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a  b  s  t  r  a  c  t

Density  functional  theory  (DFT)  calculations  and  classical  molecular  dynamics  (MD)  simulations  have
been  performed  to gain  insight  into  the  difference  in  cycling  behaviors  between  the  ethylene  carbonate
(EC)-based  and  the  propylene  carbonate  (PC)-based  electrolytes  in  lithium-ion  battery  cells.  DFT  calcula-
tions  of  the  lithium  solvation,  Li+(S)i (S =  EC  or  PC;  i = 1–4)  with  and  without  the  presence  of  the  counter
anion  showed  that  the  desolvation  energy  to remove  one  solvent  molecule  from  the  first  solvation  shell
of  the  lithium  ion was  significantly  reduced  by  as  much  as  70 kcal  mol−1 (293.08  kJ  mol−1) in  the  presence
of  the  counter  anion,  suggesting  the  lithium  ion is  more  likely  to  be  desolvated  at  high salt  concentra-
tions.  The  thermodynamic  stability  of the  ternary  graphite  intercalation  compounds,  Li+(S)iC72, in  which
Li+(S)i was  inserted  into  a graphite  cell,  was  also  examined  by DFT  calculations.  The  results  suggested  that
Li+(EC)iC72 was  more  stable  than  Li+(PC)iC72 for a  given  i.  Furthermore,  some  of Li+(PC)iC72 were  found
to  be  energetically  unfavorable,  while  all of  Li+(EC)i=1–4C72 were  stable,  relative  to  their  corresponding
Li+(S)i in  the  bulk electrolyte.  In addition,  the  interlayer  distances  of  Li+(PC)iC72 were  more  than  0.1  nm
longer  than  those  of  Li+(EC)iC72.  MD  simulations  were  also  carried  out  to examine  the  solvation  structures
at  a high  salt  concentration  of  LiPF6: 2.45 mol  kg−1.  The  results  showed  that the  solvation  structure  was
significantly  interrupted  by  the  counter  anions,  having  a smaller  solvation  number  than  that  at  a lower
salt  concentration  (0.83  mol  kg−1). We  propose  that at  high  salt  concentrations,  the  lithium  desolvation
may  be facilitated  due  to  the  increased  contact  ion  pairs  so  as  to form  a stable  ternary  GIC  with  less
solvent  molecules  without  destruction  of  graphite  particles,  followed  by  solid–electrolyte-interface  film
formation reactions.  The  results  from  both  DFT  calculations  and  MD  simulations  are  consistent  with  the
recent  experimental  observations.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

It has long been known that a lithium-ion battery cell having
graphite as the anode active material in the EC-based electrolyte
can be cycled between the charged and discharged states, while
charging of a similar cell in the PC-based electrolyte only results in
continued decompositions of PC and exfoliation of graphite [1–3].
There have been a large number of reports discussing the electro-
chemical differences between the two electrolytes experimentally
as well as theoretically [1–8]. Yet, there is no widely accepted sin-
gle explanation for this observation. It has also been reported that
while a Li-ion battery cell can be cycled in electrolytes using linear
carbonates such as dimethyl carbonate (DMC) and ethyl methyl
carbonate (EMC) as the solvent, cycling is difficult when diethyl
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carbonate (DEC) is used [9].  This is a series of reports to examine
the electrochemical differences among solvents in terms of cycling
behaviors [8].  Here we focus on the difference between EC- and
PC-based electrolytes. The difference in cell behaviors between the
two solvents is as much of scientific interest as of industrial one. For
example, PC can be used for a wide range of temperatures: its melt-
ing point is −49 ◦C, whereas EC has the melting point of 36.4 ◦C. It
has been reported that addition of PC to the electrolyte significantly
improved the low temperature performance of Li-ion battery cells,
compared to a cell without PC [10].

