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1. Experimental Procedures

Reagents and chemicals: 2 mm thick Raney nickel was purchased from Ying kai mo Metal Mesh

Limited; Hydrochloric acid (hydrochloric acid, AR, 38%) was purchased from Xilong Chemical Co.,

Ltd.; ethanol (C,HsOH, AR, 98%), nickel chloride hexahydrate (NiCl,-6H,0, AR, 98%); Potassium

hydroxide (KOH, AR, 85%), ferrous chloride (FeCl,) were purchased from Kaitong Chemical Reagent

Co., Ltd.; Sodium acetate (sodium acetate) was purchased from Leader Pharmaceutical Technology

Co., Ltd.

Energy consumption calculations: The calculation and formula of the energy efficiency production

capacity of hydrogen production by water electrolysis are explained in the energy efficiency limit value

and energy efficiency class of the water electrolysis hydrogen production system (GB-32311-2015).

We can calculate the gas production of the electrolyzer according to this or design the number of

chambers of the electrolyzer according to the gas production, etc.: in the standard state, with 2x96500

C of electricity, 1 mol H,O can be electrolyzed to produce 1 mol H, and 0.5 mol O,, and the volume of

1 mol H, in the standard state is 22.43x10- m3.

2x96500%1000 / (3600%22.43)=2390 Ah m™>

Current test values are calculated by the formula for gas production:

Q=Inn,/2390

Where:

Q: Hydrogen production in cubic meters per hour (m? h-');

I: DC power supply through the chamber of the water electrolyzer, in amperes (A);

n: The number of electrolysis cells;

1o: Current efficiency, programmable to 100%
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P=U1I

W=Pt=UIt unit: Kwh

U: The voltage corresponding to different current densities

I: The amount of current corresponding to different current densities

t: Time should be 1 h

Energy consumption=W /Q  Unit: Kw h/N m? H,

S3



Supplementary Figures

Figure S1. Low and high magnification SEM images of porous RN at (a) 20 pm, (b) 1 um, (c) 100 nm,

and (d) 200 nm.
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Figure S2. SEM images of the Ni@RN catalyst at (a) 1 pm, (b) 20 nm, (c¢) 200 nm, and (d) 20 pm;

EDS elemental mapping images of the Ni@RN catalyst (e) Ni and (f) O.
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Figure S3. Optical images of different electrodeposition currents. (a) 30 mA; (b) 60 mA; (c) 90 mA

and (d) 120mA.
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Figure S4. Optical images of different electrodeposition times. (a) 1 min; (b) 3 min; (¢) 10 min and (d)

12
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Figure S5. Low and high magnification SEM images of NiFe@RN that synthesize at a different

electrodeposition current. (a and d) 30 mA; (b and ¢) 60 mA and (c and f) 120 mA.
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Figure S6. Low and high magnification SEM images of NiFe@RN that synthesize at a different

electrodeposition time (a and d) 1 min; (b and e) 3 min and (¢ and f) 12 min.
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Figure S7. SEM images of the NiFe@RN catalyst at (a) 20 um; TEM image of the NiFe@RN catalyst

(200 nm) at (d); EDS elemental mapping images of the NiFe@RN catalyst (b) Ni ; (c) Fe; (e) O and (f)

CL
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Fig S8. X-ray diffraction patterns of NiFe@RN catalyst that synthesize at a different electrodeposition

current (30 mA, 60 mA, 90 mA, and 120 mA).
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Fig S9. X-ray diffraction patterns of NiFe@RN catalyst that synthesize at a different electrodeposition

time (1 min, 3 min, 10 min, and 12 min).
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Fig S10. Raman spectra of NiFe@RN catalyst that synthesize at a different electrodeposition current

(30 mA, 60 mA, 90 mA, and 120 mA).

S13



NiFe@RN

Intensity (a.u.)
1
s
RN
o
3
=

Y e P 1min

hand g st
v

600 1200 1800 2400 3000
Raman shift (cm™)

Fig S11. Raman spectra of NiFe@RN catalyst that synthesize at a different electrodeposition time (1

min, 3 min, 10 min, and 12 min).
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Fig S12. XPS spectra of Ni@RN electrode (a) XPS total spectrum; (b) Ni 2p plot; (c) O 1s plot.
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Fig. S13. (a) LSV curve of NiFe@RN HER catalyst that synthesizes at a different electrodeposition

current in 6 M KOH solution, with a scanning rate of 1 mV s!; (b) Cdl calculation; (c) Electrochemical

impedance spectroscopy (EIS) plots; (d) Tafel slope.
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Fig. S14. (a) LSV curve of NiFe@RN HER catalyst that synthesizes at a different electrodeposition

time in 6 M KOH solution, with a scanning rate of 1 mV s!; (b) Cdl calculation; (c) Electrochemical

impedance spectroscopy (EIS) plots; (d) Tafel slope.
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Fig S15. CV diagram (0.47-0.57 mV) of HER catalyst in 6 M KOH electrolyte. (a) RN; (b) Ni@RN

and (c) NiFe@RN.
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Fig S16. CV diagram (0.47-0.57 mV) of NiFe@RN HER catalyst that synthesizes at a different

electrodeposition current. (a) 30 mA; (b) 60 mA; (c) 90 mA and (d) 120 mA.

