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Experimental Section

Materials

Nickel (II) nitrate hexahydrate (Ni(NO3)2•6H2O, ≥97.0%), Cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O, ≥97.0%), Ferrous sulfate (Fe(SO4)2•7H2O, ≥97.0%), 

Sodium hypophosphite (H2NaO2P, AR,99%), Ammonium fluoride (NH4F, AR), 

Nafion (5% w/w in water and 1-propanol, Alfa Aesar), Urea ((NH2)2CO, AR) and 

absolute ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. 

Deionized (DI) water was used in all experiments. All chemicals used in this work 

were of analytical reagent grade, commercially available, and used without further 

purification. The Ni foam (NF) was used as a substrate. The NF needs to be pretreated 

to remove the surface oxidation layer. Firstly, the NF was washed in an ultrasonic 
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bath of acetone for 20 min. Subsequently, it was soaked in HCl solution (3 M) for 20 

min, and rinsed with deionized water, and ethanol for 20 min, respectively.

Materials Synthes

Synthesis of NiCoP/NF

2 mmol Nickel (II) nitrate hexahydrate (Ni(NO3)2•6H2O, 0.596 g), 2 mmol cobalt 

nitrate hexahydrate (Co(NO3)2•6H2O, 0.582 g), 10 mmol Ammonium fluoride(NH4F, 

0.37 g) and 25 mmol urea(CH4N2O,1.5 g) were dissolved in 40 mL H2O and stirred 

10 min to get a uniform solution. Then the solution and the treated nickel foam (1 cm 

× 2 cm) were put into a stainless steel autoclave lined with Teflon in 100 mL, held at 

120℃ for 6 h, cooled to room temperature, and washed three times in turn with 

deionized water and ethanol, respectively. Then put the product in the oven to dry for 

3h, the pink product can be obtained. The pink product and Sodium hypophosphite 

(H2NaO2P) were put into a tubular furnace with a mass ratio of 1:10 and heated at a 

heating rate of 5℃ min-1 to 350℃ for 2 h. Finally, black NiCoP/NF was obtained. 

Under the condition that other chemicals and steps remain unchanged, only Ni(NO3)2-

6H2O or Co(NO3)2-6H2O is added to synthesize Ni2P/NF or Co2P/NF, respectively.

Synthesis of CoFe-LDH@NiCoP/NF

The CoFe-LDH@NiCoP/NF was synthesized by electrodepositing CoFe-LDH onto 

the NiCoP/NF nanorods in an 100 mL electrolyte containing 0.15 M Co(NO3)2•6H2O 

and 0.15 M Fe(SO4)2•7H2O at -1.0 V vs. SCE with 100 s. CoFe-LDH nanosheets were 



deposited directly onto the NF substrate under the same condition for comparison. 

Under the same conditions, CoFe-LDH nanosheets were deposited on NiCoP/NF for 

comparison at 50 s and 150 s, respectively, as CoFe-LDH@NiCoP/NF-50, CoFe-

LDH@NiCoP/NF-150.

Synthesis of CoFe-LDH@Ni2P/NF and CoFe-LDH@Co2P/NF

In the same way, the Ni2P/NF or Co2P/NF based electroplated CoFe-LDH was 

synthesized in 100 s CoFe-LDH@Ni2P/NF or CoFe-LDH@Co2P/NF.

Synthesis of CoFe-LDH/NF

1.5 mmol Co(NO3)2•6H2O, 1.5 mmol Fe(SO4)2•7H2O and 0.20 mmol CH4N2O 

were dissolved in 50 mL H2O and stirred 10 min to get a uniform solution. Then the 

solution and the treated nickel foam (1 cm × 2 cm) were put into a stainless steel 

autoclave lined with Teflon in 100 mL, held at 120℃ for 6 h, cooled to room 

temperature, and washed three times in turn with deionized water and ethanol, 

respectively. Then put the product in the oven to dry for 3 h, the yellow product can 

be obtained.

