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Room-temperature-fused Li salt solvates that exhibit ionic liquid-like behaviour can be formed using
particular combinations of multidentate glymes and lithium salts bearing weakly coordinating anions, and
are now deemed a subset of ionic liquids, viz. solvate ionic liquids (SILs). Herein, we report redox-active
glyme-Li salt molten solvates consisting of tetraethyleneglycol ethylmethyl ether (G4Et) and lithium
iodide/triiodide, [LiI(G4Et)]l and [Li(G4Et)lls. The coordination structure of the complex ions and the
thermal, transport, and electrochemical properties of these molten Li salt solvates were investigated to
diagnose whether they can be categorized as SlLs. [Li(G4Et)]* and 15~ were found to remain stable as
discrete ions and exist as well-dissociated forms in the liquid state, indicating that [Li(G4Et)]ls can be
classified as a good SIL. This study also clarified that the |~ and |5~ counter anions exhibit an

electrochemical redox reaction in the highly concentrated molten Li salt solvates. The redox-active

iii:g’ti% 11“7;3] ?33;22%1199 molten Li solvates were further studied as a highly concentrated catholyte for use in rechargeable semi-
liquid lithium batteries. Although the cell constructed using [Li(G4Et)]ls failed to charge after the initial

DOI: 10.1039/c9ra03580j discharge step, the cell containing [Li(G4Et)]l demonstrates reversible charge—discharge behaviour with
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1. Introduction

Molten salt solvates and highly concentrated electrolyte solu-
tions with increased salt concentration near their saturation
limit are in the limelight as possible replacements for conven-
tional organic electrolyte solutions used in electrochemical
devices because they afford improved thermal stability, reduced
vapor pressure, and enhanced electrochemical stability."”
Moreover, certain concentrated electrolytes have been reported
to show improved performance in Li-ion batteries, such as
higher rate capability and enhanced stable charge-discharge
cycling of the high-voltage cathode and metallic Li anode when
compared to conventional organic liquid electrolytes.*”
Glyme-based molten Li salt solvates are of particular interest and
have been intensively studied because certain stoichiometric
mixtures of glymes and Li salts are found to behave like ionic
liquids (ILs).™®"* Molten Li salt solvates with long-lived [Li(glyme)]"
complex cations are deemed a new family of ILs, solvate ionic
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T Electronic supplementary information (ESI) available: Cyclic voltammogram in
[Li(G4)][TFSA] containing 5 mM [Li(G4)]I, numerical data of diffusion coefficients,
molar conductivity, and A/Ayg, time-dependent cell voltage of a membrane-free
Li|[Li(G4Et)]I;|KB-coated carbon paper cell, DSC curve for [Li(G4Et);]l.
Charge-discharge performance of Li|1 mol dm ™ Li[TFSA] in G4Et|LICGC|1 mol
dm™? Lil; in G4Et cell at 60 °C. See DOI: 10.1039/c9ra03580j
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a high volumetric energy density of 180 W h L™! based on the catholyte volume.

liquids (SILs).”* Numerous combinations of glymes and metal salts
have been examined; however, only limited cases using multi-
dentate glymes and metal salts with bulky and weakly coordinating
anions, such as bis(trifluoromethanesulfonyl)amide ([TFSA]™), act
as good SILs.” However, these conventional anions only compen-
sate for the positive charge on the Li ions and may have a less active
role in the electrochemical properties even though they account for
approximately half of the dense electrolyte material weight. In this
respect, it is of great research interest to introduce an
electrochemically-active functionality into the counter anions used
in SILs. The redox-active, “two-in-one” SILs wherein the [Li(glyme)]"
complex cation is responsible for Li ion transport and the redox-
active anion imparts reversible redox activity have a potential to
be used as a component of catholyte for semi-liquid rechargeable
lithium batteries when Li metal is combined as the anode.

