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Gibbs Free Energy Computations 

The Gibbs free energy (G) of the intermediates was calculated by using the computational 

hydrogen electrode (CHE) model proposed by Nørskov et al.1 The chemical potential of the H+/e- pair 

in aqueous solution is related to that of half of the H2 gas molecule at standard hydrogen electrode 

(SHE) conditions. According to this method, the G value can be determined as follows: 

G = ΔE – TΔS + ΔZPE + ΔGU + ΔGpH 

Where ΔE is the reaction energy directly obtained from DFT calculations, and T is the temperature 

(T=298.15 K). ΔZPE and ΔS are the differences between the adsorbed species and the gas phase 

molecules in zero-point energy and entropy, respectively. ΔGU is the free energy contribution related 

to applied potential U, which can be determined as ΔGU = -eU. The U value is determined by the 

equation U = -ΔGmax/e, where ΔGmax is free energy change in potential-determining step. ΔGpH is the 

correction of the free energy of H+ ions by the concentration dependence of the entropy: ΔGpH = 2.303 

× kB × pH, where kB is the Boltzmann constant, and the value of pH is set to be 0. 

Thus, ΔG between two states involve in the N2 reduction process can be expressed as to: 

ΔG= G(N2-mHn) + m G(NH3) – G(N2) – n/2 G(H2) - G(*) 

where * denotes the surface of M2-Pc, n is the number of H+/e- pairs transferred, and m (m=0, 1) is 

the number of NH3 molecules released. For example, for n=m=0, the Gibbs free energy change leads 

to the N2 adsorption variation: 

ΔG (N2, ads.) = G(N2*) –G(N2) – G (*) 

The zero-point energies and entropies of the reaction species were calculated from the vibrational 

frequencies. During these frequency calculations, all atoms of substrate were rigidly constrained so that 

no additional degrees of freedom, due to the catalyst, are introduced in to the reacting system. For gas 
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phase molecule, the entropy term can be expressed as the sum of the translational, rotational and 

vibrational contributions, whereas for adsorbates the translational and rotational entropy were not taken 

into account due to negligible contributions. The thermodynamic quantities for the N2, H2, NH3 species 

in the gas phase are shown in Table S9. 

 

Kinetic Computations 

The transition states (TS) were identified using the climbing image nudged elastic band (CI-NEB) 

method.2 Eight images between the initial state (IS) and final state (FS) were used for the CI-NEB 

computations. The solvated proton was modelled by H5O2+ near the reaction intermediates, following 

the recent experimental3 and theoretical4-5 studies. A linearized Poisson–Boltzmann implicit solvation 

model was used to neutralize the nonzero charge in the simulation, as implemented in VASPsol.6 We 

employed a dielectric constant of 78.5 for water and a Debye length of 3.04 Å to simulate 1 mol of 

electrolyte solution of monovalent cations. 

 

Surface Models  

For models of Ru-NC2 and Ru-N3, we chose 6×6 supercell of graphene with 3×3×1 k-mesh, 

whereas 2×2 supercell of C3N4 and C2N with 3×3×1 k-mesh were adopted in B-C3N4 and Mo-C2N 

optimizations. For Ru-ZrO2 model, 2×2 supercell of ZrO2(111) surface with four ZrO2 unit layers 

(containing 192 atoms) were used. Structural relaxations were performed by using 3×3×1 k-mesh, and 

top two ZrO2 unit layers are fully relaxed while the bottom two layers are fixed during the geometry 

optimizations. The Mo-GDY was constructed by 1×1 unit cell since the effects of cell size on the 

adsorption energy are within 0.01 eV after a careful test. 
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DFT vs. DFT+U 

The inclusion of the Hubbard-U term, or using the DFT+U approach, can give more accurate 

results for the systems with highly localized orbitals. However, the DFT+U approach also suffers from 

a strong (linear) dependence of the energetics on the choice of the value of the parameter U, and on 

the choice of the localized projector functions that enter the definition of the U-dependent energy term. 

For example, the reduction energy (ΔH) of CeO2→Ce2O3 process can vary between −5.1 (U = 0 eV) 

and −1.9 eV (U = 5.0 eV) using the DFT+U method,7 while the GGA-PBE value of −4.18 eV is in 

good agreement with the experimental measurements (−3.57 to −4.03 eV). 

