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The ground state structural search of 2D FeN is carried out using the unbiased Crys-
tal structure AnaLYsis by Particle Swarm Optimization (CALYPSO) structural search
method. We focus on the stoichiometry of 1:1, specifically the FeN composition, during
the structural searching, which includes 1-4 formula units (f. u.). The initial structures
are randomly constructed using planar group symmetry operations and then relaxed. To
optimize efficiency, 60% of the lower-enthalpy structures are selected to produce the next
generation, while the remaining 40% are randomly constructed using PSO. The structural
searching simulations stop after 20 generations. To avoid interactions between adjacent
layers due to periodicity, all monolayer structures are separated by a vacuum space of at
least 15 A in the z-direction. For structural optimizations and energy calculations, we
employ the Vienna ab initio simulation package (VASP).

Fig. 6(b) shows the schematics of the Al ion theoretical capacity and energy barrier
for transition metal carbons and nitrogen compounds, including tetr-VC,! MoyScCo,
Moy TaCs,? CyN,3 (M02/3Scl/3)2002,(M02/3801/3)2C,4 Fe,CSs,°> WSy, 6 TiyCS,y, GePs.”
B36 exhibits an energy barrier of 0.039 eV and theoretical capacities of 9917 mA h g=!
as AlBs batteries.® However, it does not contain metal ions and is not shown in Fig 6(b).
The adsorption properties for Aluminum-ion batteries, including the specific capacity,
migration barrier, volume change, open circuit voltage, and the electronic band, are
summarized in Table S6. The FeN monolayer has namely appropriate pore size, crossed
the Fe-N bonds, and entirely planar structure, can help achieve ultrahigh capacity, but
the larger adsorption energy effect the Al atom diffuse inducing high energy barrier. The
FeN/FeyBs heterojunction have larger capacity with lower migration barrier, which can
encourage further studies of Fe-based 2D materials for Aluminum-ion batteries.

To expand the application of FeN/Fe,Bs heterojunction, particularly in electrochem-
ical cells, we consider its potential use in the hydrogen evolution reaction (HER). The
HER pathway involves three processes: H"+e~ on the supplying the electrons electrode
(initial state), adsorbed H* on the surface (intermediate), and 1/2H, as the product. To
evaluate the catalytic performance of the catalyst, we use a 2x2x1 supercell as a sub-

strate and calculate the intermediate Gibbs free energy (AGpg+). A negative value for



AGpg+ indicates better catalytic performance. AGpg- is calculate by AGy+ = AEy +
AEzpp - TASy, where AEy, AEzpp are the adsorption energy, the zero-point energy,
respectively. TASy represents the entropy change between the adsorbed and product
states at finite temperature 7. We then use the concise formula AGy- = AEy + 0.24
eV, which has been tested in various studies. Our calculations indicate that FeN/Fe;B,
heterojunction exhibits a coverage of 1/4H* and a corresponding AGg- of 0.03 eV. This
value is slightly lower than that of MoSy (0.14 eV) or WS, (0.22 €V), suggesting the
heterojunction’s potential applications for hydrogen evolution.

Monte Carlo calculations are used to determine the most favorable adsorption sites
for Al ions. The Al atoms are placed at locations with more than 2.2 A between two Al
atoms and the distances between the Al atoms and the substrate ranging from 5.7 A to
1.9 A. The MC simulation provides a large number of structures, the VASP software is
used for the structural optimization is carried by three steps. Low-precision structural
optimization is calculated the with convergence criteria of 10~* eV for energy and -0.05 eV
A~1 for force. The cell volume is allowed to change. The medium accuracy optimization
is performed with convergence criteria of 107 eV for energy and -0.05 eV A1 for force
and the positions of atoms are allowed to change. Then the high accuracy optimization

is performed until energy convergence.



Table S1: The structure information including lattice parameters and atomic coordinates
of FeN, Fe;By monolayers, and FeN/Fe;Bs heterojunction.

Formula of Unit Cell Lattice Parameters Fractional Coordinates of Atoms

FeN a—2.803 A Fe(0.500 0.500 0.500)
bh=2.803 A N (0.000 0.000 0.500)

¢=15.000 A
Fe,B, a—2.830 A Fel (0.499 0.499 0.736)
b=2.800 A Fe2 (0.000 0.500 0.519)
c=19.788 A B1 (0.499 0.000 0.569)
B2 (0.000 0.000 0.685)
FeN /Fe,B, a—2.746 A Fel (0.500 0.500 0.492)
b=2.712 A Fe2 (0.000 0.500 0.381)
¢=20.161 A Fe3 (0.500 0.500 0.610)

B1 (0.500 0.000 0.406
B2 (0.000 0.000 0.462
N (0.000 0.000 0.624)

)
)




Table S2: Calculated elastic constants of FeN monolayer, FeN /Fe,Bs heterojunction and
comparison materials. Elastic constants Cj; in units of N/m.

