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Abstract

The ionic conductivity and lithium-ion transference number of electrolytes significantly 

influence the rate capability of Li-ion batteries. Highly concentrated Li-salt/sulfolane (SL) electrolytes 

exhibit elevated Li+ transference numbers due to lithium-ion hopping via a ligand exchange mechanism 

within their –Li+–SL–Li+– network. However, highly concentrated electrolytes (HCEs) are extremely 

viscous and have an ionic conductivity that is one order of magnitude less than that of conventional 

electrolytes. Dilution of HCEs with a non-coordinating hydrofluoroether (HFE) lowers the viscosity and 

produces localized high-concentration electrolytes (LHCE). However, the mechanism of Li+ transport 

mechanism in LHCEs is unclear. This study investigated the transport properties of LHCEs prepared by 

diluting a SL-based HCE with 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether. Electrolyte 

viscosity decreases dramatically upon dilution, whereas ionic conductivity increases only slightly. Ion 

diffusivity increases with increasing HFE content due to the decrease in electrolyte viscosity. However, 

the Li+ transference number declines, because the HFE interferes with conduction via the Li+ hopping 

mechanism. The resulting decrease in the product of ionic conductivity and Li+ transference number 

indicates superior lithium-ion transport in the parent HCE compared with LHCEs.
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1. Introduction 

Lithium-ion batteries (LIBs) are widely used as power sources for portable electronic devices 

and electric vehicles because of their high energy and power densities. Lithium-ion transport in LIBs 

occurs between the cathode and anode during charging and discharging, and Li+ transport properties 

significantly affect the power density. The aprotic electrolyte solutions used in commercialized LIBs 

contain ca. 1 mol dm–3 (1 M) Li-salt, because ionic conductivity maximizes at about this value1,2 However, 

highly concentrated electrolytes (HCEs) containing >3 M Li-salts have attracted attention in the field of 

battery chemistry recently, despite their lower conductivity relative to 1 M electrolytes.3–8 The reason is 

that HCEs possess high thermal stability and wide electrochemical windows, which improves LIB 

durability. Furthermore, Li metal deposition and dissolution is highly reversible in HCEs.9–12 Thus, HCEs 

are promising electrolytes for lithium metal batteries (LMBs) and possess greater energy density than 

current LIBs. Additionally, we recently found that certain HCEs exhibit a unique ion transport property, 

which involves conduction via a lithium-ion hopping mechanism.13–18 The solvent-to-Li molar ratio 

decreases with increasing Li salt concentration in HCEs, because a greater fraction of the solvent 

participates in Li+ solvation. Anions also are involved in Li+ coordination, and contact ion pairs (CIPs) 

and ion aggregates (AGGs) form in HCEs.3–8 In such a liquid structure, Li+ dynamically exchanges 

ligands (solvent and anions) and diffuses or migrates faster than ligands, i.e., Li+ hopping mechanism 

emerges. Lithium-ion hopping causes the Li+ transference number in certain HCEs to become greater 

than 0.5, whereas this parameter is less than 0.3 in conventional 1 M electrolytes.7,18 A large Li+ 

transference number is advantageous in suppressing concentration polarization during high-rate charging 

and discharging in a battery.19,20 

One disadvantage of HCEs is their high viscosity. The viscosity of HCEs can be greater than 
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100 mPa s, whereas that of typical 1 M electrolytes is less than 10 mPa s.3–8 High viscosity produces low 

ionic conductivity, which can be an order of magnitude less than in 1 M electrolytes. Dilution of HCEs 

with non-coordinating solvents is a possible solution to this problem. We previously reported the dilution 

of solvate ionic liquids (SILs), which are glyme-based HCEs, with the hydrofluoroether (HFE), 1,1,2,2-

tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether.21–24 HFEs do not participate in Li+ solvation, and the 

[Li(glyme)]+ structure in SILs is maintained after HFE addition. The viscosity and ionic conductivity of 

SILs deceases and increases, respectively, upon HFE addition. We have demonstrated that Li-sulfur cells 

can be stably operated using HFE-diluted SIL electrolytes. Ren et al. reported the dilution of highly 

concentrated LiN(SO2F)2/sulfolane electrolytes with HFE25 and designated these admixtures as 

“localized high-concentration electrolytes” (LHCEs).26,27 These authors reported that a LMB 

(Li/LiNi1/3Mn1/3Co1/3O2) battery can function for more than 300 charge-discharge cycles with a LHCE. 

