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ABSTRACT: Lithium-ion batteries have exclusively em-
ployed an ethylene carbonate (EC)-based electrolyte to ensure
the reversibility of the graphite negative electrode reaction.
Because of the limitation of electrolyte compositions, there has
been no remarkable progress in commercial lithium-ion
batteries despite active research on positive electrode materials.
Herein, we present a salt-superconcentrating strategy as a
simple and effective method of universalizing a graphite
negative electrode reaction in various organic solvents. A dilute
electrolyte (e.g, 1 mol dm™) of sulfoxide, ether, and sulfone
results in solvent cointercalation and/or severe electrolyte
decomposition at a graphite electrode, whereas their super-
concentrated electrolyte (e.g., >3 mol dm™) allows for highly

concentrated solution — solvent versatility \
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reversible lithium intercalation into graphite. We have found a unique coordination structure in the superconcentrated solution
and an anion-based inorganic SEI film on the cycled graphite electrode, which would be the origin of the reversible graphite
negative electrode reaction without EC. Our salt-superconcentrating strategy, expanding the graphite negative electrode reaction
in various organic solvents other than EC, will contribute to the development of advanced lithium-ion batteries with high-voltage
and fast-charging characters based on new EC-free functional electrolytes.
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B INTRODUCTION

With heightened global interest in environmental and energy
issues, electrochemical energy storage in a form of battery is
getting much more attention as a key technology to realize a
sustainable society with electric vehicles and smart grids based
on natural energy.”” A major requirement for large-scale
batteries is high energy density (i.e, high voltage and large
capacity) with retaining a high level of safety. A short-term
strategy toward high energy density is realizing higher-voltage
operation of lithium-ion batteries with a 5 V class positive
electrode material.’> For a long-term solution, large-capacity
lithium—oxygen and lithium—sulfur batteries are currently
studied as a post lithium-ion batteries.* A common technical
challenge in realizing such advanced batteries is to develop a
stable, functional electrolyte that allows for highly reversible
positive/negative electrode reactions without suffering from
severe oxidative/reductive decompositions. Specifically, high
chemical/electrochemical stability (wide electrochemical win-
dow), fast ion-transport property, and high safety are required
for the electrolyte in advanced batteries.

A nonaqueous organic electrolyte, consisting of an organic
solvent and a lithium salt, has been widely used for batteries
that deliver higher voltage than the electrochemical window of
water (1.23 V). In pursuit of much higher stability and safety,
room-temperature ionic liquids have been in the spotlight for
decades due to their negligible volatility and low flammability as
well as wide electrochemical window.~” However, they have
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an inherent problem in ionic transport property; Li* trans-
ference number in ionic liquids is essentially low (e.g, 0.1—
0.2)® because of the presence of reaction-irrelevant organic
cations. Inorganic solid electrolytes have also been extensively
studied because of their extremely high safety.”'" Although
some of them exhibit even higher ionic conductivity than
conventional organic electrolytes,” they have crucial issues of
the difficulty in making a smooth solid/solid interface between
electrode and electrolyte, and chemical instability in contact
with most of the electrode materials. This situation has focused
renewed attention on organic electrolytes, and triggers both
fundamental and applied research to develop undiscovered
functions in organic electrolytes.

There are numerous organic solvents with diverse character-
istics used in the area of chemistry. However, the organic
electrolyte for lithium-ion batteries has almost no other option
but ethylene carbonate (EC) based mixed solvents. This is
because a graphite electrode, the most popular negative
electrode in lithium-ion batteries, works reversibly only in the
presence of EC solvent; an EC-based electrolyte allows for
reversible lithium intercalation into a graphite electrode,"
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Figure 1. Cyclic voltammograms of natural graphite in (a) 1.0 mol dm™ and (b) 3.2 mol dm™ LiTFSA/DMSO electrolytes. Images of (c) solvent
cointercalation (i.e., intercalation of solvated Li*) and (d) Li* intercalation.

whereas ethers (e.g., tetrahydrofuran (THF)), sulfoxides (e.g.,
dimethyl sulfoxide (DMSO)), or other organic carbonates (e.g.,
propylene carbonate (PC)) easily destroy the layered structure
of graphite by severe electrolyte decompositions accompanied
with cointercalation of solvent and lithium ion (i.e.,
intercalation of solvated lithium ion)."*™'® Because of the
limitation of solvent compositions, there has been little advance
in the organic electrolyte during the past two decades after the
commercialization of lithium-ion batteries.

