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Abstract DOI: 10.1038/DOCPO067A
By means of density functional theory computations, we explored the
electrochemical performance of the monolayer FeSe as anode materials for lithium
and non-lithium ion batteries (LIBs and NLIBs). The electronic structure, adsorption,
diffusion, and storage behavior of different metal atoms (M) in FeSe were
systematically investigated. Our computations revealed that M adsorbed FeSe (M = Li,
Na and K) systems show metallic characteristics which give rise to a good electrical
conductivity, and mobility with low activation energy for diffusion (0.16, 0.13 and
0.11 eV for Li, Na, and K, respectively) in the transportation of electrons and metal
atoms in materials, indicative of a fast charge/discharge rate. In addition, the
theoretical capacities of the FeSe monolayer for Li, Na and K reach up to 658, 473,
315 mA h g'!, respectively, higher than that of commercial graphite (372 mA h g! for
Li, 284 mA h g! for Na, 273 mA h g! for K), and the average open-circuit voltage is

moderate (0.38~0.88 V for Li, Na and K). All these characteristics suggest the FeSe

monolayer is a potential anode material for alkali-metal rechargeable batteries.

Keywords: Lithium-ion batteries, Non-lithium ion batteries, Density functional

theory, FeSe monolayer, Anode materials
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1. Introduction DOI: 10.1039/DOCPO0967A

Among the numerous energy devices, rechargeable lithium-ion batteries (LIBs)
are playing an indispensable role from portable electronic devices to electric
vehicles,!* and may offer excellent environment-friendly transportation and energy
storages for renewable energy sources in the very near future. However, the source of
lithium on earth is rather limited: based on the current consumption rate of 20280 tons
per year, the lithium source can only be maintained for up to 65 years.> Consequently,
Non-lithium ion batteries (NLIBs), such as sodium (Na), potassium (K), magnesium
(Mg) and calcium (Ca) ion batteries (NIBs, KIBs, MIBs, and CIBs), are being
actively explored® !4 because of their higher abundances and the similar
electrochemical mechanisms to LIBs. Nevertheless, the superior performances of
metal ion batteries are limited by, among others, the lack of suitable anode materials
with low-cost and high capacity, short charge-discharge time and long cycle life.!>

In this regard, two-dimensional (2D) materials, having novel chemical and
physical properties and high surface-to-volume ratio, are promising as excellent anode

materials of LIBs and NLIBs.!6-!®8 Various 2D materials, such as graphene, transition

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

metal oxides (TMOs) and chalcogenides (TMDs), phosphorene, and MXenes, have
been investigated as anode materials.!®2® Among these 2D materials, TMDs are fairly
easy to prepare in large scale and naturally abundant, which make them attractive
candidates for anode materials. It has been experimentally proved MoS,, a TMD with
unique sandwiched structure, has a good performance as LIBs with high specific
capacity and low diffusion.?”?® However, MoS, monolayer is a semiconducting with
a considerable band gap of ~ 1.80 eV,?° though it can be used as electrode especially
when combined with more conducting materials,’® the lack of good intrinsic

conductivity would limit its electrochemical performances.
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Recently, Liu et al. and co-workers successfully synthesized 47 highrquality
monolayer transition-metal chalcogenides (TMDs) and heterostructures.’! Among
them, the binary compound FeSe monolayer is metallic with a spin-polarized ground
state,3? thus has an excellent electronic conductivity. Since the discovery of possible
high-temperature superconductivity in monolayer FeSe,?3* tremendous efforts have
been devoted to increasing its superconducting transition temperature (7,).3>4! The
superconductive FeSe monolayer can also exhibit topological phase transition.
Among others, Wang et al. demonstrated that the high-temperature 2D
superconductor FeSe monolayer exhibits an antiferromagnetic (AFM) quantum spin
Hall (QSH) state and QSH-to-quantum anomalous Hall (QAH) phase transition
depending on the handedness of light.*>* Very recently, Lei et al.** developed a
field-effect transistor (FET) device using a solid ion conductor (SIC) as the gate
dielectric, which can tune the carrier density of FeSe by driving lithium ions in and
out of the FeSe thin flakes and consequently control the physical properties and phase
transitions.

