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Abstract

Using first-principles calculations we study the energetics of alkali metal
(AM) atom intercalation into bulk tetracene crystals. We show that, contrary
to the adsorption of Li and Na atoms on isolated tetracene molecules, the
intercalation of these and other (K, Rb, Cs) AM atoms into bulk tetracene
crystals is energetically favorable (with respect to forming an infinite AM
crystal) in a wide range of AM concentrations and that the intercalation en-
ergy is noticeably lower than that for intercalation into graphite, a material
used today in anodes of AM batteries. In case of Li, there is no swelling
of the intercalated crystals, and for Na the increase in crystal volume is less
than 10%, which makes crystalline tetracene attractive from the viewpoint of
energy storage, as the capacity exceeds the theoretical capacity of graphite.
We further assess diffusion barriers of AM atoms, which for Li and Na proved
to be below 0.5 eV, indicating a high diffusivity of these atoms already at
room temperature. We also study the effects of intercalation on the electronic
properties of the system, and show that several bands can be filled upon inter-
calation, so that the system exhibits semiconducting-metallic-semiconducting
behavior when AM atom concentration increases. Our results shed light on
the perspective of using AM atom intercalation into tetracene crystals for
energy storage and tuning the electronic properties of this system.
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1. Introduction

The development of lightweight and compact but high-capacity recharge-
able electrical power sources is crucial for further progress in ecologically-
friendly technologies such as the manufacture and use of fully electric vehi-
cles or renewable solar and wind energetics, which require large-scale energy
storage facilities. Among them, Li-ion batteries (LIB)[1, 2, 3] are one of the
most important sources due to their good efficiency and high energy density,
as emphasized by the 2019 Nobel Prize in Chemistry, which was awarded
for their development. Modern Li-ion batteries consist of the cathode and
anode, and in order to meet the ever-increasing demand for high power and
energy density, significant efforts have been made to search for high capac-
itance anode materials [2, 4, 5]. Among them, carbonaceous materials have
attracted lots of attention because they can reversibly absorb and release Li-
ions at a low electrochemical potential. Various types of carbon-containing
materials have been considered as an anode, such as bulk graphite [6, 7],
few-layer graphene [4, 5], and carbon nanotubes [§].

As Li reserves are limited, much research effort has also been focused
on batteries with Na [9] and K [10] ions. However, due to the large size
of Na and K atoms, traditional anode materials, e.g., graphite, which work
well for Li, may not in general be suitable for Na and K atoms due to their
low intercalation rate[10, 11] and undesirable volume changes upon interca-
lation/deintercalation, which has stimulated search for alternative systems.

In particular, polycyclic aromatic hydrocarbon (PAH) molecules, such
as benzene, naphthalene, anthracene and tetracene have received lots of at-
tention in that context [12, 13, 14]. PAH systems have been considered as
prototypical carbonaceous materials, which mimic sp? allotropical forms of
carbon, and also as organic solids capable of storing sufficiently high amount
of energy to be of practical use. Specifically, Friedlein et al.[15] theoretically
assessed the charge storage capability of PAH and showed that small and
medium-size PAH might have the highest energy storage ability among all
carbonaceous systems. Using density functional theory (DFT) calculations,
Panigrahi and Sastry [16] studied the adsorption of Li atoms on a PAH
molecules and demonstrated that the binding energy of Li atoms to PAH
strongly depends on the position of the Li atom and the size of PAH. Porous
tetracene-based materials have also theoretically been considered for Na and
K storage [17].

Intercalation of alkali metal (AM) atoms into PAH crystals has also been



investigated [18] in the context of its electronic structure modification, e.g.,
to make the system superconducting [19]. K-intercalated PAH crystals were
manufactured [20] and their structural and electro-magnetic properties were
studied by a combination of spectroscopic techniques and DFT calculations.
The crystal structure of K intercalated tetracene crystals and their electronic
properties were aslo experimentally studied for various concentrations (up to
two K per molecule) [21].

However, in spite of the prospects of PAH as anode materials, the inter-
calation of AM atoms into PAH crystals has not yet been studied in detail in
the context of energy storage. Here we report the results of first-principles
calculations of the intercalation of AMs in tetracene as the typical PAH sys-
tem. We study the interaction of AMs with tetracene by considering both
isolated molecules and bulk crystals, and also investigate the changes in the
electronic characteristics of the system with increasing AM atom concentra-
tion.

