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ucture, transport properties and
reduction behavior of carbonate-based
electrolytes of lithium-ion batteries†

Tingzheng Hou, *ab Kara D. Fong, bc Jingyang Wang ae

and Kristin A. Persson *ad

Despite the extensive employment of binary/ternary mixed-carbonate electrolytes (MCEs) for Li-ion

batteries, the role of each ingredient with regards to the solvation structure, transport properties, and

reduction behavior is not fully understood. Herein, we report the atomistic modeling and transport

property measurements of the Gen2 (1.2 M LiPF6 in ethylene carbonate (EC) and ethyl methyl carbonate

(EMC)) and EC-base (1.2 M LiPF6 in EC) electrolytes, as well as their mixtures with 10 mol%

fluoroethylene carbonate (FEC). Due to the mixing of cyclic and linear carbonates, the Gen2 electrolyte

is found to have a 60% lower ion dissociation rate and a 44% faster Li+ self-diffusion rate than the EC-

base electrolyte, while the total ionic conductivities are similar. Moreover, we propose for the first time

the anion–solvent exchange mechanism in MCEs with identified energetic and electrostatic origins. For

electrolytes with additive, up to 25% FEC coordinates with Li+, which exhibits a preferential reduction

that helps passivate the anode and facilitates an improved solid electrolyte interphase. The work provides

a coherent computational framework for evaluating mixed electrolyte systems.
1 Introduction

The composition of the electrolytes for commercialized lithium
ion batteries (LIBs) has been well identied.1 Although the
formulation differs between scenarios, the prototype employs
a carbonate-based electrolyte with cyclic carbonates (e.g.,
ethylene carbonate (EC), and propylene carbonate (PC)), linear
carbonates (e.g., ethyl methyl carbonate (EMC), diethyl
carbonate (DEC), and dimethyl carbonate (DMC)) and lithium
salts (e.g., LiPF6, and lithium bis(triuoromethanesulfonyl)
imide (LiTFSI)). The cyclic carbonates with high dielectric
constant possess a higher relative solvating ability.2 The lithium
salt cations and anions dissociate, fully or partially, and are
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solvated by the solvent molecules, which enables Li+ transport.
The linear carbonates serve to mitigate the viscosity and lower
the melting point. Moreover, the reduction reactions of elec-
trolytes crucially lead to the spontaneous formation of an
electrically insulating and ionically conductive solid electrolyte
interphase (SEI) between anode and electrolyte in the initial
cycles.3 Hence, the key descriptors for electrolyte performance
lie in three major categories: the solvation behavior, the trans-
port properties, and the electrochemical reduction/oxidation
behavior.

Extensive efforts have been devoted to understanding the
solvation and transport property of non-aqueous electrolytes.
Instrumental measurements including infrared spectroscopy
(IR),4–6 and Raman7,8 have been utilized to determine the ion-
solvent coordinating states. However, conventional spectro-
scopic methods are not without limitations for binary or ternary
mixed-carbonate electrolytes (MCEs), since it is difficult to
quantitatively deconvolute the overlapping peaks of different
carbonate species, the overtone peaks, and the accompanied
Fermi resonance effects, especially when solvents share the
same functional groups.2,9 In addition, because of the possible
difference in spectroscopic sensitivity between the coordinated
and uncoordinated states of solvent moieties, the scaling of
peak area integrals is required to obtain the actual molar ratio
of species,10 which could introduce additional error and hinders
straightforward quantitative interpretation. Most recently, an
internally referenced diffusion-ordered spectroscopy (IR-DOSY)
technique has been introduced to determine the solvation state
© 2021 The Author(s). Published by the Royal Society of Chemistry
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of individual solvents in binary electrolyte systems, which may
help overcome the limitation of conventional vibrational spec-
troscopy.2,11 As an alternative approach, computational
methods including ab initio molecular dynamics (AIMD)12–14

and classical molecular dynamics (MD)15–19 simulations have
shown satisfying results in modeling the solvation and trans-
port behaviors. Recent studies9,20 reported MD simulations of
1.0 and 1.2 M LiPF6 in EC, revealing detailed solvation struc-
tures of the single-solvent electrolyte where cations and anions
are mostly dissociated and uncorrelated. As a result, the ionic
conductivity can be directly estimated by the Nernst–Einstein
(NE) equation with the assumption that ions are fully dissoci-
ated without any interactions.21 However, in MCEs, the NE
equation is not applicable because of signicant correlated ion
motions.22,23 Despite the approximate treatment of the corre-
lated term of conductivity proposed by Borodin et al.,24–26 the
ionic conduction mechanism, including the contribution from
multimeric species, of MCEs is not completely understood.
Most recently, Fong et al.27,28 demonstrated a rigorous meth-
odology for analyzing transport properties in electrolytes,
including Green–Kubo (GK) relations for the total conductivity
and transference number. This approach will be used herein to
enable a comprehensive study of transport in MCEs.

The electrochemical reactivity of electrolytes determines the
voltage window of batteries. More importantly, constructing
a stable and efficient SEI intrinsically formed by electrolytes is
among the most effective strategies to achieve superior cycling
performance.29,30 While EC has been long recognized as the
major component that regulates the anode SEI,31–33 recent
ndings indicate that linear carbonates with a theoretically
lower reduction potential could also facilitate the SEI forma-
tion.34 Furthermore, with the intensive studies on emerging Li
metal and Si anode materials, electrolyte additives as minor
species (e.g. uoroethylene carbonate (FEC)) are recruited in
novel electrolyte design to enhance the strength and stability of
the SEI lm.35,36 Consequently, in order to understand the
macroscopic electrochemical performance, a comprehensive
molecular-level investigation of MCEs is of great signicance to
deconvolute the inuence of individual species and identify
possible synergetic effects.

