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a b s t r a c t

Using first-principles calculations we propose new anode materials for calcium-ion batteries, namely
anthracene (AN), tetracene (TN) and pentacene (PN) crystals. We show that adsorption of calcium atoms
on isolated AN, TN and PN molecules is energetically favorable, as well as intercalation into bulk crystals
in a wide range of calcium concentrations. For all crystals, volume expansion during intercalation is less
than 20% and for pentacene, it is less than 8%. We assess the diffusion and electronic properties of AN, TN
and PN. We show that calcium diffusion barriers along the polyacene molecules are less than 0.45 eV, but
calcium diffusion is limited by “jumps” between the molecules. Sequential band filling upon increasing
levels of intercalation leads to the reentrant semiconducting-metallic-semiconducting behavior. Our
results point to the promise of anthracene, tetracene, and pentacene as anodes for calcium-ion batteries.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Ca-ion batteries (CIB) have received increased interest in recent
years due to their advantages such as natural abundance and low
cost of calcium, chemical safety, and high capacity [1e5]. They also
have the advantage that the divalent ion Ca2þ carries twice as much
charge as monovalent ions such as Liþ and Naþ which contributes
to greater capacitance at the same concentration. Among all diva-
lent ions, Ca2þ is the most promising one due to its low
potential �2.87 V versus the standard hydrogen electrode (SHE),
which is close to that of Liþ (�3.04 V) [6,7]. Various materials have
been considered as anodes for such batteries; in particular, calcium
metal anode is considered promising, but this technology is very
complex and faces certain limitations [8,9], moreover in
nonaqueous electrolytes, it forms a strong passivation layer that
inhibits electron transfer through the anode/electrolyte interphase
[10,11]. Calcium alloys are considered an alternative to metal cal-
cium anodes because they often have both high specific capacitance
.P. Maltsev), I.Chepkasov@
.R. Oganov).
and low potential [5,12]. Despite these advantages, such anodes
have a significant drawback associated with the very high volume
changes up to 3�4 times [1,13]. Another option for anode material
is intercalation materials [14e17]. Graphite is the most typical and
best studied material for metal-ion battery technology. Calcium
intercalation into graphite leads to the CaC6 crystal structure, with

its unique rhombohedral, R3
�
m space group compared to otherMC6

compounds with hexagonal symmetry [18]. Borophene and hy-
drogenated defective graphene have been investigated by DFT and
shown to be suitable as materials for calcium battery anodes with
specific capacities of 800 and 591 mAh/g, respectively [19,20].

Polyaromatic hydrocarbons (PAH), such as benzene, naphtha-
lene, anthracene, and tetracene, are also promising anode materials
[21e23]. These PAH are considered prototypical carbonaceous
materials, which mimic sp2 allotropic forms of carbon such as
graphene, graphite, carbon nanotubes, etc. Molecules inside poly-
acene crystals are bonded together by van der Waals dispersion
forces, and crystals are compliant with the insertion of intercalants.
Studies of the adsorption of lithium atoms on polyaromatic hy-
drocarbons showed the promise of these materials for lithium-ion
batteries [24e27]. Using semi-quantitative methods, Friedlein et al.
[28] compared the charge storage capability of PAH and showed
that small and medium-size PAH might have the highest energy
storage ability among all pure-carbon systems.
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Table 1
Lattice parameters of polyacene crystals.

Polyacenes a, Å b, Å c, Å a, � b, � g, � Vol, Å3

AN (Exp.) [38] 8.55 6.01 11.17 90 124.59 90 473.16
TN (Exp.) [39] 6.05 7.83 13.01 77.12 72.11 85.79 572.97
PN (Exp.) [39] 6.27 7.71 14.44 76.75 88.01 84.52 677.32
AN (our calc.) 8.39 5.86 11.05 90 125.24 90 444.04
TN (our calc.) 6.03 7.32 12.62 78.71 73.05 85.57 523.17
PN (our calc.) 6.27 7.55 14.18 77.65 88.83 83.93 652.17

AN, anthracene; TN, tetracene; PN, pentacene.
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In order to evaluate the prospects of thesematerials as anodes of
Ca-ion batteries, in this work we have considered the intercalation
of Ca with polyaromatic hydrocarbon (PAH) crystals such as
anthracene (AN), tetracene (TN), and pentacene (PN).
2. Computational methodology

