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ABSTRACT 

Highly concentrated electrolytes (HCEs) have attracted significant interest as promising liquid 

electrolytes for next-generation Li secondary batteries, owing to various beneficial properties both in the 

bulk and at the electrode/electrolyte interface. One particular class of HCEs consists of binary mixtures 

of lithium bis(trifluoromethanesulfonyl)amide (LiTFSA) and oligoethers that behave like ionic liquids. 

[Li(G4)][TFSA], which comprises an equimolar mixture of LiTFSA and tetraglyme (G4), is an example. 

In our previous works, the addition of low-polarity molecular solvents to [Li(G4)][TFSA] was found to 

effectively enhance the conductivity while retaining the unique Li-ion solvation structure. However, it 

remains unclear how the diluents affect another key electrolyte parameter—the Li+ transference number—

despite its critical importance for achieving the fast charging/discharging of Li secondary batteries. Thus, 

in this study, the effects of diluents on the extremely low Li+ transference number under anion-blocking 

conditions in [Li(G4)][TFSA] were elucidated, with a special focus on the polarity of the additional 

solvents. The concentration dependence of the dynamic ion correlations was further studied in the 

framework of the concentrated electrolyte theory. The results revealed that a non-coordinating diluent is 

not involved in the modification of the ion transport mechanism, and therefore the low Li+ transference 

number is inherited by the diluted electrolytes. In contrast, a coordinating diluent effectively reduces the 

anti-correlated ion motions of [Li(G4)][TFSA], thereby improving the Li+ transference number. This is 

the first time that the significant effects of the coordination properties of the diluting solvents on the 

dynamic ion correlations and Li+ transference numbers have been reported for diluted solvate ionic liquids. 

 

 

KEYWORDS: Solvate ionic liquids, battery electrolyte, glyme, transference number, anti-correlated ion 

motion 
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1. Introduction 

Highly concentrated electrolytes (HCEs) with salt concentrations exceeding 3 mol dm−3 or that reach 

the saturation limit have attracted significant interest as promising liquid electrolytes for next-generation 

Li secondary batteries.1-3 HCEs have been found to offer numerous advantageous properties over 

conventional organic electrolytes both in the bulk and at the electrode/electrolyte interface, including 

enhanced thermal and electrochemical stabilities,4, 5 fast electrode kinetics,6-9 corrosion inhibition of 

current collectors,10, 11 and suppressed active material dissolution into electrolyte solutions.12-14 Room-

temperature molten solvates composed of oligoethers (glymes) and Li salts are a particular class of HCEs 

that exhibit ionic liquid-like thermal and physicochemical properties, and are thus referred to as solvate 

ionic liquids (SILs).15 The one-to-one molar mixture of lithium bis(trifluoromethanesulfonyl)amide 

(LiTFSA) and tetraglyme (G4), [Li(G4)][TFSA], is the archetype of such SILs. Experimental and 

computational studies have elucidated the formation of the long-lived [Li(G4)]+ complex cation, with the 

crown ether-like conformation of G4, and scarcity of the uncoordinated solvent in [Li(G4)][TFSA].16-20 

The strong Li–G4 interaction and low solvent activity are responsible for the prominent thermal and 

electrochemical stabilities and stable charge-discharge cycling performances of Li-ion and Li-S batteries 

with high Coulombic efficiency.4, 12 

HCEs and SILs face a common challenge of low ionic transport properties because of their 

intrinsically high viscosity. Indeed, the conductivity of HCEs is generally more than an order of magnitude 

lower than that of conventional organic electrolyte solutions. In previous works, HCEs were blended with 

low-viscous molecular solvents to reduce the viscosity and improve the conductivity.12, 21 It was reported 

that the addition of the low-polarity hydrofluoroether 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl 

ether (HFE) to [Li(G4)][TFSA] significantly decreased the viscosity to the same level as that of organic 

electrolytes and increased the conductivity to ~5 mS cm−1, while retaining the unique Li-ion coordination 

structure of the SIL. This approach is now applied to the novel electrolyte design concept of “localized 
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high-concentration electrolytes (LHCEs)” that achieves high conductivity without compromising the 

favorable electrochemical properties of the parent HCEs.22-24 

The unique Li-ion solvation structure of SILs also has a strong impact on their ionic transport 

mechanism. Recent investigations on dynamic ion correlations have shown that all cross-correlated ion 

motions (cation-cation, anion-anion, and cation-anion) in [Li(G4)][TFSA] are anti-correlated, owing to 

the constraint of momentum conservation for the long-lived [Li(G4)]+ cation and bulky TFSA− anion.25, 