On the other hand, the U-value is usually chosen based on its accuracy in reproducing the 

electronic structures (i.e., experimental band gap) of the bulk materials. However, to simulate catalysts, 

it is better to choose U to fit the energy of the oxidation-reduction, since catalysts is controlled by 

energy difference.8-9 Our specific case in this work, namely the NRR on BAC surfaces, involves 

complex surface–adsorbate interactions, thus, using the bulk properties-based U values in a locally 

changing surface environment may not describe reaction energetics correctly.10-11 

Note that the results based on the GGA-PBE (the method used in this work) showed very good 

high performance in understanding the reaction mechanisms and activity trends observed in 

experiments.4, 12  

To evaluate the accuracy of PBE results, we have investigated the NRR pathways on the Ti2-Pc 

surface, one of the high-performance catalysts screened out in this work, by PBE+U method in which 

the previously validated U value of 2.58 eV was employed for Ti.13 The computed theoretical limiting 

potential as well as the potential-liming step obtained by PBE+U are in good agreement with the PBE 

results (Figure S16a). Moreover, both total states and the 3d-oribital of Ti only differ slightly when U 
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is included (Figure S16b, c). Thus. PBE provides us an effective tool to qualitatively describe the 

NRR activity. 

Due to the above reasons, we did not use DFT+U to consider the effect of the highly localized 

orbitals of the metal atoms in this work. 
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Table S1. Summary of structural parameters (lattice length a and b, angle γ and distance between two 

metal atoms) for 30 homonuclear M2-Pc nanosheets, and the bond lengths of metal atoms in their bulk 

phase (Dm-m).  

Metal a (Å) b (Å) γ (degree) dm-m (Å) Dm-m (Å) 
Al 14.86 14.91 75.05 2.72 2.85 
Sc 14.81 14.88 75.07 2.96 3.22 
Ti 14.80 14.86 75.07 2.66 2.98 
V 14.85 14.87 75.02 2.53 2.58 
Cr 14.91 14.92 75.01 2.50 2.46 
Mn 14.85 14.87 75.02 2.35 2.47 
Fe 14.80 14.82 75.02 2.30 2.43 
Co 14.79 14.81 75.02 2.36 2.48 
Ni 14.85 14.88 75.04 2.73 2.49 
Cu 14.84 14.89 75.04 2.73 2.57 
Zn 14.81 14.88 75.08 2.73 2.97 
Ga 14.90 14.96 75.06 2.78 2.77 
Y 14.77 14.84 75.07 3.25 3.55 
Zr 14.81 14.87 75.07 2.87 3.19 
Nb 14.80 14.83 75.03 2.59 2.88 
Mo 14.85 14.86 75.02 2.47 2.74 
Ru 14.89 14.90 75.01 2.40 2.66 
Rh 14.91 14.92 75.02 2.47 2.72 
Pd 14.86 14.92 75.07 2.83 2.80 
Ag 14.86 14.91 75.04 2.74 2.94 
Sn 14.73 14.81 75.09 3.39 2.88 
Hf 14.81 14.88 75.08 2.95 3.13 
Ta 14.79 14.84 75.05 2.66 2.88 
W 14.85 14.87 75.02 2.50 2.75 
Re 14.88 14.89 75.01 2.38 2.75 
Os 14.89 14.90 75.02 2.41 2.70 
Ir 14.92 14.94 75.02 2.49 2.74 
Pt 14.92 14.97 75.05 2.88 2.81 
Au 14.90 14.94 75.04 2.81 2.95 
Bi 14.77 14.85 75.08 3.41 3.11 
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Table S2. Computed cohesive energy (𝑬𝒄𝒄𝒂𝒍𝒄.), formation energy (𝐄𝒇) and dissolution potential (𝐔𝒅𝒊𝒔𝒔) 

of metals, total energy of metal atoms in their bulk phase (𝐄𝑴) and number of transferred electrons 

(𝑵𝒆) during the dissolution. For comparison, the experimental cohesive energy (𝑬𝒄
𝒆𝒙𝒑.) and standard 

dissolution potential (𝑼𝒅𝒊𝒔𝒔° ) of metal atoms are also listed. 

