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Solvate electrolytes for Li and Na batteries:
structures, transport properties,
and electrochemistry

Yosuke Ugata,® Keisuke Shigenobu,i® Ryoichi Tatara, {2 °© Kazuhide Ueno, (2 *°
Masayoshi Watanabe (2 ¢ and Kaoru Dokko (2 *@<¢

Polar solvents dissolve Li and Na salts at high concentrations and are used as electrolyte solutions for
batteries. The solvents interact strongly with the alkali metal cations to form complexes in the solution.
The activity (concentration) of the uncoordinated solvent decreases as the salt concentration is
increased. At extremely high salt concentrations, all the solvent molecules are involved in the
coordination of the ions and form the solvates of the salts. In this article, we review the structures,
transport properties, and electrochemistry of Li/Na salt solvates. In molten solvates, the activity of the
uncoordinated solvent is negligible; this is the main origin of their peculiar characteristics, such as high
thermal stability, wide electrochemical window, and unique ion transport. In addition, the solvent activity
greatly influences the electrochemical reactions in Li/Na batteries. We highlight the attractive features of
molten solvates as promising electrolytes for next-generation batteries.

1. Introduction

The electrolyte salts for Li and Na batteries comprise alkali
metal cations and counter anions. When dissolved in polar
solvents, the electrolyte salts dissociate into cations and anions
(Fig. 1). The hard cations such as Li" and Na" are Lewis acids
that form complexes with solvent molecules to produce solvate
cations [M(solvent),]” (M: Li or Na). The soft anions such as
PF;, BF, , and bis(trifluoromethanesulfonyl)amide (TFSA™)
are weak Lewis bases. They are commonly selected as counter
anions because they interact weakly with the cations, and can
provide a high degree of salt dissociation in the solution.
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Currently, the electrolytes used in lithium-ion batteries (LIBs)
are Li salts dissolved in an aprotic solvent at a concentration of
approximately 1 mol dm™3" and the electrolyte shows the
maximum ionic conductivity at this concentration.” The ionic

conductivity (¢) can be written as®

o= ZNJ%\M:' (1)

where N is the number of carriers per unit volume, q is
the electric charge per carrier, and u is the carrier mobility.
The number of carriers increases with the increase in the
concentration of the salt, whereas the mobility decreases as
the viscosity of the solution increases with increasing salt
concentration, i.e. there is a trade-off relationship between

Ryoichi Tatara is an Assistant
Professor at the Tokyo University
of Science. He received his PhD
from Yokohama National Uni-
versity in 2017 under the
supervision of Prof. Masayoshi
Watanabe and Prof. Kaoru
Dokko. He subsequently worked
at Massachusetts Institute of
Technology as a postdoctoral
associate with Prof. Yang Shao-
Horn. In 2020, he joined the
Tokyo University of Science. His
current research interests include
the physicochemical properties of electrolyte solutions, interfacial
chemistry at the electrode/electrolyte interface, and electrochemical
reactions in Li/Na/K batteries.

Y4~

Ryoichi Tatara

Masayoshi  Watanabe is a
Specially Appointed Professor at
Yokohama National University
since 2020. He received his
BS, MS, and PhD degrees from
Waseda University. After working
with Prof. Royce W. Murray at
Univerity of North Carolina
(1988-1990), he moved to Yoko-
hama National University in
f 1992 and was promoted to a full
\ ‘ Professor in 1998. He received the
Award of The Society of Polymer
Science, Japan in 2006, the
Award of The Electrochemical Society of Japan (Takei Award)
and ECS Max Bredig Award in 2016, and The Chemical Society
of Japan Award in 2021. His current research interests are the
materials design of ionic liquids and polymers for electrochemical
applications and phase-behaviour and self-assembly of polymers
and colloids in ionic liquids.

Masayoshi Watanabe

21420 | Phys. Chem. Chem. Phys., 2021, 23, 21419-21436

View Article Online

PCCP

the number of carriers and carrier mobility. This trade-off
relationship results in maximum ionic conductivity at a salt
concentration of approximately 1 mol dm™>. Because
electrolyte solutions with salt concentrations higher than
1 mol dm™® have low ionic conductivities owing to high
viscosities, it was believed that there is no advantage in adding
large amounts of expensive Li salts to the electrolyte. However,
nowadays, researchers are extensively investigating ‘super-
concentrated” or ‘solvent-in-salt” electrolytes with Li salt
dissolved at a concentration exceeding ~3 mol dm > because
certain super-concentrated electrolytes have been reported to
improve the performance of lithium batteries.*”® Increasing the
salt concentration in a solution decreases its solvent/salt molar
ratio. In aprotic electrolyte solutions, the coordination numbers
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Molten solvate electrolyte (>3 mol dm-®)
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Fig. 1 Schematic illustrations of solvation structures in a typical Li salt electrolyte solution (~1 mol dm~) and a molten Li salt solvate electrolyte

(>3 mol dm™3)

. In a typical electrolyte solution containing excess solvent, each Li*

ion forms a complex with 4 or 5 solvent molecules, and uncoordinated

(free) solvent molecules exist abundantly. In a molten solvate electrolyte, Li* ions form complexes with solvents and anions, and free solvent hardly exists.

of Li* and Na" are typically 4-6 and 5-7, respectively.'®* In

highly concentrated solutions with molar ratios of solvent/salt
lower than the coordination number of the cations, almost all
the solvent molecules are coordinated to M' ions, and free
(uncoordinated) solvent molecule hardly exists in the solution
(Fig. 1). In addition, the anions also participate in the
coordination of the M" ions to satisfy the coordination number
of M" ion. These highly concentrated solutions without free
solvent molecules are regarded as “molten solvates”.
Henderson et al. systematically investigated the crystal
structures of glyme solvates of Li salts;'>™"®
reported the physicochemical properties and battery applications
of molten glyme solvates.”>* Glyme molecules (CH;O(CH,.
CH,0),,CH3;) serve as multidentate ligands and form long-lived
complexes with alkali metal cations in the solution.>! The triglyme
(G3) and tetraglyme (G4) molecules have 4 and 5 oxygen atoms,
respectively, and the number of oxygen atoms matches the
coordination number of Li". The G3 and G4 coordinate to Li*
in a molar ratio of 1:1, and form [Li(G3)]" and [Li(G4)]"
in solutions, respectively. The 1:1 mixtures of G3 (or G4)
and certain Li salts, such as LiTFSA and LiBETA (BETA: bis(penta-
fluoroethanesulfonyl)amide), are regarded as ionic liquids
composed of complex cations [Li(G3 or G4)]" and the counter
anions are regarded as “solvate ionic liquids”. Earlier, we have
reviewed the physicochemical properties and electrochemistry of
glyme-solvate ionic liquids.>> " The present article reviews recent
progress in the researches on molten solvates and highly
concentrated electrolytes comprising various aprotic solvents
and Li/Na salts (Fig. 2). The molten Li salt hydrate electrolytes,
so called “water-in-salt” electrolytes, which enable the stable
operation of 3 V-class aqueous LIBs have also been extensively
studied;*®*° however, these aqueous electrolytes do not have
sufficient reductive stability against Li metal. The molten solvate
electrolytes with aprotic solvents possess high thermal stability
and wide electrochemical window and are promising electrolytes
for next-generation batteries, such as high voltage Li/Na

moreover, we

This journal is © the Owner Societies 2021

batteries,**™” Li-O, batteries,*® and Li-S batteries.>® Li metal is
one of the most attractive anode materials owing to its high
theoretical capacity (3860 mA h g~ ') and low electrode potential
(-3.04 V vs. SHE)."*° Highly concentrated aprotic electrolytes
have been reported to be useful in achieving a high Coulombic
efficiency of Li metal deposition/stripping and a long charge/
discharge cycle life of Li metal batteries.*>>'° In addition to
these attractive features, we recently found that a unique transport
process of Li/Na ions emerges in highly concentrated
electrolytes.® The Li/Na cations exchange ligands (solvent and
anion) rapidly in certain concentrated electrolytes, which enables
them to diffuse faster than the solvent molecules and anions
in the solutions, resulting in the high transference numbers of
Li/Na ions. The high transference numbers are effective in
suppressing the concentration polarization of Li/Na batteries
during discharging at high current densities and may be useful
in improving the power densities of the batteries.

