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Due to the limited specific capacity of graphite anodes in lithium-ion batteries (LIBs), it is imperative to
find alternatives with better performance. In this work, we propose, for the first time, a three dimen-
sional (3D) porous metallic 5-5-8 carbon monolith with hexagonal lattice as a potential candidate. With
5-5-8 carbon nanoribbon as the building block, this material, named Hex-C558, goes beyond graphene-
nanoribbon-based 3D porous carbon structures. Using first-principles calculations, we show that Hex-
C558 is not only dynamically and thermally stable, but also is energetically more favorable than many
other theoretically predicted carbon allotropes. More importantly, Hex-C558 is metallic with ordered
ionic conducting channels and possesses a low mass density of 1.05 gcm�3, exhibiting great potential for
ion-battery applications. As an anode for LIBs, Hex-C558 possesses a large specific capacity of 591 mAhg�1,
low diffusion energy barrier of 0.27 eV (at low Li concentration) and 0.52 eV (at high Li concentration), a
low open-circuit voltage of 0.51 V, and a small volume change of 2.4%. This work provides a new route for
the design and synthesis of novel carbon materials for battery applications by using pentagon-based
building units.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In the last three decades, tremendous efforts have been devoted
to the study of carbon materials for lithium-ion batteries (LIBs)
because of their unique advantages, such as availability, low cost,
nontoxicity, and good reversibility for lithium intercalation and
removal. Graphite has been the dominant active anode material
used in LIBs since its commercialization in the early 1990s. However,
the main problem of graphite anodes is its limited specific capacity
(372 mAhg�1), which cannot meet the requirements of economical
and sustainable battery technologies for advanced electronic de-
vices andvehicles. Thus, it is highlydesirable tofindnewalternatives
for LIB anodematerials. To this end, porous materials for the anodes
have received considerable attention because porous structures can
provide more adsorption sites for Li-ions, which is favorable for
achieving high capacity [1e4]. However, the conductivity and
Coulombic efficiency of these materials synthesized in the labora-
toryhavebeen found tobe relatively lowdue to thedisorderedpores
and structural defects [5,6]. Therefore, in recent years, many efforts
have been devoted to studying porousmetallic or semi-metallic car-
bonmaterials forovercoming suchdrawbacks [7e17]. Forexample, a
graphene monolith (HZGM-42) [14] constructed by integrating
zigzag graphene nanoribbons and sp3-hybridized carbon chains
shows topological semi-metallic feature and good performance for
LIB anode with low Li diffusion energy barrier and high specific ca-
pacity that is 1.6 times as large as that of graphite.

Another class of carbon materials that have attracted increasing
attention contain 5-5-8-units since the experimental observation
of one-dimensional (1D) topological 5-5-8-defects in graphene
[18]. Such defects can efficiently modulate the properties of carbon
materials. For instance, it was found that the electronic structure
and magnetic properties of armchair graphene nanoribbons can
be effectively tuned by introducing 5e8 topological line defects
[19]. The antiferromagnetic cross-edge coupling in zigzag graphene
nanoribbons can be switched to ferromagnetic one when 5-5-8 de-
fects are introduced [20]. More interestingly, it was found recently
that a peanut-shaped carbon nanotube comprised of 5-5-8 units
shows metallicity and low lattice thermal conductivity [21], very
different from conventional carbon nanotubes. Although 2D carbon
sheets composed of 5-5-8 units were proposed and found to be
metallic or semi-metallic with high Fermi velocity for electrons
[22], no studies have been reported on 3D carbon monoliths con-
structed by using 5-5-8 carbon nanoribbon as the building block,
which may lead to metallic electronic structure and good perfor-
mance when used an anode material for LIBs. This motivated us
to carry out this study.

