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ABSTRACT: Localized high-concentration electrolytes (LHCEs), which are mixtures of highly
concentrated electrolytes (HCEs) and non-coordinating diluents, have attracted significant interest as
promising liquid electrolytes for next-generation Li secondary batteries, owing to their various beneficial
properties both in the bulk and at the electrode/electrolyte interface. We previously reported that the
large Li+-ion transference number in sulfolane (SL)-based HCEs, attributed to the unique exchange/
hopping-like Li+-ion conduction, decreased upon dilution with the non-coordinating hydrofluoroether
(HFE) despite the retention of the local Li+-ion coordination structure. Therefore, in this study, we investigated the effects of HFE
dilution on the Li+ transference number and the solution structure of SL-based LHCEs via the analysis of dynamic ion correlations
and molecular dynamics simulations. The addition of HFE caused nano-segregation in the SL-based LHCEs to afford polar and
nonpolar domains and fragmentation of the polar ion-conducting pathway into smaller clusters with increasing HFE content.
Analysis of the dynamic ion correlations revealed that the anti-correlated Li+−Li+ motions were more pronounced upon HFE
addition, suggesting that the Li+ exchange/hopping conduction is obstructed by the non-ion-conducting HFE-rich domains. Thus,
the HFE addition affects the entire solution structure and ion transport without significantly affecting the local Li+-ion coordination
structure. Further studies on ion transport in LHCEs would help obtain a design principle for liquid electrolytes with high ionic
conductivity and large Li+-ion transference numbers.

1. INTRODUCTION
The development of high-energy-density and low-cost
rechargeable batteries is important to realize a shift from fossil
fuel sources to those of renewable energy.1,2 Electrolyte
materials play a crucial role in realizing the practical
applications of next-generation rechargeable batteries. Among
the proposed electrolyte materials, highly concentrated
electrolytes (HCEs) exhibit improved thermal and electro-
chemical stabilities as well as stable cycling of high-voltage
positive electrodes and lithium metal negative electrodes.3−9

Moreover, we previously reported the unique exchange/
hopping-like Li+-ion transport in sulfolane (SL)-based HCEs
containing Li salts.10 In the SL-based HCEs, SL coordinates to
two vicinal Li+ ions forming an SL- and anion-bridged, chain-
like Li+ coordination structure, which contributed to the highly
efficient Li+-ion transport; this has been evidenced by the rapid
diffusion of Li+ ions compared to that of SL and the counter
anions as well as a high Li+-ion transference number (0.7−0.8)
under anion-blocking conditions.10−12 Furthermore, the SL-
based HCEs demonstrated an improved rate performance in
Li-ion batteries and Li−S batteries.10,12,13

However, HCEs demonstrate low ionic conductivity and
poor electrode wettability due to their significantly high
viscosity. Previous studies have reported that the dilution of

HCEs with a low-polarity solvent such as hydrofluoroethers
enhanced the ionic conductivity and wettability without losing
the merits of the electrochemical characteristics of the parent
HCEs.14−16 For instance, the addition of 1,1,2,2-tetrafluor-
oethyl-2,2,3,3-tetrafluoropropyl ether (HFE) to a 1:1 molar
mixture of Li[TFSA] and tetraglyme (G4) ([Li(G4)][TFSA])
improved the viscosity and conductivity to the same level as
those of typical 1 mol dm−3 organic electrolyte solutions.16

This electrolyte design has been termed as localized high-
concentration electrolytes (LHCEs) and is widely applied to
electrolyte materials in lithium batteries.17−19

Considerable efforts have also been invested in elucidating
the ion-transport mechanism in HCEs based on concentrated-
electrolyte theory.20−25 We previously studied the effects of
diluents on the dynamic ion correlation in diluted [Li(G4)]-
[TFSA] based on Roling and Bedrov’s concentrated-solution
theory.26 The addition of non-coordinating HFE did not alter
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the ion-transport mechanism in [Li(G4)][TFSA], resulting in
an unchanged Li+-ion transference number and increased ionic
conductivity. A similar phenomenon, where the high Li+
transference number is retained and the ionic conductivity is
improved, was expected when SL-based HCEs are diluted with
non-coordinating HFE. However, in practice, the Li+ trans-
ference number decreased.12,13,27 This could be attributed to
the reduced contribution of the Li+ exchange/hopping
mechanism to the ionic conduction; however, the practical
changes in the ion-transport mechanism and Li+-ion
coordination structure remained unclear. Therefore, in this
study, we investigated the dilution effect on the Li+
transference number and Li-ion coordination structure in SL-
based LHCEs. In this study, HFE was used as the diluent for
SL-based LHCEs owing to the miscibility with [Li(SL)2]-
[TFSA], non-flammability, and a relatively high boiling point.
In addition, the concentration dependence of the dynamic ion
correlation in diluted SL-based HCEs was studied in a similar
manner to that of diluted [Li(G4)][TFSA] in a previous
report.26 We also performed all-atom molecular dynamics
(MD) simulations to validate the changes in the solution
structure and its relation to the ion-transport mechanism in
SL-based LHCEs.

