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Experimental section

1 Materials and chemicals

Nickel foam, Na2SO4, NaBH4, KOH. The above experimental drugs were purchased 

from Beijing Tong Guang Fine Chemical Company. Ni(NO3)2⋅6H2O, NaH2PO2, urea 

and ethanol were purchased from Aladdin. Co. Ltd. Samples were washed with ultra-

pure water during material preparation.

2 Material preparations 

2.1 Preparation of the Ni(SO4)0.3OH1.4 precursor on Ni foam

First, the foam nickel was cut into 2.2 cm x 2.2 cm size, soaked in a well-configured 

dilute hydrochloric acid solution for 5 minutes to remove impurities on the surface of 

the foam nickel, washed with ethanol and deionized water successively, and dried for 

further experiment. Then, 0.29 g Ni(NO3)2⋅6H2O and 0.142 g Na2SO4 were dissolved 

into 20 ml ultrapure water, and the uniform solution was transferred to a 50 mL Teflon 

autoclave after ultrasonic treatment for 10 minutes. The mixed solution was sealed in a 

160 °C oven and heated for 6-8 h, then washed several times with ultra-pure water and 

ethanol and dried.

2.2 Preparation of Ni5P4/Ni2P on Ni foam

Ni5P4/Ni2P@NF was obtained by low temperature phosphating in a tube furnace. First, 

the Ni(SO4)0.3OH1.4 precursor (2.2 cm ×2.2 cm) and NaH2PO2 (400 mg) were placed 

in two clean porcelain boats and the phosphorus source was located upstream of the 

tube furnace. And calcined in tube furnace at 350 ℃ for 2 h with the heating rate of 1 

℃/min. During the whole phosphating process, nitrogen was injected as a protective 

gas (30 sccm). After finishing and cooling, Ni5P4/Ni2P@NF was collected for later use. 

Then the experimental operation was repeated and the phosphating temperature was 

adjusted to 300 °C and 400 °C respectively to synthesize Ni2P and Ni5P4.

2.3 Preparation of B-doped Ni5P4/Ni2P on Ni foam

Firstly, 10 mg of NaBH4 was fully dissolved in 30 mL deionized water to obtain NaBH4 

aqueous solution, and then Ni5P4/Ni2P@NF (2.2 cm × 2.2 cm) was slowly immersed 



in the NaBH4 aqueous solution for 30 minutes to complete the doping of B ions. After 

soaking, it was repeatedly rinsed with deionized water and ethanol for 3 times, and 

dried in oven at 40 ℃ for 10 h.

3 Fabrication of Pt/C and RuO2 electrodes

10 mg Pt/C powder was fused with 330 μL ultra-pure water, 330 μL anhydrous ethanol, 

330 μL opropyl alcohol, and 10 μL Nafion solution, and a uniform solution was 

obtained 30 minutes after ultrasound. The 200 μL Pt/C electrode was then coated on a 

3 mm diameter glassy carbon electrode (GC) and finally dried in a 45 °C vacuum. The 

RuO2 electrode was also prepared in the same way.

4 Physical and Chemical Characterization

The diffraction pattern was obtained by X-ray diffraction through Rigaku D/max 2550 

diffractometer to determine the composition of the sample. The radiation source was 

Cu Ka and its wavelength was 1.5418 Å. Scanning electron microscopy (SEM) images 

are scanned by the JEOL JSM-6701F instrument with an accelerated voltage of 15.0 

KV. At the same time, transmission electron microscopy (TEM) and high-resolution 

transmission electron microscopy (HRTEM) were observed on the JEOL-2200FS 

instrument with an operating voltage of 150 KV. At 200 kV, the samples were 

characterized by high Angle toroidal dark field scanning TEM (HAADF-TEM) and 

energy dispersive spectroscopy (EDS) by JOEL JEM-2200FS. X-ray photoelectron 

spectroscopy (XPS) was obtained by using Al Kα as X-ray source and PHI 5000 

Versaprobe Ⅲ.

