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Calculations Details

Spin-polarized density functional theory calculations were performed using the Perdew-Burke-Ernzerhof
(PBE)!" functional and the projector augmented wave (PAW)!>*! potential as implemented in the Vienna Ab
Initio Simulation Package (VASP).[*3! The C, N, Fe sv, O, Cl, and H POTCAR files are used in our
calculations. An energy cutoff of 520 eV and a convergence criterion of 10-> eV for self-consistent calculations
was adopted. All structures were fully relaxed until the total force on each atom was less than 0.01 eV/A. The
thickness of the vacuum layer was large than 14 A. Our single-atom catalyst models were built based on 6 x
6 x 1 graphene supercells. A I'-centered k-point of 3 x 3 x 1 was adopted. The DFT-D3 method with Becke-
Jonson damping is used to add vdW dispersion correction.[! The solvent effect was included by using the

(78] Qur test calculations (Figure S9) show that

implicit solvation model as implemented in the VASPsol code.
the AGon+ for Fe—N4—C based on implicit solvation model (AGon* = 0.50 eV) is closed to that based on the
combination of explicit solvation model and implicit solvation model (AGon* = 0.47 eV), indicating that the
results based on implicit solvation model are reasonable. The Def2-TZVP basis set’’) was used in the
SSAANDP calculations.'”) VASPKIT code!'! and VESTA software!'?) were used for calculation pre-
processing and post-processing.

The Uesr=U —J =3 eV were applied to Fe_d orbitals.!'3] The AEgpin of low-spin, medium-spin, and high-
spin Fe—N4—C based on HSE06 functional of 578, 0, 701 eV, respectively, which is comparable to those based
on Uesr = 3eV (AEspin = 536, 0, and 786 eV for LS, MS, HS, respectively). Moreover, the AGon+ in the EF
pathway in Fe—N4—C based on HSEO06 is 0.58 eV, comparable to that based on Uesr = 3eV (0.50 eV). Hence,
the Uesr = 3eV setting can reliably determine the magnetic ground state and the reactivity of the Fe cations in
our models.

The computational hydrogen electrode (CHE) model'* was used in our calculations. The Gibbs free

energy of molecules and ORR-related adsorbates was calculated by:
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where Eprr, ZPE, and S were the DFT energy, zero-point energy, and entropy, respectively, and temperature
T was adopted as 298.15 K. The ORR involves four electron steps:

a) *+0,+H0+e > O0OH*+OH, AG;=AGoou*—4.92

b) OOH*+e > O* +OH, AGs = AGo* — AGoor»
) O*+H0+e - OH* +OH, AGs3 = AGo+ — AGor
d) OH*+e = OH +*, AGs = — AGo+

The AGoon+, AGo*, and AGon= are calculated according to:
a) AGoon* = G(OOH¥*) — G(*) + 1.5xG(Hz) — 2xG(H20)
b) AGo+= G(0*) - G(¥) + G(H2) —-G(H20)

) AGon+ = G(OH*) — G(*) + 0.5xG(Ha) — G(H,0)
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Constant-potential Simulations

The electric potential of the single-atom catalyst models referenced to the standard hydrogen electrode

(SHE) and reversible hydrogen electrode (RHE) could be calculated by:
Usue = We/e — Wy/e (2)
Urug = Ugyg + 0.0592 X pH 3)
where the Wr is the calculated work function of the single-atom catalyst models, Wy is the work function of
H>/H* couple at standard conditions adopted as 4.60 eV,['>) and pH is the pH values. The Usur could be
controlled by adjusting the numbers of doping charges in the catalyst models. For each models, nine
calculations are performed at charges of -2.0e to +2.0e with steps of +0.5e. In the constant-potential
simulations, the spin states of Fe cations are constrained by using the occupation matrix plugin developed by

Watson group.!'é! Then the potential-dependent free energy (Efee(Usne)) could be calculated by:!17!

Efree (Usug) = Eppr + j;q<m)dQ +qWe/e (4)
where the Eprr is the calculated DFT energy, (Vio) is the averaged electrostatic potential of the model, and
q is the doping charge. The Efe. and Usge can be fitted to a quadratic function:

Efree (Usug) = —0.5 X C X (Usyg — Upzc)? + Eo (5)
where three fitting parameters C, Upzc, and Eo refers to the capacitance of the surface, the potential of zero

charge (PZC), and the energy at the PZC, respectively. The Efee then replaces the Eper in the formula (1) to

obtain the potential-dependent free energy of *, OOH*, O*, and OH*.

