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Supplementary Figure1. The optimization of Pt loading on Pt-N/C catalysts for ORR. All these 

catalysts are based on the fixed initial ratio of urea/carbon of 10 with fixed pyrolysis temperature 

of 950
o
C. The red point indicates the performance of pure Pt/C with Pt 10 wt%.  

 

Supplementary Figure 1 shows clearly that the optimal Pt content is about 0.4 wt%. 
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Supplementary Figure 2. The optimization of pyrolyzing temperature for Pt-N/C catalysts for ORR. 

All these catalysts are based on the fixed initial ratio of urea/carbon of 10 with fixed Pt content of 

0.4wt% obtained from Supplementary Figure 1.   

 

Supplementary Figure 2 shows clearly that the optimal pyrolyzing temperature for Pt-N/C is at 

950
o
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S3 
 

 

Supplementary Figure 3. The optimization of initial ratio of urea/carbon for Pt-N/C catalysts for 

ORR. All these catalysts are based on the optimized pyrolyzing temperature of 950
o
C (obtained 

from Supplementary Figure 2) and fixed Pt content of 0.4wt% obtained from Supplementary 

Figure 1.   

 

Supplementary Figure 3 shows clearly that the optimal initial weight ratio of urea/carbon for 

Pt-N/C catalysts is 10. 
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Supplementary Figure 4. (a)Low-magnified HAADF-STEM image of Pt1-N/BP.(b, c) More 

HAADF-STEM images of Pt1/BP to show the coexistence of individual Pt single atoms with small 

Pt nanoparticles. (d)HAADF-STEM images of Pt1-N/BP after 18k CV cycles in O2-saturated 0.1 M 

KOH. Statistically, the surface density of Pt atoms didn't show obvious decrease after 18k CV 

cycles in O2-saturated 0.1 M KOH, consistent with the high long-term stability of ORR activity 

observed on electrode (Figure 2f and Supplementary Figures 10c and10d).  
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Supplementary Figure 5 X-ray diffraction (XRD) patterns of different samples: BP, Pt1/BP, N/BP, 

Pt1-N/BP. For comparison, the result for commercial Pt/C was also presented in red curve. 
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Supplementary Figure 6. Pt L3-edge EXAFS oscillation function k
2
∙χ(k) on different substrates: Pt 

foil, Pt1/BP, Pt1-N/BP, PtO2. Pt L3-edge XAFS measurements were performed at Beam line 14W of 

the SSRF. The storage ring was operated at 3.5 GeV with a maximum current of 240 mA. The 

incident X-ray was monochromatized by using a doublecrystal Si (111) monochromator. The data 

were collected in fluorescence and transmission modes for the target and reference samples, 

respectively. The XAFS data were analyzed by using the Demeter software package
1
 (University of 

Chicago).The theoretical scattering amplitude and phase-shift functions of all the paths for fitting 

the EXAFS data were calculated by FEFF6 code (University of Washington)
2-4

. 
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Supplementary Figure 7. (a)The electron transfer number (n) and the H2O2 yield (b) on different 

catalysts of BP, Pt1/BP, N/ BP and Pt1-N/BP in 0.1 M HClO4. 
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Supplementary Figure 8. The response of commercial Pt/C to O2, CO and methanol (0.5 M) in 0.1 

M HClO4. 
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Supplementary Figure 9. The long-term operation stability of commercial Pt/C with Pt loading of 20 

wt.% in0.1 M HClO4. 

 

 

 

 

 

 

 

 

 

 

 

 

 



S10 
 

 

Supplementary Figure 10. (a) The electron transfer number (n) and the H2O2 yield (b) on Pt1-N/BP 

in 0. 1 M KOH.(c) The durability study of Pt1-N/BP in O2-saturated 0.1 M KOH. (d)The acidic fuel 

cell lifetime with Pt1-N/BP as cathode (ResidualI: the remains of current) test at fixed potential of 

0.5 V and 70°C for 200 hours. 
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Supplementary Figure 11. N2 sorption isotherms of Pt1-N/BP. Inset: the pore size distribution. 
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Supplementary Table 1. Comparison of E1/2 between Pt1-N/BP and some other typical best non-Pt 

