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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 S11:

Ef (VSb) = EV-Sb − n×ESb                                 (S1)

where EV-Sb, n and ESb 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 (Eb) of TM atoms embedded in the defected Sb monolayer was 

calculated based on equation S2:  

                      Eb = ETM-Sb − ESb − ETM                                    (S2)

where ETM-Sb, ESb and ETM 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 Eb indicates better thermodynamic stability.

The cohesive energies of bulk metal materials (Ec) can be obtained by equation S3:

Ec = (Ebulk − n×ETM)/n                      (S3)

Where the Ebulk is the energies of bulk metal, ETM 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 (Ef) was 

calculated as equation S4:

Ef = ETM-Sb − μTM − nμsb                                 (S4)
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where ETM-Sb is the energies of TM embedded in the defected Sb monolayer, n and μsb 

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 summarized2. In acidic 

condition, OER can be divided into the following four elementary steps S5-S9:

H2O (l) + * → *OH + (H+ + e−)                  (S5)

*OH → *O + (H+ + e−)                      (S6)              

*O + H2O (l) → *OOH + (H+ + e−)                  (S7)

*OOH → O2 (g) + * + (H+ + e−)                   (S8)

where * denotes the substrates, l 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:

O2 (g) + * + (H+ + e−) → *OOH                   (S9)

                  *OOH + (H+ + e−) → *O + H2O (l)                 (S10)

  *O + (H+ + e−) → *OH                       (S11)

                     *OH + (H+ + e−) → H2O (l) + *                  (S12)

The change of Gibbs free energy for the four elementary OER steps from ΔG1 to ΔG4 

can be calculated as S16-S19:

              ΔG1 = G(*OH) + G(H++e-) − G(H2O) − G(*)               (S16)         

ΔG2 = G(*O) + G(H++e-) − G(*OH)                  (S17)

ΔG3 = G(*OOH) + G(H++e-) − G(*O) − G(H2O)             (S18)

ΔG4 = G(*) + G(O2) + G(H++e-) − G(*OOH)              (S19)

and G(H++e-) = G( H2)                         (S20)
2
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Since DFT has poor description for the high-spin ground state of O2, the free energy of 

O2 in the gas phase can be obtained by G(O2, g) + 2G(H2, g) – 2G(H2O, l) = 4.92 eV. 

Meanwhile, it is difficult to directly get the free energy of H2O 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(H2O, l) = EH2O + ZPEH2O -TSH2O                  (S21)

where EH2O, ZPEH2O and TSH2O are the total energy of H2O from DFT calculations in 

gas phase, zero-point energy and entropy respectively. 

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

            ΔG1 = G(*OH)                          (S22)



                       ΔG2 = G(*O) − G(*OH)                      (S23)

                       ΔG3 = G(*OOH) − G(*O)                     (S24)

                       ΔG4 = 4.92 − G(*OOH)                      (S25)

Whereas the free energy changes in ORR processes from ΔGa to ΔGd can be expressed 

as below:

                             ΔGa = -ΔG4                                      (S26)

                             ΔGb = -ΔG3                          (S27)

                             ΔGc = -ΔG2                                       (S28)

         ΔGd = -ΔG1                                       (S29)

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

equations:

ηOER = max {ΔG1, ΔG2, ΔG3, ΔG4}/e – 1.23        (S30)

ηORR = max {ΔGa, ΔGb, ΔGc, ΔGd}/e + 1.23        (S31)

where 1.23 is the equilibrium potential.3

The HER under acidic conditions was also considered in this study, and the steps can 

be shown as below：

* + H+ + e− → *H                     (S32)

*H → H2 (g) + *                    (S33)
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The HER activity was evaluated by calculating changes of the Gibbs free energy as in 

equation S34: 

ΔG*H = ΔEH + ΔZPE − TΔS                  (S34)

where ΔEH is the adsorption energy of H2, ΔZPE and TΔS are the differences of zero-

point energy and entropy between the free H2 and adsorbed H2. Using standard 

hydrogen electrode (SHE) as the energy reference, the closer the value of ΔG*H to zero, 

the better HER performance of the catalysts, as shown by Nørskov et al..2 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 i, according to the equation below:

             i = -ek                 

1
1 + 𝑒𝑥𝑝⁡(|∆𝐺𝐻|/𝑘𝑏𝑇 )

(S35)



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

average bond length of dTM−Sb (the nearest three bonds) with unit Å. The binding energy 

Eb, cohesive energy Ec and formation energy Ef of 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
V 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 - - -
Vsb 4.05 2.88 - - -1.77



Table S2. The calculated adsorption free energies of *H, *OH, *O and *OOH (ΔG*H, 

ΔG*OH, ΔG*O and ΔG*OOH), and each elementary step ΔG1/a, ΔG2/b, ΔG3/c, ΔG4/d for 

OER and ORR (all units in eV); The overpotential of OER and ORR (η) for TM@Sb 

monolayers (all units in V). 

