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Increasing the storage capacity of lithium electrodes, without altering their cyclability, is one of the key chal-
lenges for modern ion-based batteries. For graphite-based anodes, the well-known capacity limit is ∼370 mAh/g,
which corresponds to a lithium composition of Li1C6. Lithium intercalation is accompanied by a volume expansion
of ∼10%. In the present work, accurate first-principles methods are used to investigate the performance of different
bulk sp2 carbon allotropes as anodes in lithium-ion batteries. Compared to graphite, which is an alternated stack
of graphene layers (Bernal stacking) exhibiting a perfect hexagonal tiling, the layers of the other stacked systems
considered are constructed from various polygonal carbon rings, such as squares, pentagons, hexagons, heptagons,
octagons, and dodecagons. These sp2 allotropes, which appear locally in defective graphene and grain boundaries,
can exhibit a substantial increase in specific capacity with respect to graphite (up to a factor of two, i.e., Li2C6)
with only a relatively small volume expansion (at most 25%). The mechanisms for this predicted increase in
the number of lithium atoms that can be hosted in these still hypothetical carbon crystals are analyzed in detail,
yielding global strategies for improving lithium capacity in sp2 carbon-based batteries. In addition, these results
offer an insight on the local mechanism of Li incorporation in randomly defective graphite.
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I. INTRODUCTION

Graphite is known to be a reliable choice of electrode for
Li-ion batteries [1]. The first carbon anode for such batteries
was initially created using pyrolitic graphite in the late 1980s
[2]. The most important reasons for choosing an sp2 carbon
layered material are its excellent cyclability, its high Coulom-
bic efficiency, and its good structural stability, which preserves
the integrity of the material after many lithiation/delithiation
cycles (charge only induces a ∼10% volume expansion which
can be endured mechanically by graphite). However, the limit-
ing factor for modern technologies [3] based on carbon derives
from the relatively poor Li storage capacity of Li1C6, which
translates into a gravimetric capacity of 372.2 mAh/g. This is
to be compared for instance to about 3000–4000 mA h/g for
silicon albeit with a volumetric expansion up to 300% [4,5].

Modifying the local chemistry of the otherwise perfect
carbon honeycomb lattice can yield to a substantial increase
in Li storage capacity. This has been previously demonstrated
for boron-doped graphite [6–11] and carbon nanotubes [12].
Intentional nitrogen doping can also be effective if the latter
comes with the creation of vacancies, thus forming vacancy-
nitrogen complexes that act as acceptors (pyridinic and pyrrolic
nitrogen) [10,13]. While pristine monolayer graphene cannot
store Li at all [14–17], incorporating structural defects has
been suggested to increase Li storage capacity of monolayer
graphene [15,17,18] up to Li4.5C6 and Li3C6 for a large amount
of divacancies and Stone-Thrower-Wales defects, respectively
[17]. Incorporating nonhexagonal rings in the carbon hon-
eycomb lattice is thus a possible strategy for improving the
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storage capacity [19], which was also demonstrated experi-
mentally with few layers of defective graphene sheets [20–23].
It has been observed that defects can be created during its
synthesis or intentionally produced [24,25]. However, it is
difficult to control the incorporation of structural defects,
which can thus possibly lead to highly and randomly defective
graphene or even an amorphous graphene structure. This limits
its use in the design of efficient anodes for Li-ion batteries
application. In contrast, 2D carbon allotropes that contain a
perfect periodic arrangement of nonhexagonal rings in their
crystalline structure have to be considered. Many of these
structures have been imagined over the past decades [26], vary-
ing the tiling with squares, pentagons, hexagons, heptagons,
and octagons but trying to preserve the sp2 character of the
carbon-carbon bond [27–32]. All these allotropes are found
to be metastable compared to graphene. However, several
insights towards a possible bottom-up chemical synthesis have
been reported in the literature. For instance, the uniaxial
self-assembly of biphenylene monomers has demonstrated the
possibility of creating 1D nanoribbons containing squares,
hexagons, and octagons thus opening the road towards the
2D layer synthesis [33]. A similar strategy may be followed
to achieve the synthesis of many other sp2 carbon systems
with various polygonal forms. Other examples of monolayer
or bilayer carbon-based crystalline structures involving sp

bonding and more porous networks such as the experimentally
synthesized graphyne [34] and graphdiyne [35] have also been
investigated theoretically, suggesting an improved Li storage
capacity.

Although for all of these alternative 2D carbon structures
the gravimetric capacities are appreciably increased, the latter
systems remain 2D in essence and their absolute capacities
in practice are still rather small. Indeed, obtaining the mass
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FIG. 1. Top view of the relaxed geometries of the different bulk sp2 carbon allotropes considered for lithiation (only one layer is represented).
From (a) to (f): graphite (6), tetrahexaoctite (4-6-8), tetrahexadodectite (4-6-12), pentaheptite (5-7), pentahexaheptite (5-6-7), and pentahexaoctite
(5-6-8), respectively.

of a typical coin cell requires a surface of ∼140 m2 for an
atomically thin anode battery [36]. It is therefore necessary
to investigate the stacking of such not-yet-synthesized carbon
layers to determine if the high Li storage capacities observed
in mono- or bilayer systems still remain in the corresponding
3D bulk systems.