Although HFE is an effective diluent that does not disrupt the Li+ solvation structure while 

lowering solution viscosity, the lithium-ion transport mechanism in HFE-diluted HCEs is not fully 

understood. In fact, the addition of HFE only slightly increases the ionic conductivity of a HCE, whereas 

the LHCE viscosity is much lesser than that of the parent HCE.16,25,28–30 In this study, we investigated 

the effects of HFE addition to a HCE comprising lithium bis(fluorosulfonyl)amide (LiFSA) and sulfolane 

(SL) (Figure 1). We previously reported the transport properties of highly concentrated LiFSA/SL 

electrolytes, which exhibit Li+ hopping and relatively large Li+ transference numbers (ca. 0.5).18 In this 

study, an electrolyte comprising [LiFSA]/[SL] = 1/2.5 (molar ratio) was used as a model HCE, because 

the liquidus temperature of LiFSA/SL mixture becomes lowest at this composition (melting point: −10.4 

°C) and was expected to retain its liquid state over a wide temperature range.18,31 The viscosity, ionic 

conductivity, ionic diffusivity, and Li+ transference number of HFE-diluted electrolytes were evaluated. 
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Finally, the effect of HFE addition on the discharge rate capability of Li/LiCoO2 cells was examined. 

Figure 1. Chemical structures of LiFSA, SL, and HFE.

2. Experimental Section 

LiFSA (Kishida Chemical), SL (Kishida Chemical), and HFE (Daikin Industries) were used as 

received. The electrolytes were prepared by mixing the LiFSA, SL, and HFE in [LiFSA]/[SL]/[HFE] = 

1/2.5/n molar ratios in an Ar-filled glovebox at room temperature. Ionic conductivity (σ) was determined 

using an impedance analyzer (VMP-3, Bio-Logic) in the500 kHz to 1 Hz frequency range with a 10 mV 

root mean square (rms) voltage amplitude. A cell equipped with two platinized platinum electrodes (CG-

511B, TOA Electronics) was used for conductivity measurements. The cell constant was determined in 

prior to measurements using a 0.01 M KCl aqueous solution at 25 °C. Density (d) and viscosity (η) were 

determined with a Stabinger viscometer (SVM 3000, Anton Paar). Pulsed-field gradient nuclear magnetic 

resonance (PFG-NMR) measurements were conducted to evaluate the diffusivities of SL, Li+, FSA–, and 

HFE in the electrolytes using a JEOL ECX-400 NMR spectrometer with a 9.4 T narrow-bore 

superconducting magnet equipped with a pulsed-field gradient probe and current amplifier. Detailed 

experimental procedures have been reported elsewhere.15 Raman spectra of the electrolytes were 

collected using a 532-nm laser Raman spectrometer (NRS-4100, JASCO) calibrated with a 

polypropylene standard. The spectroscopic resolution was 4.6 cm−1.

