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Figure S1. Surface structures used for surface energy calculations. (A) (100) surface, (B) (110)
surface, and (C) (111) surface. In each structure, the top and bottom three layers are allowed to
relax, while the middle two layers are fixed.
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Figure S2. Bulk structure and selected surface region for catalytic reaction modeling. (A) Bulk
structure oriented along the [111] crystallographic direction, with axes defined as a = [110], b=
[112], and c= [111]. The red square outlines the 2x2 surface region selected for catalytic

reaction modeling; (B) Enlarged view of the selected 2x2 surface region, consisting of 24 atomic
layers. Only the top nine layers are treated as surface layers for catalytic reaction simulations.
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Figure S3. Possible surface structures for 4N, 3N, and 2N adsorption states. These structures
depict different nitrogen adsorption configurations,. The B1, B2, B3, B4, B5, and B6 represent the
N atoms adsorbed at or near the B1, B2, B3, B4, B5 and B6 sites, respectively. The numbers below
each configuration are adsorption energies in eV, revealing the stability variations across
adsorption sites,
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Figure S4. Possible surface structures for 1N adsorption states. B2 and B5 denote N atoms
adsorbed at or near the B2 and B5 sites, respectively. The numbers below each configuration are
adsorption energies in eV.
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Figure S5. Possible configurations for hydrogen adsorption in the 3N.H and 2N.2H states. The
structures illustrate all configurations with one H atom adsorbed in the 3N.H state and two H atoms
adsorbed in the 2N.2H state. In these configurations, B1_H, B3_H, and B4 _H represent H atoms
adsorbed near the B1, B3, and B4 sites, while B1, B2, and B4 denote nitrogen atoms adsorbed at
or near the B1, B2, and B4 sites, respectively. The numbers below each configuration are
adsorption energies in eV.
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Figure S6. Transition states for hydrogen migrations and additions to NHy species on the surface
(Langmuir—Hinshelwood mechanism) and for NHsz migration. (A)—(F) Transition states for
hydrogen migrations and additions to NHy species at different steps, (G) Transition state for NH3
migration from Fe to Co. The numbers below each configuration are the free energy relative to the
3N.H (reference state) in eV unit.
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Figure S7. Possible configurations for the 2N.NH2.H and 2N.NHs.H states with varying H
adsorption sites. The configurations include H atoms adsorbed near the B1 or B4 sites, labeled
accordingly. The numbers below each configuration are DFT electronic energies in eV.
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Figure S8. Possible configurations for the IN.NH.H and 1IN.NHs.H states with various H
adsorption sites. The configurations include H atoms adsorbed near the B1 or B4 sites, labeled
accordingly. The numbers below each configuration are DFT electronic energies in eV.
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Figure S9. Possible configurations for the 1N.NH2.2H state with various H adsorption sites. The
configurations include H atoms adsorbed near the B1, B3 or B4 sites, labeled accordingly. The
numbers below each configuration are DFT electronic energies in eV.
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Figure S10. Mechanism for N2 dissociation. In the d state, triple-bonded N is adsorbed on the
first layer, occupying a two-fold site between top-layer Fe and Ni. In the o state, double-bonded
N2 occupies a two-fold site near the subsurface Al atom. In the o’ state, single-bonded N2 occupies
a three-fold site, bridging two top-layer Fe atoms and one top-layer Ni atom. The red ellipses
represent the N2 group.
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Figure S11. Energy landscape for NH3 synthesis reactions at a temperature of 773 K and total
pressure of 201 atm. The energy profile illustrates the reaction pathway, with the lowest-energy

state (2N.NH2.2H) and the highest-energy transition state (transition from 2N.NH2.2H to
2N.NHas.H) with red ellipses.
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Figure S12. Simplified free energy diagrams illustrating rate-determining steps under various
conditions: (A) 673 K and 10.5 atm, (B) 773 K and 10.5 atm, (C) 773 K and 21atm, and (D) 673

K and 201 atm.
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Table S1. The predicted surface energies of HEA system compared to pure Fe

Surface index Composition Average Surface E
(mJ/m?)
100 Fe34C034Niss (Sii3 Aliz) 2577
110 Fe34C034Niss (Sii3 Aliz) 2583
111 Fe34C03:Niss (Sirs Alps) 3146
111 — 2X2 region Fe2sC024Nizs (Sin Aliz) 3033
111 Fe 3233!
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107  Table S2. The predicted adsorption energies of four possible 3N state structures for the candidate
108  structure 67 from different software (VASP vs OpenMX). The structure labels represent the
109  structure after removing one N atom near B1, B2, B3, B4 sites from 4N.

110 Adsorption energy of 3N state (eV)
111
Structure label VASP OpenMX

112

B1 -2.10 -1.80
113
114 B2 -0.80 -0.72
115 B3 -1.04 -0.79
116 B4 -0.42 -0.39
117
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118  Table S3. The overall free-energy barriers and predicted reaction rate variations for the HEA under
119  different H> and Na pressures at 673 K.

System Conditions (673 K) Overall Barrier Reaction Rate
(Hz, N2, and NH; pressure) (eV) variation

12 atm, 8 atm, 1 atm 1.47 41%

13 atm, 7 atm, 1 atm 1.45 56%

14 atm, 6 atm, 1 atm 1.43 76%

HEA 15 atm, 5 atm, 1 atm 1.41 100%

16 atm, 4 atm, 1 atm 1.39 130%

17 atm, 3 atm, 1 atm 1.38 165%
120
121
122
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123 Table S4. Percent Populations P; (i.e., residence times) = ti (%) for the most relevant
124 configurations in 2 x 2 supercells of the HEA optimal surface structure under steady state of
125 ammonia synthesis as predicted by kinetic Monte Carlo (kMC) simulations under different
126 conditions®.

T=673 K T=673 K T=673 K
p(H2,N2,NH3) | p(H2,N2,NHz3)= p(H2,N2,NH3)=
=(7.5,2.5,0.5) (15,5,1) (150,50,1)
configuration Pi =1 (%) Pi =1 (%) Pi =1 (%)
2N.NH>.H(D) 88.4 82.3 34.7
2N.NH,.2H(AD) 7.9 14.9 63.4
IN.NH.H(D)+NHjs 2.2 1.7 0.2
IN.NH.3H+NH3 0.0 0.1 1.2
TOF from KMC NH3
mol/s/(2x2) 125 375 3876
T=773K T=773 K T=773 K
p(H2,N2,NH3) | p(H2,N2,NHz3)= p(H2,N2,NH3)=
=(7.5,2.5,0.5) (15,5,1) (150,50,1)
configuration Pi = ti (%) Pi = ti (%) Pi = ti (%)
2N.NH 0.7 1.8 0.2
2N.NH>.H(D) 79.8 60.9 39.2
2N.NH,.2H(AD) 14.2 8.3 53.7
2N.H+NHs 0.5 2.2 0.0
IN.NH.H(D)+NH3 2.2 6.8 0.8
IN.NH.3H+NH3 0.1 0.2 1.7
1N.NHs.H(Fe) 0.7 7.6 0.9
AN.NHs.H(Co) 1.0 10.8 1.3
AIN.N2( & ).H.NH3+NH3 0.1 0.1 1.3
TOF from KMC NH3
mol/si(2x2) 2638 4595 54524
127
128  ®H», N2, and NHs pressures are given in atm.
129
130
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