Recent progresses in the field of 2D materials, in partic-
ular for graphene, boron-nitride, and some transition metal
dichalcogenides, have demonstrated the feasibility of stacking
several 2D layers on top of each other, using transfer techniques
and layer by layer deposition. Following this idea, known
as van der Waals heterostructures [37], one could imagine
building new “bulk” phases from their 2D counterparts. In
parallel, the advances of the bottom-up chemistry [38] opens
an interesting road to the synthesis of new 2D materials, in par-
ticular new 2D carbon allotropes. In some cases, the stacking
can be obtained directly during the synthesis of the 2D layer
systems by tuning the growth conditions. For instance, such an
approach can yield to the formation of multilayered covalent
organic frameworks (COFs) [39]. In fact, using appropriate
monomer precursors, one could also produce metallic 2D
covalent conjugated polymers (2DCPs) [40] with attractive
electronic transport properties [41]. Although these approaches
offer the possibility of scalability, in general they remain
expensive and it is very important to know whether there is
a gain in performance in such bulk sp2 carbon allotropes.
Density functional theory (DFT) allows one to answer this
question, as it has been used to understand the lithiation of
graphite including its different lithiation stages [42,43].

In the present article, five different bulk sp2 carbon systems
have been considered in addition to graphite, taken as the
reference. These other sp2 carbon layered systems depicted in
Fig. 1 are structures which have not yet been synthesized exper-
imentally, namely from (b) to (e), tetrahexaoctite (4-6-8) [29],
tetrahexadodectite (4-6-12) [28], pentahexaheptite (5-6-7,

also known as hexagonal Haeckelite) [27], pentahexaoctite
(5-6-8) [32], and pentaheptite (5-7) [44], respectively. These
six systems present a diversity in the polygonal carbon rings
composition, varying from squares to dodecagons. The paper
is organized as follows. Section II describes the computational
methodology employed in this theoretical study. In Section III,
the structural and electronic properties of the bulk sp2 carbon
allotropes are analyzed. In Sec. IV, the lithiation of our refer-
ence system, i.e., graphite, is analyzed. In Sec. V, the lithiation
of all the other considered carbon systems is examined. Finally,
the results are gathered and the perspectives of sp2 carbon
allotropes are discussed with respect to their potential as anodes
in Li-ion-based batteries.

II. METHODS

First-principles simulations are employed to optimize
atomic positions and cell geometries to compute total energies
and electronic band structures of the various pristine and
lithiated sp2 carbon bulk layered systems. Calculations are per-
formed using the self-consistent DFT method as implemented
in the VASP package [45,46]. The exchange-correlation en-
ergy is described using the nonlocal optB86b-vdW functional
[47–50] to account properly for van der Waals (vdW) inter-
actions and, in the present case, long range electron-electron
correlations between planes [51,52]. The projector augmented
wave (PAW) method [53,54] is used and the pseudopotentials
chosen accordingly. The plane-wave energy cutoff was set to
1000 eV (36.75 Ha). The atomic positions are relaxed until
the forces on each atom are less than 0.01 eV/Å and the cell
geometries are optimized. The spin degree of freedom is not
accounted for in the calculations since we do not expect it to
play any role in the present framework. The Monkhorst-Pack
[55] k-point grids are determined automatically from pymatgen
tools [56] by imposing densities ranging from 660 to 1400 k

points per Å
−3

. Bader analysis [57,58] is used to investigate
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FIG. 2. Translational energy landscapes and preferential stacking of the different sp2 carbon allotropes, including graphite (a), tetrahexaoctite
(b), and tetrahexadodectite (c). The short and thick horizontal lines inside the color bars indicate the minimal and maximal value reached in
a given panel. The range of the color bars ([0–10] meV/atom) is common to all panels. The red arrows indicate the translation operations to
apply to one layer to go from an AA stacking to the preferential stacking visible on the right panels.

the charge transfer between atoms. The cohesive energy (Ecoh)
of the different nonlithiated carbon systems is defined as the
normalized (per atom) difference between the total energy
of the crystal and the energy of the isolated C atoms. Then,
the lithiation energy (Elith) is defined as the energy difference
between the lithiated carbon material and the energies of the
nonlithiated carbon material and bulk lithium normalized by
the number of lithium atoms, while the stability energy (Estab)
is normalized with respect to the total number of atoms. Thus

Ecoh = Ebulk
C − nCEatom

C

nC
, (1)

Elith = Ebulk
C Li − (

nCEbulk/atom
C + nLiE

bulk/atom
Li

)

nLi
, (2)

