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ABSTRACT

Semiconductivity, Dirac fermions, and correlated heavy fermions typically emerge in distinct material classes,
such as transition metal dichalcogenides, graphene, and magic-angle twisted bilayer graphene. Integrating all
three quantum features into a single platform has long been a challenge. In this study, we introduce a two-
dimensional selenium-based hetero-circulene (Se-HC) monolayer composed of a carbon-selenium framework
and explore its properties using density functional theory. The Se-HC monolayer exhibits dynamical, thermal,
and mechanical stability. Strikingly, its electronic structure reveals a rare coexistence of gapped Dirac fermions
and heavy fermions, with linearly dispersive and flat bands near the Fermi level. The Dirac cones are isotropic,
with a Fermi velocity of ~1.94 x 10° m/s. A narrow direct band gap separates these states by 73 meV using PBE-
GGA and 0.40 eV with HSE06, enabling semiconducting behaviour without sacrificing Dirac physics. The band
gap is highly tuneable via mechanical strain, compressive strain increases it, while tensile strain reduces it. We
also study quasi-one-dimensional derivatives, including nanoribbons and nanotubes, and assess potential of Se-
HC as a lithium-ion battery anode. This integration of semiconducting, Dirac, and flat-band features positions Se-
HC as a versatile platform for quantum materials, with promising implications for next-generation electronic and
energy applications.

1. Introduction

from conventional solid-state materials such as metals, semiconductors,
and insulators. Unlike typical materials, where charge carriers possess

Graphene, a remarkable two-dimensional (2D) material composed of
carbon atoms arranged in a monolayer honeycomb lattice, has capti-
vated scientists across physics, chemistry, and materials science due to
its extraordinary properties and wide-ranging technological applica-
tions [1-5]. One of the most striking features of graphene is its unique
electronic band structure, where the valence and conduction bands
touch at K and K points of the hexagonal Brillouin zone, giving rise to
the so-called Dirac points [6,7]. In the vicinity of the Dirac points in
momentum space, graphene exhibits a linear dispersion relation for both
electron and hole energies. This linear dispersion results in quasiparti-
cles that behave like massless Dirac fermions, setting graphene apart

an effective mass due to parabolic or nearly flat band dispersion, elec-
trons and holes in graphene mimic relativistic particles, traveling at an
exceptionally high Fermi velocity (vf) of approximately 10% m/s [8].
This relativistic behaviour underlies several novel quantum phenomena
exclusive to graphene. For instance, graphene supports Klein tunnelling
[9,10], a counterintuitive effect where charge carriers can transmit
through potential barriers with perfect transmission under certain con-
ditions. It also exhibits ballistic transport over submicron distances,
allowing electrons to move without scattering, which is highly desirable
for high-speed electronic devices [11]. Additionally, the peculiar elec-
tronic structure of graphene also leads to the observation of a half-
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integer quantum Hall effect, a signature of relativistic quantum me-
chanics in condensed matter systems [12]. Consequently, the study of
2D systems hosting Dirac bands remains a central research focus,
inspiring the exploration of analogues such as graphynes [13-16],
patterned graphenes [17], carbon nitrides [18], and metal borides
[19,20], etc.

However, despite numerous extraordinary attributes of graphene, a
key limitation lies in its lack of an intrinsic band gap [6,7]. For practical
implementation in digital logic devices such as field-effect transistors
(FETs), a material must reliably alternate between high-conducting and
insulating states, necessitating a moderate-to-large band gap to achieve
efficient switching [21]. The gapless nature of graphene results in low
on/off current ratios, limiting its performance in transistor-based ap-
plications [22]. To overcome this, numerous methods have been pro-
posed to engineer a band gap, including quantum confinement through
nanostructuring into graphene nanoribbons (GNRs), nanotubes (GNTs),
nanomeshes (GNMs), and quantum dots (GQDs), as well as via doping,
chemical functionalization, or substrate-induced symmetry breaking
[23,24]. While these approaches can introduce band gaps, they often
achieve that at the cost of degrading carrier mobility or disrupting the
linear dispersion relation critical to Dirac fermion behaviour. Further-
more, many of these techniques suffer from fabrication challenges such
as non-uniform edge geometries, defect introduction, and scale-up lim-
itations. As a result, a pressing challenge remains to discover or design a
2D material that intrinsically combines high mobility, tuneable elec-
tronic structure, and Dirac-like dispersion without reliance on structural
compromises or external perturbations.

Extending beyond monolayer graphene, the vertical stacking of such
2D layers introduces an additional degree of structural and electronic
tunability, culminating in the emergence of multilayered graphene
systems [25,26]. Among these, bilayer graphene has attracted signifi-
cant attention due to their distinct and tuneable electronic characteris-
tics [27-30]. A critical factor governing these characteristics is the twist
angle (0) between the stacked layers. At large twist angles, the interlayer
coupling becomes negligible due to significant momentum mismatch,
effectively decoupling the two layers. This results in electronic proper-
ties resembling those of isolated monolayers. In contrast, at smaller twist
angles, the layers interact more strongly due to enhanced interlayer
tunnelling and hybridization [31]. Notably, bilayer graphene with AB
stacking exhibits semi-metallic behaviour, characterized by quadrati-
cally dispersed bands and charge carriers with finite effective mass
[25,30]. Even more intriguing is the behaviour of twisted bilayer gra-
phene (TBG) at specific small twist angles, particularly around 1.1°,
referred to as the ‘magic angle’ [32-34]. At this magic angle, the system
exhibits a moiré superlattice that results in nearly flat electronic bands
near the Fermi level. These flat bands correspond to a high density of
states and dramatically suppressed Fermi velocity, amplifying the role of
electron-electron interactions. Consequently, the system enters a
strongly correlated regime, manifesting exotic quantum phases such as
superconductivity [34], correlated insulating states [35], unusual
magnetism [36], and a strange metallic state [37]. The discovery of
magic-angle twisted bilayer graphene (MATBG) has ignited widespread
interest in flat-band systems and their potential for hosting novel
quantum phenomena [38-41].

