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A B S T R A C T

Recently, two-dimensional layered materials have come forth as encouraging candidates for advanced electronic
and optoelectronic applications. Anode materials with high energy-density and diffusion rate are fundamental
features for the development of non-lithium ion batteries. Based on the density functional theory calculations,
we propose a two-dimensional (2D) sheet of germanium selenide (GeSe) as a promising anode material for a
sodium (Na) or potassium (K) ion battery. The phonon dispersion and formation energy verify the dynamic and
thermal stability of the GeSe sheet. A substantial charge transfer from the alkali metal atoms to the GeSe sheet
enhances the electrical conductivity of GeSe, favorable for an anode material. The Na or K diffusion on the GeSe
sheet has a low energy barrier of 0.10 eV, giving a rapid charge/discharge rate without metal clustering. The
GeSe sheet has a high theoretical capacity for both Na (707mA h g−1) and K (530mA h g−1) ion batteries. The
GeSe sheet also gives a low and stable electrode potential comparable to that of a commercial anode material.

1. Introduction

The high cost of lithium (Li) limits the applications of lithium-ion
batteries (LIBs) for large-scale energy systems, such as smart grids,
stationary power stations, and fully electric vehicles [1]. Consequently,
sodium (Na) and potassium (K) ion batteries (NIBs and KIBs) have at-
tracted considerable interest because of the higher abundances of Na
and K and the similar storage mechanisms of NIBs and KIBs to those of
LIBs [2–7]. A successful commercialization of NIB or KIB is limited by,
among others, the lack of a suitable anode material [8,9] with a rapid
charge/discharge rate, a high storage capacity, and a good capacity
retention.

In this regard, two-dimensional (2D) materials, having high surface
areas and superior electronic properties [10], are considered as anode
materials of LIBs, NIBs, and KIBs [11–16]. For example, a 2D black
phosphorus, phosphorene, gives a high storage capacity in NIB [17–19],
but it is thermally unstable and highly reactive towards O2 and H2O
[20–22]. Graphene contact or hexagonal boron nitride (h-BN) en-
capsulation of phosphorene [23,24] were proposed as strategies to
prevent the oxidative degradation. In contrast, 2D materials of group-IV
monochalcogenides MX (M=Si, Ge or Sn; X= S or Se) are known for
their stability, abundance, and environmental friendliness [25–29]. By
comprehensive first-principle calculations Zhou et al. showed that,
compared to phosphorene, the monolayers of group-IV

monochalcogenides have enhanced oxidation resistivities and thermo-
dynamic stabilities under ambient conditions [29]. A theoretical study
showed a 2D GeS sample has nice features of the theoretical capacity
and charging rate for NIB application [21]. Among monochalcogenides,
the 2D sheet of GeSe has a direct band gap [26]. Multi-layered sheets of
GeSe are recently applied to photovoltaic and photodetector applica-
tions [30–32]. An anode material made from GeSe nanocrystals shows
an excellent capacity retention for LIB [33]. Kim et al. reported that a
comb-shaped GeSe has high rate capability (331mA h g−1 at 20 C) and
remarkable cyclability (650mA h g−1 even after 1000 cycles) when
used in a LIB [34]. In addition, first-principle study showed that a 2D
sheet of GeSe can be a good candidate for LIBs [35].

However, currently, the applicability of a 2D GeSe sheet for a NIB or
KIB is unknown. Herein, the density functional theory (DFT) simula-
tions are performed to provide a comprehensive understanding on the
prospective application of a single-layered GeSe sheet for NIB or KIB.
The thermal and dynamic stabilities of the GeSe sheet and the practi-
cality of its isolation from the bulk GeSe are confirmed. The Na or K
diffusion on the GeSe sheet has a low energy barrier of 0.1 eV.
Moreover, the 2D GeSe sheet gives high theoretical capacities and low
and stable voltages for NIB and KIB. All these results indicate that a
GeSe sheet is a prospective anode material which gives a high-power
density and a rapid charge/discharge rate.
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2. Computational details