In a recent study, one of the authors employed a metal
complex anion, tetrabromoferrate ([FeBr,] ), to demonstrate
redox-active glyme-Li salt SILs consisting solely of metal
complex ions, in which the [FeBr,]~ complex anion undergoes
reversible redox reaction (i.e., [Fe™Bry]” + e~ 2 [Fe"'Br,]> ) at
~3 V vs. Li/Li". However, the SIL with [FeBr,]~ needs to be
diluted with another SIL for use as a SIL-based catholyte due to
its relatively high melting point, which leads to low energy
density (37 W h L™ " based on the catholyte volume) as a conse-
quence of the reduced [FeBr,|~ concentration.

The highly reversible redox activity of the I"/I;~ couple has
long been utilized in a variety of electrochemical devices,

This journal is © The Royal Society of Chemistry 2019
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including dye-sensitized solar cells,"'® metal-I, batteries,"”™*°
and flow batteries.”** In recent studies, the I"/I;~ couple has
also been employed as a redox mediator to improve the charge-
discharge performance of high-energy-density Li-O, **** and
Li-S*?¢ batteries. Extensive studies on IL-based electrolytes
used for dye-sensitized solar cells have shown that iodide-based
ILs have a relatively low melting point and are prone to exist as
super-cooled liquids without crystallization.>”** In this study,
we have prepared novel redox-active glyme-Li salt solvates
based on the I'/I;~ couple in anticipation of melting point
depression and anti-crystallization of the glyme-Li salt solvates.
The thermal properties, coordination structure, and transport
properties of redox-active glyme-Li salt solvates based on the I"/
I;~ couple were investigated. Furthermore, the two-electron
transfer reaction of the I /I;~ couple (ie, I;” + 2¢° 2 3I)
offers an increase in the theoretical capacity of the redox-active
SIL when compared to the SIL-based catholyte prepared with
[FeBr,] ™. This study also reports the use of the neat redox-active
SIL as a highly concentrated catholyte (~3 mol dm™?) in semi-
liquid rechargeable lithium batteries.

2. Experimental
2.1 Materials

Purified tetraethyleneglycol ethylmethyl ether (G4Et, water
content <50 ppm) was kindly supplied by Nippon Nyukazai and
lithium bis(trifluoromethanesulfonyl)amide (Li[TFSA], >99.9%,
water content <100 ppm) was provided by Solvay Japan. Lithium
iodide (LiI, >99.9%, Sigma Aldrich) and iodine (I, >99.8%,
FUJIFILM Wako) were used as received without any further
purification. All glyme-Li salt complexes were prepared in an
argon-filled glove box ([H,O] <1 ppm; [O,] <1 ppm). G4Et and Lil
were mixed in a 1:1 molar ratio at 45 °C to form [Li(G4Et)]L.
[Li(G4Et)]I and iodine were mixed in an equimolar ratio and
heated at 60 °C to form [Li(G4Et)]L.

2.2 Measurements

The melting point (Ty,) and glass transition temperature (T)
were determined using differential scanning calorimetry
(DSC7020, Hitachi High-Tech Science). All samples were
hermetically sealed in aluminium pans in an argon-filled glove
box. The sample pans were first pre-heated to 100 °C to erase
thermal history. Then they were cooled to —150 °C, and heated
to 100 °C at a heating rate of 5 °C min~" under a nitrogen
atmosphere. Both Ty, and T, were calculated from the onset
temperatures of the second heating thermograms. The thermal
stabilities of the samples were investigated using isothermal
thermogravimetric analysis (isothermal TGA) on a TG/DTA
STA7200 instrument (Hitachi High-Tech Science) at 100 °C for
140 min under a nitrogen atmosphere.

The viscosity and density of [Li(G4Et)]I were measured
simultaneously on a Stabinger viscometer (SVM300, Anton
Paar). The viscosity and density of [Li(G4Et)]l; were measured
on a density meter (DA-100, Kyoto Denshi Kogyo) and rheom-
eter (Physica MCR 301, Anton Paar), respectively.

