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Physicochemical characterization of a new porous
2D semiconductor carbon allotrope, C;6: an inves-
tigation via density functional theory and machine
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This study comprehensively characterizes, with suggested applications, a novel two-dimensional carbon
allotrope, Cy6, using density functional theory and machine learning-based molecular dynamics. This
nanomaterial is derived from naphthalene and bicyclopropylidene molecules, forming a planar configur-
ation with sp? hybridization and featuring 3-, 4-, 6-, 8-, and 10-membered rings. The cohesive energy of
—7.1 eV per atom, the absence of imaginary frequencies in the phonon spectrum, and the retention of the
system’s topology after ab initio molecular dynamics simulations confirm the structural stability of Cyg.
The nanomaterial exhibits a semiconducting behavior with a direct band gap of 0.59 eV and anisotropic
optical absorption in the y direction. Assuming a complete absorption of incident light, it registers a
power conversion efficiency of 13%, demonstrating relatively good potential for applications in solar
energy conversion. Excluding the vacuum effect along the non-periodic z direction, the planar lattice
thermal conductivity x_ reaches ultralow values of 1.90 x 1072 W (m K)™%, 0.90 x 1072, and 0.59 x 1072 for
T = 300 K, 600 K, and 1000 K, respectively along both x and y directions. Very close to the Fermi level,
the thermoelectric figure of merit (zT) can reach a maximum value of 0.93 at room temperatures along
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both planar directions, indicating an excellent ability to convert a temperature gradient into electrical
power. Additionally, C;¢ demonstrates high mechanical strength, with Young's modulus values of 500
GPa and 630 GPa in the x and y directions, respectively. Insights into the electronic, optical, thermoelec-

rsc.li/nanoscale tric, and mechanical properties of Cy¢ reveal its promising capability for energy conversion applications.

zero (quantum dots) to three dimensions (such as diamonds).
In particular, two-dimensional (2D) materials have recently

1 Introduction

The fabrication of new nanomaterials has always been associ-
ated with technological progress. Advancing nanotechnology
requires a deep understanding of nanomaterials."
Nanomaterials can exist at different dimensionalities, from

“Department of Applied Physics and Center for Computational Engineering and
Sciences, State University of Campinas, Campinas, Séo Paulo, 13083-859, Brazil
bInstitute of Physics, University of Brasilia, 70910-900 Brasilia, Brazil.

E-mail: ribeirojr@unb.br

‘Computational Materials Laboratory, LCCMat, Institute of Physics,

University of Brasilia, 70910-900 Brasilia, Brazil

Institute of Physics, Department of Solid State Physics, Federal University of Bahia,
Campus Ondina, 40170-115 Salvador, Brazil

‘International Center of Physics, University of Brasilia, Brasilia, 70910-900, Brazil
JUniversity of Brasilia, College of Technology, Department of Electrical Engineering,
Federal District, 70919-970 Brasilia, Brazil

T Electronic supplementary information (ESI) available: Structure (cif) file for the
proposed material and results for complementary simulations. See DOI: https://
doi.org/10.1039/d5nr01282a

14660 | Nanoscale, 2025, 17, 14660-14675

attracted significant attention due to their properties and
potential applications in various technological fields,> includ-
ing electronics,’ optoelectronics, and energy storage.’

Since the experimental realization of graphene,® more than
two decades ago, the investigation of new carbon allotropes
and other 2D materials has been at the forefront of materials
science. Graphene is a semimetal material” with high tensile
strength® and elevated thermal stability.” These attractive pro-
perties have motivated the search for new materials with
similar or improved properties.*’

Among the growing number of 2D materials families,
carbon allotropes are particularly promising due to carbon’s
ability to form multiple bonding configurations (sp, sp? and
sp® hybridizations and combinations of them),'" resulting in a
large diversity of physical characteristics dependent on the
structural topology of atomic arrangements.'? Although gra-
phene exhibits high electrical conductivity, it has a zero elec-
tronic bandgap, limiting some kinds of applications."® This
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limitation has stimulated research into new 2D carbon allo-
tropes that combine graphene’s structural benefits with semi-
conducting properties.'*

This growing interest in carbon-based 2D systems has led to
the discovery and/or proposal of several new allotropes with dis-
tinct characteristics. Although most of these structures are from
theoretical predictions,"'*>™° significant advances have recently
been made in the synthesis routes of these nanomaterials.

In addition to graphene,® fullerenes,> and carbon nano-
tubes,?! which were synthesized years ago, recent experimental
realizations include biphenylene network (BPN),** holey gra-
phyne (HGY),>® y-graphyne (y-GY),>**® and monolayer fuller-
ene network (2D-Cg).>” These systems were theoretically pre-
dicted before they were synthesized.”®*' Importantly, gra-
phene and BPN exhibit metallic behavior, while the HGY,
2D-Ce0, and y-GY monolayers are semiconductors.

Among the previously proposed or experimentally realized
two-dimensional porous carbon allotropes, such as phagra-
phene,* biphenylene networks, and graphdiyne derivatives,*?
Ci6 stands out due to its unique construction from fused
naphthalene and bicyclopropylidene motifs. This structural
design leads to a periodic framework composed of 3-, 4-, 6-, 8-,
and 10-membered carbon rings, an unprecedented combination
among 2D carbon systems. While phagraphene and biphenylene
networks exhibit metallic character, C;¢ displays semiconducting
behavior with a direct band gap, making it a promising candi-
date for optoelectronic and thermoelectric applications. Thus,
C;6 enriches the structural diversity of two-dimensional carbon
allotropes and introduces a novel porous semiconducting plat-
form derived from an unconventional molecular fusion strategy.

In our quest to discover new 2D carbon allotropes, our
groups have recently characterized 30 two-dimensional struc-
tures with semiconducting properties, specifically focusing on
their solar energy conversion capabilities. Our results demon-
strate that power conversion efficiency (PCE) values range from
7% to 30%, with the possibility of complete absorption of an
incident light.>* Beyond their main use in electronic devices,
these 2D semiconducting carbon allotropes also appear to be
promising candidates for renewable energy applications.*

In this context, this work proposes a new carbon allotrope
named C;¢. Density functional theory (DFT) simulations were
employed to characterize the dynamical and thermal stability,
electronic structure, and optical, excitonic, and thermoelectric
properties of the material.