We highlight the unique features of molten solvates as
promising electrolytes for next-generation batteries. With
increasing the salt concentration in the electrolytes, the activity
(concentration) of solvent decreases. So far, the effects of
solvent activity on the physicochemical properties of the
electrolytes and the electrochemical reaction processes in the
electrolytes have often been overlooked. In molten solvates,
the activity of the free solvent is negligible, which is the main
origin of their unique physicochemical properties. In the
following Section 2, the effects of activity of free solvent in
electrolytes on the equilibrium of electrochemical reactions
and the thermal stability of the electrolytes are discussed.
The activity of free solvent is negligible in the molten solvate
electrolytes, and this significantly affects the thermodynamic
properties of the electrolytes. In Section 3, the crystal and liquid
structures of solvate electrolytes are reviewed, and the correlation
between liquid structures and ion transport properties of the
molten solvate electrolytes is discussed in Section 4. Finally, the
application of solvate electrolytes to next generation batteries is

Phys. Chem. Chem. Phys., 2021, 23, 21419-21436 | 21421
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Fig. 2 Chemical structures and abbreviations of the various solvents and anions.

demonstrated in Section 5. The solvent activity and the ion
transport properties of the molten solvate electrolytes greatly
influence the charge-discharge performance of Li/Na batteries.

2. Effects of solvent activity and
solvated ion activity

2.1. Electrode potential

In case of the Li deposition/stripping reactions, the solvated
Li", [Li(solvent),]", reacts at the electrode, and the desolvation/
solvation of Li" occur as shown in eqn (2). The equilibrium
electrode potential, E, of the electrochemical reaction is
described by the Nernst eqn (3) using the activity of the species
in the system.””

[Li(solvent),]" + e~ 2 Li + nsolvent (2)
a([Li(solvent),] ")

n
Asolvent

E=E°+ Eln (3)
F

where E° is the standard electrode potential for eqn (2), R is the
gas constant, T is the absolute temperature, F is the Faraday
constant, a([Li(solvent),]") and asnen: are the activities of
[Li(solvent),]" and the uncoordinated (free) solvent, respectively.
Activity of an ionic species in an electrolyte solution is a measure
of the effective concentration under non-ideal condition, defined
as a = y.c, where ¢ and y. are the concentration and the
mean activity coefficient of the electrolyte salt, respectively. Con-
ventionally, the activity of free solvent in an electrolyte solution
has been assumed to be constant, i.e., Gsopent = 1. This assumption
is based on that the mole fraction of solvent (Xsoen) iS nearly
unity in a dilute electrolyte solution (a mixture of a large excess
solvent and a small amount of salt), and agent = fAsolvent & 1
where f'is the activity coefficient of solvent. This is definitely valid

21422 | Phys. Chem. Chem. Phys., 2021, 23, 21419-21436

for a dilute electrolyte containing abundant free solvent, and a
linear relation between E and log c;; (Where ¢y; is the concentration
of Li salt) can be observed in the low concentration region as
shown in Fig. 3. The electrode potential of Li metal is linear to
logcy; at lower than 1 mol dm™® (logcy; = 0), however, the
potential deviates from linearity and shifts significantly to a
positive potential at concentrations above 1 mol dm™>.>**° With
increasing the Li salt concentration, the mole fraction of solvent
Xsolvent decreases, and the activity of free solvent is no longer
assumed to be 1, ie., asovent becomes lower than 1. Actually, the
mole fraction of free solvent in molten glyme solvates of Li salts
was very low, which was revealed by Raman spectroscopy.>®
In addition, Arai et al. measured the vapor-pressure of Li salt
solutions and concluded that the activity coefficients of solvents
in highly concentrated solutions were considerably lower than 1.%°
Therefore, the nonlinear relationship between E and log¢;; in the
high concentration region >1 mol dm™? (Fig. 3) is reasonably
attributed to the decrease in free solvent activity. The effects of the
considerably low activity of free solvent in the molten solvate
electrolytes on the electrochemical reactions in batteries will be
discussed later.

2.2. Effects of solvent species

The standard electrode potential E° of the Li metal electrode
(eqn (3)) can be described as follows:

4,G° ( [Li(solvent),] +> — nd;G°(solvent)
- . (@

where A/G°([Li(solvent),]) and A,G°(solvent) are the standard
Gibbs energies for the formation of solvated Li* ions
([Li(solvent),]") and free solvent, respectively. Fig. 3a shows
the order of the electrode potentials of Li metal electrode
in different ether solvents at salt concentrations less than

Eo

This journal is © the Owner Societies 2021
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Fig. 3 Plots of the Li/Li* electrode potential against a common logarithm of the Li salt concentration in (a) G4 (tetraglyme), G3 (triglyme), G2 (diglyme),
G1 (monoglyme), and THF-LITFSA mixtures; (b) G3-LiTfO, —LiTFSA, and —LiBETA mixtures at 30 °C. Reference electrode was Li/Li* in 1 mol dm~ LiTFSA/
G3. (b) was reprinted with permission from ref. 59 Copyright 2015 PCCP Owner Societies.

1 mol dm™>: THF (tetrahydrofuran) > G1 (monoglyme) > G2
(diglyme) ~ G3 (triglyme) ~ G4 (tetraglyme). This suggests that
the values of AG°([Li(solvent),']) in the solvents serving
as chelates decrease, and the bidentate ligand G1 and the
multidentate ligands (G2, G3, and G4) further stabilise Li" as
compared with the monodentate THF.®" It is well known that
multidentate ligands (solvents) can form more stable complex
ions owing to the chelate effect.