5 Electrochemical measurements

All electrochemical tests are performed using a typical three-electrode system through 

electrochemical workstation (CHI760E, CH Instruments Inc., Shanghai). Graphite rods 

are used as the reverse electrode, Hg/HgO was used as the reference electrode, and the 

sample was prepared as the working electrode. 1 M KOH (pH = 14) aqueous solution 

at room temperature was used as the electrolyte to evaluate the HER performance of 

the sample. The UOR properties of the samples were evaluated at room temperature by 

adding urea into 1 M KOH aqueous solution as electrolyte. All potentials are converted 

to reversible hydrogen electrode (RHE) by the following formula:



ERHE=EHg/HgO + 0.098 + 0.0591 × pH (Alkaline solution)

All current densities are calculated according to the geometric surface area of the 

working electrode (~0.025 cm-2). The linear sweep voltammetry curves of HER 

performance were recorded in different electrolytes at a scanning rate of 1 mV/s. EIS 

measurements are performed at the open-circuit potential with a frequency range from 

0.1 to 100,000 Hz. And CV curves are obtained at different sweep rates (10, 20, 30, 40, 

50, 60, 70, and 80 mV/s) in the non-Faraday potential range to determine the double-

layer capacitance (Cdl). The electrochemically active surface area (ECSA) was 

calculated as follows: ECSA = Cdl/Cs

Where Cs is the specific capacitance value (~40 μF cm-2) of the sample with smooth 

surface under the same conditions. The aqueous solution of 1 M KOH containing 0.1 

M ~ 0.5 M urea at room temperature was used as electrolyte to evaluate the performance 

of the sample, respectively. Linear sweep voltammetry curves at different urea 

concentrations were recorded at a scanning rate of 1 mV/s. When the urea concentration 

was 0.3 M, different linear sweep voltammetry characteristic curves were obtained by 

testing at different sweep speeds (50, 40, 30, 20, 10, and 1 mV/s). Multistep chrono-

potentiometry was also performed at different currents and stability tests are also 

performed to evaluate the performance of the sample.



Figure S1. SEM image of Ni foam (NF).



Figure S2. SEM image of the Ni(SO4)0.3OH1.4 precursor.



Figure S3. XRD pattern of Ni(SO4)0.3OH1.4 precursor.



Figure S4. SEM image of the Ni2P sample.



Figure S5. XRD pattern of the Ni2P samples.



Figure S6. SEM image of the B-Ni2P sample.



Figure S7. SEM image of the Ni5P4 samples.



Figure S8. XRD pattern of the Ni5P4 samples.



Figure S9. SEM image of the B-Ni5P4 samples.



Figure S10. SEM image of the Ni5P4/Ni2P samples.



Figure S11. XRD image of the Ni5P4/Ni2P samples.



Figure S12. (a) All XPS spectrums of B-Ni5P4/Ni2P and Ni5P4/Ni2P samples. High 

resolution XPS spectrums of (b) Ni 2p, (c) P 2p, (d) B 1s.



Figure S13. Rct values of these prepared samples. 1,2,3, and 4 stand for B-Ni5P4/Ni2P, 

Ni5P4/Ni2P, B-Ni5P4, and B-Ni2P samples, respectively.



Figure S14. The CV curves of (a) B-Ni5P4/Ni2P, (b) Ni5P4/Ni2P, (c) B-Ni5P4, (d) B-

Ni2P tested in 10~80 mV s-1 for HER, respectively.



Figure S15. ECSA values of these prepared samples.



Table S1. Comparison of HER performance in 1 M KOH (pH = 14) for the B-
Ni5P4/Ni2P with other similar electrocatalysts.