Beyond the unique superconducting properties, the performance of layered FeSe
as electrode materials for metal-ion batteries was also explored. Experimentally, Wei
et al. demonstrated that the layer structure a-FeSe is very promising as anode material
for rechargeable lithium batteries: a safe discharging voltage at ~ 1.5 V versus Li*/Li
and sustainable reversible capacity of 340 mA h g! after 40 cycles.* Koike’s group
found that layered FeSe has the potential to function as the anode in sodium-ion
batteries, and they successfully synthesized Li-intercalated LiFeSe; ,Te, using the
electrochemical technique.*®*’ Kim et al. showed that the solid state Li-ion batteries
with FeSe anode have the high-rate capability and cycle performance owing to the

small particle size.*® Theoretically, Jiang et al. examined the intercalation and

ew Article Online
/DOCPO0967A


https://doi.org/10.1039/d0cp00967a

Page 5 of 28 Physical Chemistry Chemical Physics

diffusion of alkali ions (Li*, Na*, K*) in FeSe bulk, and found that the diffusion’  s;oaen
energy path of Li* in FeSe has a low activation barrier (0.20 eV), a flat discharging

curve of Li" are obtained at 1.0 V. These results indicate XFe,Se, (X = Li") may be

potential electrochemical active material.*

Compared with the three-dimensional FeSe bulk materials, the 2D FeSe monolayer
has even superior characteristics, such as the larger surface/volume ratio, improved
electrochemical kinetics, and reversibility. Thus, it is highly possible that using FeSe
monolayer as anode materials can greatly improve the performance of metal-ion batteries.
In this work, by means of systematic density functional theory (DFT) computations,
we carefully examined the adsorption and diffusion of various metal atoms (L1, Na, K,
Mg, and Ca) on the FeSe monolayer, and investigated the storage capacity and open
circuit voltage of the FeSe monolayer anode. Our computations showed that the FeSe

monolayer is indeed a potential anode material for Li-, Na- and K-ion batteries.

2. Computational Methods

In this study, the spin-polarized DFT computations methods within the Vienna ab

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

initio simulation package (VASP) was used.’*>? The plane wave basis set with an
energy cut-off of 600 eV and generalized gradient approximation (GGA) in the form
of the Perdew-Burke-Ernzerhof (PBE) exchange correction functional was also
employed. 33>* A dispersion scheme, the Grimme-D2 method was used to describe
the van der Waals (vdW) interactions, A Monkhorst-Pack scheme 3¢ of 5x5x1
k-point of the 2x2x1 supercell was used in all the calculations. To illustrate the
atomistic structures and charge densities, we used the VESTA package.’’

The adsorption of Li, Na, K, Mg, and Ca adatoms were stimulated over FeSe

supercell under periodic boundary conditions in all direction. An inter-layer vacuum
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space larger than 20 A was used to avoid interactions of mirror images in adjacent’s ss s
layers. The optimized structure was acquired by employing the convergence criteria
were set at 1x1076 eV per atom in energy and 0.02 eV A~! in force. To more precisely
calculate the final values, charge densities, electronic density of states (DOS) using
the tetragonal methods with Blochl corrections in which the Brillouin zone was
sampled with a 15x15x1 Monkhorst A-point mesh size. To evaluate charge transfer
between the ions and the FeSe sheet, we performed the Bader charge analysis.>®>° In
order to investigate the metal atoms diffusion behavior on the FeSe monolayer, the
climbing-image nudged elastic band (CI-NEB) methods ©%°! was used to search the
minimum energy pathway between the given initial and final configurations. The cell
and the structures were fully relaxed during the calculation of the adsorption/diffusion
process for Li/Na/K/Mg/Ca atoms.

Being aware of the strong correlation effects in iron compounds,’> we also
adopted the PBE+U method (U = 4 eV, J] = 1 ¢V for Fe) © to investigate the
magnetic/electronic properties of FeSe monolayer and the Li adsorption/diffusion
behavior as well as the theoretical storage capacity of Li on the FeSe sheet. We found
that both PBE and PBE+U give the antiferromagnetic and metallic character of the
ground state of FeSe monolayer (Fig.1 and Fig. S1); Among the three examined
adsorption sites (A, B and C), PBE+U and PBE predict the same trend of energetic
preference of Li adsorption, and almost the same relative adsorption strength (Table
S1). The calculated Li diffusion barrier of path A-C-A by PBE+U (0.96 eV) is also
very close to that at PBE level (0.95 eV). Moreover, both methods yield the same
theoretical specific capacity of 658 mAh g™!. These test computations showed that the

differences between the PBE+U and PBE methods for our examined systems are
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insignificant. Thus, we used spin-polarized PBE method throughout the cal¢ulation$’:\cssooen
in this work unless stated otherwise.

