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Figure S1. Adsorption of dioxygen on FeNiN6-DAC via (a) end-on and (b) side-on orientation

which can lead to either associative or enzymatic pathways, respectively.
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Figure S2. Free energy change of reaction intermediates at applied potentials of 1.0 V and 0.2 V

vs. RHE.
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Figure S3. (a) The dependence of the number of net electrons of the system as a function of applied

¥
potential. (b) The dependence of reaction barrier (Gab) as a function of applied potential for of

FeNiN6-DAC bonded to OO*. The blue dots and dash curve denote the DFT calculated energies

and polynomial 2" order fitting, respectively.
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Figure S4. Investigation of transition states of 00H™ — 0" +H,0 (a) Reaction pathway of step

H +
bc (OOH 20 +H 20), indicating the optimized structures of initial, transition, and final states at

the applied potential of 1 V versus RHE. The transition state moves towards final state as more
negative potential applied. Four images (01-04) were inserted to search for TS, and 00 and 05
indicate the reactant and product, respectively, via minimum energy path (MEP). The dash green

lines are to show the atom displacement along the reaction pathway. (b) The free energy barrier
H+

for the step bc (OOH T 0T +H 20) at different numbers of net electrons (n-ny) in the system. It

shows the maximum energy barrier of 0.00 eV and 1.2 eV at net charge of n-n;=0 e~ for the forward

H +
and backward conversion of 900" = 0~ + Hy0 respectively, on Fe site of FeNiN6-DAC. (c¢) O-O

bond distance variation of TS 01 of step bc versus the applied potential.
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Figure S5. Investigation of transition states of O " > OHT, (a) Reaction pathway of step cd (

H+
0" — OH") indicating the optimized structures of initial, transition, and final states at the

applied potential of 1 V versus RHE. The transition state moves towards final state as morte
negative potential applied. Four images (01-04) were inserted to search for TS, and 00 and 05
indicate the reactant and product, respectively, via minimum energy path (MEP). The dash green

lines are to show the atom displacement along the reaction pathway. (b) The free energy barrier
H +
for the step 01 (0 " > OH *) at different numbers of net electrons (n-ng) in the system. It shows

the maximum energy barrier of 0.04 eV and 0.11 eV at net charge of n-ny=0 e~ for the forward and
H +
backward conversion of 0~ — OH *, respectively, on Fe site of FeNiN6-DAC. (c) O-H bond

distance variation of TS 02 of step cd versus the applied potential.
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igure S6. Investigation of transition states of . (a) Reaction pathway of step da
H+
OH® - H,O. . 4. .. .. o ..
( 27, indicating the optimized structures of initial, transition, and final states at the

applied potential of 1 V versus RHE. The transition state moves towards final state as more net
charge applied. Four images (01-04) were inserted to search for TS, and 00 and 05 indicate the
reactant and product, respectively, via minimum energy path (MEP). (b) The free energy barrier
for the step da (OH*—H,0) at different numbers of net electrons (n-ny) in the system. It shows

the maximum energy barrier of 0.25 eV and 0.05 eV at net charge of n-ny=0 e~ for the forward and
H +
¢ OH * = H,0

backward conversion o , respectively, on Fe site of FeNiN6-DAC. (¢) Fe-O bond

distance variation of TS 03 of step da versus the applied potential.
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Figure S7. Investigation of transition states of * — H " (a) Reaction pathway of step ae (
H+
* > HT ), indicating the optimized structures of initial, transition, and final states at the applied

potential of 1 V versus RHE. The transition state moves towards final state as more net charge
applied. Four images (01-04) were inserted to search for TS, and 00 and 05 indicate the reactant

and product, respectively, via minimum energy path (MEP). (b) The free energy barrier for the
o
step 01 (* = H *) at different numbers of net electrons (n-ng) in the system. It shows the
maximum energy barrier of 1.0 eV and 0.0 eV at net charge of n-nj=0 e~ for the conversion of
H+
* = H" in forward and backward directions, respectively, on Fe site of FeNiN6-DAC. (c) Fe-

O bond distance variation of TS 03 of step da versus the applied potential.
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Figure S8. Investigation of transition states of 2, (a) Reaction pathway of step da (
H+
H" - H

2), indicating the optimized structures of initial, transition, and final states at the applied
potential of 1 V versus RHE. The transition state moves towards final state as more net charge
applied. Four images (01-04) were inserted to search for TS, and 00 and 05 indicate the reactant

and product, respectively, via minimum energy path (MEP). (b) The free energy barrier for the

H+
step 01 (H - HZ) at different numbers of net electrons (n-ng) in the system. It shows the
maximum energy barrier of 0.00 eV and 0.26 eV at net charge of n-ny=0 e~ for the forward and

H+
backward conversion of H - H 2, respectively, on Fe site of FeNiN6-DAC. (¢) Fe-O bond

distance variation of TS 03 of step da versus the applied potential.
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6 Figure S9. (a) Charge transfer and (b) spin of Fe versus reaction coordinate at net electrons for

H +
7 00" > O00H", (c) The linear relationship between the spin of Fe versus the charge transfer.

