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Computational Details: 

Spin-polarized density functional theory (DFT) calculations in this work were mainly 

conducted by the Vienna Ab initio Simulation Package (VASP).1, 2 The projector 

augmented wave (PAW) method was adopted to describe the core electron with a cut-

off energy of 400 eV.3 The exchange-correlation interactions were represented by 

Perdew-Burke-Ernzerhof (PBE) functional based generalized gradient approximation 

(GGA).4, 5 Gaussian smearing of electronic occupations with a width of 0.1 eV and a 

gamma type (1, 1, 1) K-point mesh were used for Brillouin zone sampling. During all 

the optimization, the convergence thresholds were 10-5 eV and 10-2 eV/Å for energy 

and force, respectively. The Van der Waals interaction was described by the DFT+D3 

method using empirical correction in Grimme’s scheme.6, 7 A series of graphene-based 

cluster type models were built to test the ORR activity, and vacuum space on each 

direction were set to be larger than 15 Å, avoiding interaction between periodical 

images. The Gaussian (G16) program was used to calculate the electronic structure of 

the models at B3LYP/6-31G* level.8 Furthermore, VASPkit, Bader, and Multiwfn 

packages were used to assist the analysis of electronic structures,9-11 VESTA and 

Atomic Simulation Environment (ASE) were adopted to build the models.12, 13 

 

To assess the catalytic activity for oxygen reduction reaction (ORR), we considered the 

four-electron pathway, which is as follows:14 

* + O2 + H+ + e− → *OOH            (S1) 

*OOH + H+ + e− → *O + H2O           (S2) 

*O + H+ + e− → *OH             (S3) 

*OH + H+ + e− → * + H2O            (S4) 

 

The Gibbs free energy of O2 is derived from H2O → 1 2⁄ O2 + H2  using the 

experimental reaction energy of 2.46 eV to avoid the limitations of DFT calculation in 

describing the high-spin ground state of O2 molecule.15 The Gibbs free energy of 

formation for the ith (i = 1, 2, 3, and 4) step was calculated using the following formula: 



ΔGi = ΔEDFT+ ΔZPE-TΔS –  eU           (S5) 

where ΔEDFT, represents the change in DFT total energy, while ΔZPE and TΔS signify 

the variations in zero-point energy and entropy, respectively, during the reactions. T is 

temperature, U is the electrode potential, e is the electron charge transfer. In this work, 

the values of (ΔZPE – TΔS) for Eq. S1-S4 were adopted from previous works as they 

are not sensitive to the type of catalyst, and the specific values are listed in Table S11.16  

 

The ORR overpotential is then given by: 

η
ORR

 = ΔGORR e⁄  + U0             (S6) 

where ΔGORR = max [ΔG1, ΔG2, ΔG3, and ΔG4], and U0 = 1.23 V is the equilibrium 

potential for pH = 0 and temperature T = 298 K. 

 

Based on Eq. S1-S6, ηORR can be obtained by computing the binding energies of 

relevant reaction intermediates on various sites of the catalyst surface. Here we refer 

the binding energies of all the reaction intermediates to those of H2 and H2O molecules 

as follow: 

ΔEads(*OOH) = E(*OOH) - E(*) - [2E(H2O) - 3 2⁄ E(H2)]     (S7) 

ΔEads(*O) = E(*O) - E(*) - [E(H2O) - E(H2)]        (S8) 

ΔEads(*OH) = E(*OH) - E(*) - [E(H2O) - 1 2⁄ E(H2)]      (S9) 

where E(*), E(*OOH), E(*O), and E(*OH) are the DFT total energies of a clean catalyst 

surface, and that adsorbed by a *OOH, *O, and *OH species, respectively. The binding 

energies of reaction intermediates on the FDCs models are provided in Table S2-S10. 

 

The formation energies of FDCs are calculated through the following equation: 

∆EFDCs = E(FDCs)+0.5*E(H2) - E(DCs) - E(F)        (S11) 

in which, E(FDCs), E(DCs), and E(F) are the DFT total energies of FDCs, defective 

carbons (DCs), and functional groups, respectively. Additionally, implicit water layers 

provided by VASPsol package were adopted during the DFT energies of functional 

groups.17, 18 

 



When calculating the charge transfer volume (CT) and the HOMO distribution, the 

carbon atom adsorbed by the functional group is considered an integral component of 

the substituent. Consequently, the CT value is derived from the cumulative charge 

changes within the functional group and its associated carbon atoms. Similarly, the 

HOMO distribution value results from the summation of the HOMO contribution ratios 

pertaining to seven selected carbon active centers, excluding the one that adsorbs the 

functional group. 