The thermal stability of FeSe monolayer (a 5x5x1 supercell) was evaluated by
the first-principles molecular dynamics (FPMD) simulations in NVT ensemble lasting
for 5 ps with a time step of 0.5 fs, the temperature was controlled by using the
Nosé-Hoover method,** where the Nosé mass Q = 0.1 and M = 2 were adopted. The
thermal expansion was not considered, and the Brillouin zone integration was applied

using Gamma point during the FPMD simulations.

3. Results and Discussion

3.1. Structural and electronic properties, and stability of the FeSe monolayer
First, we examined the structure, stability and electronic properties of monolayer

FeSe. From the top view, the monolayer FeSe sheet exhibits a typical tetragonal

structure with the space group P4/nmm symmetry; from the side view, the FeSe sheet

possesses a three-atomic-layer structure with one Fe sublayer sandwiched by two Se

sublayers, and each Fe/Se atom is surrounded by four Se/Fe atoms.

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

Note that the energetically most favorable antiferromagnetic configuration was
adopted for the FeSe monolayer in this study.’? In its optimized structure (Fig. 1a),
each unit cell consists of four Fe atoms and four Se atoms. The optimized structural
parameters of monolayer FeSe are a = b = 5.32 A (Fig. S1), in good agreement with
previous theoretical data (~ 5.34 A).32 The calculated Fe-Se bond lengths are
uniformly 2.36 A, and the Fe-Se-Fe and Se-Fe-Se bond angles are 68.60° and

111.40°, respectively.
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Fig. 1 (a) The optimized geometric structure (side and top views), (b) the band
structure, (c) the spatial spin density distribution (top views), and (d) the projected
density of states (PDOS) of FeSe monolayer. In Figure (b), the gold and green curves
denote the p orbits of the Se atoms and the d orbits of Fe atoms, respectively, and the
thickness of the curves represents the weight of atomic orbital contribution to the

band structure. The Fermi level is denoted by a dashed line.

Though the monolayer FeSe grown on SrTiO; was confirmed to be
thermodynamically and kinetically stable,% its thermal stability at high temperatures
has not been studied yet. Thus, we assessed the thermal stability with a 5x5x1
supercell of monolayer FeSe at selected temperatures of 500 K, 700 K, 1000 K and

1500 K by performing first principles molecular dynamics (FPMD) simulations,
8
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respectively (Fig. S2). The FeSe monolayer does not collapse throughout the § s MBS 0CSsoobon
simulation up to 1000 K, and even does not disrupt up to 1500 K, there is no
significant deformation or bond breakage. When the structure obtained through 5 ps

FPMD simulation at 1500 K was re-optimised, the distorted FeSe monolayer quickly

recover its original configuration, implying its good thermal stability and is feasible

for practical applications.

We also considered the mechanical properties of the FeSe monolayer, the elastic
constants and in-plane Young’s modules (Y) were investigated (Table S2 and Fig. S4).
The in-plane Young’s modulus (79.03 N/m) is smaller than the Y value of the
single-layer MoS; (124.39 N/m, computed at the same level of theory), indicating less
energy variation in expansion during intercalation.