Recently, we and our collaborative group have proposed salt-
superconcentrated organic solutions (e.g, >3 mol dm™
concentration) as an electrolyte for lithium-ion batteries.'” >
A graphite electrode exhibits totally different behavior in a
superconcentrated electrolyte; for example, a superconcen-
trated electrolyte of PC or DMSO suppresses the cointerca-
lation of solvent to allow for reversible lithium intercalation into
the interlayer of a graphite electrode."®'? Such previous results
motivated us to propose the salt-superconcentrating strategy as
a simple and effective approach for universalizing the graphite
electrode reaction in various organic solvents other than EC.

In the present work, we demonstrate the universalization of
reversible lithium intercalation into a graphite electrode in
superconcentrated electrolytes composed of various organic
solvent groups: ether, sulfoxide, and sulfone. Herein we used
LiN(SO,CF;), (LiTFSA, lithium bis-
(trifluoromethanesulfonyl)amide) as a lithium salt, because it
is easy to dissociate and dissolve in various organic solvents due
to delocalized negative charge in the large anion. The molar
concentration of the superconcentrated electrolytes in the
present work is ca. 3 mol dm™3, which corresponds to the
salt:solvent molar ratio of ca. 1:2. Following our previous study
on a DMSO system,"” we further discuss the origin of reversible
lithium intercalation into a graphite electrode in super-
concentrated electrolytes from the viewpoint of a surface film
composition on the graphite and a coordination structure of
lithium ion, anion, and solvent in a bulk solution.
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B EXPERIMENTAL SECTION

Materials. All solvents and LiTFSA salt were purchased from
Kishida Chemical co. Ltd. The reagents were all lithium-battery grade
(the water content is guaranteed below 20 ppm) and used without
further purification. Superconcentrated solutions were prepared by
adding a given amount of LiTFSA salt to a pure solvent with mild
stirring and heating in an argon-filled glovebox. The molar
concentration is defined as the molar amount of LiITFSA salt divided
by the volume of the “whole solution” (not solvent only) in
accordance with TUPAC.*' Natural graphite powders (mean particle
size: 10 ym) were provided by SEC Carbon, Ltd. and used without
any pretreatment.

Electrochemical Measurements. A natural graphite electrode
was prepared by mixing 90 wt % natural graphite powder and 10 wt %
polyvinylidene difluoride (PVdF, Kureha Corporation) in N-
methylpyrrolidone (NMP, Wako Pure Chemical Industries, Ltd.).
The slurry was uniformly spread onto a cupper current collector (10
um thickness) with a 50 gm doctor blade and dried at 120 °C under
vacuum overnight. The active material loading was ca. 1 mg cm™2 The
obtained sheets were punched out to form a 16 mm¢ disk electrode.
Charge—discharge tests were carried out at 25 °C with a charge—
discharge unit (TOSCAT, Toyo System Co., Ltd. or HJ1001SDS,
Hokuto Denko Corporation) using a 2032-type coin cell with a
lithium metal negative electrode and a glass fiber separator (Whatman
GF/F, 420 mm thickness).

Characterization. To study the structural change of the natural
graphite electrode, X-ray diffraction (XRD) patterns were obtained ex
situ with a Bruker AXS D8 ADVANCE powder diffractometer (CoKa
radiation) and a Vantec-1 linear position-sensitive detector. The 26
value in the figure was converted to the one obtained by CuKa
radiation. Surface chemistry of the natural graphite electrode was
studied by X-ray photoelectron spectroscopy (XPS) using PHI 5000
VersaProbe (ULVAC-PH]I, Inc.) equipped with a monochromatized
AlKa X-ray Source. To prevent the air exposure of the graphite
electrode, all the measurements were conducted under pure Ar
atmosphere. Curve fitting of the spectra was performed with
Gaussian—Lorentzian function after a Shirley-type background
subtraction. Peaks were assigned based on previous reports.”> > To
study the coordination structure in the solution, Raman spectra of the
solutions were recorded with NRS-1000 (JASCO Corporation) using
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an exciting laser of 514 nm. To prevent any contamination from air,
we put the solution into a quartz cell and tightly sealed it in an argon-
filled glovebox. The laser was radiated through the quartz crystal
window.

