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INTRODUCTION

Lithium-ion batteries are a portable alternative energy source that
can be used to power modern electronic devices such as mobile
phones, laptops and music players. They have also been examined as
an alternative to traditional fossil fuels for use in electric and hybrid-
electric vehicles. Much research has focused on improving the
performance and cycle life of lithium-ion batteries especially since it will
require much higher power output for use in these electric vehicles.
The performance of a lithium-ion battery is strongly dependent on the
mobility of the lithium ions as they move back and forth from the anode
and cathode through the electrolyte. Graphite is a common material
used for the anode while transition metal oxides are commonly used
for the cathode. The electrolyte typically consists of a lithium salt and
organic solvent.

Much of the mobility of the lithium ions can be hindered at the
interface between the electrode and the electrolyte. Understanding the
properties at the electrode/electrolyte interface can be useful in not
only reducing the resistance to ion transport, but also improving the
cycling life. Li ions must surmount an energy barrier in order to
intercalate into the graphite anode. In addition, there usually exists a
solid-electrolyte interphase (SEIl) that forms due to decomposition of
the electrolyte during cycling. The SEI provides a means to keep other
decomposition products from reaching the anode while only allowing Li
ions to pass through. Still, its presence provides an obstacle for the Li
ion to overcome in order to intercalate into the graphite anode.

Li-ion solvation structures and transport properties in bulk non-
aqueous electrolytes have been well studied both experimentally’ and
theoretically®'". A general consensus among these works indicates
lithium prefers 4-fold coordination in tetrahedral fashion with a
preference for cyclic carbonates such as ethylene carbonate (EC). EC
is a commonly used component for an electrolyte due to its ability to
form stable SEI layers in the presence of a graphite anode."? It is often
mixed with a linear carbonate in order to optimize properties such as
the dielectric constant and viscosity, which improves overall transport
and battery performance.? Impedance measurements have shown
evidence that the solvation structure of the Li ion is stripped away
before diffusion into the SEI and graphite anode." Experiments by Xu
et al. have shown that increasing the ratio of EC to linear carbonate
results in a higher activation energy barrier for intercalation.’'® The
authors suggested this was likely due to the stronger dielectric
constant of EC, which allows for stronger solvation of the Li ion.
Therefore, the larger concentration of EC present will result in a higher
energy to de-solvate the Li-ion from its first solvation shell.

In this work, we use first principles molecular dynamics (FPMD) to
model the chemistry that takes place at the anode-electrolyte interface
in a Li-ion battery without the presence of the SEI layer. We examine
the changes in the solvation structure as the proximity of the Li ion
approaches the graphite anode. In addition, we examine the kinetics
for intercalation of the Li-ion as it inserts into the graphite anode. We
compare the energetics for intercalation for different edge terminations
of the graphite anode. Finally, we further verify the intercalation energy
from our FPMD simulations using the nudged elastic band (NEB)

method to find the minimum energy paths for entry as a function of
different edge terminations. We expect that this work will provide
insight on how to improve cycling rates for lithium ion batteries by
indicating how to optimize ion transport at the anode-electrolyte
interface.

COMPUTATIONAL METHODS

We performed first principles molecular dynamics using density
functional theory (DFT) with the projector augmented wave (PAW)
method and the Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation exchange-correlation functional, as implemented in the
Vienna ab initio simulation package (VASP)'*. A 450 eV plane-wave
cutoff was used with Brillouin zone sampling restricted to the '-point.
All molecular dynamics simulations were performed in the NVT
ensemble using a Nose-Hoover thermostat, with a Nose frequency of
~1000 cm™ corresponding a period of ~63 fs and a time step of 0.5 fs.
Each system was equilibrated for 2.5 ps at 330K and then run for
another 5 ps to gather statistics. A temperature of 330K was used to
mimic an intermediate Li-ion battery operating temperature and to
ensure EC was not frozen (Tmet = 310K). A van der Waals dispersion
correction'™ by Langreth and Lundqvist (vdW-DF2) was applied to
account for dispersion interactions in the system.

