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First-principles study on 3-GeS monolayer as high performance
electrode material for alkali metal ion batteries
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Based on the density functional theory calculations, we have investigated the feasibility of two-dimensional 3-GeS
monolayer as high-performance anodes for alkali metal ion batteries. The results show that the electrical conductivity of
B-GeS monolayer can be enhanced after adsorbing the alkali metal atoms owing to the semiconductor-to-metal transition.
The low diffusion barriers of alkali metal atoms on the 3-GeS surface indicate a rapid charge/discharge rate without metal
clustering. Moreover, the low average open-circuit voltage (0.211 V) and a high theoretical capacity (1024 mAh-g~!) for
Na suggest that the -GeS monolayer is a promising anode material for Na-ion batteries with high performance.

Keywords: -GeS, anode, alkali metal ion batteries, first-principles

PACS: 63.20.dk, 73.22.—f, 82.47.Cb, 96.15.Pf

1. Introduction

Lithium-ion batteries (LIBs) have achieved significant
success among the alkali metal ion batteries (AMIBs), which
are dominated the market of energy storage devices, such as
portable electronic devices, electric vehicles, and grid-level
energy storage.!! ! However, the scarcity of lithium resources
is difficult to meet the growing market demand, and the devel-
opment of other alternative ion batteries has become an in-
creasingly urgent need.[*® Sodium and potassium ion bat-
teries (NIBs and KIBs) have entered the limelight as next-
generation energy storage devices due to the abundant crustal
resources of sodium and potassium elements and the similar

7=101 Unexpectedly, the cur-

working mechanism with LIBs.!
rent LIBs commercial electrode graphite show poor storage
capacity for NIBs and KIBs due to the energetic instability
of the intercalated compounds with the larger radii Na and K.
Hence, an important challenge for the successful commercial
preparation of NIBs and KIBs is the lack of suitable anode
materials with high capacity, rapid diffusion rate and good sta-
bility.

Recently, group-IV monochalcogenides, such as GeS,
GeSe, SnS and SnSe, have attracted extensive attention due
to their phosphorene-like layered structures with weak inter-

[(H=151 and in particular, bulk GeS has good po-

layer forces,
tential as a LIBs anode material with high Li-ion storage ca-
pacity. Compared to bulk materials, two-dimensional (2D)
materials, with large surface area, fast ion mobility and struc-
tural flexibility, are considered promising candidates for next-
generation electrode materials to meet the higher performance
demand.!'3% Two-dimensional GeS monolayer has many

different configurations, among which the orthogonal a-GeS
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structure (symmetry Pcmn) is the most widely studied. The
a-GeS nanosheets were successfully prepared by liquid phase
exfoliation in a custom sealed tip ultrasonic system, and sub-
sequent analysis of the a-GeS nanosheet as anodes for LIBs
revealed superb electrochemical performance, including high
cycle stability of over 1000 cycles and high rate capability of

over 10 A-g~!.

311 However, theoretical studies showed that
the capacity of 2D a-GeS as NIBs anode material could only
reach 512 mAh-g~!, which is slightly lower than that of C;N
(599.72 mAh-g~!) and g-Mg3N> (797 mAh-g~!).[32734 Note
that previous studies show a suitable pore size and appropriate
adsorption distance can effectively enhance the alkali metal
(AM) adsorption capacity. Compared with a-GeS monolayer,
the B-GeS (symmetry Pmn2) has bigger lattice constants and
larger pore size, which may exhibit more excellent energy stor-
age performance. Moreover, the binding energy of -GeS
and a-GeS are almost the same (the difference is less than
0.025 eV per atom), which suggests that the B-GeS monolayer
may also have the same good stability as a-GeS. 3! However,
most of the current researches on GeS nanosheet are mainly
focused on the o-GeS monolayer, while little researches have
been done on the -GeS monolayer. The adsorption mecha-
nism, diffusion energy barrier and theoretical capacity of -
GeS monolayer as the anode material of AMIBs are still un-
known. At present, 3-GeS has not been successfully prepared
experimentally, but 3-GeSe, which has the same crystal struc-
ture, stacking form and electronic properties as it, has been
successfully synthesized recently.*®! With the rapid develop-
ment of computer technology, theoretical calculations, an im-
portant tool in materials science research, can greatly help
bridge some of the current experimental and technical gaps
and aid in understanding the adsorption mechanisms of AM
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atoms on novel battery materials. First-principles calculations
dealing with the ground state of electrons in material systems
can yield some electrochemical properties of electrode materi-
als, such as adsorption energy, diffusion energy barrier, open-
circuit voltage and theoretical capacity. 7!