2. EXPERIMENTAL SECTION
2.1. Materials. Triglyme (G3, battery grade, water content

<50 ppm), SL (battery grade, water content <50 ppm), and
lithium bis(trifluoromethanesulfonyl)amide (LiTFSA, purity
>99.9%, water content <100 ppm) were purchased from
Kishida Chemical Co., Ltd. (Japan). 1,1,2,2-Tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (HFE) was purchased from
Daikin Industries Ltd. (Japan). These purified solvents and the
Li salt were used as received. The SL-based HCE [Li(SL)2]-
[TFSA] was prepared by mixing LiTFSA and SL in the
appropriate molar ratios. [Li(SL)2][TFSA]-xHFE was pre-
pared by mixing the stoichiometric Li salt and solvent in a 1:2
ratio and diluting with HFE in the appropriate molar ratios of
x. All electrolyte preparations were performed in an inert
argon-filled glovebox ([H2O] < 1 ppm, [O2] < 1 ppm).
2.2. Measurements. The self-diffusion coefficients of Li

(DLi
self), TFSA (DTFSA

self ), and the solvents (DSL
self and DHFE

self ) were
determined within an error of 10% using pulse-field-gradient
(PFG) nuclear magnetic resonance (NMR), as that in our
previous report.26 A JEOL ECX-400 NMR spectrometer with a
9.4 T narrow-bore superconducting magnet and a PFG probe
was used for the measurements. PFG (g) was calibrated using
deuterated water. 1H, 7Li, and 19F NMR spectra were recorded
for the solvents, Li, and TFSA, respectively. Raman spectra
were recorded using a 532 nm laser Raman spectrometer
(NRS-4100, JASCO) at a resolution of ∼4 cm−1 and calibrated
using a polypropylene standard. The temperature of the
samples was regulated at 30 °C using a Peltier microscope
stage (TS62, INSTEC) with a temperature controller
(mk1000, INSTEC). Two different Li+ transference numbers
(tLiNMR and tLiEC) were estimated based on previous reports.26,28

The value of tLiEC was determined using Li/Li symmetric cells
encapsulated in 2032-type coin cells. A porous glass filter paper
(Advantec, GA55, diameter = 17 mm) soaked with the
electrolytes was placed between two Li foil electrodes (Honjo
Metal, diameter = 16 mm). Before potentiostatic polarization,
the electrochemical impedance measurements were performed
every hour in the frequency range of 0.1 Hz−1 MHz at an
alternating voltage amplitude of 5 or 10 mV, using a ModuLab

XM ECS electrochemical test system (Solartron Analytical).
This confirmed the interfacial stabilization of the Li electrodes.
After stabilization of the cells, a polarization curve with a
potential step of 5 or 10 mV was obtained until the current
reached a steady state. Subsequently, electrochemical impe-
dance spectra were recorded to obtain the interfacial
impedance of the polarized cells. Ionic conductivity (σion)
was obtained using a complex impedance method in the
frequency range of 1 Hz−500 kHz at an alternating voltage
amplitude of 10 mV (VMP3, Biologic). The cell constants of
the conductivity cells (two platinum black electrode cells) were
determined using a 0.01 mol dm−3 KCl aqueous solution at 25
°C. Ionicity, defined as the molar conductivity fraction (Λimp/
ΛNMR), is estimated to obtain information about the degree of
dissociation, where Λimp is the experimental molar conductivity
and ΛNMR is obtained from the self-diffusion coefficients of the
ions using the Nernst−Einstein equation, ΛNMR = F2(DLi

self +
Danion

self )/RT, where F is the Faraday constant, R is the gas
constant, and T is the absolute temperature. The densities and
viscosities were simultaneously measured using a Stabinger
viscometer (SVM300, Anton Paar).
The following measurements were performed to calculate

the Onsager transport coefficients.22,25,29 The salt diffusion
coefficients (Dsalt) of electrolytes were determined using Li/Li
symmetric cells, which were polarized at a constant current
density of 0.25 mA cm−2 until a steady state was reached. The
voltage relaxation of the cell potential was recorded after the
applied current was removed. The electrode potential of Li/Li+
(electromotive force, EMF) in each electrolyte was measured
with respect to the reference electrode, Li/Li+ in 1 mol dm−3

