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Carbon allotropes are widely used as anode materials in Li batteries, with graphite being commercially
successful. However, the limited capacity and cycling stability of graphite impede further advancement
and hinder the development of electric vehicles. Herein, through density functional theory (DFT)
computations and ab initio molecular dynamics (AIMD) simulations, we proposed holey penta-hexagonal
graphene (HPhG) as a potential anode material, achieved through active site designing. Due to the
internal electron accumulation from the n-bond, HPhG follows a single-layer adsorption mechanism on
each side of the nanosheet, enabling a high theoretical capacity of 1094 mA h g~! without the risk of

Received 18th December 2023, vertical dendrite growth. HPhG also exhibits a low open circuit voltage of 0.29 V and a low ion

Accepted 6th February 2024 migration barrier of 0.32 eV. Notably, during the charge/discharge process, the lattice only expands
slightly by 1.1%, indicating excellent structural stability. This work provides valuable insights into anode
material design and presents HPhG as a promising two-dimensional material for energy storage

applications.
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Graphene,'! essentially a single layer of graphite, holds

immense potential with an impressive theoretical capacity up
to 744 mA h g ', since it follows a two-sided single-layer
adsorption mechanism, instead of the staging intercalation
12714 However, the

1. Introduction

Rechargeable Li-ion batteries (LIBs) are widely used in electric
vehicles, meeting the surging requirement for clean and sus-
tainable energy resources in recent years."” In the pursuit of reaction mechanism observed in graphite.

enhancing the performance of LIBs, carbon allotropes have
emerged as promising candidates for anode materials due to
their abundant source and cost-effectiveness.”* Notably, with
excellent conductivity and cycling stability, graphite has
become the dominant commercial anode material, but the
limited capacity hinders its broader applications.”® Integration
of two-dimensional (2D) materials may further improve the
performance of LIBs and thus have been explored as an
important strategy in next-generation anode innovation.”
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weak van der Waals interactions between monolayers may
cause undesirable agglomeration, resulting in rapid perfor-
mance degradation and compromised cycle stability.

To mitigate the restacking issue, holey graphene and its
derivatives have emerged as a promising solution, introducing
a porous structure that serves multiple purposes.*>*® Firstly, it
effectively diminishes the weak interactions between neighbor-
ing layers, thus preventing agglomeration and maintaining
structural integrity, and also provides additional cross-plane
ion transport channels, facilitating a rapid charge/discharge
process.’”2° Secondly, the specific porous framework enables
accommodation of the local volume variation during Li-ion
intercalation/extraction, thereby enhancing cycling.>® Great
progress has been achieved in developing holey graphene-
based anode materials for LIBs. In 2016, Alsharaeh et al
successfully synthesized holey reduced graphene oxides
(HRGO) by utilizing an etching method involving Ag nano-
particles. This method yielded HRGO with specific porous
structures, featuring pores ranging from 2 nm to 5 nm. The
resulting material exhibited a remarkable capacity, reaching
2.5 times that of reduced graphene oxides, and demonstrated
an impressive retention of 94.6% reversible capacity after 100
charging/discharging cycles.”” To further improve the cycling
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performance, Bulusheva et al. proposed that the presence of
various decorated O-containing (O-X) groups within HRGO
could potentially influence capacity fading.>> However,
despite these advancements, the achieved capacity (around
430 mA h g7') of holey graphene-based anode materials falls
short when compared to the theoretical capacity of graphene,
thus presenting a new challenge in the design of anode
materials. Notably, by means of first principles computations,
Yu showed that modifying graphene’s vacancy defects with
nitrogen can transform hole sites into additional Li adsorption
sites, providing up to 124.5 mA h g~' capacity per nitrogen
decoration.>® Other strategies have also been proposed to
increase specific capacities, such as optimization of the synth-
esis process,” heteroatom doping modification,**™*® and com-
positional integration with transitional metal oxides.>**°

