Supporting Information

Highly Stable Two-dimensional Iron Monocarbide with Planar

Hypercoordinate Moiety and Superior Li-ion Storage Performance

Dong Fan,’ Chengke Chen," Shaohua Lu," Xiao Li," Meiyan Jiang,” and Xiaojun Hu*"

" College of Materials Science and Engineering, Zhejiang University of Technology,

Hangzhou, 310014, China
* Corresponding author: X.J. Hu

E-mail: huxj@zjut.edu.cn

Index
[1] COMPULALIONGI AELGIS +++++vrerreereseererrissmsemtiniieieintisie e
[2] The relative energies of the 4 FEC monolayers «+--------++-eeeeeeeeeeiinnnns
[3] Lattice parameters, elastic constants, and Poisson’s ratio-------------
(4] Relative energies of t-FeC and o-FeC with different magnetic «-------
[5] Structure of t-, 0-, honeycomb-, and square- FeC monolayers -+
[6] Fluctuations of total energy of t-FeC and o-FeC monolayers -+
[7]1  Snapshots of t-FEC and 0-FEC MONoIQyers - wweureuseseueuniiniunns
[8] AIMD results of 5x5 t-FeC supercell at 2000 K -+-++++++seeeeemeenieiiiennnn
[9] Spin charge density of o-FeC monolayer with different magnetic -+
[10]  Local density of states of t-FeC and o-FeC monolayers «-----«-««------....
[11] GGA-PBE and GGA+U band structure of t-FeC and 0-FeC «+++««««-------
[12] HSEO06 band structure of t-FeC and o-FeC monolayers «--------«-:----cee..
[13] Deformation charge density for single Li-adsorbed t-FeC --«««««-------

[14]  Optimized structure of t-FeCLiy, t-FeCLis, and t-FeClLis supercell ------

S-1



[15]
[16]
[17]
[18]
[19]

Projected density of states of the t-FeCLi adsorption structure ------- S-18
Projected densities of states of t-FeClix (x = 2 ~ 4) structures ----+++++- S-19
ELF map of t-FeC monolayer with one- and three- layer Li atoms --- S-20
COHP analysis of t-FeC and o-FeC bonding interactions --------===+++- S-21
REfEIENCES ++++vesvesessessssesssteniitit ettt S-22

S-2



Computational details

We also carried out crystal orbital Hamilton population (COHP) analysis to investigate the
bonding mechanism of the monolayers.!! The COHP presents an atom-specific analysis of the
bonding information in a specified energy region. Normally, the positive COHP indicates
antibonding while the negative value indicates bonding state. Figure S14 contains the orbital
Hamilton population and their integrated COHP data, showing their corresponding values after
integration up to Fermi level. Most of the states below the Fermi level are Fe-C and Fe-Fe
bonding for t-FeC and o-FeC monolayer. Interestingly, for o-FeC monolayer, compared with the
Fe-C bonding contribution, C-C bonding is also important for the stability of the such perfect
planar structure.

Considering the charging/discharging processes of t-FeC monolayer anode can be
assumed as:

t — FeC + xLit + xe™ <> t — FeCLi,
thus, the average open circuit voltage (OCV) for Li intercalation on the t-FeC monolayer

was estimated by (volume and entropy effects are neglected):!>?!
Et_recx, = Et—recx, T (X2 — x1)EL;
(x2 —x1)e

where Ei_pecx,, Et—recx, and Ej;representthe total energy of t-FeCLlix, t-FeCLix and

OCV =

metallic Li, respectively.
The formation energies of t-FeCLix with respect to the bulk Li and t-FeC monolayer were

defined as:

Et_recriy — Et—rec — XEL;
Ef =
x+1

We then. plot the convex hull according to the calculated formation energies.
Generally, the phases lying on the convex hull are stable against decomposition, while phases
above the convex hull are not stable (or metastable), and will decompose into the structures
lying on the hull.[*°!

