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1. Experimental Section

1.1. Chemicals and Materials

All chemical reagents were purchased from commercial suppliers and did not
require further purification before use. Nickel (II) nitrate hexahydrate (Ni(NO3)2-6H>0,
Macklin, AR, 98%), iron (II) chloride tetrahydrate (FeCl-4H,O, 99.5%, CAS
No.13478-10-9, Macklin), tungsten chloride (WCls, 99%, CAS No.13283-01-7,
Macklin), ammonium fluoride (NH4F; 98%, CAS No. 12125-01-8, Aladdin), urea
(CH4N20; 99%, CAS No.57-13-6, Aladdin), potassium hydroxide (KOH; 90%, CAS
No. 1310-58-3, Macklin), platinum carbon (Pt/C, 20 wt%,Aldrich,), iridium dioxide
(IrO2, 99.9%, CAS No0.12030-49-8). All ultrapure water (18.2 MQ cm) in this work
was obtained using an Ulupure UPR-III-10T (Sichuan YOUPU Ultrapure Technology
Corporation) system. Nickel foam (thickness ~3 mm) was purchased from Kunshan

Lvchuang Electronic Technology Co., Ltd.
1.2. Materials Synthesis

1.2.1. Treatment of nickel foam (NF)

Nickel foam (1 cm x 4 cm) was first treated for 5 min on the front and back sides
under a high-purity Ar (99.999%) atmosphere at 100 W power via a plasma-enhanced
chemical vapor deposition (PECVD, OTF-1200X-80-11-4CV-PE-SL, Hefei Kejing

Materials Technology Corporation) system. Then, the resulting NF was dipped into 1



M HCl solution, acetone, ethanol, and ultrapure water in turn, cleaned with an ultrasonic

washer for 10 min, and finally dried with N».

1.2.2. Preparation of the NiFeW LDH/NF catalyst

All LDH catalysts in this chapter were produced using a one-step solvothermal
method, which is as follows: First, 118.9 mg WCls was completely dissolved in 10 mL
of ethylene glycol solution, which was heated to 50 °C to achieve the dissolution effect;
then, 348.9 mg Ni(NO3)>-6H>O, 59.6 mg FeCl,-4H>O and 333.0 mg NH4F were
dissolved in 30 mL of ultrapure water. The precursor solution was produced by
completely integrating the foregoing two solutions, adding 540.5 mg of urea, and
dissolving the mixture until it was clear and transparent. Finally, the treated NF (1 x 4
cm) was reacted with the precursor solution at 120 °C for 6 hours. After cooling down
to room temperature, it was scrubbed with water and ethanol, blown dry with nitrogen,
and stored.

The preparation of NiW LDH/NF was basically the same as that of NiFeW

LDH/NF, except that FeCl2-4H>0 was not added and the amount of WCls was doubled.

1.2.3. Preparation of the NiFeWP/NF catalyst

The previously mentioned NiFeW LDH/NF was placed in a plasma-enhanced
chemical vapor deposition furnace, heated to 300 °C at a rate of 5 °C min™! under
vacuum conditions, and held at this temperature for 10 minutes. Then, a 10% PH3/Ar
mixture was introduced, and the furnace pressure was kept at around 75 Pa. The reaction

was completed in 10 minutes while the radio frequency power supply was set at 150 W.



After being brought down to room temperature, the catalyst was taken out from the

plasma chemical vapor deposition furnace.

1.2.4. Preparation of the NiFeWP(Vp)/NF catalyst

The preparation process of NiFeWP(Vp)/NF was exactly the same as that of
NiFeWP/NF described above, with the exception that after completing the
phosphorylation conversion in a 10% PH3/Ar mixture, the 10% PH3/Ar mixture was
changed to high-purity N> gas, and the reaction was continued for 10 minutes under the
same conditions (keeping the pressure and power unchanged) before the process was
stopped, and was taken out after cooling to room temperature.

NiWP(Vp)/NF was prepared under the same experimental conditions.

1.3. Materials Characterization

The crystal structure of the catalysts was determined using a Powder X-Ray
Diffractometer (XRD) type D8 ADVANCE from Bruker in Germany. The radiation
source was Cu-Ka (A = 0.154 nm), the operating voltage was 40 kV, and the operating
current was 40 mA. Data was collected at a scan rate of 5 min™' through a 20 range of
5-70. The surface elemental valence and composition of the catalyst materials were
identified using X-ray Photoelectron Spectroscopy (XPS) using an ESCALAB 250xi
from Thermo Fisher, USA. Test parameters: The radiation source was Al-Ka
(hv=1486.6 V), with an accelerating voltage of 16 kV and an accelerating current of

