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Calculation method
S1. Computational software and methods

All density functional theory (DFT) calculations were performed using the Gaussian 09 code'.
Geometry optimization and frequency analysis were conducted at the wb97xd/def2svp level of
theory?3. The SMD implicit solvation model was employed to simulate the solvent environment*.
The Gibbs free energy of the catalysts and adsorption configurations was calculated using the
following formula: G=G_vac + AG_sol, where G_vac is the free energy under vacuum conditions,
and AG_sol represents the effect of the solvent environment on the free energy?. It should be noted
that although hydrogen bonding between water molecules in explicit solvation models can influence
the reaction process®, here we focus on the implicit solvation model for describing nC@MNy, which
is sufficient for the purposes of this study. Since this work mainly focuses on the impact of size on
the true activity origin of MN,, the complexities of solvent-induced effects due to size variations
are not considered within the scope of this study.

S2. Structural analysis and calculation

The formation energy (E f) in this work was calculated using the following formula:
Ef=Ey_n,-c=En,-cEn (D
Ey_n,-c En,-c

where 47", 747" and Ey represent the electronic energy of the carbon-based single-atom
M-Ny-C, the Ny4-C structure without the metal center, and the metal center atom, respectively.

In this study, the following electronic and geometric structures were described and analyzed: the
average charge of nC@MNj, centered on the metal atom, the charge and spin population at the metal
center, the d-band center of the metal atom, the fundamental gap, the average M-N bond length, and
the size.

Atomic charges, spin populations, and the metal atom d-band center were obtained using the
Multiwfn code’. The charge analysis was carried out using the Atomic Dipole Moment Corrected
Hirshfeld (ADCH) method®. The average charge of nC@MN, centered on the metal atom was
calculated using the formula:

ZChargei )
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where ZChargei is the sum of the atomic charges in layer i, and n is the total number of atoms in
that layer. Spin population, defined as the alpha population minus the beta population, was obtained
using the Mulliken method. The d-band center of the metal atom was calculated using the following
formula®10:

(3)
dbandcenter=E . m—E ¢

Here, E . m refers to the energy of the d-band position center of the metal M, calculated by the
formula:
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E g refers to the Fermi energy level, and for the isolated system model used in this study, we adopt
the energy level of the Highest Occupied Molecular Orbital (HOMO).

The Fundamental Gap (E,) was proposed to describe the electron supply capacity of the nC@MN,
system. It is calculated by subtracting the Vertical Electron Affinity (VEA) from the Vertical
Tonization Potential (VIP)!-12;

Eg =VIP - VEA = (E(N-l) - E(N)) + (E(NH) - E(N)) = E(N—l) + E(N+]) — 2* E(N) (5)

where E.1), Ennii), and Eqy) represent the electronic energies of the Sub@MNy4 model with N-1,
N+1, and N electrons, respectively.

For geometric structure parameters, the atomic distances were measured directly. The average M-
N bond length was calculated using the formula:

Dk ©6)

Ly_y= 4

where i represents the length of the i-th M-N bond. The size was determined by measuring the
distance between the two farthest hydrogen atoms along the horizontal axis in the structure.

S3. Gibbs free energy calculation
S3.1 Calculation of Gibbs free energy for the ORR/OER process

ORR and OER are two reversible reactions, as shown in the following equations. Under acidic
conditions, the reaction from left to right represents ORR, which produces H,O, while the reaction

from right to left represents OER, which generates O».

4H"+ 02+ 4e” — 2H20 @)

The entire ORR process consists of four steps, each of which involves proton-coupled electron

transfer reactions, as previously reported!? :

*+0,+ H*+e—*OOH @)

*OOH+ He—*0+H,0 )
*O+ H+e—*OH (10)
*OH+ H+e—*+H,0 (11)

Here, * represents the active site of the catalyst, *OOH, *O, and *OH are the corresponding



adsorbed intermediates. To calculate the Gibbs free energy change for each individual step, the
experimentally measured reaction energy of 2H,O — O, + 2H; (4.92 eV) is used to calculate the
free energy of O, gas. The CHE model is employed to equate the chemical potential of gaseous
hydrogen under standard conditions to the chemical potential of the proton-electron pair . The
influence of electrode potential U on the electron e is expressed through -eU, and the effect of pH
is calculated using kbTIn10 % pH. The calculation of the Gibbs free energy change for each step is

as follows!3:

AG; = AGsoop -4.92 eV+ eU +k,TIn10 xpH (12)
AGy = AGwo -AGroont U +k, TIn10 xpH (13)
AGs = AGsoy -AGso+ eU +kyTIn10 xpH (14)
AGg = -AGout eU +k, TIn10 xpH (15)

The wvalues of AGsoon, AGxo, AGxoy are calculated through the following reactions

(2H,0+*—*0O0H+3/2H,, H,0+*—*0O+H,, H,0+*—*OH+1/2H,):

AG*OOH = G*OOH -G* '(2GH20 -3/2GH2) (16)
AG+o = Gxo -G+ (G20 -Gm2) (17)
AG*OH = G*OH -G+ -(G]_Igo -1/2GH2) (18)

Among these four steps, the rate-determining step is defined as the one with the largest Gibbs free

energy change. Therefore, the overpotential of ORR can be calculated using the following equation:
Norr = Max{AGs.c, AGy.e, AGs., AGg.j/e+1.23 19)

As OER is the reversible reaction of ORR, the overpotential can be calculated using the following

equation:
Noer = -MiN{AGs.., AGy., AGs.c, AGg.c}/e-1.23 (20

It is worth noting that HER, OER, and ORR are reactions that occur at different electrode potentials,
and thus, they do not compete selectively with each other. Specifically, in the water splitting system,
when a positive potential exceeding 1.23V is applied, the OER reaction takes place at the anode,
whereas when a negative potential below OV is applied, the HER reaction occurs at the cathode. In
the case of metal-air batteries, ORR will occur when the applied positive potential is between 0 to

1.23V, while OER will occur when the applied positive potential exceeds 1.23V.

