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General materials and instruments

CoNi foam was purchased from Kunshan Jijinsheng Electronic technology Co. Ltd. 5 wt. % Nafion

solution and Thiourea (98%) were purchased from Sigma-Aldrich or TCI. RuO, (95%) and KOH (99.99%)

were purchased from Alfa. Ni powder and Co powder were purchased from the Tianjin Damao reagent

factory (>99.5%). Other chemical reagents were analytical pure and used without further purification.

Ultra-pure water (18.2 MQ cm) for all the reactions or measurements was obtained from a Milli-Q system

(Millipore, Direct-Q 3 UV).

SEM images and EDX spectra were obtained by using Nova NanoSEM 450 equipment. Images were

obtained with an acceleration voltage of 3 kV and EDX Electronic spectra were obtained with an

acceleration voltage of 20 kV. TEM and HRTEM images were taken on (FEI TF30) TEM system operating

at 300 kV equipped with EDX system. The content of the catalyst was quantified by an inductively coupled

plasma optical emission (ICP-OES) spectrometer (Optima 2000 DV, America PerkinElmer Corp.) after

sonicated the catalyst in ethanol for 60 min. X-ray photoelectron spectroscopy (XPS) measurement was

performed on a Thermo Scientific ESCALAB 250 instrument using 200 W Ka radiation. The binding

energy (BE) was calibrated with respect to the C 1s level 284.6 eV of adventitious carbon. Raman spectra

of the catalyst were recorded using a confocal Raman microscope (DXR Raman Microscope, Thermo

Scientific). Spectra were acquired with 1 mW of 532 nm laser excitation at the sample surface. X-ray

diffraction (XRD) analysis was conducted on Rigaku D/Max 2400 (Japan) using Cu Ka radiation (A =

0.1541 nm) at a scanning rate of 5°/min in the 20 range of 10 - 80°. The Brunauer—-Emmett-Teller (BET)

surface area and porous structure were measured using a BELSORP-max instrument from Ar adsorption

and desorption isotherms at 77 K.



Preparation of the CoS,/NizS,/CoNiO,

A piece of CoNi foam (2 cm x 2 cm) was cleaned ultrasonically first with 2 M HCI, DI water and acetone
for 30 min in each. The cleaned CoNi foam was put into a 50 mL Teflon-lined stainless autoclave
containing 35 mL of 2.89 mM thiourea solution. The autoclave was sealed and maintained at 120 °C for 12
h. The resulting material was washed with ethanol three times and dried in an oven at 60 °C, giving the
catalyst.

Preparation of Ni;S, NP and CoS, NP

NizS; NP and CoS, NP were prepared by hydrothermal reaction according to literature reported
method. Briefly, 60 mg Ni powder or Co powder was put into 20 mL 2.63 mM thiourea solution and stirred
vigorously for about 30 min. Then, the solution was poured into a 50 mL Teflon-lined stainless autoclave
and the autoclave was sealed at 120 °C for 12 h. Finally, the resulting material was washed with ethanol
three times and dried in an oven at 60 °C, giving the aimed product.

Preparation of other working electrodes

5 mg Ni3S,-NP, CoS,-NP, and RuO, powder were dispersed in 0.98 mL mixture of isopropyl alcohol
and ultrapure water (1:1) and mixed with 20 uL 5 wt. % Nafion solution. Then, the mixture was sonicated
for 0.5 h to form homogeneous ink. A definite volume of the ink was drop-casted on the surface of the 1

cm? CoNi foam to form a catalyst film and dried at room temperature (loading amount = 1.25 mg/cm?).

Electrochemistry

All electrochemical experiments were carried out using a CHI 660E Electrochemical Analyzer at
room temperature. In a typical test, an undivided three-electrode configuration with 20 mL electrolyte was

used in the experiments. A catalyst-coated CoNi foam was used as a working electrode (WE), and the



geometric area of WE was maintained as 1 cm?. Other samples for comparison, namely Ni3S,-NP, CoS,-

NP, and RuO,, were sealed with 5% Nafion solution on bare CoNi foam (loading amount: 1.25 mg cm™).

Hg/HgO (1 M KOH) was used as a reference electrode (RE) and Pt wire was used as a counter electrode

(CE). The reference electrode was calibrated by using redox couple [Ru(bpy);]**/[Ru(bpy);]*" (E1, = 1.26

V vs. NHE) as a standard. All potentials reported in this work were converted to the RHE reference scale

using E (RHE) = E (RE) + 0.059 pH + 0.112 V. All LSV tests in this text, the resistance was corrected by

85% iR compensation function available on the CHI potentiostats.