LiTFSA/G3, using a multi-compartment concentration cell, in
which Vycor glass was used for the junction between the
reference and sample electrolytes. The value of dφ/dln(c) at a
given concentration was obtained from the slope of the plot of
Li-salt concentration vs potential, as shown in Figure S1. To
determine the concentration dependence of the EMF of
[Li(SL)2][TFSA]-xHFE, the Li-salt concentration was varied
by changing the amount of SL while maintaining the molar
ratios of Li[TFSA] and HFE, assuming concentration
polarization in the electrochemical cells. All the above
experimental cells were prepared and sealed in the glovebox,
and the measurements were performed at 30 °C unless
otherwise noted.
2.3. Dynamic Ion Correlations. To evaluate the dynamic

ion correlations, the Onsager transport coefficients were
determined from the experimental transport data, σion, tLiEC,
Dsalt, DLi

self, Danion
self , and dφ/dln(c), for a given electrolyte based

on Roling and Bedrov’s concentrated-electrolyte theory.22,25

The experimental transport data are listed in Table S1. The
Onsager transport coefficients were expressed as the fraction of
the contribution to the total ionic conductivity (σion) as shown
below:

= +++ +2ion (1)

The transport coefficients for the cation (σ++) and the anion
(σ−−) obtained from eqs S1 ∼ S7 in the Supporting
Information can be divided into self-terms and distinct
terms, and σion was rewritten as follows:

= + + ++ ++ +2ion
self distinct self distinct

(2)

The self-terms σ+
self and σ−

self were estimated using the
Nernst−Einstein equation as follows:

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c02112
J. Phys. Chem. C 2023, 127, 12295−12303

12296

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02112/suppl_file/jp3c02112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02112/suppl_file/jp3c02112_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02112/suppl_file/jp3c02112_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= cF
RT

Dself
2

self
(3)

In addition, the distinct terms σ++
distinct and σ−−

distinct can be
estimated by subtracting σ+

self and σ−
self from σ++ and σ−−,

respectively. The positive and negative signs of the distinct
terms indicate correlated and anti-correlated ion motions,
respectively. The numerical data are listed in Table S2, and the
procedure for calculating the Onsager transport coefficients
under anion-blocking conditions has been adopted from a
previously reported method.22

2.4. MD Simulations. MD simulations using a polarizable
force field were performed using the polarizable version of
MPDyn simulation software.30 Previously reported OPLS-AA-
based force-field parameters for SL and LiTFSA were used to
model the polarizable force fields.31 New parameters were
developed for HFE based on ab initio molecular orbital
calculations. The details for the polarizable force fields are
provided in Figure S2 and Tables S3−S7. The initial structures
of the electrolytes were prepared using the PACKMOL code.32

Production simulations of the mixtures of SL, LiTFSA, and
HFE were conducted in the NPT ensemble. The pressure and
temperature were maintained at 0.1 MPa and 363 K using an
Andersen barostat33 and a Nose−́Hoover chain thermostat,34

respectively. All the C−H bonds were held rigid using the
SHAKE algorithm.35 Reversible RESPA was used for multiple-
time step integration of equations for the motion of atoms.36,37

Periodic boundary conditions were employed. The nonbonded
forces were truncated at 12 Å, while the Coulomb interactions
were computed using the Ewald method.38 The time step size
for updating interactions in the Ewald reciprocal space was 8 fs
and that for other interactions was 2 fs. The production run
was conducted for 100 ns, and the trajectories were used for
various analyses.
The radial distribution function and accumulative coordina-

tion number of oxygen atoms around Li+ ions were calculated
to investigate the solution structure of the electrolytes. The
radial distribution function, gij(r), of the j-th segment around
the i-th segment was calculated as follows:

=g r
r r

V
N

n r( )
1

4
( )ij

j
ij2

(4)

where ⟨Δnij(r)⟩ is the average number of j-th segments found
at a distance of r from the i-th segment, and the grid size of Δr
was set to 0.1 Å. The accumulative coordination number was
calculated as follows:

=N r n r r( ) ( ) dij

r

ij
0 (5)

