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Theoretical design of porous dodecagonal
germanium carbide (d-GeC) monolayer
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Porous nanosheet materials have recently emerged as attractive candidates to serve as nanofiltration
membranes. Through first-principles calculations based on density functional theory (DFT) calculations,
we propose a new porous dodecagonal GeC (d-GeC) monolayer. We show that the d-GeC monolayer
exhibits excellent energetic, mechanical, dynamic, and thermal stabilities. The d-GeC monolayer shows
semiconducting properties with an indirect band gap of 1.73 eV (2.53 eV) PBE(HSEQ6). We also show that
the d-GeC monolayer can serve as a good membrane for molecular and atomic permeation due to its
low value of estimated diffusion energy barriers. Our results demonstrate the potential of the d-GeC
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1 Introduction

In recent years, graphitic porous monolayers have attracted
much research interest due to their numerous industrial
advantages over non-porous graphitic monolayer materials. So
far, the synthesized porous monolayers can be grouped into
non-metal containing (e.g. carbon nitride' and graphene oxide
layer?) and metal-containing (pore sites created in two-
dimensional (2D) transition metal chalcogenide®®) materials.
These reported porous monolayers inherently exhibit highly
reactive dangling bonds at the pore edge, which have a signifi-
cant impact on their properties. In practice, the atoms at the
edge of the pore are usually passivated by hydrogen atoms,
resulting in a reduction of the pore size. This means that the
performance of these porous materials in any application is
controlled by the edge atom at the pore site. Consequently, this
issue severely limits the development of these types of porous
materials where a reasonably less reactive pore site is needed.
The issue offers a new research opportunity to design a porous
monolayer with a non-dangling bond at the pore site. If found,
it is expected to consolidate the potential prospects of porous
materials for gas separation,*” water purification®** and""’
related applications.

Here we design a new porous d-GeC monolayer with non-
dangling bonds at the pore site. To our knowledge, the porous
d-GeC monolayer has not been previously predicted. However,
we are aware that recently the porous Ge;N, monolayer with
a non-dangling bond at the pore site has been theoretically
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monolayer for the design of nanofiltration membrane technology.

predicted and shown to exhibit indirect bandgap semi-
conducting properties.'® In addition, it was shown that the band
gap of the Ge;N, monolayer can be tuned by mechanical strain,
while the indirect band gap remained unchanged across the
strain ranges. In a separate study, a direct bandgap of 5.2 eV has
been observed for d-BN monolayer while an octagonal porous
BN monolayer exhibits an indirect bandgap of 5.20 eV." It
should be emphasized that such a porous d-GeC monolayer
with semiconducting property is rarely found. However, the
structure exists in the form of purely carbon-based structures
called biphenylene carbons® or graphenylenes.”” These struc-
tures occur in various allotropes with a well-ordered ring
composed of 8, 10, or 12 atoms. They are generally non-
magnetic semiconductors and have been synthesized.” A
previous report has also suggested inorganic forms of these
structures.'>*"**?> We expect that the d-GeC monolayer will
provide a suitable layer thickness and pore electron density for
gas mixture separation and related applications. In this study,
we investigate the stability and electronic properties of the d-
GeC monolayer by first-principle calculations based on DFT.>®
We also estimate the diffusion barrier of some selected (H,, O,,
CH,) molecules and (He, Na, Cl) atoms.

