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1. Calculation methods

1.1 Reaction pathway

In an acidic environment, the overall 4-electron oxygen reduction reaction (ORR) producing 

H2O can be written as:

                                                                                               (S1)𝑂2 + 4𝐻 + + 4𝑒 ‒ →2𝐻2𝑂

The mechanism of ORR goes through the following elementary steps:

                                                                                                                    (S2)𝑂2 +  ∗  → 𝑂 ∗
2

                                                                                                 (S3)𝑂 ∗
2 + 𝐻 +  + 𝑒 ‒ →𝑂𝑂𝐻 ∗  

                                                                                (S4)𝑂𝑂𝐻 ∗ + 𝐻 +  + 𝑒 ‒ →𝑂 ∗ + 𝐻2𝑂(𝑙) 
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                                                                                                     (S5)𝑂 ∗ + 𝐻 +  + 𝑒 ‒ →𝑂𝐻 ∗

                                                                                      (S6)𝑂𝐻 ∗ + 𝐻 +  + 𝑒 ‒ →𝐻2𝑂(𝑙) +  ∗

As for oxygen evolution reaction (OER), the reaction is the reverse direction of ORR. The 

overall 4-electron OER in acid environment is: 

                                                                                               (S7)2𝐻2𝑂→𝑂2 + 4𝐻 + + 4𝑒 ‒

The elementary steps are as follow:

                                                                                      (S8)𝐻2𝑂(𝑙) +  ∗  →𝑂𝐻 ∗ + 𝐻 +  + 𝑒 ‒

                                                                                                   (S9)𝑂𝐻 ∗ →𝑂 ∗ + 𝐻 +  + 𝑒 ‒  

                                                                              (S10)𝑂 ∗ + 𝐻2𝑂(𝑙)→ 𝑂𝑂𝐻 ∗ + 𝐻 +  + 𝑒 ‒

                                                                                               (S11)𝑂𝑂𝐻 ∗ → 𝑂 ∗
2 + 𝐻 +  + 𝑒 ‒

                                                                                                                 (S12)𝑂 ∗
2  → 𝑂2 +  ∗

1.2 Overpotential

To determine the rate limiting step of ORR on different sites and structures, the free energy change 

of each step after energy correction can be obtained based on the above elementary steps:

                                                                                 (S13)∆𝐺 = ∆𝐸𝐷𝐹𝑇
𝑎𝑑𝑠 ‒ ∆𝑍𝑃𝐸 ‒ 𝑇∆𝑆 + ∆𝐺𝑈 + Δ𝐺𝑝𝐻

where  is the DFT-determined energy change of each step, T=293.15 K is the room ∆𝐸𝐷𝐹𝑇

temperature, and ∆S is the entropy change. ZPE is the zero-point energy of OH*, O* and OOH*, 

which is calculated with the contribution in the free energy expression considering only vibrational 

entropy frequencies. In this work, to unify the standard, ZPE were calculated with the fixed 

substrate to obtain ZPE contribution in the free energy expression.1  is the potential ∆𝐺𝑈 =‒ 𝑒𝑈

correction, where U is the potential at the electrode.  is the correction of the H+ free energy by  Δ𝐺𝑝𝐻

the concentration dependence of the entropy: 

                                                                                                                  (S14)Δ𝐺𝑝𝐻 =‒ 𝑘𝐵𝑇ln[H + ]



where kb is the Boltzmann constant. 

Then, the overpotential  of ORR in acid medium (pH=1), is determined by the following equation:𝜂

                                                                (S15)𝜂𝑂𝑅𝑅 = 𝑚𝑎𝑥{∆𝐺1, ∆𝐺2,∆𝐺3,∆𝐺4} 𝑒 + 1.23

where   are the free energy change of Reaction S3-S6 calculated by Eq. (S13), ∆𝐺1,  ∆𝐺2, ∆𝐺3,  ∆𝐺4

respectively. 

The overpotential  of OER in acid medium (pH=1), is calculated by:𝜂

                                                                (S16)𝜂𝑂𝐸𝑅 = 𝑚𝑎𝑥{∆𝐺1, ∆𝐺2,∆𝐺3,∆𝐺4} 𝑒 ‒ 1.23

where  are the free energy change of Reaction S8-S11 calculated by Eq. (S13), ∆𝐺1,  ∆𝐺2, ∆𝐺3,  ∆𝐺4

respectively. 