Recently, penta-graphene has been proposed as a promising
carbon allotrope for high-capacity LIB anodes. Penta-graphene
was proposed theoretically in 2015 as a unique carbon allotrope
composed entirely of carbon pentagon rings (C5), instead of the
hexagon rings (C6) found in graphene.' This novel structure
adopts a buckling multi-decker arrangement with both sp* and
sp” hybridized carbon atoms. Due to the slightly distorted
structure, the sp*>-hybridized C atoms would split the p, orbitals
of the sp>-hybridized ones and partially localize the electrons,
generating an attractive adsorption potential for Li atoms at the
sp” sites. Recognizing this potential, Xiao et al. investigated the
performance of penta-graphene as LIB anode materials, and
found that the presence of abundant active sites and its light-
weight nature contribute to a specific theoretical capacity of up
to 1489 mA h g, while the isotropic furrow paths of the
surface facilitate rapid metal ion diffusion.>” However, the sp*
restructuring process, which occurs in a stepwise exothermic
manner, reveals a transformation tendency from penta-
graphene to graphene, thereby highlighting the synthesis chal-
lenges associated with penta-graphene.>® Nevertheless, one
theoretically derived synthesis route has been proposed, start-
ing from the pentalene molecule and progressing to bispenta-
lene and penta-graphene nanoribbons, offering a promising
prospect for potential experimental production.**

Inspired by the dibenzocyclooctadiyne molecule first synthe-
sized by Sondheimer and co-workers in 1974,>> Liu et al.
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successfully synthesized a new 2D carbon allotrope, namely
holey graphyne (HGY),*® with a periodic structure. In dibenzo-
cyclooctadiyne, two aromatic benzene rings are connected by
two bent acetylenic linkages, resulting in a highly strained
octagon ring (C8), and the antiaromatic paratropicity of the
central C8 ring is considerably attenuated. In the case of HGY,
the carbon framework consists of interlinked Cq rings con-
nected by C=C bonds, forming a distinct pattern of C4 rings
alongside highly strained Cg rings. The fusion of aromatic rings
and antiaromatic rings in HGY effectively impedes non-planar
deformations and the disruption of r interactions within the Cg
rings, leading to the stability improvement. This achievement
not only introduced a fresh perspective on the design of 2D
carbon allotropes, but also serves as an inspiration for explor-
ing the application of this concept in the development of novel
LIB anode materials.

Dibenzo[a,e]pentalene,®”
aromatic pentalene and two aromatic benzene rings, caught
our attention. The two fused benzene rings mitigate the anti-
aromatic character of pentalene, and thus enhance the stability
of the whole molecule. This principle inspired us to design
holey penta-hexagonal graphene (HPhG), a planar 2D nanoma-
terial (Fig. 1). The benzene rings preserve the planarity of
neighboring Cs rings, maintaining their m-interactions and
creating active sites for Li adsorption on the Cj rings. It is
highly possible that the electron characteristic transformation
from antiaromaticity to aromaticity for the Cs rings enables
strong Li ion adsorption with a single-layer mechanism, pre-
venting dendrite formation in anode applications.

Herein, we report a new carbon allotrope, HPhG, by DFT
computations. We verify its stabilities by binding energies,
phonon spectrum, and ab initio molecular dynamics (AIMD)
simulations. Our findings confirm that the HPhG monolayer
exhibits robust stability as a planar semiconductor with a direct
bandgap of 0.58 eV. Furthermore, we have explored the feasi-
bility and mechanisms of HPhG as an anode material. Our
computations demonstrate its high theoretical capacity of
1094 mA h g~', moderate open circuit voltage of 0.29 V, and
low ion diffusion barrier of 0.32 eV. Remarkably, the electronic
conductivity of HPhG can be substantially enhanced upon Li
ions adsorption, transforming it into a conductor. Moreover,

a molecule comprising one anti-

1500 A

1000 4

500 4

G M K G

K-paths

Fig. 1 Top (a) and side (b) views of the optimized unit cell of HPhG, where the gray and white atoms represent C and H atoms, respectively. (c) Phonon
dispersion of HPhG. The carbon and hydrogen atoms are denoted by grey and white, respectively.
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the charge/discharge events follow a single-layer adsorption
mechanism, effectively preventing the formation of dendrites,
which can help improve safety and cycle stability in practical
applications. Our work not only introduces HPhG as a new 2D
high-capacity anode material for LIBs, but also provides valu-
able insights into anode material design.

2. Computational methods

In our DFT computations, the CASTEP code*® was employed for
the majority of the computations, such as structure optimiza-
tions, thermodynamic and dynamic stability assessments of the
material, and evaluation of HPhG’s performance as LIB anode
material, while the Vienna ab initio simulation package
(VASP)*® was used for calculating the band structure of HPhG
monolayer and evaluating its thermal stability.

