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Partially fluorinated polymer network enhances Li-ion 
transference number of sulfolane-based highly concentrated 
electrolytes 
Yukako Konishi,a Hisashi Kokubo,a Seiji Tsuzuki,b Ryoichi Tatara a,b and Kaoru Dokko *a,b 

Gelation of sulfolane-based highly concentrated electrolytes using 
a partially fluorinated polymer enhances Li-ion transference 
number of the electrolytes because acidic protons surrounded by 
fluorine atoms in the polymer network trap anions, and the high Li+ 
transference number is effective in suppressing the concentration 
polarization in Li batteries. 

Lithium-ion batteries (LIBs) are widely used in various 
applications ranging from portable electronic devices to electric 
vehicles because of their high energy and power densities. 
Unlike the flammable organic liquid electrolytes widely used in 
LIBs, sulfolane (SL) is a thermally stable and non-flammable 
solvent that can dissolve large amounts of Li salts.1,2 Highly 
concentrated electrolytes (HCEs) have attractive properties to 
promote battery applications, such as high thermal stability and 
a wide electrochemical window.3–5 We have reported that Li+ 
ion-hopping conduction occurs in SL-based HCEs.6–8 The SL-
based HCEs have a unique solvation structure, in which Li+ ions 
are crosslinked with SL molecules and anions. These Li+ ions can 
dynamically exchange their ligands (SL and anions); thus, they 
can diffuse and migrate faster than the ligands, resulting in a 
high Li-ion transference number (tLi+). A high tLi+ value of the 
electrolyte is effective in suppressing concentration polarization 
during high-rate charging and discharging of LIBs.6,8  

The gelation of HCEs can prevent the leakage of liquids and 
further improve the safety of LIBs.9,10 In gel polymer electrolytes, 
liquid electrolytes are incorporated into a polymer network.11–

14 The Li+-ion transport properties of gel electrolytes are 
affected by not only the parent liquid electrolyte but also the 
structure of the polymer network, because the solvation 
structure of Li+ changes during gelation owing to the interaction 

between the functional groups of the polymer matrix and ion 
species.15,16 Thus, the selection of an appropriate polymer 
structure is important for improving the performance of LIBs 
with gel electrolytes.  

In this study, we investigated the effect of the side chain 
structure of a polymer on the Li-ion transport properties of gel 
electrolytes. Gel electrolytes composed of an SL-based HCE and 
methacrylate-based polymers with different side chains were 
prepared (Fig. 1), and the interactions between the functional 
groups on the polymer side chain and ionic species in the gels 
were analyzed. The Li-ion transport properties of the gel 
electrolyte change depending on the functional group, because 
the side chain–ion interaction significantly affects the Li+ ion 
solvation structure and mobility of ions. Here, we demonstrated 
that the interaction between a partially fluorinated side chain 
and an anion is effective in enhancing the tLi+ value of gel 
electrolytes, and that a high tLi+ of gel electrolytes promotes the 
mitigation of concentration polarization in LIBs during 
discharging.  

