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DFT computation details: The DFT calculations were performed using the Cambridge 

Sequential Total Energy Package (CASTEP) with the plane-wave pseudo-potential method. The 

geometrical structures of the (003) plane of Co-NiOOH, Cr-NiOOH, Cu-NiOOH and Fe-NiOOH 

was optimized by the generalized gradient approximation (GGA) methods. The Revised Perdew-

Burke-Ernzerh of (RPBE) functional was used to treat the electron exchange correlation 

interactions. A Monkhorst Pack grid k-points of 7*7*1 of Co-NiOOH, Cr-NiOOH, Cu-NiOOH 

and Fe-NiOOH, a plane-wave basis set cut-off energy of 500 eV were used for integration of the 

Brillouin zone. The structures were optimized for energy and force convergence set at 0.05 eV/A 

and 2.0×10−5 eV, respectively. 

Experiment section

Chemicals and materials

All reagents were analytical grade and were used directly without any purification. 

Ni(NO3)2·6H2O, NaH2PO2·H2O, Fe(NO3)3·9H2O, Co(NO3)3·6H2O, Cu(NO3)2·6H2O, 

Cr(NO3)3·9H2O, urea (CH4N2O), and ammonium fluoride (NH4F) were purchased from Sigma-

Aldrich. Commercial nickel foam (NF) was purchased from an energy company. Deionized water 

was used in all experiments.

Synthesis of precursor Co-doped Ni(OH)2/NF

The Co-doped Ni(OH)2/NF nanosheets were prepared by hydrothermal method. Firstly, the 

commercial NF (2.8 cm × 3 cm × 1 mm) was successively washed in acetone and dilute HCl 
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solution (VH2O : VHCl = 1 : 2) under ultrasonication for 30 and 20 min, respectively, and followed 

by with water. Secondly, 0.75 mmol Ni(NO3)2·6H2O, 0.25 mmol Co(NO3)3·6H2O, 3 mmol 

CH4N2O, and 3 mmol NH4F were dissolved in 30 mL deionized water. Thirdly, the NF and the 

mixed solutions were transferred to a 45 m L-stainless-steel Teflon-lined autoclave heated at 140 

◦C for 4 h. After natural cooling to room temperature, the resultant NiCo-LDH/NF were washed 

thoroughly with deionized water and dried in vacuum at 60 oC for 12 h. Finally, the obtained 

NiCo-LDH/NF was calcinated in air at 300 oC for 30 min to form Co-doped Ni(OH)2/NF (denoted 

as NiCoOH/NF).

Synthesis of Co-Ni5P4/ Co-Ni(OH)2/NF

The obtained NiCoOH/NF was loaded in a quartz boat, and the NaH2PO2·H2O (1 g) was 

placed in another quartz boat. The two quartz boats were packaged by the silver papers with three 

small holes. Afterwards, the boats were put into a tube furnace. The furnace was purged with 

nitrogen (N2) at a flow rate of 20 sccm for 1 h and then was heated at 350 ◦C for 2 h. The N2 gas 

flow was maintained throughout the whole process. Finally, the NiMOH/NF were transformed to 

Co-Ni5P4/ Co-Ni(OH)2/NF (Co-Ni5P4-NiCoOH/NF). 

Synthesis of M-Ni5P4-NiMOH (M = Fe, Cu, Cr)

The preparation process was same as that of Co-Ni5P4-NiCoOH/NF. During the experiment, 

Co(NO3)3·6H2O was replaced with Fe(NO3)3·9H2O, Cu(NO3)2·6H2O , Cr(NO3)3·9H2O.

Materials Characterization

The XRD patterns were reported from a Philips 1130 X-ray diffractometer (40 kV, 30 mA, 

Cu KR radiation, λ=1.5418 Å). The morphology of the Co-Ni5P4-NiCoOH/NF, Fe-Ni5P4-

NiFeOH/NF, Cu-Ni5P4-NiCuOH/NF and Cr-Ni5P4-NiCrOH/NF material is characterized by SEM 

images (Hitachi S-4800). TEM and HRTEM images were performed on a JEM-2100 with an 

accelerating voltage of 200 kV. The chemical composition and elemental states were analyzed by 

X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD) using 60 W monochromated Mg Kα 

radiations as the exciting source.