B RESULTS AND DISCUSSION

1. Lithium Intercalation into Graphite in DMSO. First
we show electrochemical behavior of natural graphite in DMSO
solvent. DMSO is one of the most used solvents in various
fields of chemistry because of its high dielectric constant, low
toxicity, low volatility, and low price, but has not found wide
application in batteries. This is because a graphite electrode, the
most popular negative electrode, does not work reversibly in a
DMSO electrolyte. Figure 1 shows cyclic voltammograms of a
natural graphite electrode in conventional dilute 1.0 mol dm™
and superconcentrated 3.2 mol dm™ LiTFSA/DMSO electro-
Iytes at 25 °C. The electrochemical behavior of natural graphite
was totally different in the two electrolytes. In the dilute 1.0
mol dm™ LiTESA/DMSO electrolyte, cathodic current was
observed in a wide potential range from 1.5 to 0 V without a
corresponding anodic peak, suggesting that the reaction is
totally irreversible. In the previous work, the cathodic peaks in a
range from 1.5 to 1.0 V are identified to be the cointercalation
of lithium ion and DMSO solvent (i.e., intercalation of solvated
Li*(DMSO),) into the interlayer of graphite.27 The cathodic
peaks below 1.0 V indicate that the cointercalated Li*(DMSO),
suffered from reductive decompositions in the interlayer of
graphite to destroy the layered structure. Due to the solvent
cointercalation followed by reductive decompositions, a
graphite electrode does not work reversibly in a conventional
dilute DMSO electrolyte. On the other hand, in the
superconcentrated 3.2 mol dm™ LiTESA/DMSO electrolyte,
no broad cathodic peaks were observed in a range of 1.5 to 1.0
V, indicating that the intercalation of solvated Li*(DMSO),, was
fully suppressed in the superconcentrated solution. Instead, we
observed a reversible redox pair in the vicinity of 0 V. The ex
situ XPD pattern (Figure 2) of the graphite at 0.03 V showed

stage 1 Li-GIC (LiC))
graphite (002)

stage 2 Li-GIC (LiCu)

Intensity / a.u.
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Figure 2. XRD pattern of the graphite electrode kept at 0.03 V in 3.2
mol dm~3 LiTFSA/DMSO electrolyte. Inset is the image of the
electrode.

the (001) peak of stage 1 lithium-graphite intercalation
compound (Li-GIC) (LiCg) with interlayer distance of 0.371
nm and the small peak of stage 2 Li-GIC (LiC},),*®* where
the graphite electrode turned gold (Figure 2, inset). On the
basis of these results, it is evident that the superconcentrated
DMSO electrolyte allows for lithium intercalation into a
graphite electrode by suppressing solvent cointercalation. Note
that the experiment was conducted under a severe condition,
where we did not rely on any techniques to facilitate reversible
lithium intercalation such as the surface treatment of natural

graphite®® and the use of functional binders®' or electrolyte
additives.”>>* The totally different behavior of a natural
graphite electrode should primarily arise from a peculiar bulk/
interfacial nature of superconcentrated electrolytes, as discussed
below.