Estab = Ebulk
C Li − (

nCEbulk/atom
C + nLiE

bulk/atom
Li

)

nC + nLi
, (3)

where Ebulk
C and Ebulk

C Li are the total energies of the nonlithiated
and lithiated bulk sp2 carbon allotropes, respectively, nC

and nLi are the number of carbon and lithium atoms in the
considered bulk structure, respectively, Ebulk/atom

C and Ebulk/atom
Li

are the total energies per atom of the nonlithiated bulk sp2

carbon allotropes and of bulk lithium, respectively, and finally
Eatom

C is the total energy of the isolated carbon atom.
For the sake of comparison, the lithiation of graphite is also

investigated with the ABINIT software [59]. In this case, the
exchange-correlation energy is approximated using the GGA-
PBE functional [60,61] corrected by Grimme’s DFT-D2 [62],
DFT-D3 [63], and DFT-D3(BJ) [64] methods, as implemented
recently in the software [65]. ONCVPSP norm-conserving
pseudopotentials are used [66], which include multiple pro-
jectors and describe explicitly the 1s22s1 states of Li. A
1143 eV (42 Ha) plane-wave energy cutoff is found sufficient
to guarantee the convergence of the relevant properties. Our
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FIG. 3. Translational energy landscapes and preferential stacking of the different sp2 carbon allotropes, including pentaheptite (a),
pentahexaheptite (b), and pentahexaoctite (c). The short and thick horizontal lines inside the color bars indicate the minimal and maximal
value reached in a given panel. The range of the color bars ([0–10] meV/atom) is common to all panels. The red arrows indicate the translation
operations to apply to one layer to go from an AA stacking to the preferential stacking visible on the right panels.

convergence criteria for the total energy (0.5 mHa/atom)
led us to use the following Monkhorst grids: 18 × 18 × 8
for graphite, 4 × 4 × 4 (shifted two times) for lithium, and
9 × 9 × 8 for Li1C6. A Gaussian smearing of 0.01 Ha is used
for the occupation of states.

III. GROUND STATE PROPERTIES OF THE
BULK sp2 CARBON ALLOTROPES

Before investigating the lithiation properties of the different
bulk sp2 carbon layered systems, it is important to determine
their preferential stackings and their total energies (Ebulk

C ) as

a reference for the subsequent lithiated systems. The potential
energy landscape for the stacking order of these systems is
expected to be complex, with several local minima. To find
the preferential stacking of the different systems illustrated
in Fig. 1, the following procedure has been used. A 3D
periodic unit cell containing one layer, i.e., AA stacking, is
first considered and its geometry and atomic positions are
optimized. Then, a 3D periodic unit cell containing two layers
is constructed by doubling vertically the previous unit cell,
thus still in AA stacking. Next, the top layer is rigidly shifted
laterally with respect to the bottom layer inducing an AA′

stacking. A 6 × 6 grid of shifts is actually used to map the
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FIG. 4. Cohesive energies (Ecoh) and formation enthalpies (Eform)
of the six sp2 carbon allotropes and of C60. The latter was calculated
separately using the SIESTA package (see main text).

different stacking configurations. For each grid point, the cell
geometry and the atomic positions are frozen. Finally, the
shift with the lowest energy is taken and a full optimization
is performed to obtain the total energy of the preferential AA′

stacking. This lowest total energy will be used as a reference
in the calculation of lithiation energies (see Secs. IV and V).
The energy maps deduced from the total energy per atom on
each grid point together with the fully optimized preferential
stacking are displayed in Fig. 2 and Fig. 3. To further investigate
the preferential stacking, rhombohedral cells are constructed
from the above optimal AA′ stacking, thus corresponding to
an AA′A′′ · · · stacking and containing a single carbon layer
per cell.

In the case of graphite, one recovers that the AA′ = AB
stacking is favorable. It corresponds to a shift of the top
layer of the order of the C-C bond length along a given C-C
bond direction. The highest (layer-) sliding barrier energy
is Esb = 8.9 meV per atom. It corresponds to the energy
difference between AB and AA stacking configurations (for
a fixed AA stacking interlayer distance of d⊥ = 3.49Å), as
illustrated in Fig. 2(a). Interestingly, one can identify sliding
paths which cost almost no energy (Esb � 1 meV per atom).
The interlayer distance of the fully relaxed AB stacking
is d⊥ = 3.30Å. The calculated graphite cohesive energy is
Ecoh = −8.937 eV/atom. As expected, graphite is the most
stable system out of the six carbon compounds investigated in
this article (see Fig. 4). Finally, the AA′A′′ · · · rhombohedral
stacking, which corresponds to ABC graphite, is found to be
even slightly more stable than AB graphite but by a total energy
difference of only 0.225 meV/atom, hence within the energy
accuracy limit of the method.