Metal 𝑬𝒄
𝒆𝒙𝒑.	(𝐞𝐕) 𝑬𝒄𝒄𝒂𝒍𝒄.	(𝒆𝑽) 𝑵𝒆 𝑼𝒅𝒊𝒔𝒔° 	(𝐕) 𝐄𝑴	(𝒆𝑽) 𝐄𝒇	(𝒆𝑽) 

𝐔𝒅𝒊𝒔𝒔	(𝑽) 

Al -3.39 -3.55 3 -1.66 -3.75 -5.06 0.03 
Sc -3.90 -4.25 3 -2.08 -6.34 -5.13 -0.37 
Ti -4.85 -5.85 2 -1.63 -7.90 -4.09 0.42 
V -5.31 -5.59 2 -1.18 -9.09 -3.57 0.61 
Cr -4.10 -4.15 2 -0.91 -9.64 -3.53 0.85 
Mn -2.92 -4.02 2 -1.19 -9.16 -3.74 0.69 
Fe -4.28 -5.49 2 -0.45 -8.46 -3.32 1.21 
Co -4.39 -5.63 2 -0.28 -7.11 -3.18 1.31 
Ni -4.44 -5.39 2 -0.26 -5.78 -3.09 1.29 
Cu -3.49 -3.86 2 0.34 -4.10 -1.74 1.21 
Zn -135 -1.11 2 -0.76 -1.27 -2.09 0.28 
Ga -2.81 -2.85 3 -0.55 -3.04 -2.61 0.32 
Y -4.37 -4.19 3 -2.37 -6.47 -4.75 -0.79 
Zr -6.25 -6.59 4 -1.45 -8.55 -3.79 -0.50 
Nb -7.57 -7.65 3 -1.10 -10.11 -2.83 -0.16 
Mo -6.82 -6.27 3 -0.2 -10.86 -2.51 0.64 
Ru -6.74 -6.74 2 0.46 -9.28 -2.26 1.58 
Rh -5.75 -6.15 2 0.60 -7.36 -2.53 1.86 
Pd -3.89 -3.72 2 0.95 -5.18 -2.07 1.99 
Ag -2.95 -2.50 1 0.80 -2.83 -0.51 1.31 
Sn -3.14 -3.38 2 -0.14 -4.01 -1.63 0.66 
Hf -6.44 -6.48 4 -1.55 -9.95 -4.04 -0.54 
Ta -8.10 -8.41 3 -0.6 -11.86 -2.77 0.32 
W -8.90 -8.42 3 0.1 -12.96 -2.10 0.80 
Re -8.03 -7.83 3 0.3 -12.44 -2.26 1.05 
Os -8.17 -8.50 8 0.84 -11.22 -2.21 1.11 
Ir -6.94 -7.75 3 1.16 -8.86 -2.48 1.98 
Pt -5.84 -5.58 2 1.18 -6.06 -2.53 2.45 
Au -3.81 -3.62 3 1.50 -3.90 -0.36 1.62 
Bi -2.18 -2.57 1 0.5 -3.90 -1.33 1.83 
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Table S3. Computed vibrational frequencies, zero-point energies and entropy of reaction intermediates 

on Ti2-Pc. 

Reaction 

Intermediates 

Vibrational Frequencies 

(cm-1) 

ZPE 

(eV) 

TS 

(eV) 

N2* 1801.92 521.36 379.90 319.32 229.07 138.30 0.21 0.10 

N2H* 3360.11 

268.39 

1352.76 

220.66 

1189.10 

127.50 

486.29 

 

456.31 

 

361.14 

 

0.48 0.12 

NHNH* 3374.50 

617.74  

3325.34 

493.36 

1410.24 

439.56 

1211.19 

253.77 

1001.87 

246.05 

811.70 

121.26 

0.82 0.11 

NNH2* 3421.55 

622.94 

3306.74 

563.63 

1591.23 

378.41 

1194.13 

263.70 

1130.79 

235.40 

892.50 

107.25 

0.85 0.12 

NHNH2* 3438.49 

1132.24  

168.88 

3357.14 

950.74 

135.66 

3292.75 

585.08 

119.34 

1581.55 

517.50 

 

1341.94 

346.85 

1225.47 

260.87 

 