Lithium-ion transference numbers (tLi
abc) of the electrolytes were evaluated under anion-
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blocking conditions using 2032-type coin cells. The cell was assembled in an Ar-filled glovebox. Two 

disk-shaped Li-metal foil electrodes (16-mm diameter, Honjyo Metal), an electrolyte (100 μL), and a 

glass-fiber separator (GA-55, Advantec) were encapsulated into a coin cell. Chronoamperometry of the 

coin cells was conducted at a constant voltage (ΔV = 10 mV). AC impedance measurements of the cells 

were performed immediately before and after chronoamperometry. AC impedance measurements were 

performed at 100 kHz to 100 mHz at 10-mV rms voltage amplitude. The tLi
abc of the electrolytes was 

calculated using the equation proposed by Balasara et al.: 32

 𝑡abc
Li =

𝐼ss(∆𝑉 ― 𝐼Ω𝑅i,0)
𝐼Ω(∆𝑉 ― 𝐼ss𝑅i,ss)

where Iss is the steady-state current observed by chronoamperometry, and Ri,0 and Ri,ss are the interfacial 

resistances at the Li-metal electrodes measured by AC impedance before and after chronoamperometry, 

respectively. IΩ is the current calculated using Ohm’s law, IΩ = ΔV/(Rb + Ri,0), where Rb is the bulk 

resistance of the electrolyte in the coin cell.

Li/LiCoO2 cells were assembled to battery test the electrolytes. A cathode sheet was prepared 

using LiCoO2 powder (Nippon Chemical Industrial Co.), acetylene black (AB, Denka), and 

poly(vinylidene fluoride) (PVDF, Kishida Chemical) as the active material, conductive agent, and binder, 

respectively. LiCoO2, AB, and PVDF were mixed in an 80/10/10 mass ratio in N-methylpyrrolidone 

(NMP, Kanto Chemical) to prepare a slurry. The slurry was spread on an Al foil and dried at 80 °C 

overnight. The resulting cathode sheet was cut into a circular shape (13.82-mm diameter) and dried at 80 

°C under vacuum overnight. The mass loading of LiCoO2 on Al was 3.8–3.9 mg cm–2. The Li/LiCoO2 

cell assembly was conducted in an Ar-filled glovebox. Lithium metal foil (16-mm diameter), a GA-55 

separator (17-mm in diameter) wetted with electrolyte (100 μL), and LiCoO2 were encapsulated in an 

Al-coated 2032-type coin cell. Galvanostatic charge-discharge measurements on Li/LiCoO2 cells were 
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performed using an automatic charge-discharge instrument (HJ1001SD8, Hokuto Denko) at 30 °C. The 

specific capacities of the cells were calculated based on the mass of LiCoO2. 

3. Results and Discussion

Figure 2a shows the ionic conductivity (σ) and viscosity (η) of the [LiFSA]/[SL]/[HFE] = 

1/2.5/n electrolytes as a function of the LiFSA concentration. Ionic conductivity increases slightly with 

increasing HFE content in the electrolyte and is maximal at n = 1 (2.1 M). Further addition of HFE (n ≥ 

3) causes precipitation of the electrolyte (Figure S1), which might be because of the crystallization of a 

solid solvate. LiFSA and SL form a 1:1 solid solvate with a relatively high meting point (Tm: 75 °C).13 

The increase in ionic conductivity with increasing HFE content is attributed to the decrease in viscosity. 

Electrolyte viscosity decreases dramatically with increasing HFE and becomes about four times smaller 

at n = 1 compared with electrolyte without HFE (Table S1). The decrease in viscosity produces an 

increase in ion mobility and results in greater ionic conductivity. 

Figure 2b shows the logarithmic Walden plot of molar conductivity (Λ) against reciprocal 

viscosity (η−1). The ideal KCl line in Figure 2b is based on the Λ and η values of an aqueous 1 M KCl 

solution, wherein KCl is assumed to be completely dissociated. Molar conductivity is inversely 

proportional to viscosity according to the Walden rule. However, the increase in molar ionic conductivity 

of the HFE-diluted electrolyte is less than expected from the decrease in viscosity upon HFE addition 

(Table S1). The molar conductivity of the [LiFSA]/[SL]/[HFE] = 1/2.5/1 electrolyte is only 1.6 times 

greater than that of the [LiFSA]/[SL] = 1/2.5 electrolyte (n = 0), whereas the viscosity of the former is 