A crucial parameter in evaluating the performance of LIBs, theoretical capacity, can be

assessed from by following equation:
C= nyZiF
M;_pec +nMy;
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where n;; is the number of adsorbed Li adatoms, Z;; is the valence state of the Li atoms,
F is the Faraday constant (26,801 mAh mol™), Mg, is the molecular weight of the t-FeC

sheet, and M;; isthe molecular weight of the Li adatoms (The weight of the adsorbed Li atom

is neglected approximately).



Table S1 | The relative energies (8F) per formula (eV/f.u.) under 0 K and zero strain of o-FeC,

square-FeC, and honeycomb-FeC with respect to t-FeC monolayer via different functionals.

Method t-FeC o-FeC square-FeC honeycomb-FeC
PBE 0 0.336 0.843 1.175
LDA 0 0.326 0.864 1.375
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Table S2 | Calculated lattice parameters, elastic constants, in-plane Young’s modulus and

Poisson’s ratio of the different 2D materials at GGA-PBE level.

In-plane
Lattice Cu/ Ca/ Cif Ces/ Poisson's
Phase . stiffness
Parameters(A) GPa GPa GPa GPa ratio
/Nm?
a=b=2.47
Graphene 358 358 65 147 346.73 0.18
o =p=90°y =120°
a=5.004b=12.889 398(a) -0.04(a)
Borophone™® 398 170 -7 94
a=B=y=90° 170(b)  -0.02(b)
B,C a=2.558b=3.453 533. 230.
642.8 79.0 524.0 0.12
Graphene'!”! a=B=y=90° 7 6
a=b=3.49
t-FeC 139 139 93 88 77 0.67
a=B=y=90°
a=5.96,b=4.49 203(a) 0.31(a)
o-FeC 226 242 74 65
a=B=y=90° 218(b) 0.33(b)

*The in-plane Young’s modulus and Poisson’s ratio can be derived the elastic constants by:
_ C11C22-C15C5, E. = C11C22-C12C54
=—= <~ f=—"—"°
a C)p_ C1‘1
v = Cyy - Ciz
===y, =—
¢ C?.?. C‘l‘l
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Table S3 | Calculated relative energies (in eV per formula unit) of the monolayered systems
with different magnetic configurations: nonmagnetic (NM), ferromagnetic (FM), and anti-

ferromagnetic (AFM). AFM orderings for o-FeC phases are shown in Figure S5.

NM FM AFM-1 AFM-2 AFM-3
t-FeC 0 0.011 - - -
o-FeC 1.059 0 1.060 0.708 0.163
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Figure S1 | Top and side views of the (a) t-FeC, (b) o-FeC, (c) honeycomb-FeC, and (d) square-
FeC monolayers. The cyan and magenta spheres refer to Fe and C atoms, respectively. The

black lines indicate the unit cell.
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Figure S2 | Fluctuations of total energy of (a) t-FeC and (b) o-FeC supercell (3 x 3 for t-FeC and
2 x 3 for o-FeC) as a function of the ab initio molecular dynamics (AIMD) step at 500 K, 1500
K, and 2000 K, respectively. The trajectories of the structures are stable over the entire

simulation time at different temperatures.
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Figure S3 | Snapshots of the (a, b, c) t-FeC and (d, e, f) o-FeC equilibrium structures at (a, d)

500K, (b, e) 1500 K, (c, f) and 2000 K at the end of 5 ps AIMD simulations
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Figure S4 | Fluctuations of the (a) total energy and (b) root mean-square deviation (RMSD) of
t-FeC 5 x 5 supercell (containing 100 atoms pre cell) as a function of the AIMD step at 2000 K.
The trajectories of the structures are stable over the entire simulation time at such high
temperatures. (c) Radial distribution functions for t-FeC monolayer obtained in AIMD
simulation. (d) Snapshots of the t-FeC supercell at the end of 10 ps AIMD simulations at 2000

K.
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Figure S5 | Distributions of spin charge density of o-FeC monolayer with different magnetic
ordering (a) FM, (b) AFM-1, (c) AFM-2, and (d) AFM-3, respectively. The red and green color

label the spin-up and spin-down charges, respectively.
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Figure S6 | The calculated local density of states projected on orbitals of Fe and C atoms for t-

