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Fig. S1. Top views of the optimised geometries of (a) 3d, (b) 4d, and (c) 5d transition metal-based Fe-

TM HDACSs anchored on g-C¢Ng monolayer with formation energy pervalues.
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Fig. S2. Computed dissolution potential (Uyg;s) of (a)3d, (b) 4d and (c) 5d transition metal-based Fe-TM
HDACs supported on the g-CsNg monolayer. Bader charge (Qg..tm) on the (d)3d, (e) 4d and (f) 5d
transition metal-based Fe-TM HDACs supported on the g-C¢N¢ monolayer.

Table S1. The dissolution potential of Fe-TM HDACs. U°;s and N, are the standard dissolution
potential of bulk metal and the number of transferred electrons involved in the dissolution, respectively.

System Uodiss Ef Ne Udiss
Fe-Sc -1.26 -5.07 2.50 0.76
Fe-Ti -1.03 -6.08 2.00 2.01
Fe-V -0.82 -5.50 2.00 1.94
Fe-Cr -0.68 -4.34 2.50 1.06

Fe-Mn -0.82 -5.03 2.00 1.18
Fe-Co -0.37 -5.19 2.00 2.23
Fe-Ni -0.36 -4.48 2.00 1.89
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Fe-Cu -0.06 -3.74 2.00 1.82
Fe-Zn -0.61 -3.11 2.00 0.95
Fe-Y -1.41 -4.80 2.50 0.99
Fe-Zr -0.95 -6.61 3.00 2.35
Fe-Nb -0.78 -5.80 2.50 2.13
Fe-Mo -0.64 -6.22 2.00 247
Fe-Tc -0.41 -5.56 2.50 2.37
Fe-Ru 0.01 -5.62 2.00 2.81
Fe-Rh 0.08 -5.37 2.00 2.76
Fe-Pd 0.25 -3.69 2.00 2.09
Fe-Ag 0.18 -2.72 1.50 1.53
Fe-Cd -0.43 -2.04 2.00 0.59
Fe-La -2.83 -6.45 2.50 -0.25
Fe-Hf -2.00 -7.01 1.50 2.67
Fe-Ta -1.05 -6.70 2.50 1.63
Fe-W -0.35 -5.93 2.50 2.02
Fe-Re -0.15 -5.63 2.50 2.10
Fe-Os -0.15 -5.32 5.00 0.91
Fe-Ir 0.71 -6.07 2.50 3.14
Fe-Pt 0.73 -5.39 2.00 3.43
Fe-Au 1.05 -2.96 2.50 2.23
Fe-Hg 0.46 -1.72 2.00 1.30

S8




N,@Fe-V(Side on)
N,@Fe-Co(End on)

)

N,@Fe-V(End on)
N,@Fe-Mn(Side on

N,@Fe-Ti(Side on)
N,@Fe-Mn(End on)

N,@Fe-Cr(Side on)

o ———— — —— — —— -
N,@Fe-Ti(End on)

“N,@Fe-Sc(Side on)
N.,@Fe-Cr(End on)

\\\\\

N,@Fe-Ni(Side on)

N,@Fe-Ni(End on)

lllll

)

N,@Fe-Co(Side on

~
[ & B N B |

(@

S9



N,@Fe-Mo(Side on)
N,@Fe-Ta(End on)

)

nd on

)
W
O SEYED

"N:@Fe-Mo(End on)

ide on)

N,@Fe-Ir(Sid
L B N N N N N B _§ |

" Ny@Fe-Zr(End on)
(b)
N,@Fe-Hf(End on)

e-Ir ;HT:;L

-
N,@Fe-Y(Side on)

T p——g——_
N,@Fe-La(Side on)

nd on)

N,@Fe-Y(End on)
N
N,@Fe-La(E

)
Fig. S3. Optimized truncated top and side views of N, chemisorbed structures on (a) 3d, (b) 4d, and (c)