Fig. 4 shows the electrode potentials of Li metal electrode in
1 mol dm* LiTFSA solutions with various solvents. Gutmann’s
donor number (DN) is a good metric to determine the electron
donating ability or Lewis basicity of a solvent.®>®® It is defined
as the molar enthalpy of the reaction with SbCl; as the standard
acceptor. The electrode potential decreases on increasing the
DN of the solvent, suggesting that a solvent with a higher DN
stabilises Li" ions further decreasing the A/G°([Li(solvent),"]).
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03l b
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Fig. 4 Li/Li* potential in 1 mol dm~3 LiTFSA in different solvents plotted
against donor number of each solvent, measured at 30 °C. TFSA™ indicates
1 mol dm ™2 LiTFSA/[P13][TFSAL. [PL3][TFSAl: N-Methy-N-propylpyrrolidinium
bis(trifluoromethanesulfonyllamide, Ac,O: acetic anhydride, TMP: trimethyl
phosphate, and DMI: 1,3-dimethyl-2-imidazolidinone. Reference electrode:
Li/Li* in 1 mol dm™> LiTFSA/G3.
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®
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2.3. Effects of anion species

Weak Lewis basic anions, such as BETA™, TFSA™, and PF¢,
interact with Li" ions weakly and dissociate easily. However,
relatively strong Lewis basic anions, such as TfO™ (trifluoro-
methanesulfonate), NO;~, and TFA™ (trifluoroacetate), strongly
interact with Li* ions, forming ion pairs and ionic aggregates in
the electrolytes. Because the solvent and anions competitively
coordinate to the Li" cations in the electrolyte solution, the strong
Lewis basic anions remove the solvent molecules from the
solvation shell of the Li' ions (Fig. 5), resulting in an increased
solvent activity even at high salt concentrations.>****> Henderson
et al. reported the order of Li salts association in a glyme solution:
BPh,” < BETA™ ~ TFSA~ ~ SbF,~ ~ AsF,~ < PF,” ~ I <
SCN™ < BF,” < TfO™ < Br < NO;~ < TFA.*® It can be
observed that the Li electrode potential decreases with increasing
strength of Lewis bases (TFSA™ < TfO™) (Fig. 3b). Fig. 6 exhibits
the Raman spectrum of [Li(G3),][TfO], which indicates that most

Competing interaction

Dissociative anion

8
C3 Y
B C @
& ;
&V ©
;
i o
y S,

Fig. 5 Schematic illustration for the effect of Lewis basicity of anion on
the solvation structure in highly concentrated electrolytes.

Phys. Chem. Chem. Phys., 2021, 23, 21419-21436 | 21423


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp02946k

Open Access Article. Published on 15 September 2021. Downloaded on 4/6/2026 9:13:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

o [Li(G3),][TFSA]
B
S free [TFSAJ
=
=
©
£
©
m 4
780 760 740 720 700
Wavenumber (cm-1)
> [Li(G3)4][TfO]
2
5 AGG CcIP
= free [TfO]
C
(0]
€
T ez
C e,

1060 1040 1020

Wavenumber (cm-1)

Fig. 6 Raman spectra of [Li(G3),][TFSAl in the range 700-780 cm™* (top,
CF3 bending mode) and of [Li(G3),[TfO] in the range 1000-1100 cm™*
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ref. 58 Copyright 2014 American Chemical Society.

1100 1080 1000

of the TfO™ anions are coordinated to Li" ions to form a contact
ion pair (CIP) and ionic aggregates (AGG), whereas the spectrum
of [Li(G3),][TFSA] indicates that half of the TFSA™ exists as free
anion (or solvent-separated ion pair, SSIP) because of its relatively
weak Lewis basicity.® Raman spectroscopic studies indicate
that the fraction of the free solvent molecules increases with
increasing anion Lewis basicity, which proves that strong
Lewis bases strongly coordinate to Li". In addition, the anion
coordination may further stabilise Li" ions to form [Li(solvent),X]
(X: anion), resulting in a lower value of A;G°([Li(solvent),X]) than
AsG°([Li(solvent),]) and a decreased electrode potential.

2.4. Thermal stability

The decrease in the solvent activity also contributes to the
thermal stability of the electrolytes. For example, Fig. 7 exhibits
the thermogravimetric analysis (TGA) for electrolyte solutions
of NaFSA (FSA: bis(fluorosulfonyl)amide) dissolved in sulfolane
(SL).>* In case of pure SL, the weight loss starts at ~100 °C
because of evaporation. Similarly, in the solution with molar
ratio of NaFSA/SL = 1/10, the weight loss starts at approximately
100 °C. Na' ion is solvated with SL, and FSA anion is scarcely
coordinated to Na* in the NaFSA/SL = 1/10 solution. Since the
coordination number of Na' in organic solvents is generally
5-7,256667 L 50% of the SL molecules are free in the solution,
and free SL can evaporate at lower temperature compared to
coordinated SL. In contrast, the weight loss was not observed up
to 250 °C at the molar ratio of NaFSA/SL = 1/1. The population of
free SL decreases with increasing the salt concentration in the
electrolyte,®* and the thermal stability can be improved.**
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Fig. 7 Thermogravimetric curves of NaFSA/SL electrolytes at a heating
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3. Structure of solvates

3.1. Crystalline solvates

Binary mixtures of Li salts and solvents can form stable crystal-
line solvates in stoichiometric ratios. In the crystalline solvates,
the anions and solvent molecules that enclose the Li* ions are
packed in long-range ordered crystalline lattices. Understanding
the crystal structures of the solvates helps in estimating the Li"
coordination structures in the molten state. Henderson et al.
investigated the structures of various crystalline solvates of
Li salts.">'®*%7° These solvates take a variety of forms such as
solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs), and
aggregates (AGGs), where a single anion is coordinated to zero,
one, and more than one Li", respectively.

Earlier, we reported the crystal structures of sulfolane (SL)
solvates of Li salts.>'*° Hereafter, the solvate composed of Li
salt (LiX) and solvent with a molar ratio of 1:7 is denoted as
[Li(solvent),|[X]. Fig. 8a and b show the crystal structures of
[Li(SL),][BF,] and [Li(SL),][ClO4] solvates analysed by single-
crystal X-ray crystallography. The coordination number of Li"
ions is 4 or 5 in the crystals, as shown in Fig. 8. In the crystal of
the [Li(SL),][BF,] solvate, all SL molecules bridge different Li"
ions, forming a polymeric network structure. In addition, each
BF,” anion coordinates to more than one Li' ion (i.e. AGG
coordination). In [Li(SL),][ClO4] solvates, monodentate-type
and bridging-type SL molecules coexist in a 1:1 ratio
(Fig. 8b). Each ClO,” anion coordinates to a Li' ion in a
monodentate form (i.e. CIP coordination). Furthermore, it is
to be noted that the solvent-bridged structure (Li'-SL-Li") is
commonly formed in SL-based crystalline solvates. However,
this unique structure is not a particular case for the solvates of
cyclic SL. A similar bridging-type coordination is found in Li
salt solvates of acyclic sulfones such as dimethyl sulfone.””
Similar solvent-bridged networks are also formed in crystalline
solvates composed of Li salts and bridging ligands with multi-
ple coordinating sites. In the single crystals of Li salt solvates of
methyl pyruvate (MP) and methyl acetoacetate (MA), the ketone
carbonyl oxygen and the ester carbonyl oxygen atoms bind to
different Li* ions forming a solvent-bridged structure (Fig. 8c).”*
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(a) [Li(SL),IBF 4]

Bridge

(b) [Li(SL),J[CIO4]

Monodentate

Bridge

(c) [Li(MP)q 5][FSA]

fmm

Fig. 8 Crystal structures of (a) [Li(SL);][BF4] and (b) [Li(SL),][ClO4] solvates.
Reprinted with permission from ref. 31. Copyright 2018 American
Chemical Society. (c) Crystal structure of [Li(MP)g sl[FSAL. Reprinted with
permission from ref. 72. Copyright 2019 PCCP Owner Societies. (d) Crystal

structure of [Li(SN),][FSA] solvate. Hydrogen atoms are not shown. Purple,
Li; red, O; grey, C; yellow, S; light green, F; pink, B; and green, CL

(d) [Li(SN)-I[FSA]

Crystalline solvates composed of LiFSA and dinitriles, such as
succinonitrile (SN), glutaronitrile (GN), and adiponitrile (ADN),
have unique mesh structures, in which all the dinitrile molecules
link to different Li* ions, whereas FSA™ anions exist in the vacant
sites and do not coordinate to Li* ions (Fig. 8d).”* In addition to
the Li-based systems, the crystalline solvates of Na salts have also
been studied.**** The coordination number of Na* in these
crystalline solvates is 6, which is larger than that of Li', because
of its larger ionic radius.