In this work, we report the atomic-scale modeling and
transport property measurements of a binary MCE, Gen2 elec-
trolyte (1.2 M LiPF6 in EC : EMC (w/w 3 : 7)), along with EC-base
electrolyte (1.2 M LiPF6 in EC), GenF electrolyte (Gen2 +
10 mol% FEC), and ECF electrolyte (EC + 10 mol% FEC), to
decipher the different roles of anion, cyclic carbonate, linear
carbonate, and additive. Detailed static and dynamic solvation
structure information is obtained from MD simulations. Self-
diffusion coefficients, ionic conductivity, residence times are
computed to characterize the transport properties. Using MD-
obtained solvation structures as input, the electrostatic poten-
tial, solvent exchange energy, and reduction potential calcula-
tions are conducted using quantum chemistry to fully depict the
solvation structure and its inuence on the reduction behavior
of electrolytes. The quantitative atomistic modeling of MCEs
provides new insights into conventional carbonate electrolytes
and novel electrolyte design.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2 Methodology
2.1 Molecular dynamics (MD) simulations

MD simulations were performed using LAMMPS (Large Scale
Atomic/Molecular Massively Parallel Simulator).37 A non-
polarizable force eld model was employed, which is dened
by the following potential functions:

Etotal(r
N) ¼ Ebonded + Enonbonded (1)

Ebonded ¼ Ebonds + Eangles + Edihedrals (+Eimpropers) (2)

Ebonds ¼
X
bonds

Krðr� r0Þ2; (3)

Eangles ¼
X
angles

Kqðq� q0Þ2; (4)

Edihedrals ¼
X

dihedrals

V ½1þ cosðn4� dÞ�; (5)

Eimpropers ¼
X

impropers

V ½1þ d cosðn4Þ�; (6)

Enonbonded ¼
X
i. j

43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#
þ
X
i. j

Cqiqj

3rij
; (7)

where combining rules 3ij ¼ ffiffiffiffiffiffiffiffiffi
3ii3jj

p and sij¼ (sii + sjj)/2 are used.
The bonded interactions (bonds, angles, dihedrals, and
impropers) were modeled as harmonic functions, and the
nonbonded included van der Waals interactions and
Coulombic forces. The dihedral term accounts for the dihedral
torsion of four consecutive bonded atoms, whereas the
improper term accounts for the dihedral torsion of three atoms
centered around a fourth atom. The bonded and non-bonded
parameters for EC, EMC, and FEC were obtained from the
OPLS-AA force elds (Optimized Potentials for Liquid Simula-
tions All Atom),38,39 while those for PF6

� are taken from Lopes
et al.40 and Li+ from Jensen et al.41 The partial atomic charges
were tted using the RESP method.42,43 Long-range electrostatic
interactions were handled by the particle–particle particle-mesh
(PPPM) solver with a grid spacing of 0.1 nm. A cutoff distance of
1.5 nm was used for electrostatic and 12–6 Lennard–Jones
interactions. The molecules were initially packed randomly in
a cubic box using PACKMOL44 (Fig. S1 in ESI†). The force eld is
further benchmarked against experimental properties and
quantum chemistry (see ESI†).

All simulation box consists of 1500 solvent molecules in EC-
base (1500 EC), ECF (1350 EC, 150 FEC), Gen2 (504 EC, 996
EMC), and GenF (454 EC, 896 EMC, 150 FEC). A salt concen-
tration of 1.2M wasmade by adding 126 LiPF6 into EC-base/ECF
and 166 LiPF6 into Gen2/GenF, respectively. The initial cong-
uration was minimized by a conjugated-gradient energy mini-
mization scheme employing a convergence criterion of 1.0 �
10�4. The electrolytes were then equilibrated for 5 ns in the
isothermal–isobaric ensemble (constant NPT) using the Parri-
nello–Rahman barostat to maintain a pressure of 1 bar and
a temperature of 298 K with a time constant of 1 ps. An
Chem. Sci., 2021, 12, 14740–14751 | 14741
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annealing process was conducted to further guarantee that all
systems are melted and to avoid local conguration conne-
ment. All systems were heated from 298 K to 400 K for 1 ns, and
maintained at 400 K for 2 ns, and subsequently annealed from
400 to 298 K in 2 ns. Finally, production runs of 60 ns were
conducted in the canonical ensemble (NVT) under Nose–Hoo-
ver thermostats with a time constant of 1 ps at 298 K. The
simulation time was long enough to sample adequately the
Fickian (diffusive) regime of all systems.9 At least four inde-
pendent duplicate runs were performed for each electrolyte in
order to estimate the statistical uncertainties.

The solvation structure and transport properties analysis of
the MD trajectories utilizes the MDAnalysis45 python package.
The detailed population of species and solvent-specic solva-
tion numbers are listed in Tables S1 and S2, respectively.†

The self-diffusion coefficients for Li+, PF6
�, EC, EMC, and

FEC were extracted from the MD simulation by analysis of the
mean square displacement (MSD, (dr)2) over time.46 The slope of
the linear regime in the MSD was obtained for each simulation
duration of 1 ns and averaged over at least 10 ns of the
production runs to obtain:

D ¼ 1

6
lim
t/N

d

dt

D
ðdrÞ2

E
: (8)

The ionic conductivity is related to the electrical current
autocorrelation function (ECACF) via the following Green–Kubo
relation:

s ¼ 1

3kBTV

ðN
0

�
~jðtÞ$~jð0Þ�dt; (9)

where the electrical current~j(t) is the electrical current given by

~jðtÞ ¼
XN
i¼1

qi vi
! tÞ;ð (10)

where kBT is the thermal energy, V is volume, qi is the charge of
species i, and~vi is the velocity of species i.

