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Li+ transport properties of sulfolane-based gel polymer electrolyte 
and effective suppression of lithium polysulfide dissolution in 
lithium–sulfur batteries 

Hibiki Miyauchi,a Kohei Inaba,a Keitaro Takahashi,a Nana Arai,b Yasuhiro Umebayashib and Shiro 
Seki*a 

Sulfolane (SL)-based gel polymer electrolytes composed of a polyether-based host polymer were investigated for long-

lifecycle lithium–sulfur batteries.  The proposed electrolytes were expected to cause chemical and physical suppression of 

Li2Sn dissolution and diffusion owing to the low Li2Sn solubility, derived from the highly concentrated SL-based electrolytes, 

and low Li2Sn diffusion, derived from the host polymer, respectively.  The Li+ transport properties, and Li+–SL and Li+–anion 

interactions, were analyzed by alternating current impedance measurements and Raman spectroscopy, respectively.  The 

relationships between gel polymer electrolyte composition and Li+ coordination structure / Li+ transport properties were 

also investigated.  The Li–S cells containing gel polymer electrolytes exhibited a sufficient discharge capacity in the first cycle 

(approx. 1,150 mAh g-1) and stable charge discharge operation for 100 cycles.  Application of the proposed electrolytes 

resulted in high battery performance owing to chemical and physical control of Li2Sn dissolution and diffusion, and favorable 

electrolyte / Li metal interface formation. 

1. Introduction 

Lithium–sulfur batteries, comprising S8 and Li metal as positive 

and negative electrodes, are expected to be candidates for 

next-generation energy storage systems owing to their high 

energy density and low cost compared with conventional 

lithium ion secondary batteries (LIBs).  Molecular sulfur (S8) has 

a theoretical capacity of 1,672 mAh g-1, which is high compared 

with those of transition metal-based positive electrodes owing 

to the discharge (reduction) reaction of S8 to Li2S.  However, 

several serious problems prevent the practical utilization of Li–

S batteries, such as their insulation properties and the high 

solubility of reactive intermediates in organic liquid 

electrolytes.1–4  Dissolved lithium polysulfide (Li2Sn) increases 

the electrolyte viscosity and redox shuttle reactions between 

the negative and positive electrodes.5–7  For example, practically 

applied carbonate-based solvent systems, such as ethylene 

carbonate (EC), diethylene carbonate (DEC), and dimethyl 

carbonate (DMC), readily react with Li2Sn.8,9  Therefore, 

electrolyte design to balance solubility and chemical stability is 

needed.  Therefore, ether-based solvents, such as mixtures of 

1,3-dioxolane (DOL) and dimethyl ether (DME), have been 

investigated in Li–S batteries since the early stages of 

development.2,10,11  Recently, control of Li2Sn dissolution has 

been reported using highly concentrated electrolyte solutions 

comprising room-temperature ionic liquids,12–14 solvate ionic 

liquids,15,16 and sulfolane (SL)-based liquid electrolytes.17–19  Low 

Li2Sn solubility in electrolyte solutions has been expressed by 

common physicochemical properties, namely, the relatively low 

donor number, dielectric constant, and Lewis acidity / 

basicity,13–17,20 or the common ion effect resulting from the high 

concentration of carrier salts.21,22  In particular, SL-based 

concentrated liquid electrolytes exhibit quite low Li2Sn solubility 

with a fast ion transport mechanism owing to the specific 

solvate structures between solvents and anions.17,23,24 

Poly(ethylene)oxide (PEO)-based solid polymer electrolytes are 

also expected to be chemically and physically stable electrolytes 

for Li metal negative electrodes and Li2Sn dissolution in the 

electrolyte layer.25–34  Effective control of Li2S2 and Li2S 

formation at Li metal was expected owing to the low Li2Sn 

diffusion compared with liquid electrolytes, despite the PEO-

based electrolytes also obtaining slight Li2Sn solubility derived 

from the repeat CH2CH2O– units.  However, owing to their low 

molecular mobility and high crystallinity, ‘solvent-free’ PEO-

based solid electrolytes lack the important properties of ionic 

conduction and interfacial reaction at the electrodes required 

for high-performance Li battery systems.  To overcome these 

problems, genuine polymer electrolytes, filled electrolytes 

composed of inorganic filler,28–31,35–37 and gel polymer 

electrolytes (GPEs)32–34,38–40 have been investigated using 

various solvents (ether-based and carbonate-based).  In general, 

GPEs show intermediate properties between liquid and solid 

states, and have already been used commercially in LIBs to 

prevent the formation of Li dendrite.  In this case, the solvents 

act as plasticizing materials, providing high ionic mobility 
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regardless of the solubility of the functional chemical, such as 

