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Two-dimensional indium selenide (InSe) is attracting much recent attention due to its high electron
mobility. Using ab initio calculations, we systematically investigate the absorption and diffusion of
lithium (Li) ion inside layered InSe. We find that firstly the binding energy absolute values for Li-ion
absorbed on bulk and monolayer (ML) InSe range from 0.43 to 1.61 eV, which are large enough to sta-
bilize Li—InSe systems. The absolute value of the binding energy is also approximately monotonically
decreased with the increasing of Li-ion density. Secondly, the structure of InSe isn't deformed much by
the insertion of Li, and the largest crystalline size change is only 4.68%, indicating the robustness of InSe
against the insertion of Li ions. Thirdly, the diffusion barriers heights for Li ions diffusion inside bulk and
ML InSe are 0.02—0.06 eV and 0.18—0.24 eV, respectively, and the diffusion barrier heights monotonically
decrease with the increasing of Li-ion density. Finally, after the absorption of Li ions, InSe transforms

from semiconductor to metal, rendering Li—InSe systems as good electrical conductors.

© 2019 Published by Elsevier B.V.

1. Introduction

Layered materials have attracted significant attentions due to
their special structure advantages, which helps them give low
diffusion barrier height for ions such as Li-ion. For example, the
diffusion barrier height is only 0.05 and 0.08 eV for Li-ions diffusion
in bulk black phosphorus and on monolayer (ML) black phos-
phorene, respectively [1]. ML borophene exhibits much high
diffusion velocity for metal ions with the diffusion barrier height of
0.025, 0.003, 0.028, 0.440 eV for Li, Na, Mg, Ca ions, respectively [2].
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Futhermore, transition metal carbides or nitrides (MXenes), a new
kind of two dimensional (2D) materials, also exhibit much low
diffusion barrier height (0.015—0.07 eV) [3,4]. Besides, layered
materials can trap metal ions diffusion into two dimensions and
significantly shorten the diffusion path [5,6], enabling faster ion
diffusion. The special groove structure can even trap metal
ions diffusion into one dimension, and the diffusion path can be
further shortened and the diffusion velocity can be also accelerated
alot[1].

Indium selenide (InSe) is a member of layered material family
with honeycomb lattice structures in each of its layers as shown in
Fig. 1(a—c) [7—10]. More recently, 2D InSe has been synthesized in
experiments from mechanical exfoliation and exhibited promising
characteristics for electronic, optoelectronic, and thermal applica-
tions with much high electron mobility (10> cm?/V-s at room
temperature), combined with a high thermal stability up to 660 °C
[11—18]. The specific puckered honeycomb structure could provide
excellent Li-ion passage where Li ions could move straight forward
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Fig. 1. Structure models of layered InSe. (a—c) Top and side view of bulk InSe; (d—f) same as (a—c) but for ML InSe. The green rhombuses represent the primitive cell of bulk (a) and
ML (d) InSe. The yellow and brown ball represent Se and In atom, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

along the groove direction [6,19], and thus significantly shorten the
diffusion pathway [5,6]. As a result, the diffusion velocity of Li ions
can be accelerated.

In this article, first principles calculation based on density
functional theory (DFT) is used to investigate the absorption and
diffusion processes of Li ions in both bulk and ML InSe. Our study
indicates that Li ions have stable absorption with both bulk and
ML InSe with minus binding energies ranging from -0.43
to —1.61 eV. Li ions move only along the groove direction in InSe,
and the migration barrier heights for Li ions diffusion in both
bulk and ML InSe decrease as the Li density increases. The bar-
riers in bulk InSe range from 0.027 to 0.054 eV and these on the
surface of ML InSe range from 0.182 to 0.236 eV, which are quite
low compared with other materials. Our work provides di-
rections for searching for electrode material with high ion
diffusion velocity.