As with the self-diffusivity, the ionic conductivity can also be
computed using the following formally equivalent Einstein
expression:

s ¼ 1

6kBTV
lim
t/N

d

dt

*XN
i¼1

XN
j¼1

qiqj

h
ri
!ðtÞ� ri

!ð0Þ
i
$
h
rj
!ðtÞ � rj

!ð0Þ
i+

;

(11)

where~ri(t) is the coordinates of species i at time t. As is the case
with diffusion coefficient calculations, amathematically rigorous
analysis of the conductivity requires the term enclosed in the
angular brackets of eqn (11) to be linear in time. The simulations
performed here all reached the linear regime as with the diffu-
sion coefficient analysis above. Results from four representative
simulations of the EC-base electrolyte are shown in Fig. S3 (see
ESI†) to demonstrate this linear behavior for both self-diffusion
coefficients and ionic conductivities calculation.

The residence times of Li+-X pairs (Li+-EC, Li+-EMC, Li+-FEC,
and Li+-PF6

�) are calculated by computing the lifetime corre-
lation function:47
14742 | Chem. Sci., 2021, 12, 14740–14751
PLi+-X(t) ¼ hHLi+-X(t)$HLi+-X(0)i (12)

whereHLi+-X(t) is one if Li
+ and X are neighbors at time t and zero

otherwise. The neighbor distance cutoffs are 3 Å between Li+

and the carbonyl O for Li+-EC, Li+-EMC, and Li+-FEC pairs, and 5
Å between Li+ and P for the Li+-PF6

� pair according to the rst
minimum of radial distribution functions in our previous
report.9

The reported values and uncertainties of the total ionic
conductivity, self-diffusion coefficient, residence time, pop-
ulation of solvation species, and solvent-specic coordination
number are estimated by calculating the mean, and standard
deviation of the quantities obtained from the four independent
60 ns duplicates.
2.2 Quantum chemical calculations

The anion solvent exchange energy and electrostatic potential
were calculated using B3LYP-D3(BJ)/6-311+g(d,p)48–50//
B2PLYPD3/def2TZVP51,52 level of theory with implicit solvent
model IEF-PCM(UFF,Acetone)53,54 in Gaussian 16.55 Quasi-
harmonic entropy and enthalpy correction with a cutoff
frequency of 100 cm�1 was applied as suggested by Grimme
et al.56 using the GoodVibes57 program. For the electronic
contributions, it is assumed that the rst and higher excited
states are entirely inaccessible. For the entropy contributions, it
is assumed that the implicit solvent model together with explicit
solvent molecules is sufficiently accurate for modeling the free
energy change of a molecule from an ideal gas to a solution
phase. The calculated free energy includes the entropy contri-
butions resulting from the translational, electronic, rotational,
and vibrational motion.

The adiabatic reduction potentials for the representative
solvation structures were calculated at IEF-PCM(UFF,Acetone)/
B3LYP-D3/6-31+g(d,p) level of theory using the following
function58

Eadiabatic ¼ �Greduced � Ginital þ DG
�
solvðreducedÞ � DG

�
solvðinitialÞ

F

� 1:4 V;

(13)

where Greduced and Ginitial are the free energies of the reduced
and initial complexes at 298.15 K in gas-phase at 298.15 K,
respectively; DG

�
solv are the corresponding free energies of

solvation with both implicit and explicit solvents considered,
and F is the Faraday constant. The zero-point energy (ZPE)
corrections were considered in the calculation while the basis
set superposition error (BSSE) energy was neglected.59 A
standard-state correction60 was considered to account for the
different concentrations of the non-solvated species, which
resulted in the addition of a correction constant RT ln(24.47/M)
to DG

�
solv, where R is the gas constant, T is temperature, 24.47 is

themolar volume in liter for ideal gas under 1 atm and 298.15 K,
and M is the effective concentration of the species that are free
of Li solvation. This effective concentrations of EC, EMC, and
PF6

� are 1.36, 3.66, and 0.2857, respectively, as computed from
the MD simulation of the Gen2 electrolyte. A dielectric constant
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(3) of 20.493 (Acetone) was adopted, which is similar to the re-
ported value of 19. Geometries were allowed to relax aer the
electron transfer. Subtraction of 1.4 V accounts for the conver-
sion from the absolute electrochemical scale to the commonly
used Li/Li+ potential scale in order to compare predicted values
with experimental data using the same reference electrode. An
additional factor of 0.1–0.2 V for graphite intercalation or 0.3–
0.4 V for Si anode Li insertion should be subtracted if the
reference electrode is changed to these specic systems. The
experimental reduction potentials are computed from the full
cell differential capacity (dQ/dV) curve.61 The cells using
graphite anodes were reported to be charged to 3.5 V during the
formation cycle. This full cell voltage is set to be 0 V with respect
to the graphite anode. For example, if the reduction peak is at
3.2 V, then the reduction potential of the reduced species will be
0.3 V (vs. graphite) or 0.45 V (vs. Li/Li+).

The energy decomposition analysis based on absolutely
localized molecular orbitals within an implicit solvent model
(ALMO-EDA(solv))62–64 were performed using Q-Chem 5.2.0,65

B3LYP-D3(BJ)/6-311+g(d,p)48–50 level of theory, and an implicit
solvent model IEF-PCM(UFF,3 ¼ 19.0).53,54

The ALMO-EDA(solv) method partitions the total binding
energy (EB) of two clusters into contributions from permanent
electrostatics (ELEC), Pauli repulsion (PAULI), dispersion
(DISP), polarization (POL), and charge transfer (CT):

E(s)
B ¼ DE(s)

ELEC + DE(s)
PAULI + DE(s)

DISP + DE(s)
POL + DE(s)

CT, (14)

where the superscript “(s)” indicates that the energetic terms
are calculated with solvent taken into account. The electrostatic
term could be further decomposed into

DE(s)
ELEC ¼ DE(0)