At this juncture, the identification of a 2D material that intrinsically
supports massless Dirac fermions, exhibits flat electronic bands, and
possesses a tuneable semiconducting band gap would mark a trans-
formative advance. Such a material would unify the desirable needs of
high-speed transport and strong electron correlation, enabling access to
exotic quantum phases such as superconductivity, magnetism, and
charge ordering, all within a controllable electronic environment. This
convergence of properties would surpass the limitations of gapless
dispersion of graphene and circumvent the delicate lattice engineering
required in moiré superlattices. Motivated by these ambitious goals, we
have selected hetero[8]circulene (HC) as foundational molecular unit
for constructing novel 2D monolayers [42]. These unique molecules are
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built upon a planar cyclooctatetraene core that incorporates both aro-
matic and antiaromatic subunits, imparting them with an unconven-
tional hybrid electronic character. Recent investigations have revealed
the structural and electronic properties of HC-based nanomaterials,
highlighting their considerable promise across multiple application
domains. For instance, Mineva and co-workers proposed tetraoxa[8]
circulene-based nanosheets and nanotubes as promising nanophotonic
materials, supported by first-principles calculations [43]. Yu et al. sys-
tematically explored the structural, mechanical, and electronic proper-
ties of various tetraoxa[8]circulene analogues, revealing strong visible-
light absorption and a notably large Seebeck coefficient [44]. Kuklin
et al. further demonstrated that fused tetraoxa[8]circulenes exhibit
nontrivial topological features and high charge carrier mobilities,
marking them as compelling candidates for next-generation quantum
materials [45]. Beyond these studies, additional reports have pro-
claimed the potential of HC-based architectures in diverse applications,
including sensing, molecular hosting, spin-based quantum information
processing, and superconductivity [46,47]. Excitingly, in 2022, Coskun
and co-workers successfully synthesized the first representative of HC-
based nanomaterial, i.e., polymeric tetraoxa[8]circulene, and demon-
strated the selective separation of Lit ions from complex mixtures
containing Na*, Ca?*, and Mg?* [48,49]. In another study, Li et al. re-
ported significantly enhanced room-temperature gas-sensing capabil-
ities for NO and NO: under the influence of an external electric field,
revealing the field-tuneable sensitivity of these materials [50]. Addi-
tionally, Beskachko and colleagues investigated their hydrogen storage
potential, suggesting that surface modification or metal-ion decoration
may be essential to meet the requirements of practical hydrogen storage
technologies [51]. Together, these findings elicit the broad functional
potential of HC-based 2D systems for advanced applications in energy,
sensing, and quantum materials research.

In this study, we investigate the selenium-based hetero-circulene (Se-
HC) monolayer that seamlessly merges Dirac physics, flat-band char-
acteristics, and semiconducting behaviour within a single, stable
carbon-selenide lattice. Density Functional theory (DFT) calculations
confirm its exceptional structural resilience and reveal an isotropic Dirac
cone with direction-independent Fermi velocity and a narrow yet
tuneable band gap, features rarely coexisting in a single material. This
intrinsic electronic versatility, further enhanced by strain-induced
modulation, positions the monolayer as a powerful candidate for next-
generation quantum devices. Its extended potential, from quasi-one-
dimensional architectures to high-efficiency lithium-ion storage, estab-
lishes it as a significant advancement in the design of multifunctional
quantum materials.

2. Computational methods

First-principles calculations based on spin-polarized and non-spin-
polarized density functional theory (DFT) were carried out using the
Vienna Ab Initio Simulation Package (VASP) [52,53]. To ensure an ac-
curate representation of core-valence electron interactions, we adopted
the projector augmented wave (PAW) method, an advanced pseudopo-
tential approach initially introduced by Blochl [54]. This method
effectively reduces computational costs while maintaining high preci-
sion in describing electronic structures. For the exchange-correlation
functional, we selected the generalized gradient approximation (GGA)
in the Perdew-Burke-Ernzerhof (PBE) parameterization, which is widely
recognized for its reliability in predicting structural and electronic
properties of materials [55]. A plane-wave basis set with a kinetic energy
cutoff of 520 eV was applied to expand the electronic wavefunctions,
ensuring a balance between computational efficiency and accuracy. The
unit cell of the 2D monolayer was optimized using the Monkhorst-Pack
k-point grid of 5 x 5 x 1, while the electronic structure calculations
were performed with a denser 11 x 11 x 1 k-point grid to ensure
convergence [56]. For the 1D nano analogues of the 2D monolayer,
including nanoribbons (NRs) and nanotubes (NTs) extended along the x-



N.V.R. Nulakani et al.