1.1. Computational details

The geometry optimization and the electronic property calcu-
lations are implemented in the Atomistix ToolKit (ATK) 2016
package [20]. The electron exchange-correlation interactions are
treated using generalized gradient approximation (GGA) in the
scheme of Perdew-Burke-Ernzerhof (PBE) [21]. The SG15 collection
of optimized norm-conserving Vanderbilt (ONCV) pseudopoten-
tials and ultra-high basis set are used to optimize the structures and
study the electronic properties, and the convergence criteria of
electron self-consistent lop is set to 10~®eV. Atomic relaxation is
performed until all the forces on each atom are smaller than
0.01 eV/A. A vacuum layer of at least 15 A is added to avoid image-
image interaction during the calculations of ML InSe. A k-mesh
density of 0.02A~! under the Monkhorst-Pack method [22] is
sampled in the Brillouin zone. The binding energy (Ep) can be
defined as

E, = (Ecomplex — Einse — nELi) /n

where Ecompiex, Emse, and Ej; are the energies of Li-ion absorbed
InSe, ML or bulk InSe, and metallic Li, respectively, and n is the
number of Li ions absorbed on InSe. In such a definition, a larger
absolute minus value of E}, corresponds to a more energetically
favorable reaction.

The calculation of Li-ion diffusion barriers is also implemented in
the Atomistix ToolKit (ATK) 2016 package that is performed through
the minimum energy path profiling using the climbing image
nudged elastic band (CI-NEB) method [23,24]. Fritz-Haber Institute
(FHI) exchange-correlation functional with double-{ plus polariza-
tion (DZP) basis set is used to calculate the reaction path, because the
SG-15 pseudopotential with ultra-high basis set is extremely time
consuming. The convergence criteria and electron exchange-
correlation interactions are treated in the same way as in the pro-
cess of geometry optimization and electronic property calculations.

The van der Waals correction is tested in our calculations. The
vdW-D2/3 corrections are the only usable vdW corrections in ATK
2016 package, and we used vdW-D3 correction here. We find that
the correction has almost no influence to our results. For example,
the difference between the binding energy for lithiuated bulk InSe
with vdW-D3 correction and that without vdW-D3 correction is
very small (about 18 meV/atom). Besides, the time that the calcu-
lation with vdW-D3 correction takes would be about twice as much
as that the calculation without vdW-D3 correction takes. So, the
vdW-D3 correction is not used in this work.

2. Results and discussions
2.1. Absorption of Li ions

We firstly explore the most favorable binding site for Li ions in
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bulk and ML InSe. Fig. 2 shows the structures after the absorption of
Liions on bulk (a-d) and ML (e-h) InSe. We only consider the stage Il
structures [25] for bulk InSe where one empty layer exists between
each Li-ion absorbed layers as shown in Fig. 2(a—d). The purple
circles in Fig. 2 (b) indicate the location of Li ions. We considered
two high-symmetry absorption sites for Li ions in bulk InSe
(Fig. S1). One is on the hollow site above the center of the hexagon
(H site) (Fig. S1(a)), and the corresponding Ep, is —0.81 eV; the other
is upon a Se-atom and also under an In-atom of the other layer of
InSe (T site) (Fig. S1(b)), and the corresponding Ej is —0.99 eV. The
binding energy at the T site is smaller than that at the H site, and
thus, the T site is more stable than the H site for Li ions absorption
in bulk InSe. We considered three high-symmetry absorption sites
on ML InSe surface (Fig. S2). The first one is on the hollow site above
the center of the hexagon (H site) (Fig. S2(a)), and the corre-
sponding Ey, is —0.49 eV; the second one is on the top of a Se-atom
(Tse site) (Fig. S2(b)), and after fully relaxation, it moves to the H
site, indicating the instability of Tse site; the third one is on the top
of an In-atom (T, site) (Fig. S2(c)) and the corresponding Ejp
is —0.24 eV. Li ions have the smallest binding energy at the H site
and thus, the most stable site for Li ions absorption on ML InSe is
the H site.

Through putting one Li-ion at the most stable binding site (Tjy
site for bulk and H site for ML InSe) ina5x1,4x1,3x1,2x1,
1 x 1 supercell, and a primitive cell (Fig. 3), a number of configu-
rations with stoichiometry of Lix(InSe)s(2) (4 for bulk, 2 for ML)
(x=0.1, 0.125, 0.167, 0.25, 0.5, and 1, respectively) are constructed.
Atx=0.1,0.125, 0.167,0.25, 0.5, and 1 for both bulk and ML InSe, the
distance between two nearest Li ions is about 20.6, 16.5, 12.4, 8.3,
4.0, and 4.1 A, respectively in the x direction. The distance is about
71 A in the y direction at x=0.1, 0.125, 0.167, 0.25, and 0.5, and
about 4.1 A at x = 1. The distance in the z direction for bulk InSe is
about 17.8 Aat all the Li-ion densities. During the geometrical
relaxation, the lattice parameters are also optimized. The largest in-
plane lattice change after Li ions loading on bulk InSe is 2.98% and
on ML InSe is 2.19% during the lithiuation process (Table 1),
although the largest lattice change happens in the out-of-plane
direction for the bulk InSe, which is 4.68%. The small lattice
change means that InSe is robust against Li-ion insertion and
doesn't suffer from large structural changes. The distance between