3. RESULTS AND DISCUSSION
3.1. Transport Properties of [Li(SL)2][TFSA]-xHFE. As

shown in Figure 1a, the addition of HFE to [Li(SL)2][TFSA]
caused two orders of magnitude increase in the self-diffusion
coefficients of the ions at the lowest salt concentration (c) of
0.18 mol dm−3 (x = 35) and significantly decreased the
viscosity of the electrolyte.12 However, the increase in
conductivity was less significant than that expected from an
increase in the self-diffusion coefficients: the conductivity
(σion) increased by a factor of 2.1 from 0.42 mS cm−1 for the
non-diluted HCE (x = 0) to a maximum value of 0.90 mS

cm−1 for the LHCE at a c of 1.57 mol dm−3 (x = 2) (see the
Supporting Information, Table S1).12

First, we focused on the order of the self-diffusion
coefficients of the components in the SL-based HCE and
LHCEs in the c range of 0.38−2.97 mol dm−3 to elucidate the
changes in the Li-ion transport upon dilution with HFE. At c =
2.97 mol dm−3, the self-diffusion coefficient of Li (DLi

self) was
higher than those of the other species (DTFSA

self and DSL
self) in the

non-diluted [Li(SL)2][TFSA]. This diffusion behavior is
anomalous and cannot be interpreted by simple translational
diffusion of the solvated Li+ ions observed in typical organic
electrolyte solutions.39 A previous Raman study combined with
X-ray crystallography12 revealed that each Li+ ion is linked to
two neighboring SLs, forming a −SL−Li+−SL− chain-like Li+-
ion coordination in the HCEs. Furthermore, TFSA− would
form −TFSA−−Li+−TFSA−− aggregated ion pairs with Li+
ions. Such chain-like Li+-ion coordination structures in the
HCEs cause efficient Li+-ion exchange between the coordinat-
ing/vacant sites without dragging the solvent and anion
molecules. This explains the unusual Li+-ion diffusion behavior
in SL-based HCEs. However, even a small addition of HFE to
[Li(SL)2][TFSA] changed the order of the self-diffusion
coefficients of the components. At c = 2.44 mol dm−3, DLi

self was
smaller than DSL

self, whereas DLi
self was slightly larger than DTFSA

self .
However, in the cLi range lower than 2.06 mol dm−3, DLi

self was
comparable to DTFSA

self , and the diffusion coefficients were in the
order of DHFE

self > DSL
self > DLi

self ∼ DTFSA
self . The rapid diffusion of

HFE is characteristic of its non-coordinating property, as
evidenced by the solvent parameters (permittivity ε = 6.7 and
Gutmann’s donor number DN = 1.9).16 Furthermore, DSL

self >

Figure 1. Concentration dependence of (a) self-diffusion coefficients
and (b) Li+ transference numbers (tLiEC and tLiNMR) of [Li(SL)2]-
[TFSA]-xHFE electrolytes at 30 °C. Abbreviations: SL, sulfolane;
TFSA, bis(trifluoromethanesulfonyl)amide; HFE, hydrofluoroether.
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DLi
self suggests the liberation of SL molecules from the unique

coordination structures in the LHCEs. The observed change in
the order of the diffusion coefficients is attributed to the
changes in the solution structure and conduction mechanism
in the absence and presence of HFE.
The Li+ transference number in the SL-based LHCEs was

evaluated to further elucidate the changes in the Li-ion
transport. Several methods have been proposed for estimating
the Li+ transference number of the electrolytes in the
literature.28 In a previous report on glyme-based LHCEs,26

Li+ transference numbers were estimated via two different
methods: one was derived from PFG-NMR (tLiNMR) and
another was estimated electrochemically (tLiEC) using the
Bruce−Vincent and Watanabe method.40,41 In this study, tLiNMR

was defined as the proportion of the self-diffusion coefficient of
Li+ (DLi

self) in the summation of the coefficients of the ion
species DLi

self and DTFSA
self , as shown below:

=
+

t
D

D DLi
NMR Li

self

Li
self

TFSA
self

(6)

In addition, tLiEC was defined as the ratio of the steady-state
current to the initial current with a correction for interfacial
impedance contributions, as shown below:

=t
I V I R

I V I R

( )

