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1. Experimental Section

Chemicals: Iron nitrate, red phosphorus and urea are all from Tianjin Damao Chemical Reagent
Factory, KOH is from Aladdin, and manganese chloride is from Tianjin Guangfu Fine Chemical
Research Institute.

Synthesis of Ni,P: First, cut the foam nickel (NF) with a size of 1*1 cm2, put the NF into 2.0 M
HCI solution and deionized water, respectively for 30 min ultrasonic, then put it into an oven for 10
h at 60 °C, and finally record the quality. 387 mg of red phosphorus (12.5 mmol) and 600 mg of
urea (10 mmol) were dissolved in 10 ml of deionized water, stirred for 30 min, and then transferred
to a hydrothermal kettle (volume: 40 ml, internal diameter: 27 mm, height: 70 mm). At the same
time, the treated NF (4*1*1 cm) was put into the Kettle, and then the reaction was carried out at
190 °C for 24 h. After the reaction was cooled to room temperature, the catalyst was washed with
deionized water, and the quality was recorded after being put into the oven for 10 h at 190 °C.
Synthesis of Ni,P-ECO: A standard three-electrode system was used in the experiment. The dried
Ni,P was clamped on the electrode holder as the working electrode, the graphite rod as the opposite
electrode, and Hg/HgO as the reference electrode. Electrooxidation reconstruction was performed
for 30 minutes at 1.65 V (vs. RHE) with an electrolyte of 1.0 M KOH. The immersion area of the
catalyst is 0.5 cm™.

Synthesis of (Fe)Ni,P-ECO: A standard three-electrode system was used in the experiment. The
dried Ni,P was clamped on the electrode holder as the working electrode, the graphite rod as the
opposite electrode, and Hg/HgO as the reference electrode. Electrooxidation reconstruction was
performed for 30 minutes at 1.65 V (vs. RHE) with an electrolyte of 1.0 M KOH containing Fe3*
(10 pmol L-1). The immersion area of the catalyst is 0.5 cm™.

Synthesis of (Mn)Ni,P-ECO: A standard three-electrode system was used in the experiment. The
dried Ni,P was clamped on the electrode holder as the working electrode, the graphite rod as the
opposite electrode, and Hg/HgO as the reference electrode. Electrooxidation reconstruction was
performed for 30 minutes at 1.65 V (vs. RHE) with an electrolyte of 1.0 M KOH containing Mn3*
(10 umol L'). The immersion area of the catalyst is 0.5 cm™.

Synthesis of (Fe,Mn)Ni,P-ECO: A standard three-electrode system was used in the experiment.

The dried Ni,P was clamped on the electrode holder as the working electrode, the graphite rod as
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the opposite electrode, and Hg/HgO as the reference electrode. Electrooxidation reconstruction was
performed for 30 minutes at 1.65 V (vs. RHE) with an electrolyte of 1.0 M KOH containing
Fe3*/Mn?*(mole ratio is 10:1). The immersion area of the catalyst is 0.5 cm™.

Characterization. Explore the morphology of the catalyst using the JEOL JSM-5600LV field
emission scanning electron microscope (SEM). On a JEOL-2100F FETEM with an acceleration
voltage of 80 kV, the intrinsic characteristics and element distribution of the catalyst were examined
with transmission electron microscopy (TEM) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). X-ray photoelectron spectroscopy (XPS) is a
method of using the ESCALAB 250 XPS system with an Al Ko X-ray source (hv = 1486.6 eV).
XRD was tested using the Rigaku Corporation SmartLab 9 X-ray diffractometer using Cu Ka
radiation, scanning from 10° to 90° at a scanning speed of 3° per minute under voltage and current
of 40 kV and 40 mA, respectively. The content of Fe and Mn was measured by an Optima 7300 DV
inductively coupled plasma atomic emission spectrometer (ICP-AES).

Electrochemical measurements. The electrochemical test was evaluated by an electrochemical
workstation (CHI 660E). A standard three-electrode system was used in the experiment, with a
graphite rod as the counter electrode and Hg/HgO as the reference electrode. All data were
calibrated with a standard hydrogen electrode (vs. RHE). The experiment was performed at room
temperature with 85% infrared compensation (iR). For comparison, the linear sweep voltammetry
(LSV) curves of all catalysts were scanned at 5 mV s at a voltage of 1.03-1.73 V (vs. RHE), and
the electrochemical impedance spectra were from 100 kHz to 0.01 Hz at an AC amplitude of 5 mV.

ECSA measurements. Electrochemical active surface area is calculated according to the Cdl, and cv
curves can be obtained at different rates (20, 40, 60, 80, 100, 120, 140, 160 mV s -1) in 1.0-1.1 V
(vs. RHE). ECSA is calculated as follows: ECSA (cm2) =Cdl/Cs; the value of Cs is 0.04 mF c¢cm
and the ratio of the slope of the curve to the number of electrons transferred is Cdl.

