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Table S1. Calculated Eags, Evac, N-N bond length, Bader charge of the catalytic site (i.e.,
6 of the metal atom), d-band center and the AGmax of NRR.

d-band AGmaxNRR AGmaxNRR
Eads Evac N-N

Surfaces (eV) (eV) A) 6(e) cc(eg\’;(;r (D(:\tljl) (,?(Iet\t/e)r)
CeN(100) 0.55 - 1.17 - - - -
CeN(110) 0.08 -- 1.14 -1.56 -1.84 1.27 1.27
CeN(111) -0.43 - 1.17 -- -- - -
CosMo3N(100) -0.23 - 1.14 -0.79 -1.18 1.29 1.29
CosMo3N(110) 0.73 - 1.12 -- -- - -
CosMo3N(211) 0.72 - 1.16 -- -- - -
CrN(100) 0.93 - 1.12 - - - -
CrN(100)-V(N) 0.73 -0.01  1.12 -- -- -- -
CrN(100)-V(N2) -0.66 1.61 1.14 -1.01 -1.28 2.33 2.33
CrN(110) 0.68 -- 1.13 -- -- -- -
CrN(110)-V(N) -0.02 -042 114 -1.29 0.18 0.99 0.99
CrN(110)-V(N,)  -0.14 -0.02 1.14 -1.29 -0.73 1.79 1.79
CrN(111) 0.51 - 1.15 -- - - -
FesMo3N(100) 0.39 - 1.12 -- -- - -
FesMosN(110) -0.07 -- 1.12 -- -- -- -
FesMosN(211) 0.73 -- 1.15 -- -- -- -
LasAIN(100) -0.91 -- 1.38 -- -- - -
LasAIN(110) -0.22 -- 1.14 -- -- - -
LasAIN(111) 0.69 - 1.13 - - - -

LaN(100) 005 - 113 - - ~ -




d-band AGmaxNRR AGmaxNRR
Eads Evac N-N

Surfaces (eV) (eV) A) 6(e) cc(eg\’;(;r (D(:\tljl) (,?(Iet\tle)r)
LaN(100)-V(N) 073 050 1.13 - - - -
LaN(110) -1.49 - 1.13 -- -- -- --
LaN(110)-V(N) -1.20 0.14 1.17 -1.50 -0.76 1.04 1.04
LaN(111) -1.16 - 1.16 -- -- -- --
Mn4N(100) -0.61 - 1.12 -- -- -- --
MnsN(100)-V(N)  -0.22 -0.74 1.28 -0.39 -0.50 2.69 3.20
MnsN(100)-V(N,)  5.61  -3.27 1.17 - - - -
MnsN(110) -4.07 - 1.16 - - - -
MnsN(110)-V(N)  -1.50 -2.73 1.15 -0.40 -1.90 3.67 3.67
MnsN(111) -1.76 - 1.17 -0.29 -1.52 3.60 3.60
MoN(001) 2.24 - 115 - - - -
MoN(100) 0.97 - 121 - - - -
MoN(111) 0.42 -- 1.13 -0.29 -0.80 1.54 1.54
NbN(100) -0.88 -- 1.14 -1.72 -0.71 0.85 0.85
NbN(100)-V(N) 139 -1.89 1.24 - - - -
NbN(100)-V(N,)  0.11  1.12 1.22 -1.53 -0.12 1.02 1.05
NbN(100)-V(Ns)  0.51 0.39 121 -1.25 -0.03 1.43 1.43
NbN(100)-V(Ns)  -1.08 1.65 129 -1.23 -0.70 0.95 1.03
NbN(110) -1.92 -- 1.20 -1.63 -0.26 1.38 1.38
NbN(110)-V(N)  -0.52 035 1.20 -1.47 -0.41 1.14 1.14

NbN(111) 0.74 -- 1.12 -- -- -- --




d-band AGmaxNRR AGmaxNRR
Eads Evac N'N .
Surfaces . 6(e) center (Distal) (Alter)
(ev)  (ev) (A)
(eV) (eV) (eV)
ScN(100) 0.19 - 1.12 - - - -
ScN(110) 0.64 -- 1.12 - - - -
ScN(111) 0.74 -- 1.12 - - - -
TiN(100) 0.73 -- 1.12 - - - -
TiN(110) -0.63 -- 1.19 -1.66 -0.04 1.19 1.19
TiN(111) 1.87 - 1.28 - - - —
TiN(111)-V(N) 0.61 -0.70 1.12 - - - —
TiN(111)-V(N3) 0.57 1.61 1.13 - - - —
TiN(111)-V(Ns) -0.46 1.25 120 -1.84 0.21 1.51 1.51
TiN(111)-V(Ny) 0.22 145 1.22 -1.83 -0.66 1.13 1.13
YN(100) 0.30 -- 1.12 - - — -
YN(110) 0.52 -- 1.13 -- - — -
YN(111) -1.98 - 1.15 - - - -
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Fig. S1 Theoretically derived X-ray diffraction patterns of 12 metal nitride catalysts.
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Fig. S2 Top view of the original surface of the optimized metal nitride and the location
of the nitrogen vacancies.
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Fig. S3 Relative free energies of formation of N vacancies on the surface of CosMosN,
FesMosN and LasAIN catalysts at 298, 573, 673, 773 K and 1 bar.
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Fig. S4 Relative free energies of formation of N vacancies on the surface of CeN, TiN
and MoN catalysts at 298, 573, 673, 773 Kand 1 bar.