The electronic and magnetic property of electrode materials strongly correlates
with the battery cyclability and rate performance. Therefore, we calculated the
electronic band structures, spatial spin density distribution, and projected density of
states (PDOS) of FeSe monolayer at the PBE level (Fig. 1). Note that most TMD

monolayers, including MoS,, are semiconducting with moderate band gaps, implying

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

relatively low electrical conductivity as electrode materials. Our computations
revealed that the FeSe monolayer is antiferromagnetic with single-stripe order (Fig. 1¢)
at the ground state, and each Fe atom carries the magnetic moment of 2.01 usg,
agreeing well with previous predictions.’> The FeSe monolayer shows metallic
character as indicated by the electronic states crossing the Fermi level (Fig. 1b), and
the states near the Fermi level originate mainly from the Fe 3d orbitals (Fig. 1d). The
metallic character of the FeSe monolayer offers an intrinsic advantage in electrical

conductivity and a satisfying electrochemical property for better battery cycling.
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3.2. The adsorption of the single metal (M, M = Li, Na, K, Mg, and Ca) atgm 01,57\ 5 o0en
the FeSe monolayer

To evaluate the diffusion and storage properties of the metal atoms (M) on the
surface of FeSe monolayer, we investigated the preferred adsorption site of the M
atom (M = Li, Na, K, Mg, and Ca). There are three possible high symmetry
adsorption sites, namely the A, B, and C sites (Fig. la), for one M atom to be
adsorbed on the FeSe sheet. At site A (C), the metal atom sits over the Se atom of the
bottom (top) Se layer, and bonds with four (one) Se atoms, respectively. At site B, the
metal atom locates over the Fe atom and bonds with two Se atoms. To determine the
preferred adsorption site, we calculated the adsorption energy, where a large 2x2x1
supercell was used to avoid the interactions between the adjacent metal atoms. The
adsorption energy (E,4s) of a metal atom on the monolayer is defined as:

Eags = Emrese — Erese = Em (1)
where the Eyjrese and Ef.se are the energies of the FeSe supercell with and without the
adsorbed metal atom, respectively, and Ey; represents the energy of an isolated M
atom. According to this definition, a more negative adsorption energy indicates a
more favorable exothermic reaction between FeSe and metal atoms.

Almost all the investigated metal atoms can be effectively adsorbed on the FeSe
monolayer, as indicated by the negative E,4s values (Fig. 2, Table S3). For all metal
atoms, the site A is the energetically most favored adsorption site, which is ascribed to
the significantly larger number of M—Se bonds at the site A (four M—Se bonds). The
corresponding E,4s values at A sites are —2.75, —2.29, —2.28, —1.65, and —2.26 eV for
Li, Na, K, Mg, and Ca, respectively. These much negative adsorption energies

guarantee the strong adsorption of metal atoms on the FeSe monolayer.

10
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Adsorption Energy (eV)

Fig. 2 The adsorption energies of single metal atoms (M = Li, Na, K, Mg, and Ca) on

the FeSe monolayer at the three examined adsorption sites A, B, and C.

Fig. 3 presents the optimized structures for M-adsorbed FeSe monolayers (M =
Li, Na, K, Mg, and Ca) at A sites. For the case of Li/Na/K adsorption, the Li/Na/K—Se
bond length is 2.72/2.90/3.24 A, the adsorption height (k), i.e., the vertical distance
between Fe sublayer and Li/Na/K is 1.88/2.66/3.38 A. For Mg- and Ca-adsorbed
configurations, the Mg—Se and Ca—Se bond lengths are 2.70 and 2.87 A, the adsorbed
heights for Mg and Ca are 2.15 and 2.60 A, respectively. The corresponding
configurations at B and C sites were given in Fig. S5 and S6. Obviously, in the same

group, M atom with larger atomic number has longer M—Se bond length and larger

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

adsorption height (4) with the increase of atomic radii. The adsorption energy of Li,
Na, and K are inversely proportional to the atomic radii, where Li has the highest £,
value. Therefore, we can conclude that the general trend of the alkali adatoms (Li, Na,
K) adsorption on monolayer FeSe can be predicted through their atomic radii: a
smaller radius indicates a higher adsorption energy and thus a strong attachment of
the adatom to the surface of the FeSe, and vice versa. However, Mg and Ca do not
follow the same trend regarding to the atomic radii, probably due to their divalent

metal ion nature.

11
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Fig. 3 Sides views of the optimized structures of FeSe monolayer after adsorption

with (a) Li, (b) Na, (¢) K, (d) Mg, and (¢) Ca at A site.