3.8 times less than that of the latter. Ren et al. reported a similar phenomenon for the [LiFSA]/[SL]/[HFE] 

= 1/3/n electrolyte.25 The deviation of Λ from the ideal KCl line for the LiFSA/SL/HFE electrolyte 
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becomes larger with increasing HFE molar ratio (Figure 2b). This result suggests that cation-anion 

association initiated by HFE addition is responsible. HFE has a low dielectric constant (εr: 6.21),21 

whereas the εr of SL is 43.3.33 Thus, the attractive interaction between Li+ and FSA is enhanced by 

addition of a low polar solvent.

Figure 2. (a) Ionic conductivity and viscosity as a function of LiFSA concentration and (b) Walden plot 
of the [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes at 30 ºC.

Raman spectroscopy was used to investigate changes in the liquid structure upon HFE addition. 

Figure 3a shows Raman spectra of the electrolytes at 540–600 cm–1. The peak at 568 cm–1 for neat SL 

is assigned to the OSO scissoring vibration of SL. This peak shifts to higher wavenumbers upon 

complexation with Li+. We previously reported Raman spectra of highly concentrated Li-salt/SL 

electrolytes.13,16 Lithium ions coordinate to the oxygen atoms of the SL sulfonyl group. When a single 

SL oxygen atom coordinates to a single Li+ (monodentate coordination), the peak shifts to 571 cm–1. In 

highly concentrated electrolytes, the two SL oxygen atoms bind to different Li+ ions (bridging-type 

coordination), and the OSO vibration occurs at ~580 cm–1. Figure 3a shows that the sulfolane OSO 
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vibration in [LiFSA]/[SL] = 1/2.5 electrolyte is blue shifted with a broad peak extending to ~590 cm−1, 

which suggests the coexistence of monodentate and bridging SL coordination in the electrolyte. The 

coordination number of Li+ is typically 4–5 in liquid electrolytes.34–36 This value cannot be attained if 

each SL molecule is coordinated to merely a single Li+ in the [LiFSA]/[SL] = 1/2.5 electrolyte. Therefore, 

some SL molecules, in addition to being bound to lithium ions in a monodentate manner, must act as 

bridging ligands to form a ···Li+···SL···Li+··· network. In addition, FSA– might coordinate to Li+ in the 

[LiFSA]/[SL] = 1/2.5 electrolyte. Figure 3b shows Raman spectra corresponding to the S–N–S stretching 

vibration of FSA– at 700–770 cm–1. Free FSA–exhibits a peak at 724–730 cm–1.15,37,38 This signal shifts 

to higher wavenumbers upon complexing with Li+ to form contact ion pairs (CIPs) and larger ionic 

aggregates (AGGs). The S−N−S vibration is observed at 731 cm–1 in the [LiFSA]/[SL] = 1/2.5 

electrolyte, which indicates that the majority of FSA– anions form CIPs and AGGs with Li ions in the 

electrolyte. Because the bridging SL molecules described above link different CIPs, [Lix(SL)yFSAz]x−z 

ionic clusters become established in the electrolyte. 

Addition of HFE to [LiFSA]/[SL] = 1/2.5 blue shifts both the OSO scissoring vibration of SL 

and the S–N–S stretching vibration of FSA–, indicating that the attractive Li+–SL and Li+– FSA– 

interactions are enhanced. HFE does not solvate Li+.16,22,25 Thus, no spectral change was observed for 

neat HFE nor for the electrolytes. Ren et al. conducted ab initio molecular dynamics simulations of 

[LiFSA]/[SL]/[HFE] = 1/3/3 and reported that HFE is not involved in Li+ solvation.25 Therefore, we 

assume that addition of HFE results in fragmentation of the ···Li+···SL···Li+··· network creating isolated 

ionic clusters. This structural change strengthens the electrostatic Li+–SL and Li+– FSA– interactions 

within the clusters that are surrounded by a low polar HFE molecules. 
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Figure 3. Raman spectra of (a) OSO scissoring vibration of SL (540–600 cm-1) and (b) S–N–S　
symmetric stretching vibration of FSA– (700–770 cm–1) in [LiFSA]/[SL]/[HFE] electrolytes at room 
temperature. 