14.9 mA. And the charge calibration was done at C 1s=284.8 eV. The morphology of



the catalyst materials was analyzed using a Sigma 300 Field Emission Scanning
Electron Microscope (FESEM) manufactured by Zeiss, Germany, at an accelerating
voltage of 3 kV. The atomic composition of the catalyst material surface was
determined by an Xplore-type Energy Dispersive Spectroscopy (EDS) equipped with
Oxford, UK, at an accelerating voltage of 15 kV and the elemental distribution was
determined by photographing the energy spectrum mapping. A Talos F200X scanning
transmission electron microscope (STEM) manufactured by Thermo Fisher, USA, was
used to collect HRTEM images and surface scanning images of the catalyst materials
at an operating voltage of 200 kV to further characterize the catalyst materials. The
microstructures of the catalyst materials were further characterized by their
microstructures, crystal structure types, atomic arrangement, and exposed crystal
surfaces. An Electron Paramagnetic Resonance (EPR) spectrometer (EMX Plus-6/1)
from Bruker, Germany, was used to detect the presence of vacancies in the catalyst
material. Test parameters: Scanning width of 6000 G, operating frequency of 9.8 GHz,
and 2,2,6,6-tetramethylpiperidine oxide (TEMPQO) as vacancy capture agent. The
elemental composition of the catalyst materials was analyzed using an inductively
coupled plasma mass spectrometer (ICP-MS, Agilent 7800, USA). In situ Raman
spectra were collected using a RENISHAW in Via Raman Microscope equipped with a
confocal optical system. The measurements were conducted in 0.1 M KOH using a
standard three-electrode configuration, with a platinum wire as the counter electrode
and an Ag/AgCl electrode as the reference electrode. The Raman spectra were recorded

in the wavenumber range of 200-1200 cm’'.



1.4. Electrochemical Characterization

All electrochemical tests were carried out under a conventional three-electrode
system using a Chenhua electrochemical workstation CHI 760E in a 1.0 M KOH
solution.

For measurements of the hydrogen evolution reaction, carbon rods and Hg/HgO
electrodes were used as counter electrodes and reference electrodes, respectively.
Before performing the measurements, high-purity hydrogen (99.999%) was passed into
the system for 30 min and maintained throughout the test to ensure that the 1.0 M KOH
electrolyte was always saturated with hydrogen. LSV polarization curves were
measured at a scan rate of 5 mV s™!. CV testing were conducted in the non-Faraday zone
(-0.7 to -0.8 V vs. Hg/HgO) at various scan rates (20, 40, 60, 80, 100, and 120 mV s!).
Ca was calculated from the linear dependency of the difference in current density Aj
(Aj=(janode-jcathode)/2) at -0.75 V vs scan rate. Electrochemical impedance spectra (EIS)
were obtained from 1 kHz to 130 kHz at a voltage of -1.05 V (vs. Hg/HgO). Catalyst
durability experiments were performed using chronopotentiometry at a fixed current
density (10 mA cm™).

To measure the oxygen evolution reaction, a platinum wire and a Hg/HgO
electrode were employed as counter and reference electrodes, respectively. High-purity
oxygen (99.999%) was injected into the system for 30 minutes and maintained
throughout the test to ensure that the 1.0 M KOH electrolyte was always oxygenated.
The LSV polarization curves were recorded at a scan rate of 5 mV s! throughout a

voltage range of 1.1-1.7 V (vs. Hg/HgO). CV testing were conducted in the non-
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Faraday zone (0.2 to 0.3 V vs. Hg/HgO) at various scan rates (20, 40, 60, 80, 100, and
120 mV s™). electrochemical impedance spectra (EIS) were obtained from 350 Hz to
150 kHz at a voltage of 0.55 V (vs. Hg/HgO). Catalyst durability experiments were
performed using chronopotentiometry at a fixed current density (10 mA cm™). By
applying the Nernst equation, all of the potentials mentioned above involving Hg/HgO
were transformed into reversible hydrogen electrodes. All polarization curves were
corrected by 95% iR to compensate for the loss of solution resistance.
Erue=Eng/mg0+0.059pH +0.098

The Tafel slope, which describes the relationship between overpotential (1) and
current density (j), is used to characterize the electrode reaction kinetics of catalysts. It
is calculated by the following equation:

n=a+b-log|j|

The double-layer capacitance (Ca) of the catalyst was measured by cyclic
voltammetry. The electrochemical stability of the catalyst was evaluated by
chronopotentiometry, which involves obtaining the potential-time (E-t) curve at a
specific current density.

The catalysts were directly grown on Ni foam substrates with a geometric area of
1 x 4 cm?. The mass loading was determined by weighing the Ni foam before and after
the synthesis using an analytical balance. For each sample, three independent
measurements were performed and the average value was reported. The average
catalyst loading of NiIFeWP(Vp) was approximately 2.7 mg cm, corresponding to mass

increases of 11.2, 8.7, and 12.6 mg for the three electrodes. For NiWP(Vp), the average



catalyst loading was approximately 2.95 mg cm, with mass increases of 13.1, 11.6,
and 10.7 mg, respectively. All current densities reported in this work were normalized

to the geometric area of the electrode.

2. Additional Data and Figures

Step 1 i Step 2 .
Hydrothermal . Plasma treatment,
>
With Fe™

Ni(NO,),-6H,0

NiFeW LDH

Without Fe*

NiWP(V,)

Fig. S1. Schematic of catalyst synthesis.
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Fig. S2. XRD patterns of NiFeW LDH and NiW LDH.