Li2Sn. In this study, we proposed solid GPEs that exhibit very low 

Li2Sn solubility by compatible design according to chemical / 

physical considerations using an SL-based liquid electrolyte and 

PEO-based solid electrolyte.  These electrolyte systems provide 

the physical advantages of suppressing both Li2Sn diffusion and 

dendrite formation by metallic Li with charge / discharge 

processes, and the chemical advantages of Li2Sn dissolution, and 

high bulk and interfacial ionic transport.  The physicochemical 

and electrochemical properties of these GPEs, and the 

properties of their Li–S batteries, are reported.  

2. Experimental 

2.1  Preparation of gel polymer electrolytes 

All processes were conducted in an argon-filled glove box ([O2], <10 

ppm; dew point, <193 K; Miwa Mfg Co., Ltd.). LiN(SO2CF3)2 (LiTFSA) 

(Solvey Co., Ltd.) was dissolved in sulfolane (SL: Kishida chemical Co., 

Ltd.) at molar ratios (x = SL/LiTFSA) of 1, 1.5, and 2, expressed as 

xSL+1LiTFSA.  xSL+1LiTFSA and the P(EO/PO) macromonomer (EO/PO 

= 8:2, Mw = ca. 8000, Dai-ichi Kogyo Seiyaku Co. Ltd.) were mixed at 

xSL+1LiTFSA weight ratios (y) of 70, 80, and 90 wt%, and 2,2-

dimethoxy-2-phenylacetophenone (DMPA, Chiba Japan K.K) was 

added as the photoinitiator (0.1 wt% based on P(EO/PO)).  

Photopolymerization was conducted by UV irradiation for 5 min to 

obtain self-standing transparent gel polymer electrolytes (GPEs). 

2.2  Thermal analysis 

The thermal properties of the GPEs were investigated using 

thermogravimetry–differential thermal analysis (TG-DTA, Thermo 

Plus EVO2 analyzer, Rigaku) and differential scanning calorimetry 

(DSC, Thermo Plus EVO2 analyzer, Rigaku).  TG-DTA measurements 

conducted from 303.15 to 743.15 K at heating scan rate of 10 K min-

1.  DSC measurements were conducted with cooling from 303.15 K to 

173.15 K and heating to 373.15K using a cooling / heating scan rate 

of 10 K min-1. 

2.3  Raman spectroscopy 

Raman spectra were measured to investigate the interaction and 

ionic state of the prepared GPEs.  A glass tube ( = 5 mm, l = 60 mm) 

was filled with the electrolyte solution (SL/LiTFSA/P(EO/PO)/DMPA 

mixture), followed by photopolymerization under UV irradiation for 

14 min.  All Raman measurements were conducted using RMP-510 

(Jasco) at room temperature.  Raman spectra were measured at 400 

mW and 514.6 nm with an optical resolution of 2.7 cm-1, and the 

obtained Raman spectra were fitted with the pseudo-Voight function. 

2.4  Electrochemical measurements 

The ionic conductivity () of GPEs was measured by alternating 

current (AC) impedance measurements (VSP, Bio Logic).  The GPE 

films were cut into circles with a diameter of 12 mm and sandwiched 

between SUS electrodes as blocking electrodes.  AC impedance 

measurements were conducted by cooling from 353 K to 220 K with 

a frequency range of 200 kHz to 50 mHz and an amplitude of 100 mV 

from 353 K to 263 K or 500 mV from 263 K to 220 K.  The samples 

were thermally equilibrated at each temperature for at least 90 min 

prior to measurement. 

