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Abstract

Graphenylene (GP) is a two–dimensional carbon allotrope with a hexagonal lattice structure containing pe-
riodic pores. The unique arrangement of GP offers potential applications in electronics, optoelectronics,
energy storage, and gas separation. Specifically, its advantageous electronic and optical properties, make it
a promising candidate for hydrogen production and advanced electronic devices. In this study, we employ
a computational chemistry–based modeling approach to investigate the adsorption mechanisms of CH4 and
CO2 on monolayer GP, with a specific focus on their effects on optical adsorption and electrical transport
properties at room temperature. To simulate the adsorption dynamics as closely as possible to experimen-
tal conditions, we utilize the self–consistent charge tight–binding density functional theory (SCC–DFTB).
Through semi–classical molecular dynamics (MD) simulations, we observe the formation of H2 molecules from
the dissociation of CH4 and the formation of CO+O species from carbon dioxide molecules. This provides
insights into the adsorption and dispersion mechanisms of CH4 and CO2 on GP. Furthermore, we explore the
impact of molecular adsorption on optical absorption properties. Our results demonstrate that CH4 and CH2

affects drastically the optical adsorption of GP, while CO2 does not significantly affect the optical properties of
the two–dimensional material. To analyze electron transport, we employ the open–boundary non–equilibrium
Green’s function method. By studying the conductivity of GP and graphene under voltage bias up to 300 mV,
we gain valuable insights into the electrical transport properties of GP under optical absorption conditions.
The findings from our computational modeling approach might contribute to a deeper understanding of the
potential applications of GP in hydrogen production and advanced electronic devices.

1. Introduction

Energy plays a vital role in human survival and
advancement. Currently, our main energy supply
heavily depends on fossil fuels such as coal, oil, and
natural gas. However, the excessive use of these fu-
els has caused their depletion. Increasing the uptake
of renewable energy could play a crucial role in as-
sisting the world in reaching vital climate targets by
2050 [1]. Hydrogen (H2) energy emerges as a plen-
tiful, eco–friendly, low–carbon alternative [2]. It can
be sourced from various outlets, renewable and non–
renewable alike [3]. The primary techniques for gen-
erating H2 from methane encompass steam reform-
ing, dry reforming, partial oxidation, and catalytic

decomposition of methane.
Detecting H2 poses challenges due to its color-

less and odorless nature, especially at low concentra-
tions [4]. Consequently, the development of highly
sensitive H2 gas sensors is vital for effective mon-
itoring in production, transportation, storage, and
usage scenarios. Sensors detect gases through the
physical adsorption of gas molecules onto a surface.
These sensors use a gas–sensitive material, such as
carbon–based ones, that change their properties upon
gas adsorption, offering high sensitivity and selec-
tivity [5]. The high sensitivity of graphene to the
local environment has shown to be highly advanta-
geous in sensing applications, where ultralow con-
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centrations of adsorbed molecules induce a signifi-
cant response to the electronic properties of graphene
[6, 7, 8, 9, 10, 11]. Additionally, carbon–based ma-
terials can be tailored by varying their surface chem-
istry, porosity, and morphology. The hybridization of
carbon atoms into sp–, sp2–, and sp3–orbitals can
create diverse carbon allotropes exhibiting distinct
dimensionalities [12, 13]. Ongoing research focuses
on improving the performance and reliability of gas
adsorption sensors and exploring new materials and
sensing mechanisms for enhanced gas sensing capa-
bilities [14, 15, 16, 17, 18, 19].

Graphenylene (GP), an intriguing carbon allotrope
sharing the same point group (D6h) as graphene, is
composed of sp2–hybridized carbon atoms arranged
in hexatomic and tetratomic rings [20, 21, 22, 23].
Qi-Shi Du et al. successfully synthesized layers of
graphenylene, also referred to as biphenylene–carbon
(BPC), by dehydrating and polymerizing 1,3,
5–trihydroxybenzene [24, 25]. The process involved
the removal of three water molecules from a 1,3,5–
trihydroxybenzene molecule using dehydrant aluminum
oxide, leading to the amalgamation of bare 6C rings
(benzynes) and the formation of a small segment of
the 2D carbon crystal. Furthermore, polymerization
could also take place through intermolecular dehy-
dration between 1,3,5– trihydroxybenzene molecules,
where the fragments of the 2D carbon crystal grew
rapidly. The experimental construction of GP in-
volved utilizing planar 4-carbon rings and 6-carbon
rings with sp2 electron configuration, experiencing
slight distortions that ultimately resulted in the for-
mation of a large planar conjugated π-system [26].
It possesses a hexagonal lattice structure with pe-
riodic pores, offering a high surface area and pore
volume. These characteristics make GP a promising
material for gas adsorption and separation applica-
tions. The unique topology of GP allows for selec-
tive adsorption of specific gas molecules, making it
a potential candidate for highly efficient and selec-
tive gas separation and storage processes [27, 28, 29].
The identification of hollow adsorption sites in GP
is of great interest, as these sites hold significant po-
tential for various applications, including gas separa-
tion [30, 31, 32, 33]. These features also motivated
researchers to study more advanced materials, inor-
ganic graphenylene (IGP) family [34, 35, 36, 37], such
as IGP based on boron nitride [38], IGP-ZnO [39],
IGP-GaN [40], IGP-SiC [41], and so on. The au-
thors proposed for the first time inorganic grapheny-

lene based on indium nitride (IGP-InN). The elec-
tronic, mechanical, structural, and vibrational prop-
erties, as well as strain effects, showed the potential
of this new 2D material [35, 37]. It is also delved
into the structural and electronic properties of in-
organic graphenylene–like germanium carbide (IGP–
GeC), investigating mechanical deformations under
strain through computational simulations using DFT
[36].

