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ABSTRACT

We investigated the adsorption and diffusion of lithium atom on graphene like h-BN, h-AIN and h-GaN monolayers for
potential applications as an anode for lithium ion batteries using first principles calculations. To find an energetically
favorable site, three possible adsorption sites are considered to place the single Li atom on substrates. Our results revealed
that lithium atom prefers the hollow site of the monolayer structures rather than the top of B, Al, Ga or N atom. We also
obtained the diffusion energy barrier of adsorbed lithium ion through a pathway from one hollow position to another as
0.117, 0.452, and 0.610 eV for h-BN, h-AIN and h-GaN structures, respectively.

Keywords: 111-V monolayers, Li-ion batteries, Adsorption energy, Diffusion energy barrier

1. INTRODUCTION

In recent years, tremendous attention has been paid to rechargeable Li-ion batteries (LIBs) due to their
spectacular performance in comparison with other types of rechargeable batteries [1-5]. LIBs have a
very wide application area such as hybrid electric vehicles, computer electronics, portable electronic
devices [6-8]. Recently, several studies have been stated that two-dimensional (2D) materials such as
graphene, phosphorene, borophene, silicene, antimonene can be promising potential candidates as
anode materials for LIBs due to their superior electronic and mechanical properties [9-15]. Hexagonal
boron nitride (h-BN), aluminum nitride (h-AIN) and gallium nitride (h-GaN) have also received great
attention, because of having wide energy band gap, high thermal conductivity and high stability [16-
19]. Previously, Zeng et al. [20] pointed out that h-BN nanosheets have better thermal and chemical
stability comparing to graphene. Hence, these graphene-like materials can be proposed as a prominent
nanoscale material.

There are various studies about h-BN, h-AIN and h-GaN nanostructures with adsorbed transition metal
atoms [21-25]. Hwang et al. [26] obtained the Li atom adsorption behaviour on h-BN monolayer using
semi-empirical Grimme DFT-D2 method (dispersion corrected density functional theory (DFT)
calculation method) and compared their results with the ones calculated by conventional DFT method.
They reported that the Li atom is strongly physically adsorbed on the BN-nanosheet with dispersion-
corrected DFT calculation and the H-site is the most favorable adsorption site. Most recently,
Sengupta [27] performed calculations for binding energies, diffusion barriers for different reaction
pathways and also for different concentrations of Li and Na adsorption on monolayer AIN using DFT
with Grimme's DFT-D2 van der Waals correction term. The hollow site is found as the most favorable
site for Li/Na and adsorption energies are obtained as 1.83 eV and 1.21 eV for single Li and Na atom,
respectively. The diffusion barrier of Li is determined as 0.40 eV, whereas this value is 0.15 eV for
Na.
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In this paper, we investigated the adsorption of Li over h-XN (X=B, Al and Ga) monolayers via first-
principles calculations. To gain further insight into the adsorption properties, we considered three
different adsorption sites and determined the possible adsorption sites for each structure.

2. COMPUTATIONAL METHOD

Structure optimization, energy calculations, electronic band structures and density of states (DOS)
analyses were performed in Quantum Espresso (QE) software package [28], based on DFT. For
exchange-correlation functionals, generalized gradient approximation (GGA) [29] with Perdew-
Burke-Ernzerhof (PBE) type functional was considered. To describe the interaction between the ions
and electrons, Kresse-Joubert projector augmented wave (PAW) potential [30] was taken into account.
The effect of van der Waals interaction was implemented using Grimme's DFT-D2 dispersion
correction method [31]. For all calculations, the kinetic energy cutoff of the wave functions was set as
65 Ry, a 9x9x1 Monkhorst-Pack [32] k-mesh was employed to sample the first Brillouin zone and a
60-kpoints grid was used for plotting the electronic energy band. The structure optimization
calculations were carried out using Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [33] until
Hellmann-Feynman forces on each atom were less than 10 Ry/Bohr. Gaussian smearing method was
chosen with a broadening width of 0.02 eV. The threshold for energy convergence was set to 10 Ry
with a Davidson diagonalization algorithm [34]. In order to prevent the interactions between layers, a
vacuum space of 20 A was applied along the z-direction. To analyze the Li diffusion on h-BN, h-AIN
and h-GaN monolayers, we performed the Climbing-lmage Nudged Elastic Band (CI-NEB) [35]
calculations implemented in QE. For the determination of minimum energy path (MEPs) of each
elementary step, we used seven images including initial and final configurations.

