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Limiting potential calculation.
In this study, we consider CO2 reduction in acid solution under standard concentration. 

Therefore, the free energy of (H++e−) equals to 1/2H2 for standard hydrogen electrode 

(SHE). The total energies of intermediates are calculated and converted to free 

energies by adding some corrections:

G = ETotal + EZEP +∫CpdT – TS   (S1)

where ETotal is the calculated total energy, EZPE is zero point energy, Cp is heat 

capacity, T is temperature, S is entropy. Here, the correction terms are present in 

Table S1. Most of the corrections are from previous literatures.1–5 Additionally, a 

correction of -0.51 eV is applied to the CO molecule in the gas phase in order to 

correct systemic error for GGA-PBE functional as in a previous paper.1 The solvation 

energy of -0.11 eV is added to each O atom in intermediates. For instance, the 

solvation energy of -0.11 eV and -0.22 eV is added for *OH and *COOH 
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intermediates, respectively. For two step formation of CO and HCOOH, the free 

energy variation of the second step is obtained by using reaction energy of the overall 

reaction to subtract the free energy of the first step. By applying this calculation 

method, the calculated limiting potential of the following overall half reaction of CO2 

reduction is -0.098 V vs SHE, which agrees well with the experimental value of -0.10 

V.1

CO2(g)+2(H+(aq)+e−)→CO(g)+H2O(l)   (S2)

Then, the limiting potential is defined as:

UL = Mini[−ΔGi]/ne (S3)

where n is the number of electrons transferred for each electrochemical step (here n = 

1 for the one-electron transfer step) and e is the elementary charge. The meaning of 

the r.h.s. of the above equation is to select the smallest [−ΔGi] among a specific 

reaction pathway.

Check for other possible active sites.
The activation barriers for CO2 approaching carbon sites with large DOS just below 

the Fermi level are shown in the main text. Here, the barriers for CO2 approaching N 

sites are further checked for G-N and Edge-pNH structures, which show large barriers 

with no stable adsorbed states as presented in Figure S1. On the other hand, the C 

atom in CO2 is selected to approach candidate active sites in the main text. Here, the 

O atom in CO2 was selected to approach the candidate sites and the results are also 

shown in Figure S1. The results indicate that the barrier is much larger than that for C 
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atom approaching a given candidate site. This is because the C atom in CO2 

dominates the lowest unoccupied molecular orbital (LUMO) of CO2 as shown in 

Figure S2. 

Activation barrier, DOS and curvature effect 
for some other structures.
Other possible active sites around NN(AA), fullerene structures are also checked and 

the results are presented in Figure S3. The NN(AA) structure shows large activation 

barrier of 1.01 eV, while gN doped fullerene shows no stable adsorbed state. The 

adsorption barrier for increased edge N concentration were calculated for Edge-2gN 

and Edge-2pN structures as shown in Figure S3. The corresponding geometry 

structures are shown in Figure S4. The DOS of Edge-pN and Edge-pNH structures are 

shown in Figure S5 and Figure S6. The corresponding geometry structures are shown 

in Figure S4. 

For Edge-pNH structure, the DOS just below the Fermi level for edge C2 and N 

sites are similar and larger than that of C1 site. The DOS of C2 is a little closer to 

Fermi level than that of N site. Therefore, the C2 site is selected as candidate site for 

Edge-pNH structure. For Edge-pN structure, both N and C2 sites have large DOS just 

below the Fermi level as shown in Figure 6. As there is a dispute for pN or gN as 

active sites, here we select the pN site as candidate site to compare with gN doped 

cases.6,7

The curvature effect for CO2 to CO reduction on Edge-gN and Edge-pN 



4

structures are also checked and presented in Table S2. As shown in this table, the 

overpotenital for Edge-gN structure can be tuned to nearly zero under certain 

curvature while it is not for Edge-pN structure. This mainly because the *CO 

intermediate is stable on Edge-pN structure, and the last CO desorption step is a non-

electrochemical step whose energy is lost.

Formation energy of different N-doped 
graphene structures and unit cell size effect on 
intermediate formation energy.
The formation energies for different N-doped graphene structures are calculated by 

using N2 gas as reference for nitrogen. The results are presented in Table S4. The 

formation energies are given by:

ΔEf(iN) = E(iN) − E0 + iE(C) – (i/2)*E(N2)    (S4)

where i is the number of doped N atoms, ΔEf(iN) is the formation energy, E(iN) is 

the total energy of N-doped graphene. E0 is the total energy of undoped graphene, E(C) 

is the total energy per atom of perfect graphene. E(N2) is the total energy of an 

isolated N2 molecule.

