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Calculation details of adsorption energy (E), zero-point energy (ZPE), entropy
(S), and the free energy correction of the pH (AGpn).

The adsorption energies of all reaction intermediates are calculated as:

AE,. = E(O*)-E(*)-[E(H,0)- E(H,)] (S1)
AE,,. = E(OH*)— E(*)—[E(H,0)-1/2E(H,)] (S2)
AE,,,. = E(OOH*)— E(*)~[2E(H,0)~3/2E(H,)] (S3)
AE,. = E(H*)— E(*)—~1/2E(H,) (S4)

where E(*), E(O*), E(OH*), E(OOH*) and E(H*) are the DFT total energies of a
clean catalyst surface, and that adsorbed by a O*, OH*, OOH* and H* species,
respectively; E(H20) and E(H») are the energies of a H2O and Hz molecule in vacuum,
respectively.

ZPE is defined as:
ZPE = zi%hvl. (S5)

where i is the frequency number, v; is the frequency with unit cm™'.
The entropies of H2O, Oz, and H> are obtained from the NIST database with
standard condition, and the adsorbed species were only taken vibrational entropy (S)

into account, as shown in the following formula:

S= ZR{::}{exp( ::7’1] — 1} - In{l - exp[— ::} H} (S6)

where R =8.314 J'mol'-K'!, T=298.15K, 7 =6.63 x 10* J's, kg = 1.38 x 1033 J-K"!,

i is the frequency number, v; is the vibrational frequency (unit is cm™).
AGyH is the correction of the H' free energy and depends on whether the reaction

under consideration is a reduction or an oxidation.
AG,, =—k,TIn[H" ] =pHxk,TIn10 (S7)

Hence, the equilibrium potential for four-electron transfer ORR at pH = 0 (pH =
14) was determined to be 1.23 V (0.40 V).



The ORR and OER process in alkaline environment

The ORR process in alkaline environment can be described as:
0,(g)+2H,0()+4e” —> 40H" (S8)

The ORR may proceed through the following elementary steps, which are

usually employed to investigate the electrocatalysis of the ORR on various materials:

0,(g)+H,0(l)+¢ +* - OOH" + OH" (S9)
OOH *+e¢~ — O*+OH" (S10)
O*+H,0(I)+e¢” — OH *+OH" (S11)
OH*+e” > OH +* (S12)

where * stands for an active site on the catalytic surface, (1) and (g) refer to
liquid and gas phases, respectively.
The OER occurring in an alkaline electrolyte through elementary steps takes the

reverse direction of ORR:

OH +* > OH*+e” (S13)
OH*+OH™ — O*+H,O(l)+e" (S14)
O*+OH™ — OOH *+e” (S15)

OOH" +OH™ — 0,(g) +H,0(1) +e +* (S16)



Calculation details of formation energy (Er) for monolayer MN4
The Erof monolayer MNy is defined as

E =E, —E, —E, (S17)

in which Emn: and En, indicate the energy of monolayer MN4 and N-coordination
graphene, respectively. Em is the energies of the transition metal atom in the bulk

crystal.



Supercell 5 x 3 vs 3 x 2

To investigate the effect of model size on catalytic performance, we build the
period 3 x 2 and 5 x 3 rectangular graphene supercell, respectively. Calculated
adsorption free energies (AGo+, AGon+, and AGoon+) and overpotentials (n°*R and
NOER) on FeNs and Fe/Hf with different sizes are listed in Table S1. One can see that
the values of adsorption free energies and overpotentials for 3 x 2 and 5 x 3 models
are very close (not more than 0.1 eV/V), which indicates that the period 3 x 2
rectangular graphene supercell is large enough to avoid the interaction between two
neighboring metal atoms.
Table S1. Calculated adsorption free energies of reaction intermediates and overpotential for ORR

and OER on FeNy4 and Fe/Hf with 3 x 2 and 5 x 3 supercell.