3. RESULTS and DISCUSSIONS

For the sake of comparison, we firstly obtained structure optimization calculations for the bare h-XN
monolayers. The optimized lattice parameters as 2.51, 3.11, 3.21 A for h-BN, h-AIN and h-GaN,
respectively and corresponding bond lengths are dgn=1.45, dan=1.80 and de.n=1.85 A, which are
compatible with the literature [27, 36-40]. The top view of the crystal structure of h-XN monolayers is
illustrated in Figure 1 (2). In order to investigate Li adsorption and diffusion on substrates, unit cell of
each monolayer has been enlarged to a (4x4x1) supercell. The lattice constants of these supercells are
at least four times of Li, bond length (2.67 A) [41, 42], hence Li adatom mimics to isolated atom on
the substrates.

Present PBE calculations show that each considered monolayer has semiconductor characteristic with
a wide band gap. Obtained band structures and corresponding projected density of states (PDOS) are
given in Figure 1 (b-d). Single layer h-BN has a band gap of 4.64 eV, while h-AIN and h-GaN has
2.89 and 2.10 eV, respectively. According to Loéwdin analysis, 0.40 electrons (e”) transferred from
boron to nitrogen atoms, this charge transfer is 1.09 e~ from Al to N and 0.92 e from Ga to N atom as
expected according to ionization potentials of constituent atoms. These results of charge analysis are
consistent with the previous studies in the literature [43, 44].
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Figure 1. (a) Crystal structure of h-XN (X=B, Al, Ga) monolayer with three possible adsorptions sites of a single Li atom.
(b-d) Electronic energy band structure, total and projected density of states (PDOS) for bare 4x4x1
supercell structures of h-BN, h-AIN and h-GaN.

To explore the Li adsorption behavior on h-BN, h-AIN and h-GaN, we considered three adsorption
sites: (i) on the top of an X (X=B, Al, Ga) atom (Tx), (ii) on the top of an nitrogen atom (Tn), and (iii)
above the center of a hexagon ring (hollow (H) site) as illustrated in Figure 1 (a). As initial
configurations, Li atom is placed 2 A above the surface of h-XN plane in z-direction on considered
sites. After optimization, we calculated the Li adsorption energy using following equation:

E,4 = E(h — XN) + E(Li) — E,,(Li@h — XN) (1)

where E, 45 corresponds to the adsorption energy, E(h-XN) represents the total energy of bare h-XN
monolayers, E(Li) is the free energy of an isolated single Li atom, E,.(Li@h-XN) is the total energy
of Li adsorbed h-XN system. E,4s > O represents the adsorption of the Li atom on the relevant site.
Obtained adsorption energies for the each considered adsorption sites are demonstrated in Figure 2 (a).
As is seen from Figure 2 (a), the H site is the most favorable adsorption site of Li atom for all
considered h-XN structures. This favorable adsorption site is followed by Tx and T for both h-AIN
and h-GaN while this order is vice versa in h-BN. We computed the adsorption energy of stably
adsorbed Li atom at H site on h-BN as 0.279 eV. In a previous study, Hwang et al. [26] also found the
H site as the most stable adsorption site of Li atom on h-BN monolayer with adsorption energy of
0.275 eV. We calculated the adsorption energies of a single Li atom at H, Ta and Ty sites on h-AIN
plane as 1.241, 0.938 and 0.885 eV (in respective order), which are close to the reported theoretical
results in the literature. In this recent study, Sengupta [27] computed the adsorption energies as 1.510,
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1.165 and 1.138 eV for H, Ta and Ty sites, respectively, using Grimme’s DFT-D2 method within QE
and norm-conserving Troullier-Martins pseudopotential sets. We obtained the highest adsorption
energy for H site on h-GaN plane with a value of 1.684 eV, as compared to h-BN and h-AIN. These
adsorption energy values for the Li atom on h-XN are smaller than that obtained for germanene and
stanene (2.07~2.21 eV) [14, 45-47].

We obtained electron charge density difference for a single Li atom adsorbed on the hollow site of
each h-XN as in Figure 2 (b-d). The charge density differences (Ap) obtained according to the
following formula:

Ap = PLi@h-XN — Ph—xN — PLi 2)

where prien—xn Means the charge density of monolayer after Li adsorption, p,_xn represents the
charge density of monolayer, and py; represents the charge density of Li.

As depicted in Figure 2 (b-d), electronic band structures of the h-XN monolayers have been
significantly affected by Li adsorption. The energy levels of the valence and conduction bands shift to
lower energy values due to charge transfer from Li adatom to the surface. Impurity band appears at the
Fermi level of each h-XN electronic band structures and the all considered semiconducting h-XN
monolayers start to exhibit metallic characteristic. The changes in the electronic structures, increase
electrical conductivity of the systems and make them suitable materials as the anode of the Li-ion
batteries. From projected DOS plots, it is obvious that the dominant orbital of the new energy band
around the Fermi level comes from s orbital of the Li adatom.