26 This is reminiscent of the ion transport behavior of solvent-free molten salts and ionic liquids,27, 28 and 

is therefore corroborating evidence for categorizing [Li(G4)][TFSA] as an SIL. In contrast, the strongly 

anti-correlated ion motions were found to result in a low Li+ transference number for SILs under anion-

blocking conditions. Indeed, the Li+ transference number (or transport number by IUPAC name29) 

determined by an electrochemical method using a Li/Li symmetric cell (𝑡୧
େ) was extremely low (0.028) 

for [Li(G4)][TFSA], which is detrimental to the fast charge-discharge of Li secondary batteries.25, 30, 31 A 

molecular dynamics (MD) simulation study by Bedrov et al. demonstrated that the reduction of the 

strongly anti-correlated motion of ions enhances the 𝑡୧
େ of the SILs. One of the proposed electrolyte 

modifications in their study was to dilute the SIL with additional solvents that do not coordinate with the 

Li ions.25 It was considered that the frequent momentum exchange of the additional solvent molecules 

mitigates the strongly anti-correlated ion motions for the momentum conservation in the system, leading 

to an increase in 𝑡୧
େ.  

Despite the importance of 𝑡୧
େ for realizing the fast charging/discharging of Li secondary batteries,32, 

33 it remains unclear how electrolyte components, such as Li salt and solvents, influence the 𝑡୧
େ in organic 

liquid electrolytes. According to the above notion proposed by Bedrov et al.,25 the addition of inert 

solvents, such as HFE to the SILs, has the potential to improve the very low 𝑡୧
େ  and enhance the 

conductivity. With these facts in mind, in this study, the effects of diluting solvents on the Li+ transference 

number in [Li(G4)][TFSA] were investigated. In particular, we focused on the polarity of the diluting 

solvents, using propylene carbonate (PC) and HFE as coordinating and non-coordinating solvents with Li 

Page 4 of 19Physical Chemistry Chemical Physics



 5

ions, respectively. The concentration dependence of the dynamic ion correlations is further studied in the 

framework of Roling and Bedrov’s concentrated solution theory, which is defined in the laboratory frame 

of reference.25, 30, 34 In this present work, the significant effects of the coordination properties of the 

diluting solvents on the dynamic ion correlations and Li+ transference numbers was for the first time 

elucidated for the diluted SILs. 

 

2. EXPERIMENTAL SECTION 

Materials 

Tetraglyme (G4; battery grade; water content, <50 ppm), propylene carbonate (PC; battery grade; water 

content, <50 ppm), and lithium bis(trifluoromethanesulfonyl)amide (LiTFSA; purity, >99.9%; water 

content, <100 ppm) were purchased from Kishida Chemical Co., Ltd. (Japan). Additionally, 1,1,2,2-

tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (HFE) was purchased from Daikin Industries Ltd. (Japan). 

These purified solvents and the Li salt were used as received. [Li(G4)][TFSA] was prepared by mixing 

stoichiometric amounts of G4 and LiTFSA and diluting the mixture with PC or HFE at the appropriate 

molar ratios in an inert argon-filled glovebox ([H2O] <1 ppm; [O2] <1 ppm). 

 

Measurement 

The self-diffusion coefficients of Li, TFSA, and the solvents were determined within error of 10% using 

pulse-field-gradient (PFG)-NMR, as described in our previous study.21 A JEOL ECX-400 NMR 

spectrometer with a 9.4 T narrow-bore superconducting magnet and pulsed-field gradient probe was used 

for the measurements. The pulse field gradient magnitude (g) was calibrated using deuterated water. 1H, 

7Li, and 19F NMR spectra were recorded for the solvents, Li, and TFSA, respectively. Raman spectra were 

obtained using a 785 nm laser Raman spectrometer (NRS-4100, JASCO) at a resolution of ~ 4 cm−1 and 

calibrated using a polypropylene standard. The temperature of the samples was adjusted to 30 °C using a 