The interfacial properties between GPEs and the Li metal electrode 

were measured by [Li|GPE|Li] symmetric cells using a 2032-type coin 

cell.  The cells were stored at 333 K for 1400 h and AC impedance 

measurements were conducted every 5 h in the frequency range of 

200 kHz to 10 mHz with an amplitude of 10 mV.  The temperature 

dependence of the cells was measured in the range of 353 to 283 K 

using both heating and cooling processes.  To evaluate the Li+ 

transport number, low-frequency AC impedance measurements 

were conducted using [Li|GPE|Li] symmetric cells in the frequency 

range of 200 kHz to 10 Hz with an amplitude of 10 mV at 333 K. 

2.5  Charge–discharge measurements of lithium–sulfur battery 

A Li–S battery was prepared using a S8 positive electrode, GPE (x=1.5, 

y=80wt%), liquid electrolyte (1.5SL+1LiTFSA), and Li metal negative 

electrode.  The S8 positive electrode sheet was prepared using S8 

(Japan Pure Chemical Co., Ltd.) as the positive electrode active 

material, Ketjenblack (KB, ECP-600JD, Lion Co.), and polyvinyl 

pyrrolidone (PVPK90, Fujifilm Wako Pure Chemical Co.) as 

components.  An S8/C mixture was obtained by holding KB and S8 

mixed with weight ratio of 2:1 at 438 K for 10 h under vacuum.  The 

S8/C mixture and PVPK90 (S8/KB/PVP weight ratio of 56.7:28.3:15) 

were dispersed in EtOH and applied to Al foil (electrode loading, 0.53 

mg-S8 cm-2).  After drying under vacuum at 333 K for 10 h, the sheet 

was cut into circle with a diameter of 16 mm.  The obtained S8 

positive electrode was pressed at 1.5 t for 30 s using a uniaxial press.  

The GPE film and Li foil were cut into circles with diameters of 19 mm 

and 16 mm, respectively.  [Li|GPE|S8] cells were fabricated using a 

2032-type coin cell.  For cell fabrication, the liquid sample (x = 1.5) 

was dropped onto the S8 positive electrode to maintain sufficient 

penetration and a continuous ionic conductive pathway.  The 

amount of liquid sample was also regulated at y < 90 wt% to avoid 

phase separation of the host polymer and liquid electrolyte (vide 

infra).  The assembled [Li|GPE|S8] cells were stored at 333 K for 24 h 

for heat annealing, and constant-current charge–discharge 

measurements were conducted at 3.3–1.0 V, C/18 , and 303 K.  Also, 

the C-rate is a measure of the rate (current) at which a prepared cell 

is completely charged or discharged, relative to theoretical capacity 

of based active material S8 (1672 mAh g-1). 

3. Results and Discussion 

3.1  Thermal Properties 

Figure 1 shows the TG curves of the prepared GPEs, with the sample 

data for x = 1–2 and y = 90 wt% shown in Figure S1.  Compared with 

neat SL, different weight-reduction tendencies were observed 

between 400 and 600 K in the TG curves of the prepared GPEs.  In 

this study, WPSL is defined as the weight percentage of SL in GPE. The 

black solid circle plots represent the evaporation (or decomposition) 

temperature of SL, if weight changes in GPE occurred with increasing 

temperature following SL, P(EO/PO 

), and LiTFSA, respectively.  For all x values, the thermal stability of 

the GPEs improved with increasing y values (ratio of liquid 

electrolyte). Dennis et al. reported the sufficient thermal stability of 

highly concentrated Li+ liquid electrolytes owing to the strong 

interaction between Li+ and solvent molecules.41  For the GPEs, Li 

cations should interact with both the solvent (=O) and host polymer 
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(–O–).  Therefore, the coordination balance of the SL–LiTFSA 

electrolyte changed with the introduction of P(EO/PO) containing 

ether oxygen moieties.  Figure 2(a) shows the DSC thermograms of 

the prepared GPEs, with the sample data for x = 1–2 and y = 90 wt% 

shown in Figure S2.  Thermal capacity changes attributed to the glass 

transition were observed in the DSC thermograms of all GPEs, with 

the obtained data indicating compatibility between the liquid 

electrolyte and host polymer,42 in particular, ether oxygen of 

P(EO/PO) and Li cations.  Although at y ≤ 80 wt%, single glass 

transition thermal behavior derived from the homogeneous phase 

was observed, samples with y = 90 wt% exhibited two separate glass 

transitions owing to phase separation of the saturated liquid 

electrolyte.  Figure 2(b) shows the glass transition temperatures (Tg) 