 

Unlike the open shell d bands of transition metals, there is a scarcity of available C p 

states in the conduction bands, and the antibonding states formed by C p orbitals are 

almost completely occupied.19, 20 Therefore, the linear relationship between the binding 

strength and the Ɛp can be interpreted using the extended Hückel method developed by 

Roald Hoffmann21:  

Hij = 0.5KSij(Hii + Hjj)             (S12) 

Here, K represents the Wolfsberg-Helmholtz constant, typically assigned a value of 1.75. 

The orbital overlap matrix element, Sij, depends on the distance between elements i and 

j. Hii and Hjj correspond to the diagonal elements. In this case, Sij can be considered as 

a constant since the C-O bond length remains nearly unchanged across different 

defective carbon models (within the range of 0.1 Å), Hii and Hjj represent the absolute 

energy levels of the valence states of the carbon atoms acting as active sites and the 

adjacent oxygen atoms in the reaction intermediates, respectively. Thus, Hij is mainly 

determined by the valence orbital levels of the carbon atoms. Deeper localization of the 

C p centers leads to lower Hij, eventually resulting in stronger binding strength with the 

reaction intermediates. 

 

  



 

Figure S1. Top view of all the 24 kinds of designed FDCs in this work. Three adsorption 

sites (Site 1, Site 2, and Site 3) near or in the 585 defects were selected for the 

functionalization.  



 

Figure S2. The top view of the electron-donating substituents functionalized 585 

defects and pristine 585 defect with ORR intermediate adsorbed. 

  



 

Figure S3. The top view of the electron-donating substituents functionalized 585 

defects with ORR intermediate adsorbed. 

  



 

Figure S4. Liner scaling relationship between ΔEads(OOH) vs. ΔEads(OH) (top) and 

between ΔEads(O) vs. ΔEads(OH) (middle), i.e., ΔEads(OOH) = 0.8 * ΔEads(OH) + 3.58 

and ΔEads(O) = 1.22 * ΔEads(OH) + 0.88. And volcano plot of ORR overpotential vs. 

ΔEads(OH) (bottom), the black dashed line divides the figure into two areas based on 

potential-determining steps. 

  



 

Figure S5. The formation energies of all the 24 kinds of designed FDCs. 

  



 

 

Figure S6. Differential charge density distributions of designed FDCs. The yellow and 

blue colours represent electron accumulation and depletion regions, respectively. The 

isosurface value is 3×10-4 e/Å3. 

  



 

Figure S7. The Bader charge analysis results of carbon atoms among 585 defects. 

  



 

Figure S8. The electron gains (positive values) and loss (negative values) of carbon 

rings among 585 defects. Pentagon_up represents the upper pentagon ring of 585 defect, 

and Pentagon_dw represents the lower one. 

  



 

Figure S9. The PDOS of pz orbital of carbon atoms in (a) electron-withdrawing 

groups and (b) electron-donating groups functionalized 585 defects. The black dashed 

lines represent Fermi level relative to vacuum. 

  



 

Figure S10. The LDOS of carbon atoms in (a) electron-withdrawing groups and (b) 

electron-donating groups functionalized 585 defects. The black dashed lines represent 

Fermi level relative to vacuum, the dashed lines and inserted numbers in navy color 

represent the p band center of each FDCs. 

  



 

Figure S11. The electron volume of p orbitals of carbon atoms in FDCs. 

  



 

Figure S12. The contribution from carbon atoms near defects to the HOMO of designed 

FDCs. 

  



 

Figure S13. The HOMOs (bottom), LUMOs (upper), and band gaps of designed FDCs 

and pristine 585 defect. 

 

The highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital 

(LUMO), and band gap of FDCs were calculated accurately at the level of B3LYP/6-

31G*. As shown in Figure S13, electron-withdrawing substituents will expand the band 

gap and electron-donating substituents will narrow the band gap. For example, the band 

gap of 585-NO2 and 585-NHCH3 are 0.011 eV wider and 0.201 eV narrower than that 

of pristine 585 defects (1.318 eV), respectively. Furthermore, the coordination of 

electron-donating substituents will move both HOMOs and LUMOs to higher energy 

levels. Thus, electron-donating substituents not only can increase the ORR activity but 

also can boost the reaction kinetic. Moreover, all of the FDCs exhibit superior electron 

delocalization on HOMOs due to the existence of defects. Among them, electron-

donating substituents can further induce the asymmetric orbital distribution around the 

carbon defects. As shown in Figure S9, the carbon atoms around electron-donating 

substituents generally show more contribution to HOMO than those near electron-

withdrawing substituents. Combined with the electrostatic potential surface maps of the 

FDCs (Figure S14), the introduction of substituents can induce non-uniform charge 

distribution and make the carbon defects possess higher dipole moment, facilitating the 

electron transfer from HOMOs to the O2 molecule and enhancing their electrocatalytic 

activities.22-24  



 

 

Figure S14. The electrostatic potential surface maps of designed FDCs and pristine 

585 defect. 