ORR electrocatalysts in acidic condition 

Samples E1/2(vs.RHE) References 

Pt1-N/BP 0.76 V(0.1 M HClO4) In this work 

Fe 3C/NG-800 0.77 V(0.1 M HClO4) Ref. 5 

Fe3C/C-700 0.73 V(0.1 M HClO4) Ref. 6 

Fe−N/C-800 0.62 V(0.1 M HClO4) Ref. 7 

Fe 2 N/N-GAs-20 0.71 V (1.0 M HClO4) Ref. 8 

Fe-N-CNFs 0.61V (0.5 M H2SO4) Ref. 9 

Fe/N/CF 0.80 V (0.5 M H2SO4)  Ref. 10 

PANI-Fe-C 0.80 V (0.5 M H2SO4)  Ref.11 
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Supplementary Table 2. Typical best non-Pt ORR electrocatalysts in alkaline condition (0.1 M 

KOH) 

Samples 
E1/2(0.1 M 

KOH)(vs.RHE) 
References 

Pt1-N/BP 0.87 V In this work 

{Co}-[FeCo]O4/NG 0.86 V Ref.12 

Co,N-CNF 0.82 V Ref. 13 

PdCuCo NCs/C 0.87 V Ref. 14 

NPMC-1000 0.85 V Ref.15 

Fe-N-CNFs 0.83 V Ref.9 

Fe-N/C-800 0.82 V Ref. 16 

Fe−N/C-800 0.81 V Ref.7 

N-Fe-CNT/CNP 0.87 V Ref.17 

VA-NCNT/GC 0.86 V Ref 18. 

Co SAs/N-C(900) 0.88V Ref.19 
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Supplementary Table 3. Acidic H2-O2 Fuel cell performance and Pt consumption in whole cell at peak 

power density and 80
o
C  

Samples Pt consumption/  

g Pt kW
-1

 

References 

Pt1-N/BP 0.13 gPt kW
-1

   In this work 

Fe/N/C 0.33 gPt kW
-1

  Ref.20 

S-Fe/N/C 0.39 gPt kW
-1

  Ref.21 

Fe/N/C 0.33 gPt kW
-1

  Ref.10 

PANI-Fe-C 0.45 gPt kW
-1

 Ref.11 
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Supplementary Table 4. Durability tests of catalysts in acidic H2/O2 fuel cell at fixed potential of 0.5 V 

and comparison of the durability between our Pt single atom catalyst and some other Pt-free ORR 

catalysts in fuel cells at fixed potential of 0.5 V. In all these cases, the anodes of the fuel cells were all 

based on Pt/C for hydrogen oxidation reaction. 

Samples Current remained after a period of time at 0.5 V References 

Pt1-N/BP 74% remained after 200 hours at 80
o
C  In this work 

Pt1-N/BP 90% remained after 200 hours at 70
o
C   In this work 

S-Fe/N/C 28% remained after 100 hours at 80
o
C Ref. 21 

Fe/N/C 44% remained after 100 hours at 80
o
C Ref.22 
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Supplementary Note 1: Computational details  

All the electronic structure calculations have been carried out through the spin-polarized density 

functional theory (DFT) calculations as implemented in the Vienna ab initio simulation package 

(VASP)
23-26

.Projector augmented wave (PAW) based potentials were used to describe the 

interactions between valence electrons and ion cores
27,28

. The Perdew−Burke−Ernzerhof form of the 

Generalized-Gradient Approximation was employed to describe electron exchange and correlation
29

. 

The wave functions at each k-point were expanded with a plane wave basis set and a kinetic cutoff 

energy up to 400 eV. Brillouin zone integration was approximated by a sum over special selected 

k-points using the Monkhorst–Pack method
30

 and they were set to 5×5×1. The electron occupancies 

were determined using Gaussian broadening with a width of 0.05 eV. Geometries were optimized 

until the energy was converged to 1.0×10
-5

eV per atom and the force was converged to 0.01 eVÅ
-1

. 

A supercell of 7.38×7.38 Å in sized was used with a vacuum space of 25 Å for graphene-based 

structures. For Pt (111), a 3×3supercell and three-layer slab is utilized. The bottom layer is fixed to 

mimic Pt bulk. 

