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Figure S1. The SEM images of (a, b) Ni;S; and (c, d) Cu,S/Ni3S; on the nickel foam

substrate.

10 pm

Figure S2. The SEM images of (a, b) CoP on the nickel foam substrate by electroless

plating technique and (c) corresponding elemental mapping of Co and P.



Figure S3. The SEM images of (a, b) CoPB on the nickel foam substrate by electroless

plating technique and (c) corresponding elemental mapping of Co, P and B.
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Figure S4. The SEM images of CoPB@Cu,S/Ni;S, at different plating times (a;—a;)
30 min, (b;—bz) 60 min, (c;—c3) 90min and (d;—d3) 120 min. (e) Deposition amount of
CoPB@Cu,S/Ni3S; at different time interval. (f) The overpotential of HER and OER
for the CoPB@Cu,S/Ni3S; on the nickel foam substrate as well as the EIS values

represented by the line plot.
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Figure S5. XRD patterns and enlarged XRD patterns of (a) Ni;S,, Cu,S/Ni3S; and (b)
CoP, CoPB samples.
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Figure S6. The high-resolution XPS spectra of Ni;S, and Cu,S/Ni;S; (a) Ni 2p, (b) S
2p, (¢) Cu 2p and (d) Cu Auger XPS spectra.
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Figure S7. The high-resolution XPS spectra of CoP and CoPB (a) Co 2p, (b) P 2p and
(c) B 1s.



a i b
() 2p,, Ni2p ( ) Co 2p .,
3A1 i
o -~ |
= 2p,, = Zplfz
= Sat. /j\ Sat. g Sat: /\
g SV Bl NS\ ™
7 'z e
| : . = S
et B B ) S
E ~—
= = L
880 872 864 856 848 840 810 805 800 795 790 785 780 775
Binding energy (eV) Binding energy (eV)
(C) P2p (d) S2p
e —_ sof
=- P2py, ::
5 P2p,, 5
£ /\/\/\ B
.; ——— \\ =1
= ——e | el B
5} =
+— L
E =
- e

140 138 136 134 132 130 128 172 170 168 166 164 162 160 158
Binding energy (eV) Binding energy (eV)

Figure S8. The high-resolution XPS spectra of CoP@Ni;S, (a) Ni 2p, (b) Co 2p, (¢c) P
2P and (d) S 2P.
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Figure S9. The effect of (a, b, ) different metal ratio (Cu: Ni) in precursor Cu,S/Ni;S,

and (c, d, f) boron content on CoPB layer on HER and OER performance of

COPB@CUQS/NigSQ.
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Figure S10. Cyclic voltammograms (CV) curves in the non-Faradaiccurrent range at
scan rates of 20, 40, 60, 80 and 100 mV s-! for HER. (a) CoP, (b) Ni;S,, (¢) CoP@Ni;S,,
(d) Cu,S/Ni;S,, (e) CoPB, (f) CoPB@Cu,;S/NisS,. (e, f) The corresponding plots of

current density as a function of scan rates.
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Figure S11. Chronopotentiometry test of long-term stability of CoPB@Cu,S/Ni;S,

electrodes at the current density of 200 mA ¢m™2 for 1000 h.
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Figure S12. Cyclic voltammograms (CV) curves in the non-Faradaiccurrent range at

scan rates of 20, 40, 60, 80 and 100 mV s-! for OER. (a) CoP, (b) Ni;S,, (¢) CoP@Ni;S,,

(d) Cu,S/Ni;S,, (e) CoPB, (f) CoPB@Cu,;S/NisS,. (e, f) The corresponding plots of

current density as a function of scan rates.
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Figure S13. The morphology and internal structure of CoPB@Cu,S/NisS, electrode
after HER stability tests at 10 mA cm™. (a) SEM, (b) TEM, (c¢) HR-TEM, (d) HADDF-

STEM, (e) overlay image and (h) EDX elemental mapping.
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Figure S14. The XRD of HER and OER CoPB@Cu,S/Ni3S, electrode after operation
at 10 mA cm2 for 100 h.
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Figure S15. High-resolution XPS spectra of (a) Ni 2p, (b) Co 2p, (c) Cu 2p, (d) S 2p,
(e) B 1s and (f) P 2p for the CoPB@Cu,S/Ni;S, electrode before and after HER and

OER stability tests at 10 mA cm™2.
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Figure S16. High-resolution XPS spectra of O 1s for the CoPB@Cu,S/Ni3S,; electrode
before and after HER and OER stability tests at 10 mA cm2.