The electron exchange-correlation function was treated
using the generalized gradient approximation (GGA), specifi-
cally the Perdew, Burke, and Ernzerhof (PBE) functional,*® and
the ultrasoft pseudopotentials were used to describe the ion-
electron interactions.”* The energy cutoff was set to 500 eV, and
the convergence tolerance was 10> eV per atom. The Grimme’s
DFT-D method was employed to describe the van der Waals
interactions,*” and the zero-point energy was neglected due to
the marginal effect on the Li adsorption.** To avoid spurious
interactions between adjacent layers, a vacuum space of more
than 15 A was implemented in our computations. The Mon-
khorst-Pack k points were set as 8 x 8 x 1 for geometry
optimization and self-consistent calculations to achieve preci-
sion requirements in actual spacing (at least 0.015 1 A™%).
We carried out both spin-polarized and spin-unpolarized com-
putations and ensured the non-magnetic nature of HPhG
monolayer.

Since the PBE functional typically underestimates the band
gap in semiconductors and insulators, we employed the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional,"***> which is
known to provide a more accurate estimation of the band gap
in many materials, to calculate the band structure of HPhG. We
also performed AIMD simulations to evaluate the thermal
stabilities. During AIMD simulations, the PBE functional and
the canonical ensemble (NVT) with a Nose-Hoover thermo
stat*®™*® were employed, and a 2 x 1 x 1 supercell was annealed
at various temperatures. Each AIMD simulation was carried out
for 10 ps with a time step of 1.0 fs.

3. Results and discussion
3.1. Structures, stability, and electronic properties

The HPhG monolayer exhibits a unique planar and porous
structure, characterized by pore openings with a diameter of
5.31 A. Its fundamental unit cell consists of 24 carbon atoms
and six hydrogen atoms. As shown in Fig. 1a and b, among the
carbon atoms in the five-membered rings (denoted as C5
atoms), the one at the pore edge shares a single C-C bond
with its neighboring atom and is saturated by a hydrogen atom,

This journal is © the Owner Societies 2024
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similar to the antiaromatic molecular pentalene combining
sp> and sp’-hybridization. Notably, the carbon atoms in the
six-membered rings (denoted as C6 atoms) in HPhG have two
distinct bond types, with bond lengths of 1.38 A and 1.46 A,
respectively. On the other hand, the C5 atoms display a range of
bond lengths, varying between 1.38 A and 1.44-1.48 A. Com-
pared with the antiaromatic pentalene (with bond lengths of
1.36 A and 1.46-1.49 A),*° the bond lengths in the C5 rings of
the HPhG monolayer are more equalized, indicating its
increased aromaticity, thus increasing the stability of the whole
HPhG system.

To investigate the stability of HPhG, we first evaluated its
cohesive energies via the formula:

Econ = (Eupng — NcEc — nufyn)/(ng + ny)

where Ec/Ey and Eypng are the total energies of a single C/H
atom and HPhG, while the n¢ and ny present the number of C
and H atoms per unit cell, which are 24 and 6, respectively.
According to this definition, a more negative value of E.,p
indicates that the material synthesis process is thermodynami-
cally more favorable or energetically easier. The cohesive energy
of HPhG, calculated to be —7.01 eV per atom, is lower than
several experimentally synthesized carbon allotropes, such as T-
carbon (—6.57 eV)’® and o-graphyne (—6.93 eV).’" It is also
lower than the cohesive energies of recently predicted carbon
materials, supertetrahedraphene (—6.43 eV)**> and hexatetra-
carbon (—6.86 eV).”® Furthermore, the E.,, value of HPhG is
comparable to various 2D anode materials, e.g. penta-graphene
(—7.08 eV),>* graphdiyne (—7.20 eV),>® y-graphyne (—7.21 eV),>
holey-graphyne (—7.30 eV),>® and pop-graphene (—7.69 eV).>®
The low cohesive energy of HPhG is derived from the stabili-
zation of connected C6 rings (causing partial sp> hybridization
in C5s and tendency towards aromaticity), which suggests there
is a viable route to engineering periodic structure with mod-
ification of intrinsic properties through molecular structure
design, thus tuning the intrinsic properties of the material.