In this work, using state-of-the-art theoretical methods, we pro-
pose a hexagonal 5-5-8 carbon monolith, Hex-C558, and systemati-
cally study its stability, electronic properties, and the performance
as an anode material in LIBs. We show that Hex-C558 is a promising
candidate for LIB anodes.
2. Computational methods

First-principles calculations based on density functional theory
(DFT) are performed by using Vienna Ab initio Simulation Package
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(VASP) [23] with the projector augmented wave potential [24]. The
exchange and correlation interactions between electrons are
treated by using the Perdew-Burke-Ernzerhof functional (PBE)
[25] within the generalized gradient approximation (GGA) [26].
The Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [27] is
used to obtain more accurate electronic band structure. The
plane-wave energy cutoff is set to 800 eV for all the calculations.
For geometry optimization, the convergence criteria for the total
energy and force are set at 10�8 eV and 10�6 eVÅ�1, respectively.
The 3 � 3 � 7 Monkhorst-Pack k-meshes are used to sample the
first Brillouin zone [28]. Ab initio molecular dynamics (AIMD) sim-
ulations are carried out to verify the thermal stability with the ca-
nonical ensemble. The temperature is controlled by using the Nos�e
thermostat [29]. The dynamic stability is confirmed by phonon
spectrum, which is calculated by using the finite displacement
method [30] implemented in the Phonopy code [31]. A tight-
binding (TB) Hamiltonian is constructed by projecting the Bloch
states onto the maximally localized Wannier functions using the
WANNIER90 package [32]. The diffusion energy barriers for Li-
ions are calculated by using the climbing-image nudged elastic
band (CI-NEB) method [33]. The effect of van der Waals interaction
during the adsorption and diffusion of Li-ions is considered by us-
ing the PBE-D2 functional that contains the semi-empirical long-
range dispersion correction [34].
3. Results and discussion

3.1. Structure and stability

This carbon allotrope is constructed by using 5-5-8 carbon
nanoribbons and the ethane molecules as the possible precursors
(Fig. 1(a)). Connecting the three 5-5-8 carbon nanoribbons together
through carbon dimers via dehydrogenation of ethane (Fig.1(b)) re-
sults in a 3D porous structure, as plotted in Fig. 1(c). It is encour-
aging to note that 3D porous graphene composed of graphene
nanoribbons has been successfully synthesized [35], and the 1D to-
pological 5-5-8-defects have been observed in graphene [18]. Based
on these advances, thus, it is reasonable to expect that Hex-C558 can
be synthesized by introducing 5-5-8-defects into 3D porous gra-
phene. The optimized structure has hexagonal symmetry with
Fig. 1. (a) Possible precursors (5-5-8 carbon nanoribbon and ethane molecule), (b) perspec
optimized geometry of Hex-C558. The gray and pink spheres represent the sp2-and sp3-hybri
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space group P6mm; thus we name it Hex-C558. The unit cell of
Hex-C558 contains 34 atoms with the lattice constants of
a ¼ b ¼ 12.43 Å, c ¼ 4.82 Å. In this structure, there are eight chem-
ically nonequivalent carbon atoms, occupying the Wyckoff posi-
tions of 6e1 (0.438, 0.562, 0.381), 6e2 (0.434, 0.566, 0.867), 6e3
(0.405, 0.595, 0.130), 6e4 (0.400, 0.600, 0.616), 3c1 (0.500, 0.500,
0.775), 3c2 (0.500, 0.500, 0.483), 2b1 (0.667, 0.333, 0.200), and
2b2 (0.667, 0.333, 0.538), respectively. Hex-C558 possesses large
1D hexagonal channels with a diameter of 14.3 Å, as shown in
Fig. 1(c). This is larger than that of the ordered hexagonal channels
in hC28 (11.8 Å) [11] and C-h (10.4 Å) [13]. Moreover, due to its
porosity, Hex-C558 has a low mass density of 1.05 gcm�3, which is
even lower than that of the recently reported low density carbon
anode, BDL-14 (1.41 gcm�3) [9].

The energetic stability of Hex-C558 is studied by calculating its
total energy as a function of the volume. The calculations are also
performed for some other stable carbon allotropes for comparison,
including diamond, graphite, T6-carbon [36], Tri-C9 [37], K6-carbon
[38], and H18-carbon [39]. As shown in Fig. 2(a), except for graphite
and diamond, Hex-C558 has the lowest energy among them,
implying a good possibility for its experimental realization. Next,
the dynamical stability of Hex-C558 is examined by calculating the
phonon spectrum as given in Fig. 2(b). The absence of imaginary
vibrational modes demonstrates the dynamic stability of this struc-
ture. In addition, we calculate the group velocities of the acoustic
branches near the G point along the G-M path by using formula
vgðqÞ ¼ VqwðqÞ, while the group velocities of diamond are also
calculated as comparsion. The group velocities of Hex-C558 are
found to be 2.0, 8.3, and 10.6 km s�1 for the three acoustic branches,
respectively, which are all considerably lower than those of dia-
mond near the G point along the G-X path (11.6, 12.8, and 18.1
km s�1). However, the metallic feature of Hex-C558 makes the elec-
tronic thermal conductivity dominant, namely, Hex-C558 remains
highly thermally conductive.