the Li ions and the adjacent In/Se-atom upon/under the Li ions is
about 3.0/2.5 A for Li ions absorption in bulk InSe at all the studied
Li-ion densities. The distance from the Li ions to InSe surface is
about 1.1 A for Li ions absorption on the surface of ML InSe at all the
studied Li-ion densities.

The binding energies for Li ions absorbed on bulk and ML InSe
are all minus values at all the Li-ion densities (Fig. 4). Such minus
binding energies means that the Li—InSe system is stable and the
binding process of Li ions on InSe is an exothermic process. The
absolute values of the binding energies for Li ions inserted in bulk
InSe monotonically decrease with the increasing of Li density and
range between 1.61eVat x=0.1 and 0.62 eV at x=1. For Li ions
loading on the surface of ML InSe, the absolute value of binding
energy also approximately monotonically decreases with the
increasing Li-ion density and ranges between 0.96 eV at x = 0.1 and
0.43 eVat x=1. However, there is an exception for ML InSe at
x=0.5; the absolute value of binding energy is increased to
0.68 eV at this density from 0.49 eV at x = 0.25. The enhancement
bonding is mainly induced by the structure deformation of ML InSe
on the state Lip5(InSe); as displayed in Fig. 3. The original perfect
honeycomb lattice structure is deformed, with some of the In—Se
bonds broken on the state Ligs(InSe),. The Se atoms released
from the broken In—Se bonds, could absorb more Li ions, resulting
in the enhanced bonding of Li-ion on ML InSe.

The absolute values of the binding energies are larger than many
other values for Li ions absorbed on layer materials. For example,
the binding energies for the Li ions absorption on few layer gra-
phene and graphite are about —0.03 eV [26], and those for Li ions
absorption on silicone sulfide are about —0.38 eV and on ML SiS
with different phase are —0.4 to —0.51 eV [27,28]. According to the
thermodynamic theory, the larger the energy difference between
the reactant and the product, the faster the reaction process, and
thus a more rapid absorption process of the Li ions. Bulk InSe has a
stronger binding (—0.62 to —1.61 eV) with Li ions than that of ML
(—0.43 to —0.96 eV) at the same x, which means that bulk InSe has a
faster Li loading process than ML does.

2.2. Electronic properties of Li/InSe configuration

The band structures and the partial density of states (PDOS) of

(e)

(e (h)

Fig. 2. Structure model of fully optimized Li-ion-absorbed InSe. (a) General view, (b) top view, and (c,d) side view of bulk InSe; (e—h) Same as (a—d) but for ML InSe. The yellow,
brown, and purple balls represent Se, In, and Li-atom, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Balk Lio.n(lnse)4 Lig 25(InSe), Liose(InSe), Lig,s(InSe), Liys(InSe);  Liy(InSe),

Lig167(InSe),  Lig,s(InSe); Lijs(InSe), Ll](InSe)2

Fig. 3. Top and side views of the Li-ion diffusion pathway (T —T,— T for bulk and H; — T, — H, for ML) for different lithium absorbed density of bulk and ML InSe (Liy(InSe)4(2)).
The yellow, brown, and purple balls represent Se, In, and Li-atom, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 1

The lattice parameter (x, y, z) of original and the lithiuated bulk and ML InSe. Ax, Ay, and Az represent the lattice parameter changes corresponding to the original bulk and ML
InSe during lithiuation process.

