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Calculation Details

In acidic environment, OER could occur over N-doped graphene in the following 

four electron reaction paths,

               (S1)𝐻2𝑂(𝑙) +∗ →𝑂𝐻 ∗ + (𝐻 + + 𝑒 ‒ )

                     (S2)𝑂𝐻 ∗ →𝑂 ∗ + (𝐻 + + 𝑒 ‒ )

           (S3)𝑂 ∗ + 𝐻2𝑂(𝑙)→𝑂𝑂𝐻 ∗ + (𝐻 + + 𝑒 ‒ )

               (S4)𝑂𝑂𝐻 ∗ → ∗+ 𝑂2(𝑔) + (𝐻 + + 𝑒 ‒ )

where * stands for an active site on the graphene surface, (l) and (g) refer to liquid and 

gas phases respectively, and O*, OH* and OOH* are adsorbed intermediates. The ORR 

can proceed incompletely through a two-step two-electron pathway that reduces O2 to 

hydrogen peroxide, H2O2, or completely via a direct four-electron process in which O2 

is directly reduced to water, H2O, without involvement of hydrogen peroxide. Here we 

study the complete reduction path because the previous and current results showed that 

the ORR proceeds on graphene-based materials through the four-electron transfer 

mechanism.1 The ORR mechanism is summarized using the following elementary 
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steps.

                     (S5)𝑂 ∗
2 + (𝐻 + + 𝑒 ‒ )→𝑂𝑂𝐻 ∗

             (S6)𝑂𝑂𝐻 ∗ + (𝐻 + + 𝑒 ‒ )→𝑂 ∗ + 𝐻2𝑂(𝑙)

                       (S7)𝑂 ∗ + (𝐻 + + 𝑒 ‒ )→𝑂𝐻 ∗

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

where * stands for an active site on the compounds, (l) and (g) refer to liquid and gas 

phases respectively, and O*, OH* and OOH* are adsorbed intermediates, which are 

bonding with on carbon atom with –C-O- form.

The overpotentials of ORR and OER processes can be determined by examining 

the reaction free energies of the different elementary steps, and the rate-limiting steps 

were determined by selecting the maximum overpotentials among the elementary 

reactions. The thermochemistry of these electrochemical reactions was obtained by 

using density functional theory (DFT) calculations in conjunction with SHE model 

developed by Norskov and co-workers.2,3 

The absorption energies of O*, OH* and OOH* were calculated as follows,3

         (S9)
Δ𝐸𝑂𝐻 ∗ = 𝐸(𝑂𝐻 ∗ ) ‒ 𝐸( ∗ ) ‒ (𝐸𝐻2𝑂 ‒

1
2

𝐸𝐻2
)

      (S10)
Δ𝐸𝑂𝑂𝐻 ∗ = 𝐸(𝑂𝑂𝐻 ∗ ) ‒ 𝐸( ∗ ) ‒ (2𝐸𝐻2𝑂 ‒

3
2

𝐸𝐻2
)

             (S11)
Δ𝐸𝑂 ∗ = 𝐸(𝑂 ∗ ) ‒ 𝐸( ∗ ) ‒ (𝐸𝐻2𝑂 ‒ 𝐸𝐻2

)

in which E(*), E(OH*), E(O*) and E(OOH*) denote to the energies of a clean surface 

and surfaces adsorbed with OH*, O* and OOH* respectively.  and  are the 
𝐸𝐻2𝑂 𝐸𝐻2

energies of H2O and H2 molecules in the gas phase calculated DFT method. 

The reaction free energy  of each step is defined as the difference between free Δ𝐺

energies of the initial and final states:4

           (S12)Δ𝐺 = Δ𝐸 + Δ𝑍𝑃𝐸 ‒ 𝑇Δ𝑆 + Δ𝐺𝑈 + Δ𝐺𝑝𝐻

where 𝛥𝐸 is the reaction energy of reactant and product molecules adsorbed on catalyst 

surface, obtained from DFT calculations, T is the temperature and ΔS is entropy change, 

ZPE represents for the zero-point energy, , where U is the potential applied at Δ𝐺𝑈 =‒ 𝑒𝑈



the electrode, and e is the transferred charge,  is the correction of the H+ free energy Δ𝐺𝑝𝐻

defined as:

                                (S13)Δ𝐺𝑝𝐻 =‒ 𝑘𝐵𝑇𝑙𝑛[𝐻 + ]

