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Abstract

Energetics of the anode system LiC6 compared to metallic lithium are calculated within the framework of local-density

functional theory (LDA-DFT) techniques. Our results suggest that the energy of anode intercalation results in a small change to

the cell voltage.
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1. Introduction

Lithium-ion batteries [1–3] are the current and

widely used rechargeable power source for portable

electronics devices because of their high energy

density. Previous theoretical studies [4–8] have

modelled the energetics and corresponding cell volt-

age curves of the cathode materials. Aydinol et al.

[5] calculated the average voltages for Li/LiMO2 and

Li/LiCoX2 (M =Ti, V, Mn, Co, Ni, Cu, Zn, Al;

X =O, S, Se) cells. An approximation made in these

calculations is that the transformation from reactant

to product is in two phases, so an average voltage

can be defined [5]. Courtney et al. [6] used the ab

initio pseudopotential plane-wave method and the

approximation by Aydinol et al. [5] to calculate the

average voltage for the anode material tin-oxide (in

particular, lithium–tin, LixSny). Deiss et al. [4]

calculated the energy density and cell voltages of

LiC6/LiMoO2 (anode/cathode) and LiC6/NiO2 using

the average voltage between the fully charged and

the discharged states. Yamaki et al. [7] studied the

contribution of the internal energy change to cathode

voltage assuming that the cathode material (NiO2) is

completely ionic and only the Coulombic potential

was effective. Braithwaite et al. [8] used the ab initio

pseudopotential plane-wave method and the finite

difference approximation to calculate the variation

of the cell potential with the degree of discharge.

These calculations establish the value and reliability

of DFT techniques in modelling the energetics of

intercalation. It is the purpose of this communication

to apply the same method to the problem of the

anode intercalation reaction which has not previously

been studied.
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2. Li battery system

The basic cell structure of the lithium battery is of

the type

LixC6=LiX in PC

� EC=Lið1�xÞCoO2 ðor Lið1�xÞMO2Þ;

where LiX is a lithium salt (e.g. LiClO4), PC–EC is a

mixed propylene carbonate (PC)–ethylene carbonate

(EC) solvent and M is a transition metal (e.g. Ni, Mn

or Co). The electrochemical process is as follows

LiðyþxÞC6 þ Lið1�ðyþxÞÞCoO2 X LiyC6 þ Lið1�yÞCoO2;

where y is about 0.2 Faraday per mole and the

cyclable charge x is around 0.5 [1]. The anode

reaction can be summarised as:

xLiþ þ xe� þ 6C ¼ LixC6 ð1Þ

In this communication, we explore the contribution

to the voltage by the anode material using first-

principles electronic structure techniques. We focus

our attention to LixC6 (x = 0 and 1) where the latter,

the so-called 1st stage lithium intercalated graphite, is

the experimentally reported [9] anode configuration.

3. Theoretical method

The total energy (Etot) code CASTEP [10] was used,

which employs pseudopotentials to describe electron–

ion interactions and represents the electronic wave-

function using a plane-wave basis set [11]. The total

energy is calculated within the framework of the local-

density approximation (LDA) for the exchange-corre-

lation energy. We chose LDA rather than the gradient

generalized approximation (GGA) because the associ-

ated carbon pseudopotentials describe the interaction

between graphite planes better than the GGA carbon

pseudopotentials [12–14]. Energy cutoffs of up to 900

eV were used for the expansion of the wave functions

where a single point sampling of the Brillouin zone

produced converged results in the Fourier space [15].

The interactions between the ionic cores and the

electrons are described by norm-conserving pseudopo-

tentials [16]. The pseudo-wave functions, the smooth

part of the charge density and the potential are repre-

sented on a fast-Fourier transforms (FFT) grid of

16� 16� 16, 18� 18� 50 and 32� 32� 27 for met-

allic lithium (Limetal), graphite and LiC6, respectively.

These minimum FFT grids applied to the exchange-

correlation potential (Vxc(G�GV)) are sufficient for

the cutoff energies. Limetal used 26 sampling k-points

in the irreducible wedge of the Brillouin zone. For

the calculation in space group P63/mmc (graphite)

and P6/mmm (LiC6), 24 and 15 sampling k-points in

the irreducible G wedge of the Brillouin zone were

used, respectively. The k-points were generated with

the Monkhorst–Pack [17] scheme with parameters

(8� 8� 8), (9� 9� 4) and (5� 5� 6) for Limetal,

graphite and LiC6, respectively. Each k-point was

represented with an equivalent of 540, 3650 and

3200 plane-waves for Limetal, graphite and LiC6,

respectively. All calculations involve full geometry

optimization of Limetal, graphite and LiC6 with the

total energy fully converged with respect to k-point

and energy cutoff. Geometry optimization at zero

pressure was performed with the variable lattice

parameter and full relaxation of the internal coordi-

nates. Calculations were considered to be convergent

when the maximum force on an atom was below

0.01 eV Å� 1.

4. Results

The total energy calculations for graphite, lithium

metal and LiC6 are reported in Table 1. LiC6 contains

six carbon atoms per unit cell and graphite contains

four. Therefore, to obtain DE for the intercalation

reaction, we write:

Etot
LiC6

� ð3
2
Etot
graphite þ Etot

Limetal
Þ ¼ DE ð2Þ

Using the values given in the Table 1, we obtain a

value of � 0.145 eV for DE. This result can be

Table 1

Calculated Etot for C, Limetal and LiC6 systems

LiC6 C Limetal

Etot (eV) � 940.30 � 621.93 � 7.26
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compared with experimental data of Avdeev et al. [9],

who report a value of 0.145 eV (� 13.9F 1.2 kJ/mol)

per Li for the intercalation of Li from the liquid phase

into graphite; when corrected for the heat of fusion of

lithium, we obtain 0.175 eV which compares well

with our calculated value.

The small negative values accord qualitatively with

experiment and suggest that the use of graphite/Li

anode compound instead of pure Lithium will only

result in a small change of about 5% to the cell

voltage. Such calculations may now clearly be used

routinely to determine the contributions of the anode

and cathode processes to the cell voltage.
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