supercell FeNjy Fe/Hf

AGO* AGOH* AGOOH* nORR T]OER AGO* AGOH* AGOOH* T]ORR nOER
V) (V) (V) (V) (V) V) (V) (V) (V) (V)
3x2 1.68 0.74 3.54 049 0.63 2.25 0.85 3.75 0.38 0.27

5x3 1.72 0.80 3.56 043 0.61 233  0.87 3.88 036 0.32




PBE vs PBE + U

The multiple spin states are the essential role of the transition metal, which may
vary the total energy of considered system. Therefore, it is crucial to ensure the
accuracy of magnetic moment for the system containing transition metals. We also
pay special attention to this issue. And the magnetic moments calculated (the
GGA-PBE method is used in this work) in this paper are compared with those
reported previously, it is found that they are consistent. For instance, the calculated
magnetic moments are 3.00, 1.98, 0.81, and 0 us for MnN4, FeN4, CoNs, and NiNy,
which is consistents with previous reports (the reported magnetic moments for MnNa,
FeN4, CoN4, and NiNy are -3.06, -1.97, 0.62, and 0 pz [1-3]).

In addition, to evaluate the accuracy of PBE results, we have calculated the
magnetic moment of monolayer and bilayer SACs by PBE+U method. Note that the
DFT+U approach also suffers from a strong (linear) dependence of the energetics on
the choice of the value of the parameter U, and on the choice of the localized
projector functions that enter the definition of the U-dependent energy term.
According previous reports [4], the U-J parameters for PBE+U calculations listed in
Table S2 are employed.

Table S2. The values of U-J parameters for PBE+U calculations.

3d Sc Ti \Y% Cr Mn Fe Co Ni Cu Zn

U-J 2.11 258 272 279  3.06  3.29 342 340 387 4.12

We first compared the magnetic moments of monolayer and bilayer SACs by
employing PBE and PBE+U methods, the calculated results are listed in Table S3. It
can be found that the magnetic moment of these systems are almost the same before
and after using PBE+U method (not more than 0.1). The magnetic moments of the
adsorption systems of reaction intermediates (including O*, OH*, and OOH*) on
FeNy4 and Fe/Hf are also examined (Table S4). And the calculated magnetic moments
by using PBE and PBE+U methods are also consistent. Thus, the mothod of
GGA+PBE provides us an effective tool to accurately describe the magnetic moments

of the models described in this paper.



Table S3. Calculated magnetic moment (ug) of monolayer and bilayer SACs before and after

using PBE+U method.

Model ScNs  TiNg VN4 CrNs MnNs FeNs CoNs NiNg CuNs ZnNg

PBE 0.33 1.58 266  3.78 3.00 1.98 0.81 0 -1.00 0

PBE+U 0.33 148 274  3.88 3.00 1.98 0.81 0 -0.99 0

Model Fe/Sc Fe/Ti Fe/V  Fe/Cr Fe/Mn Fe/Fe Fe/Co Fe/Ni Fe/Cu Fe/Zn

PBE 0 0 -0.78 4.00 -1.15 3.08 1.67 1.82  -1.06 1.16

PBE+U 0 0 -0.79 391 -1.24 299 1.73 1.81 -1.09 1.03

Table S4. Calculated magnetic moment (ug) of the adsorption system for reaction intermediates

on monolayer and bilayer SACs before and after using PBE+U method.

Model FeNy Fe/Hf
intermediates 0] OH OOH O OH OOH
PBE 0 1.00 1.00 -1.57 0 -0.97
PBE+U 0 1.01 1.00 -1.61 0 -0.89

Furthermore, note that the results based on the GGA-PBE (the method used in
this work) showed very good high performance in understanding the reaction
mechanisms and activity trends observed in experiments [5, 6].

Due to the above reasons, we did not use PBE+U method to consider the effect

of the highly localized orbitals of the metal atoms in this work.



