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high-performance lithium-ion battery anodef
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The non-hexagonal carbon rings significantly affect the electrode application of two-dimensional
carbon allotropes. Many studies have been devoted to exploring novel two-dimensional carbon
allotropes. However, two-dimensional carbon allotropes with a high degree of the local carbon-ring
disorder are still nonexistent. Here, we design a new metallic two-dimensional planar carbon allotrope
Cse7g by using first-principles calculations. Csg7g is composed of pentagonal, hexagonal, heptagonal, and
octagonal carbon rings with a higher degree of local carbon-ring disorder. It has good dynamic,
thermal, and mechanical stability. The local carbon-ring disorder results in many local electron-deficient
regions and local strain regions on the basal plane of Csg7g that can accommodate more electrons from
lithium atoms and increase the adsorption sites, respectively, thus further enhancing the lithium storage
capacity. It has a one-sided maximum theoretical capacity of 697 mA h g%, a lower Li diffusion barrier
(<0.44 eV), and a lower average open-circuit voltage (0.33 V). These results not only propose a
candidate electrode material for a lithium-ion battery but also offer insights for understanding the effect

rsc.li/materials-advances

1. Introduction

Graphene, a flagship two-dimensional (2D) material with a zero
bandgap and a highly stable planar honeycomb lattice, has
attracted much attention due to its fascinating physical and
chemical properties which are much different from those of its
bulk counterpart diamond/graphite. Graphene is a promising
material for lithium-ion batteries (LIBs) because its ultraflat
honeycomb lattice results in a high capacity of lithium atom storage.
But still there is some debate on the application of graphene as an
electrode material. Some studies indicate that graphene nanosheets
have a higher specific capacity of 460 mA h g~ *."* While others
argue that under a higher lithium concentration, lithium atoms
on the surface of pristine graphene tend to form clusters instead
of adsorbing on the unoccupied hollow sites of graphene.*”
Recent studies indicate that introducing defects into pristine
graphene is a good strategy to suppress the formation of lithium
clusters on the surface of graphene.*®” Although the presence of
structural defects such as vacancy and Stone-Wales defects
destroys the perfect symmetry of graphene; it also produces many
local electron-deficient regions around the defects®'® and many
effective adsorption positions for lithium atoms on the surface of
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of non-hexagonal carbon rings on lithium adsorption and storage.

graphene. This results in a significant increase in the lithium
storage capacity of graphene nanomaterials.**"? Recently, Tsai
et al. theoretically confirmed that increasing the degree of local
carbon-ring disorder could effectively enhance the lithium storage
capacity of graphene. The local carbon-ring disorder introduces
more electron-deficient regions on the basal plane of graphene. In
experiments, structural defects always appear during the process
of graphene growth and production. These structural defects will
change the local properties of graphene around the structural
defects.”>™ For example, the bond rotation induced Stone-Wales
defect'® can covert hexagonal carbon rings into non-hexagonal
carbon rings (pentagons and heptagons). These non-hexagonal
carbon rings create local strains on the basal plane of graphene.
Recently, Li et al. proposed that applying strain on the pristine
graphene can further enhance the lithium adsorption ability of
graphene."” Therefore, we could expect that the 2D carbon allo-
tropes composed of complete or partial non-hexagonal carbon
rings should have much potential to be used as electrode materi-
als in LIBs. Recently, many 2D carbon allotropes with ordered
and symmetrized non-hexagonal carbon-ring arrangements such
as penta-graphene, \-graphene, phagraphene, biphenylene,
®-graphene, and net-t graphene, have been proposed by first-
principles calculations. They have better lithium storage capaci-
ties, lower diffusion energy barriers, and lower open-circuit
voltages."'®*® However, the 2D carbon allotropes with a high
degree of local carbon-ring disorder are still missing.

In this work, we predicted a new 2D carbon allotrope Cse7s
which is composed of pentagon, hexagon, heptagon, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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octagon. Cseg is an energetically metastable carbon allotrope
with respect to graphene. It has better dynamic stability. Cse7s
possesses metallicity and shows a good electrochemical per-
formance for use in LIBs. The higher degree of the local
carbon-ring disorder of Cs¢s5 results in a high theoretical
lithium storage capacity of 697 mA h g~' (the maximum Li
concentration LiCj,), which is larger than those of local
carbon-ring ordered penta-graphene and \-graphene, is little
smaller than that of ®@-graphene. Furthermore, the lower Li
diffusion barrier (<0.44 eV) and average open-circuit voltage
(0.33 V) are beneficial for practical applications of Cse5 as a
good electrode material for LIBs.

