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A B S T R A C T

By using the density functional theory, we propose that the two-dimensional (2D) SiGe is a promising anode
material of a sodium or potassium ion battery. We confirm the thermal and dynamic stabilities of the SiGe sheet
by calculating the formation energy and phonon dispersion, respectively. The SiGe sheet provides moderate/low
migration energy barriers for the alkali metal atoms (0.14–0.35 eV), suggesting fast charge/discharge rates. The
SiGe sheet gives high theoretical capacities (for Li/K∼ 532mA h g−1 and for Na∼ 1064mA h g−1) and stable
voltage profiles.

1. Introduction

Owing to the low abundance and high cost of lithium (Li), it is
highly desired to develop alternative secondary battery systems [1,2].
Sodium-ion batteries (NIBs) and potassium-ion batteries (KIBs) are thus
extensively studied because of their higher abundances and similar
intercalation chemistries [3–5]. Designing an anode material with a
robust electrochemical performance is a major challenge in developing
such a battery [6,7]. The conventional graphite anode of lithium-ion
battery (LIB) cannot be used for NIB or KIB, because of the slow Na/K
intercalation into graphite which leads to a slow charge–discharge rate
[8,9].

In this regard, anode materials made of silicon (Si) and germanium
(Ge) emerge as potential candidates due to their high specific capacities
[10,11] and low working potentials [12,13]. However, commerciali-
zation of the bulk Si or Ge anode is hampered by the excessive volume
change during the metal insertion-deinsertion process which gives poor
reversibility and safety issues [13]. Enhanced properties might be ob-
tained by combining two elements Si and Ge [14–16]. Due to elevated
electrical conductivity and Li diffusivity of Ge, it is believed that in-
tegrating Ge with Si can improve the diffusivity of Li and electronic
conductivity of Si [12,17,18]. Moreover, in SiGe alloy, Li reacts with Si
and Ge at different potentials [12,19]. Consequently, when Li inserts
into Si, Ge can buffer the volume change of the Si [12,19,20]. Porous
micro- and nano-particles of the alloy of SiGe were shown to serve as
anode materials for LIBs with high reversible capacities
[12,18,19,21–23]. However, the nanoporous SiGe alloys were obtained

by complex multistep methods with low production efficiency, hin-
dering their large-scale industrial production [18,21–23].

On the other hand, two-dimensional (2D) materials, due to their
high surface areas, recently have been considered for anode materials,
including phosphorus (P) [24,25], boron (B) [26,27], Si [28,29], Ge
[30,31], and tin (Sn)-based anodes [32,33]. Theoretical studies re-
vealed that the 2D sheet of Si (silicene) does not suffer from an irre-
versible structural change during the lithium insertion [34]. The den-
sity functional theory (DFT) calculations proposed that a sheet of Si or
Ge (germanene) can deliver high capacities for Li- and Na-ion batteries
[35,36]. Unfortunately, the 2D sheets of Si and Ge are unstable under
the ambient conditions however, making these materials inapplicable
to real batteries [37,38].

A graphene-like structure of SiGe (siligene) was recently studied by
using the ab initio calculation and found to be energetically more stable
than the 2D Ge [39,40]. The buckled geometrical structure of SiGe
sheet gave electronic band structures similar to those found for gra-
phene. Significantly, within the sheet of SiGe, the Si atom has a higher
degree of hydrogenation than that of the Ge atom [41]. Consequently,
the electronic structure of the SiGe sheet can be tuned by controlling
the coverage of hydrogen. The tunable electromagnetic properties of
the SiGe sheet opens up the applications of the 2D SiGe in electronic
devices [39].

Considering the promising optical features of the 2D SiGe, we here
study the suitability of the 2D SiGe as an anode material of LIB, NIB, or
KIB. By performing DFT calculations, we show the 2D SiGe sheet is both
thermally and dynamically stable. The SiGe sheet possessed low
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diffusion barriers (0.14–0.35 eV) and low open-circuit voltages
(1.08–1.38 V). Moreover, the sheet of SiGe yielded high capacities of
1064mA h g−1 for Na and 532mA h g−1 for K, which are much higher
than those of the other 2D anode materials reported. We unraveled
physical insights for the adsorption behaviors of alkali metals on the 2D
SiGe. Thereby, we propose that the 2D sheet of SiGe is a promising
anode material of a NIB or KIB.