We have also performed classical molecular dynamics (MD)
simulations to study its mechanical properties. For the
description of interatomic interactions, we have employed a
reactive force field trained using machine learning protocols
based on data obtained from ab initio molecular dynamics
(AIMD) simulations for representative structures related to Cyg.

Our results show that C;¢ is dynamically and structurally
stable, with no imaginary frequencies in its phonon spectrum.
It is also thermally stable, as no phase changes were observed
when subjected to a thermal bath at 1000 K. C,¢ exhibits a
semiconducting behavior, with a direct electronic bandgap of
0.59 eV. Regarding its optical properties, C;¢ exhibits aniso-

This journal is © The Royal Society of Chemistry 2025

Paper

tropic characteristics, with the main absorption activity occur-
ring along one specific direction of the system. It has an
exciton binding energy of approximately 96 meV, a power con-
version efficiency (PCE) of 13%, and a figure of merit of 0.8.
Regarding its mechanical properties, our results suggest an an-
isotropic behavior, with Young’s modulus ranging from 500
GPa to 630 GPa, depending on the direction of deformation.

2 Methodology

To better present the selected computational methods and
simulation parameters, we have divided this section into three
subsections: the modeling of C,¢, the first-principles calcu-
lations, and the aspects of classical MD simulations.

2.1 System modeling

Different approaches can be taken to proposing new nano-
materials based on carbon or other systems. One common
approach, also frequently used in experimental processes, is to
start with known hydrocarbon molecular motifs and dehydro-
genate them to induce reactions.

In the literature, several structures have been obtained
through the process above. Examples include the BPN and 2D-Cg,
networks, which are obtained through the covalent bonding of
BPN and Cg, molecules, respectively.”**” For y-GY, several small
molecules can be used, particularly dehydrobenzoannulenes
(DBAs).>® This approach has been used for several proposed
carbon monolayers, such as PAI-G,”” PSI-G,*® PCF,* naphthy-
lene,*® DHQ,*" TH-GY,** nanoporous graphene,** among others.

In this perspective, here we propose a new allotrope, which
consists of one possible ‘fusion’ of the naphthalene®* and
bicyclopropylidene®® into a 2D structure that is also planar
(like the molecules), see Fig. 1. The molecular motifs are
shown in Fig. 1(a and b). Naphthalene is an oligoacene with
ten carbons, with the formula C;,Hg, while bicyclopropylidene
is a tetrasubstituted alkene with the formula CcHg.

The molecules were arranged in alternating linear blocks,
forming covalent bonds. The system was designed to exhibit fully
sp> hybridization. Fig. 1(c) shows a supercell of the system
obtained from this process, with the molecular motifs highlighted
in blue and green. The obtained structure (Cy¢) consists of carbon
fused rings with 3, 4, 6, 8, and 10 atoms. The unit cell (rC;¢) con-
tains 16 carbon atoms, see the the bottom right panel of Fig. 1.

2.2 First-principles calculations

To characterize the physicochemical properties of C;¢, we per-
formed first-principles simulations using the DFT formalism
within the Vienna ab initio simulation package (VASP).***” The
Kohn-Sham (KS) equations were solved via the projector aug-
mented wave (PAW) method,*® applying a plane-wave cutoff
energy of 868.00 eV. We used the generalized gradient approxi-
mation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional,”® enforcing a convergence
criterion of 0.01 eV A™" for minimizing atomic forces and the
stress tensor.

Nanoscale, 2025, 17, 14660-14675 | 14661
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Fig. 1 Structural and electronic features of the proposed C;¢ carbon allotrope. (a) and (b) depict the molecular precursors used as structural inspi-
ration: naphthalene and bicyclopropylidene. (c) shows a 3 x 3 x 1 supercell of Cy¢ with the fused motifs highlighted — naphthalene-like units in
green and bicyclopropylidene-like units in blue. The unit cell, marked in the bottom right of the supercell, contains only carbon atoms forming 3-,
4-, 6-, 8-, and 10-membered rings. The top right panel presents the atomic arrangement of the unit cell. In contrast, the bottom right panel displays
the differential charge density distribution, where red and blue regions indicate charge accumulation and depletion, respectively.

After the geometry optimization (unit cell parameters and
atomic positions), we obtained the C,¢ electronic properties
with a cutoff energy of 488.23 eV adopting a total energy con-
vergence criterion of 107° eV to ensure self-consistency in the
electronic density. Due to systematic errors associated with
the PBE functional in estimating the electronic bandgap
value,’®*! we applied the HSE06 hybrid exchange-correlation
functional®®? for a more realistic estimation of the electronic
and optical gaps. To avoid spurious interactions between the
monolayer and its periodic images along the z-direction, a
vacuum buffer space of 30 A was used.

The plane-wave cutoff energy was set to 868.00 eV for the
structural optimization stage, as determined by a convergence
test that ensured total energy differences within 1 meV per
atom and force convergence below 0.01 eV A™*. For the sub-
sequent electronic structure calculations, a cutoff energy of
488.23 eV was used. This value is sufficient for the accurate
evaluation of the band structure and density of states, given
that the wavefunction and charge density were already con-
verged in the previous step. Band gap variations remained
below 0.01 eV when compared to higher cutoff values, confirm-
ing the adequacy of the chosen parameters.

In all calculations, the k-meshes were generated automati-
cally using the Monkhorst-Pack method,’* ensuring a density
of 40 A™* along the in-plane lattice vector directions,” which
results in a 6 x 6 x 1 k-mesh for the unit cell. Dynamic stability
was assessed by obtaining the phonon dispersion spectrum of
a 3 x 3 x 1 supercell with 64 atoms, with the same convergence
criteria mentioned above. To evaluate the thermal stability, we
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performed AIMD simulations under the canonical NVT ensem-
ble, using a Nosé-Hoover thermostat®® to control the tempera-
ture value set at 1000 K, with a time step of 1 fs for a total
simulation time of 5 ps.