Peltier microscope stage (TS62, INSTEC) with a temperature controller (mk1000, INSTEC). The Li+ 
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transference number ( 𝑡୧
େ ) was determined using potentiostatic polarization combined with 

electrochemical impedance spectroscopy.35, 36 The experiments were performed using Li/Li symmetric 

cells encapsulated in R2032-type coin cells. A porous glass filter paper (Advantec, GA55, diameter = 17 

mm) soaked with the electrolytes was placed between two Li foil electrodes (Honjo Metal, diameter = 16 

mm). Prior to potentiostatic polarization, the impedance measurements were performed every hour, in the 

frequency range of 0.1 Hz–1 MHz, at an alternating voltage amplitude of 5 or 10 mV, using a ModuLab 

XM ECS electrochemical test system (Solartron Analytical) to monitor the stabilization of the Li electrode 

interface. After stabilization of the cells, a polarization curve with a potential step of 5 or 10 mV was 

obtained until the current reached the steady state. Subsequently, impedance spectra were recorded with 

a potential bias of 5 or 10 mV, to obtain the interfacial impedance of the polarized cells. The conductivity 

(𝜎୧୭୬) was obtained using the complex impedance method for the frequency between 1 Hz and 500 kHz 

at an alternating voltage amplitude of 10 mV (VMP3, Biologic, Claix, France). The cell constants of the 

conductivity cells (two platinum black electrode cells) were determined using 0.01 mol dm−3 KCl aqueous 

solution at 25 °C. The salt diffusion coefficients (Dsalt) of the electrolytes used for calculating the Onsager 

transport coefficients were determined using Li/Li symmetric cells. The cells were polarized at a constant 

current density of 0.25 mA cm−2 until steady state was reached, and the voltage relaxation of the cell 

potential was recorded after the applied current was removed. The maximum experimental error was 11%. 

The Li/Li+ electrode potential (electromotive force, EMF) in each electrolyte was measured within error 

of ±2 mV with respect to the reference electrode (Li/Li+ in 1 mol dm−3 LiTFSA/G3) using a multi-

compartment concentration cell. Vycor glass was used for the junction between the reference and sample 

electrolytes. The value of d𝜑/dln(𝑐)  at a given concentration was obtained from the slope of the 

concentration dependence of the potential, as shown in Figure S1. To measure the concentration 

dependence of the EMF, the Li salt concentration was varied while maintaining the molar ratios of G4 

and the diluting solvents (PC or HFE), assuming concentration polarization in the electrochemical cells. 

All the above experimental cells were prepared and sealed in the glovebox and the measurements were 

performed at 30 °C unless otherwise noted. 
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3. RESULTS AND DISCUSSION 

3.1 Diffusivity 

In our previous study, the addition of the relatively low-polarity HFE to [Li(G4)][TFSA] was found 

to enhance the conductivity while retaining the [Li(G4)]+ complex cation, without the glyme ligand being 

replaced by the diluting molecules.21 The stability of the [Li(G4)]+ complex cations was ascertained with 

the G4/Li-ion diffusivity ratio (DG/DLi) of unity. The concentration dependence of the self-diffusion 

coefficients of the components in [Li(G4)][TFSA] diluted with HFE and PC is illustrated in Figure 1, to 

highlight the Li-ion solvation structure and transport properties in the presence of the diluting solvents.  

As seen in Figure 1a, the diffusion coefficients of Li (DLi) and TFSA (Danion) significantly increased 

with the addition of HFE, which contributed to the enhancement of 𝜎୧୭୬ to a maximum value of 5.2 mS 

cm−1 at ~1.0 mol dm−3.12 The self-diffusion coefficients of G4 (DG) were nearly identical to those of DLi 

and Danion across all the studied concentration range. The identical values of DG and DLi suggest that the 

[Li(G4)]+ complex cations remained stable, even at the very low salt concentration (cLi) of 0.06 mol dm−3 

with 100-fold dilution with HFE. Moreover, HFE diffused much faster than the other components, 

indicating that it does not strongly interact with the Li ions. The dielectric constant (ε) and Gutmann’s 

donor number (DN) for HFE were reported to be 6.7 and 1.9, respectively.21 These solvent polarity 

parameters of HFE are much lower than those of G4 (ε = 7.7; DN = 17).37 Therefore, it is reasonable to 

deem HFE a non-coordinating diluent for [Li(G4)][TFSA]. The inert solvent character of HFE for Li-ion 

solvation in [Li(G4)][TFSA]-HFE was also verified by Raman analysis, high energy X-ray scattering 

experiments, and MD simulations.38 The presence of the complex cations was verified by the 

characteristic ring-breathing Raman band of the complex cations.39 The strong Raman band in the range 

of 740–750 cm−1 is ascribed to the S−N symmetric stretching vibration coupled with the CF3 bending for 