( )
i

i
Li
EC SS DC Ohm ,0

Ohm DC SS ,SS (7)

where IOhm and ISS are the initial and steady-state currents,
respectively. IOhm was calculated based on Ohm’s law: IOhm =
VDC/(Rbulk + Ri,0), where VDC is the applied voltage, and Ri,0
and Ri, SS are the initial and steady-state interfacial resistances,
respectively.
In an ideal electrolyte solution at infinite dilutions, both tLiNMR

and tLiEC would become equivalent to the true Li+ transference
number; however, they will differ from each other in non-ideal
electrolyte solutions. In addition, tLiNMR is estimated from the
self-diffusion coefficient of an individual ion; therefore, the
effects of strong ion−ion interactions and correlations in HCEs
are ignored. In contrast, tLiEC is measured in an electrochemical
cell under anion-blocking conditions and can be defined as the
current fraction of migrated and diffused Li+ ions. Thus, it can
deviate from the true value in HCEs but is an efficient
parameter to characterize the transport properties of battery
electrolytes. For the Li+-ion conductivity (σion × tLiEC), the
highest value was obtained at c = 1.57 mol dm−3 (Table S1).
Unlike tLiNMR, tLiEC is strongly affected by dynamic ion
correlations as well as salt diffusion. Moreover, a previous
study reported a large difference between tLiNMR (0.5) and tLiEC
(0.03) for [Li(G4)][TFSA].11,29 Although dynamic ion
correlations have not been considered for tLiNMR, significant
anti-correlated Li+−Li+ and Li+−TFSA− motions of the long-
lived [Li(G4)]+ cation and the bulky TFSA− anion were
considered responsible for the extremely low tLiEC under the
constraint of momentum conservation.
Figure 1b shows the Li-salt concentration dependence of Li+

transference numbers (tLiNMR and tLiEC) in the [Li(SL)2][TFSA]-
xHFE electrolytes. Both tLiNMR and tLiEC exceeded 0.6 in the non-
diluted [Li(SL)2][TFSA] (c = 2.97 mol dm−3). However, both
values monotonically decreased to ∼0.5 at an HFE dilution of c
= 1.57 mol dm−3. In the low c range of 0.38−1.57 mol dm−3,
tLiEC increased with further addition of HFE, whereas tLiNMR

remained nearly constant at ∼0.5. For the non-diluted

[Li(SL)2][TFSA], a positive effect of the dynamic ion
correlations on the Li+-ion conduction would result in a larger
tLiEC than tLiNMR. This is because the Li+-ion exchange/hopping
conduction through the chain-like Li+-ion coordination
structures would not only allow a larger DLi

self but also alleviate
the strongly anti-correlated ion motions in highly concentrated
systems.11 In the c range of 1.57−2.44 mol dm−3, the
differences in tLiNMR and tLiEC are insignificant, suggesting that
the dynamic ion correlations are less affected in this
concentration region. In contrast, the deviation between tLiEC
and tLiNMR gradually increased in the highly diluted region (c ≤
1.07 mol dm−3). This is not expected for ideal electrolyte
solutions where tLiEC = tLiNMR at infinite dilutions, which suggests
that the SL-based LHCEs behaved as a non-ideal electrolyte.
The obvious deviation between tLiEC and tLiNMR further implies
that the effect of the unique Li+-ion exchange/hopping
conduction on dynamic ion correlations was attenuated in
the presence of a large amount of HFE.
Onsager transport coefficients were experimentally esti-

mated based on concentrated-solution theory to elucidate the
dynamic ion correlations for the [Li(SL)2][TFSA]-xHFE
electrolytes. Figure 2a shows the concentration dependence

of the normalized transport coefficients (σ/σion) for [Li(SL)2]-
[TFSA]-xHFE. Both σ+

self/σion and σ−
self/σion increased signifi-

cantly with the addition of HFE to [Li(SL)2][TFSA]. These
ratios exceeded unity in the SL-based LHCEs and were ∼15 at
c = 0.38 mol dm−3. This clearly shows that the contribution of
DLi

self and DTFSA
self to the ionic conductivity (σion) was small,

where σ+
self and σ−

self were estimated using eq 3. In practice, DLi
self

and DTFSA
self could have an average value that includes those of

Figure 2. Concentration dependence of the normalized transport
coefficients (a) σ/σion and (b) σ/σ−

self of the SL-based LHCEs.
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neutral ion pairs or aggregates as well as fully dissociated ions.
In addition, ionicity (Λimp/ΛNMR), which is relevant to the
apparent degree of dissociation or dynamic ion correlations in
electrolyte solutions,39 drastically reduced with the addition of
HFE (Figure S3). Therefore, the significantly large values of
σ+
self/σion and σ−