The translational energy landscapes and corresponding
preferential AA′ stackings of the (4-6-8) and (4-6-12) systems
are displayed in Fig. 2, and the ones of (5-6-7), (5-6-8), and
(5-7) systems are displayed in Fig. 3. For the (4-6-8), the
preferential stacking occurs when the second layer is slightly
displaced along the y axis (armchair direction), with a shift of
the order of half a C-C bond length, such that half of the atoms
of the upper layer lie exactly on top of the center of a C-C bond
of the bottom layer. The (4-6-12) exhibits a honeycomb lattice
like in the graphene layer, but the basis consists of hexagonal

TABLE I. Total energy difference per atom between, on the one
hand, the alternating AA′ and rhombohedral AA′A′′ · · · stackings
and, on the other hand, the bulk AA′ stacking and the monolayer A,
i.e., the stacking energy Estac.

System AA′-AA′A′′ · · · (meV/atom) AA′-A (meV/atom)

6 +0.225 −70.504
4-6-8 +0.036 −76.416
4-6-12 −0.277 −63.828
5-7 +0.115 −75.127
5-6-7 −76.891
5-6-8 −0.052 −77.355

carbon rings, instead of single atoms, bonded by squares. The
preferential stacking occurs when half of the hexagonal carbon
rings lie above square carbon rings. For the (5-7), the best
stacking is predicted to occur when superposition of carbon
atoms is minimal, while for the (5-6-7), it is the opposite: the
best stacking is an AA stacking, i.e., where all carbon atoms
of one layer are on top of the ones of the next layer. Finally,
for the (5-6-8), the best stacking is obtained by avoiding the
superposition of similar rings like in the (5-7) case.

For the six sp2 carbon systems, the maximal sliding barrier
energy (Esb) is in a range of 5–10 meV per atom, the highest
barrier being for graphite. The different cohesive energies
Ecoh are reported in Fig. 4. Graphite is obviously the most
stable structure. The formation enthalpy Eform of the different
sp2 carbon allotropes is given by the difference between
cohesive energy of graphite and their own cohesive energy
(EC system

form = E
Graphite
coh − E

C system
coh ). For the sake of compari-

son, the formation enthalpy of C60 (EC60
form ∼ 0.45 eV/atom

calculated separately with the SIESTA package [67] using the
optB88-vdW functional [48]) is also pinpointed in Fig. 4. Most
of the layered systems considered in the present study have
a similar or lower formation enthalpy than C60, except the
(4-6-12) system.

To conclude on the preferential stacking configurations,
the rhombohedral AA′A′′ · · · stackings have been calculated
and total energy differences are found to be lower than
0.3 meV/atom in all cases (see Table I). This means that one
cannot clearly discriminate which are the preferential stackings
between the alternating AA′ (studied above) and the rhom-
bohedral AA′A′′ · · · ones. For the sake of completeness, the
stacking energyEstac (also called the interlayer cohesive energy
or exfoliation energy), defined as the total energy difference
per atom between the most stable bulk AA′ phase and the
monolayer phase, is calculated for each system and reported
also in Table I. For graphite, the value of |Estac| = 70.5 meV
per atom is in a relatively good agreement with other DFT-
based calculations including various flavors of van der Waals
corrections ([52–78] meV per atom) [43,68] and compared
reasonably with the experimental value (52 ± 5 meV per atom)
[69]. The lowest stacking energy is predicted for the 4-6-12
system (63.8 meV per atom), while the highest one is obtained
for the 5-6-8 system (77.4 meV per atom).

Finally, the electronic band structures of the six sp2 carbon
systems are depicted in Fig. 5. It is easy to see that all of
them are metallic systems as there is always at least one band
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FIG. 5. Electronic band structures of the nonlithiated sp2 carbon systems. Insets in (a) and (f) represent the two different types of Brillouin
zone and their corresponding high symmetry points.

crossing the Fermi energy (EF , aligned to zero), represented
by the horizontal blue line. However, it is interesting to note
that the (4-6-12) system seems to exhibit only an out-of-plane
metallic character since no bands are crossing the Fermi energy
for the in-plane path in the Brillouin zone, while it is the op-
posite behavior for the (5-7) system. Still, this requires further
investigation, notably along nonhighly symmetric lines.

IV. LITHIATION IN GRAPHITE

The lithiation properties of graphite are first discussed.
Such a study has been conducted several times in the past
decade [16,43,70,71]; nevertheless, it is still important to
reiterate it in the present context as it will serve as the
reference case to compare with the rest of the sp2 carbon
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FIG. 6. Graphite (6) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance change, Li
average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li concentration
in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c), Li average
distance to C (b),(d), and volume change (e)–(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li composition
in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

systems considered. In the previous literature, both the low
and high Li concentration regimes were explored. In the low
concentration regime, lithiation occurs through various stages
(stage-n, n > 1), which consist in alternating empty and Li-
occupied interlayer spaces. The upper-limit is stage-1, which

corresponds to the intercalation of Li in between all the layers.
This is also the onset of the high-concentration regime.

Since our main objective is the maximum Li storage
capacity, we focus only on the high Li concentration limit,
thus considering only stage-1 lithiation. The fully lithiated
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TABLE II. Interlayer distance and volume of graphite unit cell (dw.o. Li
⊥ and volume w.o. Li, respectively) and of Li1C6 (dw. Li

⊥ and volume w. Li,
respectively), the lithiation energy (Elith), and the stability energy (Elith) of Li1C6.