  



 
Figure S15. The linear relationship between substituent constants of substituents and 

ORR overpotential of FDCs. 

  



Table S1. The Substituent constants (σmeta) of the selected substituents. 

 

 Electron-withdrawing Electron-donating 

Substituents NO2 CF3 COOH SO3H CH3 OCH3 NH2 NHCH3 

σmeta 0.78 0.54 0.45 0.35 -0.17 -0.27 -0.66 -0.70 

 

  



Table S2. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

NO2. The data of best ORR activity of each substituent adsorbed site are in bold. 

 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-NO2 

1 

3 4.09 1.81 0.75 0.82 *OOH 

4 4.18 1.80 0.58 0.91 *OOH 

5 4.05 1.73 0.54 0.78 *OOH 

6 4.52 2.09 1.28 1.25 *OOH 

7 4.32 1.80 0.58 1.05 *OOH 

2 

2 4.53 2.47 1.06 1.26 *OOH 

4 4.19 0.59 0.61 0.92 *OOH 

5 4.23 -0.16 0.71 0.96 *OOH 

6 4.53 2.45 1.21 1.26 *OOH 

3 

3 3.30 1.02 -0.01 0.84 * 

4 2.80 0.89 -0.79 1.62 * 

5 3.20 0.14 -0.20 1.26 *OH 

6 3.53 2.13 0.01 0.83 * 

7 3.40 0.43 0.02 1.19 *OH 



Table S3. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-CF3. 

The data of best ORR activity of each substituent adsorbed site are in bold. 

 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-CF3 

1 

2 4.82 2.13 1.53 1.55 *OOH 

3 4.02 1.90 0.71 0.75 *OOH 

4 4.17 1.89 0.59 0.90 *OOH 

5 3.98 1.82 0.55 0.71 *OOH 

6 4.80 2.54 1.45 1.53 *OOH 

2 

2 4.89 2.19 1.44 1.62 *OOH 

3 3.99 2.14 0.49 0.72 *OOH 

4 4.12 1.79 0.49 0.85 *OOH 

5 4.13 2.57 0.50 0.86 *OOH 

6 4.78 2.50 1.37 1.51 *OOH 

3 

3 4.06 1.26 0.48 0.79 *OOH 

4 4.02 1.46 0.33 0.75 *OOH 

5 4.04 1.37 0.54 0.77 *OOH 

6 4.15 2.56 0.35 0.88 *OOH 

7 4.01 0.70 0.26 1.16 *OH 



Table S4. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

COOH. The data of best ORR activity of each substituent adsorbed site are in bold. 

