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Computational Details

Linear Response Calculation for the effective U.; parameters: The Uy
parameters of Mn (II), Fe (II) and Co (II) were evaluated by Quantum ESPRESSO 7.1
package! using the linear response approach introduced by Cococcioni et.al®. In this
calculation, Perdew, Burke and Ernzerhof (PBE)? function was utilized to treat the
exchange-correlation interaction, and the Vanderbilt ultrasoft pseudopotentials* was
used to expand the plane-wave function under the energy cutoff of 40 Ryd and kinetic
energy cutoff of 450 Ryd for charge density and potential. The convergence threshold
for self-consistency was set to 10 and the 8x8x1 Monkhorst-Pack grid® was
employed in the sampling of Brillouin zone. Based on invariant formulation, the total

energy for DFT + U can be typically described as follows:

Eprr-v[n(r)] = Epprn(r)] + By [{n” }] (eq 1)

Where, Eper is a total energy from noninteraction Kohn-Sham algorithm; Ey is
Hubbard correction. Furthermore, if neglecting higher-multipolar terms of Coulomb
interaction, Ey is written as:

Uv—-J U.

5 ; Tr[n® (1 - n')] = =7 ; Tr[n!* (1 - n™)]

Ey [{rum}] =

(eq2)
By linear-response approach U method, the linear response function is defined as
_On
- Oa (ea3)
In this method, the interacting (%) and noninteractiong density response functions with
respect to localized perturbations were firstly calculated. Thus U can be obtained by

following formula:
-1_ -1
Uepp=X 1 =X o (eq 4)
By changing the rigid potential shifts o, we obtain the bare and self-consistent
occupation regression response functions. The interacting (;) and the noninteracting
(xo) are the slopes of bare and self-consistent regression response functions,

respectively. Thus, the obtained U,y parameters are 4.820 eV for Mn (Figure S1),

5.875 eV for Fe (Figure S2) and 5.382 eV for Co (Figure S3) ions.
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Spin States of Cluster models M-N,-C: These calculations were carried out
utilizing the Gaussian 16 programS. The modified B3LYP hybrid functional
(B3LYP*), where the amount of HF exchange was lowered to 15% from 20% in the
standard B3LYP, and the pure functionals OPBE, based on the OPTX-based
exchange functional, are regarded as the good description for the electronic states of
transition metal (Mn, Fe, Co and et.al.) ions. Both double-zeta basis set with
polarization functions (def2SVP) and triple-zeta basis set with polarization functions
(def2TZVP) basis set are utilized to treat wave functions. The initial configurations
derived from the optimized structure from VASP’ were further saturated by hydrogen

atoms, as shown in Figure S4 and fully relaxed by def2SVP with two functional.

Free-Energy Computational Details: The free energy is calculated mainly
according to the following formula: AG = AE + AEzpg - TAS + AGy, in which the
calculations of ZPE and S are the key. ZPE was defined as ZPE = X;1/2hv; (eq 5),
where i was the frequency number, v; was the frequency with unit cm™!. The adsorbed
species were only taken vibrational entropy (S,) into account, as shown in the

following formula:

S, = Z If{g{exp(gJ 1} — lr{lexp( :;}H}
(eq 6)

among which R = 8.314 J-mol'"'K-!, 7=298.15 K, h = 6.63 x 1073 J-s, kg = 1.38 x

10723 J-K!, where i was the frequency number, v; was the frequency with unit cm!. In
calculation process of frequency, M-N,-C is fixed and adsorbed species are free for
intermediates. For degrees of freedom, each free atom has 6 degrees of freedom (3

degrees of translational freedom and 3 degrees of rotational freedom).