ELEC + DEel
SOL, (15)

where DE(0)ELEC term reects the strength of the Coulomb inter-
action in vacuum, while DEelSOL is the correction from solute–
solvent electrostatic interaction, which is an unfavorable term
as its net effect is to damp the attractive Coulomb interaction
between clusters. Again, a standard-state correction term was
added to account for the difference between the standard state
in Q-chem calculation (1/24.47 mol L�1) to the standard state in
solution (1 mol L�1). Therefore, the electrostatic term is calcu-
lated by:

DE
ðsÞ
ELEC ¼ DE

ð0Þ
ELEC þ DEel

SOL þ RT ln
1

24:47
: (16)
2.3 Ionic conductivity measurement

Ionic conductivities of the four electrolytes were measured by
Mettler Toledo SevenCompact Cond meter S230, which is
equipped with a 4-electrode Pt conductivity probe (Mettler
Toledo, InLab 710). The probe was calibrated with a standard-
ized 12.88 mS cm�1 potassium chloride (KCl) solution (Mettler
Toledo). Aer the successful calibration of the instrument, the
ionic conductivities of the four electrolytes were measured in an
Ar-lled glove box (O2, H2O <0.1 ppm) at a temperature range of
© 2021 The Author(s). Published by the Royal Society of Chemistry
29–35 �C, and corrected to 25 �C by a linear correction regime.
The error of the conductivity meter and the linear correction is
estimated as no more than 0.2 mS cm�1. The amount of the salt
and solvents used for the electrolyte preparation and the
measured conductivities are shown in Tables S3 and S4,
respectively.†

3 Results and discussion
3.1 Solvation structure of the Gen2 and EC-base electrolytes

The solvation structures obtained from the MD simulations are
categorized into three species, i.e., solvent-separated ion pairs
(SSIP), contact ion pairs (CIP), and aggregates (AGG). Fig. 1a shows
examples of the three species in the Gen2 electrolyte that are
extracted from MD trajectories. For all the three species, both EC
and EMC are observed in the rst solvation shell and coordinate
with Li+ ions via the carbonyl oxygen. Fig. 1b and e quantitatively
compare the ratios of the three species in the EC-base and Gen2
electrolytes. In the EC-base electrolyte, the majority (90.1%) of Li+

are dissociated (SSIP), while in the Gen2 electrolyte, a much
smaller proportion (35.6%) of SSIP species was observed, with CIP
and AGG species contributing 33.3% and 31.3%, respectively. The
low ion dissociation rate of the Gen2 electrolyte agrees well with
previous experimental results using conductivity measurement66

and FTIR spectroscopy,5 as well as simulation results using non-
polarizable18 and polarizable force eld.25 This can be attributed
to the reduced permittivity of the Gen2 electrolyte as a result of
mixing EC (3 ¼ 90) and EMC (3¼ 2.96).1 Using nodes and vertices
expression, we plotted the 2D topology graphs of the majority
solvation structures observed in the EC-base and Gen2 electrolyte,
as presented in Fig. 1d and g and S2 (see ESI†). It should be noted
that, while the EC-base electrolyte has a much higher SSIP ratio
than the Gen2 electrolyte, more than half of AGG in the Gen2
electrolyte are charged species (19% out of 31%), which narrows
the population gap of ionically conductive species between the
EC-base and Gen2 electrolyte. However, the bulky and sluggish
AGG species are expected to diffuse slower and cannot transport
Li+ as efficiently as SSIP species.2

The coordination numbers in the two electrolytes are
systematically analyzed. In average, the total solvent coordination
number in the Gen2 electrolyte is 4.7, with 1.8 EC and 2.9 EMC,
corresponding to an EC : EMC relative solvating power (Χ) of
1.59, which is the ratio between the coordination percentage of
EC and the coordination percentage of EMC.11 The result is in
excellent agreement with the IR-DOSY experiments reporting
a solvent coordination number of 4.64 and an EC : EMC relative
solvating power of 1.42 in 1 : 4 : 4 (molar ratio) LiPF6 : EC : EMC
electrolyte.2 Furthermore, we have computed the detailed solvent-
specic coordination numbers for the three species (Fig. 1c and
f). For both the EC-base and Gen2 electrolyte, the total number of
coordinating solvent molecules decreases from about 6 to 4 when
Li+ ions are engaged in higher degrees of ion association (SSIP to
AGG). Notably, in the Gen2 electrolyte, only the coordination
number of EC decreases (from 2.6 to 1.2 with an increased degree
of ion association) when PF6

� enters the solvation sheath while
that of EMC is preserved (about 3). This trend is conrmed by
anion–solvent exchange free energy calculations (Table 1; Fig. S5
Chem. Sci., 2021, 12, 14740–14751 | 14743

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc04265c


Fig. 1 The solvation structure analysis of the EC-base and Gen2 electrolytes. (a) Three representative solvation structures of solvation separated
ion pairs (SSIP), contact ion pairs (CIP), and aggregate (AGG) species in the Gen2 electrolyte. The light blue, dark blue, light yellow line repre-
sentations denote the EMC, EC, and PF6

� clusters, respectively. The purple and red ball representations denote Li ions and coordinating carbonyl
O atoms, respectively. (b–d) The population, solvent-specific coordination number, and representative solvation structures of SSIP, CIP, and
AGG species in the EC-base electrolyte. (e–g) The population, solvent-specific coordination number, and representative solvation structures of
SSIP, CIP, and AGG species in the Gen2 electrolyte.
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in ESI†). Three exchange reactions from a SSIP species (3 EC and
3 EMC) to CIP species with varying number of EC and EMC were
calculated using MD obtained structures. The reaction replacing
a Li+-coordinated EC with a PF6

� exhibits the largest free energy
gain, while the reaction replacing a Li+-coordinated EMC with
a PF6

� is energetically unfavored, which is in good agreement
with the MD statistics. Therefore, the EC molecules are prefer-
entially desolvated when Li+ coordinates with PF6