To investigate the excitonic and optical properties, we used
a maximally localized Wannier function tight-binding
(MLWE-TB)>”*® Hamiltonian to solve the Bethe-Salpeter
equation (BSE),> due to the high computational cost of GW +
BSE ab initio approaches.®®®’ To determine MLWE-TB,
through the Wannier90 code®”°>®* we choose the C s- and
p-orbital projections, based on the electronic density of states
results, complemented with a random basis to achieve the
same number of calculated bands in the DFT simulations.

The optical properties were analyzed at both the BSE level,
which includes excitonic effects, and the independent particle
approximation (IPA), which does not account for quasi-particle
effects. These analyses were carried out using the
WanTiBEXOS code.’® The BSE was solved using a 2D-truncated
Coulomb potential (V2DT)** and a k-mesh of 19 x 17 x 1; the
highest two valence bands and the lowest three conduction
bands were considered in the calculations to obtain an accu-
rate description of the optical properties in the solar emission
range (i.e. 0.5 eV to 4.0 eV). To ensure accurate results, we
applied a smearing of 0.01 eV to the dielectric functions at
both the BSE and IPA levels.

The thermoelectric properties, namely the Seebeck coeffi-
cient, electronic conductivity, and thermal conductivity, were
computed using the Boltzmann code.®® This tool is interfaced
with the VASP code within the Wannier90 package and
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depends on correctly producing the DFT-based band structure
using MLWFs.®>®” Convergence is achieved by choosing a
coarse 24 x 24 x 1 electronic grid for self-consistent calcu-
lations and a very dense 220 x 220 x 1 electronic grid for the
subsequent thermoelectric calculations.

2.3 Classical molecular dynamics simulations

For the analysis of the C;, mechanical properties, we adopted
an advanced approach based on machine learning interatomic
potentials (MLIP).°® These potentials have been proven highly
effective in overcoming the limitations of more standard
methods, such as empirical interatomic potentials (EIP).®
MLIPs enable the integration of ab initio methods with classi-
cal molecular dynamics (MD) simulations, allowing for a
detailed investigation of mechanical responses and fracture
mechanisms in diverse materials, using interatomic potentials
explicitly obtained for the investigated systems.

Here, we developed a specific force field for C;¢ based on
the moment tensor potential (MTP),”® trained with data gener-
ated from AIMD simulations in VASP. These molecular
dynamics simulations were performed on supercells contain-
ing 64 atoms, covering uniaxial and biaxial strain changes to
reduce the high correlation among the training data.
Additionally, dynamics with progressive heating (heat ramps)
were considered, resulting in 6500 training data points. This
approach has been extensively validated in the literature,
demonstrating success in predicting the mechanical properties
of several nanomaterials.*>”"7?

For MD simulations using the trained MLIP, we employed
the LAMMPS software (large-scale atomic/molecular massively
parallel simulator).”> We have wused the Velocity-
Verlet algorithm to integrate Newton’s equations of motion,”*
with a time step of 0.05 fs. After optimizing the systems using
the obtained MLIP, we carried out two additional steps on the
structures for the tensile loading simulations. The release of
any residual stresses was controlled through simulations in an
isobaric-isothermal (NPT) ensemble for 100 ps, using a Nosé-
Hoover thermostat’> to ensure thermal equilibrium and
control. The temperature was set to 300 K and the external
pressure to zero. For further tests and/or comparisons, an
additional simulation run of 100 ps was performed using a
canonical ensemble (NVT) at ambient temperature.

To evaluate the accuracy of the trained MLIP, we compared
the phonon dispersion curves obtained using the MLIP with
those calculated from density functional perturbation theory
(DFPT). The phonon spectra showed excellent agreement (as
shown Fig. 2), particularly in the acoustic modes, which are
crucial for predicting thermal and mechanical properties. This
validation step confirmed that the MLIP could reliably repro-
duce the harmonic vibrational properties of the system.

The elastic properties and fracture patterns were evaluated
at 300 K, applying a uniaxial strain rate of 107° fs™* along the x
and y directions separately. The system was considered peri-
odic in all directions, with pressure adjustments made perpen-
dicular to the direction of the strain. The stress was calculated
using the stress tensor for each atom, taking into account the
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virial contributions and atomic mass. Since the system is two-
dimensional, the volume was defined based on the dimen-
sions L, and L,, adopting a thickness of 3.35 A, consistent with
the literature.”®

3 Results

This section examines the physicochemical properties of Ciq
based on the simulations using the abovementioned method-
ologies. We have explored its structural characteristics, includ-
ing energy stability, dynamics, and thermal properties.
Additionally, we investigated its electronic, excitonic, optical,
thermoelectric, and mechanical properties. Potential appli-
cations of Cy¢, such as in solar cells, are also discussed.

3.1 Structural stability

After the DFT geometry optimization, we observed that Cie
remains in a fully planar conformation (purely sp> hybridiz-
ation). The symmetric triangular rings have one bond length
of 1.44 A, shared with the 10-membered ring. The other two
equal sides of the triangular rings have bond lengths of 1.38 A,
shared with the 8-membered rings. The corresponding bond
angle values are 58.43° and 63.14°, respectively.

The 4-membered ring is a rectangle with one side with a
bond length of 1.41 A (shared with the hexagonal rings) and
the other with 1.54 A (shared with the octagonal rings). The
bond angle values of the benzene rings vary from 117.5° to
120.8°117.5. For the octagonal rings, the bond angle values
range from 115.4° to 148.4°, while for the decagon ring, the
values vary from 118.4° to 173.7°. The C;¢ lattice vectors are
6.48 A and 7.15 A for the horizontal and vertical directions,
respectively. C;¢ belongs to the Pmmm (D,y,") symmetry group.

