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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) carbon materials have been intensively investigated because of their distinctive
Polymerized Pyracyclene Graphyne structural framework and electronic behaviors as alternatives in energy conversion and storage applications.
(PolyPyGY) This study proposes a novel 2D carbon allotrope, Polymerized Pyracyclene Graphyne (PolyPyGY), characterized

2D carbon allotropes

Energy storage efficiency
Lithium-ion storage capacity
Optoelectronic properties

by a multi-ringed structure with 4-, 5-, 6-, 8-, and 16-membered rings comprising a porous structure. Using
first-principles calculations and machine-learning techniques, we explore its structural, electronic, mechanical,
optical, and lithium-ion storing properties. The vibrational properties assessed through the density functional
perturbation theory framework confirm its structural stability. Moreover, ab initio molecular dynamics
simulations at 1000 K demonstrate its thermal resilience, with no bond breaking or reconfiguration observed.
The electronic band structure reveals a metallic nature, and the material exhibits anisotropic elastic properties,
with Young’s modulus varying between 421 and 664 GPa, suggesting good mechanical stability. Furthermore,
lithium diffusion studies indicate low energy barriers (0.05-0.9 eV), max lithium-ion storage capacity of
2231.41 mAh/g, and a high diffusion coefficient (> 6 x 10-® cm?/s), along with a stable open circuit voltage
of 2.5 V. These results highlight PolyPyGY’s potential as a highly effective and durable anode material for
lithium-ion batteries, featuring rapid Li-ion diffusion, stable intercalation, and consistent performance during
charge and discharge cycles.

1. Introduction The porous structure of 2D carbon materials, composed of varying-
sized rings, enables a higher lithium adsorption capacity while facili-
Two-dimensional (2D) carbon-based materials have been exten- tating Li diffusion across the material’s surface [15]. These porous ma-
sively studied attributed to their exceptional structural and optoelec- terials include allotropes such as graphyne [16], graphdiyne [17], and
tronic characteristics [1-4], including high surface area [5], excellent graphenylene [18], which, by presenting various carbon ring configu-
electrical [6] and thermal conductivity [7,8], and good mechanical rations, provide a structural network capable of stabilizing lithium in-
resilience [9]. These properties make them promising candidates for sertion without compromising the material’s mechanical integrity [19].
various advanced technological applications [10]. Among these appli- This feature is relevant for enhancing the capacity of LIBs, which are
cations, using such materials as active layers in lithium-ion batteries essential components in several energy storage technologies [20-26].
(LIBs) stands out [11-14], where lithium storage capacity and ion Recent studies on new 2D carbon allotropes have emphasized the
diffusion speed are crucial factors for optimizing battery efficiency and need for structures that combine high adsorption capacity with op-
durability. timized lithium diffusion barriers [27-40]. Such characteristics can
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Fig. 1. Comparison of the atomic structures of PolyPyGY and other 2D carbon allotropes. The distinct ring arrangements and topologies highlight PolyPyGY’s unique multi-ringed
structure with 4-, 5-, 6-, 8-, and 16-membered rings, offering a balance of high porosity and structural stability advantageous for energy storage applications.

be achieved through structural configurations that maximize poros-
ity, offering diverse adsorption sites and enabling efficient diffusion
pathways. The nanomaterial proposed in this study, Polymerized Pyra-
cyclene Graphyne (PolyPyGY), is a novel multi-ringed 2D all-carbon
structure featuring 4, 5, 6, 8, and 16-membered rings, emerging as
a promising response to these demands. Its porous structure with
good thermal and mechanical stability has the potential to overcome
limitations observed in conventional graphene-based allotropes when
designing lithium-ion battery anodes [41].

Fig. 1 presents a comparative chart of PolyPyGY alongside a series
of 2D carbon allotropes, including y-graphyne [16], graphdiyne [17],
p-graphyne [42], popgraphene [28], biphenylene network [43], pha-
graphene [44], psi-graphene [32], and Me-graphene [45]. These struc-
tures represent diverse topologies, ring arrangements, and bonding
patterns, significantly influencing their mechanical, electronic, and
adsorption properties. PolyPyGY distinguishes itself through its unique
multi-ringed topology, characterized by a combination of 4-, 5-, 6-
, 8-, and 16-membered rings. This structural arrangement provides
high porosity while maintaining stability, which is advantageous for
lithium-ion storage applications. In contrast, other allotropes such as
graphdiyne and y-graphyne feature uniformly distributed hexagonal
and larger pores, which enhance their electronic conductivity but may
limit their mechanical stability under extreme conditions [42].