bulk InSe Lim(InSe)4 Li0'125(lnse)4 Li0,157(InSe)4 Li0425(1n56)4 Lio,s(InSe)‘; Lil(InSe)4
X 4.06 20.62 16.51 12.38 8.26 4.15 4.15

y 7.03 7.13 7.14 7.15 717 7.16 7.19

z 17.43 18.00 17.67 18.03 18.11 17.91 18.25
Ax 1.60% 1.67% 1.66% 1.75% 2.27% 2.27%
Ay 1.37% 1.62% 1.71% 1.99% 1.82% 2.27%
Az 3.22% 1.35% 3.44% 3.89% 2.73% 4.68%
ML InSe Lim(InSe)z Lia]zs([l’lse)z Li0.157(lnse)2 Li0425(InSe)2 Lig's(lnse)z Li](]l’lse)z
X 4.08 20.65 16.53 12.40 8.34 4.07 4.10

y 7.07 7.15 7.16 7.21 7.21 7.23 7.11

AXx 1.13% 1.20% 1.18% 2.03% —0.34% 0.47%
Ay 1.05% 1.24% 1.88% 1.91% 2.19% 0.48%

pristine and Li absorbed bulk (ML) InSe are presented in Fig. 5
-0.4 1 PY (Fig. 6). Both bulk and ML pristine InSe are semiconductors, with

/ aband gap of 0.57 and 1.37 eV, respectively (Figs. 5(a) and Fig. 6(a)).
-0.6 - \ ] After absorption of Li ions, the band structures of InSe are nearly
/ intact, but the Fermi level is shifted upward into the conduction

-0.8 /' band (Figs. 5(d) and Fig. 6(d)), making InSe transform to a metallic

; ° state. The transition from semiconductor to metal after absorption

5 -1.04 of Li ions is also observed in other lithiated semiconductors such as
o / phosphorene and VS; [6,29].

R 1.2 We compare the band structure and DOS of the lithiated bulk

1.4 / (Fig. S3) and ML (Fig. S4) InSe calculated using FHI pseudopotential

o u —m— Bulk with DZP basis set with those calculated using SG-15 pseudopo-

1.6 ./ —e— ML tential with ultra-high basis set. Both the band structure and DOS

: ] : . : . : i : i : with the two methods show that the Fermi level moves upward

0.0 0.2 0.4 0.6 0.8 1.0 into the conduction band after the absorption of Li-ions for both

xin Li (Inse) bulk and ML InSe. But the band structure of SG-15 method shows

42) similar band dispersion with that in other works [12,30]. For

xample, the con ion band minimum is | he I" point in
Fig. 4. Binding energy of Li-ion on bulk (black) and ML (red) InSe as a function of Li eha bp ‘2 the co dUCt.Oh ]Sjé ld5 h ud lsl ocated at the IJOl t .
density x in Liy(InSe)s). (For interpretation of the references to colour in this figure the band structure wit -15 metho ? the same as the results in
legend, the reader is referred to the Web version of this article.) other works. But the band structure with DZP method shows that
the conduction band minimum is located at around the M point.
The band gaps for pristine bulk and ML InSe are indeed
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Fig. 5. (a) Electronic band structures, (b) total density of states and projected density of states, and (c) differential electrons potential of pristine bulk InSe. (d—f) Same as (a—c) but
for lithuated bulk InSe Lig;(InSe)s.
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Fig. 6. (a) Electronic band structures, (b) total density of states and projected density of states, and (c) differential electrons potential of pristine ML InSe. (d—f) Same as (a—c) but for
lithuated ML InSe Lig1(InSe)s,.

underestimated with DFT-PBE method. But after absorption of Li For example, the measured transport gaps, which reflect the
ions, InSe is highly doped, and for a heavily doped semiconductor, band gaps of a degenerately doped system, for ML, bilayer, and
the screening effect between electrons is increased, the interaction trilayer black phosphorene (BP) are 1.00, 0.71, and 0.61eV,
between the electrons is greatly reduced, and therefore the single respectively [33], and the respective calculated transport gaps with
particle approximation on which the DFT-PBE method is based is a DFT-PBE method for ML, bilayer, and trilayer BP are about 1.01, 0.81,
good approximation to estimate the bandgaps of a heavily doped and 0.69 eV, respectively [34—36]. By contrast, the HSEO6 bandgaps
system [31,32]. for doped ML, bilayer, and trilayer BP are 1.52, 1.01, and 0.75 eV,
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respectively [37], which are apparently larger than the experi-
mental ones. For another example, the band gap of the doped
MoSe; calculated with DFT-PBE method (1.53 eV) is in accord with
that calculated with the most accurate GW method (1.59 eV), and
the experimental result (1.58 eV) [31].

In our study, we mainly care about whether bulk and ML InSe
can conduct electrons after the absorption of Li ions. After the ab-
sorption of Li ions, InSe is highly doped by electrons. Therefore, the
DFT-PBE method is good enough to estimate the electronic prop-
erties of the Li doped InSe system.