3.2. Liquid structure of molten solvates

Raman spectroscopy was performed to study the coordination
structures of the solvates in the molten/liquid state. The Raman
spectra of the solvates in the liquid and solid states were
compared. Fig. 9a shows the Raman spectra for pure SL and
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the solid and liquid states of [Li(SL),][ClO,] solvate in the range
550-600 cm ™ *. The pure SL shows a peak at 568 cm™ " assigned
to the scissoring vibration of SL;’* on complexation with Li*
ions, this peak shifts to a higher wavenumber. The solid state
[Li(SL),][ClO,] solvate exhibits two peaks centred at 571 and
580 cm™". In the crystal structure of the [Li(SL),][ClO4] solvate
(Fig. 8b), half of the SL molecules act as monodentate ligands
for the Li" ion, and the remaining half act as bridging ligands.
Therefore, the two peaks of SL at 571 and 580 cm ' in the
[Li(SL),][ClO4] crystal can be assigned to monodentate and
bridging types of SL molecules, respectively. Upon melting,
the integral intensity of the lower wavenumber peak increases
compared with that of the higher wavenumber peak, suggesting
that a certain amount of the bridging type SL molecules
changes to monodentate-type molecules with a solid-to-liquid
phase transition. However, the broadened peak of the liquid
state [Li(SL),][ClO4] contains a higher wavenumber peak for
the bridging type SL. This suggests that the solvent-bridged
structures of Li'-SL-Li" observed in the crystal (Fig. 8a and b)
are partially maintained even in the liquid state.

Fig. 9b shows the Raman spectra for the CI-O symmetric
stretch vibration mode of ClO, in the [Li(SL),][ClO,] solvate.
The crystal of [Li(SL),][ClO,] shows a sharp Raman band at
934 cm ™, which is assigned to the CIP coordination where the
Clo,™ anion is coordinated to a single Li" ion. Upon melting,
the ClO,~ peak shifts to a higher wavenumber, suggesting that
a ClO,~ anion is coordinated to multiple Li" ions in the molten
[Li(SL),][ClO,] solvate.'® This is because the number of bridging
type SL decreases with the melting of [Li(SL),][ClO,] crystal
(vide supra), and thus, ClO,~ anions should be involved in the
coordination of more than one Li" ion (i.e. AGG coordination)
to satisfy the preferred coordination number of Li".

The salt concentration significantly affects the liquid
structure of the electrolytes. Fig. 9c¢ exhibits the Raman spectra
in the wavenumber range 700-800 cm ' for LiTFSA/SL binary
mixtures with different solvent/Li salt molar ratios (x), corres-
ponding to the S-N stretching vibration mode of TFSA
anions.”>”® The peak in this region is sensitive to ion association
and is often utilised to characterise different forms of Li'-“TFSA™

LiClO,:SL (a) (b) | suruTrsax (C)

= = = —2

5 5 LiClO,:SL=1:2 > —_3

3 . 4 .

s g liquid 60 °C £

s e 8

> & >

‘@ 2 @ ‘B

5 Ii;uid § 8

£ [eo-c c ]

p 580 571 = =
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© . %
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Fig. 9 Raman spectra of (a) scissoring mode of the SO, group of SL and (b) Cl-O symmetric stretch vibration mode of ClO4~

in the [Li(SL)I[ClO4]

solvate. Reprinted with permission from ref. 31 Copyright 2018 American Chemical Society. (c) Raman spectra of the S—N stretching vibration mode of
TFSA™ anion in the LITFSA/SL binary mixtures. Reprinted with permission from ref. 39 Copyright 2019 American Chemical Society.
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coordination.®®””"8

In the dilute region with x > 20, the
Raman bands of TFSA™ appear at 740 cm ™, corresponding to
SSIP in which TFSA™ anions are uncoordinated.®®”® The peak
gradually shifts to a higher wavenumber with decreasing x
(i.e. increasing salt concentration), indicating the complexation
of Li" and TFSA™ anions in the mixture. In the high salt
concentration region with x < 4, the Raman peak position
exceeds 744 cm ™, suggesting the formation of the CIP and
AGG solvates in which the TFSA™ anions are coordinated to one
or more Li* ions.®>”®7° These results indicate that when the x is
lower than 4 (the preferred coordination number of Li'), anions
participate in the coordination of Li* ions to form CIPs and
AGGs. Similar ion pairs and ionic aggregates are also formed in
the solvent-deficient electrolyte solutions incorporating other
anions and alkaline metal ions.”®%"84

4. Transport properties

4.1. Self-diffusion coefficients

The Li" transport properties of liquid electrolytes are assumed to
be one of the most significant parameters for improving the
battery performance. In particular, the ionic conductivity of the
electrolytes has been linked to the rapid charge and discharge
ability. As we described in Section 1, the overall ionic conductivity
(0ion) depends on both the number of carriers and carrier
mobility. Hence, the total ionic conductivity reaches a maximum
value at a salt concentration of ~1 mol dm > and drastically
decreases upon further increase in the salt concentration to the
concentrated region.**"">”* The ¢,, values of some molten
solvate electrolytes at 30 °C are listed in Table 1. The molten
solvate electrolytes exhibit approximately one or two orders of
magnitude lower conductivity than that of a conventional organic
electrolyte (1 mol dm > LiPF, in EC/DMC (50:50 wt%)) due to
significantly high viscosity of the molten solvate electrolytes.

In addition to the ionic conductivity, the self-diffusion
coefficients of Li cations (Dy;), anions (Danjon), and solvents
(Dso1), which are obtained from pulse field gradient — nuclear
magnetic resonance (PFG-NMR) spectroscopy, have been studied
in liquid electrolytes.®® In the case of conventional electrolyte
solutions containing ca. 1 mol dm > Li salt, the order of diffusion
coefficients is as follows: D;; < Danion < Dsor.>® This is because Li*
ions are solvated in the solution. According to the Stokes-Einstein
equation, the diffusion coefficient D is related to the viscosity (i7)

Table 1 Viscosity (), ion conductivity (cion), transference numbers of Li
ion evaluated by PFG — NMR method (ti"'?) and potentiostatic polarisation
method () for electrolytes at 30 °C

Sample n/mPa s o/mS em™* MR tr
1 mol dm™ LiPF, in 3.77 13 0.41 0.07
EC/DMC (50:50 wt%)"

[Li(Gl)z][TFSA]: 33.9 3.7 0.54 0.35
[Li(SL),][TFSA] 622 0.42 0.61 0.68
[Li(SL),][BF4] 743 0.61 0.61 0.82
[Li(SN)o.s][FSAJ" 3140 0.26 0.62 0.74
[Li(GN),5[TFSA]* 1420 0.21 0.56 0.74

@ Ref. 85 and 86. © Ref. 87. ¢ Ref. 73. ¢ Ref. 79.
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and the hydrodynamic radius () as follows: D = kgT/6nm
(for spherical particles) where kg is the Boltzmann constant. The
hydrodynamic radius of solvated Li* ion ([Li(solvent),]") is larger
than that of anion and free solvent, and Li* ion mainly diffuses in
the form of solvated cation.