The growing importance of air quality and safety
has created a demand for advanced gas sensors. Porous
carbon–based materials have emerged as promising
candidates for such sensors due to their compara-
ble electronic mobility and mechanical properties to
graphene. Additionally, these materials offer the added
advantage of enabling the dispersion of single atoms
within acetylenic pores. Building upon the research
progress in graphene, investigations into post–graphene
2D carbon–based materials have swiftly demonstrated
diverse electronic devices and emerging charge trans-
port phenomena. However, despite the growing un-
derstanding of electronic transport in individual 2D
materials, practical wafer–scale implementation faces
significant challenges [42, 43]. Therefore, the devel-
opment of reliable techniques for wafer–scale growth,
ensuring uniformity and predictable thickness poses
considerable hurdles from a materials science per-
spective. Thus, carbon materials exhibit versatile
bonding abilities, ranging from sp1 to sp3 hybridiza-
tion, and encompass a variety of allotropes, including
fullerene, graphite, diamond, graphene, carbon nan-
otubes, and fibers [44, 45, 46]. Porous carbons can
be obtained through the carbonization of natural or
synthetic precursors, followed by activation, allowing
for approximately adjustable pore sizes ranging from
micropores (< 2 nm) to mesopores (2-50 nm) and
macropores (> 50 nm). Diverse synthesis strategies,
such as template methods, etching of metal carbides,
and sol–gel processing, have been explored to create
porous carbon materials with controlled pore struc-
tures at both the micropore and mesopore levels [44].

GP, with its exceptional porous architecture and
remarkable electronic features hold great promise as
a material for the development of high–performance
molecular gas sensors. In order to save financial re-
sources and avoid exhaustive experimental trials, de-
tailed atomistic simulations are essential to comple-
ment practical exploration. The Self– Consistent–
Charge Density– Functional Tight– Binding (SCC–
DFTB) method [47, 48] is employed in this study to
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investigate the potential applications of GP in the de-
tection of important molecular gases such as CH4 and
CO2 and their species, which have significant environ-
mental implications [49, 50]. Here, the study exam-
ines hydrogen production through methane dissocia-
tion and CO2 reduction mechanisms, emitting CH4

and CO2 molecules with impact energies near their
dissociation energies and analyzing their interactions
with GP. Additionally, the results are compared with
those obtained for graphene. Further computational
research that closely emulates dynamic mechanisms
observed in experiments is necessary to fully explore
the potential of graphenylene, including its effects on
optical absorption, electron transport performance,
and enhancement of material sensitivity. Our pri-
mary objective is to contribute to the characteriza-
tion of GP as a promising material for future research
and the development of materials for ultrafast gas
sensors and gas separation applications.

2. Computational Methods

The SCC–DFTB method is a computational ap-
proach that approximates traditional Density Func-
tional Theory (DFT) by considering valence electron
interactions in MD simulations. It serves as a valu-
able tool for accurately predicting structures and ther-
modynamic properties prior to synthesis, providing
insights into the gas adsorption properties of 2D carbon–
based materials and their potential applications in
various gas adsorption environments. The SCC–DFTB
method involves solving Kohn–Sham equations to ob-
tain total valence electronic densities and energies for
each atom utilizing a Hamiltonian functional based
on a two-center approximation and optimized pseudo–
atomic orbitals as the basis functions [47, 48]. Slater–
Koster (SK) parameter files are utilized to provide
tabulated Hamiltonian matrix elements, overlap in-
tegrals, and repulsive splines fitted to DFT dissoci-
ation curves. These parameters describe the over-
lap and hopping integrals between pairs of atoms
in the tight–binding Hamiltonian. The optimal set
of Slater-–Koster parameters have two main require-
ments: a good reproduction of the structure of the
relevant electronic bands, and faithful representation
of the orbital contribution along such bands. There-
fore, in the scope of this approach the total energy of
the system is expressed as

EDFTB = Eband + Erep + ESCC, (1)

with the band structure energy, Eband, defined from
the summation of the orbital energies ϵi over all oc-
cupied orbitals Ψi; the repulsive energy Erep for the
core–core interactions related to the exchange– corre-
lation energy and other contributions in the form of
a set of distance–dependent pairwise terms; and an
SCC contribution, ESCC, as the contributions given
by charge–charge interactions in the system. There-
fore, the electronic energy is calculated by summing
the occupied Kohn-Sham (KS) single–particle ener-
gies and the contributions from repulsive energies be-
tween diatomic atoms. To account for self–consistent
charge (SCC) effects during the dynamics, an itera-
tive procedure is used.