To determine the diffusion barrier energy of a single Li atom diffusion along the surface between the
two nearest neighbour hollow sites we performed the NEB calculations. Obtained energy barriers are
illustrated in Figure 3. As can be seen from the Figure 2 (a), there are very small adsorption energy
differences between the possible adsorption sites for the Li atom on h-BN monolayer, so there is only
one global minimum for the diffusion path. The possible diffusion pathway of the Li atom on h-BN
was obtained as H site to the bridge site over a BN bond and then H site. However, there is a local
minimum while Li adatom diffuse on h-AIN or h-GaN monolayers. The diffusion path of Li in both h-
AIN and h-GaN proceed to lie through H site-Tn-H site. The calculated migration barrier energies of
Li ion on h-BN, h-AIN and h-GaN monolayers as approximately A= 0.117, 0.452, and 0.610 eV,
respectively (Figure 3). The diffusion of Li on h-BN surface is much easier as compared to h-AIN and
h-GaN monolayers and its value is comparable with a number of 2D materials such as MoO, (0.158
eV), MoS; (0.19-0.25 eV), WO (0.176 eV), graphene (0.277 eV) and stanene (0.1-0.25 eV) [14,15,48-
51]. However, the diffusion energy barriers of h-AIN and h-GaN monolayers are much better than that
of phosphorene (0.76 eV) and silicene (1.2 eV) [11-14]. In the recent study of Sengupta [27], the
diffusion energy barriers through the pathway of H-T a-H were reported as 0.40 eV and 0.45 eV for H-
Tn-H pathway. In addition, we calculated the diffusion coefficient (D) using Arrhenius equation:

D = a’vexp <_—A) (3)

kgT
where a is the lattice constant of h-XN monolayer, D is the calculated Li diffusion energy barrier,
v = 10! Hz, and kgT = 0.026 eV [52,53]. The diffusion coefficient values were given in Table 1.
Obtained diffusion coefficient values are comparable or higher than the commercially available Li-ion
batteries [53,54]. However, we should note that increment of the diffusion energy barrier from the h-
BN to the hAIN and h-GaN results in decreasing the diffusion coefficient value on the order of 10~°
and 1078, respectively. The low diffusion barrier energy and the high diffusion coefficient value of h-
BN+Li system, indicates that the transport of the lithium ions on the h-BN monolayer along the
considered diffusion path can be easily. However, the diffusion coefficients for Li ions along the two
neighbour H sites on h-AIN and especially on h-GaN are small, which means poor possibility of Li ion
mobility at the room temperature. But, as can be seen from the Equation 3, increasing of the
temperature can increase the mobility of the Li ions on the substrates.
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Figure 2. (a) Adsorption energies (eV) as a function of adsorption sites for h-XN (X=B, Al, Ga) monolayer

structures. (b-d) On the above figures, isosurface plot of the charge density difference (Ap) for the
adsorbed Li atom at the most stable site (H site) are illustrated. The isosurface level is set to 0.002

electrons/A3. The below figures are the electronic energy band structure, total and projected density of
states (PDQOS) for adsorbed single Li atom at H site of h-BN, h-AIN and h-GaN supercell structures.

Table 1. Calculated adsorption energy values for most favorable adsorption site (Hollow-site) of Li
atom: Site, favorable adsorption site; h, the height of the stably adsorbed Li atom above h-
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XN (X=B, Al, Ga) plane and D, the value of diffusion coefficient. A single Li atom has

been placed 2 A above the substrate atoms in z-direction.

Monolayer E.qs (V) h (A) D(cm?/s)
h-BN+Li 0.159 1.936 7.00x107
h-AIN+Li 1.241 1.617 2.73x1012
h-GaN+Li 1.684 1.541 6.66x101°
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Figure 3. Calculated diffusion energy barriers of single Li atom adsorbed on h-XN (X=B, Al, Ga)
monolayer structures along a diffusion path.

4. CONCLUSION

Using first principle calculations with the Grimme’s DFT-D2 dispersion correction, we explore the
favorable adsorption site of the Li adatom on the h-BN, h-AIN and h-GaN monolayer structures upon
three different adsorption sites. We obtained that the hollow site is the most preferable adsorption site
of a single Li atom on h-XN monolayer. The hollow site of h-GaN offers the highest adsorption
energy for Li atom in comparison to h-BN and h-AIN. We also determined the lithium diffusion
barrier energy for these monolayer structures. Our results show, calculated barrier energy on h-BN is
lower than the most of 2D monolayers, while diffusion energies for h-AIN and h-GaN are lower or
comparable with the commercial Li-ion batteries. Li adsorption leads to a change in electronic band
structure of each considered monolayers and semiconductor characteristic with wide band gap is
turned into metallic, which is preferable electronic structure property for the anode electrodes. Our
results show that the h-XN monolayers would be promising candidate anode materials for Li-ion
batteries, due to their adsorption energies and suitable diffusion energy barriers. Also, their metallic
character after Li adsorption makes them good conductor and preferable materials.
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