direction, geometry optimizations were carried out witha 5 x 1 x 1 k-
point grid, and their electronic structures were computed using a denser
11 x 1 x 1 grid. These choices ensure accurate and well-converged
electronic structure results for both 2D and 1D systems (see Support-
ing Information (SI), Fig. S1). The ab initio molecular dynamics (AIMD)
simulations were performed using the canonical ensemble (NVT), in
which the number of particles (N), volume (V), and temperature (T) are
maintained constant. To minimize finite-size effects, a 2 x 2 x 1
supercell of the Se-HC monolayer was simulated. The AIMD simulations
were performed for a total duration of 8 picoseconds (ps) with a time
step of 1 femtosecond (fs). In these AIMD simulations, all forces as well
as energies were computed directly from density functional theory
(DFT) within VASP. Given the critical role of weak dispersion forces in
adsorption and surface interactions, we incorporated van der Waals
(vdW) corrections using the DFT-D3 method developed by Grimme et al.
[57,58]. This approach explicitly accounts for long-range dispersion
effects, improving the description of molecular and interfacial in-
teractions. To prevent artificial periodic interactions, a vacuum spacing
of 15 A was introduced along the y- and z-directions, effectively isolating
the 2D and 1D systems from its periodic images. This ensures that the
calculated properties are free from spurious interactions due to the
finite-size effects of the simulation cell.

3. Results and discussion
3.1. Structural details

Fig. 1a depicts the optimized 2D atomic structure of the 3 x 3 x 1
supercell of Se-based carbon hetero-circulene (Se-HC) monolayer. It

clearly shows the connectivity between the adjacent Se-HC units and the
nanoporous architectural features of Se-HC monolayer. The unit cell of
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the Se-HC monolayer is composed of a total of 24 atoms, which include
both C and Se atoms as shown in Fig. 1b. The atomic composition ex-
hibits a 5:1 carbon-to-selenium ratio, indicating a significant presence of
carbon atoms in the material, which plays a crucial role in enhancing the
structural stability. Within the unit cell, these atoms are arranged to
form a highly ordered, planar network composed of interconnected
carbon pentagons, octagons, and selenophene units. The carbon penta-
gons and selenophenes are attached to the rim of the carbon octagon,
which sits at the center of the unit cell. This highly symmetric, square-
like atomic arrangement belongs to tetragonal space group within the
class of P4/mmm symmetry. The lattice vectors of 2D unit cell within
this class are of equal length (a = b = 9.295 A) and the angles between
them are 90° (@ = # = y = 90°). The C atoms in the Se-HC 2D monolayer
are distributed across three distinct Wyckoff positions, labelled C1, C2,
and C3, each corresponding to a unique crystallographic site (see
Fig. 1b). The Cl-type atoms are located at the 8¢ site with coordinates
(0.31685, 0.57730, 0.50000) and are involved in the formation of the
carbon octagon. The C2-type atoms occupy a different 8q site with co-
ordinates (0.17338, 0.62401, 0.50000), where they are directly bonded
to the C1 atoms, serving as connection points between C1, C3, and Se
atoms. The C3-type atoms are located at the 4o site, with coordinates
(0.07544, 0.50000, 0.50000), positioned at the periphery of the hetero-
circulene unit and bonded to the C2 atoms, completing the carbon
framework. In contrast, the Se atoms occupy a single inequivalent
crystallographic position at the 4k site, with coordinates (0.17122,
0.17122, 0.50000), where they are bonded to the C2-type C atoms and
located at the periphery of the hetero-circulene unit, similar to the C3-
type C atoms. The Se-HC monolayer exhibits a range of bond lengths
due to the diverse atomic constituents and their bonding environments.
For example, the C1—C1 bond displays two distinct lengths of 1.39 A
and 1.44 A, where the shorter bond (1.39 i\) is an integral part of the

(b)

Fig. 1. (a) Optimized geometry of 3 x 3 x 1 super cell, (b) unit cell and chemically inequivalent carbon atoms, (c) electron localization function of Se-HC monolayer.
Grey spheres are C atoms and green spheres are Se atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)
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selenophene unit, and the longer bond (1.44 A) is an integral part of the
carbon pentagon unit. The C1-type atoms are bonded to the C2-type C
atoms with a bond length of 1.40 A. The C2-type C atoms form bonds
with the C3-type C and Se atoms, with bond lengths of 1.47 A and 1.90
A, respectively. Finally, the C3-type C atoms bond with other C3-type C
atoms of the periodic unit cells, with a bond length of 1.40 A. Overall,
the bond lengths within the Se-HC monolayer range from 1.39 A to 1.90
A. Further bonding parameters are presented in Fig. S2. The electron
localization function (ELF) of the Se-HC monolayer is presented in
Fig. 1c. The colour scale ranges from 0 (deep blue), indicating strongly
delocalized or electron-poor regions such as interstitial voids or vacuum
spaces, to 1 (red), indicating fully localized electron density typically
associated with covalent bonds or lone-pair regions. It clearly indicates
the profound electron localization around the Se atoms, C—C and C—Se
bonds, substantiating the presence of lone electrons, and covalent
bonding.

