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Note S1 Electrochemical reaction computations

The free-energy change (ΔG) for each fundamental step was evaluated by 

computing 1, where ΔE is the fieldpHUZPE GGGSTEEG 

electronic energy difference, ΔEZPE is the zero-point energy (ZPE), T is 298.15 K, and 

ΔS is the difference in entropy. ΔGU=eU, where U is the electrode potential, and e is 

the electron transfer. ΔGpH = kBT × ln10 × pH, where kB is the Boltzmann constant, 

and pH=0 in this study. ΔGfield is neglected. The entropies and vibrational frequencies 

of the gas species are taken from the NIST database 2. The calculated ΔEZPE and TΔS 

of free molecules and reaction intermediates are summarized in Table S1.   
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Supplementary Figures

Fig. S1. TDOS of Mo-O MOF and PDOS of C, O, Mo element in Mo-O MOF 

monolayer. The Fermi level is set to 0 eV.  

Fig. S2. The spin density of NRR species on Mo-O MOF monolayer. The isosurface 

value is 0.005 e Å-3. 
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Supplementary Tables   

Table S1 Zero-point energy corrections (ΔEZPE) and entropic contributions (at 298.15 

K) to the free energies of the adsorption species and molecules on TM-O MOF 

monolayer estimated from the vibrational frequencies, * denotes TM-O MOF.  

Species ΔEZPE TΔS
*N2 0.19 0.16

*NNH 0.45 0.15
*NNH2 0.83 0.17
*NHNH 0.81 0.14
*NHNH2 1.13 0.17
*NH2NH2 1.42 0.20

*N 0.09 0.04
*NH 0.34 0.09
*NH2 0.64 0.14
*NH3 1.01 0.11

*H 0.16 0.02
N2 0.15 0.59
H2 0.27 0.41

NH3 0.58 0.56

Table S2 Calculated lattice constants (la) for different TM-O MOF monolayers.    

Materials Sc- Ti- V- Cr- Mn- Fe- Co- Ni- Cu- Zn-
la (Å) 12.83 12.58 12.48 12.50 12.39 12.31 12.26 12.26 12.48 12.63
Materials Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
la (Å) 13.18 12.87 12.73 12.67 - 12.56 12.54 12.55 13.04 13.14
Materials La Hf Ta W Re Os Ir Pt Au Hg
la (Å) - 12.83 12.70 12.59 12.65 12.55 12.52 12.52 12.53 -
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Table S3 Calculated adsorption free energy [∆G(*N2)] of N2, the distance between 

TM atom and N2 molecule (DTM-N), and N-N bond length (LN-N) for *N2/TM-O MOF 

systems. 

Materials Sc- Ti- V- Cr- Mn- Fe- Co- Ni- Cu- Zn-
End -0.21 -0.94 0.31 0.31 0.30 0.33 0.35 0.35 0.31 0.25

∆G(*N2) (eV)
Side - - 0.36 0.31 0.29 0.28 0.35 0.35 0.31 0.25
End 1.83 2.10 2.74 2.73 2.60 3.28 3.22 3.24 3.13 2.73

DTM-N (Å)
Side - - 3.60 2.71 2.58 3.19 3.18 3.24 3.31 2.70
End 1.14 1.12 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11

LN-N (Å)
Side - - 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11

Materials Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
End -0.15 -0.99 0.33 -0.05 - 0.14 0.36 0.35 0.28 0.25

∆G(*N2) (eV)
Side - - 0.34 0.50 - 0.36 0.36 0.35 0.25 0.25
End 2.51 2.25 2.77 1.91 - 3.41 3.32 3.78 3.09 2.89

DTM-N (Å)
Side - - 2.78 2.07 - 3.41 3.86 3.33 3.42 2.85
End 1.12 1.12 1.11 1.15 - 1.11 1.11 1.11 1.11 1.11

LN-N (Å)
Side - - 1.11 1.19 - 1.11 1.11 1.11 1.11 1.11

Materials La Hf Ta W Re Os Ir Pt Au Hg
End - -0.98 0.38 0.32 0.33 0.33 0.36 0.35 0.22 -

∆G(*N2) (eV)
Side - -0.83 0.34 0.38 0.67 0.34 0.36 0.35 0.22 -
End - 2.18 3.64 3.30 2.72 3.61 3.51 3.49 3.35 -

DTM-N (Å)
Side - 2.34 4.05 3.73 2.94 3.58 3.52 3.45 3.62 -
End - 1.12 1.11 1.11 1.11 1.11 1.11 1.11 1.11 -

LN-N (Å)
Side - 1.15 1.11 1.11 1.11 1.11 1.11 1.11 1.11 -

Table S4 Calculated adsorption free energy [∆G(*NNH)] of NNH, the distance 

between TM atom and N2 molecule (DTM-N), and N-N bond length (LN-N) for 

NNH/TM-O MOF systems.  

