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Abstract. Considering the significance of natural gas, such as methane, and the difficulties in storing it, research is increasingly
focusing on developing materials for solid-state methane storage. Two-dimensional materials have a large number of possible
adsorption sites for gas molecules due to their high surface-to-volume ratio. However, the two-dimensional structure is chemically
inactive and attracts nonpolar gases rather weakly. We investigated the methane gas adsorption capabilities of silicene by activating
it with different defects. According to our density functional theory calculations, the mono-vacancy (MV) defect is advantageous
in increasing the binding strength of energy-carrying gases such as methane. In MV defective silicene, methane adsorption energy
is detected in the order of the internationally specified energy regime.
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INTRODUCTION

Existence of two dimensional (2D) crystal was thought
impossible for many years. It was considered that they
would ultimately changed back to three dimensional (3D)
form [1]. Presence of thermal fluctuation cause atomic
displacements of same magnitude as the atomic distance
make 2D form unstable. But now scenarios is completely
different, almost 700 2D materials have been predicted to
be stable, very few of them being synthesized till date [2].
The discovery of graphene provides the breakthrough for
the advancement in the field of research and stimulates
a strong effort to search theoretically and experimentally
for similar 2D materials [3]. As a result, silicene the
graphene equivalent of silicon was mentioned in the theo-
retical study of Takeda and Shiraishi in 1994 [4] and then
re-investigated by Guzman-Verri et al. [5] in 2007, who
named it silicene has followed the trend, opening new per-
spectives for applications, especially because of its com-
patibility with Si-based electronics. In 2009 low buck-
led geometries were confirmed to be dynamically stable
through ab-initio calculations [6]. Despite such low-
buckled structure silicene shared must of the outstanding
electronic properties of graphene. Much stronger spin-

orbit coupling, better tunability of bandgap, easier val-
ley polarization and more suitability of valleytronics are
prominent advantages of silicene over graphene [7].

The presence of zero bandgap characters of silicene
hinders its applications in nano-electronic and opto-
electronic devices. Thus it is desirable to open a finite
bandgap in silicene. And hydrogenation can convert sp2

hybridized silicene to sp3 and provide a simple way to
fulfill the goal of gap opening [8]. This shows that small
modifications in structure influence the drastic change in
the properties. Stone-Wales (SW) defect is the common
topological defect that is obtained on 900 rotation of Si-Si
bond along with the formation of two heptagonal and two
pentagonal rings. For the infinite silicene sheet formation
energy of SW rotation from DFT calculation is 209 eV
[9]. The existence of SW defect induces tiny bandgap
33meV by breaking hexagonal symmetry for 5×5 super-
cell [9]. It means the presence of the SW defect would
open a small bandgap without losing the high carrier ve-
locity that can be of great importance in nano-electronics.
Vacancies defect arise from missing one or few lattice
atoms in 2D honeycomb crystal. In study of infinite sil-
icene sheet modeled by (5×5) supercell, mono-vacancy
(MV) defect transform semimetallic silicene to metallic,
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a types of di-vacancy (DV-1) introduce moderate bandgap
of 161 meV, another di-vacancy (DV-2) destroy the Dirac
cone with keeping semi-metallic character [9]. In this
way, vacancy defects modify the electronic properties of
silicene effectively.

Among various 2D materials, silicene is shown to be
stable when alternating atoms of hexagons are buckled.
Theoretical and experimental studies of silicene suggest
that silicene grown on Ag(111) substrate is stable but lo-
cal defects can always exist at finite temperature. And on
further studies it was found that chemical activity is in-
creased on the adsorption of foreign atoms at the defected
sites, even specific gas can dissociate into its constituents
[9]. silicene’s high reactivity not only results in robust ad-
herence to the substrate, but it also results in quick break-
down of the silicene device when exposed to ambient air.
As a result, a viable silicene device must seek protection
from ambient air. More research on silicene is required
to investigate its possible uses in gas detection. In addi-
tion, study of N. Pantha et al. [10] on methane adsorption
on graphene, defects on (hexagonal Boron Nitride) h-BN
[11], and changing of structural and electronic properties
of phosphorene with defects (vacancies) [12] compelled
us to do this research. As a result, we are driven to chose
defective silicene as the topic of study, and we are enthusi-
astic to expand our understanding of small gas molecule
adsorption on defective silicene. Here we are aiming to
examine the adsorption of CH4 gas molecules on defec-
tive silicene.

