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Density functional theory (DFT) calculations

The geometry optimizations and energy calculations are approached by the Vienna
ADb initio Simulation Package (VASP)'. The generalized gradient approximation (GGA)
functional externalized by Perdew, Burke, and Ernzerhof (PBE)? is employed to
describe the exchange-correlation energy within the Projector Augmented Wave
(PAW) methods.? To ensure the calculation accuracy, a cutoff energy of 500 eV is
adopted. The spin-polarized calculations are conducted until the self-consistent
electronic energies and the ionic relaxation converged within 1x10~ ¢V and 0.02 eV
A1, respectively. In all calculations, the van der Waals (vdW) interactions are estimated
through the DFT-D3 method interpreted by Grimme*. The Brillouin zone is sampled
using a Monkhorst-Pack 3x3x1 k-point grid. A 7x8 supercell carbon substrate is set.
The threefold-coordinated catalyst model includes 108 carbon atoms, 3 nitrogen atoms,
and 1 metal atom, while the four-coordinated catalyst model comprises 106 carbon
atoms, 4 nitrogen atoms, and 1 metal atom. The GGA + U, method is applied to
account for the strongly localized d orbitals of Mn, Co, and Ni in the selected structures.
The Hubbard U, values for Mn, Co, and Ni are chosen to be 3.9% 5.3%, and 5.378,
respectively. The vacuum layer is set to be 25 A for all the simulations to eliminate the
interaction between adjacent molecular layers. The transition states of the O, activation
and Na migration are implemented by the climbing image nudged elastic band (CI-
NEB) method®! at a reduced force criterion of 0.05 eV A-!. The obtained transition
state is further verified by vibrational frequency calculation, and only one imaginary

frequency is obtained for each transition state.



The formation energy of metal atoms with the MN, is defined as:
E.=E\ — Exc — Eyy(M = Mn, Co, and Ni) \*
MERGEFORMAT (1)
where E,, is the total energy of MN,. E,. is the energy of N-doped graphene with
vacancies. Ey is the energy of the metal atom in the most stable bulk phase.
To evaluate the adsorption strength of Na, O,, and the reaction intermediates Na,O,
(y=1, 2, 3, and 4) on the substrate MN,, their adsorption energies are calculated as
E (Na)=E\auw —Euw —Exa.  \* MERGEFORMAT (2)

Eads (02) = EOZ@sub —-E

sub

~E, \* MERGEFORMAT (3)

Eads (NayOZ) = ENa",Oz@sub - E

sub

- ENay02 \*  MERGEFORMAT
“4)
where Exa@subs Eo2@subs and Enayo2@sub Stand for the total energy of Na, O,, and Na,O,
adsorbed on the MN,, respectively. Eg, is the energy of the MN, substrate. Ena, Eop,
and Engy02 denote the energy of the Na atom in the bulk phase structure, a free O, gas
and Na,O,, respectively.
The reaction Gibbs free energy (AG) can be interpreted by

AG =AE +AZPE -TAS +neU \* MERGEFORMAT (5)
where AFE is the electronic energy difference of the reaction. AZPE and AS denote the
variations in zero-point energy and entropy, respectively. neU is the free energy
contribution of the applied electrode potential.

The overpotential (7) is used to estimate the catalytic properties of doped SACs:

Nore =Uys — Uy \* MERGEFORMAT (6)



Mo =U. —U, \* MERGEFORMAT (7)

Mror =Torr t Toer \* MERGEFORMAT (8)
where Uy, Uy, and U, are the equilibrium, discharging, and charging potentials,
respectively. Uy is the maximum prerequisite voltage where all discharging steps are
exothermic, while U, refers to the minimum prerequisite voltage for all charging steps
are exothermic. The total overpotential, #ror, is the sum of the overpotentials in ORR

and OER processes.

The occupied d-band center of the metal atom was calculated by

) j‘i p(E)EdE

£,== \* MERGEFORMAT (9)
L: p(E)dE

where p(E) represents the projected density of states of the specified orbital. E¢ is the

Fermi energy.

Ab initio molecular dynamics (AIMD) simulation

AIMD simulations are conducted in canonical ensemble (NVT) at a temperature of
1200 K by using the Nosé—Hoover thermostat. The simulations employ a time step of
2 fs. A single gamma point is set to sample the Brillouin zone without considering the
symmetry. The convergence criteria for energy and force are set to 104 ¢V and 0.02 eV
A1, respectively. 5000 steps are taken over a total time period of 10 ps at 1200 K

referring to experimental synthesis temperature of SACs.



Figure S1. The schematic diagram of vacancy structure before metal substitution. The

red dotted circles represent vacancy.



