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Experimental section
Preparation of working electrode

For powders, they were coated on carbon paper using Nafion as binder: Smg electrocatalyst and 50 puL
Nafion (5 wt.% in a mixture of lower aliphatic alcohol and water, Aldrich Chemical) were dispersed in
1 mL water/ethanol (volume ratio, 3:1) solution by sonication to form a dispersion. The mixed solution
was sonicated for 5 min to obtain a homogeneous catalyst ink. The dispersion (105 pL) was pipetted onto
a piece of clean carbon paper (1 cm x 1 cm), which was subject to overnight solvent evaporation in air.
The mass of powders was controlled to obtain a loading amount of 0.50 mg cm 2. The working electrode
was dried at ambient temperature before electrochemical measurements. Linear sweep voltammetry was

conducted in N saturated 1.0 M KOH with a scan rate of 5 mV s

Computational details

Spin-polarized density functional theory (DFT) method was employed by the Vienna Ab initio
Simulation Package (VASP).[1, 2] The cut-off energy of 450 eV and k-points grids of 3x1x1 was used
for the plane-wave expansion and Brillouin-zone, and the generalized gradient approximation (GGA) in
the form of the Perdew-Burke-Ernzerh of (PBE) functional was set to describe the electron exchange-
correlation energy.[3] During geometry optimization, the convergence criteria of energy and force were
set to 1x10* eV and 0.02 eV/A, respectively. A vacuum region of 15 A along the z direction was added
to avoid the interaction in adjacent periodic images. The DFT-D3 method was applied to describe the
correction of van der Waals interaction.[4, 5] Thermodynamic analysis of each reaction step was
calculated by the change of Gibbs free energy (AG) by employing the computational hydrogen electrode
model,[6, 7] where the chemical potential of the H*/e" pairs is equal to half of that of H, molecule. The
change of Gibbs free energy can be calculated as follows:
AG = AE + AEzpe — TAS

where AE, AEzpe and AS is the electronic energy difference, the correction of zero-point energy (ZPE)
difference and the entropy change between the product and reactant species, and T is the temperature

(298.15 K). The zero-point energy and entropy were determined by the vibrational frequency calculations.
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Figure S1 Microstructure and composition characterizations of the as—obtained Ni-NTA precursor. (a) FT-IR
spectrum; (b) SEM images; (c—d) TEM images.

FT-IR result exhibits a strong absorption peak at 1644 cm™, which is attribute to the stretching
vibration of C=0 in linear polyamide. Furthermore, the peaks at 3477 and 3270 cm™* according to C-H
also prove the formation of linear polyamide. In addition, the Ni-NTA precursor also shows obvious
strong peaks for C—O, CH,, C—N and C—H groups at 1425, 1348, 1291 and 1135 cm?, respectively.[8,
9] This FT—IR result proves the linear polymerization between NTA molecules, which leads to the one—

dimensional structure of the Ni—-NTA product.



Figure S2 SEM images of (a) Ni-Ni3C/NC-400, (b) Ni-Ni3C/NC-450, (c) Ni-NizC/NC-550, and (d) Ni-Ni3C/NC-
650.
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Figure S3 TEM images of the (a) Ni-NizC/NC-400, (b) Ni-NizC/NC-450, (c) Ni-NizC/NC-550 and (d) Ni—
NizC/NC-650.
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Figure S4 (a-c) N2 adsorption-desorption isotherms and (d—f) pore-size distribution curves of the Ni-NizC/NC-
450, Ni-NizC/NC-500 and Ni-NizC/NC-550.
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Figure S5 XPS spectra of Ni-Ni3C/NC-450, Ni-NizC/NC-500 and Ni-NizC/NC-550: (a-c) Full XPS spectra; (d-
f) Their entire Ni 2p spectra.

Note: the atomic ratios of C, N and Ni of Ni-Ni;C/NC-450 is 88.81%, 4.02% and 7.18%; the atomic
ratios of C, N and Ni of Ni-Ni3;C/NC-500 is 87.46%, 6.37% and 6.17%; the atomic ratios of C, N and Ni
of Ni-Ni;C/NC-500 is 83.73%, 7.55% and 8.72%.



Figure S6 The equipment picture of alkaline HER test in 1 M KOH solution.
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Figure S7 Exchange current densities (jo) of Ni—NisC/NC-400, Ni-NizC/NC-450, Ni-NizC/NC-500, Ni—
Ni3zC/NC-550, Ni-NizC/NC-650 and Pt/C, are determined by using extrapolation method.

Note: In this way, jo values of Ni-Ni3C/NC-400, Ni-Ni3C/NC-450, Ni-Ni;C/NC-500, Ni-Ni;C/NC-
550, Ni-Ni3C/NC-650 and Pt/C were determined to be 1.2, 1.56, 2.54, 2.94, 4.13 and 3.97 mA cm?>,
respectively.
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Figure S8 The extraction of the Cai and CV with different rates (20~120 mV/S) for Ni-NizC/NC-500.
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Figure S9 CV curves for calculation of double-layer capacitance. CV curves of Ni-Ni3C/NC-400, Ni-Ni3C/NC-
450, Ni-Ni3C/NC-550, Ni-Ni3C/NC-650 at scan rates ranging from 20 mV S,
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Figure S10 The capacitive current densities measured at 0.25 V vs RHE with different scan rates.

