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Abstract

Intercalation of Li in graphite and other layered structures is of interest for highly efficient energy

storage devices. In this work, we determine the extent to which Li intercalates at the different

interfaces formed between graphene (G) and hexagonal boron-nitride (hBN) heterostructures. We

use ab-initio calculations to explore in detail the position of the dispersed Li atoms, changes in the

structure at the interfaces, energetic stability of the configurations, and the corresponding electronic

structure with varying concentrations of the intercalant. We trace the origin of the energetic

stability and maximum concentration of Li that intercalates into various layered structures to the

ability of the interface to accept electrons. Our calculations indicate that Li intercalates easiest at

G/G interfaces, followed by interfaces between G/hBN, whereas Li cannot intercalate in hBN/hBN

interfaces. Our results provide a framework for the design of experimental setups with optimal

Li intercalation, and reveal the implications of intercalation on the dielectric properties of these

materials and their possible application in plasmonics.

PACS numbers: 73.22.-f, 74.78.Fk, 74.62.Dh
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The possibility of wide-spread use of clean energy sources has propelled research for the

development of highly efficient energy storage devices. The rechargeable lithium ion battery

is one such example of storage device with potential for high capacity and reliability1. The

performance of Li-ion based devices is determined by the electronic, structural and mechan-

ical properties of the components that form the electrodes and those of the electrolytes.

Graphite and non-graphitic carbon structures are at present the most commercially viable

anode materials in these batteries2. Carbon-based materials show reversible capacities of

450 mAh/g, with graphite delivering 372 mAh/g3. Advances in experimental methods are

making it possible to build assemblies with one to few layers of graphene (G), and to explore

their capability as anode electrodes. This level of structural control opens the possibility

for large gains in the capacity and reliability of devices based on carefully engineered lay-

ered heterostructures. Recent experiments have successfully reported intercalation of Li in

graphene bilayers4,5, and one study has demonstrated that doping is also possible in het-

erostructures with graphene/hexagonal boron-nitride (hBN) interfaces4. To take advantage

of the properties of these materials as negative electrodes in a Li battery, it is crucial to

understand the intercalation/doping mechanism and the corresponding electronic structure

of these layered assemblies. First-principles electronic structure calculations can determine

the electronic and structural properties of these materials under controlled conditions which

eliminate the effects of the ambient environment, side reactions, contamination and defects.

Previous works studied the electronic and structural changes at different stages of Li interca-

lation in graphite6–8 and few-layer graphene9–12. Park et. al.13 studied intercalation of metal

atoms at the G/hBN interface, considered as an extrinsic defect at very low concentration of

dopants. The inclusion of a large number of metal atoms between the van der Waals (vdW)

bonded layers disrupts the nature of the interaction between layers and makes simple models

unreliable in predicting their properties. A detailed theoretical understanding of the origin

of the energetic and structural stability of intercalated structures, and the changes induced

by intercalation to their electronic properties is necessary to guide further progress in the

design of devices.

We have carried out detailed first-principles Density Functional Theoretical (DFT) cal-

culations on bilayer G, bilayer hBN and G/hBN hetero-bilayers with varying concentration

of Li to determine the effects of intercalation on the electronic and structural properties of

these vdW-bonded layered structures. We determine the reaction potential and intercala-
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tion energy (energetic stability) to estimate the maximum concentration of intercalated Li

and hence the efficiency of graphene-based heterostructures anode materials in Li batter-

ies. We used the Quantum ESPRESSO14 package, with plane-wave basis sets and ultrasoft

pseudopotentials15 to represent the interaction between ionic cores and valence electrons.

The exchange-correlation energy of the electrons is treated within the Generalized Gradient

Approximated (GGA) functional of Perdew-Burke-Erzenhoff16. For the plane-wave basis

we use an energy cutoff of 50 Ry for the wave functions and 600 Ry for the charge density.

Structures were determined through minimization of the energy until the Hellmann-Feynman

forces on each atom were smaller in magnitude than 0.03 eV/Å. To minimize the interac-

tion between the periodic images along the direction perpendicular to the layers, we include

a vacuum of approximately 20 Å. The semiempirical Grimme’s DFT-D2 functional17 was

employed to include the vdW interactions between the layers.