This journal is © The Royal Society of Chemistry 2019
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Raman spectra were recorded on a laser Raman spectrom-
eter (NRS-4100, JASCO equipped with a 27 mW, 785 nm laser) at
a resolution of ~4 cm™" and calibrated using a polypropylene
standard. The samples were enclosed in a capillary tube to avoid
moisture adsorption during the measurement. The sample
temperature was adjusted to 30 °C for G4Et and [Li(G4Et)]I, and
60 °C for [Li(G4Et)]I; using a Peltier microscope stage (TS62,
INSTEC) equipped with a temperature controller (mk1000,
INSTEC). For the low wavenumber region (100-300 cm '),
[Li(G4Et)]I; was diluted to 1 mol dm~* with acetonitrile in order
to reduce fluorescence interference. The UV-vis spectra were
recorded on a UV-vis spectrometer (UV-2700, Shimadzu) using
a cell with an optical path length of 10 mm.

The ionic conductivity was measured using the complex
impedance method in the frequency range of 500 kHz to 1 Hz at an
alternating voltage amplitude of 200 mv (VMP2, Biologic). Two
platinum black electrode cells, whose cell constant was determined
using a 0.01 M KCl aqueous solution at 25 °C prior to the
measurements, were soaked in each sample and thermally equili-
brated at each temperature for at least 1 h within a thermostat
chamber.

Cyclic voltammetry was performed on a potentiostat/galvanostat
(ModuLab XM ECS, Solartron Analytical) using a three-electrode cell
consisting of a platinum disk micro electrode (ca. 10 pm in diam-
eter) as the working electrode, platinum wire as the counter elec-
trode, and lithium metal soaked in 1 mol dm™~* Li[TFSA] in triglyme
(G3) as the reference electrode. The diameter of the microelectrode
was calibrated using a standard electrolyte solution (0.1 mol dm
n-tetrabutylammonium hexafluorophosphate in acetonitrile solu-
tion containing 2 mmol dm ™ ferrocene). The Li/Li* reference
electrode was separated from the sample solution by a liquid
junction with a Vycor glass frit.

Pulsed field gradient nuclear magnetic resonance (PFG-
NMR) measurements were performed on a ECX400 spectrom-
eter (JEOL) equipped with a 9.4 T (400 MHz) narrow bore
superconducting magnet, a pulse gradient probe (JEOL), and
current amplifier to clarify the self-diffusion coefficients of each
component in the sample mixtures, G4Et (*H, 399.7 MHz) and
lithium cation ("Li, 155.3 MHz). The experimental procedure for
PFG-NMR was described in detail in our previous report.*

The charge and discharge tests were performed using a two-
compartment cell separated by a lithium-ion conductive glass
ceramic (OHARA, LICGC, 19 mm in diameter), and the iodide/
triiodide-based SIL electrolyte used as the catholyte. Carbon
paper (TGP-H-060, TORAY, 13 mm in diameter) coated with
Ketjen black (EC-600JD, LION) was used as the current collector
for the catholyte and the Li metal disk electrode (13 mm in
diameter) was used as the anode. For the lithium metal anode,
1 mol dm™? Li[TFSA] in G4Et was also used as the anolyte to
avoid direct contact between the lithium metal and LICGC. A
porous glass filter paper (Advantec, GA55, 17 mm in diameter)
was employed to retain the catholyte and anolyte in each
compartment. Li|anolyte| LICGC|catholyte cells were assembled
in an argon-filled glove box. The galvanostatic charge and
discharge tests were performed on an automatic charge and
discharge instrument (HJ1001SM8A, Hokuto Denko) at 60 °C,
and the cut-off voltages were set at 2.2 V and 3.3 V for the
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discharge and charge steps, respectively. For the cell con-
structed using the [Li(G4Et)]I;-based catholyte, the charge and
discharge cycles were started from the discharge step.

2.3 Density functional theory (DFT) calculations

DFT calculations were performed using the Gaussian 09
program.** The geometries of the [Li(G4Et)]' complex cation
were fully optimized at the B3LYP/6-311+G** level of theory.
Vibrational analysis of the optimized geometry was also carried
out at the same level of theory.