Fig. S3. SEM images of (a, b) NiW LDH, and (c, d) NiFeW LDH.
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Fig. S4. Enlarged XRD diffraction region of the samples in the 26 range of 40—42°.



Fig. S5. (a) SEM images of NiFeWP(Vp); (b) SEM images of NiWP(Vp).
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Fig. S6. (a) TEM image of NiWP(Vp); (b) HRTEM image of NiWP(Vp) (Circles mark
lattice discontinuities) with an inset SAED patterns; (c) EPR spectrum of NiWP(Vp);
(d) HAADF-STEM image and the corresponding EDS elemental mappings.
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Fig. S7. XPS full spectrum of NiFeWP(Vp), NiWP(Vp) and NiWP.
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Fig. S8. (a) EIS values of NiFeWP(Vp), NiFeWP, NiFeP(Vp), NiFeP, NiWP(Vp), NiWP
and IrO, electrodes in 1 M KOH. (b) chronopotential curves for 10 mA cm, inset
shows LSV before and after OER stability tests.
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Fig. S9. (a) HER LSV curves, (b) Tafel plots and (c) Ca values of NiFeWP(Vp),
NiWP(Vp), NiFeWP, NiWP, NF and IrO; electrodes in 1 M KOH; (h) chronopotential
curves for 10 mA cm, inset shows LSV before and after HER stability tests.
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Fig. S10. Characterization of materials after OWS stability testing. (a) and (b) SEM
image of NiFeWP(Vp); (c) EDS spectra of NiFeWP(Vp); (d) and (¢) SEM image of
NiWP(Vp); (f) EDS spectra of NiWP(Vp).
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Fig. S11. High-resolution XPS spectra of NiWP(Vp) before and
tests. (a)Ni 2p; (b)W 4f; (c)Fe 2p; (d)P 2p.
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Fig. S12. High-resolution XPS spectra of NiFeWP(Vp) before and after OWS stability
tests. (a)Ni 2p; (b)W 4f; (c)Fe 2p; (d)P 2p.
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Table S1. Elemental atomic percentage contents of different catalysts determined by

ICP-MS.
Elements/%
Catalysts Ni o W
NiFeWP(Vp) 86.05 0.68 1.39
NiWP(Vp) 89.89 \ 435

The elemental compositions of the catalysts were quantitatively determined by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7800). Prior to analysis, the samples were
digested as a whole together with the Ni foam skeleton, and the total digested mass included both
the deposited catalyst layer and the Ni foam substrate. The digested solutions were then diluted to a
fixed volume before measurement.

The ICP-MS measurements were performed under the following conditions: RF power of 1500
W, pump rate of 30 r/min, nebulizer gas flow rate of 0.78 L/min, auxiliary gas flow rate of 1.2 L/min,
and a sample flush time of 15 s.

The elemental concentrations of Ni, Fe, and W in the digested solutions were obtained directly
from the ICP-MS instrument. The elemental content (C, mg kg!) was calculated according to the
following equation:

Cx=Co (ug L") x Vo (mL) x 103/ mp (g) x 10°

Where Cy is the measured elemental concentration in the solution, Vo is the final volume of the

digested solution, and mo is the total mass of the digested sample. The weight percentage (W%) of
13



each element was further calculated based on the corresponding elemental contents. The ICP-MS

results are mainly used to evaluate the incorporation of Fe and W, while the Ni content includes

contributions from both the Ni foam substrate and the Ni-based catalyst.

Table S2. EIS fitting parameters

Sample Rs(Q) Ret (Q) Q (CPE-T) n (CPE-P)
NiFeWP(Vp) 0.588 0.964 3.41 x 10 1.051
NiFeWP 0.486 2.147 2.06 x 10 1.023
NiFeP(Vp) 0.496 0.934 6.45 x 10 0.996
NiFeP 0.539 1111 3.74 x 10° 1.036
NiWP(Vp) 0.474 1.079 4.69 x 10 1.019
NiwP 0.574 1.996 434 x 10 0.976

The EIS data were fitted using an equivalent circuit of Rs-(R¢t || CPE), where Rg
represents the solution resistance, R¢ corresponds to the charge-transfer resistance, and

CPE is the constant phase element.

Table S3. Comparison of OER electrocatalytic performance of NiFeWP(Vp) with

recently reported phosphide catalysts and other types of catalysts in 1.0 M KOH.

Indices nio Tafel slope Ref
Materials (mA cm?) (mV dec™) )
NiFeWP(Vp) 144 76 This wrok
NisPs@FeP 205 43.93 S1
Mn-Co-Fe-P 192 43.75 S2
Vp-Ni2P@NC 308 90.4 S3
Feo.1C004Wo 5P 250 48 S4
Fe-doped CoP 230 67 S5
NiSex/FeSe,/CC 256 50 S6
NiFe-LDH/Ni3S» 202 45.1 S7
NisFeN@PO4*/NF 228 29.9 S8
FeNiMoOx 235 56 S9
a/c-CoFe-LDH/Pt 253 85 S10
Irzs-Fe16NiiooPe4 170 48 S11
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