We then verified the dynamic stability of the HPhG mono-
layer by phonon dispersions. The absence of imaginary modes
(Fig. 1c) in the first Brillouin zone confirms that it is dynami-
cally stable. Given the importance of thermal stability as a
critical metric for evaluating the performance across thermal
ranges, as indicated in ref. 57, we further investigated this
aspect through ab initio molecular dynamics (AIMD) simula-
tions. These simulations were conducted over a duration of
10 ps at three distinct temperatures: 600 K, 800 K, and 1000 K,
to comprehensively assess the material’s thermal stability.
HPhG monolayer maintained structural integrity with little
ripples up to 1000 K (Fig. 2 and Fig. S1, ESIt). Note that the
thermal stability of the HPhG monolayer is comparable to that
of other related 2D materials. For instance, carbon allotropes
like graphyne,®® N/W doped BP monolayer,”® and indium
bismide,*® also exhibit thermal stability at 1000 K. This simi-
larity underscores the HPhG monolayer’s significant tempera-
ture tolerance, reinforcing its suitability for advanced battery
applications.
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Fig. 2 Initial and final structures of HPhG, accompanied by the energy

evolution diagram, following a 10 ps AIMD simulation at 1000 K. The
carbon and hydrogen atoms are denoted by grey and white, respectively.

To study the electronic properties of HPhG, we calculated
the band structure and Electron Localization Function (ELF)
diagrams (shown in Fig. 3a and b). HPhG is a direct semicon-
ductor with a narrow band gap of 0.58 eV (by HSE06 functional,
0.24 by PBE functional) as shown in Fig. 3a, which provides an
acceptable conduction property. The ELF plot can be visualized
as a contour plot in real space, displaying values ranging from 0
to 1. In this representation, a region with a value of 1 indicates
perfect electron localization, suggesting the presence of loca-
lized electron pairs or strong covalent bonding. Conversely, a
value of 0 signifies a region with low electron density, while a
value of 0.5 implies the probability of a free electron-gas state.
In the ELF plot, the presence of diffused low electron density
surrounding carbon rings indicates the formation of n bonds
within the HPhG monolayer. Conversely, the relatively high
electron localization highlights the residual antiaromaticity of
the C5 rings, resulting in a strong affinity for Li ions. Therefore,
the excellent thermodynamic, dynamic, and thermal stabilities,
as well as electronic properties, strongly indicate its high
synthetic feasibility and application as electrode material
for LIBs.

3.2. Application as an anode in LIBs

We first examined the adsorption structures of a single Li atom
to evaluate the different possible adsorption sites and calcu-
lated the adsorption energies by:

E-Ef /eV
0

(@)
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Eads = Esub+nni — Esub+(n71)Li — Ey;

where Eqypinr; and Eyp; are the total energy of the substrate after
nLi adsorption events, and the energy of a single Li in the metal
Li bulk structure.

Based on symmetry considerations, we categorized the
15 potential sites into four distinct types: (1) polyatomic ring
center positions, including site A above the C5 ring and site B
above the C6 ring; (2) the bridge site between two bonded
carbon atoms (sites C-sites H); (3) the top side of carbon atoms
(the site I-site M); (4) side positions around the hollow surface,
as the site N in the center and side site O close to the edge. All
the proposed adsorption sites (from A to O) are schematically
shown in Fig. S2 (ESIT). Among these 15 possible adsorption
sites, only sites A, B, and O are thermodynamically stable with
negative adsorption energy, which are illustrated in Fig. 4a. Li
atoms in the whole bridge and top sites are transferred into
A and B sites after geometry optimizations, and the hollow
center site N is thermodynamically unstable. These unstable
structures will not be considered.

The calculated adsorption energy of Li at the A-, B-, and
O-sites are —0.54, —0.53, and —0.40 eV, respectively. Since a
more negative value of E,4s corresponds to a higher binding
strength between Li and the adsorption site, the A site is the
most favorable adsorption position to store Li atoms during the
charging process.