3. Results and discussion
3.1 Thermal properties

In a previous work, Lil was found to form a 1:1 crystalline
solvate with G3 or tetraglyme (G4), but their melting points were
higher than room temperature (T,, = 96 °C and 60 °C for
[Li(G3)]I and [Li(G4)]1, respectively).>> We previously reported
that introducing asymmetry into each end group of the glyme
molecules effectively reduces the T, and Ty, of SILs.** The
entropy of fusion increases upon increasing the chain length of
the alkyl terminal group in the asymmetric glyme molecules
since the conformational degrees of freedom upon melting
increases.*** Thus, we expected that a low melting 1 : 1 solvate
of Lil may be formed using asymmetric G4Et. The T, and T,
values of the studied samples are summarised in Table 1.
[Li(G4Et)]I was prone to remain as a supercooled liquid in the
sample vial over several days, which allowed us to perform
further measurements in the liquid state at room temperature,
however, [Li(G4Et)]I; readily crystalized at room temperature
although T, was lower than that of [Li(G4Et)]I. As expected, the
T of [Li(G4Et)]I was lower than that of [Li(G3)]I and [Li(G4)]I,
but still higher than room temperature. T, of [Li(G4Et)]l; is
lower than that of [Li(G4Et)]I, and the reduction of T, upon the
addition of solid I, to [Li(G4Et)]I suggests that the cation-anion
interaction is weakened via the formation of the charge-
delocalized I3 . Indeed, it is known that the addition of
a Lewis acid (e.g., AICl;) to imidazolium halide salts signifi-
cantly reduces Ty, and Ty, and gives room temperature ionic
liquids consisting of the imidazolium cation and weakly coor-
dinating Lewis acid-base adduct anions, such as [AICl,]”.*>*®
Likewise, room temperature ionic liquids with polyiodide [I,,]
(1= m = 8) can be formed upon the addition of I, to imidazo-
lium iodide salts.’”**

The thermal stability of the solvates was studied using
isothermal TGA at 100 °C, as shown in Fig. 1. [Li(G4Et)]I shows
discernible weight loss, indicating the gradual evaporation of

Table1 Tgand T, of G4Et, [Li(G4EY]I and [Li(G4EY]Is”

Sample Ty [°C] Tm [°C]
G4Et n.d. —-29
[Li(G4EL)]I —56 47
[Li(G4Et)]1, n.d. 38

“ n.d. = not detected.
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Fig.1 Isothermal thermogravimetric data obtained for G4Et, [Li(G4Et)]
I, [Li(G4EY)]I3, and [LiI(G4E)[TFSA] at 100 °C.

G4Et at 100 °C. On the contrary, the weight loss was negligible
for [Li(G4Et)]I; and its thermal stability was almost the same as
that observed for a prototypical SIL, [Li(G4Et)|[TFSA], under the
same conditions.*® The higher thermal stability of [Li(G4Et)]l;
was attributed to the enhanced interaction between the Li ions
and G4Et. The formation of charge-delocalized I~ results in the
reduced interaction with Li ions, which in turn enhances the
stability of the [Li(G4Et)]" complex cation.

3.2 Coordination structure

The Li ion coordination structure has been studied for a series
of glyme-Li salt solvates in crystalline and molten states, and
a variety of glyme conformations, such as helical polymeric
[Li,(glyme),]”*, dimeric [Li,(glyme),]*>", and crown-ether-like
monomeric [Li(glyme)]’, and has been found to be dependent
on the chain length of the glyme molecules and the counter
anion of the Li salt used.***' In the molten state of G3 and G4-
based 1:1 solvates with Li salts, the glyme molecules were
found to adopt a crown-ether like conformation to form
monomeric [Li(glyme)]".** Fig. 2a shows the Raman spectra of
the liquid samples, G4Et, [Li(G4Et)]l, and [Li(G4Et)]l3, in the
wavenumber range 800-900 cm™ ', where the bands can be
ascribed to the mixed mode of CH, rocking and C-O-C
stretching vibrations of the glyme molecules.**** Except for the
neat G4Et, a strong band emerges at ~870 cm™ " along with
weaker bands in the range of 800-850 cm™". The strong band
observed at ~870 cm™" can be assigned to the symmetric ring
breathing mode of the [Li(G4Et)]" complex cation with a crown
ether-like conformation, similar to the previously reported
[Li(G3)]" and [Li(G4)]' complex cations.** A comparison between
the experimental and calculated Raman bands confirms the
presence of a crown ether-like [Li(G4Et)]" cation (Fig. 2b); the
calculated Raman bands of the optimized [Li(G4Et)]" complex
cation can explain the experimental Raman bands observed for
[Li(G4Et)]l and [Li(G4Et)]I; although the calculated bands
appear at a slightly higher wavenumber when compared to the
corresponding experimental bands.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) The experimental Raman spectra recorded for G4Et,