In this study, a liquid electrolyte consisting of lithium 
bis(trifluoromethanesulfonyl)amide (LiTFSA) and SL mixed at a 
molar ratio of 1:3 was gelated using methacrylate-based 
polymers. The [LiTFSA]/[SL] = 1/3 solution was selected as a 
model liquid electrolyte because this solution is a glass forming 
liquid and maintains liquid state over a wide temperature range 
(Fig. S1).7 Gel electrolytes containing the [LiTFSA]/[SL] = 1/3 
solution were prepared by free radical polymerization. Three 
different methacrylate monomers were used for gelation: 
propyl methacrylate (PMA), 2,2,3,3-tetrafluoropropyl 
methacrylate (TFPMA), and diethylene glycol monomethyl 
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Fig. 1. Chemical structures of LiTFSA, SL, PPMA, PTFPMA, and 
PDEGMA. 
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ether methacrylate (DEGMA). These monomers were selected 
as model monomer units for the polymer network because PMA 
has a simple alkyl side chain, TFPMA has a partially fluorinated 
side chain which may interact with the fluorinated anion, and 
DEGMA has ether oxygens that can interact with Li+. The chosen 
methacrylate monomer, a crosslinker (ethylene glycol 
dimethacrylate, EGDMA), and an initiator (2,2′-
azobis(isobutyronitrile), AIBN) were dissolved in a LiTFSA/SL 
electrolyte and polymerized at 80 °C for 12 h (Fig. S2). The molar 
ratio of the monomer in the prepolymer solution was controlled 
at [LiTFSA]/[SL]/[monomer] = 1:3:n (n = 1, 1.5, and 2). The 
experimental details are described in the Electronic 
Supplementary Information (ESI†). 
 To investigate the effects of the polymer side chains on the 
solvation structure of Li+ in the electrolytes, Raman spectra 
were collected for the polymer solutions with the composition 
of [LiTFSA]/[SL]/[monomer unit] = 1/3/n. Methacrylate 
monomer and an initiator (AIBN) was dissolved in the 
[LiTFSA]/[SL] = 1/3 solution and polymerized without a 
crosslinker to obtain a polymer solution. The Raman spectra for 
the polymer solutions (n = 1) and the [LiTFSA]/[SL] = 1/3 solution 
(without polymer) are shown in Fig. 2. The peak corresponding 
to the S–N–S stretching vibration of TFSA– was observed at 740–
750 cm−1. This peak is known to be sensitive to the 
complexation of TFSA with metal cations.17–19 For TFSA– 
uncoordinated to metal cations, this peak is located at 739–742 
cm−1; in contrast, for TFSA– directly bound to Li+ to form contact 
ion pairs (CIPs) and ionic aggregates (AGGs), the peak lies 
between 745 and 755 cm−1. The S–N–S vibration peak of the 
[LiTFSA]/[SL] = 1/3 solution was observed at 744 cm−1, 
suggesting that a certain amount of TFSA– was bound to Li+. In 
the case of solution of polymerized PMA (PPMA), the TFSA peak 
appeared at a wavenumber comparable to that of the 
[LiTFSA]/[SL] = 1/3 solution; however, the peak shifted slightly 
toward a lower wavenumber when the PPMA content was 
further increased (n ≥ 1.5) (Fig. S3). This indicates that the 
carbonyl oxygen of PPMA was weakly coordinated to Li+, and 
the CIPs and AGGs were slightly dissociated into ions. For the 
solution of polymerized TFPMA (PTFPMA), the TFSA peak 
position was independent of the polymer content and identical 
to that observed for the [LiTFSA]/[SL] = 1/3 solution (Fig. S3), 
suggesting that the polymer side chains did not coordinate or 
affect the solvation structure of Li+. In sharp contrast, for the 
solution of polymerized DEGMA (PDEGMA), the TFSA peak 

clearly shifted toward a lower wavenumber in relation to that 
for the [LiTFSA]/[SL] = 1/3 solution, suggesting that this polymer 
enhanced the dissociations of CIPs and AGGs. It is well known 
that ether oxygen forms a complex with Li+ owing to its strong 
electron-donating ability.20 The donor numbers (DNs) of ether 
solvents (such as tetrahydrofuran and dimethoxyethane) are ca. 
20 kcal mol−1, while those of the TFSA anion and SL are 5.4 and 
14.8 kcal mol−1, respectively.21,22 Therefore, the Li+ ion as a 
Lewis acid prefers to coordinate to the ether side chain, which 
is the strongest Lewis base in the PDEGMA solution. In fact, the 
Raman peak for SO2 vibration of SL in the PDEGMA solution 
appeared in the lower wavenumber compared with that in the 
[LiTFSA]/[SL] = 1/3 solution (Fig. S4), indicating that the fraction 
of free SL, which is uncoordinated to Li+, was higher in the 
PDEGMA solution due to the complex formation of PDEGMA 
with Li+. This also results in an enhanced dissociation of Li+-
TFSA−.  
 Next, the effects of polymer side chains on the ion transport 
properties of gel electrolytes with crosslinked network 
structures were investigated. The ionic conductivity decreased 
with increasing polymer content of the gel electrolytes (Fig. 3a 
and Fig. S5). This is attributable to the decrease in the charge 
carrier number with increasing the polymer content as well as 
the obstruction of ion migration by the crosslinked polymer 
chains. The PPMA gel electrolyte exhibited a higher conductivity 
than the other gel electrolytes owing to its higher volume 
fraction of the liquid electrolyte (Table S1). The PDEGMA gel 
electrolyte exhibited a slightly higher conductivity than the 
PTFPMA gel electrolyte although its Li salt concentration was 
lower. The formation of complexes between Li+ and ether 
moieties induces the dissociation of Li+-TFSA− in PDEGMA (vide 
supra), while the partially fluorinated side chain does not 
interact with Li+ in PTFPMA. The enhanced dissociation of Li+-
TFSA− in PDEGMA may explain the higher ionic conductivity of 
the gel electrolyte.  
 In addition to conductivity, the Li-ion transference number 
is an important characteristic of electrolytes. We evaluated the 

 

 
Fig. 3. (a) Ionic conductivity and (b) Li-ion transference numbers 
(tLi+) of the [LiTFSA]/[SL] = 1/3 solution and the gel electrolytes 
[LiTFSA]/[SL]/[monomer unit] = 1/3/n at 30 °C. 