Popgraphene and the biphenylene network exhibit smaller pore
sizes and more uniform ring distributions, contributing to their excep-
tional mechanical properties but reducing their lithium-ion diffusion
efficiency compared to PolyPyGY. Phagraphene and psi-graphene, with
their mixed topologies, balanced porosity, and mechanical rigidity,
lack the larger pores that facilitate enhanced ion mobility, as seen in
PolyPyGY (discussed later). The p-graphyne and Me-graphene struc-
tures emphasize symmetry and uniformity, resulting in high thermal
and mechanical stability. However, their limited porosity compared to

PolyPyGY restricts their performance in energy storage applications,
particularly for lithium-ion batteries, where higher adsorption capacity
and ion diffusion are critical.

Herein, we investigate the structural, electronic, mechanical, op-
tical, and lithium-ion adsorption properties of PolyPyGY using first-
principles calculations and machine learning (ML) techniques. We
examine its stability through phonon calculations and ab initio molec-
ular dynamics (AIMD) simulations, characterize its electronic band
structure, and assess its lithium diffusion barrier, adsorption capacity,
and open-circuit voltage. This newly proposed 2D carbon allotrope
originates from assembling dehydrogenated pyracyclene molecules [46,
47]. These molecules are interconnected by carbon atoms forming
triple bonds in the x-direction, which create a highly stable and
unique porous framework. This particular choice for including the
triple bonds enables the formation of 16-membered rings with an ade-
quate porous size for Li-ion storage. The design incorporates an innova-
tive 8-membered ring conjunction that bridges neighboring pyracyclene-
based motifs, resulting in a distinct topology. This assembly leads to
a porous and robust architecture that balances mechanical stability
with ample space for lithium adsorption. The combination of pyracy-
clene motifs and graphyne-like linkages enhances the material’s elec-
tronic and adsorption properties, making PolyPyGY a promising high-
performance anode material for LIBs, offering an ideal combination of
fast Li-ion diffusion, stability, and storing capacity.

2. Methodology

To investigate the underlying physical, chemical, and lithium-ion
adsorption properties of PolyPyGY, we employed first-principles cal-
culations based on density functional theory (DFT) using the CASTEP
code [48]. The initial atomic structure of PolyPyGY was optimized
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using the Perdew-Burke-Ernzerhof (PBE) functional within the gen-
eralized gradient approximation (GGA) scheme for the exchange—
correlation functional [49]. A plane-wave energy cutoff of 450 eV
and a Monkhorst-Pack k-point mesh of 10 x 10 x 1 were applied for
Brillouin zone sampling. Convergence criteria for energy and forces are
1.0x1075 eV and 1.0x10~3 eV/A, respectively. Structural relaxation em-
ployed periodic boundary conditions, ensuring minimal residual forces
and pressure below 0.01 GPa. The vacuum space was set to 30 A in the
out-of-plane direction to avoid layer interaction. Phonon calculations
were performed to confirm the structural stability of PolyPyGY, using
density functional perturbation theory (DFPT), ensuring the absence of
imaginary frequencies across the phonon dispersion spectrum. Impor-
tantly, van der Waals interaction corrections were considered within
the Grimme D2 scheme [50].

Thermal stability was assessed via AIMD simulations at 1000 K,
using a simulation time of 5 ps and a timestep of 1 fs. The AIMD
simulations were conducted in the NVT ensemble with a Nosé-Hoover
thermostat [51]. Throughout the simulation, we monitored the struc-
tural integrity to detect any bond breaking or atomic reconfiguration
that could indicate thermal instability. The choice of the NVT ensemble
was driven by the need to maintain a constant temperature during the
simulations, which allows for accurate modeling of the system’s thermal
stability and ionic dynamics.

The electronic structure of PolyPyGY was analyzed by calculating
the electronic band (using a k-point grid of 10 x 10 x 1) structure and
density of states (DOS, using a k-point grid of 20 x 20 x 1). The partial
density of states (PDOS) was also projected to identify contributions
from specific atomic orbitals, providing insights into the material’s con-
ductive properties. Optical properties were explored under an external
electric field using complex dielectric constant calculations [52].

Lithium adsorption studies were conducted by placing Li atoms at
various adsorption sites on the PolyPyGY surface, followed by geometry
optimization to identify energetically favorable configurations. The
adsorption energy (E.4) was calculated using the formula E,4 =
ELipolypycy — (Epolypycy + ELi)» Where Ejjipoypycy 1S the total energy
of PolyPyGY with adsorbed Li, Epqypygy is the energy of pristine
PolyPyGY, and Ej; is the energy of lithium atoms in the gaseous phase.
We computed the diffusion barrier along possible migration paths using
the nudged elastic band (NEB) method within CASTEP to investigate
lithium diffusion [53-55]. The diffusion coefficient was estimated from
these results, providing insights into lithium mobility on the PolyPyGY
surface. The theoretical capacity of a material in LIBs refers to the
maximum amount of electrical charge that can be stored per unit
weight of the material during the complete lithiation process. It is a
critical metric for assessing the energy storage potential of electrode
materials. In this way, the theoretical capacity (C) was calculated using
the equation: C = Ny, ,x F/M, where N, is the maximum number
of Li atoms adsorbed on PolyPyGY, F = 96485.332 sA/mol is the
Faraday constant, and M is the molar mass of the PolyPyGY supercell.