Crystalline

Figure S17. The morphology and internal structure of CoPB@Cu,S/NisS, electrode
after OER stability tests at 10 mA cm™2. (a) SEM, (b) TEM and (¢, d) HR-TEM images.
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Figure S18. (a) Raman and (b) FTIR spectra of CoPB@Cu,S/Ni;S, after OER test.
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Figure S19. Amount of gas theoretically calculated and experimentally measured

versus time for CoPB@Cu,S/Ni;S,ICoPB@Cu,S/Ni;S,.



Table S1 The resistance (R;) of CoPB@Cu,S/Ni3S, sample at different deposition.

R, (Q-sq?)
Catalyst - - - -
30min 60min 90min 120min
CoPB@Cu,S/Ni;S, 1.451 1.406 1.195 1.654

Table S2 ICP-AES analysis of electrocatalysts under different deposition times.

wt%
Catalyst -

Cu Ni S Co P B

Cu,S/Ni3S, 16.1 71.4 12.3 - - -
CoPB - - - 92.3 5.4 2.231
CoPB@Cu,S/Ni;S,-30min 5.5 84.7 3.7 53 0.3 0.265
CoPB@Cu,S/Ni;S,-60min 8.2 79.5 3.1 8.0 0.4 0.345
CoPB@Cu,S/Ni;S,-90min 11.6 73.9 3.8 9.5 0.6 0.410
CoPB@Cu,;S/Ni3S,-120min 12.0 69.0 4.6 12.3 0.9 0.541

Table S3 EXAFS data fitting results of CoPB@Cu,S/Ni;S,.

Sample Path CN¢ R(A) o2 (A2 AEyeV)? R factor
Co-P/B 4.4 2.25 1.4 -10.4
sample-Co 0.09
Co-Co/Cu 6.4 2.43 14 -10.4
Cu-S 33 2.25 0.6 2.2
sample-Cu ) 0.3
Cu-Ni/Co 6.3 2.61 2.9 22
Ni-S 4.2 2.26 0.0125 -11.8
sample-Ni o 0.0111
Ni-Ni/Cu 6.9 2.50 0.0124 -53

«CN, coordination number; R, the distance between absorber and backscatter atoms; <62, the Debye
Waller factor value; “AE,, inner potential correction to account for the difference in the inner
potential between the sample and the reference compound; R factor indicates the goodness of the
fit. S0? was fixed to 0.804, according to the experimental EXAFS fit of Ni foil by fixing CN as the
known crystallographic value. * This value was fixed during EXAFS fitting, based on the known
structure of Ni. Fitting conditions: k range: 3.0-12.5; R range: 1.0-3.0; fitting space: R space; .-
weight = 3. A reasonable range of EXAFS fitting parameters: 0.800 < Sy? < 1.000; CN > 0; ¢>> 0

A2 |AE(| < 15 eV; R factor < 0.02.



Table S4 comparisons of CoPB@Cu,S/Ni;S, and other electrocatalysts for

electrochemical water splitting in 1.0 M KOH.

J

n(mv)

Voltages

Catalysts substrate Reference
(mA cm?) HER OER W)