S19



_—
Q
'

(b)

- 89 3min-HER -1
__ 3.0 1min-HER 200mv s~ - min 200mV s
o
' £
; 5.
< 157 <
€ £
> — 2 1
": 1 @ 0 20mV s”
w 0.0 20mV s” g
g 3
-c et
c
€ .15 g 4
o S
t =
a3 o
-3.04 -8

0475 0500 0525 0550  0.575

0.475 0.500 0.525 0.550 0.575 Potential(V.vs.RHE)

Potential (V.vs.RHE)

—_—
)
~—

w
o

4 10min-HER 12min-HER 200mV s

w
o

200mv s-1

—
2) o
~

=y
o
'

=N
(3}

20mV s™!

[

=N

(3]
'

0
=N
3]

Current density(mA cm)
o
S
3
Current density(mA cm
o

]
w
o
]

w

o

0.475 0500 0525 0550  0.575 0.475 0500 0525 0550 0575
Potential(V.vs.RHE) Potential(V.vs.RHE)

Fig S17. CV diagram (0.47-0.57 mV) of NiFe@RN HER catalyst that synthesizes at a different

electrodeposition current. (a) 1 min; (b) 3 min; (c) 10 min and (d) 12 min.
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Fig S18. Nyquist plots of NiFe@RN and other catalysts.
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Fig. S19. LSV curve of NiFe@RN HER catalyst that tested in 1 M KOH solution.

S22



—_
QL

~
—_
O
~

500
——RN « RN
a 284 & 30mA
54““- + 60mMA
< s 90mA
E 300 w‘E‘Z"- s 120mA
£ G
£ T 14 o’
§ 200- E AT
£ T '
9 100+ 74 )
g 17.42.-_nF cm™
0 0 2 .23mF cm?
1.32 1.44 1.56 1.68 1.80 0 40 80 120 160 200
(C) Potential(V vs.RHE) (d) Scan rate (mV s7)
6.0 ~
+ RN ] seee RN ot Lat
= 30mA & 0334 ... 30mA 2pre S5
> 60mA R IR 6omA 0
451 . goma =l s ] 90mA. -+~ PR
s 120mA . * 20309 . 120mA gV S50
= b AB- -
£ ° =
<30+ . g
2 L3 B 0-274 ’ AV 9855
N * o A
2 ;
o @ @ A g e
1.5 RS R 3 0.244 4 880V
d ° *a “a . 35 52mY
NN
0.0 r : r r r r r '
0 1 2 3 4 5 0.9 1.2 1.5 1.8 2.1
Z'(ohm) Log|J(mA em3?)|

Fig. S20. (a) LSV curve of NiFe@RN OER catalyst that synthesizes at a different electrodeposition
current in 6 M KOH solution, with a scanning rate of 1 mV s!; (b) Cdl calculation; (c) Electrochemical

impedance spectroscopy (EIS) plots; (d) Tafel slope.
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Fig. S21. (a) LSV curve of NiFe@RN OER catalyst that synthesizes at a different electrodeposition

time in 6 M KOH solution, with a scanning rate of 1 mV s!; (b) Cdl calculation; (c¢) Electrochemical

impedance spectroscopy (EIS) plots; (d) Tafel slope.
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Fig S24. CV diagram (1.12-1.22 mV) of NiFe@RN OER catalyst that synthesizes at a different

electrodeposition current. (a) 30 mA; (b) 60 mA; (c) 90 mA and (d) 120 mA.
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Fig S25. CV diagram (1.12-1.22 mV) of NiFe@RN OER catalyst that synthesizes at a different

electrodeposition current. (a) 1 min; (b) 3 min; (c) 10 min and (d) 12 min.
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2. Supplementary Figures

Table S1. Elemental contents of different catalysts obtained from XPS measurement.

Catalyst Ni (At%) Fe (At%) 0 (At%)
Ni@Raney Ni 23.61 / 41.36
NiFe@Raney Ni 19.04 3.7 39.73
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Table S2. Elemental contents of different catalysts obtained from HRTEM measurement

Catalyst Ni (At%) Fe (At%) 0 (At%)

NiFe@Raney Ni 58 7.8 34
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Table S3. Charge Transfer Resistor Values of NiFe@RaneyNi. Ni@RN. Pt/C and IrO, catalysts

Name Rs () Ret (©)
NiFe@RN 0.4431 1.32
Ni@RN 0.531 11.01
Pt/C 0.4137 1.229
IrO, 0.4324 1.47
RN 0.508 13.11
NF 0.3705 24.93
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Table S4. Comparison of HER performance of NiFe@RN with bifunctional electrocatalysts reported

in recent years

n(mV) @100 mA Tafel plots

Electrocatalyst Electrolyte Reference
cm? (mV dec!)

