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ABSTRACT: Localized high-concentration electrolytes (LHCEs)
provide a new way to expand multifunctional electrolytes because
of their unique physicochemical properties. LHCEs are generated
when high-concentration electrolytes (HCEs) are diluted by
antisolvents, while the effect of antisolvents on the lithium-ion
solvation structure is negligible. Herein, using one-dimensional
infrared spectroscopy and theoretical calculations, we explore the
significance of antisolvents in the model electrolyte lithium
bis(fluorosulfonyl)imide/dimethyl carbonate (LiFSI/DMC) with
hydrofluoroether. We clarify that the role of antisolvent is more
than dilution; it is also the formation of a low-dielectric
environment and intensification of the inductive effect on the
C=O moiety of DMC caused by the antisolvent, which decrease
the binding energy of the Li+···solvent and Li+···anion interactions. It also has beneficial effects on interfacial ion desolvation and Li+

transport. Furthermore, antisolvents also favor reducing the lowest unoccupied molecular orbital (LUMO) energy level of the
solvated clusters, and FSI− anions show a decreased reduction stability. Consequently, the influence of antisolvents on the interfacial
chemical and electrochemical activities of solvation structures cannot be ignored. This finding introduces a new way to improve
battery performance.

1. INTRODUCTION
Lithium-ion batteries (LIBs) are ideal for the future develop-
ment of energy storage devices due to their high energy
densities.1,2 To constantly improve the performance of LIBs,
such as by achieving a higher specific energy, wider
temperature range, higher rate capability, and longer cycle
life, efforts have been made to explore new electrode materials
or battery designs. The electrode materials determine the
theoretical performance of the batteries, while the electrolyte
has a strong influence on the deliverable performance of the
electrode materials. However, most new battery chemistries are
beyond the applicability of commercial electrolytes (typically
lithium hexafluorophosphate (LiPF6) carbonate-based).3

Therefore, advanced electrolytes, both for new battery
chemistries and for improving the performance of existing
batteries, are of considerable interest.

The impact of electrolytes on battery performance is mainly
manifested in the following ways. First, the interfacial
compatibility with the electrode material, including wettability
and chemical/electrochemical stability, affects the specific
energy and rate capacity of the battery. Second, the ion transfer
capacity affects the power performance of the battery. Third,
the physical properties of the fluid, including viscosity,
temperature adaptability, flammability, and so on, play a role.
Generally, free solvent molecules affect the physical properties
of the electrolytes, while solvated solvent molecules play an

important role in the interfacial reactions with electrode
materials, either chemically or electrochemically. However, in
conventional homogeneous carbonate-based electrolytes with a
concentration of approximately 1 M, there is an exchange
between the solvated solvent and free solvent, resulting in the
coupling of bulk and interfacial properties.

Commonly, the regulation of electrolyte properties includes
the introduction of an additive, which modifies either the
interface reaction or the bulk properties,4−6 or concentration
optimization.7,8 In recent years, the proposed localized high-
concentration electrolytes (LHCEs) have decoupled the free
solvent from the solvated solvent in terms of species and
properties, providing insight into next-generation batteries with
high energy density and excellent cyclic stability.9,10 LHCEs
are multiphase microstructures that have been investigated by
molecular dynamics (MD) simulations.11,12 In detail, the
salt:solvent ratio in LHCEs is as high as that in super-
concentrated electrolytes, which are characterized by the high

Received: July 7, 2022
Published: August 31, 2022

Research Articlehttp://pubs.acs.org/journal/acscii

© 2022 The Authors. Published by
American Chemical Society

1290
https://doi.org/10.1021/acscentsci.2c00791

ACS Cent. Sci. 2022, 8, 1290−1298

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanzhou+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aiping+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiao+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongmei+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangming+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscentsci.2c00791&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00791?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00791?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00791?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00791?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscentsci.2c00791?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acscii/8/9?ref=pdf
https://pubs.acs.org/toc/acscii/8/9?ref=pdf
https://pubs.acs.org/toc/acscii/8/9?ref=pdf
https://pubs.acs.org/toc/acscii/8/9?ref=pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscentsci.2c00791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://http://pubs.acs.org/journal/acscii?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