A simulation cell was setup consisting of 654 atoms, which
include a hydrogen-terminated graphite anode (Ca2ssHsg) and 31 EC
molecules (C3H403) and 1 LiPFs salt. The density of the electrolyte was
1.32 g/lcm® and a Li concentration of 0.46 M. The dimensions of the
simulation box were 38.5A x 14.79A x 14.21 A. The interlayer spacing
of the graphite anode was constrained to be 3.61 A by fixing the
position of one carbon atom in each layer. This is the optimized lattice
spacing at this level of theory. Four total layers of graphite were used
in the simulation cell with AB stacking. A series of seven constrained
molecular dynamics runs were performed where each simulation
constrained the Li ion to be a fixed distance from the edge of the
graphite anode. The x-position of the Li ion was incremented 1.93A
between successive simulations and was held fixed during the
dynamics allowing the Li to move in the yz-plane. Solvation structures
were characterized with pair correlation functions, calculated using a
bin size of 0.03 A. Average coordination numbers were computed from
the integral of the pair correlation function. An energy profile was
obtained by taking the average total energy of each of the seven
simulations.

RESULTS AND DISCUSSION

We have calculated solvation structures of the Li ion at different
distances from the edge of the graphite anode using constrained first
principles molecular dynamics. Snapshots of solvation structures at
different distances from the graphite anode are shown in Fig. 1. We
observed that as the Li ion approaches the graphite anode, the number
of solvent molecules around the Li ion decreases. This suggests that
the Li ion must shed its first solvation shell prior to intercalation into
graphite. In addition, we found that the solvent molecules adjust their
orientation in order to continue solvating the Li ion. We see that the Li-
O-C angle is close to 90° in certain cases where the solvent molecule
is located between the Li ion and graphite.
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Figure 1. Solvation structures at different distances from the graphite
anode. Values below snapshots indicate distance of Li ion from
graphite edge. Solvent molecules not participating in Li ion solvation
are removed for clarity.
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Figure 2. Energy profile from constrained FPMD simulations consisting
of 31 EC molecules, 1 LiPFs and 288 C atom graphite anode with

different edge terminations.

We have also approximated the energy barrier for intercalation
into the graphite from our constrained FPMD simulations. We
compared the energy profile for three different edge terminations:
hydrogen-terminated, (carbonyl) oxygen-terminated and 1:1 H/OH-
terminated. The energy profile for each of these is given in Fig. 2. We
see that the energy profile for the H-terminated and 1:1 H/OH-
terminated graphite simulations indicate intercalation barriers that are
approximately between 1-2 eV in the presence of organic solvent.
However, the oxygen-terminated graphite simulations reveal an energy
profile where the barrier is almost 5 eV. Even though we used the
average total energy from the FPMD simulations as an approximation
to the energy barrier, this is a sizable difference in energetics between
the different edge terminations.
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Figure 3. (a) Path for Li intercalation into H-terminated graphite using
constrained optimization visualized from the top and the side. Li is
colored green. (b) Energy profile for constrained optimization pathway
for different edge terminations.

In order to confirm the larger intercalation barrier for an oxygen-
terminated graphite anode, we performed a series of constrained
optimizations for the three edge terminations studied in the FPMD
simulations for a graphite bilayer test case. Note that the counter-ion
and liquid environment are not included in these calculations. In Fig.
3(a), we show the path of the Li ion as it intercalates into the graphite
bilayer for the H-terminated case, while in Fig. 3(b), we show the
energy profile that arises from the constrained optimization for each
edge termination. We see that from the energy profile that the oxygen-
terminated graphite anode does have a larger barrier to intercalation
than the other cases. The difference between the oxygen-terminated
case and the other two cases is the electrostatic interaction between Li
and O that results in a deep minimum prior to entering the bilayer. In
addition, we find that the energy profile for all three edge terminations
converge as the Li ion moves deeper into the graphite bilayer. This
indicates this is the minimum thickness of graphite required to simulate
Liin a bulk environment.

CONCLUSION
We examined the solvation structure of the Li ion as it approaches

the graphite anode using constrained first principles molecular
dynamics. We found that the coordination number of the solvent

molecules around Li decreases as it moves closer to the graphite
suggesting that Li sheds its first solvation shell in order to intercalate
into graphite. In addition, we estimate the energy barrier to
intercalation using the average total energy for each constraint and
found that oxygen-terminated graphite had a larger barrier to
intercalation. We verified this observation by running separate
constrained optimization simulations on a small bilayer graphite system
confirming a larger barrier due to the electrostatic interaction of Li with
the oxygen atoms at the edge. Furthermore, our constrained
optimization energy profile indicates that the thickness of our bilayer
graphite system was the minimum necessary in order to reproduce
bulk-like behavior of Li intercalated in graphite. This is valuable
information that can be used to design optimal anode/electrolyte
systems that improve the cycling rate of lithium ion batteries.
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