To validate our findings, density functional theory
(DFT) calculations were conducted using the PBE
exchange–correlation functional. The calculations were
carried out under periodic boundary conditions, and
the Brillouin zone integration was performed with the
Γ point considered. Kohn–Sham orbitals were em-
ployed as plane waves up to an energy cutoff of 90
Ry to ensure convergence in the structural properties
of the systems. The Quantum-ESPRESSO ab–initio
package with relativistic- corrected pseudo-potentials
was utilized for computing the density of states, sys-
tem energies, and band structures. The total elec-
tronic density of states (DOS) for GP reveals signif-
icant overlaps between the C–2s and C–2p curves,
indicating the presence of strong sp3 hybridized co-
valent bonding states.

2.1. Structures and binding energies

GP is a two–dimensional carbon allotrope that
possesses a hexagonal lattice structure with periodic
pores and its structure as reported by Balaban et al.
[20] and Martins et al. [28], consists of three types
of symmetrically distributed rings: dodecagon (C12),
hexagon (C6), and square (C4), which forms a tiling
of the Euclidean plane. The unit cell of GP, deter-
mined by Fabris et al. using DFT[51, 34], belongs to
the P6/mmm space group and contains a single irre-
ducible atom, which is considered in our SCC–DFTB
calculations. In this study, optimization of the GP
unit cell was conducted, resulting in lattice parame-
ters of a⃗ = b⃗ = 6.735 Å and bond lengths of 1.50 Å
for the square ring and 1.48 Å for the hexagon ring
identifying seven points of high symmetry [41]. Pe-
riodic boundary conditions were applied in the x–y
directions to simulate a semi-infinite surface. For the
k–point sampling, a 4×4×1 Monkhorst–Pack set was
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employed throughout all calculations. These findings
align well with experimental measurements indicat-
ing 1.42–1.46 Å for the 6–C rings and 1.50–1.52 Å
for the two bonds joining the 6–C rings [24, 37], as
illustrated in Fig. 1a). The central nanopore (do-
decagon ring) in the unit cell has a diameter of 5.66
Å, in good agreement with DFT data [51, 22] and
experimental measure of 5.8 Å [24]. To compare the
adsorption capabilities of GP with graphene, the unit
cell of graphene was optimized using well–known lat-
tice parameters and bond lengths, as depicted in Fig.
1b). Periodicity on x−y plane was considered with a
k–point sampling of 12×12×1 Monkhorst– Pack set
for all the calculations.

The interaction potentials between H2, CO2, and
CH4 molecules with graphene and GP are investi-
gated using the DFTB method. To avoid interactions
with periodic replicas, the unit cell of the optimized
GP structure is replicated by 3×4×1 and the unit cell
of graphene is replicated by 5×5×1 along the x and
y directions. The larger cells are initially optimized
using SCC-DFTB. Adiabatic calculations follow to
determine potential energy curves. These curves de-
pict molecule interactions with fully relaxed periodic

Figure 1: (Color online). Optimized structures of grapheny-
lene (a) and graphene (b) were obtained using the SCC–DFTB
method. The calculated bond lengths and lattice parameters
are in good agreement with the reported DFT data [51].

sheets at different distances and adsorbate sites, in-
corporating dispersion corrections to better account
for the long-range dispersion forces are done through
van der Waals interactions between carbon atoms and
molecules. [52, 53]. Thus, the total energies, E(z),
of the molecule–2D material system with a separa-
tion z between the adsorbate sites and the center of
mass of the molecules are varied above the surface in
a range of 0.5 to 7 Å, which defines the computation
of the adsorption potential as a function of the dis-
tance separation. The total energy is then computed
as:

E(z) = ETot − (E2Dmaterial + EMolecule) , (2)

where ESurface is the total energy of the 2D material;
EMolecule is the total energy of the isolated molecule:
H2, CH4, and CO2; and ETot is the energy of the in-
teracting system at every z–distance. Thus, the bind-
ing energy is defined as Eb = E(zmin) with zmin as the
equilibrium molecule–surface distance. Total energy
calculations are performed for the molecule–2D mate-
rial system, varying the distance between the surface
and the center of mass of the molecules along the z–
axis. Three different adsorption sites for graphene
and 5 sites for GP are considered based on unit cells
of the materials. The molecular symmetry planes are
consider with respect to the surface plane in the cal-
culations. The repulsive potential is cut off at a dis-
tance below the second nearest–neighbor interaction
region for numerical stability.