To determine the C;¢ stability, we have calculated the cohe-
sive energy value, Econjatom = (Etor — 16°Ec)/16 = —7.1 €V per
atom. The dynamical structural stability was verified by calcu-
lating the phonon dispersion band structure using density
functional perturbation theory (DFPT) and MTP. The results
are consistent and presented in Fig. 2. There is a close simi-
larity in the acoustic modes. The differences in the optical
modes are more pronounced. These results validate the
trained MLIP. Additionally, the absence of imaginary frequen-
cies suggests that C,¢ is structurally stable. There are two flat
modes, around 54 THz and 59 THz. The lack of vibrational
modes with frequencies exceeding 60 THz is consistent with
the sp> hybridization since very high vibrations are typically
associated with an sp hybridization.

To further assess the system’s stability, Fig. 3 presents the
temporal evolution of the total energy of a C;¢ supercell with
an approximate area of 100 x 100 A%, obtained from a classical
molecular dynamics (MD) simulation. This simulation
employed an MLIP, whose details will be discussed later, and
was conducted at a temperature of 300 K over a simulation
time of 50 ps. The results indicate that the system’s total
energy is conserved, as expected. The inset of the figure shows
front and side views of the C;¢ structure, revealing no signs of
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Fig. 2 Phonon dispersion spectrum of the C;5 monolayer obtained using (a) DFTP and (b) MTP.
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Fig. 3 Cy¢ total energy values per atom as a function of the AIMD simu-
lation. The insets show the top and lateral views of the final snapshot.

atomic reconfiguration, bond rearrangement, or bond break-
ing. Furthermore, the side view displays no significant fluctu-
ations beyond those expected from thermal motion.
Additionally, to further confirm the mechanical stability of
the C;¢ monolayer, we computed its in-plane elastic constants
using the stress-strain method within the DFT framework. For
a two-dimensional rectangular lattice, mechanical stability is

14664 | Nanoscale, 2025, 17, 14660-14675

ensured if the Born-Huang criteria are satisfied: Cy; > 0, Cy, >
0, Ces > 0, and C;,C»,—Cy,> > 0. In the case of the nanomaterial
investigated here, all these criteria are met, confirming the
mechanical stability of the C;s monolayer. A detailed discus-
sion of the mechanical properties of the system, including its
fracture behavior, is provided in a subsequent section.

To assess the feasibility of isolating the C;5 monolayer from
a hypothetical bulk-like structure, we estimated its exfoliation
energy by considering the energy difference between the iso-
lated monolayer and a weakly stacked multilayer configuration.
Due to its highly porous topology, the interlayer van der Waals
interactions in Cy¢ are expected to be significantly weaker than
those in non-porous carbon allotropes. Based on comparisons
with experimentally realized porous systems such as graph-
diyne and biphenylene networks, we obtained the exfoliation
energy of C,¢ to be approximately 13 meV A~2. This value is
substantially lower than the exfoliation energy of graphene,
which is approximately 20-25 meV A72%”’ indicating that
mechanical or liquid-phase exfoliation of C;¢ should be ener-
getically favorable.

Although the present study focuses on the monolayer pro-
perties of Cys, it is crucial to consider the possible structural
consequences if multiple layers were to be stacked. The undu-
lations observed in the AIMD simulations (Fig. 3) are charac-
teristic of low-energy out-of-plane fluctuations at finite temp-
erature and do not compromise the monolayer’s planarity
under equilibrium. However, in a multilayer configuration, the
weak van der Waals interactions expected due to the porous
topology and relatively low charge density in the out-of-plane
direction could result in poor interlayer registry. As a conse-
quence, C;s may naturally adopt a turbostratic stacking

This journal is © The Royal Society of Chemistry 2025
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arrangement, similar to what has been experimentally
observed in multilayer graphene systems. In such cases,
rotational and translational misalignment between layers can
occur, leading to a disordered stacking with minimal impact
on in-plane symmetry. This behavior, often observed in porous
or low-density 2D carbon frameworks, preserves the mono-
layer’s electronic and mechanical characteristics while redu-
cing interlayer coupling effects.

3.2 Electronic, excitonic, and optical properties

The electronic band structure and the corresponding projected
density of states (PDOS) are presented in Fig. 4(a) and (b), respect-
ively. Our system has a direct HSE06 (PBE) band gap of 0.59 eV
(0.36 eV) localized near the Y high-symmetry point along the Y-T'
path. From the PDOS, we can observe that the main orbital con-
tributions around the Fermi level come from the C p-orbitals,
complemented by a minimal contribution of the C s-orbitals
within the region close to the valence band maximum (VBM).
The optical activity, derived from the sum of the overall
optical transitions by considering the two highest valence
bands and the three lowest conduction bands, was analyzed
for linear and circularly polarized light at the IPA level. This
information is illustrated in Fig. 5(a)-(d). For linear polarized
light along the % direction (Fig. 5(a)) we have some optical
activity in the entire Brillouin zone (BZ), with higher values at
the BZ edges at k. = 0 A™" and k, = +0.4 A™", respectively, with a
maximum oscillator force of 6 A>. When comparing the optical

Paper

activity for the 3y polarization, shown in Fig. 5(b), the
maximum values are in the same region of the previous panel;
however, the oscillator force values are 10 times higher
(~70 A?), with the optical activity concentrated at the BZ edges.
These results show a large optical anisotropy, with the optical
response much more intense along the j direction.

Fig. 5(c) and (d) illustrate the optical activity for circular
light polarization, obtained from a linear combination of %
and y linear polarizations. The isotropic behavior observed in
this case results from the dominant optical activity for the y
polarization, as the & contribution is significantly smaller,
resulting in a practically identical linear optical response
under optical helicity.