calculated from DSC thermograms, except for samples with y = 90 

wt%.  The Tg values decreased with a decreasing x value (molar ratio 

of SL/LiTFSA), and drastically decreased at y = 80 wt% owing to the 

decreased cross-linking density of the GPE electrolyte resulting from 

the difference in complexation ability between the O atoms of 

polyether and sulfolane.  Therefore, the prepared GPEs should 

consist of a plasticizer (SL/LiTFSA) and host polymer (P(EO/PO)) with 

sufficient balance of strong and weak interaction energies, each 

other.  

3.2  Ionic Conductive Properties of Prepared GPEs 

Figure 3 shows the temperature dependence of the ionic 

conductivity () of the prepared GPEs using Arrhenius-type plots, 

with sample data for x = 1–2 and y = 90 wt% shown in Figure S3.  

Vogel–Fulcher–Tammann (VFT)-type temperature behavior43–45 was 

observed in the  values of all GPEs.  Generally,  in a unit volume is 

defined as follows: 


j

jjjqn                                         (1) 

where n, q, and  are the number, charge, and mobility of the carrier 

ions in the specific volume, respectively.  The suffix j corresponds to 

the Li cation and TFSA anions.  In this case, q is always expressed as 

1, and the  values should depend on both n (related to the carrier 

density and ionic dissociation degree) and  (related to the 

macroscopic viscosity and ionic diffusion constants).  The highest  

value of 0.46 mS cm1 at 303.15 K was observed for the sample with 

x = 2 and y = 80 wt%, despite the liquid sample with x = 2 exhibiting 

a  value of 0.42 mS cm1 at the same temperature.  In particular, n 

should be dependent on the x1 and y values from the carrier density 

of the GPE electrolytes, respectively.  However, the DSC data (Tg 

values) showed that the ionic mobility also improved with both x and 

y values.  If GPE electrolytes contained a sufficient amount of carrier 

Li+, such as x = 1, the Tg values of the GPE electrolytes did not change, 

despite the clear change in y values obtained.  However, at low 

carrier concentration, such as x = 2, the  values increased with y 

owing to changes in the thermal properties (ionic mobility).  

Therefore, the main contributor to the  value might be y, which 

strongly corresponded with the thermal properties of the GPE 

electrolytes. 

3.3  Raman Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  TG curves of GPEs in different ratios of SL, LiTFSA, and 

P(EO/PO) (x = 1–2, y = 70 and 80 wt%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  (a) DSC thermograms and (b) glass transition 

temperatures of GPEs in different ratios of SL, LiTFSA, and 

P(EO/PO) (x = 1–2, y = 70 and 80 wt%). 
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To investigate the coordination structure among the ionic species (Li+ 