Preparation of RuO2-modified electrode

Typically, 4 mg of commercial RuO2 (20 wt%) was independently dissolved into 2 

mL of the mixed solution containing 800 μL of water + 970 μL of ethanol+30 μL of 

Nafion under ultra-sonication, and then the homogeneous suspension was dropped 

onto the cleaned NF, termed as RuO2 for clarity.



Electrochemical Measurements

All the electrochemical curves were carried out in a conventional three-electrode 

system on an CHI760 electrochemical station (Shanghai Chenhua, China). Glassy 

carbon electrode clamped with in situ growth of active material in nickel foam are 

used as working electrodes (the active area of 1×1 cm-2 , mass loading 1.24 mg cm-

2)， carbon rode as the counter electrode, and the normal Hg/HgO electrode as the 

reference electrode. After many cyclic voltammetry tests, all polarization curves were 

measured in 1.0 M KOH solution with a scan rate of 5 mV·s-1. All polarization curves 

were corrected with iR-compensation. The solution impedance of 1 M KOH measured 

was 5 Ω at room temperature. All the final potentials are converted to reversible 

hydrogen electrodes with the conversion rate E (vs. RHE) =E (vs. Hg/HgO) 

+0.098V+0.059 × PH. Accurate Tafel plots of CoFe-LDH@NiCoP/NF and other 

related catalysts were deduced from the corresponding Koutecky-Levich plots. The 

electrochemical double layer capacitance (Cdl) of the electrode was calculated by 

cyclic voltammetry curve in the range of scanning rate 5, 10, 15, 20 and 25 mV s-1, 

respectively, and the voltage was 1.13~1.23 V vs. RHE or 0.02-0.12 V vs. RHE. The 

ECSA value is calculated by dividing the measured double-layer capacitance by the 

specific capacitance of the atomic smooth material: ECSA=Cdl/Cs. Cs is 0.04 mF·cm-

2 In the range of 0.01~100000 Hz frequency, the potential range of electrochemical 

impedance spectroscopy is 1.427 to 1.494V (vs. RHE) or 0.075 to 0.123 V (vs. RHE), 

Rct is the charge-transfer resistance across the electrode/electrolyte interface, Rs is the 

solution resistance, and CPE is the constant phase component. Faradaic efficiency (FE) 



was calculated by the equation: FE= 4×F×n/Q, where F represents the Faraday 

constant, n is the moles number of totally produced O2 or H2, and Q represents the 

accumulated charges passing through the working electrode. Stability tests were 

carried out without iR-compensation.

The crystal structures of the obtained samples were characterized using Bruker D8 

Focus Advance X-ray diffraction (XRD, diffractometer with Cu-Kα radiation, λ = 

0.15406 nm, receivingslit, 0.2 mm, scintillation counter, 40 mA, 40 kV) with scatter-

ing angles of 10° to 60° 2θ range at 0.02 s-1. In situ XRD tests were carried out using 

a special sample holder. The X-ray transmission window and current collector of the 

in situ XRD cell was a Be disc. Micro-structural properties were determined using 

HITACHI SU-70 field-emission scanning electron microscopy (FESEM) and JEOL 

JEM-2010 high-resolution transmission electron microscopy (HRTEM) at an 

accelerating voltage of 200 kV. Elemental mapping was performed using a JEOL 

JEM-2010F transmission electron microscope operating at 200 kV. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out on a Kratos Axis Ultra 

DLD spectrometer. 

Description of heterojunction computation

As shown in Fig.S11, the E – C-2 plots of NiCoP and CoFe-LDH reveals their n-

type semiconductor character. The Efb of NiCoP is about -0.64 V vs. SCE, and the Efb 

of CoFe-LDH is estimated to be -1.35 V vs. SCE. This is mainly because the ECB of 

n-type semiconductors is more negative by approximately 0.1 or 0.2 V than the Efb 1
. 

The bands of NiCoP and CoFe are 1.87 and 2.47 eV, respectively. Relevant 



calculations are shown in Formula 1 and 2 below:

                                                                                     (1)𝐸𝑁𝐻𝐸 = 𝐸𝑆𝐶𝐸 + 0.241 𝑉

                                                                                                  (2)𝐸𝑉𝐵 = 𝐸𝐶𝐵 + 𝐸𝑔

Therefore, the EVB and ECB of NiCoP are 1.27 eV and -0.60 eV, respectively, while 

the EVB and ECB of CoFe are relatively a little more negative, which are 1.16 eV and -

1.31 eV, respectively. This leads to the formation of the CoFe-LDH@NiCoP/NF 

interfacial n-n heterojunction.