COMPUTATIONAL METHOD

We have performed the first principles calculations to
investigate the structural stability, the electronic and mag-
netic properties of pristine silicene as well as Stone-Wales
and mono-vacancy defective silicene within the frame-
work of density functional theory [13, 14, 15, 16] with
van der Waals (vdW) interactions in XDM [17] technique
with DFT approach using Quantum ESPRESSO code
[18, 19, 20]. To incorporate the electronic exchange and
correlation effect in our system, the generalized gradi-
ent approximation (GGA) developed by three scientists
Perdew, Burke and Ernzerhof (PBE) [21] was used. We
used the Kresse-Joubert (KJ) projector augmented wave
(PAW) pseudopotential from the Quantum ESPRESSO
official website [22] to replace the complicated effects of
the motion of an atom’s core (i.e., non-valence) electrons
with an effective potential, so that only the chemically
active valence electrons were explicitly included in our
entire calculation. For plane wave expansion kinetic en-
ergy cutoff of 45 Ry is used and to prevent the interaction
between two consecutive layers space of 20 Å is main-
tained. Along with that, we use K-points of 4× 4× 1,
for 5× 5 silicene supercell for the measurement of our

discrete grid to represent the continuous integral over the
brillouin zone. During the calculation, the structure is al-
lowed to relax under Broyden-Fletcher-Goldfarb-Shanno
(BFGS) [23] scheme until the total energy change is less
than 10−4 Ry between two consecutive self consistent
field (scf) steps and each component of force acting is
less than 10−3 Ry/Bohrs to get geometrically optimized
structure. Following the relax calculations, we performed
a self consistent total energy calculation in which the
brillouin zone of silicene is sampled in K-space using the
Monkhorst-Pack [24] method with an appropriate number
of mesh of K-points established by the convergence test.
Also, we have used ‘Fermi-Dirac (F-D)’ [25] method of
smearing with a small smearing width of 0.001 Ry. In
addition, for self consistency, we used the ’David’ diag-
onalization technique with the ’plain’ mixing mode and
a mixing factor of 0.5. We incorporate Bader method of
charge transfer analysis to investigate the how charge den-
sity is changed due to adsorption of CH4 gas molecules
on all silicene systems [26].
The formula for calculating defect formation energy(EF )
[9] is,

EF = ET −N ×ESi (1)

where ET is the total energy of defective silicene, N is the
number of silicon atoms in the defective silicene super-
cell, and ESi is the energy per silicon atom in a pristine
silicene sheet. Adsorption energy (Ead) is calculated by
using following expression;

Ead = Egas +Esystem −Egas+system (2)

where, Egas is energy of CH4 molecule, Esystem gives the
energy of system before gas adsorption and Egas+system
gives the energy of system after gas adsorption. Figure 1
(a) shows the unit cell structure of silicene which contain-
ing two atoms with the bond length 2.28 Å and Fig. 1(b)
shows 5 × 5 super-cell formed by the propagation of unit
cell along the x- and y- directions.

(a) (b)

FIGURE 1: (a) Top view of optimized primitive cell and
(b) Top and side view of 5×5 silicene monolayer

8 T. Adhikari et al.
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RESULTS AND DISCUSSION

We elaborate the formation energy, band structure, den-
sity of state (DOS), and partial density of state (PDOS) of
pristine and defective i.e, stone-wales, mono-vacancy
silicene with and without adsorption of methane gas
molecule in this section.

Geometrical structure and formation energy

silicene consists of hexagonal honeycomb structure with
unit cell having two atoms placed at each lattice points.
Firstly, the unit cell and super-cell are allowed to relax for
structural optimization using BFGS quasi-newton algo-
rithm and structural parameters observed in the primitive
cell are as shown in Table I. The table also include results
from three of the previous studies on silicene i.e, work of
Cahangirov et al. [6] which is the DFT-LDA approach,
Houssa et al. [7] DFT-GGA approach and the work of
Feng et al. [27] an experimental study.