All the DFT calculations are performed using the Vienna ab initio
simulation package (VASP) [36,37]. The electron-ion interactions are
considered using the projector-augmented wave method [38]. We treat
the exchange correlation within the generalized gradient approxima-
tion in the form of the Perdew–Burke–Ernzerhof [39] functional. We
use an energy cutoff of 500 eV in the plane-wave expansion of a valence
electron wave function. The van der Waals interactions are included
using the semiempirical correction scheme of Grimme (DFT+D2) [40]
which successfully describes the binding energy and diffusion of lithium
on graphite [41]. To examine the adsorption and diffusion of metal
atoms, we model the 2D GeSe sheet as a 3× 3 slab, repeated periodi-
cally along the X and Y directions. A 20 Å-thick vacuum space is in-
troduced along the Z-direction to avoid the spurious interactions be-
tween the GeSe sheet and its periodic images. We optimize both the
lattice constants and atomic coordinates using the conjugate gradient
scheme without imposing any symmetry restrictions. A geometry op-
timization is taken to be converged if the change in energy is<
10−5 eV and the maximum force on each atom is< 0.02 eV Å−1.

We check the dynamic stability of the GeSe sheet by calculating its
phonon dispersion spectra using the Phonopy code [42]. The Brillouin
zones of the 2D and bulk GeSe are sampled using 4× 4×1 and
4× 3×4 Monkhorst-Pack [43] k-point grids, respectively. We use a
denser mesh of 12×12×1 to calculate the DOS and band structure of
the GeSe sheet. We employ the Bader charge analysis [44–46] to de-
termine the amount of charge transfer between metal and GeSe. We
study the diffusion of alkali metal atom by constructing the minimum
energy path based on the climbing image nudged elastic band (CI-NEB)
method implemented in the VASP transition state tools [47,48]. Nine
images are used, including the initial and final configurations in the CI-
NEB calculation. The zero-point energy (ZPE) and quantum tunneling
effects on the present ionic diffusion are expected to be small, as found
for Li diffusions on 2D SiS and SiSe [49] and Na diffusions in hexagonal
boron nitride/black phosphorene heterostructure [50].

3. Results and discussions

3.1. Structure of GeSe nanosheet

Our calculation gives the lattice parameters of the bulk GeSe as
a=3.87 Å, b=4.53 Å, and c=11.142 Å, which are consistent with
the previous theoretical studies using PW91 and PBE functional

[25,27]. The maximum deviations are within 3%. The 2D GeSe sheet
shows a puckered layer structure [51] (as shown in Fig. 1). The cal-
culated lattice parameters are a=3.94 Å and b= 4.42 Å. The lattice
parameters agree with previous computation using PBE functional
(deviation < 1%) [26]. The 2D GeSe have two distinct Ge–Se bond
lengths, l1= 2.61 Å and l2= 2.54 Å (Fig. 1a).

The thickness of the GeSe d (=2.52 Å) is greater than that of
phosphorene (=2.10 Å) (Fig. 1a). We estimate the thermodynamic
stability of the GeSe sheet by calculating the formation energy Ef de-
fined as

= − −E E E Ef GeSe Ge Se (1)

where EGeSe is the energy of the GeSe sheet and EGe and ESe are the
energies of Ge and Se atoms in the bulk, respectively. Ef is found to be
−0.25 eV per unit cell, confirming that the GeSe sheet is thermo-
dynamically stable (ignoring the entropic contribution which is negli-
gible at room temperature) [52,53].

We assess the dynamic stability of the GeSe sheet by examining the
phonon dispersion calculated using the density functional perturbation
theory [54]. The phonon spectra do not exhibit any imaginary fre-
quency (Fig. S1), proving the vibrational stability of the GeSe sheet.
Twelve modes of vibrations are present: three acoustic (lower curves)
and nine optical modes (upper curves). The optical and acoustic bran-
ches are well separated, as found for other 2D materials, such as gra-
phene [55], phosphorene [56], and stanene [57]. We evaluate the ex-
foliation energy of the GeSe sheet, Eexf , as

= ⎛
⎝

− ⎞
⎠

E E
N

Eexf
bulk

mono (2)

where Ebulk and Emono are the energies of the bulk GeSe made from N
(=2) layers per unit cell and the GeSe sheet, respectively. Compared to
the traditional few-layer slab model, the present method gives ex-
foliation energies with less computation time and reasonable accuracy
[15,58,59]. We find Eexf =0.14 eV per unit cell, comparable to those of
the experimentally synthesized graphene (0.21 eV), boron nitride
(0.28 eV) [59], MoN2 (0.17 eV) [15], and MoS2 (0.16 eV) [15,58].
Therefore, a common method such as mechanical exfoliation [60,61]
and liquid exfoliation [62,63] can be used to grow the GeSe sheet.