Figure 1: (a) Isolated tetracene molecule with adsorbed alkali metal (AM) atoms. (b)
Thetracene crystal represented by a 2 x 2 x 2 supercell with intercalated AM atoms.
Large purple balls represent AM atoms, grey and white balls carbon and hydrogen atoms,
respectively



2. Calculation methodology

All our calculations were carried out using the VASP software package
22, 23]. An energy cut-off of 600 eV was used for the supercells calculations.
The Brillouin zones of the primitive cells of tetracene and alkali metals were
sampled using 4 x4 x4 and 12 x 12 x 12 Monkhorst—Pack grid points [24]. The
maximum force on each atom was set to be less than 0.01 eV for the optimized
configurations. Our convergence tests indicated that the parameters we used
were sufficient to assess the energetics with an accuracy of at least 0.02 eV.
The atomic structures and the charge densities were illustrated using the
VESTA package [25].

In this study we focused on tetracene, the typical PAH system. The unit
cell of tetracene contains two molecules, which are arranged in herringbone
layers in the ab-plane and stacked along the c-axis[26]. The 1 x 1 x 1 and
2 x 2 x 2 tetracene supercells containing 60 and 480 atoms were used in the
calculations.

As van der Waals (vdW) forces contribute to the interaction of AM atoms
with PAH molecules [27], the proper account for them is important. The
vdW interaction can be modelled at different levels of sophistication, ranging
from pair-wise interaction up to fully quantum-mechanical treatment, which
is associated with lower/higher accuracy and the associated computational
costs, see, e.g., [28, 29]. for an overview. In order to find a compromise
between the accuracy and efficiency, we considered several vdW schemes (see
Table S1). DFT-TS[30] and DFT-TS/HI[31] yield the lattice parameter of
tetracene crystals which are in a good agreement with the experimental data,
but these methods do not work well for alkali metals as shown previously [32].
The most accurate methods like vdW-DF [33] and optPBE-vdW [34] also give
correct values of tetracene lattice parameters, but as showed we previously
study [35] underestimate energy of bulk AMs, which affects the energetics of
intercalation. At the same time, the computationally efficient zero damping
DFT-D3 method [36] gives reasonable values of the lattice parameters and
the energy, so that we used it in this study.

To assess the energetics directly related to the intercalation and relative
stability of different configurations, we calculated the intercalation energy per
AM atom, F;, which corresponds to the energy change when n 4y, AM atoms
are moved from the corresponding bulk AM crystal into the heterostructure,
which is defined as

E; = [E(nayn) — E(0)]/nan — pan, (1)
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where E(naps) is the total energy of AM-intercalated tetracene system, £(0)
is energy of the pristine tetracene structure, and g4, - is the chemical poten-
tial of AM atom in the bulk structure (HCP in this study). Negative values
indicate that it is energetically favorable for AM atoms to be intercalated,
as compared to being in an infinite AM crystal.

In order to better understand the structural transformation which occur
in the host upon intercalation, we also calculated the deformation energy Ejy
which is defined as

E;=FE* — E, (2)

where E* is the energy of an isolated tetracene molecule with the geometry
being the same as with the intercalant (the AM atoms are removed and the
energy is calculated without geometry optimization) and Fj is energy of the
fully relaxed molecule.

Using the CI-NEB [37] approach, we assessed diffusion barriers for Li,
Na, K, Rb and Cs atoms in tetracene crystals. Diffusion path consisted of 7
images. Diffusion barrier was calculated in the 2 x 2 x 2 tetracene supercells.