[LI(G4EY)]I, and [Li(G4Et]ls at 60 °C and (b) the calculated Raman
spectrum of the optimized [Li(G4Et)]* complex cation.

The formation of I3~ anions was also studied using Raman
and UV-vis spectroscopy. Fig. 3a illustrates the Raman spectrum
of 1 mol dm ™ [Li(G4Et)]I; in acetonitrile in the wavenumber
range of 125-180 cm '. The bands observed at 125, 150, and
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180 cm ™! can be assigned to the asymmetric triiodide stretch-
ing vibration, Fermi resonance, and I-I stretching of the ion
pair (namely, [Li(G4Et)]" I;~ in this work), respectively, as
previously reported.* In Fig. 3b, the UV-vis spectra of [Li(G4Et)]I
and [Li(G4Et)]I; diluted with acetonitrile also show character-
istic splitting bands from 200 nm to 250 nm for I", and 290 nm
to 360 nm for I3, respectively. Consequently, the above results
confirm that the stable complex ions, [Li(G4Et)]" and I, were
successfully formed in the liquid state of [Li(G4Et)]Ls.

3.3 Transport and electrochemical properties

The viscosity and ionic conductivity of [Li(G4Et)]I and [Li(G4Et)]
I; are listed in Table 2 along with the density and Li salt
concentration at 60 °C. The viscosity of [Li(G4Et)]I; is one order
of magnitude lower than that of [Li(G4Et)]I. This suggests that
I;- has a much weaker cation-anion interaction with the
complex cation due to charge delocalization. The lower viscosity
is responsible for the higher conductivity of [Li(G4Et)]I;, though
the salt concentration associated with the number of charge
carriers is lower with an equimolar addition of I,.

The redox response of the I'/I;~ couple was studied in the
molten Li salt solvates and the cyclic voltammograms obtained
for the Pt microelectrode in [Li(G4Et)]I and [Li(G4Et)]I; at 60 °C
are shown in Fig. 4. In either case, the I /I;~ redox couple shows
a two-electron charge transfer reaction in the molten salt
solvates. A typical sigmoidal curve with a limiting current of
0.24 pA was observed at a half wave potential (E;,,) of 3.10 V vs.
Li/Li" for [Li(G4Et)], corresponding to the oxidation reaction,
31" — I3~ +2e (Fig. 4a). For [Li(G4Et)]I;, the reverse reduction
reaction of the I" /I3~ couple, I;~ +2e~ — 31, was detected with
a limiting current of 0.32 pA at a more negative E;,, value of
2.75 Vvs. Li/Li" (Fig. 4b). A relatively large difference of the Ey/,
values indicates rather slow kinetics of these redox reactions. In
a previous study by Bentley et al., the formal potential of the I"/
I;~ couple, E° (I"/I;7), was found to change depending on
solvent polarity: more positive E° (I"/I;~) value was observed in
high polarity and Lewis acidic media in which highly Lewis
basic I is more stabilized.*® The oxidation of I~ is more
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Fig. 3 (a) The Raman spectrum recorded for 1 mol dm~3 [Li(G4Et)]l5 in acetonitrile. (b) The UV-vis spectra recorded for 1 mmol dm ™~ [Li(G4E)]I

and [Li(G4Et)]lz in acetonitrile.
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Table 2 The density (d), Li salt concentration (c), viscosity (), and
conductivity () of [LI(G4E)]l and [Li(G4Et)]l5 at 60 °C

dlgem™]  c¢[moldm ®] n[mPas] o[mScm ']
[LiG4EOT  1.33 3.58 233 17
[Li(G4Et)]l;  1.86 2.98 23 8.6