The adsorption locator tool [56-58] within the Materials Studio
suite was used to determine the most stable configuration at each
lithium concentration on PolyPyGY. This tool enables the systematic
exploration of potential adsorption sites. It evaluates their relative
stability based on the calculated adsorption energies. Multiple config-
urations were generated and ranked for each concentration based on
their total energies. The configuration with the lowest total energy was
selected as the most stable. Possible adsorption configurations are iden-
tified by carrying out Monte Carlo searches of the configurational space
of the substrate-adsorbate system as the temperature slowly decreases
according to a simulated annealing schedule. This approach ensures we
accurately identify the energetically favored lithium distribution in the
PolyPyGY structure on each Li concentration. The supplementary mate-
rial discusses the approach to determining the most stable configuration
of the system at each Li concentration.
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The mechanical behavior of PolyPyGY was investigated through
classical reactive molecular dynamics simulations using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) soft-
ware [59]. A reactive force field tailored specifically for PolyPyGY was
derived from a moment tensor potential (MTP) [60], which was fitted
to explore its mechanical properties with the assistance of the Moment
Tensor Potential (MTP) model [61,62]. Our study evaluated the me-
chanical response of PolyPyGY using a Machine Learning Interatomic
Potential (MLIP) based on MTP model. This model was generated by
combining quantum-mechanical calculations with active learning, as
implemented in the MLIP package [61,62].

Using an active learning protocol, the MTP model was designed and
trained for the PolyPyGY structure, ensuring it accurately captured the
material’s potential energy surface (PES) under various conditions. The
training dataset was generated through ab initio calculations performed
with DFT within the GGA/PBE scheme. These calculations included
configurations of strained supercells under uniaxial and biaxial de-
formations and at different temperatures, providing a diverse dataset
representative of the material’s mechanical behavior.

The training of the MTP model followed an active learning ap-
proach, which iteratively refined the model to improve its accuracy [60].
Initially, a small subset of DFT data was used for training. The model’s
uncertainty was then evaluated on unexplored configurations, identify-
ing regions of high uncertainty in the PES. These high-uncertainty con-
figurations were subsequently included in the training dataset through
additional DFT calculations, enabling the model to generalize well
across diverse strain and temperature conditions. This iterative process
ensured a comprehensive and accurate representation of PolyPyGY’s
structural responses.

Importantly, the accuracy of the MTP model was validated against
an independent DFT dataset. The validation metrics demonstrated that
the model achieved a mean absolute error (MAE) of 2.0 meV/atom
for energy and 0.05 eV/A for forces, confirming its reliability [60].
Additionally, the training and validation loss curves as functions of
iterations showed stable convergence, further supporting the robustness
of the training process, as shown in the supplementary material.

The trained MTP model was subsequently employed in large-scale
molecular dynamics simulations, as discussed below, to investigate
PolyPyGY'’s stress-strain behavior. These simulations enabled the effi-
cient calculation of mechanical properties, such as anisotropic Young’s
modulus, tensile strength, and failure strain, while maintaining quantum-
mechanical accuracy. By bridging the gap between computational effi-
ciency and quantum-level precision, the MTP model provided valuable
insights into this novel material’s mechanical response.

AIMD simulations were conducted following the same parameters
used previously, employing the Vienna Ab initio Simulation Package
(VASP) [63-65]. The training dataset for the MTP-based MLIP was con-
structed using stress-free and uniaxially strained supercells at various
temperatures, an approach that has been successfully applied in recent
studies to generate MLIPs for complex materials [66-74].

For the MTP, a cutoff distance of 3.5 A was established, and training
was performed using a two-step passive training approach, as described
in recent literature [71]. Newton’s equations of motion were integrated
using the velocity Verlet algorithm with a timestep of 0.05 fs. Ther-
malization and stress relaxation were achieved through the thermostat
and NPT ensemble simulations throughout 100 ps. We adopt the NPT
ensemble to allow pressure equilibration and a more realistic treatment
of lattice relaxation under uniaxial strain rate conditions. The elastic
properties and fracture behavior of the PolyPyGY sheet were assessed
at 300 K, where the material was subjected to uniaxial tension using a
constant engineering tensile strain rate of 1076 fs~1.
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Fig. 2. Atomic structure of PolyPyGY. The unit cell, outlined in black, has dimensions of a = 9.46 A (x-direction) e b = 6.08 A (y-direction). The black spheres denote the structure
of a dehydrogenated pyracyclene molecule. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results

The atomic structure of PolyPyGY is presented in Fig. 2. As de-
picted, the lattice is composed of 4-, 5-, 6-, 8-, and 16-membered rings
of carbon atoms, forming a highly porous structure. The unit cell,
highlighted in black, contains 18 atoms with dimensions a = 9.46 A
(x-direction) e b = 6.08 A (y-direction). The C-C bond lengths vary
slightly across the structure, with typical values ranging between 1.38
Ato1.48A, corresponding to different bonding environments between
carbon atoms in the various ring sizes. Crystallographically, PolyPyGY
belongs to the PMMM space group and adopts a D2H-1 symmetry.