2. Bulk Solution Structure. To identify the solution
structure providing such unusual electrochemical behavior, we
measured Raman spectra (Figure 3) for LiTFSA/DMSO
solutions at various lithium-salt concentrations. The Raman
spectrum of pure DMSO in Figure 3a shows two bands at 671
and 701 cm™!, which arise from C—S symmetric and
asymmetric stretching mode of free DMSO (ie., without
coordinating to LiJ’).3 =37 In the dilute 1.0 mol dm~3 LiTFSA/
DMSO solution, small peaks appear at 679 and 713 cm™,
which are attributed to C—S symmetric and asymmetric
stretching mode of Li-solvating DMSO0.3%%7 Hence, both
free and solvating DMSO molecules exist in such a dilute
solution. In general, a stable solvation structure around Li is
considered to be 4-fold coordination (Figure 3b)**™* and the
stable Li*(DMSO), solvate should intercalate into graphite
without desolvation to form a ternary Li-DMSO-GIC in a
dilute DMSO electrolyte. On the other hand, in the
superconcentrated 3.2 mol dm™ LiTFSA/DMSO solution,
which allows for reversible lithium intercalation into graphite,
there are only peaks for Li*-solvating DMSO, suggesting that all
DMSO molecules coordinate to Li* and there is no free DMSO
in the superconcentrated solution. Since the molar ratio of
LiITFSA:DMSO is ca. 1:2 in 3.2 mol dm™ LiTFSA/DMSO,
lithium ions are forced to have unstable 2-fold DMSO
coordination on average (Figure 3b). Because of the scarcity
of DMSO solvents, there are few stable solvate (i.e.,
Li*(DMSO),), which can easily form the ternary Li-DMSO-
GIC. We postulate that the 2-fold coordination solvate (i.e.,
Li*(DMSO),) is too unstable to exist in the interlayer of
graphite and hence cannot form the ternary Li-DMSO-GIC.
This is why the solvent cointercalation is suppressed in the
superconcentrated electrolyte.

Next, the Raman band in Figure 3a show S—N stretching,
C—S stretching, and CF; bending modes of TFSA™ anion.*' It
is clear that the Raman band shifts to high wavenumber in the
superconcentrated 3.2 mol dm™ LiTFSA/DMSO solution.
The upshift of the Raman band arises from the presence of
Coulombic interaction between TFSA™ and Li*;*' there should
be considerable amount of contact ion pairs (CIPs, a pair of
one TFSA™ and one Li*) and aggregates (AGGs, TFSA™
coordinating to two or more Li* cations) because of the
relative scarcity of DMSO solvents. We consider that the
presence of strong Coulombic interaction should be another
factor to suppress the intercalation of solvated Li* into graphite.
The series of Raman analyses suggest that in the super-
concentrated 3.2 mol dm™ LiTFSA/DMSO solution, all
TFSA™ anions and DMSO solvents coordinate to Li* to form
a polymeric fluid network of Li* and TFSA™. This unique
solution structure gives rise to the peculiar electrochemical
behavior of a graphite electrode.

3. Surface Film. A surface film, referred to as solid
electrolyte interphase (SEI),* is a key to reversible lithium-ion
intercalation into a graphite electrode.*** It is well-known that
EC solvent is reduced to form a stable SEI on the surface of
graphite during first charge (Li* intercalation), which
suppresses further reductive decompositions of the electrolyte.
This is why a graphite negative electrode works reversibly in an
EC-based electrolyte. In the present cases, however, there are
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Figure 3. (a) Raman spectra of LITFSA/DMSO solutions at various salt concentrations. (b) Schematic of coordination structure in dilute and

superconcentrated solutions.
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Figure 4. (a) Wide-scan XPS spectra and (b) surface atomic ratio on the natural graphite electrode before and after one-cycle charge and discharge

in 3.2 mol dm™ LiTESA/DMSO electrolyte at C/10 rate.

no film-forming solvents like EC or vinylene carbonate in the
electrolyte, but the graphite electrode works reversibly without
severe electrolyte decompositions. This apparently contra-
dictory result motivated us to study the surface film
composition in the superconcentrated DMSO electrolyte.
Figure 4 shows XPS profiles for the natural graphite
electrode before and after a charge—discharge test in super-
concentrated 3.2 mol dm ™ LITFSA/DMSO electrolyte. Before
a charge—discharge test (i.e., just immersed in the electrolyte
for 24 h and washed with dimethyl carbonate (DMC)), the
major surface element was C deriving from the natural graphite.
A small amount of F element also existed on the surface, which
should derive from the PVAF binder and residual LiTFSA salt.
The amount of S and N elements was quite low, suggesting that
residual LiTFSA salt was negligible after the wash with DMC.
On the other hand, after one-cycle discharge and charge in the
superconcentrated DMSO electrolyte, the amount of C
remarkably decreased and the other elements F and O became
the main surface components with non-negligible presence of S
and N elements. This indicates that the surface of the graphite
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electrode was covered with an SEI film rich in F and O
elements.