All density functional theory (DFT) calculations were carried out
using the VASP code [29,30]. After the convergence test, an energy
cutoff of 400 eVwas used for the calculations. The Brillouin zones of
the primitive cells of polyacenes with calcium atoms were sampled
using 4 � 4 � 4 gamma-centered k-point meshes [31]. For elec-
tronic density of states (DOS) calculations, the k-point grid was
increased to 8 � 8 � 8, the tetrahedron method with Bl€ochl cor-
rections was used. For the calculations of the isolated molecules,
the maximum force on each atomwas set to be less than 0.01 eV/Å
for the optimized configurations. The thresholds of electronic and
ionic self-consistency were set to 10�6 and 10�7 eV, respectively.
Gaussian smearing with s¼ 0.05 eV was used. We used the DFT-D3
method of Grimme [32,33], known to have good overall perfor-
mance for molecular crystals. The obtained lattice parameters of
PAH with the DFT-D3 method of Grimme are in good agreement
with experimental data (Table 1). Electron transfer was explored
using Bader analysis [34]. DOS and band structures were analyzed
Fig. 1. (a) Schematic representation of AN, TN, and PN molecules with adsorbed Ca atoms. (b
supercells) with intecalated Ca atoms. AN, anthracene; TN, tetracene; PN, pentacene.
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using the Pymatgen package [35]. The atomic structures were
illustrated using the VESTA package [36]. Using the climbing image
nudged elastic band (CI-NEB) [37] approach, we assessed diffusion
barriers for the Ca atom in PAH crystals. Diffusion paths consisted of
seven images. Diffusion barriers were calculated in the 2 � 2 � 2
PAH supercells with 385, 481, and 577 atoms for AN, TN, and PN,
respectively.

To estimate the energetics directly related to the stability of
different configurations, we calculated the intercalation energy Ei
per Ca atom, which corresponds to the energy change when nCa Ca
atoms are moved from the bulk Ca crystal into the polyacene
crystal, defined as

Ei ¼ ½EðCanPAHÞ� EðPAHÞ�=nCa � EðCaÞ; (1)

where E(CanPAH) is the total energy of the Ca-intercalated poly-
acene system, E(PAH) is the energy of the pristine polyacene, and
E(Ca) - is the total energy of the Ca atom in its bulk structure. The
number of atoms n is a multiple of 0.5 because there are two PAH
molecules in the unit cell.

The thermodynamic phase stability of the systems was also
assessed by the phase diagrams in (enthalpy of formation-
composition) coordinates (convex hulls). From the DFT energies
of pseudo-binary phase CaxPAH1�x with Ca and PAH compositional
blocks, we have calculated the enthalpy of formation per block:

Ef
.
block ¼ EðCaxPAH1�xÞ � xEðCaÞ � ð1� xÞEðPAHÞ; (2)

where E(CaxPAH1�x) is the total energy of the Ca-intercalated pol-
yacene system.

A convex hull was constructed between the points (x, Ef/block)¼
(0, 0) and (1, 0). Lines connect structures with the lowest energy so
that they form a convex hull. Structures that lie on the convex hull
are thermodynamically stable, and structures above the convex
hull are metastable (their decomposition energies are positive).
) Schematic representation of anthracene, pentacene, and tetracene crystals (2 � 2 � 2
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The concentration x of Ca atoms in PAH is defined as follows:

x ¼ nðCaÞ
nðCaÞ þ nðPAHÞ; (3)

and the number of calcium atoms n is the number of atoms per
formula unit of the polyacene molecule (there are two molecules in
the unit cell).

The average voltages for the thermodynamically stable struc-
tures were calculated from DFT total energies. For two phases on a
convex hull, Can1PAH and Can2PAH (n2 > n1), the following reaction
is assumed to occur:

Can1PAH þ ðn2 �n1ÞCa/Can2PAH (4)

The voltage, V, is calculated by the following formula:

V ¼ � DG
zðn2 � n1Þ

z� DE
zðn2 � n1Þ

¼ �EðCan2PAHÞ � EðCan1PAHÞ
zðn2 � n1Þ

þ EðCaÞ
z

(5)

where the Gibbs free energy is approximated by the internal en-
ergy, as pV and thermal energy are assumed to be small, and z¼ 2 is
the formal charge of the calcium ion.
Fig. 2. Optimized geometries of polyacene molecules with adsorbed Ca atoms: (a) anthrace
from the bulk crystal and adsorb it on free-standing polyacene molecules, and (e) charge tr
atoms.
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The theoretical capacity of the AN, TN, and PN crystals with
different amounts of calcium was calculated using Faraday's law:

Capacity ¼ n,z,F
3:6,M

(6)

where n is the number of Ca atoms per polyacene molecule,
F ¼ 96,485 C/mol, Faraday constant, and M - molar mass of the
polyacene molecule.