1.14 0.16 

NH2NH2* 3439.53 

1377.11 

475.89 

3421.24 

1244.54 

346.99 

3335.87 

1107.68 

285.23 

3324.16 

1106.33 

193.59 

1597.50 

947.05 

132.45 

1586.53 

577.23 

103.58 

1.53 0.16 

NH*-NH3* 3505.30 

1262.29  

349.32 

3502.95 

807.83 

283.52 

3426.12 

750.31 

206.77 

2744.31 

633.57 

165.26 

1594.33 

499.98 

155.60 

1577.44 

373.98 

 141.93 

1.36 0.20 

NH* 3354.29 682.80 645.54 587.37 360.44 245.32 0.36 0.05 

NH2* 3500.04 

479.72 

3410.74 

241.56 

1503.77 

196.50 

706.59 

 

675.79 

 

573.92 

 

0.70 0.08 

NH3* 3499.82 

571.51 

3480.49 

559.86 

3379.68 

342.75 

1614.21 

142.30 

1606.08 

113.47 

1201.42 

84.93 

1.03 0.16 

H* 1238.61 903.10 708.10    0.18 0.01 
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Table S4. Computed vibrational frequencies, zero-point energies and entropy of reaction intermediates 

on V2-Pc. 

Reaction 

Intermediates 

Vibrational Frequencies 

(cm-1) 

ZPE 

(eV) 

TS 

(eV) 

N2* 1754.85 497.57 348.59 325.64 209.18 143.72 0.20 0.10 

N2H* 3414.15 

263.33 

1258.57 

213.83 

1155.65 

151.35 

534.00 

 

494.87 

 

400.65 

 

0.49 0.11 

NHNH* 3404.47  

546.55 

3386.74 

361.28 

1380.18 

341.42 

1208.85 

328.88 

1155.60 

253.46 

550.67 

159.72 

0.81 0.12 

NNH2* 3385.80 

583.71 

3318.38 

562.69 

1575.35 

373.84 

1153.65 

245.52 

1139.05 

208.59 

883.71 

96.19 

0.84 0.13 

NHNH2* 3430.43 

1116.10 

204.38 

3377.06 

1004.02 

186.80 

3303.13 

584.44 

121.61 

1575.14 

557.65 

 

1332.81 

396.65 

 

1210.15 

264.85 

 

1.16 0.15 

NH2NH2* 3452.66 

1378.07 

516.93 

3433.91 

1204.13 

382.31 

3334.03 

1104.06 

345.97 

3322.34 

1093.03 

177.73 

1600.66 

981.32 

169.26 

1584.46 

555.10 

106.29 

1.53 0.15 

NH*-NH3* 3524.16 

1197.17 

375.42 

3498.51 

852.43 

191.44 

3484.19 

637.82 

181.28 

3371.16 

626.27 

166.47 

1602.94 

427.45 

130.77 

1583.45 

385.06 

85.55 

1.38 0.18 

NH* 3454.31  737.44 729.33 406.19 356.50 284.65 0.37 0.05 

NH2* 3514.10 

549.50 

3427.76 

296.36 

1510.15 

200.88 

724.87 

 

720.80 

 

648.60 

 

0.72 0.07 

NH3* 3491.29 

610.16 

3487.94 

597.19 

3384.26 

364.52 

1610.69 

133.07 

1604.13 

131.90 

1192.04 

  86.55 

1.03 0.15 

H* 1412.18 1010.13 753.12    0.20 0.00(4) 
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Table S5. Computed vibrational frequencies, zero-point energies and entropy of reaction intermediates 

on Re2-Pc. 

Reaction 
Intermediates 

Vibrational Frequencies 
(cm-1) 

ZPE 
(eV) 

TS 
(eV) 

N2* 2125.26 427.50 391.76 377.77 126.99 103.33 0.22 0.12 

N2H* 3170.20 

333.30 

1693.95 

127.67 

1130.08 

69.04 

548.36 

 

430.25 

 

335.84 

 

0.48 0.09 

NNH2* 3518.00 

615.80 

3105.84 

404.34 

1538.49 

378.70 

1332.02 

303.79 

1220.34 

176.66 

634.74 

  95.40 

0.83 0.13 

NHNH* 3418.59 

637.22 

3415.53 

524.96 

1338.43 

504.92 

1204.72 

440.12 

1001.09 

335.35 

699.59 

218.27 

0.85 0.08 

N* 1053.89 241.35 233.34    0.09 0.05 

NH* 3314.77 981.15 897.08 613.62 322.49 276.44 0.40 0.05 

NH2* 3527.38 

583.91 

3428.60 

366.84 

1511.30 

276.88 

814.66 

 