self/σion are attributed to the presence of neutral
ion pairs or aggregates in non-ideal electrolyte solutions such
as [Li(SL)2][TFSA]-xHFE. Moreover, σ++

distinct/σion and σ−−
distinct/

σion had negative values, which do not properly reflect the
actual change in the dynamic ion correlations of [Li(SL)2]-
[TFSA]-xHFE.
To highlight the degree of variation in the cross-correlated

ion−ion motions upon dilution with HFE, the transport
coefficients were normalized using σ−

self (Figure 2b). σ−−
distinct/σ−

self

does not change significantly and remains a negative value even
with the addition of HFE. However, σ+−/σ−

self increased with
the addition of HFE, which could be attributed to the
enhanced interaction between Li+ and TFSI− in the presence
of the low-permittivity HFE. Previously, the HCEs comprising
strongly Lewis basic anions such as BF4− and CF3SO3

− were
observed to exhibit a larger tLiEC compared to the HCEs
comprising TFSA−.42 Therefore, the enhanced interaction
between Li+ and TFSI− would contribute to the increase in the
tLiEC of the LHCEs in the low c range of 0.38−1.57 mol dm−3

(Figure 1b). Notably, upon the addition of HFE, σ++
distinct/σ−

self

significantly decreased in the low c range, whereas it slightly
decreased in the c range of 1.57−2.97 mol dm−3. Moreover,
the Li+-ion exchange/hopping conduction mechanism could
also be involved in the insignificant anti-correlations in the
higher c range, even in the LHCEs. However, the value of
σ++
distinct/σ−

self decreased in the lower c range, suggesting that the
excessive addition of HFE diminishes the unique Li+-ion

exchange/hopping conduction and enhances the anti-corre-
lated Li+−Li+ motions. In addition, the decrease in the ionic
conductivity owing to the anti-correlated Li+−Li+ and TFSA−−
TFSA− motions in the low c region is less than that expected
from an increase in ionic diffusivity.12 In Figure S4, the values
of σ++

distinct/σ−
self are plotted against the volume fraction (ϕ) of

[Li(SL)2][TFSA] in the LHCEs. The mean molar volume of
each electrolyte was calculated using the density and mole
fraction of the electrolytes and converted to ϕ. A clear decline
of σ++

distinct/σ−
self was observed at a ϕ of ∼0.5 (c = 1.57 mol

dm−3). Although the SL-based LHCEs are macroscopically
homogeneous solutions, [Li(SL)2][TFSA] and the non-
coordinating HFE can be nano-segregated at a molecular
level similar to other HCEs reported in the literature.43−46

Therefore, the ion-conducting [Li(SL)2][TFSA] phase may be
partially isolated in the sea of HFE in a ϕ range lower than 0.5,
and the Li+ exchange/hopping conduction is obstructed by the
non-ion-conducting HFE-rich domains.27

3.2. Solution Structure of [Li(SL)2][TFSA]-xHFE. To
clarify the detailed solution structures in the SL-based LHCEs,
MD simulations were performed using a polarizable force field.
Figures 3 and S5 show the radial distribution functions, g, and
accumulative coordination numbers around Li+ ions, n, in the
SL-based HCE and LHCEs, respectively. The first sharp peaks
were observed at ∼2.0 Å for Li−O(SL) and Li−O(TFSA) pair
correlation functions for both HCE and LHCEs. The
coordination number of oxygens to Li+ ions within the first
coordination shell, n*, is well defined by the n value at the first
minimum of g, which is ∼3.0 Å. In addition, the −SL−Li+−
SL− and −TFSA−Li+−TFSA− chain-like coordination
structures were reflected by the second peaks for Li−O(SL)
and Li−O(TFSA) and the first peaks for Li−Li pair correlation

Figure 3. Radial distribution functions g around Li+ ions and accumulative coordination numbers n of Li−O(SL), Li−O(TFSA), Li−Li, and Li−
O(HFE) for (a) SL-based HCEs and LHCEs at a salt concentration (c) of (b) 2.06, (c) 1.57, and (d) 1.07 mol dm−3.
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functions at ∼5 Å. The intensity of these peaks increased with
the addition of HFE, indicating that SL and TFSA− locally
condensed around Li+ ions against the average densities in the
LHCEs. A broad peak for Li−O(HFE) first appeared at ∼8 Å.
These results confirm that HFE is not coordinated to Li+ ions,
indicating the formation of the LHCE structure in the
[Li(SL)2][TFSA]-xHFE electrolytes.
Table S8 summarizes n* values for SL and TFSA− in each