 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-COOH 

1 

2 4.71 1.98 1.38 1.44 *OOH 

3 3.95 1.79 0.63 0.68 *OOH 

4 4.08 1.78 0.48 0.80 *OOH 

5 3.92 1.73 0.45 0.65 *OOH 

6 4.00 1.78 0.53 0.73 *OOH 

7 4.13 1.90 0.73 0.85 *OOH 

2 

2 4.57 2.53 1.29 1.30 *OOH 

3 4.14 2.59 0.75 0.87 *OOH 

4 3.96 0.68 0.34 1.26 *OH 

5 3.94 2.40 0.48 0.67 *OOH 

6 4.17 2.47 1.28 0.90 *OOH 

3 

3 3.28 -0.61 0.00 2.21 *OH 

4 3.68 1.05 0.03 0.80 * 

5 3.77 1.40 0.12 0.71 * 

6 3.55 2.19 -0.02 0.85 *OOH 

7 4.17 1.68 0.85 0.90 *OH 



Table S5. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

SO3H. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-SO3H 

1 

2 4.88 2.21 1.48 1.61 *OOH 

3 4.05 1.96 0.64 0.78 *OOH 

5 3.94 0.48 0.63 1.75 *OOH 

6 4.84 2.64 1.51 1.57 *OOH 

2 

2 4.95 2.92 1.64 1.68 *OOH 

4 4.06 1.05 0.55 1.10 *OH 

6 5.00 2.72 1.59 1.73 *OOH 

3 

3 3.91 1.61 0.57 0.64 *OH 

5 3.98 2.41 0.57 0.71 *OOH 

6 4.11 2.72 0.55 0.84 *OOH 

7 4.17 1.68 0.85 0.90 *OH 



Table S6. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on pristine 

585. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585 N/A 

3 3.89 2.17 0.54 0.62 *OOH 

4 4.09 1.75 0.48 0.82 *OOH 

5 3.93 1.72 0.45 0.66 *OOH 

6 5.08 2.10 1.77 1.81 *OOH 

7 4.66 2.45 1.29 1.39 *OOH 



Table S7. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

CH3. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-CH3 

1 

2 4.64 2.61 1.34 1.37 *OOH 

3 3.83 1.74 0.50 0.56 *OOH 

5 4.02 1.71 0.41 0.75 *OOH 

6 3.89 1.68 0.42 0.62 *OOH 

2 

3 3.97 2.49 0.65 0.70 *OOH 

4 3.89 1.01 0.63 1.22 *OH 

6 4.82 2.60 1.42 1.55 *OOH 

3 

3 3.85 1.50 0.50 0.60 *OH 

4 3.97 1.50 0.24 0.70 *OOH 

5 3.82 1.60 0.24 0.59 * 

6 3.73 2.31 0.14 0.69 * 

7 3.92 1.49 0.23 0.65 *OOH 



Table S8. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

OCH3. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-OCH3 

1 

2 4.68 2.55 1.34 1.41 *OOH 

3 3.84 1.66 0.47 0.57 *OOH 

4 4.07 1.66 0.44 0.80 *OOH 

5 3.82 1.61 0.34 0.55 *OOH 

6 3.91 1.67 0.41 0.64 *OOH 

2 

3 3.94 1.74 0.51 0.67 *OOH 

4 3.73 0.86 0.35 1.09 *OH 

5 3.95 1.75 0.47 0.68 *OOH 

6 4.43 2.18 1.25 1.16 *OOH 

3 

3 3.93 1.48 0.48 0.66 *OOH 

4 3.95 0.67 0.25 1.16 *OH 

5 3.57 2.26 0.19 0.64 * 

6 3.72 1.55 0.13 0.70 * 

7 3.90 1.46 0.24 0.63 *OOH 



Table S9. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

NH2. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-NH2 

1 

2 4.62 2.76 1.28 1.35 *OOH 

3 3.80 1.89 0.47 0.53 *OOH 

4 4.05 1.77 0.43 0.78 *OOH 

5 3.89 1.67 0.42 0.62 *OOH 

6 4.07 1.77 0.46 0.80 *OOH 

2 

3 4.08 2.47 0.81 0.81 *OOH 

5 3.96 1.81 0.49 0.69 *OOH 

6 4.60 2.18 1.20 1.33 *OOH 

3 

4 4.33 1.05 0.59 1.16 *OH 

6 3.88 2.30 0.27 0.61 *OOH 

7 4.29 1.85 0.59 1.02 *OOH 



Table S10. The ORR intermediates adsorption energies (ΔEads, Eq. S7 - S9), the 

calculated ORR overpotential (ηORR), and potential-determining step (PDS) on 585-

NHCH3. The data of best ORR activity of each substituent adsorbed site are in bold. 

  

Catalyst 
Ligand 

site 

Active 

site 

ΔEads (eV) ηORR 

(V) 
PDS 

*OOH *O *OH 

585-NHCH3 

1 

2 4.59 2.76 1.25 1.32 *OOH 

3 3.83 2.76 1.25 0.56 *OOH 

4 4.03 1.68 0.39 0.76 *OOH 

5 3.80 1.59 0.31 0.53 *OOH 

6 3.96 1.62 0.41 0.72 *OOH 

2 

3 3.93 2.46 0.69 0.66 *OOH 

4 4.14 1.79 0.59 0.87 *OOH 

5 4.07 1.66 0.57 0.80 *OOH 

6 4.58 2.21 1.16 1.31 *OOH 

3 

3 4.09 1.84 0.68 0.82 *OOH 

4 4.46 2.04 0.87 1.19 *OOH 

6 3.88 1.64 0.36 0.61 *OOH 



Table S11. Change of the free energy coming from the differences in zero-point 

energies, ΔZPE, and entropy ΔS for the different reaction steps.16 

 

Reaction Steps Eq. S1 Eq. S2 Eq. S3 Eq. S4 

ΔZPE - TΔS 0.42 -0.39 0.37 -0.40 
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