ΔG1/a ΔG2/b ΔG3/c ΔG4/d η
Tm@Sb ΔG*H ΔG*OH ΔG*O ΔG*OOH OER ORR OER ORR OER ORR OER ORR OER ORR

Sc 0.63 -0.97 0.62 2.30 -0.97 -2.62 1.59 -1.68 1.68 -1.59 2.62 0.97 1.39 2.20
Ti -0.28 -0.15 0.22 3.17 -0.15 -1.75 0.37 -2.95 2.95 -0.37 1.75 0.15 1.72 1.38
V 0.23 -1.54 -1.80 1.74 -1.54 -3.18 -0.26 -3.54 3.54 0.26 3.18 1.54 2.31 2.77
Cr 0.41 -0.71 -0.40 2.48 -0.71 -2.44 0.31 -2.88 2.88 -0.31 2.44 0.71 1.65 1.94
Mn 0.39 -0.55 -0.09 2.62 -0.55 -2.30 0.46 -2.71 2.71 -0.46 2.30 0.55 1.48 1.78
Fe 0.29 -0.58 -0.07 2.55 -0.58 -2.37 0.51 -2.62 2.62 -0.51 2.37 0.58 1.39 1.81
Co 0.25 -0.20 0.46 2.82 -0.20 -2.10 0.66 -2.36 2.36 -0.66 2.10 0.20 1.13 1.43
Ni 0.06 0.02 0.86 3.23 0.02 -1.69 0.84 -2.37 2.37 -0.84 1.69 -0.02 1.14 1.21
Cu 0.20 0.75 0.88 3.80 0.75 -1.12 0.13 -2.92 2.92 -0.13 1.12 -0.75 1.69 1.10
Zn 0.89 0.74 0.86 3.94 0.74 -0.98 0.12 -3.08 3.08 -0.12 0.98 -0.74 1.85 1.11
Ru -0.37 -0.49 -0.09 2.42 -0.49 -2.50 0.40 -2.51 2.51 -0.40 2.50 0.49 1.28 1.72
Rh 0.40 0.67 1.30 3.72 0.67 -1.20 0.63 -2.42 2.42 -0.63 1.20 -0.67 1.18 0.60
Pd 0.22 0.65 1.66 3.78 0.65 -1.14 1.01 -2.12 2.12 -1.01 1.14 -0.65 0.89 0.58
Ag 0.39 0.73 1.47 4.04 0.73 -0.88 0.74 -2.57 2.57 -0.74 0.88 -0.73 1.34 0.50
Cd 0.98 0.70 1.31 4.27 0.70 -0.65 0.61 -2.96 2.96 -0.61 0.65 -0.70 1.73 0.62
Ir -0.009 0.45 0.72 3.60 0.45 -1.32 0.27 -2.88 2.88 -0.27 1.32 -0.45 1.65 0.96
Pt -0.01 0.52 1.90 3.61 0.52 -1.31 1.38 -1.71 1.71 -1.38 1.31 -0.52 0.48 0.71
Au 0.49 1.40 1.63 4.47 1.40 -0.45 0.23 -2.84 2.84 -0.23 0.45 -1.40 1.61 1.00

Pristine 1.34 1.45 1.97 4.56 1.45 -0.36 0.52 -2.59 2.59 -0.52 0.36 -1.45 1.36 0.87



Table S3. The calculated adsorption free energies of ΔG*H for Ir@Sb monolayer with 

units in eV; The calculated adsorption free energies of ΔG*OH, ΔG*O and ΔG*OOH, and 

ΔG1/a, ΔG2/b, ΔG3/c, ΔG4/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 (η) for Pt@ 

and Ag@Sb monolayers (unit in V). All calculations are under PBE+U level (U= 2.5, 

3.0 and 3.5 eV).  

ΔG1/a ΔG2/b ΔG3/c ΔG4/d η
U Tm@Sb ΔG*H ΔG*OH ΔG*O ΔG*OOH OER ORR OER ORR OER ORR OER ORR OER ORR

Ir -0.014 - - - - - - - - - - - - -
Pt - 0.53 1.93 3.65 0.53 - 1.40 - 1.71 - 1.28 - 0.49 -2.5

Ag - 0.75 1.50 4.08 - -0.84 - -2.58 - -0.75 - -0.75 0.48
Ir -0.010 - - - - - - - - - - - - -
Pt - 0.48 1.87 3.62 0.48 - 1.39 - 1.75 - 1.30 - 0.52 -3.0

Ag - 0.74 1.52 4.05 - -0.87 - -2.53 - -0.78 - -0.74 0.49
Ir -0.013 - - - - - - - - - - - - -
Pt - 0.52 1.90 3.64 0.52 - 1.38 - 1.74 - 1.28 - 0.51 -3.5

Ag - 0.70 1.50 4.09 - -0.83 - -2.59 - -0.80 - -0.70 0.53



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

Hydrogen coverage ΔG*H
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

*OH *O *OOH *H
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
V 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. 



Fig. S2. The binding energy of Ir, Pt and Ag atoms with Sb monolayer at different 

concentrations for the SACs. 



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).  



Fig. S4. The projected density of states of TM@Sb monolayers; Fermi level was set 

to zero (dashed line).



Fig. S5. The Gibbs free energy of hydrogen adsorption (ΔG*H) for TM@Sb monolayers.



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.



Fig. S7. The Gibbs free energy diagrams for OER/ORR elementary steps of TM@Sb 

monolayers (from Sc to Zn) under different potential.



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. 



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. 



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. 



Fig. S11. The minimum energy pathway of adsorbed Pt atom diffused from the 

vacancy adsorption site to neighboring sites.