5d Fe-TM HDACs

(c
S10



Table S2. Calculated N, binding energy (E,q) in eV, N=N (Ry.y) bond length in A, and net Bader

charge
on the System Eaqs (€V) Ryn(R) Qy (¢) on N,
Fe-Sc -2.80 1.15 -0.63
Fe-Ti -1.21 1.17 -0.60
Fe-V -1.09 1.13 -0.26
Fe-Cr -1.59 1.14 -0.34
Fe-Mn -1.97 1.19 -0.61
Fe-Co -0.88 1.15 -0.39
Fe-Ni -1.19 1.18 -0.56
Fe-Zn -1.29 1.15 -0.49
Fe-Y -3.62 1.18 -4.86
Fe-Zr -1.17 1.14 -0.54
Fe-Mo -1.52 1.14 -0.30
Fe-Ru -1.25 1.14 -0.35
Fe-Rh -0.81 1.13 -0.26
Fe-La -1.70 1.14 -0.39
Fe-Hf -0.77 1.13 -0.23
Fe-Ta -1.65 1.14 -0.33
Fe-Ir -0.83 1.14 -0.54
Fe-Pt -0.52 1.13 -0.21

molecule adsorbed on Fe-TM HDACs
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Fig. S13. Optimized truncated side views of NRR into ammonia intermediates on (a) Fe-La, (b) Fe-Ta
and (c) Fe-Ir HDACs along alternating and distal mechanisms. Purple and green coloured arrows
indicate alternating and distal mechanisms respectively

Catalyst UL.(NH3) V
Fe-V and Fe-Ir (Present catalysts) -0.13 and -0.25 V
Fe-Nb,C! -047V
MoTi-CG & TiV-CG? -0.34 and -0.30 V
B@GDY, B,@GDY & B;@CDY? -0.41,-3.29 and -0.58 V
Ng-CO-Ni-N24 049V
Table S3.
1\/II’IQON5/C}°L5 -027V

Comparison of computed limiting potential of present studied best NRR into ammonia catalysts with the
already studied systems
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O-CuCo-N¢ -0.55V
Mn,@C5N and Fe,@C;N’ (-0.33 Vand -0.47 V)
MoW-bN-P¢8 -0.32V
CaBa@MoSe,’ -0.60 V
Mo@Ti,CO,-v and W@Ti,CO,-v!0 -0.27 and -0.27 V
W,@BPN and Ru,@BPN!! 20.29 and -0.30 V
Fe/BNNT, Mn/BNNT, and Pd/BNNT!? -0.65,-0.61,and -0.91 V,

Table S4. Comparison of computed limiting potential of present studied best Fe-TM HDACs catalysts
for NRR into urea formation via C-N coupling with the reported catalysts

Catalyst UL (NH,CONH,) V
Fe-Y and Fe-Ti (Present catalysts) -0.62 and -0.84 V
Ti,@C4N3 and V,@C4N3 '3 -0.741 and -0.738 V
Ta,@g-CeNg' -1.01V
Defective Cu-Bi® -0.76 V
B,@g-C;)N, B,@g-C3N,4 and B,@g- -2.21,-1.09 and -2.46 V
CNg!6
ReV@C,N!7 -0.69 V
Mo-B,, Ti,B,, and Cr,B,!® -0.49, -0.65, and -0.52 V
PdCu/TiO," -0.64 V
Co,@NgG and ScNi@NgG*° -0.61 and -0.99 V
CuPc NTs?! -1.67V
Pd;Cu;-TiO,*? -0.84 V
Sb,Bi; 0,* -1.03V
B @CoN* -1.01V
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Table S5: Free energy change of PDS on most promising Fe-TM candidates in consideration of the
Hubbard U correction

System U (Fe) U (TM) AGpax(eV)

0 0 0.84

Fe-Ti 53 3 -0.24
5 4 -0.36

5.3 4.5 -0.82

5 4.5 -0.83

5 3.5 -0.92

0 0 0.62

Fe-Y 4 0 -0.28
4 3 -0.30

5 3 -0.41

53 0 -0.44

5 2 20.48

Fe-Ir 0 0 0.25
5 2 -0.06

5 0 -0.03

4 1.5 0.63

4 0 0.65

0 0 0.13

4 3 -0.17

4 4.1 -0.27
Fe-V 4 4 -0.27
42 41 20.28

53 4.1 0.73

53 4 0.74
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Fig. S14. The projected density of states (PDOS) of (a) 3d, (b) 4d, and (c)5d transition metal-based Fe-
TM HDACs. The PDOS of the total, TM-d, Fe-d, N-2p, and C-2p is plotted in grey, yellow, blue and
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Fig. S15. The projected density of states (PDOS), Charge difference density, and crystal orbital
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contour level is set to 0.001 e/A3. The net Bader charge accumulated on the adsorbed N is depicted
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Fig. S16. (a) The relationship between the adsorption energy of the most favorable *N, configuration
and the Bader charge (Q,). (b) Linear relation between the adsorption energy of the most favorable *N,

configuration and total d-states of the transition metal atoms near Fermi level (-1.0 to 1.0 eV).
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Fig. S17. Fluctuations of temperature and energy during ab-initio Molecular Dynamics (AIMD)
simulations of the best catalysts i.e. (a)Fe-V, (b)Fe-Ti, (¢)Fe-Y and (d)Fe-Ir at 300 K for 20 ps.
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Table S6. Energy, ZPE, TS, G and AG of reaction steps of NRR into urea via direct N, and CO,
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coupling on Fe-Ti and Fe-Y along enzymatic and consecutive mechanisms