(d) MnN, (e) CoN, (f) NiN,

Figure S2. The optimized geometric structures of (a) MnNj, (b) CoNj, (c) NiNj3, (d)

MnNy, (e) CoNy, and (f) NiNy, respectively.
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(a) O,@MnN;, (b) O,@CoN; (¢) O,@NiIN;

(d) O,@MnN, (e) O,@CoN, (f) O,@NiN,

Figure S3. The optimized geometric structures of (a) O,@MnN3, (b) O,@CoN;3, (¢)

O,@NiNj3, (d) O,@MnNy, () O,@CoNy, and (f) O,@NiNy, respectively.
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Figure S4. The M-O (M = Mn, Co, and Ni) bond length of O,@MnNj3, O, @CoN3,

Oz@NiN3, Oz@MnN4, 02@CON4, and 02@N1N4



(a) Na@MnN, (b)) Na@CoN; () Na@NiN,

(d) Na@MnN, (e) Na@CoN, (f) Na@NiN,

Figure S5. The optimized geometric structures of (a) Na@MnNj3, (b) Na@CoNs, (c)

Na@NiNj3, (d) Na@MnNy, (e) Na@CoNy, and (f) Na@NiNy, respectively.
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Figure S6. The selected snapshots of the AIMD trajectory for O, adsorption on MnNj

in DMSO electrolyte.
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Figure S7. The O-O bond length of O,@MnNj; in AIMD simulation.
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Figure S8. The relative energy of O,@MnNj in AIMD simulation.
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Figure S9. (a) The schematic diagram of the configuration change of oxygen activation
on CoNj; and corresponding spin-charge density in initial state, state II and final state.
(b) The distance of Co displacement and energy change during activation of O,. (¢) The
charge density difference of O,@CoNj3, where the yellow and cyan regions denote
electron accumulation and depletion, respectively. The isosurface value is 0.0015 e
bohr3. (d) The schematic diagram of the configuration change of oxygen activation on
CoN,; and corresponding spin-charge density. (¢) The energy change during the

activation of O,. (f) The charge density difference of O,@CoNj.
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Figure S10. (a) The schematic diagram of the configuration change of oxygen activation
on NiNj; and corresponding spin-charge density in initial state, state 11, and final state.
(b) The distance of Ni displacement and energy change during activation of O,. (c) The
charge density difference of O,(@NiN3, where the yellow and cyan regions denote
electron accumulation and depletion, respectively. The isosurface value is 0.0015 e
bohr3. (d) The schematic diagram of the configuration change of oxygen activation on
NiNy and corresponding spin-charge density. (e) The energy change during the

activation of O,. (f) The charge density difference of O,(@NiNj,.
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Figure S11. The projected density of states (PDOS) of free O,.
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Figure S12. The projected density of states (PDOS) of O,@MnNj, O,@CoNs,
O,@NiN3;, O,@MnNy, O,@CoNy, and O,@NiNy, in which the red and blue shadows

represent the dyy orbital and d,? orbital, respectively.



(a) NaO,@MnN; (b) NaO,@CoN,; () NaO,@NiN,

(d) NaO,@MnN, (e) NaO,@CoN, (f) NaO,@NiN,
Figure S13. The optimized geometric structures of (a) NaO,@MnNj3, (b) NaO,@CoNG,
(c) NaO,@NiN;, (d) NaO,@MnN,;, (e) NaO,@CoNy, and (f) NaO,@NiNy,

respectively.



(a) Na,0,@MnN,  (b) Na,0,@CoN, (c) Na,0,@NiN,

(d) Na,0,@MnN, (e) Na,0,@CoN, (f) Na,0,@NiN,
Figure S14. The optimized geometric structures of (a) Na,O,@MnNj, (b)
Nazoz@CONg, (C) Nazoz@NiN3, (d) NazOz@MnN4, (e) NazOz@CoN4, and (f)

Na,O,@NiNy, respectively.



(a) Na;O,@MnN; (b) Na;O0,@CoN; (c¢) Na;O,@NiN,

(d) Na;O,@MnN,; (e) Na;O,@CoN, (f) Na,O,@NiN,
Figure S15. The optimized geometric structures of (a) Na;O,@MnNj, (b)
Na302@CoN3, (C) Na302@NiN3, (d) Na302@MnN4, (e) Na302@CON4, and (f)

NazO,@NiNy, respectively.



¢) Na,0,@ NiN,

(d) Na,0,@ MnN, (e) Na,0,@ CoN, (f) Na,0,@ NiN,

Figure S16. The optimized geometric structures of (a) NasO,@MnNj, (b)
Na402@CoN3, (C) Na402@NiN3, (d) Na402@MnN4, (e) Na402@CoN4, and (f)

NayO,@NiNy, respectively.



10 - (OMnO)N,

=]

Relative energy (eV)
=

0 1000 2000 3000 4000 5000
Time (x2 fs)

Figure S17. The variations of relative energy against the time for AIMD simulations of

(OMnO)N; at 1200 K.
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(OCoO)Nj; at 1200 K.
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(ONiO)Nj; at 1200 K.
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Figure S20. The projected Crystal Orbital Hamilton population (pCOHP) of O,
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Table S1. The adsorption modes of oxygen on SACs with two coordination types.

Catalysts The adsorption modes of oxygen
PtN; Side-on!!
FeN; Side-on!?
CoNj3 Side-on?
NiN; Side-on!4
MnN, End-on!s
CoNy End-on!2 16-17

NiNy End-on'®




Table S2. The adsorption modes of metal atom or cluster on SACs with two

coordination types.

Catalysts The adsorbate The adsorption modes
MoN; Li,Se Top-on'®
CoNj Co cluster Top-on'?
NiN,-P-gr Na Hole-on?°
NiNy Li Hole-on?!
PtN,4 Li Hole-on?!

CuNy Li Hole-on?!
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