�. To fully
understand the different exchange mechanisms of EC and EMC,
we rationalize the phenomena in terms of electrostatic repulsion
in the following sections.
3.2 Anion–solvent exchange mechanism

Analogous to the nucleophilic substitution reactions, “exit-
entry” type and “entry-exit” type are considered two hypothetic
Table 1 Anion–solvent exchange free energy from SSIP to CIP

Anion–solvent exchange reaction

Li+-(EMC)3(EC)3 + PF6
� / Li+-(EMC)3(EC)2PF6

� + EC
Li+-(EMC)3(EC)3 + PF6

� + EMC / Li+-(EMC)4(EC)1PF6
� + 2EC

Li+-(EMC)3(EC)3 + PF6
� / Li+-(EMC)2(EC)3PF6

� + EMC

14744 | Chem. Sci., 2021, 12, 14740–14751
mechanisms when the PF6
� exchanges with the solvent mole-

cule (Fig. 2a). The anion and solvent molecule exchange with
the “exit-entry” type mechanism following two steps: (1) the
leaving solvent/anion separates with the Li+ (exit), (2) the
incoming anion/solvent coordinates with the Li+ (entry); and
vice versa for the “entry-exit” type. In order to reveal the
exchange mechanism, the coordination numbers of EC and
EMC before and aer each CIP–SSIP transition event (set as
0 ps) are extracted from the trajectories and averaged over all
such events (Fig. 2b). When PF6

� exits the rst solvation shell
(upper panel), the solvation structure changes from CIP to SSIP.
The average EC coordination number with Li+ is above 2.1
before the transition, which is higher than the bulk average of
all CIP species (1.5). This indicates that PF6

� is more probable
to leave the solvation shell when more EC molecules are coor-
dinated. Aer PF6

� separates with Li+ ions at 0 ps, the
DG (kJ mol�1)

�9.5
�6.7
1.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The anion–solvent exchange mechanism. (a) Node graph
representations of two types of anion–solvent exchange mechanism,
the “entry-exit” type and the “exit-entry” type. (b) The coordination
numbers of EC and EMC as a function of time before and after each
“PF6

� exit” or “PF6
� entry” event. The time of each event happens is set

as 0 ps, and the coordination numbers are averaged over all such
events. The light-colored area denotes the extent of standard devia-
tion. (c–f) Sample trajectory of EC-PF6

� exchange in the Gen2 elec-
trolyte. (c) Li+-X (X ¼ carbonyl O in EC or F in PF6

�) distance as
a function of time. The snapshots of the sampled Li+ solvation shell at
(d) 150 ps, (e) 180 ps, and (f) 210 ps of the time slice. The color scheme
is the same as Fig. 1a. The non-exchanging coordinated molecules are
set as transparent for clarity.

Fig. 3 The electrostatic potential contour maps of (a) EC, (b) EMC, (c)
Li+ coordinated EC ([Li+EC]), and (d) Li+ coordinated EMC ([Li+EMC])
calculated using quantum chemistry. The slice is across the carbonyl
plane. Red, blue and white colors represent the least positive (or most
negative), most positive and intermediate electrostatic potential,
respectively. The color bar shows the values of the electrostatic
potential in volts. The directions and magnitudes of the net molecular
dipole moments are shown for EC and EMC. The connections
between atoms represent chemical bonding or Li+ coordination. (e) An
illustration of the octahedral coordination of Li+ with equatorial (eq.)
and axial (ax.) coordination sites with respect to PF6

� (yellow ball). The
light blue and dark blue balls indicate the preferential sites for EMC and
EC, respectively. (f) The calculated and fitted angle distribution of P–
Li–O (P ¼ P in PF �, O ¼ carbonyl O in EC and EMC) of CIP species.
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coordination numbers of both EC and EMC gradually increase
to the bulk average of SSIP in about 100–200 ps, suggesting that
the exchange is predominantly an “exit-entry” type. Likewise,
when PF6

� enters the solvation sheath (lower panel), the
solvation structure changes from SSIP to CIP. The coordination
number of EC as well as the total coordination number before
the event is about 0.6 lower than the bulk average of SSIP. The
coordination number of EC drops even further from �100 ps to
0 ps. This indicates that PF6

� preferentially associates with Li+

ions that have less EC coordinated and a “vacant” coordination
site. Subsequently, the coordination numbers of both EC and
EMC remain almost unchanged aer the PF6

� coordination.
Therefore, the “exit-entry” type mechanism is expected to
dictate the anion–solvent exchange in both directions. To the
best of our knowledge, this has not been previously reported.

To further visualize the anion–solvent exchange process, a 400
ps long trajectory in the Gen2 electrolyte with an EC-PF6

�

exchange event is exhibited as an example in Fig. 2c–f. At time
150 ps, the central Li+ coordinates with the highlighted EC
solvent. Next, the EC molecule starts to leave the Li+ solvation
shell, and an undercoordinated Li+ solvation structure is
© 2021 The Author(s). Published by the Royal Society of Chemistry
captured at 180 ps. Subsequently, the PF6
� enters the solvation

shell to coordinate with Li+, and a CIP structure is formed at 210
ps. The duration of the sampled exchange event is less than 100
ps, which agrees with the observation in the lower panel of
Fig. 2b.

