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Abstract

Solid-electrolyte interphase (SEI) formation is one of the major contributors to the loss of capacity over
time in lithium-ion batteries (LIBs). SEI forms as the product of reductive decomposition of a battery’s
electrolyte, which typically consists of a mixture of ethylene carbonate (EC) and dimethyl carbonate in
LIBs. Chemical additives are often included in small amounts to improve the cycling lifetime of LIBs,
which are variants of EC such as fluoroethylene carbonate (FEC) and vinylene carbonate (VC). Herein,
we used molecular dynamics with metadynamics, an enhanced sampling technique, to explore chemical
reaction networks for systems containing 3 EC molecules, a Li* ion, an extra unpaired electron, and a
FEC, VC, or a fourth EC molecule. The reaction networks for the 3 systems show similar initial
mechanisms whereby an oxygen in an intact or ring-opened EC attacks the electrophilic carbon in the
carbonate group of a neighboring EC, FEC, or VC. However, after the initial reaction, the 3 systems
diverge and follow different mechanisms. We report that FEC reduced the overall volume of reactions,

whereas VC increased the reactivity of the system when compared to the pure EC system.
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Introduction

The need for reliable, long-term energy storage is rapidly
growing, especially as renewable energy resources such as
solar and wind become more and more efficient. The
lithium-ion battery (LIB) is an excellent candidate for long-
term energy storage due to its high energy density; however,
it suffers from irreversible capacity loss over its lifetime.
There are many mechanisms that contribute to this capacity
loss, but this work is focused on the formation of solid-
electrolyte interphase (SEI) and how this phenomenon
proceeds in various chemical environments.

SEI growth is driven by the reductive decomposition of
electrolyte molecules at the interface of the battery
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electrodes (Peled 1979; Doron Aurbach 2000; D. Aurbach
et al. 1996). Understanding the mechanisms that drive SEI
growth can grant insight into how this process can be
controlled such that the layer thickness is minimized while
still insulating the electrodes from further electrolyte
degradation.

Traditionally, a LIB is comprised of a graphitic anode,
a metal oxide cathode, a separator, and an electrolyte. The
electrolyte includes the Li* source and the solvent.
Electrolytes are commonly mixtures of ethylene carbonate
(EC) and dimethyl carbonate (DMC) with additives that
often are also cyclic and linear carbonate species. Popular



additives are fluoroethylene carbonate (FEC), vinylene
carbonate (VC), propylene carbonate, etc., which have been
reported to increase cycling lifetime (Ushirogata et al.
2013).

To gain a better insight into how FEC and VVC additives
affect SEI formation mechanisms, we examined 3 model
electrolyte systems which are listed in Table 1.

Table 1: Model Electrolyte Systems

System Name System Composition

4EC 4EC+1Lit+1e
3EC+FEC 3EC+1FEC+1Li*+1e
3EC+VC 3EC+1VC+1Lit+1e

We have used molecular dynamics (MD) to study SEI
formation with molecular-scale resolution. All simulations
were run with system temperature set to 300 K in the NVT
ensemble and the time step was set to 1 fs. To simulate 1-
electron reduction, the multiplicity of each system was set
to doublet, i.e., the inclusion of one extra unpaired electron.
The systems were described using the semi-empirical PM6
level of theory.

Chemical reactions are rare events that can often occur
on time scales much longer than what is typically afforded
to MD simulations. We have wused parallel-bias
metadynamics (PBMetaD) to bias all atomic social
permutation invariant (SPRINT) coordinates to enhance the
rate at which chemical reactions occur (Pfaendtner and
Bonomi 2015; Pietrucci and Andreoni 2011). This method
of using PBMetaD+SPRINT has been shown to be an
effective tool for reaction network exploration (Fu and
Pfaendtner 2018).

The goal of this work is to further elucidate the
mechanisms that drive SEI formation across various
chemical environments.

Conclusions

Based on current results, we see that when compared to the
4EC system, FEC in the 3EC+FEC system suppressed the
depth of reaction networks, whereas VC increased the
overall reactivity of the 3EC+VC system.

These changes in system reactivity are consistent with
literature (Okuno et al. 2016) and we expect to see stable,
oligomeric species being formed through different
mechanisms for FEC- and VC-containing systems instead
of unstable and inorganic species with pure EC systems.
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