NiFe@RN 6 M KOH 93.51 32.74 This work

NiFe@RN 1 M KOH 105 - This work
Fe(OH),-Ru/Ni(OH), 1 M KOH 127 432 !
NiFe LDHs-NiFe 1 M KOH 158 113.22 2
La-NMS@NF 1 M KOH 154 71 3
Co,P/NiP,@NF 1 M KOH 155 86 4
CoMoP/CoP/NF 1 M KOH 127 44.5 3
Co;0,@NF 1 M KOH 224 109 6
NiCo,S4/NiFeP/NF 1 M KOH 205 99 7
Co/CoMoN/NF 1 M KOH 173 68.9 8
NiSe@NiFe-LDH/NF 1 M KOH 193 53.6 0
NiPS/NF 1 M KOH 169 89 10
Ni;,Ps-Fe,P-NbP 1 M KOH 178 59 1
Ni/Ni(OH), 1 M KOH 153 46.8 12
FeCo-LDH/PANI 1 M KOH 246 115 14
Ni;S, 1 M KOH 127 67 15
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Table S5. Comparison of OER performance of NiFe@RN with bifunctional electrocatalysts reported

in recent years

n(mV) @ 100 mA Tafel plots

Electrocatalyst Electrolyte Reference
cm2 (mV dec!)

NiFe@RN 6 M KOH 248 31.88 This work

NiFe@RN 1 M KOH 297 - This work
Fe(OH)x-Ru/Ni(OH), 1 M KOH 265 42.6 !
Ru-Ni(Fe)P,/NF 1 M KOH 251 91.6 16
NiFe LDHs-NiFe 1 M KOH 268 64.29 2
Fe/Co/Ni-MoS,/INF 1 M KOH 263 48.1 17
Co,P/Ni,P,@NF 1 M KOH 300 158 4
La-NMS@NF 1 M KOH 300 152 3
CoMoP/CoP/NF 1 M KOH 308 72 3
NiCo,S4/NiFeP/NF 1 M KOH 293 110 7
Co/CoMoN/NF 1 M KOH 303 56 8
NiPS/NF 1 M KOH 320 23 10
NiFe LDH/FeOOH 1 M KOH 273.9 69.8 18
NiFeO,H, 1 M KOH 265 24 19
FeCo-LDH/PANI 1 M KOH 323 45 14
NiCoP@NiMn LDH/NF 1 M KOH 293 43.7 20
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Table S6. Overall water splitting performance for NiFe@RanneyNi with other reported bifunctional

electrocatalysts.

Electrocatalyst Electrolyte Voltages @ J(mAcm2) Reference
NiFe@RN 6 M KOH+80°C 1.49V@100 This work
NiFe@RN 1 M KOH+80°C 1.535V@100 This work
NiFe@NF 6 M KOH+80°C 1.56V@100 21

Ru-Ni(Fe)P,/NF 1 M KOH 1.553@100 16

NiFe LDHs-NiFe 1 M KOH 1.703@100 2
MoSy/Ni;S,@CA 1 M KOH 1.64@100 2
S-FeNi/NF || S-FeNi/NF 1 M KOH 1.81@100 2
Pt/C || IrO, 1 M KOH 1.639@100 2
NiFeRu/C || Ru, Fe-NisP,/C 1 M KOH 1.569@100 24
CNTs@NiP,/NbP 1 M KOH 2.32@100 %
Ru-CMOP 1 M KOH 1.697@100 26
MoNiFe || MoNiFe 1 M KOH 1.9@100 z
CoFeV-LDHs 1 M KOH 1.65V@100 23
Ni;S,/Cu-NiCo LDH 1 M KOH 1.75V@100 »
NiFe LDH/FeOOH 1 M KOH 1.81@100 18
IF-NiCl, || IF-NiCl,/RuCl; 1 M KOH 1.60V@100 30
Co8FeV@CC 1 M KOH 1.65@100 28
NiFeOH/CoS,/NF 1 M KOH 1.760@100 3
HP Ni-P 1 M KOH 1.686@100 32

Table S7. NiFe@RN Comparison of catalyst energy consumption with industrial operation
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Current density 100 200 300 400 500
Electrocatalyst
(mA cm?)
Potential (V) 1.499 1.552 1.594 1.634 1.673
NiFe@RaneyNi
Kw h/Nm* H, 3.583 3.736 3.81 3.905 3.998
Potential (V) 1.77 1.86 1.95 2.02 2.09
NiAl alloy
Kw h/Nm’ H, 4.24 4.45 4.68 4.84 5.00
Potential (V) 1.68 1.78 1.88 1.94 2.00
NiAl powder
Kw h/Nm’ H, 4.01 4.26 4.49 4.65 4.79
Potential (V) 1.77 1.87 1.95 2.01 2.08
NiCr alloy
Kw h/Nm3 H, 4.23 4.47 4.66 4.81 4.97
References
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