788.65 

 

781.83 

 

0.75 0.05 

NH3* 3446.66 

708.60 

3442.14 

703.06 

3326.70 

400.19 

1601.18 

143.68 

1587.03 

94.32 

1237.39 

25.48 

1.03 0.10 

NHNH2* 3432.31 

1168.38 

 235.85 

3416.38 

848.53 

94.20 

3336.60 

631.24 

27.74 

1620.43 

502.18 

 

1427.00 

342.30 

1236.44 

319.92 

1.16 0.18 

NH2NH2* 3418.75 

1449.65 

439.59 

3398.70 

1242.32 

252.38 

3346.02 

1123.67 

224.57 

3188.51 

1106.58 

92.03 

1638.18 

917.07 

74.37 

1587.60 

671.05 

61.53 

1.39 0.22 

H* 2146.73 624.88 359.82    0.19 0.02 
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Table S6. Summary of NH3* adsorption energies (∆𝐺;<=∗) on 31 BACs which were screened out by 

activity analysis. The ∆𝐺;<=∗ refers to the free energy of NH3 in free gas. 

Dimers ZPE TS ∆𝑮𝑵𝑯𝟑∗  

Ti2 1.03 0.16 -1.06 
V2 1.03 0.15 -0.90 
Re2 1.03 0.10 -0.43 
TiV 1.02 0.11 -0.57 

TiCu 1.03 0.16 -1.15 
TiZn 1.03 0.16 -1.22 
TiAl 1.02 0.17 -1.11 
TiGa 1.02 0.17 -1.17 
TiAg 1.03 0.16 -1.15 
TiTa 1.02 0.16 -1.06 
TiW 1.02 0.16 -1.03 
TiAu 1.02 0.12 -1.14 
VCr 1.03 0.15 -1.05 
VZn 1.03 0.17 -1.29 
VMo 1.04 0.14 -1.16 
VSn 1.03 0.15 -0.98 
VTa 1.03 0.11 -1.48 
VW 1.04 0.14 -1.10 
VPt 1.03 0.16 -0.97 

TaCr 1.03 0.11 -1.23 
TaMn 1.03 0.16 -1.32 
TaFe 1.04 0.15 -1.32 
TaCo 1.03 0.18 -1.41 
TaAl 1.03 0.18 -0.78 
TaMo 1.03 0.16 -1.26 
TaRu 1.03 0.16 -1.29 
TaRh 1.03 0.17 -1.49 
TaW 0.96 0.06 -1.38 
TaOs 1.04 0.14 -1.38 
TaIr 1.03 0.17 -1.50 
TaBi 1.03 0.16 -0.68 
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Table S7. Computed vibrational frequencies, zero-point energies and entropy of key intermediates on 

B-C3N4, Mo-C2N, Mo-GDY, B4C(110), Ru-N3, Ru-NC2,Ru-ZrO2 and Mn2-C2N surfaces. The results 

of B-C3N4 reported earlier14 are also provided for comparison, which denoted as B-C3N4#. 

Catalysts Reaction 

Intermediates 

Vibrational Frequencies 

(cm-1) 

ZPE 

(eV) 

TS 

(eV) 

 

B-C3N4 

H* 2646.63 1006.23 629.81    0.27 0.01 

End-on N2* 2090.30  579.00 435.46 385.00 126.96 71.85 0.23 0.12 

N2H* 3136.12 

 266.52     

1633.49 

90.725 

1311.44 

62.71 

624.40 609.80 281.10 0.50 0.16 

 

B-C3N4
# 

End-on N2* 2088.78 577.56 439.11 397.28 128.77 101.88 0.23 0.11 

N2H* 3139.78 

263.83 

1750.39 

129.57 

1312.97 

62.90 

629.86 556.59 360.05 0.50 0.14 

 

Mo-C2N 

H* 1938.94 520.63 452.41    0.18 0.02 

End-on N2* 2091.80 415.78 397.78 372.66 75.18 69.14 0.21 0.14 

N2H* 3257.711 

301.90 

1640.45 

  93.71 

1111.48 

81.01 

532.51 

 

446.09 

 

364.94 

 

0.49 0.15 

 

Mo-

GDY 

H* 1767.29 559.07 431.40    0.17 0.018 

End-on N2* 1776.28 585.09 349.80 214.40 126.55 88.44 0.19 0.13 

N2H* 3219.27 

153.45 

1386.51 

103.28 

1212.38 

61.43 

613.05 

 