HER activity for BACs that adjacent bimetallic atoms both shown on the surface

The HER activity on BACs (take Fe-Cu as an example) that adjacent bimetallic
atoms both shown on the surface is investigated. Calculated adsorption free energy for
H* (AGn+) is shown in Fig. S1. Note that the top site of Cu atom in monolayer Fe-Cu
BAC:s is not a stable adsorption site for H atom, which will move to the bridge site
between Fe and Cu atoms after geometry optimization. It can be found from Fig. S1
that the binding energy of H atom on monolayer Fe-Cu BACs is obviously stronger
than that of on bilayer Fe/Cu. As a result, the formation from H* to H> on monolayer
Fe-Cu BACs is relatively difficult, which indicates a relatively low HER

performance.
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Fig. S1. The AGu- for the monolayer BACs and B-SACs (Fe/Cu). The adsorption configuration of
H atom is also shown in the figure, the white, gray, blue, orange, and green spheres indicate the H,

C, N, Fe, and Cu atoms, respectively.



Table SS5. Calculated ZPE and TxS of gas molecules and reaction intermediates adsorbed on

catalysts, the ZPE values are averaged over all catalysts since they have rather close value.

TxS (298K) ZPE

Species
(eV) (eV)
H* 0 0.15
O* 0 0.12
OH* 0 0.35
OOH* 0 0.43
Ha(g) 0.41 0.27

H20(g) 0.58 0.57




Table S6. The distance between two metal atoms (Lrem) and the interlayer distances (the

difference between the average heights of two layers of atoms, din() of B-SACs systems.

LFe—M dint LFe—M dim LFe—M dim
Model Model Model
(A) (A) A) (A) A) A)

Fe/Sc 2.51 3.44 Fe/Y 2.69 3.54 Fe/La 2.75 3.60
Fe/Ti 2.13 3.25 Fe/Zr 2.40 3.33 Fe/Hf 2.39 3.18
Fe/V 2.09 3.22 Fe/Nb 2.17 3.22 Fe/Ta 2.21 3.10
Fe/Cr 2.64 3.31 Fe/Mo 2.14 3.19 Fe/W 2.15 3.06
Fe/Mn 2.77 3.35 Fe/Tc 2.11 3.17 Fe/Re 2.14 3.07
Fe/Fe 2.79 3.33 Fe/Ru 2.30 3.18 Fe/Os 2.27 3.10
Fe/Co 2.76 3.30 Fe/Rh 2.64 3.24 Fe/lr 2.59 3.21
Fe/Ni 3.16 3.43 Fe/Pd 3.19 3.45 Fe/Pt 3.06 3.37
Fe/Cu 3.04 3.39 Fe/Ag 2.52 3.51 Fe/Au 3.33 3.59

Fe/Zn 2.51 3.33 Fe/Cd 2.53 3.51 Fe/Hg 2.48 3.49




Table S7. Calculated formation energies (Er) of monolayer SACs.

ScNs  TiNg  VNy  CrNgy MnNs FeNs CoNs NiNgy  CuNs ZnNg
Es/eV 430 -298 -228 -221 -240 -2.60 -241 -255 -135 -2.29

YNs  ZrNsy NbNs; MoNs TcNs RuNsy RhNy  PdNs  AgNy  CdNg
Ef/eV 410 -251 -1.09 033 015 -0.01 -033 -1.55 -0.89 0.11

LaNs HfNs TaNs WN; ReNs OsN  IrNy  PtNsy  AuNs HgNy
Ef/eV 393 246 -044 128 077 039 -0.12 -147 -0.02 0.22




Table S8. The adsorption free energy of H* (AGn+), O* (AGo+), OH* (AGon*), and OOH*

(AGoon*) on Fe/M.
AGy+ AGox AGon+ AGoon*

(eV) (eV) (eV) (eV)