Functional/Experiment PBE-D2 PBE-D3 PBE-D3(BJ) optB86b-vdW optB88 [43] Expt.

dw.o. Li
⊥ (Å ) 3.22 3.48 3.38 3.30 3.36 3.34 [76]

dw. Li
⊥ (Å ) 3.65 3.65 3.60 3.62 3.64 3.70 [72]

Volumew.o. Li (Å
3
) 33.8 36.7 35.5 34.8

Volumew. Li (Å
3
) 39.3 39.3 38.7 39.1

Elith (meV/Li atom) −709.5 −127.9 −76.4 −226.5 −217.0 (−113.0) [43,77]

Estab (meV/atom) −101.4 −10.9 −18.3 −32.4

phase of graphite stacks in an AA arrangement of the graphene
planes. In order to investigate the lithiation of such structure, a
3 × 3 × 1 supercell composed of 18 C atoms is considered. The
list of potential sites to intercalate Li atoms in this structure is
determined by considering the centers of hexagonal rings, i.e.,
in this case nine sites. All the combinations that are unique
by symmetry are considered when filling the structure with
up to nine Li atoms, i.e., all the possible sites. This gives
23 different lithiated structures with compositions ranging
from Li 1

3
C6 to Li3C6. For all these structures, after full

structural optimization, various properties are calculated such
as lithiation and stability energy, average charge transfer (CT)
per Li atoms, average distance between Li atoms and their first
nearest-neighbor C atoms, cell volume, and interlayer distance
changes with respect to the stable nonlithiated phase. All these
properties are presented in Fig. 6, in different ways in order
to identify possible correlations between lithiation energy and
one of the above mentioned properties.

In Fig. 6(a), one observes that the maximal volume expan-
sion with respect to AB graphite is limited to 16%. However,
looking at the interlayer distance (d⊥) variations Fig. 6(b),
one notes that it increases up to ∼12% when approaching
the lithiation energy limit (Elith = 0 eV), before decreasing
when incorporating more Li than graphite can stabilize. This
behavior is represented by the transparent gray area exhibiting
a boomerang shape. The latter is simply a rough guide for the
eyes. In the very high Li concentration regime (Elith > 0 eV),
the in-plane lattice increases monotonically and compensates
the relative interlayer distance decrease in order to obtain
a volume increase that saturates around 16%. The average
distance between Li atoms and their first nearest carbon
neighbors typically ranges between 2.30 and 2.40 Å, displaying
an important dispersion [Fig. 6(c)]. The average CT per Li
atom is less negative (i.e., each atom gives less electrons) as
the lithiation energy increases [Fig. 6(d)]. Above the lithia-
tion energy limit, a quasilinear dependence on the CT can
be distinguished, indicating a correlation between lithiation
energy and CT. The threshold CT value separating positive
from negative lithiation energies is −0.852|e|. The lithiation
energy Elith as a function of Li concentration is plotted in
Fig. 6(e), where the dashed line connects all minimum Elith for
a given concentration. This dashed line, representing hence the
minimal lithiation energy path, is also reported in all panels.
The maximal concentration that has a negative lithiation energy
is Li 4

3
C6 with energy Elith = −0.09 eV. This concentration

is slightly higher than the known value of Li1C6, which
we also found at Elith ∼ −0.23 eV. Despite the fact that its
lithiation energy is negative, this Li 4

3
C6 phase is not observed

experimentally. This is because this phase does not lie on the
convex hull of the phase diagram as calculated in Fig. 6(f).
Although Li 4

3
C6 is energetically favorable when compared to

bulk graphite and bulk lithium phases, it is less favorable than
Li1C6 plus bulk lithium phase. This means that the Li 4

3
C6 phase

would decompose into Li1C6 and bulk lithium, i.e., lithium
plating would occur. This analysis is of importance because
finding the maximum lithiation requires one to consider not
only the sign of the lithiation energy but also the position on
the convex hull of the stability phase diagram. The in-plane
lattice constant and interlayer distance of the most stable Li1C6

phase are 2.50 Å and 3.62 Å, respectively, and leads to a 12.3%
volume expansion, which is in agreement with previous results
in the literature [43,72]. Going back to Figs. 6(a)–6(d), and
following now the dashed line, one observes even more clearly
a rapid increase of volume expansion followed by a much
slower increase as Elith becomes positive which is explained
by the relative decreasing interlayer distance in this regime.
Considering only the dashed line in panel (c), one notes that the
average Li-C distance is actually less dispersed and is centered
on 2.30 Å. If one discards the four points with negative Elith

on the left part of panel (d), i.e., not lying on the minimal
lithiation energy path represented by the dashed line, our first
guess that lithiation energy is correlated to charge transfer is
confirmed.