The diffusivity ratio of the solvent and Li (Ds/Dyi) is a
particularly useful metric to evaluate the extent to which the
self-diffusion of Li" ion is decoupled from that of the solvent.
Fig. 10a exhibits the plot of Dy,/Dy; versus the Li salt concen-
tration for ether-,*" sulfone-,?! keto ester-,”> and nitrile-"® based
molten Li salt solvates. The electrolytes with concentrations
below 3 mol dm™® show Dy,/Dy; > 1 indicating that, on
average, Li ions diffuse slower than the solvent molecules,
similar to the conventional liquid electrolytes with
~1 mol dm® salt concentration (vide supra). By contrast, at
concentrations above 3 mol dm™>, Dg,/Dii and Danion/Dii
(Fig. 10b) are below unity, indicating that Li ions diffuse most
rapidly among the components, except for the ether-based
molten Li salt solvates. The main reason for the fastest diffusion
of Li ions among the components at high concentrations
>3 mol dm™? can likely be attributed to the Li ion hopping/
exchange mechanism (Fig. 11) through the unique Li ion
coordination structures mentioned in the previous section. For
instance, in [Li(SL),][BF,], Li ions form ion aggregates such as
[Li*x[SL)y[BF4]’Z]("’Z) and/or a solvent-bridged structure (-Li'-SL-
Li*-SL-) in the liquid states.** The keto ester- and nitrile-based
molten Li salt solvates also have similar solvent-shared,
polymeric Li ion coordination structures.””’*”® A single SN
molecule has two different coordination sites to which two
different Li ions can coordinate resulting in the formation of
solvent-bridged network structures (Li*~SN-Li"). In these cases,
solvents and anions serve as a framework for Li-ion conduction
paths, which regulate the diffusion of the solvent and anions.
Therefore, Li ions are considered to be carried through
percolating ion aggregates and solvent-bridged structures via
unique Li ion hopping/exchange mechanism.

In the case of ether-based molten solvate [Li(G1),][TFSA], G1
molecules are assumed to coordinate to Li ions in a bidentate
manner along with the formation of AGGs and/or CIPs between
Li*-[TFSA]"."” However, Li ions solvated with G1 molecules
exhibit relatively low stabilisation energy,®® which enables Li
ions to exchange the G1 ligand with other solvated Li ions and/
or to leave the ligand as “free” G1. Therefore, G1 molecules
diffuse more rapidly than Li ions (resulting in D, /Dy; > 1)
even at high concentrations.

4.2. Transference number

In addition to ionic conductivity, the Li" transference number
has been considered as another significant parameter of
electrolytes affecting the battery performance.’*> Various
methods have been proposed for the estimation of the trans-
ference number: electrophoretic NMR,”® PFG-NMR,>**® Hittorf
method,’® potentiostatic polarisation method®>°® and very-low-
frequency electrochemical impedance spectroscopy (EIS).*®
PFG-NMR method (£7'%), based on the Nernst-Einstein
equation, has been extensively studied for Li ion conducting
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Fig. 10 Diffusivity ratio (a) Dsoi/Dyii and (b) Danion/Dy; Of ether-, sulfolane-, keto ester-, and nitrile-based electrolytes at 30 °C. ([Li(G1),][TFSAl: n = 1.8, 2,
2.5, 3,and 4; [Li(SL),l[BF4l: n = 1.35, 2, 3, 4, 8, and 10; [Li(MA),][FSA]: n = 0.8 and 1; and [Li(SN),I1[FSAl: n = 0.8, 6 and 10). Data were collected from ref. 31,

61, 72 and 73 and replotted.

Fig. 11 Schematic image of the Li ion hopping/exchange conduction of
molten SL solvates of Li salts. Reprinted with permission from ref. 31
Copyright 2018 American Chemical Society.

liquid electrolytestry™®. 7% is evaluated as the ratio of the self-

diffusion coefficients of ion species: 1y~ = Dyi/(Dii + Danion)-
However, tr"® does not reflect the true Li* transference number
for highly concentrated electrolytes with strong ion interactions
and correlations because this method is based on ideal
electrolyte solutions where ions are completely dissociated
and move independently.

An electrochemical method using a Li metal symmetric cell
has often been applied to estimate the transference number.
This transference number (f;) is obtained by combining
the potentiostatic polarisation with EIS and is defined as
follows: >

PP _ Iss(Vpe — IonmRi)
u Ionm (Vpe — IssRiss)

()

where Vpc is the constant applied voltage, Ionm (=Vpc/(Rpuik *+
R;)), Iss are the initial and stationary state currents, and R;, and
R;ss are the initial and stationary state interfacial resistance
values, respectively.”” The t1; shows the true transference number
only when there are no ionic interactions in the electrolytes

(i.e. ideal electrolyte). Balsara et al suggested that #; simply

This journal is © the Owner Societies 2021

shows the “current fraction” carried by Li ions in non-ideal
electrolytes.”” However, #; can be measured easily and is used to
examine the actual Li-ion transport properties in electrochemical
cells, such as Li-ion batteries, which include both migration
and diffusion effects (under anion-blocking conditions). A high
¥ suggests that the concentration polarisation of electrolytes can
be alleviated in the electrochemical cells.

The two experimental Li transference numbers (1"~ and t;1)
of ether-, sulfolane-, and nitrile-based molten Li salt solvates are
shown in Table 1. The values of those numbers for conventional
organic electrolyte, 1 mol dm™> LiPF, in EC/DMC, are reported
as 0.41 for "™ %¢ and 0.07 for #;.>® Apparently, the molten Li
salt solvates are prone to exhibiting higher values compared
with that of conventional organic electrolytes. The t;; values of
the SL- and nitrile-based molten Li salt solvates with unique
Li ion diffusion behaviour are much higher than those of the
ether-based [Li(G1),|[TFSA]. It has been suggested that the
solvent-bridged Li ion coordination structure exerts a strong
impact on the enhancement of ¢[; and f; - values. The SL-
and GBL-based molten Na salt solvates also exhibit high e
values of 0.81 for [Na(SL),[FSA]** and 0.84 for [Na(GBL),][FSA].>®
The two molten Na salt solvates have ligand-bridged structures
(Na‘~(solvent or FSA)-Na') resembling the solvent-bridged
structure confirmed in the molten Li salt solvates, which enables
the dynamic ligand-exchange conduction of Na'. All these
molten solvates maintain a unique solvent-bridged structure
consisting of solvent and anions concurrently with the formation
of CIPs and/or AGGs therein. Therefore, the motion of smaller Li
(or Na) ions via dynamic ligand-exchange conduction is not
relatively regulated compared with those of the solvent
molecules and anions in the ion coordination, which results in
the improvement of ¢} (Or trg)-

The relationship between the Li ion-anion interactions and
the #; values for SL-based electrolytes was also studied.
As shown in Table 1, [Li(SL),][BF,] has a larger t; value (0.82)
than [Li(SL),][TFSA] (0.68). [Li(SL);][ClO,] shows a similar ¢}
value (0.65) to that of [Li(SL),][TFSA]. The apparent dissociation
degree of LiBF, is known to be smaller than that of LiTFSA and

Phys. Chem. Chem. Phys., 2021, 23, 21419-21436 | 21427


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp02946k

Open Access Article. Published on 15 September 2021. Downloaded on 4/6/2026 9:13:42 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

LiClO, in organic solvents.'® Therefore, AGGs are more promi-
nent in [Li(SL),][BF,] than in [Li(SL),][TFSA] and [Li(SL)3][ClO,].
Similarly, it was found that #}; increases with more associative
anions in glyme-based molten Li salt solvates.’® The stronger Li
ion-anion interaction forming more-pronounced AGG networks
in [Li(SL),][BF,] will positively contribute to the enhancement
of #F in addition to the solvent-bridged structures.