Fe/Sc 0.48 1.76 0.74 3.75
Fe/Ti 1.16 2.85 1.59 4.63
Fe/V 1.30 3.00 1.66 4.72
Fe/Cr 0.50 1.81 0.86 3.85
Fe/Mn 0.74 1.85 1.11 4.01
Fe/Fe 0.73 1.95 1.03 4.03
Fe/Co 0.59 1.93 1.01 4.00
Fe/Ni 0.41 1.56 0.69 3.67
Fe/Cu 0.02 1.18 0.33 3.30
Fe/Zn 0.67 1.92 1.05 4.02
Fe/Y 0.53 1.69 0.74 3.57
Fe/Zr 0.83 1.84 1.19 4.22
Fe/Nb 1.41 3.08 1.66 4.71
Fe/Mo 1.48 3.49 1.66 4.74
Fe/Tc 1.46 3.27 1.64 4.74
Fe/Ru 0.88 2.33 1.26 4.28
Fe/Rh 0.18 1.90 0.60 3.59
Fe/Pd 0.43 1.61 0.74 3.73
Fe/Ag 0.35 1.54 0.62 3.60
Fe/Cd 0.76 2.11 1.04 4.04
Fe/La 0.40 1.58 0.66 3.67
Fe/Hf 0.91 2.25 0.85 3.75
Fe/Ta 1.48 3.30 1.71 4.76
Fe/W 1.59 3.61 1.73 4.78
Fe/Re 1.52 3.55 1.65 4.74
Fe/Os 1.06 2.68 1.45 4.48
Fe/lr 0.60 2.06 1.03 4.03
Fe/Pt 0.45 1.62 0.75 3.74
Fe/Au -0.05 1.16 0.29 3.27
Fe/Hg 0.75 2.09 0.93 3.93

FeNy4 -0.25 1.68 0.74 3.54




Table S9. The adsorption free energy of H* (AGn+), O* (AGo+), OH* (AGon*), and OOH*

(AGoon*) on M/Fe.
AGy+ AGox AGon+ AGoon*

(eV) (eV) (eV) (eV)

Sc/Fe 2.03 4.14 -0.42 5.09
Ti/Fe 1.93 0.61 0.55 4.14
V/Fe 1.75 0.54 0.58 1.50
Cr/Fe 0.61 0.78 0.28 3.59
Mn/Fe -0.04 0.77 0.15 2.04
Fe/Fe 0.73 1.95 1.03 4.03
Co/Fe 0.59 3.13 1.38 4.38
Ni/Fe 1.57 4.04 2.04 4.94
Cu/Fe 1.23 3.61 1.46 4.52
Zn/Fe 2.62 3.67 1.07 5.04
Y/Fe 2.49 5.04 2.57 5.05
Zr/Fe 2.17 0.85 2.08 5.15
Nb/Fe 1.99 0.42 1.88 4.99
Mo/Fe 1.78 0.30 1.83 4.90
Tc/Fe 1.58 1.23 1.79 4.97
Ru/Fe 0.51 1.99 1.08 4.18
Rh/Fe 0.31 2.93 0.92 3.99
Pd/Fe 1.95 4.55 2.27 5.04
Ag/Fe -0.78 5.24 2.86 4.83
Cd/Fe -0.19 5.11 2.84 4.94
La/Fe 0.31 4.99 2.75 4.87
Hf/Fe 2.05 0.49 1.83 4.96
Ta/Fe 1.82 0.36 1.63 4.73
W/Fe 1.67 0.26 1.63 4.74
Re/Fe 1.50 0.69 1.67 4.80
Os/Fe 0.76 1.81 1.25 4.41
Ir/Fe 0.25 3.03 1.27 4.39
Pt/Fe 1.45 4.20 2.01 4.93
Au/Fe 1.75 4.21 2.16 4.54