2. Computational methods

The electron-ion interactions were calculated by using the projector-
augmented wave (PAW) method [42]. The generalized gradient ap-
proximation (GGA) of the Perdew–Burke–Ernzerhof (PBE) functional
was used for the exchange-correlation [43]. We used the plane-wave
cutoff energy of 520 eV in the expansion of the valence electron wave
function. The van der Waals interaction was taken into account by using
the semi-empirical correction scheme of Grimme (DFT+D2) [44]
which successfully described the adsorption and diffusion of lithium in
graphite [45]. The adsorption and diffusion of metal ions on the 2D
SiGe sheet were modeled by using a 4× 4×1 slab. We used a vacuum
spacing of 20 Å along the Z-direction to remove the fictitious self-in-
teraction of the supercell and its periodic images. For the purpose of
evaluating the theoretical capacities and voltage profiles, we used a
3× 3×1 sheet of SiGe. The convergence criteria for the energy and
force were taken to be<10−5 eV and<0.01 eV Å−1, respectively.

We calculated the phonon dispersion spectra to evaluate the dy-
namic stability of the SiGe sheet by using the Phonopy code [46]. In the
geometry optimizations, the Brillouin zones of the 2D and bulk SiGe
were sampled using 3×3×1 and 3×3×2 Monkhorst-Pack [47] k-
point meshes, respectively. In calculating the density of states (DOSs)
and band structures, we used a denser k-point mesh (9×9×1). We
calculated the difference in charge density by the Bader charge analysis
[48–50]. The minimum energy paths were constructed by using the
climbing image nudged elastic band (CI-NEB) method [51,52]. Five
intermediate images were considered for the CI-NEB calculation. All the
electronic structure calculations were executed using the Vienna ab
initio simulation package (VASP) [53,54].

3. Results and discussion

3.1. Structure of SiGe sheet

The lattice constants of the bulk SiGe were calculated as a=3.88 Å
and c=6.40 Å. The lattice parameter of the 2D SiGe was a=3.91 Å,
agreeing with the previous DFT studies [39,40] with deviations less
than 1%. Unlike the planar graphene, the sheet of SiGe had a hexagonal
buckled structure in which Si and Ge atoms were alternately placed in
two sublattices (Fig. 1). The buckling amplitude (Δ) of the 2D SiGe was
0.58 Å, less than that (0.81 Å) of the bulk SiGe. The Si-Ge bond length of
the 2D SiGe was 2.34 Å, which is longer than the Si-Si bond length

(2.28 Å) in silicene but shorter than the Ge-Ge bond length (2.40 Å) in
germanene [39]. The lattice constant and buckling amplitude of the 2D
SiGe (a=3.91 Å and Δ=0.58 Å) were between the corresponding
values of silicene (a= 3.86 Å and Δ=0.42 Å) and germanene
(a= 4.03 Å and Δ=0.67 Å) [39,40].

We calculated the formation energy of the 2D SiGe, Ef , as

= − −E E E E ,f SiGe Si Ge (1)

where ESiGe, ESi, and EGe are the energies of the SiGe sheet, of a single Si
atom in the bulk, and of a single Ge atom in the bulk, respectively. The
negative formation energy (−1.51 eV per unit cell) confirmed the
thermodynamic stability of the 2D SiGe. We ignored the entropy effect
which should be negligible at room temperature [31]. The dynamic
stability of the sheet of SiGe was checked by constructing the phonon
dispersion spectra using the density functional perturbation theory
(DFPT) [55]. The absence of an imaginary frequency in the phonon
spectra (Fig. 1c) proved the vibrational stability of the sheet of SiGe.