Enzymatic mechanism on Fe-Ti

K

—

System Energy ZPE TS G AG
*N, -443 37 0.23 0.12 -443 .25 -0.66
*N,CO,H -469.60 0.88 0.24 -468.96 0.18
*N,CO -458.16 0.43 0.20 -457.93 0.22
*N,HCO -463.27 0.77 0.21 -462.72 -1.32
*NHCO*NH -467.84 1.10 0.22 -466.96 -2.32
*NH,CO*NH -471.57 1.45 0.24 -470.36 -2.48
*NH,CO*NH, -474.71 1.76 0.28 -473.23 -2.10

Consecutive mechanism on Fe-Ti

System Energy ZPE TS G AG
*N, -443.37 0.23 0.12 -443.25 -0.66
*N,CO,H -469.60 0.88 0.24 -468.96 0.18
*N,CO -458.16 0.43 0.20 -457.93 0.22
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*N,HCO -463.27 0.77 0.21 -462.72 -1.32
*NH,CO*N -467.292 1.10 0.24 -466.42 -1.79
*NH,CO*NH -471.57 1.45 0.24 -470.36 -2.48
*NH,CO*NH, -474.71 1.76 0.28 -473.23 -2.10
Enzymatic mechanism on Fe-Y
System Energy ZPE TS AG
*N, -443.31 0.20 0.13 -443.24 -3.11
*N,CO,H -469.73 0.88 0.31 -469.16 -2.49
*N,CO -457.90 0.42 0.16 -457.64 -1.96
*N,HCO -463.62 0.75 0.23 -463.09 -4.16
*NHCO*NH -467.79 1.08 0.26 -466.97 -4.80
*NH,CO*NH -471.60 1.42 0.23 -470.41 -4.99
*NH,CO*NH, -475.29 1.74 0.22 -473.77 -5.11
Consecutive mechanism on Fe-Y
System Energy ZPE TS AG
*N, -443.31 0.20 0.13 -443.24 -3.11
*N,CO,H -469.73 0.88 0.31 -469.16 -2.49
*N,CO -457.90 0.42 0.16 -457.64 -1.96
*N,HCO -463.62 0.75 0.23 -463.09 -4.16
*NH,CO*N -467.82 1.09 0.25 -466.98 -4.81
*NH,CO*NH -471.60 1.42 0.23 -470.41 -4.99
*NH,CO*NH, -475.29 1.74 0.22 -473.77 -5.11

Table S7. Energy, ZPE, TS, G and AG of reaction steps of NRR into ammonia on Fe-V, and Fe-Cr
along alternating and distal mechanisms

Alternating mechanism on Fe-V

System Energy ZPE TS AG
*N, -443.55 0.20 0.18 -443.53 -0.63
*N,H -447.03 0.51 0.12 -446.64 -0.50
*NHNH -450.66 0.83 0.11 -449.94 -0.56
*NHNH -454.69 1.161 0.15 -453.68 -1.05
*NH,NH, -457.54 1.49 0.24 -456.28 -0.41
*NH, -443.15 0.80 0.13 -442.48 -2.59
*NH; -446.97 1.162 0.19 -446.00 -2.87

Distal mechanism on Fe-V

System Energy ZPE TS AG

*N, -443.55 0.20 0.18 -443.53 -0.63
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*N,H -447.03 0.51 0.12 -446.64 -0.50
*NH,N -450.85 0.83 0.15 -450.16 -0.78
*N -434.85 0.09 0.04 -434.80 -1.40
*NH -439.19 0.38 0.06 -438.88 -2.23
*NH, -443.15 0.80 0.13 -442.48 -2.59
*NH; -446.97 1.162 0.19 -446.00 -2.87
Alternating mechanism on Fe-Cr
System Energy ZPE TS AG
*N, -443.63 0.20 0.17 -443.60 -1.11
*N,H -446.73 0.50 0.14 -446.37 -0.65
*NHNH -450.03 0.84 0.14 -449.32 -0.35
*NHNH -454.54 1.25 0.08 -453.36 -1.15
*NH,NH, -457.48 1.60 0.08 -455.96 -0.50
*NH, -443.54 0.86 0.06 -442.72 -3.25
*NH; -446.73 1.16 0.19 -445.75 -3.03
Distal mechanism on Fe-Cr
System Energy ZPE TS AG
*N, -443.63 0.20 0.17 -443.60 -1.11
*N,H -446.73 0.50 0.14 -446.37 -0.65
*NH,N -450.53 0.90 0.07 -449.7 -0.73
*N -434.66 0.14 0.02 -434.54 -1.55
*NH -438.78 0.41 0.04 -438.41 -2.18
*NH, -443.54 0.86 0.06 -442.72 -3.25
*NH; -446.73 1.16 0.19 -445.75 -3.03