2.2. Semi–Classical Molecular Dynamics Simulations

The adsorption dynamics of H2, CH4, and CO2

molecules on graphene and GP were investigated us-
ing semi-classical molecular dynamics simulations.
For graphene, a 5×5×1 supercell was used, while for
GP, a 3×3×1 supercell was employed. The surfaces
were optimized and equilibrated to a temperature of
300 K using a Nose–Hoover thermostat. To simu-
late the adsorption dynamics, a target area of 1 nm2

on the surface was defined, and molecules were ran-
domly distributed on a parallel plane to the surface
by using the velocity Verlet algorithm. The impact
energy of the molecules was 8 eV, and 650 MD simu-
lations with independent trajectories were performed
for each molecule. A time step of 0.25 fs was used, and
the molecules were emitted vertically with random
orientations at an initial distance of 0.6 nm above
the surface. Each MD simulation is performed for a
duration of 350 fs, this time–frame was meticulously
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chosen to ensure convergence in our MD simulations.
It provided ample time for the molecules to travel
away from the carbon sheets while also guaranteeing
that the attached molecules remained bonded to the
carbon atoms, preventing any detachment from the
sheets. We have previously employed this approach
to study hydrogenation mechanisms of fullerene cages
[54], electronic properties of borophene [55], and dy-
namic physisorption pathways of molecules on alu-
mina surfaces [56], demonstrating excellent agreement
with first principles DFT calculations.

After conducting MD simulations at room tem-
perature and an impact energy of 8 eV, the emission
of hundreds of H2, CO2, and CH4 molecules is ana-
lyzed by calculating the probabilities of adsorption,
reflection, and transmission, which are defined as:

P = 100× Nx

NTot
, (3)

where NTot is the total number of MD simulations,
while Nx is the number of cases for adsorption, re-
flection, and transmission calculated by using the fol-
lowing conditions based on the last frame of the MD
simulations: 1) Adsorbed cases: Molecules with a fi-
nal position between a sphere centered at the mate-
rial with a radius of 3.5 Å and the direction of the
velocity vector points towards the surface is consid-
ered as adsorbed; 2) Reflection cases: Molecules with
a final position larger than 3.5 Å and a velocity vec-
tor oriented in the opposite direction to the surface
normal is counted as reflected; 3) Transmission cases:
Molecules with a final position below the surface and
a distance larger than -3.5 Å are counted as trans-
mitted.

2.3. Optical absorbance and electron transport calcu-
lations

The optical absorption is investigated within the
DFTB framework as an electronic dynamic process
in response to an external electric field [57, 58]. The
conventional adiabatic approximation gives the time
evolution of the electron density matrix by time inte-
gration of the Liouville–von Newmann equation ex-
pressed as

iℏ
∂ρ̂

∂t
= S−1Ĥρ̂− ρ̂S−1, (4)

where ρ̂ is the single electron density matrix, Ŝ is
the overlap matrix, and Ĥ is the system Hamiltonian
that includes the external electric field as Ĥ = Ĥ0 +

E0δ(t − t0)ê with E0, the magnitude of the electric
field, and ê, its direction. Under the framework of
linear response, the absorbance I(ω) is calculated as
the imaginary part of the Fourier transform of the
induced dipole moment caused by an external field.
In this study, the external field strength was set to
E0 = 0.001 V/Å. The induced dipole moment was
evaluated over a 200 fs time period using a time step
of ∆t = 0.01 fs. The Fourier transform was performed
with an exponential damping function (using a 5 fs
damping constant) to eliminate noise.

The Non–Equilibrium Green’s Functions formal-
ism (NEGF) is a robust theoretical framework com-
monly used for modeling electron transport in nano–
scale devices and is implemented in the DFTB code
[59]. In Fig. 2, a detailed illustration is presented
of the geometric configuration of the graphene and
GP structures, highlighting the specific regions in-
volved in the electron transport calculations. To en-
sure accurate and reliable results, several steps are
followed: 1) The structures are carefully divided into
distinct sections, including the principal layers, two
electrode contacts (drain and source), and the device

Figure 2: Optimized structures employed in the electron trans-
port calculations. In (a), the structure is shown for grapheny-
lene with CH4, CH2, and H2 molecules and a hydrogen atom
attached, while in (b), graphene sheet is depicted with CO2

and CO molecules with an oxygen atom. The blue and red
regions represent the two principal layers. The middle region
corresponds to the device under investigation and the size of
the molecules is increased for better visualization.
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region. This partitioning enables a systematic analy-
sis of electron transport within the designated ”scat-
tering region.”; 2) The drain section, represented by
red spheres, corresponds to the region where electrons
exit the device, while the source section, depicted by
blue spheres, represents the region where electrons
enter the device; 3) To simulate realistic conditions
and investigate the impact of specific molecules on
electron transport, CO2 molecules are introduced into
the graphene device section, and CH4 molecules are
added to the GP device section. This allows us to
study the interaction between the adsorbates and the
carbon-based materials and observe their influence on
the electron transport properties; and 4) Before per-
forming the electron transport calculations, the entire
system undergoes an optimization process. This opti-
mization involves adjusting the positions and orienta-
tions of the atoms to find the most energetically favor-
able configuration for the combined graphene/GP–
adsorbate system.