8
9
10

S8



4 4
(@) ()
) 2.3
o o
‘D L
E 0.2} Y 2.2
- £
= _
"E’., —B=—n-n0=0 n 21} —H~—n-n0=0
© —=®—n-n0=0.5 3 —®—n-n0=0.5
T -A—n-n0=1 ne=n o=
Q f A= n-n0=1
0.0 =¥=n-n0=1.5 2.0 —y=n-n0=1.5
00 01 02 03 04 05 00 01 02 03 04 05
1 Reaction coordinate Reaction coordinate
(A4
o
23} N
m n =
o E g = |
< 2.2 *’n ¥
o i ’ I. 'l
£ - »7 =
o P
nw21F o
.
*
O
20F =
0.0 0.2 0.4
b Charge Transfer (e’)

3 Figure S10. (a) Charge transfer and (b) spin of Fe versus reaction coordinate at net electrons for

H+

00H" - 0" +H 20. (c) The relationship between the spin of Fe vs. the charge transfer.
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Figure S11. (a) Charge transfer and (b) spin of Fe versus reaction coordinate at net electrons for

H +
0" - OH", (¢) The relationship between the spin of Fe vs. the charge transfer.
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Figure S12. Charge transfer along the reaction pathway of step bc ( ) at the

applied potential of 1 V vs. RHE. This indicates the increase in charge transfer along the reaction

pathway and proton transfer.

H+
00H™ = Hy0y) ot the

Figure S13. (a) Charge transfer along the reaction pathway of step ba’ (
applied potential of 1 V vs. RHE. This indicates the decrease in charge transfer along the reaction

pathway and proton transfer.
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3 Figure S14. (a) Charge transfer along the reaction pathway of step cd (O " - OH® ) at the applied

4 potential of 1 V vs. RHE. This indicates the increase in charge transfer along the reaction pathway

9]

and proton transfer. Contour plot of (c) charge transfer and (d) spin of Fe versus net electrons and
H +
reaction pathway of O " — OH" This indicates that both charge transfer and spin density reach

a maximum along the proton transfer.
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Figure S15. (a) Charge transfer along the reaction pathway of step da ( ) at the

applied potential of 1 V vs. RHE. This indicates the increase in charge transfer along the reaction

pathway and proton transfer. Contour plot of (c) charge transfer and (d) spin of Fe versus net
H+

OH" - H,0

electrons and reaction pathway of . This indicates that both charge transfer and spin

density reach a maximum along the proton transfer.
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Top view FeN4-SAC

Side view ° Spin=2.27 Side view ' Spin=1.91
1

2 Figure S16. Spin density of (a) FeNiN6-DAC and (b) FeN4-SAC, indicating the delocalization of
3 unpaired electrons of high-lying d,, orbital of Fe atom into the ligands. The blue and red colors

4 represent alpha and beta spin, respectively, Isosurface value = 0.008 e/A3.
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Figure S17. Band structure and density of states (DOS) analysis of the initial states of step

H+

ab 00" - O0OH™ (a) The band structure and (b) density of states (DOS) of OO _IS. (¢) DOS of

00 FS.
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4 Figure S18. Partial density of states (PDOS) analysis of the final states of step ab
H+

5 00" - O0H™, (a) PDOS of 3d hybrid orbital of Fe atom in FeNiN6-DAC for OO IS,

6 OO_TSO03, and OO FS.
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Figure S19. (a) Experimental partial current densities for HER on FeN4-SAC from ref. [S1]. (b)
Tafel slopes calculated from the I-V curve for HER on FeN4-SAC from ref. [S1].

Table S1. Parameters obtained from quadratic fitting to obtain the grand canonical potential.

_ 1 b=p,cyp—eUpze ¢ = F(n =n0) Vibrational  Upyc

Intermediate 2Cairy (eV/electron) (eV) contribution
(eV/electron?) (eV)

0O,* 0.651 -5.592 -18146.838 2.073 0.932
OOH* 0.733 -5.713 -18164.822 2.372 1.053
O* 0.664 -5.630 -17712.676 1.991 0.970
OH* 0.666 -5.659 -16615.637 2.263 0.999
H* 0.879 -5.701 -17275.106 1.911 1.040

Current density calculations

Density of Fe-Ni (4.17%) = 1.326x10'* atoms/cm2

Current density, j(mA/cm?)=nxFxrg,x1000 Where, n=number of electrons transferred involved in

the reaction (for O,, n=4), F=Faraday’s constant

rop = reaction rate of O,
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