In the present study, the performance of the 3-GeS mono-
layer as the anode material for AMIBs have been systemati-
cally investigated by the first-principles calculations. The ad-
sorption energy of AM atoms at different sites was calculated
to identify the most stable adsorption site. The density of
states analysis showed that the electrical conductivity of the
B-GeS can be enhanced after adsorbing AM atoms due to
the semiconductor-to-metal transition. Moreover, the 3-GeS
monolayer has a low diffusion energy barrier (0.258 eV), high
theoretical capacity (1024 mAh-g~!) and low operating volt-
age (0.211 V) for Na, suggesting that 3-GeS monolayer can
be used as an excellent high-performance anode material for
NIBs.

2. Method

The theoretical calculations were adopted via the Vienna
ab initio simulation package (VASP) based on the density
functional theory. Projector augmented wave (PAW) was used
to describe the interaction between the ionic real and outer-
most valence electrons.3831 The calculated cut-off energy
was set to 520 eV. During the iterative process, the energy con-
vergence threshold was 1073 eV, and the force acting on each
atom does not exceed 1072 eV-A~!. The structure optimiza-
tion and electron density of states calculations were performed
by using the Monkhorst—Pack k-point grid settings, which
were set to 4 X 6 x 1 and 8 x 12 x 1, respectively. The semi-
empirical DFT-D3 method was employed for the correction of

[4041] The interlayer vacuum

interlayer van der Waals forces.
layer was set greater than 15 A to prevent interlayer interac-
tion forces. The phonon dispersion spectrum was calculated
according to the finite displacement method in the Phonopy
code to determine the dynamic stability. Ab initio molecular
dynamics (AIMD) simulation was performed to confirm the
thermal stability of the B-GeS monolayer. NVT ensemble was
considered for the AIMD simulations with the Nosé—Hoover
heat bath method.[#?! The climbing image nudged elastic band
(CI-NEB) method was used to study the minimum diffusion
energy path of alkali metal atoms.[*>* The atomic and elec-

tronic structures were analyzed by using the VESTA code.[*!

3. Results and discussion
3.1. Structure and stability of 3-GeS monolayer

We construct the §-GeS monolayer with the space group
Pmn2, and a unit cell contains two Ge atoms and two S atoms.
After structural optimization, the calculated lattice constants

of B-GeS monolayer are a = 5.680 A and b = 3.502 A, re-
spectively, which are in good agreement with the previous
theoretical results (@ = 5.68 A and b = 3.51 A).[46] The B-
GeS monolayer is an indirect bandgap semiconductor, and the
bandgap calculated in this paper is 1.707 eV (Fig. S1), which
is slightly smaller than the 1.77 eV in the Ref. [43]. These
differences are because we used the DFT-D3 method instead
of the DFT-D2 method in the Ref. [43], which can better de-
scribe the interactions between AM atoms and 3-GeS mono-
layer with greater accuracy. The phonon spectrum of the f3-
GeS monolayer exists no negative imaginary frequency in the
Brillouin zone, indicating the dynamic stability of the 5-GeS
monolayer (Fig. S2). A 3 x 3 supercell is adopted to examine
the thermal stability of the 3-GeS monolayer by performing
AIMD simulations. The fluctuations of the total potential en-
ergy with simulation time are plotted in Fig. S3, where the
total potential energy remains almost constant throughout the
simulation period. The above results indicate that the 3-GeS
monolayer has good thermal stability.

The Fermi energy level can have an impact on the poten-
tial of as an electrode material.[*’! Graphite has a high Fermi
energy level (—4.31 eV) with low potential, which is suitable
as a negative electrode material. The researchers were able to
effectively modulate the electrochemical potential (2.7-3.7 V)
by tuning the graphite derivative Fermi energy level (—8.36
to —8.47 eV) through a p-type doping strategy. The 3-GeS
monolayer has a higher Fermi energy level (—3.13 eV) and
a narrower band gap, and the electrons introduced after the
adsorption of AM atoms will fill in the higher energy level, re-
sulting in a lower electrochemical potential. Thus, the 3-GeS
monolayer can exist in a relatively stable energy state and has
promising potential as a low potential anode material.