3.2. Adsorption of alkali metal atoms on GeSe nanosheet

We examine how strongly the GeSe sheet binds the alkali metal
atoms. A weak binding of metal can give an undesirable metal

Fig. 1. (a) Adsorption sites on the 2D GeSe sheet labelled with different letters (H, S, T, and B). The circles denote the unit cells. (b) An alkali metal atom (Li in this
case) adsorbed at site H which gives the strongest metal adsorption. In each panel, the top and side views are shown together.
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clustering (as found for pure graphene) which limits the performance of
the graphene sheet for a battery application [49,64,65]. As shown in
Fig. 1a, we first consider a single metal atom adsorbed at one of six sites
on the GeSe sheet, i.e., above the center of the triangle ring consisting of
two Ge atoms and one Se atom (H site) and two Se atoms and one Ge
atom (S site), top of a upper Ge–Se bond (Bup site) and lower Ge–Se
bond (Bdown site), and top of an upper Se atom (TSe site) and a Ge atom
(TGe site). For a given metal M, we define the binding energy, Ebind, as

= − − ×E E E N E N( )/bind MGeSe GeSe M (3)

where EMGeSe, EGeSe, and EM are the energies of the GeSe sheet adsorbed
with N metal atoms, the pristine GeSe sheet, and the isolated metal
atom, respectively. Table 1 lists Ebind for various adsorption sites. The
metal binding at H site is the strongest because of its high coordination
number [21,66,67]. The E sbind of Li, Na, and K atoms at H sites are
−1.92, −1.225, and −1.326 eV, respectively, which are stronger than
the cohesive energies of metal atoms (Li=−1.63, Na=−1.13, and
K=−0.94 eV) [68]. We investigate the energy vs. the height (h) of the
metal atom at site H (Fig. 1b). This energy decreases steeply from zero
to the minimum with decreasing h below 6 Å (Fig. S2). No energy
barrier exists in this surface loading process. The h at the minimum
(1.39, 2.12, and 2.52 Å for Li, Na, and K, respectively) increases with
increasing atomic number. With further decreasing the height from the
minimum point, the energy sharply increases.

To have further insight into the adsorption process, we calculate the
charge density difference ρΔ between GeSe and metal atom as

= − −ρ ρ ρ ρΔ MGeSe GeSe M (4)

where ρMGeSe, ρGeSe, and ρM are the charge densities of the metal-ad-
sorbed and the pristine GeSe sheets, and isolated metal atom, respec-
tively. Fig. 2 presents the charge dispersions of Li, Na, and K atoms
adsorbed at H sites. Clearly, a substantial electronic charge transfers
from the metal atom to the three adjacent atoms of the GeSe sheet (two
Se atoms and one Ge atom). The Bader charge analysis gives charge
transfers of 0.79e, 0.60e and 0.74e for Li, Na, and K atoms, respectively.

On the other hand, using the ultrasoft pseudopotential (US-PP), S.
Karmakar et al. [49] reported that Li donates 0.99e to the 2D GeSe. This
difference likely arises from the use of different potentials (US-PP vs
PAW method). A similar discrepancy is found for Li adsorption on 2D
GeS as well [21]. The alkali metal atoms essentially exist in their ca-
tionic states and the metal atoms are chemically adsorbed on the GeSe
sheet. This is compatible with the fact of greater electronegativity of Ge
and Se compared to the alkali metal atoms. The charge transfer from
metal to GeSe increases with strengthening the metal-GeSe binding
(decreasing Ebind). This trend is reasonable because the metal-to-surface
charge transfer is known to be responsible for the strong adsorption of
the metal atoms [19,69]. We investigate the electronic density of states
(DOS) and band structure of the GeSe sheet upon metal adsorption. For
pristine GeSe sheet, we observe a direct gap of 1.34 eV between the
valence band maximum (VBM) and conduction band minimum (CBM)
(Fig. S3a), which is consistent with other calculated values [26,70].
Fig. 3 shows the total DOS (TDOS) and partial DOS (PDOS). The PDOSs
show that Se 4p and Ge 4p orbitals mainly contribute to the VBM and