The overpotentials of OER and ORR can be calculated by the method which 

developed by Norskov et al. as following.3

                   (S14)𝐺𝑂𝐸𝑅 = 𝑚𝑎𝑥⁡{Δ𝐺1,Δ𝐺2,Δ𝐺3,Δ𝐺4}

                             (S15)
𝜂𝑂𝐸𝑅 =

𝐺𝑂𝐸𝑅

𝑒
‒ 1.23𝑉

}                  (S16)𝐺𝑂𝑅𝑅 = 𝑚𝑎𝑥⁡{Δ𝐺5,Δ𝐺6,Δ𝐺7,Δ𝐺8

                             (S17)
𝜂𝑂𝑅𝑅 =

𝐺𝑂𝑅𝑅

𝑒
+ 1.23𝑉

Where  are the free energy of reactions (S1)-(S8).Δ𝐺1,Δ𝐺2,Δ𝐺3,Δ𝐺4,Δ𝐺5,Δ𝐺6,Δ𝐺7,Δ𝐺8



Figure S1. Free energy diagrams and reaction pathways (U = 0 V) for (a) ORR 

and (b) OER proceeding at the best active site on defective graphene structures.

Figure S2. Free energy diagrams and reaction pathways (U = 0 V) for (a) ORR 

and (b) OER proceeding at the best active site on the defective graphene clusters and 

defective graphene structures.



Figure S3. Total density of states of C atom on graphene and projected density of 

states for 2s, px, py and pz orbital of C atom.



Figure S4. COHP analyses of C-O, C(pz)-O, C(2s)-O, C(py)-O and C(px)-O 

bonding interactions of OH* adsorbed on edged C and their corresponding ICOHP 

values. The dotted line represents Fermi level.



Figure S5. Correlation of ΔG(O*) and pz-center after corrected by the amended value 

for edged C.



Figure S6. Configurations of various graphene structures codoped with 

heteroatoms and structural defects. The black, blue, green, yellow and pink atoms 

denote carbon, nitrogen, boron, sulfur and phosphorus elements, respectively.



Figure S7. Correlation between the normalized onset potential in experimental 

works and the normalized DFT overpotential in this work. For ORR, the experimental 

onset potentials of NSG5, NPG6, SW-BNPG7, SW-BNG8, SW-NG9, MV-BNSG10 were 

normalized by subtracting onset potential of Pt/C in the same experiment. For OER, the 

experimental onset potentials of NSG11, NPG6 and SW-NG9 were normalized by 

subtracting onset potential of RuO2 in the same experiment. The values of DFT 

overpotential of Pt/C (ORR) or RuO2 (OER) minus DFT overpotentials of these 

structures in this work are used as the vertical coordinates.



Table S1. Major descriptors identified for the electrocatalytic properties of 

different materials.

Descriptor Calculation Reaction Material 
system

d-band 
center12

0

∫
‒ ∞

𝜌𝑑𝐸𝑑𝐸

0

∫
‒ ∞

𝜌𝑑𝑑𝐸

ORR Transition 
metals and 

transition metal 
alloys

∆G(OH*)13 G(OH*)-G(*)-G(OH) ORR 
and OER

N-doped 
graphene

14Φ 𝐸𝑋

𝐸𝐶
×

𝐴𝑋

𝐴𝐶

ORR, 
OER and IRR

Heteroatoms-
doped graphene 

and CNTS

15
𝑂𝑝𝑧 [

0

∫
‒ ∞

𝜌𝑝𝑧
𝑑𝐸]𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒 ‒ [

0

∫
‒ ∞

𝜌𝑝𝑧
𝑑𝐸]𝐶 𝑖𝑛 𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒

ORR N,B doped 
graphene

15
𝐷𝑝𝑧

(𝐸𝐹) The values of pz projected 
density of state at the Fermi level

ORR N,B doped 
graphene

16𝐸𝑝 Position of the highest peak of 
the active site’s DOS

HER Doped 
graphene

17Φ 𝑉𝑀 × 𝐸𝑀

𝑟𝑀

CO2RR Single-atom 
catalysts



Table S2. pz-center values of graphitic-C and edge-C with almost the same 

adsorption energy of OH*

edge-C graphitic-C difference of 
pz-center

difference of 
ΔG(OH*)

-1.338 -2.244 0.906 0.002

-1.503 -2.185 0.682 0.002

-1.825 -2.410 0.584 0.001

-1.708 -2.243 0.534 0.002

-2.171 -2.793 0.622 -0.010

-1.783 -2.349 0.566 -0.015

-1.573 -2.307 0.733 -0.004

-1.593 -2.627 1.034 0.010

-1.413 -1.950 0.537 -0.002

-1.552 -2.104 0.552 0.007

-1.685 -2.226 0.541 -0.010

-1.807 -2.745 0.938 -0.015

-1.844 -2.322 0.478 0.007
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