We have further compared the areal density (p) and cohesive energy
(Eo) of the Se-HC monolayer with a diverse set of pure-carbon and car-
bon selenide monolayers. For instance, the areal density of the Se-HC
monolayer (0.28 atom//o\z) is comparable to that of a-CSe (0.31 atom/
A?) [59], B-CSe (0.25 atom/A?) [60] and h-CSe (0.28 atom/A?) [61].
However, the Se-HC monolayer exhibits a lower areal density than that
of phagraphene (0.37 atom/;\2) [17], graphene (0.38 atom/;\z) [62],
C4Se (0.32 atom/A?), CsSe (0.34 atom/A%) and CeSe (0.32 atom/A?)
[63]. This suggests the nano-porous nature of the Se-HC monolayer,
potentially making it suitable for applications in energy storage and
filtration (such as salts and water). The cohesive energy value (—6.69
eV/atom) of the Se-HC monolayer is significantly higher than those of
previously reported carbon selenides, including a-CSe (—3.91 eV/atom)
[59], B-CSe (—3.79 eV/atom) [60], h-CSe (—5.96 eV/atom) [61], C4Se
(—6.40 eV/atom), CsSe (—6.43 eV/atom) and CgSe (—6.54 eV/atom)
[63]. Notably, the E. of the Se-HC monolayer is also higher than that of
some of the experimentally synthesized 2D materials, such as MoSy
(—5.15 eV/atom) [64], phosphorene (—3.30 eV/atom) [64], high-
lighting the robust nature of the C—C and C—Se bonds inherent in the
Se-HC monolayer. These results prove that the Se-HC monolayer is
feasible to synthesize experimentally and characterized by its nano-
porous structure.

3.2. Structural stabilities

To comprehensively assess the structural stability of the Se-HC
monolayer, we performed an in-depth phonon band dispersion

2000 K - Temperature
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analysis combined with ab initio molecular dynamics (AIMD) simula-
tions. These results, as shown in Fig. S3, provide compelling evidence for
the dynamical stability of the Se-HC monolayer. Importantly, no un-
stable phonon modes were detected across the first Brillouin zone,
confirming that the Se-HC monolayer remains free from vibrational in-
stabilities. The absence of these unstable modes suggests that the Se-HC
monolayer is resilient to small perturbations, such as thermal fluctua-
tions or minor mechanical stresses. In addition to the phonon mode
analysis, we extended our investigation to explore the thermal stability
of the Se-HC monolayer using AIMD simulations. These simulations
were conducted over a broad temperature range to examine the
behaviour of the Se-HC monolayer under varying thermal conditions.
The temperatures simulated included 300 K, 500 K, 1000 K, 1500 K,
2000 K, 3000 K, and 3500 K. Our AIMD results reveal that the Se-HC
monolayer maintains its structural stability up to a maximum temper-
ature of 3000 K. Throughout this wide temperature spectrum, no sig-
nificant signs of degradation, phase transitions, or structural
deformation were observed (see Figs. 2, S4, and S5). The remarkable
ability of the Se-HC monolayer to withstand such high temperatures
highlights its exceptional thermal stability, comparable to the renowned
thermal resilience of graphene. These results underscore the potential of
Se-HC monolayer for high-temperature applications, where traditional
materials might degrade, including high-temperature electronics,
nanomechanical devices, and other fields that demand reliable perfor-
mance in harsh thermal conditions.

3.3. Mechanical properties

To comprehensively assess the mechanical properties and stability of
the Se-HC monolayer, we systematically investigated its independent
elastic stress tensors. Specifically, we analysed the elastic stress tensors
C11, C12, and C66, which are essential in evaluating the mechanical
stability of tetragonal two-dimensional materials. Our computed values
of these elastic constants are C11 = 159.77 N/m, C12 = 24.66 N/m, and
C66 = 25.31 N/m. The elastic stress tensor values satisfy the Born-
Huang mechanical stability criteria, which are C11 > 0, C66 > 0, and
C11 > |C12|. These results strongly suggest that the Se-HC monolayer
exhibits robust mechanical stability, implying its resilience under me-
chanical stress. In addition to the elastic stress tensors, we explored the
spatial dependence of the mechanical properties of the Se-HC monolayer
by calculating the Young’s modulus (Y) and Poisson’s ratio (v) across
various directions within the unit cell. The results presented in Fig. 3a,
reveal an anisotropic mechanical behaviour, where the Se-HC

3000 K - Temperature
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Fig. 2. Fluctuations of (a) temperature and (b) total energy during the AIMD simulations at 1000 K, 2000 K and 3000 K.
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Fig. 3. Spatial dependent mechanical properties. (a) Young’s modulus and (b) Poisson’s ratio of Se-HC monolayer.

monolayer demonstrates maximum stiffness along the axial directions of
the unit cell (at angles & = 0°, 90°, 180°, and 270°) with a Young’s
modulus of 156 N/m. This significant value along the axes indicates that
the material is highly resistant to elastic deformation in these directions.
Conversely, the Se-HC monolayer exhibits a minimum Young’s modulus
of 77 N/m along the diagonals of the unit cell (at & = 45°, 135°, 225°,
and 315°), highlighting the relative flexibility of Se-HC monolayer along
these directions. This anisotropy suggests that the Se-HC monolayer is
more rigid along the principal axes and flexible along the off-axis di-
rections, which is a crucial characteristic for applications requiring
directional mechanical strength. We also analysed the directional vari-
ation of Poisson’s ratio (v) of Se-HC monolayer, which measures the
lateral expansion or contraction of the monolayer when subjected to an
axial strain. The results depicted in Fig. 3b, indicate that Poisson’s ratio
exhibits an inverse trend compared to Young’s modulus, with a mini-
mum value of 0.154 along the principal axes and a maximum value of
0.569 along the off-axis directions of the unit cell. The low Poisson’s
ratio (v = 0.154) along the axial directions implies that the monolayer
has a high resistance to shape deformation and minimal lateral expan-
sion under tensile stress. In contrast, the high Poisson’s ratio (v = 0.569)
along the diagonals suggests that the material undergoes significant
lateral expansion when stretched in these directions, which is a char-
acteristic behaviour of materials with high ductility.