A deep insight into the adsorption process can be obtained by investigating the
charge density difference between bare and adsorbed FeSe monolayer using the

following formula,
Ap = Pwrese = Prese = Pm (2)
where pPurese and pres. denote the total electron densities of the relaxed FeSe monolayer

with and without metal atoms, respectively, and py is the total electron density of the

metal atom. Fig. 4 and Fig. S7 present the charge density difference plots for M atoms
at A sites (the plots for B and C sites were given in Fig. S8 and Fig. S9), in which the
electron-accumulating region (yellow) is located between metal atoms and FeSe
monolayer, while the electron-depleting region (blue) is around metal atoms,
suggesting that all the adsorbed metal atoms behave as electron donors, i.e., the
adsorbed metal atoms transfer electrons to the FeSe monolayer, which originates from
the stronger electronegativity of Se than those metal atoms (Li, Na, K, Mg, and Ca).

According to Bader charge analysis (Table S4), the electrons transferred from Li, Na,
12
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K, Mg, and Ca to the FeSe monolayer at A sites are 0.93, 0.91. 0.92, 1.52, and J.39, g5 0 s 00en
respectively, which are quite close to the charge transfer of these metal atoms to Cl in
their chlorides (0.92, 0.86, 0.88, 1.61 and 1.56 ¢~ for LiCl, NaCl, KCIl, MgCl, ad
CaCl,, respectively), suggesting the charge state of “+1 (+2)” for the adsorbed Li, Na

and K (Mg and Ca) on the FeSe monolayer.

Fig. 4 Charge density difference for Li (a) and Mg (b) adsorbed FeSe monolayer at A

site. The isosurface value is set to be 0.002 eA-3.

As it is important for an electrode material to maintain the conductive character
upon metal atom adsorption, we further examined the electronic properties of FeSe
monolayers with different metal atoms adsorption at the energetically most favorable
A site (Fig. S10). The adsorption of the metal atom only slightly influences the
electronic band structure of the pristine FeSe monolayer: the metallic feature of the
FeSe monolayer is preserved. The well maintained electronic conductivity is rather

beneficial to the performance of metal ion batteries.

13
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3.3 The diffusion of the single M (M = Li, Na, K, Mg, and Ca) atom on the FeSe .o\ 5 oaen
monolayer

The charging/discharging rate correlates dominantly with the transport properties
of the ions and electrons, depending on the Li, Na, K, Mg, and Ca diffusion and
electrical conductivity of the FeSe nanosheet. Thus, it is necessary to estimate the
diffusion of metal atoms on the surface of the FeSe monolayer. In this regard, we
investigated the diffusion barriers of metal atoms on the FeSe monolayer. Since A site
is energetically most favorable among the three adsorption sites (A, B and C), taking
the symmetry of the FeSe monolayer into considered, we examined two diffusion
pathways connecting two neighboring A sites (Fig. 5a): Path-I (A—B—A), where the
metal atom moves across a B site; Path-II (A—C—A), where the metal atom migrates
across a C site. Similar diffusion pathways were chosen in previous theoretical
studies.5

According to our calculations, Path-II (A—C—A route) has very large diffusion
barriers (0.47~2.48 eV) for all examined metal atoms, while the energy barriers along
Path-I (A—B—A route) are significantly reduced. Remarkably, FeSe monolayer
exhibits rather low diffusion barriers for Li, Na, and K atoms through Path-I pathway
(0.16, 0.13, and 0.11 eV, respectively). Compared to the DFT reported single Li
diffusion barrier of 0.22/0.25/0.36 €V on the VS,/MoS,/Ti;C,F, monolayer,>3-67-68 the
FeSe monolayer can exhibit faster transport and higher charge/discharge rate for Li,
and even for other alkali elements. The common commercial anode materials,
graphite and TiO, polymorphs, need to overcome a diffusion barrier about 0.35~0.65
eV for Li.®70 Note that the monolayer FeSe has excellent ion mobility compared
with bulk FeSe phase, in which the diffusion barriers of Li, Na, and K are 0.20, 0.46,

and 0.82 eV, respectively.*® Moreover, the diffusion barrier of the alkali metal atoms

14
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decreases from 0.16 ¢V for Li to 0.11 eV for K, in the same trend as found on the’: \Csoaen
Cr,CO, monolayer,”! but in a reversed trend when compared with FeSe bulk phase
due to the repulsion against both upper and lower monolayers in the bulk.** Compared
to the monovalent alkali metal atoms (Li, Na and K), the diffusion barrier for Mg and
Ca are 0.85 and 1.53 eV, which are much higher than that for Li, Na and K,

respectively. Thus, the FeSe monolayer facilitates a faster transport for alkali metal

atoms, indicating an enhanced rate capability for alkali metal-based batteries.
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Fig. 5 (a) The diffusion pathways for a metal atom on the FeSe monolayer (from A
sites to another A sites). The diffusion barrier profiles of (b) Li, (c) Na, (d) K, (e) Mg

and (f) Ca on the FeSe monolayers.

