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Figure S1. MD energy (a) and temperature (b) profiles for NiN4-O/C and NiN4/C during 10 ps AIMD simulations.

(a) hydrogen adsorption: CV=d1-d2 (b) electrochemical desorption: CV=d1-d2
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Figure S2. lllustrations of CV setting in the “slow-growth” method for the reaction of (a) hydrogen adsorption and
(b) electrochemical desorption in HER.
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Figure S3. Charge density difference (0.0005 e A®) for NiN4/C (a) and NiN,;-O/C (b). The yellow and cyan areas
indicate electron accumulation and depletion, respectively. The calculated charge density difference figures are given
by subtracting the charge density of the whole explicit model from that of the corresponding isolated NiN./C and
pure water bulk. 4p = pyinajc-water butk — (Pninasc + Pwater buik) Where pinac-water buik) 1S the charge density
of the whole system, pinasc) iS the charge density of NiN./C catalyst slab without water molecules, and pwater bulk) IS
the charge density of the pure water bulk. The NiN4-O/C system is also calculated as the above.
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Figure S4. Optimized reaction intermediates during CO2RR catalyzed by NiN4-O/C (a, b, ¢) and NiN4/C (d, e, f). C,
grey; N, blue; Ni, light blue; O, red; H, white.
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Figure S5. DFT-based free energies profiles for the NiN4-O/C (a) and NiN4/C (b) with vacuum and implicit models
during CO2RR (pH = 0). The implicit solvent model in this study is modelled as a continuum dielectric as
implemented by the Hennig group in the VASPsol code.!?

Table S1. DFT energies (denoted as E(DFT)) and free energy correction values (AG) of Hx(g), CO2(g), and CO(g)
are calculated at 1 bar, while the free energy of H,O(l) is calculated at 0.035 bar. Besides, a correction of -0.41 eV to
the DFT energy of CO molecule has been employed since there is an error in describing the energy of CO molecule
by using PBE functional.® The free energy correction is done by the VASPKIT code.*

pressure/bar temperature/K E(DFT)/eV AG/eV GleV
CO(g) 1 298.15 -14.8 -0.39 -15.576
CO(g) 1 298.15 -23.0 -0.26 -23.212
Ha(q) 1 298.15 -6.8 -0.04 -6.814
H.0(l) 0.035 298.15 -14.2 0 -14.221




Table S2. Calculated DFT energies (denoted as E(DFT)) and free energy correction values (AG) of the pure slab,
slab with *CO; (*COy), slab with *COOH (*COOQOH), and slab with *CO (*CQ) in the vacuum and implicit model
of NiN4-O/C and NiN4/C.

NiN,-O/C
Vel EOFTYeV GV Glev Glrowlyev Do U=99Y
sab 53924 000 53924 +CO7H, 56927  0.00 0.00
*CO, 56240 016 56223  +H; 569.05 022 0.22
*COOH  -56470 051 -56419  +1/2H,  -567.59 168 0.78
*cO 55399 005 55395  +H,0 56817 110  -0.70
slab 53924 000 53924 +CO+H,0  -569.04 023  -1.57
MRSt EQFTYeV  AGV  Glev Glowmlyey D oY Um0V
slab  -539.46 000 -530.46 +COyH,  -569.49  0.00 0.00
*CO, 56264 016 56248  +H; 56929  0.20 0.20
*COOH  -56513 050 -564.63  +1/2H,  -568.04 145 0.55
*CO 55423 007 55417  +H,0  -56839 110  -0.70
slab 53946 000 53946 +CO+H,0  -569.26 023  -157
NiNJ/C
Vrﬁg‘é‘;?" E(DFT)eV AGleV GleV G(total)/eV VLS’.ZSF\'E L\J/:(;E”;/
sab 53598 000 53598 +CO7#H,  -56601  0.00 0.00
*CO,  -55897 024 55873  +H; 56555 0.6 0.46
*COOH  -561.16 050 -560.66  +1/2H,  -564.06 195 1.05
*xcO  -55078 001 55076  +H,0  -56499 102  -0.78
slab 53598 000 53598 +CO+H,0  -56578 023  -1.57
MRS E(DFTYRV  AGV  Glev Growey oy W98V
slab 53587 000 53587 +COptH,  -56590  0.00 0.00
*CO,  -55895 021 55874  +H; 56555 035 0.35
*COOH 56129 050 -560.79  +1/2H,  -56419 171 0.81
*CO 55068 001 -55067  +H,0 56489 101  -0.79