3.2. Adsorption of AM atoms on 3-GeS monolayer

To explore whether the 3-GeS monolayer can be a suit-
able anode material for AMIBs, we firstly investigated the ad-
sorption energy (E,q) of a single AM atoms on the 2 x 2 3-GeS
supercell. Considering the symmetry of the 3-GeS monolayer
structure, eight possible adsorption sites were chosen as shown
in Fig. 1, which are the top of P-P triangle gravity center (C;
and C; sites), the top of upper S-atom position (S; site), the
top of lower S-atom position (S, site), the top of upper Ge-
atom position (Gj site), the top of lower Ge-atom position (G,
site), and the top of hexagonal Ge—S rings center (H; and H,
sites). The adsorption energy (E,q) of an AM was calculated
by the following formula:

Eaq = (Eges—aM — Eges —N x Eam) /N, (H

where Eges—am is the total energy of B-GeS after adsorbing
AM atoms, Eges and Eaym are the total energies of GeS and

096301-2


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5d2e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5d2e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac5d2e

Chin. Phys. B 31, 096301 (2022)

an AM atom in its bulk structure, respectively, N is the num-
ber of adsorbed AM atoms. After structural optimization, the
AM atoms at Cy, G, H; and S, sites would spontaneously
migrate to the adjacent C; site, and the AM atoms at G| and
S sites would finally migrate to the adjacent Hjsite. Only
C, and H; sites are stable adsorption sites for AM atoms,
and the corresponding adsorption energies are —0.223 eV and
0.273 eV (Li), —0.255 eV and 0.005 eV (Na), —0.678 eV and
—0.465 eV (K), respectively. The adsorption energies of the
H, site are positive for Li and Na atoms, indicating that these
adsorption processes are non-spontaneous exothermic reac-
tions. And the adsorption energy of the C, site and the Hy
site are both negative for the case of K atoms, while the C,
site is more stable for the K atoms owing to the more nega-
tive adsorption energy. An interesting finding is that the Eyq
values increase with the increase of the atomic radius, indicat-
ing stronger adsorption of 3-GeS to heavier AM atoms. Thus,
the C; site is the most stable adsorption site for Li, Na and K
atoms, and the charge transfer and charge density distribution
discussed later only consider the C, site adsorption conforma-
tions.

To further understand the adsorption mechanism, the dif-
ferential charge density method has been used to analyze the
charge distribution between AM atoms and the $-GeS mono-
layer, which is calculated by the following equation:

Ap = PGes—AM — PGes — PAM; 2

where pges and pges_am are the charge density of the §-GeS
before and after adsorb AM atoms, and pawm is the charge den-
sity of isolated AM atoms. The differential charge density for
AM atoms adsorption on the 3-GeS monolayer is plotted in
Fig. 2. There is a clear charge transfer between the AM atoms

and the B-GeS monolayer, the charge depletion regions are
mainly concentrated around the AM atoms, while the charge
accumulation regions are mainly between the AM atoms and
the -GeS monolayer. Subsequently, the Bader charge analy-
sis has been used to quantify the charge transfer of AM atoms,
and the results show that Li, Na, and K atoms adsorbed on the
B-GeS monolayer are contributed to 0.855, 0.800, and 0.821
electrons, respectively, and existed in the form of cations.

b (Zigzag)

L a (Armchair)

G1 Cl Sl Hl

SZ H2

Qcc ©O0s O (Ona °K

Fig. 1. Schematic diagram of eight highly symmetric adsorption sites
on the surface of $-GeS monolayer, the yellow balls represent the pos-
sible sites of AM atoms.

Li0,125GeS

Nag.125GeS

Ko.125GeS

Fig. 2. The differential charge density distribution of 3-GeS monolayer after adsorption of alkali metal atoms. (a) Lig 125GeS, (b) Nay 125GeS,
(c) Ko.125GeS. The blue area represents electron depletion and the yellow area represents electron accumulation.