S4



Microkinetic Simulations:
The intermediate reactions considered are:
02(aq) 2 O(dl), (Raction-1)
Ox(dl) + * 2 O2*, (Raction-2)
Oy* + H" + e 2 OOH*, (Raction-3)
OOH* + H" + ¢ 2 O* + H20, (Raction-4)
O* + H" + ¢ 2 OH*, (Raction-5)
OH* + H" + ¢ 2 H20 + *, (Raction-6)
For Reaction-i, ki and K; are forward rate constant and equilibrium constant, respectively. Backward rate

constant (ki) is ki = ki/K;. For thermochemical steps (Raction-1 and Raction-2), the ki and K; are:

AG,;
ki = Ayexp (- ) (6)
1 1 p ka
AG;
Ki = exp (— kb—T> (7)

where the Ai, AGa i, AGi, and ks, are the prefactor, activation free energy, reaction free energy, and Boltzmann
constant, respectively. Aj, Az, As, As, As, and Ae are adopted as 8x10°, 108, 10°, 10°, 10°, and 10°,8]

respectively. For electrochemical reduction steps (From Raction-3 to Raction-6), the k; and K; are:

AG,o; + Bi(AGy; + eU
ki — Aiexp [_ ao,i B{(E)T 0,1 )] (8)
AGy; + eU
K; = exp (- ‘;{T) 9)

where AGuao,i, AGo,i, and Bi are the activation free energy at U (vs RHE) = 0 V, the reaction free energy at U
(vs RHE) = 0 V, and transfer coefficient adopted as 0.5,'8) respectively. AGao; is generally small, ranging
between 0.15 eV and 0.28 eV.[""! The value AGao; is taken as 0.26 eV, which has been adopted by many
theoretical researches.!!*3!
The reaction rates of each elementary step are:
r1 = kixo2 aqg — kaiyoz ai
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12 = koyo2 a0+ —k2002+
13 = k3002+ — k-3000m*

14 = kaBoon* — kaBo+ym20
15 = k500 — ks0ou+

6 = keOon* — k-6e*XH20

where y is mole fraction, 0 is coverage of reaction species, and t is time. Y02 aq and ym20 are taken as 2.34x10"

S and 1, respectively.l?”) According to the steady-state approximation, we have:

0Xo02 dl _
ot

6602*
at = I'2 - I‘3 == 0

anOH*
at
995,

ot
anH*
Franie rs—1e =0
a0,
ot

r‘l—r‘2=0

=I'3—I‘4=0

=r,—1r5=0

:r6_r2:0

902* + BOOH* + 60* + GOH* + 9* = 1

(10)
(11)
(12)
(13)
(14)
(15)
(16)

Solve these equations to obtain the potential-dependent coverage and reaction rate. The potential-dependent

current density (j), i.e. polarization curve, could then be calculated as follows:

j=ep(r; +ry, +1r3+71,)

where the p is the surface density of active sites. Here, the ep is adopted as 80.3 uC/cm
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Figure S1. The spin-charge density of the ground-state (a) *, (b) OOH*, (¢) O*, and (d) OH* for Fe-N4—C.

The iso-surface is 0.1 e/Bohr>.

As shown in Figure S1, the Fe cations play a major role in the total magnetic moment. The local magnetic
moments in the Fe cation were estimated to be 1.88, 1.09, 1.60, and 3.88 up for Fe-N4—C(*), OOH*, O*, and
OH*, respectively, which is close to the number of unpaired d-electrons in medium-spin Fe(Il), low-spin
Fe(Ill), medium-spin Fe(IV), and high-spin Fe(III) cations, respectively. Valence orbitals with occupation
numbers not close to 1 have different occupation numbers in the two spin channels, and therefore these orbitals
will have a small contribution to the local magnetic moment in Fe cations. The local orbital magnetic moment
contains the magnetic moments of all valence orbitals, so the value of the local magnetic moment will have a

small deviation from the number of unpaired d-electrons.
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Figure S2. Projected density of states of (a) *, (b) OOH*, (¢) O*, and (d) OH* for Fe-N4—C. The Fermi level

1ssetto 0 eV.

Considering * as an example, most of the PDOS of spin-up 3d:2, 3d.., 3d,-, and 3d,..,> orbitals and the

spin-down 3d.. and 3dx2.,> orbitals are below the Fermi level, indicating that these six orbitals are almost fully
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occupied. This is in good agreement with the results of the SSAANDP analysis.
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Figure S3. The spin-charge density of 1x2x1 super cell of Fe-N4—C under (a) ferromagnetic (FM) and (b)
antiferromagnetic (AFM) states. The iso-surface is 0.01 e/Bohr®. The projected density of state of Fel cations

in Fe—N4—C under (c) ferromagnetic and (d) antiferromagnetic states.