3. Results and discussion

3.1. Isolated molecules of polyaromatic hydrocarbons

To study Ca intercalation in anthracene, tetracene, and penta-
cene crystals, in the first step we studied the adsorption of Ca
atoms on isolated PAH molecules (1 � 6 Ca atoms for anthracene
molecule, 1 � 8 Ca atoms for tetracene molecule, and 1 � 10 Ca
atoms for pentacene molecule) (see Fig. 1). Different sites (22, 68,
and 263 structures for anthracene, tetracene, and pentacene
molecules, respectively) for adsorptionwere considered. Fig. 2a, b,
and c show all optimized ground states of anthracene-Ca, tetra-
cene-Ca, and pentacene-Ca complexes with numbers of Ca atoms
from 1 to 6, 8, and 10, respectively. For all considered polyacenes,
it was found that Ca-polyacene complexes are thermodynamically
stable even with a high number of Ca atoms, with absorption
ne, (b) tetracene, and (c) pentacene molecules. (d) Energy required to take a Ca atom
ansfer from Ca atoms to polyacene molecules as a function of the number of adsorbed
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energies Eabs ¼ 1.2 � 1.7 eV (Fig. 2d). One Ca atomwhile adsorbed
tends to occupy a position above the central benzene ring (or one
of the central rings of tetracene), while adsorption on the pe-
ripheral benzene ring is less energetically favorable by about 0.2-
0.4 eV.

When the number of calcium atoms increases from 1 to 3, the
atoms have a tendency to occupy the same side of the polyacene
molecule (Fig. 2). However, when 4 calcium atoms are present (in
the case of anthracene and tetracene) or 5 calcium atoms are pre-
sent (in the case of pentacene), adsorption on the opposite side
becomes more favorable. As the calcium concentration increases,
Fig. 3. Characteristics of Ca intercalations in PAH crystals as a function of the number of Ca a
crystals. (b) Intercalation energy. (c) Charge transfer from Ca atoms to PAH crystals. (d) Cha
atoms. (feh) Calculated convex hulls of the crystalline AN-Ca (f), TN-Ca (g), and PN-Ca (h)
aromatic hydrocarbons.
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the atoms no longer occupy the positions directly above the ben-
zene rings or the CeC faces of the benzene ring; instead, they are
distributed uniformly along the polyacene molecule. The distances
from the calcium atom to the nearest benzene ring also increase
with an increase in calcium concentration. In the case of the central
benzene rings, the distance increases from 2.15 Å to 2.21 � 2.23 Å.
In the case of the peripheral rings, the distance increases to 2.35 �
2.42 Å. Overall, the calcium atoms tend to adsorb along the poly-
acene molecules, with the exception of pentacene with 9 and 10
calciums, where some atoms are adsorbed on the sides of the
molecule due to their steric repulsion.
toms n intercalated in the PAH crystal. (a) View of anthracene, tetracene, and pentacene
nge of the volume of PAH crystal. (e) Capacity of the PAH crystals with intercalated Ca
systems with respect to pristine crystalline polyacenes and crystalline Ca. PAH, poly-



Fig. 4. Calculated average voltages relative to calcium metal for AN-Ca (a), TN-Ca (b), PN-Ca (c) structures on the convex hull (Fig. 3(fee)). AN, anthracene; TN, tetracene; PN,
pentacene.
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The calculated Bader charges (Fig. 2e) [34] show that with
increasing concentrations of Ca, the number of electrons that each
atom donates to the PAH molecules changes from 1.15 e� to 0.6 e�.
The adsorption of the first two calcium atoms in all three cases is
the most energetically favorable process (Fig. 2d), while the
adsorption energy of the subsequent calcium atoms decreases with
increasing Ca concentration. This is in accordance with Bader
analysis and electronic density of states calculations: Bader charge
of the calcium atom has a maximum at n ¼ 1.

3.2. Polyaromatic hydrocarbons crystals

After investigating the bonding between Ca atoms and indi-
vidual PAH molecules, we conducted simulations to model the
Fig. 5. (a) Band gaps of PAH of the number n of Ca atoms intercalated in PAH crystal. (b) Den
Band structures calculated for pristine pentacene (c), pentacene with 1 calcium atom (d), and
to show the relationship between these band structures and the effect of doping.

5

incorporation of Ca atoms into bulk PAH crystals Fig. 3a. Ca atoms
were added to the PAH cells at various positions, then structures
were fully optimized, and structures with the lowest energies were
considered.

