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The power output and thermal stability of lithium-ion batteries are greatly affected by the interface between the

cathode material and the electrolyte. Hence, it is important to elucidate the interfacial structure and the diffusion

behavior of Li at the interface in order to design cathode materials and electrolytes with excellent lithium

diffusion properties. In this study, first-principles calculations were employed to investigate the interfacial

structure between the cathode material and the electrolyte of a Li-ion battery in order to understand the diffusion

behavior of lithium atoms from the surface of the cathode material. The electrolyte investigated is composed of

ethylene carbonate, ethyl methyl carbonate, and LiPFe. The results show that ethyl methyl carbonate mainly binds

to the lithium ions in the LiPFs electrolyte, whereas ethylene carbonate binds to the lithium ions in the cathode

material. Also, solvation by ethylene carbonate was observed in the initial diffusion stage of the lithium ions from

the cathode/electrolyte interface.

Keywords : Li-ion battery, first-principles calculation, LiNiO,

1. Introduction

Lithium-ion (Li-ion) batteries are used in electric and
hybrid vehicles, among other applications. A Li-ion battery
consists of a cathode, an anode, an electrolyte, and a separator,
among which the cathode is the most important. It determines
the characteristics of the Li-ion batteries. Various strategies
have been employed, including the compositional fine-tuning,
to improve properties cathode materials [1].

The power output and thermal stability of batteries are
affected not only by the properties of the cathode material and
the electrolyte but also by the interfacial state between the
cathode and the electrolyte. Consequently, the coating of the
cathode with another material has been proposed to improve
the power output and thermal stability of the batteries [2].
However, the study of the cathode/electrolyte interfacial
behavior via both analytical and computational approaches
has been a challenge, hence, the behavior is yet to be clarified.

Ab initio calculations have been reported for the study of
the interface between a solid electrolyte and a cathode
material [3]. However, widely used Li-ion batteries employ
liquid electrolytes. Therefore, it is necessary to focus on the
interfacial structure between liquid electrolytes and cathode
materials, which is in the solid phase. However, only a few
studies have been reported on the interfacial structure of such
a system of electrolyte and cathode.

Atomic-level calculations of the interfacial reaction
between the liquid and solid phases have been reported. For
example, in [4], the desorption of cesium from the Cso33WO3
surface in an aqueous solution was investigated by ab initio
molecular dynamics calculations. There is a need to clarify the
electrolyte/cathode interfacial structure as well as the diffusion

behavior of lithium at the interface via ab initio molecular
dynamics calculations.

As a result, this study was carried out to investigate the
structure of the interface between the cathode material and the
electrolyte of Li-ion batteries, and to study the diffusion
behavior of lithium atoms at the interface using first-principles
calculations. The cathode material was LiNiO» and the
electrolyte was composed of ethylene carbonate (EC:
C3H403), ethyl methyl carbonate (EMC: C4HgOs3), and LiPFe.
All the commonly used cathode materials and electrolytes
were employed.

2. Methods

LiNiOz is a layered structure belonging to the R3m
spacegroup. Using LiNiO; as the basic structure and exposing
the (104) surface, which is a stable surface, based on previous
studies [5], we developed a four-layered surface structure
model. The compositional ratio of EC, EMC, and LiPFs in the
electrolyte was set to 2:2:1. EC and EMC are both molecular
structures with one double-bonded and two single-bonded
oxygen atoms. The initial structure of EC, EMC, and LiPFs
were randomly arranged on the surface of four, four, and two
molecules, respectively. The initial structure created is shown
in Figure 1. The calculations were performed using the Vienna
ab initio simulation package (VASP) [6-9] and the GGA-PBE

functional was employed.
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Figure 1 Surface Model of Cathode Material and
Electrolyte

3. Results and Discussion

Forty-eight patterns of the initial structures with randomly
arranged ECs, EMCs, and LiPFs were prepared, and structural
relaxation was performed for each of the structures to obtain
stable structures. Owing to the large number of local stable
structures, different stable structures and energies were
obtained for each initial structure. The energies of the 48
patterns were found to be around 2.6 e¢V. To find the most
stable structure, we extracted the features corresponding to the
energies from the relaxed structure. The number of oxygen
atoms bound to the lithium atoms was adopted as a feature,
with a focus on the coordination state between the lithium and
oxygen atoms. The lithium atoms were divided into
LiNiOz-derived  lithium atoms on the surface and
LiPFe-derived lithium atoms in the electrolyte. The oxygen
atoms were, on the other hand, divided into single-bonded
oxygen atoms in EC, double-bonded and single-bonded
oxygen atoms in EMC, and double-bonded and single oxygen
atoms from LiNiOz on the surface. The number of bonds in a
multiple regression model was determined to predict the final
energy, and Bayesian estimation was employed to estimate
the bonds that contribute to the energy stabilization. The
estimated contributions of each of the bonds to the energy are

shown in Figure 2.
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surface Li/EC-O
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Figure 2 Contributions of bonds to the energy of the

structure

As shown in Figure 2, the contributions of most of the
bonds are negative, and more of the bonds contribute to the
stabilization. Also, it is shown that the binding of the
single-bonded oxygen atoms of EMC to the lithium atoms of
LiFPs is unstable. Comparing EC and EMC, it is found that
EMC is more stable when the double-bonded oxygen atom is
adsorbed to the lithium atom of LiFPs, whereas in EC, there is
no significant difference between the single- and the
double-bonded oxygen atoms when bound to the lithium atom
on the surface and to the lithium atom of LiFPs. On the basis
of these results, we modeled a more stable structure as the
initial ~structure and performed structural relaxation
calculations.

The obtained stable structure is shown in Figure 3. As
shown in the figure, the number of bonds between the lithium
atom of LiPFs and the double-bonded oxygen atom of EC is
two, that between the lithium atom of LiPFs and the oxygen
atom of the double bond of EMC is four, and that between the
lithium atom of LiPFs and the oxygen atom at the surface is
one. In particular, the number of bonds between the lithium
atom of LiPFe and the double-bonded oxygen atom of EMC,
which is expected to contribute the most to the energy
stabilization, is high.

Figure 3 The most stable structure of the
cathode/electrolyte interface

We infer that the lithium atoms in the electrolyte are mainly
solvated by EMCs; EMCs are bound to the lithium atoms of
LiPFs, and thus, the ECs are adsorbed to the lithium atoms on
the LiNiO2 surface. Therefore, the solvation of the desorbed
Li by ECs is considered to occur in the initial stage of the Li
desorption from the LiNiO; surface.

To visualize the initial process of the Li desorption reaction,
the diffusion behavior of lithium was investigated by
first-principles molecular dynamics simulations under forced
displacement of lithium atoms. The obtained stable structure
was used as the initial structure. The result shows that the
lithium atom desorbed with the double-bonded oxygen atom
of the EC and further desorbed with another double-bonded
oxygen atom of the EC.

-20-6



4. Summary

Via first-principles calculations, the interfacial structure of a
cathode material (LiNiO2) and an electrolyte (composed of
EC, EMC, and LiPFs.) was investigated and the diffusion
behavior of lithium atoms at the interface was studied. The
results show that the EMC solvate the lithium atoms of LiPFs,
and the EC are mainly bound at the interface with LiNiOx.
The desorption reaction of the lithium atoms is inferred to
proceed with the adsorption of the double-bonded oxygen of
the EC on the surface to the lithium atoms.
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