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Computational methods
To investigate the stability of vacancy-defect in Sb monolayer, the formation energy
(EF) of vacancy was estimated by formula S1':

Er (Vsp) = Ev.g, —n X Egy (S1)
where Ev_sp, 7 and Egy, are the total energy of defective Sb monolayer, the number of
Sb atoms and energy of each Sb atom in a pristine Sb monolayer, respectively.

The binding energy (E,) of TM atoms embedded in the defected Sb monolayer was
calculated based on equation S2:

Ey= Ermso— Esp— ETm (52)
where Ernisy, Esp and Ety denote the total energies of TM embedded Sb monolayer,
defected Sb monolayer and TM atoms, respectively. With such a definition, a more
negative value of £, indicates better thermodynamic stability.

The cohesive energies of bulk metal materials (£;) can be obtained by equation S3:
E.= (Epux — n X En\m)/n (S3)

Where the Ey, i 1s the energies of bulk metal, E1y is the energies of single metal atoms,

and #n is the number of metal atom in its bulk structure.

Besides, the formation energy of TM embedded in the defected Sb monolayer (£f) was

calculated as equation S4:

Er= Etmsy — ttv — Nidsh (S4)



where Etypsp 1s the energies of TM embedded in the defected Sb monolayer, # and
are the number of Sb atoms in defective Sb monolayer and the chemical potential of Sb
from its bulk structure.

The detailed pathways of OER, ORR and HER have been summarized?. In acidic
condition, OER can be divided into the following four elementary steps S5-S9:

H,O (/)+* - *OH+H"+¢) (S5)
*OH — *O + (H" +¢") (S6)

*O + H,O (/) » *OOH + (H" + ¢") (S7)
*OOH — O (g) +*+(H" +¢) (S8)

where * denotes the substrates, / and g represent the liquid phase and gas phase.
Whereas the ORR processes can be viewed as the opposite processes of OER, it can be

represented by steps S9-S12:

02(g) +*+(H"+e) > *OOH (59)
*Q0H + (H* + ¢7) — *O + H,0 ()) (S10)
*0 + (H* + e7) — *OH (S11)
*OH + (H" + ) — H,0 (/) + * (S12)

The change of Gibbs free energy for the four elementary OER steps from AG, to AG,
can be calculated as S16-S19:

AG, = G(*OH) + G(H"+¢") - G(H,0) - G(¥) (S16)
AG, = G(*0) + G(H*+e") - G(*OH) (S17)
AGs= G(*O0H) + G(H"+¢") - G(*0) - G(H,0) (S18)
AGa=G(*) + G(O,) + G(H"+¢") — G(*OOH) (S19)
and G(H'+e") = G(;Hz) (S20)

Since DFT has poor description for the high-spin ground state of O,, the free energy of
O, in the gas phase can be obtained by G(O,, g) + 2G(H,, g) — 2G(H,0, [) = 4.92 eV.
Meanwhile, it is difficult to directly get the free energy of H,O in liquid phase, thus we
calculated it from its vapor phase counterpart at their equilibrium pressure because of
the same Gibbs free energy, which can be calculated by equation S21:

G(H,0, )) = Enao + ZPEm0 -TSm2o (S21)
where Ep,0, ZPEy;0 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 OER can be described as:
AG; = G(*OH) (S22)



AG,= G(*0) - G(*OH) (S23)

AG;= G(*OOH) - G(*O) (S24)

AG4=4.92 - G(*OOH) (S25)

Whereas the free energy changes in ORR processes from AG, to AG4 can be expressed
as below:

AG,=-AGy (S26)

AG,=-AG;3 (S27)

AG.=-AG, (S28)

AGy=-AG, (S29)

Therefore, the overpotential of OER and ORR can be evaluated from the following

equations:

Moz = Max {AGy, AG,, AG3, AG4}/e—1.23 (S30)

Nowe = Max {AG,, AGy, AG,, AGq}/e+ 1.23 (S31)

where 1.23 is the equilibrium potential.?
The HER under acidic conditions was also considered in this study, and the steps can

be shown as below:

* 4 1+ e — *H (S32)

*H — ;Hz (g)+* (S33)

