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1.1. Material characterization

The crystal structure of the material was investigated using an X-ray
diffractometer (XRD, BX'Pert PRO MPD). Testing was conducted in continuous scan
mode with a Cu-target Ko radiation source at an operating voltage of 45 kV and a
current of 40 mA. The scan range was 5°-90° (20) at a scan rate of 5°/min.

The sample morphology was examined using a scanning electron microscope
(SEM, Hitachi Regulus 8100) in secondary electron mode. Transmission electron
microscopy (TEM) was performed using a JEOL JEM 2100F instrument at an
acceleration voltage of 200 kV in bright-field (BF) imaging mode, combined with
simultaneous microarea compositional analysis using an EDAX energy dispersive X-
ray spectrometer.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a
ThermoFisher ESCALAB 250Xi spectrometer in the United States. An Al Ka
radiation source (hv = 1486.6 eV) was employed, with an analysis chamber vacuum
of 8x<10-1° Pa. Charge compensation was performed using C 1s = 284.80 eV as the
reference energy.

In-situ Raman spectroscopy was performed using a Horiba LabRAM HR
Evolution spectrometer with an excitation laser wavelength of 532 nm. The test
voltage ranged from 1.1 V to 1.6 V vs. RHE.

1.2. Experimental section
1.2.1. Chemicals and reagents

Ni-foam (NF) with Imm thickness produced by Kunshan Baiyida, Nickel nitrate
hexahydrate (Ni(NO3)2-6H20,), cobalt nitrate hexahydrate (Co(NO3)2-6H20, 98% ),
iron nitrate nonahydrate (Fe(NO3)3-9H20,99%), zinc nitrate hexahydrate
(Zn(NO3)2-6H20), manganese nitrate tetrahydrate (Mn(NO3)2:4H20,98% ), 2-
methylimidazole (C4HO6N2, 98% ), sodium hypophosphite monohydrate
(NaPO2H2-H20, 99% ), potassium hydroxide (KOH 95%), methanol and deionized
water are used as they are without further purification.

1.2.2. Synthesis of NCFZM/NF



Before the experiment, foam nickel (NF) with a size of 2 X 3 cm and a thickness

of 1 mm was placed in 3M HCI, anhydrous ethanol and deionized water for ultrasonic

cleaning for 15 minutes, and then dried in a vacuum oven at 60 C for 6 hours.

Dissolve nickel nitrate hexahydrate (0.5 mmol), cobalt nitrate hexahydrate (0.5 mmol),
iron nitrate nonahydrate (0.125 mmol), zinc nitrate hexahydrate (0.25 mmol), and
manganese nitrate tetrahydrate (0.125 mmol) in a mixed solvent of 20 mL methanol
and 5 mL deionized water. Stir magnetically at room temperature for 10 minutes until
a homogeneous yellow solution is formed. Take 0.84 g of 2-methylimidazole and
dissolve it in a mixture of 20 mL of methanol and 5 mL of deionized water. After
complete dissolution, mix it with the above metal salt solution and continue magnetic
stirring for 30 minutes to obtain a uniform red purple precursor solution. Constant
potential electrodeposition was performed using a three electrode system: pre treated
NF was used as the working electrode, platinum plate as the counter electrode, and
Ag/AgCl as the reference electrode. The precursor film was deposited for 800 seconds

at a constant voltage of -4 V (vs. SCE). After sedimentation, the sample was washed

with deionized water and vacuum dried at 60 ‘C for 6 hours. For comparative research,

control group samples containing different manganese contents and without
manganese doping were prepared simultaneously. According to the composition of
metal elements, the experimental sample is labeled as NCFZMO0.125-ZIF/NF (N: Ni,
C: Co, F: Fe, Z: Zn, M: Mn).
1.2.3. Synthesis of NCFZMx-P/NF

The synthesized NCFZMO.125/NF precursor and 0.3g sodium hypophosphite

monohydrate were placed in the same quartz boat. NaPO2H2 = H20 is located

upstream of the tube furnace, with the precursor placed downstream. It is then
pyrolyzed at 350 “C for 2 hours under a nitrogen atmosphere, with a temperature rise

rate of 2 'C min-1, to obtain the sample NCFZMx-P/NF.