 The formation energy (Ef) was calculated as follows: 

                                              (3) 

where Etotal is the total energy of the whole system, nx is the number of C, N and Pt atoms and the 

corresponding chemical potentials were derived from graphene, gaseous N2 and a Pt atom in 

vacuum, respectively. 

The adsorption energy (Eads) of an adsorbate was defined as follows: 

                              (4) 

where Esubstrate+adsorbate, Eadsorbate, and Esubstrate stand for the total energies of a substrate and adsorbate, 

a gas phase adsorbate, and an isolated substrate, respectively. According to such a definition, a more 

negative value of Eads signifies greater thermodynamic stability of the composite system. 

Based on our experimental observations (Supplementary Figure 7, 10), the four-electron ORR 

mechanisms were investigated on the various graphene-based structures (Supplementary Figure12, 

13) in the present work. In alkaline medium each ORR step can be summarized as follows, 

O2 + 2H2O + 4e
-
 —*O2 + 2H2O + 4e

-
                (5) 

*O2 + 2H2O + 4e
- 
— *OOH + OH

-
 + H2O + 3e

-
          (6) 

*OOH + OH
-
 + H2O+ 3e

-→ 2OH
-
 + *O + H2O + 2e

-
     (7) 

2OH
-
 + *O + H2O + 2e

-→ 3OH
-
 + *OH + e

-
            (8) 

3OH
-
 + *OH + e

-→ 4OH
-
                            (9) 

Overall :  O2 + 2H2O + 4e
-→ 4OH

-
                    (10) 

The free energy diagrams of the oxygen reduction reactions (ORR) have been calculated 

according to the method developed by Nørskov et al.
31

 Free energy change from initial states to 

final states of the reaction is calculated as follows: 

 (11) 

f total x x

x

E E n  

ads substrate adsorbate adsorbate substrateE E E E  

U pH fieldG E ZPE T S G G G        
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where ∆E is the total energy change obtained from DFT calculations, ∆ZPE is the change in 

zero-point energy, T is the temperature (298.15 K), and ∆S is the change in entropy. ∆GU=eU, 

where U is the electrode potential with respect to standard hydrogen electrode, and e is the charge 

transferred. , where kB is the Boltzmann constant, and pH=0 for acid 

medium and 13 for alkaline medium in this study
32,33

. is the free energy correction due to 

the electrochemical double layer and is neglected as in previous studies
31,33

. Gas-phase H2O at 0.035 

bar was used as the reference state, because at this pressure gas-phase H2O is in equilibrium with 

liquid water at 298.15 K. The free energy of O2 was obtained from the free energy change of the 

reaction , which is -4.92 eV at 298.15 K and a pressure of 0.035 bar
31

. The free 

energy of (H
+
+e

-
) in solution at standard conditions of U=0 and pH=0 is equal to that of 1/2 H2 

according to a computational hydrogen electrode model suggested by Nørskov et al.31
, whereas at 

finite potential and pH=0, it is shifted by –eU, as used in some previous studies
31-34

. The free energy 

of OH
- 
was calculated from the reaction ，which is in equilibrium in water 

solution
32

. The entropies and vibrational frequencies of the species in gas phase were taken from the 

NIST database
35

. Zero-point energy and entropies of the adsorbed species were calculated from the 

vibrational frequencies. The DFT total energies, ZPE, TS, and Gibbs free energies of gas molecules 

and the ORR intermediates were listed in Supplementary Table 6, Supplementary Table 7, and 

Supplementary Table 8, respectively. Based on those data, we can calculate the free energy change 

∆G of each step for the ORR on catalytic surfaces. 