The HER activity was evaluated by calculating changes of the Gibbs free energy as in
equation S34:

AG+= AEg+ AZPE — TAS (S34)
where AEy is the adsorption energy of H,, AZPE and TAS are the differences of zero-
point energy and entropy between the free H, and adsorbed H, Using standard
hydrogen electrode (SHE) as the energy reference, the closer the value of AG+y to zero,
the better HER performance of the catalysts, as shown by Nerskov et al..? Hydrogen
adsorption should not be too weak or strong in HER, as typically shown in a volcano
plot. The HER kinetics under equilibrium potential U = 0 and pH = 0 can be described

by the theoretical exchange current 7, according to the equation below:

1

i:

(S35)



where k is the reaction rate constant, which was set to 1 under zero overpotential. k, and

T are the Boltzmann constant and temperature, respectively.
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Table S1. The calculated lattice constant a after structure relaxation with unit A; the
average bond length of dry g (the nearest three bonds) with unit A. The binding energy
E,, cohesive energy E. and formation energy Erof TM(@Sb monolayers with unit eV.

TM@Sb a dTM*Sb Eb Ec Ef
Sc 4.07 2.88 -8.47 -4.20 -3.85
Ti 4.09 2.76 -8.27 -5.47 -3.65
\Y 4.09 2.70 -7.44 -5.49 -2.83
Cr 4.09 2.69 -6.52 -3.78 -1.90
Mn 4.09 2.69 -6.73 -3.99 -2.11
Fe 4.09 2.59 -7.16 -5.11 -2.54
Co 4.06 2.45 -7.87 -4.94 -3.25
Ni 4.07 2.49 -8.02 -5.16 -3.40
Cu 4.08 2.56 -6.70 -3.84 -2.08
Zn 4.09 2.66 -4.98 -1.24 -0.36
Ru 4.09 2.56 -9.36 -7.25 -4.74
Rh 4.07 2.55 -9.61 -6.05 -5.00
Pd 4.09 2.61 -7.65 -3.70 -3.03
Ag 4.09 2.73 -5.92 -2.62 -1.30
Cd 4.10 2.83 -4.70 -0.89 -0.08
Ir 4.07 2.54 -10.34 -7.33 -5.73
Pt 4.08 2.59 -9.49 -5.53 -4.87
Au 4.11 2.67 -6.98 -3.08 -2.36
Pristine 4.11 2.89 - - -

Vo 4.05 2.88 - - -1.77




Table S2. The calculated adsorption free energies of *H, *OH, *O and *OOH (AGxy,
AGxoy, AG+o and AGxgop), and each elementary step AGy., AGop, AGsje, AGyy for
OER and ORR (all units in eV); The overpotential of OER and ORR (1) for TM@Sb

monolayers (all units in V).