TOF calculation. The density of active sites was measured by cyclic voltammetry in phosphate
buffers with pH = 7 at a scanning rate of 50 mV s™l.[2JAssuming that every atom is involved, the

density of active sites n (mol g!) is directly proportional to the area of the cyclic voltammetry,
calculated using the following formula: n = (5 X A)/(FXm), where A4 is the effective area of the
cyclic voltammetry curve after deducting the blank, F is Faraday's constant (96485.3C mol-!), and
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m is the catalyst mass on nickel foam. The TOF can be calculated using the following equation:

TOF = j/(4XF XN), where j is the current density given by the LSV measurements, and N is the

total number of active sites on the electrode calculated using the density of active sites n» multiplied
by the catalyst mass m.

FE% test. The test also adopted a three-electrode system with (Fe,Mn)Ni,P-ECO (S = 0.5 cm™) as
the working electrode. The whole electrolytic cell was purified with high-purity argon for about 30
minutes to reduce background interference. The volume of electrolytic liquid was 40 ml, and the
volume of the upper cavity of the electrolytic cell was 74 ml. A chronopotentiometry test was
performed at 5 mA for 2 h. The products were collected and analyzed in chromatography with high-
purity argon (99.999%) as the carrier gas, equipped with a FID detector and a 5A molecular sieve-

packed column. The Faraday efficiency of the product is calculated as follows:

VX [SAirZ x 502 = Spir1 X SNZ tax SAirZ] 96485 X 4
FEY% = X — X 100%
b XS y0X22.4%X298/273 IXtXS

S
O2= the oxygen peak area after reaction-the initial oxygen peak area

S
N2= the nitrogen peak area after reaction-the initial nitrogen peak area

Spir1= the area of oxygen peak in the air

Sairz= the area of nitrogen peak in the air

V: the volume of the cavity above the electrolytic cell

a: the intercept of the oxygen standard curve

b: the slope of the oxygen standard curve

1: electric current, A

t: electrolytic time, s.

S: catalyst area, cm™.

Computational details. Density functional theory (DFT) calculations were conducted using the
Vienna ab initio simulation package (VASP).['%1°] The Generalized Gradient Approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was used for the
exchange-correlation energy.[?”) The projector augmented wave (PAW) method was used with a

cutoff energy of 400 eV. Considering the Ni,P (111) surface were found in our TEM image and
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Ni,P were transformed into NiOOH, a model of the Ni,P (111) surface with a one-layer NiOOH
was conducted. For the Ni,P-NiOOH surface, 2 x 2 surface cells were built, with the bottom two
layers of atoms fixed at their original bulk positions while the top two layers of atoms relaxed

during geometric optimization. The dimension of the supercell is 13.52 A x 13.52 A x 15.53 A with

a=p=90°,y=9758" ,and a 10 A vacuum slab was placed along the z axis on each slab to

avoid the pseudo-interactions between periodic images. A Monkhorst-Pack grid of 2x2x1 size was
used to sample the surface Brillouin zone.[?’] The structures were optimized until the energies and
forces on each atom were less than 1 x 105 eV and 0.03 eV A-!'. According to previous studies, the

DFT+U method was considered with U= 5.5, 2.5, and 3.0 eV for Ni, Fe, and Mn, respectively. -

24]
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2. Supplementary Figures S1-S17 and Tables S1-S3

Figure S1. SEM image of NF with magnification.
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Figure S2. XRD pattern of Ni,P.
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Figure S3. SEM images of (A and B) Ni,P, (C) Ni,P-ECO, (D-F) (Fe)Ni,P-ECO, (G-I) (Mn)Ni,P-
ECO.
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Figure S4. TEM images of (A-C) Ni,P, (D-F) (Fe)Ni,P-ECO, (G-I) (Mn)Ni,P-ECO.
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Figure S5. TEM images of Ni,P-ECO.
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Figure S6. XRD pattern of catalysts. Color codes: black (Fe,Mn)Ni,P-ECO, red (Fe)Ni,P-ECO,

dark yellow (Mn)Ni,P-ECO and magenta Ni,P-ECO.
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Figure S7. XPS survey spectrum of (Fe,Mn)Ni,P-ECO and HAADF-STEM-EDS mapping of Fe,
Mn, Ni and P for (Fe,Mn)Ni,P-ECO.
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Figure S8. XPS spectra of (A) P 2p and (B) O 1s.
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Figure S9. SEM images of (A and B) (Fe,Mn)Ni,P-ECO , (C and D) (Fe,Mn)Ni,P-ECO after OER
for 100 h.
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Figure S10. (A) XPS survey and (B-D) High-resolution XPS spectra: (B)Ni 2p, (C) Fe 2p, and (D)