3.4. Electronic properties

3.4.1. Electronic properties of pristine Se-HC monolayer

To gain profound insight into the conducting properties of the Se-HC
monolayer, we conducted a comprehensive analysis of the electronic
band structure. This investigation is pivotal for understanding the
electronic fingerprint of the material, such as the nature of charge car-
riers, band gap characteristics, and fermion mobility. Moreover, by
unraveling the electronic properties of the Se-HC monolayer, we can
effectively assess its potential for various applications, particularly in
advanced electronic and optoelectronic devices. To this end, the elec-
tronic structure of the Se-HC monolayer has been computed along the
high-symmetry points within the irreducible Brillouin zone of the first
tetragonal Brillouin zone, specifically along the path I" (0.0, 0.0, 0.0) —
X (0.5, 0.0, 0.0) —» M (0.5, 0.5, 0.0) - (0.0, 0.0, 0.0), as illustrated in
Fig. 4a. This path is strategically chosen as it leverages the symmetry of
the crystal lattice, thereby eliminating the need to probe the entire
Brillouin zone while still achieving a comprehensive understanding of
the electronic behaviour of the Se-HC monolayer. Fig. 4b reveals that
two valence bands (VBs) near the Fermi level exhibit degeneracy at the
corner high symmetry special point M of the Brillouin zone. For clarity,
the valence bands are labelled as VB1 and VB2, descending from the
Fermi level, i.e., VB1 lies directly below the Fermi level, while VB2
follows beneath it. Similarly, the conduction bands are denoted as CB1
and CB2, with CB1 being the band closest to the Fermi level. The
remarkable feature of the electronic structure of Se-HC monolayer is that

\)
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0.3
0.2
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=0.1
-0.2
-0.3 1
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Fig. 4. (a) Tetragonal and irreducible Brillouin zone of Se-HC monolayer. (b) Electronic structure of Se-HC monolayer. (c) Amplified electronic structure around the
high-symmetry special point, M. 3D band structure of (d) VB1 and CB1, (e) VB2 and CB1 and (f) VB2, VB1 (black mesh) and CB1.
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the VB1 is nearly dispersionless along the high-symmetry special path X
— M - ['. This flat band characteristic indicates a high density of states
and suggests the possibility of localized electronic states. In contrast,
VB2 and CB1 exhibit a linear dispersion relation along the same high-
symmetry path as shown in Fig. 4c. The linearity is indicative of mass-
less Dirac fermion behaviour, which is often associated with high charge
carrier mobility and enhanced conductivity. To gain deeper insights into
the nearly dispersion-less and the linearly dispersed band characteristics
of the Se-HC monolayer, we computed the 3D energy dispersion of the
VB1, VB2 and CB1. Asillustrated in Fig. 4d—f, VB2 and CB1 exhibit cone-
like features in momentum space near the Fermi level. These energy
cones closely resemble the Dirac cones observed in graphene, however,
they are separated by a narrow direct bandgap, earning them the
designation of gapped Dirac cones. This nonzero electronic gap results in
a small but finite effective mass for the charge carriers, which deviates
from the behaviour of truly massless Dirac fermions. Hence, we referred
these charge carriers as gapped Dirac fermions similar to the previous
studies [65-69]. A striking feature of these Dirac cones is their high
degree of isotropy, as they display an identical slope along all crystal-
lographic directions. This isotropy implies that the charge carriers in the
Se-HC monolayer, both electrons (CB1) and holes (VB2), experience
uniform velocity regardless of the direction of motion within the ma-
terial. To further quantify this behaviour, we computed the radial Fermi
velocities of the electrons and holes using the Fermi velocity equation:

_10E
K ¥
where vy is the Fermi velocity, E is the energy of the band, k is the wave
vector, and # is the reduced Planck’s constant. The results reveal that
fermions residing within these cone-shaped bands move with an
isotropic Fermi velocity of approximately 1.94 x 10° m/s. This value is
comparable to the Fermi velocity observed in broad range of 2D Dirac
materials, further highlighting the potential of the Se-HC monolayer for
high-speed electronic applications. On the other hand, the holes in the
VBL1 are relatively massive (1.11-2.23 mg) and exhibit lower mobilities.
Unlike graphene and other 2D Dirac materials, the Se-HC monolayer
exhibits a narrow direct bandgap of 73 meV at the M point. However, it
is well-established that the PBE-GGA underestimates the bandgap of
semiconductors. To achieve a more accurate bandgap estimation, the
Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) was employed. This
method incorporates a portion of exact exchange from Hartree-Fock
theory and exchange-correlation terms from traditional density func-
tional theory (DFT) functionals, as parameterized in 2006. By utilizing
the HSEO06 functional, the bandgap of the Se-HC monolayer increases to
0.4 eV, making it more suitable for semiconducting applications.
Generally, incorporating spin-orbit coupling has a profound effect on the
electronic properties of the materials composed of heavy elements.
However, we noticed that the spin-orbit coupling has a negligible effect
on the electronic band profiles or energy gap of the Se-HC monolayer
(see Fig. S6).