 
Fig. 2. Raman spectra of polymer solutions 
[LiTFSA]/[SL]/[monomer unit] = 1/3/1 and the [LiTFSA]/[SL] = 
1/3 solution (without any polymer) at 30 °C. 

Page 2 of 5ChemComm



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

Li-ion transference number (tLi+) of the electrolytes under anion 
blocking conditions using Li/Li symmetric cells (Fig. S6–S8).23,24 
The PPMA gel electrolytes exhibited tLi+ values comparable to 
that of the parent electrolyte solution ([LiTFSA]/[SL] = 1/3), 
almost independent of the PPMA content (Fig. 3b). This is 
attributed to Li⁺-hopping conduction occurring in SL-based HCEs 
used in this study, resulting in a higher mobility of Li+ than that 
of the anions.20,21,25 Thus, the SL-based HCEs exhibit relatively 
high tLi+ values (>0.5) than conventional carbonate-based 
electrolytes containing approximately 1 M Li salts (tLi+ ≈ 0.3).5,8 
In the PPMA network, the interactions between the polymer 
side chains and ions are weak (vide supra), and the ion 
conduction mechanism in the parent electrolyte is preserved 
after PPMA gel formation. In fact, pulsed-field gradient (PFG) 
nuclear magnetic resonance (NMR) spectroscopy revealed that 
the diffusivity of Li+ (𝐷𝐷Li+ ) was higher than that of TFSA– 
(𝐷𝐷TFSA−) in both the parent and PPMA gel electrolytes (Table S2 
and Fig. S9). In contrast, the tLi+ of the PDEGMA gel electrolyte 
(n = 1) (0.45) was lower than that of the parent electrolyte (0.56). 
The ethylene glycol group of PDEGMA formed a complex with 
Li+ (vide supra), and the polymer chains could not migrate 
macroscopically in the crosslinked gel. Consequently, the side 
chains in PDEGMA trapped Li+ ions, thereby lowering the 
mobility of Li+ relative to that of TFSA− and decreasing the tLi+ 
value of the gel electrolyte. Surprisingly, the PTFPMA gel 
electrolytes exhibited larger tLi+ values than the parent 
electrolyte. The tLi+ value increased with the polymer content 
and reached 0.70 for [LiTFSA]/[SL]/[TFPMA] = 1/3/2. The 
diffusivity ratio of Li+ relative to the anion (𝐷𝐷Li+/𝐷𝐷TFSA−) in the 
PTFPMA gel electrolyte was higher than that in the parent 
electrolyte (Table S2 and Fig. S9), indicating that the mobility of 
TFSA− was lowered relative to that of Li+ in the gel electrolyte. 
As mentioned previously, the side chain of PTFPMA is not 
coordinated with Li+; therefore, the PTFPMA network retains 
the solvation structure of the parent electrolyte. Our hypothesis 
is that the partially fluorinated side chain of PTFPMA interacts 
with TFSA−. To understand the electrophilicity of the side chains, 
electrostatic potential (ESP) maps of monomers were calculated. 
For the TFPMA monomer with a partially fluorinated alkyl side 
chain, a highly acidic proton surrounded by electron-
withdrawing fluorine atoms was found at the end of the side 
chain (Fig. S10). DFT calculations show that the interaction of 
TFSA− anion with TFPMA monomer is much stronger than that 
with PMA monomer, suggesting that the positively charged 
acidic protons of the PTFPMA side chains interact 
electrostatically with the TFSA− anions (Fig. S11). Therefore, the 
PTFPMA polymer traps anions, resulting in a higher tLi+ of the 
corresponding gel electrolytes. 

Furthermore, the electrochemical windows of the PPMA 
and PTFPMA gel electrolytes (n = 1) were investigated. In the 
linear sweep voltammograms, both gel electrolytes exhibited 
oxidative stability comparable to that of the parent electrolyte 
solution (Fig. S12). The SL solvent itself is oxidatively stable, but 
its reductive stability is poor, and SL decomposition occurs on 
the Li metal.25,26 However, the reductive decomposition of SL 
can be suppressed by increasing the LiTFSA concentration. The 
suppression of reductive decomposition can be explained by 

the TFSA-derived passivation layer on the Li metal and the low 
concentration of the SL solvent in the electrolyte.25,27 In fact, 
reversible Li deposition and dissolution were observed at the 
interface between a Cu electrode and the gel electrolytes (Fig. 
S13).  