Phase Ci Cao Cha Cos

FeN 66 66 45 54
Fe,B,* 111 92 33 47

FeN /Fe;Bs 105 88 71 65
Graphene!° 358 358 65 147
Borophone!! 398 170 -7 94
B,C/Graphene!*!3 642 533 79 230
WS, 13 130 130 55 37
Graphene/WS, 13 479 479 88 195
a-BsCy 14 305 305 67 121
B,C! 290 290 146 90
B,C4 340 340 51 144
a-magnesene 1 36 36 4 16
B;P,16 175 173 45 63
TisCy 17 253 48 252 102
TisBN 17 187 33 190 77
C3N;5 18 373 373 58 156
C3;B1? 265 50 112 255




Table S3: Structure details and electronic properties of FeN, Fe;Bs, monolayers, and
FeN/FeyBs heterojunction are presented. Total Magnetic Moment per unit cell (M),
Bond Length Bp(Fe-M) of Fe-B(N) (M for B or N atom), Work function (¢), Charge
Transfer (C7) for B or N atoms. Positive and negative Cr values represent electron gain
and loss, respectively.

Phase M By, (Fe-M) o) Cr(B1/B2/N) Cr(Fel/Fel/Fe3)
FeN 0 1.98 5.06 1.12 -1.13
FeyBo 0 2.43 4.94 0.50/0.45 -0.47/-0.48
FeN /Fe;Bs 0 1.92/2.02 0.47 0.28/0.35/1.02 -0.38/-0.32/-0.95

Table S4: Date of Li adsorption on the FeN/FeyBy heterojunction include the following
parameters: Bader charge (B/e), Distance between the Li ion and the substrate (D/A),
Work function (E,r/eV), Area of the substrate surface(S /A2), E.,, and E,,,; respec-
tively. Here, E., is calculated as the sum of the work function E,; and the charge (B).
The Coulomb energy El.., can be approximated by -14.38¢%/2D, where D represents the
distance between the Li cation and the substrate.®

Phase B D By S Eeo Eeoul
FeN 0.87 1.48 3.42 28.69 2.99 3.72
Fe;Bs 0.83 2.33 3.99 32.44 3.33 2.14
FeN/FeyBo 0.88 1.49 3.79 31.10 3.34 3.71

Table S5: Date of Al adsorption on the FeN/Fe;Bs heterojunction include the following
parameters: Bader charge (B/e), Distance between the Li ion and the substrate (D/A),
Work function (B, s/eV), Area of the substrate surface(S/A2), E.q, and B, respectively.

Phase B D Eyf S FEeq Ecou
FeN 0.80 1.84 4.73 26.18 3.79 2.43
FesB, 0.81 2.28 4.18 32.31 3.42 2.11
FeN/Fe;Bo 0.81 1.90 5.04 30.92 4.13 2.53




Table S6: Comparison of specific capacity (C/mA h g™!), migration barrier (B/eV),
adsorption energies (E,;/eV/Al) at the preferred adsorption sites, mean open circuit
voltage (OCV/V), and the electronic band (E/eV) of monolayer and heterojunction for
Aluminum-ion batteries. ‘ - > means data unavailable.