 

 

 

 

 

 

 

ln10pH BG k T pH  

fieldG

2 2 22 2O H H O 

2H OH H O  
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Supplementary Figure 12. Optimized structures of variations of graphene substrates. (a) pristine 

graphene, (b) graphitic N doped graphene (g-N), (c) pyridinic N1 doped graphene (g-P-N1), (d) 

pyridinic N2 doped graphene (g-P-N2), (e) pyridinic N3 doped graphene (g-P-N3). The grey and 

blue denote the carbon and nitrogen atoms, respectively. 
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Supplementary Figure 13. Optimized structures Pt adsorbed on variations of graphene substrates. (a) 

g-Pt1, (b) g-N-Pt1, (c) g-1-Pt1, (d) g-P-N1-Pt1, (e) g-P-N2-Pt1, (f) g-P-N3-Pt1, (g) 

g-Py-N1-P-N2-Pt1, (h) g-2-Pt1, (i) g-2-P-N2-Pt1, (j) g-2-P-N4-Pt1. The grey, blue, and cyan balls 

denote the carbon, nitrogen, and platinum atoms, respectively. 
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Supplementary Table 5. The formation energy (Ef) of several graphene-based structures 

structures Ef(eV) 

graphene 0 

g-N 0.98 

g-1 7.81 

g-P-N1 6.12 

g-P-N2 4.94 

g-P-N3 3.56 

g-2 8.82 

g-2-P-N2 7.02 

g-2-P-N4 3.76 

g-Pt1 -1.56 

g-1-Pt1 0.87 

g-2-Pt1 1.18 

g-N-Pt1 -1.05 

g-P-N1-Pt1 0.78 

g-P-N2-Pt1 0.52 

g-P-N3-Pt1 0.63 

g-2-P-N2-Pt1 -1.20 

g-2-P-N4-Pt1 -3.50 

 

As for the Pt1-based active site on Pt1/BP, from the formation energies for the most 

possible/relevant sites (the part shown in Supplementary Table 5 in gray) on Pt1/BP, one can tell 

that the formation of g-Pt1 (Supplementary Figure 13) site is much easier than then other two sites 

(g-1-Pt1 and g-2-Pt1); moreover, due to the extremely low surface defect site density on oxidized 

carbon (<5%)
36

, one can tell that only g-Pt1 (Supplementary Figure 13) site could be the dominant 

active site on Pt1/BP. This conclusion was further confirmed by the calculation which shows the 

active site (g-Pt1) tends to be oxidized by oxygen in air to a low active state for ORR (Figure 2 and 

Supplementary Figure 26-28) and also by the XPS analysis which shows the majority of Pt on 

Pt1/BP is indeed oxidized (Figure 1d,e). In all, we can tell that the "real" main Pt1-based active site 

on Pt1/BP is the oxidized g-Pt1 which possesses low ORR activity. 
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Supplementary Figure 14. Optimized configurations of O2 adsorption on (a) g-Pt1, (b) g-N-Pt1, (c) 

g-P-N1-Pt1, (d) g-P-N2-Pt1, (e) g-P-N3-Pt1. The grey, blue, cyan and red balls denote the carbon, 

nitrogen, platinum and oxygen atoms, respectively. 
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Supplementary Figure 15. Optimized configurations of CO adsorption on (a) g-Pt1, (b) g-N-Pt1, (c) 

g-P-N1-Pt1, (d) g-P-N2-Pt1, (e) g-P-N3-Pt1. The grey, blue, cyan and red balls denote the carbon, 

nitrogen, platinum and oxygen atoms, respectively. 
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Supplementary Figure 16. The adsorption energy (Eads) of O2 and CO adsorbed on different 

substrates. 
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Supplementary Figure 17. Optimized configurations of CO adsorption on (a) g-P-N1-Pt1 and (b) 

g-P-N1-Pt4. The grey, blue, cyan and red balls denote the carbon, nitrogen, platinum and oxygen 

atoms, respectively. 

 

 

 

 

 

 

 

 

 



S25 
 

 

Supplementary Figure 18. Atomic structure of the lowest-energy configuration of decomposed H2O2 

molecule adsorbed on g-P-N1-Pt1 substrate. The grey, blue, cyan and red balls denote the carbon, 

nitrogen, platinum and oxygen atoms, respectively. 
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Supplementary Figure 19. Free energy diagram for complete O2 reduction on the g-P-N1 substrate 

in acidic medium. 
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Supplementary Figure 20. Free energy diagram for complete O2 reduction on the Pt (111) substrate 

in acidic medium. 