FeC (upper panel) and o-FeC (bottom panel) monolayer, respectively. The Fermi level is at 0 eV.
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Figure S7 | Band structure for t-FeC (Left) and o-FeC (Right) calculated by using the GGA-PBE

and GGA+U scheme, respectively. The Fermi level is assigned at 0 eV.
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Figure S8 | HSEO6 band structure of (a) t-FeC and (b) o-FeC, respectively. The Fermi level is

assigned at 0 eV.
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Figure S9 | (a) Side and (b) top views of deformation charge density for single Li-adsorbed t-

FeC supercell. The isosufaces value is 0.01 a.u. Red color and green color cloud represent

electron increasing and reducing zone, respectively.
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Figure S10 | Optimized structure of (a) t-FeCLi,, (b) t-FeCLis, and (c) t-FeCLis monolayers with
the supercell. For clarity, the Li atoms of the different adsorbed layers are marked (Layer 1 ~

Layer 4).
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Figure S11 | (a) Top and side views of the t-FeCLi; supercell system. (b) Calculated projected
density of states (PDOS) of the t-FeCLi; adsorption configuration at the PBE level. Fermi levels

are set to zero and marked with dashed lines.
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Figure S12 | Calculated projected densities of states (PDOS) of t-FeCLix (x = 2 ~ 4) adsorption

configurations using the PBE functional. The Fermi level is set to zero.
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Figure $13 | Calculated ELF map of t-FeC monolayer with (a) one-layer and (b) three-layer Li

atoms, t-FeCLi; and t-FeClis, respectively.

S-20



t-FeC [Fe-C] t-FeC [Fe-Fe] —t-FeC [C-C]
10 ICOHP: -4.91 eV 10 ICOHP: -1.17 eV 10+ ICOHP: -0.19 eV
8 8 8
6 6 6
) 3 3
g 2 g 2 g 2
c c c
w w w
ot ot 0
-2 -2 -2
4 4 -4
Py | s 5 | " " 5 . . | "
10 05 00 05 10 15 20 04 02 00 02 04 06 -04 03 -02 -01 00 01 02
(b) -COHP -COHP -COHP
12 12 12
10 10 10
8 8 8
6 6 6
) 3 3
g 2 g 2 g 2
c c c
& o] o]
[ 0 0
2 2 2
4 o-FeC [Fe-C] -4 o-FeC [Fe-Fe] -4 o-FeC [C-C]
ICOHP: -4.09 eV ICOHP: -1.81 eV ICOHP: -10.22 eV
y " . L R g R L i . N s N N L .
% -1.0 05 0.0 05 €3 2 -1 0 1 2 P 3 2 -1 ) 1
-COHP -COHP -COHP

Figure $14 | The crystal orbital Hamilton population (COHP) analysis of (a) t-FeC and (b)o-FeC
bonding interactions based on the ab initio calculations. The ICOHP values are also listed here

to show the corresponding interactions.

S-21



References

(1]
(2]
(3]
(4]
(5]

(6]

(7]

R. Dronskowski, P. E. Blochl, J. Phys. Chem. 1993, 97, 8617—-8624.

Q. Tang, Z. Zhou, P. Shen, J. Am. Chem. Soc. 2012, 134, 16909-16916.

D. Fan, S. Lu, Y. Guo, X. Hu, J. Phys. Chem. C 2018, 122, 15118-15124.

T. Yu, Z. Zhao, L. Liu, S. Zhang, H. Xu, G. Yang, J. Am. Chem. Soc. 2018, 140, 5962-5968.
M. Miao, X. Wang, J. Brgoch, F. Spera, M. G. Jackson, G. Kresse, H. Lin, J. Am. Chem. Soc.
2015, 137,14122-14128.

A. J. Mannix, X.-F. Zhou, B. Kiraly, J. D. Wood, D. Alducin, B. D. Myers, X. Liu, B. L. Fisher, U.
Santiago, J. R. Guest, et al., Science 2015, 350, 1513-1516.

X. Wu, Y. Pei, X. C. Zeng, Nano Lett. 2009, 9, 1577-1582.

S-22