3.2. Adsorption of alkali metal atom on the sheet of SiGe

An undesirable formation of a metal cluster will not occur if metal
atoms strongly bind to an electrode material [56]. Therefore, we stu-
died the binding of a metal atom on the SiGe sheet. We found four most
favorable binding sites as illustrated in Fig. 1a: sites above the center of
the hexagonal ring (site H), above the Si atom (site TSi), above the Ge
atom (site TGe), and above the midpoint of the Si-Ge bond (site B). We
defined the adsorption energy of an alkali metal atom M (=Li/Na/K),
Eads, as

= − −E E E E ,ads MSiGe SiGe M (2)

where EMSiGe and ESiGe are the total energies of the metal-adsorbed sheet
of SiGe and of the pristine SiGe sheet, respectively, and EM is the energy
per metal atom in their bulk. By definition, the more negative is Eads,
the stronger is the adsorption. In the adsorption process, a metal atom
moved from site B to the top of the nearest Si atom (TSi) (Fig. S1),
showing that a metal atom cannot be adsorbed at site B. Table 1 lists
Eadss for different binding sites. The binding at site H was the strongest
because of its high coordination number [30,57]. The E sads of Li, Na,
and K atoms at site H were −0.85, −0.84, and −1.24 eV, respectively.

The adsorption of a metal atom on the sheet of SiGe was further
analyzed by calculating the difference in the charge density, ρΔ , defined
as

= − −ρ ρ ρ ρΔ MSiGe SiGe M, (3)

where ρMSiGe, ρSiGe, and ρM are the charge density values of the metal-
adsorbed and pristine sheets of SiGe and of a single metal atom, re-
spectively. Fig. 2 illustrates ρΔ for the metal atoms adsorbed at site H,
showing a significant electron transfer from metal to SiGe. The Bader
charge analysis showed that the Li, Na, and K atoms donate 0.87e,
0.85e, and 0.94e to the substrate, respectively. The metal atoms thus

Fig. 1. (a) Top and (b) side views of the optimized structure of the 2D SiGe. The unit cell is marked with a circle and different binding sites are denoted by labels H,
TGe, TSi, and B. (c) Phonon dispersion curves calculated for the 2D SiGe sheet.
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existed in virtually cationic states and were chemically bonded to the
sheet of SiGe. These ρΔ s indicate that the binding of K is stronger than
that of Li or Na.

An anode material should have a good electrical conductivity for
fast electrochemical reactions during the charge and discharge cycles.
We, therefore, investigated the electronic DOSs and the band structure
of the 2D SiGe upon adsorption of metal. We found that the 2D SiGe
possesses the Dirac cone-shaped band dispersion at the ‘K’ point with a
band gap of 12meV (Fig. S2), as found in the previous theoretical study
[40]. Similar Dirac-cones at K point were observed in the conventional
Dirac-fermion materials such as graphene [58,59], silicene [60,61], and
germanene [61,62]. The partial DOSs (PDOSs), drawn in Fig. 3, show
that the DOS in the vicinity of the Fermi level is equally contributed by
Si and Ge atoms, indicating that the Dirac cone is a mixture of Si and Ge
states [40]. The metal-to-SiGe charge transfer effectively shifted the
Fermi energy level into the conduction band. The adsorption of a single
metal atom thus enhanced the electrical conductivity of the semi-
conducting sheet of SiGe. Similar behavior was observed for other
anode materials, such as phosphorene [24,25], group-IV mono-
chalcogenides [30,56], and boron phosphide [26].

We studied the electronic structure of the 2D sheet of SiGe with
increasing the concentration of metal. At a low coverage of Li, electrons
transferred from Li atoms to the sheet of SiGe, rendering a metallic state
of LixSiGe (Fig. S3a). Upon full lithiation (Li2.0SiGe) however, electrons
transferred from SiGe to the layer of Li (Fig. 4a). Resultingly, the band
gap of the 2D SiGe widened from 0.012 eV to 0.98 eV, which is un-
desirable for application in LIBs. The prior theoretical studies showed
that the poor electronic conductivities of the sheets of phosphorene

[63] and SnS2 [64] can be enhanced by introducing graphene sheets.
The heterostructure of SiGe and graphene might solve the present in-
ferior electrical conductivity, but this needs experimental verification.
By contrast, the full adatom adsorption of Na and K increased the total
DOS around the Fermi level (Fig. S3). In these cases, the band gaps
disappeared at the Fermi level, implying that these structures will give
metallic electronic responses.