 

 

 

 

 

 

 

 

 

 

 



S28 
 

 

Supplementary Figure 21. Free energy diagram for complete O2 reduction on the g-P-N1, 

g-P-N1-Pt1, and Pt (111) substrate in acidic medium at 0.40 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S29 
 

 

Supplementary Figure 22. Free energy diagram for complete O2 reduction on the 

g-P-N1-Pt1substrate in alkaline medium. 

 

 

 

 

 

 

 

 

 

 

 

 



S30 
 

 

Supplementary Figure 23. Free energy diagram for complete O2 reduction on the g-P-N1 substrate 

in alkaline medium. 
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Supplementary Figure 24. Free energy diagram for complete O2 reduction on the Pt(111)substrate in 

alkaline medium. 
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Supplementary Figure 25. Free energy diagram for complete O2reduction on the g-P-N1, 

g-P-N1-Pt1, and Pt (111) substrate in alkaline medium at 0 V. 
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Supplementary Figure 26. Optimized configurations of oxidized g-Pt1 (a) and oxidized g-P-N1-Pt1 

(b). 
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Supplementary Figure 27. (a) Scheme of a carbon-supported Pt nanoparticle with Pt(0) protected by 

the skin of Pt oxide; (b) two types of Pt1-based active sites on carbon: Pt1-N1/C and Pt1/C. 
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Supplementary Figure 28. Optimized configurations of O2 adsorption on oxidized g-Pt1 site. 
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Supplementary Table 6. DFT total energies (E), zero-point energies (ZPE), entropies multiplied by 

T (= 298.15 K) (TS), free energies (G) of gas molecules and the total energies of catalytic surfaces. 

 E (eV) ZPE (eV) TS (eV) G (eV) 

H2O -14.236 0.559 0.670 -14.347 

H2 -6.760 0.273 0.404 -6.891 

O2 -9.858 0.098 0.634 -9.993 

g-P-N1 -149.824 0 0 -149.824 

g-P-N1-Pt1 -155.694 0 0 -155.694 

Pt(111) -152.734 0 0 -152.734 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S37 
 

Supplementary Table 7. DFT total energies (E), zero-point energies (ZPE), entropies multiplied by 

T (= 298.15 K) (TS), free energies (G) and relative free energies (∆G) of ORR intermediates in 

acidic medium. 

 E(eV) ZPE(eV) TS(eV) G(eV) ∆GU (eV) ∆GpH(eV) ∆G(eV) 

g-P-N1        

U=0.00 V        

Step (1) * -149.824 0.000 0.000 -149.824 0.00 0 4.92 

Step(2) O2* -160.801 0.169 0.097 -160.729 0 0 4.008 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.00 0 -0.168 

Step(4) O* -158.734 0.117 0.020 -158.636 0.00 0 -1.356 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.00 0 0.281 

U=0.20 V        

Step (1) * -149.824 0.000 0.000 -149.824 0.20 0 4.12 

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 3.208 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.20 0 -0.768 

Step(4) O* -158.734 0.117 0.020 -158.636 0.20 0 -1.756 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.20 0 0.081 

U=0.40 V        

Step (1) * -149.824 0.000 0.000 -149.824 0.40 0 3.32 

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 2.408 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.40 0 -1.368 

Step(4) O* -158.734 0.117 0.020 -158.636 0.40 0 -2.156 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.40 0 -0.119 

U= 0.80 V        

Step (1) * -149.824 0.000 0.000 -149.824 0.80 0 1.72 

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 0.808 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.80 0 -2.568 

Step(4) O* -158.734 0.117 0.020 -158.636 0.80 0 -2.956 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.80 0 -0.519 

U= 1.23 V        

Step (1) * -149.824 0.000 0.000 -149.824 1.23 0 0 

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 1.23 0 -3.858 

Step(4) O* -158.734 0.117 0.020 -158.636 1.23 0 -3.816 

Step(5) OH* -160.844 0.430 0.030 -160.445 1.23 0 -0.949 

g-P-N1-Pt1        

U=0.00 V        

Step (1) * -155.694 0 0 -155.694 0 0 4.92 

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 3.101 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0 0 2.698 

Step(4) O* -162.753 0.071 0.069 -162.751 0 0 0.400 

Step(5) OH* -167.311 0.341 0.137 -167.108 0 0 -0.512 

U=0.20 V        
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Step (1) * -155.694 0 0 -155.694 0.20 0 4.12 