The calculated formation energy for PolyPyGY is —8.44 eV/atom,
indicating good energetic stability. This value is comparable to other 2D
carbon allotropes, such as biphenylene network (-7.42 eV/atom) [75],
graphene (—8.83 eV/atom) [76], sun-graphyne (—8.57 eV/atom) [77],
irida-graphene (—6.96 eV/atom) [78], and dodecanophene (-8.19
eV/atom) [79]. It is significantly more stable than other porous al-
lotropes, like graphdiyne (—0.77 eV/atom) and y-graphyne (-0.92 eV/
atom) [80]. The lattice of PolyPyGY appears perfectly planar, with no
observed buckling deformations. PolyPyGY’s multi-ringed architecture,
especially larger 16-membered rings, significantly contributes to its
high porosity and large surface area, which are advantageous for
lithium-ion storage and diffusion applications. This unique atomic
arrangement also supports robust mechanical stress, as discussed later.

Fig. 3 presents the phonon dispersion results for PolyPyGY, show-
casing its dynamic stability. The dark and light blue lines show the
phonon calculations performed using DFPT and the MTP methods [81].
In both results, the absence of imaginary frequencies across the phonon
spectrum suggests the dynamic stability of PolyPyGY. The MTP-based
phonon calculations (light blue) strongly agree with the DFPT (dark
blue) results, validating the accuracy of the MTP-based generated MLIP
for PolyPyGY. The alignment of results from DFPT and MTP further
supports the use of ML-based potentials here and in future studies
focused on the mechanical and thermal behavior of PolyPyGY using
classical reactive MD simulations. Also, the consistency between these
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Fig. 3. Phonon dispersion analysis of PolyPyGY calculated using DFPT (dark blue)
and MTP (light blue) methods. The inset highlights the first Brillouin zone. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

two methods can enable efficient simulations of larger systems and
longer timescales without sacrificing accuracy.

In Fig. 4, the thermal stability of PolyPyGY is assessed through
AIMD simulations at 1000 K. Insets show top and side views of the



K.A.L. Lima et al.

-38.044 T T T T

-38.046

Energy [eV/atom]

-38.048

-38.050 : ' : :

Time [ps]

Fig. 4. The AIMD simulation results at 1000 K, depicting the lattice total energy as a
function of time. Insets show top and side views of the structure for the final AIMD
snapshot at 5 ps.

structure for the final AIMD snapshot at 10 ps. This thermal regime is
commonly used to assess the intrinsic thermal stability of novel mate-
rials, providing insights into their resilience under extreme conditions.
Demonstrating good thermal stability at 1000 K opens avenues for ex-
ploring PolyPyGY potential in applications beyond LIBs. The absence of
bond breaking or structural reconfiguration in the insets indicates that
PolyPyGY remains thermally stable under high-temperature conditions.
This stability is critical for practical applications, especially in envi-
ronments where materials are subjected to significant thermal stress,
such as LIB anodes. The insets also show that the lattice maintains
its integrity without any observable in-plane and drastic out-of-plane
deformation.

Now, we turn to the electronic properties of the proposed nano-
material. Fig. 5 shows these properties for pure PolyPyGY (dark blue)
and the lattice containing one adsorbed Li atom (PolyPyGY@LIi, light
blue). In Fig. 5(a), the electronic band structure is shown along high-
symmetry k-paths, revealing that PolyPyGY exhibits a metallic nature.
PolyPyGY can conduct electrons efficiently, making it suitable for
applications requiring controlled electronic transport. Fig. 5(b) presents
the PDOS, where only contributions from p atomic orbitals are visible
for the depicted range of energies. The PDOS confirms the dominant
orbital contributions, such as carbon p-orbitals near the Fermi level,
consistent with the PolyPyGY’s metallic character.

The band structure of PolyPyGY exhibits a downward shift in energy
levels upon lithium adsorption. This shift arises from the charge transfer
process, where lithium donates electrons to the PolyPyGY lattice. As
a result, the Fermi level value increases, stabilizing the electronic
structure by redistributing charge within the conduction band. This be-
havior confirms the material’s ability to accommodate lithium ions and
underscores its suitability as a potential anode material for lithium-ion
batteries.