CBM, respectively. The significant charge transfer from metal to GeSe
effectively shifts the Fermi energy level into the conduction band re-
sulting enhanced electrical conductivity of the 2D GeSe. At the lowest
concentration of metal (M0.05GeSe), one band crosses the Fermi level
(Fig. S3). As the Fermi level has not shifted deep into the conduction
band, the 2D GeSe adsorbed with a single metal atom is rather n-doped
semiconducting than metallic. The previous studies showed however
that with increasing concentration of Na atoms, the band gap of Na-
phosphorene complex gradually decreases and eventually disappears
[18,19]. A full lithiation of 2D SiS/SiSe showed a similar behavior [49].
Therefore, with increasing metal atom concentrations, the present 2D
GeSe will become metallic.

3.3. Diffusion of alkali metal atoms on GeSe nanosheet

A facile diffusion of metal atom on the GeSe sheet will give a rapid
charge-discharge rate [71] for an anode made of this material [72]. We
find that a metal atom diffuses on the GeSe sheet via two distinct
pathways: one along the zigzag direction (H0-B1-S1-B2-H1) and the
other along the armchair direction (H0-T1-H2), as shown in Fig. 4a–c.
The energy profiles for the diffusions along the zigzag and the armchair
directions are plotted in Fig. 4d and e, respectively. Upon moving from
H0 to H1 site along the zigzag direction, a metal atom encounters two
energy barriers (B1 and B2) of equal heights and a metastable site (S1)
located at a local energy minimum. The energy barriers of Li, Na, and K
atoms along this pathway are 0.291, 0.115, and 0.11 eV, respectively.
The energy barrier of the Li diffusion is larger than those of Na and K
because the Li atom adsorbs more strongly than the Na and K atoms do.

Table 1
Binding energies of alkali metal atoms Ebind s (in eV) adsorbed at six different
sites of the GeSe sheet (Fig. 1a). Also listed are the heights of the alkali metal
atoms and the metal-to-GeSe charge transfer ρΔ calculated from the Bader
analysis. Both h and ρΔ are calculated for metal atoms adsorbed at H sites
(Fig. 1b).

Ebind
H Ebind

S Ebind
Bdown Ebind

Bup Ebind
TSe Ebind

TGe hH (Å) ρΔ H (IeI)

Li −1.92 −1.84 −1.61 −1.30 −1.04 −0.88 1.39 0.79
Na −1.25 −1.23 −1.11 −0.90 −0.86 −0.79 2.12 0.60
K −1.36 −1.32 −1.21 −1.01 −0.99 −0.96 2.52 0.74

Fig. 2. Differential charge densities of the GeSe sheets adsorbed with a Li (a),
Na (b), and K (c) atom. The electron depletion and accumulation, respectively,
are drawn in cyan and yellow colors. The isovalue is taken to be
0.002 IeI bohr−3.
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Fig. 3. Total and partial DOSs for 2D structures of the pristine GeSe (a), Li0.05GeSe (b), Na0.05GeSe (c) and K0.05GeSe (d). The PDOSs of the metal ions are enlarged
tenfold for visibility. The Fermi level is set to zero energy.

Fig. 4. Diffusion pathways of alkali metal atoms on the GeSe sheet. Top (a) and side (b and c) views are drawn together. Minimum energy profiles of alkali metal
atoms diffusing along the (d) zigzag and (e) armchair directions.
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These diffusion barriers are much lower than those found for boron
phosphide (0.15–0.36 eV) [72], graphene (0.33 eV) [73], MoN2

(0.49–0.78 eV) [15], Si (0.57 eV) [74,75], Sn (0.39 eV) [76], and TiO2-
based polymorphs (∼0.65 eV) [77,78]. The diffusion barriers of the
alkali metal atoms on different group-IV monochalcogenides and other
2D materials are listed in Table S1.