2 Computational method

The ground state monolayer of d-GeC has been obtained by
carrying out DFT*® calculations using the Vienna ab initio
Simulation Package (VASP).”” The generalized gradient approx-
imation (GGA) of Perdew-Burke-Ernzerhof (PBE)*® exchange-
correlation parametrization has been used to treat strongly
orbitals of all atoms. The projected augmented wave (PAW)
pseudopotentials method*® has been used for all atoms to
describe the core and valence electrons. The DFT-D2 method of
the Grimme van der Waals (vdW) correction® has been used.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The Brillouin zone is sampled using a I'-centered k-point
meshes and (12 x 12 x 1) and (20 x 20 x 1) meshes have been
used for self-consistency and total density of state computations
respectively.*® The cut-off energy for the plane-wave basis set
was set to 500 eV. A vacuum space of at least 16 A perpendicular
to the d-GeC monolayer was set in simulation cells to minimize
interactions between the adjacent layers. All the structures have
been fully relaxed until the remaining force on each atom and
the energy were smaller than 0.01 eV A™* and 10 ° eV respec-
tively. To determine the minimum energy diffusion pathways
for the considered molecules and atoms passing through the
pore site of the d-GeC monolayer, we carried out the climbing-
image nudged elastic band (CI-NEB) scheme.*® Quantum
ESPRESSO (QE) code** was used for the CI-NEB calculations. A
total of 9 images have been used between the initial and final
positions. To produce results with negligible error, we make
sure that similar computational parameters, such as PAW PPs,
are used for both VASP and QE computations. As a check for the
thermal stability of the d-GeC monolayer, we performed ab
initio molecular dynamics (AIMD) simulations with a time step
of 4.0 ps. The temperature was controlled using the Nosé-
Hoover thermostat.*
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3 Results and discussions

The top and side view of the d-GeC monolayer is illustrated in
Fig. 1(a), which is similar to the porous d-BN and d-ZnO
sheets.” It has hexagonal symmetry (Cg,) with the space
group of P6/m. In Fig. 1(a), the black rhombohedral line displays
the geometric structure of the d-GeC unit cell. The unit cell
consists of a total of six Ge and six C atoms and each atom in the
d-GeC is bonded by three neighboring atoms. As clearly dis-
played in Fig. 1(a), the d-GeC crystal structure is formed by two
Ge;C; hexagonal rings that are chemically bonded side by side
through Ge-C bond. Between the two Ge;Cj; rings, the Ge-C
bond forms a square structure that leaves no dangling bonds at
the edge of the pore site. There are two kinds of Ge and C atoms
according to the angle formed with their bonded atoms. It is
also noted that both Ge and C atoms contribute equally to the
pore site. The smallest optimized distance between the two
symmetrically opposite atoms in the pore is 7.27 A (the diameter
of the pore). The pore size of the d-GeC is expected to be suffi-
cient to function as a membrane for certain applications where
large pore size is required.

After full structural optimization, the side view of the d-GeC
monolayer is planar without any obvious buckling tendencies
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the shaded area enclosed by solid lines represents the unit cell of the d-

GeC monolayer. (b) Electron localization functions (ELF) contours of (0 0 1) plane for d-GeC monolayer. 2D ELF (c) Phonon dispersion curve and
the corresponding atom projected phonon density of states for the d-GeC monolayer. (d) Energy versus time step for MD calculations at 300 K,
side view of the snapshot 3 x 3 x 1 supercell d-GeC monolayer is also illustrated as an inset.
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(see Fig. 1(a)). The obtained equilibrium lattice constant (@ = b)
of the d-GeC monolayer is 8.93 A The estimated Ge-C bond
lengths are in the range of 1.840-1.95 A. The ranges of values do
not deviate that much, indicating a robust bonding network in
the d-GeC structure. Consequently, it is expected that the d-GeC
structure will be stable. To investigate the chemical bonding
nature of the d-GeC structure, we calculated the electron
localization functions (ELF). As illustrated in Fig. 1(b), the ELF
takes the values in the range of 0 to 1e~ A~>. It is evident from
Fig. 1(b) that both ionic and non-polar covalent bonds exist in
the d-GeC structure due to the accumulation and depletion of
the charge density. These bonding properties are attributed to
the difference in electronegativity between the C(2.55) atom and
the Ge(2.01) atom. The Bader charge analysis®* was used to
estimate the charge transfers in the d-GeC structure. About
2.58e" charge transfer occurs from the Ge atom to the C atom.
The net charge transfer of electrons from Ge to C indicates ionic
bonding, while the nonpolar covalent bonding is caused by the
difference in electronegativity between the two bonded Ge and
C atoms being less than 0.5.

