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We demonstrate that tetra-arm poly(ethylene glycol) gels
containing highly concentrated sulfolane-based electrolytes exhibit
high Li* transference numbers. The low polymer concentration and
homogeneous polymer network in the gel electrolyte are useful in
achieving both mechanical reliability and high Li* transport ability.

Lithium-ion batteries (LIBs) are energy-storage devices with
high energy densities that are widely used in various
applications ranging from portable electronic devices to electric
vehicles. Flammable organic liquid electrolytes are widely used
in LIBs. Non-flammable and solid electrolytes are desirable to
achieve LIBs with high safety. Sulfolane (SL) is a thermally stable
and fire-retardant solvent that can dissolve high-concentration
Li salts.12 Highly concentrated electrolytes (HCEs) containing Li
salts of over 3 mol dm=3 have recently attracted increased
attention for their attractive properties, which include high
thermal stability and wide electrochemical windows.3-7 We
previously reported that SL-based HCEs exhibit a Li*-ion-
hopping conduction mechanism.81© A unique solvation
structure in which different Li* ions are cross-linked by the SL
is formed in SL-based HCEs. In the
crosslinked structure, Li* ions dynamically exchange and
diffuse/migrate faster than ligands (SL solvent and anions),
leading to high Li*-ion transference numbers (t.;2b¢, >0.5). A high
ti2be effectively suppresses concentration polarisation during
the high-rate charging/discharging of LIBs.810

HCE gelation can prevent the leakage of liquids and improve
the safety of LIBs. Liquid electrolytes are incorporated into the
polymer networks of polymer gel electrolytes. The ionic

solvent and anions
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conductivity of a gel electrolyte is generally lower than that of
the parent liquid electrolyte. However, high polymer
concentrations (typically >20 wt%) are required to prepare self-
standing and mechanically reliable gel electrolytes. The use of
tetra-arm poly(ethylene glycol) (TPEG) has been proposed to
achieve both high ionic conductivity and mechanical toughness
in gel electrolytes.11-13 TPEG gels obtained by the end-coupling
reaction of two symmetrical TPEGs with different terminals
exhibit excellent mechanical properties.1%1> TPEG forms a
homogeneous polymer network, which allows the resulting gels
to uniformly disperse external stresses. Consequently, TPEG
gels possess excellent mechanical toughness even at low
polymer concentrations (<10 wt%). In this study, we prepared
novel self-standing TPEG-based gel membranes containing a
high-concentration LiN(SO,CF3), (LiTFSA)/SL electrolyte and
elucidated the solvation structure of Li* in the gels. We then
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Fig. 1 (a) Chemical structures of TPEG-MA and TPEG-SH. (b) Stress—strain
curves of 5 and 10 wt% LPD-TPEG gels at 30 °C. Inset: Photograph of the
5 wt% LPD-TPEG gel.
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characterised the mechanical, ion-transport, and
electrochemical properties of the gels. Finally, we fabricated a
Li/LiCoO; cell using the TPEG gel electrolyte and demonstrated
its operation.

TPEG prepolymers with thiol (SH) and maleimide (MA) ends
(10 kDa; each arm had a molecular weight of 2.5 kDa) were used
for the gelation of the SL-based HCE (Fig. 1a). PEG chains have
strong solvation ability and form complexes with Li+.13
Therefore, the TPEG prepolymers were pre-doped with LiTFSA
to maintain the solvation structure of Li* in the parent SL-based
HCE. The detailed procedure for preparing LiTFSA-pre-doped
TPEG prepolymers (LPD-TPEG) is described in the Electronic
Supplementary Information (ESI). The molar ratio of
[LITFSA]/[EQO], where EO is the ether oxygen of the TPEG
prepolymer, was controlled at 1:5. The LPD-TPEG prepolymers
were dissolved in SL-based HCEs ([LiTFSA]/[SL] molar ratio = 1:2)
in different vials in an Ar-filled glove box to prepare
homogeneous solutions. Two solutions of the prepolymers LPD-
TPEG-SH and LPD-TPEG-MA were mixed and cast into a Teflon
mould to obtain an LPD-TPEG gel membrane (500 um thick), and
the Michael addition reaction between the SH and MA ends was
allowed to proceed at 80 °C. The progress of the gelation
reaction was confirmed by time-dependent UV spectroscopy. In
the case of the LPD-TPEG gel with a polymer concentration of 5
wt%, the gelation reaction was nearly completed after 168 h at
80 °C (Fig. S1, ESI). The reaction efficiency was estimated from
the peak intensity of the MA terminal at approximately 300 nm
and found to be 91% (Fig. S2, ESI). For comparison, TPEG gels
without LiTFSA pre-doping were prepared in a similar manner.
The molar ratios of LITFSA/SL in the 5 and 10 wt% LPD-TPEG gels
are shown in Table S1.

