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NRR Mechanism
Six proton and electron transfer steps are involved in the cathode reaction in the
electrochemical process of producing NHs, as written in (1):

No + 6H" + 6" — 2NH3 (1)
Possible intermediates in each reaction step formed are N2Hx or NHy species. Here,
the NRR reactions in the distal and alternating mechanisms are investigated, based on
the known reaction elementary steps proposed by Ngrskov.! The calculated reaction
free energy of NH; formation in the gas phase is taken from a previous work? (see
Table S3 where values from other groups are also cited). The enzymatic mechanism
can undergo two possible NHz desorption paths, i.e. our proposed “step-by-step” NHs
desorption and the well-known final desorption of two NHs, denoted as (a) and (b) in
the following equations. The initial N2 adsorption structure is side-on model where

two asterisk (2*) denotes the two hollow sites (H1 and H2) for the adsorption on the

surface.
2% + Na — *N-*N (2
*N-*N + H* + e — *N-*NH 3
*N-*NH + H* + e — *NH-*NH (4)
*NH-*NH + H* + & — *NH + *NH; (5a)
*NH-*NH + H* + - — *NH-*NH (5b)
*NH-*NHz + H* + & — *NH + NHs(g) (6a)
*NH-*NH; + H* + e- — *NH2-*NH: (6b)
*NH + H* + e- — *NH> (72)
*NHz-*NH, + H* + & — *NH, + *NH; (7b)
*NH, + H* + & — *NHs3 (82)
*NH; + *NHz + H" + & — *NHz + *NH3 (8b)
*NHs — NHs(g) (%)
*NHs + *NH3 — 2NHs (g) (9b)

In the M2C (M= Sc, Ti, V, Cr, Mn, Fe, Zr, Nb, Hf, Ta) systems considered, N-N
broken occurs at the fourth H* attacking, except for Mo2C, which occurs at the third

H* addition. Equations of 5a, 6a, 7a, 8a and 9a display the “step-by-step” NHz
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desorption while the corresponding equations 5b-9b present the two NHs final

desorption process.

Table S1 Computed lattice constants of the optimized structures for M.C MXenes,
compared with previous work.

Previous results

Current results

type a(A) du-c(A)  dmm(A) &) a du-c(A)  dwwm(A) ¢)

Sc.C T 3.31 2.26 2.41 8587  3.30 2.26 2.40 85.64
Ti>.C T 3.04 2.10 2.3 87.34 3.5 2.09 2.27 86.49
V,C H 2.79 2.04 2.51 7578 274 2.04 2.57 78.11
Cr,C T 2.82 1.93 2.08 86.30  2.80 1.94 2.11 87.15
MnzC T 2.71 1.91 2.18 89.41  2.69 1.88 2.18 87.97
Fe,C T - - - - 2.80 1.91 2.05 86.10
Zr,C T 2.71 1.91 2.18 89.41  2.69 1.90 2.19 89.46
Nb,C T 3.12 2.16 2.37 87.27  3.09 2.15 2.39 87.81
Mo>C H 2.85 2.14 2.73 7927 283 2.13 2.73 79.76
Hf,C T 3.21 2.15 2.73 7927 3.9 2.24 2.54 89.08
Ta,C T 3.08 2.15 2.43 88.68  3.06 2.15 2.43 88.95
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Table S2 Computed adsorption energies of N> on different MoC MXenes and the
compared onset potential of previous different catalysts for NRR.

Adsorption energy (eV) Side on
™ SizSide on Szendon onset Rate-determination step (RDS)
(N-N bond lengths) (N-N bond lengths) potential
(eV)
ScaC -3.20(1.35) -0.64(1.14) 1.59 *NH2*NH2+H -+ —*NH2*NH3
Ti.C -3.34(1.35) -0.96(1.14) 1.59 *NH*NH+H +e—*NH*NH;
V2C -3.40(1.32) -0.93(1.14) 0.69 *NH2*NHa+H +e—*NH3*NHs
CrC -2.59(1.29) -1.60(1.14) 0.68 *NH2*NHa+H +e—*NHa*NHs
Mn2C -1.42(1.27) -1.30(1.14) 0.28 *NH2*NHa+H +e—*NHa*NHs
FexC -0.43(1.24) -0.89(1.13) 0.23 *Nz +H+e—*NNH
Zr.C -3.08(1.36) -0.84(1.14) 1.17 *NH2*NHa+H +e—*NH3*NHs
Nb2C -2.71(1.36) -1.08(1.18) 0.67 *NH2*NHz+H+e—*NH2*NH3
Mo2C -2.04(1.29) -1.11(1.13) 0.46 *NH2*NHz+H+e—*NH3*NH3
Hf.C -3.24(1.20) -0.72(1.13) 155 *NH2*NHa+H +e—*NH3*NH3
Ta2C -2.48(1.39) -1.11(1.14) 0.68 *NH2*NHz+H+e—*NH3*NH3
B/g-CsN4 0.20] *NH2*NHz+H+e—*NH2*NH3
Ti@NVs-g-C3Na 0.51¢ *NHz+H+e—*NH3
Previous results MoCs 0.54051 *Na+H+e—*N2H
W@g-CsN4 0.25[6] *NH2*NHz+H+e—*NH2*NH3
B-Graphene 0.317 *NH*NHz2+H+e—*NH2*NH2

Table S3 Calculated zero-point energies (ZPEs), entropy terms (TS), and free energy
formation (AG) for gas-phase molecules and adsorbed species on Mn,C in enzymatic
reactions (eV). Asterisk (*) denotes adsorbed molecules.