participation of anions in the solvated sheath. The solvents as
the free phase are antisolvents with low viscosity, low or
nonflammability, and high electrochemical stability; for
example, hydrofluoroethers (HFEs) are the most commonly
used antisolvents. LHCEs have been proven by many studies
to favor the formation of an inorganic-rich solid-electrolyte
interphase (SEI)13,14 and cathode electrolyte interphase
(CEI).15−17 This is why LHCEs are the most promising
candidates for stabilizing high-voltage cathodes,18−20 enabling
highly reversible Li metal anodes21,22 and stabilizing lithium
polysulfides to achieve the high capacity and cycling ability of
Li−S batteries.23,24 Moreover, the introduction of an
antisolvent is an important strategy to reduce viscosity,
improve low temperature,25,26 and promote nonflam-
mable14,27,28 properties of electrolytes. Therefore, the selection
of appropriate antisolvents can offer new possibilities for the
development of high-performance LMBs.

The intermolecular interaction between solvent and
antisolvent molecules is expected to be strong according to
their mutual solubility. It can be understood that solvent
molecules in the solvation sheath will be affected by the
antisolvent due to their strong interaction. This is why LCHEs
with different physical and chemical properties can be prepared
by only changing the molecular structure of the antisol-
vents.29,30 Recently, many works have demonstrated that
antisolvents do not participate in the solvation sheath within
Li+ by MD simulations and spectroscopy. Nevertheless, the
influence of antisolvent on the solvation structures has been
observed.30−33 For instance, Li et al. have utilized the Raman
spectra, nuclear magnetic resonance (NMR) spectra, and MD
simulations to study the solvation structures of Na+.32 They
find that the higher 1H,1H,5H-octafluoropentyl-1,1,2,2-tetra-
fluoroethyl ether (OTE) additions can enhance the coordina-
tion of FSI− anions with Na+, due to the dissolution of 1,2-
dimethoxyethane (DME) in OTE. Huang et al. report that the
low dielectric environment afforded by antisolvent can enhance
the interaction between anion and Li+ in DME-based
LHCEs.30 However, the mechanism of how an antisolvent
acts on the solvation structure and changes the electrochemical
reactivity of the solvation structure remains unclear and
inadequate. To obtain theoretical guidance and further the
development of high-performance LHCEs, here, we investigate
the solvation behavior of various LHCEs using vibrational
spectroscopy, density functional theory (DFT), and molecular
dynamics (MD) simulations. Specifically, antisolvents affect
the solvation structure through intermolecular interactions
with the solvent and consequently optimize the stability of
electrolyte components. The degree of influence depends on
the type of antisolvent. In addition, antisolvents enable the Li+

desolvation process and promote the Li+ transport in LHCEs.

2. EXPERIMENTAL SECTION
2.1. Electrolyte Preparation. Lithium bis(fluorosulfonyl)-

imide (LiFSI) and dimethyl carbonate (DMC) were purchased
from DoDoChem with 98% purity. 1,1,2,2-Tetrafluoroethyl-
2,2,2-trifluoroethyl ether (TFETFE) (99.8%) and 1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) (99.9%)
were purchased from Sinochem Lantian Co., Ltd. They were
dehydrated with 4 Å molecular sieves before they were used to
dilute the electrolyte. LiFSI was dissolved in DMC to form a
high-concentration (4.5 M) electrolyte (HCE), with a DMC/
LiFSI molar ratio of 1.5:1. A localized high-concentration
electrolyte (LHCE) was prepared by adding TFETFE or TTE

into the HCE (4.5 M LiFSI/DMC solution) with a molar ratio
of 1:1.5:1.5. All electrolytes were prepared in a glovebox filled
with argon (<1 ppm of H2O).
2.2. FTIR Experiment. Fourier transform infrared (FTIR)

spectral data of the electrolyte samples were obtained by using
a Nicolet 6700 FTIR spectrometer (Thermo Electron) at room
temperature. To remove the interference of H2O and CO2,
nitrogen was blown through the FTIR spectrometer and
sample chamber. All FTIR spectra were fitted by the Voigt
function consisting of Gaussian and Lorentzian functions in
Origin95 software.
2.3. Computational Details. DFT calculations were

performed by using Gaussian 16 software, at the B3LYP
level of theory using the 6-311++G (d, p) basis set.34,35

Simultaneously, geometry optimization and frequency calcu-
lations were performed with the universal solvation model of
SMD under the solvation effect with an appropriate dielectric
constant.36 The binding energy (Eb) between solvent/anion
and Li+ or between solvent was calculated based on the
following equation

