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Note S1.Computational methods

The binding energy (E;) of TM and NM embedded in the defected Sb monolayer were
calculated based on equation S1:

Ep = Ermenm-sb — Evg, — Erm — Enm (S1)
where Erya@nm-sps Evg,» Erm and Eyy denote the total energy of the doped system,

the energy with two neighboring Sb atom vacancies, TM and NM atoms, respectively.
With such a definition, a more negative value of Ep indicates better thermodynamic
stability.
The cohesive energies of bulk metal materials (£c) can be obtained by equation S2:

Ec = (Epuk —n X Erm)/n (52)
where the Evuik is the energies of bulk metal, Etm is the energies of single metal atoms,
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AGl = GOZ - G*OZ (53)

AGZ = G*OZ - G*OOH + G(H+ + e_) (54)
AG3 = G*OOH - G*OH + G(H+ + e_) (SS)
AGy = Gxoy — Gon (S6)

Where G, is the free energy of a system containing oxygen molecules, and G+, , Gon,
Gy, and Goy represent the free energy of a system containing the corresponding
intermediates, respectively. H" and ¢ represent the free energies of protons and
electrons.

Due to the poor description of the high-spin ground state of O, by DFT, it is necessary
to use G(0,,g) + 2G(H,g) — 2G(H,0,1) = 4.92 eV to estimate its free energy. In

general, the Gibbs free energy of liquid-phase H>O is difficult to calculate directly, but
at equilibrium conditions, the difference between the Gibbs free energies of the liquid
and the gas is zero. This allows us to use the gas-phase H»O data to estimate the liquid-
phase properties, which can be calculated from S7:

G(H,0,1) = Ey,0 + ZPEy,0-TSh,0 (87)
where Ey, o, ZPEy, o and TSy, are the total energy of H>O from DFT calculations in
gas phase, zero-point energy and entropy respectively.

The changes of free energy in ORR can be described as:

AGy = Geooy — 4.92 (S8)
AGy, = Grg — Grgop (S9)
AGs = Geoy — G (S10)

AG, = —Grop (511)

The overpotential of ORR can be found from the following equation S12:
Norr = Max(AGy,AG,, AG3,AG,) /e + 1.23 (812)

where 1.23 is the equilibrium potential introduced in the free energy change.






Table. S1 The binding energy E» and cohesive energy E. of TM@C/P-Sb systems with

unit eV.

N TM@C-Sb TM@P-Sb
Ep E. Ep E.

Cr -10.48 -5.08 -8.62 -5.08
Mn -9.38 -3.79 -7.49 -3.79
Fe -9.86 -4.96 -7.98 -4.96
Co -10.29 -5.28 -8.43 -5.28
Ni -10.23 -4.86 -8.40 -4.86
Cu -8.62 -3.49 -7.17 -3.49
Pd -9.80 -3.73 -8.30 -3.73
Pt -11.98 -5.56 -10.19 -5.56

Table. S2 The AG+oon, AG+o and AG+on values of the TM@C/P-Sb systems (all units
ineV).

TM@C-Sb TM@P-Sb

™ AGroon | AGwo | AGwon | AGwoon | AGso | AGson
Cr 2.17 -0.32 -0.42 2.78 -0.23 -0.49
Mn 2.84 0.22 -0.35 3.00 -0.03 -0.36
Fe 2.89 0.17 -0.28 2.96 0.08 -0.29
Co 2.80 0.29 -0.24 2.76 0.22 -0.30
Ni 3.66 0.47 0.56 3.30 0.72 0.16
Cu 3.92 0.31 0.77 4.11 0.45 0.38
Pd 3.98 1.88 0.96 4.02 1.79 0.85
Pt 3.98 1.94 0.91 3.93 1.62 0.55




Table. S3 The calculated each elementary step AGi, AG2, AGszand AG4 for ORR (all

units in eV); The overpotential of ORR (1) for TM@C/P-Sb (all units in V).

TM@C-Sb | AGi(eV) | AG2(eV) | AGs(eV) | AGa(eV) | morr (V)
Cr 0.91 1.03 2.03 0.94 1.65
Mn 0.96 0.92 2.10 0.94 1.58
Fe -0.42 0.10 2.49 2.75 1.51
Co -0.35 0.58 2.61 2.08 1.47
Ni -0.28 0.45 2.73 2.03 1.32
Cu -0.24 0.52 251 2.12 1.69
Pd 0.56 -0.09 3.19 1.26 0.31
Pt 0.77 -0.46 3.61 1.00 0.32

TM@P-Sb | AGi(eV) | AG2(eV) | AGs(eV) | AGs(eV) | morr (V)
Cr -0.49 0.26 3.02 2.14 1.72
Mn -0.36 0.33 3.03 1.92 1.59
Fe -0.29 0.37 2.88 1.96 1.52
Co -0.30 0.52 2.54 2.16 1.53
Ni 0.16 0.56 2.58 1.62 1.07
Cu 0.38 0.08 3.66 0.81 1.15
Pd 0.85 0.95 2.22 0.90 0.38
Pt 0.55 1.08 231 0.99 0.68

Table. S4 The calculated adsorption free energies of Pd@C-Sb, Pt@C-Sb and Pd@P-

Sb systems under GGA+U level (all units in V).

