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Fluoroalkyl Ether-diluted Dimethyl Carbonate-based Electrolyte 

Solutions for High-voltage Operation of LiNi0.5Co0.2Mn0.3O2 

Electrodes in Lithium Ion Batteries 

Takayuki Doi,* Ryo Matsumoto, Ziyang Cao, Masakazu Haruta, Michihiro Hashinokuchi, Minoru 

Inaba
 

The energy density of lithium-ion batteries can be increased by improving the battery voltage and/or specific capacity. 

However, conventional electrolyte solutions decompose oxidatively at high voltages. The stability against oxidation of 

electrolyte solutions could be enhanced by increasing the concentration of lithium salts. The nearly saturated 8.67 mol kg
-1

 

LiBF4/dimethyl carbonate (DMC) electrolyte solution enabled the high-voltage operation at 4.6 V of LiNi0.5Co0.2Mn0.3O2 

positive-electrodes, and extended the discharge capacity to ca. 200 mAh g
-1

. BF4
-
 anions, as well as DMC solvents, were 

stabilized at the high concentration. To reduce the viscosity and Li concentration without losing the high stability against 

oxidation toward the practical use, the highly concentrated electrolyte solution was diluted with fluorinated co-solvents 

having a low donor ability. Raman spectroscopy revealed that the solvation structure of LiBF4/DMC was maintained after 

the dilution with a specific fluoroalkyl ether. The resultant low-viscosity and -concentration electrolyte solution was highly 

stable against oxidation at the LiNi0.5Co0.2Mn0.3O2 electrodes as far as the DMC/LiBF4 molar ratio is kept low. The 

charge/discharge performance was much better than that for a conventional 1 M LiPF6/ethylene carbonate-based 

electrolyte solution and the energy density far exceeded that of 5-V class LiNi0.5Mn1.5O4 electrodes.

Introduction 

Lithium-ion batteries have greatly expanded their use since 

1991 due to their high energy densities. Their performance still 

needs to be improved with regard to energy density, battery cycle 

life, rate capability, and safety to realize a smart community with 

highly-efficient energy utilization. The energy density of lithium-ion 

batteries (LIBs) can be increased by improving the battery voltage 

and/or specific capacity. Conventional positive-electrode materials 

used for LIBs, such as LiMn2O4 and LiCoO2, work at potentials 

around 4.0 V vs. Li/Li+, and deliver specific capacity about 140 mAh 

g-1.1-2 On the other hand, the working potentials of a graphite 

negative-electrode is already very low close to lithium metal and the 

specific capacity is more than 2.5 times higher than that of the 

conventional positive-electrodes.3-4 Considering these facts, the 

improvement of positive electrodes, in terms of both working 

potentials and specific capacity, is particularly required for the 

performance improvement of LIBs. LiNixMnyCo(1-x-y)O2, having a 

layered rock salt crystal structure, is one of the most promising 

active materials because it has considerable potential for delivering a 

high reversible capacity over 200 mAh g-1 by charging to high 

potentials above ca. 4.4 V.5-12 However, the reversible capacity 

noticeably decreased upon repeated charge/discharge cycling in 

conventional electrolyte solutions used in commercial LIBs, i.e., ca. 

1 mol dm-3 (= M) LiPF6 dissolved in a mixture of ethylene carbonate 

(EC) and low-viscosity linear carbonates, such as dimethyl carbonate 

(DMC). The capacity fading is caused by the cracks of 

LiNixMnyCo(1-x-y)O2 particles,13-14 the phase transition of 

LiNixMnyCo(1-x-y)O2 to spinel and/or rock salt structure,15,16 and the 

oxidative decomposition of electrolyte solution.17,18 The stability 

against oxidation of electrolyte solutions would be enhanced by 

controlling the solvation properties. Highly concentrated electrolyte 

solutions including solvent-in-salt electrolyte system are known to 

offer unique physicochemical properties such as a wide potential 

window owing to the enhanced stability against reduction and 

oxidation.19-23 The enhancement of oxidative stability has been 

particularly noted for ether-24,25 and carbonate ester-based23 

concentrated electrolyte solutions so far. A conventional carbonate 

ester-based 1 M LiPF6/EC+DMC electrolyte solution contains ca. 12 

solvent molecules per a lithium ion. Since a lithium ion is solvated 

with 4 solvent molecules in the first solvation shell, the residual 8 

molecules are relatively free in the electrolyte solution.26-30 The 

HOMO energy of a solvate EC molecule is lower than a free one,31 

and hence the former is expected to be more stable against oxidation 

than the latter. Therefore, if all EC molecules are bound to lithium 

ions, i.e., if an EC/Li molar ratio is less than 4, the stability of the 

electrolyte solution against oxidation should be enhanced. 