TFSA and is sensitive to Li+−TFSA− interactions. It was reported that this band slightly shifts to higher 

frequency with the addition of HFE, suggesting a small increase in the cation-anion interactions in 

[Li(G4)][TFSA]-HFE.38 Hence, the addition of HFE does not cause significant modification of the local 
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Li-ion solvation structure in [Li(G4)][TFSA] except for the marginal enhancement of Li+−TFSA− 

interactions. 

In contrast to HFE, PC has polarity parameters of ε = 65 and DN = 15,21 of which DN is comparable 

to that of G4. Therefore, PC has the potential to interrupt the formation of the [Li(G4)]+ complex ions in 

[Li(G4)][TFSA]-PC. At cLi values >1.0 mol dm−3, DG remained almost equivalent to DLi (Figure 1b). 

This indicates that the strong chelate effect of the multidentate G4 ligand still prevailed against the high 

polarity of PC to stabilize the [Li(G4)]+ complex cations. However, at cLi values <0.5 mol dm−3, DLi 

became the lowest value after DG. This suggests that some of the G4 molecules dissociated from the Li 

ions and were replaced by PC molecules, owing to the abundance of PC at the lower cLi values. The lowest 

value of DLi also implies the formation of Li ions solvated with some PC molecules with a larger 

hydrodynamic radius, similar to that observed in typical organic electrolyte solutions.40, 41 These 

observations were further validated with Raman spectroscopy for [Li(G4)][TFSA]-PC (Figure S2). The 

breathing mode of the [Li(G4)]+ complex cations at ~867 cm−1 was still discernible at cLi values >1.0 mol 

dm−3, but almost disappeared at cLi value of 0.34 mol dm−3 with 30-fold dilution with PC. The intense 

band derived from TFSA in the range of 740–750 cm−1 shifted to lower frequency, whereas the band 

ascribed to the symmetric ring deformation of PC at ~710 cm−1 shifted to higher frequency.42 These 

changes in Raman bands suggest that TFSA anions coordinated to Li ions are replaced by PC at higher 

cLi, and G4 ligands coordinated to Li ions are subsequently replaced by the additional PC with the further 

dilution. Thus, in contrast to [Li(G4)][TFSA]-HFE, the Li+−TFSA− interactions became weaker in 

[Li(G4)][TFSA]-PC, and the dissociation degree increased with the addition of PC. Consequently, the 

[Li(G4)]+ complex cations became unstable and the G4 ligand was replaced by PC, to some extent, in 

[Li(G4)][TFSA]-PC at low cLi.  

The increase in DLi in [Li(G4)][TFSA]-PC was not significant compared to that observed in 

[Li(G4)][TFSA]-HFE with the addition of the diluents, owing to the higher viscosity of PC than that of 

HFE. In contrast, the maximum 𝜎୧୭୬ value of [Li(G4)][TFSA]-PC (7.3 mS cm−1 at 1.0 mol dm−3) was 

higher than that of [Li(G4)][TFSA]-HFE, owing to the high ε value of PC, which facilitated ionic 
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dissociation. Nevertheless, the collapse of the [Li(G4)]+ complex ions in [Li(G4)][TFSA]-PC resulted in 

unfavorable electrochemical properties, such as lower oxidative stability and severe aluminum corrosion 

that deteriorates the cycling performance of Li-ion batteries.43 

 

 

Figure 1 Concentration-dependent self-diffusion coefficients of G4, Li, TFSA, and the diluting solvents 
for (a) [Li(G4)][TFSA]-HFE and (b) [Li(G4)][TFSA]-PC. 