As shown in Fig. 5a, the total density of states (TDOS) and the atom-
and orbital-projected density of states (PDOS) of the Se-HC monolayer

(b)
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were analysed to investigate the atomic orbitals contributing to the
distinct Dirac electronic features near the Fermi level. The focus was on
understanding the nearly dispersion-less VB1, along with the linearly
dispersive VB2 and CB1 bands. The analysis reveals that the bonding and
antibonding states of the n orbitals, primarily associated with the C and
Se atoms, are key to the formation of these electronic bands. We per-
formed a detailed orbital band decomposition analysis of the CB1, VB1
and VB2 to further substantiate these findings. This decomposition re-
inforces the critical involvement of the = and n* orbitals in the formation
and dispersion characteristics of the bands near the Fermi level (see
Fig. 5b). These findings are fully consistent with the orbital-projected
electronic structures, shown in Fig. S7. Overall, the combination of
these unique band features, including the flat VB1 and the linear
dispersion of VB2 and CB1, highlights the potential of the Se-HC
monolayer for applications in nanoelectronics, where both high
mobility and strong electronic interactions are desirable.

3.4.2. Influence of strain on electronic structure of Se-HC monolayer

The application of external strain plays a crucial role in tuning the
electronic properties of 2D materials, including the Se-HC monolayer.
To systematically investigate this effect, we applied a bi-axial strain ()
ranging from —0.05 (compressive strain) to +0.05 (tensile strain) in
increments of 0.01. This approach allows us to understand how struc-
tural modifications influence the band structure and electronic behav-
iour of the Se-HC monolayer. The applied strain is calculated using the
following expression,

sk
b

where, [; represents the equilibrium lattice constant, while [ denotes the
lattice constant under the applied strain. A negative value of ¢ corre-
sponds to compressive strain, which reduces the lattice constant,
whereas a positive value indicates tensile strain, leading to an expansion
of the lattice. Our computational analysis reveals a remarkable strain-
dependent modulation of the electronic properties of the Se-HC mono-
layer as depicted in Fig. 6. Specifically, the narrow direct bandgap ex-
hibits a distinct response to both compressive and tensile strains. Within
the compressive strain regime, the bandgap increases monotonically,
reaching a maximum value of 0.27 eV at ¢ = —0.05. Conversely, as the
tensile strain increases, the bandgap decreases and eventually closes at
o = 0.03, transforming the Se-HC monolayer into a zero-bandgap
semimetal. Notably, in the tensile strain range of 0.04 to 0.05, the
initially degenerate VB1 and VB2 states become non-degenerate as VB2
shifts to lower energy levels with increasing strain. Further, the
nondispersive nature of VB1 becomes more pronounced with the tensile
strain, leading to a more strongly correlated electronic regime. To
further assess potential topological features, we computed the Z; index
across the full strain window. In all cases, the Z, index remained zero,
confirming that the system preserves a trivial electronic phase. Hence,
although tensile strain significantly modifies the electronic landscape of
the Se-HC monolayer, it does not induce a transition into a topologically
nontrivial phase.

TDOS
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Se: s+p,+p,
Se: P,
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Fig. 5. (a) Total and partial density of states and (b) decomposed charge densities corresponding to the VB2, VB1 and CB1.
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Fig. 6. Influence of bi-axial compressive and tensile strain on the electronic structure of Se-HC monolayer.

3.5. Optical properties

To unveil the applicability of the Se-HC monolayer in optoelectronic
applications, we have computed the significant optoelectronic param-
eter, such as the imaginary part (e2(w)) of the complex dielectric func-
tion. As shown in Fig. 7, e2(®) for the pristine system (¢ = 0) displays two
prominent absorption peaks at approximately 0.5 eV (pl) and 1.2 eV
(p2), corresponding to strong interband transitions. The first peak lies in
the near infrared region and likely originates from low-energy electronic
transitions, while the second peak falls within the visible range, indi-
cating the material is suitable for absorbing visible light. When
compressive strain (6 = —0.05) is applied, both peaks shift slightly to
higher photon energies, with a slight change in intensity. This behaviour
suggests that strain affects the electronic band structure, mainly by
altering transition energies while keeping the overall absorption
strength similar. This tunability confirms that the Se-HC monolayer is a
promising material for flexible optoelectronic devices such as infrared
photodetectors and solar energy harvesters.

12.5

3.6. Electronic properties of one-dimensional Se-HC nanomaterials

The one-dimensional (1D) counterparts of 2D materials, such as
nanoribbons (NRs) and nanotubes (NTs), have garnered significant
attention due to their ability to inherit and often enhance the excep-
tional electronic properties of their parent 2D materials. These 1D nano-
analogues offer unique quantum confinement effects and edge states,
which further modify the electronic behaviour, making them highly
desirable for next-generation nanoelectronics applications. In this sec-
tion, we embark on an in-depth exploration of the electronic charac-
teristics of Se-HC NRs and NTs, derived from the pristine Se-HC
monolayer. Our objective is to unravel how the quantum confinement
and curvature effects influence the electronic specifics of these 1D
structures. We systematically constructed Se-HC nanoribbons of varying
widths (N), ranging from N = 1 to N = 6, as depicted in Fig. 8a. The
unsaturated carbon atoms at the edges were passivated with hydrogen
atoms to maintain electroneutrality and suppress edge states that could
artificially distort the electronic properties. All the Se-HC NRs exhibit an
electronic structure similar to that of 6 Se-HC NR, as shown in Fig. 9a.
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Fig. 7. Imaginary part (e2(w)) of the complex dielectric function of pristine (¢ = 0) and strained (¢ = —0.05) Se-HC monolayer.
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Fig. 8. Quasi-one-dimensional derivatives of Se-HC monolayer. (a) Se-HC nanoribbons (Se-HC NRs) with different widths (N) and nanotubes (Se-HC NTs) with

different chirality.
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Fig. 9. Electronic structure of quasi-one-dimensional derivatives of Se-HC monolayer. (a) 6 Se-HC nanoribbon, (b) variation of band gap with respect to width (N) of
Se-HC NRs. Band structure of (c) (3, 0) (d) (4, 0) (e) (5, 0) and (f) (6, 0) Se-HC nanotubes.

