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Computational density functional theory (DFT) has been employed to predict the carbon monoxide (CO) adsorption on the surface of four |
studied different 2D materials like boron nitride, graphene, silicene and germanene. This study utilizes DFT calculations for graphene, |
two-dimensional hexagonal boron nitride, silicene, and germanene, along with their heterostructures with carbon monoxide. The stability
of these materials has also been assessed. Adsorption energy is estimated and compared using self-consistent field calculations. The charge |
density distribution plot is thoroughly examined to confirm the bonding characteristics and electron delocalization in the relevant 2D |
material and adsorbed heterostructure. The findings from the calculation of CO adsorption energy revealed that graphene is a more effective |
adsorbate than boron nitride, whereas germanene demonstrates better performance than silicene, supported by consistent results from the |
adsorption energy analysis. The adsorption energy from self-consistent field energy calculations matches the charge distribution of two-
dimensional materials after CO adsorption. I
|
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INTRODUCTION

Among the 2D materials, the extraordinary characteristics
of graphene has sparked a surge of interest among researchers.
Graphene is composed of layers of carbon atoms arranged in
a hexagonal lattice. The single layer graphite has garnered
attention for fundamental scientific exploration and its prosp-
ective uses. Graphene is anticipated to maintain a flawless flat-
ness; however, the presence of ripples arises from thermal fluct-
uations [1]. The single layer graphene stands out as the optimal
choice, while samples with two or more layers are also being
explored with significant interest. Three distinct forms of grap-
hene are identified: single layer graphene (SG), bilayer graphene
(BG) and few-layer graphene (FG, with layers < 10). The micro-
mechanical cleavage of highly oriented pyrolytic graphite
(HOPG), chemical vapor deposition (CVD) on the surfaces of
single crystals of metals such as nickel and colloidal suspen-
sions in selected solvents are among the techniques employed
for the synthesis of single-layer graphene [2].

Silicene, the silicon counterpart of graphene, presents a
significant challenge in the synthesis of one-atom-thick sheets

due to the covalent characteristics of the interlayer Si-Si bond
found in bulk silicon and the absence of a graphitic form of
silicon. The enhanced spin orbit coupling of silicene presents
promising opportunities for advancements in spintronic devices.
The process of hydrogenation is more favourable in silicene,
since it tends to favour sp® hybridization rather than sp®. The
silicene sheets and nanoribbons over various substrates like
silver, diboride thin films and iridium have been reported [3].
Similarly, germanene, an analogue of graphene, but made of
germanium atoms instead of carbon, is prepared by low temp-
erature topochemical reaction of CaGe, with HCI [4,5]. Bianco
et al. [6] reported that the exfoliation of GeH and studied some
properties of germanene such as thermal stability and optical
band gap. This analogue of graphene exhibits a direct band gap
and its predicted charge carrier mobility >18000 cm® v' s It is
five times higher than that of crystalline germanium [4].

In this work, the adsorption behaviour of CO on the surface
of 2D materials like boron nitride, graphene, silicene and ger-
manene through density functional theory (DFT) simulations
is studied in order to investigate the most suitable heterostructure
for CO adsorption by studying the adsorption energy, charge

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.



https://orcid.org/0009-0001-9299-3913
https://orcid.org/0000-0001-7642-9311
https://orcid.org/0000-0002-0637-8712

1928 Md Sayeed et al.

Asian J. Chem.

TABLE-1
CALCULATED BOND PARAMETERS, FORCE ACTING ON THE ATOM, BOND ANGLE AFTER GEOMETRY OPTIMIZATION

Slab structure e ate izl S.C i gt s @ Bond distance Bond angle Dihedral angle
on atoms (Ry) correction atom (kbar)
Graphene 0.000189 0.00001 0.02 1.4216 120 0
Boron nitride 0.000002 0.000027 -0.01 1.4491 120 0
Silicene 0.003887 0.000017 0.84 22721 116.345 37.007
Germanene 0.000041 0.000087 1.55 2.4064 111.942 53.374

transfer, energy gap, electron density (ED) and electrostatic
potential (ESP) maps. In order to gain a deeper understanding
of the energy gap, we examined the density of states (DOS)
and partial density of states (PDOS) spectra.