3. Results and discussion

Prior to studying the intercalation of AM atoms (Li, Na, K, Rb, Cs)
into bulk tetracene crystals, we considered the interaction of AM atoms with
isolated molecules, and studied the absorption of AM atoms on an isolated
tetracene molecule, Fig. 1(a). The number of adsorbed AM atoms varied
from one to five. There are various possibilities for the adsorption of AM
atoms on the tetracene molecule (next to each other, or with maximum
separation, on the same or different sides of the molecule, etc.), and even for
a single atom there are several inequivalent adsorption positions. All possible
adsorption configurations we considered are shown in Fig. S1. In case of
single AM atom there are two possibilities to interact with the molecule,
that is to be adsorbed on the the terminal hexagonal ring (configuration
lap) or in the middle of the molecule (lag). Our calculations showed that
for Li, Na, K, Rb and Cs, single atom adsorption is preferable at the non-
terminal hexagonal rings (lay). The difference between E; for the la; and
lay positions, which is in this case the adsorption energy calculated using
the energy of the bulk AM crystal as a references through equation 1, is
0.04 eV, 0.10 eV, 0.10 eV, 0.18 eV, 0.10 eV per AM atom for Li, Na, K,
Rb and Cs respectively. In case of two AM atoms, the 2ag configuration



was found to be preferable for Li, K, Rb, Cs, and 2a5 configuration for Na.
Adsorption of more than two AM atoms on single molecule is energetically
less favorable due to repulsive interaction between positively charged AM
atoms, as shown earlier[16]. Overall, it is evident that AM atoms prefer to
be spatially separated, ideally adsorbed on different molecules in the crystal.

To visualize the dependence of F; on the number of the adsorbed AM
atoms n4ys, in Fig. 2 we plotted E; for the lowest energy configuration as
a function of nay, for Li, Na, K, Rb, and Cs. With decreasing electronega-
tivity from Na to Cs[38] E; decreases, which can be understood in terms of
a stronger bonding due to a larger charge transfer, but in case of Li (except
for a energetically unfavorable large number of adsorbed atoms) the trend is
broken. Such a behavior for AM atoms intercalated into a bilayer graphene
and graphite has been discussed earlier [39, 40, 41]. This effect is due to
a strong covalent bonding between Li and carbon atoms [42] and the ionic
contribution to the bonding. To illustrate this point, the charge difference
between electron densities of the combined and separated system was visu-
alized in Fig. 3. It is evident that the localization of charge in the covalent
bonds between Li atoms and tetracene molecules is stronger (higher electron
density concentration) than for other AM atoms.

The calculation of the electron transfer using the Bader charge analysis
method [43] showed that a single AM atom on an isolated tetracene molecule
loses approximately 0.87-0.86 electrons. With an increase in the number
of atoms, the number of electrons per AM atom transferred to tetracene
molecule decreases. An exception is the case with five Li atoms (position
Sag) where there is a significant deformation of the tetracene molecule, which
leads to a change in the electronic properties and, as a result, a greater
charge transfer to the molecule. To estimate the deformation of the tetracene
molecule with adsorbed Li, Na, K, Rb and Cs atoms deformation energy (E,)
was calculated (Eq. 2). The value of the deformation energy is presented in
Tables S2-S4. In the case of Li, the maximum deformation energy and an
increase in charge transfer are observed for 5ag, configuration.

Having studied the interaction of AM atoms with isolated tetracene molecules,
we simulated the AM atom intercalation into bulk tetracene crystals. AM
atoms were added to the supercell, Fig. 1(b), and the structure was fully
optimized. The concentration x of AM atoms defined as the number of AM
atoms per unit cell of tetracene was increased from zero up to eight. We note
that two stable positions of a single AM atom in the supercell are possible,
as illustrated in Fig. S3, and there are many configurations with roughly the
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Figure 2: Energy required to take an AM atom from the bulk crystal and adsorb it on a
free-standing tetracene molecule.

same energy when there are more than one AM atom in the supercell.

The intercalation energy FE; calculated through Eq. 1 is presented in
Fig. 4(a). It is evident that the values of E; are negative, which means
that the intercalation is energetically favorable, even for Na, contrary to
the intercalation into graphite [40] assuming that the ‘conventional’ C4LiCg
single- (not multi-layer [41]) structure with Li arranged in a commensu-
rate (v/3 x v/3)R30° superstructure [44, 45, 40] is formed between graphene
sheets. The minima observed at x ~ 3 (r=number of AM atoms/unit cell of
tetracene) for all AM atoms indicate that spatially non-uniform intercalated
crystals should be expected. The minima (for Li x=4, two Li atoms per
tetracene molecule) is due to the fact that at high concentrations positively
charged AM atoms begin to interact with each other.