Dependence Computation of Potential on Energy: The solvent environment
was simulated by the VASPsol code.?! The relative permittivity was set to 80 for
applied model in aqueous electrolyte. The contribution of cavitation energy was
ignored by setting TAU = 0 in VASPsol. The applied potential to the electrochemical

interface was simulated by adding or removing electrons in the supercell (An: from -
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2e to 2e in steps of le). The potential-dependent energy of the system (E£) was

calculated as following equation:!!-13

E = Eppr - M (V.

sol

+ O q/e) (eq

7)

where Epgr is the energy directly obtained from DFT calculations, Vy, is the
electrostatic potential of the bulk electrolyte, and ®, is the work function of the
charged system. The relation between ®q and the corresponding electrode potential
referenced to the standard hydrogen electrode (SHE) scale is formulated:

U (V/SHE) = -46V - ® e (eq

8)

where —4.6 V is the absolute electrode potential of the SHE benchmarked in VASPsol.
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Figure SS. The optimized structures of M-N4-C (M = Mn, Fe, Co) with adsorbed O,.

(a) ; E (b) (c) :

Figure S6. The most stable adsorption configuration of O, on Mn-N4-C (S = 3/2), Fe-
N4-C (§=0), Co-N4-C (S=1/2).
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Table S1. The structure energies (eV) of M-Ny-C with different spin states of Mn, Fe,

Co under U values (eV) of 4.820 eV, 5.875 eV, 5.382 eV via PBE-U, OPBE and

B3LYP* functions.

Uer values M-N,-C PBE-U OPBE B3LYP*
Mn (S = 1/2) 44451 -448.54 -487.63
4.820 Mn (S = 3/2) -446.04 -449.49 -488.67
Mn (S = 5/2) -445.93 -448.77 -487.73
Fe (S=0) -442 85 -446.97 -486.86
5.875 Fe(S=1) -444.67 -447.88 -487.40
Fe (S=2) -444.77 -447.07 -486.46
Co (S=1/2) -443.70 -446.60 -485.65
5.382
Co (S=3/2) -443 .41 -445.52 -484.61

Table S2. The structure energies (eV) of Fe-N,-C with different spin states of Fe

under U values (eV) of 3.1 eV via PBE-U, OPBE and B3LYP* functions.

Uesr values M-N4-C PBE-U OPBE B3LYP*
Fe (§=0) -444.78 -446.96 -486.83

3.1 Fe(§=1) -445.52 -447.92 -487.40

Fe (§=2) -444.28 -447.07 -486.49
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Table S3. The magnetic moments (ug) of M in M-N4-C (M = Mn, Fe, Co) via PBE-U,
OPBE and B3LYP* functions.

M-N,-C PBE-U OPBE B3LPY*
Mn (S = 1/2) 1.05 2.98 1.09
Mn (S = 3/2) 3.22 3.16 2.99
Mn (S =5/2) 4.42 3.90 4.15
Fe (S=0) -0.15 0.00 0.00
Fe (S=1) 2.04 1.98 1.90
Fe (S=2) 2.50 3.38 3.51
Co (S=1/2) 1.04 0.77 0.94
Co (S=3/2) 2.69 1.20 2.57

Table S4. The M-N bond length (A) on M-N,-C (M = Mn, Fe, Co with different spin

states).
M-N4-C M-N1 M-N2 M-N3 M-N4 Average
Mn (S = 1/2) 1.93 1.93 1.93 1.93 1.93
Mn (S = 3/2) 1.92 1.92 1.92 1.92 1.92
Mn (S = 5/2) 1.98 1.98 1.98 1.98 1.98
Fe (§=0) 1.90 1.90 1.90 1.90 1.90
Fe (S=1) 1.91 1.91 1.91 1.91 1.91
Fe (S=2) 1.96 1.96 1.96 1.96 1.96
Co(S=1/2) 1.90 1.90 1.90 1.90 1.90

Co (§=13/2) 1.94 1.94 1.94 1.94 1.94

14



Table S5. The relative energies (kcal/mol) and Mn magnetic moments (ug) for Mn-
Ny4-C with different spin states under the two different functions (B3LYP* and OPBE)
and basis sets (def2SVP and def2TZVP)?.