1.3. Electrochemical test methods

Electrodeposition and electrochemical testing were conducted on an Ivium



electrochemical workstation purchased in the Netherlands, using a three electrode
system for catalytic performance testing in 1M KOH solution. Cut the prepared
catalyst into 0.25 cm and clamp it on the working electrode. Use a platinum plate as
the counter electrode and Hg/HgO as the reference electrode. At the same time, use
the Nernst equation to perform reversible hydrogen electrode potential energy

transformation on the electrochemical test data.

Epe = Eng g0 + Efiy 1110 +0.059PH )
Where Epgmgo 1s the potential of Hg/HgO for the test with the reference electrode,
E@4ne0 is the standard electrode potential for the Hg/HgO reference electrode, and
its value is 0.098 V; The acid-base value of the test solution is represented by pH.

The following equations are used to figure out the overpotentials:

Noer = Eppe —1.23
2
Noer = Erue

€)

Not all curves are compensated by the IR potential. LSV curve IR compensation is
95%.

Tafel equation:
n=a+blg()) (4)

Where n, a, b and j denote the overpotential, Tafel constant, Tafel slope and current
density, respectively, the Tafel plot is obtained by plotting the logarithm of the current
density 1g(j) against the overpotential () through the polarization curve, and the Tafel
slope is obtained by fitting the linear part of the Tafel plot. Given that the Tafel slope
is inversely proportional to the charge transfer coefficient, it can be used as one of the
indicating parameters for evaluating the electrocatalyst performance.

At a scan rate of 5 mV/s, linear scanning voltammetry (LSV) is carried out. In the
frequency range from 100000 to 0.01 Hz, electrochemical impedance spectroscopy

(EIS) is performed. CV can measure electrochemical double-layer capacitance (Cgy)



within the range of -0.30 V to -0.40 V at scan rates of 20, 40, 60, 80, and 100 mV/s.
The formula for calculating the electrochemically active surface area (ECSA) is as

follows:

ECSA=C,/C, )

where Cs is the specific capacitance. Use the commonly used specific capacitance Cs,
which has a value of 0.040 mF ¢cm= in 1 M KOH.

All experiments are repeated at least three times to ensure reproducibility.

1.3 Theoretical calculation

The energy cutoff value for plane waves is set to 400 eV. All structures have been
optimized based on the convergence criteria of energy of 1 x 10-5 eV and force of 0.1
eV/nm. The vacuum spacing is set to be greater than 1.5nm for surface isolation to
prevent interaction between two adjacent surfaces. The computational model uses a 3
x 3 x 1 Monkhorst packaging grid for Brillouin zone sampling. Density k points (3 x

3 x 1) are used to calculate the projected density of states (PDOS).
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Figure S1. Flow Chart of NCFZMx-P/NF Stacked Nanosheet Synthesis on foam Nickel.

Figure S3. SEM images of (a) NCFZ-ZIF/NF, (b) NCFZM,,s-ZIF/NF, (c)
NCFZMy 375-ZIF/NF, (d) NCFZM, s-ZIF/NF.



Figure S4. SEM images of (a) NCFZP/NF, (b) NCFZM,,sP/NF, (c)
NCFZM, 375P/NF, (d) NCFZM, sP/NF.
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Figure S6. High resolution XPS spectra of (a) N 1s (b) C 1s for NCFZM, 1,5-ZIF/NF
and NCFZM0125P/NF
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Figure S7. OER and HER Overpotential Histogram
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Figure S8. Comparison chart with LSV of NF
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Figure S9. Constant current OER curve of NCFZMj 1,5-P/NF in 1.0 M KOH solution

for 72 hours




-0.90

)

@ NCFZMg 125-P/NF

V vs.RHE

1
-
o
<

(

Potential

'110 T T T T T T T T T T T T T T

Time(h)
Figure S10. Constant current HER curve of NCFZM 1,5-P/NF in 1.0 M KOH
solution for 72 hours
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Figure S11. CV curves of (a) NCFZMy 1,5-ZIF/NF and (b) NCFZM, ;,5sP/NF.
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Figure S12. CV curves of (a) NCFZP/NF , (b) NCFZM, ,sP/NF, (¢c) NCFZM 375P/NF
and (d) NCFZM, sP/NF.
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Figure S13. (a) Overpotentials of NCFZM, 1,5-P/NF and NCFZM-ZIF ;,5/NF at

different current densities. (b) Schematic diagram of alkaline electrolysis cell
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Figure Slr4. XRD image of NCFZM, 1,5-P/NF after stability test
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Figure S16. High resolution XPS spectra of (a) Ni 2p (b) Co 2p (c) Fe 2p (d) Mn 3d
(e) Zn 2p (f) P 2p for NCFZM, 1,5P/NF after stability test.
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Figure S19. Plot of total density of states and different orbital density of states for
NCFZ-P/NF