The lowest energy excitonic levels, for direct (at I') and
indirect (any other k-points) excitons, are shown in Fig. 6, the
x-axis representing the excitonic momentum along the k-path,
passing through the high symmetry points in the BZ. The exci-
tonic ground state is direct, evidenced by the direct band gap
observed in the electronic band structure. When compared
with the fundamental electronic band gap, it results in an
exciton binding energy of 96 meV, which is higher if compared
to bulk values but lies within the lower limit for 2D carbon
allotropes, where the expected exciton binding energy resides
in the range [80 meV to 500 meV].**

The linear optical response, at the IPA and BSE levels con-
sidering linear and circular light polarizations, through the
evaluation of the absorption coefficient, refractive index, and

A
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e

r X R Y

HSE0O6 ——  PBE

Fig. 4
s-, p-, and d-orbitals. The Fermi level is set at 0 eV.

This journal is © The Royal Society of Chemistry 2025

r o 25 5 75

PDOS [a.u.]

10

(a) C46 electronic band structure at the PBE (red curves) and HSEO06 (black curves) levels and (b) the HSEQ6 projected density of states on the

Nanoscale, 2025, 17, 14660-14675 | 14665



Paper
) Linear Polarization x
i
ot Polarization

0.4

0.2
£ 0.0

-0.2

-04

-0.2 0.

kx

Nanoscale

) Linear Polarization y

6 70
5 60

50
4

40
3

30
9

20
1 10
0 0

o~ Polarization

35 35
30 30
25 25
20 20
15 15
10 10
) 5
0 0
-0.2 ;

kx

Fig. 5 Optical activity of the C;¢ monolayer in the first Brillouin zone for different light polarizations. (a) and (b) show oscillator strength maps (in
A?) for linearly polarized light along the x and y directions, respectively. (c) and (d) correspond to circular polarizations: ¢+ (clockwise) and s~ (coun-
terclockwise). The color scale represents the intensity of optical transitions in reciprocal space through oscillator strength values (in A?), revealing
pronounced anisotropy, particularly enhanced optical activity along the y direction.

reflectivity, is shown in Fig. 7(a)-(f). Fig. 7(a) and (d) demon-
strate that C;¢ excitonic band structure obtained using an
HSEO06 parametrization in an MLWF-TB model absorbs in the
infrared, visible, and ultraviolet regions. The excitonic effects
result in a slight red shift in the absorption peaks. We also
observe a substantial change in the linear optical response,
giving rise to an essential optical anisotropy for linear light
polarization because the absorption coefficient is much more
intense for light polarization along the j direction. This result
is consistent with the optical activity shown in Fig. 5. In con-
trast, for light excitations above 3.0 eV, the absorption coeffi-
cient is much more intense for x light polarization. The optical
response is isotropic for circularly polarized light for the
reasons mentioned above.

14666 | Nanoscale, 2025, 17, 14660-14675

The optical anisotropy, under linear light polarization and the
isotropic behavior for the circular one, is also seen in the refrac-
tive index (Fig. 7(b) and (e)) and the reflectivity (Fig. 7(c) and (f)).
Under linear light polarization, the refractive index is higher for
the y polarization in the infrared and visible spectrum regions.
In the ultraviolet region, it is more pronounced for the X polariz-
ation. This index varies in the range of 0.9 to 2.4 and 1.28 to 2.4
for the j and X polarizations, respectively. This range is slightly
narrowed when excitonic effects are considered (BSE level).

This behavior is similar to reflectivity that lies in the range
of 0% to 20% for the j polarization case and 3% to 5% for the
X polarization case. It is also interesting to observe that none
of the incident photons are reflected for j polarization in the
ultraviolet region. When circular light polarizations are con-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Excitonic band structure of C;¢ calculated using the MLWF-TB
model with HSEO6 parametrization. The horizontal axis follows the
high-symmetry path in the Brillouin zone, while the vertical axis rep-
resents the exciton energies (in eV). The lowest energy exciton is direct,
i.e. electron and hole pairs located at the same k-point, which results in
its localization at I" point, with an estimated binding energy of approxi-
mately 96 meV.

sidered, both refractive index and reflectivity are the same,
independent of clockwise (s_) or counterclockwise (o) light
polarization.

We can estimate the Cy¢ solar harvesting efficiency through
the electronic and optical properties data, using the power
conversion efficiency (PCE) as a descriptor. The PCE was
obtained by two methods: the Shockley-Queisser limit (SQ)”®
and the spectroscopy-limited maximum efficiency (SLME).”
The former is directly obtained by the fundamental electronic
band gap E, when excitonic effects are not considered or
through the exciton ground state energy Exy; this kind of
approach considers that all photons with energies equal or
higher than E, or Ex, are absorbed. The latter approach,
which goes beyond E, and Exg, also considers the optical
band gap or the exciton bright ground state energy when the
excitonic effects are taken into account. Here, the absorption
spectrum and the material thickness are the two fundamental
parameters required to estimate the optical absorbance, which
determines the rate of incident photon absorption. For 2D
materials, the value of van der Waals length (3.21 A) is added.
This procedure is based on the work of Bernardi et al.,*° where
it was used to estimate graphene’s absorbance due to its
atomic thickness, yielding results consistent with experimental
data. For both approaches, the PCE was also estimated consid-
ering the solar cell at 300 K and considering the AM1.5G
model for the solar emission spectrum.®’ It is equally impor-
tant to understand that both methods provide an upper limit
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of the solar harvesting efficiency and that experimentally
reaching these values can demand years of research. Details of
the theoretical formalism behind both methods can be found
in previous works.”®%

The SQ-limit estimates a PCES? of 17.06% when excitonic
effects are not considered; yet, when quasiparticle effects are
taken into account, the value is reduced to 12.96%, due to the
exciton binding energy, which results in Exg, being smaller
than E,. The SQ-limit curve has a maximum PCES®? when either
E; or Exg comes closer to 1.31 eV; the further E, or Exy are
from this ideal value, the lower is PCESQ. The SLME values
(PCE®™?¥) are significantly lower than those obtained through
the previous approximation, resulting in a solar harvesting
efficiency of less than 0.08%, regardless of whether quasi-par-
ticle effects are present. This low efficiency is primarily due to
the material’s monolayer thickness, which results in a poor
photon absorption rate, as most incident photons pass through
the material without being absorbed. Consequently, the
material is almost transparent, presenting a considerable chal-
lenge for the use of 2D monolayers in photovoltaic devices.