Catalyst Electrolyte
η (mV) @ 10 

mA cm-2 Reference

CoS2/MoS2-1 1 M KOH 81 [1]

Co-Co0.85Se 1 M KOH 70.79 [2]

NiFe-LDH2.18 1 M KOH 72.2 [3]

3D Mo2C (1:1) 1 M KOH 73.9 [4]

MoS2/Ni3S2 1 M KOH 87 [5]

S-ML-Nb4C3Tx 1 M KOH 104 [6]

NiO/CeO2 1 M KOH 78.4 [7]

Mn–N–Co9S8 NTs 1 M KOH 107.2 [8]

NiCo-LDH/NCP/NF 1 M KOH 75.6 [9]

B-Ni5P4/Ni2P 1 M KOH 76 This work



Figure S16. SEM image of B-Ni5P4/Ni2P after HER measurement.



Figure S17. Crystal models of single-phased (a) Ni2P and (b) B-Ni2P with (100) 
surface.



Figure S18. Crystal models of single-phased (a) Ni5P4 and (b) B-Ni5P4 with (100) 
surface.



Figure S19. Crystal models of single-phased (a) Ni5P4/Ni2P and (b) B-Ni5P4/Ni2P 
with (100) surface.



Figure S20. Tafel slopes of the B-Ni5P4/Ni2P sample at different urea concentrations.



Table S2. Comparison of UOR performance in 1 M KOH (pH = 14) for the B-
Ni5P4/Ni2P with other similar electrocatalysts.

Catalyst Electrolyte E10 (V vs. RHE) Reference

FM@C-1
1 M KOH +
0.33 M Urea

1.45 [10]

NC-FNCP/NF
1 M KOH +
0.5 M Urea

1.37 [11]

Ni@NCDs
1 M KOH +
0.5 M Urea

1.38 [12]

Ni0.05/CW
1 M KOH +
0.33 M Urea

1.36 [13]

Ni3F/Ni2P
1 M KOH +
0.33 M Urea

1.36 [14]

NiFeCoSx@FeNi3
1 M KOH +
0.33 M Urea

1.42 [15]

Ni-S-Se/NF
1 M KOH +
0.5 M Urea

1.39 [16]

NiS/MoS2@CC
1 M KOH +
0.5 M Urea

1.36 [17]

Ni-WOx
1 M KOH +
0.33 M Urea

1.36 [18]

B-Ni5P4/Ni2P
1 M KOH + 
0.3 M Urea

1.35 This work



Figure S21. SEM image of B-Ni5P4/Ni2P after UOR measurement.



Figure S22. Raman spectrums of before and after UOR stability tests.



Figure S23. The urea-assisted overall water splitting activity comparison of B-
Ni5P4/Ni2P(-) || B-Ni5P4/Ni2P (+) system with other catalysts reported recently.



Table S3 Comparison of the urea-assisted water splitting performance of the present catalyst with 
that of catalysts reported recently in alkaline conditions.

Catalyst Electrolyte
Cell Voltage (V) 
@ 10 mA cm-2 Reference

Ni(OH)2-NiMoOx/NF
1 M KOH + 
0.33 M urea

1.42 [19]

Ni/r-Ni(OH)2/C
1 M KOH + 
0.33 M urea

1.45 [20]

V–Ni3N/NF
1 M KOH + 0.5 

M urea
1.42 [21]

Ru/B–Ni2P/Ni5P4
1 M KOH + 0.5 

M urea
1.48 [22]

Ni2P/Ni
1 M KOH + 
0.33 M urea

1.47 [23]

CoMn/CoMn2O4
1 M KOH + 0.5 

M urea
1.51 [24]

NiS/MoS2@CC
1 M KOH + 0.5 

M urea
1.46 [25]

Ni-S-Se/NF
1 M KOH + 0.5 

M urea
1.47 [16]

FeNi-MOF
1 M KOH + 
0.33 M urea

1.43 [26]

B-Ni5P4/Ni2P || B-
Ni5P4/Ni2P

1 M KOH + 
0.3 M urea

1.41 This work
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