2. Methods

The calculations are performed within the density functional theory
(DFT) framework, carried out within the Vienna ab initio simulation
package (VASP) using the projector augmented wave method.”**
The 2s*2p® electrons of carbon atoms are treated as valence
electrons. The generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof functional for the exchange correlation
was employed.”® The tested plane-wave cutoff energy was taken as
500 eV. The k-points with a grid spacing of 2n x 0.03 A™* for the
integration of the electronic Brillouin zone (BZ) were used. The
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional is used to
calculate the accurate electronic band structure.”® An 18 A vacuum
space in the simulation cell is adopted to avoid the image inter-
action between neighboring layers. The weak van der Waals (vdW)
interactions are omitted in current calculations because the effect of
vdW is less significant for the monolayer systems.® The geometries
are fully optimized until the residual Hellmann-Feynman forces are
less than 0.01 eV A™". The diffusion barriers of Li atoms on the
surface of Cses are calculated by using the climbing-image nudged
elastic band (CI-NEB) method. Theoretical phonon spectra are
calculated using the supercell approach as implemented in the
PHONOPY package.®® Ab initio molecular dynamics (AIMD) simula-
tions under the canonical (NVT) ensemble were used to study the
thermal stability of Cse7s at high temperatures. The particle-swarm
optimization (PSO) algorithm performed on the Crystal structure
Analysis by Particle Swarm Optimization (CALYPSO) code was used
to obtain reasonable absorption configurations for LiC, with various
concentrations.** A 2 x 1 supercell of Csq,5 was chosen as the
initial substrate. Various lithium concentrations (1, 2, 4, 6, 8, and 10
lithium atoms on the basal plane) were considered. The adsorption
structure search was performed for 30 generations at each concen-
tration. Approximately 1500 candidate adsorption structures were
calculated at each concentration in the global search.

3. Results and discussion
3.1 Structure and structural stability

The pentagon-heptagon carbon ring alignment has good ability
and is a basic structural unit of many 2D carbon allotropes such
as xgraphene, -graphene, and PAI-graphene.'**"** Therefore,
it is a good strategy to design a novel 2D carbon allotrope by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized structure of Csgzg. H1-H5 are five inequivalent carbon rings.

using similar pentagon-heptagon alignments. Here, the double
inversed pentagon-heptagon alignments (Fig. S1, ESIt) are chosen
as basic units to design a novel 2D carbon allotrope. A novel 2D
carbon allotrope Csq,5 which is composed of 5-6-7-8 carbon rings, is
predicted as depicted in Fig. 1. The five inequivalent carbon rings
are highlighted in different colors. Csey5 is ultraflat and one-atom-
thick with 16 carbon atoms in its unit cell. It has p1 plane symmetry
with the optimized equilibrium lattice constants of a = 6.41 A and
b = 6.9 A (Table S1, ESIf). Three types of non-hexagonal carbon
rings pentagon, heptagon, and octagon are arranged in local
disorder. The neighboring hexagons are separated by non-
hexagonal carbon rings. Meanwhile, the neighboring pentagon
alignments and heptagon alignments are also separated by other
carbon rings. Therefore, Cse;¢ has a high degree of local carbon-ring
disorder that destroys the hexagonal symmetry of pristine graphene.
The shortest bond length of neighboring carbon atoms in Cseg is
1.35 A, as highlighted in red in Fig. 2a. The longest bond length of
neighboring carbon atoms is 1.49 A, as highlighted in blue. Other
bond lengths of carbon—carbon bonds in Cse,g are in the range of
1.35 A to 1.49 A, indicating that the bond lengths in Css,5 show high
local disorder. Furthermore, the charge distribution of Cse;g also
shows high local disorder. The electron charges of carbon atoms in
Cse7g are in the range of 3.83 |e| to 4.11 |e|. The disorder of local
carbon rings, bond lengths, and atomic charges indicate that
Cse7s has good potential to adsorb more Li atoms on its surface.

To confirm the thermodynamic stability, we compare the total
energy of Csg75 to that of recently proposed carbon-based
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Fig. 2 Bond length distribution and charge distribution of Csgs.
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(a) Phonon dispersion of Csg7g. The variation of total potential energy as a function of the simulation time for Cse7g at temperatures of (b) 300 and

(c) 1500 K. Insets in panels b and c are snapshots of AIMD simulations at 5000 fs.

electrode materials including penta-graphene, h567, ®-graphene,
y-graphene, and phagraphene. Csq75 has a lower total energy of
—8.88 eV per atom, which is lower than those of famous penta-
graphene (—8.32 eV per atom)*® and Csgs (8.83 €V per atom),*
much close to those of net-t (—8.89 eV per atom), ®-graphene
(—8.98 eV per atom),> and h567 (—8.99 eV per atom),*® and a little
higher than those of phagraphene, \J-graphene, and graphene
(—9.03 eV per atom, —9.07 eV per atom, and —9.23 eV per
atom).”™”” These indicate that similar to penta-graphene, Cses,
net-t, ®-graphene, etc., Csqs5 is a metastable carbon allotrope.