3. Results

In Fig. 3 we present DFTB calculations revealing
that GP possesses a bandgap of approximately 0.96
eV from the DOS calculations, while graphene lacks a
bandgap altogether. The electronic band structures
also show that the valence and conductance bands
for carbon atoms are located at the Γ point. The
band gap of GP is structure–dependent and can range
from zero to a few electron volts, as theoretical stud-
ies have predicted band gaps for GP ranging from 0
eV to approximately 3.3 eV; depending on the specific
structure and calculation method employed [6, 26]. It
should be noted that the semi–local functionals tend
to underestimate the band gaps of GP structures. It
is also noticed the selected path show the character-
istic gaps at the M and Γ point reported by DFT
calculations [22]. The slight discrepancy in negative
energies can be attributed to variations in the SK
parameters used in our calculations, which are based
on the MIO (minimalist iterative orthogonalization)
approach. In this method, the electronic structure
of our system is approximated by considering only a
minimal set of atomic orbitals, leading to significant
computational savings compared to our DFT calcu-
lations. However, it is important to note that this
approach is inherently less accurate than full DFT
calculations, as it relies on semi–empirical parame-
terizations and simplified electronic structure mod-

Figure 3: Band structure and density of states for GP in a)
and for graphene in b). Similarities are observed due to the
hexagonal arrangement in the unit cell of the materialsi. DFT
calculations are represented by dashed lines for the density of
states (DOS) and marked with cross-points for the band struc-
ture.

els. These simplified models may not capture the full
complexity of the system accurately. Nevertheless,
the fair agreement observed still provides validation
for our results.

Fig. 4 present results for the physisorption path-
ways for H2, CH4, and CO2 molecules on both graphene
and GP sheets. In the case of graphene, the bond
length for molecular hydrogen and methane molecules
is observed to be approximately 2.2 Å, with binding
energies of -0.052 eV (in good agreement with Lee
et al. [60]) and -0.165 eV, respectively. Meanwhile,
the carbon dioxide molecule exhibits a bond length
of 2.6 Å and a binding energy of -0.151 eV. For GP,
it is found that H2 and CH4 molecules exhibit bond
lengths of 2.25 Å, along with binding energies of -

6



Figure 4: Binding energies are presented as a function of sepa-
ration distance for both graphene (a) and graphenelyne (b),
showcasing the lowest energy states and the impact of dis-
tinct adsorbate sites on the binding of H2, CO2, and CH4

molecules. The analysis reveals a stronger tendency for ad-
sorbate molecules to form bonds with the top carbon atoms in
graphene, while graphenelyne displays diverse adsorbate sites
due to its sp hybridization. The remaining potential energy
curves (PECs) can be found in the Supplementary Material ac-
companying this manuscript.

0.043 eV and -0.132 eV, respectively. CO2 on GP
has a bond length of 2.62 Å, accompanied by a bind-
ing energy of -0.125 eV. In the SM, we present the
physisorption pathways of all the adsorbate site of
both carbon sheets, showing that adsorbate sites as-
sociated with the hexagonal and square holes exhibit
a lower likelihood for molecule adsorption; specially
methane molecules are more likely to bond to the top
of the carbon atoms, with a binding energy of -0.2
± 0.05 eV showing excellent conditions for gas sep-
aration for this energy barrier [22, 29]. During the
calculations, we did not observe significant structural
deformation of the GP sheets, except for slight bend-
ing at the points where bond energy is minimum.

These results serve as the basis for configuring
the initial conditions in our MD simulations. To en-
sure an initial distance greater than 8 Å, interactions

between the molecules and the carbon sheet are pre-
vented at the outset of the simulation. These findings
offer valuable insights into the interactions between
carbon sheets and these molecules, which are essential
for understanding the physical processes in our MD
simulations. It is worth noting that dispersion cor-
rections play a significant role in these calculations,
particularly due to the hybridization of the system
and the presence of CH4 molecules. Similar trends
are observed for graphene, where the adsorbate site
located at the top of the carbon atoms is more favor-
able for both physisorption and chemisorption mech-
anisms confirming reported results for hydrogen trap-
ping by graphene [53], indicating a higher likelihood
of attracting molecules.

3.1. Dynamical adsorbtion of CH4 and CO2 molecules

In Table 1 we present the probabilities of trans-
mission, adsorption, and reflection for both carbon
surfaces and different molecular projectiles. For graphene,
the dissociation of H2 and CO2 molecules among the
reflected molecules was not observed. The molecule
initiates its trajectory with a kinetic energy (KE) of
8eV. However, it undergoes a gradual deceleration as
it comes into contact with the carbon atoms. Upon
colliding with a carbon sheet at various adsorbate
sites, the molecule is reflected, promoting its vibra-
tional and rotational movements. To observe dissoci-
ation mechanism, a higher impact energy than 10 eV
would be required. However, it is worth noting that
such high–energy collisions could result in the cre-
ation of vacancies in the graphene sheet by displacing
a carbon atom, which is not observed in our MD sim-
ulations at 8 eV. On the other hand, some of the re-
flected CH4 molecules underwent dissociation, and a
few of them were able to attach to the graphene sheet.
In order to bond more CH2 molecules to graphene, a
lower impact energy would be sufficient. In the case of
GP, its inherent porosity allowed for a higher number