 

3.2 Li+ transference number 

 Among the several methods proposed for estimating the Li+ transference number of Li+-conducting 

electrolytes,44 the potentiostatic polarization and diffusivity methods have been commonly employed as 

readily accessible experimental approaches. In the potentiostatic polarization method, the Li+ transference 
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number (𝑡୧
େ) is obtained as a fraction of the steady-state current to the initial current, with a correction of 

interfacial impedance contributions in the parentheses, as follows:35 

𝑡୧
େ =

𝐼ୗୗ(𝑉ୈେ − 𝐼୦୫𝑅୧,)

𝐼୦୫(𝑉ୈେ − 𝐼ୗୗ𝑅୧,ୗୗ)
 (Eq. 1) 

where 𝐼୦୫  and 𝐼ୗୗ  are the initial and steady-state currents, respectively; 𝑉ୈେ  is a constant applied 

voltage; 𝑅୧, and 𝑅୧,ୗୗ are the initial and steady-state interfacial resistances determined by electrochemical 

impedance spectroscopy, respectively; and 𝐼୦୫ is calculated from the equation 𝐼୦୫ = 𝑉ୈେ/(𝑅ୠ୳୪୩ +

𝑅୧,).36, 45 Notably, 𝑡୧
େ may not be simply reflected by the migration of ions under an electric field: The 

contribution of Li-ion diffusion can be involved in the 𝐼ୗୗ in the presence of a salt concentration gradient 

in the polarized Li/Li symmetric cell. Therefore, 𝑡୧
େ is not necessarily the true transference number, but 

is often regarded as the current fraction in non-ideal electrolyte solutions.45 Nevertheless, 𝑡୧
େ  is 

considered to be a useful parameter for screening the Li+ transport properties of electrolyte materials in 

an electrochemical cell that has a similar configuration to that of Li-ion batteries (under anion-blocking 

conditions). In the diffusivity method based on the PFG-NMR measurement, the transference number 

(𝑡୧
ୖ) is estimated as 𝑡୧

ୖ = 𝐷୧ (𝐷୧ + 𝐷ୟ୬୧୭୬).⁄  Because an ideal electrolyte solution-like behavior 

with complete dissociation and independent ion motions is assumed in this method, 𝑡୧
ୖ would also not 

necessarily be deemed a veritable value for HCEs with significant ion-ion interactions and correlations.  

In our previous work, a noticeable difference in 𝑡୧
େ  (0.028) and 𝑡୧

ୖ (0.52) was observed for 

[Li(G4)][TFSA].31 The analysis of the dynamic ion correlations using MD simulations and experimental 

transport properties suggested that the very low 𝑡୧
େ under anion-blocking conditions is due to the strongly 

anti-correlated ion dynamics, on account of the constraint of momentum conservation for the long-lived 

[Li(G4)]+ complex cation and TFSA− anion in the IL-like [Li(G4)][TFSA] in which non-coordinating G4 

is scarcely present.25, 30, 31 In the MD simulation study, it was also suggested that the addition of a diluting 

solvent to [Li(G4)][TFSA] can reduce the negative correlations of the ion motions via the compensation 
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of the ion motions by freely mobile solvent motions, resulting in higher 𝑡୧
େ. Indeed, the Li+ transference 

number under anion-blocking conditions estimated in the MD simulation linearly increased from 0.06 for 

[Li(G4)][TFSA] to 0.5 for [Li(G4)][TFSA] diluted with excess G4 solvent.25 The experimental 

transference numbers (𝑡୧
େ and 𝑡୧

ୖ) of the LiTFSA-G4 solutions are shown in Figure S3. The data 

reveals that 𝑡୧
େ drastically increased from 0.028 for the SIL to 0.42 at the lowest cLi of 0.06 mol dm−3, 

while 𝑡୧
ୖ slightly decreased from 0.50 to 0.45 with decreasing cLi. Moreover, 𝑡୧

େ and 𝑡୧
ୖ approached 

each other with the addition of extra G4 and became nearly identical at the lowest cLi, as expected for 

ideal electrolyte solutions where self-correlations of ion motions dominate the transference number. The 

trend of the concentration-dependent changes in 𝑡୧
େ and 𝑡୧

ୖ for the LiTFSA-G4 solutions is consistent 

with the results of the MD simulation study by Bedrov et al.25 

 

Figure 2 Concentration dependence of the Li+ transference numbers, 𝑡୧
େ and 𝑡୧

ୖ, for [Li(G4)][TFSA]-
HFE and [Li(G4)][TFSA]-PC . 