electrolyte. Although the total coordination number remains
constant at ∼4 in each electrolyte, the proportion of the
molecules in the first solvation shell slightly changed with HFE
dilution. For example, upon the dilution of the parent HCE
with HFE to afford an LHCE at c = 1.07 mol dm−3, the n*
value decreased from 2.4 to 2.2 for SL and increased from 1.6
to 1.7 for TFSA−. The increased coordination number of
TFSA− is indicative of the enhanced Li+−TFSA− interaction in
the presence of HFE, which is consistent with the increased
σ+−
distinct/σ−

self (Figure 2b). This is also in good agreement with
the Raman spectra (Figure S6). The strong band at 740−750
cm−1 is ascribed to the S−N symmetric stretching vibration,
and the CF3 bending for TFSA− shifted to a higher frequency,
suggesting enhanced Li+−TFSA− interaction and the con-
sequent formation of contact ion pairs and aggregates.47−49

The slight decrease in the n* for SL is attributed to the
weakened Li+−SL interaction in the presence of HFE, which is
supported by the experimental diffusivity data: DSL

self > DLi
self.

Consequently, the confinement of [Li(SL)2][TFSA] in the
low-permittivity HFE resulted in enhanced Li+−TFSA−

interaction, which causes the partial replacement of the Li+-
ion coordination of SL by TFSA− in the LHCEs.
Figure 4 shows the snapshots of the MD simulations for the

SL-based HCE and LHCEs. The red transparent region in
Figure 4 represents the surface of the oxygen atoms of SL and

TFSA− coordinated to Li+ ions. The surface was depicted by
the surface representation of VMD software50 with a probe
radius of 1.4 Å. In the non-diluted [Li(SL)2][TFSA] (Figure
4a), the coordination shells are interconnected to form a
percolation network via the −SL−Li+−SL− and −TFSA−Li+−
TFSA− chain-like coordination structures. In contrast, the
non-highlighted region in the snapshot consists predominantly
of less polar tetramethylene groups of SL. The observed polar−
nonpolar domain structure in the HCEs is attributed to the
amphiphilic property of SL toward Li+ ions.
As shown in Figure 4b−d, the snapshots clearly illustrate the

nano-segregated solution structure of the [Li(SL)2][TFSA]-
xHFE electrolytes, that is, the LHCE structure with polar and
nonpolar bi-continuous domains. The domain size of the non-
highlighted region became larger with the addition of HFE, as
the non-coordinating HFE molecules are soluble in the
nonpolar domains of [Li(SL)2][TFSA]. The polar domains
(represented by the red transparent region) served as the ion-
conducting path and are gradually fragmented into smaller
clusters with increasing HFE content. However, the ion-
conducting domains retained a continuous pathway in a c
range higher than 1.57 mol dm−3 (Figure 4b,c), whereas they
were isolated in the low c range of 1.07 mol dm−3 (Figure 4d).
The fragmentation of the ion-conducting pathway observed in
the MD simulations is closely linked to the observed changes
in σ++

distinct/σ−
self (Figure 2b) with the addition of HFE. From

these results, we can conclude that the Li+ exchange/hopping
conduction in the SL-based HCEs that suppressed the anti-
correlated Li+−Li+ motion was obstructed by the non-ion-
conducting HFE-rich domains.
Figure 5 shows the time course of the solution structure for

the SL-based HCE and LHCE at c = 1.57 mol dm−3 in the MD
simulations. The three neighboring Li+ ions that were present

Figure 4. Snapshots of the MD simulations of (a) SL-based HCEs and those of LHCEs at a c of (b) 2.06, (c) 1.57, and (d) 1.07 mol dm−3. Color
code: purple, lithium ion; gray, carbon; red, oxygen; yellow, sulfur; blue, nitrogen; green, fluorine. The red transparent volume represents the
surface of oxygen atoms in the first coordination shell of Li+ ions.

