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Gibbs Free Energy Computations

The electrochemical ORR reactions can be divided into 2e ORR and 4e ORR 

[1]. For the 4e ORR reaction, the reaction intermediates include OOH*, O*, and OH*, 

and the product is H2O [2]. For the 2e ORR reactions, the only reaction intermediate 

is OOH* and the product is H2O2 [3]. The G of intermediates OOH*, O*, and OH* 

were calculated as follows:

         (1)
Δ𝐺𝑂𝑂𝐻 =  𝐺𝑂𝑂𝐻 ‒  𝐺 ∗  ‒  (2𝐺𝐻2𝑂 ‒  3/2𝐺𝐻2 

)

                  (2)
Δ𝐺𝑂 =  𝐺𝑂 ‒  𝐺 ∗  ‒  (𝐺𝐻2𝑂 ‒  𝐺𝐻2 

)

             (3)
Δ𝐺𝑂𝐻 =  𝐺𝑂𝐻 ‒  𝐺 ∗  ‒  (𝐺𝐻2𝑂 ‒  1/2𝐺𝐻2 

)

             (4)
𝐺𝑂2

(𝑔) =  2𝐺𝐻2𝑂(𝑙) ‒  2𝐺𝐻2
 +  4 ×  1.23

where * denotes the adsorption carrier of TM-GY. where G* represents the total energy 

of the TM-GY, and GOOH, GO and GOH denote the total energies when the intermediates 

OOH*, O*, and OH* are adsorbed on TM-GY, respectively. Due to inaccuracies in 

DFT calculations for gaseous O2 in the high spin ground state,  was calculated 
𝐺𝑂2

(𝑔)

using Eq. (4), assuming equilibrium between gas-phase and liquid-phase water at room 

temperature reached equilibrium [4].

The 2e ORR reaction process:    

                    (5)∗  +  𝑂𝑂 +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝑂𝑂𝐻 ∗

                     (6)𝑂𝑂𝐻 ∗  +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝐻2𝑂2 +  𝑂𝐻 ‒

The 4e ORR reaction process:    

               (7)∗  +  𝑂𝑂 +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝑂𝑂𝐻 ∗  +  𝑂𝐻 ‒

                     (8)𝑂𝑂𝐻 ∗  +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝑂 ∗  +  𝐻2𝑂 +  𝑂𝐻 ‒

                    (9)𝑂 ∗  +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝑂𝐻 ∗  +  𝑂𝐻 ‒



                     (10)𝑂𝐻 ∗  +  𝐻2𝑂 +  𝑒 ‒  ⇌ 𝐻2𝑂 +  𝑂𝐻 ‒

Fig. S1. The H2O2 performance of primitive GY.



Fig. S2. The side-on and end-on O2 adsorption configurations on TM-GY.

Fig. S3. The relationship between GOOH and GOO.

Fig. S4. Comparison of GOOH of Ni-atom, Ni-GY, GY.



Fig. S5. the configuration of TM-GY after the OOH* hydrogenation to form H2O2.

Table S1. The d-orbital (θd), atomic electronegativity (EM) and atom-radius (R).

TM θd EM R TM θd EM R TM θd EM R

Sc 1 1.36 1.64 Y 1 1.22 1.80 Hf 2 1.32 1.59

Ti 2 1.54 1.45 Zr 2 1.33 1.60 Ta 3 1.51 1.48

V 3 1.63 1.35 Nb 4 1.59 1.48 W 4 2.36 1.41

Cr 5 1.66 1.27 Mo 5 2.16 1.40 Re 5 1.93 1.46

Mn 5 1.55 1.32 Ru 7 2.20 1.32 Os 6 2.18 1.34

Fe 6 1.83 1.27 Rh 8 2.28 1.34 Ir 7 2.20 1.36

Co 7 1.88 1.26 Pd 10 2.20 1.37 Pt 9 2.28 1.39

Ni 8 1.92 1.24 Ag 10 1.93 1.44 Au 10 2.54 1.44

Cu 10 1.90 1.28



Fig. S6. The scaling relationship between ηH2O2 and d electrons(θd) (a), the electronegativity 

(EM) (b), and the atomic radius (R) (c). (d)The scaling relationship between ΔGOOH and φ3 for 

TM-GY.



Fig. S7. The configuration of OO* and OOH* for TM-GY, TM-B-GY, TM-N-GY, and TM-

v-GY.



Fig. S8. The GOO for TM-NM-GY (TM = Ag, Cu, Ni, Pd and Pt; NM = B, N doping or C 

vacancy).

Fig. S9. The relationship between the GOO and the O-O bond length on TM-NM-GY.





Fig. S10. The Free energy diagrams of 2e ORR for H2O2 product on TM-NM-GY.





Fig. S11. The Free energy diagrams of 4e ORR for H2O product on TM-NM-GY.



Fig. S12. The selectivity of TM-NM-GY by compare the overpotential of ηH2O2 and ηH2O.



Fig. S13. The AIMD calculation for TM-NM-GY catalysts at 300 K from 0 to 12 ps.



Fig. S14. Comprehensive evaluation of stability summary for TM-NM-GY.



Fig. S15. Comprehensive evaluation summary of overall catalytic performance through 

activity, selectivity, and stability for TM-NM-GY.



Fig. S16. The charge variation of 2e ORR reaction for Ni-GY.

Fig. S17. The donation and back-donation models between Ni and OO or OOH.



Fig. S18. The PDOS of C, N, B and Ni for Ni-GY, Ni-N-GY and Ni-B-GY.

Fig. S19. The PDOS of O (in OOH) and Ni for Ni-GY and Ni-B-GY. 



Fig. S20. Ni-GY vs Ni-B-GY: (a) The GOO and GOOH, (b) Charge density difference for 

OO*, (c) The COHP between the O (in OO*) and Ni.
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