Tm@Sb | AGwy | AGeon | AGwo | AGroon AG AGa Az Aiaa i
OER | ORR | OER | ORR | OER | ORR | OER | ORR | OER | ORR
Sc 063 | 097 | 062 | 230 | 097 | 262 | 159 | -1.68 | 1.68 | -1.59 | 2.62 | 097 | 1.39 | 2.20
Ti 028 | 015 | 022 | 317 | 015 | -1.75 | 037 | 295 | 295 | 037 | 1.75 | 015 | 172 | 1.38
v 023 | -154 | -1.80 | 174 | -1.54 | 3.18 | 026 | -3.54 | 3.54 | 026 | 3.18 | 154 | 231 | 2.77
Cr 041 | 071 | 040 | 248 | 071 | 244 | 031 | 2.88 | 2.88 | 031 | 244 | 071 | 1.65 | 1.94
Mn 039 | 055 | 009 | 262 | -0.55 | 230 | 046 | 271 | 271 | -0.46 | 230 | 055 | 148 | 1.78
Fe 029 | 058 | 007 | 255 | -058 | 237 | 051 | 262 | 262 | 051 | 237 [ 0358 | 139 | 1.81
Co 025 | 020 | 046 | 282 | -020 | 210 | 066 | 236 | 236 | -0.66 | 2.10 | 020 | 1.13 | 1.43
Ni 006 | 002 | 086 | 323 | 002 | -1.69 | 084 | 237 [ 237 | -0.84 | 1.69 | -0.02 | 1.14 | 121
Cu 020 | 075 | 088 | 38 | 075 | 112 | 013 | 292292 [ 013 | 112 [ -075 | 169 | 1.10
Zn 08 | 074 | 086 | 394 | 074 | 098 | 012 | 3.08 [ 3.08 | -0.12 | 098 | -074 | 1.85 | 1.11
Ru 037 | 049 | 009 | 242 | 049 | 250 | 040 | 251 | 2.51 | -040 | 250 | 049 | 128 | 1.72
Rh 040 | 067 | 130 | 372 | 067 | -120 | 063 | 242 | 242 | 0.63 | 120 | -0.67 | 1.18 | 0.60
Pd 022 | 065 | 1.66 | 378 | 065 | -1.14 | 1.01 | 212 | 212 | -1.01 | 1.14 | -0.65 | 0.89 | 0.58
Ag 039 | 073 | 147 | 404 | 073 | 088 | 074 | 257 | 257 | 074 | 0.88 | -0.73 | 1.34 | 0.50
cd 098 | 070 | 131 | 427 | 070 | -0.65 | 0.61 | 2.96 | 296 | -0.61 | 0.65 | -0.70 | 1.73 | 0.62
Ir 0009 | 045 | 072 | 360 | 045 | -132 | 027 | 2.88 | 2.88 | 027 | 132 | -045 | 1.65 | 0.96
Pt 001 | 052 | 1.90 | 361 | 052 | -131 | 138 | -1.71 | 171 | -138 | 131 | -0.52 | 048 | 0.71
Au 049 | 140 | 163 | 447 | 140 | 045 | 023 | 284 | 2.84 | 023 | 045 | -1.40 | 1.61 | 1.00
Pristine | 134 | 145 | 197 | 456 | 145 | 036 | 052 | 259 | 259 | -0.52 | 0.36 | -1.45 | 136 | 0.87




Table S3. The calculated adsorption free energies of AG+y for Ir@Sb monolayer with

units in eV; The calculated adsorption free energies of AGxoy, AG+o and AG«gop, and
AGl/a, AG2/b, AG3/c, AG4/d for OER and ORR for each elementary step for Pt@ and
Ag@Sb monolayers (all units in eV); The overpotentials of OER and ORR (1)) for Pt@

U | Tm@Sb | AGw | AGuon | AGuo | AGuoon AG. AGan AGy A
OER | ORR | OER | ORR | OER | ORR | OER | ORR | OER | ORR
Ir -0.014 - - - - - - - - - - -
23 Pt 053 | 193 | 365 | 053 - 140 | - 1.71 128 | - | 049 | -
Ag 075 | 150 | 4.08 - | -084 | - | -258| - |-075 -0.75 0.48
Ir -0.010 - - - - - - - - - - -
30 Pt 048 | 1.87 | 3.62 | 048 - 1.39 - 1.75 130 | - | 052 | -
Ag 074 | 152 | 4.05 - | -087 | - | 253 - | -078 -0.74 0.49
Ir -0.013 - - - - - - - - - - -
33 Pt 052 | 1.90 | 364 | 052 - 1.38 - 1.74 128 | - | 051 | -
Ag - 070 | 150 | 4.09 - |08 | - |25 | - |08 | - |-070 0.53
and Ag@Sb monolayers (unit in V). All calculations are under PBE+U level (U= 2.5,

3.0 and 3.5 eV).




Table S4. Adsorption free energies AG+y under 1/25, 1/16 and 1/8 hydrogen coverage
for Ir@Sb monolayer (unit in eV).

Hydrogen coverage | AGsy

1/25 0.078
1/16 (this work) | -0.009

1/8 -0.070




Table S5. The sum of zero-point energy (ZPE) and entropic corrections (TS) of
different intermediates adsorbed on catalysts under 298.15K. The d band center of
TM@Sb monolayers.

