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Materials, Electrochemical measurement and Computational Methods

Materials

Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O), Iron (III) nitrate nonahydratenickel 

(Fe(NO3)3·9H2O) and copper (II) nitrate hydrate (Cu(NO3)2·3H2O) were obtained 

from Aldrich. Ammonium fluoride (NH4F) was purchased from Macklin. Sodium 

phosphinate hydrate (NaH2PO2·H2O) came from Beijing Chemical works. nickel 

foam (NF) with a thickness of 0.5 mm was bought from CST Conscitech. The other 

chemicals were of analytical grade and were purchased from Sinopharm Chemical 

Reagents Co.. All chemicals were used without further purification.

Electrochemical measurement

Electrochemical measurements were performed on an electrochemical workstation 

(CHI 660E, Chenhua, Shanghai) using a three-electrode mode in Ar-saturated 1 

mol·L-1 KOH aqueous solution. A platinum electrode was used as counter electrode, 

sliver/sliver chloride (Ag/AgCl) electrode was used as the reference electrode, and the 

as-fabricated materials were used for the working electrodes. The potentials were 

converted to the RHE scale using the following Nernst equation: (E(RHE) = 

E(Ag/AgCl) + 0.059 pH + 0.197). The electrochemical impedance spectroscopy (EIS) 

tests were performed in the frequency range from 100 kHz to 0.1 Hz at an 

overpotential of 100 mV. A long-term stability tests were recorded by taking a 

chronoamperometric curve current density reached 10 mA·cm-2. All data were 

presented without IR-compensation. All the electrochemical tests were tested at room 

temperature.

Computational Methods

All first-principle calculations were performed by using density functional theory 

(DFT) in the Cambridge Sequential Total Energy Package (CASTEP) module in 



Materials Studio. The exchange-correlation interactions were treated within the 

generalized gradient approximation of the Perdew-Burke-Ernzerhof (PBE) type. The 

plane-wave cutoff energy was 400 eV and a k-mesh of 2 ×2 × 1 was adopted to 

sample the Brillouin zone. The convergence threshold for energy and Hellmann-

Feynman forces on each atom were set to 10-5 eV and 0.01 eV Å-1. Vacuum layers of 

25 Å were introduced to minimize interactions between adjacent layers in all 

supercells.

Gibbs free-energy of the adsorbed species was calculated by the following 

formula:

ΔG = ∆E + ∆ZPE − T∆S                       (1)

where ∆E is the adsorption energy of the adsorbed species on the given unit cell, 

ΔZPE and T∆S are the zero-point energy and entropy difference of the adsorbed 

species in the adsorbed state and the gas phase, respectively. The value of ZPE and 

TS for the adsorbed species can be calculated from the vibration frequencies, as 

shown in previous literatures 1, 2. 



Figure S1. EDS spectra and corresponding element ratios of (a) NiFeCuP-1, (b) 

NiFeCuP-2, (c) NiFeCuP-3 and (d) NiFeCuP-4.

9 mmol of Ni(NO3)2·6H2O and 3 mmol Fe(NO3)3·9H2O, 39 mmol NH4F, 86 

mmol CO(NH2)2 and various amounts of Cu(NO3)2·3H2O (0.5, 1, 1.5 and 2 mmol) 

were dissolved in 30 mL of deionized (DI) water, and treated NF (1×3 cm2) was put 

into the mixed solution, then hydrothermally reacted for 12 h at 120 ºC. The 

precursors (NiFeCu-LDH-1, NiFeCu-LDH-2, NiFeCu-LDH-3 and NiFeCu-LDH-

4/NF) were obtained after washing and vacuum drying. The precursors were 

phosphatized via NaH2PO2·H2O under nitrogen. After cooling to the room 

temperature, NiFeCuP-1, NiFeCuP-2, NiFeCuP-3 and NiFeCuP-4 were obtained, 

respectively.