 

We proceeded to examine how the addition of a low-polarity or polar diluting solvent affects the 

transference numbers (𝑡୧
େ and 𝑡୧

ୖ) of [Li(G4)][TFSA]. Figure 2 shows the concentration-dependent 

Li transference numbers of [Li(G4)][TFSA] diluted with non-coordinating HFE or coordinating PC.  
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Notably, the addition of HFE does not induce any significant changes in both 𝑡୧
େ and 𝑡୧

ୖ within the cLi 

range of 0.06–2.65 mol dm−3—𝑡୧
େ remained very low (e.g., 0.018 at 1.0 mol dm−3) in [Li(G4)][TFSA]-

HFE. In contrast, 𝑡୧
େ  increased to 0.12 at 1.0 mol dm−3 and 0.23 at 0.06 mol dm−3, whereas 𝑡୧

ୖ 

gradually decreased with increasing PC content in [Li(G4)][TFSA]-PC. At the lower cLi values, 𝑡୧
େ 

approached 𝑡୧
ୖ, as was observed in the LiTFSA-G4 solutions (Figure S3) and the MD simulation study.  

Evidently, the change in the transference numbers depends on the coordination properties of the 

diluting solvents. Unlike the prospects predicted by the previous MD simulation study25, the above results 

suggest that the solvent motions of the non-coordinating HFE do not contribute to the reduction of the 

correlated ion motions, even though HFE is miscible with [Li(G4)][TFSA] at the macroscopic level at 

least. Given the increase in 𝑡୧
େ in the presence of coordinating diluents such as G4 and PC, whether or 

not the diluting solvent serves as the Li-ion solvation site would dominate the change in the transference 

numbers. In other words, the local Li-ion solvation structure (i.e., the presence of [Li(G4)]+ complex 

cations and scarcity of free G4 for the present case) likely dictates the Li-ion transport mechanism in the 

LHCEs, and the 𝑡୧
େ and 𝑡୧

ୖ of the LHCEs can be reflected by those of the parent HCEs. Notably, the 

significant effects of the coordination properties of the diluting solvents on the transference numbers have 

not been considered in previous studies and are demonstrated for the first time in the present work.  

 

3.3 Dynamic ion correlations 

The understanding of the ionic transport mechanism has been of significant importance for ionic 

conducting materials, and the cross-correlated ion motions have been investigated for aqueous electrolyte 

solutions46, ionic liquids47, 48, and solid polymer electrolytes49-51 with both experimental and 

computational approaches. However, there are limited studies on the dynamic ion correlations for organic 

liquid electrolytes, despite their pivotal role in Li secondary batteries. Recently, Roling and Bedrov et al. 

examined the dynamic ion correlations of LiTFSA in glyme-based organic electrolytes including SILs, 

based on the concentrated electrolyte theory using the Onsager transport coefficients (𝜎ାା, 𝜎ିି , and 
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𝜎ାି).25, 30, 34 The total conductivity (𝜎୧୭୬) can be represented by the Onsager transport coefficients as 

follows:  

𝜎୧୭୬ =  𝜎ାା + 𝜎ିି − 2𝜎ାି (Eq. 2). 

Here, 𝜎ାା and 𝜎ିି are divided into self-terms and distinct terms, so that 𝜎୧୭୬ is rewritten as 

𝜎୧୭୬ =  𝜎ା
ୱୣ୪ + 𝜎ାା

ୢ୧ୱ୲୧୬ୡ୲ + 𝜎ି
ୱୣ୪ + 𝜎ିି

ୢ୧ୱ୲୧୬ୡ୲ − 2𝜎ାି (Eq. 3). 