Figs. 5(c,d) show the highest occupied crystalline orbital (HOCO,
red) and the lowest unoccupied crystalline orbital (LUCO, green). The
spatial distribution of these orbitals indicates that HOCO delocalizes
on the 5- and 8-membered rings while LUCO concentrates in 4- and 6-
membered rings, revealing distinct electron and hole transport channels
across the material. The HOCO and LUCO distributions suggest that
PolyPyGY could support efficient and controllable charge transport,
further supporting its potential use in conductive layers for energy

Journal of Energy Storage 117 (2025) 116099

storage devices. The orbital distribution in pristine PolyPyGY (Fig. 5(a))
undergoes significant changes upon lithium adsorption, as shown in
Fig. 5(d). the polarization effects induced by the lithium atom and
minor structural distortions in the material further enhance the confine-
ment of electronic states in its vicinity. Consequently, the adsorption
process increases the localization of the LUCO around the lithium atom.

PolyPyGY exhibits interesting optical characteristics, with polar
ization-dependent profiles along the x-direction (dark blue) and y-
direction (light blue), as illustrated in Fig. 6. In Fig. 6(a), the absorption
coefficient (@) is plotted against photon energy, revealing broad optical
responses with peaks in the visible to ultraviolet (UV) range. The
absorption coefficient reaches values exceeding 10* cm~!, indicating
the material’s high absorption efficiency at these wavelengths. These
intense and broad absorption trends suggest that PolyPyGY could be ad-
vantageous in optoelectronic applications, where effective light capture
in a wide spectrum range is desirable.

Fig. 6(b) shows reflectivity (R) results. The material exhibits low re-
flectivity across the studied energy range, remaining below 0.9, which
implies that a significant amount of incident light is transmitted rather
than reflected. The clear anisotropic nature of R hints at potential uses
in applications that benefit from directional light transmission, making
PolyPyGY a candidate for selective optical coatings or filters. The
refractive index () in Fig. 6(c) also displays polarization-dependent be-
havior, gradually decreasing with photon energy and converging near
1.0 at higher energies (around 10 eV). This trend indicates birefringent
properties in PolyPyGY, once 5 varies with light polarization. This
anisotropic trend enhances the PolyPyGY’s versatility for applications
rely on controlled light propagation.

PolyPyGY has not yet been synthesized or studied experimentally.
These electronic and optical results provide a theoretical foundation
for understanding PolyPyGY’s properties, guiding future experimen-
tal investigations. For instance, experimental synthesis could be pur-
sued using bottom-up techniques such as dehydrogenating pyracyclene
molecules, as outlined in the “Introduction” section. This approach
could provide samples for further characterization. Techniques such as
UV-Vis spectroscopy and photoluminescence measurements could val-
idate the computed optical absorption spectra, particularly in the visi-
ble and ultraviolet regions. Angle-resolved photoemission spectroscopy
(ARPES) could be used to measure the electronic band structure, pro-
viding direct experimental insights into the material’s metallic nature
and density of states.

The mechanical response of PolyPyGY under uniaxial stress evalu-
ated using the MLIP method is illustrated in Fig. 7. The stress—strain
curve, plotted for the x-direction (dark blue) and y-direction (light
blue), reveals the material’s anisotropic mechanical responses under
uniaxial tensile loading, as evidenced by the distinct responses along
these two orientations. The stress increases linearly with strain initially,
indicating elastic behavior. At higher strain values, a peak is observed,
representing the maximum stress (ultimate strength) that PolyPyGY can
withstand before undergoing fracture.

In the x-direction, PolyPyGY reaches maximum (ultimate) stress at
approximately 80 GPa for 14.3% of strain (fracture strain, dashed dark
blue line). In contrast, the ultimate stress is substantially different in
the y-direction, reaching approximately 40 GPa at 11.3% of strain (frac-
ture strain, dashed light blue line). This anisotropy in the mechanical
response is likely due to the structural orientation of PolyPyGY’s ring
configuration, which affects bond stretching and deformation under
applied stress.

From the stress—strain curves shown in Fig. 7, Young’s modulus of
PolyPyGY is determined to be 421.90 GPa in the y-direction and 663.48
GPa in the x-direction, also indicating anisotropic mechanical behav-
ior. These values suggest that PolyPyGY is a relatively stiff material.
However, Young’s modulus is lower than that of graphene, which has
a modulus close to 1 TPa in both directions [82,83]. This difference can
be attributed to PolyPyGY’s porous, multi-ring structure, which, while
providing rigidity, introduces greater flexibility compared to graphene’s
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Fig. 5. Electronic structure of PolyPyGY. (a) Band structure along high-symmetry k-paths and (b) PDOS. Panels (c) and (d) depict the Highest Occupied Crystalline Orbital (HOCO,
red) and Lowest Unoccupied Crystalline Orbital (LUCO, green) distributions for PolyPyGY and PolyPyGY@Li, respectively. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

continuous, denser hexagonal network. The anisotropy in PolyPyGY,
with higher stiffness along the x-direction, reflects the alignment of its
ring structures, influencing its ability to accommodate deformation.