4.3. Dynamic ion correlations

The Li-ion transport in the concentrated electrolytes has been
studied in more detail in the light of the dynamic ion correlations.
Woolf and Harris systematically evaluated the dynamic ion
correlations in aqueous electrolyte solutions by introducing
velocity cross-correlation functions.’®'% Regarding solid polymer
electrolytes, Balsara and Newman introduced Stefan-Maxwell
diffusion coefficients.’””'*"'** For non-aqueous liquid electrolyte
solutions, Roling and Bedrov’s groups investigated the
dynamic ion correlations based on Onsager’s linear irreversible
thermodynamics and evaluated the Onsager transport coefficients
for the glyme-based molten solvates of LiTFSA.**'%

In the Onsager transport formalism, the ionic conductivity
Oion 1S Written as follows:

Cion = 04+ + 0__ — 20,_ (6)

where 7., 0__, and ¢,_ are the Onsager transport coefficients.
The Onsager coefficients o., and ¢__ can be divided into self-
terms and distinct terms, and eqn (6) can then be written as
follows:

Gion = (}'ielf‘f' O'SrliStht + O_s_elf+ Uilitht _ 20+_ (7)
The self-terms, ¢5°f and ¢°°!, are related to the self-diffusion

coefficients of cation and anion, respectively, via the Nernst-
Einstein equation. The distinct terms, g$s1n¢t gdistinct and g,
represent the dynamic cation-cation, anion-anion, and cation-
anion ion correlations, respectively. The signs on these distinct
terms indicate the dynamic ion motions; the correlated ion
motion occurs when it is positive, whereas the anti-correlated
motion is dominant when the sign is negative. The non-
correlated ion motions expected in ideal electrolyte solutions
are represented by the zero values of these coefficients.

Based on eqn (7), the correlated motion of ions with the same
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sign positively contributes to the overall ionic conductivity,
whereas that of the cation-anion correlation (¢,_) contributes
negatively.

We evaluated the Onsager coefficients for molten Li salt
solvates to elucidate the ion correlations.®”””® The values of
o3 and ¢*° were calculated from the self-diffusion coefficients of
ions. The values of 6., 0__, and o,_ were estimated from the
experimentally obtained quantities: ionic conductivity, transference
number (#1), salt diffusion coefficients, and the slope of the
concentration dependence of the concentration cell potentials.
The normalised Onsager transport coefficients for the molten
solvate electrolytes are shown in Fig. 12.

As shown in Fig. 12a, the ether-based Li salt molten solvate,
[Li(G1),][TFSA], shows negative values for all cross-correlation
distinet /i, o390 /i, and 64— /dion), suggesting
that the ion motions are anti-correlated. Interestingly, in
[Li(SL),][TFSA] and [Li(SL),][BF,], the dynamic cation — cation
(a‘fi‘i“c‘ /0ion) cross-correlations are less anti-correlated and the

coefficients (o

dynamic cation - anion (04— /0jon) cross-correlations are nearly
non-correlated (Fig. 12b and c) even at almost the same salt
concentration as that of [Li(G1),][TFSA]. It is likely that Li ion
hopping/exchange conduction is reflected by the nearly non-
correlated ion motions, which further contributes to the higher
ti1 for the SL-based electrolytes. The ¢,_/d;,, exhibits a slightly
negative value for [Li(SL),][TFSA]; however, it shifts to nearly
zero for [Li(SL),][BF4]. This supports the more pronounced
association of LiBF, than that of LiTFSA in the SL-based
molten solvates. Therefore, the developed AGG networks®’
accompanied by the bridged structure are responsible for the
considerably high ¢} in [Li(SL),][BF,].

Considering the aforementioned results, unique SL-bridged
structures and continuous Li" ordering structures in AGG offset
the anti-correlations of cation-cation and cation-anion
motions, resulting in the large contribution of Li ions to the
overall ionic conductivity.

5. Electrochemistry
5.1. Li metal electrode

Highly concentrated electrolytes have various advantages in
battery applications. These advantages are attributed to the

1.0 - 1.0 - 1.0 -
- a) [LI(G1)I[TFSA]| 44 (b) [LI(SL)ITFSA] | & (c) [Li(SL),I[BF,]
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Fig. 12 Normalised Onsager transport coefficients (0% /ion, 0*!/aion,

o3t /g, 098I /g, and o4 /oion:left to right) of (a) [Li(GL),I[TFSA]

(b) [LiI(SL),I[TFSA], and (c) [Li(SL),][BF4]. The graphs (a) and (b) are reprinted with permission from ref. 87. Copyright 2020 PCCP Owner Societies.
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peculiar liquid structures of the highly concentrated electrolytes.
Here, we show how the activities of the solvated metal ions and
free solvent molecules in the electrolyte affect the electrochemical
properties of Li- and Na-based batteries. Li metal is an attractive
anode material for high energy density rechargeable batteries,
and extensive efforts have been devoted to developing Li metal
batteries (LMBs). However, the practical application of Li metal
anode is hindered by the unfavourable dendritic Li growth during
repeated charge/discharge processes and the low Coulombic
efficiency due to the side reactions of the electrolytes with
Li metal.*>***78 One of the effective approaches to address
these issues is to develop the electrolyte that forms a stable
and uniform solid-electrolyte interphase (SEI) on the Li metal
surface. #6490 Aprotic electrolytes reductively decompose on
the Li metal, and the decomposition products form an SEI layer
on the Li metal electrode. SEI layer is considered to be an
electronic insulator but a Li-ion conductor, and SEI can suppress
the subsequent decomposition of electrolytes and enables the
electrochemical Li metal deposition/dissolution. The stability of
SEI layer gives the significant effects on the Coulombic efficiency
of Li deposition/dissolution, and the distribution of SEI on
Li metal affects the morphology of the deposited Li metal.
The composition and properties of SEI are strongly affected by
the electrolyte formulation such as solvents, anions, and salt
concentration. Several research groups reported that highly
concentrated LiFSA-based electrolytes are effective in suppressing
the dendritic Li metal deposition and the reductive decomposition
of the electrolyte at the Li metal electrode, resulting in the highly
reversible Li metal deposition/dissolution. For example, Qian et al.
reported that a Li/Cu cell with 4 mol dm ™ LiFSA/G1 electrolyte can
be cycled for more than 1000 cycles without the dendrite growth of
Li metal (Fig. 13) and a high average Coulombic efficiency of
98.4%.>* This excellent cycling performance of Li metal electrode
can be attributed to the improved electrolyte reductive stability
due to reduced availability of reactive solvent and the formation of
FSA-derived SEI layer. In the highly concentrated electrolytes, most
of the anions form complexes with Li* ions due to the deficiency of
solvent (vide supra). According to the computational studies
reported by Yamada et al., the complexation of the anion with Li"
ion in the highly concentrated electrolytes leads to the lowering of
the lowest unoccupied molecular orbital (LUMO) energy level of
anion, and the FSA™ anion reductively decomposes prior to the
decomposition of the solvent.'**'% The decomposition products of
the FSA™ anion form the effective SEI layer mainly composed of
inorganic species such as LiF on the Li metal surface, which may
induce uniform Li deposition and effectively suppress the reductive
decomposition of the electrolyte >3°%>6:106-108