energetically difficult in [Li(G4Et)]I, since the concentration of
strong Lewis acidic Li ions (i.e., Li salt concentration, c) is
higher for [Li(G4Et)]I. Another possible reason for the more
negative value of E, , in [Li(G4Et)]1; is rather slow kinetics of the
redox reaction. It is known that I, and I;~ are adsorbed onto Pt
electrode surface, giving rise to the large cathodic over-
potential.*” The adsorption of I, and I~ is more likely to occur
in [Li(G4Et)]I;, and thereby the E,,, value may become more
negative by a kinetic reason. The subsequent redox response
around a potential more positive than 3 Vvs. Li/Li" in [Li(G4Et)]
I; may be assigned to the reaction of triiodide/iodine, I;~ — 3/2
I, + e~ (Fig. 4b). In our preliminary study, we found the
subsequent redox reaction of I /I, at higher potential in
a solvate ionic liquid [Li(G4)][TFSA] containing 5 mmol dm*
[Li(G4)]I as shown in Fig. S1.}

3.4 Stability of the complex cations

In our previous studies, low-melting glyme-Li salt complexes
were categorized into two electrolyte groups, SILs and concen-
trated solutions with the stability of the [Li(glyme)]" complex
cations being key to discriminating between the two liquid
states.*® The presence of robust complex cations was found to be
associated with IL-like properties of the molten salt solvates.
The stability of the [Li(G4Et)]" complex cation was assessed
using the ratio of the self-diffusion coefficients of the glyme
molecules and Li ions (Dg/Dy;), as shown in Fig. 5. The diffu-
sivity data for G4Et and the Li ions were obtained using PFG-
NMR measurements and the self-diffusion coefficients, Dg
and Dy, listed in Table S1.} Similar to our previous study,*® Dg/
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Dy; was plotted as a function of the molar conductivity ratio (so-
called, ionicity of ILs), A//Ang. Here, A is the experimental molar
conductivity, whereas /yg was calculated from the self-
diffusion coefficients of the Li ions and anions, assuming the
absence of any correlated motions of the ions on the basis of the
Nernst-Einstein equation, Ayxg = F*(Dy; + Danion)/RT, where F is
the Faraday constant, R is the gas constant, and T'is the absolute
temperature. Therefore, /A//Ang represents the proportion of
ions that contribute to actual ionic conduction from all the
diffusing ionic components and reflects the correlation of ionic
motions affected by ion-ion interactions.**-*' Because the self-
diffusion coefficient of I" and I3~ is not measurable using
PFG-NMR, the chemical diffusion coefficients determined from
the limiting current values (|| in Fig. 4) were used to calcu-
late the /g values for [Li(G4Et)]I and [Li(G4Et)]I; (see ESI, Table
S17). In Fig. 5, the data reported for the G3 and G4-based molten
Li salt solvates with different anionic structures ([Li(G3)]X and
[Li(G4)]X) are also displayed for comparison.***® If Dg/Dy; is
unity, the glyme molecules and Li ions are considered to diffuse
together in the form of long-lived [Li(glyme)]" complex cations.
Thus, such a molten Li salt solvate can be classified as an SIL.
On the other hand, molten Li salt solvates with Dg/D;; > 1 are
not considered to be as an SIL, but a concentrated solution
since the occurrence of a fast ligand exchange between the
unstable [Li(glyme)]" complex cations and counter anions, and
the presence of non-coordinating free glyme molecules are
suggested. For [Li(G4Et)]I, the relatively low A//xg value (0.27)
corresponds to the strong attractive interaction and correlated
motion (or ionic association) of Li" and I". A Dg/Dy; value
slightly higher than 1 suggests that the [Li(G4Et)]" complex
cations are not long-lived and non-coordinating G4Et molecules
are present to some extent. Thus, [Li(G4Et)]I is classified as
a concentrated solution based on the above classification
approach. By contrast, for [Li(G4Et)]I3, both the A//Ayg value and
Dg/Dy; are close to unity. This is indicative of more uncorrelated
ionic motions resulting from the weaker interactions observed
between Li" and I;~, and the formation of stable [Li(G4Et)]"
complex cations in molten [Li(G4Et)]l;. The extraordinary high

o [Li(G4ER)],
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Fig. 4 The cyclic voltammogram obtained for (a) [Li(G4Et)]l and (b) the reduction of [Li(G4Et)]ls on the Pt microelectrode at a scan rate of 1 mV

s tat 60 °C.
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Fig. 5 The correlation between Ds/Dy; and ionicity. Data for [Li(G4)]X
and [Li(G4Et)][TFSA] were obtained from ref. 48 and 33 respectively.