3.3. Diffusion of Li/Na/K atom on 2D SiGe

For a fast charging and discharging [65,66], metal atoms should be
highly mobile on the sheet of SiGe. We studied the diffusions of metal
atoms between two neighboring centers of the hexagonal rings (H sites)
of the 2D SiGe. We found three pathways for migration of metal atoms
(Fig. 5a): one directly through the bond between Si and Ge atoms (Path-
1), one through the top of Si atom (Path-2), and one through the top of
Ge atom (Path-3). Upon optimization, metal atoms deviated from the
straight Path-1 and switched to Path-2 eventually. This arose from that,
during the surface loading process, metal atoms diffused from the
bridge position to the top of the Si atom, as found in the adsorption
process (Fig. S1). Metal atoms, therefore, followed the zigzag pathways
(Path-2 and Path-3).

The energy profiles of Path-2 (H1-TSi-H2) and Path-3 (H1-TGe-H2) are
shown in Fig. 5b and c, respectively. In Path-2, metal atom encountered
two energy barriers of the same height separated by a metastable site
(TSi). The energy barriers for the diffusions of Li, Na, and K atoms were
0.35, 0.21, and 0.14 eV, respectively. On the other hand, the activation
energies for Path-3 were 0.60, 0.43, and 0.34 eV for Li, Na, and K, re-
spectively, which are higher than those for Path-2. In Path-3, the dif-
fusion of Li faced two energy barriers separated by a metastable state,
but the diffusions of Na and K atoms had a single energy barrier without
any metastable state. This is attributed to the larger atomic radii of Na
and K. We estimated diffusion constant, D, by using the Arrhenius
equation [24,67],

⎜ ⎟≈ ⎛
⎝

− ⎞
⎠

D E
k T

exp ,a

B (4)

where kB and Ea are the Boltzmann constant and activation energy,
respectively. According to Eq. (4), Li, Na, and K atoms diffuse along
Path-2 1.69× 104, 5.25×103, and 2.41×103 times faster, respec-
tively, than along Path-3 at room temperature. In both pathways, the
energy barrier for diffusion decreased with increasing the atomic
number of metal. Na and K atoms, having larger atomic radii, were
placed at distances longer than that of Li from the surface of SiGe and
thus experienced less attraction from SiGe. The present energy barriers
of diffusion are lower than those of Si2BN (0.32–0.48 eV) [28], MoN2

(0.49–0.78 eV) [68], Si (0.57 eV) [69], and TiO2 (∼0.65 eV) [70,71]
but comparable to those of other layered anode materials such as TiS3
(0.26–0.35 eV) [72], TiC3 (0.18 eV) [73], and popgraphene (0.37 eV)
[74].

3.4. Voltage and theoretical capacity

The storage performance of the SiGe sheet was evaluated by
studying the concentration-dependent adsorption behavior of metal
atoms. Note both sides of the 2D SiGe can be adsorbed with metal
atoms. The adsorption energy of metal atoms in the nth layer, Eave, (on
both sides of SiGe) was given by

=
− −−E

E M SiGe E M SiGe E( ) ( ) 18
18

,ave
n n M18 18( 1)

(5)

where E M SiGe( )n18 and −E M SiGe( )n18( 1) are the total energies of SiGe
sheets adsorbed with n and −n 1 layers of metal atoms, respectively,
and EM is the energy per atom of the bulk metal. Eave indicates whether
the nth layer of metal atoms preferably binds to the 2D SiGe ( <E 0ave )

Table 1
Adsorption energies of alkali metal atoms Eadss (in eV) at three different binding
sites of the SiGe sheet (Fig. 1a). Also listed are metal-to-SiGe charge transfers

ρΔ s at H sites (Fig. 1b) calculated by using the Bader charge analysis.