Based on the investigation of Jariwala and co-workers,
which proposes a solution for this problem using light trap-
ping techniques to enhance the absorbance rate closer to
100% in 2D materials, we made another estimation of PCE
(PCEpmax”"™F), adapting the SLME method, and considering
the absorbance rate as a Heaviside function, where we adopt
the value of 1 for incident photons with energy equals or
higher than the optical band gap or exciton bright ground
state and 0 otherwise. PCE > " evaluates to an efficiency of
12.96% with excitonic effects considered and 17.05% when
they are absent, suggesting a potential application of this
monolayer as a solar harvesting absolver if light trapping
schemes are applied.

The above results are consistent with previous investi-
gations of 2D carbon allotropes for photovoltaic applications.>*
It is crucial to report the performance characteristics (PCE)
both with and without excitonic effects, as the exciton binding
energy is highly sensitive to the surrounding dielectric environ-
ment. Excitonic effects tend to be reduced by proximity inter-
actions when a monolayer is in contact with other materials.
This scenario is particularly relevant in solar cells, where the
absorber layer is sandwiched between the electron and hole
transport layers, leading to experimentally lower excitonic
effects. In this work, we have explored both extremes: the exci-
tonic maximum impact, which occurs when the monolayer is
in a vacuum, and the complete absence of these quasi-particle
effects, which provides a more realistic value for the PCE. The
actual performance is expected to fall somewhere between
these two extremes.

3.3 Thermoelectric properties
The effectiveness of a material in thermoelectric devices is
measured by probing its figure of merit (27)**®> defined as:
S?c
2T = )
Ke + KL
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where S is the Seebeck coefficient and ¢ the electronic conduc-
tivity; ke and ky, are the thermal electronic and thermal lattice
conductivities, respectively. The quantity $%s is known as the
power factor (PF), representing the ability to produce electrical
power from temperature gradients. Within the Boltzmann
transport theory,**®’ the tensor components of these physical
quantities, except i, can be extracted by evaluating:

kP (B) = 2 pvi(n, k)i (n, k)S(E — Ey)
nk

2
aff _ e a
(1) = | > wnef (R0

X 8(E — Eng) {— W} dE
SP(T,n) = mj’fﬂw )
I (T,E,n)
X [— 8—E} dE.

e is the electron’s charge, T is temperature, E represents
energy, N is the number of electronic (k-points) sampled in the
Brillouin zone, V is the volume of the unit cell, and 7 is the
chemical potential. Moreover, fis the Fermi-Dirac distribution
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function, ¢ is the Dirac delta function, E,  is the energy of the
n'™ band at the k" wave vector, and 7, is the electron/hole life-
time at point (n,k) in the E-k plane. Likewise, vg is the a™ com-
ponent of the group velocity v,. It should be noted that S is
independent of the electronic lifetime, whereas ¢ and «. are
not.

The computation of 7, ; requires the knowledge of the ima-
ginary part of the electron’s self-energy, deduced by evaluating
electron-phonon matrix elements on a highly dense electronic
grid. Since this is a burdensome job and since one single
value of 7 per carrier charge is requisite for the BoltzZWann
code, the electronic lifetime will be directly obtained from the
mobility values of the 2D C,¢ structure (u,p,;) via the
expression:

with 7 referring to electrons (e) or holes (h). Along the x and y
directions, u. > un and 7. > 7}, at all temperatures.
On the other hand, «;, is determined via:

a 1 a
KLﬂ = ]W ; cV(q7 S)Vg(‘L 5)”@(‘]7 S)T(qa S),
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where ¢, is the phonon specific heat capacity and z(q, s) is the
phonon lifetime of vibrational mode s at the q™ (phonon)
point. This calculation can be performed using the
PHONO3PY code,*®®° which requires the tedious evaluation of
third-order anharmonic constants. Such estimation is compu-
tationally very heavy, especially when the unit cell comprises
many atoms.

As an alternative, and assuming that the acoustic phonons
only participate in the heat transport in the structure, an
empirical expression of kj, derived from the Slack model,
could be employed:*°~*?

MV1/39D3

K =
b y2nT

Here, M is the average atomic mass, n is the number of
atoms in the unit cell, T is the temperature, and 6y, is the tra-
ditional definition of the Debye temperature.

y is the Griineisen parameter, which could be obtained
from the PHONOPY code by running three phonon calcu-
lations, the first at the equilibrium volume and the others at
slightly smaller and slightly larger volumes than the equili-
brium one. Instead, it could be easily determined via an
empirical expression that depends on the Poisson ratio (v) of

the material:**°*
3/1+4+v
r== :
2\2—3v

Since v can be computed along any crystallographic direc-
tion, y becomes direction-dependent too. On the other hand, A
is a coefficient inherent in the Slack expression and dependent

on 7 such that:**>:
A 24X 10°°
- 0.514 0.228°
1-— 2
4 4

It has been observed that this expression overestimates the
values of k;, in some materials.”” However, this is currently our
best approach until an experimental value of «;, for the Cy
monolayer becomes available. It should be noted that the
Slack model is valid at temperatures larger than or equal to
Opa = Op/n*”. In our case, Op, ~252.3 K, indicating that the
model is credible for T > 300 K.

Fig. 8 illustrates Cy¢ S, 0, ke, and PF along the x and y direc-
tions for T = 300 K, 600 K, and 1000 K. These quantities are
plotted for chemical potential values 0.3 eV above and below
the Fermi level to model electron and hole doping. For any
temperature 7, S is larger along the x direction. Except for S,
the curves show some minor discontinuity when 7, approaches
Eyr from both sides due to the different electron and hole elec-
tronic lifetime values 7. and 7y, (Table 1) as # — Ez — 0" and 5 —
Ex— 0.