Meanwhile, the electronic density of states (DOS) of the
B-GeS monolayer has been studied to identify how the elec-
tronic behavior changed. As shown in Fig. 3, the pristine 3-

GeS monolayer has no electronic state near the Fermi energy

level and exhibits a semiconductor characteristic, which is
consistent with the previous band structure calculation. How-
ever, the 3-GeS systems after adsorb AM atoms exhibit metal-

lic characteristics, the electrons near the Fermi energy level are

096301-3



Chin. Phys. B 31, 096301 (2022)

mainly provided by Ge atoms and the electrons of the valence
band maximum (VBM) are mainly contributed by S atoms.
The density composition of the conduction band minimum
(CBM) and VBM electronic states are similar before and after
the adsorption of AM atoms, and the main difference is that
the Fermi energy level moves upwards and crosses the CBM.

20 E9TDOS
10 —Ge
/—A/V-h S s
Z 28 m—
> 10}
it e N NN
[}
- 2
n 8 Na
8 o /\/\—\/\A:vv\/\/\
Q 28/—’\ 1 T
—K
10 \’/\,J\_/\A«M./\-q
O72 —1 0 1 2

Energy (eV)

Fig. 3. DOS of (a) B-GeS, (b) Lig 125GeS, (c) Nag 125GeS, and (d)
Na0_|25GeS.

This is because after the AM atoms are adsorbed on the
B-GeS monolayer, the AM valence electrons are completely
ionized into the conduction band, which increases the number
of electrons in the conduction band and raises the Fermi en-
ergy level. All the above studies have shown that the adsorp-
tion of AM atoms on the 3-GeS monolayer is accompanied by
a large number of electrons transfer, which makes the Fermi

energy level through the CBM and exhibits metallic proper-
ties. The semiconductor-to-metallic transition will enhance
the electron conductivity, reduce the internal resistance dur-
ing electron transfer and improve the overall performance of

AMIBs.

3.3. Diffusion of AM atoms on the 3-GeS monolayer

Fast charging is also a key technology for commercial
batteries applications, which is determined by the diffusion
barrier of AM atoms on the anode surface. Therefore, we
have examined the diffusion of Li, Na, and K atoms on the
B-GeS monolayer, and two diffusion paths are designed be-
tween two adjacent C; sites as shown in Fig. 4(a): zigzag di-
rection (A—B) and armchair direction (B—C). The diffusion
energy barriers are 0.914 eV (Li), 0.475 eV (Na) and 0.453 eV
(K) along the armchair direction and 0.276 eV (Li), 0.258 eV
(Na) and 0.208 eV (K) along the zigzag direction, respectively.
Compared with Li atoms, the diffusion energy barriers of Na
and K atoms are lower, this is because that as the radii of AM
atoms increases, the larger the distance between the adsorp-
tion site and the $-GeS monolayer, the smaller the interac-
tion force between the AM atoms and the 3-GeS monolayer,
and the easier for diffusion. The diffusion barriers are slightly
lower or similar than other reported 2D electrode materials,
such as GeP3 (Li 0.5 eV, Na 0.27 eV and K 0.287 eV), MoN,
(Li0.78 eV, Na 0.56 eV and K 0.49 eV), SiC3 (Li 0.47 eV, Na
0.34 eV and K 0.18 eV).[48-30]

0.3 1.0
(a) (b) - Li (c) —Li
—~ Na| —~ 0.8 Na
% 0.2 ~K | 3
E ! S oo
. 2 % 0.4
) g 01 =
= A 2l B 0.2
L 0 Zigzag direction 0 rmchair directio
a (Armchair) 01 2 3 4 5 6 01 2 3 4 5 6

Relative diffusion coordinates

Relative diffusion coordinates

Fig. 4. (a) Schematic diagram of two diffusion paths on the 3-GeS monolayer, (b) diffusion energy barrier curve of AM on the -GeS monolayer
surface along armchair direction, (c) diffusion energy barrier curve of AM on the 3-GeS monolayer surface along the zigzag direction.