The prepared LPD-TPEG gels were thermally stable and
showed low vapour pressures at temperatures lower than
180 °C (Fig. S3, ESI). The gel membranes are self standing,
flexible, and stretchable. The stress—strain curves of the 5 and
10 wt% LPD-TPEG gel membranes are shown in Fig. 1b. The
Young's modulus of the membranes increased with increasing
polymer concentration. Even at a low polymer concentration of
5 wt%, the Young's modulus, fracture stress, and fracture strain
of the membranes were 53 kPa, 28 kPa, and 61%, respectively.
The strain-dependent variations of the storage modulus G’, loss
modulus G”’, and loss tangent (tan &) of the 5 wt% LPD-TPEG gel
are shown in Fig. S4 (ESI). The 5 wt% LPD-TPEG gel had a high
breaking strain of 400% and G’ of 17 kPa, which are similar to
those of previously reported TPEG gels.!3 The tan & value
reflects the homogeneity of a polymer network. The tan & of the
5 wt% LPD-TPEG gel was estimated to be 2.6 x 10 at a strain
of y = 1%. This value is comparable with that of other TPEG gels
(~10-4), indicating that a homogeneous TPEG network was
formed within the gel.1213

The Raman spectra of the gels and [LiTFSA]/[SL] = 1:2
solution (without the polymer) are shown in Fig. 2. The peak
corresponding to the S-N-S stretching vibrations of TFSA anions
can be observed in the range 740-750 cm™1. This peak is known
to be sensitive to the complex formation of TFSA with Li*.16-18
According to the literature,7.18 TFSA anions not coordinated to
Li* show a band in the range 739-742 cm-1, whereas TFSA
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Fig. 2 Raman spectra of TPEG gels and the [LiTFSA]/[SL] = 1:2 solution at
30°C.

anions directly bound to Li* to form contact ion pairs (CIPs) and
ionic aggregates (AGGs) exhibit bands in the range of 745-755
cm~L. The S-N-S vibration peak of the [LiTFSA]/[SL] = 1:2 solution
was observed at 746 cm™1, thus suggesting that the TFSA anions
formed CIPs and AGGs in the solution.17-18 In the case of the 10
wt.% LPD-TPEG gel, the TFSA peak shifted slightly towards a
lower wavenumber compared with that of the [LiTFSA]/[SL] =
1:2 solution. For comparison, the spectrum of the 10 wt% TPEG
gel (without LiTFSA pre-doping) is shown in Fig. 2. The S-N-S
vibration peak shifted towards an even lower wavenumber in
the TPEG gel (without LiTFSA pre-doping). These results indicate
that gelation using TPEG changes the coordination structure of
Li*. PEG is well known to form complexes with Li* owing to the
strong electron-donating ability of the ether oxygen.??
Gutman’s donor number (DN) is a good metric of electron-
donating ability (Lewis basicity). The DNs of ether solvents (such
as tetrahydrofuran and dimethoxyethane) are in the range 16—
20 kcal mol?, while the DNs of TFSA anions and SL are 5.4 and
14.8 kcal mol, respectively.20.21 Therefore, Li* ions (Lewis acid)
preferably coordinate to the PEG chain (strong Lewis base) in
the gel. In the case of the TPEG gel, the gelation and complex
formation of the Li* and PEG chains proceed simultaneously in
the [LITFSA]/[SL] = 1:2 solution, and the dissociation of Li*-TFSA-
partially occurs. However, in the case of the 10 wt% TPEG gel
(without LiTFSA pre-doping), the [LITFSA]/[EO] molar ratio is
1:1.32. The typical coordination number of Li* is in the range of
4-6;22.23 therefore, the coordination number cannot be fulfilled
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Fig. 3 lonic conductivities and Li* transference numbers of the
electrolytes at 30 °C.
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even if all ether oxygen atoms are involved in the coordination
of Li* ions in the gel. Consequently, the populations of CIPs and
AGGs remain high after TPEG gelation. The PEG chains in the
LPD-TPEG gels are coordinated to Li* ions even prior to gelation,
and the coordination structure of Li* in the [LITFSA]/[SL] = 1:2
solution is rather maintained during gelation.