Phase C B E.q ocv E
FeN/FeyB, 4254 0.01 -2.13 0.60 Metallic
Bss® 9917 0.03 - 1.32 Metallic
FeN 9207 0.86 -5.20 1.08 Metallic
tetr-CrC! 1450 0.21 - 0.15 Metallic
tetr-VC! 1150 0.10 - 0.13 Metallic
C,N3 1175 3.00 -0.04 0.78 Metallic
Fe,CO,2 775 0.71 -5.31 - -
Fe,CS5? 642 0.47 -0.09 - Metallic
Ti,CO,2 288 0.76 - - 0.64
(Mog/3S¢1/3)2C* 886 0.57 - 0.75 Metallic
(Mog/3S¢1/3)2C0O2* 630 0.63 -4.95 0.80 0.58
GeP3” 182 0.64 -0.23 -0.09 Metallic
g-MgzNy?2 797 0.93 -3.71 0.01 0.91
Mo, TaCy® 888 0.11 -0.80 0.40 Metallic
MoyScCy?® 1170 0.15 -1.02 0.20 Metallic
WS, 6 531 0.25 -1.39 3.31 1.79
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Figure S1: The free energies per atom and the last snapshots of FeN monolayer are
obtained after simulating AIMD at (a) 300 K, (b) 500 K, (c) 900 K, and (d) 1200 K
for 6 ps. In the snapshots, Fe and N atoms are represented by yellow and blue balls,
respectively. The free energies per atom and the last snapshots of Fe;By are obtained
after simulating AIMD at (e) 300 K, (f) 500 K, (g) 900 K, and (h) 1200 K for 6 ps. In
the snapshots, Fe and B atoms are represented by yellow and orange balls, respectively.
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Figure S2: The free energies per atom and the last snapshots of the FeN /FeyB, hetero-
junction by simulating AIMD at 300 K, 500 K, 800 K, and 1200 K for 6 ps, Fe, B, and
N atoms are represented by yellow, orange, and blue balls, respectively.
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Figure S3: The calculated crystal orbital Hamilton population (COHP) analysis is per-
formed for (a) Fe-N, (b) Fe-B, and (c¢) B-B bonding interactions in the FeN monolayer and
FesBo monolayer. Additionally, the COHP analysis is conducted for (d) Fe-N, (e) Fe-B,

and (f) B-B bonds in the FeN/FeyBy heterojunction. The ICOHP values (in €V /bond)
are listed for comparison.
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Figure S4: The Binding energy values of the FeN /Fe;B, heterojunction at different sep-
aration distances.
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Side view

Figure S5: (a-d) Top and side views for different stacking configurations of the FeN /Fe;B,
heterojunctions.
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Figure S6: (a-d) Top side views for different C3N/Graphene heterojunction configura-
tions. (e) Calculated phonon dispersion curves for the structure c. (f) Calculated phonon
dispersion curves for the structure d. The dark and light balls represent C and N atoms,
respectively.
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Figure S7: (a) The free energies per atom and the last snapshots of FeN/Fe;B, hetero-
junction after being simulated by AIMD at 0K for 6 ps. (b) Calculated band structure

of the 2D FeyBy monolayer in the magnetic ground state using HSE06 method. Only the
spin-up channels are shown. The figure is plotted by pymatgen.2!

Figure S8: The ferromagnetic configuration (FM) of 2D FeyB,. (b-h) The seven con-
sidered antiferromagnetic (AFM) configurations of 2D Fe;Bs. Yellow balls represent the
atoms of Fe. We demonstrated that the magnetic ground states of 2D Fe;By is AFM-6
configuration.
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Figure S9: The ferromagnetic configuration (FM) of 2D FeN. (b-d) The three considered
antiferromagnetic (AFM) configurations of 2D FeN. Yellow balls represent Fe atoms. The
magnetic ground states is AFM-3.
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Figure S10: We computed the effective U.ss values of d for (a) FeN and (b-c) FeyBy of
monolayers, respectively.
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Figure S12: Optimized structure and the corresponding adsorption energy (FE,q) of single
Li/Al atoms on four adsorption sites of the 2x2x1 FeN/Fe;Bs heterojunction, respec-

tively.
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Figure S14: Energy profiles and atom diffusion barriers for (a) Li and (b) Al atoms at

the interlayer of the FeN/FeyBs heterojunction. The top layer atoms are represented by
gray balls.
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Figure S15: The energy profiles and atom diffusion barriers for (a) Li and (b) Al atom
at the bottom layer of FeN/Fe;Bs heterojunction.
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Figure S17: (a) Side and top views of the most stable structure with the maximum Li
atom adsorbed on the FeN/Fe;By heterojunction. (b) Side and top views of the original
structure with Al atoms. (c) Side and top views of the most stable structure with the
maximum Al atoms adsorbed on the FeN/Fe;Bsy heterojunction.

18



(b)

Figure S18: Top view of the FeN/FeyBs heterojunction with seven Al atom adsorbed
sites: (a) the original structure, and (b) the stable structure after simulation in Monte
Carlo method. The black lattice corresponds to the unit cell.
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Figure S19: Side views of the most stable structure with the maximum concentration of
(a) Li atoms and (b) Al atoms on the FeN monolayer.
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Figure S23: The electron localization function (ELF) maps sliced in the (100) direc-
tion for the (a) 8Li@FeN monolayer (b) 6LiQFe;Bs monolayer, (c) 7TLi@FeN /FesBs het-
erojunction; (d) 8Al@FeN monolayer (e) 6AlQFe,By monolayer (f) 10.75A1QFeN /Fe,B,

heterojunction.
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