Unfortunately, however, the solubility of LiPF6 in EC is not so high, 

while propylene carbonate (PC) and γ-butyrolactone (GBL) 
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dissolved much amount of lithium salts;32 LiPF6/PC, LiBF4/PC and 

LiBF4/GBL were nearly saturated at 4.45, 7.25 and 4.65 mol kg-1 at 

room temperature, which have a solvent/Li molar ratio of 2.20, 1.35 

and 2.50, respectively.33-36 We demonstrated that the highly 

concentrated PC-33,34 and GBL-35 based electrolyte solution 

exhibited high stability against oxidation at LiNi0.5Mn1.5O4 

electrodes. However, the increasing concentration resulted in a high 

viscosity and a cost increase through the use of much Li salts. These 

problems could be solved by diluting the highly concentrated 

electrolyte solution with appropriate solvents;37-39 we previously 

reported that 33.3 vol.% of 1,1,2,2-tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (HFE, H(CF2)2CH2OCF2CF2H)-diluted 

solution, i.e., 2.50 mol kg-1 LiBF4/PC+HFE (2:1 by vol.), was a 

reasonable compromise to attain a low viscosity (51.7 mPa s) and a 

low PC/Li molar ratio (2.39).40 In fact, LiNi0.5Mn1.5O4 positive-

electrodes showed a good charge/discharge performance with low 

irreversible capacities in it. However, the viscosity and electrolyte 

concentration are still high, compared to those for the conventional 

electrolyte solution, and the further dilution was not allowed due to 

the low miscibility of HFE with LiBF4/PC. 

In the present work, DMC, which is less viscous than PC, 

was used as a main solvent for the preparation of highly 

concentrated electrolyte solutions.23,41 The highly concentrated 

DMC-based electrolyte solution are resistant not to 5-V class 

LiNi0.5Mn1.5O4 electrodes,40 but to LiNi0.5Co0.2Mn0.3O2 electrodes 

which works at lower potentials. Then, two kinds of fluoroalkyl 

ether were employed as a diluent to reduce the high viscosity and 

concentration of the LiBF4/DMC. The solvation structure of Li+-

DMC in the diluted electrolyte solutions was studied by Raman 

spectroscopy. Charge and discharge properties of 

LiNi0.5Co0.2Mn0.3O2 positive-electrodes was measured in the 

resultant electrolyte solution. 

Experimental 

Reagents and chemicals 

LiBF4 (Kishida Chemical), DMC (Kishida Chemical), HFE (Daikin 

Industries), and 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether 

(TFEE, HCF2CF2OCH2CF3, Daikin Industries) were used without 

further purification. A given amount of LiBF4 was dissolved in 

DMC to obtain LiBF4/DMC with different concentrations ranging 

from 0.93 (ca. 1 M) to 8.67 mol kg-1 (nearly saturated), which 

correspond to DMC/Li molar ratios of from 11.8 to 1.28. A solvent 

mixture of DMC and HFE or TFEE was prepared at a given volume 

ratio, and then LiBF4 was dissolved in them at a DMC/Li molar ratio 

of 3.00. As a result, 1.52 mol kg−1 LiBF4/DMC+HFE (1:1), 0.73 mol 

kg−1 LiBF4/DMC+HFE (1:2), and 1.55 mol kg−1 LiBF4/DMC+TFEE 

(1:1) were obtained, which correspond to DMC/Li molar ratios of 

3.00, 3.96 and 3.00, respectively. All the preparation of electrolyte 

solutions was conducted in an Ar filled glove box (DBO-1.5KP-DID, 

Miwa Mfg). 1 mol dm−3 LiPF6/ethylene carbonate (EC) + diethyl 

carbonate (DEC) (1:1 by volume, Kishida Chemical) was used as a 

reference.  

 

Characterization of electrolyte solution 

The viscosities of the electrolyte solutions were measured with an 

Ubbelohde viscometer at room temperature in the Ar filled glove 

box. Raman spectra of the electrolyte solutions were recorded using 

a spectrometer (LabRAM HR Evolution, Horiba) equipped with a 

multichannel charge coupled device detector. The spectra were taken 

using a 785-nm laser (>100 mW) through an objective lens. The 

scattered light was collected in a backscattering (180◦) geometry for 

an integration time of 10 s × 30 times at room temperature. 