The intercalation of Li atoms into heterostructures has been recently realized experimentally4,

with G layers sandwiched between crystals of hBN to prevent sample degradation and to

avoid side reactions. This arrangement implies that there exist 3 interfaces: G/G, G/hBN

and hBN/hBN. We study Li intercalation at these three interfaces. In order to determine

the ability of these interfaces to incorporate Li, we have carried out a detailed analysis of the

energetic stability, electronic structure and local stability (structural changes) at varying

concentrations of Li for the three interfaces. We have also examined how Li atoms are

attached on a single layer of graphene, as a reference system.

The maximum Li concentration that can be achieved in bilayer graphene is LiC12 (∼

5×1014 cm−2), which corresponds to 1 Li atom in a
√
3 ×

√
3 supercell4 of the graphene

honeycomb lattice. In this work we have simulated a larger supercell (2
√
3×2

√
3), to study

configurations with lower concentrations of Li doping LixC12, with x= 0.25, 0.5, 0.75, 1,

1.25 and 1.5. The Brillouin zone integrations were carried over 6×6×1 Monkhorst-Pack18

set of k-points for structural relaxation, while we used a denser 18×18×1 Monkhorst-Pack

set of k-points in calculating the Bader charges. At each concentration, there exist several

possible positions for Li intercalation in the bilayer. We only considered the symmetrically

inequivalent configurations at each concentration in the 2
√
3 × 2

√
3 supercell, which were

generated using the Site Occupancy Disorder (SOD) program19,20. For the G bilayer, the

number of inequivalent configurations were 1, 4, 3, 2, 2 and 2 for x= 0.25, 0.5, 0.75, 1, 1.25

and 1.5, respectively; these numbers for the hBN bilayer are 1, 4, 4 and 2, and for the G
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monolayer 1, 4, 3 and 2, at x= 0.25, 0.5, 0.75 and 1, respectively. Since the G/hBN het-

erostructure does not possess inversion symmetry, it has the largest number of inequivalent

configurations, 2, 12, 6 and 2 for x= 0.25, 0.5, 0.75 and 1, respectively. Amongst all the

symmetrically inequivalent configurations, we henceforth limit our discussions only to the

energetically most stable configuration at each concentration.

To estimate the energetic stability of the different configurations, we determined the

intercalation energy per Li atom (EI) and the reaction potential (ER). ER is the average

potential for extracting Li from a material. EI and ER are defined as

EI =
1

n
[E(LiM)− E(M)− nE(Li)] , (1)

ER = −
1

y − x
[E(LiyM)−E(LixM)− (y − x)E(Li)] , (2)

where, E(LixM) is the energy of Li intercalated with concentration x in M [for the G/G

structure, M= C12, for hBN/hBN, M= (BN)6, for G/hBN, M= C6(BN)3], E(Li) is the

energy of a Li atom in bulk Li, and n is the number of Li atoms. The configuration is stable

if both conditions, EI <0 and ER >0, are satisfied.

We consider first intercalation between two graphene layers. The properties of graphene

multilayers depend on the stacking sequence, which can impact the intercalation of Li in

these structures. To study the effect of Li intercalation on the stacking of the bilayers, we

have considered both AA and AB stacking for all interfaces (see Fig. 1). In Fig. 2 we

show the intercalation energy and reaction potential for graphene bilayer, as well as the

Li-layer separation (d/2, which is half of the interlayer separation d) with concentration

of Li atoms for both stacking sequences. Our results clearly indicate that the AA stacked

layers of graphene are energetically more favourable for Li intercalation. The LiC12 (x= 1)

configuration in AA stacking is 0.3 eV energetically more stable than AB stacking. The

structural relaxation of the graphene bilayer with Li for x>1, indicates that the two layers

get displaced relative to eachother to achieve AA stacking11, even though the pure graphene

bilayer is most stable in the AB stacked structure. The energetic stability of the AA stacked

intercalated bilayer is due to the fact that Li atoms occupy the hollow sites between the

layers in AA stacking9,10, which decreases the interlayer separation d (as compared to AB

stacking) and lowers the energy (see Fig. 2). We shall henceforth restrict our discussion to
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AA stacked graphene interfaces.