The Onsager transport coefficients (𝜎ାା, 𝜎ିି, and 𝜎ାି) can be determined from the experimentally 

obtained transport data, including 𝜎୧୭୬, 𝑡୧
େ, 𝐷ୱୟ୪୲, the self-diffusion coefficients of Li and TFSA (𝐷୧ and 

𝐷ୟ୬୧୭୬ ), and d𝜑/dln(𝑐) , for a given electrolyte. These numeric data for [Li(G4)][TFSA]-HFE and 

[Li(G4)][TFSA]-PC solutions are listed in Table S1. The procedure for calculating the Onsager transport 

coefficients under anion-blocking conditions was described in previous literature.25, 31 The self-terms 

(𝜎ା
ୱୣ୪ and 𝜎ି

ୱୣ୪) are approximated using the Nernst–Einstein equation: 𝜎ା
ୱୣ୪ =  𝑐୧𝐷୧𝐹

ଶ 𝑅𝑇⁄  and 𝜎ି
ୱୣ୪ =

 𝑐୧𝐷ୟ୬୧୭୬𝐹ଶ 𝑅𝑇⁄ , while the distinct terms can be estimated by subtracting 𝜎ା
ୱୣ୪ and 𝜎ି

ୱୣ୪ from 𝜎ାା and 

𝜎ିି , respectively. The positive and negative sign of the distinct terms indicate correlated and anti-

correlated ion motions, respectively.  

Figure 3a shows the concentration dependence of the normalized transport coefficients (𝜎/𝜎୧୭୬), i.e., 

the self and distinct terms in Eq. 3, for [Li(G4)][TFSA]-HFE. In the non-diluted [Li(G4)][TFSA], all the 

distinct terms are negative, indicating that the cation-cation, anion-anion, and cation-anion motions are 

anti-correlated because of the constraint of the momentum conservations of the [Li(G4)]+ complex cations 

and TFSA− counter anions, as described in the former section 3.2. In [Li(G4)][TFSA]-HFE, the self-terms 

𝜎ା
ୱୣ୪/𝜎୧୭୬  and 𝜎ି

ୱୣ୪/𝜎୧୭୬  increased with the addition of HFE. These normalized coefficients became 

greater than unity in the lower cLi range, indicating that DLi and Danion do not fully contribute to the 𝜎୧୭୬ 

values. All the distinct terms remained negative even with the addition of HFE. Moreover, 𝜎ାି/𝜎୧୭୬ 

approaches to zero at the lower cLi values, suggesting that anti-correlated cation-anion motions are 

Page 13 of 19 Physical Chemistry Chemical Physics



 14

mitigated, to some extent, by the dilution and increased cation-anion interactions in the HFE-based low-

dielectric media as shown in Raman spectra (Figure S2). Notably, the value of 𝜎ାା
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬, which has 

a significant impact on 𝑡୧
େ, was comparable to that of the neat [Li(G4)][TFSA], leading to the low 𝑡୧

େ 

values in [Li(G4)][TFSA]-HFE presented in Figure 2. In addition, 𝜎ିି
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬  decreased with the 

addition of HFE. The largely negative value of 𝜎ିି
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬ at the lower cLi values is attributable to the 

largely positive value of 𝜎ି
ୱୣ୪/𝜎୧୭୬ and near-zero value of 𝜎ାି/𝜎୧୭୬ under the anion-blocking conditions. 

Consequently, the solvent motions of HFE in [Li(G4)][TFSA]-HFE cannot alleviate the anti-correlated 

motions of the [Li(G4)]+ complex cations and TFSA− anions. Thus, the non-coordinating HFE diluents 

are hardly involved in the ion transport mechanism in [Li(G4)][TFSA], but merely serve as a thinner to 

decrease the viscosity. 

The contributions of each transport coefficient in [Li(G4)][TFSA]-PC are shown in Figure 3b. The 

contribution of 𝜎ି
ୱୣ୪/𝜎୧୭୬  does not change significantly in [Li(G4)][TFSA]-PC. However, 𝜎ା

ୱୣ୪/𝜎୧୭୬ 

decreased slightly at cLi values <0.5 mol dm−3, owing to the change in the local Li-ion solvation structure, 

as discussed with DLi < DG in Figure 1b. The marked difference from [Li(G4)][TFSA]-HFE is that 

𝜎ାା
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬ increased with the addition of the coordinating PC. This is predominantly responsible for 

the enhancement of 𝑡୧
େ in [Li(G4)][TFSA]-PC (Figure 2). In the diffusivity measurements, the [Li(G4)]+ 

complex cations were retained (DLi ~ DG) at cLi values >1.0 mol dm−3 (Figure 1b). These results suggest 

that the solvent motions of PC can effectively suppress the anti-correlated motions of the [Li(G4)]+ 

complex cations in this region, even if the diluent is not sufficient to liberate the Li ions from the robust 

complex cations. At cLi values <0.5 mol dm−3, the [Li(G4)]+ complex cations were no longer considered 

to be stable (DLi < DG in Figure 1b) in [Li(G4)][(TFSA)]-PC. Although we observed a slightly positive 

value of 𝜎ାା
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬ in the diluted electrolyte, more frequent ligand exchange caused by competitive 

interactions of G4 and PC with the Li ions can facilitate more labile Li-ion transport, which was expected 

to lead to nearly non-correlated motions at the lower cLi values. Similar to [Li(G4)][TFSA]-HFE, 