Next, the thermal stability is studied by performing AIMD sim-
ulations at temperatures ranging from 300 K to 1200 K using a
supercell of 1 � 1 � 3. The duration of the simulated heating pro-
cesses is 8 ps with a time step of 1 fs. As shown in Fig. 2(c), the total
potential energy fluctuates around a constant, and the atomic
configuration of Hex-C558 remains almost intact during the entire
tive view of three 5-5-8 nanoribbons linked with C2 units, and (c) perspective view of
dized carbon atoms, respectively. (A colour version of this figure can be viewed online.)



Fig. 2. (a) Variation of the energy per atom of Hex-C558 and some other carbon allotropes with respect to volume. (b) Phonon spectrum of Hex-C558 along the high symmetry q-
point path in the first Brillouin zone. (c) Total potential energy fluctuation during AIMD simulation at 1200 K. The insets are the top and side views of the Hex-C558 structure at the
end of the simulation at 1200 K.

Table 1
Calculated elastic constants (Cij in GPa) and Young's moduli (Y in GPa) for Hex-C558,
and for other two hexagonal carbon allotropes HZGM-42 and hC28.

Hex-C558 HZGM-42 hC28

C11 125.9 198.0 157.5
C12 119.7 86.5 147.9
C13 38.0 56.3 47.7
C33 420.4 637.7 591.4
C44 68.1 138.4 103.5
Y(a) 12.1 158.6 18.6
Y(b) 12.1 158.6 18.6
Y(c) 408.6 615.4 576.5
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simulation at 1200 K, confirming the thermal stability of Hex-C558.
In addition, using AIMD simulations, we have also confirmed its
thermal stability under humid conditions at 300 K by adding a
few H2Omolecules in the 1� 1� 3 supercell of Hex-C558, as shown
in Fig. S1.

The mechanical stability is examined by using the Born-Huang
criteria [40]. For a hexagonal lattice, there are five independent
elastic constants that can be calculated using the energy-strain
method implemented in AELAS software [41]. The calculated elastic
constants are C11 ¼ 125.9 GPa, C12 ¼ 119.7 GPa, C13 ¼ 38.0 GPa,
C33 ¼ 420.4 GPa, and C44 ¼ 68.1 GPa, which fully satisfy the Born-
Huang criteria, namely, C44 > 0, C11 > |C12|, (C11þC12) C33 > 2C132 ,
demonstrating that Hex-C558 is mechanically stable.
3.2. Mechanical properties

Based on the elastic constants of Hex-C558, we calculate its
Young's modulus (Y) by using the following formula [42]:

YðnÞ¼ 1

s11ð1� n23Þ
2 þ s33n43 þ ð2s13 þ s44Þð1� n23Þn23

(1)

where s11, s13, s33, and s44 are elastic compliance coefficients, n¼(n1,
n2, n3) is a unit vector along the stretching direction. The calculated
Young's moduli of Hex-C558 for the different directions are listed in
Table 1. One can see that the Young's modulus along the c direction
is much larger than that along the a and b directions, showing a
highly mechanical anisotropy. The calculations are also carried out
for HZGM-42 [14] and hC28 [11] that possess hexagonal lattices as
well, but have the 6-membered rings as their building units. From
Table 1, we note that the Young's moduli of Hex-C558 are signifi-
cantly smaller than those of HZGM-42 and hC28, suggesting that
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the 5-5-8 structure is softer and more elastic than the two struc-
tures composed of the hexagonal units.

