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1.1. Chemical materials

Fe(NO3)3-9H,0 (98.5 wt%), Ni(NO3),-6H,0 (99.8 wt%), Ce(NO3)4 (99.9 wt%),
urea (=99 wt%), NH4F (99 wt%), NaH,PO,; (99.0 wt%) and nickel foams (NFs) (99.9
wt%) were purchased from Shanghai McLean Biochemical Technology Co., Ltd,
Chengdu Kelong Chemical Co., Ltd, Titan Technology Co. Ltd (China), Beijing
Mairuida Technology Co., Ltd, Aladdin and Kunshan Guangjiayuan New Materials
Co., Ltd. Considering the compounds utilized in this study were of analytical quality,
no additional purification was required.
1.2. Preparation of NiFe-LDH@NF, Fe-LDH@NF and Ni-LDH@NF electrodes

1.00 mmol of Ni(NO3),-6H,0, 1.00 mmol of Fe(NO3);-9H,0, 6.00 mmol of urea,
and 1.00 mmol of NH4F were dissolved in 30 mL of deionized water to form a yellow
green solution. The treated NF and the resulting solution were then put into a 50 mL
polytetrafluoroethylene lined stainless steel autoclave and kept at 120 °C for 8 hours,
after which the precursor NiFe-LDH@NF was collected; 1.00 mmol of
Fe(NOs3)3-9H,0, 6.00 mmol of urea, and 1.00 mmol of NH4F were dissolved in 30 mL
of deionized water to form a yellow green solution. The treated NF and the resulting
solution were then put into a 50 mL polytetrafluoroethylene lined stainless steel
autoclave and kept at 120 °C for 8 hours, after which the precursor Fe-LDH@NF was
collected; 1.00 mmol of Ni(NOs),-6H,0, 6.00 mmol of urea, and 1.00 mmol of NH4F
were dissolved in 30 mL of deionized water to form a yellow green solution. The treated
NF and the resulting solution were then put into a 50 mL polytetrafluoroethylene lined

stainless steel autoclave and kept at 120 °C for 8 hours, after which the precursor Ni-



LDH@NF was collected. All samples were washed with deionized water several times,
and vacuum dried at 60 °C overnight.
1.3. Preparation of NiFeP@NF, Fe,P@NF and NiP,@NF electrodes

NiFe-LDH@NF, Fe-LDH@NF and Ni-LDH@NF were transformed to
NiFeP@NF, Fe,P@NF and NiP,@NF by the phosphating procedure. Place 0.5 g of
NaH,PO, and the LDH precursor at opposite ends of the tube furnace, with the
NaH,PO,; upstream and the precursor 5 cm downstream. The phosphating procedure is
carried out for 2 hours in an argon environment at 350 °C at a heating rate of 5 °C min!.
In addition, a similar method was used to create the NiFeP@NF, Fe,P@NF and
NiP,@NF electrodes.
1.4. Different Ce doping NiFeP@NF electrodes

1.00 mmol of Ni(NOs),'6H,0, 1.00 mmol of Fe(NO3);-9H,0, Ce(NOs)4, 6.00
mmol of urea, and 1.00 mmol of NH4F were dissolved in 30 mL of deionized water to
form a yellow green solution. Here, The amount of Ce(NO;)4 added has three types
(0.05 mmol denoted as 1, 0.2 mmol denoted as 2, 0.5 mmol denoted as 3). The treated
NF and the three different Ce doping solutions were then put into a 50 mL
polytetrafluoroethylene lined stainless steel autoclave and kept at 120 °C for 8 hours,
collecting three LDH precursors. All samples were washed with deionized water
several times, and vacuum dried at 60 °C overnight. The subsequent phosphating
conditions are the same as above. Ce-NiFeP@NF-1, Ce-NiFe-LDH@NF-2, and Ce-
NiFeP@NF-3 were collected.

1.5. Characterization of Materials



Analyzing the phase composition included using X-ray diffraction (XRD) on
PANalytical X'Pert powder (PANalytical B.V.). Transmission electron microscopy
(TEM, FEI Talos F200S) and environmental scanning electron microscopy (ESEM,
FEI Quattro s) were used to analyze the microstructure and morphology of the
synthesized electrocatalysts, respectively. High angle annular dark field scanning TEM
(HAADF-STEM) and energy dispersive X-ray (EDX) spectroscopy were used to
analyze the element distribution of common catalysts. The X-ray photoelectron
spectroscopy (XPS) experiments were recorded on a Thermo SCIENTIFIC ESCALAB
250 Axis Ultra spectrometer using a monochromatic Al Ka (Av=1486.6 V).