ZPE+TS
Tm@Sb — on O *OOL — d band center
Sc 0.22 | 0.01 0.36 0.07 1.27
Ti 0.25 | 0.02 0.33 0.13 0.69
\Y 0.26 | 0.04 0.37 0.14 0.74
Cr 0.26 | 0.04 0.32 0.14 0.26
Mn 0.25 | 0.04 0.32 0.11 -1.18
Fe 0.28 | 0.02 0.28 0.12 -1.18
Co 0.27 | 0.03 0.31 0.15 -1.25
Ni 0.28 | 0.05 0.30 0.18 -1.34
Cu 0.29 | 0.04 0.32 0.17 -2.30
Zn 0.28 | 0.04 0.32 0.14 -6.53
Ru 0.28 | 0.04 0.31 0.18 -0.78
Rh 0.29 | 0.02 0.29 0.16 -1.21
Pd 0.26 | 0.01 0.34 0.17 -2.47
Ag 0.29 | 0.03 0.32 0.16 -3.93
Cd 0.29 | 0.03 0.31 0.19 -8.16
Ir 0.30 | 0.04 0.31 0.18 -1.07
Pt 0.29 | 0.01 0.30 0.18 -2.54
Au 0.29 | 0.02 0.30 0.16 -3.67
Pristine 0.28 | 0.01 0.32 0.17 -




Fig. S1. The vacancy formation energy at different defect concentrations.
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Fig. S2. The binding energy of Ir, Pt and Ag atoms with Sb monolayer at different

concentrations for the SACs.

5 —h—r
7 —A—Pt
Tk i
-4
& 41
2
g
-10
.12 4
|

T ¥ T T y T : T r
0.02 0.03 0.04 0.05 0.06 0.07

Concentration



Fig. S3. The total density of states (DOS) of pristine Sb monolayer (a) and defective

Sb monolayer (b); Fermi level was set to zero (dashed line).
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Fig. S4. The projected density of states of TM(@Sb monolayers; Fermi level was set

to zero (dashed line).
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Fig. S5. The Gibbs free energy of hydrogen adsorption (AG+y) for TM@Sb monolayers.
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Fig. S6. (a) The phonon dispersion curves along the high symmetry directions; The total
energy and structure variations of Ir@Sb monolayer at 300 K (b), 400 K (c), and 500
K (d) under AIMD simulation.
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Fig. S7. The Gibbs free energy diagrams for OER/ORR elementary steps of TM@Sb

monolayers (from Sc to Zn) under different potential.
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Fig. S8. The Gibbs free energy diagrams for OER/ORR elementary steps of TM@Sb

monolayers (from Ru to Cd, and Ir to Au) under different potential.
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Fig. S9. (a) The phonon dispersion curves along the high symmetry directions; The total
energy and structure variations of Pt@Sb monolayer at 300 K (b), 400 K (c), and 500
K (d) under AIMD simulation.



, () Pt@sh

Frequency (THz)

K r
(b) 300K
-133
-132 4
~ =131
-
3 L]
2;-130 4 [ @
= ¢ » °
Q % o6 «® eow
5 ®a ® e o9
-129 4 e oo o0 &0
e » o-¢
LR [ =] oo [ =
e @ o o
-128 ®e 3]
[ 2 @
Initial Final
-127 T T T T T
0 2 10 12 14 16 18
Time (ps)
() 400K
B —— T=400K
-130 4
3-1311 AAM
& . .
2 1324 |>0 coc noo
r = *
= 8 oo oo’ & o
*e @ ¢ ®g @
&0 eoe e %o
1133 4 e oe © o9 o
o6 oe e e
[y oe o
Initial * % Final * %
-134 T T T T T
0 2: 10 12 14 16 18
Time (ps)
9y (d) 500K
— T=500K
-128 4
-129 4
=130 4
Cho
2131 4
0 o °
g O 00°a°
4 -1324 °°‘° e oe se
[ ¢ o
133 eoe °n oo oo, nne
® e Y L] L]
e o0 L
134 ve o LB
L] .
Initial e linal e
-135 T T T T T
0 2 10 12 14 16 18
Time (ps)

Fig. S10. (a) The phonon dispersion curves along the high symmetry directions; The

total energy and structure variations of Ag@Sb monolayer at 300 K (b), 400 K (c¢), and

500 K (d) under AIMD simulation.
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Fig. S11. The minimum energy pathway of adsorbed Pt atom diffused from the

vacancy adsorption site to neighboring sites.
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