The intercalation energy Ei calculated through Eq. (1) is pre-
sented in Fig. 3b. Fig. 3f-e shows the phase diagrams in the co-
ordinates of the enthalpy of formation-composition (convex hull)
(Eq. (2)). The values of Ei for all calculated structures are negative,
but not all structures lie on the convex hull, indicating that some
structures are metastable. The highest concentrations of calcium at
which the structures are thermodynamically stable are x ¼ 0.71
(n ¼ 2.5), x ¼ 0.75 (n ¼ 3), and x ¼ 0.8 (n ¼ 4) for AN, TN, and PN,
respectively (Fig. 3f-h). Intercalation energies are close to the
binding energies of Li and Ca in bilayer graphene with AB-stacking
sity of states of pristine pentacene crystal with 1 and 2 Ca atoms in the unit cell. (cee)
pentacene with 2 calcium atoms (e). Dashed horizontal lines show Fermi levels aligned
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and approximately twice lower than the binding energies of Li and
Ca in bilayer graphene with AA-stacking [40]. The minima of
intercalation energy are observed at x ¼ 0.5 (n ¼ 1) for all PAH,
indicating the first and second calcium atoms intercalate into pol-
yacene unit cells much more easily than the subsequent ones. This
result is in agreement with our calculations of the average voltages
of structures (Fig. 4).

At n¼ 1 of Ca in CanPAH, the average voltages are equal to 0.27 V,
0.62 V, and 0.74 V for AN, TN, and PN, respectively, while at n > 1,
the average voltages of the structures for tetracene and pentacene
exceed the potential of calcium metal by no more than 0.01 V. Low
calcium insertion voltages at high concentrations indicate the
Fig. 6. (a) Diffusion paths of Ca along the molecules in PAH crystals. (bed) Migration bar
molecules in PAH crystals. (feh) The barrier of Ca migration from one molecule to another

6

possibility of high performance of polyacene molecules as anode
materials.

Trends in intercalation energies are related to charge transfer
from Ca atoms to the polyacenemolecules, Fig. 3b. The intercalation
energy maximum (1 Ca atoms per formula unit) is associated with
the maximum charge donation from Ca atoms: 1.49 e�, 1.46 e� for
PN and TN, respectively; for AN, crystal charges on one and two Ca
atoms in the unit cell (0.5 and 1 atom per formula unit) are almost
equal (1.45 and 1.44 e�, respectively). As the concentration in-
creases, the energy gain decreases monotonically, simultaneously
with a decrease in charge transfer from Ca atoms from 1.45to 1.5 e�

to � 1:25� 1:3 e�.
rier of Ca along the molecules in PAH crystals. (e) Diffusion paths of Ca between the
in PAH crystals. PAH, polyaromatic hydrocarbons.
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According to the calculations, the maximum volume expansion
is 17% for the tetracene crystal and is lower than 10% for anthracene
and pentacene. Volume as a function of concentration is shown in
Fig. 3c. It can be seen that volume changes nonmonotonically. At a
low concentrations of Ca (x ~ 0.33 � 0.6, n ~ 0.5 � 1.5), volume
increases due to spatial repulsion of Ca atoms and polyacene
molecules; after x ~ 0.6 � 0.66 volume slightly decreases due to an
increase in total bonding between Ca and polyacenes; at high
concentrations, saturation occurs: charge transfer from calcium
atoms and energy gain decrease, spatial repulsion increases, and as
a result, the volume of the crystal increases. It is important to note
that in practice, volume change may also depend on the interca-
lation of electrolyte components, defects and solid electrolyte
interface (SEI) formation, electrolyte compatibility, and amorph-
ization upon cycling; however, these phenomena are beyond the
scope of the current study.

At a concentration of Ca greater than x ¼ 0.6 (n ¼ 1.5) in
anthracene and more than x ¼ 0.66 (n ¼ 2) in tetracene and pen-
tacene, the theoretical capacity (calculated using formula 6) of
calcium-intercalated polyacenes exceeds the theoretical capacity of
lithium-intercalated graphite, which is the most popular anode
material in ion batteries. It is notable, that these structures lie on
the convex hull and are thermodynamically stable. At the
maximum concentration at which the structures are thermody-
namically stable (x ~ 0.7 � 0.8(n ~ 2.5 � 3.5)), the theoretical ca-
pacity is approximately 2 times higher than that of lithium
graphite. Compared to calcium in graphite, polyaromatic hydro-
carbons show similar theoretical capacities.