Figure 5. Snapshots of the time course of the MD simulations for (a) SL-based HCE and (b) LHCE at c = 1.57 mol dm−3. Li+ ions are represented
by van der Waals spheres. Three Li+ ions were color-coded as red, blue, and green. SL and TFSA coordinated to the selected Li+ ions at the
reference time of 0 ns are in the same color as the coordinating Li+ ion, respectively.
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at the reference time (0 ns) are displayed as red, blue, and
green spheres, and SL and TFSA− that were initially
coordinated to the respective Li+ ions are shown in the same
color. In the HCE (Figure 5a), the initial configuration of the
three interconnected Li+ ions was relatively maintained even
after 3 ns. Therefore, the slow dynamics of this unique
coordination structure plays a crucial role in Li+-ion
conduction. After 1 ns, the red Li+ ion, which was initially
coordinated to TFSA− (red), was liberated from the first
coordination shell. However, TFSA− (red) did not diffuse far
from its initial position and coordinated to a different Li+ ion
within 3 ns. At 3 ns, the green Li+ ion moved to a neighboring
site, where the red Li+ ion was originally bound. These MD
simulations clearly demonstrate the Li+-ion exchange/hopping
conduction in the HCEs. Li+ ions were likely transferred
independently within the chain-like coordination structure via
the exchange/hopping mechanism, enabling faster Li+-ion
diffusion relative to the other components and resulting in a
high Li+ transference number.
For the LHCE at c = 1.57 mol dm−3 (Figure 5b), the unique

coordination structure in the initial configuration (0 ns) was
relatively maintained at 1 ns similar to that observed for the
HCE. However, at 2 ns, both SL (blue) and TFSA− (blue)
moved from their respective Li+ ions. At 3 ns, SL (blue) was
located far from the initial position. This is attributed to the
fact that the amphiphilic SL can permeate through the
nonpolar HFE domains, whereas Li+ and TFSA− move only
in the polar domains. This phenomenon is likely responsible
for the rapid diffusion of SL, as observed in the experimental
diffusivity data for the LHCEs, where DSL

self > DLi
self (Figure 1a).

Therefore, the presence of HFE results in faster dynamics,
loosening the chain-like coordination structures and facilitating
fragmentation. In the LHCEs, the Li+-ion exchange/hopping
conduction is unlikely to occur with respect to the displace-
ment of SL and TFSA− in the chain-like coordination
structures. Instead, the Li+-ion conduction mechanism is likely
dominated by the translational motion of Li+ ions within the
fragmented polar domains, some of which can be further
isolated in the highly diluted LHCEs in the low c range of less
than 1.57 mol dm−3. These changes in the solution structure
upon dilution with HFE are supported by the dynamic ion
correlations shown in Figure 2, resulting in a decrease in tLiEC in
the high c region due to the reduced contribution of Li+ ions to
the total ion conductivity as demonstrated by the decreased
σ+
self/σ−

self and σ++
distinct/σ−

self and a further increase in tLiEC in the low
c region predominantly owing to the enhanced Li+−TFSA−

interaction.

4. CONCLUSIONS
The ion transport properties and solution structure in
[Li(SL)2][TFSA] diluted with HFE were investigated.
Onsager transport coefficients were experimentally estimated
based on concentrated-solution theory to elucidate the
dynamic ion correlations. The value of σ++

distinct/σ−
self significantly

decreased in the low c range, suggesting that the excessive
addition of HFE diminishes the unique Li+-ion exchange/
hopping conduction and enhances the anti-correlated Li+−Li+
motions. The snapshots of MD simulations clearly illustrated
the nano-segregated solution structure in SL-based LHCEs
with polar and nonpolar bi-continuous domains. The
fragmentation of the ion-conducting pathway was more
pronounced at a higher HFE content, which is closely linked
to the decrease in σ++

distinct/σ−
self. The MD simulations further

revealed the Li+-ion exchange/hopping conduction mechanism
in the SL-based HCE. However, the presence of HFE likely
resulted in faster dynamics, loosening the chain-like coordina-
tion structures and causing fragmentation. In the higher c range
of 1.57−2.97 mol dm−3, the unique coordination structure
collapsed, which likely decreased the contribution of Li+ ions
to the total ion conduction. This explanation is supported by
the decreased σ+

self/σ−
self and σ++

distinct/σ−
self, resulting in a decrease

in the Li+ transference numbers. In the low c range of less than
1.57 mol dm−3, further addition of HFE enhanced the Li+−
TFSA− interactions, thus increasing tLiEC and decreasing ionic
conductivity. Therefore, the degree of dilution should be
optimized to maximize its effect on Li+-ion conductivity and
salt diffusion coefficients. The highest value of σion × tLiEC for the
SL-based LHCEs was obtained at c = 1.57 mol dm−3 (Table
S1). However, some limitations in the ion transport of SL-
based LHCEs exist. Therefore, further studies on ion transport
in LHCEs would be helpful in achieving a design principle for
liquid electrolytes with high ionic conductivity and large tLiEC
values.
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