Graphene Graphelyne

Probability H2 CO2 CH4 H2 CO2 CH4

Transmission 0 0 0 5.28 1.28 49.12
Adsorption 0 0 16.8 0 9.66 1.60
Reflection 100 100 83.2 94.72 89.06 49.28

Table 1: probabilities of different cases observed in the MD
simulations, including transmission, reflection, and adsorption,
for both graphene and GP. The results clearly demonstrate
that GP exhibits superior performance as a material for gas
separation compared to graphene.
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Figure 5: The visualization of the final frame in each MD sim-
ulation simultaneously enables a thorough analysis of the ad-
sorbed, reflected, and transmitted cases for both graphene (a)
and graphenelyne (b); with their corresponding histogram for
the distance counts on the z-axis. The structures consist of car-
bon atoms depicted as gray spheres. Adsorbed CH2 molecules
are represented by black spheres for carbon atoms and white
spheres for hydrogen atoms. Reflected molecules are shown as
turquoise spheres representing molecular hydrogen, and purple
spheres representing carbon atoms.

of transmitted cases for both H2 and CO2 molecules.
We observed that some carbon dioxide molecules dis-
sociated into CO+O, with the CO molecules bond-
ing to the GP sheet. This highlights the advantage
of GP’s porous structure in facilitating gas transmis-
sion and reactivity compared to graphene.

From the MD simulation results, it becomes ap-
parent that CH4 molecules can undergo reflection and
dissociation, leading to the formation of CH2 and H2

as the main process. Figure 5 displays a histogram of
the counts of the final positions of the C and H atoms
for the final frames of the simulations for graphene (a)
and GP (b), providing a visual representation of the
observed dynamics. This plot is used to count for the
number of events with a probability of transmission,
reflection, or absorption. Within our observations, it
is found that CH2 molecules are more likely to bind
to the carbon sheets. In alternative scenarios, both
CH2 and H2 molecules are seen to dissociate after col-
lision with the carbon sheets. A notable observation
is the differential behavior of hydrogen molecules in

graphene compared to GP.
The GP’s porous structure facilitates the trans-

mission of hydrogen molecules, making it a promis-
ing candidate for applications such as hydrogen pro-
duction in the context of energy generation. While
graphene sheets present high scattering of H2 molecules.
We have found that CH4 molecules are unable to
transmit through graphene, whereas in the case of
GP, there is a probability of approximately 50% for
transmission, accompanied by dissociation and the
production of molecular hydrogen. This behavior can
be attributed to the porous nature of the materials
and the impact energy of the emitted. Additionally,
the velocity distributions of carbon (C), oxygen (O),
and hydrogen (H) atoms at the last frame are an-
alyzed considering all the MD simulations for each
case. Notably, molecular hydrogen exhibits the high-
est velocities, while CH2 molecules exhibit the lowest
velocities after being reflected by the carbon sheets.
This observation provides an initial indication of the
bonding behavior of the ejected molecules, which is
discussed in more detail within the SM.

Furthermore, it has been noted that CH2 molecules
can form bonds with GP by infiltrating the porous
structure and binding to the underlying C atoms.
This property distinguishes GP from graphene, as
the latter typically requires the presence of defects
to enable molecule transmission. Here, the distinc-
tive arrangement of sp2–carbon atoms in GP creates
a two–dimensional lattice with regularly spaced sized
pores which is notably larger than the kinetic diam-
eters of H2, CO2, and CH4, facilitating the favorable
diffusion of these molecules. This mechanism high-
lights the potential of GP is a promising material for
gas separation, particularly for CH4, as supported by
our MD simulations for CO2 purification as well.

Figure 6 presents the analysis of reflected molecules
from the surfaces of graphene and GP at an impact
energy of 8 eV. The analysis involves determining
the internuclear distance between atoms in the final
frame of the simulations. In the case of H2 molecules
(Figure 6a), it is observed a uniform distribution of
the internuclear distance around the bond length of
0.74 Å. This distribution arises from the excitation
of vibrational and rotational states due to the ex-
change of kinetic energy during a collision with the
surfaces, as previously discussed. For CO2 molecules,
the splitting of the molecules into CO and O is evi-
dent, with a majority exhibiting a homogeneous dis-
tribution around 1.43 Å for the internuclear distance
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Figure 6: Analysis of reflected molecules from graphene and
graphenylene surfaces. Upon collision, H2 molecules are re-
flected without breaking their bonds, but changing their an-
gular momentum. Most of the CO2 molecules are reflected,
while a fraction of them undergo dissociation into CO and O.
Interestingly, the collision with the surfaces results in the pro-
duction of H2 for the majority of CH4 molecules.

which corresponds to the CO bond length. Oxy-
gen atoms are identified with an internuclear dis-
tance larger than 2.5 Å. Finally, CH4 molecules un-
dergo splitting into CH2 and H2 molecules with the
highest probabilities, with CH3+H dissociation with
a low probability. Molecular hydrogen is character-
ized by an internuclear distance of around 0.74 Å and
a higher degree of excitation in vibrational states.
The main dissociation channel is identified as CH2

