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Fig. S1. The measured height of the Mn atom with respect to the graphene basal plane.
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Fig. S2. The Fukui function of MnNj, the isosurface value is 4 /A3,

Table S1. Optimized models of different MnNx configurations and their corresponding ideal *OOH, *O and *OH

adsorption configurations.
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Table S2. Adsorption free energy (AGadgs, €V) of ORR intermediates (OOH, OH and O) in MnNx

Structures

G*OOH G*O G*OH

MnC;
MnNC,
MnNC

MnN;

MnC4
MnNCs

MnN>C»-opp

MnN,C;-hex

MnN2C»-pen
MnN;C

MnN4

1.877 -0.060 -1.317
1.633  -0.846 -1.347

- -1.062 -1.281

- -1.280 -1.277
2516 -0.464 -0.644
2.660  0.031 -0.426
2.634  0.070 -0.362
27736 0.237 -0.279
2.634  0.015 -0.211
2.727 0367 -0.243
2996  0.629 0.019

Table S3. Free energy variations (eV) of the ORR pathways for MnNy structures and their corresponding

theoretical overpotentials (V)

Structures AGy AG2 AG3 AGy n

MnC; -3.043 -1.938 -1.257 1.317 2.547
MnNC; -3.287 -2.479 -0.500 1.347 2.577
MnNC -5.539 -0.443 -0.219 1.281 2.511
MnN3 -5.433 -0.767 0.002 1.277 2.507
MnC4 -2.404 -2.980 -0.180 0.644 1.874
MnNC; -2.260 -2.629 -0.457 0.426 1.656
MnN.C,-opp -2.286 -2.564 -0.432 0.362 1.592




MnN,C,-hex -2.184 -2.500 -0.516 0.279 1.509

MnN2C,-pen -2.118 -2.787 -0.227 0.211 1.441
MnN3C -2.193 -2.360 -0.610 0.243 1.473
MnN4 -1.924 -2.367 -0.610 -0.019 1.211
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Fig. S3. The free energy (eV) diagrams of ORR pathways on three-coordinate structures. (a) MnCs, (b) MnNCy,

(c) MnN,C, (d) MnN3.
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Fig. S4. The free energy diagrams of ORR pathways on four-coordinate structures. (a) MnCs, (b) MnNC;3, (c)

MnN>C»-opp, (d) MnN2Cs-hex, (¢€) MnN2Ca-pen, (f) MnNsC, (g) MnNa.



(2) AE, 4,=-7.192 (b)) AE, 4 =-4.005 (0) AE,q=-3.413  (d) AE 4 =-4.891

(€) AE,4=-10.174 () AE,  =-9.832  (g) AE =-1 357 (h)AEa - 8.199

(l)AE = 2523 (J)AE — 6.195

Fig. S5. The most stable adsorption configurations of the ORR intermediates on the MnN3, AEags is the adsorption

energy (eV).



(8) AE, 4= -7.896 (h) AE_ 4= -0.493

Fig. S6. The most stable adsorption configurations of the ORR intermediates on the MnN4, AE.qs is the adsorption

energy (eV).
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Fig. S7. The structural change of side-O,' comes from the molecular dynamics of 300 K.
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Fig. S8. The structural change of HOOH comes from the molecular dynamics of 300 K.
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Fig. S9. The reaction pathway for ORR on MnN3 and MnNjy, the best path is marked with blue arrow. The numbers
in parenthesis are imaginary frequencies (cm™) of transition states. * denotes that the ORR intermediate is

adsorbed on the catalyst surface.
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Fig. S10. Structures for the most favorable ORR pathway on MnNz. From left to right in each row: initial state,
transition state and final state, the transition state structure is selected with dashed frame. Epar represents reaction

barrier (eV) and Era represents reaction energy (eV).
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Fig. S11. Structures for the most favorable ORR pathway on MnN4. From left to right in each row: initial state,
transition state and final state, the transition state structure is selected with dashed frame. Epar represents reaction

barrier (eV) and Erea represents reaction energy (eV).
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Fig. S12. The structural change of O2 comes from the molecular dynamics of 300 K.

Table S4. The adsorption energies (eV) of Oz, CO and Oz + CO on MnNx.

MOdels AEads(CO) AEads(OZ) AEads(OZ"‘CO)

MnCs 1506 -2.324 -2.749
MnNC; -1.864  -2.987 -3.393
MnN2C -1.899  -3.457 -4.103

MnN3 1912 -3.182 -4.344
MnCa 1205 -2.048 -2.339
MnNCa 1331 -1.972 -2.276

MnN2Co-Hex ~— -1.448  -1.778 -2.490

MnN2C>-Opp  -1.318  -1.975 -2.283

MnN2Co-Pen  -1.424  -1.655 -2.327
MnNsC 1460  -1.758 -2.135

MnN4 -1.389 -1.449 -1.341




-1490.7908 -1490.7908

a
-1490.7912 @) - -1490.7912

-1490.7916 -1490.7916

-1490.7920 | - -1490.7920 ~
—_~ > o]
E 15074332 4 () —-1507.4332 T
bk - —-1507.4336 P2
= oo ]® 0 Y WA N g 15
80 _1507.4340 ~ WEWY WWTWES TV L 15074340 &

=

= -1507.4344 - -1507.4344 [
E -1524.0944 - (¢) —-1524.0944 E
& -1524.0948 - —-1524.0948 =
S -1524.0952 15240952 2
N
& -1524.0956 —-1524.0956 A=

-1540.7676 | L -1540.7676

-1540.7680 | L -1540.7680

-1540.7684 , ; , , , , ; , , 1540.7684

0 100 200 300 400 500 600 700 800 900 1000
Time (fs)
E 2.306 ‘E 2.504
(a) MnC; (b) MnNC,

5747 145.057

1.963 1\//1.880

(c) MnN,C (d) MnN,

Fig. S13. The molecular dynamics simulation of (a) MnCs, (b) MnNC>, (¢) MnN>C, (d) MnNj3 adsorbing CO; at

300 K.

Table S5. Imaginary frequencies (cm™) information of CO oxidation along various mechanisms on MnN.a.

TS1 TS2
ER -596.97 -392.29
*02—2*0 -593.22
*02+CO—*0+CO2 -567.8
NER -268.92 -154.22

LH -328.09 -394.08




*O+CO—CO2 -615.65
TER -46.13 -653.94