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 2.301 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.20 0 2.098 

Step(4) O* -162.753 0.071 0.069 -162.751 0.20 0 0.000 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.20 0 -0.712 

U=0.40 V        

Step (1) * -155.694 0 0 -155.694 0.40 0 3.32 

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 1.501 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.40 0 1.498 

Step(4) O* -162.753 0.071 0.069 -162.751 0.40 0 -0.400 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.40 0 -0.912 

U= 0.80 V        

Step (1) * -155.694 0 0 -155.694 0.80 0 1.72 

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -0.099 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.80 0 0.298 

Step(4) O* -162.753 0.071 0.069 -162.751 0.80 0 -1.200 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.80 0 -1.312 

U= 1.23 V        

Step (1) * -155.694 0 0 -155.694 1.23 0 0 

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 1.23 0 -0.992 

Step(4) O* -162.753 0.071 0.069 -162.751 1.23 0 -2.060 

Step(5) OH* -167.311 0.341 0.137 -167.108 1.23 0 -1.742 

Pt(111)        

U=0.00 V        

Step (1) * -152.734 0 0 -152.734 0 0 4.92 

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 4.366 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0 0 4.180 

Step(4) O* -158.452 0.063 0.049 -158.437 0 0 1.752 

Step(5) OH* -162.827 0.363 0.072 -162.536 0 0 1.099 

U=0.20 V        

Step (1) * -152.734 0 0 -152.734 0.20 0 4.12 

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 3.566 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.20 0 3.580 

Step(4) O* -158.452 0.063 0.049 -158.437 0.20 0 1.352 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.20 0 0.899 

U=0.40 V        

Step (1) * -152.734 0 0 -152.734 0.40 0 3.32 

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 2.766 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.40 0 2.980 

Step(4) O* -158.452 0.063 0.049 -158.437 0.40 0 0.952 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.40 0 0.699 

U= 0.80 V        
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Step (1) * -152.734 0 0 -152.734 0.80 0 1.72 

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 1.166 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.80 0 1.780 

Step(4) O* -158.452 0.063 0.049 -158.437 0.80 0 0.152 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.80 0 0.299 

U= 1.23 V        

Step (6) * -152.734 0 0 -152.734 1.23 0 0 

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 1.23 0 0.490 

Step(4) O* -158.452 0.063 0.049 -158.437 1.23 0 -0.708 

Step(5) OH* -162.827 0.363 0.072 -162.536 1.23 0 -0.131 

 

Supplementary Table 8. DFT total energies (E), zero-point energies (ZPE), entropies multiplied by 

T (= 298.15 K) (TS), free energies (G) and relative free energies (∆G) of ORR intermediates in 

alkaline medium. 

 E(eV) ZPE(eV) TS(eV) G(eV) ∆GU (eV) ∆GpH(eV) ∆G(eV) 

g-P-N1        

U=0.40 V        

Step(2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.40 0.769 -3.918 

Step(4) O* -158.734 0.117 0.020 -158.636 0.40 0.769 -3.938 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.40 0.769 -1.131 

Step (6) * -149.824 0.000 0.000 -149.824 0.40 0.769 -0.243 

U=0.20 V        

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.20 0.769 -4.118 

Step(4) O* -158.734 0.117 0.020 -158.636 0.20 0.769 -4.338 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.20 0.769 -1.731 

Step (6) * -149.824 0.000 0.000 -149.824 0.20 0.769 -1.043 

U=0.00 V        

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 0.00 0.769 -4.318 

Step(4) O* -158.734 0.117 0.020 -158.636 0.00 0.769 -4.738 

Step(5) OH* -160.844 0.430 0.030 -160.445 0.00 0.769 -2.331 

Step (6) * -149.824 0.000 0.000 -149.824 0.00 0.769 -1.843 

U= -0.40 V        

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 

Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 -0.40 0.769 -4.718 

Step(4) O* -158.734 0.117 0.020 -158.636 -0.40 0.769 -5.538 

Step(5) OH* -160.844 0.430 0.030 -160.445 -0.40 0.769 -3.531 

Step (6) * -149.824 0.000 0.000 -149.824 -0.40 0.769 -3.443 

U= -0.83 V        

Step (2) O2* -160.801 0.169 0.097 -160.729 0 0 -0.912 
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Step(3)(O+OH)* -168.774 0.511 0.087 -168.350 -0.83 0.769 -5.148 