Aldxg value exceeding 1 may imply Grotthuss-like charge
transfer, which involves the exchange of a covalent bond
between the I3~ anions, as discussed for ionic liquid electrolytes
containing I~ .**** Consequently, these results and the high
thermal stability shown in Fig. 1 support that [Li(G4Et)]I; may
be classified as a SIL.

3.5 Charge-discharge test

Redox-active SILs containing the I"/I;~ couple were studied as
the liquid cathode material in 3 V-class semi-liquid recharge-
able lithium metal batteries. Recently, stable charge-discharge
of lithium polysulfide semi-liquid batteries has been achieved
without an ion-selective membrane; the polysulfide shuttle
effect that deteriorates the cell performance is eliminated by
a passivation layer formed on the lithium metal anode.”® For
a commercialized lithium iodine (Li-I,) primary battery, direct
contact of I, with lithium metal instantaneously forms Lil on
the lithium electrode as a Li ion conducting passivation layer.

(a) 3
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Thus, the further reduction reaction of I, causing self-discharge
can be prevented.*® We envisaged that the redox shuttle of I, in
the semi-liquid battery may also be mitigated by the Lil-based
passivation layer formed initially on the lithium metal anode.
However, the cell voltage of a membrane-free Li|[Li(G4Et)]I;|KB-
coated carbon paper cell gradually decreased before discharg-
ing the cell, indicating that the stable Lil-based passivation
layer was not formed in the catholyte and I;~ was continuously
reduced to I on the lithium anode surface (Fig. S21). Hence, Li
ion conductive glass ceramic (LICGC) was employed in order to
physically block the I3~ redox shuttle.

Fig. 6a illustrates the initial discharge curve of the Li|
[Li(G4Et)][TFSA]|LICGC|[Li(G4Et)]I; cell at a low constant
current density of 100 pA cm™? at 60 °C. The cell delivers a low
initial capacity of 17 mA h g~ based on the mass of [Li(G4Et)]L,
which is only 20% of its theoretical capacity (85.9 mA h g™ '),
and no capacity was obtained in the subsequent charge cycle,
even though the redox shuttle effect was no longer a problem.
Given the total electrochemical reaction during discharge,
[Li(G4Et)]I; + 2Li — [Li(G4Et)]I + 2LiI (or a more concentrated
complex 3[Li(G4Et),;]I), the high-melting point products, Lil
(Tm = 459 °C) or [Li(G4Et),;3]I (T, = 181 °C, see Fig. S3T), may be
saturated and solidified/precipitated in the highly concentrated
SIL catholyte since the G4Et solvent cannot be transferred
between the anolyte and catholyte separated by the LICGC. This
will cause a significant increase in the resistance of the cath-
olyte, leading to a high overvoltage in the cell and low utilization
of the catholyte. Unlike the cell constructed using [Li(G4Et)]Ls,
a similar two-compartment cell with neat [Li(G4Et)]l as the
initial catholyte enables repeated charge-discharge cycles with
an average cell voltage of 2.9 V because the catholyte phase is
diluted with the concomitantly generated G4Et during the
initial charge step; 3[Li(G4Et)]I — [Li(G4Et)]I; + 2G4Et + 2Li for
the total charge reaction (Fig. 6b). The initial discharge capacity
reaches 47.2 mA h g~ ', which is 98% of the theoretical capacity
of [Li(G4Et)]I (48.3 mA h g "), although the capacity gradually
decreased upon charge-discharge cycling. The capacity fading
was attributed to the further oxidation of I3~ to form I, that