For pristine (AB) graphite and the most stable Li1C6 phase,
first-principles calculations were also conducted with the
ABINIT software using different functionals. The energy and the
structural parameters obtained with the different approaches
are compared with experimental data in Table II. In this table,
the volume of Li1C6 phase is normalized to the (AB) graphite
unit cell in order to appreciate the volume expansion. We
also compare our results with previous DFT calculations [43]
relying on the optB88 exchange-correlation functional, and
with experimental data. Note that, for the lithiation energy
Elith (and the stability energy Estab), a rather large variation
is observed among the different functionals used. We suspect
that such big discrepancies are related to the proper description
of the long range electron-electron correlations in metals [73].
More specifically, the difference in cohesion energy of graphite
and lithium as discussed in [65] and [74,75], respectively, does
not explain such discrepancies. The issue is thus related to the
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FIG. 7. Tetrahexaoctite (4-6-8) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance
change, Li average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li
concentration in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c),
Li average distance to C (b),(d), and volume change (e),(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li
composition in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

proper description of Li1C6 but is beyond the scope of the
paper. However, these errors are expected to be systematic
for all the systems studied here and, therefore, the trends
and comparisons are still valid. Finally, the experimental

value of Elith appearing in Table II cannot be compared
directly to the calculated values as it comes from room tem-
perature measurements, while calculations are performed at
0 K.
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FIG. 8. Tetrahexadodectite (4-6-12) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance
change, Li average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li
concentration in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c),
Li average distance to C (b),(d), and volume change (e),(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li
composition in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

V. LITHIATION IN sp2 CARBON ALLOTROPES

In the present section, the lithiation of the different bulk
sp2 carbon allotropes will be presented. First, the lithiation
properties of the tetrahexaoctite (4-6-8) are discussed. As for
graphite, the focus is on the high lithiation limit and only

the AA stacking is considered as a starting point because of
computational limitations. However, one notes that the cell
geometry is free to relax and thus the c axis can end up in a
nonorthogonal configuration with respect to the basal plane,
which would then induce a final stacking different from AA.
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FIG. 9. Pentaheptite (5-7) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance change,
Li average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li concentration
in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c), Li average
distance to C (b),(d), and volume change (e),(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li composition
in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

The reference bulk energy (Ebulk/atom
C ) used in the lithiation

energy calculation is still the one obtained for the preferential
stacking of the nonlithiated structure (as done for graphite).
In order to investigate the possible arrangement of lithium in
the (4-6-8) structure, a 2 × 1 × 1 supercell is constructed. In

total, 83 nonequivalent starting configurations for positioning
the Li atoms are found. The different properties (interlayer
distance, volume expansion, charge transfer, lithium average
distance to carbon, and lithiation and stability energies) are
presented in Fig. 7. The results are first analyzed ignoring for
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FIG. 10. Pentahexaheptite (5-6-7) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance
change, Li average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li
concentration in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c),
Li average distance to C (b),(d), and volume change (e),(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li
composition in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

the moment the dashed line representing the minimal lithiation
energy path. The maximal volume increase is higher than in
graphite by a factor of two–three, that is a volume change
up to ∼37% at most, but most of the values are centered
on 20% [Fig. 7(a)]. The interlayer distance changes from

5% to 31% and its variation roughly displays a boomerang
shape, as for graphite although a bit more scattered, where the
cusp is now located at Elith = −0.3 eV instead of Elith = 0 eV
[Fig. 7(b)]. The range of average distances between Li atoms
and their first nearest carbon neighbors is wider than in graphite
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FIG. 11. Pentahexaoctite (5-6-8) lithiation properties. From (a) to (e), lithiation energy as a function of volume change, interlayer distance
change, Li average distance to C, CT per Li, and Li composition in LixC6, respectively. Panel (f) displays stability energy as a function of Li
concentration in LixC1−x . As indicated in insets, the size of the circles straddle in between the minimal and maximal value of CT per Li (a),(c),
Li average distance to C (b),(d), and volume change (e),(f), respectively. As indicated in right-side bars, the color in the circles indicates the Li
composition in LixC6 (a)–(d) and the CT per Li (e),(f), respectively.

(here from 2.30 to 2.65 Å ) but exhibits also rather dispersed
results [Fig. 7(c)]. The average CT per Li atom seems to
display a quasilinear dependence with the lithiation energy
over the entire set of points [Fig. 7(d)]. This supports the similar
behavior discussed above for graphite. The threshold CT value

for the tetrahexaoctite is lowered to −0.820|e|. The lithiation
energy curve as a function of Li concentration suggests that
stable lithiation can be obtained up to Li3C6 [Fig. 7(e)].
However, by plotting the convex hull of the stability phase
diagram [Fig. 7(f)], the highest stable lithium concentration is
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FIG. 12. Electronic band structures of the lithiated sp2 carbon systems.

