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Experimental Section

Materials and Chemicals

Nickel foam (NF, ≥99%, ∼1.8 mm in thickness, ∼600 g m−2 in area density, Kunshan 

Jiayisheng Electronic Co., Ltd), hydrochloric acid (HCl, 36−38%, Chengdu Kelong 

Chemical Co., Ltd), Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%, Chengdu Kelong 

Chemical Co., Ltd), sodium chloride (NaCl, 99.5%, Shanghai Aladdin Biochemical 

Technology Co., Ltd), nickel chloride hexahydrate (NiCl2·6H2O, 99%, Shanghai 

Macklin Biochemical Technology Co., Ltd), dimethylamino borane (DMAB, 97%, 

Shanghai Titan Scientific Co., Ltd), sodium succinate (C4H4Na2O4, 99%, Bide 

Pharmatech Co., Ltd), hexamethylene tetramine (C6H12N4, 99%, Guangdong Guanghua 

Sci-Tech Co., Ltd), sodium fluoride (NaF, 98%, Guangdong Guanghua Sci-Tech Co., 

Ltd),potassium fluoride (KF, ≥99%, Shanghai Titan Scientific Co., Ltd), and potassium 

hydroxide (KOH, 85%, Chengdu Kelong Chemical Co., Ltd) were purchased and used 

directly.

Materials Characterization

The catalyst samples were characterized by field-emission scanning electron 

microscopy (FE-SEM, Hitachi, SU8220), X-ray diffraction (XRD, Bruker, D8 

Discover, Cu Kα radiation), X-ray photoelectron spectroscopy (XPS, Thermo Fisher 

Scientific, ESCALAB 250XI+), transmission electron microscopy (TEM, FEI, Talos 

F200s) and Raman spectroscopy (Horiba, LabRAM HR Evolution). The high-

resolution transmission electron microscopy (HRTEM) image was analyzed by Gatan 

digital micrograph software (Gatan, Inc.). The XPS peak positions were calibrated to 

the C 1s line (at 284.8 eV) of adventitious hydrocarbon.

Electrochemical Measurements

The electrochemical properties of catalysts were evaluated by a three-electrode 

system on the CHI660E and CHI1140C workstation with the catalyst as the working 

electrode (1×1 cm2 geometric surface area), graphite rod as the counter electrode, and 



Hg/HgO electrode (in 1M KOH) as the reference electrode. All potentials are expressed 

as relative potentials to reversible hydrogen electrode (RHE) according to the formula 

below:

𝐸(𝑅𝐻𝐸) = 𝐸(𝐻𝑔 𝐻𝑔𝑂) + 0.059 × 𝑝𝐻+ 0.098

The linear sweep voltammetry (LSV) with a scan rate of 1 mV s−1 was utilized to 

capture the polarization curve. A 90% iR compensation was applied to all potentials 

according to the formula below:

𝐸(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) = 𝐸(𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) ‒ 𝑖𝑅

Electrochemical Impedance Spectroscopy (EIS) was conducted at open circuit to 

calculate the charge-transfer resistance (Rct). The frequency range and AC amplitude 

were adjusted to 0.1 MHz ~ 0.01 Hz and 5 mV, respectively. At an open-circuit 

potential, Cyclic voltammetry (CV) with different scan rate (20 ~ 100 mV s−1) was used 

to examine the electrochemical active surface area (ECSA). Double-layer capacitance 

of the catalyst (Cdl) is estimated by calculating the current difference when the scan rate 

increases. The linear slope is twice that of the electric double-layer capacitor Cdl. The 

Faraday efficiency (FE) is determined by dividing the actual H2 production by the 

theoretical H2 production, where the actual H2 production can be obtained by H2O 

drainage method. The chronoamperometry (CP) method is employed to assess the 

stability of catalysts.



Supporting Figures

Fig. S1. XRD patterns of a series of catalysts scrapped from Ni foam

Table S1. EIS fitting data of a series of catalysts in 1.0 M KOH

Catalyst Rs (Ω) Rct (Ω) Rct (Error) Rct (Error%)

FNH/NB 1.259 1.593 0.0282 1.7680

NH/NB 1.321 2.134 0.0255 1.3601

FNH 1.367 117.5 1.3425 1.1426

NB 1.569 64.23 2.6496 4.1252



Fig. S2. CV curves of electrocatalysts obtained at different scaning rates in 1.0 M KOH: 

(a) FNH/NB; (b) NH/NB; (c) NB; (d) FNH.