Mn2C ZPE TS AG
*N2 0.17 0.10 -0.89
*NNH 0.44 0.17 0.26
*NHNH 0.76 0.17 -1.18
*NHNH: 1.08 0.12 -0.62
*NH2NH: 1.40 0.14 -0.08
*NH2NH3 1.74 0.20 0.22
*NH3NH3 2.08 0.23 0.28
*NHNH3 1.34 0.17 -0.55
*NH 0.35 0.09 0.73
*NH2 0.65 0.13 0.38
*NHs 1.02 0.14 0.28
Hz(g) 0.27 ourwork |0 27181 1 0.27° 0.41 ourwork ‘0 39181 | 0,400
N2(g) 0.15ourwork 0 15081 | 0,140 0.60 ourwork 058181 | 0,599 -0.99 ourwork’ -1 27081 | -0, 79[

NHs(g) 0.89 ourwork 0 58[81 0,850 0.74 ourwork 10 56181 | 0.60[°1
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Figure S1 Free-energy diagrams in enzymatic mechanism for Sc,C.
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Figure S2 Free-energy diagrams in enzymatic mechanism for Ti.C.
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Figure S3 Free-energy diagrams for the step-by-step NRR in enzymatic mechanism
for V2C.
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Figure S4 Free-energy diagrams for the step-by-step NRR in enzymatic mechanism
for Cr,C.
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Figure S5 Free-energy diagrams for the step-by-step NRR in enzymatic mechanism
for Fe,C.
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Figure S6 Free-energy diagrams in enzymatic mechanism for Zr.C.

Figure S7 Free-energy diagrams for the step-by-step NRR (blue line) and both NH3

final-desorption (black-line) in enzymatic mechanism for Nb2C.
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Figure S8 Free-energy diagrams for NRR in distal, alternating (top panel) and
enzymatic (bottom panel) mechanism for Mo2C.
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Figure S9 Free-energy diagram in enzymatic mechanism for Hf,C.
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Figure S11 Charge-density differences for each M2C system with iso-surface at 0.003
e/A3. Yellow and blue contours represent electron accumulation and depiction,
respectively.
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Table S4 Computed Bader charge transfer between N2 and surface metals on M.C
MXenes.

) Charge lost on Charge lost on Charge transfer
Charge gain on N2

™ M2/M3 M2/M3 of pristine from M2/M3 to
©) of M2C-Nz2 (e) M2C(e) N2z(e)
Sc2C 0.96 1.49 1.20 0.29
TiC 0.89 1.33 1.08 0.25
V2C 0.94 1.49 1.16 0.33
CrC 0.77 1.30 1.10 0.20
Mn2C 0.59 0.85 0.65 0.20
Fe2C 0.53 0.88 0.72 0.16
Zr,C 0.91 1.43 1.07 0.36
Nb2C 0.83 1.24 0.90 0.34
Mo2C 0.80 1.16 0.93 0.23
Hf.C 1.00 1.64 121 0.43
Ta2C 0.92 1.41 1.05 0.36
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Figure S12 Computed spin-polarized local density of state (LDOS) of free N2
molecule and N2 side-on adsorption structures on each M>C MXenes.
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Figure S13 Spin-resolved LDOS comparison between 3d spin splitting for Sc on
pristine Sc.C and four Sc atoms binding to the adsorbed N-N atoms. The inset

presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure S14 Spin-resolved LDOS comparison between 3d spin splitting for Ti on

pristine Ti.C and four Ti atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure S15 Spin-resolved LDOS comparison between 3d spin splitting for V on
pristine V.C and four V atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure S16 Spin-resolved LDOS comparison between 3d spin splitting for Cr on

pristine Cr2C and four Cr atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure 17 Spin-resolved LDOS comparison between 3d spin splitting for Fe on
pristine Fe>C and four Fe atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure 18 Spin-resolved LDOS comparison between 4d spin splitting for Zr on

pristine Zr,C and four Zr atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure 19 Spin-resolved LDOS comparison between 4d spin splitting for Nb on
pristine Nb,C and four Nb atoms binding to the adsorbed N-N atoms. The inset of
each DOS presents the corresponding electron arrangement on the spin-split d

orbitals.
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Figure 20 Spin-resolved LDOS comparison between 4d spin splitting for Mo on
pristine Mo>C and four Mo atoms binding to the adsorbed N-N atoms. The inset of
each DOS presents the corresponding electron arrangement on the spin-split d

orbitals.
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Figure 21 Spin-resolved LDOS comparison between 5d spin splitting for Hf on
pristine Hf.C and four Hf atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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Figure 22 Spin-resolved LDOS comparison between 5d spin splitting for Ta on
pristine Ta>C and four Ta atoms binding to the adsorbed N-N atoms. The inset of each

DOS presents the corresponding electron arrangement on the spin-split d orbitals.
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