Fig. S1 (a) SEM, (b) HR-TEM images of NiCoP/NF.

Fig. S2 SEM of CoFe-LDH@NiCoP/NF.



Fig. S3 SEM images of (a) and (b) CoFe-LDH@NiCoP/NF-50, (c) and (d) CoFe-
LDH@NiCoP/NF-150.

Fig. S4 SAED pattern of CoFe-LDH@NiCoP/NF.

Fig. S5 EDS patterns of CoFe-LDH@NiCoP/NF sample.



Fig. S6 SEM of CoFe-LDH/NF.

Fig. S7 FTIR spectra of CoFe-LDH@NiCoP/NF.

Fig. S8 N2-adsorption-desorption isotherm curve and BJH pore size distribution 
curves of (a) CoFe-LDH@NiCoP/NF, (b) NiCoP/NF and (c) CoFe-LDH/NF.

https://www.sciencedirect.com/topics/materials-science/pore-size-distribution


Fig. S9 XRD spectra of the CoFe-LDH@NiCoP/NF-50 and and CoFe-
LDH@NiCoP/NF-150.

Fig. S10 XRD spectra of the (a) CoFe-LDH@Ni2P/NF and and (b) CoFe-
LDH@Co2P/NF.



Fig. S11 M-S plots of the (a) CoFe-LDH and (b) NiCoP at various frequencies, Tauc 

plots of the (c) CoFe-LDH and (d) NiCoP.

Fig. S12 LSV plots of CoFe-LDH@NiCoP/NF, CoFe-LDH@Ni2P/NF and CoFe-

LDH@Co2P/NF in HER test.



Fig. S13 Cyclic voltammetry graphs in the HER region of 0.02-0.12 V vs. RHE in 1 

M KOH. (a) CoFe-LDH/NF, (b) NiCoP/NF, (c) CoFe-LDH@NiCoP/NF, (d) CoFe-

LDH@NiCoP/NF-50 and (e) CoFe-LDH@NiCoP/NF-150, (f) Scan rate dependent j ∆

for the catalysts at 0.109 V vs. RHE.

Fig. S14 Multi-currents process of CoFe-LDH@NiCoP/NF in HER tests.



Fig. S15 chronoamperometry curves in HER process of CoFe-LDH@NiCoP/NF.

Fig. S16 (a) SEM image and (b) XRD spectra of CoFe-LDH@NiCoP/NF after HER.

Fig. S17 The high-resolution XPS spectrum of CoFe-LDH@NiCoP/NF after HER, (a) 

Ni 2p, (b) P 2p, (3) Co 2p, (4) Fe 2p.



Fig. S18 Comparison of overpotentials at current densities of 10, 100 and 200 mA cm-

2.

Fig. S19 LSV plots of CoFe-LDH@NiCoP/NF, CoFe-LDH@Ni2P/NF and CoFe-

LDH@Co2P/NF in OER test.



Fig. S20 Cyclic voltammetry graphs in the OER region of 1.02-1.12 V vs. RHE in 1 

M KOH. (a) CoFe-LDH/NF, (b) NiCoP/NF, (c) CoFe-LDH@NiCoP/NF, (d) CoFe-

LDH@NiCoP/NF-50 and (e) CoFe-LDH@NiCoP/NF-150, (f) capacitive ( j/2 = (ja – ∆

jc)/2) vs. scan rate of as-made samples and the corresponding linear slopes.

Fig. S21 Multi-current process of CoFe-LDH@NiCoP/NF in OER tests.



Fig. S22 Chronoamperometry curves in OER process of CoFe-LDH@NiCoP/NF.

Fig. S23 (a) SEM image and (b) XRD spectra of CoFe-LDH@NiCoP/NF after OER.