Our DFT analysis reveals a decreasing band gap trend with increasing
NR width (see Fig. 9b). Specifically, the narrowest nanoribbon (1-Se-HC
NR) exhibits a band gap of 1.02 eV, while the widest nanoribbon (6-Se-
HC NR) shows a significantly reduced band gap of 0.23 eV. This gradual
band gap reduction is attributed to the quantum confinement effect,
where the increased ribbon width leads to enhanced delocalization of
electronic states, effectively narrowing the band gap. Similarly, to
further explore the curvature-induced effects on electronic behaviour,
we rolled the Se-HC nanoribbons into Se-HC nanotubes with varying
diameters. The nanotubes were constructed from 3, 4, 5, and 6 Se-HC
NRs, and labelled as (3,0), (4, 0), (5, 0), and (6, 0) NTs, respectively,
as illustrated in Fig. 8b. Our results indicate that all the NTs exhibit
semiconducting behaviour with a narrow direct band gap, which is
highly sensitive to the nanotube diameter and curvature. Notably, the
even-indexed (N,0) NTs exhibit a comparatively lower band gap than
their odd-indexed counterparts, highlighting the chirality-dependent
electronic behaviour in Se-HC nanotubes as depicted in Fig. 9c—f. In
essence, the band gap tunability achieved through controlling the
nanoribbon width and nanotube curvature underscores the potential of
Se-HC-based 1D nanostructures for next-generation nanoelectronic and
optoelectronic devices. The ability to manipulate the electronic band
structure through geometric modification offers exciting prospects for
designing flexible, high-performance semiconducting materials for
quantum transport and energy applications.

4. Anode performance for Li-ion batteries

In this section, we present the potential of the Se-HC monolayer for
Li-ion battery anode material applications [70]. We have estimated this
performance by evaluating following important parameters pertaining
to the Li-ion battery anode material, which include (a) binding energy of
Li atoms (E,gqs), (b) diffusion energy barriers (E,), (c) open circuit voltage
(OCV), (d) theoretical storage capacity (TSC).

The Se-HC monolayer features five different binding sites, namely (i)
the central position of the four Se atoms (P1), (ii) the central position of
the carbon pentagon (P2), (iii) the central position of the selenophene
unit (P3), (iv) the central position of four C and two Se atoms (P4), and
(v) the central position of the octagon unit (P5) as shown in Fig. 10a. The
adsorption energies (Eq4;) at each binding site are calculated using the
following formula,

Epjase—tic — (Ese—uc + NEy;)
n

Eoas =

where Eg,_pgc and Ejjase—pc specifies the energies of the Se-HC monolayer
before and after the adsorption of the Li atom. The bulk Li metal energy
per atom is used to substitute the Ej; and n is the total number of Li atoms
involved in the adsorption process. Our results indicate that lithium
atoms preferentially adsorb at specific sites, with the most stable binding
occurring at the P1 site (—0.65 eV), followed by P2 (—0.64 eV), P3
(—0.59 eV), P4 (—0.57 eV), and P5 (—0.47 eV). To gain deeper insights
into the nature of the adsorption process, we conducted Bader charge
analysis, which revealed a significant charge transfer from the lithium



N.V.R. Nulakani et al.

Journal of Energy Storage 141 (2026) 119110

©@ P1-P4-P4-P1 P1-P4-P2-P4-P1 P1-P4-P3-P2-P3-P4-P1 (d)
sl A A A sl A Al A dd o o 4L AT cw
coml p % 4 b s Lo led AN d81 e [ I\H §osT L
Sesd Lo\ LA LV sV P A L S L T et £
00 1 S (S Y W - I A A I O 0 O O (O | I [
S T A A 1 ViV T | | Vil

Diffusion Coordinates Diffusion Coordinates

Diffusion Coordinates Li,CsSe

Fig. 10. (a) Different adsorption sites (P1-P5) and possible diffusion pathways of Se-HC monolayer. (b) Differential charge densities of lithiated Se-HC monolayer at
different binding sites. (c) Diffusion energy barriers of Li ion on Se-HC monolayer along P1 — P4 — P4 - P1, P1 - P4 - P2 —» P4 —» P1 and P1 —» P4 - P3 - P2 —

P3 — P4 — P1. (d) Computed open circuit voltage profile of Se-HC monolayer.