2 2 8
2 ke 2 [
3] 3] [
c c c 6
] @ ©
g 5 §°
> 1 > 1 > 4
c c € 5 4.7
@ @ @
o =] o,
<] o o
= E £ 1
Z o ———  Z g4 ——— Z o ———
29 573 673 773 298 573 673 773 298 573 673 773 1.7
Temperature(K) Temperature(K) Temperature(K)
2 2 8
3 8 g ;
: g S,
s £ s 2.7
Q Q 05
© [ © —
> 1 > 1 > 4 >
= c c Q
o ] o 3 —
o =] D 5 (]
o <] e 5.7
= = =1
Z ———  Z g — Z o |
298 573 673 773 298 573 673 773 208 573 673 773
Temperature(K) Temperature(K) Temperature(K) 8.7
n 27 w 2 o -
2 Ci 2 2
2 g g
5 S 8
g g g
S 4] > > -11.7
c c c
@ [ @
(=] o =]
£ £ £
z 0 r T 1 = 0+ T T 1 =z t T T 1 -14.7
298 573 673 773 298 573 673 773 298 573 673 773
Temperature(K) Temperature(K) Temperature(K)

573 673 773
Temperature(K)

W 4
o

Nitrogen vacancies
N° =N W koo ~N®

Fig. S5 Relative free energies of formation of N vacancies on the surface of YN, ScN,
CrN, MnsN, NbN and LaN catalysts at 298, 573, 673, 773 Kand 1 bar.
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Fig. S6 Optimized configurations of N, adsorption.




Fig. S7 Optimized configurations of N, adsorption.
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Fig. S8 Free energy diagrams of ammonia synthesis on LaN(110)-V(N) surface via an
alternating reaction pathway. The free energies were calculated at 298K, 573 K, 673K,
773K and 1 bar (H2/N3 ratio is fixed at 3:1, which is consistent with the experimental

conditions.
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Fig. S9 Free energy diagrams of ammonia synthesis on NbN(110) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S10 Free energy diagrams of ammonia synthesis on NbN(110)-V(N) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S11 Free energy diagrams of ammonia synthesis on CozMo3N(100) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S12 Free energy diagrams of ammonia synthesis on MnsN(100)-V(N) surfaces via
a distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.



8 Distal pathway —— 298K — 573K — 673K —— 773K
7] NNH*
6
— 5_ P
E 2] - . NNH,
O 31 d
0] N NH _ NH; e
~1{ |Mn,N(110)-V(N) ' —
-2
Reaction Coordination
75 B % B T o o A Sy ¥ @ 9 1 & . " " o & o . o o
m + ot P+ @t P+at +; +i+- =+-~+ o+
+o+PHro+PHo+Pprot+PHoFPpHo+Pp+I+P+o+
- SRS . - . - . - . - - - - . A A e b & o8 = U8 = i o) L8
H.15A 1.24A 1.33A
$ § 3 4 Y
9 -
81 Alternating pathway —— 298K — 573K — 673K — 773K
7] NNH*
6 : §
< 5 " NpH,*
?‘l 41 N,*
4 2
9 g NHy  NH
14 . : - NH,* DlH
0] ; N =
-1] ‘Mn4N(110)-V(N)I i
-2
Reaction Coordination
i W o wo B 9 w S R = A 0 S 5 B B B 9 s g 5 N W » o
+ot+ptotPptotptotptotpt+Otdtotptot
- - - - - - - - - . - - - - - - - - - o - - - . - - - - - .
M.15A 1.24A [1.30A fl.a6A 1.46A
$ § % y ‘% 4 Y
= = = e i R e N R TSRS T e 9 e - o == ==

Fig. S13 Free energy diagrams of ammonia synthesis on MnsN(110)-V(N) surfaces via
a distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the
experimental conditions.
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Fig. S14 Free energy diagrams of ammonia synthesis on MnsN(111) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the
experimental conditions.
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Fig. S15 Free energy diagrams of ammonia synthesis on CrN(100)-V(N2) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S16 Free energy diagrams of ammonia synthesis on CrN(110)-V(N) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the
experimental conditions.
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Fig. S17 Free energy diagrams of ammonia synthesis on CrN(110)-V(N2) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S18 Free energy diagrams of ammonia synthesis on LaN(111) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the
experimental conditions.
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Fig. S19 Free energy diagrams of ammonia synthesis on MoN(111) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S20 Free energy diagrams of ammonia synthesis on NbN(100) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S21 Free energy diagrams of ammonia synthesis on NbN(100)-V(N_) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S22 Free energy diagrams of ammonia synthesis on NbN(100)-V(Ns) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S23 Free energy diagrams of ammonia synthesis on NbN(100)-V(N4) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S24 Free energy diagrams of ammonia synthesis on TiN(110) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. S25 Free energy diagrams of ammonia synthesis on TiN(111)-V(Ns) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.
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Fig. $26 Free energy diagrams of ammonia synthesis on TiN(111)-V(N4) surfaces via a
distal reaction pathway and an alternating reaction pathway. The free energies were

calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the
experimental conditions.
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Fig. S27 Free energy diagrams of ammonia synthesis on YN(111) surfaces via a distal
reaction pathway and an alternating reaction pathway. The free energies were
calculated at 573 K and 1 bar (H2/N; ratio is fixed at 3:1, which is consistent with the

experimental conditions.