Finally, the rate capabilities of the PPMA and PTFPMA gel 
electrolytes in 4 V class batteries were evaluated to investigate 
the effects of ion transport properties on battery performance 
(Fig. S14). For the cells with a structure of [Li | gel electrolyte 
membrane (500 μm thick) | LiCoO2], discharge curves were 
recorded at various current densities (Fig. 4 and Fig. S15). At a 
lower current density (0.15 mA cm−2), both types of cells 
exhibited a discharge capacity of 140 mAh g−1 based on the mass 
of LiCoO2. This is close to the theoretical capacity (137 mAh g−1) 
for the electrochemical reaction of LiCoO2/Li0.5CoO2 in the 
voltage range of 3.0–4.2 V. The discharge capacities decreased 
with increasing current density because of the limitation of Li+ 
diffusion in the gel electrolytes.28,29 The discharge capacity of 
the PPMA cell decreased gradually when increasing the current 
density to >0.45 mA cm−2. In contrast, the discharge capacity of 
the PTFPMA cell remained nearly constant at current densities 
lower than 0.75 mA cm−2 and decreased gradually at above 1.05 
mA cm−2. The capacity retentions at 1.50 mA cm−2 (1C) relative 
to the theoretical capacity of LiCoO2 were 40 % and 80 % for the 
PPMA and PTFPMA cells, respectively. Despite the lower ionic 
conductivity of PTFPMA than that of PPMA, the PTFPMA cell 
showed a higher rate capability. This can be explained by the 
mitigation of concentration polarization in the PTFPMA cell 
owing to the higher tLi+ of the PTFPMA gel electrolyte. When a 
cell discharges 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, causing concentration polarization. 
Concentration polarization lowers the discharge voltage of the 
cell, and the cutoff voltage (3.0 V) is reached before the full cell 

 

 
Fig. 4. Discharge curves of Li/LiCoO2 cells with gel electrolytes 
[LiTFSA]/[SL]/[monomer unit] = 1/3/1 at 30 °C.  
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capacity is achieved. In fact, the slopes of the discharge curves 
of cells become steeper with increasing current density, 
indicating that concentration polarization becomes larger with 
increasing current density. At a high tLi+ value, the development 
of concentration gradient in the electrolyte layer is effectively 
suppressed, thereby decreasing the concentration 
overpotential of the cell.28,30 Consequently, both the ionic 
conductivity and tLi+ of the electrolyte significantly affect the 
rate capability of LIBs. In this work, the gel electrolyte layer was 
thicker (500 μm) than commercial separators for LIBs (<20 μm). 
To achieve high rate capability in a LIB, the use of a thinner 
electrolyte layer is effective because it can increase the 
diffusion-limiting current density. 

In summary, we investigated the effects of different 
polymer side chains on the ion transport properties and battery 
performance of the gel electrolytes containing thermally stable 
SL-based HCEs. We found that the tLi+ value of the gel 
electrolytes depends on the functional group of the side chain. 
The PPMA network with a simple alkyl side chain interacted very 
weakly with Li+; thus, the tLi+ of the PPMA gel electrolyte was 
almost identical to that of the parent SL-based electrolyte. In 
the case of PDEGMA gel, the ether side chains of PDEGMA were 
coordinated to Li+ ions, and the mobility of Li+ was reduced by 
the PDEGMA matrix, resulting in a lower tLi+ value. Notably, 
PTFPMA with partially fluorinated side chains interacted with 
TFSA– anions but not with Li+, and the mobility of the anion is 
reduced, resulting in a higher tLi+ than that of the parent 
electrolyte. The higher tLi+ of the PTFPMA gel electrolyte 
effectively suppressed concentration polarization in the 
Li/LiCoO2 cell. Although the ionic conductivity of the 
electrolytes decreased after gelation, the tLi+ value can be 
increased by using a polymer network with functional groups 
that interact with anions but not with Li+. This study provides 
insights into the effects of side chains in the polymer network 
on the ion transport properties of gel electrolytes, promoting 
the design of gel electrolytes with high Li-ion transport abilities 
for LIBs and Li metal batteries. 
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