3.4 Theoretical storage capacity and open-circuit voltage

The average open circuit voltage (OCV) and the storage capacity (C) are two

important characteristics for rechargeable metal ion batteries, which can be calculated

15
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based on the charge-discharge mechanism. The charge-discharge mechanism , 0f)5c5006on
FeSe-based metal ion battery can be described as the following half-cell reaction:
FeSe + xM"" + xne~ <> M,FeSe 3)

The Gibbs free energy change of this half-cell reaction was used to determine the
average open circuit voltage (OCV). Herein, the Gibbs free energy was approximately
simplified into the internal energy (AE), because PAV is only on the order of 107 eV
and the entropy term (TAS) is around 25 meV at room temperature.””> The average
OCYV can be derived from the average adsorption energy (E,.) as,®

OCV =—E,. /xne (4a)

Eyve = Eprese — Erese — XEprbuik (4b)
where Erese, Epsrese, and Ey i are the energy of monolayer FeSe, the total energy of
M-adsorbed FeSe, the energy per atom in the bulk metal M, respectively, and # is the
valence states of fully ionized metal atoms from the electrolyte.”® For example, n = 1
for Li, Na, and K; n = 2 for Mg, Ca. The symbol x is the chemical ratio of M atom,
and the maximum value of x is determined by gradually increasing the metal atom on
the FeSe monolayer as the previous work.” The corresponding adsorption capacities
were calculated by the following equation:

C = xnF/Mppese (5)

where F is the Faraday constant (26801 mA h mol!), and M pes. is the molar weight
of MFeSe. Therefore, it is important to reveal the structure of M, FeSe with respect to
various x values, thus, to determine the proper values of Ejjgese and My pese.

Note that multi-layer metal adsorption on the anode is possible, as exemplified by
the case of surface functionalized MXenes, on which multi-layer Li/Na/Mg/Al
adsorption significantly enhances the metal storage capacity.”” Thus, to estimate the

largest metal storage capacity, we added more than one layer of metal atoms on the
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FeSe monolayer. Based on the FeSe 2x2x1 supercell (FejsSej), the Li-ion battery: cssooen
was selected as an example to explain the process of gradually adding metal atoms on
the FeSe surface. Attaching a Li atom at the site A on one surface of the Fe;sSeq
results in a low-limit chemical formula LiFeSe (x = 0.0625, Fig. 6a). Our
computations showed that Li atoms tend to bond to both surfaces of the FeSe
monolayer when occupying the A sties (Fig. S11-S13). After all the A sites of two
surfaces are occupied, Li atoms start to occupy the B sites at the second Li atom layer,
and the C sites at the third Li atom layer. Thus, several possible configurations with
both surfaces exposed to metal atoms were carefully considered for Li,FeSe systems
with higher x values (x = 0.25, 0.5, 1, 2, 3, and 4). The same approach was used to
constructed FeSe systems with other intercalated metal atoms (M = Na, K, Mg, and
Ca).

In order to illustrate the most stable adsorption configuration of metal atoms (M =
Li, Na, K, Mg, and Ca) at different adsorption concentration on the FeSe monolayer,
we calculated the formation energies (£, of M. FeSe (M = Li, Na, K, Mg, and Ca)

compounds with respect to FeSe monolayer and Li/Na/K/Mg/Ca bulk metals as the

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

reference states based on the equation:’®
Ef(x) = (Erskese — Erese — XEproui) /(x+1), M= Li, Na, K, Mg, and Ca  (6)

where Ejspese, Erese, and Ejypuk are total energy of M-adsorbed FeSe, the energy of
monolayer FeSe, and the energy per atom in the bulk metal M, respectively. We
plotted the convex energy hull, the curve of formation energies of all the
configurations considered vs. the concentrations of M (x) in the intercalated FeSe
systems (Fig. S14). The most stable configurations for each concentration we
considered, as presented in Figure 6, are located on the hull with negative formation

energies, and thus thermodynamically stable, while those above the hull are
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metastable. These data further confirm the stability of LisFeSe, NasFeSe, K3EeSes e roooen
MgFeSe, and CasFeSe.