and TFSA), matrix (P(EO/PO)), and solvent (SL), Raman spectra were 

recorded to assign several vibrational modes.  To provide a full 

overview of the Raman spectra of the prepared GPEs (x = 2, y = 70, 

80, and 90 wt%) and the liquid electrolyte with x = 2 and y = 100 wt%, 

Figure S4 shows the spectra over the wide wavenumber range of 

200–1400 cm1.  Analyzable changes and shifts in peak position, 

which should be affected by interactions with Li+ according to the 

vibrational modes of C–O–C bonds in P(EO/PO),46 were not 

confirmed with composition changes and absence / presence of the 

P(EO/PO) host polymer.  This study mainly focused on the 

coordination structure SL and TFSA that should affect the both the 

SO2 and theSN coupled with the CF3 modes, respectively.  Figure 

4 shows the Raman spectra of GPEs and the liquid electrolyte in the 

frequency ranges of 540–610 cm1 and 700–800 cm1.  Broad peaks 

observed at approx. 565–590 cm1 were attributed to the SO2 mode 

of SL.  According to previous reports, the peak for the SO2 mode of 

neat (free) SL was observed at 568 cm1,47 with Dokko et al. reporting 

that this shifted toward the higher wavenumber corresponding to 

the monodentate and the bidentate SL structures with Li+ owing to 

the formation of coordination transitions.17,23  In the observed 

Raman spectra, the peaks shifted to the higher wavenumber with 

increasing y values. Therefore, introducing P(EO/PO) should 

decrease the amount of bidentate or monodentate SL molecules and 

generate free (non-coordinated) SL molecules.   Other weak 

vibrational modes, such as the SO2 and CF3 modes of TFSA, were 

also observed in this region.48  Therefore, precise analysis by peak 

deconvolution of the Raman spectra using non-linear least-squares 

curve fitting analysis was quite difficult.  Strong and broad peaks 

were observed at 730–750 cm1, which were attributed to the SN 

mode coupled with the CF3 mode of TFSA (expressed as [SN + 

CF3]).48–51  [SN + CF3] was sensitively affected by the 

coordination structure of TFSA.  Therefore, the peak shift 

occurred in the order of noncoordinated or solvent-separated ion 

pair (expressed free), contact ion pair (CIP), and aggregates (AGGs), 

owing to the formation of a successive coordination structure from 

both SL and TFSA.49–51  To investigate the relationship between 

the GPE composition and TFSA coordination structure, the Raman 

spectra were precisely analyzed by non–linear least-squares curve 

fitting analysis using pseudo-Voigt function (Figures S4(b) and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Arrhenius-type temperature dependence of ionic 

conductivity of GPEs in different ratios of SL, LiTFSA, and 

P(EO/PO) (x = 1–2, y = 70 and 80 wt%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Raman spectra of GPEs (x = 2, y = 70–90 wt%) and 

2SL+1LiTFSA (x = 2, y = 100 wt%) in ranges of (a) 540–610 cm1 

and (b) 700–800 cm1, and (c) fractions of peak integration for 

free, CIP/AGGs-1, and CIP/AGGs-2 anions attributed to 

SN+CF3 mode. 
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S4(c)).52  Assignments of vibration modes and calculated peaks are 

listed in Table S1. The calculated peaks at 742, 745, and 749 cm1 

were assigned to free, two-type clusters (CIP/AGGs-1, and CIP/AGGs-

2 of TFSA), respectively.  Figure 4(c) shows the fractions of peak 

integration for free, CIP/AGGs-1, and CIP/AGGs-2 calculated from the 

Raman spectra between 600 and 775 cm1.  The fraction of peak 

integration for free TFSA linearly increased with an increasing 

P(EO/PO) amount, and TFSA preferentially existed as a free anion at 

y = 70 wt%.  In contrast, the fraction of peak integration for 

CIP/AGGs-1 and 2 decreased with the holding constant ratio 

between CIP/AGGs-1 and CIP/AGGs-2, and some TFSA might form 

successive coordination structures in GPEs.  Therefore, the 

introduction of P(EO/PO) (solidification of electrolytes) might lead to 

a decreasing tendency in the successive coordination structure of SL-

LiTFSA (highly conductive Li hopping route),23 and changes in the 

coordination structure (conductive pathway) were expected with an 

excessive amount of P(EO/PO). 

3.4  AC Impedance Measurements of Li/Li Symmetric Cells 

Figure 5(a) shows the storage time dependence of Nyquist plots of 

the [Li|GPE|Li] symmetric cell with x = 1.5 and y = 80 wt% at 333.15 

K, with the bulk resistance component subtracted for simplification 

(Nyquist plot containing bulk resistance components is shown in 

Figure S5).  The equivalent circuit was used to analyze the Nyquist 

plots obtained at 333.15 K, as shown in Eq. 2: 

Rb + RLi / QLi + RCell / QCell + Zw                          (2) 

where Rb is the bulk resistance, RLi is the GPE/Li metal interfacial 

resistance, and Zw is the Warburg impedance component.  RCell was 

assumed according to the resistance component passivation film 

expected for the SEI film or other factors.53,54  QLi and QCell are the 

constant phase elements of the corresponding aforementioned 

components.  

Semicircular arcs in the high-frequency region (100 kHz to 200 Hz) 

and deformative arcs in the middle-frequency region (200 Hz to 400 

mHz) were attributed to RLi and RCell, respectively, and RLi should 

contain charge transfer and Li+ transfer processes at the SEI film.  