identified as Li2C6, i.e., 744.5 mAh/g, which is twice higher
than the known graphite specific capacity (Li1C6) [78]. The
lithiation energy associated with this Li2C6 phase is −0.61 eV
and its interlayer distance is 4.01 Å. Moreover, for this phase,
the c axis is no longer perpendicular to the basal plane, meaning
that the stacking of this lithiated phase is not AA. Indeed, as
seen in Fig. 13 gathering all the stable lithiated structures, the c

axis of the 4-6-8 rectangular 2 × 1 × 1 supercell is indeed tilted
along the x axis, the one along which the hexagons connect to

the squares which is also globally the easiest sliding direction
according to Fig. 2. Finally, this phase is accompanied by a
slight buckling of the basal plane of 0.27 Å. Looking at the
minimal lithiation energy path represented by the dashed line
in all panels, one notes that, different from graphite, in the
very high lithium concentration regime, the interlayer distance
continues to increase up to 31% instead of following the second
part of the boomerang. However, only two configurations are
sampling this very high concentration; thus larger supercells
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FIG. 13. Relaxed geometries of the different most lithiated and stable sp2 carbon allotropes considered. From (a) to (f): graphite (6),
tetrahexaoctite (4-6-8), tetrahexadodectite (4-6-12), pentaheptite (5-7), pentahexaheptite (5-6-7), and pentahexaoctite (5-6-8), respectively. The
shadowy part in (b) shows that the c axis is tilted and thus no more orthogonal to the basal plane.

might be required to investigate more of them. The average
Li-C distance is now limited to 2.52 Å and a linear behavior
between lithiation energy and charge transfer is confirmed with
kind of a hook at the onset, as for graphite, which corresponds
to the initial decrease of lithiation energy at low lithium
concentration.

The lithiation properties of the tetrahexadodectite (4-6-12),
the pentaheptite (5-7), the pentahexaheptite (5-6-7), and the
pentahexaoctite (5-6-8) are presented in Figs. 8, 9, 10, and 11,
respectively. In these four other systems, the maximal volume
increases are in a 20–30% range, while their average values are
between 15 and 20%. The interlayer distance variations still
display a boomerang shape. However, following the dashed
line an S, or zigzag, shape is observed for 5-7 and 5-6-7
with the last point going out the boomerang in the very high
Li concentration regime. Again this might be related to an
insufficient configuration sampling. Except for the 4-6-12 for
which the trend is more complex, a quasilinear increase in the
lithiation energy is also induced by the decrease of the charge
transfer per Li atom. One also observes that the dashed line,
i.e., minimal lithiation energy path, can oscillate around this
linear relationship. In the case of 4-6-12, the charge transfer
is rather constant (∼−0.86|e|) at the onset of lithiation, and
then only seem to follow the linear trend. A charge transfer
threshold value of ∼−0.84|e| is identified in order to obtain
negative lithiation energies, except again for the 4-6-12 case
for which the lithiation energy is maintained to negative values
up to charge transfer value as small as ∼−0.71|e|. The range of
average Li-C distance is 2.20–2.70 Å among all the considered
systems but no clear cross dependencies were evidenced.
Following the negative lithiation energy as maximum lithiation
criterion, one would obtain a Li capacity of Li2.5C6 for the
5-6-8 system and up to Li3.5C6 for the 4-6-12 system. However,
as mentioned above, it is important to calculate the stability
energy and identify the convex hull curve to determine the

most lithiated and stable phase which in all the four cases is
actually Li1.5C6.

Finally, the band structures and the atomic structures of
the most lithiated and stable phases of the six considered sp2

carbon systems are displayed in Figs. 12 and 13, respectively.
All of them remain metallic upon lithiation, with analogous
band dispersion characters which should lead to interesting
electronic conductive properties. Interestingly, one notices
in Fig. 13 that Li atoms reside preferentially on small car-
bon rings, i.e., squares, pentagons, and hexagons rather than
on heptagons, octagons, or dodecagons, although Li atoms can
go to these large carbon rings when favored by a minimized
steric hindrance.

Table III summarizes the most significant information,
which allows us to compare the most lithiated and stable phases
of the different sp2 carbon layered systems. It is rather obvious
that the most interesting candidate is the tetrahexaoctite (4-6-8)
system. It exhibits the highest gravimetric and volumetric
capacities, larger than in graphite by a factor 2. Moreover,
this specific system presents the highest probability to be
experimentally synthesized using the bottom-up chemistry
approach based on biphenylene monomers as discussed earlier
[33]. While it is associated with a rather large interlayer
distance increase of 0.792 Å, i.e., +24.58%, the total volume
increase remains limited to 20.10%. The basal plane axes are
slightly contracted as a probable consequence of the slight
layer buckling. Although the volume expansion is larger than
that of graphite by a factor 1.6, it sounds still acceptable as
this deformation may still be endured by the material and
may thus preserve a good cyclability (although this assessment
necessitates further investigation). Although we have seen
that the threshold CT value for positive lithiation energy
was decreasing from −0.85|e| in graphite to −0.82|e| in
tetrahexaoctite and even to −0.71|e| in tetrahexadodectite, the
CT value at the most lithiated and stable phase stays relatively
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TABLE III. Number of nonequivalent starting configurations for lithiation studies of the different sp2 carbon allotropes considered, the
interlayer distance in the stable nonlithiated (dw.o. Li