The concentration up to which Li intercalates in the graphene bilayer can be traced to the

amount of charge transferred from Li into the monolayers. Since graphene is not an insulator,

the charge donated by the Li atom gets equally distributed between the two layers. Our

Bader charge analysis shows that 0.88 ē per Li atom is transferred from Li to the graphene

layers (in agreement with previous reports10). The interlayer separation (d) increases with

the concentration of Li atoms, up to 3.7 Å for x= 121 compared to 3.3 Å for the AA stacked

bilayer with no intercalation22,23. As the graphene layers get doped, the Fermi level shifts

from the Dirac point into the conduction band as seen in the density of states (DOS), Fig.

1(c). For concentrations higher than x= 1, the configurations become energetically unstable

mostly due to the repulsion between the positive Li ions9 and the inability of the graphene

layers to accept more charge. This is referred to as Pauli blocking in Raman spectra4. This

instablity is manifested by a negative reaction potential or positive intercalation energy. The

reaction potential for x= 1.25 and x= 1.75 is zero within the accuracy of our calculations.

We consider next intercalation between graphene and hBN layers. Since there are three

elements (C, B and N) in this hetero-bilayer, there are two ways to stack the layers to

achieve AB stacking: C on top of B or C on top of N. We simulated the AB stacked

bilayer with B directly below C and N in the hollow site of the graphene hexagon, Fig.

1(f), since it is the most stable configuration24 for the G/hBN interface. Our results show

that, similar to graphene bilayers, AA stacking is energetically more favourable than AB

stacking by 0.1 eV for x= 1 (LiC6(BN)3). Compared to the graphene bilayer, AB stacking

here is less unfavorable mostly because the C atom does not directly bind to the Li. The

maximum concentration of Li is x= 0.25, Li0.25C6(BN)3 or 1.3×1014 cm−2. A lower amount

of Li intercalates in G/hBN hetero-bilayer which is explained by the following observations:

electrons from Li are first transferred into graphene up to concentrations of x= 0.25, or up

to 0.88 ē per Li atom. Beyond x= 0.25, Li starts donating electrons to the hBN layer, which

causes the system to destabilze since hBN is an insulator and does not prefer the transfer of

charge. Similar to the graphene bilayer, the interlayer separation increases with increasing

Li concentration up to 3.5 Å, compared to 3.3 Å for the undoped hetero-bilayer25. The DOS

(see Fig. 1(h)) shows doping up to EF ≈ 1.0 eV for x= 0.25, which is in good agreement

with experimental findings by Elbaz et. al4, leading to Pauli blocking of the graphene layer

due to sufficient Li intercalation.
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We next consider the case of hBN bilayer, to examine the possibility of Li intercalation

in the pacifying layers. Since our calculations on the graphene bilayer and the G/hBN

heterostructure clearly indicate that AA stacking is preferred for Li intercalation, we have

restricted ourselves to calculations of the AA stacked bilayer hBN. The energetics (see Fig.

2) clearly show that Li does not intercalate into the hBN bilayer for x ≥ 0.25. This is

because each Li transfers 0.88 ē of charge into the hBN layer, and since hBN is an insulator

the configuration becomes unstable. Here again the interplanar separation increases as the

Li concentration increases (see Fig. 2). Li may intercalate into this bilayer but the amount

of intercalation will be negligible compared to the amount in G layers or G/hBN interfaces.

In order to estimate the amount of charge transferred by Li into a single layer of graphene,

a useful reference structure, we also carried out a systematic study of the adsorption energy

(EA) and reaction potential with varying concentration of Li on a graphene monolayer.

None of the symmetry inequivalent configurations show energetically favorable adsorption9

at any concentration of Li (see Fig. 2). This suggests that though Li intercalates favorably

in bilayers with one or both layers being graphene (the G/G or G/hBN systems), single

layer graphene is unfavorble for adsorption of Li at x ≥ 0.25. Lee et. al.9 also reported no

absorption of Li on monolayer graphene. The Li-graphene distance increases from 1.75 Å to

1.87 Å in going from x= 0.25 to x= 1 (see Fig. 2). Interestingly, the charge transfer decreases

from 0.9 ē to 0.66 ē (in agreement with Ref.10) in going from x= 0.25 to x= 1, whereas in

any of the intercalated bilayers a fixed amount of charge (0.88 ē per Li) is transferred into

graphene irrespective of the Li concentration. We note that Li can adsorb on defective

graphene layers by binding to dangling bonds at carbon vacancies or unpassivated edges9.