The electrostatic repulsion, arising from the high dipole
moment of EC and the negative charge of PF6

� is identied as
the origin of the exclusive relationship between EC and PF6

�. As
a measure of the interaction between charge and dipole, elec-
trostatic potential analysis was conducted with contour maps
across the carbonyl plane. As illustrated in Fig. 3a and b,
uncoordinated EC exhibits a large molecular polarization (7.27
Debye, calculated) while the dipole of EMC is mostly canceled
out (0.78 Debye, calculated). When EC coordinates with Li+

([Li+EC], Fig. 3c), a gradient of electrostatic potential is yielded
along the circumference direction around Li+ (hollow arrow). In
contrast, the electrostatic potential around EMC-coordinated
Li+ ([Li+EMC]) is almost evenly distributed and more positive
at the same radial distance (Fig. 3d). A more negative electro-
static potential near [Li+EC] indicates greater relative
6

Chem. Sci., 2021, 12, 14740–14751 | 14745
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Fig. 4 The population and species-specific coordination number of
SSIP, CIP, and AGG in (a and b) the ECF electrolyte and (c and d) the
GenF electrolyte.
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electrostatic repulsion between EC and PF6
�, compared to

[Li+EMC]. To quantify this electrostatic interaction, we per-
formed energy decomposition analysis based on absolutely
localized molecular orbitals within an implicit solvent model
(ALMO-EDA(solv))62 on the binding energy of [Li+EC]/[PF6

�]
(Eb1) and [Li+EMC]/[PF6

�] (Eb2), respectively (Fig. S7 in ESI;†
ellipsis denotes the binding of two clusters). The difference in
the attractive terms between Eb1 and Eb2 is found to be 63%
contributed by the electrostatic interaction (Fig. S8 in ESI†).
This dominancy of the electrostatic term veries the arguments
that the exclusive relationship between EC and PF6

� mainly
originates from electrostatic repulsion. Interestingly, the
repulsive interaction even regulates the angular distribution of
coordinating species as manifested in MD trajectories (Fig. 3e
and f). Considering a model octahedral CIP solvation structure
with four equatorial coordination sites and one axial coordi-
nation site with respect to PF6

�, in an unbiased situation, the
likelihood ratio of solvent molecules occupying the two types of
sites is 4 : 1. By tting the distribution of angle P–Li–O (P ¼ P in
PF6

�, O ¼ carbonyl O in EC and EMC) of CIP species with
a binormal distribution, we observe a clear trend that the axial
site is favored by EC, whereas EMC exhibits a higher probability
for occupying the equatorial sites. The trend is consistent with
the repulsive electrostatic interaction between EC and PF6

� as
elucidated by the quantum chemistry calculations. Note that
PF6

� can be either monodentate or bidentate, which leads to
a deviation from 180� for the axial binding site.

The impact of the anion–solvent exchange mechanism on
the electrochemical performance of electrolytes is two-fold.
First, the exchange mechanism is likely to impact the SEI
formation. When the electrolyte reacts with the anode surface to
form the SEI, the reaction products depend on the starting
reactants as well as their immediate solvation environment. The
preferential substitution between EC and PF6

� anion indicates
a lower fraction of EC in solvation structures where Li+ coordi-
nates with PF6

�. Meanwhile, for this small fraction of EC in
CIPs and AGGs, it is likely that EC and PF6

� are separated by
a larger angle. In contrast, positively charged SSIPs contain
more EC than the bulk average, which preferentially move to the
anode surface due to electrostatic and concentration gradients.
Therefore, the EC-PF6

� exchange inuences both the neighbor
distance between EC and PF6

� within a solvation structure as
well as the distribution of solvation species near the anode
surface, which in turn impacts the composition of starting
reactants, the environment of intermediate fragments, and
ultimately the nal products of SEI formation reactions.
Secondly, the exchange mechanism enhances our under-
standing of salt dissociation and ionic conduction phenomena.
With the “exit-entry” mechanism, a free PF6

� does not coordi-
nate with Li+ until an EC molecule exits the SSIP. Thus, the rate
of ion pair formation is governed by the relatively long residence
time of EC molecules in the Li+ solvation shell (6.4 ns as
calculated in Section 3.4). In contrast, in the “entry-exit”
mechanism PF6

� may directly attack the solvation shell of an
SSIP and associate with Li+, similar to a nucleophilic SN2 reac-
tion. This identied mechanism may thus be signicant in
promoting the long-lived presence of SSIPs, which screen the
14746 | Chem. Sci., 2021, 12, 14740–14751
electrostatic interaction between Li+ and PF6
� and enable

uncorrelated cation and anion ux.

3.3 Solvation structure of the GenF and ECF electrolytes

The inuence of the electrolyte additive on the solvation
structure of electrolytes was studied. Two model electrolytes
(ECF and GenF electrolyte) are created by adding 10 mol% of
FEC to the EC-base and Gen2 electrolyte. As shown in Fig. 4a
and c, comparing with the EC-base and Gen2 electrolytes, the
ECF and GenF electrolytes exhibit similar population distribu-
tions, despite that the SSIP ratio in the GenF electrolyte is
slightly higher than that of Gen2. Likewise, in terms of the
anion–solvent exchange behavior, electrolytes with FEC exhibit
a similar trend as their base electrolytes (Fig. 4b and d). The
average Li+ coordination number with EMC remains about 3 for
all species, while the FEC coordination number to Li+ decreases
along with EC when forming CIP and AGG in the GenF elec-
trolyte. We hypothesize that the large dipole moment of FEC
(6.44 Debye, calculated), which is comparable with that of the
structurally analogous EC, is responsible for a similar repulsive
interaction with PF6

� as compared to EC.9 Moreover, uorina-
tion is reported to cause large decreases in the solvating ability
of uorinated carbonate.2 On average, FEC exhibits a coordina-
tion number of 0.23 in both ECF and GenF electrolytes, corre-
sponding to an EC : FEC molar ratio and an EC : EMC : FEC
molar ratio of 24 : 1 and 7 : 12 : 1 in the solvation shell. This
less than 10% of FEC in the Li+ rst solvation shell signies its
weaker solvating ability compared to EC and EMC, consistent
with experimental observations.2,67 However, the fact that still
a considerable portion (23%, if assuming single FEC coordi-
nation) of Li+ are coordinated with at least one FEC, is crucial
for the reduction behavior of electrolytes with the FEC additive,
as discussed below.