=E E E Eb total A B (1)

where Etotal is the total energy of complexes A−B, and EA and
EB denote the energy of components A and B, respectively.
The analysis of electrostatic potential was realized via
Gaussian1637 and Multiwfn.38

The solvation structures of electrolytes were simulated by
MD simulations, which were performed using the Large Scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
code.39 This program has been used successfully in the field of
lithium-ion batteries.11,40,41 General Amber force fields
parameters of the solvent molecules42,43 were generated by
the ANTECHAMBER program in AmberTools. The force
field parameters of Li+ and FSI− referred to previous
publications.44,45 The initial atomic coordinate files were
created utilizing Packing Optimization for MD Simulations
(PACKMOL)46 and were further utilized to generate the
topologies of the electrolyte systems using Moltemplate.47

Long-range Coulombic interactions were handled by the
particle-particle particle-mesh (PPPM) method. van der Waals
(vdW) interactions were described under a 12−6 Lennard−
Jones interaction model, and the cutoff is set to 10 Å. The
number ratio of LiFSI to DMC was 200:300 in all simulation
boxes, and the number of antisolvent was 300. To eliminate
the unreasonable configuration in the initial structure as much
as possible, a conjugated-gradient energy minimization scheme
with a convergence criterion of 1.0 × 10−8 was employed for
the initial configuration. First, the simulation box was
equilibrated for 1 ns under NPT conditions at 330 K with
the aim of further relaxing the initial configuration of the
system. Then, the system was rapidly cooled to 298 K and
relaxed for another 5 ns. Finally, 10 ns long NVT runs were
conducted under Nose-Hoover thermostats. The electrolyte
structure was visualized made by using VMD48 and VESTA.49

3. RESULTS AND DISCUSSION
3.1. Solvation Structure of Different LHCEs Charac-

terized with FTIR Spectroscopy. In LHCEs, the antisolvent
does not coordinate with Li+ in the first solvated sheath and
separates the characteristic 3D solvation structures of the high-
concentration electrolyte into local clusters.26 To further reveal
the effects of antisolvents on the Li+ solvation structures of
LHCEs, three model electrolytes are investigated in this study:
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LiFSI/DMC (HCE, 4.5 M), LiFSI/DMC/TFETFE (LHCE−
TFETFE, 1:1.5:1.5, n:n:n) and LiFSI/DMC/TTE (LHCE−
TTE, 1:1.5:1.5, n:n:n). First, FTIR spectroscopy is used to gain
insight into the solution structures of the electrolytes. The IR-
active C=O group is sensitive to structural changes as observed
in the region of 1650−1850 cm−1. Figure 1a shows the
normalized FTIR spectra of the C=O stretching vibration of
DMC solvent. For LiFSI/DMC (4.5 M) electrolyte, the FTIR
spectrum shows two main peaks centered at approximately
1723 and 1751 cm−1. The high-frequency peak corresponds to
the C=O stretching mode of free DMC, while the low-
frequency band at 1723.5 cm−1 results from the coordinated
DMC and is denoted as solvated C=O. With the addition of
antisolvents, the solvated C=O band is blueshifted, and the
intensity of free C=O is seemingly increased. This could be
attributed to the intermolecular interactions between solvated
DMC and antisolvents leading to changes in solvation
structures, as revealed in Figure 1(b−d).

To evaluate the effect of antisolvent on solvation structures,
the peaks of free and solvated C=O are fitted by the Voigt
function. The vibrational parameters are also listed in Table 1.
Here, we assume that the IR sensitivity for each band is
equivalent. As previously reported, the number of coordinated
and uncoordinated solvents is proportional to the integral area
of the FTIR spectrum.50 The relative areas (R) are described in

eq 2, which is used to estimate the degree of DMC
participating in the Li+ solvation structure51

=
+

R
A

A A
solvated

solvated free (2)

where Asolvated and Afree are the integrated area intensities of the
vibrational bands for solvated C=O and free C=O bands,
respectively. The peak area of coordinated solvent is 74.9% for
LiFSI/DMC (4.5 M) electrolyte. For the LHCEs, the
absorption peak area of solvated C=O increases slightly,
while the peak for free C=O shows an opposite trend. The
peak areas of coordinated DMC for LHCE−TFETFE and
LHCE−TTE are 76.3 and 77.5%, respectively. Based on the
FTIR results, it is plausible that more DMC coordinates with
Li+ in LHCEs than in HCE. Therefore, the interaction between
DMC and antisolvent should be considered as much as
possible in LHCEs.