Fig. S24 The high-resolution XPS spectrum of CoFe-LDH@NiCoP/NF after OER, (a) 

Ni 2p, (b) P 2p, (c) Co 2p, (d) Fe 2p.

Fig. S25  a H-type gas-tight electrochemical electrolyzer (a) and (h), (b-g) H2 and (i-n) 

O2 generated at 0, 2, 4, 6, 8, 10 min.



Table S1 Overpotentials at 10 and 100 mA cm-2 and Tafel value of prepared catalyst 

in HER test.

Catalyst

Overpotential 

(mV)

at 10 mA cm-2

Overpotential(mV)

at 100 mA cm-2

Tafel value

(mV dec-1)

CoFe-LDH@NiCoP/NF 75 160 53.04

CoFe-LDH/NF 141 260 104.65

NiCoP/NF 87 196 102.61

Pt/C (20%) 31 116 45.76

CoFe-LDH@NiCoP/NF-

50
123 265 114.17

CoFe-LDH@NiCoP/NF-

150
117 257 88.61

Table S2 Comparison of HER performance for previously reported catalysts.

Catalyst
Overpotential (mV)

at 100 mA cm-2

Tafel (mV dec-

1)
Reference

This work 160 53.04

Fe–Co–O/Co@NC-mNS/NF 201 96 2

N-Co2V2O7@NF 310 56 3

Co/CoMoN/NF 173 68.9 4

SnFeSxOy/NF 167 90 5

HWS NiCoP/NF 220 31.34 6

NiCoP NWAs/NF 197 54 7

Mo-doped CoFe LDH/NF 227 95 8

NiFeCoP/NF 167.5 84.81 9

NiCo2O4/NiCoP 198 91 10

Ni3S2/NiMo2S4-POM/NF 338 85 11



Table S3 Overpotentials at 10 and 100 mA cm-2 and Tafel value of prepared catalyst 

in OER test.

Catalyst
Overpotential (mV)

at 10 mA cm-2

Overpotential(mV)

at 100 mA cm-2

Tafel value

(mV dec-1)

CoFe-LDH@NiCoP/NF 197 275 63.02

CoFe-LDH/NF 215 279 70.25

NiCoP/NF 264 324 72.29

CoFe-LDH@NiCoP/NF-50 221 285 85.47

CoFe-LDH@NiCoP/NF-150 213 291 99.75

Table S4 Comparison of OER performance for previously reported catalysts.

Catalyst
Overpotential (mV)

at 100 mA cm-2
Tafel (mV dec-1) Reference

This work 275 63.02

NCFL 367 98.6 12

NiCoP/NF 370 116 7

Zn/F-NiCoP/NF 310 78.33 13

NiCoP@NiMn LDH/NF 293 43.7 14

NiCoP/CC (nest-like) 330 64.2 15

Mo-doped CoFe LDH/NF 331 101 8

CoFeV-0.25 LDH/NF 330 57 16

MIM-CoFe LDH 291.3 39.3 17

CoFeS@NiCoS 293 40.6 18

Cu2S@NiFe LDHs/Cu foam 286 56.98 19



Table S5 Comparison of the electrolytic performance of CoFe-LDH@NiCoP/NF and 

representative work in recent years.

Catalyst Potential (mV) at 100 mA cm-2 Reference

This work 1.67

N-NiCoP/NF‖N-NiCoP/NF 1.74 20

Er-doped CoP‖Er-doped CoP 1.9 21

Fe0.2NiCo1.8Se4‖Fe0.2NiCo1.8Se4 2.07 22

NiCoP‖NiCoP 1.80 23

Se-(NiCo)Sx/(OH)x‖Se-(NiCo)Sx/(OH)x 2.05 24

Co-Mo-P/CoNWS/NF‖CoMo-

P/CoNWS/NF
1.78 25

Ni3S2/VG@NiCo‖Ni3S2/VG@NiCo 1.95 26

NiFeOH/CoSx/NF‖NiFeOH/CoSx/NF 1.75 27

Ni-250-2@NF‖Ni-250-2@NF 1.91 28

C@CoP-FeP/FF‖ C@CoP-FeP/FF 1.73 29
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