(b) 33
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= 29 ——2nd
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24
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Fig.6 The charge—discharge curves obtained for the (a) Li|[Li(G4E)][TFSAI|LICGCIILi(G4E)]Is and (b) Lil[Li(G4ED)[TFSA]|LICGC|[LI(G4EV]I cells at

a constant current density of 100 pA cm 2 at 60 °C.
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occurs at a higher potential during charging with a charging
cut-off voltage of 3.3 V (i.e., less reversible I3 /I, redox and
precipitation of I,) as suggested by a coulombic efficiency of
~98%. The volumetric energy density during the initial cycle
was calculated to be ~180 W h L™" based on the catholyte
volume. Due to the high concentration of the redox component
in the catholyte, this energy density is approximately five times
higher than that of the previously reported semi-liquid lithium
battery using the glyme-based SIL catholyte with [FeBr,] .** To
further study the effects of the salt concentration and charging
cut-off voltage on the charge-discharge performance, such as
catholyte utilization and cycle life, we also examined the cell
with a diluted catholyte, 1 mol dm ™2 Lil; in G4Et with a lower
charging cut-off voltage of 3.2 V. As shown in Fig. S4a,f
32.6 mA h g was achieved during the initial cycle with an
average cell voltage of 3.0 V. The cell shows relatively stable
charge-discharge behaviour and the coulombic efficiency was
maintained at 100% over 20 cycles although the volumetric
energy density decreased to 110 W h L™' (Fig. S4bt). As
a consequence, suppressing the solidification/precipitation of
the reduction products in the catholyte under the optimized
cut-off voltage conditions was found to be effective towards
improving the cycle ability, coulombic efficiency, and energy
density of the semi-liquid Li-polyiodide batteries. To achieve
this using thermally stable SIL-based catholytes, the solvent
structure and polyhalide composition of the redox active SIL
needs to be further optimized. It has been reported that a non-
stoichiometric composition of I and I, can suppress crystalli-
zation in imidazolium polyiodide ILs.*® Increasing one terminal
alkyl chain length in the glyme molecules and the use of het-
eropolyhalides may also hamper the crystallization process, and
thereby widen the liquid temperature range of redox-active SILs.
Such attempts will allow for long-life operation of semi-liquid
lithium metal batteries with high thermal stability and high
energy density.

4. Conclusions

Redox-active glyme-Li salt molten solvates, [Li(G4Et)]I and
[Li(G4Et)]L5, were studied in terms of their coordination struc-
tures and thermal, transport, and electrochemical properties.
[Li(G4Et)]l was excluded from the category of SILs because of its
non-negligible volatility at 100 °C, low A/Axg, and Dg/Dy; value
exceeding 1, wherein rigid ion-pairs and non-coordinating
volatile G4Et were suggested to be present to some extent. In
contrast, [Li(G4Et)]I; was thermally stable similar to the SIL,
[Li(GAEL)|[TFSA]. The crown-ether like [Li(G4Et)]" and I, were
found to be stable in the liquid state of [Li(G4Et)]L;. The high A/
Ang value close to unity implied weak interaction between
uncorrelated ionic motion of [Li(G4Et)]" and I;~. All these data
support that [Li(G4Et)]JI; can be regarded as a good SIL.
[Li(G4Et)]I and [Li(G4Et)]I; underwent two electron oxidation
and reduction reactions in the molten Li salt solvates, respec-
tively, and the redox properties were exploited as a catholyte in
semi-liquid rechargeable lithium batteries. Whereas the cell
constructed using [Li(G4Et)]I; did not operate as a rechargeable
battery due to solidification/precipitation of reduction products
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of the neat catholyte during discharge, the cell containing
[Li(G4Et)]I exhibited relatively stable charge-discharge behav-
iour with an initial volumetric energy density of 180 W h L.
However, the volumetric energy density of this cell decreased to
110 W h L™" after 20 cycles. The present SIL-based catholytes
still have room for improvement in their liquid temperature
range and cycle stability. However, this study may provide
guidelines for applying such concentrated catholytes for semi-
liquid lithium batteries with flow battery-like scalability
toward large-scale electric energy storage.
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