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Figure S1. The charge density distribution of (a) Mo;(HOTP),, (b) Mos;(HITP), and
(c) Mos(THT), monolayer.



Figure S2. Schematics of the (a, c, €) end-on and (b, d, f) side-on configuration and
the corresponding charge density difference distribution for N, adsorption on (a, b)
Mos;(HOTP),, (¢, d) Mo3(HITP), and (e, f) Mo3;(THT),surface. Positive and negative

charges are shown in yellow and light green color, respectively.
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Figure S3. Gibbs free energy diagrams for NRR on Mo3(HOTP),, Mos;(HITP), and

Mos(THT), surface through the alternating and enzymatic pathway at zero (blue lines)

and applied potential (red lines). The Gibbs free energy change for each process is

marked below the horizontal bar, and the AGpps is highlighted in green.
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Figure S4. The top and the side views of optimized configurations of different NRR

intermediates in the distal pathway on Mo;(HOTP), surface.
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Figure SS. The top and the side views of optimized configurations of different NRR

intermediates in the alternating pathway on Mos;(HOTP), surface.
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Figure S6. The top and the side views of optimized configurations of different NRR

intermediates in the enzymatic pathway on Mo3(HOTP), surface.
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Figure S7. The top and the side views of optimized configurations of different NRR

intermediates in the distal pathway on Mos;(HITP), surface.
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Figure S8. The top and the side views of optimized configurations of different NRR

intermediates in the alternating pathway on Mo3(HITP), surface.
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Figure S9. The top and the side views of optimized configurations of different NRR

intermediates in the enzymatic pathway on Mos;(HITP), surface.
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Figure S10. The top and the side views of optimized configurations of different NRR

intermediates in the distal pathway on Mo;(THT), surface.

(a)

(e)

(b)

(e)

(d

)|

4 E, kb
e M g

o R o o
e A o

o
4 )
o o4 ¢ W
£ o d
™
®

“ \ o @, A b
iz @
L % a o
LV
© 7 N o
™ o - - v v
b |
8

3

% e

a o @ 2
g @

of },)4 o

- & v a
b4 -4

@ i o »

1 | i

W

slab *N, *N,H *N;H,
(f) ) (h) |
TR || oo RO || oot
i 8 = "] o ﬁ Sl 4 3 S o ] ,-j Cﬂ & ’l'_
. "
[OSSTUDS NUee. A i O S o N g2 Wm‘;" b e
*NH, *NH, *NH *N

Figure S11. The top and the side views of optimized configurations of different NRR

intermediates in the alternating pathway on Mos;(THT), surface.
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Figure S12. The top and the side views of optimized configurations of different NRR

intermediates in the enzymatic pathway on Moz(THT), surface.
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Figure S13. The N-N length of intermediates on Mo3;(HOTP),, Mo;(HITP), and
Mos(THT), surface through the (b, d) distal and (a, c, e) alternating pathways.
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Figure S14. The distances of Mo—N of intermediates on Mo;(HOTP),, Mo;(HITP),

and Mo;(THT), surface through the (b, d) distal and (a, c, ) alternating pathways.
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Figure S15. (a-c) The projected crystal orbital Hamilton population (pCOHP) in the
*N,. The bonding and antibonding contributions are depicted by pink and blue,
respectively. (d) Linear scaling relation between integrated crystal orbital Hamilton

population (ICOHP) and adsorption free energy of N, (AEy,) of three 2D-CCFs

monolayers.
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Figure S16. Variation in charge transfer between these moieties along the distal

pathway on the (a) Mos(HITP), and (b) Mos;(THT), monolayers.




Table S1. Lattice parameters, pore size, distance between two adjacent Mo atoms,
formation energy (Ey) and the dissolution potential (Ugs) of Mos(HOTP),,
Mos(HITP), and Mo;(THT), monolayer.

Lattice (A) D, (A) Dy (A) E¢(eV) Usiss (€V)
Mo3;(HOTP), 22.39 19.94 11.20 -3.83 1.08
Mos(HITP), 22.74 18.14 11.37 -4.30 1.23
Mo;(THT), 24.02 20.82 12.01 -3.71 1.04

Table S2. The values of the Gibbs free energy change of intermediates on

Mos;(HOTP),, Mo3(HITP), and Mo;(THT), monolayer through the distal pathway.