Hg/Fe -0.77 5.11 2.84 4.84




Table S10. The free energy change of every reaction step for ORR (AG,-AGq) and OER (AGe-AGy)

on Fe/M.
ORR OER

AGa AGy AGc AGy AGe AGs AG, AGy

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
Fe/Sc -1.17 -1.99 -1.02 -0.74 0.74 1.02 1.99 1.17
Fe/Ti -0.29 -1.78 -1.26 -1.59 1.59 1.26 1.78 0.29
Fe/V -0.20 -1.72 -1.34 -1.66 1.66 1.34 1.72 0.20
Fe/Cr -1.07 -2.04 -0.95 -0.86 0.86 0.95 2.04 1.07
Fe/Mn -0.91 -2.16 -0.74 -1.11 1.11 0.74 2.16 0.91
Fe/Fe -0.89 -2.08 -0.92 -1.03 1.03 0.92 2.08 0.89
Fe/Co -0.92 -2.07 -0.92 -1.01 1.01 0.92 2.07 0.92
Fe/Ni -1.25 -2.11 -0.87 -0.69 0.69 0.87 2.11 1.25
Fe/Cu -1.62 -2.12 -0.85 -0.33 0.33 0.85 2.12 1.62
Fe/Zn -0.90 -2.10 -0.87 -1.05 1.05 0.87 2.10 0.90
Fe/Y -1.35 -1.88 -0.95 -0.74 0.74 0.95 1.88 1.35
Fe/Zr -0.70 -2.38 -0.65 -1.19 1.19 0.65 2.38 0.70
Fe/Nb -0.21 -1.63 -1.42 -1.66 1.66 1.42 1.63 0.21
Fe/Mo -0.18 -1.25 -1.83 -1.66 1.66 1.83 1.25 0.18
Fe/Tc -0.18 -1.47 -1.63 -1.64 1.64 1.63 1.47 0.18
Fe/Ru -0.64 -1.95 -1.07 -1.26 1.26 1.07 1.95 0.64
Fe/Rh -1.33 -1.69 -1.30 -0.60 0.60 1.30 1.69 1.33
Fe/Pd -1.19 -2.12 -0.87 -0.74 0.74 0.87 2.12 1.19
Fe/Ag -1.32 -2.06 -0.92 -0.62 0.62 0.92 2.06 1.32
Fe/Cd -0.88 -1.93 -1.07 -1.04 1.04 1.07 1.93 0.88
Fe/La -1.25 -2.09 -0.92 -0.66 0.66 0.92 2.09 1.25
Fe/Hf -1.17 -1.50 -1.40 -0.85 0.85 1.40 1.50 1.17
Fe/Ta -0.16 -1.46 -1.59 -1.71 1.71 1.59 1.46 0.16
Fe/W -0.14 -1.17 -1.88 -1.73 1.73 1.88 1.17 0.14
Fe/Re -0.18 -1.19 -1.90 -1.65 1.65 1.90 1.19 0.18
Fe/Os -0.44 -1.80 -1.23 -1.45 1.45 1.23 1.80 0.44
Fe/Ir -0.89 -1.97 -1.03 -1.03 1.03 1.03 1.97 0.89
Fe/Pt -1.18 -2.12 -0.87 -0.75 0.75 0.87 2.12 1.18
Fe/Au -1.65 -2.11 -0.87 -0.29 0.29 0.87 2.11 1.65
Fe/Hg -0.99 -1.84 -1.16 -0.93 0.93 1.16 1.84 0.99

FeNy -1.38 -1.86 -0.94 -0.74 0.74 0.94 1.86 1.38




Table S11. The free energy change of every reaction step for ORR (AG.-AGq) and OER (AGe-AGy)

on M/Fe.
ORR OER

AGa AGy AGc AGy AGe AGs AG, AGy

(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)