3.4 Transport properties

To evaluate the properties of the four model electrolytes, we
consider not only the coordination environments but also the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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transport properties governing the Li+ diffusion and ionic
conduction. In order to quantify the average time length of ion
association, the residence times (sij) of Li+-EC, Li+-EMC, Li+-
FEC, and Li+-PF6

� in the four model electrolytes were computed
by tting the pair lifetime correlation function (Fig. 5a). The
residence times of Li+-solvent pairs decrease in the order of
EMC, EC, and FEC. A similar trend was found in previous
theoretical calculations that DMC exhibits a longer residence
time over EC with respect to Li+.16 Notably, the tted RESP
partial charges on the carbonyl oxygen of each solvent molecule
decrease in the same order. We surmise that the partial charge
of the coordinating atom rather than the donor number of the
coordinating solvent is the decisive factor of the kinetic barrier
of desolvation, which further determines the residence times.
The residence times of Li+-PF6

� in the Gen2 and GenF electro-
lytes are about 6 ns while those in EC and ECF electrolytes are
less than 4 ns. The trend indicates that the Li+-PF6

� pair coor-
dinates with each other for a longer period of time in the
presence of linear carbonates. Therefore, our solvation struc-
ture and residence time analysis have demonstrated that, with
linear carbonates, the coordinated species (CIP and AGG) are
more favored both spatially and temporally.

Furthermore, the self-diffusion coefficients were calculated
using the slope of the mean square displacement (MSD) and
compared to experiments (Fig. 5b and S3a in ESI†). In contrast
to the EC-base and ECF electrolytes, MCEs (the Gen2 and GenF
electrolytes) exhibit a greater self-diffusion coefficient for all
species, as linear carbonates are less viscous. While it is well-
known that the non-polarizable force eld employed here
underestimates the diffusivity, the calculated self-diffusion
coefficients are in fair agreement with the experimental
trends.66 It should be noted that scaling the point charges in
non-polarizable force elds is an effective approach to account
for the electronic polarizations that screen solvent-ion and ion–
ion interactions.23,68,69 For a mixed carbonate electrolyte (e.g.,
Gen2), MD simulations using a non-polarizable force eld can
obtain a similar diffusivity and ionic conductivity as experi-
ments by scaling the default ionic charges (�1) of Li+ and PF6

�

with a factor of 0.8, as demonstrated in our recent work.70 A less
used approach is to scale the point charge of solvent molecules
to modulate the solvent polarity.71,72
Fig. 5 Transport properties of the EC-base, ECF, Gen2, and GenF elec
PF6

�-Li+ pairs in the EC-base, ECF, Gen2, and GenF electrolytes. (b) The
FEC, PF6

�, and Li+) in the EC-base, ECF, Gen2, and GenF electrolytes.
EC : DEC 1 : 2 (mol.)) at 298 K are taken from the literature.66 (c) The exp

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thus far, we have shown that MCEs exhibit a higher diffu-
sivity, while the EC-base and ECF electrolytes exhibit a higher
ion dissociation rate and a higher ratio of ionic conducting
species.

Based on the above understanding of the ion solvation and
diffusion, the ionic conductivities were rigorously computed
using GK relations and experimentally measured using
conductivity meter, as shown in Fig. 5c and S3b (see ESI†). All
four electrolytes exhibit similar calculated ionic conductivity
values, within an order of magnitude. Interestingly, the signif-
icantly higher salt association of the Gen2 electrolyte does not
lead to signicantly lower ionic conductivity, which is attributed
to the improved viscosity and self-diffusion properties. This
trend is consistent with our experimentally obtained values (9.8
mS cm�1 for Gen2, 8.9 mS cm�1 for EC-base). In contrast,
conventional ionic conductivity calculations using the Nernst–
Einstein equation overestimate the ionic conductivity of the
Gen2 and GenF electrolyte by more than 40% (Fig. S9 in ESI†).
Hence, for highly associated mixed carbonate electrolytes,
a rigorous calculation using Green–Kubo relations is important
for obtaining a correct trend of the ionic conductivity. Notably,
the inclusion of linear carbonates is essential for the practical
operation of batteries at low temperature.1 Furthermore, as
shown in Fig. 5b, the addition of 10% FEC slightly decreases the
self-diffusion coefficients of other species, due to the high
viscosity of FEC (4.1 cP, 298 K), as compared with EC (1.9 cP, 313
K) and EMC (0.65 cP, 298 K).73,74 As a result, the ionic conduc-
tivity of the ECF is slightly lower than that of the EC-base elec-
trolyte for both experimental and calculated results. In contrast,
the ionic conductivities of the Gen2 and GenF electrolytes are
almost equal, on account of the slightly higher SSIP ratio in the
GenF electrolyte that helps compensate for the decrease in
diffusivity. The observation agrees with previous experimental
results that the ionic conductivity of 1 M LiPF6 1 : 1 : 3 (vol%)
EC/PC/EMC remains similar when adding 2 vol% FEC at room
temperature.75
3.5 Reduction behavior of each solvent ingredient

Given that the reduction reactions of electrolytes regulate the
anode SEI formation and further inuence the cycling perfor-
mance of batteries, the reduction behavior of electrolytes was
trolytes. (a) The residence times (sij) of EC-Li
+, EMC-Li+, FEC-Li+, and

calculated self-diffusion coefficients of electrolyte species (EC, EMC,
Experimental values for EC (1 M LiPF6 in EC), and MCE (1 M LiPF6 in
erimental (Exp) and calculated (Cal) ionic conductivity at 298 K.
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Table 2 The calculated (Cal) and experimentally (Exp) measured reduction potentials vs. Li+/Li(s) of Li+ coordinated solvents, in Volt. The
parentheses with a minor sign denote the reduced molecule

Reduction reaction

Potential (V vs. Li+/Li)