5.2. Li' intercalation into graphite electrode

Electrochemical Li" intercalation into graphite has been
exploited as a negative electrode reaction in LIBs. Ethylene
carbonate (EC) is known to be an essential electrolyte solvent
because its reductive decomposition products form an effective
passivation film on the graphite surface and suppress
the further reductive decomposition of the electrolyte and
co-intercalation of solvent into the interlayer of graphite during

This journal is © the Owner Societies 2021

View Article Online

Perspective

Fig. 13 Scanning electron microscope images of the morphologies of
Li metal after plating on Cu substrates in different electrolytes. (a and b)
1 mol dm™ LiPFe/PC. (c and d) 4 mol dm~2 LiFSA/DME (G1). The current
density was 1.0 mAcm 2 and the deposition time was 1.5 h. The diameter
of the Cu substrate shown in the inset of (a and c) was 2cm. Scale bar,
10 um. Reprinted with permission from ref. 52 Copyright 2015 Nature
Publishing Group.

the Li" intercalation process.'®''" However, several groups
reported that the co-intercalation of the solvent can be
suppressed and reversible Li" intercalation into graphite
electrode can occur in highly concentrated electrolytes without
EC.H10%1127115 e reported the effect of salt-concentration
on the electrochemical reaction of the graphite electrode in
LiTFSA/G3 mixtures.*® In electrolytes containing excess G3 (n > 1
in [Li(G3),][TFSA)), irreversible co-intercalation of G3 and Li", ie.
intercalation of solvated Li" ([Li(G3),]"), takes place. By contrast, a
reversible Li" intercalation reaction (desolvation of Li') is observed
in the molten [Li(G3),][TFSA] complex. The electrode potential of
the Li" intercalation reaction changes significantly depending on
not only the solvate [Li(G3),]" cation activity but also the free G3
activity in the electrolyte because of the desolvation of Li" at the
interface during Li" intercalation, as well as in the case of Li metal
deposition (eqn (3)). By contrast, the electrode potential for the
intercalation of [Li(G3),]" depends solely on the activity of [Li(G3),]",
irrespective of the free G3 activity. In the molten [Li(G3),][TFSA]
complex, the activity of free G3 is negligible, and the electrode
potential of Li" intercalation is anticipated to increase because
of the significantly low activity of G3 and the high activity of
[Li(G3),]". The increase in the chemical potential of [Li(G3),]", ie.
destabilisation of solvated Li*, may induce the desolvation of Li* at
the interface between the graphite electrode and the molten
complex. In addition to the electrode potential shift, the SEI formed
on the graphite electrode is also an important factor. Yamada et al.
reported that the SEI derived from anions is formed on the graphite
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electrode and kinetically suppresses the solvent co-intercalation
in highly concentrated LiTFSA solutions.'**'* Thus, both thermo-
dynamic and Kkinetic effects may contribute to the reversible Li*
intercalation into a graphite electrode in highly concentrated
electrolytes.

The anion species in highly concentrated electrolytes
significantly influences the kinetics of the Li" interaction
reaction of graphite. Fig. 14 exhibits the charging (lithiation)
curves of the graphite electrodes measured at various current
densities in the SL-based electrolytes. On increasing the current
density, the charging capacity of the graphite electrode
decreases because the overvoltage for charging increases with
the current density, and the voltage of the Li/graphite cell
reaches the cut-off voltage (0 V) prior to achieving the full
capacity of the graphite. As shown in Fig. 14, the rate capability
of the cell greatly depends on the anionic species in the
electrolyte. EIS was performed to investigate the kinetics of
the electrochemical reactions in the Li/graphite cells. Fig. 15a
shows the Nyquist plots for the cells acquired at a 67% state of
charge (cell voltage ~75 mvV). A depressed semicircle is
observed for each cell in the high-frequency region; the
diameter of this semicircle is assigned to the interfacial
resistance (Rj,;) of the electrochemical reactions in a cell.
As shown in Fig. 15b, the interfacial resistance of the Li
electrode in each electrolyte is smaller than that of the Li/
graphite cell with each electrolyte. Therefore, the difference in
Rin¢ value of the Li/graphite cells with different electrolytes is
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mainly ascribed to the difference in the resistance of the
graphite/electrolyte interface. The R;,. value of the Li/graphite
cell with [Li(SL);][FSA] electrolyte is considerably smaller than
that of ones with [Li(SL),][BF,] and [Li(SL),][TFSA] electrolytes,
leading to the high rate capability of the cell with [Li(SL);][FSA]
(Fig. 14). The anion species in highly concentrated electrolytes
may affect the composition and resistance of the SEI on the
graphite electrode. Further investigations may be needed to
fully understand the interfacial kinetics of Li" intercalation at
the graphite/highly concentrated electrolyte interface.

5.3. Oxidative stability

Side reactions on the positive electrode side of LIBs can also be
prevented by reducing the solvent activity in the electrolyte.
Ethers have not been utilised as electrolyte solvents for 4 V class
lithium batteries because they are oxidised at around 4 V vs.
Li/Li"."*® However, 4 V class lithium batteries with glyme-LiTFSA
molten solvates can be charged and discharged reversibly despite
the use of ether-based electrolytes. The oxidative stability is
enhanced by decreasing the activity of free glyme.** Furthermore,
according to ab initio molecular orbital calculations, the highest
occupied molecular orbital (HOMO) energy level of the solvent is
lowered by complexation with Li" ions, leading to an enhanced
oxidative stability. This should also be true for solvate electrolytes
other than glyme solvates. The oxidative stability enhancement
of the electrolytes is useful in suppressing the irreversible
decomposition of the electrolytes on the positive electrode surface
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Fig. 14 Charge curves for the Li/graphite cells containing electrolytes of (a) [Li(SL),l[BF4), (b) [Li(SL),J[TFSA], and (c) [Li(SL)s][FSA] at various current
densities at 30 °C. (d) Charge capacities of the cells as functions of current density. Following each charge measurement, the cell was fully discharged at

the low current density of 35 pA cm™2.
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Fig. 15 Nyquist plots of (a) Li/graphite cells at a 67% state of charge in the 3rd cycle and (b) Li/Li symmetric cells containing electrolytes of [Li(SL),I[BF.],
[Li(SL),IITFSAL and [Li(SL)sI[FSA] at 30 °C. The geometrical areas of the Li-metal and graphite electrodes were both 2.0 cm?.

in LIBs, and may be instrumental in achieving the highly efficient
charge-discharge and the long cycle performance of a high voltage
LIB.""

5.4. Suppression of corrosion of Al current collectors

It is known that the corrosion of Al current collectors occurs at
electrode potentials higher than 4 V vs. Li/Li" in the electrolyte
containing amide-type anions;"'*'?*° therefore, the amide-
based Li salts are not utilised as the main electrolyte salts in
LIBs. However, Al corrosion can be suppressed by decreasing
the solvent activity.””"'**'?? In LiTFSA-based dilute electrolyte
solutions, a large amount of the free solvent easily dissolves the
Al-TFSA complexes produced by corrosion at the Al/electrolyte
interface, resulting in severe Al corrosion."**'*> By contrast, in
highly concentrated electrolytes, the scarcity of the free solvent
leads to the extremely low solubility of the AI-TFSA complexes,
and they act as a passivation layer on the Al surface.