CoPB@Cu,S/Ni3S; NF 10 25 247 1.44 This work
Co,Mo; S, NF 10 146 276 1.52 !
CNS/LDH/NF NF 10 161 230 1.63 2
SnFeS,0,/NF NF 10 85 - - 3
CoS,/NizS,@NF NF 10 204 280 1.57 4
Bi,S5/Ni;S,/NF NF 10 - 268 - 3
H-Fe-CoMoS NF 10 137 282 1.60 6
Ag,S-NiS NF 10 230 260 1.68 7
Ni;3(BO3),-Ni3S,/NF NF 10 92 217 1.49 8
NiS,/MoS,-2 NF 10 90 270 - o
LMOS-4 NF 10 109 300 1.50 10
Mo-NiS/Ni;S,-S, NF 10 73 - - 1
CoP@Ni-Co-S/NF NF 50 - 271 - 12
NizS7/NiCo,S4/NF NF 100 - 330 - 13
CoMoP/CoP/NF NF 100 127 308 - 14
Ni,P@CoP cC 10 55 - - 15
CoMOoNiP/Cu;P-5 CF 100 106 243 1.65 16
NiFePx@NiCo,Px NF 10 97 230 1.56 17
CoP-FeP CcC 10 71 250 - 18
Fe,P/Ni,P NF 10 64 185 1.49 19
Mn-CoP/NiPO CC 10 116 245 - 20
Cu-NiP,/NiSe, NF 10 69 - - 2!
Co@CoP, CF 10 55 210 1.54 2
NiCo/NiCoP NF 10 - 290 - 23
NiCoP/NiCoSy NF 10 68 - - 4
V-CNS/P/NF NF 10 38 210 1.56 %
F-NiP,/Ni;S,-NF NF 100 182 370 1.55 26
Mo-NiP,/NiS, NF 10 85 137 1.42 2
CopesFeosP - 10 116 240 - 23
NiFeSP/NF NF 10 91 - - »




Table S5 HER intrinsic activity (TOF) parameters for developing each

electrocatalysts was investigated in 1 M KOH.

Turnover frequency

Catalyst Cq (mF cm™?) ESCA (cm?) TOF (s
CoPB@Cu,S/Ni;S, 224 3733.3 1.32
CoPB 98 1633.3 0.96
Cu,S/Ni;S, 22 366.7 0.92
CoP@Ni;S, 14 2333 0.81
NisS, 8 133.3 0.25
CoP 3 50 0.15

Table S6 EIS parameters were calculated of HER and OER electrodes via fitting

equivalent circuit.

Catalysts R (Q) Ret ()
HER 1.10 1.07
COPB@Cqu/Ni3S2
OER 1.36 2.31
HER 1.14 2.92
CoPB
OER 1.48 3.23
HER 1.11 6.21
CUQS/Ni3SZ
OER 1.47 3.43
HER 1.06 8.35
COP@Ni3S2
OER 1.51 448
HER 1.32 8.61
Ni3Sz
OER 1.57 4.32
HER 1.11 8.41
CoP

OER 1.53 6.89




Table S7 OER intrinsic activity (TOF) parameters for developing each

electrocatalysts was investigated in 1 M KOH.

Turnover frequency

Catalyst Cq (mF cm™?) ESCA (cm?) TOF (s
CoPB@Cu,S/Ni;S, 89 1483.3 0.210
CoPB 83 1383.3 0.151
Cu,S/Ni;S, 37 616.7 0.115
CoP@Ni;S, 4 66.7 0.057
CoP 3 50 0.054
Ni3S, 2 333 0.039

Table S8 A summary of AEM cell performance in IM KOH based on published

research.
j Voltages
Catalysts Reference
(mA cm?) W)
CoPB@Cu,S/Ni;S;|| .
. 1000/2000 1.8/1.9 This work
CoPB@Cu,S/Ni;S;
ACS Appl. Mater. Interfaces
CM||CMOH-5x 1000 2.2
2023, 15, 9231-9239
NiCoOx:Fe||NiCoOx:Fe 1000 2.4 ACS Catalysis, 2019, 9, 7-15
ACS Energy Lett. 2021, 6,
CoSb,0¢||CoSb,04 800 1.9
364-370
) Electrochim. Acta 2023, 472,
M-Mo-CoP/(CF)|NiFe-LDH/(IF) 1000 1.8
143429
) ) Appl. Catal. B: Environ.
NiFe FA NN|NiFeP FA NN 500 2.14
- - 2023, 322, 122101
) ) Adv. Funct. Mater. 2023, 33,
Mo-NiS||Mo-NiS 1000 2.0
2210656
CuNi@NiSe||CuNi@NiSe 1000 2.2 Small 2023, 19, 2301613
IrO,||RuSe, 730 1.8 Small 2021, 17, 2007333
Appl. Catal. B: Environ.
Ru-Ru,P/V,CTx||RuO, 1000/2000 1.80/2.05

2024, 343, 123517
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