⊥ ) structure, and then for the most lithiated and stable phase (dw. Li
⊥ ), the lithiation energy

(Elith), the stability energy (Estab), the gravimetric and volumetric capacities, volume expansion, average charge transfer, and Li-C distance.

sp2 carbon allotrope (6) (4-6-8) (4-6-12) (5-7) (5-6-7) (5-6-8)

nb of starting noneq. config. 23 83 64 72 63 17

Grav. cap. (mAh/g) 372.2 744.5 558.4 558.4 558.4 558.4

Vol. cap. (mAh/cm3) 833.2 1617.4 955.1 1180.8 1187.8 1171.0

dw.o. Li
⊥ (Å ) 3.302 3.221 3.273 3.259 3.255 3.229

dw. Li
⊥ (Å ) 3.617 4.013 3.930 3.807 3.810 3.808

Vol. exp. (%) 12.28 20.10 23.62 21.09 21.35 21.98

Avg. CT (|e|) −0.855 −0.864 −0.854 −0.843 −0.850 −0.846

Avg. Li-C dist. (Å) 2.31 2.52 2.68 2.42 2.35 2.42

Elith (eV/Li atom) −0.227 −0.609 −0.710 −0.759 −0.861 −0.899

Estab (eV/atom) −0.032 −0.152 −0.142 −0.152 −0.172 −0.180

constant among the different systems, i.e., around −0.85|e|.
In the new sp2 carbon layered systems, the average Li-C
distance is globally larger than in graphite, in accordance with
the larger volume increase. The tetrahexaoctite (4-6-8) also
displays the most modest increase in lithiation energy (Elith)
compared to graphite. This may be useful as one should keep
the battery voltage difference to reasonable values. It is finally
also interesting to note that the five new sp2 carbon systems
demonstrate higher stability of the lithiated phase, as Estab

becomes at least 100 meV/atom more negative.

VI. CONCLUSION

The ground state properties of various 3D bulk sp2 carbon
structures with various stackings [namely graphite (6), tetra-
hexaoctite (4-6-8), tetrahexadodectite (4-6-12), pentahexahep-
tite (5-6-7), pentahexaoctite (5-6-8), and pentaheptite (5-7)]
have been calculated using first-principles simulations. In
particular, the structural and electronic properties have been
discussed, including the stacking configurations and interlayer
distances. Then, the lithiation properties of these six sp2 carbon
structures have been investigated, focusing on the upper limit of
lithium insertion, i.e., theoretical lithium capacity, an important
parameter for modern batteries. For graphite, the reference
case, a lithium composition of Li1C6 for a volume expansion of
∼12% was obtained in good agreement with existing literature.
For the other systems, a maximum lithium capacity of Li1.5C6

was found with the exception of the tetrahexaoctite (4-6-8)
structure which exhibits the highest capacity of Li2C6 at the
cost of a relatively moderate volume expansion of ∼20%.
The systematic study of the lithiation of these sp2 carbon
structures shows a linear dependence between lithiation energy
and charge transfer between Li atoms and carbon host, which is
hence a key parameter for enhancing the lithium capacity. The
essential difference between graphite and the five other systems
is that the lithiation energy remains negative up to lower charge
transfer values, as if the referential for the zero lithiation energy
would have been shifted in structures containing nonhexagonal
carbon rings. The Li atoms are globally placed favorably on the

low carbon membered rings, such as squares and pentagons,
with an exception for the tetrahexaoctite (4-6-8) where steric
hindrance seems to overcome this rule of thumb.

In our study, we have considered the stability energy with
the corresponding convex hull energy curve demonstrating that
the lithiation energy is not sufficient to conclude on the true
maximal lithium capacity. However, the dynamics of lithiation
have not been investigated. It requires the determination of Li
diffusion barriers and the identification of optimal diffusion
path and other associated more complex diffusion phenomena
[79–81]. At last, the validity of the present results are limited
to low temperatures and high lithium concentration. It has
been shown for instance that phonons play an important
role for intermediate graphite lithiation stages [43]. Finally,
another important issue of the anode in Li-ion batteries is the
formation of a solid-electrolyte interface (SEI) [82]. These
aspects are beyond the scope of the present article. How-
ever, the importance of finite temperature, dynamics, and the
impact of SEI formation should be addressed to determine
the best candidates. Nevertheless, it is expected, for the case
of SEI formation, to be relatively small, similar to the case
of graphite [83]. Besides Li-ion batteries, sodium (Na)-ion
ones are currently investigated more and more because of
the greater earth abundance of sodium compared to lithium.
For graphite, it is well known that the Na intercalation is
greatly limited. This is believed to be due to a too small
interlayer distance which can be overcome using expanded
graphite [84], where interlayer distance dw.o. Li

⊥ = 4.3 Å. In
view of the calculated interlayer distances for the present sp2

carbon allotropes, it seems fair to assume that it will not work
either. However, a recent study tends to demonstrate that Na is
actually a particular case among all other alkali-metal elements
[85].
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