B3LYP* OPBE
Spin State
Energy Mag. Mom. Energy Mag. Mom.
def2SVP
12 18.252 1.056 33.084 3.462
3/2 0.000 3.258 0.000 3.619
5/2 1.616 3.393 0.565 3.797
def2TZVP
172 20.550 1.049 32.578 3.601
3/2 0.000 3.292 0.000 3.716
5/2 1.697 3.375 0.753 3.920

a : The structures in def2TZVP is derived from the optimization using def2SVP.
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Table S6. The relative energies (kcal/mol) and Fe magnetic moments (ug) for Fe-Ny-
C with different spin states under the two different functions (B3LYP* and OPBE)
and basis sets (def2SVP and def2TZVP)?.

B3LYP* OPBE
Spin State
Energy Mag. Mom. Energy Mag. Mom.
def2SVP
0 36.226 0.650 39.169 0.000
1 0.000 2.001 0.000 2.222
2 2.479 2.010 3.600 2.272
def2TZVP
0 34.085 0.087 15.212 0.000
1 0.000 2.053 0.000 2.288
2 2.895 2.054 3.380 2.306

a : The structures in def2TZVP is derived from the optimization using def2SVP.
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Table S7. The relative energies (kcal/mol) and Co magnetic moments (ug) for Co-Ny-
C with different spin states under the two different functions (B3LYP* and OPBE)
and basis sets (def2SVP and def2TZVP)?.

B3LYP* OPBE
Spin State
Energy Mag. Mom. Energy Mag. Mom.
def2SVP
12 0.000 1.032 0.000 1.033
3/2 1.766 1.041 3.704 1.043
def2TZVP
1/2 0.000 1.050 0.000 1.064
3/2 1.948 1.053 3.446 1.053

a . The structures in def2TZVP is derived from the optimization using def2SVP.

Table S8. The adsorption energy (E,s, €V) and the number of electron transfer

between M-N,4-C (M = Mn, Fe, Co with different spin states) and O, molecule.

M-N,-C E, 4 Electron transfer
Mn (S =1/2) -0.11 0.61
Mn (S = 3/2) -0.57 0.69
Mn (S =5/2) -0.33 0.61
Fe (S=0) -0.59 0.47
Fe(S=1) -0.23 0.44
Fe (§=2) -0.21 0.26
Co (S=1/2) -0.42 0.33

Co (S = 3/2) -0.30 0.16

17



Table S9. The spin quantum numbers with spin selection rules and DFT-U//OPBE

calculation for pristine M-N4-C and M-N,-C with adsorbed O,.

Mn-N,-C Fe-N4-C Co-N4-C
SMnac 372 1 1/2
Soz Jaiac 512,312,172 2,1,0 32,172
S, S 3/2 0 1/2
1/2 0.46 0 0.00 12 0.00
AE/eV 312 0.00 1 0.37 32 0.13
512 0.24 2 0.38 / /

Table S10. The free energy changes (eV) and overpotentials (V) of 4e- ORR on M-

N4-C (M = Mn, Fe, Co with different spin states).

M-N4-C AG1 AG2 AG3 AG4 overpotential
Mn (S=1/2) -1.31 -2.72 -0.45 -0.43 0.80
Mn (S =3/2) -0.91 -2.23 -1.18 -0.60 0.63
Mn (S =5/2) -1.46 -1.53 -1.87 -0.06 1.17
Fe (§=0) -1.79 -1.79 -1.24 -0.11 1.12
Fe(S=1) -0.97 -2.33 -0.73 -0.89 0.50
Fe (§=2) -1.82 -2.01 -1.41 0.32 1.55
Co (S=1/2) -0.67 -1.45 -1.52 -1.28 0.56
Co (§=3/2) -1.19 -2.32 -0.95 -0.46 0.77
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Table S11. The free energy changes (eV) of overpotentials (V) of 2e- ORR on M-N;-

C (M = Mn, Fe, Co with different spin states).