To further obtain information on the SEI compositions, a
detailed analysis was made on the spectra of main components,
C 1s, O 1s, and F 1s (Figure S). In the C 1s spectrum (Figure
5a), a small amount of graphite (i.e, sp>-C) was observed on
the electrode surface, suggesting the presence of a SEI film
covering the graphite. The sp3—C, C—-0, CO;, and CF;
components should arise from the SEI film and/or the surface
functional groups on the graphite. From the O 1s spectrum
(Figure Sb), we could not identify the accurate chemical states
of O element, because several chemical states containing S and/
or C give almost the same binding energies at around 532 eV.
On the other hand, the F 1s spectrum shows that the major F
component is LiF with a small amount of residual LiTFSA salt
(i.e, CF;) and PVdF binder (Figure Sc). Since LiF should arise
from the decomposition of TFSA anions, the TFSA anions
largely contribute to the SEI formation process. At present, the
contribution of DMSO solvents to the SEI formation is not
clear, but it is true that the SEI film is rich in F and O elements
due to the preferential decomposition of TFSA anions. We
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graphite electrode cycled in 3.2 mol dm™ LiTFSA/DMSO electrolyte.
Points and solid lines denote experimental spectra and fitting curves,
respectively.

consider that the superconcentrated solutions facilitate the
reductive decomposition of TFSA anions to form a TFSA-
based inorganic SEI film, which effectively suppresses further
reductive decomposition of the electrolyte. The detailed
mechanism is outside the scope of this paper and will be
reported elsewhere.

4. Universal Observation of Lithium Intercalation into
Graphite. Having confirmed the unique bulk/interfacial
features of a superconcentrated DMSO electrolyte, we studied
charge—discharge behavior of natural graphite/lithium metal
half cell with various dilute and superconcentrated organic
electrolytes (Figure 6). In all cases, the natural graphite
electrode does not work reversibly in dilute electrolytes without
EC solvent. For example, in a dilute DMSO electrolyte (Figure
6a), the voltage was kept constant over 0.8 V, where the
destruction of graphite as well as solvent cointercalation and
electrolyte decompositions occurred, which is consistent with
the result of cyclic voltammetry (Figure 1). In dilute LiITFSA/
SL and LiTFSA/THF electrolytes (Figure 6c, e), large
irreversible capacity was observed with a voltage plateau at
around 0.5 V at which lithium intercalation does not occur. The
dilute LiTFSA/SL electrolyte also resulted in a voltage plateau
at near 0 V, which was larger than the theoretical capacity of
lithium intercalation into graphite (372 mAh g™'). The large
irreversible capacity is attributed to reductive decompositions of
the electrolyte. The decomposition products do not work as a
good SEI film that can suppress further reductive decom-

positions of the electrolyte and thus, the reversibility of a
graphite electrode is poor in the dilute electrolytes without EC
solvent. On the other hand, all the superconcentrated
electrolytes of DMSO, SL, and THF (Figure Sb, d, f) resulted
in highly reversible discharge and charge curves with around
300 mAh g~', which is close to the theoretical capacity of
graphite (372 mAh g™'). The voltage curves showed several
plateaus below 0.5 V, which are characteristic of the formation
of several stage structures of Li-GIC.*®*’ The superconcen-
trated electrolytes allow for reversible lithium intercalation and
deintercalation at a natural graphite electrode even in the
absence of the film-forming EC solvent, suppressing continuous
electrolyte decomposition and solvent cointercalation destroy-
ing the layered structure of graphite. It is also interesting to
note the different irreversible capacities in first cycle depending
on the solvents; the irreversible capacity becomes large in such
solvents prone to cointercalation (e.g., DMSO) even at a
superhigh concentration. This suggests a competitive reaction
of solvent cointercalation and film formation (i.e, decom-
position of TFSA anion) in first cycle in which the formation of
stable SEI film is incomplete.