S3.2 Calculation of Gibbs free energy for the HER process
The HER reaction energy can be described by the following equation:

2H* +2e” —H, 1)



This process is divided into the following two steps:
*+ H+e—*H (22)
*H+H +e—*+ H, (23)

In the equations provided, * represents the active site of the catalyst, and *H is the adsorbed
intermediate of the HER process. The CHE model is used to equate the chemical potential of
gaseous hydrogen under standard conditions to the chemical potential of the proton-electron pair .

The influence of electrode potential U on the electron e is expressed through -eU, and the (24)

pH is calculated using kbTIn10 x pH. The calculation of the Gibbs free energy change for eacu siep

is as follows!'?:

AG1s = AGuy + €U +k, TIn10 xpH

AG7 = -AGur+ eU +ky TIn10 xpH (25)
Where AGsg= Gsy - G+ - 1/2Gpp.
The overpotential of the entire reaction is:

HHER = maX{AG16, AG]7 }/e (26)



Table S1 Spin configurations used for the adsorption structures in nC@FeN, reactions.

10C@FeN, | 36C@FeN, | 74C@FeN, | 124C@FeN, | 186C@FeN,
* 3 3 3 5 3
*OOH 2 2 2 2 2
*0 3 3 3 3 3
*OH 2 2 4 2 4
*H 2 2 2 4 2

Table S2 Spin configurations used for the adsorption structures in nC@CoN, reactions.

10C@CoN, | 36C@CoN, | 74C@CoN, | 124C@CoN, | 186C@CoN,
* 2 4 2 4 2
*OOH 1 1 1 1 1
*0 2 2 2 2 2
*OH 1 1 1 1 1

*H




Table S3 Spin configurations used for the adsorption structures in nC@NiN, reactions.

10C@NiN, | 36C@NiN, | 74C@NiN, | 124C@NiN, | 186C@NiN,
* 1 1 1 1 1
*OOH 2 2 2 2 2
*0 3 1 3 3 3
*OH 2 2 2 2 2
*H 2 2 2 2 2

Table S4 Spin configurations used for the adsorption structures in nC@CuN, reactions.

10C@CuN, | 36C@CuN, | 74C@CuN, | 124C@CuN, | 186C@CuN,
* 2 2 2 2 2
*OOH 1 1 3 1 1
*0 2 2 4 4 4
*OH 3 1 3 3 1

*H
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Figure S1. Size-dependent variations in nC@MN, (M = Ni, Fe, Cu, Co): (a) Metal center charge;
(b) Spin population; (c) Metal atom d-band center; (d) Fundamental gap; (¢) Average M-N bond
length.
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Figure S2. Average charge distribution centered on the metal atom in (a) nC@CoNy, (b)
nC@NIiNy, (¢) nC@CuN,.
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Figure S3. d-band center of Fe in nC@FeNy. (a) 10C@FeNy; (b) 36C@FeNy; (c) 74C@FeNy; (d)
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Figure S4. d-band center of Co in nC@CoN,. (a) 10C@CoNy; (b) 36C@CoNy; (¢) 74C@CoNy; (d)
124C@CoNy; (e) 186C@CoN4.
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Figure S6. d-band center of Cu in nC@CuN,. (a) 10C@CuNy; (b) 36C@CuNy; (c) 74C@CuNy; (d)

Cu in 10C@CUN, (b) Cu in 36C@CUN, (c) Cu in 74C@CUN,
» \ w
2 ol & -
- = E4=-589eV w |rRan Tt @ =t 1 Egm0ateV
v . [ H -
o o
z =y
[} w
' =
@
a o
20 45 40 5 0 5 20 45 40 5 0 5 20 45 40 5 0
Energy (eV) Energy (eV) Energy (eV)
(d) (e) —
Cu in 124C@CuN, Cu in 186C@CuN,
o o j
] H i [
T q " : ® :
ks | Eg=T81 e\iE 2 |y’
- .- ;
s s
> >
= =
wn w
o c
(] [
o a
20 45 40 5 0 5 20 45 40 5 0 5
Energy (eV) Energy (eV)

124C@CuNy; () 186C@CuN,.




a b
(a) —o— nC@NiN, ( BL I —a— nC@NiN, %
24

Q. - g
0\0/ \0/

) 4 T
’ 44

0.0 1 1 1 1 1
—e—nC@FeN, 4 B s L —o— nC@FeN
24 | %
= P | S ssl
= 12t = o
o @ ° e ° ° ~
— © —9
3 1 1 1 1 1 ; 4.4 B
>| 0.0 =| 1 1 1 1 1
T S 66l —a—
(3] 2al " o\ /O ‘; 6.6 = nC@CuN,
\0/ o & B | 2 ssl \ /o/
12 - o—9
—o—nC@CuN, 8
0-0 1 1 1 1 1 4.4 i 1 1 s

—o—nC@CoN, 1 k. 6.6 —o— nC@CoN4 A&
24 ( o 3
R & 5.5 |- w

12|

° ————0
° o ° @ /
0.0 I\a./| 1 1 44r |\0 1 1 |
87 132 176 219 262 87 132 176 219 262
Size (A) Size (A)

Figure S7. Size-dependent trends in nC@MNy4 (M = Ni, Fe, Cu, Co): (a) AGxy_vqc as a function of
size; (b) AGsooH vac as a function of size.
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