To better understand the effects of antisolvents on solvation
structure, the DMC/antisolvent mixed solutions are charac-
terized using FTIR spectroscopy. As shown in Figure 2a, the
vibration frequency of the C=O band of pure DMC is observed
at 1756.8 cm−1, while it undergoes a blueshift to ∼1759 cm−1

and broadens with the addition of antisolvents. The frequency
difference means that the antisolvent changes the charge
distribution on the C=O group. Moreover, the FTIR spectra of
antisolvents are also provided in Figure 2a. It shows that the
FTIR spectra of TFETFE and TTE have almost no absorption
at 10× magnification in the region around 1710−1800 cm−1.
These results indicate that the antisolvents do not interfere
with the accuracy of the FTIR results.
3.2. Solvation Structure Analysis Using DFT. To

pinpoint the DMC/antisolvent complex structures, we utilize
the DFT method to achieve structure optimizations and
vibrational analyses of complexes. The calculated FTIR spectra
are plotted in Figure 2b, which shows the same trend as
experimental FTIR spectra. The optimized geometric config-

Figure 1. FTIR spectra of DMC in electrolytes. (a) Comparison of the C=O vibration modes in different electrolytes; (b−d) fitting spectra with
the Voigt function in HCE, LHCE−TFETFE, and LHCE−TTE, respectively.

Table 1. Fitting Parameters of the C=O Stretching Modes in
the Experimental FTIR Spectraa

Sample ωsolvated Asolvated ωf ree Afree R

4.5M 1723.47 33.13 1751.29 11.08 74.9%
LHCE−TFETFE 1725.96 34.72 1750.98 10.77 76.3%
LHCE−TTE 1725.91 35.11 1750.95 10.19 77.5%

aThe vibrational frequency (ω, in cm−1), integral area (A), and
relative area of coordinated solvent (R) are given.
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urations presented in Figure 2b are used to determine how the
DMC molecules and antisolvents bond. These results indicate
that the antisolvent electrostatic interaction with DMC from
one side of the ester ether oxygen atom (O−C−O) results in
an intensified inductive effect on the C=O of DMC, further
causing a strong blueshift of C=O frequency. Conversely, this
result will cause a reduction in the negative charge on the
oxygen atom and concomitantly weaken the interaction
between the C=O of DMC with Li+.

In addition, the binding energies of DMC-TFETFE and
DMC-TTE in vacuum are determined to be −0.112 and
−0.071 eV (Figure 2c), respectively. This means that the
weaker interaction between DMC and TTE has less effect on
the C=O···Li+, allowing DMC to be involved in the solvation

shell. Moreover, the binding energy between Li+ and various
species is calculated by DFT, as shown in Figure 2(d). The
binding energy of Li+−antisolvent complexes (−0.533 and
−0.619 eV) is found to be much weaker than that of Li+−
DMC, which is consistent with the insolubility of antisolvent
and agrees with previous reports.30,52 The dielectric constant
(ε) can be an indicator of the polarity of a molecule. TFETFE
(ε = 6.5) and TTE (ε = 6.2) are low-polarity diluents, whose
dielectric constants are higher than that of DMC (ε = 3.09).
The results show that the binding energy of the Li+−DMC
complex decreases from −0.998 to approximately −0.79 eV,
while the binding energy of Li+−FSI− complex decreases from
−1.965 to −1.16 eV with the addition of antisolvents.
Noticeably, the binding energy of the Li+−FSI− complex is

Figure 2. FTIR spectra of pure DMC, a DMC−antisolvent mixture, and antisolvents. (a) Experimental data and (b) DFT calculated FTIR spectra;
the insets show the optimized geometric configurations. (c) The binding energy of DMC−antisolvent complexes; the colored structures represent
the modes of interaction between DMC and antisolvents. (d) The binding energies between Li+ and various species are calculated by DFT.