The ionic conductivities and t;2bc of the gels and
[LITFSA]/[SL] = 1:2 solution are shown in Fig. 3. The ionic
conductivity of the LPD-TPEG gel was lower than that of the
[LITFSA]/[SL] = 1:2 solution and decreased with increasing
polymer concentration. The decrease in the ionic conductivity
of the LPD-TPEG gel electrolyte is attributable to its lower
charge-carrier number compared with that of the [LiTFSA]/[SL]
= 1:2 solution as well as the polymer chains impeding ion
migration. The ionic conductivity of the 10 wt% TPEG gel
(without LiTFSA pre-doping) was higher than that of the LPD-
TPEG gel electrolyte because of the dissociation of Li*-TFSA-
owing to Li*-PEG complex formation during gelation (vide supra),
resulting in a higher charge-carrier number compared with that
in the LPD-TPEG gels. The t;;2c values were estimated under
anion-blocking conditions using Li/Li symmetric cells (Fig. S5,
ESI).242> The gels composed of 5 and 10 wt% LPD-TPEG
exhibited t;;?b¢ values of 0.63 and 0.64, respectively, which are
comparable with that of the [LITFSA]/[SL] = 1:2 solution (0.68)
(Fig. 3).26 However, the t;2bc of the 10 wt% TPEG gel (without
LiTFSA pre-doping) was 0.55, which is considerably lower than
that of the [LITFSA]/[SL] = 1:2 electrolyte. Li* hopping
conduction occurs in highly concentrated SL-based electrolytes;
thus, the mobility of Li* is higher than that of the anion.1920.33
This phenomenon results in relatively high t;;2*¢ values of over
0.6 compared with that in conventional electrolytes containing
ca. 1 mol dm3 Li salt, the t;;2*c values of which are ~0.3.1° In the
case of the 10 wt% TPEG gel (without LiTFSA pre-doping), Li* and
PEG chains form long-lived complexes owing to the chelate
effect,27.28 and the PEG chains trap Li* ions, thereby lowering the
mobility of Li* relative to that of the TFSA anion and the t;;2*¢ in
the gel. However, in the case of the LPD-TPEG gels, the PEG
chains are already coordinated to Li* ions (vide supra), and the
coordination structure of Li* in the [LiITFSA]/[SL] = 1:2 solution is
maintained within the polymer matrix, thus preventing the
reduction of t;2b¢.

The LPD-TPEG gels exhibited wide electrochemical windows
similar to those of the [LiTFSA]/[SL] = 1:2 electrolyte (Fig. S6 and
S7, ESI). PEG oxidatively decomposes at electrode potentials
higher than 4 V vs. Li;2° therefore, ether-based electrolytes have
not been utilised in 4 V class Lithium batteries. However, as
shown in Fig. S6 (ESI), the oxidative current was suppressed at
potentials lower than 4.5 V. The improvement in the oxidative
stability of PEG is due to the lowering of the HOMO energy level
of the its chains owing to complexation with Li*.3% SL solvent is
oxidatively stable but reductively decomposes on Li metal.31-33
However, the reductive decomposition of SL can be mitigated
by increasing the Li salt concentration. The mitigation of
reductive decomposition can be ascribed to the TFSA-derived
passivation layer on the Li metal,3* which enables reversible Li
deposition/dissolution (Fig. S7, ESI).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Discharge curves of a Li/LiCoO; cell with 5 wt% LPD-TPEG at 30 °C.