Sc/Fe 0.17 -0.95 -4.56 0.42 -0.42 4.56 0.95 -0.17
Ti/Fe -0.78 -3.53 -0.06 -0.55 0.55 0.06 3.53 0.78
V/Fe -3.42 -0.96 0.04 -0.58 0.58 0.04 0.96 3.42
Cr/Fe -1.33 -2.81 -0.50 -0.28 0.28 0.50 2.81 1.33
Mn/Fe -2.88 -1.27 -0.62 -0.15 0.15 0.62 1.27 2.88
Fe/Fe -0.89 -2.08 -0.92 -1.03 1.03 0.92 2.08 0.89
Co/Fe -0.54 -1.25 -1.75 -1.38 1.38 1.75 1.25 0.54
Ni/Fe 0.02 -0.90 -2.00 -2.04 2.04 2.00 0.90 -0.02
Cu/Fe -0.40 -0.91 -2.15 -1.46 1.46 2.15 0.91 0.40
Zn/Fe 0.12 -1.37 -2.60 -1.07 1.07 2.60 1.37 -0.12
Y/Fe 0.13 -0.01 -2.47 -2.57 2.57 2.47 0.01 -0.13
Zr/Fe 0.23 -4.30 1.23 -2.08 2.08 -1.23 4.30 -0.23
Nb/Fe 0.07 -4.57 1.46 -1.88 1.88 -1.46 4.57 -0.07
Mo/Fe -0.02 -4.60 1.53 -1.83 1.83 -1.53 4.60 0.02
Tc/Fe 0.05 -3.74 0.56 -1.79 1.79 -0.56 3.74 -0.05
Ru/Fe -0.74 -2.19 -0.91 -1.08 1.08 0.91 2.19 0.74
Rh/Fe -0.93 -1.06 -2.01 -0.92 0.92 2.01 1.06 0.93
Pd/Fe 0.12 -0.49 -2.28 -2.27 2.27 2.28 0.49 -0.12
Ag/Fe -0.09 0.41 -2.38 -2.86 2.86 2.38 -0.41 0.09
Cd/Fe 0.02 0.17 -2.27 -2.84 2.84 2.27 -0.17 -0.02
La/Fe -0.05 0.12 -2.24 -2.75 2.75 2.24 -0.12 0.05
Hf/Fe 0.04 -4.47 1.34 -1.83 1.83 -1.34 447 -0.04
Ta/Fe -0.19 -4.37 1.27 -1.63 1.63 -1.27 4.37 0.19
W/Fe -0.18 -4.48 1.37 -1.63 1.63 -1.37 4.48 0.18
Re/Fe -0.12 -4.11 0.98 -1.67 1.67 -0.98 4.11 0.12
Os/Fe -0.51 -2.60 -0.56 -1.25 1.25 0.56 2.60 0.51
Ir/Fe -0.53 -1.36 -1.76 -1.27 1.27 1.76 1.36 0.53
Pt/Fe 0.01 -0.73 -2.19 -2.01 2.01 2.19 0.73 -0.01
Au/Fe -0.38 -0.33 -2.05 -2.16 2.16 2.05 0.33 0.38

Hg/Fe -0.08 0.27 -2.27 -2.84 2.84 2.27 -0.27 0.08




Table S12. Calculated theoretical overpotentials for HER (nER), ORR (n°RR) and OER (n°FR) as

well as their corresponding potential-determining step (PDS) on Fe/M.

HER

ORR

OER

Fe/M 1 n PDS for ORR N PDS for OER
(V) (V) (V)