Next, we evaluate the stability of the d-GeC monolayer.
Firstly, we estimate both the cohesive energy (E.on) and forma-
tion energy (Egg) per atom. The E.., is determined from the
expression given as;

Econ = (6EGe + 6Ec — Eq.gec)/12 (1)

Here Eg. and E¢ represent the total energy of an isolated Ge and
C atom, respectively. Egec denotes the total energy of the d-GeC
monolayer. The obtained E.,}, value for the d-GeC monolayer, is
4.59 eV per atom, which is larger than that reported stable
monolayer, such as MnS (4.15 eV per atom) and MnSb (3.48 eV
per atom) monolayers.*® The Egg is then estimated as

Erg = (Eq.Gec — 6uge — 6uc)/12 )

where uge, and uc stand for the chemical potentials of Ge and C
atoms. The pge, and ¢ are obtained from the per atom energy
of germanene and graphene, respectively. The estimated Erg
(—3.11 eV per atom) value is negative indicating that the d-GeC
monolayer is thermodynamically stable and can be experi-
mentally synthesized. All E.,, and Egg values confirm that the d-
GeC sheet is energetically stable.

We then evaluate the mechanical stability of the d-GeC by
computing the in-plane stiffness (Y) and Poisson's ratio (v) of
the d-GeC monolayer using the previously reported®*-* strain-
energy method. The calculated Y and v along the a or b strain
directions are 98.90 N m ™' and 0.33, respectively. The Y and »
values are both positive and isotropic, which means that they
satisfy the minimum born criteria for elastic stability of
hexagonal 2D materials.*® The obtained Y and » values ascertain
the good mechanical stability of the d-GeC monolayer. In
comparison, the Y value is comparable to WSTe (100 N m™*)
monolayer.*

We assess both the dynamic and thermal stability of the d-
GeC monolayer using phonon dispersion and AIMD calcula-
tions as further verification of its stability. Fig. 1(c) shows no
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imaginary phonon modes throughout the first Brillouin zone.
The absence of imaginary modes confirms the dynamic stability
of the d-GeC monolayer. As shown in Fig. 1(c), the lowest three
phonon dispersion curves i.e. longitudinal acoustic (LA) and
transverse acoustic (TA) branches show linear dispersion while
the transverse acoustic (ZA) branch has a quadratic form in the
vicinity of the I'-point. The lattice thermal conductivity and the
group velocity are driven by these acoustic phonon modes. The
highest frequency of the d-GeC monolayer goes above
1000 cm !, comparable to most of the well-known 2D materials.
Alongside the phonon band structure, we provide the phonon
projected density of states (phDOS) plot. It is evident that the
atomic vibration contribution in the porous d-GeC structure
varies according to the atom weights, i.e. the highest vibration
frequency originates from the lighter C atom which confirms
that frequency is proportional to the square root of atomic
mass. It can be concluded that the porous d-GeC monolayer is
robust material owing to its high optical vibration modes. With
regard to the thermal stability of the d-GeC monolayer, we
performed AIMD at 300 K using a (3 x 3) supercell of d-GeC.
There is no structural deformation in the d-GeC monolayer
and only negligible atomic height deviation as displayed in
Fig. 1(d). Moreover, the oscillation range for the total energy
against the time step is provided. The obtained energies are of
the order of meV for each atom in the considered (3 x 3)
supercell of d-GeC without obvious variations.