The formation free energies of *COOH intermediate are calculated for G-N and Edge-

2gN structures with different unit cells to check the unit cell size effect. The results 

are shown in Table S5, which indicate that the unit cell size effect errors on formation 

are around 0.05 eV. The small errors would not change the conclusions but the final 

results of calculated potentials would be slightly shifted. 
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Table S1: Corrections including zero point energy, heat capacity and entropy for 

converting calculated total energy to free energy (Unit is eV).

Species ZEP TS ∫CpdT

*CO 0.22 0.08 0.05

*COOH 0.63 0.17 0.09

*HCOO 0.44 0.10 0.057

*HCOOH 0.82 0.085 0.049

*CHO 0.48 0.18 0.07

*HC(OH)2 1.19 0.13 0.071

*HCOH 0.76 0.068 0.11

*HCHO 0.80 0.018 0.012

*H2COH 1.06 0.22 0.11

*OCHO 0.63 0.20 0.10

*CH 0.35 0.039 0.028

*CH2 0.59 0.075 0.049

*CH3 0.90 0.096 0.06

*O 0.08 0.03 0.02

*OH 0.40 0.04 0.03

CH3OH 1.35 0.79 0.11

CO2 0.31 0.65 0.10

CO 0.14 0.67 0.09

H2O 0.58 0.65 0.10

CH4 1.20 0.60 0.10

HCHO 0.71 1.04 0.21

H2 0.27 0.42 0.09

CH2(OH)2 1.51 1.11 0.20



7

Table S2: Free energy variation and overpotential for Edge-pN and Edge-gN 

structures. Curvature is added by reducing the lattice parameter along X direction, 

which is presented by the percentage of lattice parameter reduced.

Structures ΔG1 ΔG2 ΔG3 Overpotential (V)

Edge-pN-0% 0.18 1.09 -1.08 0.99

Edge-pN-2.4% 0.10 1.38 -1.29 1.28

Edge-pN-6.5% -0.28 1.34 -0.86 1.24

Edge-pN-10.5% -0.49 1.38 -0.70 1.28

Edge-gN-0% 0.59 -0.39 – 0.49

Edge-gN-2.4% 0.51 -0.31 – 0.41

Edge-gN-6.5% 0.19 0.01 – 0.09

Edge-gN-7.3% 0.11 0.09 – 0.01

Edge-gN-10.5% -0.15 0.35 – 0.25
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Table S3: Formation free energies of *COOH and *HCOOH intermediates for Edge-

2gN structure under different curvature (Unit is eV).

Structures ΔG∗COOH ΔG∗HCOOH

Edge-2gN-2.4% 0.40 0.50

Edge-2gN-4.0% 0.33 0.55

Edge-2gN-6.5% 0.13 0.65

Edge-2gN-10.5% -0.16 0.84

Edge-2gN-14.6% -0.37 0.96
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Table S4: Formation energies of different N-doped graphene structures (Unit is eV).

Structures 
ΔEf

G-N 0.82

NN(AA) 2.04

NN(AB) 1.68

SW-N3 0.03

SW-N3N3’ -0.26

Edge-pN -2.83

Edge-pNH -1.01

Edge-gN 0.11

Edge-2gN 1.03
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Table S5: Formation free energies of *COOH intermediates for G-N and Edge-2gN 

structures with different unit cell size (Unit is eV). The supercell of 5×6 and 5×3 are 

employed in the main text.

Structures Size
ΔEf

5×6 1.51

G-N 7×8 1.55

5×3 0.52

Edge-2gN 5×7 0.57

9×3 0.58
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Figure S1: G-N(N) and Edge-pNH(N) are free energy profiles for C atom in CO2 

approaching N sites for G-N and Edge-pNH structures. The G-N(O) and SW-N3N3’ 

(O) are free energy profiles for O atom in CO2 approaching C sites with large DOS 

just below the Fermi level for G-N and SW-N3N3’ structures.
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Figure S2: Density of states (DOSs) for a CO2 molecule.
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Figure S3: Free energy profiles of CO2 approaching C sites labelled with a star as 

shown in Figure S4 for Edge-2pN, Edge-2gN, NN(AA) and Fullerene-gN. The 

approaching distance is the distance between C atom in CO2 and the candidate site in 

the catalyst.
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Figure S4: Unit cells for the periodic structures of (a) two pN doped zigzag edge 

Edge-2pN, (b) two gN doped zigzag edge Edge-2gN, (c) gN doped fullerene 

Fullerene-gN, (d) two gN doped in A sites of perfect graphene NN(AA), (e) one pN 

doped zigzag edge Edge-pN and (f) one pNH doped zigzag edge Edge-pNH, 

respectively. The grey, blue and white spheres represent carbon, nitrogen and 

hydrogen atoms, respectively.
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Figure S5: Density of states (DOSs) for Edge-pN structure. The corresponding 

structure is shown in Figure S4.
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Figure S6: Density of states (DOSs) for Edge-pNH strucutre. The corresponding 

structure is shown in Figure S4.