COMPUTATIONAL METHODS

Method of calculation: The theoretical calculations for
CO adsorption on selected 2D materials such as boron nitride,
graphene, silicene and germanene were conducted using a
plane-wave basis set and the projector augmented-wave method
with the Quantum Espresso package, solving the Kohn-Sham
equations [7]. The core electron and their interaction with
valence electrons were described by ultrasoft pseudopotentials
[8]. Exchange and correlation effects were taken into account
via the generalized gradient approximation (GGA) and the
Perdew-Burke-Ernzerhof (PBE) exchange and the correlation
potential. To examine the surface properties, a two-layered super-
cell slab was utilized to expose the surface. A slab structure
was built using a 2 x 2 x 2 supercell of boron nitride, graphene,
silicene and germanene, and a CO molecule was placed 2 A
above the surface of each slab to study its adsorption behaviour.
The wave function was expanded in a plane-wave basis with a
kinetic energy cut-off of 80 Ry for boron nitride slab, 45Ry
for germanene, 75 Ry for graphene and 80 for silicene. We use
an energy cut off for the plane-wave basis set of 450 Ry for
boron nitride, 600 Ry for graphene, 600 Ry for silicene and
500 Ry for germanene. The network which is converged includes
the4 x4 x2,8x8x2, 5%x5x%x2,and 5 x 5 x 2 Monkhorst-
Pack (MP) grids, which are applied to the Brillouin zone of
the unit cell of the appropriate slab structure. The atomic relax-
ations were observed to occur until the residual forces on the
atoms were less than 10 and the total energies converged to
within 10* eV.

In order to minimize slab-slab interactions, the supercell
includes a 15 A vacuum space above this surface. The valence
electron density is obtained by self-consistent iterative diago-
nalization of the Hamiltonian, with Pulay mixing of the output
and input densities by 40%. Target pressure [kbar] = 0.0 in a
relaxation calculation and convergence threshold on the pressure
is 0.5 kbar. All energies have been extrapolated to T =0 K. Self-
consistence field calculation energy are converged 10® and
maximum step used is 80. Calculation was performed using
scf calculation in the module. The bond length of CO and
carbon distance from surface is fixed for all surfaces [9].

Calculation of the cohesive energy for all four two dimen-
sional structure was obtained as the total energy per formula
unit minus the total energy of a formula unit of free atoms
[10]. From cohesive energy calculation we can predict the
nature of bonding in these two dimensional material structure.

CO adsorption energy: The adsorption of CO molecules
in the surface of each slabs are modelled so that it will generate
the adsorption energy of CO in each of the surfaces. The posi-
tion of CO in all of the surface was set to be directly above the
outermost atom, as it known to be the active site of the adsor-
ption. The distance of the CO molecules to the outermost metal
atoms was set to be 2 A. Average adsorption energies, E,q, have
been calculated according to the following equation [11]:

—Eads = Eqav-co — Esiav — Eco

where E.q4 is defined so that the positive adsorption energies
correspond to the stable surface binding.

RESULTS AND DISCUSSION

Geometry optimization: A carbon-carbon bond distance
of 1.42646 A bond angle of 120° is displayed in the optimized
graphene structure and both the width and the height of the
unit cell are 4.9244 A, Along the z-axis, a vacuum of 15 Ais
introduced. Table-1 displays the additional details following
geometry optimization.

In optimized geometry of silicene, unit cell has two Si
atoms. The vertical distance between two Si atoms at sites had
alow buckled minimum energy structure with a lattice constant
of 3.903 A. The bond angle in silicene lies between the hybri-
dized structures of sp* (109.47°) and sp? (120°), which exhibit
that the hybridization in silicene is a combination of sp* and
sp’. The reason for the buckling observed in silicene is the weak
7-1t bond between Si atoms, as the Si-Si distance is significantly
greater than that of graphene (C-C = 1.42°). The binding energy
of a system increases due to buckling by increasing the overlap
between 7 and G orbitals. The presence of buckling can be
explained on the basis of the Jahn-Teller distortion [12].

The stress tensor was derived using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) technique, resulting in the optimal
relaxed coordinates. The stress tensor derived from the calcu-
lations is shown in Table-2. The xx and yy stress tensor compo-
nents diverge from the zz stress tensor component, indicating
that a non-isotropic stress is necessary to achieve the specified
volume and shape of the unit cell. Following this optimization,

TABLE-2
STRESS TENSOR AND PRESSURE (CARTESIAN AXIS)
CALCULATED FOR RELAXED STRUCTURE

USING BFGS ALGORITHM
. . . 3
Computing stress (Cartesian axis) (Ry per bohr’) Pressure (kbar)
XXorYY 77
Graphene 0.00000037 -0.00000040 0.02
Boron nitride -0.00003498 -0.00000070 -0.01
Silicene 0.00000821 0.00000067 0.84
Germanene 0.00002095 -0.00001037 1.55
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all diagonal components of the stress tensor converge to iden-
tical values, representing hydrostatic pressure that is uniform
in all directions within 10 [13].

Cohesive energy: The calculated cohesive energy in
electron volt is shown in Table-3. The stability of boron nitride
structure showed more stable than graphene. The same obser-
vation is reported in the literature from the experimental result
[10]. It is also indicated that germanene is least stable among
these structures.

CO adsorption energy: The average adsorption energies
per unit cell were calculated for graphene-CO, BN-CO, silicene-
CO and germanene-CO are listed in Table-4. The differences
in the adsorption energy between the slabs and hetrostructure
are very small. The adsorption values for BN-CO and graphene—
CO are comparable, as are those for Ge-CO and Si-CO, meas-
uring 0.076338 Ry and 0.023172 Ry, respectively. Graphene
exhibits the superior adsorption properties compared to 2D
BN, with an adsorption energy of 0.2322 Ry for graphene and
0.212331 Ry for BN, whereas germanene has superior CO adsor-
ption compared to silicene. The adsorption energy for germ-
anene is 0.076338 Ry, while for silicene it is 0.023172 Ry.