The phenomenon of semiconductor-to-metal transition in Li
absorbed InSe is also reflected from the PDOS analysis (Fig. 5(b) and
(e) and Fig. 6(b) and (e)). The structure of PDOS is almost main-
tained with just the Fermi level moving to the conduction bands.
According to the PDOS, the conduction bands are mainly domi-
nated by p state of the Se elements but the valence bands are
mainly dominated by s state of the In elements for both bulk and
ML InSe and also the lithiuated InSe. The differential electron
density of Li absorbed bulk and ML InSe is shown in Figs. 5(f) and
Fig. 6(f), respectively. There is no electron density reduction or in-
crease in the interlayer of the two InSe sublayers (Fig. 5(c)) for
pristine bulk InSe, but after the absorption of Li ions, there is
electron density reduction in the interlayer around the Li-ion, and
electron density increase on the top of Se-atom which is close to the
Li-ion (Fig. 5(f)). There is no electron density increase in the In—Se
bond direction (Fig. 6(c)) for pristine ML InSe, but after the ab-
sorption of Li ions, there is electron density increase around the Se-
atom which is close to the Li-ion, and electron density decrease
around the Li-ion in the In—Se bond direction (Fig. 6(f)). Apparently,
Li-ion donates electrons to its adjacent Se-atom in both bulk and
ML InSe systems. According to the Mulliken population analysis,
the Li donates about 0.9¢” and 0.8¢” of its 2s! electron to bulk and
ML InSe, respectively, suggestive of a strong ionic interaction. The
Mulliken population analysis shows that the bond order between Li
ions and the three adjacent Se-atoms is about 0.1 in Lig25(InSe);
system for ML InSe, and the bond order between Li-ion and the Se-
atom just upon the Li-ion is about 0.3 and that between the Li-ion
and the other three adjacent Se-atoms under the Li-ion is also
about 0.1 in Lig25(InSe)4 system for bulk InSe, suggestive of a weak
covalent bond between Li and Se atoms. Hence, Li ions combine
InSe layer chiefly through ionic bonds, and Li exists in the cationic
state on InSe layer.

2.3. Diffusion of Li ions in bulk and on ML InSe

The diffusion of Li ions in the interlayer region of bulk and ML
InSe is an important factor that affects the performance of the
anode. According to the Arrhenius equation [38], the temperature-
dependent molecular diffusion constant (D) of Li ions follows

—E
D ~ exp(kB;)

where E, and kg are the activation energy (diffusion barrier height)
and Boltzmann's constant respectively, and T the environmental
temperature. Therefore, the transport properties of Li ions are
mainly dependent on the Li ions diffusion barrier. According to our
calculations, the migration path is T; — T, — T3 for Li ions moving in
bulk InSe and that is Hy — Ty, — Hjy on the surface of ML InSe along
the zigzag direction, as shown in Fig. 3. In the case of Li ions
diffusion in bulk InSe, the T3 site is a symmetric site with T;. Be-
sides, at x = 0.25 and 0.167, T, site is another symmetric site with T,
and T3 because the T site has the Li-ion underneath one Se-atom
and upon one In-atom of the other InSe layer, the same as T; and
T3 which have the Li-ion underneath one In-atom and upon one Se-
atom of the other InSe layer. The Li-ion is always closer to the Se-
atom than to the In-atom no matter at the Ty, Ty, or T3 sites for Li
ions moving in bulk InSe because of the smaller atom diameter of
the Se-atom than the In-atom, and that's why there is a very small
difference between the Ty and T site (3) in the z direction. Hence,
all the T4, T2, and Tj sites are the most stable binding site at x = 0.25
and 0.167. However, at x = 0.125 and 0.1 at the T site when Li ions
diffuse in bulk InSe, the Li-ion cannot get underneath a Se-atom but
come to the hollow site between the two hexagonal centers. In this
case, the Ty site is an intermediate state rather than the most stable
binding site. In the case of Li ions diffusion on the surface of ML InSe
at all the lithium densities, H; site is a symmetric site with the H;
site, and both of them are the most stable sites and the Ty, site is an
intermediate state.