TABLE I: Optimized strucutral parameters of the relaxed
primitive silicene. a=b, d and ∆ refer to lattice parameter,

Si-Si bond length and buckling height of sub-lattices
respectively.

Parameters Obtained
values

DFT-
LDA
[6]

DFT-
GGA
[7]

Experimental
values [27]

(a=b) (Å) 3.87 3.83 3.87 -
(d) (Å) 2.28 2.25 2.28 2.34-2.39
(∆) (Å) 0.45 0.44 0.44 0.77

After confirming that our work was consistent with ear-
lier work, we prepared the input file for the 5×5 supercell
of silicene and then allowed the system to relax. 50 atoms
make to the 5×5 supercell of silicene monolayer. It is a
unit cell with a 50-atom basis and a cell size five times
that of the primitive cell. The outlook for 5×5 super-
cell is shown in Fig. 1b. After obtaining the appropriate
structure and geometry of pure silicene, we remove one of
the Si atoms in the centre of the pristine silicene to form
a mono-vacancy (MV) defective silicene monolayer, and
we rotate one Si-Si bond on pristine silicene by 900 to
form a Stone-Wales (SW) defective silicene monolayer.
As a result of introduction of defect various distortions
are observed in Si-Si bond lengths, bond angles etc. The
distorted structure due to introduction of defect are pre-
sented in Figs. 2a and 2b.

It is seen that distance between Si-Si atoms nearby de-
fected sites is increases upto 2.30 Å in case of vacancy
defect. The nearest neighbor bond lengths and bond an-
gles around the site of defect have been constrained by

(a) (b)

FIGURE 2: Top view and side view of (a) MV and (b)
SW defective silicene

TABLE II: Formation energy, bond-length, bond angles
and buckling height of pristine silicene, MV defective
silicene and SW defective silicene system respectively.

System
Formation
Energy
(eV)

bond-
length(Å) bond-angles (o) buckling

height (Å)

Pristine 2.28 116.14 0.45
MV 3.44 2.30 - 3.43 105.06 -115.98 0.46
SW 2.05 2.24 - 2.35 116.23 - 135.34 0.38-0.79

some amount as evident in Tables I and II. Similarly, pres-
ence of SW defect cause variation in buckling height from
0.38 Å to 0.79 Å which is significant change in compari-
son to 0.45 Å of pristine silicene sheet. Distortion in bond
lengths and angles are also represented in Table II. Along
with this, we have found the structural modification in
overall sheet, the amount of distortion reducing contin-
uously as we go farther form the doped atom. The forma-
tion energy of MV defective silicene is 3.44 eV, which is
approximately similar to the prior study’s 3.77 eV [9] and
that for SW defective system is 2.05 eV almost equivalent
to 2.09 eV found in literature [9]. All of the energies in
the research are negative, suggesting that the systems are
thermodynamically stable. The formation energy of the
defective system, on the other hand, is shown to be pos-
itive. This suggests that the defective system should be
supplied with external energy of that value, demonstrat-
ing its unstable nature.

Band structures of silicene system

Using the DFT computation of electronic band structures,
we discovered silicene to be a semimetal (zero band gap
semiconductor). The valence band maximum (VBM) and
conduction band minimum (CBM) touch each other at the
K-point of the first brillouin zone (BZ). The π and π∗
bands of silicene are crossed linearly at the Fermi level,
resulting in the emergence of massless Dirac fermions,
calculated band structures of 5× 5 monolayer of pristine
silicene is as shown in Fig. 3(a).