1.3 Adsorption energy

In order to analyze the relationship between the structure and the catalytic activity, the absorption 

energy of OH*, O* and OOH* were calculated by the following equations:2 

                                                                 (S17)
∆𝐸

𝑂𝐻 ∗ = 𝐸(𝑂𝐻 ∗ ) ‒ 𝐸( ∗ ) ‒ (𝐸𝐻2𝑂 ‒ 1 2𝐸𝐻2
)

                                                                             (S18)
∆𝐸

𝑂 ∗ = 𝐸(𝑂 ∗ ) ‒ 𝐸( ∗ ) ‒ (𝐸𝐻2𝑂 ‒ 𝐸𝐻2
)

                                                          (S19)
∆𝐸

𝑂𝑂𝐻 ∗ = 𝐸(𝑂𝑂𝐻 ∗ ) ‒ 𝐸( ∗ ) ‒ (2𝐸𝐻2𝑂 ‒ 3 2𝐸𝐻2
)

where  is the ground state energies of a clean surface obtained by DFT calculation, 𝐸( ∗ )

 , and  represent the DFT-calculated energy of surface absorbed with 𝐸(𝑂𝐻 ∗ ) 𝐸(𝑂 ∗ ) 𝐸(𝑂𝑂𝐻 ∗ )

OH*, O* and OOH*, respectively.  and  are the energies of H2O and H2 molecules in gas 
𝐸𝐻2𝑂 𝐸𝐻2

phase obtained by DFT calculation. 



2. Supplementary Figures



Fig. S1 The S-doped TM-N-C SAC structure considered in this study. The brown, silver, blue 

and black balls represent the C, N, S and TM (TM= Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) atoms, 

respectively. (a) TM-N-S-1. (b) TM-N-S-2. (c) TM-N-S-3. (d) TM-N-S-4. (e) TM-N-S-5. (f) 

TM-N-S-6. (g) TM-N-S-7. (h) TM-N-S-8. (i) TM-N-S-9. (j) TM-N-S-10. (k) TM-N-S-11. (l) 

TM-N-S-12. (m) TM-N-S-13. (n) TM-N-S-14. (o) TM-N-S-15. (p) TM-N-S-16. (q) TM-N3-S. (r) 

TM-N2-S2.



Fig. S2 The structure with the best ORR overpotential. (a) Sc-N-S-1. (b) Ti-N-S-1. (c) V-N3-S. 

(d) Cr-N2-S2. (e) Mn-N-S-14. (f) Fe-N-S-8. (g) Co-N-S-12. (h) Ni-N2-S2. (i) Cu-N-S-3. (j) Zn-N-

S-14.



Fig. S3 The structure with the best OER overpotential. (a) Sc-N-S-8 (b) Ti-N-S-1. (c) V-N2-S2. 

(d) Cr-N3-S. (e) Mn-N3-S. (f) Fe-N-S-1. (g) Co-N-S-1. (h) Ni-N2-S2. (i) Cu-N-S-3. (j) Zn-N2-S2. 

It is noted: for Ti, Ni and Cu, the structure with the best ORR and OER overpotential is the same 

(Ti-N-S-1 in Fig. S3b and S4b, Ni-N2-S2 in Fig. S3h and S4h, Cu-N-S-3 in Fig. S3i and S4i).



Fig. S4 The differential charge density distributions (between S-doped and S-undoped structure) 

of the screened structures corresponding to those shown in Fig. S2 with optimal ORR 

overpotential.



Fig. S5 The differential charge density distributions (between S-doped and S-undoped structure) 

of the screened structures (corresponding to those shown in Fig. S3) with optimal OER 

overpotential.



Fig. S6 The DOS of the screened structures (corresponding to those shown in Fig. S3) with optimal 

ORR overpotential. The Fermi energy levels are marked by dotted line.



Fig. S7 The DOS of the screened structures (corresponding to those shown in Fig. S4) with optimal 

OER overpotential. The Fermi energy levels are marked by dotted line.



3. Supplementary Tables

Table S1. The values of U–J used in Hubbard U (DFT+U) corrections:3

TM Sc Ti V Cr Mn Fe Co Ni Cu Zn

U-J 2.11 2.58 2.72 2.79 3.06 3.29 3.42 3.40 3.87 4.12

Table S2. The values of valence number ( , , ), atomic radius ( , , ) and the 𝑉𝑀 𝑉𝑆 𝑉𝐶 𝑟𝑀 𝑟𝑆 𝑟𝑐

descriptors.

Elements
Valence 

electron number

Atomic radius 

(pm)
𝜑 𝜑 ∗

C 4 67 -- --

S 6 88 -- --

Sc 3 184 0.469 0.191

Ti 4 176 -0.12 0

V 5 171 0 0.151

Cr 6 166 0.287 0.546

Mn 7 161 0.674 1.107

Fe 8 156 1.136 1.765

Co 9 152 1.671 2.515

Ni 10 149 2.167 3.370

Cu 11 145 2.167 4.151

Zn 12 142 2.707 5.012
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