Although Rb exhibited relatively unstable values with storage time 

(Figure S5), the cell after storage tests showed stable Rb values of 

approx. 20  cm2 from other analyses (vide infra) without significant 

degradation.  In contrast, the RLi values increased with storage time, 

suggesting SEI film growth on the Li metal surface.  However, the RCell 

values were almost constant with storage time, indicating that this 

was the resistance component of the passivation film, except for the 

SEI film or other factors, such as metallic conduction and cell 

resistances.53,54  Next, the RLi values were investigated to analyze the 

SEI formation / growth processes.  Figure 5(b) shows the storage time 

dependence of RLi calculated from the impedance spectra of 

[Li|GPE|Li] symmetric cells (dashed line represents interruption of 

measurement).  Low RLi values of less than 50 cm2 were observed 

at 333.15 K after 1400 h with a certain increase in all cells, but the 

specific dependence on the GPE composition of RLi was not 

confirmed.  In general, SEI films have been reported to form between 

Li metal and PEO-based electrolytes with a high resistance of approx. 

100 cm2,55–57 while PEO-based electrolytes provide sufficient 

reductive stability.  In contrast, SL exhibits a low reductive stability 

for Li metal, and generation of a passivation film on the Li metal 

surface was reported owing to continuous reductive decomposition 

of SL, even for highly LiTFSA concentrated electrolytes, such as x = 

2.58  According to the reductive stability of SL,58–61 a continuous 

increase in the RLi values should indicate preferential reductive 

decomposition of SL in the GPE.  In fact, decreased reductive stability 

of SL was suggested by the Raman spectra of GPEs and in the case of 

liquid electrolytes owing to the existence of free SL molecules.  

However, the obtained RLi values were quite low owing to the 

relatively high stability of solid electrolytes.  The data suggested that 

sufficient passivation film formation with both low resistance, 

attributed to the highly concentrated SL-LiTFSA ‘active’ interface, 

and chemical stability, attributed to the PEO-based ‘stable’ interface, 

was obtained by fabricating GPEs.  

The temperature dependence of RLi was investigated using 

[Li|GPE|Li] symmetric cells for characterization of the charge 

transfer process at the electrolyte / Li metal interface.  Figure 6(a) 

shows the Nyquist plots of [Li|GPE|Li] symmetric cells with x = 1.5 

and y = 80 wt% at 333, 343, and 353 K.  Notable changes in the 

Nyquist plots were not observed between cooling and heating 

processes, and the temperature dependence of RLi should be 

discussed without consideration of SEI film growth derived from GPE 

decomposition with storage time.  Figure 6(b) shows the 

temperature dependence of the RLi values using Arrhenius-type plots.  

RLi was calculated using the equivalent circuit, as shown in Eq. 2, to 

obtain impedance spectra between 313 and 353 K.  In contrast, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  Storage time dependence of (a) Nyquist plots of [Li|GPE(x 

= 1.5, y = 80 wt%)|Li] symmetric cell (for simplicity, Rb values 

were subtracted), and (b) GPE/Li metal interfacial resistance 

(RLi) at 333  K.
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impedance spectra of the RCell / QCell component could not be 

sufficiently observed under the setup frequency conditions.  

Therefore, the RLi values were calculated using the following 

equivalent circuit between 283 and 308 K: 

Rb + RLi / QLi                                              (3) 

The obtained RLi values showed Arrhenius-type temperature 

dependence, and were calculated using the Arrhenius equation 

shown in Eq. 4: 

k ∝ 1/RLi, k = A exp(Ea/RT)                               (4) 