Fe/Sc 20.48 0.49 OH* — H,0 0.76 0* — OOH*
Fe/Ti -1.16 0.94 0, — OOH* 0.55 0* — OOH*
Fe/V 1130 1.03 0, — OOH* 0.49 0* — OOH*
Fe/Cr 20,50 0.37 OH* — H,0 0.81 0* — OOH*
Fe/Mn -0.74 0.49 0* — OH* 0.93 0* — OOH*
Fe/Fe 0.73 0.34 0, — OOH* 0.85 0* — OOH*
Fe/Co -0.59 0.31 0* — OH* 0.84 0* — OOH*
Fe/Ni -0.41 0.54 OH* — H,0 0.88 0* — OOH*
Fe/Cu 20.02 0.90 OH* — H,0 0.89 0* — OOH*
Fe/Zn 20,67 0.36 0* — OH* 0.87 0* — OOH*
Fe/Y 20.53 0.49 OH* — H,0 0.65 0* — OOH*
Fe/Zr -0.83 0.58 0* — OH* 115 0* — OOH*
Fe/Nb -1.41 1.02 0> — OOH* 0.43 H,0 — OH*
Fe/Mo -1.48 1.05 0, — OOH* 0.60 OH* — O*

Fe/Tc -1.46 1.05 0> — OOH* 0.41 H,0 — OH*
Fe/Ru -0.88 0.59 0, — OOH* 0.72 0* — OOH*
Fe/Rh 20.18 0.63 OH* — H,0 0.46 0* — OOH*
Fe/Pd 0.43 0.49 OH* — H,0 0.89 0* — OOH*
Fe/Ag 2035 0.61 OH* — H,0 0.83 0* — OOH*
Fe/Cd -0.76 0.35 0, — OOH* 0.70 0* — OOH*
Fe/La -0.40 0.57 OH* — H,0 0.86 0* — OOH*
Fe/Hf 2091 0.38 OH* — H,0 0.27 0* — OOH*
Fe/Ta -1.48 1.07 0> — OOH* 0.48 H,0 — OH*
Fe/W -1.59 1.09 0, — OOH* 0.65 OH* — O*

Fe/Re 1152 1.05 0, — OOH* 0.67 OH* — O*

Fe/Os -1.06 0.79 0, — OOH* 0.57 0* — OOH*
Fe/lr 20.60 0.34 0, — OOH* 0.74 0* — OOH*
Fe/Pt 2045 0.48 OH* — H,0 0.89 0* — OOH*
Fe/Au 20.05 0.94 OH* — H,0 0.88 0* — OOH*
Fe/Hg -0.75 0.30 OH* — H,0 0.61 0* — OOH*
FeNs 2025 0.49 OH* — H,0 0.63 0* — OOH*




Table S13. Calculated theoretical overpotentials for HER (nER), ORR (n°RR) and OER (n°FR) as

well as their corresponding potential-determining step (PDS) on M/Fe.

HER

ORR

OER

Fe/M 1 n PDS for ORR N PDS for OER
(V) (V) (V)

Sc/Fe 2.03 1.65 0, — OOH* 333 H,0 — OH*
Ti/Fe -1.93 1.17 0* — OH* 230 0* — OOH*
V/Fe 1175 127 0* — OH* 2.19 0* — OOH*
Cr/Fe 20,61 0.95 OH* — H,0 1.58 OOH* — 05
Mn/Fe -0.04 1.08 OH* — H,0 1.65 OOH* — 05
Fe/Fe 0.73 0.34 0> — OOH* 0.85 H,0 — OH*
ColFe -0.59 0.69 0> — OOH* 0.52 H,0 — OH*
Ni/Fe 1157 1.25 0> — OOH* 0.81 H,0 — OH*
Cu/Fe 1123 0.83 0> — OOH* 0.92 H,0 — OH*
Zn/Fe 2.62 135 0> — OOH* 137 H,0 — OH*
Y/Fe 22,49 136 0> — OOH* 1.34 H,0 — OH*
Zt/Fe 2.17 2.46 0* — OH* 3.07 0* — OOH*
Nb/Fe -1.99 2.69 0* — OH* 334 0* — OOH*
Mo/Fe 1178 2.76 0* — OH* 337 0* — OOH*
Te/Fe 1158 179 0* — OH* 251 0* — OOH*
Ru/Fe 2051 0.49 0> — OOH* 0.96 H,0 — OH*
Rh/Fe 2031 0.31 OH* — H,0 0.78 OOH* — 05
Pd/Fe -1.95 135 0> — OOH* 1.05 H,0 — OH*
Ag/Fe -0.78 1.64 OH* — H,0 4.63 OH* — O*

