with inset equivalent circuit) of Mox-Ni0.85Se/MoSe2, NiSe2, 

MoSe2 and (b) physical mixed sample in 1 M KOH.
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Figure S16. (a) The EIS curve (with inset equivalent circuit) of Mox-Ni0.85Se/MoSe2, NiSe2, 

MoSe2 and (b) physical mixed sample in alkaline simulated seawater.

Figure S17. The CV curve of (a) Mox-Ni0.85Se/MoSe2 , (b) NiSe2, (c) MoSe2, (d) NiSe2+MoSe2 

in 1 M KOH.
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Figure S18. The CV curve of (a) Mox-Ni0.85Se/MoSe2, (b) NiSe2, (c) MoSe2, (d) NiSe2+MoSe2 

in alkaline simulated seawater.
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Figure S19. (a) Electrochemically active surface area (ECSA) and versus double-layer 

capacitance (Cdl), (b) Chronopotentiometry test of Mox-Ni0.85Se/MoSe2 catalyst at 20 mA /cm2 

for 12 h (inset: LSV curves before and after 1000 cycles of CV ) in 1 M KOH.

The durability test results of Mox-Ni0.85Se/MoSe2 (Supplementary Figure 19b) reveal that it 

exhibits superior electrochemical stability as it can stably run 12 h at 20 mA/cm2 in 1 M KOH 

with negligible current density drop.
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Figure S20. Polarization curves of Mox-Ni0.85Se/MoSe2 and Physical mixed sample (marked as 

Ni0.85Se+MoSe2) in 1 M KOH and alkaline simulated seawater (Cl representative in alkaline 

simulated seawater).
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Figure S21. SEM images of Mox-Ni0.85Se/MoSe2 acquired after (a),(b) 1000 CV cycles and 12 

h time-overpotential test in 1 M KOH, and (c),(d) 1000 CV cycles and 80 h time-overpotential 

test in the alkaline simulated water, respectively.
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Figure S22. Schematic diagram for H2O absorption on the NiSe, Mo-NiSe, and NiSe+Cl, 

respectively.

Figure S23. Energy barriers of water decomposition on NiSe, Mo-NiSe, and MoSe2/NiSe. The 

H2O*, OH*+H, and OH*+H* represent the initial state, transition state, and final state, 

respectively. The “ * ” refers to the chemical group absorbing on the catalyst surface.
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Figure S24. PDOS of Cl adatom and its bonding atom in (a) NiSe+Cl, (b) Mo-NiSe+Cl1, and 

(c) Mo-NiSe+Cl2.
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Table S1. The comparison HER performance with reported works. 

catalyst
Overpotential

(η10/mV)

Tafel spole 

(mV/dec)

Cdl 

(mF/cm2)