Electron density plot: A two-dimensional contour plot
of electron density has been generated using the post-processing
tool of Quantum Espresso. Electron density of bond is plotted
to compare electron density between the bonds of slab structure.
Electron delocalization in the BN bond is absent in a 2D boron
nitride slab (Fig. 1), butin graphene (Fig. 2), there is extensive

delocalization (red), which is also visible in the C-C bond and
indicates that the charges are uniformly distributed among the
bonds.The delocalization in silicene is substantially inferior
to that in graphene, and there is an absence of electron density
between Ge-Ge bonds in germanene. Additionally, it is evident
that there is no electron delocalization in the Ge-Ge bond.
We established a CO adsorbed configuration for these four
slab structures and illustrated the electron density between the
slab-CO bonds. The outcome is illustrated in Fig. 3 and the
significant delocalization is evident only in graphene. The opti-
mized structure of silicene and germanene is not flat and the
CO is positioned with an identical bond distance relative to all
two-dimensional materials. Significant charge density is obser-
ved in the boron-carbon bond within the BN-CO structure,
while a delocalized and uniform charge distribution is present
in the graphene-CO bond. The silicene-CO structure demons-
trates that the electron density of carbon is polarized towards
silicon within the silicene framework. The germanene structure
exhibits a reduced charge delocalization in the Ge-Ge bond,
alongside significant bonding in the Ge-CO bond, which is
superior to that of the Si-CO bond and a 2D charge density
contour plots are shown in Fig. 4. Based on this, a significant
charge density present between the boron-carbon bond of BN-
CO, alongside a delocalized and uniform charge distribution
in the graphene-CO bond. The structure of silicene-CO reveals
that the electron density of carbon is polarized towards silicon
within the silicene framework. The germanene structure exhibits

TABLE-3
COHESIVE ENERGY CALCULATED (ELECTRON VOLT) FOR 2D MATERIAL
2D Structure Cohesive energy (eV) Fermi energy (eV) HOMO (eV) LUMO (eV)
Boron nitride 0.87373595 0.7214 -0.7955 4.1892
Graphene 0.84709356 -2.7817 -2.9649 -1.7286
Silicene 0.39740067 -3.1454 -4.6733 -3.3012
Germanene 0.3131913 -2.6360 -2.7918 -2.0005
TABLE-4
ADSORPTION ENERGY CALCULATED FROM SCF CALCULATION
Calculation : Calculation Adsorption energy in
Slab structure Slab energy (Ry) accuracy (<) Slab-CO energy (Ry) accuracy Rydberg (Ry)
Graphene -91.16486010 6.1%10” -134.12819497 1.1x10™ 0.232247
Boron Nitride -105.33680633 14%x10° -148.32005750 14%x10° 0.212331
Silicene -90.98397746 46x10™" -134.15638774 7.7%107" 0.023172
Germanene -1690.96211047 63%x10™" -1734.09601480 45% 107" 0.076338
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Fig. 2. 2 Dimensional plot of charge density 2D silicene slab (a) and charge density germanene slab (b)
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Fig. 3. Electron density plot for boron nitride-CO (a), graphene-CO (b) silicene-CO (c) ai
promising results. The obtained results are used to predict the
stability and nature of bonding and potential application in
various fields. The optimized structures of silicene and germa-
nene possess a planar configuration similar to that of graphene
and boron nitride. The calculation of cohesive energy indicates
that boron nitride exhibits greater stability compared to graphene

reduced the charge delocalization in the Ge-Ge bond, while
whereas germanene exhibits the least stability. The results of

demonstrating significant bonding in the Ge-CO bond.

Conclusion
DFT computations of two-dimensional materials, including
boron nitride, graphene, silicene, and germanene, regarding CO

adsorption and their respective adsorbed structures have yielded
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Fig. 4. (a) Boron nitride-CO, (b) graphene-CO, (c) Si-CO and (d) Ge-CO bond electron density plot

the CO adsorption energy calculation highlight that graphene
serves as a superior adsorbate compared to boron nitride, while
germanene outperforms silicene, with consistent findings from
the adsorption energy analysis. The plotted charge density dis-
tribution reveals crucial insights into bonding and electron
localization within these structures. Graphene exhibits signifi-
cant levels of delocalization, while a substantial electron den-
sity delocalization is also visible in silicene. For germanene,
there is no evidence of electron delocalization; however, the
adsorption of CO is more favourable. The electron density distri-
bution plot indicates that the M-CO bond in germanene exhibits
superior electron density compared to silicene, a finding that
is also supported by the adsorption energy calculations. The
impact of CO adsorption on the charge distribution of studied
2D materials aligns well with the adsorption energy derived
from self-consistent field energy calculations.
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