where k, A, and R are the reaction rate constant, frequency factor, 

and gas constant, respectively, and Ea is the apparent activation 

energy, which should be related to the activation barrier of the Li+ 

solvation / desolvation process in the charge transfer reaction.62–64  

Regression lines for the cooling process (solid line) and heating 

process (dashed line) are also indicated in Figure 6(b), with both 

calculated Ea values (Table 1) being almost the same, at less than 70 

kJ mol1, in all cells compared with conventional solvent-free PEO-

based electrolytes.56,65  In previous studies, relatively high Ea values 

of about 70–100 kJ mol1 were reported for PEO-based electrolyte / 

Li metal interfacial resistance.56,65  In contrast, increasing trends for 

Ea have been reported with Li salt concentration (including 

concentrated liquid electrolytes) owing to the strong ion–ion 

interaction energies derived from the CIP and AGGs structures,62,63 

while intermediate Ea values of 50–70 kJ mol1 have been reported 

between conventional liquid electrolytes (i.e., 1.0 mol kg1) and 

solvent-free solid electrolytes.62–64  The existence of CIP and AGGs of 

GPE was also confirmed by Raman spectra, as shown in Figure 4.  

Therefore, similar solvation / desolvation processes should occur 

with highly concentrated SL–LiTFSA liquid electrolytes.  In other 

words, the charge transfer reaction involved in the solvation / 

desolvation processes of SL–LiTFSA complexes should actively occur 

at the GPE/Li metal interface.  Figure 6(c) shows Nyquist plots of 

[Li|GPE|Li] symmetric cells using samples with x = 1.5 and y = 80 wt%, 

and x = 2 and y = 80 wt%, in the frequency range of 200 kHz to 10 

Hz at 333 K.  Another semicircular arc, in addition to RLi, was 

confirmed in the low frequency region (400 mHz to 10 Hz), and the 

following equivalent circuit was assumed:  

Rb + RLi / QLi + RCell / QCell + Zd                                  (5) 

where Zd is the finite-length diffusion resistance.  The obtained Zd 

components exhibited semicircular shapes without the gentle slopes 

of more than 45 degree attributed to Zd.65  The terminatory point was 

used to calculate Zd.  Furthermore, the Li+ transport number (tLi+) was 

calculated using the following equation:65,66 

tLi+ = Rb / (Rb + Zd)                                           (6) 

The resistance values calculated from the assumed equivalent circuit 

and tLi+ values are listed in Table S2. Both electrolytes exhibited 

relatively high tLi+ values of 0.49 [-] as PEO-based solid 

electrolytes.56,67  In previous reports, tLi+ values of over 0.6 [-] were 

confirmed in SL-based highly concentrated liquid electrolytes using 

the PGSE-NMR method and potentiostatic polarization combined 

with electrochemical impedance spectroscopy, and should be caused 

by continuous coordination structure of SL and TFSA.17,24  In fact, 

reversible plating / stripping properties of Li was also confirmed 

using [Li/Ni] cell by cyclic volltammetry (Figure S6).  Therefore, high 

Li+ transport by the GPEs should occur with the specific coordination 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Temperature dependence of (a) Nyquist plots of 

[Li|GPE|Li] symmetric cells at 333, 343, and 353 K, (b) GPE/Li 

metal interfacial resistance (RLi), and (c) Nyquist plots of 

[Li|GPE|Li] symmetric cells in the low frequency region at 353 

K. 

Table 1. Apparent activation energies calculated from GPE/Li 

metal interfacial resistance and Li+ transport numbers from low-

frequency impedance spectra 

 Ea / kJ mol1 

Cooling Heating 

x = 1.5, y = 70 wt% 68.6 68.7 

x = 1.5, y = 80 wt% 69.1 69.0 

x = 2, y = 80 wt% 66.3 66.3 
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structure of SL and TFSA in the high Li salt concentration region.  The 

slight decrease in the tLi+ value compared with SL–LiTFSA liquid 

electrolytes might be due to the Li+ transport behavior derived from 

the coordination ability and relatively slow segmental motion of the 

P(EO/PO) chain.  Furthermore, interruption of the extended the 

specific coordination structure SL–LiTFSA complexes has been 

reported in presence of HFE.17  Therefore, a similar effect might occur 

by introducing P(EO/PO).  Figure 7 shows a schematic image of the 

relationship of between GPE composition and Li+ coordination 

structure / Li+ transport properties in the prepared GPEs.  In liquid 

electrolytes with a high Li salt concentration (right side), few free 

solvent and anion molecules were present, and a continuous 

coordination structure including CIP and AGGs formed to contribute 

high Li+ transport.  In contrast, in the proposed GPEs (left side), ether 

oxygen introduced by the P(EO/PO) chain behaved as a ligand of Li+, 

interacting competitively with SL and TFSA.  This competitive 

interaction should affect the fraction of continuous coordination 

structures, such as CIP and AGGs.  In this study, interaction energies 

between Li+ and P(EO/PO) were weaker than that of SL.  Therefore, 

the high Li+ transport properties derived from the continuous 

coordination structure of the SL–LiTFSA complex were confirmed, 

even in the case of GPEs. 