AG (eV)
Adsorption species
Mo;(HOTP), Mo;(HITP), Mo;(THT),
*—*N, -0.39 -0.29 -0.39
*N,—*N,H 0.41 0.46 0.52
*N,H—*N,H, -0.39 -0.12 -0.54
*N,H,—*N+NH; -0.49 -0.51 0.09
*N—*NH -0.66 -0.73 -1.12
*NH—*NH, -0.15 -0.58 -0.52
*NH,—*NHj3 -0.45 0.27 -0.60

*NH;—*+NH; 1.44 0.82 1.88




Table S3. The values of the Gibbs free energy change of intermediates on

Mo3;(HOTP),, Mo;3(HITP), and Mos(THT), monolayer through the alternating

pathway.
AG (eV)
Adsorption species
Mos;(HOTP), Mos(HITP), Mos(THT),

*—*N, -0.39 -0.29 -0.39
*N,—*N,H 0.41 0.46 0.52
*N,H—*NHNH 0.33 0.34 0.13
*NHNH—*NH,NH -0.83 -0.71 -0.75
*NH,NH—*NH,NH, 0.12 0.42 -0.23
*NH,NH,—*NH,+NH; -1.31 -1.99 -1.24
*NH,—*NHj; -0.45 0.27 -0.60
*NH;—*+NH; 1.44 0.82 1.88

Table S4. The values of the Gibbs free

energy change of intermediates on

Mo3;(HOTP),, Mo3(HITP), and Mos(THT), monolayer through the enzymatic

pathway.
AG (eV)
Adsorption species
Mos;(HOTP), Mos(HITP), Mos(THT),

*—*N, 0.15 0.26 0.27
*N,—*N,H 0.18 0.19 -0.04
*N,H—*NHNH -0.11 -0.32 -0.51
*NHNH—*NH,NH -0.85 -0.59 -0.45
*NH,NH—*NH,NH, -0.18 -0.73 -0.46
*NH,NH,—*NH,+NH; -0.86 -0.58 -0.77
*NH,—*NHj; -0.45 0.27 -0.60
*NH;—*+NHj; 1.44 0.82 1.88




Table S5. Comparison of electrocatalytic activities for NRR of the Mo3(HOTP)2

catalyst and recently reported 2D-CCFs composites.

Limit
Transition
Catalyst Linkers potential ~ Reference
metal
V)
hexa-substituted
Mo;(HOTP), Mo -0.41 This work
triphenylene
1,4,5,8,9,12-
W;3(HAT), W -0.45 1
hexaazatriphenylene
MPc Mo/Tc Phthalocyanine -0.33/-0.54 2
2D Mo-Pp Mo porphyrin (Pp) sheets -0.58 3
hexa-substituted
M03(C6X6)2 Mo -0.37 4
benzene
W3C1,04, W C6O¢ -0.59 5

2,3,7,8,12,13-hexahydroxy
TM;(HHTT), Mo -0.60 6
tetraazanaphthotetraphene

1,2,3,4,5,6,7,8,9,10,11,12-
™ - PTC Fe -0.53 7
perthiolated coronene

1,2,3,4,5,6,7,8,9,10,11,12-
TM3(C20)12 Mo -0.36 8
perthiolated coronene




Table S6. The Bader charge analyzed charge transfer (lel) between the three moieties

of Mo3(HOTP), for NRR along the distal pathway.

Adsorption species Moiety 1 Moiety 2 Moiety 3
*N, -0.25 0.28 —0.02
*N,H —-0.31 0.35 —0.04
*N,H, —0.46 0.30 0.16
*N —0.46 0.72 —0.26
*NH —0.57 0.52 0.05
*NH, —0.42 0.23 0.19
*NH; —-0.11 —0.20 0.31

Table S7. The Bader charge analyzed charge transfer (lel) between the three moieties

of Mo3(HITP), for NRR along the distal pathway.

Adsorption species Moiety 1 Moiety 2 Moiety 3
*N, —0.14 0.34 —-0.20
*N,H —0.26 0.46 —-0.20
*N,H, -0.27 0.43 —0.16
*N —0.18 0.67 —0.48
*NH -0.51 0.64 -0.13
*NH, —0.35 0.35 0.01

*NHj; —0.02 -0.15 0.18




Table S8. The Bader charge analyzed charge transfer (lel) between the three moieties
of Mo3(THT), for NRR along the distal pathway.

Adsorption species Moiety 1 Moiety 2 Moiety 3
*N, —0.27 0.20 0.06
*N,H —0.34 0.32 0.02
*N,H, -0.35 0.25 0.10
*N —0.53 0.68 —0.14
*NH —-0.55 0.54 0.01
*NH, —0.36 0.32 0.04

*NHj; —0.08 -0.17 0.26
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