The effective spin Hamiltonian can be expressed as:

H= E0+]1ZSIS]

<ij>
where Ep is the energy without magnetic coupling, J; are the nearest-neighbor exchange parameters, and S is
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the unit spin vector. The effective spin Hamiltonian for 1x2x1 super cell of Fe-N4s—C under FM and AFM
states are:

Hpm = Eo + 6]4

Hapm = Eo — 2J4
, respectively. The calculated Hrm and Harm are -1306.8849 and -1306.8854 eV, respectively. Hence, J; is
estimated to be -0.06 meV. The J; is so small that the DOS of Fel atom under FM and AFM state are almost

identical.

S10



-652 , -668 -658 -663
MS "Hs HS MsS
-653 : 668 659 -664 1
< -6541 S < < -665
3 3 -670 3 -660 2
5655 5 5 &-666
@ 8 -671 @ -6614 @
4 656 1 S| - w667
—Ls 1.14: —Ls \ :
-657 4 ——MS : 672 -6621 —MS -668- —MS
——HS : ——Hs ‘——HS
-658 ' -6734+— -663 +— -669 ; ‘
10 -05 00 05 10 15 -10 -05 00 05 10 15 -10 -05 00 05 1.0 15 15 -1.0 -05 00 05 1.0 15
U (VISHE) U (VISHE) U (VISHE) U (VISHE)
656 -670 -661 666 ,
MS LS . Ms
-671 - .
-6574 -662 667 - !
-672 i
- - - —-668
S S S S
© -6584 2 _g73  -6634 o
8 ) | 5 5669 |
2 -6594 g -674 ! @ 664 o !
w i} i w w -6704 | \
— s -675 —1Ls ! N\ — L8 —1s ! N
6601 ——Ms 676 ——Ms | N 851 ——Ms ~671- ——Ms |
——Hs ——Hs ! ——Hs ——Hs ! )
-661 . . . . -677 . . : ‘ -666 . . . . -672 . . . .
-0 -05 00 05 10 15 -10 -05 00 05 10 1. -10 -05 00 05 10 1. 10 -05 00 05 10 15
c U (VISHE) U (VISHE) U (VISHE) U (VISHE)
-673 -662 -668
Ms Ms
—e74 -663 -669 1
3 3 664 3 -670- —Z
5-675 5 B
@ @ -665- 2 -671- ~
w w w
-676 —Ls — 1S —1s \
VS -666 MS -672 MS
——Hs N —Hs ——Hs
-677 . . , — -667 , : , , -673 ; , ; .
10 -05 00 05 10 15 -10 -05 00 05 10 15 210 -05 00 05 10 15
U (VISHE) U (VISHE)

U (VISHE)

Figure S4. The Efee(Usug) of *, OOH*, O*, and OH* systems for (a) Fe—Ns—C, (b) Fe—N4CI-C, and (c) Fe—

N4O-C. Note that the * model for Fe-N4O—C is the O* model for Fe-N4—C.
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Figure S5. The AGoon#, AGo+, and AGon+ as a function of electrode potential for (a) Fe—N4—C, (b) Fe—

N4Cl-C, and (c) Fe-N4O-C.
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Figure S6. The theoretical polarization curves of LS, MS, HS pathways for (a) Fe-N4—C, (b) Fe-N4CI-C, and

(c) Fe-N4O-C.
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Figure S7. Atomic structures of *, OOH*, O*, and OH* systems for (a) Fe—N4CI-C and (b) Fe—N4O—C. The

grey, blue, red, white, purple, and green balls represent C, N, O, H, Fe, and Cl atoms, respectively.
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Figure S8. (a) AGon+ in EF pathway as a function of valence state of Fe cations in Fe(II)-N4—C, Fe(Ill)—
N4C1-C, and Fe(IV)-N4+O—C. (b) AGon* in LS, MS, and HS pathways as a function of spin state of Fe cations
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Figure S9. Explicit solvation model of (a) * and (b) OH* for Fe—N4—C.
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Table S1. Calculated average Fe-N bond length (A), Fe-O bond length (A), and N-Fe-O bond angle (°) for

Fe-Ns—C.
Fe-Ns—C Fe-N bond length Fe-O bond length N-Fe-O bond angle
* 1.906 - -
OOH" 1.919 1.802 98.639
o} 1.978 1.665 103.975
OH" 2.049 1.856 110.286
Fe-N4CI-C Fe-N bond length Fe-O bond length N-Fe-O bond angle
* 1.967 - -
OOH" 1.932 1.828 91.027
o’ 1.935 1.669 93.617
OH" 1.912 1.859 90.916
Fe-N4O-C Fe—N bond length Fe—O bond length N—Fe—-O bond angle
* 1.978 1.665 103.975
OOH" 1.934 1.690 89.999
(o} 1.940 1.731 89.991
OH" 1.937 1.687 90.000
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Table S2. The energy of various spin states relative to the total energy of the ground state (AEspin, meV) for