Figure S2. The SEM images of (a) NiFe-LDH and (b) NiFeCu-LDH



Figure S3. The patterns of NiFeCuP-1, NiFeCuP-2, NiFeCuP-3 and NiFeCuP-4.

The introduction of Cu into NiFeP induces the appearance of (210) crystal plane 

(the peak at 47.3°). With the increasing amount of Cu introduced into NiFeP, the peak 

intensity of the peak at 47.3° increases gradually, indicating that the exposure of (210) 

crystal plane increases gradually.



Figure S4. (a) HRTEM image and (b) SAED pattern of NiFe-LDH. (c) HRTEM 

image and (d) SAED pattern of NiFeCu-LDH.



Figure S5. LSV curves of (a) NiFe phosphides and (b) NiFeCu phosphides without 

IR correct for HER. (c) Plots of the overpotential vs concentration of Cu in NiFeCu 

phosphides.

By adjusting the addition amount of Ni(NO3)2·6H2O and Fe(NO3)3·9H2O (The 

amount of total metal ions was 12 mmol), the samples with different Ni: Fe ratios 

were prepared. Based on the Ni:Fe ratios (1:1, 2:1, 3:1 and 4:1), they were labeled as 

NiFeP-1, NiFeP-2, NiFeP-3 and NiFeP-4, respectively. The contents of elements in 

these samples were tested by ICP-OES (Table S2). In the electrochemical 

performance tests, NiFeP-3 is found to have the better catalytic performance. For 

convenience, NiFeP-3 was also labeled as NiFeP in this paper.



Figure S6. CV curves of (a) NiFe-LDH, (b) NiFeCu-LDH, (c) NiFeP and (d) 

NiFeCuP at the scan rates of 5, 10, 15, 20, 25 and 30 mV s-1 in 1.0 M KOH.



Figure S7. LSV curves of (a) NiFe phosphides and (b) NiFeCu phosphides for OER. 

(c) Plots of the overpotential vs concentration of Cu in NiFeCu phosphides.



Figure S8. SEM images of NiFeCuP after (a) HER and (b) OER tests. The HRTEM 

images of NiFeCuP after (c) HER and (d) OER tests.

As shown in Figure S6a and b, the nanosheet arrays do not change significantly 

after the HER and OER tests, and the nanosheet arrays structure was still clearly 

visible, indicating that the catalysts have good stability. HRTEM images show that the 

crystal planes of (111) and (210) are clearly visible after HER and OER tests, which 

also indicate that the structure of the material remains intact after HER and OER 

(Figure S6c and d).



Figure S9. XRD patterns of NiFeCuP after HER and OER tests.

The XRD patterns show that compared with the initial results, the peaks intensity 

of NiFeCuP/NF do not change significantly after long-term HER and OER tests, 

indicating that the material has excellent stability.



Figure S10. XPS spectra of NiFeCuP and that of after HER and OER tests.



Figure S11. The LSV curves of NiFeCuP and NiFeCuPOx



Figure S12. HER reaction pathways and relevant structures of the most possible 

intermediate steps on the surface of NiFeP and NiFeCuP (NiFeCuP*: the model 

exposed (111) crystal planes; NiFeCuP: the model exposed (111) and (210) crystal 

planes).



Table S1. The samples with different Cu contents by ICP-OES test results.

Crystalline ICP-OES test results 

NiFeCuP-1 Ni 35.94 wt.% Fe 10.12 wt.% Cu 0.51 wt.%

NiFeCuP-2 Ni 34.66 wt.% Fe 9.93 wt.% Cu 1.08 wt.%

NiFeCuP-3 Ni 33.64 wt.% Fe 10.06 wt.% Cu 1.58 wt.%

NiFeCuP-4 Ni 33.01 wt.% Fe 9.82 wt.% Cu 2.14 wt.%



Table S2. The samples of NiFeP with different Ni and Fe ratios by ICP-OES test 

results.