The calculation of the charge transfer by the Bader method[43], Fig. 4(b),
indicates that with increasing concentration of Li the number of electrons
that each atom donates to the tetracene crystal is approximately 0.85-0.86
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Figure 3: Charge transfer upon AM atom adsorption on a tetracene molecule, visualized
as a difference between the electron density of a tetracene molecule with adsorbed AM
atoms and the isolated molecule and the atoms. The charge difference is presented for the
cross-section through the plane passing through the AM atoms and being perpendicular
to the tetracene molecule plane. Note a build-up of the electron density between Li atoms
and tetracene, indicative of covalent bonding. Red areas correspond to density build-up,
blue to depletion.

e”, and it is almost constant. In the case of Na, K and Rb, when their concen-
tration increases, the number of electrons they donate to the tetracene crystal
slightly decreases from 0.86-0.83e™ to 0.80-0.79e~. For Cs the changes in the
number of electrons are larger, from 0.86 e~ to 0.7e”, which is associated
with a larger change of the volume of the tetracene crystal upon intercala-
tion, Fig. 4(c). Overall, the differences in the behavior of the transferred
charge for Li and other alkali metal is related to the volume changes and
the degree of covalent/ionic bonding between the intercalant and the host,
as illustrated in Fig. 3. We note that the relatively small increase in the
volume for Li and Na is an importnat result, hinting at the possibility of
using tetracene crystals in the batteries.

To make the trends in the intercalation energy during intercalation of AM
to tetracene crystal more evident, in Fig. 4(d) we plotted the changes in the
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Figure 4: (a) Intercalation energy as a function of AM atom concentration = (b) Charge
transfer from AM atoms to tetracene crystal as a function of concentration of z, (¢) Change
of the volume of tetracene crystal vs. z. (d) Intercalation energy for AM atoms when one,
two and three atoms per primitive cell are intercalated z = 1,2, 3.

intercalation energy for a different number of AMs atoms. As in the case of
the tetracene molecule, with decreasing electronegativity from Na to Cs, the
energy is lowered, but in case of Li, the trend is reversed due to the covalent
interaction between Li atoms and the molecules, as discussed previously.

We also calculated the capacity of the tetracene crystal (Fig. 5) with
various concentrations of AM atoms. Theoretical capacity was calculated
using Faraday’s law. At a concentration of AM atoms more than z=6, the
capacity of tetracene exceeds the theoretical capacity of graphite, which is
widely used in ion batteries. In the case of Li and Na this concentrations
are possible without a significant increase in the volume of tetracene. Thus
hypothetically tetracene may be a more capacious anode material for Li-ion
and Na-ion batteries than graphite.
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Figure 5: Capacity of the tetracene crystal with different concentrations of AM atoms.

For a deeper understanding of the intercalation processes at low concen-
trations of AM atoms, we also simulated the itercalation of Li, Na, K into a
larger tetracene crystal represented by a 2 x 2 x 2 supercell. The results are
presented in Fig. S2(a). The oscillations in the dependence of the interca-
lation energy are due to the fact that the intercalated atoms were randomly
intercalated in the supercell and did not necessarily occupy the most energet-
ically favorable positions, which would have required extremely large amount
of CPU time due to a large number of atoms in the system. Similar to the
intercalation into 1 x 1 x 1 supercell, with increase in the concentration, the
amount of charge transferred decreases in case of K and Na, but remains
unchanged for Li, about 0.86e~, Fig. S2(b).

To get insight into the intercalation kinetics, we also assessed the dif-
fusion barriers for the intercalated atoms. The intercalant atom diffusivity
is an important factor, which may govern the actual operation of the ion
battery, as the charge/discharge of metal-ion batteries mainly depends on
the diffusion of AM atoms in the anode materials. Using the CI-NEB [37]
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Figure 6: (a) Diffusion paths for Li and Na atoms between and along the molecules in a
tetracene crystal. (b) Migration barrier of Li and Na along the tetracene molecule. (¢) The
barrier of Li and Na for migration from one molecule to another. (d) Diffusion paths for
K, Rb, Cs along the molecules and along the stacks of tetracene molecules in a tetracene
crystal. (e) Migration barrier for K, Rb, Cs along the tetracene molecule. (f) Migration
barrier for K, Rb, Cs along the stacks of tetracene molecules.