Fig. 8 illustrates the fracture patterns and stress distribution in
PolyPyGY under uniaxial strain applied in the x and y directions.
The von Mises stress (¢YM) distribution [84], shown with a color
gradient from blue (low stress) to red (high stress), reveals how strain
impacts different regions of the lattice at various deformation stages,
highlighting the material’s fracture behavior.

The initially unstressed PolyPyGY lattice is shown in Fig. 8(a).
In Fig. 8(b), where the structure is stretched along the x-direction,
stress concentrations initially form around the larger rings and multi-
ring junctions, and the first bonds break for a fracture of strain of
14.3%. By 14.4% strain (Fig. 8(c)), these stress concentrations initiate
micro-cracks in a parallel direction (y-direction) regarding the tensile
loading direction. These micro-cracks propagate for higher strain (¢)
values, coalescing into more extensive fractures and eventually causing
significant rupture across the lattice. This behavior indicates that the
structural features aligned along the x-direction, such as the larger
rings, act as weak points under tensile stress, guiding the fracture
pathways along these regions.

With strain applied along the y-direction, a similar pattern emerges
but with different fracture dynamics due to the orientation of the
rings relative to the applied stress. At 11.3% strain (see Fig. 8(d)),
stress accumulates more uniformly, but by 11.4% strain, localized stress
concentrations lead to fast crack propagation perpendicularly to the
strain. These areas experience significant bond rupture, leading to an
extended network of fractures. The directional dependence observed in
the fracture patterns highlights the anisotropic nature of PolyPyGY, as
the structure’s response to stress varies markedly between the x and y
directions.

Finally, we discuss the Li-ion adsorption properties of PolyPyGY.
Fig. 9 comprehensively analyzes the lithium adsorption and diffusion
behavior on the PolyPyGY surface. Fig. 9(a) shows the adsorption
energy landscapes with pathways for a single Li atom diffusion on the
PolyPyGY surface, revealing preferential adsorption sites with negative

adsorption energies. The calculated adsorption energies range between
—2.3 to —0.93 eV, indicating strong binding of Li to specific lattice
regions. These values are comparable to [85-88] or better [29,30,40,
89-91] than other 2D carbon allotropes (including graphene, about
—1.57 eV [92]), demonstrating PolyPyGY’s ability to stably adsorb Li
ions without compromising structural integrity.

As shown in Fig. 9(b), energy profiles for lithium diffusion highlight
the low barriers facilitating efficient ion mobility on the surface [93].
Importantly, each pathway’s minimum energy path profile was fitted
using a second-order polynomial equation containing five points, two
on the left and two on the right of the maximum value. The colored
lines refer to the colored arrows in Fig. 9(a). Varying between 0.10
and 0.92 eV, these diffusion barriers are among the lowest observed
for other 2D carbon allotropes [29,30,40,85-91], reflecting the synergy
between PolyPyGY’s porous network and its electronic structure. The
barriers’ directional dependence emphasizes the material’s anisotropic
nature, which could be leveraged to optimize ion transport along spe-
cific pathways. The relative energy for each diffusion path is calculated
based on the energy of the most stable adsorption site along that
path. Additionally, to ensure all energy values are positive and visually
consistent, we added the absolute value of this adsorption energy to all
other values.

Figs. 9(c,d) provide further insights into lithium migration in Poly
PyGY, explicitly focusing on possible transitions between the 16-mem
bered rings. These new panels complement the previously discussed
pathways by analyzing the energy barriers associated with lithium-
ion movement through different structural configurations. In Fig. 9(c),
the diffusion pathways are represented by various dotted arrows, each
corresponding to a distinct lithium migration route. The green and red
pathways exhibit the highest energy barriers, reaching 1.38 eV and 2.0
eV, respectively (see Fig. 9(d)). These elevated energy barriers suggest
that structural constraints within the lattice hinder lithium migration
along these paths. The red pathway, in particular, likely encounters a
bottleneck effect due to the limited spatial freedom available for the
lithium-ion as it moves between adjacent 16-membered rings. Simi-
larly, the green pathway may be restricted by steric hindrance or local
charge redistribution effects that increase the energy cost of migration.
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of this article.)

The corresponding energy profiles for lithium diffusion along these
pathways are shown in Fig. 9(d). The highest energy barriers (red and
green) indicate that Li migration across these paths is less favorable,
requiring considerable activation energy for the ion to transition be-
tween adjacent sites. In contrast, the black and blue diffusion pathways
display energy barriers comparable to some of those observed in Fig.
9(b) for alternative transitions. This observation implies that lithium
migration within PolyPyGY primarily follows lower-energy routes, fa-
voring in-plane diffusion over direct transitions between 16-membered
rings. The existence of relatively low-barrier pathways (black and blue)
further supports the idea that lithium mobility in PolyPyGY is not
strictly confined but instead follows an interconnected network of
energetically accessible migration channels.