Electrochemical measurements

Electrocatalytic tests were done with a CHI 760E electrochemical workstation (CH 

Instruments, Inc., Shanghai) in a typical three-electrode device. The resulting self-supported Co-

Ni5P4-NiCoOH/NF, Fe-Ni5P4-NiFeOH/NF, Cu-Ni5P4-NiCuOH/NF and Cr-Ni5P4-NiCrOH/NF 

electrodes were directly utilized as working electrode, a graphite rod and Ag/AgCl as counter 

electrode and reference electrode, respectively. All measured potentials in this work were 

calibrated to RHE according to the following equation: E (RHE) = E (Ag/AgCl) + (0.197 + 0.059* 

pH). Linear sweep voltammetry polarization curves were performed in 1 M KOH solution at a 

scan rate of 5 mV s-1. Electrochemical impedance spectra (EIS) were collected at a frequency 

between 100 kHz and 0.01 Hz. In water splitting tests, all results were revised by ohmic potentials 

drop (iR) correction. The electrolyte for OER measurements was 1 M KOH, whereas the UOR 

performances were evaluated in 1 M KOH with 0.5 M urea. The stability measurements were 

recorded by chronopotentiometry measurements.

Fig. S1.SEM images of (a) Fe-Ni5P4-NiFeOH, (b) Co-Ni5P4-NiCoOH, (c) Cu-Ni5P4-NiCuOH and 

(d) Cr-Ni5P4-NiCrOH.



Fig. S2.TEM images of Co-Ni5P4-NiCoOH (a-c) 100 nm, and (d-f) 10 nm.

Fig. S3.Comparison of overpotentials of (a) OER [1-5] and (b) HER [6-11] for Co-Ni5P4-NiCoOH 
electrodes with reported electrocatalysts in the alkaline media. 



Fig. S4. In 1.0 M KOH, cyclic voltammograms of a) Fe-Ni5P4-NiFeOH, b) Co-Ni5P4-NiCoOH, c) 
Cu-Ni5P4-NiCuOH and d) Cr-Ni5P4-NiCrOH at the different scan rates varying from 20 to 100 
mV·s-1for OER.

Fig. S5. In 1.0 M KOH, cyclic voltammograms of a) Fe-Ni5P4-NiFeOH, b) Co-Ni5P4-NiCoOH, c) 
Cu-Ni5P4-NiCuOH and d) Cr-Ni5P4-NiCrOH at the different scan rates varying from 20 to 100 
mV·s-1 for HER.



Fig. S6. In 1.0 M KOH with 0.5 M urea, cyclic voltammograms of a) Fe-Ni5P4-NiFeOH, b) Co-
Ni5P4-NiCoOH, c)  Cu-Ni5P4-NiCuOH and d) Cr-Ni5P4-NiCrOH at the different scan rates 
varying from 20 to 100 mV·s-1 for UOR.

Fig. S7.Comparison of overpotentials of UOR [12-16] in 1M KOH + 0.5 M Urea. 



Fig. S8. In 1.0 M KOH with 0.5 M urea, cyclic voltammograms of a) Fe-Ni5P4-NiFeOH, b) Co-
Ni5P4-NiCoOH, c)  Cu-Ni5P4-NiCuOH and d) Cr-Ni5P4-NiCrOH at the different scan rates 
varying from 20 to 100 mV·s-1 for HER.

Fig. S9. Chronopotentiometric curve of Co-Ni5P4-NiCoOH for water electrolysis (1M KOH) and 
urea electrolysis (1M KOH + 0.5M Urea).



Fig. S10. SEM images of a) Co-Ni5P4-NiCoOH and b) Co-Ni5P4-NiCoOH after OER for 16 h.

Fig.S11. Density of states for the Co-NiOOH, (a) Co, (b) Ni and (c) O; the Fe-NiOOH ,(d) Fe, (e) 
Ni and (f) O; the Cu-NiOOH, (g) Cu, (h) Ni and (i) O and the Cr-NiOOH ,(f) Cr, (g)Ni and (h) O.



Fig. S12.SEM images of Co doped Ni(OH)2/NF.

Table S1. Elemental composition of Co, Ni and P in the Co-Ni5P4-NiCoOH nanoarrays and by 

ICP. Regardless of oxygen by this characterization.

Element Mass fraction % Atomic fraction %

Co 10.18 5.36

Ni 31.68 15.19

P 40.17 10.23
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