 

Electrochemical measurements 

Charge and discharge properties of LiNi0.5Co0.2Mn0.3O2-composite 

electrodes (NCM523) were investigated using two-electrode coin-

type cells. The active material of LiNi0.5Co0.2Mn0.3O2 powder 

(Tanaka Chemical) was mixed with a conductor (10 wt%) and 

poly[(vinylidenefluoride)-co-chlorotrifluoroethylene] (P(VdF-

CtFE)) (10 wt%) as a binder in 1-methyl-2-pyrrolidone to form a 

slurry. The conductor used was acetylene black (Denka) or 

graphitized Ketjenblack (FD-7001D, Lion Specialty Chemicals). The 

slurry was spread out onto an Al foil, and then dried at 80 oC for 

more than 18 h under vacuum. The NCM523 sheet was used as a 

working electrode. A counter electrode was a Li foil. Microporous 

polypropylene film (Celgard® 2400) and glass filter (GF/D, 

Whatman®) were used as a separator for EC+DEC- and DMC-based 

electrolyte solution, respectively. All the test cells were assembled in 

the Ar filled glove box with a dew point below -80 oC. Charge and 

discharge tests (TOSCAT-3100, Toyo System) were performed at 30 
oC between 3.0 and 4.4, 4.6 or 4.8 V. A slow charge/discharge rate 

of C/10, so that each charge and discharge process should 

theoretically be completed in 10 h, was used in this study to 

emphasize the difference in the stability of the electrolyte solutions; 

the current density corresponds to ca. 120 µA cm−2. At the 

intermissions between charging and discharging, the cells were 

rested under open circuit conditions for 1 h. The morphological 

changes of the NCM523 was observed by scanning electron 

microscopy (SEM) combined with energy dispersive X-ray 

spectrometry (EDX). 

Results and discussions 

Characterization of concentrated LiBF4/DMC electrolyte 

solution 

DMC was almost saturated at room temperature with 8.67 mol kg-1 

LiBF4, where the DMC/Li molar ratio is 1.28. This value was lower 

than those for the nearly saturated PC-based electrolyte solutions; 

PC/Li molar ratios of 4.45 mol kg-1 LiPF6/PC and 7.25 mol kg-1 

LiBF4/PC are 2.20 and 1.35, respectively. Thus, more highly 

concentrated electrolyte solution was obtained with the use of DMC 

solvent. In addition, the viscosity of the nearly saturated 8.67 mol kg-

1 LiBF4/DMC (310 mPa s) was much lower than those for the nearly 

saturated 4.3 mol kg-1 LiPF6/PC (706.5 mPa s) and 7.25 mol kg-1 

LiBF4/PC (3497 mPa s).33,34 

Figure 1a shows Raman spectra of LiBF4/DMC electrolyte 

solutions of different concentrations ranging from 1.11 to 8.67 mol 

kg-1. A major peak at about 916 cm-1 was seen in a Raman spectrum 

of 1.11 mol kg-1 LiBF4/DMC (DMC/Li+ molar ratio=10.0), which is 

assigned to the O-CH3 stretching vibration of free DMC 

molecules.42-44 A weak shoulder assigned to DMC molecules 

solvating lithium-ions was also observed at around 934 cm-1. As the 

concentration of LiBF4 increased, free DMC (ca. 916 cm-1) gradually 
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decreased while solvating DMC (ca. 933 cm-1) increased instead. 

The nearly saturated 8.67 mol kg-1 LiBF4/DMC (DMC/Li+=1.28) 

gave a major peak at around 936 cm-1, suggesting that almost all of 

DMC molecules (96%) are bound to lithium ions. The relative area 

ratios of ca. 916- and 934-cm-1 peaks are summarized in Figure 1b, 

together with those of ca. 710- (free PC) and 720- (solvate PC) cm-1 

peaks for LiBF4/PC for comparison.34,45 The fraction of free DMC 

molecules was smaller than that for free PC at a given solvent/Li 

molar ratio, which indicates that free solvent molecules can be 

effectively reduced in LiBF4/DMC. One thing to note here is that the 

peak assigned to the B-F symmetric stretching vibration band (ca. 

766 cm-1) gradually shifted toward higher wavenumbers with an 

increase in the electrolyte concentration (Figure 1c); the bands at 766, 

774, and 783 cm-1 were observed for LiBF4/DMC, indicating an 

increase in the ionic association of LiBF4 with increasing 

concentration.46 These peaks were located at somewhat higher 

wavenumbers than those for the nearly saturated LiBF4/PC and 

LiBF4/acetonitrile (AN) solution.34,46 These results suggest that the 

ionic association of LiBF4 should be further enhanced in DMC, 

compared to PC and AN. DMC (εr ≈ 3) has a much lower relative 

dielectric constant than PC (εr ≈ 65) and AN (εr ≈ 36), and hence Li+, 

BF4
- and DMC molecules are more likely to form the aggregates, 

which should result in increasing the stability of BF4
-, as well as 

DMC, against oxidation. 