Considering the large difference in the diffusion energy
barriers of alkali metal atoms along the armchair and zigzag
directions (> 0.22 eV), this can impact the diffusion rate of
AM atoms in different directions. The Arrhenius equation is
used to quantify the difference in diffusion constants of AM
atoms along the armchair and zigzag directions, and calculated

as follows:
D ~exp(—E,/kgT), (3)

where E, and kg are the diffusion barriers and Boltzmann’s
constant, respectively, and T is environmental temperature.
According to the Arrhenius equation, the mobility of Li, Na
and K along the zigzag direction are estimated about 5.2 x

1019, 4.4 x 103, 1.360 x 10* times faster than that along arm-
chair direction for -GeS at the room temperature, respec-
tively, showing a remarkable anisotropic diffusion feature.
The B-GeS monolayer anode can easily achieve directional
diffusion of AM atoms while preventing metal agglomeration.
The low diffusion energy barrier and high diffusion constants
of B-GeS monolayer make it a potentially excellent anode ma-

terial for fast charge/discharge rates.

3.4. Theoretical voltage and specific capacity

The open-circuit voltage and theoretical capacity of p-
GeS monolayer are futher discussed, because they have a de-
cisive effect on the performance of AMIBs. The open-circuit
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voltages (OCVs) of B-GeS monolayer at different adsorption
concentrations of AM atoms under the neglect of volume and
entropy can be calculated by the following equation:

E(AM,,Ges) ~ E(aM,, Ges) — (x2 —x1)Eam

V=
(x2 —x1)ne

NG

where E( AM,, GeS) and E( AM,, GeS) denote the total energy of
the system for $-GeS monolayer adsorption concentrations of
x> and xy, respectively. n is the number of AM valence elec-
trons and e is the unit charge. As a suitable anode material, the
open circuit voltage should be in the range of 0-1.0 V. Below
0 V will cause a dendritic phenomenon, while above 1.0 V
will bring a lower operating voltage of batteries. The open
circuit voltage curves and the corresponding optimized struc-
tures for different adsorption concentrations of AM atoms are
shown in Figs. 5(a)-5(c). The adsorption of Li atoms prefers
unilateral adsorption, the adsorbed atoms are all located on
the same side of the B-GeS monolayer, and the correspond-
ing stoichiometric ratio at the maximum adsorption capacity
is Lig 5GeS. When the adsorption stoichiometry ratio exceeds
Lig 5GeS, the strong interaction between Li atoms and 3-GeS
monolayers produces severe structural distortion and the Ge—
S bond breaks to form Li—S bonds, leading to irreversible de-
struction of the -GeS structure. A similar phenomenon that
Ge-Se bond breaks to form Li—Se bonds was observed in the

0.5
ISl )
0.4
~ Iaday
2 o0.3f
wn
5
3 0.2F
0.1f
0 . .
0 0.25 0.50
x in Li,GeS
1.0
()
°
0.8 fi_f% ° o
- ° IR
Z o6l  L_°°
12}
3
o 04r °o o
d w’;x
0.2F
OO 0.25 0.50 0.75 1.00
z in K,GeS

lithiation of GeSe monolayer. (511 Therefore, it means that the
B-GeS monolayer is unsuitable for LIBs anode. As for the
Na and K atoms adsorption, the adsorbed atoms prefer si-
multaneous adsorption on the upper and lower surfaces, and
the stoichiometric ratios of the maximum adsorption amounts
are NagGeS and KGeS, respectively. Meanwhile, the 3-GeS
has the open-circuit voltage in the ranges are 0.297-0.382 V,
0.293-0.177 V, and 0.674-0.168 V for of Li, Na, and K with
the corresponding average OCVs of 0.340 V, 0.211 V, and
0.400 V. These average OCVs values are between those of
conventional anode materials (e.g., graphite 0.11 V and TiO,
1.5-1.8 V), and lower than those 2D anode materials such as
h-BAs (Li0.49 V,Na 0.35 V and 0.26 V), and FeSe (Li 0.88 V,
Na 0.49 V and 0.38 V).[>2-53! The average OCVs of Li, Na and
K are in the ideal voltage range of 0.00-1.00 V for the $-GeS
monolayer.

The maximum theoretical capacities (C) of AM atoms can
be calculated by

XmaxtF

C )
Mges

Q)
where xpax 1S the maximum ratio of adsorbed AM atoms, F is
the Faraday constant (26.8 Ah-mol 1) and Mges is the atomic
mass of GeS (104.7 g~mol’1).