487.04 

 

357.66 

 

0.47 0.16 

 

Ru-N3 

H* 1834.10 628.34 594.70    0.19 0.01 

End-on N2* 2143.98  468.21 433.34 389.14 83.01 66.43 0.22 0.14 

N2H* 3107.60 

246.48 

1629.35 

81.24 

1199.17 

45.06 

600.01 

 

531.74 

 

416.08 

 

0.48 0.10 

 

Ru-NC2 

H* 1796.42 595.64 505.45    0.18 0.01 

End-on N2* 2174.28  365.53 332.46 276.54 46.44 37.12 0.20 0.11 

N2H* 3051.56 

296.78 

1632.86 

51.67 

1231.60 

47.56 

629.79 

 

468.57 

 

329.82 

 

0.48 0.18 

 

Ru-ZrO2 

H* 1691.64 666.81 424.34    0.17 0.02 

End-on N2* 2175.70 441.20 406.13 379.07 71.09 43.41 0.22 0.16 

N2H* 3103.51 

287.07 

1732.51 

94.17 

1117.79 

73.88 

490.60 

 

448.36 

 

365.58 

 

0.48 0.15 
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Table S8. Summary of adsorption energy of N2H* (∆𝐸;C<∗, 𝑒𝑉), limiting potential (𝑈H, 𝑉	𝑣𝑠. 𝑆𝐻𝐸), 

potential limiting step (PDS), and Gibbs free energies of N2* (∆𝐺;C∗, 𝑒𝑉) and H* (∆𝐺<∗, 𝑒𝑉) on 37 

heteronuclear MM’-Pc. Systems with 𝑈H  more negative than that of stepped Ru(0001) were 
highlighted by red color. 

Dimers ∆𝑬𝑵𝟐𝑯∗ 𝑼𝑳 PDS ∆𝑮𝑵𝟐∗  ∆𝑮𝑯∗ 
TiV -1.27 -0.74 NH2*→NH3* -0.50 -0.33 

TiCu -0.55 -0.53 N2*→N2H* -0.15 -0.31 
TiZn -0.34 -0.58 N2*→N2H* 0.07 -0.05 
TiAl -0.75 -0.45 N2*→N2H* -0.27 -0.52 
TiGa -0.78 -0.45 N2*→N2H* -0.31 -0.51 
TiAg -0.75 -0.49 N2*→N2H* -0.31 -0.47 
TiTa -0.93 -0.74 NH2*→NH3* -0.51 -0.74 
TiW -0.42 -0.52 N2*→N2H* 0.01 -0.02 
TiAu -0.77 -0.48 N2*→N2H* -0.32 -0.49 
VCr -0.52 -0.85 N2*→N2H* -0.44 0.34 
VZn -0.42 -0.55 N2*→N2H* -0.03 -0.27 
VMo -1.44 -0.32 NH2*→NH3* -0.39 -0.66 
VSn -0.52 -0.78 N2*→N2H* -0.37 -0.01 
VTa -2.22 -0.47 NH2*→NH3* -1.19 -1.17 
VW -1.50 -0.42 NH2*→NH3* -0.37 -1.02 
VPt -0.55 -0.76 N2*→N2H* -0.40 -0.08 

TaCr -1.22 -0.58 NHNH*→NHNH2* -0.17 -1.10 
TaMn -1.14 -0.71 NH2*→NH3* -0.14 -1.10 
TaFe -0.93 -0.78 NH2*→NH3* -0.57 -1.14 
TaCo -0.92 -0.67 NH2*→NH3* -0.66 -1.10 
TaNi -1.13 -1.21 NH2*→NH3* -0.28 \ 
TaCu -1.15 -1.14 NH2*→NH3* -0.37 \ 
TaZn -1.14 -1.09 NH2*→NH3* -0.33 \ 
TaAl -1.16 -0.43 NH2*→NH3* -0.65 -1.08 
TaGa -1.14 -1.05 NH2*→NH3* -0.72 \ 
TaMo -0.66 -0.89 N2*→N2H* -0.66 -0.61 
TaRu -0.70 -0.64 N2*→N2H* -0.47 -0.82 
TaRh -0.87 -0.73 N2*→N2H* -0.70 -0.98 
TaPd -1.08 -1.20 NH2*→NH3* -0.24 \ 
TaAg -1.14 -1.03 NH2*→NH3* -0.64 \ 
TaSn -1.09 -1.07 NH2*→NH3* -0.30 \ 
TaW -1.51 -0.86 NH2*→NH3* -0.79 -1.09 
TaOs -0.88 -0.67 N2*→N2H* -0.66 -1.00 
TaIr -0.86 -0.75 N2*→N2H* -0.70 -0.98 
TaPt -1.09 -1.21 NH2*→NH3* -0.58 \ 
TaAu -1.13 -1.08 NH2*→NH3* -0.73 \ 
TaBi -0.48 -0.83 NH2*→NH3* 0.34 -0.63 
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Table S9. Computed total energies (E) and thermodynamic quantities, in eV, for the gas phase N2, H2, 