We found that increasing the x value gradually reduces the E,,. value, indicating
the decreased thermodynamic stability of M,FeSe (Fig. S15), which is attributed to
the electrostatic repulsion among the adsorbed metal atoms. When the Li/Na atoms
are stacked up to three layers over both surfaces of FeSe (x = 4, Fig. 6g, Table S5),
the E... values for Li and Na are still more negative than the corresponding cohesive
energy of bulk metals, thus the maximum value of x for Li and Na is 4. Following the
same procedure, we determined that K and Ca atoms can build up to two layers over
both surfaces of FeSe, corresponding to x = 3 (Fig. 6f). In comparison, FeSe
monolayer has rather poor adsorption capacity for Mg: only one layer A sites on both
surfaces of FeSe can be adsorbed strongly (x = 1, Fig. 6d). Overall, the maximum
ratio of M atoms adsorbed on both surfaces of FeSe can be concluded into the

following chemical formulas: LisFeSe, NajFeSe, KsFeSe, MgFeSe, and CasFeSe.

:&: %"
(c)

o A° 00000
n’ o000

G 0,0.9.4

] o.o.ooooo

(2
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Fig. 6 Side and top views of the optimized atomic structures for (a) Ligoe25EeS€, (B)750cr0000m
Lig,sFeSe, (c) LigsFeSe, (d) LiFeSe, (e) Li,FeSe, (f) LizFeSe, and (g) LisFeSe. Other
M,FeSe have similar structures.

Finally, we calculated the average open circuit voltage (OCV) and the storage
capacity for M-ion batteries at various x values based on equations 4(a,b) and 5. Fig. 7
depicts the calculated OCVs as a function of the adatom concentration represented by
x in the M, FeSe. As the value of x increases, the storage capacities on anode for all
M-ion batteries increases, while the average OCV on anode decreases. We unveiled
that the maximum specific capacities of Li, Na, K, Mg, and Ca are calculated to be
658, 473, 315, 339, and 631 mAh g'!, respectively. These results are found to be
larger in comparison to other 2D anode materials, such as graphite (372 mA h g'! for
Li,”7 284 mA h g ! for Na,”® 273 mAh g ! for K 7°), a-FeSe (340 mA h g! for Li)*,
phosphorene (389.02 mA h g! for Li, 315.52 mA h g*! for Na, 310.71 mA h g'! for
Mg),?! MXenes (447.8 mA h g'! for Li, 351.8 mA h g™! for Na, 191.8 mA h g'! for K,
and 319.8 mA h g'! for Ca)?° or 2D-MoS, (146 mA h g"! for Na).80

Considering that the OCV values by GGA+U are typically higher than those by

GGA, and better agree with the experimental measurements,®! we computed average

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

OCVs of Li, Na, and K at the PBE+U level. The PBE+U computed OCV values (0.88,
0.49, and 0.38 V for Li, Na, and K, respectively; the corresponding values at PBE are
0.25, 0.17 and 0.14 eV) are relatively high and are in a good range. The higher
potential is practically critical because it relieves the risk of the dendrite formation.
For Li, the average OCV is between those of the commercial anode materials, 0.11 V
for graphite 77 and 1.50~1.80 V for TiO,.”° The average voltage of Na is also in a
desirable voltage range for a sodium anode of 0.00~1.00 V.®? and the average voltage

of K is also closer to the K insertion in graphite at about 0.17 V.7 Note that the
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calculated OCVs on FeSe monolayer for Li, Na, and K are lower than thosg, in, the
bulk FeSe (1.0 V).# Thus, these OCV values suggest significant feasibility for FeSe
monolayer to be applied as LIBs, NIBs, and KIBs anodes. As for Mg and Ca, the
computed average OCV are low (0.04 V and 0.08 V), which suggest easy formation
of the undesirable solid electrolyte interface (SEI). Thus, though FeSe shows a fairly
good capacity for Mg and Ca, it might not be a suitable anode material for Mg and
Ca-ion batteries. From the above discussions, when the average open circuit voltage
and the specific capacity are included for consideration, the monolayer FeSe is

suitable for anode materials of Li, Na, and K-ion batteries.

