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Experimental Details

NaCl, FeCl3-6H>0, ethanol, and acetone were got from Sinopharm Chemical
Reagent Co., Ltd. NbCls and commercial IrO./C (20%) were taken from Shanghai
Maclin Biochemical Co., Ltd.

All of the electrochemistry measurements were performed by standard
three-electrode system. Graphite rod and Hg/HgO electrode were served as the
counter electrode, and the reference electrode, respectively. The self-fabricated
electrode was cut into 1x1 cm? as the working electrode. The measured potentials
were converted to the potentials versus reversible hydrogen electrode (vs. RHE) based
on the following Eq. (1). EruE is the potential versus RHE, Engngo 1s the measured
potentials against the reference electrode, and E°hgngo 1s 0.098 V at 25 °C.

Erue = Engngo + 0.059pH + E°ngngo (1)

Before all of the electrochemistry measurements, the reference electrode was RHE
corrected by using Pt wire as work electrode and graphite rod as counter electrode.
CV test was carried out on the system for 5 circles. Take the average value of
potentials at current density of 0 mA cm™. Comparing the average value with standard
potential value to correct reference electrode potential.

Polarization curves were measured at a scan rate of 5 mV s~! with iR compensation.
The Tafel slopes were obtained from the corresponding polarization curves based on
the following Eq. (2). Here # is potential vs. RHE, j is current density and b is Tefel
slope.

n=blogj+a 2)

Electrochemical impedance spectroscopy (EIS) were measured at frequencies
ranging from 10 mHz to100 kHz. Charge transfer resistance (Rct) of the electrode was
analyzed by ZSimpWin software.

The stability of the electrode was evaluated by chronopotentiometric measurement

at 50 mA cm™

Calculation of ECSA
The electrochemically active surface area (ECSA) was evaluated by double-layer
the capacitance (Cqi)). The Ca of the catalysts were obtained by cyclic voltammetry

(CV) at non-faradic region with various scan rates. The Cq was estimated Aj = (ju — j¢)
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against the scan rate, and the slope is twice of the Cai.
ECSA is calculated by dividing Cqa by specific capacitance value. The capacitance
value is always taken to be about 20-60 pm cm™. Here, 40 um cm™ is selected for the

calculation of ECSA.

Calculation of Faradic efficiency

To measuring Faradic efficiency of the catalyst, galvanostatic catalysis was
performed at a current density of 10 mA cm™ after injecting N> into the seal reactor
for 30 minutes. The produced O> was quantitatively detected by FULI GC9790II gas
chromatograph every 20 minutes. The spectra were obtained by a thermal

conductivity detector (TCD) at injection temperature of 80 °C.

Calculation of specific activity normalized by ECSA

The specific activity normalized by ECSA is calculated by the following Eq (3).
Here, jecsais the specific activity normalized by ECSA, j is current density, ECSA is
the electrochemically active surface area calculated above.

jecsa = j / (ECSA) 3)

Calculation of TOFs

Turnover frequency (TOF) was calculated based on the following Eq. (4). Here j is
the current density, A is the geometric surface area of the electrode,4 stands for the
four electron transfer for each O, molecule, F is the Faraday constant 96485 C mol,

n is the moles of metal atoms on the electrode.

TOF =j x A/ (4 x F xn) 4)

Computaional Details
The computational hydrogen electrode (CHE) model' was used to calculate the
Gibbs reaction free energy change (AG) for each step in the four-electron oxygen
evolution reaction. According to the CHE model, the AG value was gained by the
following Eq (5).
AG = AEprr+ AEzpe - TAS +eU + AGpu (5)
where AEprr is the reaction energy, AEzpe and AS are the changes in zero point

energy and entropy at 298.15k, respectively. T, e and U are the temperature, the
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number of electrons transferred and the electrode potential, respectively. The AGph is
the free energy correction of pH, which can be calculate by the following Eq (6).
AGpu=ks T % In10 x pH (6)
where the kg is the Boltzman constant, and the pH was set to be zero in this
calculation.
The rate-determining step (RDS) is determined by the step which possessed the

largest Gibbs reaction free energy change (AGmax).
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Ni foam NiFesNb2-OH NiFe-OH  NiNb-OH

Fig. S1. Digital photo of as prepared blank Ni foam, NiFe;Nb,-OH, NiFe-OH and
NiNb-OH.
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Fig. S2. SEM images of (a) NiFe;Nbs-OH, (b) NiFeaNbs-OH and (c) NiFesNb;-OH.