Fig. S3. HER polarization curves of FNH/NB and the series catalysts in real alkaline 

seawater (1.0 M KOH + seawater).



Fig. S4. Tafel plots of the serious catalysts in simulated alkaline seawater (1.0 M KOH 

+ 0.5 M NaCl).

Fig. S5. EIS Nyquist plots of a series of catalysts in simulated alkaline seawater (1.0 M 

KOH + 0.5 M NaCl).



Table S2. EIS fitting data of a series of catalysts in simulated alkaline seawater (1.0 M 

KOH + 0.5 M NaCl).

Catalyst Rs (Ω) Rct (Ω) Rct (Error) Rct (Error%)

FNH/NB 1.018 1.758 0.0180 1.0240

NH/NB 1.136 3.601 0.1355 0.6933

FNH 1.237 119.3 2.5146 2.1077

NB 1.284 53.30 1.8209 3.4163

Fig. S6. Cdl values of a series of catalysts in simulated alkaline seawater (1.0 M KOH 

+ 0.5 M NaCl). 



Fig. S7. CV curves of electrocatalysts obtained at different scaning rates in simulated 

alkaline seawater (1.0 M KOH + 0.5 M NaCl): (a) FNH/NB; (b) NH/NB; (c) NB; (d) 

FNH.

Fig. S8. LSV curves comparation of NH/NB and FNH/NB after stability test in 1.0 M 

KOH.



Fig. S9. SEM images of FNH/NB after stability test in 1.0 M KOH.

Fig. S10. XRD pattern of FNH/NB after stability test in 1.0 M KOH.



Fig. S11. XPS full spectra of FNH/NB after stability test in 1.0 M KOH.

Fig. S12. XPS spectra of FNH/NB after stability test in 1.0 M KOH. (a) Ni 2p, (b) B 

1s, and (c) F 1s 

Table S3. Relative content of elements (atomic%) in FNH/NB analysed by XPS before 

and after stability test for 50 h in 1.0 M KOH.

Before stability test After stability test
Element

raw data Remove C element raw data Remove C element

Ni 12.72% 22.60% 15.28% 22.61%

B 1.17% 2.08% 0.81% 1.20%

O 41.75% 74.19% 50.63% 74.93%

F 0.63% 1.12% 0.85% 1.26%

C 43.73% - 32.43% -



Fig. S13. Polarization curves of (a) FNH/NB, (b) NH/NB and (c) NB catalysts in 1.0 

M KOH and 1.0 M KOD solutions.

Fig. S14. Micropolarization curves of (a) FNH/NB, (b) NH/NB and (c) NB at different 

pH conditions.



Table S4. Summary of HER performance of recently reported catalysts in literatures.

Catalyst Electrolyte
Current density 

(mA·cm−2)
Overpotential 

(mV)
Ref.

Ni(OH)2@CuS 1.0 M KOH 10 95 1

a/a Ni–P/Ni(OH)2 1.0 M KOH 10 54.7 2

Zn-VOx-Co 1.0 M KOH 10 50 3

etched-NiPB@MS 1.0 M KOH 100 76 4

Co2B/MoB2 1.0 M KOH 500 304 5

Ni(OH)2–NiMoOx/NF 1.0 M KOH 10 36 6

NixB/f-MWCNT 1.0 M KOH 10 116 7

Co−Mo−B/CoMoO4−x/CF 1.0 M KOH 10 55 8

NiB/Ni 1.0 M KOH 10 78.2 9

Co-B/Ni 1.0 M KOH 10 70 10

Ni-ZIF/Ni-B@NF 1.0 M KOH 10 67 11

Co–Ni–B@NF 1.0 M KOH 10 205 12

NiCo/V2O3/C 1.0 M KOH 10
1000

23
396

13

N–MoO2/Cu 1.0 M KOH 10
1000

40
363

14

A-NiCo LDH/NF 1.0 M KOH 100
1000

151
381

15

NiCoSx@CoCH NAs/NF 1.0 M KOH 10
1000

55
438

16

Mn-Ni2P/Fe2P 1.0 M KOH 10
1000

90
405

17

FNH/NiB 1.0 M KOH 10
1000

23
293

This 
work
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