(a)
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Fig. 7 The calculated voltage profiles of FeSe monolayers at different metal atoms

adsorption degrees for (a) Li, (b) Na, (¢) K, (d) Mg and (e) Ca at PBE+U level.

3.5 The safety of the FeSe monolayer as an anode material
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The volume change (expansion and contraction) of anode materials $'d%big/2o<""%%%

concern since it can cause fracture in anode materials, and eventually result in
significant capacity fading during charging and discharging process. To estimate the
effects of M (M = Li, Na, K, Mg, and Ca) adsorption on the volume change of the
FeSe monolayer, we examined the in-plane expansion of the FeSe single-layer (Table
S6, Fig. S16). Expectedly, the lattice parameter increases as the M adsorption
increases. The in-plane lattice expansions for the maximum adsorption of Li, Na, K,
Mg and Ca are 3.90 %, 5.50 %, 5.79 %, 4.25 %, and 5.99 %, respectively. Obviously,
the bigger the atomic radius, the larger the lattice expansion for the atoms in the same
periodic group. For example, with the largest radius among the alkali metals
examined here, K adsorption leads to a pronounced in-plane lattice expansion of
5.79%. Note that the volume changes of the FeSe monolayer upon
adsorption/desorption of Li and non-Li atoms are smaller than the corresponding

value for graphite during the lithiation/delithiation process (typically in the order of

Published on 20 March 2020. Downloaded by University of Rochester on 3/22/2020 9:38:13 AM.

10 %),® indicating that the expansion/contraction in the FeSe monolayer during
metal atom intercalation/deintercalation is a not a worrying issue.

The FeSe monolayer also exhibits good structure stability under M adsorption,
since no structural distortion of the FeSe monolayer was found with the increase of M
(Li, Na, K, Mg, and Ca) adsorption concentration (Fig. 6). Inspired by the high
theoretical capacity and favorable OCVs of FeSe monolayer as the anodes for Li, Na,
and K ion batteries, we further investigated the structural stability of fully intercalated

FeSe electrode at room temperature by performing FPMD simulations in NVT at 300
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K (the structures at the end of 5 ps simulations are given in Fig. S17). In afl' thesg/?o-"%%*

intercalated systems, the FeSe monolayer structure is well retained after 5 ps FPMD
simulations. Note that neither significant deformation nor bond breakage occurs in the
FeSe monolayer during Li, Na and K intercalation, and the adsorbed metal atoms only
slightly deviate from their equilibrium positions. When all the Li/Na/K atoms are
removed from the intercalated FeSe structure, MD simulations of this slightly
distorted FeSe monolayer can quickly recover its planar configuration, implying the
good thermal stability of the FeSe monolayer during Li/Na/K

1onintercalation/extraction.

Conclusions

By means of DFT computations, we explored the feasibility of using the
intrinsically metallic FeSe monolayer as anode materials for metal (Li, Na, K, Mg,
and Ca) ion batteries. The results revealed that the FeSe monolayer is most suitable as
anode materials for Li, Na, and K-ion batteries, it can adsorb three layers of Li and Na,
two layers of K, and the calculated maximum specific capacities reach up to 658, 473
and 315 mA h g!, and Li, Na, and K atoms show fast diffusions on the FeSe
monolayer with the low energy barriers of 0.16, 0.13, and 0.11 eV, respectively,
indicating the moderate charge/discharge rate. Moreover, the average OCVs of FeSe
monolayer for LIBs, NIBs and KIBs are relatively low, which fall into a suitable
range (0.38~0.88 V), the charge/discharging platform can be avoided. Considering the
high theoretical charge capacity, low energy barriers, robust structural stability and
moderate OCV for Li, Na, and K, we conclude that FeSe holds great potential as a

high-performance anode materials for Li-, Na-, and K-ion batteries.
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