A metal atom diffusing along the armchair direction faces a single
energy barrier located at T1. Along with this direction, the energy
barriers of Li, Na, and K diffusion are 1.056, 0.43, and 0.37 eV, re-
spectively, which are higher than those along the zigzag pathway. This
is because, along with the armchair direction, the metal atoms face
strong ionic repulsion with the Ge atom at site T1. Using the Arrhenius
equation [17,79], the diffusion constant D is given by

⎜ ⎟≈ ⎛
⎝

− ⎞
⎠

D E
k T

exp a

B (5)

where Ea and kB are the activation energy and Boltzmann constant,
respectively. Accordingly, Li, Na, and K atoms diffuse along the zigzag
direction 8.664× 1012, 2.124×105, and 2.5× 104 times faster, re-
spectively, than along the armchair direction (at room temperature).
This high diffusion barrier effectively limits the metal atoms in the
zigzag direction and thus presumably prevents the clustering of metal
atoms [21,80], endowing the GeSe sheet with a long cycle life.

With increasing the atomic number, a metal atom grows in size and
therefore is placed farther above the 2D GeSe surface (manifested in the
enhanced hs). Consequently, the ionic repulsions between the nuclei of
the metal atom and GeSe are reduced in the diffusion pathways.
Therefore, the diffusion becomes faster with increasing the atomic
number. With the increasing atomic number of metal, the energy bar-
rier and directional anisotropy of diffusion decreases. Even for Na and K
atoms, the difference between the barriers along two pathways are still
very high (> 0.25 eV). Therefore, the diffusion along the armchair di-
rection and the resulting formation of metal clusters are effectively
blocked. The low diffusion barrier along zigzag direction makes
monolayer GeSe a potential anode, especially for Na and K battery
application. We also investigate metal atoms diffusing in the bulk GeSe
(3× 3×2) along the zigzag direction, as summarized in Fig. 5. The
bulk GeSe structure was modeled with our calculated lattice para-
meters. The diffusions of Li and Na atoms exhibit two energy barriers
separated by a local minimum in energy, which is similar to those found
for the GeSe sheet. The diffusion of K atom has no metastable state,
however, presumably because of the large atomic radius of K. The
diffusion barriers of Li, Na, and K atoms are 0.42, 0.28, and 0.25 eV,
respectively. The calculated energy barriers in the bulk GeSe are higher
than those measured on the GeSe sheet, owing to the spatial hindrance
arising from the interlayer interaction existing in the bulk GeSe [17].
Notably, the diffusivities of Na and K atoms in the bulk GeSe are still
larger than that of Li in the bulk GeSe or on graphene (0.33 eV) [73].

3.4. Voltage profile and specific capacity

We examine the average adsorption energies Eave s of metal atoms
located in different layers of the GeSe sheet. The Eave of the nth layer is
given by

=
− −−E

E M GeSe E M GeSe E( ) ( ) 8
8ave

n n M8 8( 1)

(6)

where E M GeSe( )n8 and −E M GeSe( )n8( 1) are the energies of the GeSe
sheets adsorbed with n and −n 1 layers of metal atoms, respectively, and
EM is the energy per atom in the bulk metal. Note that both sides of the
GeSe sheet are adsorbed and a total of eight atoms are adsorbed in each
layer (four atoms on either side of GeSe in the present 2× 2 supercell).
Eave indicates whether metal atoms bind to the nth layer ( <E 0ave ) or
cluster themselves (Eave > 0). The Eave of Li atoms in the first layer is
−0.26 eV, but the Li atoms in the second layer are unstable (Fig. S4a).
A similar behavior is reported in the adsorption of Li on a 2D GeS sheet
[21]. For Na adsorption, the present GeSe sheet holds up to four ad-
sorbed layers on each side. The Eaves of the first, second, third, and
fourth layers are −0.33, −0.20, −0.136, and −0.132 eV, respectively.
The adsorption in the fifth layer of Na gives a negative Eave
(−0.152 eV), but causes a severe bond elongation (11.3%) between the
Ge and Se atoms (l2) (Fig. S4b). The structural instability of the 2D GeSe
might be overcome by controlling the cut-off voltage to limit the AM
concentration, as a commercial LiCoO2 battery is operated under 4.2 V
to prevent the instability at a higher voltage (4.5 V) [81]. Finally, the
E save of K atoms in the first, second, and third layer vary as −0.46,
−0.036, and −0.032 eV, respectively. The Eaves of the second and third
layers of K atoms are relatively weak but still comparable to or even
stronger than found for Li on Nb2C (−0.02 eV per atom) [82] and Na on
Ca2N (−0.003 eV per atom) [83], MoN2 (−0.02 eV per atom) [15], and
GeS (−0.02 eV per atom) [21]. However, for the fourth layer of K
atoms, the Eave becomes positive (0.06 eV), indicating the formation of
metal clusters in the fourth layer.