NH3 species. (T = 298.15 K, P = 1 bar), and free H2O at the 298.15 K, 0.035 bar. In comparison, the 

experimental entropies (TSexp) of the gas phase N2, H2, NH3 and H2O are also shown, which are from 

NIST standard reference database (https://doi.org/10.18434/T4D303).  

Species E TSt+r+v ZPE G TSexp 
N2 (g) -16.61 0.59 0.15 -17.05 0.59 
H2 (g) -6.76 0.40 0.27 -6.89 0.41 

NH3 (g) -19.52 0.60 0.91 -19.20 0.60 
H2O (l) -14.22 0.67 0.57 -14.33 0.67 
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Figure S1. Optimized configurations and binding energies of Fe dimers anchored on defective and 

nitrogen-doped graphene, defective C3N4, C2N, and rectangular-shaped expanded phthalocyanine. 
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Figure S2. Optimized structures of M2-Pc nanosheet. 
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Figure S3. Computed bond lengths of metal dimers in M2-Pc versus the bond lengths in its bulk phases. 

 

 

Figure S4. Variations of formation energy (Ef) and dissolution potential (Udiss) of metal atoms on 

phthalocyanine (Pc-N4), graphene (g-C3 and g-C4) and N-doped carbon materials (g-N4). The 

experimentally reported SACs were highlighted by blue. 
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Figure S5. Calculated ICOHP versus the free energy change of the first elementary step for NRR. 

 

 

Figure S6. Reaction pathway of N2 dissociation on Ta2-Pc surface. The optimized initial, transition 

and final states of N2 on Ta2-Pc are shown in insets. 
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Figure S7. Optimized structures of reaction intermediate on Ti2-Pc surface. 
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Figure S8. Optimized structures of reaction intermediate on V2-Pc surface. 
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Figure S9. Optimized structures of reaction intermediate on Re2-Pc surface. 
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Figure S10. Optimized structures and related kinetic barriers of reduction of NH2* to NH3* on Ti2-Pc 

and V2-Pc surfaces. 
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Figure S11. The correlation between the NH2* adsorption energy (∆𝐸;<C∗) and the adsorption energy 

of N2H* (∆𝐸;C<∗) (a) as well as the limiting potential (b) on 25 homonuclear BACs. 

 

 

Figure S12. Correlations between the N2H adsorption energy (∆𝐸;C<∗) and the band center of adsorbed 

metal atoms (a), and the energy of lowest unoccupied state (𝜀𝐿𝑈𝑆) of 25 homonuclear BACs (b). The 

band center refers to the d-band center for transition metal, whereas refers to the p-band center for the 

main group elements (Al, Ga, Sn, and Bi). 
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Figure S13. Computed partial density of states (PDOS) of 3 homonuclear and 28 heteronuclear MM’-

Pc which predicted with less negative 𝑈H with respect to the stepped Ru(0001). The Fermi level is set 

to be 0 V. 
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Figure S14. Relations between ∆𝐺;C<∗  and ∆𝐺<∗  on 31 MM’-Pc systems which screened by 

activity analysis.  

 

 

 

Figure S15. Relative free energy changes along the deoxidation/dehydroxylation process on the Ti2-

Pc, V2-Pc, TiV-Pc, VCr-Pc, and VTa-Pc surfaces at the potential of 𝑈H. 
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Figure S16. Comparison of nitrogen reduction reaction pathways on the Ti2-Pc (a), and density of 

states of Ti2-Pc (b, c) by using the DFT and DFT+U methods. 
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