3.5  Charge–Discharge Properties of Li–S Battery 

Figure 8 shows the charge–discharge profiles, cycle number-

dependence of charge and discharge capacity, and the calculated 

Coulombic efficiency of the prepared [Li|GPE|S8] coin cell for 100 

cycles.  The discharge curves exhibited two voltage plateaus derived 

from the reduction process of S8 to Li2Sn.  Stable charge–discharge 

operation was achieved over 100 cycles with high Coulombic 

efficiency (99.7 % at 100 cycles), despite the initial irreversible 

capacity being relatively high (first discharge capacity, 1146 mAh g1).  

Furthermore, notable changes in the overvoltage were not observed, 

suggesting the formation of stable GPE / electrode (Li metal and Li2Sn) 

interfaces and the suppression of dendrite formation by solidification.  

In particular, significant capacity retention was confirmed compared 

with conventional Li–S battery systems.15,16  This suggested sufficient 

suppression of Li2Sn dissolution at the positive electrode / GPE 

interfaces (without color changes of GPE film with charge/discharge 

process), even though some free SL molecules were present in the 

GPE, in which Li2Sn was relatively soluble.  Furthermore, a favorable 

GPE / Li metal electrode interface might be formed by physical 

suppression of the diffusion of high-order Li2Sn (n = 4–8) and its 

reduction to Li2S2 or Li2S.  Therefore, the proposed GPE contributed 

to high battery performance for degradation control of both the S8 

positive and Li metal negative electrodes by chemical and physical 

effects.  

4. Conclusions 

GPEs consisting of an SL-based highly concentrated electrolyte and 

P(EO/PO) host polymer were prepared, and their physicochemical 

and electrochemical properties were investigated.  The SL–LiTFSA 

liquid electrolyte functioned as a plasticizer in GPEs, and comparable 

ionic conduction properties to the SL–LiTFSA liquid electrolyte were 

observed for the sample with x = 2 and y = 80 wt% (0.46 mS cm1 at 

303.15 K) owing to sufficient ion mobility.  Competitive interactions 

of each SL, TFSA, and P(EO/PO) with Li+ were suggested by Raman 

spectra according to the generation monodentate or free SL and free 

TFSA.  Furthermore, a high Li+ transport number of 0.49 [-] was 

 

 

 

 

 

 

 

 

 

Fig. 7  Schematic image of relationship between GPE 

composition and Li+ coordination structure/Li+ transport 

properties.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  (a) Charge–discharge profiles and (b) cycle number 

dependence of charge and discharge capacity and calculated 

Coulombic efficiency for the [Li|GPE|S8] cell at 303 K. 
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achieved by the GPEs, and the specific coordination structure 

(hopping transport) of the SL–LiTFSA complex should be maintained 

in the GPEs.  Furthermore, quite low electrolyte / Li metal interfacial 

resistance (<50  cm2 at 333.15 K) and a relatively low apparent 

activation energy (<70 kJ mol1) were observed by AC impedance 

measurements of [Li|GPE|Li] symmetric cells, despite the low 

electrochemical stability of SL molecules observed with weaker 

interactions between SL and Li+ compared with highly concentrated 

SL–LiTFSA electrolytes.  Favorable passivation film formation at the 

GPE/Li metal interface was suggested by impedance measurements 

([Li/Li] cell) and cyclic volttametry ([Li/Ni] cell), respectively, and the 

prepared Li–S cell achieved stable charge discharge operation for 100 

cycles.  Therefore, the proposed GPEs contributed to the dissolution 

and diffusion of Li2Sn at the GPE / S8 positive electrode interface, and 

reductive decomposition of SL at the GPE / Li metal negative 

electrode interface, and achieved improved Li–S battery 

performance.  
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