50 nm i 20 nm

Fig. S3. TEM images of (a) NiFeiNbs-OH, (b) NiFe:Nbs-OH and (c¢) NiFesNb;-OH
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100 nm

Fig. S4. (a) TEM image and (b) HRTEM image of NiFe-OH (inset: the corresponding
FFT transfer).

Fig. SS. (a) TEM image and (b) HRTEM image of NiNb-OH (inset: the corresponding

FFT transfer).
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Fig. S6. (a) STEM image and corresponding elemental mappings of the NiFe;Nbs-OH,
(b) EDS spectra of the NiFe;Nbs-OH.
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Fig. S7. (a) STEM image and corresponding elemental mappings of the NiFe;Nbs3-OH,
(b) EDS spectra of the NiFeoNbz-OH.

S9



W=7

Element Weight % Atomic %
Ni 91.07 91.47
Fe 6.80 7.18
) 2.13

|I|I|I|I\|I]I|l|||l|III[I|_I>ViI|I|I|I|I|I[I|

0 5 10 15 keV

Fig. S8. (a) STEM image and corresponding elemental mappings of the NiFesNb;-OH,
(b) EDS spectra of the NiFesNbi-OH.

S10



Element
Ni
Fe

Element
Ni
Fe

Element

Ni

Weight %

93.57
6.43

Weight %

93.

Atomic %
94.34
3.82

1.84

| EE

Atomic %

Fig. S9. EDS spectra for (a) NiFesNb2-OH, (b) NiFe-OH and (c) NiNb-OH.
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. S10. XRD pattern of NiFesNb,-OH powders.
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Fig. S11. XPS survey spectra of NiFesNb>-OH, NiFe-OH and NiNb-OH;
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Fig. S12. (a) Current densities at overpotential of 300 mV, (b) Tafel plots, (¢) Nyquist

plots and (d) double-layer capacitances of NiFeiNbs-OH, NiFe;Nbs-OH

NiFesNb,-OH, and NiFesNb;-OH.
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Fig. S13. Cyclic voltammograms of (a) NiFesNb2-OH, (b) NiFe-OH, (c¢) NiNb-OH

and (d) blank Ni foam at various scan rates in the non-Faradic potential region.
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Fig. S14. Cyclic voltammograms of (a) NiFe;Nb4-OH, (b) NiFe;Nb3-OH and (c)

NiFesNb;-OH at various scan rates in the non-Faradic potential region.
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Fig. S15. ECSA normalized polarization curves of NiFesNb>-OH, NiFe-OH and
NiNb-OH.
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Fig. S16. XRD pattern of NiFe;Nb-OH after stability test.
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Fig. S17. XPS spectra of NiFe3Nb>-OH electrode after stability test: (a) survey
spectrum, (b) Ni 2p, (c) Fe 2p, (d) Nb 3d.
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Fig. S18. LSV curves of NiFeNb-OH, NiFe-OH and pure Ni(OH)..
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Table S1. TOFs of NiFe3sNb,-OH and NiFe-OH at the overpotential of 300 mV.

TOFs (s)
Active site Fe Fe, Ni Fe, Ni, Nb
NiFe;Nbz-OH 0.423 0.0164 0.0161
NiFe-OH 0.0437 0.0029 /
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Table. S2. Comparison of OER activities of NiFe3sNb2-OH to other Ni based cataysts.

Tafel slope
Catalysts Electrolyte ~ Overpotemtial (mV) Catalysts
(mV dec™)
NiFesNb,-OH 1 M KOH 294 (100 mA cm™) 47 This work
S-Ni(OH). 1 M KOH 338 (100 mA cm™) 50 2
Ni@Co-Ni-P 1 M KOH 350(90.2 mA cm?) 60 3
Ni—Co-S/CF 1 M KOH 363(100 mA cm™) 109 4
Zn-Ni3So/NF 1 M KOH 330(100 mA cm™) 74 >
Ni-CoS2/CC 1 M KOH 370(100 mA cm™) 119 6
NWASs/NF 1 M KOH 370(100 mA cm?) 54 7
Coo13Nios7Se2/Ti 1 M KOH 320(100 mA cm™) 94 8
Ni2Ps/Niz(PO4), 1 M KOH 318(100 mA cm™) 51.7 ?
FeNiOH/NF 1 M KOH 318(100 mA cm™) 72 10
PE-NiMoP, 1 M KOH 330(100 mA cm™) 59.3 =
NiC02S4 NA/CC 1 M KOH 340(100 mA cm™) 89 12
NCP/G NSs 1 M KOH 400(100 mA cm™) 65.9 13
NiMoO-SP/Ti 1 M KOH 360(100 mA cm™) 85 14
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