The energy profiles of Li ions diffusion in bulk and ML InSe at
x=0.25,0.167,0.125, and 0.1 are depicted in Fig. 7. The Ty, T2, and T3
(H1, Tip, and Hy) are at the bottom points along the energy profile in
bulk (ML) InSe case, and S1 and S; are at the peak points along the
energy profile, which are the saddle points. The T, site has almost
the same energy as the T and Ts sites at x = 0.25 and 0.167 while Li

o Li,,(InSe), bulk 0027 Li,,,(InSe),_bulk 0.3 Li, ,(InSe),_bulk 0,050 Li,(InSe)_bulk 0054
0.04 % S, S S
I~
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Fig. 7. Diffusion energy barrier (black solid line) of Li diffuses in bulk and on ML InSe along the reaction direction at different Li concentrations. S; and S, denote the saddle points;
Ty, Ty, and T3 (Hy, Ha, and Tj,) denote the stable or sub-stable binding sites. The energy maximum (corresponding to the barrier value) is indicated at the top-right corner of the plot.
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ions migrate in bulk InSe, indicating again that the T, is a sym-
metric site with T; and Ts. Although at x = 0.1, the energy difference
between T, and T (or T3) is also small, the T site is the hollow site
rather than the T site as T; and T3 as depicted in Fig. 3. So, at x =0.1,
the T, site is not a symmetric site with T; (or T3).

Fig. 8 depicts the highest diffusion barrier height as the function
of Li-ion density. The barrier heights for Li ions diffusion in bulk
InSe range between 0.027 and 0.054 eV, and those for Li diffusion
on ML InSe range between 0.182 and 0.236 eV. At any density of Li-
ion, the Li ions need to overcome a smaller energy barrier in bulk
InSe than on ML InSe, which means that Li ions would have much
higher diffusion velocity in bulk InSe than on ML InSe surface. The
diffusion barrier height monotonically increases with the
increasing of Li-ion density for Li ions diffusion both in bulk and on
the surface of ML InSe.

We also set the diffusion pathway along the armchair direction
initially for Li ions diffusion both in bulk InSe and on ML InSe as
shown in Fig. S5 (dark imaginary arrows), and the Li ions finally go
from the initial site through the zigzag direction and get to the final
site as shown in Fig. S5 (red solid arrows). Such a phenomenon
suggests that Li ions can only diffuse along the zigzag direction in
both bulk and ML InSe.

The diffusion barriers heights for Li ions diffusion in bulk and ML
InSe are remarkably small compared with those of Li ions migration
in many other anode materials. For example, the theoretical diffu-
sion barrier heights are about 0.22 and 0.38 eV for Li ions diffusion
in graphite and on graphene, respectively, and graphite has also
been used as commercialized anode material presently
[25,29,39,40]. For another example, the theoretical diffusion barrier
heights on ML MoS,, VS,, and silicene are 0.21, 0.22, and 0.23 eV
respectively [5,29,41], and the diffusion barrier height in bulk MoS,
is 0.49 eV, which are all much larger than those in InSe. All these
example data are calculated at the Li-ion density where the dis-
tance between Li ions is beyond the scope of Li ions interaction.
According to the Arrhenius equation, the Li diffusion constant in the
bulk InSe is estimated to be about 7 x 10% and 2 x 107 times as fast
as that in graphite and bulk MoS,, respectively [5,25]. The Li
diffusion constant on ML InSe is about 3 x 10% times as fast as that
on graphene [39]. The Li diffusion constant in bulk InSe would be
around 10? times as fast as that for Li ions on ML InSe at room
temperature. The small diffusion barrier height for Li diffusion in
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Fig. 8. Diffusion barrier height as a function of Li density x for bulk (black) and ML
(red) InSe, Liy(InSe)s(). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

the layered bulk InSe guarantees a very fast diffusion rate and also a
very high rate capability.

3. Conclusion

The groove structure of layered materials is a favorable character
helping materials to possess a low Li-ion diffusion batter height.
The diffusion barrier heights for Li ions migration in InSe, which has
the groove character, range in 0.027—0.054 eV (bulk InSe), and
0.182—0.236 eV (ML InSe). Such diffusion barrier heights are quiet
low compared with other electrode materials. Besides, we firstly
find that the diffusion barrier heights are monotonically decreased
as the Li-ion density increases. The Li ions are able to form stable
absorption with both bulk and ML InSe with the binding energy
ranging from —0.62 to —1.61eV and form —0.43 to —0.96eV for
bulk and ML InSe, respectively, and the binding energies are nearly
monotonically increased as the density of Li-ion increases.
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