Next, to examine the maximum tensile strength of Hex-C558, we
use the deformation with a small increment of 0.01 to realize the
quasi-static displacement-controlled deformation in the x, y, and
z direction, respectively. The comparison of results for different
cell size is given in Fig. S2, suggesting that the cell size that we
used for calculation is appropriate. The calculated stress-strain
curves along the different axes are plotted in Fig. 3, where the frac-
ture strain for Hex-C558 under loading is 0.30, 0.33, and 0.18 along
the x, y, and z direction, respectively, which are comparable to the
corresponding values of 0.32, 0.31, and 0.18 for hC28 that is
composed of graphene nanoribbons with the hexagonal building
unit [11].
3.3. Electronic properties

To study the electronic properties of Hex-C558, we first calculate
its band structure at the PBE level. As shown in Fig. 4(a), Hex-C558 is



Fig. 3. Variation of the stress with tensile strain along the x, y, and z direction for Hex-C558 and hC28.

D. Ni, Y. Shen, Y. Shen et al. Carbon 183 (2021) 652e659
metallic because the partially occupied energy bands cross the
Fermi level along the G-M, K-G, and G-A paths. To further confirm
themetallicity of Hex-C558, the band structure is recalculated by us-
ing the more accurate hybridized functional of HSE06 [27], as given
in Fig. 4(a), indicating that the metallic feature of Hex-C558 is
secured. We then calculate the partial density of states (PDOS) pro-
jected on the sp2-and sp3-hybridized carbon atoms and the partial
charge density around the Fermi level from �0.5 to 0.5 eV. The
Fig. 4. (a) Electronic band structures at the PBE and HSE06 levels, and projected DOS for t
density near the Fermi level from �0.5 to 0.5 eV. (c) ELF distribution on the two slices of H
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results are plotted in Fig. 4(a and b), showing that the bands near
the Fermi level mainly originate from the sp2-hybridized carbon
atoms that make up the pentagons in 5-5-8 nanoribbons. To iden-
tify the electron delocalization and electron conducting channels,
we further calculate the electron localization function (ELF) of
Hex-C558. ELF has been widely used to describe the electron distri-
bution in materials [43e45], which takes the values between 0 and
1. Here, 0 corresponds to very low charge density [46], 1 represents
he sp2-and sp3-hybridized carbon atoms. (b) Top and side views of the partial charge
ex-C558. (d) TB-band structure in comparison with that of DFT for Hex-C558.



Fig. 5. (a) Side view of all possible single Li-ion adsorption sites in Hex-C558. (b) Perspective view and (c) side view of the possible paths for Li-ion diffusions along the conducting
channels. (d) Diffusion energy barriers for the three paths. The gray, pink, and green spheres represent sp2-, sp3-hybridized carbon atoms, and Li ions, respectively. (A colour version
of this figure can be viewed online.)
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the fully localized electrons and 0.5 refers to the fully delocalized
electrons. As shown in Fig. 4(c), the regions highlighted by the
red rectangles correspond to the delocalized channel of electrons.

To further verify the orbital composition around the Fermi level,
TB model is then used. Based on the dumbbell-shaped partial
charge density distributed on the slices shown in Fig. 4(b), we
can reasonably expect that the orbitals near the Fermi level are
mainly contributed from the pz-orbitals of the sp2-hybridized car-
bon atoms. Accordingly, we use the pz-orbitals of these carbon
atoms to construct the TB Hamiltonian:

H¼ ε0

X

i

cyi ci þ
X

ij

ðtijcyi cj þH:c:Þ: (2)

where ci
y and ci are the electronic creation and annihilation oper-

ators of the pz-orbital at site i, respectively, ε0 is the on-site energy,
and tij is the hopping integral for describing the jumping process of
electrons from one site to another. The band structure reproduced
by using the TB model is plotted in Fig. 4(d), which agrees well with
the results of DFT-based calculations, further confirming that the
exhibitedmetallicity in Hex-C558 mainly comes from the pz-orbitals
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of the sp2 carbon atoms that form the pentagons in the 5-5-8
nanoribbons, as shown in Fig. 4(b).