As for the mechanism on the difference in the cycling behav-
ior between the two  solvents, the co-intercalation model has been
extensively used [1,11–15], though other models have been pro-
posed based on the graphite surface processes [16–22]. From a
theoretical point of view, exhaustive calculations on the reductive
decomposition intermediates have been performed by Balbuena
and co-workers, though their results were inconclusive to explain
the striking difference between EC and PC [5,6]. Further, graphite
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Fig. 1. A unit cell for the ternary GIC with four PC molecules used in DFT calculations. The ternary GIC was  inserted between graphene layers having 72 carbon atoms.

was not included in the discussion of the reactivity of EC or PC in
their calculations [5,6]. Their subsequent work concerned only the
adsorption of lithium alkyldicarbonates on a graphite surface [7].
If the co-intercalation model by Besenhard et al. [12] is acceptable,
the electrochemical difference between the two solvents should
be discussed within the context of ternary graphite intercalation
compounds (GIC), Li+(S)iCn, where S is EC or PC, i is the solvation
number, and n is the stoichiometric number for the graphite carbon
with respect to the lithium ion.

Our earlier work focused on the physical properties of solid-
electrolyte-interface (SEI) film components derived from either the
EC-based or the PC-based electrolyte [8].  We  found from classical
molecular dynamics (MD) simulations that dilithium ethylene gly-
col dicarbonate had a higher density, a higher cohesive energy, and
a less solubility to the solvent than dilithium propylene glycol dicar-
bonate. The calculations were based on the surface model proposed
by Aurbach et al. [22]. In this work, we discuss the cycling character-
istic difference between the two solvent-based electrolytes within
the framework of the co-intercalation model.

The kinetics of lithium intercalation into graphite has been
extensively investigated and the activation barrier for the process
has been determined by impedance spectroscopy [2,23–26]. On the
other hand, the thermodynamics for the lithium co-intercalation is
difficult to measure due to spontaneous decomposition reactions of
co-intercalated compounds inside graphite and also side reactions
associated with SEI film formation. Reynier et al. have reported the
thermodynamic parameters for lithiated graphite anode materials
having different lithium concentrations by open circuit poten-
tial measurements [27]. Yet, the results are not for the lithium
co-intercalation process. Computational approach may  help gain
insight into the thermodynamic process of lithium co-intercalation.

Lately, it has been found that a lithium-ion cell having graphite
as the anode can be cycled in a PC-based electrolyte when the
salt concentrations were high [28]. Here, we examine the effect
of salt concentration on the lithium solvation/desolvation and also
the stability of the Li+(S)iCn by means of density functional theory
(DFT) calculations and classical MD  simulations on the difference
in cycling behavior between the two electrolytes. It is known, how-
ever, that weak interactions such as van der Waals interactions, the

important force for graphite, are poorly described by DFT calcula-
tions, especially within the framework of the generalized-gradient
approximation (GGA) [29]. Recently, corrections have been made
to the DFT formalism in order to improve the ability to describe
van der Waals interactions [30]. We have tested the new correc-
tions against the graphite crystallographic data, then applied the
DFT calculations with the new corrections to a series of ternary
GIC’s.

2. Computational

All the DFT calculations have been performed, using the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional
[31,32] within the framework of GGA [33]. The numerical basis sets
were used for efficient computation of wave functions [34]. Typi-
cally, integration with analytical basis set functions takes longer
than numerical basis sets. The triple-numerical polarization (TNP)
basis set was  chosen for geometry optimization of the solva-
tion structures and the ternary GIC’s, having one atomic orbital
(AO) for each occupied atomic orbital, the second and the third
sets of valence AO’s, d-functions for non-hydrogen atoms, and p-
functions on hydrogen atoms [34]. Combining the basis set TNP
with the GGA-PBE functional, we  refer to the theory as GGA-
PBE/TNP. The calculations of the lithium ion solvation structures,
Li+(S)i=1–4 (S = EC or PC), by EC and PC were carried out in the gas
phase with and without the presence of the counter anion, PF6

−. For
geometry optimization of the solvation structures, the initial struc-
ture for Li+(S)4 was first constructed, based on the crystallographic
data of Li(tetrahedron (THF))4 [35]; then, the geometry was opti-
mized. Once the optimized geometry for Li+(S)4 was determined,
the solvent molecules were removed one by one successively for
the geometry optimization of Li+(S)i=1–3. The solvation number of
3.7 has been recently reported for the LiClO4/PC electrolyte by
Yamada et al. [36]. Similar values have been also published in the
literature 4.1–4.3 in LiClO4/EC [37] and 3.6–4.4 in LiClO4/PC [38].

For the constructions of the ternary GIC’s, Li+(S)i=1–4 was
inserted into a cell consisting of graphene layers having 72 car-
bon atoms each. The same size of graphene layer was also used
in earlier calculations of intercalated graphite by another group
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