The polarization curves were obtained by linear sweep voltammetry (LSV) tests conducted in 1.0 M

KOH, at a scan rate of 5 mV s™! and with 85% iR compensation. Chronopotentiometry (CP) curves were

recorded at a constant potential without iR-compensation. Tafel plots were obtained by linear fitting the

Faradic region of LSV curves mentioned above. Electrochemical impedance spectroscopy (EIS) of

catalysts and other samples were recorded under a bias of 1.53 V over a frequency of 0.1 Hz to 1 MHz with

an amplitude potential of 5 mV.

For testing the durability of catalyst, an undivided and tightly sealed (avoid evaporation of water)

three-electrode configuration with 40 mL 30% KOH solution was used. In the test, 0.25 cm? catalyst-coated

CoNi foam, Hg/HgO (1 M KOH) and Pt wire were used as WE, RE and CE, respectively.

For Faraday efficiency evaluation, we use a single compartment gas-tight cell equipped with the three-

electrode system described above. In the system, catalyst film (immersed geometric area: 1 cm?) as the

working electrode, Hg/HgO (1 M KOH) and Pt mesh as the reference electrode and counter electrode,

respectively. Prior to measurement, the solution was degassed by bubbling Ar for 2 h. The experiment was

carried out at 1.48 V vs. RHE without iR compensation in 1.0 M pH 13.6 KOH solution for 2 h. During the

bulk electrolysis, the amount of evolved oxygen in the headspace was taken each 20 min and quantified by



GC (GC 7890T instrument equipped with a thermal conductive detector). The Faradaic efficiency can be

calculated as Faradaic efficiency = 4F x nO,/Q, where Q is the total amount of charge passed through the

cell under the constant potential, F is the Faraday constant (96485 C mol!).

To measure Cgy of prepared films, CVs were swept between 0.814 V ~ 0.914 V in 1.0 M KOH at

different scan rates (20, 40, 60, 80, 100, 120, and 140 mV s7!). The Cg4 values were estimated by plotting

AJ =J, - J. at 0.864 V against scan rates. The slopes were twice of the Cy. The curves were shown in

Figure S10.
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Figure S1. SEM images of (a) CoS,/Ni;S,/CoNiO, and (b) bare CoNi foam
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Figure S2. Raman spectrum of the as-prepared catalyst.
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Figure S3. EDX spectra of (a) CoS,/Ni3S,/CoNiO,, (b) bare CoNi foam.
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Figure S4. XPS survey of CoS,/Ni;S,/CoNiO, catalyst.
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Figure S5. XRD patterns of (a) Ni3S,-NP, (b) CoS,-NP.

XRD patterns of prepared NizS,-NP and CoS,-NP were shown in Figure S5, suggesting that the diffraction

peaks of catalyst match well with Ni;S, (PDF#44-1418) and CoS, (PDF#41-1471).
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Figure S6. Raman spectra of (a) Ni;S,-NP, (b) CoS,-NP.
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Figure S8. Determination of Faraday efficiency. Ring: measured data. Red line: linear fitting of measured
data. Black line: Theoretical amount of oxygen as assumed by passed charge with 100% Faradaic

efficiency.
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Figure S9. CV curves of (a) CoS,/Ni3S,/CoNiO, catalyst, (b) RuO,, (¢) NizS,-NP, (d) CoS,-NP, and (e)
blank CoNi foam swept between 0.814 V ~ 0.914 V in 1.0 M KOH at seven different scan rates (20, 40, 60,

80, 100, 120, and 140 mV s7!) for estimation of Cy.
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Figure S10. (a) N, adsorption-desorption isotherm and (b) BJH pore size distribution curve of the

Co0S,/Ni3S,/CoNiO,.
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Figure S11. (a) N, adsorption-desorption isotherm and (b) BJH pore size distribution curve of the bare

CoNi foam.
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Figure S12. (a) N, adsorption-desorption isotherm and (b) BJH pore size distribution curve of the CoS,-NP.
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Figure S13. (a) N, adsorption-desorption isotherm and (b) BJH pore size distribution curve of the Ni3S,-

NP.

Figure S14. SEM image of the catalyst after the durability test at different magnification. (a) foam skeleton,

(b) and (c¢) different magnification of red area.
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Figure S15. XRD patterns of post-catalyst (red), and the patterns of as-prepared catalyst (black) for

comparison.
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Figure S16. (a) HRTEM and (b) SAED patterns of the catalyst after OER.
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Figure S17. EDX spectrum of the catalyst after OER.
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Figure S18. XPS survey of the catalyst after OER.
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Figure S19. Sections of the XPS spectra of the catalyst before and after OER around the (a) Co 2p, (b) Ni

2p, (¢) S 2p and (d) O 1s energy regions.
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Figure S20. Raman spectra of the catalyst before (black) and after OER (red).