Metal Adsorption energy (eV) ρΔ H (IeI)

H TSi TGe

Li −0.85 −0.55 −0.25 0.87
Na −0.84 −0.65 −0.40 0.85
K −1.24 −1.12 −0.91 0.94

Fig. 2. Difference in the charge of the 2D SiGe adsorbed with a single Li (a), Na
(b), or K (c) atom. The cyan and yellow areas represent electron loss and gain,
respectively. The isosurface value is set to 0.001 IeI bohr−3.
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or cluster themselves (Eave > 0) [8,75,76]. In the first adsorption layer,
metal atoms adsorbed to the most stable H sites. The Eave of Li atoms in
the first layer was −0.91 eV. The adsorption of the second layer of Li,
however, caused an unfavorable rearrangement of the Si–Ge bonds of
the 2D SiGe. The resulting distortion of the 2D SiGe was irreversible
(Fig. S4). Hence, only a single layer of Li atoms could adsorb on the 2D
SiGe. For the adsorption of Na, the Eaves in three consecutive layers
were −0.85, −0.039, and 0.06 eV, respectively, indicating the clus-
tering of Na in the third layer. Na atoms in the second and third layers
adsorbed on TSi and TGe sites, respectively. The E save of two K layers
varied as −0.77 and 0.0075 eV, respectively, so that K atoms in the
second layer cluster. Fig. S5 illustrates the adsorption patterns adsorbed
with the maximal capacities of metal atoms.

To understand the multilayer adsorption behaviors of Na and K
atoms, we evaluated the electron localization functions (ELFs) of the
(1 1 0) sections of the SiGe sheets adsorbed with three Na layers and

two K layers (Fig. 6). In the ELF plot of the third layer of Na, a sig-
nificant portion of electrons resided between Na atoms, indicating the
strong bonding between them. The PDOS of NaxSiGe (Fig. 6b) near the
Fermi level had a little contribution from Na atoms in the first layer,
indicating the weak repulsion between SiGe and Na. The Na atoms in
the subsequent adsorption layers however largely contributed to the
DOS near the Fermi level. The strong repulsion between SiGe and Na
decreased the adsorption strengths of Na atoms in the second and third
layers. Similarly, K atoms in the second layer tended to form metal
clusters. The ELF of the K second layer shows that electrons are more
localized, presumably due to the electron transfer from the spherical s
orbital of K to the nonspherical p or d orbital of Ge. In the PDOS of
KxSiGe (Fig. 6d), even the first layer of K atoms gave some contributions
in the vicinity of the Fermi level, governing the repulsion between SiGe
and K atoms. This repulsive interaction weakened the adsorption
strength of the K atoms in the first layer, compared to those of the Li

Fig. 3. Total and partial density of states of the sheets of the pristine SiGe (a), Li0.11SiGe (b), Na0.11SiGe (c), and K0.11SiGe (d). The Fermi level is set to zero energy.

Fig. 4. (a) Differential charge densities of the fully lithiated SiGe sheet. The cyan and yellow areas represent electron loss and gain, respectively. (b) PDOS of Li2.0SiGe
representing a broadening of the band gap.
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and Na atoms in the first layer. In addition, Na and K atoms in the
outermost layers were too far from SiGe (by distances of 7.35 and
6.46 Å, respectively) to be chemically bonded.

The ionic intercalation potential is another crucial factor which
determines the energy density of the electrode material. The voltage
and capacity were evaluated by considering the common half-cell re-
action vs. M/M+:

+ + ↔+ −SiGe xM xe M SiGex

We studied the stabilities of the intermediate phases (M SiGex ) re-
lative to two end structures: the pristine 2D SiGe and 2D SiGe loaded
with the maximal capacity of Li, Na, or K (Li2SiGe, Na4SiGe, or K2SiGe,
respectively). To construct a formation energy convex hull, we

generated all the symmetrically distinct configurations at different
metal concentrations by using the Pymatgen package [77]. The for-
mation energy, EΔ form, was given by [28]