𝜎ାି/𝜎୧୭୬ approaches to zero with the addition of the diluent. The presence of the polar PC resulted in 
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less-pronounced anti-correlated cation-anion motions, and the further addition of PC provoked nearly 

non-correlated motions, as expected. This is attributed to the increased dissociation degree in the presence 

of PC as discussed in the former section 3.1. The negative 𝜎ିି
ୢ୧ୱ୲୧୬ୡ୲/𝜎୧୭୬ in [Li(G4)][(TFSA)]-PC can be 

ascribed to the compensation of the positive 𝜎ି
ୱୣ୪/𝜎୧୭୬  under the anion-blocking conditions. 

Consequently, the polar PC diluent, which can solvate the Li ions, can effectively reduce the anti-

correlated cation-cation and cation-anion motions, thereby improving the 𝑡୧
େ  in [Li(G4)][TFSA]-PC. 

With the coordinating PC, the present study experimentally demonstrated that the anti-correlated ion 

dynamics can be reduced with the addition of a diluent to the SIL, as proposed by the previous MD 

simulations.25  

 

Figure 3 Concentration dependence of the normalized transport coefficients ( 𝜎/𝜎୧୭୬ ) for (a) 
[Li(G4)][TFSA]-HFE and (b) [Li(G4)][TFSA]-PC. 
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4. CONCLUSION 

The Li-ion solvation structure in [Li(G4)][TFSA] diluted with HFE or PC was investigated using 

self-diffusion coefficient data and Raman spectra. The identical values of DG and DLi in [Li(G4)][TFSA]-

HFE were indicative of the presence of [Li(G4)]+ complex cations, even at a cLi of 0.06 mol dm−3 with 

100-fold dilution with HFE. In addition, no significant peak variation of Raman spectra was observed for 

the breathing mode of [Li(G4)]+ complex cations in [Li(G4)][TFSA]-HFE solutions. Therefore, the 

addition of HFE does not induce a significant change in the local Li-ion solvation structure. In 

[Li(G4)][TFSA]-PC, the [Li(G4)]+ complex cations remained stable, as suggested by the near-equivalent 

values of DG and DLi at cLi values higher than 1.0 mol dm−3. However, the ligand replacement of G4 by 

PC became conspicuous in [Li(G4)][TFSA]-PC at the lower cLi values, which was verified by Raman 

spectra showing the band intensity decline of the [Li(G4)]+ complex cations with the addition of PC. Both 

𝑡୧
େ  and 𝑡୧

ୖ  did not change in [Li(G4)][TFSA]-HFE within the studied cLi range, whereas in  

[Li(G4)][TFSA]-PC, the two values increased and decreased, respectively, with the addition of PC. 

Analysis of the dynamic ion correlations suggested that the addition of non-coordinating diluents such as 

HFE does not alter the ion transport mechanism nor reduce the anti-correlated ion motions, unlike the 

predictions of the previous MD simulations. In contrast, coordinating diluents such as G4 and PC allow 

the suppression of the anti-correlated cation-cation and cation-anion motions for [Li(G4)][TFSA], leading 

to the improvement of 𝑡୧
େ. However, the addition of a coordinating diluent also causes the collapse of the 

unique Li-ion solvation structure, which in turn can lead to unfavorable electrochemical properties. These 

observations can be expanded to other LHCEs using a non-coordinating diluent and provide further 

insight into the electrolyte design of LHCEs for next-generation batteries. Because the 𝑡୧
େ of HCEs can 

be inherited by the LHCEs, mixtures of HCEs with intrinsically high 𝑡୧
େ values and non-coordinating 

diluents would be more efficient for finding an appropriate balance between ion transport (𝜎୧୭୬ and 𝑡୧
େ) 

and the electrochemical properties.  
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