Table S1. Comparison of OER performance of CoNi-based electrocatalysts.

Electrodes and Loading amount Tafel slope
#10 (mV) Stability References
test conditions (mg-cm?) (mV-dec™)
_
1000 mA-cm™2,
One week, 30%
CoS,/Ni;S,/CoNiO,/CoNi foam, 256
~0.55 43.4 KOH, This work
1M KOH 300 ((7100)
25 mV potential
increment
10 mA-cm™2,
NiCoP/NF
1.8 280 85 24 h, 1 M KOH, S1
1 M KOH
No decay.
#=370 mV, 18 h,
NCO-HNSs on FTO,
1.6 280 87 1 M KOH, 96% S2
1 M NaOH
retention
NiCo,0,4 NA/CC, 20mA-em™, 12 h,
4 340 (#1100) 89 S3
1 M KOH 1 M KOH, No decay.
Core—Shell 20 mA-cm™,
Ni-Co Nanowire/CF 0.3 302 43.6 10 h, 1 M KOH, 62% S4
1 M KOH retention
#=275mV, 24 h,
(Nig33C00,67)S2 NW-CC, 1 M
~3.5 295(#1100) 78 1 M KOH, 94% S5
KOH
retention
n=320mV, 24 h,
Co—Ni-Based Nanotubes/Cu foil,
- 280 77 1 M KOH, 70% S6
IM KOH
retention
NiCo,04 NWA /NF #=300 mV, 50 h,
- 260 40.1 S7

1 M KOH

1 M KOH, 85%




retention

50 mA-cm™2,
Nig.51Cog.49P/NF,
- 239 45 24 h, 1 M KOH, 97% S8
1 M KOH
retention
7=350 mV, 10 h,
Ternary NiCoP nanosheet, | M
5 308 - 1 M KOH, 97.8% S9
KOH
retention
50 mA-cm™2,
Nest-like NiCoP/NF, 242
~2 64.2 11 h, 1 M KOH, S10
1 M KOH 330 (#7100)
almost no decay
10 mA-cm™2,
P-Doped Co—Ni—S
6.9 292 (11100) 61.1 ~16 h, 1 M KOH, S11
Nanosheets/NF, 1 M KOH
almost no decay
10 mA-cm™2,
NiCo,04 Hollow
1 290 53 ~32h, 1 M NaOH, 10 S12
Microcuboids/GC, 1 M NaOH
mV increase of 77
10 mA-cm™2,
(Co1-Niy)(S;-yPy),/Graphene/GC,
3 285 105 ~32h, 1 M NaOH, S13
1 M NaOH
stable
7=280 mV, ~28 h,
NiCo/NiCo,S4@NiCo/NF,
- (in situ) 294 59.6 1 M KOH, almost no S14
1 M NaOH
decay
10 mA-cm™2,
NiCoP NR@NS/GC,
5 268 71 20 h, 1 M NaOH, a S15
1 M NaOH
slight degradation
NiCo0,04/NF, 10 mA-cm™2,8h
7.5 ~360 106 S16
1 M NaOH 1 M KOH, almost no




decay
100 mA-cm™2,48 h
CoNi/CoFe,04 /NF,
2 23042 45 1 M KOH, slight S17
1 M NaOH
variation
CoNiPS;/C nanodots/GC, n~250mV,22h, 1 M
~0.43 262 (130) 56 S18
1 M NaOH KOH, no decay
5SmA-cm?,
Au-doped Co/Ni-Hydroxide/GC - 340 40 24 h, 1 M NaOH, S19
stable
10 mA-cm™2,
Fe doped Co-Ni oxide 0.12 336 36 14 h, 1 M NaOH, S20
stable
40 mA-cm2,
Ni-Co-B 4 300 113 55h, 1 M KOH, little S21
aggregation
1.61 V vs. RHE, 20 h
NCO/G NSs @ GC 0.13 400 (#7100) 65.9 S22
1 M KOH, no decay

NCO-HNS: Ni—Co oxide hierarchical nanosheets;

FTO: Fluorine-doped tin oxide;
NA: Nanoarray;

CC: Carbon cloth;

NWA: Nanowire array;

NF: Ni foam;

NF: Ni foam;

NCO/G NS: Ni-Co oxide graphene nanosheets;
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