Fe-N4+—C.
Fe-N4—C LS MS HS
* 536 0 786
OOH" 0 124 134
o} 396 0 102
OH" 335 5 0
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Table S3. The spin up and spin down d-band center (eV) of five d orbitals in *, OOH*, O*, and OH* for Fe—

N+—C.
Spln 3d22 3dxz 3dyz 3dx2—y2 3dxy
up -2.38 -1.97 -2.89 -2.18 -0.02
%

down 2.13 -0.50 2.33 -0.63 1.71
up -0.81 -1.86 -3.09 -2.03 0.14

OOH*
down 0.59 -0.98 1.40 -1.27 1.13
up -1.84 -3.50 -3.49 -2.64 -0.72

O*

down -0.26 0.66 0.78 -1.64 0.85
up -5.07 -5.58 -5.55 -5.92 -5.41

OH*
down 0.43 0.56 0.92 0.74 0.52
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Table S4. Orbital splitting results (eV) for Fe—Ns—C.

* OOH* O* OH*
Spin-up 2.87 3.23 2.77 0.85
Spin-down 2.96 2.66 2.49 0.49
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Table SS. Spin splitting results (eV) for Fe—Ns—C.

3d.; 3d. 3d,. 32,2 3ds

* 451 1.46 5.23 1.55 1.73
OOH* 1.40 0.88 4.48 0.76 0.99
O* 1.59 4.16 427 1.00 1.57
OH* 5.51 6.14 6.48 6.66 5.93
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Table S6. The onset potential (Eonset, V) and half-wave potential (E12, V) along various reaction pathways

for Fe—N4—C, Fe-N4CI-C, and Fe-N4O-C.

pH=1 pH=13
Fe-N4—C
LS MS HS EF LS MS HS EF
Eonset 0.71 0.77 0.22 0.73 0.53 0.73 0.01 0.70
Ein 0.54 0.60 0.06 0.56 0.36 0.56 0.02 0.53
pH=1 pH=13
Fe-N4CI-C
LS MS HS EF LS MS HS EF
Eonset 0.51 0.71 0.53 1.01 0.33 0.9 0.88 0.95
Ein 0.34 0.37 0.2 0.77 0.16 0.58 0.76 0.83
pH=1 pH=13
Fe-N4sO-C
LS MS HS EF LS MS HS EF
Eonset 0.98 0.98 0.39 0.98 0.91 0.9 0.39 0.91
Ein 0.83 0.79 0.08 0.79 0.79 0.79 0.08 0.79
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Table S7. Occupation number of 4s and 3d orbitals in Fe cations in Fe-N4CI-C. The d-electrons assigned to

Fe cations are shown in bold.

Occupation number

Spin State

4S 3d22 3dxz 3dyz 3dx2-y2 3dxy
up 0.16 0.99 0.97 0.98 0.97 0.51

* MS Fe(III)
down 0.15 0.36 0.17 0.17 0.97 0.35
up 0.16 0.48 0.96 0.95 0.96 0.45

OOH* LS Fe(IlI)
down 0.15 0.41 0.22 0.94 0.97 0.40
up 0.16 0.55 0.97 0.97 0.96 0.50

O* MS Fe(IV)
down 0.15 0.50 0.44 0.42 0.97 0.42
up 0.16 0.48 0.94 0.97 0.96 0.45

OH* LS Fe(IlI)
down 0.15 0.41 0.92 0.21 0.97 0.41
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Table S8. Occupation number of 4s and 3d orbitals in Fe cations in Fe-N4O—C. The d-electrons assigned to

Fe cations are shown in bold.

Occupation number

Spin State

4S 3d22 3dxz 3dyz 3dx2-y2 3dxy
up 0.14 0.63 0.98 0.98 0.98 0.46

* MS Fe(IV)
down 0.13 0.46 0.39 0.37 0.98 0.36
up 0.15 0.56 0.97 0.97 0.97 0.49

OOH* MS Fe(IV)
down 0.14 0.50 0.41 0.44 0.97 0.42
up 0.15 0.58 0.85 0.97 0.97 0.50

O* MS Fe(IV)
down 0.14 0.54 0.47 0.49 0.97 0.44
up 0.14 0.55 0.98 0.97 0.97 0.50

OH* MS Fe(IV)
down 0.14 0.50 0.42 0.44 0.97 0.42
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