A
0 (®)
Inat o
0.3F 0%o
~ nn
E/ °°o 'y b IOl
2 0.2f
@)
o)
0.1}
% 1 2 3 4
z in Na,GeS
1200
1024 (d)
-~ 1000}
e
< 800F
E
< 600
2
‘S 400t
§ 256
O 200f 128 %
N7 .zé
Li Na K

Fig. 5. OVCs of 3-GeS monolayer during the intercalation of AM atoms, (a) Li,GeS, (b) Na,GeS, (c) K,GeS. (d) The theoretical capacities of

AM atoms on the f3-GeS monolayer.

The specific capacity (Fig. 5(d)) of the 2D 3-GeS anodes
for Li, Na and K atoms are 128 mAh~g’1, 1024 mAh-g’l,
256 mAh-g~!, respectively. The B-GeS monolayer is not

suitable as the anode of Li-ion battery because of low Li
storage capacity and poor stability. While, for Na and

K atoms, the theoretical capacities are slightly higher than
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those reported for some 2D materials, such as MXenes
(Na <400 mAh-g~! and K < 200 mAh-g~!), Mo,C (Na
132 mAh-g~! and K 65 mAh-g~!), MoS, (Na 670 mAh-g~ 1),
a-GeS (Na 512 mAh-g~! and K 256 mAh-g~!) and graphite
(Na 35 mAh-g~! and K 279 mAh-g~!).3255-611 The sodium
storage capacity of $-GeS monolayer is twice of that of «-
GeS, which is due to the larger lattice constant and larger
pore size of B-GeS, the distance between adsorbed atoms is
larger, and the repulsive force generated between Na ions will

be weakened, which is more favorable to Na atom adsorption.
However, the effect of pore size on the K atoms adsorption
is not significant, the adsorption energy is smaller for the sec-
ond layer of K atoms due to the large radius of K atoms and the
long distance between K and -GeS. As shown in Table 1, like
other Ge-based chalcogenides, the 3-GeS monolayer is more
suitable as electrode material for NIBs with high theoretical

capacity.

Table 1. The specific capacities and energy barriers of different 2D anode materials for AM ion batteries.

Capacity (mAh-g~1)

Energy barrier (eV)

: _ Reference
Li Na K Li Na K

B-GeS 128 1024 256 0.276 0.258 0.208 this work
a-GeS 256 512 256 0.236 0.090 0.050 [32]

B-GeSe 353.65 353.65 0.08 0.052 [62]

a-GeSe 176.78 707.12 530.44 0.291 0.115 0.11 [49]

Cr,CO, 331 276 239 0.12 0.09 0.04 [63]
TizC, 447.8 351.8 191.8 0.068 0.096 0.103 [26]

Moreover, the electron localization functions (ELF) of
NasGeS and KGeS are displayed in Fig. 6, where the value
of 0.00 indicates no charge density distribution, while the val-
ues of 0.50 and 1.00 indicate fully delocalized and fully lo-
calized electrons. For NasGeS and KGeS, the electrons form
a negative electron cloud (NEC) around the Na and K atoms,
which can shield the repulsive forces between metal cations
and avoid the occurrence of clusters, thus better maintaining
the stability of the adsorption system. Compared with current
commercial graphite electrodes, f-GeS monolayer has high
capacity, low diffusion energy barrier and low open-circuit
voltage as anode material for NIBs. From the above described
findings, we conclude that 3-GeS monolayers can be consid-
ered as excellent anode materials for NIBs.

1.00

0.50

0

Fig. 6. ELF maps sliced in (010) direction of (a) NasGeS and (b) KGeS.

4. Conclusion

We have systematically investigated the performance of
B-GeS as anode material for AMIBs using the first-principles

calculations. The electrical conductivity of -GeS can be

enhanced after the adsorption of AM atoms due to the
semiconductor-to-metal transition. In addition, the low dif-
fusion energy barrier of AM atoms on the 3-GeS monolayer
provides a rapid charge/discharge rate for AIMBs applications.
Moreover, we found the -GeS monolayer with larger pores
has twice Na storage capacity (1024 mAh-g~!) than that of o-
GeS. Considering the low diffusion barrier (0.258 eV), high
capacity and low average OCV (0.211 V) for Na, the -GeS
monolayer can be used as a high performance NIBs anode ma-
terial.
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