We investigate the open circuit voltage (OCV) and the storage ca-
pacity of the GeSe sheet. The following half-cell reaction (vs. M/M+) is
considered:

+ + ↔+ −GeSe x M x e M GeSex

The intercalation potential is calculated by considering only the
thermodynamically stable phases. A piecewise voltage profile is ob-
tained by constructing a formation energy convex hull. To calculate the
DFT formation energy, all the symmetrically distinct configurations are
generated by using Python Materials Genomics (Pymatgen) [84]
package. The formation energy EΔ form, is calculated as

= − − ×E E E x EΔ form M GeSe GeSe Mx bulk (7)

where EM GeSex , EGeSe, and EMbulk are the energies of the GeSe sheet ad-
sorbed with x metal atoms, the pristine GeSe sheet, and the energy per
metal atom in the bulk, respectively. Fig. 6(a) shows the formation

Fig. 5. Top (a) and side (b) views of Li atoms diffusing in the bulk GeSe. Energy profiles for the diffusions of metal atoms (c).
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energy convex hull on which the intermediate phases are lying. The
stable intermediate phases of M GeSex involve x s of 0.00, 0.125, 0.25,
0.875, and 1.00 for Li. Similarly, x values are 0.00, 0.25, 0.50, 0.75,
1.00, 1.50, 1.75, and 4.00 for Na and 0.00, 0.25, 0.50, 1.00, and 3.00
for K. These ionic concentrations are used to compute the electrode
potential V [52,85] given by

= −
− − −

−
V

E M GeSe E M GeSe x x E
x x e

( ) ( ) ( )
( )

x x M2 1

2 1

bulk2 1

(8)

where E M GeSe( )x2 and E M GeSe( )x1 are the total energy of the GeSe
sheet adsorbed with x2 and x1 metal atoms and EMbulk is the energy per
atom of the bulk metal. The voltage is related to the Gibbs free energy G
(= + −E P V T SΔ Δ Δ ), but the volume ≈ −P V( Δ 10 eV)5 and entropic
effects ≈T S( Δ 25 meV) are negligible at room temperature [52]. The
electrode potentials of the 2D LixGeSe are 0.16–0.50 V with an average
of 0.26 V. Upon connecting to a high voltage cathode ∼4 V (as the
average voltages of LiCoO2 and LiMn2O4 are around 4.1–4.2 V vs Li/
Li+) [21,85–87], this will give a desirable OCV of 3.84–3.50 V. The 2D
NaxGeSe and KxGeSe have electrode potentials of 0.12–0.44 V (OCV,
3.88–3.56 V) and 0.04–0.67 V (OCV, 3.96–3.33 V), with averages of
0.27 V and 0.38 V, respectively. The previous experiments [33,34]
showed, during the first discharge process of Li insertion, the GeSe
nanoparticle undergoes irreversible decomposition into Ge and Li2Se at
∼1.0–1.3 V. These Ge nanoparticles have high Coulombic efficiency
through the reversible insertion/extraction process (Ge+ xLi→ LixGe).
These irreversible and reversible reactions will not take place for the
present monolayer of GeSe which has theoretical voltages of
0.16–0.50 V.

The 2D GeSe sheet holds a maximum of 2 Li, 8 Na, and 6 K atoms
per unit cell (Fig. 6). The electrode potentials of the GeSe sheet have
average values comparable to those of commercial anode materials
such as graphite (0.10 V) [88] and TiO2 (1.5 V) [89]. The present vol-
tages do not fluctuate from their averages by more than 0.33 V. These
low electrode potentials and stable voltage profiles suggest that the 2D
GeSe sheet qualifies as an anode material for LIB, NIB, and KIB appli-
cations. The GeSe sheet holds up to 1 Li, 4 Na, and 3 K layers, giving the
stoichiometries of LiGeSe, Na4GeSe, and K3GeSe, respectively (Fig. S5).
The theoretical capacity C is given by