1.6. Electrochemical Measurements

All the HER and OER catalytic performances were investigated on the CHI660E
electrochemical workstation (Chenhua, Shanghai) with a typical three-electrode system
at 25 °C. A piece of treated Ni foam (1 cm %1.5 cm) was used as the working electrode,
and saturated calomel electrode (SCE) and graphite rod were used as reference
electrode and counter electrode, respectively. The OER and HER activities were
evaluated by using linear sweep voltammetry (LSV) technique at a scan rate of 5 mVes-!
after 30 cyclic voltammetry (CV) testing in 1.0 M KOH electrolyte. Also, Tafel curves
were measured at a scan rate of 0.1 mV/s. Electrochemical impedance spectroscopy
(EIS) measurements were undertaken with an amplitude of 0.01 V throughout a
frequency range of 0.01Hz to 100kHz. Setting the overpotential in Tafel plots to zero
can easily yield the exchange current density (jo) of catalysts. The double layer

capacitance (Cq) was measured at different scan rates (5-40 mVes™!) in the non-faraday



region (CV). All tested potentials (Egcg) were converted to the reversible hydrogen
electrode (Eryg) refer to the equation:
Erug = Escg+0.242 + 0.059 x pH
1.7. Calculation of the turnover frequency (TOF)
The turnover frequencies were calculated with the following equation:
ror = A1
Fn2

where A is the electrode's geometrical area, F is the Faradaic constant (96500
Cemol'), and n represents the mole of the active species during the OER (n=4) or HER
(n=2) process. where j is the observed current density at the specified overpotential. By
taking into account the fact that two electrons are needed to create one hydrogen
molecule from two protons, the factor 1/2 is mentioned.
1.8. Computational details and methods

All the spin-polarized density functional theory (DFT) calculations within the
Hubbard U approach (DFT+U) were performed using the Vienna ab initio simulation
package (VASP) with a generalized gradient approximation (GGA) based on exchange-
correlation function parameterizations including Perdew, Burke, and Ernzerhof (PBE)
[4]

The Gamma-centered Monkhorst-Pack grid with (3 % 3 x 1) k-point sampling was

used for all systems. The cut-off plane wave basis was set to 500 eV. The standard
settings for electronic structure iterations are 1 x 105 eV and 0.001 eV A-l. Various

potential adsorption sites were taken into account in the calculations, while only the

most stable binding sites were chosen as the real active sites due to the different



adsorption energies on different sites.

The formation energy (AEy) per atom of all systems were calculated by [°l:

AE¢ = (Egys-NpXup-NniX uni-NEeX tre-NeeX fee)/ (NpHNNiNEe N e )

where the Egys was the total energy of systems, pp, pni, Hee and ppe denoted the
chemical potentials of P, Ni, Ce and Fe atoms, using the energy of per atom in their

bulk, Np, Nxi, Nre, and N, were the number of P, Ni, Fe and Ce atoms in systems.

Supplementary Figures

Figure S1. (a) SEM image of NiFe-LDH@NF; (b) SEM image of Ce-NiFe-
LDH@NF.



Figure S2. (a) SEM image of Fe,P@NF; (b) SEM image of NiP,@NF; (c) SEM
image of NiFeP@NF.
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Figure S3. SEM images of (a) Ce-NiFeP@NF-1; (b) Ce-NiFeP@NF-2; (c) Ce-
NiFeP@NF-3.
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Figure S4. XPS survey spectrum of Ce-NiFeP@NF and NiFeP@NF.
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Figure SS. Comparison of TOF at overpotentials of 100 mV for Ce-NiFeP@NF

and NiFeP@NF.
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Figure S6. Capacitive currents on the basis of the scan rate for Ce-NiFeP@NF,
NiP,@NF, Fe,P@NF, and NiFeP@NF.



Figure S7. SEM images of Ce-NiFeP@NF after HER test.
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Figure S8. The model and corresponding formation energy of the (a) Fe site; (b)
Ni site (grey ball: Ni atom; yellow ball: Fe atom; green ball: Ce atom; purple ball:
P atom).



Supplementary tables

Table S1. Comparison of HER performance of Ce-NiFeP@NF with reported
electrocatalysts in 1.0 M KOH

Overpotential
Tafel slope
Electrocatalysts (mV) References
(mV dec™)
at 10 mA-cm
Ce-NiFeP@NF 120 88.7 This Work
Ni0_7Feo'3SZ 155 109 [2]
CoySg@MoS, 143 117 [3]
CoPS@NPS-C 191 106 4]
Ni3S,/NF 223 - [5]
FeP nanorod array 218 146 [6]
NiFe Nanotube 181 147 [7]
Zn0‘975C00,0258/C082 152 103 [8]
3D-rGO-Ce0O, 192 112.8 [9]
NiCo,S4/NF 210 58.9 [10]

Co,B 233 92.5 [11]




Table S2. Comparison of overall water splitting performance of Ce-NiFeP@NF
with reported materials in 1 M KOH.

Cell voltage (V) at 10
Electrocatalysts References
mA-cm

Ce-NiFeP@NF 1.54 This Work
Mo-CoySs@C 1.56 [19]
Mo-NiC0,04/Cos 47N 1.56 [16]
Ir-VG 1.57 [21]
Ni/Ni(OH), nanosheets 1.59 [20]
Co-Ni-M@CeO, 1.60 [22]
Co;04-C@FeMoP 1.61 [29]
Ce0,-Co(OH), 1.62 [23]
NiFe NTAS-NF 1.62 [7]
Ni-Mo,C 1.64 [24]
MoS,/Ni3S, 1.65 [25]
Ru0O,/C0304-RuCo@NC 1.66 [26]
FeCo/Co,P 1.68 [27]
NiCo/NiCoOy 1.74 [28]
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