Figure 3. Li-ion solvation environment along with the first solvation shells (a,c,e) and the corresponding RDFs along with coordination numbers
(b,d,f) in the LiFSI electrolyte. Structural information about the Li+ in the HCE (a,b), LHCE−TFETFE (c,d), and LHCE−TTE (e,f). Color code
of the spheres: green: Li, red: O, silver: F, blue: N, pink: H, yellow: S, and brown: C.
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decreased more than that of Li+−DMC complex at the
antisolvent condition, indicating that antisolvents would
prevent the association of FSI− and Li+. In other words, the
weakened Li+−FSI− association is more likely to promote
participation of DMC solvents in the Li+ solvation sheath,
which is also consistent with the FTIR spectra. For desolvation
energy, it is important for the desolvation process, and the
weaker ion desolvation energy is beneficial for ion diffusion
between the electrolyte/electrode interface and improves the
rate performance of batteries.53−56 In addition, the positive
correlation between desolvation energy and binding energy has
been demonstrated by many works.57−60 Therefore, the
reduced binding energy of the Li+···DMC and Li+···FSI−

interactions reveals that the Li+ desolvation energy of the
solvated structure is lower in LHCEs. Hence, the LHCEs can
effectively improve the rate performance of LIBs.
3.3. Solvation Structure Analysis by MD Calculation.

MD simulations are further conducted to corroborate the
solvation structure. Figure 3 shows snapshots of the simulated
electrolyte structure along with the radial distribution function
(RDF, solid lines) and coordination numbers (dashed lines).
The MD results are tabulated (Table 2) and show that the

FSI− anion has a higher coordination number with Li+ than
DMC molecules. The minimum (rmin = 3.05 Å) of the first
peak is chosen as the cutoff distance to count the coordination
number of DMC and FSI− anions. The position of the first
peak corresponding to Li+−ODMC and Li+−OFSI

− was centered
at about 1.85 Å, and each Li+ is solvated by 1.25 DMC and
3.63 FSI− in the HCE. For the LHCE−TFETFE and LHCE−
TTE electrolytes, the coordination numbers of DMC increase
to 1.34 and 1.40, and the coordination numbers of FSI− anion
are 3.63 and 3.49 in the Li+ solvation structure, agreeing with
the previous FTIR spectra and DFT analyses. For LHCE−
TFETFE, a peak of the Li+−ODMC RDF is present at 1.95 Å,
while it is located at 1.85 Å in LHCE−TTE, which further
confirms that the different antisolvents will change the
solvation structure.

According to the statistics of MD simulations, the
percentage of Li ion coordination environments in different
electrolytes is displayed in Figure 4a: (1) Li+ coordinates with
2FSI− and 2DMC (Li+−2FSI−−2DMC), (2) Li+ coordinates
with 3FSI− and 1DMC (Li+−3FSI−−DMC), and (3) Li+

coordinates with 3FSI− and 2DMC (Li+−3FSI−−2DMC)
clusters. Noticeably, the antisolvents cause the solvated clusters
of high anion coordination components to decrease, while the
solvated cluster of the low anion coordination increases. As
shown in Figure 4b, the dominant coordination structures of
Li+ connect with antisolvents are Li+−2FSI−−2DMC and Li+−

3FSI−−DMC in LHCEs. To evaluate the influence of the
antisolvents around the cluster on the solvation structure
energy level, frontier molecular orbital analysis was conducted
by means of DFT calculations. It can be seen from Figure 5

that antisolvents have a significant effect on the lowest
unoccupied molecular orbital (LUMO) energy level of the
Li+ solvated cluster: the LUMO energy is more negative for
Li+−3FSI−−1DMC. The lower LUMO energy reflects the
decreased reduction stability of solvated clusters. In the
subgraph, LUMO is localized on the FSI− anions, suggesting
that FSI− anions are the primary active sites of reduction and
that a lower LUMO energy increases the possibility of FSI−

decomposition. Moreover, the electrostatic potential (ESP)
mapping in Figure 6a also demonstrates that the distribution of
negative charges on the surface of solvation clusters is

Table 2. Effect of Antisolvent on the Maxima (rmax) and
Minima (rmin) of the First Peak, Radial Distribution
Functions g(rmax), and the Coordination Number N(rmin) of
Different Electrolytes

Pair System T/K rmax/Å g(rmax) Rmin/Å N(rmin)

Li+−ODMC 4.5 M 298 1.85 19.92 3.25 1.254
LHCE−

TFETFE
1.95 43.13 3.25 1.342

LHCE−TTE 1.85 51.99 3.25 1.397
Li+−OFSI

− 4.5 M 298 1.85 19.76 3.05 3.632
LHCE−

TFETFE
1.95 39.44 3.05 3.625

LHCE−TTE 1.95 40.10 3.05 3.494

Figure 4. Population of Li+ solvation structures in HCE and LHCEs
extracted from MD simulation. (a) The population of the total Li+

solvation structures in three kinds of electrolytes. (b) The population
of the Li+ solvation structures with (solid line) or without (dashed
line) connection to antisolvent in LHCEs.