Keeping in mind the possibility to tune the electronic structure
of PAH crystals [41e43], we investigated the effects of intercalation
on their electronic properties. Fig. 5a represents the band gaps of
AN, TN, and PN as a function of Ca intercalation. We find the band
gaps of AN, TN, and PN crystals to be 1.92 eV, 1.19 eV, and 0.85 eV,
respectively, similar to previous DFT calculations and (as is normal
for DFT band gaps) significantly lower (by � 1� 2 eV) than
experimental gaps [44].

Pristine polyacene crystals have two nearly degenerate low-
energy conduction bands, separated by 1e1.5 eV from the higher
bands (Fig. 5c). When one calcium atom is added to the unit cell, it
donates two electrons, which fill the lowest of the two nearly-
degenerate lowest-energy conduction bands (Fig. 5d), making the
crystal a very narrow-gap (0.08 eV for pentacene) semiconductor or
a metal (in the case of anthracene and tetracene). When the second
Ca atom is added, another two electrons are added, which fill the
second lowest conduction band (Fig. 5e), and the crystal gets a
much wider band gap of 0.4, 0.77, and 0.86 eV for AN, TN, and PN,
respectively. If more calcium atoms are intercalated, the system
becomes again a narrow-gap semiconductor or metal, as illustrated
in the example for pentacene in Fig. 5b. This result is in agreement
with previous calculations of the electronic properties of alkali-
intercalated tetracene [45].

Finally, to get insight into the intercalation kinetics, we also
assessed the diffusion barriers for Ca in PAH. The intercalant atom
diffusivity is an important factor governing the actual operation of
the battery, as the charge/discharge of metal-ion batteries mainly
depend on the diffusion of metal atoms in the anode materials.
Using the CI-NEB [37] method, we calculated diffusion barriers for
the Ca atom in PAH crystals between and along the PAH molecules.
The diffusion paths are presented in Fig. 6 (a, e). The associated
energy barriers are shown in Fig. 6 (b-d, f-h). The diffusion paths
along the PAH molecules (path 1) show barriers from 0.34 eV to
0.44 eV (Fig. 6(bed)), which are comparable or smaller than cal-
cium diffusion barriers in other electrode materials, such as Cax-
Na0.5VPO4.8F0.7 [46], CaxCo2O4 [47], a-V2O5 [48], CaxMoO3 [49], and
CaMn4O8 [50]. However, the diffusion is governed by the ‘jumps'
7

between themolecules. The diffusion barriers of ‘jumps’ are 0.68 eV
for anthracene, 0.92 eV for tetracene, and 0.8 eV for pentacene.
These values are still close to those of CaxNa0.5VPO4.8F0.7 [46] and
CaxCo2O4 [47] electrodes and significantly lower than those in a-
V2O5 [48], CaxMoO3 [49], and CaMn4O8 [50] materials.

High intercalation energies, low volume expansion, and satis-
factory kinetic and electronic properties make polyacenemolecules
promising anode materials for calcium-ion batteries for mobile and
stationary applications. Among the three PAHs considered, penta-
cene stands out for its lowest volumetric expansion and the most
favorable electronic properties. The activation barrier for calcium
‘jumps’ in pentacene is lower than in tetracene, and the maximum
theoretical capacity is at the same level as graphite. Therefore, we
believe that among the three PAH anodes, pentacene is the most
promising one.

4. Conclusions

With the use of DFT calculations, we studied the intercalation
and diffusion of calcium atoms in anthracene (AN), tetracene (TN),
and pentacene (PN) crystals. Up to 3, 4, and 5 calcium atoms per
formula unit of the polyacene can be intercalated into AN, TN, and
PN, respectively. Intermediates with Ca concentrations x ¼ 0.71,
0.75, and 0.8 (n ¼ 2.5, 3, and 4) in AN, TN, and PN, respectively, are
thermodynamically stable. The calculated activation energies of
calcium diffusion along the molecules are less than 0.45 eV, and the
barriers of Ca-jumps between molecules are less than 0.95 eV,
which serve as diffusion-limiting moves. During intercalation,
several conduction bands can be filled, so systems exhibit reentrant
metal-semiconductor behavior. For all crystals, the volume change
during intercalation is less than 20%, and for pentacene, it is
remarkably less than 8%.

Our results provide insights into the thermodynamics and ki-
netics of calcium intercalation into polyaromatic hydrocarbon
crystals. Values of binding energy, satisfactory activation barriers of
diffusion, and low volume expansion make polyacene crystals
promising anode materials for calcium-ion batteries.
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