Table S8. Energy, ZPE, TS, G and AG of reaction steps of NRR into ammonia on Fe-Mn enzymatic

and consecutive mechanisms

Enzymatic mechanism on Fe-Mn

System Energy ZPE TS AG

*N, -443.01 0.20 0.12 -442.94 -1.46
*N,H -446.30 0.49 0.12 -445.93 -1.21
*NH*NH -449.97 0.84 0.11 -449.24 -1.27
*NH*NH -453.90 1.19 0.12 -452.83 -1.62
*NH,-NH, -458.56 1.40 0.17 -457.33 -2.87
*NH, -442.98 0.86 0.09 -442.21 -3.74
*NH; -445.92 1.16 0.21 -444.98 -3.26
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Consecutive mechanism on Fe-Mn

System Energy ZPE TS G AG

*N, -443.01 0.20 0.12 -442.94 -1.46
*N,H -446.30 0.49 0.12 -445.93 -1.21
*NH,*N -449.78 0.84 0.12 -449.052 -1.09
*N -434.17 0.14 0.02 -434.052 -2.07

*NH -438.26 0.43 0.03 -437.86 -2.63
*NH, -442.98 0.86 0.09 -442.21 -3.74
*NH; -445.92 1.16 0.21 -444.98 -3.26

Table S9. Energy, ZPE, TS, G and AG of reaction steps of NRR into ammonia on Fe-Mo, Fe-Ru and
Fe-Rh along alternating and distal mechanisms

Alternating mechanism on Fe-Mo

System Energy ZPE TS G AG
*N, -444 .51 0.20 0.11 -444 .42 -0.92
*N,H -447.59 0.51 0.13 -447.21 -0.46
*NHNH -450.97 0.82 0.18 -450.33 -0.34
*NHNH -455.27 1.16 0.16 -454.27 -1.04
*NH,NH, -458.68 1.49 0.23 -457.42 -0.95
*NH, -443.98 0.92 0.14 -443.20 -2.71
*NH; -447.81 1.17 0.18 -446.82 -3.09
Distal mechanism on Fe-Mo
System Energy ZPE TS G AG
*N, -444.51 0.20 0.11 -444 .42 -0.92
*N,H -447.59 0.51 0.13 -447.21 -0.46
*NH,N -451.47 0.81 0.19 -450.844 -0.86
*N -435.45 0.09 0.04 -435.41 -1.400
*NH -439.95 0.36 0.09 -439.68 -2.43
*NH, -443.98 0.92 0.14 -443.20 -2.71
*NH; -447.81 1.17 0.18 -446.82 -3.09
Alternating mechanism on Fe-Ru
System Energy ZPE TS G AG
*N, -442 .46 0.21 0.155 -442.40 -0.76
*N,H -445.58 0.52 0.12 -445.18 -0.29
*NHNH -448.81 0.84 0.14 -448.12 0.02
*NHNH -453.17 1.15 0.16 -452.17 -0.79
*NH,NH, -456.27 1.49 0.22 -455.00 -0.38
*NH, -442.18 0.86 0.08 -441.40 -2.76
*NH; -445.37 1.17 0.18 -444 .38 -2.49
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Distal mechanism on Fe-Ru

System Energy ZPE TS AG
*N, -442.46 0.21 0.155 -442.40 -0.76
*N,H -445.58 0.52 0.12 -445.18 -0.29
*NH,N -449.12 0.83 0.15 -448.45 -0.31
*N -433.12 0.09 0.04 -433.07 -0.91
*NH -437.23 0.37 0.06 -436.92 -1.53
*NH, -442.18 0.86 0.08 -441.40 -2.76
*NH; -445.37 1.17 0.18 -444.38 -2.49