Cd/Fe 20.19 1.40 OOH* — O* 1.61 OH* — O*

La/Fe 2031 135 OOH* — O* 1.52 OH* — O*

Hi/Fe 2.05 2.57 0* — OH* 3.4 0* — OOH*
Ta/Fe -1.82 2.50 0* — OH* 3.14 0* — OOH*
W/Fe 11,67 2.60 0* — OH* 3.25 0* — OOH*
Re/Fe -1.50 221 0* — OH* 2.88 0* — OOH*
Os/Fe -0.76 0.67 0> — OOH* 137 H,0 — OH*
Ir/Fe 2025 0.70 0> — OOH* 0.53 H,0 — OH*
PyFe -1.45 1.24 0> — OOH* 0.96 H,0 — OH*
AufFe 1175 0.85 OOH* — O* 0.93 OH* — O*

Hg/Fe 077 1.50 OOH* — O* 1.61 OH* — O*




Fig. S2. Top and side views of initial trial configurations for B-SACs. The gray, blue,
orange, and magenta spheres indicate the C, N, Fe, and transition metal atoms,

respectively.



ORR

O* + O* H,0,*
(+0.61,1.05)  pyx[(-0.33,1.75)

(0.55,000) 1 (-140,0.13) L (199,030 , (255,02 (2.03,033) , £036,0.00)
— 0,*——— OOH O* + H0* ST OHY —5— H,0* —
Rh/Fe H*| (-1.25,0.99) H,0

OH* + OH*
0, H,0
HZOZ*
H,0| (+1.64,2.78) Fe/Rh
(+0.97, 0.00) (+1.81, 1.87) (+1.78,1.99) | (+1.88, 1.86) (+1.10, 1.45)
- * . * OH* ,O% +—
l l H,O0— l l (+0.13, 0.00)
B H* 2 b= g* H*
(+1.60, 2.13)

O* + OH*

OER

Fig. S3. The possible reaction pathways for ORR and OER on Rh/Fe and Fe/Rh. The
number in the parentheses are the reaction heat (the former) and the energy barrier

(the later) in unit of eV.



Fig. S4. Atomic structures of the initial states, transition states (middle panel), and

final states of the minimum energy pathway for ORR on Rh/Fe.



OOH* — 0,* + H*

Fig. S5. Atomic structures of the initial states, transition states (middle panel), and

final states of the minimum energy pathway for OER on Fe/Rh.



OH* + H* — H,0*

Fig. S6. Atomic structures of the initial states, transition states (middle panel), and
final states of the minimum energy pathway for ORR (from left to right) and OER
(from right to left) on Fe/Hf.



ORR

O* + O* H,0,*
(+0.62,1.20)  py#| (041, 1.66)
(-1.03,0.00 _ (-170,0.00) L (175,040 , (131,039 L(1:48,045) (-0.31, 0.00)
FeN, H*|[ (-2.31,0.78) H,0
OH* + OH*
0, H,0
H202*
H,0| (+1.34,2.48) FeN,
(+1.03, 0.00) . (+1.70,1.70)O . (+1.75,2.15) " (+1.31,1.66)OH* (+1.48,1.93) OF
? [ o | | 27 (+0.31,0.00
H,0— (+0.31, 0.00)
H* 2 |}— g* H*
(+1.52, 2.48)
O* + OH*
OER

Fig. S7. The possible reaction pathways for ORR and OER on monolayer FeNs. The
number in theparentheses are the reaction heat (the former) and the energy barrier (the

later) in unit of eV.



OH* + H* & H,0*

Fig. S8. Atomic structures of the initial states, transition states (middle panel), and
final states of the minimum energy pathway for ORR (from left to right) and OER

(from right to left) on monolayer FeNs.
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