Mn 2p and (E) polarization curves in (Fe,Mn)Ni,P-ECO before and after stability measurement.
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Figure S11. LSV curves for (Fe,Mn)Ni,P-ECO of (A) different voltages at the same time 30 min,
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(B) different times at the same voltage 1.65 V (vs.RHE).
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Figure S12. CV at various scan rates of 20, 40, 60, 80, 100, 120, 140 and 160 mV s-! for (A) Ni,P,
(B) Ni,P-ECO, (C) (Fe)Ni,P-ECO and (D) (Mn)Ni,P-ECO in 1.0 M KOH.
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Figure S13. (A) ECSA and (B) double layer capacitance fitting curves of different catalysts in 1.0
M KOH.
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Figure S14. TOF curves of the Ni,P, Ni,P-ECO, (Fe)Ni,P-ECO, (Mn)Ni,P-ECO and (Fe,Mn)Ni,P-

ECO catalysts.
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Figure S15. Chronopotentiometric plots of samples at different current densities in 1.0 M KOH.
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Figure S16. Standard graph of oxygen content.
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A Side View B  Side View

Figure S17. Structural models of (A) (Fe)Ni,P-ECO catalyst (B) (Mn)Ni,P-ECO catalyst. Color
codes: green (Fe), cyan (Mn), blue (Ni), pink (P), red (O) and white (H).
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Figure S18. Optimized models for *O, *OH and *OOH intermediates of OER process on site of
Fe@(Fe,Mn,Ni)OOH, Mn@(Fe,Mn,Ni)OOH, and Ni@(Fe,Mn,Ni)OOH. Color codes: green (Fe),
cyan (Mn), blue (Ni), pink (P), white (H), red (oxygen of (Fe,Mn,Ni1)OOH)) and magenta (oxygen
of *OH, *O *OOH). The orange curve marks the best adsorption position.
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Figure S19. Gibbs free energy of different active adsorption sites for (Fe,Mn)Ni,P-ECO catalyst.
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Table S1. ICP-AES and EDX-mapping data for (Fe,Mn)Ni,P-ECO.

Element  Mass%  Mass loading Mass%
(ICP-AES) (mgcm?)  (EDX-mapping)

Fe 0.36 0.98 0.62
Mn 0.00028 0.0078 0.01
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Table S2. EDX-mapping data and the atomic content of M-OOH for (Fe,Mn)Ni,P-ECO.

Element Atom% Atom% of M-OOH

(EDX-mapping) (based on O atom%)

O 12.82 -
21.6 -
Fe 0.52 1.04
Mn 0.01 0.02
Ni 65.04 11.76
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Table S3. OER performance of different catalysts.

Overpotential in 1.0 M KOH

Catalysts (mV)
10 mA cm 200 mA cm

RuO, 246 347
Ni,P 231 389
Ni,P-ECO 240 379
(Fe) Ni,P-ECO 212 323
(Mn) Ni,P-ECO 214 385
(Fe,Mn)Ni,P-ECO 207 293
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Table S4. The Tafel slopes of catalysts.

Catalysts Tafel (mv dec!)
NF 175
Ni,P 114
Ni,P-ECO 108
(Fe) Ni,P-ECO 80
(Mn) Ni,P-ECO 113
(Fe,Mn)Ni,P-ECO 64
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Table S5. The Cdl and ECSA of different catalysts.

Catalysts Cq (mF cm?)  ECSA (cm?)
NF 1.7 43.5
Ni,P 2.9 73.0
Ni,P-ECO 2.7 67.9
(Fe) Ni,P-ECO 4.8 118.6
(Mn) Ni,P-ECO 3.1 77.6
(Fe,Mn)Ni,P-ECO 3.2 79.7

S29



Table S6. Gas chromatographic peak area of O, and N in electrolyzer before and after electrolysis.

0, N, 0,/N,

Air 846768.3 2509930.2- 0.337
After 0 s 59129.1 180840.9 0.327
After 7200 s 193334.2 319348.8 0.605
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Table S7. Comparison of (Fe,Mn)Ni,P-ECO catalyst with reported OER catalysts in 1.0 M KOH.

Electrolyte Catalysts Overpotential at 10 mA FE Ref.
cm? (%)
(mV)
(Fe,Mn)Ni,P-ECO 207 99.8 This work
MnGa,/NF 291 97 1
Ni-Fe-Se 249 - 2
Co-Fe-W 300 ~100 3
Co-Cu-Fe-Mo (oxy)hydroxide 199 - 4
EO-InNNi; 410 - 5
Ir/CoNiB 178 99 6
FeNi(OH),@NF 198 97.4 7
NiFe-LDH 230 8
LOMKOH V-Ni,P/NF-AC 221 98615 9
NiFeCr/NF 270 - 10
Mn-CoP 261 99 11
(Mn,Fe)/Ni/Co oxides 363 - 12
Feg3Nig 70/ MWCNTS-O4 320 - 13
CoMnP 330 96 14
Ni-Mn-FeP 250 97.3 15
NiFe-LDH NSs 300 ~100 16
FeSe, 330 ~100 17
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