Stability 

(h)
electrolyte Reference

Mox-Ni0.85Se/MoSe2 110 mV 70.12 mV/dec 92.97 mF/cm2 12 h 1 M KOH This work

P-NiSe2/MoSe2(1-

1)@CC
175 mV 78 mV/dec 14.5 mF/cm2 20 h 1 M KOH 8

Ni0.85Se/Ni3S2 145 mV 130 mV/dec 36.8 mF/cm2 20 h 1 M KOH 9

NF@Mo-Ni0.85Se 130 mV 98.98 mV/dec 63.86 mF/cm2 12 h 1 M KOH 10

1T-MoSe2/NiSe 

NS/NW
120 mV 86 mV/dec 21.2 mF/cm2 10 h 1 M KOH 11

Ni(OH)2-MoSe2 130 mV 78.2 mV/dec 32.3 mF/cm2 36 h 1 M KOH 12

CoSe2-MoSe2(1–

1)/rGO
182 mV 89 mV/dec 14.0 mF/cm2 15 h 1 M KOH 13

Mo@(2H-1T)-MoSe2 244 mV(η20) 80 mV/dec 91.5 m/ cm2 12h 1 M KOH 14

MoSe2/CoSe hollow 

spheres
165 mV 82 mV/dec 78.6 mF/cm2 20h 1 M KOH 15

NiSe2/Ni3Se4/NF-4 145 mV 69.7 mV/dec 4.4 mF/cm2 CV2000 1 M KOH 16

Mox-Ni0.85Se/MoSe2 110 mV 86.19 mv/dec 83.07 mF/cm2 80 h
1 M KOH + 

0.5 M NaCl
This work

oct_Cu2O/NF 237 mV(η20) 90 mv/dec -- 20 h
1 M KOH + 

0.5 M NaCl
17

(Co,Fe)PO4 134 mV -- -- --
1 M KOH + 

0.5M NaCl
18

Ti@NiB-1.5 h 149 mV 118 mV/dec 89.7 mF/cm2 28 h
1 M KOH + 

0.5 M NaCl
19

NiFe LDH/FeOOH 181.8 mV -- -- --
1 M KOH + 

0.5 M NaCl
20

CoFeZr/NF 159 mV 132.7 mV/dec -- 35 h
1 M KOH + 

0.5 M NaCl
21

GO@Fe@Ni-Co@NF 150 mV -- -- --
1 M KOH + 

0.5 M NaCl
22

Ni3S2 @Ni foam 109 mV 52 mV/dec 7.1 mF/cm2 50 h
1 M KOH + 

0.5 M NaCl
23

NiFe-PBA-gel-cal 480 mV(η100) 160.8 mV/dec -- 60 h 1 M KOH + 24
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0.5 M NaCl

NiCoP/NiCo-LDH 213 mV(η50) 65 mV/dec -- --
1 M KOH + 

0.5M NaCl
25

HCl-c-NiFe 175 mV(η100) -- -- 300 h 1 M KOH + 

0.5 M NaCl
26

NiMoN@NiFeN 82 mV(η100) -- -- 48 h 1 M KOH + 

0.5 M NaCl
27

CoSe/MoSe2 164 mV -- -- 38 h 1 M KOH + 

0.5 M NaCl
28

NiPx@HA 52 mV 83.76 mV/dec 68.35 mF/cm2 960 h 1 M KOH + 

0.5 M NaCl
29

(C-Co2P) 192 mV(η1000) -- -- 60 h 1 M KOH + 

0.5 M NaCl
30

Ti/TiO2@NiBx 91 mV 135.6mV/dec 3.62mF/cm2 72 h 1 M KOH + 

0.5 M NaCl
31

Ru2P@Ru/CNT 27 mV -- -- 250 h 1 M KOH + 

0.5 M NaCl
32

NiFeSP-NT 146 mV 107.3 mF/cm2 1000 h 1 M KOH + 

0.5 M NaCl

33

Ni3Bi2S2@NF 157 mV(η100) -- -- 12 h 1 M KOH + 

0.5 M NaCl

34

NiPS/NF 177 mV(η100) -- -- 60 h 1 M KOH + 

0.5 M NaCl
35

FeNiP-NPHC 180 mV(η100) 101 mV/dec -- 100 h 1 M KOH + 

0.5 M NaCl
36

S,P-

(Ni,Mo,Fe)OOH/NiMo

P/wood aerogel

187 mV(η50)

-- --

30 h
1 M KOH + 

0.5 M NaCl
37

FeP@CoP/NF 205 mV(η100) -- -- 100 h 1 M KOH + 

0.5 M NaCl
38

S-NiMoO4@NiFe-

LDH NS

220 mV(η100) 69 mV/dec 148.56 

mF/cm2

20 h 1 M KOH + 

0.5 M NaCl
39

Co-Fe2P 221 mV(η100) -- -- 20 h 1 M KOH + 

0.5 M NaCl
40

Cu3P-FeP@CC 178 mV 76.8 mV/dec -- 5 h 1 M KOH + 

0.5 M NaCl
41

Ni3N/Co4N 282 mV 95 mV/dec -- 14 h 1 M KOH + 

0.5 M NaCl

42
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Ni-MoN 29 mV 36.8 mV/dec -- 200 h 1 M KOH 

seawater
43

MnCo/NiSe/NF 31.4 mV 58.24 mV/dec -- 200 h 1 M KOH 

seawater
44

1D-Cu@Co-CoO/Rh 137.7 mV 124.8 mV/dec 4.53 mF/cm2 20 h 1 M KOH 

seawater
45

Ni3N@C/NF 142 mV(η100) -- -- 100 h 1 M KOH 

seawater
46

Ni-SN@C 23 mV -- -- 40 h 1 M KOH 

seawater
47

O-POCs 197 mV 67.6 mV/dec -- 20 h 1 M KOH 

seawater
48

Co-N,P-HCS 287 mV(η100) 109 mV/dec -- 100 h 1 M KOH 

seawater
49

Cu2S thin films 358 mV(η100) 128 mV/dec -- 12 h 1 M KOH 

seawater
50

Ni-SA/NC 290 mV(η100) 123 mV/dec -- 14 h 1 M KOH 

seawater
51

Mn-doped Ni2P/Fe2P 308 mV(η100) -- -- 200 h 1 M KOH 

seawater

52

CuS 199 mV 168.14 

mV/dec

28.97 mF/cm2 10 h 1 M KOH 

seawater
53

Ni2P-Fe2P/NF 252 mV(η100) -- -- 36 h 1 M KOH 

seawater

54

CoSe2-NCF 134 mV 67 mV/dec -- 50 h 1 M KOH 

seawater

55
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