9 T. Adhikari et al.
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FIGURE 3: Band structure (with Fermi level set to zero) (a) Pristine silicene, (b) MV defective silicene and (c) SW
defective silicene

We discovered considerable changes in band structure
as a result of the presence of defects. Figure 3b shows
that the bands around the Fermi level are notably different
from those in the pristine system. It can also be seen that
when mono-vacancy is introduced into a silicene sheet,
the system may exhibit metallic behavior, with the Fermi
level shifting somewhat lower towards the valance band
section of the pristine system. Now, the bands from the
conduction band are crossing the Fermi level and reach-
ing the valance band, resulting in overlapping bands and,
as a result, a metallic system. Because of the symme-
try of the supercell’s single vacancy, the linearly crossing
bands are separated and lifted slightly above the Fermi
level. The orbitals of vacancy mix with the π∗ and π

bands surrounding the Fermi level.
Figure 3c shows that the bands around the Fermi level

are notably different from those in the pristine system.
It can also be seen that when Stone-Wales defect is in-
troduced into a silicene sheet, opening of band gap with
band width 40 meV occurs which is in agreement with
previous study i.e, 33 meV [9]. In this way small amount
of SW defect cause opening in band gap, which can be
very important for micro-electronic devices.

Energetics of adsorption systems

We investigated for methane gas adsorption in different
positions, and geometries (i.e, tripod towards, tripod away
and straddle), relaxed them for all the optimized silicene
systems, followed by electronic and magnetic properties
calculations on most stable configurations. All the re-
sults for adsorption energies, band-gap for different sys-
tem and magnetization observed there is presented in ta-
ble III along with the distance at which CH4 is found from
supercell.

We found that CH4 get adsorbed on silicene systems

TABLE III: Distance of C-atom form nearest Si-atom
(D), Adsorption energies (Ead), Band gap, Magnetization

(M), and Fermi Level (F) for pristine and defective
silicene supercell after methane gas adsorption

D
(Å)

(Ead)
(eV) Band-gap M

(µB/cell) F (eV) Charge
transfer

Pristine 3.82 0.186 Dirac-cone 0.00 -2.83 0.016e
MV 3.81 0.208 Metallic 1.35 -3.15 0.035e
SW 3.54 0.108 0.034 0.00 -2.84 0.025e

physically with Van-der Waal’s force as presence of small
adsorption energies and tiny charge transfer amount. As
shown in above table adsorption energy for pristine sys-
tem is less than that of MV defective system but it is more
than that of SW defective system. The result of adsorption
energy in our pristine system is equivalent to the previ-
ous study [28] where they found it to be 0.18 eV. Due to
deficiency of Si atom adsorption energy is found more in
MV defective silicene. In case of SW defective silicene
buckling increases with rotation of Si-Si bond, which de-
creases adsorption energy. From this study, we conclude
that MV defective silicene is better site for Methane gas
sensing and storage. Adsorption energy is positive in all
cases it means no external energy is required for Methane
to be adsorbed in the silicene system. We incorporate
Bader method of charge transfer analysis to investigate
the how charge density is changed in the system due to
adsorption of CH4 gas molecules on all silicene systems
under investigation. It shows the behavior of CH4 as elec-
tron withdrawing gas and we obtained 0.016e, 0.035e,
and 0.025e as the values of an electron charge transfer for
pristine silicene, MV defective silicene, and SW defective
silicene system.

10 T. Adhikari et al.
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FIGURE 4: Top view and side view of CH4 adsorbed (a) pristine (b) MV defective (c) SW defective silicene, (where
green are C atoms, blue are H atoms and brown are Si atoms); band structure of CH4 adsorbed (with Fermi level set

to zero) (d) Pristine silicene, (e) MV defective silicene and (c) SW defective silicene.

Figures 4 (d, e and f) represents the band structures for
pristine and defective system after the adsorption of CH4
gas. In case of pristine system adsorption of gas does
not change the band structure, i.e, there is no change in
presence of Dirac-cone after adsorption of methane gas it
appears as it is in pristine system. We found similarity in
band structures in the case of MV defective silicene sys-
tem as well. Band structures of MV defective system ap-
pears metallic before and after the adsorption of methane
gas, which is shown in Figs. 3(b) and 4(e).This shows, the
transport of electrons between gas molecules and silicene
is negligible. In SW defective system before CH4 adsorp-
tion band gap was found to be 40 meV as shown in Fig.
3(c), which is reduced to 34.1 meV after adsorption of
methane gas. In this we found that MV defective silicene
can be better system than pristine system but CH4 adsorp-
tion in SW defective system can be useful for tuning band
gap.