 

Effect of the LiBF4 concentration in DMC on the stability 

against oxidation at NCM523 

Charge/discharge properties of NCM523 was preliminarily 

investigated using a conventional electrolyte solution of 1 M 

LiPF6/EC+DEC (1:1 by volume) in different voltage ranges to 

determine the targeted voltage range in this study.8 The initial 

charge/discharge capacity of NCM523 increased as the charging cut-

off voltage increased from 4.4 to 4.8 V (Figure S1a-c in Supporting 

Information), the values of which are summarized in Table S1. The 

capacity gradually faded with repeated charge/discharge cycling, and 

the capacity fading was more severe at the higher cut-off voltages.8 

As a result, the energy density at the 50th cycle, which was 

evaluated by integrating the discharge curve, was the highest when 

charge/discharge cycling was conducted between 3.0 and 4.6 V 

(Table S1d); the discharge capacity at the 50th cycle corresponded to 

86.9% of the initial capacity. Hence, hereafter, we set the voltage 

range for charge/discharge measurements to 3.0-4.6 V. 

Figure 2a, b and c show charge and discharge curves of 

Li|NCM523 cells using 0.93, 3.70 and 8.67 mol kg-1 LiBF4/DMC, 

respectively, and the values are summarized in Table 1. The initial 

Figure 1. (a) Raman spectra of DMC and LiBF4/DMC electrolyte solution of different DMC/Li molar ratios. (b) Relative area ratios (%) 

of Raman peaks assigned to free DMC at ca. 916 cm-1 and to solvating DMC at ca. 934 cm-1 in Figure 1a, and of those assigned to free 

PC at ca. 710 cm-1 and to solvating PC at ca. 720 cm-1 in Figure. 1 of ref.34. (c) Raman spectra of LiBF4/DMC and LiBF4/PC of 

different solvent/Li molar ratios. 
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discharge capacity of the NCM523 electrode reached 199 mAh g-1 in 

0.93 mol kg-1 LiBF4/DMC (DMC/Li+ molar ratio=11.8). However, 

the initial irreversible capacity was very high, which resulted in a 

poor Coulombic efficiency (82.6%). These results suggest that 

irreversible reactions, such as the oxidative decomposition of the 

electrolyte solution, occurred at high potentials. Increasing LiBF4 

concentration in DMC resulted in a significant suppression of 

irreversible capacity and an improvement of Coulombic efficiency in 

the 1st cycle (Figure 2b and c, and Table 1). These results clearly 

indicate that the oxidative decomposition of electrolyte solution was 

Table 1. Charge, discharge, and irreversible capacities and Coulombic efficiency in the 1st cycle, and capacity retention at the 50th cycle 

of Li|LiNi0.5Co0.2Mn0.3O2 cells using 0.93, 3.70 and 8.67 mol kg-1 LiBF4/DMC. The charging cut off voltage was 4.6 V. 
a) defined as percent ratios of discharge capacity in the 50th cycle to that in the 1st cycle. 

 

LiBF4/DMC 1st cycle 50th cycle 

Concentration 

(mol kg-1) 

DMC/Li 

molar 

ratio 

Charge 

capacity 

(mAh g-1) 

Discharge 

capacity 

(mAh g-1) 

Irreversible 

capacity 

(mAh g-1) 

Coulombic 

efficiency 

(%) 

Capacity 

retentiona) 

(%) 

0.93 11.8 240 199 41 82.6 82.2 

3.70 3.00 231 200 31 86.5 90.0 

8.67 1.28 230 204 26 88.9 92.2 

 

Figure 2. (a-c) Charge and discharge curves and (d-f) variations of capacities and Coulombic efficiency of Li|LiNi0.5Co0.2Mn0.3O2 cells 

with cycle number using (a and d) 0.93 mol kg-1 (ca. 1 M), (b and e) 3.70 mol kg-1, and (c and f) nearly saturated 8.67 mol kg-1 

LiBF4/DMC. 
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effectively suppressed by employing the highly concentrated 