5.5. Oxygen reduction reaction

The proportion of free solvent molecules in the electrolyte solution
influences the oxygen reduction reaction (ORR) in Li-O, batteries.
The ORR in Li-O, batteries utilising nonaqueous electrolyte
solutions is known to proceed via one-electron reduction of O, to
produce soluble lithium superoxide (LiO,). Subsequently, LiO, is
electrochemically reduced and/or the chemical disproportionation
reaction of LiO, proceeds to produce solid lithium peroxide (Li,O,),
as follows:"**

0, + Lit + e~ — LiO, (8)
LiO; + Lit +e — Li,O, (9)
2Li0; — Li,O; + O, (10)

The parasitic reactions of the highly reactive LiO, with the
electrolyte components and/or carbon electrode hinder the
long-term operation of Li-O, batteries.'****" In our previous
study, we investigated the effects of the Li salt concentration on

This journal is © the Owner Societies 2021

the reversibility of the ORR in LiTFSA/dimethyl sulfoxide
(DMSO) solutions.*® The ORR in 1 and 3 mol dm™* LiTFSA/
DMSO solutions was assessed by rotating ring-disk electrode
(RRDE) measurements (Fig. 16). In each electrolyte, the current
for the ORR was observed during the cathodic scan of the disk
electrode, and the current for the oxygen evolution reaction
(OER) appeared during the anodic scan. The reversibility of
OER/ORR is improved by increasing the LiTFSA concentration
in the electrolyte. The Coulombic efficiencies for OER/ORR at
the disk electrode are 32% and 58% in the 1 and 3 mol dm®
LiTFSA/DMSO solutions, respectively. The difference in the
Coulombic efficiencies was mainly due to the difference in
the LiO, solubility in the solution. In the 1 mol dm* solution,
the anodic current was detected at the ring electrode, where the
potential of the ring electrode was set at 3.3 V vs. Li, indicating
that the LiO, (generated at the disk electrode) partially
dissolved into the solution and was oxidised at the ring
electrode. By contrast, the ring current was negligible for the
3 mol dm? solution, suggesting that LiO, hardly dissolves in
the highly concentrated solution. Raman spectroscopy revealed
that the fraction of DMSO bound to Li' and free DMSO
increases and decreases, respectively, with increasing LiTFSA
concentration as shown in Fig. 17.*® Free DMSO was found to
be 8.7% in the 2.3 mol dm ™~ solution (Li[TFSA]: DMSO = 1:4),
and only trace amounts of free DMSO were present in the high
concentration LiTFSA/DMSO solutions above 2.3 mol dm .
It is considered that LiO, cannot be solvated in a highly
concentrated electrolyte because of the absence of free solvent,
resulting in very low solubility of LiO,. Therefore, LiO,
is converted to Li,O, mainly on the disk electrode surface,
resulting in an improved reversibility of the OER/ORR at the
disk electrode.

5.6. Li-S batteries

Elimination of the free solvent in the electrolyte solution is an
effective strategy for highly reversible lithium-sulphur (Li-S)
batteries. Li-S batteries have attracted considerable attention
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for their high theoretical energy density because of the high
theoretical capacities of the S cathode (1672 mA h g™") and Li
metal anode (3860 mA h g~ ') compared with the typical electrodes
used in conventional LIBs such as LiNi;;sMn,/3Co,,50, cathode
(160 mA h g™') and graphite anode (372 mA h g ')."*%'%
One of the obstacles hindering the practical use of Li-S
batteries is the dissolution of lithium polysulfides (LPS),
which are the reaction intermediates of the S cathode. The
dissolution of LPS causes a low Coulombic efficiency of
discharge/charge and a loss of the active materials from the
positive electrode."** > To solve these issues, for the first time,
we proposed the glyme-Li salt molten complexes as sparingly
solvating electrolytes for Li-S batteries.?* The solubility of LPS
in molten complex electrolytes is very low, owing to the lack of
free solvent molecules having high solute solvating
abilities. Thus, the Li-S cells can be charged and discharged
for more than 400 cycles with high Coulombic efficiencies of
over 98%.
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Highly concentrated SL-based electrolytes also function as
sparingly solvating electrolytes in Li-S cells. SL-based electro-
lytes possessing high Li* ion transference number via Li* ion
hopping conduction enabled a higher rate performance of
the Li-S cell.>® Fig. 18 exhibits the charge and discharge
performances of Li-S cells with molten solvate electrolytes
[Li(SL),][TFSA] and [Li(G4):][TFSA]. Both cells show high
Coulombic efficiencies (>98%) owing to the limited solubility
of LPS in the electrolytes. Interestingly, the cell with the
SL-based solvate exhibited a higher rate capability than one
with the G4-based solvate, regardless of the lower ionic
conductivity of the former electrolyte (SL: 0.42 mS cm ™' vs.
G4: 1.6 mS em™"). The difference in the rate capability can be
attributed to the difference in the Li* transference number (t)
of the electrolytes. The t#f; of the SL-based molten solvate is
0.68, which is much higher than that of the glyme-based solvate
(¥ = 0.028).%” The higher ¢} decelerates the growth of the Li
salt concentration gradient in the vicinity of the sulphur
cathode during the high-rate discharge, which mitigates the
concentration polarisation, leading to a higher rate of
capability of the cell.

6. Summary and outlook

In this article, the structures, physicochemical properties, and
transport properties of molten solvate electrolytes were
reviewed. In molten solvate, the activity of the free solvent is
negligible. This is one of the main causes for the peculiar
features of molten solvates, such as high thermal stability, wide
electrochemical window, and unique ion transport. The liquid
structures of the molten solvates significantly affect the transport
properties. In molten solvates, the solvated cations and anions are
adjacent to each other, resulting in hopping/ligand exchange
conduction of alkali metal ions in certain molten solvate
electrolytes. The Li ion hopping/ligand exchange conduction
increases the transference number of Li ions in the electrolyte,
and this is effective in enhancing the rate capability of lithium
batteries. The solvent activity influences the electrochemical
reaction processes in the electrolyte. The electrode potential
changes significantly depending on the solvent activity. The
solubility of the electrochemically generated products decreases
with decreasing solvent activity in the electrolyte. This is effective
in suppressing the corrosion of the Al current collector, achieving
the high reversibility of the ORR/OER, and increasing the
Coulombic efficiency of charge/discharge of a Li-S cell. In
solvent-deficient Li salt solutions, the complex formation of Li"
and anions is induced, which affects the formation of SEI layers
on Li metal and graphite electrodes. Electrochemistry in the
molten solvates of Na salts are also significantly influenced by
the solvent activity and anion species.***>*3%3” The concept of
solvate electrolytes can be expanded further; for example, the
molten solvates of K, Mg, Ca, and Zn salts may be preparable and
useful as battery electrolytes.

The drawbacks of molten solvate electrolytes are their high
viscosity and relatively low ionic conductivity compared with
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that of the conventional electrolytes. The strong interactions of
the cation with the solvent and anion cause the high viscosity
and low mobility of the ions. The low viscosity and highly
conductive molten solvates are favourable for use as battery
electrolytes. To achieve this, the selection and design of
solvents and anions are crucial. In addition, understanding
the dynamics of ion conduction and interfacial charge transfer
reactions is important for the development of new solvate
electrolytes. For instance, the rotational motions and
conformational changes of the solvent and anions may affect
the ion conduction and electrochemical reaction mechanisms
in the molten solvate electrolytes. Further experimental and
computational studies on the dynamics are required to provide
useful insights.
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