(methylene) molecules, with a peak observed in the
histogram at approximately 1.8 Å, representing the
internuclear distance between H atoms. The porosity
of GP makes it a more promising candidate for H2

production compared to graphene, as demonstrated
by MD simulations. The histogram illustrates the
distribution of reflected molecules with different bond
lengths corresponding to their excited vibrational states.
For instance, when H2 molecules are emitted onto
the 2D materials, they tend to vibrate towards states
close to their ground state. On the other hand, H2

molecules originating from the dissociated methane
exhibit various bond lengths due to their excited vi-
brational and rotational states. This concept also
applies to COx and CHx molecules.

3.2. Optical Absorption Spectra, electron transport and
sensitivity

Before performing the optical absorption calcu-
lations, unconstrained optimizations of the carbon
sheet were conducted in the presence of various molecules
and atoms, each in different scenarios. In instances
where a physisorption pathway was relevant, con-
strained optimization calculations were performed to
establish the optimal bond lengths. This approach
was adopted to simplify the computational process,
allowing for a more efficient and accurate determina-
tion of the atomic configurations.

The optical spectra are calculated for different
cases of molecular adsorption: 1) In the analysis of
hydrogen molecules, consideration was given to a sin-
gle H2 molecule positioned above a carbon atom, along
with two hydrogen atoms located above two distinct
carbon atoms, where the interaction between them is
minimal and the obtained results are in a good agree-
ment with experimental and ab–initio data regard-
ing the absorption intensities of the interband transi-
tions occurring in the Dirac band (mid-IR and visible)
[61, 46, 62]. In the context of the CO2 and its split
CO+O counterpart, the CO2 molecule was initially
positioned above a carbon atom, followed by its place-
ment on two different carbon atoms in the resulting
CO+O system. The effect of carbon dioxide on the
graphene sheet is similar to that observed for the H2

molecule. For GP, the influence decreases compared
to the pristine case. However, the split of CO+O en-
hances the absorbance of the graphene sheet at the
same wavelength as the CO2 molecule. For the GP
case, the absorbance rate is lower than that observed
in the carbon dioxide case. 3) For methane molecules,
several configurations is investigated: CH4, CH2+H2

(molecular hydrogen and methylene as a main disso-
ciation channel), CH2+H+H, and CH2, as they are
crucial for sensor development [63, 31].

Figure 7 presents the normalized optical absorp-
tion spectrum of graphene (a) and GP (b) obtained
using the Liouville–von Neumann equation for the
hydrogen molecule, methane, and carbon dioxide and
the rest of the results are displayed in the SM. These
findings reveal that pristine graphene doesn’t interact
with visible light, as expected [64]. However, when
it’s paired with a hydrogen molecule or carbon diox-
ide, graphene becomes more effective at absorbing
visible light. In contrast, the addition of a methane
molecule primarily enhances its ultraviolet absorption
capabilities. Furthermore, when it comes to the GP,
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Figure 7: Optical absorbance spectra of graphene (a) and
graphenelyne (b) in the visible range, considering H2, CO2,
and CH4 molecules adsorbed by the surfaces. The presence of
split CH4 molecules significantly impacts both surfaces.

the presence of attached molecules doesn’t exert any
discernible effect on the optical properties of the car-
bon sheet. The structural characteristics of the pores
do not significantly enhance light absorption, and its
band gap doesn’t cause excessive scattering of visi-
ble light. This underscores the material’s stability in
maintaining its optical properties across diverse con-
ditions. In the SM, we noticed that among all the
configurations, the optical absorbance is maximized
in the 300–450 wavelength range for the CH2+H+H
case, attributed to the bonding between H atoms and
the C atom of graphene. In contrast, in the case
of GP, CH2 increases the optical absorbance in the
range of 400 to 550 wavelengths due to the system’s
hybridization and modifying the DOS.

Advancements in 2D materials have expanded the
scope of potential applications, particularly in energy
harvesting and storage, due to their high electron
transport efficiency and extensive surface area with
numerous active sites [65]. In this study, a compu-
tational approach based on a π-orbital tight-binding
Hamiltonian was adopted to simulate the electrical

transport phenomena of graphene and GP. The SCC-
DFTBmethod was employed in conjunction with Non-
equilibrium Green’s functions [59]. In the tight–binding
representation, the interaction between atoms is lim-
ited to a finite range. The contact self–energy func-
tion, also known as the surface Green’s function, can
be solved for the matrix block corresponding to the
atoms near the extended device region using a re-
cursive algorithm [23]. This allows us to accurately
describe the electrical transport properties of the ma-
terials and analyze their behavior under various con-
ditions. For instance, in studies by M. Mananghaya,
electron transport properties of Ag decorated zigzag
graphene nanoribbons (Ag/ZGNR) were investigated
using non-equilibrium Green’s function, where it was
observed that the corresponding forward bias voltage
across the Ag/ZGNR increases as temperature rises
[66]. S. Souma et al. presented a numerical study
of the current–voltage characteristics in zigzag–edged
graphene nano ribbon (Z–GNR) devices by using the
non–equilibrium Green’s function in the DFTBmethod.
They demonstrated that the current can be controlled
by the additional doping in the channel region [67].