M-N,-C AG1 AG2 overpotential
Mn (S =1/2) -1.31 -0.09 0.61
Mn (S = 3/2) -0.91 -0.49 0.21
Mn (S =5/2) -1.46 0.06 0.76
Fe (§=0) -1.79 0.39 1.09
Fe (S=1) -0.97 -0.43 0.27
Fe (§=2) -1.82 0.42 1.12
Co (S=1/2) -0.67 -0.73 0.03
Co (§=3/2) -1.19 -0.21 0.49

Table S12. The energies (eV) of intermediates (O,*, OOH*, O*, OH*).

M-N,-C Eops Eoons Eor Eons
Mn (S = 1/2) -459.46 -463.40 -455.04 -459.17
Mn (S =3/2) -459.92 -463.96 -455.07 -459.90
Mn (S = 5/2) -459.68 -463.77 -454.24 -459.69

Fe (S =0) -458.37 -462.26 -453.01 -457.90
Fe(S=1) -458.01 -462.40 -453.68 -458.03
Fe (S=2) -457.99 -462.37 -453.33 -458.40
Co (S=1/2) -456.88 -460.81 -451.19 -456.31

Co (§=3/2) -456.75 -460.23 -451.49 -456.09
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Table S13. The free energy changes (eV) of overpotentials (V) of HER on Co-Ny-C

(§=1/2,3/2).
M-N,-C AG1 AG2 overpotential
Co (S=1/2) 0.36 -0.36 0.36
Co (§=3/2) 0.96 -0.96 0.96

Table S14. Computed zero-point energy (ZPE, eV), entropy correction (7S, eV) on

catalyst surfaces. The temperature is set to 298.15 K. The unit of data is eV.

Intermediate M-N,-C ZPE N
Mn (S=1/2) 0.44 0.19

Mn (S=3/2) 0.42 0.16

Mn (S=5/2) 0.42 0.18

Fe (§=0) 043 0.21

OOH*

Fe(S=1) 0.42 0.21

Fe (S=2) 0.42 0.23

Co (§=1/2) 043 0.19

Co (§=3/2) 043 0.21

Mn (S=1/2) 0.06 0.08

Mn (S=3/2) 0.05 0.10

Mn (S=5/2) 0.05 0.05

Fe (§=0) 0.07 0.07

O*

Fe(S=1) 0.06 0.08

Fe (S=2) 0.06 0.10

Co (§=1/2) 0.06 0.07

Co (§=3/2) 0.06 0.08

Mn (S=1/2) 0.34 0.08

Mn (S =3/2) 0.32 0.13

OH*

Mn (S=5/2) 0.32 0.15

Fe (S=0) 0.34 0.11

20



Fe (S=1) 0.33 0.13

Fe (S=2) 0.33 0.13
Co (S=1/2) 0.32 0.14
Co (S=3/2) 0.31 0.09
Co (S=1/2) 0.21 0.01
H*
Co (S=3/2) 0.13 0.04

Table S15. The free energy changes (eV) of overpotentials (V) of 2e ORR on Co-Ny-

C (S = 1/2) with nine types of individual C defects.

CX AG1 AG2 overpotential
Cl -0.88 -0.52 0.18
C2 -0.95 -0.45 0.25
C3 -0.65 -0.75 0.05
C4 -0.82 -0.58 0.12
C5 -0.79 -0.61 0.09
C6 -0.80 -0.60 0.10
C7 -0.70 -0.70 0.00
C8 -0.72 -0.68 0.02

C9 -0.77 -0.63 0.07
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Table S16. The free energy changes (eV) of overpotentials (V) of 4e- ORR on Co-Ny-

C (S = 1/2) with nine types of individual C defects.