Fig. 10 depicts the energy profile and barrier for lithium diffusion
across the PolyPyGY surface and the temperature-dependent diffusion
coefficients [27] for all the pathways studied here, which underscore
PolyPyGY’s performance under various operating conditions. Fig. 10(a)
provides a 3D structural representation of the diffusion pathway (indi-
cated by the purple arrow), showing a lithium atom traversing along
the material’s surface. Fig. 10(b) shows the corresponding energy pro-
file for lithium-ion diffusion along this pathway, plotted as a function
of the diffusion coordinate.

The energy profile reveals a peak energy barrier of 0.86 eV, indi-
cating the energy required for the lithium atom to transition between
adjacent stable adsorption sites. This energy barrier is slightly lower
than the barrier observed for diffusion through the 16-membered ring,
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demonstrating that the surface of PolyPyGY provides a more energet-
ically favorable environment for lithium migration than the interior
pore pathways. The dashed lines in Fig. 10(c) represent the graphene
diffusion coefficient at room temperature for comparison. The colored
lines refer to the colored arrows in Figs. 9(a,c) and 10(a). At room
temperature, the diffusion coefficient surpasses 6 x 107° cm?2/s, in-
dicative of excellent Li-ion mobility [94,95]. As temperature increases,
the exponential growth in diffusion coefficients confirms the thermal
activation of Li-ion dynamics, further validating PolyPyGY’s suitability
for high-efficiency LIBs.

One can also note that the diffusion coefficient results in Fig. 10(c)
for the Li migration between adjacent 16-membered rings align with
the observed energy barriers in Fig. 9(d). As expected, the diffusion
coefficients corresponding to the highest energy barriers (1.38 eV and
2.0 eV, represented by the dotted green and red lines) exhibit the
lowest values across the temperature range. This behavior reinforces
the notion that lithium migration through these pathways is highly

hindered, likely due to steric effects and the structural constraints im-
posed by the surrounding carbon framework. In contrast, the diffusion
coefficients associated with the lower energy barriers, such as those
following the dotted black and blue migration paths, are significantly
higher, suggesting that lithium prefers these lower-energy pathways
for migration, with preferred migration channels between neighboring
adsorption sites.

The interplay between open circuit voltage (OCV) and the num-
ber of lithium atoms is presented in Fig. 11. The OCV values were
calculated using the method described in Ref. [27]. One can note a
clear trend as adsorbed lithium atoms increase. The initial adsorption
energy is highly negative, indicating strong binding at low Li cover-
age. As the lithium coverage increases, the adsorption energy gradu-
ally increases, stabilizing near —2.3 eV at 18 Li atoms, as mentioned
above. This behavior reflects the increasing electrostatic repulsion and
site competition among Li atoms as more are adsorbed. Despite this,
PolyPyGY maintains strong adsorption even at high lithium concentra-
tions, suggesting that its porous and multi-ringed structure effectively
accommodates Li ions without compromising binding stability.

PolyPyGY’s average OCV is approximately 0.25 eV, positioning it
among materials with relatively low OCV values compared to other
2D carbon-based allotropes. This trend makes it attractive for acting
as an anode in Li-ion battery applications. Low OCVs are generally
better for anodes since they minimize the voltage difference between
the anode and the Li-ion agglomerate, improving efficiency. A low OCV
also reduces the risk of lithium plating during charging and ensures the
battery can store more energy effectively.

Graphene, for instance, exhibits an OCV of 0.11 eV [96], while
graphite has an OCV ranging from 0.22 to 0.40 eV [97]. These values
suggest that PolyPyGY demonstrates comparable electrochemical sta-
bility and is suitable for Li-ion battery applications. However, compared
to TPDH-graphene and twin-graphene, which exhibit OCVs as low
as 0.29 eV [27] and 0.32 eV [98], respectively, PolyPyGY offers a
competitive balance between stability and energy density. Materials
with higher OCV values, such as QPHT-graphene (0.66 eV) [99] and
popgraphene (0.45 eV) [28], are more suitable for cathode applications
but may present challenges for anode usage due to their higher initial
voltage requirements. The low average OCV of PolyPyGY reflects its
potential as an anode material, ensuring a stable intercalation voltage
that is less likely to lead to lithium plating during charge cycles. This
property, combined with its metallic nature and favorable diffusion
barriers, underscores PolyPyGY’s versatility and efficacy in advanced
energy storage systems.
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The theoretical capacity of PolyPyGY in storing lithium ions, cal-
culated to be 2231.41 mAh/g, far surpasses some of the 2D carbon-
based allotropes referenced here. For example, graphene exhibits a
much lower capacity of 568 mAh/g [96], and graphite, commonly
used in commercial lithium-ion batteries, only has 372 mAh/g ca-
pacity [97]. Among the moderate-capacity materials, graphenylene
and popgraphene offer capacities of 1116 mAh/g [19] and 1487
mAh/g [28], respectively. However, these values still fall significantly
short of PolyPyGY’s capacity. Twin-graphene, for instance, exhibits a
remarkable capacity of 3916 mAh/g [98], much higher than PolyPyGY.