Note: The specific capacitance obtained in Figure 4f can be converted into an electrochemical active
surface area (ECSA) using the specific capacitance value for a flat standard with 1 cm? of real surface
area. The specific capacitance for a flat surface is generally found to be in the range of 20-60 uF cm™.
Here we assume 40 pF cm?. The ECSA of Ni-Ni;C/NC-400, Ni-Ni;C/NC-450, Ni-Ni;C/NC-550, and

Ni-Ni3;C/NC-650 are 1162 cm?, 829 cm?, 639 cm? and 586 cm?, respectively.
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Figure S11 The corresponding Nyquist plots of Ni-NizC/NC-500 at various voltages in 1M KOH.
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Figure S12 Polarization curves before and after 2000 CV cycles and the long-term stability measurements of Ni—
Ni3C/NC-400, Ni-Ni3C/NC-450, Ni-NizC/NC-550 and Ni-Ni3zC/NC-650 at 25 mA cm’' constant current density.
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Figure S13  (a, b) SEM micrograph, (¢, d) TEM micrograph of Ni-NizC/NC-500 after a 100 h HER measurement.
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Figure S14  XPS spectra of of Ni-NizC/NC-500 after a 10 h long-term HER test.
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Figure S15 Thermogravimetric analysis (TGA) curve of Ni — Ni3C/NC-500.

Figure S16 The equipment picture of alkaline OWS test in 1 M KOH solution.
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Figure S17 The volumes of Hz and Oz as a function of time in the electrocatalytic overall water splitting.
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Figure S18 Side (top) and top (bottom) view of three surfaces, including Ni (111), NisC (113) and Ni (111)/NizC
(113).
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Figure S19 The equipment picture of in-situ electrochemical Raman spectrum.

Table S1 N: adsorption-desorption isotherms and pore-size distribution curves of the Ni—NizC/NC-450, Ni—
Ni3C/NC-500 and Ni-NizC/NC-550.

Sample Ni-NizC/NC-450 Ni-NizC/NC-500 Ni-NisC/NC-550
Adsorption-desorption
. 156.925 160.478 143.113
isotherms (m?/g)
Pore-size (nm) 9.421 9.476 9.463
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Table S2 Comparison of catalytic parameters of Ni—Ni3C/NC-500 and other Ni-based HER composite-catalysts

in alkaline media.

Loading Overpotential
. Electrolyt Tafel slope
Catalyst density at 10 mA cm Reference
(mV dec™)
(mg cm™) (mV)
. . ACS Appl. Mater. Interfaces,
NiP2/NiO NRs 0.24 IM KOH 131 94
2018, 10,17896.
. J. Mater. Chem. A, 2018, 6,
NisC/CNT 3.0 IM KOH 132 49
4297.
. ACS nano,
NisN@CQDS 0.18 IM KOH 77 91
2018, 12, 4148.
Ni/NisC-NCNT 0.5 IM KOH 184 98.7 Chem. Front., 2019, 6, 1073.
- Small,
Ni—-NizC/CC 3.0 IM KOH 98 88.50
2020, 16, 41.
NiOx—AC-500 2.0 0.1M KOH 180 121 Carbon, 2020, 157, 515-524.
SGNCs-900 0.6 IM KOH 27 38 Nano Lett., 2020, 20, 8375.
D-Ni—-MOF 0.15 IM KOH 101 50.9 Small, 2020, 16, 41.
. J. Mater. Chem. A, 2021, 9,
N-NiCo-LDH-6 / IM KOH 35 34
10260-10269.
. ACS Sustainable Chem. Eng.
Ni-M@C-130 0.28 IM KOH 123 50.8
2021, 9, 4, 1920-1931.
WN-Ni@N, P- Appl. Catal. B: Environ., 2021,
1.0 IM KOH 73 151.7
CNT-800 298, 120511.
Ni@NCNTs/NF— Appl. Catal. B: Environ., 2021,
/ IM KOH 81 64.2
L 283, 119674.
Ni-NizC/NC 0.5 1M KOH 29 59.36 This work.
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Table S3

Comparison of catalytic parameters of Ni-NizC/NC-500 and other Ni-based OER composite-catalysts
in alkaline media.

Loading Overpotential
) Tafel slope
Catalyst density Electrolyte  at 10 mA em™ Reference
, (mV dec™)
(mg cm™) (mV)
. Energy Environ. Sci.,
Ni—Co-P HNBs 2.0 IM KOH 270 76
2018, 11, 872.
Ni/NisC
0.197 IM KOH 350 57.6 Chem. Front., 2019, 6, 1073.
nanospheres
L Inorg. Chem. Front.,
Ni/NisC-NCNT 0.5 IM KOH 277 109.3
2019, 6, 1073.
) Electrochim. Acta, 2019,
NisC/NC 0.297 IM KOH 309 72
320, 134631.
) ) Chem. Commun., 2020, 56,
Ru/Ni;N-Ni / IM KOH 200 56.4
2352.
Ni-NisC/CC 3.0 IM KOH 268 43.8 Small, 2020, 16, 2001642,
NiS/NF / IM KOH 173 80.15 New J. Chem., 2020, 45(4).
. RSC Adv., 2020, 10, 33475—
NaBH4-NiFe LDH / IM KOH 280 56
33482.
ACS Appl. E Mater.
NiO, / IM KOH 358 73 PP mRergy aier
2021, 4, 5255-5264.
. ACS Sustainable Chem.
Ni-M@C-130 0.28 IM KOH 244 472
Eng., 2021, 9, 4, 1920-1931.
) Appl. Catal. B: Environ.,
NiFe-L / IM KOH 370 65.7
2021, 283, 119674,
WN-Ni@N, P— Appl. Catal. B: Environ.,
1.0 IM KOH 268 59.8
CNT-800 2021, 298, 120511.
Ni-Ni;C/NC 0.5 1M KOH 267 81.99 This work.
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