Materials Sc- Ti- Y- Zr- Mo- Hf-
End 1.71 1.49 1.74 1.39 0.27 0.98

∆G(*NNH) (eV)
Side - - - - - 0.59
End 2.11 1.87 2.26 2.03 1.75 2.01

DTM-N (Å)
Side - - - - - 2.15
End 1.19 1.21 1.20 1.22 1.24 1.22

LN-N (Å)
Side - - - - - 1.24
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Table S5 Calculated N-N bond length (LN-N, Å), the distance between TM atom and 

adsorbed intermediates (DTM-N, Å). Charge analysis of Mo atoms (Q Mo, e), O atoms 

(Q O4, e), graphene linkers (Q graphene, e) and adsorbed intermediates (Q ads, e) for 

the adsorbed systems. The total magnetic moment MT(μB) of the adsorbed systems. 

The positive and negative numbers represent electrons gained and lost, respectively.    

Systems LN-N 
(Å)

DMo-N 
(Å)

QMo 
(e)

QO4 
(e)

Qgraphene 
(e)

Q ads 
(e)

MT(μB)

Mo-O MOF - - -2.02 +4.68 -2.66 - 6.00
N2/Mo-O MOF 1.15 1.91 -2.19 +6.18 -4.35 +0.36 5.68
NNH/Mo-O MOF 1.24 1.75 -2.35 +6.14 -4.30 +0.51 3.41
NNH2/Mo-O MOF 1.33 1.72 -2.04 +6.24 -4.66 +0.46 4.00
N...NH3/Mo-O MOF 3.32 - - - - - 3.00
N/Mo-O MOF - 1.64 -2.44 +6.22 -4.54 +0.76 3.00
NH/Mo-O MOF - 1.70 -2.34 +6.28 -4.51 +0.57 4.00
NH2/Mo-O MOF - 1.90 -2.29 +6.11 -4.14 +0.32 5.00
NH3/Mo-O MOF - 2.17 -2.26 +2.87 -0.46 -0.15 6.00
NHNH/Mo-O MOF 1.29 1.93 -2.24 +6.09 -4.16 +0.31 3.63
NHNH2/Mo-O MOF 1.41 1.89 -2.32 +4.54 -2.46 +0.24 5.00
NH2NH2/Mo-O MOF 1.46 2.14 -2.13 +4.60 -2.29 -0.18 6.00
NH2...NH3/Mo-O MOF 3.63 - - - - - 5.00
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Table S6 The calculated limiting potentials (UL in V) and PLS for the different catalysts that have been synthesized or designed recently. 

Systems Pathway PLS UL (V) References
Mo-O MOF Distal *NH2+H++e-→*NH3  -0.36 The present work
V@GDY Distal/ Alternating *N2+H++e-→*NNH -0.67 Feng et al. 2020 3

Ru1-N3 Distal *N2+H++e-→*NNH -0.73 Li et al. 20184

Ru1-N4 Distal *N2+H++e-→*NNH -0.77 Li et al. 20184

Defect-rich MoS2 Distal *NH2+H++e-→*NH3 -0.60 Li et al. 20185

MoS2 with Mo edge Distal *N2+H++e-→*NNH -0.68 Zhang et al. 20186

Mo2C (111) Distal *N2+H++e-→*NNH -0.74 Ren et al. 20197 
Mo2C (002) Distal *NH2+H++e-→*NH3 -0.92 Chen et al. 20188

Ru(0001) Distal *N2+H++e-→*NNH -0.94 Skulason et al. 20129

Co2@GDY Distal *NH2+H++e-→*NH3 -0.43 Ma et al. 201910

Nb2O5 (181) Distal *NNH2+H++e-→*N+NH3 -0.56 Han et al. 201811 
Ru1@C2N Distal/ Alternating *N2+H++e-→*NNH -0.96 Cao et al. 2018 12

Mo-embedded BN monolayer Enzymatic *NH2+H++e-→*NH3 -0.35 Zhao et al. 201713

Mo@g-CN Distal *N2+H++e-→*NNH -0.39 Guo et al. 202014 
Mo0/GDY Alternating *NHNH+H++e-→*NHNH2 -0.71 Hui et al. 201915

CrN2B2 Enzymatic *N2+H++e-→*NNH -0.33 Fang et al. 202116

NiCo@GDY Distal *N2+H++e-→*NNH -0.36 Ma et al. 202117

Rh SA/GDY Enzymatic *N2+H++e-→*NNH -0.44 Zou et al. 202118

Pd-GDY Distal *N2+H++e-→*NNH -0.21 Yu et al. 202119  
Pt-3O structure  Distal *N2+H++e-→*NNH -0.78 Hao et al. 202020 
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