We also investigate the dynamic stability of Cse;5. The pho-
non dispersion of Cs;ss shows that there are no imaginary
phonon modes that imply kinetic stability of Cs¢,5 (Fig. 3a). To
finally confirm the dynamic stability, AIMD simulations for Cse;g
was performed (Fig. 3b and ¢). A (3 x 3) supercell of Csey4 is used
in our AIMD simulation. Two temperatures (300 K and 1500 K)
are used to check the stability of Cseyg. It is found that the
geometry of Csg;s is preserved very well at temperatures of 300
and 1500 K during the AIMD simulations. Furthermore, the total
potential energies of the Cs4,5 supercell only fluctuate around a
constant value. These calculations further confirm the dynamic
stability of Cseys.

To guarantee the mechanical stability of Cs;s, the corresponding
elastic constants of Csey5 are calculated by using the following
formula:

1 1
U(S) = ECnsxxz + §C228,Vy2 + Craexxgyy + 2C168xx8xy + 2C2(,£yy8x.‘,

+2 C66 8xyz

For the oblique structure, six independent elastic constants
C11, Cpp, Ciay Cigy Cos, and Cee Of Cse75 must satisfy the Born—
Huang criteria:*® C;; > 0, C11C, > Cpo7, and det(Cy) > 0. The
calculated elastic constants C;;, Cys, Ci, Ci6, Cas, and Cge are
291.51, 291.60, 82.02, 7.39, 5.47, and 29.07 N mfl, respectively.
They satisfy the Born-Huang criteria indicating Cse;5 is a
mechanically stable carbon allotrope. The calculated in-plane
Young’s modulus of Csgs is 268.4 N m™" which is smaller than
that of graphene (342.2 N m '), and much close to those of penta-

400 | Mater. Adv., 2021, 2, 398-402

graphene (263.8 N m ') and h-BN monolayer (275.8 N m™ %),
suggesting that Cse;s has good mechanical properties. Furthermore,
Cse75 is an anisotropic two-dimensional material because its two-
dimensional elastic anisotropy index (0.68) is larger than that of
graphene (0) and much close to that of black phosphorene (0.65).>°

3.2 Electronic properties

The detailed electronic structure is much important for under-
standing the fundamental properties of Cseyg. Therefore, we
calculate the electronic band structure and projected density of
states (DOS) of Cs¢,5 as shown in Fig. 4a. The DFT results with
PBE (Fig. 4a) and HSE06 (Fig. S2, ESIT) functionals indicate that
Cs675 is a metallic material because two bands cross the Fermi
level. As shown in Fig. 4a, significant overlaps between 2s, 2p,,
and 2p, orbitals can be found that underlie strong sp® hybridi-
zation of carbon atoms in Cseyg. The projected DOS also
indicates that the p, orbitals occupy the bonding and antibond-
ing states simultaneously and this results in the formation of
n bonds between neighboring carbon atoms and the conduc-
tivity of Cseyg. To analyze the bonding features of Cseyg, the
electron localization function (ELF) of Cseys was calculated. It is
well known that the values of ELF are between 0 and 1, which
corresponds to perfect localization and delocalization of electrons
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Fig. 4 (a) Electronic band structure and projected density of states of

Cse7g. Fermi level was set to zero. (b) ELF of Csgzg With slices (b) crossing
the structure plane and (c) 1 A above the structure plane.
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Fig. 5 Six possible Li-ion migration pathways (a) and their corresponding diffusion barrier for Li on the surface of Cseys.

in a material. The ELF value of 0.5 corresponds to the state of the
electron-gas-like pair. The ELF slice presented in Fig. 4b shows
that the electrons localize in the middle of two neighboring carbon
atoms, signaling the strong o bonding states of the nearest
neighboring carbon atoms. When the slice is moved 1 A up
from the plane of the structure (Fig. 4c), the ELF value remains
nearly constant (approximately 0.5), indicating there is a deloca-
lized electron state induced by the p, orbitals of carbon atoms,
which results in the metallicity of Cseyg. The strong structural
stability and the presence of delocalized p, orbitals are beneficial
for the application of Cs4,5 as an electrode material of LIBs.