= − ⎡
⎣⎢

+ − ⎤
⎦⎥

E E
xE y x E

y
Δ

( )
form M SiGe

M SiGe SiGe
x

y

(6)

where x and y are the intermediate and maximum concentrations of
metal atoms per unit cell of 2D SiGe, respectively. ESiGe, EM SiGex , and
EM SiGey are the total energies of the pristine 2D SiGe, and 2D SiGe ad-
sorbed with x and y metal atoms, respectively. Fig. 7a shows the convex
hull of the formation energy where the stable phases are lying on the
hull. For Li, the intermediate phases of M SiGex had xs of 0.00, 0.33,
1.00, and 2.00. Similarly, x values of Na were 0.00, 0.33, 2.00, and 4.00

Fig. 5. (a) Migration pathways of Li/Na/K metal atoms and the corresponding minimum energy profiles along (b) Path-2 and (c) Path-3.

Fig. 6. Electron localization functions calculated for the (1 1 0) cross-sections of the multilayers of Na (a) and K (c) atoms adsorbed on the SiGe sheet. The corre-
sponding PDOSs of the SiGe sheets adsorbed with metal layers are shown in (b) and (d).
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and x values of K were 0.00, 0.33, 0.66, 1.00, 1.33, and 2.00. These
compositions were then used to compute the voltage, V [78,79], given
by

= −
− − −

−
V

E M SiGe E M SiGe x x E
x x e

( ) ( ) ( )
( )

x x M2 1

2 1

bulk2 1

(7)

where E M SiGe( )x2 and E M SiGe( )x1 are the total energies of the 2D SiGe
adsorbed with x2 and x1 metal atoms, respectively, and EMbulk is the
energy per atom of the bulk metal. The calculated voltages for LixSiGe
were in the range of 0.92–1.38 V, with an average open circuit voltage
(OCV) of 1.15 V. The 2D NaxSiGe and KxSiGe had electrode potentials of
0.49–1.34 V and 0.47–1.08 V, with average OCVs of 0.91 V and 0.78 V,
respectively. The calculated voltages were within the range found for
graphite (0.10 V) [80] and TiO2 (1.50 V) anodes [81].

The present 2D SiGe held the maxima of 2 Li, 4 Na, and 2 K atoms
per unit cell (Fig. 7) giving the stoichiometries of Li2SiGe, Na4SiGe, and
K2SiGe, respectively. The theoretical capacity, C , was given by

=C x F
MW

max

SiGe (8)

where xmax is the highest concentration of metal atoms in M SiGex , F is
Faraday constant, and MWSiGe is the molar mass of SiGe. The calculated
theoretical capacities of the 2D SiGe for Li, Na and K atoms were
532.13mA h g−1, 1064.247mA h g−1, and 532.13mA h g−1, respec-
tively. These storage capacities are appreciably higher than found for
other 2D anodes, such as MXenes [82], group-IV monochalcogenides
[31], MoN2 [68], Ti3C2 [83], ScO2 [84], TiS3 [72], and VS2 [85,86].
Table S1 lists the storage capacities of different 2D anode materials.

4. Conclusion

Using the DFT simulation, we systematically studied the structural,
electronic, and electrochemical properties of the 2D sheet of SiGe as an
anode material for Li/Na/K ion batteries. The present 2D sheet of SiGe
was thermally and dynamically stable. The metal atoms preferred to
adsorb on the 2D SiGe without the formation of a metal cluster. Due to
the charge redistribution, the adsorption of alkali metals enhanced the
electrical conductivity of the SiGe sheet. Upon full lithiation, the band
gap of the 2D SiGe was reopened, but the fully sodiated and potassiated

sheets of SiGe were still metallic. The alkali metal atoms consistently
diffused with low diffusion barriers, indicating a fast charging and
discharging of the present 2D SiGe. The calculated average OCVs were
in the range of those of commercial anode materials. With a high sto-
rage performance as well, the present 2D SiGe is a promising material
as an anode for Na- and K- ion batteries.
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