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Supplementary Table 1. The corrected values of gas molecules (in eV). 15 

Gas  

N2 −0.35 

H2 −0.05 

NH3 0.42 

 16 
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Supplementary Table 2. The corrected values of intermediates on Fe3@C20 and Fe3@N4C16 (in eV). 23 

 Reaction routes Intermediates 

Fe3@C20 

Consecutive 
*NN *NNH *NNH

2
 *N *NH *NH

2
 *NH

3
 

0.13 0.44 0.65 0.08 0.34 0.67 0.95 

Enzymatic 
*NN *NNH *NHNH *NH

2
NH *NH

2
NH

2
 *NH

2
 *NH

3
 

0.13 0.44 0.74 1.08 1.42 0.67 0.95 

Distal 

*NN *NNH *NNH
2
 *N *NH *NH

2
 *NH

3
 

0.10 0.43 0.73 0.07 0.34 0.66 0.95 

Alternative 
*NN *NNH *NHNH *NH

2
NH *NH

2
NH

2
 *NH

2
 *NH

3
 

0.10 0.43 0.78 0.97 1.42 0.66 0.96 

Fe3@N4C16 

Consecutive *NN *NNH *NNH
2
 *N *NH *NH

2
 *NH

3
 

 0.08 0.44 0.65 0.08 0.34 0.67 0.95 

Enzymatic *NN *NNH *NHNH *NH
2
NH *NH

2
NH

2
 *NH

2
 *NH

3
 

 0.08 0.44 0.74 1.08 1.42 0.67 0.95 

 24 

 25 

 26 

 27 

Supplementary Table 3. Formation energies (Ef, in eV) of Fe3@NxC20−x with Fe2-bonded C replaced 28 
by N (x is the number of N atoms).  29 

x 1 2-I 2-II 2-III 3 4 

structure Supplementary 

Figure 4A 

Supplementary 

Figure 4B 

Supplementary 

Figure 4C 

Supplementary 

Figure 4D 

Supplementary 

Figure 4E 

Supplementary 

Figure 4F 

Ef −0.20 −0.22 −0.50 −0.35 −0.33 −0.65 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 
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Supplementary Table 4. Lattice constants (a and b, in Å) of Fe3@NxC20-x, nitrogen adsorption 40 
energies on Fe2 sites and Fe1 sites (Eads, in eV). 41 

 a b 

Fe2 site Fe1 site 

E
ads

 

(end-on) 

E
ads

 

(side-on) 

E
ads

 

(end-on) 

E
ads

 

(side-on) 

Fe3@C20 11.14 7.95 −0.52 −0.57 −0.41 −0.10 

Fe3@N1C19 11.08 7.90 −0.55 −0.62 −0.43 −0.11 

Fe3@N2C18-I 11.00 7.91 −0.59 −0.55 −0.39 −0.06 

Fe3@N2C18-II 11.02 7.73 −0.50 −0.48 −0.47 −0.08 

Fe3@N2C18-III 11.04 7.66 −0.59 −0.52 −0.43 −0.17 

Fe3@N3C17 10.95 7.85 −0.54 −0.52 −0.58 −0.08 

Fe3@N4C16 10.87 7.74 −0.32 −0.20 −0.44 0.15 

 42 

 43 

Supplementary Table 5. The free energy change (ΔG, in eV) of the step *NN→*NNH (in eV). 44 

 end-on  side-on 

Fe3@C20 0.59 0.64 

Fe3@N1C19 1.14 0.74 

Fe3@N2C18-I 1.09 0.61 

Fe3@N2C18-II 1.07 0.73 

Fe3@N2C18-III 0.65 0.71 

Fe3@N3C17 1.08 0.67 

Fe3@N4C16 / 0.45 

 45 

Supplementary Table 6. The Fe−Fe bond lengths (dFe−Fe) and d-band centers and p-band centers of 46 
the Fe2-bonded C/N for Fe3@NxC20−x (x = 0~4). 47 

 
dFe−Fe (Å) 

d-band centers 
p-band centers of Fe2-

bonded C and N atoms 

Fe3@C20 2.22 
−0.92  −3.51  

Fe3@N1C19 2.22 
−0.92  −3.57  

Fe3@N2C18-I 
2.23 −0.91  −4.43  

Fe3@N2C18-II 
2.22 −1.05  −4.02  

Fe3@N2C18-III 
2.24 −1.05  −3.96  

Fe3@N3C17 
2.23 −1.00  −4.81  

Fe3@N4C16 
2.16 −0.98  −3.89  
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 48 

 49 
Supplementary Figure 1. Evaluation of energy cutoff for optimizing Fe3@C20: the variation of the total 50 
DFT energy (A) and the lattice constant a (B) against energy cutoff. 51 

 52 

 53 

 54 

 55 
 56 
Supplementary Figure 2. The ELF plot of (110) section of Fe3@C20(A) and Mo3@C20(B) monolayer, 57 
with the unit cells marked by black lines. 58 

 59 

 60 

 61 

 62 
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 63 

Supplementary Figure 3. The TDOS of 2D Mo3@C20 monolayer with the Fermi energy level indicated 64 
by the red dashed line. 65 

 66 

 67 

 68 
Supplementary Figure 4. Different adsorption structures of N2 on Mo3@C20: (A) end-on and (B) side-on 69 
configuration at Mo1 site, and (C) end-on and configuration at Mo2 site, with the unit cells marked by black 70 
lines. 71 
 72 
 73 
 74 
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 76 
 77 

 78 
Supplementary Figure 5. The final structure of Fe3@C20 after 5-ps’ FPMD simulations at 300 K. 79 
 80 
 81 
 82 

 83 
Supplementary Figure 6. The top and side views of Fe3@N1C19 (A), Fe3@N2C18-I (B), Fe3@N2C18-II (C), 84 
Fe3@N2C18-III (D), Fe3@N3C17 (E), and Fe3@N4C16 (F), with the unit cells marked by black lines. 85 
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 86 
Supplementary Figure 7. Different adsorption structures of N2 adsorption on Fe3@NxC20-x (x = 1~3), with 87 
the unit cells marked by black lines. 88 
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 89 

 90 
Supplementary Figure 8. The free energy diagram of eNRR through consecutive/ enzymatic (in red/green) 91 
pathway on Fe3@N4C16 including the solvation effect. Data denote the ΔG of each elementary step. 92 
 93 
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 94 
Supplementary Figure 9. The PDOS of Fe3@NxC20-x (x = 0~4) structures without and with N2 adsorption 95 
for Fe3@C20 (A,B) Fe3@N1C19 (C,D), Fe3@N2C18-I (E,F), Fe3@N2C18-II (G,H), Fe3@N2C18-III (I,J), 96 
Fe3@N3C17 (K,L), and Fe3@N4C16 (M,N). Only the d-orbital of the Fe2 site and its 4 bonded C/N atoms 97 
are considered in the figure. The black, red, green and blue solid lines represent the C-p, Fe-d, doped N-p 98 
and *N2 molecular p orbitals, respectively, and the red dashed line indicates the Fermi energy level. 99 