After ensuring that the d-GeC monolayer is stable, the elec-
tronic property is then calculated. The PBE and PBE + HSE06
band structures and the corresponding PBE projected density of
states (PDOS) of the d-GeC monolayer are displayed in Fig. 2.
The plots show nonmagnetic semiconducting structure with
indirect band gaps of 1.73 eV (PBE) and 2.53 eV (HSE06). The
obtained HSE06 hybrid functional calculation band gap value
clearly shows improvement over the PBE results. In addition,
the obtained HSE06 band gap of the d-GeC monolayer will allow
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Fig.2 The PBE electronic band structure and the corresponding atom
orbital projected density of state of the d-GeC monolayer. The most
dominant orbitals in the band dispersion graph are illustrated. We also
matched the HSE band structure to that of PBE and the HSE band gap
is shaded yellow. The Fermi energy level is set to zero eV. The Brillouin
zone for hexagonal unit cell shape is illustrated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The estimated diffusion energy profiles for molecules and atoms passing through the pore site of the d-GeC monolayer.

exploitation of the visible region of the solar spectrum, making
it a suitable material for photocatalysis and related applica-
tions. As displayed in the plot, the increase in band gap for the
HSEO06 calculation is due to the shift of conduction band
minimum (CBM) to the region of higher energy. The valence
band maximum (VBM) is situated at the M high symmetry point
while the CBM is between M-K in the band structure. The
dominant orbital contribution to the VBM comes from the p
orbitals of both C and Ge atoms while these orbitals become
delocalized at the CBM. The presence of nearly flat bands at the
VBM is an important feature that could lead to large effective
masses of electrons due to the wide radius of curvature. We
expect large correlation effects*'** from the large localization of
holes. This may result in unusual phenomena like the fractional
quantum Hall effect**** and room temperature ferromagne-
tism/anti-ferromagnetism.***’

To demonstrate the permeability of the d-GeC monolayer for
some (H,, O,, CH,) molecules and (He, Na, Cl) atoms, we esti-
mate the minimum diffusion energy barrier (Eparricr)- For these
calculations, we use the climbing image nudged elastic band
(CI-NEB) method to evaluate the diffusion of these molecules
and atoms passing through the pore site of the d-GeC mono-
layer. We choose initial and final images which are the top and
the bottom of the center of the porous site of the d-GeC struc-
ture both of them are fully optimized, and then seven inter-
mediate images with equal intervals are linearly chosen
between them. At the end of calculations, energy versus diffu-
sion path curves is plotted as illustrated in Fig. 3. We also
summarised these deduced Ep,.ier values in Table 1. The
calculated Ep..ier Values for molecules are lower than those
obtained for atoms. The Ep,.ier decrease in the order of He <
H,|| < Hy L < H,O < CHy < Na < Cl. The larger Eparier for

Table 1 The calculated minimum diffusion energy barrier (Epayrier) fOr
molecules and atoms (mol—atom) passing through the pore site of the
d-GeC monolayer

Na Cl
0.228 0.920

He
0.019

Mol-atom
Ebarrier (CV)

H, L
0.064

H,0
0.071

CH,
0.133

Hy||
0.039

© 2023 The Author(s). Published by the Royal Society of Chemistry

Cl@GeC/Na@GeC systems indicate an interaction between Na*
ion/Cl” ions and Ge/C atoms along the edge of the pore. In
general, these Epgarier values show that H,O, H,||, and He will
experience weak interaction by the edge Ge or C atoms when
passing through the pore of d-GeC monolayer.

4 Summary

In brief, we studied the ground-state properties of the d-GeC
monolayer as a newly theoretically found porous membrane
material based on the PBE method. Stability tests show that the
d-GeC monolayer is energetically, mechanically, dynamically,
and thermally stable based on formation energy, in-plane
stiffness, phonon dispersion and AIMD simulations. The d-
GeC monolayer exhibits semiconducting property with an
indirect band gap of 1.73 eV (2.53 eV) PBE(HSEO06). As a further
investigation, we show that the d-GeC monolayer can serve as
a good membrane for the permeation of molecules and atoms
due to its estimated diffusion energy barriers. We believe that
the novel d-GeC monolayer will be a potential candidate for true
experimental synthesis in the field of nanomembranes for gas
mixture and water purification.
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