Step(4) O* -158.734 0.117 0.020 -158.636 -0.83 0.769 -6.398 

Step(5) OH* -160.844 0.430 0.030 -160.445 -0.83 0.769 -4.821 

Step (6) * -149.824 0.000 0.000 -149.824 -0.83 0.769 -5.163 

g-P-N1-Pt1        

U=0.40 V        

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.40 0.769 -1.053 

Step(4) O* -162.753 0.071 0.069 -162.751 0.40 0.769 -2.182 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.40 0.769 -1.924 

Step (6) * -155.694 0 0 -155.694 0.40 0.769 -0.243 

U=0.20 V        

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.20 0.769 -1.253 

Step(4) O* -162.753 0.071 0.069 -162.751 0.20 0.769 -2.582 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.20 0.769 -2.524 

Step (6) * -155.694 0 0 -155.694 0.20 0.769 -1.043 

U=0.00 V        

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 0.00 0.769 -1.453 

Step(4) O* -162.753 0.071 0.069 -162.751 0.00 0.769 -2.982 

Step(5) OH* -167.311 0.341 0.137 -167.108 0.00 0.769 -3.124 

Step (6) * -155.694 0 0 -155.694 0.00 0.769 -1.843 

U= -0.40 V        

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 -0.40 0.769 -1.853 

Step(4) O* -162.753 0.071 0.069 -162.751 -0.40 0.769 -3.782 

Step(5) OH* -167.311 0.341 0.137 -167.108 -0.40 0.769 -4.324 

Step (6) * -155.694 0 0 -155.694 -0.40 0.769 -3.443 

U= -0.83 V        

Step(2) O2* -167.483 0.132 0.155 -167.506 0 0 -1.819 

Step(3) OOH* -171.618 0.449 0.185 -171.354 -0.83 0.769 -2.283 

Step(4) O* -162.753 0.071 0.069 -162.751 -0.83 0.769 -4.642 

Step(5) OH* -167.311 0.341 0.137 -167.108 -0.83 0.769 -5.614 

Step (6) * -155.694 0 0 -155.694 -0.83 0.769 -5.163 

Pt(111)        

U=0.40 V        

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.40 0.769 0.429 

Step(4) O* -158.452 0.063 0.049 -158.437 0.40 0.769 -0.829 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.40 0.769 -0.313 

Step (6) * -152.734 0 0 -152.734 0.40 0.769 -0.243 

U=0.20 V        
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Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.20 0.769 0.229 

Step(4) O* -158.452 0.063 0.049 -158.437 0.20 0.769 -1.229 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.20 0.769 -0.913 

Step (6) * -152.734 0 0 -152.734 0.20 0.769 -1.043 

U=0.00 V        

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 0.00 0.769 0.029 

Step(4) O* -158.452 0.063 0.049 -158.437 0.00 0.769 -1.629 

Step(5) OH* -162.827 0.363 0.072 -162.536 0.00 0.769 -1.513 

Step (6) * -152.734 0 0 -152.734 0.00 0.769 -1.843 

U= -0.40 V        

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 -0.40 0.769 -0.371 

Step(4) O* -158.452 0.063 0.049 -158.437 -0.40 0.769 -2.429 

Step(5) OH* -162.827 0.363 0.072 -162.536 -0.40 0.769 -2.713 

Step (6) * -152.734 0 0 -152.734 -0.40 0.769 -3.443 

U= -0.83 V        

Step(2) O2* -163.302 0.144 0.121 -163.280 0 0 -0.554 

Step(3) OOH* -167.146 0.432 0.198 -166.911 -0.83 0.769 -0.801 

Step(4) O* -158.452 0.063 0.049 -158.437 -0.83 0.769 -3.289 

Step(5) OH* -162.827 0.363 0.072 -162.536 -0.83 0.769 -4.003 

Step (6) * -152.734 0 0 -152.734 -0.83 0.769 -5.163 
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