=C x F
MW

max

GeSe (9)

where xmax is the maximum fraction of metal atoms in M GeSex , F is the
Faraday constant (26.8 A hmol−1), and MWGeSe is the molecular weight
of GeSe (151.57 gmol−1). The storage capacities of the 2D GeSe anodes
for Li, Na and K atoms are 176.78mA h g−1, 707.12mA h g−1, and
530.44mA h g−1, respectively. Note that the present theoretical capa-
cities for Na and K are much larger than those of other 2D anode ma-
terials reported previously, such as MXenes (Na < 400 and
K < 200mA h g−1) [12], Mo2C (Na 262mA h g−1 and K 65mA h g−1)
[72], MoS2 (Na 335mA h g−1) [90], VS2 (Na 233mA h g−1) [91], GeS
(Na 512 and K 256mA h g−1) [21], SiS (Na 445mA h g−1) [92], and
graphite (K 279mA h g−1) [93]. The previous studies report that the Na
storage capacity of the bulk MoS2 (190mA h g−1) can be enhanced
using an exfoliated MoS2/C composite (400mA h g−1 even after 100
cycles) [94,95], A similar heterostructure or a composite approach
might enhance the Na or K storage capacity of the present GeSe sheet
even more. Table S1 provides a comparison of theoretical capacities
among different 2D materials.

We compare the specific capacities of the bulk GeSe with those of
2D GeSe. Firstly, we checked the thermodynamic stability of metal
atom insertion by calculating the average adsorption energy (Eave). The
Eave s of Li, Na, and K are−0.85, −0.76, and−0.78 eV per alkali metal
atom, respectively. The fully lithiated (sodiated and potassiated) bulk
GeSe can hold only one Li (Na and K) atom per unit cell with chemical
stoichiometries of Li0.5GeSe. Therefore, the theoretical capacity of the
bulk GeSe (∼88.5mA h g−1) is much lower than the 2D GeSe. We also
investigate the degree of bulk GeSe-volume expansion on full Li, Na,
and K insertion. With Li insertion, the volume of the bulk GeSe is in-
creased by 6.71%, whereas the volume expansions for the Na and K
cases are 11.34% and 20.40%, respectively. These volume enlarge-
ments are quite small compared to those of Si, Ge, and Sn anodes. The
expansion on lithium intercalation is even smaller than that of graphite
(∼12%) [96].

In all our DFT calculations, we used the DFT+D2 semiempirical
correction of Grimme to include the van der Waals (vdW) interactions.
Comparing our results with other semiempirical or fully nonlocal

Fig. 6. (a) Calculated formation energy convex hull at different Li/Na/K concentrations and (b) voltage profile (vs M/M+) using the concentration of the tie lines on
the convex hull of LixGeSe, NaxGeSe, and KxGeSe systems. The stars indicate the maximum theoretical capacity for each alkali metal atom.
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correction schemes would be more comprehensive. However, we expect
that the present results will not deviate much, as the DFT+D2 method
is well known to describe the adsorption energy and diffusion of Li in
graphite with good accuracy [41]. An organized comparison of ad-
sorption and diffusion behaviors with different vdW correction schemes
is left as a future work.

4. Conclusion

Using DFT calculations, we illustrate the prospective features of a
2D GeSe sheet for Na and K ion battery applications. The formation
energy and phonon spectra of the GeSe sheet confirm the energetic and
dynamic stabilities of this 2D material. Our calculation suggests that the
GeSe sheet can be exfoliated from the bulk material. All the alkali metal
atoms strongly adsorb to the GeSe sheet. Na (0.115 eV) and K (0.11 eV)
atoms easily diffuse on the GeSe sheet, giving a rapid charge-discharge
rate for NIB or KIB application. A substantial charge transfer from metal
to GeSe modifies the semiconducting 2D GeSe to a metallic one, giving
an enhanced electrical conductivity. A relatively high capacity for Na
(707mA h g−1) or K (530mA h g−1) demonstrates that the 2D GeSe
sheet can serve as an efficient anode material for a NIB or KIB. Among
group-IV monochalcogenides, the 2D SiS is theoretically predicted to be
best suited for LIB applications [21,35,49]. The current study further
reveals that the 2D GeSe emerges as the most promising candidate for
Na-ion and K-ion battery applications, having a better theoretical ca-
pacity and an energy density than the other members [21,92].
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