Finally, a 5 wt% LPD-TPEG gel electrolyte was tested ina 4 V
class cell with a Li metal anode and LiCoO; cathode. The
galvanostatic charge—discharge curves of the cell measured at a
low current density of 29 uA cm~2 are shown in Fig. S8 (ESI). The
cell exhibited a discharge capacity of 135 mAh g1 based on the
mass of LiCoO,, which is close to the theoretical capacity (~140
mAh g1) of the electrochemical reaction of LiCoO;/LipsCo0; in
the voltage range of 3.0-4.2 V. The cell could be operated
reversibly and cycled over 50 charge—discharge cycles,
indicating that severe side reactions did not occur at the anode
and cathode because of the wide electrochemical window of
the gel. The Coulombic efficiency of the cell during the initial
several cycles was ~¥96% and increased gradually up to 99% with
increasing cycle number. An excess amount of Li metal was used
as the anode in the cell; therefore, a Coulombic efficiency of less
than 100% implies that irreversible reactions occurred at the
LiCoO,; cathode. The small amount of water in the gel
electrolyte as an impurity may decompose at the LiCoO;
cathode during the first several cycles. To investigate the effects
of transport properties on battery performance, we recorded
the discharge curves of a [Li | LPD-TPEG gel | LiCoO,] cell at
various current densities (Fig. 4). The discharge voltage
decreased with increasing current density, which can be
attributed to the electrolyte and interfacial resistances at the
cathode and anode. The discharge capacity remained nearly
constant at current densities lower than 0.3 mA cm=2 and
decreased gradually at current densities higher than 0.5 mA
cm2, However, 60% of the theoretical capacity of LiCoO, was
maintained, even at a relatively high current density of 2.89 mA
cm~2, The discharge capacity decreased with increasing current
density because of the limited diffusion of Li* ions in the gel
electrolyte.3536 When discharging at a high current density, the
Li salt concentration increases and decreases near the anode
and cathode, respectively, and a concentration gradient is
formed across the gel electrolyte membrane, causing
concentration polarisation. This phenomenon also lowers the
cell voltage to the cutoff voltage (3.0 V) before the full cell
capacity is achieved. We previously reported the discharge rate
capability of a Li/LiCoO, cell with a high-concentration
electrolyte of 2.75 mol dm~3 LiTFSA/tetraglyme (G4).3¢ The cell
with the G4-based electrolyte could not discharge at current
densities higher than 2.0 mA cm2 despite its higher ionic
conductivity (1.6 mS cm~1) compared with that of the LPD-TPEG

J. Name., 2013, 00, 1-3 | 3
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gel electrolyte (0.26 mS cm™1). The enhanced rate capability of
the cell with the LPD-TPEG gel electrolyte can be attributed to
its much higher t;;2c (0.63) compared with that of the G4-based
electrolyte (t,;2°¢ = 0.03).26 A high t;;2Pc effectively suppresses the
concentration gradient in the electrolyte, thereby decreasing
the concentration overpotential in the cell.3537 Consequently,
the cell with the LPD-TPEG gel electrolyte exhibited better rate
capability than that with the G4-based electrolyte. Note that the
gel membrane, at 500 um, was thicker than typical porous
polyolefin separators (~20 um) used in practical LIBs. The Li*
diffusion-limiting current density can be increased by employing
a thin electrolyte membrane (i.e., a thin diffusion layer). Further
improvements in rate capability can be achieved by using a
thinner LPD-TPEG gel membrane.

In summary, this study demonstrates that gel electrolyte
membranes comprising SL-based HCEs and a homogeneous
TPEG polymer network exhibit high t;2b¢. A self-standing gel
electrolyte could be prepared with a low polymer concentration
of 5 wt% to alleviate the decrease in ionic conductivity
compared with that of the parent HCE owing to the presence of
polymer chains. Pre-doping of TPEG with LiTFSA effectively
maintained the Li* solvation structure in the parent HCE during
gelation, resulting in a high t;e*c (~0.6) and the wide
electrochemical window of the gel. A Li/LiCoO; cell with the
TPEG gel electrolyte membrane could discharge at a current
density of 2.9 mA cm~2 despite its high thickness of 500 um and
the relatively low ionic conductivity (0.26 mS cm™1) of the gel
electrolyte. The high t;2bc of the gel electrolyte effectively
suppressed concentration polarisation during discharge at high
current densities. This study provides a new design concept for
gel electrolytes for thermally stable high-energy-density high-
power LIBs.
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