atoms to the Se-HC monolayer at all binding sites. Specifically, 0.89 e-,
0.90 e-, 0.90 e-, 0.90 e-, and 0.91 e- are transferred from the lithium
atom to the adsorbate at the P1 through P5 sites, respectively. Differ-
ential charge density plots for the Li adsorption sites further demon-
strate that charge depletion (cyan coloured region) occurs around the
lithium atom, while charge accumulation (yellow coloured region) is
observed on the surrounding atoms of the Se-HC monolayer (see
Fig. 10b). These findings suggest that lithium undergoes ionization upon
adsorption, a critical characteristic that mitigates the formation of
lithium clusters and dendrites, thereby enhancing the stability of the Se-
HC monolayer during cycling. The diffusion of lithium ions during the
charge-discharge process is another crucial factor in determining the
performance of a Li-ion battery anode. To assess this, we calculated the
diffusion energy barriers for lithium ions moving between the most
stable adsorption sites using the climbing-image nudged elastic band
(CI-NEB) method, as proposed by Henkelman and co-workers. Different
possible diffusion path between the most favourable binding sites are
presented in Fig. 10a. Our results show that lithium ions diffuse with
minimal barriers between adsorption sites, suggesting efficient ion
transport. For instance, when migrating between two P1 sites, the
lithium ion follows the path P1 — P4 — P4 — P1 with an effective
diffusion barrier of only 0.278 eV, the path P1 — P4 — P2 — P4 — P1
with 0.278 eV and P1 — P4 — P3 — P2 — P3 — P4 — P1 with 0.308 eV as
presented in Fig. 10c. This low diffusion barrier indicates that the Se-HC
monolayer supports rapid lithium-ion diffusion, which is critical for
achieving high-rate battery performance.

Subsequently, we investigated the effect of lithium concentration on
the adsorption behaviour of the Se-HC monolayer by incrementally
adding lithium atoms to the structure. The average adsorption energy
exhibited a decreasing trend as lithium concentration increased, turning
positive when the lithium concentration reached beyond 8 atoms. This
suggests that the Se-HC monolayer can stably accommodate up to 8
lithium atoms, beyond which lithium clustering may occur. Thus, the Se-
HC monolayer can accommodate a maximum of 8 lithium atoms,
yielding a molecular formula of LigCapSes.

Further, we calculated the open circuit voltage (OCV) at varying
lithium concentrations using the energies of the most favourable inter-
mediate states. The resulting OCV plot, presented in Fig. 10d, reveals a
moderate yet stable voltage, consistent with typical Li-ion battery anode
behaviour. Finally, we computed the theoretical specific capacity (TSC)

using the formula:

TSC = xF/M

where, x is the concentration of Li atoms and M is the molecular weight
of the formula unit (CsSe) of the Se-HC monolayer and F is the Faraday’s
constant. Based on this formula, the Se-HC monolayer is predicted to
exhibit a theoretical specific capacity of 385.6 mA h g 1. Taken together,
these results demonstrate that the Se-HC monolayer offers optimal
adsorption energies, low diffusion barriers for fast ion movement, a
moderate open circuit voltage, and a significant theoretical storage ca-
pacity. These findings highlight the Se-HC monolayer as a promising
candidate for Li-ion battery anode applications, offering both high ef-
ficiency and stability for next-generation energy storage devices.
Further, we conducted a detailed analysis on comparing the elec-
tronic properties and performance characteristics of Se-HC monolayer
with several other 2D materials, particularly carbon allotropes, which
are often considered for lithium-ion battery anode material applications.
As shown in Table 1, Se-HC stands out with a moderate capacity of 386
mAh/g and an attractive diffusion barrier in the range of 0.28-0.31 eV,
which is considerably lower than many metallic and semimetallic ma-
terials. This allows for improved ion mobility, which is critical for high-
performance battery applications. Additionally, the Se-HC monolayer

Table 1
Theoretical storage capacity, diffusion barrier, open circuit voltage (OCV) and
electronic properties of different 2D materials.

S.no 2D material  Capacity Diffusion ocv Electronic

(mAh/g) barrier (eV) W) property
1 Se-HC 386 0.28-0.31 0.47 Gapped Dirac

material

2 M- 279 0.39 0.03 Metal [71]

graphene

3 Graphite 372 0.40 0.11 Metal [72]

4 y-Graphene 372 0.31 — Metal [73]

5 Net-C18 403 0.32 0.02 Metal [74]

6 DOTT 446 0.20-0.90 0.28 Metal [75]

7 TPO12 558 0.60-0.69 0.47 Metal [76]

8 net-r 558 0.30 0.04 Metal [77]

9 Tolanene 638 0.61-0.71 0.25 Metal [78]

10  h-PAMS 676 0.35 0.29 Metal [79]
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exhibits a unique electronic structure characterized by gapped Dirac
states, distinguishing it from many metallic materials. Obviously, these
properties give Se-HC a distinct advantage for energy storage and bat-
tery performance.

5. Conclusions

This study uses state-of-the-art density functional theory calculations
to investigate a novel 2D form of Se-based hetero-circulene (Se-HC),
typically a carbon-selenide monolayer. Results indicate that the Se-HC
monolayer is energetically more favourable than a wide range of 2D
carbon selenides, including a-CSe, p-CSe, h-CSe, C4Se, CsSe, and CgSe.
Phonon mode analysis, combined with ab initio molecular dynamics
simulations, confirms its dynamical and thermal stability, while elastic
stress tensor analysis establishes its mechanical stability. Electronic
structure calculations reveal that the Se-HC monolayer exhibits gapped
Dirac states and massive flat bands, the remarkable features typically
observed in monolayer and magic-angle twisted bilayer graphene.
Additionally, Se-HC demonstrates strong optical absorption in the near-
infrared (NIR) and visible regions, underscoring its potential for infrared
photodetection and optoelectronic applications. Furthermore, Se-HC
nanoribbons and nanotubes exhibit width- and chirality-dependent
electronic properties. Also, the anodic performance of Se-HC mono-
layer for Li-ion battery applications is particularly promising, featuring
optimal adsorption energies, low diffusion energy barriers, and a mod-
erate theoretical storage capacity. These findings highlight Se-HC as a
compelling candidate for next-generation quantum materials, photonic
devices, and energy applications.
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