3.3 Potential application as an anode material for LIBs

Next, we calculate the adsorption energy of a single Li atom on
the surface of a 2 x 2 supercell of Cs475 to check the possibility
of electrode application of Csey5. According to previous studies,
the lithium atoms preferably absorb on the hollow sites of 2D
carbon allotropes. Therefore, considering the structural features
of Cse7s, five possible hollow adsorption sites H1-H5 are chosen
in our adsorption calculations, as shown in Fig. 1. The adsorp-
tion energy of lithium atoms is described as:

E, = Ecyge1Li — Ecygy — ELi
where E, is the adsorption energy, Ecsess+1i and Ecse7s are the total
energies of the system with and without lithium adsorption,
respectively. Ey; is the lithium atom energy in bulk Li metal. The
calculated adsorption energies of lithium atoms on H1, H2, H3,
H4, and H5 sites are —0.52, —0.45, —0.50, —0.47, and —0.42 €V,
respectively, comparable to that of recently predicted 2D carbon
allotrope net-t (—0.37 to —0.60 eV)." The negative adsorption
energies also indicate that lithium atoms tend to adsorb on the
surface of Csq7¢ and will not form lithium clusters. Furthermore,
Bader charge analysis shows that the charge transfer from Li to the
Cse7s is ~0.89 |e| for the H1 site, indicating that Cse;5 has the
potential to accommodate more electrons from lithium atoms.
Lithium mobility is an important factor that determines the
rate performance of LIBs. To investigate the lithium mobility on
the surface of Cse7sg, the six possible migration pathways from the

© 2021 The Author(s). Published by the Royal Society of Chemistry

H1 site to the neighbor H1 site along various directions are
chosen to calculate the migration barrier (Fig. 5a). The transition
states of six migration pathways are presented in Fig. 5b. It is
found that the diffusion barrier along the nearest neighboring
path 1 is 0.33 eV, which is close to that of graphene (0.31 eV) and
y-graphene (0.313 eV).>*° The diffusion barrier along path 2 is
0.29 eV which is smaller than that of graphene. We see that the
diffusion barriers of both path 3 and path 4 are 0.364 eV, while
for paths 5 and 6 the diffusion barriers are 0.44 and 0.42 eV,
respectively. Although the maximum diffusion barrier of Cseyg
(0.44 eV) is larger than that of graphene, it still smaller than
those of @-graphene (0.48 eV),> xgraphene (0.49 eV),** and
popgraphene (0.55 eV).>! The average migration barrier of the
Li atom on the surface of Cs4,4 is 0.37 eV. Such a lower barrier
results in a higher Li-ion mobility ability, indicating a good
charge-discharge rate of Csq;5 as an anode for LIBs.

In addition to the diffusion barrier, the lithium storage capacity
is also an important factor for the performance of electrode
materials. Therefore, the candidate adsorption configurations of
lithium under various lithium concentrations are fully explored by
the PSO method performed in the CALYPSO code. One side mode
was used in our adsorption configuration prediction. The most
stable structural configurations under various lithium atom con-
centrations are given in Fig. S3 (ESIf). The maximum lithium
atom number is ten in Li;¢Cs,. The corresponding specific
capacity can reach 697 mA h g~' that is larger than those of
graphite and pristine graphene. Meanwhile, corresponding
adsorption energy of lithium atom is —0.07 eV in Li;(Cs,, which
is equal to that of xgraphene (—0.07 eV). The open-circuit voltage
(OCV) is another important factor for the application of a 2D
carbon electrode. We use the following equation to estimate the
OCV of Cseg with different lithium concentrations LiC,:**

V = (Ecyy + ELi — Ecgggiic)/xe

The calculated V is 0.78 V for the stoichiometry of LiCs,.
When the lithium concentration increases to LiCj3 ,, V decreases to
0.07 V. The calculated average OCV is 0.33 V, which is larger than

Mater. Adv., 2021, 2, 398-402 | 401
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that of graphite (0.11 V),*> much close to that of popgraphene
(0.3 v),>* and much lower than that of \-graphene (0.64 V).*' Thus,
the lower average OCV shows the feasibility of Css,5 to be a
desirable electrode material in LIBs.

4. Conclusions

In summary, we predicted a novel metallic 2D carbon allotrope Cseysg
by using first-principles calculation and the CALYPSO method. Csgysg
is composed of 5-6-7-8 carbon rings with highly locally disordered
carbon rings. Due to the delocalized p, orbitals of carbon atoms in
Cse7s, Csesg exhibits intrinsic metallization that results in good
mobility of lithium on the surface of Cses5. The local carbon-ring
disorder of Css;5 produces many electron-deficiency regions which
make Csq5 have a better ability to accommodate more electrons
of lithium atoms. These make Csq75 have a high specific capacity
(697 mA h g ') and a lower diffusion energy barrier for Li-ions
(<0.44 eV). 1t is expected that Cse;5 can be used as an electrode
material for LIBs. The current study will encourage further studies
on the application of 2D carbon allotropes as electrode materials.
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