Alternating mechanism on Fe-Rh

System Energy ZPE TS AG
*N, -440.73 0.20 0.18 -440.71 -0.35
*N,H -444.07 0.52 0.11 -443.65 -0.05
*NHNH -447.22 0.85 0.13 -446.50 0.34
*NHNH -451.57 1.16 0.14 -450.54 -0.46
*NH,NH, -454.45 1.48 0.17 -453.13 0.20
*NH, -439.54 0.78 0.16 -438.92 -1.57
*NH; -443.97 1.15 0.14 -442.96 -2.36

Distal mechanism on Fe-Rh

System Energy ZPE TS AG
*N, -440.73 0.20 0.18 -440.71 -0.35
*N,H -444.07 0.52 0.11 -443.65 -0.05
*NH,N -447.50 0.84 0.14 -446.80 0.04
*N -431.49 0.09 0.04 -431.43 -0.57
*NH -435.68 0.38 0.05 -435.35 -1.24
*NH, -439.54 0.78 0.16 -438.92 -1.57
*NH; -443.97 1.15 0.14 -442.96 -2.36

Table S10. Energy, ZPE, TS, G and AG of reaction steps of NRR into ammonia on Fe-La, Fe-Ta and
Fe-Ir along alternating and distal mechanisms

Alternating NRR mechanism on Fe-La

System Energy ZPE TS AG
*N, -442.94 0.22 0.16 -442.88 -1.20
*N,H -446.02 0.50 0.10 -445.62 -0.70
*NHNH -449.03 0.81 0.14 -448.36 -0.19
*NHNH -453.43 1.13 0.14 -452.43 -1.03
*NH,NH, -456.79 1.50 0.16 -455.44 -0.79
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*NH, -442.55 0.82 0.12 -441.85 -3.18
*NH; -445.85 1.17 0.17 -444 .85 -2.94
Distal mechanism on Fe-La
System Energy ZPE TS AG
*N, -442.94 0.22 0.16 -442 .88 -1.20
*N,H -446.02 0.50 0.10 -445.62 -0.70
*NH,N -449 44 0.80 0.20 -448.83 -0.67
*N -433.24 0.08 0.01 -433.17 -0.99
*NH -438.19 0.35 0.07 -437.91 -2.48
*NH, -442.55 0.82 0.12 -441.85 -3.18
*NH; -445.85 1.17 0.17 -444 85 -2.94
Alternating mechanism on Fe-Ta
System Energy ZPE TS AG
*N, -446.34 0.19 0.12 -446.26 -1.14
*N,H -449.36 0.47 0.18 -449.08 -0.71
*NHNH -452.79 0.80 0.14 -452.13 -0.51
*NHNH -457.45 1.13 0.22 -456.55 -1.69
*NH,NH, -460.62 1.48 0.19 -459.33 -1.24
*NH, -446.47 0.81 0.14 -445 .81 -3.69
*NH; -449.78 1.16 0.14 -448.77 -3.41
Distal mechanism on Fe-Ta
System Energy ZPE TS AG
*N, -446.34 0.19 0.12 -446.26 -1.14
*N,H -449.36 0.47 0.18 -449.08 -0.71
*NH,N -453 47 0.80 0.20 -452.87 -1.26
*N -437.61 0.09 0.04 -437.56 -1.93
*NH -442.18 0.37 0.08 -441.89 -3.02
*NH, -446.47 0.81 0.14 -445.81 -3.69
*NH; -449.78 1.16 0.14 -448.77 -3.41
Alternating mechanism on Fe-Ir
System Energy ZPE TS AG
*N, -442.09 0.20 0.17 -442.06 -0.35
*N,H -445.47 0.53 0.11 -445.05 -0.10
*NHNH -448.84 0.85 0.10 -448.08 0.10
*NHNH -453.03 1.164 0.14 -452.01 -0.58
*NH,NH, -455.81 1.50 0.15 -454.46 0.22
*NH, -440.87 0.79 0.15 -440.24 -1.55
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| *NH, | 44533 | 116 | 013 | 44431 | 237 |

Distal NRR mechanism on Fe-Ir

System Energy ZPE TS G AG

*N, -442.09 0.20 0.17 -442.06 -0.35

*N,H -445.47 0.53 0.11 -445.05 -0.10
*NH,N -449.10 0.85 0.14 -448.40 -0.21

*N -433.02 0.10 0.03 -432.96 -0.75

*NH -437.18 0.38 0.05 -436.84 -1.40

*NH, -440.87 0.79 0.15 -440.24 -1.55
*NH; -445.33 1.16 0.13 -444 .31 -2.37
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