Cal Exp

Li+-EMC + e� / Li+-(EMC)� 0.45 0.45 (ref. 61)
Li+-EC + e� / Li+-(EC)� 0.62 0.75 (ref. 76)
Li+-(EC)3(EMC)3 + e� / Li+-(EC)�(EC)2(EMC)3 0.64
Li+-FEC + e� / Li+-(FEC)� 0.97 1.1 (ref. 77)
Li+-(EC)2(EMC)3(FEC) + e� / Li+-(EC)2(EMC)3(FEC)

� 0.99
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investigated by quantum chemical calculations. The initial step
of reduction reactions and the corresponding reduction
potentials of single EC, EMC, and FEC coordinated Li+ struc-
tures, as well as two full solvation structures obtained from the
MD trajectory were computed and compared to experiments
(Table 2; Fig. S6 in ESI†). The reduction potential decreases with
the order of FEC, EC, and EMC, in agreement with the reported
experimental results61,76,77 and previous theoretical calcula-
tions.78 Even as an additive (10%), FEC coordinates with Li+

(Fig. 4) and exhibits a high reduction potential (0.3 V higher
than EC). Thus, FEC will be preferentially reduced in the early
SEI formation using ECF and GenF in full cells, setting the stage
for further SEI formation reactions, aging, and anode passiv-
ation.79 Moreover, FEC is expected to improve the SEI compo-
sition, through increased production of LiF and oligomeric
components derived by FEC reduction.80,81 Even though the
additive may slightly affect the conductivity as discussed above,
the overall effect of FEC additive is benecial for the cycling
performance and capacity retention, especially for Li metal
anode35 and Si anode applications.36 Furthermore, as noted by
Horowitz et al.82 and Shi et al.,34 for reduction reactions
specically at the electrolyte–electrode interface, the interaction
of the solvated species with the electrodes is another important
factor governing the reduction behavior of electrolytes.

The interaction between solvated species with Li metal and
silicon anodes is especially sensitive to the surface conditions of
the specic materials. The electrochemical and mechanical
evolution of the Li metal surface is a highly complex, out-of-
equilibrium reaction cascade, where the resulting composite
surface lm can reduce electronic charge transfer to the elec-
trolyte,83 and its inorganic components including Li2O, Li2CO3,
LiOH, Li2S, and LiF, along with organic components depending
on manufacturing and storage conditions are all believed to
inuence the SEI layer composition and functionality.83,84

Similarly, almost all silicon surfaces exhibit a native oxide or
sub-oxide layer that reacts irreversibly during the initial elec-
trochemical cycles.85 While the reduction of linear carbonate is
believed to be fully suppressed by EC on graphite anode,86,87 in
situ spectroscopic experiments have shown evidence of prefer-
ential reduction of linear carbonates (e.g., DMC) on the native
silicon oxide lm of non-lithiated silicon anode.34 Balbuena
et al. have found that the reduction mechanism of EC and FEC
is highly dependent on the surface termination of the Si surface,
as well as the degree of lithiation of the surface.88,89 Moreover, it
14748 | Chem. Sci., 2021, 12, 14740–14751
is reported that FEC exhibits a higher affinity towards the
silicon surface than EC, and forms an ordered, up-right orien-
tation, which may promote SEI formation and Li diffusion.90,91

Most recently, articial surface coating with the appropriate
binder,92 oxide layer,93 and Mg metal94 have been used to alter
the interfacial interactions and reactions between the Si anode
and electrolytes for achieving a stable SEI that minimizes side
reactions and sustains efficient cycling. Finally, water contam-
ination has been reported to cause detrimental parasitic reac-
tions that affect the formation, evolution, and properties of the
SEI.95 In addition, the hydrolysis of LiPF6 creates hydrouoric
acid, leading to a pitted and inhomogeneous SEI structure.96

Therefore, we note the importance of considering specic
surface conditions as well as possible impurities when investi-
gating the interfacial reactions between anodes and electrolytes.
4 Conclusions

In summary, the solvation structure, transport properties, and
reduction behavior of four prototype electrolytes (EC-base, ECF,
Gen2, and GenF) were investigated using classical MD simula-
tions, quantum chemistry, and transport property measure-
ments. While the LiPF6 salt in the EC-base electrolyte is mostly
dissociated, the Gen2 electrolyte exhibits a much higher degree
of ion association (>30% CIP, >30% AGG). Interestingly, and
non-intuitively, in the Gen2 electrolyte, the coordination
number of EC with Li+ decreases when PF6

� enters the rst
solvation shell. We here identify electrostatic repulsion between
the highly polarizable EC and the negative charged anion PF6

�,
as responsible for the phenomenon. We also reveal an anion–
solvent exchange mechanism as “entry-exit” type, providing
a dynamic perspective of ion transport in electrolytes. Further-
more, in contrast to the EC-base electrolyte, the Gen2 electrolyte
exhibits greater self-diffusion coefficients, due to the lower
viscosity of the linear carbonates. Therefore, although the Gen2
electrolyte exhibits more aggregates and bulky conductive
species, the overall ionic conductivities of the Gen2 and EC-base
electrolyte are very similar, as veried by experimental
measurements. A considerable portion of the FEC additive in
the ECF and GenF electrolyte is found to coordinate with Li+ in
the rst solvation shell, with a minor impact on the transport
properties. Finally, the reduction potentials of Li+ coordinated
solvent molecules are found to decrease in the order of FEC, EC,
and EMC. The preferential reduction of the FEC additive is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
deemed benecial for the early onset passivation of the anode
surface and facilitates an improved composition of SEI. We
believe our modeling of mixed carbonate electrolytes elucidates
the atomistic origin of energy-storage relevant properties of this
class of commercially relevant battery electrolytes, and provides
a paradigm of computational property evaluation in novel
electrolyte design.
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