PolyPyGY’s good capacity can be attributed to its unique multi-
ringed porous structure, which provides abundant adsorption sites for
lithium ions. This structural advantage makes PolyPyGY a competitive
candidate for next-generation lithium-ion battery anodes, combining
high theoretical capacity with its moderate OCV (0.25 eV). Such a
balance between capacity and electrochemical stability is crucial for
ensuring high energy density and long-term cycling performance in
practical applications.

Wettability plays a critical role in determining the performance of
LIBs. PolyPyGY is a graphyne-based structure, and previous studies
have demonstrated that graphyne exhibits favorable properties for elec-
trolyte compatibility and wettability. A study by Bagheri et al. [100]
showed that graphyne is more hydrophobic than graphene but still
facilitates the formation of a water sublayer, enhancing interaction
with liquid electrolytes. Using molecular dynamics, Chagas et al. [101]
highlighted the compatibility of graphyne with biocompatible ionic
liquids, showing higher capacitance and stable electrolyte-electrode
interactions compared to graphene. Fluorine-doped graphyne has been
reported by Lee et al. [102] to enhance ionic and electrical conduc-
tivity, further improving electrolyte compatibility and electrochemical
performance. These studies collectively suggest that PolyPyGY, as a
graphyne-like structure, is likely to exhibit good compatibility with
common electrolytes, benefiting from its porosity, surface structure,
and interaction capabilities.

Importantly, we have assessed the thermal stability of the PolyPyGY
when fully loaded with lithium atoms at its maximum adsorption
capacity (18 atoms) as determined by AIMD simulations conducted
at 300 K for a total duration of 10 ps (see supplementary material).
Overall, PolyPyGY remains stable throughout the simulation, with
minimal fluctuations in the total energy profile. No significant cluster-
ing or detachment of lithium atoms was observed (see videoOl.mp4
and video02.mp4 in the supplementary material). The lithium atoms
remain well-bound to the material without inducing any substantial
deformation or disruption to the planar structure of PolyPyGY.

4. Conclusion

This study presented Polymerized Pyracyclene Graphyne, a novel
2D carbon allotrope, as a promising candidate for LIB anodes due
to its unique structural, electronic, mechanical, and electrochemical
properties. PolyPyGY’s multi-ringed architecture, composed of 4-, 5-,
6-, 8-, and 16-membered carbon rings, ensures structural stability and
provides high porosity and diverse adsorption sites, critical for efficient
lithium storage and transport. We demonstrated PolyPyGY’s excellent
structural stability through DFT and machine learning approaches. The
material exhibits anisotropic mechanical properties. Young’s modulus
values of 421 GPa in the y-direction and 664 GPa in the x-direction
offer both rigidity and flexibility suitable for diverse applications.

PolyPyGY'’s electronic structure, characterized by metallic behavior,
ensures efficient charge transport, while the strong adsorption energies
(=2.3 to —0.93 V) and low diffusion barriers (0.05 to 0.9 eV) facilitate
rapid Li-ion mobility. The material’s high diffusion coefficient, exceed-
ing 6x10~% cm? /s at 300 K, underscores its ability to support fast charge
and discharge cycles. Furthermore, its average open circuit voltage
(0.25 eV), stabilizing around 0.02 eV at higher lithium coverage, and its
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theoretical capacity for Li-ion storing (about 2231.41 mAh/g) confirm
its suitability for high-capacity energy storage applications.

The inclusion of rings with 4, 5, 6, 8, and 16 members to compose
PolyPyGY was guided by the following considerations:

+ Structural Stability: Pyracyclene motifs interconnected by
graphyne-like triple bonds minimize strain and maximize z-
electron delocalization. Phonon dispersion and ab initio molec-
ular dynamics (AIMD) simulations confirm this structure’s ther-
modynamic and dynamic stability;

Electronic Properties: As confirmed by our band structure cal-
culations, the integration of pyracyclene motifs and graphyne-like
linkages disrupts periodicity, enhancing electronic conductivity
and providing a tunable density of states;

Mechanical Properties: The diverse ring topology imparts
anisotropic elastic properties, offering mechanical versatility;
Porosity: The 16-membered rings, supported by the pyracyclene-
based motifs, enhance porosity, facilitating lithium-ion diffusion
and adsorption.

Design Motivation: This combination of structural features was
purposefully chosen to optimize lithium-ion storage properties.
The porous framework and electronic conductivity allow for ef-
ficient lithium-ion diffusion, while the mechanical robustness
ensures stability under lithiation.

These unique attributes, derived from the structural synergy of pyra-
cyclene motifs and graphyne-like linkages, make PolyPyGY a promis-
ing high-performance anode material for LIBs. The material offers an
ideal combination of fast Li-ion diffusion, structural stability, and high
storage capacity.
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