Figure 4 shows the diffusivities of Li+ (DLi), SL (DSL), FSA− (DFSA), and HFE (DHFE) in 

[LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes. The diffusivity of each component increases with increasing 

HFE, because the viscosity of the electrolyte decreases. In [LiFSA]/[SL] = 1/2.5, Li+ diffuses faster than 

SL and FSA−. Here, almost all SL molecules and some FSA anions are coordinated to Li+. In this highly 

concentrated electrolyte, Li+ diffusion is accompanied by dynamic exchange of its SL and FSA− ligands 

within the ···Li+···SL···Li+··· network. In other words, conduction occurs via Li+ hopping.13,16–18 This 

process endows Li+ with the fastest rate of diffusion (DSL < DFSA < DLi) among the components of the 

[LiFSA]/[SL] = 1/2.5 electrolyte. However, DLi becomes small relative to DSL and DFSA as the HFE 

content increases. In electrolytes with n ≥ 1, the order of diffusivities is DLi < DFSA < DSL < DHFE. Thus, 

the mechanism of Li+ transport is affected by the addition of HFE. Lithium-ion ligand exchange may be 

interrupted by HFE, because Li+ does not coordinate HFE. According to the Stokes–Einstein equation, 

which is valid for the diffusion of species in a continuous medium, diffusion coefficients are proportional 

to 1/η and 1/rh, where rh is the hydrodynamic radius of the diffusing species. However, DLi in 
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[LiFSA]/[SL]/[HFE] = 1/2.5/1 is only 1.5 times greater than that in [LiFSA]/[SL] = 1/2.5 (Table S2), 

although the viscosity of the former is 3.8 times less than that of the latter (Table S1). This is one of the 

reasons why the molar ionic conductivity of [LiFSA]/[SL]/[HFE] = 1/2.5/1 is less than the value expected 

from the lower viscosity of the HFE-diluted electrolyte (Figure 2b). A possible explanation is that the 

hydrodynamic radii of the ions become larger upon HFE addition. Dilution of HCE with HFE causes 

fragmentation of the ···Li+···SL···Li+··· network and impedes the exchange of SL and FSA− ligands 

between different ionic clusters (Figure 5), which prolongs the lifetimes for the ionic clusters in the 

electrolyte. The cations, anions, and SL molecules comprising the clusters remain intact for longer times 

and diffuse together over longer distances in the HFE-diluted electrolyte. Thus, the hydrodynamic radii 

of diffusing species are larger and the contribution of Li+ hopping to the conduction mechanism is 

decreased by the addition of HFE. 

 
Figure 4. Diffusivities of Li+ (DLi), FSA– (DFSA), SL (DSL), and HFE (DHFE) in [LiFSA]/[SL]/[HFE] = 
1/2.5/n electrolytes at 30 ºC.
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Figure 5. Schematic illustration of Li+ ligand exchange in [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes.

The molar conductivity (ΛNE) of an electrolyte solution can be calculated from the diffusivities 

of ions by use of the Nernst–Einstein relation,

 ΛNE =
𝐹2

𝑅𝑇(𝐷Li + 𝐷FSA)

where F is the Faraday constant, R is the gas constant, and T is the absolute temperature. Note that ΛNE 

is calculated based on the assumption that the Li-salt is completely dissociated and the motions of the 

ions in the solution are not correlated (i.e., there are no ion-ion interactions). The inverse Haven ratio 

(Λ/ΛNE), or “ionicity,”39 reflects the correlated motion of ions in an electrolyte.40 Figure 6 shows a plot 

of Λ/ΛNE for [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes as a function of LiFSA concentration. Λ/ΛNE 

values for binary [LiFSA]/[SL] = 1/m electrolytes at various molar ratios are shown for comparison. The 