Table S1. ICP-OES results (wt% and at%) of as-deposited ZIF and phosphorized
sample

As-deposited  Phosphorized As-deposited Phosphorized

Element
ZIF (wt%) (wt%) ZIF (at%) (at%)
Ni 95.195 85.152 91.64 76.83
Co 0.461 0.733 0.44 0.66
Fe 0.072 0.138 0.07 0.13
Mn 0.261 0.529 0.27 0.51
Zn 0.989 0.822 0.85 0.67
P / 8.066 / 13.8

Table S2. Reproducibility of the “0.125” sample (three batches, normalized at% of
Co, Fe, Mn, Zn)

Batch Ni (wt%) Co (Wt%) Fe (Wt%) Mn (Wwt%) Zn (Wwt%)
1 95.195 0.461 0.072 0.261 0.989
2 95.01 0.472 0.071 0.255 0.976
3 95.13 0.468 0.073 0.258 0.982
RSD 0.10% 1.21% 1.40% 1.16% 0.66%

Note: RSD stands for Relative Standard Deviation, which is used to measure the
consistency of data across three independent composite samples; a lower value
indicates better reproducibility.



Table S3. XPS fitting data for NCFZM 1,5-ZIF/NF

Chemical

FWHM Rel. area

.E. Back: d
Element Peak B.E. (eV) state V) (%) ackgroun
2p3p 855.18eV Ni2* 2.79 38.5%
Satellite  861.23eV Ni%* 5.3 26.30%
Ni2p
2pin 872.8eV Ni2* 2.79 18.50%
Satellite  879.26eV Ni%* 53 16.70%
2p3p 780.75eV Co** 2.99 49.89%
Satellite  785.76eV Co?* 3.5 16.11%
Co2p
2pin 796.37eV Co** 2.99 25.72%
Satellite  801.97eV Co?* 3.5 8.28%
2p3p 711.51 Fe3* 7.37 51.96% Smart
Fe 2p 2pi 716.75 Fe3* 7.38 25.21%
Satellite 722.99 Fe3* 5 22.83%
2p3p 641.12 Mn?2* 7.62 41.70%
Satellite 652.6 Mn?* 7.62 22.70%
Mn 2p
2pin 645 Mn?2* 5.2 18.10%
Satellite  656.625 Mn?* 5.2 16.50%
2p3p 1021.59 Zn?* 2.4 65.86%
Zn2p
2pin 1044.65 Zn?* 2.4 34.14%




Table S4. XPS fitting data for NCFZM ,5-P/NF

B.E.

Chemical

FWHM

Rel. area

Element Peak V) state V) %) Background
2p3n 852.26 Ni-P 1.94 31.50%
2p3p 855.5 Ni2* 2.05 20.19%
) Satellite  859.67 Ni%* 3.6 14.13%
Ni2p )
2p1n 868.24 Ni-P 1.97 11.72%
2pin 872.69 Ni?* 2.05 9.87%
Satellite  876.73 Ni%* 3.55 12.59%
2p3n 777.82 Co-P 1.57 40.29%
2p3n 780.55 Co?* 3.43 21.30%
Satellite  784.02 Co?* 24 4.60%
Co 2p
2p1n 792.83 Co-P 1.87 14.59%
2pin 796.6 Co?* 3.03 11.47%
Satellite ~ 800.5 Co?* 2.54 7.74%
2p3p 710.58 Fe’* 4.79 20.14%
Satellite ~ 714.59 Fe3* 5 38.53%
Fe o 2psp 719.19 Fe3* 3.5 19.49% Smart
e
P 2pin 724.53 Fe3* 4.79 8.84%
Satellite ~ 727.54 Fe’* 5 7.02%
2pin 731.68 Fe3* 3.5 5.98%
2p3p 641.48 Mn?* 2.97 45.55%
2p3p 643.19 Mn* 2.72 14.94%
Satellite  646.17 Mn2* 2.69 16.32%
Mn 2p
2p1n 652.94 Mn?* 2.97 7.28%
2pin 654.54 Mn#** 2.72 7.67%
Satellite  657.37 Mn?2* 2.68 8.24%
2p3n 1021.44 2+ 1.94 62.55%
Zn 2p
2pin 1044.27 2+ 2.04 37.45%
2p3p 129.39 M-P 1.5 66.98%
P2p Satellite  128.46 M-P 0.9 24.57%
2pin 132.80 P-O 1.5 16.57%