For the undoped Cjg, that is for n ~ Ex and T = 300 K, k. =
6.05 W (m K)™" along the x direction and «, = 22.79 W (m K)™*
along the y-direction. These values increase as T increases,
with the electronic thermal conductivity along the x direction
always smaller than that along the y direction. More specifi-
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cally, keyxx = 119.79 W (m K) ™" and ey, = 296.87 W (m K)™*
at T =600 K, and Ke x, = 371.14 W (m K) " and &, = 853.22 W
(m K)™" at T=1000 K.

Regarding the PF, we also observed that the values along
the x direction are larger than those along the y one, at least
for T = 300 and 600 K. At ambient temperatures, PF,, =
9.70 mW (m K?)~' while PF,, = 3.36 mW (m K*)~". At 600 K,
PF,, reaches a value of 0.11 W (m K?)™' and PF,, attains a
value of 0.08 W (m K*)™" (Fig. 9).

To eliminate the effect of vacuum in our flat structure, we
will multiply x; by a factor of $*?/V**, where ‘S’ denotes the
area of the material at equilibrium. As can be seen from
Fig. 10, the lattice thermal conductivity x;, shows ultralow
values along the x and y directions. At 7 = 300 K and for the
undoped structure, xpy, = 1.9 x 107> W (m K)™" and & =
1.87 x 107> W (m K)~". As T increases, ki, lightly decreases so
that &y = 0.99 x 1072 W (m K) ™', and kg, = 0.93 x 107> W
(m K)™" at 600 K. At 1000 K, Ky, = 0.59 x 107> W (m K)™, and
Ky = 0.56 X 107> W (m K) ™",

To achieve a significant value of z7, a maximum value of
PF, and a minimum value of the sum of the thermal conduc-
tivities are needed. As expected, the figure of merit along the x
direction is higher. For the undoped structure, zT registers
values of 0.06, 0.46, and 0.54 at T = 300 K, 600 K, and 1000 K,
respectively.

Since the structure is thermally stable at 1000 K, a value of
ZT = 0.54 is relatively high; however, having zT values larger
than or equal to 0.8 is desirable. Upon doping, 2T, (2T}y)
reaches a maximum value of 0.94 (0.93) for energies 0.064 eV
(0.093 eV) below Er at ambient temperature. For T = 600 K, the
maxima obtained values of 0.84 (0.77) for zTy, (2T}y) occurring
at 0.086 eV (0.1 eV) below (above) Er. At 1000 K, 2T, has a
maximum of 0.75 for an energy of 0.10 eV below Er, while 2Ty,
depicts a maximum of 0.64 for an energy of 0.13 eV above Er.

Knowing that energies below the Fermi level correspond to
hole doping while those above to electron doping and that the
farther we are from Eg, the heavier the doping, our best com-
promise is to induce a p-doping process capable of securing a
2Ty of 0.94 at T = 300 K, by just lowering Er by just 0.064 eV.
Considering that Eg is proportional to the hole density (n),
then we can assume that AEy/Eg, = An/n,, where Eg, and n, are
the Fermi energy and electron/hole concentration for the
undoped system, respectively; AEg = Ep — Epo and An = n — n,
Ep being the Fermi energy and n the hole concentration of the
doped system. We show that n/n, = 1.022, implying that n =
1.022n,, or n ~ n,. Thus, by just lightly doping C;¢ with holes
corresponding to a —0.064 eV shift in the Fermi energy, we can
reach a zT as high as 0.94 along the x direction.

It is worth mentioning that the thermoelectric properties
presented in this work were calculated within the constant
relaxation time approximation (CRTA), where a representative
electronic relaxation time 7 was estimated from carrier mobi-
lity values. While this method is commonly employed in early-
stage screening of thermoelectric materials due to its compu-
tational efficiency, it does not explicitly account for tempera-
ture- and energy-dependent electron scattering mechanisms,
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Fig. 8 (a) The change of the Seebeck coefficient, (b) the electronic conductivity, (c) the thermal electronic conductivity, and (d) the power factor as
a function of electron and hole doping along the x and y directions at 300 K (red), 600 K (blue), and 1000 K (black).

Table 1 Calculated effective mass m?, average effective mass my, in-plane stiffness C,p, DP constant E;, the charge carrier mobility y, and the elec-
tronic lifetime z at T = 300 K, 600 K, and 1000 K for the Cy¢. Here, mg is the mass of a free electron

Direction Carrier m; (my) mq (M) Cop (eVA™ E, (eV) u (10> em* vt s™) 7 (ps)

T=300K

X e 0.15 0.021 6.19 -9.95 61.2 5.227
h 0.29 0.081 6.19 —8.68 21.2 3.500

Yy e 0.14 0.021 7.95 6.80 180.4 14.380
h 0.28 0.081 7.95 7.68 36.01 5.739

T=600K

x e 0.15 0.021 6.19 -9.95 30.6 2.613
y 0.29 0.081 6.19 —8.68 10.5 1.734

y e 0.14 0.021 7.95 6.80 90.2 7.190
h 0.28 0.081 7.95 7.68 18.0 2.869

T=1000 K

X e 0.15 0.021 6.19 -9.95 18.4 1.571
y 0.29 0.081 6.19 —8.68 6.4 1.05

y e 0.14 0.021 7.95 6.80 54.1 4.312
h 0.28 0.081 7.95 7.68 10.8 1.722

such as electron-phonon interactions, impurity scattering, or
grain boundary effects. Consequently, the computed figure of
merit (zT) values should be interpreted as upper limits. More
rigorous approaches, such as those incorporating first-
principles electron-phonon coupling or full Boltzmann trans-
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port calculations with explicit scattering rates, have been

shown to provide more accurate predictions of transport

coefficients.

98-100

Future work could adopt these advanced

methods to refine the thermoelectric performance assessment
of Cye.
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3.4 Mechanical properties

To understand the C; mechanical response, we initially per-
formed ab initio molecular dynamics (AIMD) simulations
under various fixed strain values and with constant tempera-
ture variations. Based on these data, a machine learning
interatomic potential (MLIP) was trained, which was then used
to obtain the mechanical response of the system. A C;5 16 X
14 x 1 supercell containing 3584 atoms was subjected to defor-
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mations along the x and y directions up to a maximum of 15%
of the respective initial length values.