approach we calculated diffusion barriers for Li, Na, K, Rb and Cs atoms.
It was determined that for different types of alkali metal atoms different po-
sitions in the tetracene crystal are most energetically favorable, Fig. S3(a).
For example, for Li and Na atoms, the most favorable position is between
tetracene molecules (position 1 in Fig. S3(b)). It is interesting that in case
of Na, the difference in energy between position 1 and position 2 is rather
small, that can be key for understanding the low Na barrier. On the other
hand for K, Rb and Cs atoms, it is more energetically favorable to be be-
tween the stacked tetracene molecules (position 2 in Fig. S3(b)). For this
reason, different diffusion paths were chosen for Li, Na (pathl, path2) and
for K, Rb, Cs (path3, path4). The diffusion paths are presented in Fig. 6(a)
for Li, Na and in Fig. 6(d) for K, Rb, Cs. The associated energy barriers
are shown in Fig. 6(b,c,e,f). It is evident that the barriers for Li and Na are
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Figure 7: Density of states of pristine tetracene crystal and with Li (z=1). Zero energy
corresponds to conduction band minimum in the absence of doping.

relatively low, so that the diffusion should be possible at room temperature,
but the diffusion is governed by the ’jumps’ between the molecules. With
regard to the diffusion along the molecule, the obtained values for Li are in
good agreement with the values of the diffusion in BLG (AA stacking energy
barrier 0.34 eV, for AB stacking 0.07 eV) [46]. The diffusion barrier for Na
is slightly lower than for Li, which is consistent with previous calculations of
the diffusion of Li and Na for example in case of graphene [47]. The diffusion
barrier for K, Rb and Cs are quite high.

Finally, keeping in mind the possibility to tune the electronic structure
of tetracene crystals, we investigated the effects of intercalation on their
electronic properties. Previous DFT studies of the electronic properties of
tetracene showed that the system is a semiconductor with a band gap of
1.23 eV[48]. Our calculations gave a close value of 1.17 eV. The densities of
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states (DOS) of the pristine and intercalated systems are shown in Fig. 7.
The calculations of the electronic structure of the tetracene crystals indicate
that the intercalation by Li, Na, K, Rb, and Cs atoms (low concentration of
the AM atoms) gives rise to the shift of the Fermi energy to the conduction
band minimum, so that the system becomes metallic, as illustrated in Fig.
7(b). Increase of the AM atom concentration z gives rise to the full filling of
the first empty band, and a new gap separates filled and empty states. The
value of the gap varies for different AM, as the DOS slightly changes. At a
concentration r=4 in cases of Li, Na, K, Rb and Cs the band gap is 1.07 eV,
1.1 eV, 1.2 eV, 0.76 ¢V and 1.03 eV respectively.

4. Conclusions

In summary, by employing DFT calculations we investigated the adsorp-
tion of alkali metal (AM) atoms on isolated tetracene molecules, the typical
polycyclic aromatic hydrocarbons, and their intercalation into bulk tetracene
crystals. We showed that, while adsorption of Li and Na atoms on isolated
tetracene molecules is energetically unfavorable with respect to being in an
infinite AM crystal, the intercalation of these and other (K, Rb, Cs) AM
atoms into bulk tertacene crystals is associate with energy release in a wide
range of AM concentrations. Moreover, the intercalation energy is notice-
ably lower than that for intercalation into graphite, a material used today
in anodes of AM batteries. In case of Li, there is no swelling of the inter-
calated crystals, and for Na the increase in crystal volume is less than 10%,
which makes crystalline tetracene attractive from the viewpoint of energy
storage, as the capacity exceeds the theoretical capacity of graphite. We also
calculated diffusion barriers for all AM atoms we considered. For Li and
Na atoms along and between the molecules, the barriers proved to be be-
low 0.5 eV, indicating a high diffusivity of these AM atoms already at room
temperature. The diffusion barrier for K, Rb and Cs proved to be rather
high, indicating that diffusion of these AM atoms at room temperature is
slow. We further studied the effects of intercalation on the electronic prop-
erties of tetracene crystals, and demonstrated that depending on AM atom
concentration, several bands can be filled upon intercalation, so that the sys-
tem exhibits first metallic then again semiconducting behavior. Overall, our
results provide insights into the energetics and kinetics of AM atom interca-
lation into tetracene crystals in the context of energy storage and tuning the
electronic properties of this system.
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