Table SS5. Comparison of the OER activity of the NCFZMP/NF with other
electrocatalysts in basic condition.

Overpotential Tafel slope
Catalysts Electrolyte (mV, @ 10 P Reference
(mV dec-1)
mA cm2)
NCFZM,) 1,5sP/NF 1.0 M KOH 218 57.57 This work
CoP/Ni,P/Fe,P 1.0 M KOH 260 66.5 1
Ni;Co;—P 1.0 M KOH 343 77 2
FeNi/Ni,P@NC 1.0 M KOH 323 60.3 3
Ni,P/rGO 1.0 M KOH 221 105.7 4
A-Ni,P/CusP 1.0 M KOH 262 78.3 5
Fe-NiO/Ni,P 1.0 M KOH 242 49.1 6
Co,P@N-C-900 1.0 M KOH 352 84.6 7
Co,P/WO;_,/CC 1.0 M KOH 254 58.32 8
Co,P/NPC 1.0 M KOH 320 59.6 9
Co,P-1/Ni,P-1 @NF 1.0 M KOH 310 69.9 10




Table S6. Comparison of the HER activity of the NCFZMP/NF with other
electrocatalysts in basic condition.

Overpotential Tafel
Catalysts Electrolyte (mV,@ JmA slope (mV  Reference
cm?) dec?)
NCFZM, 1,5P/NF 1.0 M KOH 106 119.45 This work
Fe,P-Ni,P/Co,P 1.0 M KOH 125 60.3 11
Co,P/CoP/NC 1.0 M KOH 184 82 12
Ni;Co,—P 1.0 M KOH 169 68 2
CP-350 1.0 M KOH 181 112 13
NiMoO-SP/Ti 1.0 M KOH 159 77 14
Fe-NiO/Ni,P 1.0 M KOH 141 111 6
Zr-MOF/Ni,P@NF-250 1.0 M KOH 143 40.49 15



mailto:125@10mA%20cm-2

Table S7. Comparison of the full water-splitting performances of NCFZMP/NF with
other other electrocatalysts in 1 M KOH at the current density of 10 and 50 mA c¢cm2.

Cell voltages
Catalysts Reference
(V) @ J (mA cm?)

1.53@10 mA cm™
NCFZM, 1,5sP/NF This work
1.69@10 mA cm

CoNiP/MP Ni 1.78@10 mA cm? 16
HOF-Coy sFej s/NF 1.66@10 mA cm? 17
Co,P/CoNPC 1.63@10 mA cm? 18
Co-BTC MOF 1.64@10 mA cm? 19
CoNiP/NF 2.03@10 mA cm? 20
CoP/GO-400 1.62@10 mA cm? 21
Ni/Mo,C-PC 1.7@10 mA cm 22
NiSe/NF 1.66@10 mA cm? 23
Ni3S,/NF 1.63@10 mA cm? 24

Ni,Fe@NC 1.7@10 mA cm 25




Table S8. Comparison of Valence States and Coordination in OER and HER Before
and After the Reaction

Peak
Element Fresh After HER After OER
assignment
Ni 2p Ni-P 852.26 Weaker Disappeared
Ni2* 855.5 855.6 855.8
Co2p Co-P 777.82 777.7 ( Weaker
Co** 780.55 780.6 780.8
Fe 2p Fe-P / / /
Fe’* 710.58 710.6 710.7
Mn 2p Mn?* 641.48 641.5 Weaker
Mn4+ 643.19 643.2 Stronger
P2p M-P 129.39 Weaker Weaker
P-O 132.80 Stronger Stronger

Zn 2p Zn** 1021.44 1021.4 1021.4
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