Crystalline ICP-OES test results 

NiFeP-1 Ni 32.72 wt.% Fe 14.05 wt.%

NiFeP-2 Ni 33.51 wt.% Fe 12.92 wt.%

NiFeP-3 Ni 34.34 wt.% Fe 11.09 wt.%

NiFeP-4 Ni 41.25 wt.% Fe 7.54 wt.%

By adjusting the addition amount of Ni(NO3)2·6H2O and Fe(NO3)3·9H2O (The 

amount of total metal ratios was 12 mmol), the samples with different Ni and Fe ratios 

were prepared. Based on the Ni and Fe ratios, they are labeled as NiFeP-1, NiFeP-2, 

NiFeP-3 and NiFeP-4, respectively.



Table S3. Fitting parameters for equivalent circuit model in the electrochemical 

impedance.

R1 R2 CPE-P CPE-T R1 R2 CPE-P CPE-T
Catalysts HER OER

Ni Foam 0.91 112.61 0.86 0.0063 0.99 101.41 0.86 0.0083

NiFeLDH 0.89 9.21 0.89 0.0052 0.91 7.53 0.88 0.011

NiFeCuLDH 0.89 8.17 0.84 1.14 0.91 5.21 0.85 0.011

NiFeP 0.89 5.58 0.73 0.015 0.93 4.69 0.89 0.023

NiFeCuP 0.59 2.78 0.84 0.012 0.81 2.15 0.80 0.008

Notes: R1 and R2 are the electrolyte and charge transfer resistance, respectively. CPE 

is corresponding to the constant phase angle element, which represent double-layer 

capacitance of solid electrode in the real-world situation.



Table S4. The Gibbs free energy (ΔG) of hydrogen generations and water 

dissociation during HER and OER on the surface of NiFeP and NiFeCuP, respectively.

ΔG(H*)/eV ΔG(H2O)/eV ΔG(*OH)/eV ΔG(*O )/eV ΔG(*OOH)/eV ΔG(O2 )/eV

NiFeP 0.65 1.81 0.71 2.15 4.51 4.92

-0.52 -0.31 0.82 0

NiFeCuP* 0.40 1.65 0.48 1.96 3.87 4.92

-0.75 -0.5 0.18 0

NiFeCuP 0.35 1.31 0.32 1.83 3.56 4.92

-0.91 -0.63 -0.13 0

Notes: NiFeCuP* represents the model exposed (111) crystal planes; NiFeCuP 

represents the model exposed (111) and (210) crystal planes. 



Table S5. Summary of several recently representative reported HER electrocatalysts 

employed in alkaline electrolytes.

Overpotential/mV
Catalysts

J/mA 

cm-2
HER OER

Cell 

voltages/V
References

NiFeCuP/NF 10 106 170 1.51 This work

NiFeP/SG 10 115 218 1.54 3

CuO@Cu3P/CF 10 144 267 1.75 4

Co-Cu-P-NS 10 99 272 1.66 5

Mo-NiCoP 10 76 269 1.61 6

NiCoP 10 58 246 1.58 7

Ni2P/FeP@NG 10 250 295 1.69 8

CoFeP 10 177 350 1.57 9

Fe-CoP 10 79 220 1.55 10

NC0.9F0.1P HHAs/NF 10 122.5 269 1.57 11

NiFeP@N-CS 10 186 216 1.63 12

NiFeP@NiP@NF 10 105 227 1.57 13

CoP@FeCoP/NC 10 141 238 1.68 14

Co2P/CoP@Co@NCNT 10 118 256 1.60 15

Mo-CoP 10 118 317 1.70 16



NiCoP@PNCNF 10 98 260 1.64 17

NiFeP-CNT@NiCo/CP 10 82 230 1.58 18

CoP-NC@NFP 10 162 270 1.57 19

CC-NC-NiFeP 10 94 145 1.54 20

CoMoP@N, P-C 10 152 296 1.62 21
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