Λ/ΛNE values decrease with increasing HFE content (decreasing LiFSA concentration). This is attributed 

to the correlated movement of Li+ and FSA− in the same direction. As indicated above, the lifetime of 

[Lix(SL)yFSAz]x−z clusters is prolonged by the addition of HFE, which enhances the correlated motion of 

Li+ and FSA−. Correlated Li+–FSA− motion has a negative impact on the molar conductivity,40 and results 
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in a decrease in Λ/ΛNE. In contrast, the Λ/ΛNE values of binary [LiFSA]/[SL] = 1/m electrolytes increase 

slightly with decreasing LiFSA concentration. Dilution with polar SL solvent divides the 

[Lix(SL)yFSAz]x−z clusters into FSA anions and solvated Li+ ions, [Li(SL)s]+, where s is the Li+ solvation 

number. At low electrolyte concentrations, electrostatic interaction between FSA− and solvated Li+ is 

weakened by the increase in high-dielectric SL content and the degree of correlated ionic motion is 

reduced. 

Figure 6. Λ/ΛNE in [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes and [LiFSA]/[SL] = 1/m electrolytes as a 
function of LiFSA concentration at 30 ºC. Λ/ΛNE values for the [LiFSA]/[SL] electrolytes were calculated 
from the data in Ref. 13.

Li+ transference numbers, tLi
abc, were evaluated using symmetric Li/Li cells (Figure S2) to 

investigate the Li+ transport properties of [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes under anion-

blocking conditions. Figure 7 plots the tLi
abc values of [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes as a 

function of LiFSA concentration. In the HFE-free [LiFSA]/[SL] = 1/2.5, tLi
abc is relatively high (0.53), 

due to lithium-ion hopping conduction via Li+ ligand exchange.13 However, tLi
abc decreases gradually 

with increasing HFE content, because of the interruption of the ligand exchange process. The product of 

ionic conductivity σ and tLi
abc is also shown in Figure 7. Although ionic conductivity increases slightly 
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upon HFE addition (Figure 2), σ×tLi
abc decreases gradually. This indicates that Li+ transport in HFE-

diluted electrolytes under anion-blocking conditions is diminished relative to HFE-free electrolytes 

despite the greater ionic conductivity of the former.

Figure 7. Li+ transference number, tLi
abc, under anion-blocking conditions and the product of ionic 

conductivity, σ, and tLi
abc as a function of LiFSA concentration in [LiFSA]/[SL]/[HFE] = 1/2.5/n 

electrolytes at 30 ºC.

Galvanostatic charge-discharge measurements on Li/LiCoO2 cells with [LiFSA]/[SL]/[HFE] = 

1/2.5/n electrolytes were conducted to investigate the effect of HFE dilution on the performance of LMBs. 

[LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes are oxidatively stable up to 4.2 V versus Li/Li+ (Figure S3). 

Reversible Li deposition and dissolution are possible in these electrolytes owing to the formation of a 

solid-electrolyte interphase (SEI) on the Li electrode (Figures S4–S6).25 Typical porous polyolefin-film 

separators in LIBs are poorly wetted by [LiFSA]/[SL] = 1/2.5, which adversely affects battery 

performance. Although wettability can be improved by the addition of HFE, which is an advantage of 
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HFE-diluted electrolytes in battery applications,25–27 we used a 90%-porous glass fiber filter (GA-55) as 

a separator between the Li metal anode and LiCoO2 cathode. The GA-55 filter is wettable by both HFE-

free and HFE-diluted electrolytes. Figure 8 shows the discharge capacities of Li/LiCoO2 cells with 

[LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes as a function of current density. All cells exhibited similar 

discharge capacities (ca. 140 mAh g–1), which are close to the theoretical capacity of LiCoO2 at low 

current density (0.05 mA cm–2). The discharge capacity of each cell decreased gradually with increasing 

current density. At current densities above 10 mA cm–2, the capacities of cells with HFE-diluted 

electrolytes are slightly smaller than that of the cell with HFE-free electrolyte. This might be due to the 

diminished Li+ transport in HFE-diluted electrolytes compared to that in the HFE-free medium under 

anion-blocking conditions. The σ×tLi
abc values of HFE-diluted electrolytes are lesser than that of the HFE-

free electrolyte (Figure 7). Additionally, tLi
abc significantly impacts the development of a concentration 

gradient in the electrolyte during discharge.19,20 The lower tLi
abc values in HFE-diluted electrolytes are 

less effective in suppressing concentration polarization in the cells during discharging at high current 

densities. At current densities above 10 mA cm–2, the slope of the discharge curve for the cell with 

[LiFSA]/[SL]/[HFE] = 1/2.5/1 becomes slightly steeper than that of the cell with [LiFSA]/[SL] = 1/2.5 

(Figure S7). This difference indicates that the concentration overpotential is larger due to the steeper 

concentration gradient in the former cell. When the concentration gradient becomes very steep, depletion 

of the Li-salt in the porous cathode leads to the lower utilization of the LiCoO2 active material. 

Consequently, the rate capability of the Li/LiCoO2 cell containing the HFE-free electrolyte having a 

higher tLi
abc is superior to that of the cell containing a HFE-diluted electrolyte. 

The dilution of HCEs with a non-coordinating solvent does not always enhance Li+ transport 

under anion-blocking conditions. An optimum battery electrolyte should possess a high ionic 
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conductivity and a large Li+ transference number. The transport properties of LHCEs depend on the 

physicochemical properties of the diluent and the parent HCE. The salt concentration, Li salt anion, and 

solvent structure in the parent HCE significantly influence the transport properties of LHCEs. 

Interactions between the diluent and Li salt also affect Li+ ion transport. To achieve both a high ionic 

conductivity and high Li+ transference number with a LHCE, a weakly coordinating diluent instead of 

non-coordinating HFE may be advisable. A non-coordinating HFE interrupts Li+ ligand exchange and 

decreases the tLi
abc in the electrolyte. Diluents with weaker coordination abilities than SL and the 

electrolyte anion will decrease viscosity and increase ionic conductivity without interrupting Li+ ligand 

exchange. Further study is needed to identify such diluents and to develop a liquid electrolyte possessing 

both high σ and high tLi
abc.

Figure 8. Discharge capacities of Li/LiCoO2 cells with [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes as a 
function of current density at 30 ºC. The cells were charged to 4.2 V at 0.05 mA cm−2 prior to each 
discharge.
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4. Conclusion

The lithium-ion transport properties of [LiFSA]/[SL]/[HFE] = 1/2.5/n electrolytes have been 

investigated. A ···Li+···SL···Li+··· network structure in [LiFSA]/[SL] =1/2.5 electrolyte promotes the 

dynamic exchange of ligands of Li+ and ionic conduction via a Li+ hopping mechanism. The resulting 

Li+ transference number, tLi
abc, is relatively high. Dilution of a high-concentration electrolyte with HFE 

dramatically decreases the viscosity and slightly increases the ionic conductivity and diffusivity. 

Addition of HFE to [LiFSA]/[SL] = 1/2.5 fragments the network structure and interrupts Li+ ligand 

exchange, which lowers tLi
abc. Thus, Li+ transport characterized by σ×tLi

abc in HFE-diluted electrolytes is 

less than that in HFE-free electrolyte under anion-blocking conditions. The lower tLi
abc of HFE-diluted 

electrolytes is less effective in suppressing concentration polarization in the cell during charging and 

discharging of a Li metal battery at high current densities. Consequently, the rate capability of a Li metal 

battery with HFE-free electrolyte is superior to that of batteries with a HFE-diluted electrolyte.
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