3.4. Application as an anode material for LIBs

Considering the special geometry with regular large pores and
intrinsic metallicity, Hex-C558 could offer more binding sites and
efficient diffusion channels for Li ions, and provide the basis for
the storage and transportation of Li ions with good conductivity.
Hence, we study its applications as an anode material for LIBs.
We first examine the stable adsorption sites. To avoid interactions
between the periodic images of Li ions, a 1 � 1 � 4 supercell of
Hex-C558 is used in the calculations. The stability of adsorption is
examined by the binding energy Eb, defined as

Eb ¼ðELix�Hex�C558
� EHex�C558

� xmLiÞ
�
x (3)

where ELix-Hex-C558 and EHex-C558 are the total energies of Li-
intercalated and non-intercalated configurations, respectively, mLi
is the energy of one Li atom in its bulk phase, and x is the number of
Li atoms in the supercell. As shown in Fig. 5(a), sixteen possible



Fig. 6. (a) Side view and (b) top view of the fully Li-intercalated Hex-C558. (c) Migration paths for the vacancy diffusion. (d) Energy profile of Path 1 and Path 2. The yellow sphere in
(c) represents the vacancy. (A colour version of this figure can be viewed online.)

Fig. 7. (a) Binding energy of five configurations with intermediate Li-concentration, and (b) voltage profile of Hex-C558 in the half-cell.
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symmetry-nonequivalent adsorption sites are studied, including
four hollow sites (above the centers of the different carbon rings),
labeled as H1, H2, H3, and H4, five top sites labeled as T1 toT5, and
seven bridge sites, i.e., B1 to B7. After geometric optimization, five
stable adsorption sites are identified, which are H1, H2, H3, H4, and
B7. The corresponding binding energies are calculated to be 1.09,
1.02, 0.99, 0.98, and 0.73 eV, respectively. Next, the Bader charge
analysis [47] is performed for studying the charge transfer from Li
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ions on these adsorption sites. The results show that 0.88 and 0.90
electrons are transferred from Li atoms to the substrate for H1, H2,
H3 sites and H4, B7 sites, respectively, indicating the strong Coulomb
interactions between the Li ions and Hex-C558.

In addition to the electronic conductivity that is confirmed by
the metallic band structure, the ion conductivity is also required
for high-rate capability of batteries. Therefore, we study the diffu-
sion process of Li ions. Due to the symmetry constraints, we find



Table 2
Performance comparison of Hex-C558 with some other carbon allotropes used for anode materials in LIBs.

Materials Density (gcm�3) Reversible capacity (mAhg�1) Diffusion barrier (eV) OCV (V) Volume change (%) Electronic property

Hex-C558 1.05 591 0.27 0.51 2.4 Metallic
graphite [7,14] 2.24 372 0.22e0.40 0.11 10.0 Metallic
IGN [15] 2.61 298 0.01 0.66 3.2 Semimetallic
bco-C16 [10] 2.58 558 0.53 0.23 13.4 Semimetallic
Immm-C16 [17] 2.04 558 0.01 0.40 2.9 Semimetallic
Hex-C18 [7] 2.41 496 0.02e0.14 e e Metallic
HZGM-42 [14] 1.39 425 0.02 0.50 2.4 Semimetallic
m-C16 [16] 2.31 558 0.25 0.56 3.6 Semimetallic
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that there are three possible paths in Hex-C558 for Li-ion diffusion
along the conducting channels at low Li concentration (LiC136), as
shown in Fig. 5(b and c). Path 1 and Path 2 are the straightforward
paths as the Li ions move along the channel, while Path 3 requires
hopping from one adsorption site to another. The calculated energy
barriers are plotted in Fig. 5(d), showing that the migration path
with the lowest energy barrier is Path 1, which has an energy bar-
rier of 0.27 eV, lower than that in bco-C16 (0.53 eV) [10].

Next, we study the maximum specific capacity of Hex-C558. We
gradually increase Li concentration until the full Li-intercalation in
Hex-C558 is reached, as shown in Fig. 6(a and b). In this configura-
tion, all of H1 sites and half of H4 sites are occupied. The corre-
sponding theoretical specific capacity is 591 mAhg�1, larger than
that of many carbon anodes, including graphite (372 mAhg�1),
bco-C16 (558 mAhg�1) [10], and IGN (372 mAhg�1) [15].