TORR

U=0 0.3112
Pd@C-Sb

U=33 0.3799

U=0 0.3167
Pt@C-Sb

U=24 0.3139

U=0 0.3833
Pd@P-Sb

U=33 0.4004

Table. S5 Bader charge analysis and d-band centers for TM(@C/P-Sb systems.




Original

Final

Charge

System Atom charge (e) | charge (c) tra(tzs)fer ed (eV) | d-occupation
TM@C-
Sb
Pd@C-Sb C 4 4.89 +0.89 -2.272 9.25
Pd 10 10.19 +0.19
Pt@C-Sb C 4 4.81 +0.81 —2.495 6.30
Pt 10 10.39 +0.39
Co@C-Sb C 4 4.92 +0.92 —1.163 7.69
Co 9 8.85 —0.15
Cr@C-Sb C 4 5.09 +1.09 +0.206 8.28
Cr 12 10.90 -1.10
Cu@C-Sb C 4 5.00 +1.00 -2.416 7.75
Cu 11 10.82 —0.18
Fe@C-Sb C 4 5.04 +1.04 -1.037 8.10
Fe 8 7.49 -0.51
Mn@c- C 4 512 | 4112 | -0.741 8.58
Mn 13 12.19 —0.81
Ni@C-Sb C 4 4.92 +0.92 -1.320 7.11
Ni 10 9.95 —0.05
TM@P-
Sb
Pd@P-Sb P 5 5.42 +0.42 -2.198 7.55
Pd 10 10.31 +0.31
Pt@P-Sb P 5 5.32 +0.32 -2.220 6.7
Pt 10 10.61 +0.61
Co@P-Sb P 5 5.57 +0.57 -1.031 6.49
Co 9 8.81 -0.19
Cr@P-Sb P 5 5.70 +0.70 +0.567 7.19
Cr 12 10.92 -1.08
Cu@P-Sb P 5 5.61 +0.61 —2.364 8.77
Cu 11 10.94 —-0.06
Fe@P-Sb P 5 5.67 +0.65 —1.008 7.96




Fe 8 7.55 —0.45

MHS%P- P 5 5.75 +0.75 —0.772 9.67
Mn 13 12.18 —0.82

Ni@P-Sb P 5 5.51 +0.51 —-1.100 8.08
Ni 10 10.05 +0.05

Table. S6 ICOHP values for TM—C and TM-P bonds in TM@C/P-Sb systems.

System ICOHP System ICOHP

(eV) (eV)

Pd@C-Sb -2.57 Pd@P-Sb -2.51
Pt@C-Sb -3.36 Pt@P-Sb -3.09
Co@C-Sb -3.16 Co@P-Sb -2.85
Cr@C-Sb -2.89 Cr@P-Sb -2.21
Cu@C-Sb -2.31 Cu@P-Sb -2.55
Fe@C-Sb -3.06 Fe@P-Sb -2.85
Mn@C-Sb -2.55 Mn@P-Sb -2.28
Ni@C-Sb -2.84 Ni@P-Sb -2.74

Table S7 Comparison of ORR overpotentials for different catalysts.

Catalyst Substrate Overpotential (V) | Reference
Pd@C-Sb Antimonene 0.31 This work
Pt@C-Sb Antimonene 0.32 This work
Pd@P-Sb Antimonene 0.38 This work
Pd@Sb Antimonene 0.58 [62]
Pt@Sb Antimonene 0.71 [63]
Fe-N-C Graphene ~0.45 [11]




Figure S1 (a) ~ (d) show the top and side views of the three-dimensional charge density
difference maps for the Pd@C-Sb, Pt@C-Sb, Pd@P-Sb, and Pt@P-Sb systems,

respectively; the charge density value is 0.003 e/A3; the electron depletion and

accumulation regions are represented on the light blue and yellow isosurfaces,

respectively.

Figure S2 (a) ~ (d) respectively show the variations in total energy and temperature at
the target temperature of 400 K during AIMD simulations for the Pd@C-Sb, Pt@C-
Sb, Pd@P-Sb, and Pt@P-Sb systems. The insets on the left and right sides of each
figure illustrate the structural schematics of the systems before and after the AIMD

process.
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