Figure 5. Frontier molecular orbital energy of the Li+ solvation sheath
in HCE and LHCEs obtained by DFT calculations. The insets show
the molecular orbital states of the typical Li+ coordination structure.
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weakened due to the presence of antisolvents. The surface area
in different ESP ranges (Figure 6b) allows us to quantitatively
analyze the characteristics of the molecular surface charge. The
reduced relative abundance of ESP distribution on FSI− anions
suggests that the reduction stability of FSI− is reduced in the
presence of antisolvents. In previous reports, the LHCE−TTE
electrolytes demonstrate better cycling performance of Li||Cu
cells (98.9 and 99.6%) than LHCE−TFETFE (98.2 and
99.4%).30 Therefore, these experimental results prove that the
preferential decomposition of FSI− anions facilitates the
formation of a stable anion-derived solid-electrolyte interphase
(SEI).30,61,62

Furthermore, to assess the influence of antisolvent on the
transport properties of ions, we extract the diffusion coefficient
(D) of Li+ from the trajectory of the MD simulations based on
eq 3

=D
d
dt

r t r
1
6

lim ( ( ) (0))
t

2
(3)

where r(t) is the location of Li+ at time t and ⟨⟩ represents an
ensemble average. As shown in Figure 7, the MSD of Li+ vs
time shows the increased displacement of Li+ with the addition
of antisolvents. According to eq 3, the diffusion coefficient of
Li+ (DLi) in HCE is 0.15 × 10−12 m2/s. Notably, in LHCEs, the
diffusion coefficient is enhanced by 10 times (2.13 × 10−12 m2/
s for LHCE−TFETFE and 1.35 × 10−12 m2/s for LHCE−
TTE). The enhanced transport mechanisms manifest that
antisolvents can facilitate Li-ion transport, and the amount of
increase depends on the type of antisolvent. In HCEs,
structural motion is the dominant mode, which denotes ion
diffusion through the exchange of ion association/dissociation
between different solvation structures.63,64 The microstate of
LHCEs is similar to that of HCE, so the lower binding energy
of the Li+···DMC and Li+···FSI− interactions is conducive to
Li+ overcoming the migration barrier. In addition, the higher
Li+ transport can attenuate the ion concentration gradient and
reduce the effect of concentration polarization, which is
favorable to obtain excellent electrochemical performance of
the battery.11

4. CONCLUSIONS
In this work, we employ FTIR spectra, DFT, and MD
simulations to examine the structural and dynamic properties
of LHCEs and discover the inescapable effect of antisolvent on
the solvation structure, energy level, and transport properties
of LHCEs. More specifically, antisolvents provide a lower
dielectric environment, leading to increased participation of
DMC molecules and decreased participation of FSI− anions in
the Li+ solvation sheath. However, the intensified inductive
effect caused by antisolvents reduces the binding energy of the
Li+···DMC interactions and changes with various antisolvents.
The binding energies of the Li+···DMC and Li+···FSI−

interactions are decreased with the addition of antisolvent
compared with the superconcentrated electrolytes, suggesting
that the antisolvents could help to lower the desolvation
energy and facilitate interface kinetics in the electrochemical
reaction. Furthermore, antisolvents in the second shell change
the charge distribution on the surface of the solvation cluster
and reduce the reduction stability of FSI−. Therefore, the
promoted anion-derived solid-electrolyte interphase (SEI) in
LHCEs is found to agree with the experimental results. In
addition, the MD results show that the addition of antisolvents
can enhance Li+ transport. This study elucidates the
contribution of antisolvent regulate interfacial chemistry in
LHCEs, and we hope our work can provide guidance for
advanced LHCEs for high-performance batteries.
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