APPLICATION NOTE

Graphite Electrode Elastic Properties upon Li Intercalation
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First-principles calculations reveal a three-fold in-
crease in the Young’s modulus of graphite as it is
fully lithiated (C + Li — Li@C). Based on the cal-
culations we determined a linear expression that
describes the approximate stiffness of Li@C as a
function of Li loading which may lead to greatly
improved continuum models of electrode deforma-
tion and failure.
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1 Background

Graphite is currently being used as state-of-the-
art anode material in Li ion batteries (LIB’s). As
such, there is a critical need for an in-depth un-
derstanding of fundamental graphite properties at
the varying operating conditions of a device. Upon
charging of a battery cell with a graphite anode,
Li cations of the electrolyte are intercalated as Li
atoms between the graphene sheets. This electro-
chemical lithium intercalation occurs in stages fol-
lowing a sequence of dilute stage 1, stage 4, stage
3, liquid-type stage 2, stage 2, and stage 1 com-
pounds. [1] The stage number relates to the num-
ber of graphene layers between two lithium layers.
In the dilute stage 1, lithium randomly occupies the
available sites between graphene layers. In the
liquid type stage 2 compounds of nominal com-
position LiC1g are formed (left image of Figure 1).
In the highly ordered stage-2, structures with the
stoichiometry LiC12 exist and the stage-1 structure
has the composition LiCg (see other structures of
Figure 1).

Overall the formation of LiCg is accompanied by
a 10% increase in volume compared to pure
graphite. [2] The significant changes in structure
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Figure 1: Crystal structures of Li-intercalation
compounds. Black and blue spheres represent
atoms of C and Li, respectively. The thin solid
black lines outline the unit cells.

and bonding due to repeated Li diffusion in and
out of the anode have significant effect on the
elastic properties and can lead to structural fail-
ure. We performed first-principles calculations to
determine the elastic properties as the Young’s
moduli (E) and Poisson’s ratios (v) for pure Li
and graphite, respectively, and graphite at different
lithium loading levels representative of the phases
formed during the cycling of an LIB. [1] With a lin-
ear correlation between the Li loading levels and
the calculated changes of the elastic properties we
developed an engineering-scale model of the an-
ode deformation and fracture.

2 Computational Approach

We calculated the elastic properties wth the
MedeA MT module [3] using the bcc crystal struc-
ture of metallic Li, pure graphite, and the crystal
structues of LiCqg, LiC2, and LiCg, respectively
(see Figure 1). With MedeA MT the calculations
are straightforward and fully automated and can
be combined with first-principles methods as im-
plemented in MedeA VASP. [4]
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3 Computed Results

The calculated structural parameters of the sys-
tems that are shown in Figure 1 are consistent
with experimental measurements. [5]' [6] Even the
10% volume increase upon lithiation can be well
captured with the calculations. The computed
Young’s moduli (E) and Poisson’s ratios for poly-
crystalline Li@C systems, along with graphite and
metallic lithium are presented in Table 1.

Table 1: Young’s modulus and Poisson’s ratio
for graphite, the Li-intercalation compounds, and
lithium for comparison. (Adopted from Refer-

ence [2])

System Young’s modulus E | Poisson’s
(GPa) ratio

Graphite 32.5 0.32

LiCqs 28.6 0.39

LiC12 58.1 0.34

LiCe 108.7 0.24

Li 2.0 0.34

It is intriguing that LiCg has a Young’s modulus
which is more than three times larger than that of
graphite. The softest compound is lithium metal
followed by graphite and LiCyg, whereby the two
latter systems have similar Young’s moduli. With
increased Li content ny; the Young’s modulus in-
crease almost linearly in the sequence LiCig —
LiCi2 — LiCg. Based on the computed results,
the Li content nr; and the Young’s moduli of Li@C
compounds follow an approximate linear relation-
ship

E(ng;) = 19.25 + 82.23ny, (1)

suitable for use in continuum-scale models of elec-
trode deformation.
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4 Significance

Since graphite is widely used as a lithium bat-
tery anode, you should understand the change in
the elastic response during charging and discharg-
ing. This is a critical step in improving the accu-
racy of engineering models of electrode design.
First-principles computations reliably predict elas-
tic properties of materials and empower engineers
to complete experimental data with a high level of
confidence. In particular, you can use MedeA to
predict the mechanical properties of battery mate-
rials under wide-ranging conditions to provide in-
sight into the underlying physical mechanisms that
lead to stress, deformation and eventual structural
failure.

Required MedeA modules

* MedeA Environment

MedeA JobServer and TaskServers

MedeA Pearson
MedeA VASP
MedeA MT
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