CX AG1 AG2 AG3 AG4 overpotential
Cl -0.88 -1.25 -1.86 -0.93 0.35
C2 -0.95 -1.50 -1.45 -1.02 0.28
C3 -0.65 -1.85 -1.41 -1.01 0.58
C4 -0.82 -1.76 -1.03 -1.30 0.41
Cs5 -0.79 -1.82 -1.38 -0.94 0.44
C6 -0.80 -1.48 -1.45 -1.19 0.43
C7 -0.70 -0.75 -2.21 -1.26 0.53
C8 -0.72 -1.49 -1.63 -1.07 0.51
C9 -0.77 -1.42 -1.42 -1.31 0.46

Table S17. The free energy changes (eV) of overpotentials (V) of HER on Co-N4-C

(S = 1/2) with nine types of individual C defects.

CX AG1 AG2 overpotential
Cl 0.51 -0.51 0.51
C2 0.12 -0.12 0.12
C3 -0.03 0.03 0.03
C4 -0.01 0.01 0.01
C5 -0.10 0.10 0.10
Co6 0.09 -0.09 0.09
C7 0.01 -0.01 0.01
C8 0.06 -0.06 0.06
C9 0.04 -0.04 0.04
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Table S18. The energy barrier (£,, eV) for each elementary step of ORR on Co-Ny-C

(S=172).
Reaction pathway E,
0,* — 20* 4.03
0O,* + H* — OOH* 0.17
OOH* — O* + OH* 1.76
OOH* + H* — H,0,* 1.20
H,0,* — * + H,0, 0.07
OOH* + H* — O* + H,O 1.26
H,O0,* — 20H* 0.58
H,O0,* + H* — OH* + H,0 1.60

Table S19. The energy barrier (E,, €V) for each elementary step of ORR on Co-Ny-C

(§=13/2).
Reaction pathway E,
0,* — 20* 3.53
0,* + H* —» OOH* 2.60
OOH* — O* + OH* 1.01
OOH* + H* — H,0,* 1.43

OOH* + H* — O* + H,0 1.97
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Table S20. The number of electron transfer between Co-Ny4-C (S = 1/2, 3/2) and

adsorbed species (O,, OOH, O, OH) and the spin state of intermediates.

Adsorbed Spin state of Co- Spin state of Electron
specie Ny4-C intermediate transfer
1/2 1/2 0.33
0,
372 372 0.16
1/2 0 0.49
OOH
372 1 0.58
1/2 0 0.61
O
372 1 0.78
1/2 0 0.51
OH
372 1 0.62

Table S21. The ICOHP of Co-O in Co-N4-C (S = 1/2, 3/2) with adsorbed O, and

OOH.
Spin 0,* OOH*
state spinl spin2 average spinl spin2 average
172 -0.58 -0.73 -0.66 -0.53 -1.55 -1.04

372 -0.11 -0.17 -0.14 -0.97 -1.55 -1.26
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Table S22. The AGoon+ (€V), overpotentials (n, V) of 4e- ORR, the number of
transferred electrons (N, e) from M-N,4-C to OOH, magnetic moment (MM, ug) of M
in M-N,-C with and without adsorbed OOH.

M-N,-C AGoows 1 N  MMofMin OOH* MM ofM
Mn (S = 1/2) 361 0.80 0.46 0.00 1.05
Mn (S = 3/2) 401 0.63 057 3.66 3.22
Mn (S = 5/2) 346 1.17 0.2 4.40 4.42
Fe (S = 0) 313 112 041 1.14 -0.15
Fe (S=1) 395 050 0.46 1.44 2.04
Fe (S =2) 310 155 0.6l 3.30 2.50
Co (S = 1/2) 425 0.6 0.49 0.00 1.04
Co (S =3/2) 373 077  0.58 2.57 2.69

Table S23. The magnetic moment (ug) of Co in Co-N4-C (S = 1/2) with adseobed O,,
OOH, O, OH due to outstanding 2e- ORR performance via PBE-U and OPBE

functions.
intermediate Spin state of M PBE-U OPBE
O,* 1 0.08 -0.23
OOH* 0 0.00 0.00
O* 0 -0.04 0.00
OH* 0 0.00 0.00
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