In Fig. 11, we present the stress-strain curves obtained
from these simulations. The red points represent the calcu-
lated stress for each deformation percentage along the x direc-
tion. In contrast, the blue points show the corresponding
results for uniaxial deformation applied along the y direction.
The system exhibits partially similar behaviors concerning
hardness for these directions. Along the x direction, Young’s
modulus is approximately 500 GPa, while along the y one, this

60 k direction-z ° ]
direction-y @

45 | ® 1
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© .o'.
= 30 | .0 1
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o o l . _

0 5 10 15
Strain (%)

Fig. 11 Stress—strain curve, obtained using MLIP, for strain along the x-
(red) and y-directions (blue).
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value reaches nearly 630 GPa. Both cases display ductile
characteristics; however, the stress accumulation along the y
direction is higher, leading the structure to fracture at a strain
of only 5.5%. On the other hand, along the x direction, the
system endures nearly three times greater deformation, with a
critical strain at 14.6%. Given these aspects, the maximum
stress obtained for deformation along the x direction is
approximately 61.7 GPa at 14.6% strain and 33.1 GPa along the
y one at 5.5% strain.

To gain deeper insights into the C;4 mechanical response,
we present representative snapshots of C;s under several strain
values in Fig. 12. Panels (a) and (d) depict the system’s equili-
brium state after residual stresses have been eliminated and
the system thermalized at room temperature. The color gradi-
ent from blue to red represents the Von Mises (VM)
stress,"®*'** which provides a better understanding of where
the fractures originate and propagate.

In panel (b), the system is shown at a strain of 14.4% on the
limit of fracturing. The strain is concentrated in the region,
forming covalent chains of naphthalene, particularly in the
rectangular rings, due to their limited flexibility in releasing
the strain. Finally, panel (c) shows the system at a strain of
15%, where fracture occurs and a crack propagates, resulting
in successive breakages of the hexagonal rings.

Along the y direction, panel (e) shows the system under 5%
strain. Several bonds have reconfigured, and it is possible to
observe that stress is concentrated mainly in the regions
derived from the bicyclopropylidene molecule. This region
proved to be more fragile due to the topology of the involved
rings, which explains the early system failure under strain
along this direction. After the atomic reconfiguration upon

(a)
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fracture (panel (c) - 5.6%), several bonds break, leading to the
C;6 complete structural failure.

Beyond identifying the location of fracture initiation, we
investigated the underlying mechanism driving the mechani-
cal failure of the C;s monolayer. As shown in the stress-strain
analysis (Fig. 11) and the deformation snapshots (Fig. 12), frac-
ture begins preferentially at the junctions between ring types,
particularly in regions derived from the bicyclopropylidene
motifs under y-direction strain, and in rectangular ring
regions under x-direction strain. These regions contain bonds
with distinct angles and local strain concentrations due to
topological constraints.

To better understand the rupture behavior of the C;¢ mono-
layer, we analyzed the von Mises stress distribution during uni-
axial tensile deformation, as shown in Fig. 12. This criterion
enables the visualization of local mechanical stress concen-
trations across the structure. In the stress maps, blue regions
indicate low stress levels, while red regions highlight areas of
maximum stress concentration. Under strain along the x direc-
tion, fracture initiates near the rectangular rings, where the
geometry imposes strong angular constraints and bond defor-
mation. In contrast, under strain along the y direction, the
stress is concentrated in regions derived from the bicyclo-
propylidene motifs, which exhibit higher curvature and lower
structural symmetry.

As the strain increases, the red regions expand and
coalesce, indicating the path of stress propagation leading to
rupture. These high-stress zones precede the formation of
cracks, confirming that mechanical failure is not random but
follows predictable stress accumulation patterns. The von
Mises stress analysis also aligns with the electronic charge dis-
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Fig. 12 Representative snapshots of the C;4 monolayer at different stages of the deformation process along the x (a—c) and y (d—f) directions. The
deformations shown are at (a) 0%, (b) 14.4%, and (c) 14.7% along the x direction, and (d) 0%, (e) 5.3%, and (f) 5.6% along the y one.
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tribution shown in Fig. 1, where the initial rupture zones
correspond to bonds with lower charge density, suggesting
weaker delocalization. This combined structural and electronic
interpretation highlights the relationship between topology,
local bonding environment, and fracture mechanisms in
porous 2D carbon allotropes, such as Cye.

4 Conclusions

In summary, we propose a novel two-dimensional carbon allo-
trope exhibiting semiconductor behavior. We performed first-
principles simulations based on the density functional theory
(DFT) formalism and atomistic simulations using a reactive
force field trained through machine learning to characterize
this novel nanomaterial. We conclude that the C;, monolayer
demonstrates promising physical and chemical properties,
particularly in applications involving electronic devices and
energy conversion. Electronically, 2D-C;¢ displays a direct
bandgap of 0.59 eV, making it suitable for optoelectronic
device applications. Its optical properties demonstrate aniso-
tropic absorption along the y direction, with the material
having an exciton binding energy of 96 meV, confirming its
potential in photovoltaic applications. The material exhibits a
power conversion efficiency (PCEma.> ") of 13% when all
photons are absorbed and excitonic effects are taken into
account. The structure possesses ultralow planar lattice
thermal conductivities of 1.9 x 107> W (m K)™* and 1.87 x 10™>
W (m K)™* along the x and y directions, respectively. The ther-
moelectric figure of merit (zT) can reach 0.93 at room tempera-
ture near the Fermi level, indicating that C;¢ can be utilized in
thermoelectric devices. Additionally, the anisotropic mechanical
strength of C;¢ is significant, with Young’s moduli of 500 GPa
for the x direction and 630 GPa for the y one, characterizing it
as a ductile and robust material under mechanical stress.
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