We turn to a different aspect of the intercalated bilayers, namely their dielectric prop-

erties. Depending on the behavior of its dielectric function with frequency, a material can

have interesting applications in capacitive or plasmonic devices. The dielectric function is a

complex quantity, with the real part (ǫR) representing the polarizability and the imaginary

part (ǫI) representing the energy dissipated in the material. A more positive real part at

zero frequency (the static dielectric constant) leads to larger capacity of the material to store

charge. A negative real part of dielectric function represents the capability of the material

to support plasmons. The lifetime and the propagation length of the plasmon is governed

by the losses, that is, the imaginary component of the dielectric function. The usual require-

ment for plasmonic devices is a reduction of losses and the ability to fine tune the plasmon
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frequency by making the real part of the dielectric function negative at a given frequency.

To understand the effect of intercalation on the dielectric properties, we carried out

calculations of the pure structures and those with doping of the same level as in the systems

discussed here, but restricted to a primitive unit cell of the pure system to circumvent the

computational cost of larger supercells (details will be discussed in a separate paper). The

comparison between dielectric functions of the doped G bilayer, the monolayer graphene

and the G/hBN bilayer at appropriate relaxation times of 34.2 fs and 101 fs for bilayer and

monolayer graphene26, reveals that conduction electrons transferred from Li give rise to a

Drude peak with negative ǫR for frequencies in the IR and visible range, suggesting the

possibility of potential applications in plasmonic devices. We note that due to interaction

between the layers in bilayered or multi-layered systems, the the relaxation time is smaller

which gives rise to larger losses (confirmed by our calculations). In Fig. 3 the straight

orange line drawn at −30 cuts ǫR at 520 THz, 260 THz, 345 THz and 124 THz for the AA

stacked G/G, G/hBN, and monolayer graphene with doping concentration same as that of

a single layer in G/G labeled G1, and in G/hBN hetero-bilayer labeled G2. Though the

frequency increases with the doping concentration, ǫI at these frequencies is 5.0, 4.2, 2.2,

8.4 for G/G, G/hBN, G1 and G2, indicating larger losses in bilayers. This implies that

stacking of layers intercalates more Li and increases the plasma frequency, however losses

increase due to smaller relaxation times, and hence reduce the efficiency of the plasmonic

device. One possible way to overcome this drawback will be to supress the scattering of

electrons by adjacent layers by increasing the interlayer separation (which corresponds to

reducing the interlayer interaction), by changing the stacking sequence or by insertion of

non-interacting spacers. These findings can guide experimental realizations of electronic

and plasmonic devices based on the Li-intercalated G/G and G/hBN structures.
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FIG. 1. Relaxed structures of (a) AB stacked and (b) AA stacked bilayer graphene with Li

intercalation concentration x= 1 (Lix=1C12). (c) Density of states projected unto the atomic

orbitals for AA stacked configuration at maximum intercalation concentration (x= 1). Note that,

EF lies ≈ 1.5 eV above Dirac point (black vertical line). (d), (e): most stable AA stacked graphene

bilayer configurations for x= 1.25 and x= 1.5. (f) AB stacked and (g) AA stacked relaxed structure

of graphene/h-BN with Li intercalation concentration, x= 0.25 (Li0.25C6(BN)3). (h) Density of

states projected onto the atomic orbitals for AA stacked configuration at maximum intercalation

concentration (x= 0.25). EF lies ≈ 1.0 eV above Dirac point (black vertical line).
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FIG. 2. (a) Intercalation energy (EI in eV), (b) reaction potential (ER in eV), and (c) Li-layer sep-

aration (d/2 in Å) for graphene bilayer (G/G in black), graphene-hexagonal boron-nitride (G/hBN

in red), hexagonal boron-nitride bilayer (hBN/hBN in green) in the AA (open circles) and AB

(filled squares) stacked configurations, and monolayer graphene (G in blue). Areas shaded in grey

indicate regions of energetically unstable states, and the dashed lines represent the switch from

AB stacking to AA stacking in G/G.
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FIG. 3. Dielectric function real and imaginary parts (ǫR, ǫI) of bilayer graphene (G/G, black lines),

graphene/hBN hetero-bilayer (G/hBN, red lines), monolayer graphene with doping concentration

same as in bilayer graphene (G1, blue lines), and same as in graphene/hBN hetero-bilayer (G/hBN,

violet lines).
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