slab -535.87 0.00 -535.87 +CO+H.0 -565.67 0.23 -1.57




Table S3. Calculated work functions and Bader charge for the initial, transition, and final states for each elementary
step during CO2RR and HER. All E and ® are listed in €V, q in the atomic unit, |e|. Is, ts and fs are the initial,
transition, and final states.

is Qs Ofs Djs Dys D

NiN4-O/C
CO,—*CO> 0.78 0.56 -0.16 4.21 431 4.59
*CO,—~*COOH -0.15 -0.34 -0.42 4.54 4.65 4.78
*COOH—CO(aq) -0.31 -0.90 -0.97 478 5.26 5.55

NiN./C

CO,—~*CO> 0.74 0.34 0.06 3.54 3.72 3.67
*CO,—~*COOH 0.39 -0.09 -0.18 3.57 3.75 3.87
*COOH—CO(aq) -0.30 -0.87 -1.00 4.04 5.04 5.53

NiN;-O/C

*+H,0+e+H"—*H+H0 0.79 0.25 -0.22 4.27 4.63 4.62

*H+H,O0+H"—H+H,O+*  -0.23 -0.86 -0.97 4.69 5.64 5.26




Table S4. Calculated work functions and Bader charge changes for the initial, transition, and final states during each
elementary step. AE and AE” are the free energy change under constant charge condition and constant electrode
potential condition, respectively. AEco iS the constant potential correction energy according to the method proposed
by Chan and Narskov.® All E and @ are listed in eV, q in the atomic unit, |e|.

Aq(is A®D(is Aq(is A®(s AEcon(is AEcr(is AE(is AE(is AE'(is AE(is
—ts) —ts) —fs) —fs) —1s) —fs) —ts) —fs) —ts) —fs)

NiN4-O/C

CO,—*CO, -0.22 010 -094 0.38 -0.01 -0.18 030 0.03 0.29 -0.15

* —
cO: 019 011 -028 024 -001  -003 035 031 034 028
*COOH
* —
COOH 059 048 -067 077 014 026 126 105 112  0.80
CO(aq)
NiN./C

CO,—*CO, -040 0.18 -068 0.13 -0.04 -0.04 025 021 021 0.17

*COx—~
*COOH

-047 018 -0.56 0.30 -0.04 -0.09 027 024 023 0.16

*COOH—

058 1.00 -0.70 150  -0.29 052 093 058 064 0.6
CO(aq)

NiN4-O/C

*+H,0+€”
+H*—~ -054 036 -1.01 035 -0.10 017 136 113 126 096
*H+H,0

*H+H,O+H*
- -0.63 095 -0.74 057  -0.30 021 095 072 065 051
Hao+HO0+*




Table S5. Extrapolated reaction energies and dynamic barriers for each elementary step within CO,RR and HER
under -0.9 V vs. SHE based on the method proposed by Chan and Nerskov.®

AE*(is—~  AE'(is—~

CO,—~*CO, Aq(is—ts)  Aq(is—fs) ts) ) U vs. SHE
NiN4-O/C -0.22 -0.94 0.14 -0.78 -0.9
NiN./C -0.40 -0.68 0.21 0.17 -0.9
*CO;—~*COOH
NiN;-O/C -0.15 -0.28 0.19 0.00 -0.9
NiN4/C -0.47 -0.56 0.22 0.14 -0.9
*COOH—CO(aq)
NiN;-O/C -0.59 -0.63 0.39 -0.03 -0.9
NiN./C -0.58 -0.70 0.35 -0.29 -0.9
HER process
Volmer step -0.54 -1.01 0.86 0.22 -0.9
Heyrovsky step -0.63 -0.74 -0.07 -0.34 -0.9
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