To investigate the Li-ion migration at high Li concentration, we
remove one Li ion from the fully Li-intercalated Hex-C558 configu-
ration and examine the diffusion energy barrier of the vacancy by
using the CI-NEB method [33]. There are two possible migration
paths for the vacancy diffusion, as shown in Fig. 6(c). Path 1 repre-
sents the straightforward migration of vacancies, while Path 2 is for
the hopping between the nonequivalent sites. The migration en-
ergy barriers are plotted in Fig. 6(d), indicating that the energy bar-
rier of the vacancy along Path 2 is 0.52 eV, which is lower than 0.67
eV along Path 1, suggesting that Path 2 is more favorable for the
migration of Li ions at high Li concentration.

We further study the performance of Hex-C558 as an anode by
calculating the open-circuit voltage (OCV) using the following for-
mula,

Vz �
ELix2�Hex�C558

� ELix1�Hex�C558
� ðx2 � x1ÞmLi

ðx2 � x1Þe
(4)

where ELix2-Hex-C558, ELix1-Hex-C558, and mLi are the total energies of
x2-, x1-intercalated Hex-C558 and one Li atom in Li bulk, respec-
tively. To obtain the total energy at different Li concentrations, we
examine five intermediate adsorption concentrations, i.e., LixC3.78,
x ¼ 0.167, 0.333, 0.500, 0.667, and 0.833, corresponding to the
adsorption configurations of Li6C136, Li12C136, Li18C136 Li24C136 and
Li30C136, respectively, and calculate 12 nonequivalent configura-
tions for each Li concentration. All the intermediate configurations
are generated by comparing the electrostatic Ewald energy of the
symmetry-nonequivalent structures as implemented in the
pymatgen package [48,49]. The binding energies for themost stable
configurations at each intermediate concentration are shown in
Fig. 7(a), while the corresponding voltage profile is plotted in
Fig. 7(b). One can see that the voltage is positive through the whole
voltage profile, suggesting a reversible capacity of 591 mAhg�1. The
average OCV is calculated to be 0.51 V, which is lower than that of
IGN (0.66 V) [15], m-C16 (0.56 V) [16], and comparable to that of
HZGM-42 (0.50 V) [14].

To examine the cycling stability, we calculate the volume change
of the fully Lieintercalated Hex-C558 and pristine Hex-C558 using
the formula:DV ¼ VLi�V0

V0
� 100%. Here, VLi and V0 are the volumes
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of the fully and none Li-intercalated Hex-C558 configurations,
respectively. The calculated volume expansion is 2.4% without
bond breaking, which is smaller than that of graphite (10.0%),
bco-C16 (13.4%) [10], and IGN (3.2%) [15], indicating that Hex-C558
as an anode material for LIBs exhibits good cycling stability.

For clarity, we summarize the six key quantities of Hex-C558 for
LIB anode applications in Table 2. The corresponding parameters for
some other recently studied carbon anode materials are also listed
for comparison. It shows that Hex-C558 possesses the lowest den-
sity, the largest reversible capacity, and the smallest volume change
among these carbon anodes.

4. Conclusions

In summary, based on first-principles calculations, we propose
a new 3D porous carbon monolith by connecting the zigzag
edged 5-5-8 carbon nanoribbons with carbon dimers via dehy-
drogenation of the ethane molecules. We term this new material
Hex-C558. Although it is metastable compared to graphite and
diamond, is energetically more favorable than many other carbon
allotropes. Further, it can withstand high temperatures up to
1200 K and has low mass density and high mechanical anisot-
ropy. Hex-C558 is metallic and possesses electronic conducting
channels along the z direction. The TB model analysis reveals
that the metallicity comes from the pz-orbitals of the sp2 hybrid-
ized carbon atoms that form the pentagons in 5-5-8 nanoribbons.
As an anode material for LIBs, Hex-C558 exhibits a large specific
capacity of 591 mAhg�1, low ionic diffusion energy barrier of
0.27 and 0.52 eV for the low and high Li concentration, respec-
tively, low OCV of 0.51 V, and a small volume change of 2.4%.
These properties suggest that Hex-C558 is a promising anode ma-
terial and 5-5-8 structural units can be used for the design of
new carbon materials with new features.
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