Theoretical storage capacity (TSC) and open-circuit voltage
(OCV) are crucial parameters for evaluating the performance of
electrode materials in LIBs from the thermodynamic point of
view. In our study, we estimated these parameters by taking
into account the Li adsorption on both sides of HPhG. In this
way, we can assess the potential capacity for storing Li ions and
determine the OCV, providing valuable insights into the elec-
trochemical performance of HPhG as an anode material for
LIBs. The OCV is calculated by the equation below:

OCV = [Esub+n1Li — Esub+n,Li — (ny — no)Ews)/(ny — nyde

Our calculations indicate that the adsorption of the first two
layers of Li atoms (12 Li atoms, as depicted in Fig. 4b and c) is
an exothermic process, characterized by negative adsorption

Top View 0.6
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0.2

0.0

Side View

(®)

Fig. 3 (a) Band structure of holey penta-hexagonal graphene (HPhG) with 0.58 eV band gap (by HSEO6 functional). (b) Electron location function of the
unit cell. The white dotted line in the top view is the slice section for the side view. The carbon and hydrogen atoms are denoted by grey and white,

respectively.
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Fig. 4 (a) Three adsorption sites with negative adsorption energy. (b) Top view and (c) side view of the configuration after maximum adsorption. (d) Top
view and (e) side view of the charge density differences after maximum adsorption. The cyan and yellow regions represent the charge accumulation and
dissipation, respectively. (f) Top and side views of ELF plots of the HPhG with the maximum Li adsorption, where six Li atoms are adsorbed on each side.
The carbon, hydrogen, and Lithium atoms are denoted by grey, white, and purple, respectively.

energy. On the other hand, the adsorption of the third layer of
Li atoms is an endothermic process, meaning it is not favorable
energetically. When the maximum concentration of Li atoms is
used (with two layers of adsorbed Li atoms), the theoretical
storage capacity approaches 1094 mA hg ', which is much
higher than various carbon-based materials and 2D materials,
as shown in Table 1. A higher OCV is beneficial for enhancing
lithium storage capability but can hinder charge-discharge. To
achieve rapid charge and discharge it is essential to maintain
an optimal OCV range. Anodes generally prefer a low OCV,
while cathodes perform better with a moderately high OCV. In
the case of anode materials, typically retaining an OCV range of
0.1-1 V is ideal to prevent the formation of alkali metal
dendrites during discharge/charge.®’ For the systems under
consideration, the OCVs associated with one and two layers
of adsorption are 0.35 V and 0.23 V, respectively, and the
average OCV is 0.29 V, falling within the ideal potential range.
Both the theoretical specific capacity (TSC) and the OCV values
indicate that HPhG serves as a high-performance anode mate-
rial for lithium-ion batteries.

Table 1 Theoretical storage capacity (mA h g™3), diffusion barrier (eV), and
open-circuit voltage (OCV, in V) of HPhG and some previously studied
anode materials for LIBs

Materials Capacity  Diffusion barrier OCV  Ref.
C,N 2939 0.80 0.45 62
Holey-graphite-46 1689 0.38 0.86 63
B-doped graphene 1564 0.24 0.37 64
Penta-graphene 1489 0.17 0.55 32
HIS, 1378 0.13 2.37 65
Graphenylene 1116 0.25 0.46 66
HPhG 1049 0.32 0.29  This work
CeH,0,-2D-MnO, 588 0.28 221 67
Borophane 504 0.21 043 68
VS, 466 0.22 0.93 69
Ti,C, 447.8 0.07 041 70
Phosphorene 433 0.76 1.63 71
-graphene 372 0.31 0.01 72

This journal is © the Owner Societies 2024

To investigate the microscopic mechanism of Li adsorption,
we conducted several analyses. First, we examined the charge
density differences in the maximum adsorption structure
(Fig. 4d and e), and found that electrons are accumulated
between the Li atoms layer and carbon rings. Notably, there
is a continuous charge distribution above the carbon rings
(indicated by the blue color), forming a mn-bond-like ring
configuration, which enhances the delocalization of the charge
spatial distribution. Then, we plotted the ELFs (Fig. 4f) to
understand the adsorption behavior further. Compared with
the ELF diagram before Li adsorption (in Fig. 3b), the HPhG
with 12 Li atoms showed higher electron density at the = bond
region and lower electron localization with dimmer spots. The
feasible Li adsorption facilitated the transition of the C5 rings
on the HPhG to a less localized state, which significantly
improved the conductivity, transforming it from a semiconduc-
tor to a conductor (shown in Fig. S3, ESIt). The enhanced =-
bonds preserved the maximum p orbital overlap, maintaining
the characteristic planar structure. Furthermore, considering
the adsorbed Li atoms, the electron cloud dissipation (the
yellow part in Fig. 4d and e) and the absence of electron
arrangement (in Fig. S4, ESIf) chemisorption appeared to
exclusively occur between the adsorbates and the substrate,
effectively preventing lateral dendrite growth between Li atoms.
The lack of electron cloud arrangement also helped
maintain the single-layer adsorption mechanism in HPhG
and mitigates the risk of vertical dendrite growth. Moreover,
there was no electron distribution outside the first Li atoms
layer. It increased the transfer barrier of electron channels between
the first Li layer and potential extra layers, which served to uphold
the single-layer adsorption mechanism in HPhG and effectively
prevented the formation of vertical dendrites.