After band structure calculation, we proceed for den-
sity of states as well as projected density of states calcu-
lation to study the magnetic properties of the 5×5 super-
cell of pristine and defective silicene system. Figures 5
(a-c) represent DOS for pristine, MV defective and SW
defective 5×5 silicene system after CH4 gas adsorption.
Figures 5 (a) and (c) represent, the distribution of both
spin up and spin down states are almost symmetric. Not
only that we observed magnetization 0.00 µB /cell in our
investigation for CH4 adsorbed pristine and SW defec-

tive system. In this way we conclude non-magnetic na-
ture present in pristine and SW defective silicene system
remain unchanged even after CH4 gas adsorption. But, as
represented in Fig. 5(b), distribution of density of states
for spin up and spin down are not symmetric nearby Fermi
level in CH4 adsorbed MV defective silicene system same
as in MV defective silicene. However, from output file
we found that magnetization reduced to 1.35 µB/cell from
2.00 µB/cell due to adsorption of CH4 gas.This reduction
in magnetization shows the decrease in the effects of dan-
gling Si atoms due to presence of C atoms. In this way,
we observed that value of total magnetization is reduced
due to introduction of CH4 gas in MV defective system.
In other systems i.e, pristine and SW defective silicene
systems, no any significant change in DOS is observed
after the adsorption of CH4.

After that we performed the projected density of states
(PDOS) computations for various Silicon orbitals. The
PDOS plot of a MV defective silicene after CH4 adsorp-
tion is as shown in Fig. 5(d). We can observe from the
Projected DOS computations that 3p orbitals are more
dominating than 3s orbitals and the non-symmetric form
of DOS further confirms the presence of magnetism in the
system. Further, we conclude that DOS nearby the Fermi
Level have major contribution of 3p orbitals silicon (Si)
followed by 3s orbitals of Si. Contribution of 1s orbital of
hydrogen and 2s and 2p orbitals of carbon are very less in
comparison to that of orbitals of Si.

11 T. Adhikari et al.
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FIGURE 5: DOS for (a) pristine (b) MV defective (c) SW defective silicene system after CH4 adsorption; (d) PDOS
for MV defective silicene after CH4 adsorption

From all of this we come to the conclusion that intro-
duction of defects play important role in electronic and
magnetic properties of silicene system. Further, adsorp-
tion of gas molecule does not produce significant changes
in pristine and SW defective system in comparison to MV
defective system.

CONCLUSIONS

We used first-principles calculations to explore the stabil-
ity, electronic, and magnetic properties of pure silicene,
MV defective silicene, and SW defective silicene, fol-
lowed by methane gas adsorption in all three systems.

On analyzing the band structure of MV defective silicene,
we observed the shift of Fermi-level towards the valance
band area, thus creating the overlap of bands and hence
making the system fully metallic. We observed MV de-
fective silicene is metallic with 2.00 µB/cell magnetic mo-
ments, while SW defective silicene have band gap of 40
meV and 0.00 µB/cell magnetic moments. On studying
the most stable configuration adsorption energy is found
to be 0.186 eV for pristine silicene, 0.208 eV for MV de-
fective silicene and 0.108 eV for SW defective silicene
system. On analyzing band structure and DOS plot of
gas adsorbed system we found deduction of magnetiza-
tion in MV defective system otherwise no any significant
changes in band structure and DOS calculation in com-

12 T. Adhikari et al.
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parison to same system before gas adsorption. This shows
that transport of electrons between gas molecule and sil-
icene system is negligible. After this work we conclude
that methane physically adsorbed in silicene system with
weak Van der Waals force and MV defective silicene is
better site for methane adsorption than SW defective sil-
icene and pristine silicene. An adsorption strength of ∼
0.2 - 0.5 eV/molecule [29] is optimal for storage applica-
tions, here we have observed that the adsorption energy of
MV defective system is within this range, which drive us
to conclude that MV defective silicene can be promising
for storage applications.
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