Figure 8 illustrates our findings for graphene in
a) and GP in b) that are in good agreement with re-
ported results for pristine graphene in the literature
and by Villegas et al. [23] for the pristine GP ribbon;
by adding different molecules it is revealed the pref-
erential adsorption of extrinsic chemical species like
CH4, CO2, and H2 at interdomain sites, leading to a
significant enhancement of scattering effects in both
graphene and GP. To delve into this intriguing behav-
ior, the non–pulsating direct current (NPDC) wave-
form was employed, known for its ability to main-
tain the stability of adsorbates even under ultrahigh–
vacuum conditions. Unlike PDC waves, which exhibit
continuous voltage fluctuations, NPDC waves main-
tain a constant voltage, ensuring the stability of the
adsorbed species within the scope of our computa-
tional approach. For graphene, it is noteworthy that
the adsorption of individual hydrogen, carbon diox-
ide, and methane molecules leads to a reduction in the
transmission probability. This reduction has a direct
impact on the density of states within the altered sys-
tem. Additionally, it is observed that the effects on
the DOS of the armchair–wise graphene sheet is asso-
ciated with the bond formed between carbon atoms
and these molecules; which are reflected in the trans-
mission probability of two symmetric minima around
the Fermi. On the other hand, when considering the
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GP sheet, the presence of singly bonded molecules to
carbon atoms does not appear to induce substantial
modifications in the transmission probability. How-
ever, there is a decrease in the transmission proba-
bility within the energy range of approximately ±1.5
to 1.0 eV. This observation highlights the potential
of GP as a promising candidate for the development
of gas sensors, emphasizing its sensitivity to changes
in its surrounding gaseous environment. Since, the
strong mechanical properties play a key role in main-
taining the structural integrity of porous frameworks,
preventing their shrinkage or collapse. Therefore, the
presence of channels and pores facilitates rapid elec-
trolyte diffusion, leading to an augmentation in elec-
trical conductivity as shown by our results.

Fig 9 shows the difference of the current for each
molecule X as a function of the voltage as:

S = 100%

∣∣IX − Ig
∣∣

IX
, (5)

Figure 8: The total transmission probabilities summed over
all channels in the nanoribbon graphene direction in a) and
through the pores of GP in b) for the pristine surface and with
different molecules observed during the bombardment simula-
tions. Reported results for a pristine ribbon [23] are displayed
for the GP showing size effects in the band gap value.

Figure 9: Sensitivity of graphene in a) and graphenelyne in
b) considering different molecules and atoms adsorbed. The
inset shows the linear current-voltage (I-V) characteristics in
the range of 0–300 mV.

with IX of each molecule and the surface and Ig the
current of the graphene in a) and GP in b). Noticing
that the adsorption of CHx compounds increases the
sensitivity of the surfaces. The tunneling currents for
the sheets as a function of the voltage for various ad-
sorbed molecules are shown in the inset plots by I—
U characteristics graphs for voltages below 300 mV.
Our results are in a qualititive good agrement with
reported experimental data [10] showing a decrease
of 25 mV for GP and an efficiency increas of 4% for
methane single molecules. Thus, the porous structure
of GP offers distinct advantages, including increased
surface area, reduced density, and improved accessi-
bility to guest objects. This structure is highly suit-
able for applications involving light absorption and
electron/ion transport. Specifically, it shortens the
migration path of charge carriers from the point of
generation to the active surface, thereby facilitating
electron migration to the surface. Therefore, we sug-
gest that GP based materials can be better candi-
dates than graphene ones for use in field effect tran-
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sistors, as Zener diodes, and faster sensors.

4. Conclusion

In this study, we utilize computer simulations to
explore the gas separation mechanism and its impact
on the optical and electronic properties of graphene
and graphenelyne sheets. Our focus is specifically
on the emission behavior of CH4 and CO2 molecules.
To conduct these simulations, we employ a quantum-
classical molecular dynamics approach, utilizing the
SCC–DFTB method with van der Waals corrections.
These corrections are essential to accurately capture
the dissociation, chemisorption, and molecule forma-
tion processes involved in the dynamics.

We analyze the probabilities of transmission, re-
flection, and adsorption of the emitted molecules. Our
results highlight that GP exhibits significant advan-
tages in gas separation compared to graphene. Specif-
ically, we find that GP enables efficient separation of
CO2 into CO+O and CH4 into CH2+H2 with the
highest probabilities to be dissociated. The porosity
of GP enhances gas separation rates, facilitates CO2

purification, and promotes hydrogen production from
methane. By conducting electron transport calcula-
tions with the non–equilibrium green function method,
we noticed that hydrocarbon like CH2, and CH4 have
the most effects on the electron transport mechanisms
for both 2D materials.
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