The formation of Li clusters is undesirable and will affect
cycle performance. After the adsorption on both sides, the
nearest distance between two adsorbed Li atoms is 2.82 A. It
is larger than the bond length in Li, dimers (2.67 A),”® which

Phys. Chem. Chem. Phys., 2024, 26, 7335-7342 | 7339
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Fig. 5 (a) Three proposed ion transition pathways. (b) and (c) are
the diagrams of transition structures and energy barriers. The carbon,
hydrogen, and lithium atoms are denoted by grey, white, and purple,
respectively.

further implies the prevention of Li clusters. From the adsorp-
tion and growth mechanism of Li storage mode, the one-layer
adsorption mechanism on both sides of HPhG prevents dis-
ordered growth and avoids the Li vertical dendrite, which
significantly improves its safety and feasibility in future appli-
cations. During the Li loading, the HPhG monolayer with
12 adsorbed Li atoms maintains its planar structure while the
lattice constant expands slightly by 1.1%, indicating its high
structural stability. Therefore, the anode material potential of
HPhG shows a suitable capacity and good cycling stability.

To examine the Li transport kinetics of HPhG, we calculated
the migration of Li atoms between adjacent A sites using the
Linear Synchronous Transit/Quadratic Synchronous Transit
(LST/QST) method.”* From the perspective of the phase space,
the stability of each geometry structure can be considered as
one point in the energy surface, and the stable structures are at
the local (B- and O-site) or global minimum (A-site). When a Li
atom from one adsorption site transfers into a new one, it
corresponds to the energy points’ movement on the 3D surface.
Typically, this transition occurs through a specific state known
as the transition state. The presence of a transition state serves
as a valuable means to assess the validity of proposed diffusion
paths, providing an effective method for evaluating the accu-
racy of such pathways.

Thus, we examined three potential Li diffusion paths, as
illustrated in Fig. 5a. Path-I involves the transfer of Li atoms
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between two interconnected A-A sites. In path-II, Li atoms
move along the A-B-A sites on the surface, path-III entails
crossing the surface hollow via A-O-A sites. However, there are
no viable transition states identified between A- and O-sites,
suggesting that path-III is unlikely. As shown in Fig. 5b and c,
the computed diffusion barriers for path-I and path-II are
0.21 eV and 0.32 eV, respectively, with Path-II being the step
that limits the overall rate of the diffusion process. The diffu-
sion barrier of HPhG is lower than that of commercial graphite
(0.4-0.6 eV) and compares favorably with various 2D electrode
materials, as shown in Table 1. Moreover, the energy gap
vanishes upon Li adsorption (Fig. S3, ESIf), resulting in a
distinctive metallic characteristic and good electronic conduc-
tivity. Consequently, the combination of fast ion diffusion and
exceptional electronic conductivity in HPhG further indicates
its good performance as an anode material for LIBs.

4. Conclusion

By means of DFT computations and ab initio molecular
dynamic simulations, we identified HPhG as a promising 2D
holey carbon material for application as an anode material for
LIBs. HPhG is thermodynamically, dynamically, and ther-
mally stable. Moreover, upon Li adsorption, HPhG undergoes a
semiconductor-to-conductor transformation, showing improved
electrical conductivity. The low diffusion barrier (up to 0.32 eV)
indicates the fast charge/discharge rate for LIBs. The maximum Li
capacity reaches an impressive 1094 mA h g™, accompanied by a
competitively low OCV of 0.29 V. By using charge density difference
and ELF analyses, we have identified the single-layer adsorption
mechanism and elucidated the reasons for the prevention of
dendrite growth in HPhG. The concept of HPhG represents a
remarkable exploration into harnessing the distinctive properties
of pentalene and graphene-like structures. This investigation offers
fundamental insights that can guide the design of future anode
candidates through comprehensive bond analysis. With excep-
tional properties, we strongly believe that HPhG will emerge as a
new platform for the development of high-performance anode
materials for advanced lithium-based energy storage systems.
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