The totally different behavior of a graphite electrode in
superconcentrated electrolytes should in common arise from
the unique bulk/interfacial features of superconcentrated
electrolytes. First, superconcentrated electrolytes have totally
different solution structure from those of conventional dilute
ones; the low solvation number to Li* and the formation of ion
pairs (CIPs and AGGs) should be a factor to suppress the
solvent cointercalation to allow for reversible Li" intercalation.
Second, the SEIl-forming ability is modified at superhigh
concentrations; TFSA anions contribute largely to SEI
formation on the surface of graphite, which should be another
reason for efficient cycling of graphite electrode even in the
absence of film forming solvents. However, the nature of the
TFSA-based SEI contributing to reversible Li" intercalation is
not clear at present. Further considerations are needed for the
SEI-formation mechanism, including comparative studies on
superconcentrated electrolytes with other salts (e.g, LiPF,
LiClO,, and LiBF,), and also for the Li" intercalation
mechanism accompanied with decomplexation of CIPs and
AGGs.

Our salt-superconcentrating strategy expands the graphite
negative electrode reaction for a wide variety of organic
solvents other than EC. This breakthrough defies the long-
believed conventional notion that lithium-ion batteries operate
only with an EC-based electrolyte, and opens up the way to
advanced lithium-ion batteries based on various EC-free organic
electrolytes with diverse characteristics. For example, a
superconcentrated solution of oxidation tolerant solvents
(e.g., SL and acetonitrile) will be a promising electrolyte for
high-voltage lithium-ion batteries employing a S V-class positive
electrode and a graphite negative electrode, which do not work
reversibly in a conventional EC-based electrolyte due to its
poor oxidative stability. Furthermore, we recently reported
outstanding lithium intercalation kinetics in a superconcen-
trated ether electrolyte, even exceeding that in a currently used
commercial EC-based electrolyte.20 Hence, the superconcen-
trated electrolyte will also have the possibility of realizing fast-
charging lithium-ion batteries, which are urgently required for
automobile applications. Although there are some problems to
be overcome (e.g, irreversible capacity at first cycle and
aluminum corrosion by TFSA anions) and there should be a
long way to realize a superconcentrated electrolyte in
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Figure 6. Charge—discharge curves of natural graphite/lithium metal half cell with (a) 1.0 and (b) 3.2 mol dm™ LiTFSA/DMSO, (c) 1.0 and (d)
3.0 mol dm™ LiTFSA/SL, and (e) 1.0 and (f) 3.0 mol dm™ LiTFSA/THF electrolytes at a C/10 rate.

commercial advanced batteries, we believe that the universal
operation of a graphite negative electrode in various super-
concentrated electrolytes will be an important breakthrough
toward the diversification of organic electrolyte with various
required functions to realize advanced lithium-ion batteries.

B CONCLUSIONS

We have presented a salt-superconcentrating strategy as a
simple and effective method for universalizing a graphite
negative electrode reaction in various organic solvents without
EC. A superconcentrated electrolyte (e.g, >3 mol dm™) of
sulfoxide, ether, or sulfone allows for highly reversible lithium
intercalation into a graphite electrode, whereas in conventional
dilute electrolytes (e.g., 1 mol dm™) without EC or other film-
forming additives, solvent cointercalation and/or severe
reductive decomposition occur to hamper reversible lithium
intercalation. The superconcentrated electrolytes have unique
solution structure with ion pair and small solvation number in
the absence of free (uncoordinating) solvents, and form an
anion-based inorganic SEI film on the surface of a graphite
negative electrode. The anion-based SEI as well as unique
solution structure should be the origin of the universal working
of a graphite negative electrode in various superconcentrated
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electrolytes. Our salt-superconcentrating strategy, universalizing
a graphite negative electrolyte reaction in various organic
solvents, will allow us to design new EC-free functional
electrolytes with various organic solvents with diverse
characteristics, which will be an important step toward next-
generation advanced lithium-ion batteries with high-voltage and
fast-charging characteristics.
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