LiBF4/DMC. The high Coulombic efficiency in the highly 

concentrated LiBF4/DMC was kept over 50 charge/discharge cycles 

(Figure 2d and e). In 3.70 (DMC/Li+=3.00) and 8.67 mol kg-1 

LiBF4/DMC (DMC/Li+=1.28), high discharge capacities more than 

180 mAh g-1 was maintained even at the 50th cycle, which 

corresponded to ≥ 90 % of the initial discharge capacity. These 

values were much higher than those obtained for 0.93 mol kg-1 

LiBF4/DMC (Table 1) and 1 M LiPF6/EC+DEC (Table S1), 

indicating that the cycle performance of NCM523 was greatly 

improved in the nearly saturated 8.67 mol kg-1 LiBF4/DMC. Figure 3 

shows SEM/EDX images of NCM523 electrodes after the 50th cycle 

in 0.93 mol kg-1 and 8.67 mol kg-1 LiBF4/DMC. A number of 

precipitates containing F were seen on the NCM523 electrode after 

charge/discharge cycling in 0.93 mol kg-1 LiBF4/DMC (Figure 3a 

and b), indicating the oxidative decomposition of BF4
- anions. The 

precipitates would interfere with lithium ion transfer reaction 

between NCM523 and electrolyte solution to degrade the 

charge/discharge performance. On the other hand, the formation of 

such F-containing precipitates was significantly suppressed in 8.67 

mol kg-1 LiBF4/DMC (Figure 3c and d). These results clearly 

indicate that BF4
- anions are more stable against oxidation in the 

highly concentrated electrolyte solution, which is consistent with the 

Raman spectra in Figure 1c. 

 

Dilution of highly concentrated LiBF4/DMC with fluoroalkyl 

ether 

The viscosity of 8.67 mol kg-1 LiBF4/DMC (310 mPa s) was still 

high for practical application. We previously reported that the highly 

concentrated LiBF4/PC system can be diluted with fluoroalkyl ether 

to reduce the viscosity;40 fluoroalkyl ether of HFE is hardly involved 

in solvation of Li+, and serves just as a diluting solvent. As a result, 

we obtained 33.3 vol.% of HFE-diluted solution (2.50 mol kg-1 

LiBF4/PC+HFE (2:1)) as a compromise of an acceptably low PC/Li 

molar ratio (2.39) and a low viscosity (51.7 mPa s).40 A Li| 

LiNi0.5Mn0.2Co0.3O2 cell with 2.50 mol kg-1 LiBF4/PC+HFE (2:1) 

gave almost the same initial discharge capacity (198 mAh g-1) as that 

for nearly concentrated 7.25 mol kg-1 LiBF4/PC, and exhibited 

higher rate-capability than it (Figure S2). However, the ionic 

conductivity of 2.50 mol kg-1 LiBF4/PC+HFE (2:1) remained at 0.58 

mS cm-1 at 25 oC, which was about 10 times as low as that of 

conventional 1 M LiPF6/EC+DMC electrolyte solution (Figure S3). 

The viscosity of a conventional 1 M LiPF6/EC+DMC electrolyte 

solution is ca. 3 mPa s, and hence a further decrease in viscosity, as 

well as electrolyte concentration, is required for practical application. 

However, the further HFE-dilution resulted in increasing the PC/Li 

molar ratio due to the low miscibility between HFE and LiBF4/PC, 

which impairs the stability against oxidation. In this work, we used 

two kinds of fluoroalkyl ether, including HFE, as a diluent for highly 

concentrated LiBF4/DMC system. To obtain an electrolyte solution 

with acceptably low-viscosity, -concentration and -DMC/Li molar 

ratio, 3.70 mol kg-1 LiBF4/DMC (DMC/Li molar ratio=3.00) was 

diluted with HFE. As a result, 50 vol.% of HFE-diluted solution, i.e., 

1.52 mol kg-1 LiBF4/DMC+HFE (1:1 by vol.), maintained the low 

DMC/Li ratio (3.00), and showed a low viscosity of 3.6 mPa s. The 

further dilution resulted in a decrease in the solubility and an 

increase in the DMC/Li molar ratio because HFE can hardly 

dissolved LiBF4, and is less miscible with highly concentrated 

LiBF4/DMC. In fact, the 67 vol.% of HFE-diluted solution 

(DMC:HFE=1:2) dissolved only 0.73 mol kg-1 LiBF4, where the 

DMC/Li molar ratio rose to 3.96. Another fluoroalkyl ether of TFEE 
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Figure 4. Raman spectra of 3.70 mol kg-1 LiBF4/DMC, 1.52 

mol kg-1 LiBF4DMC+HFE (1:1) and 1.55 mol kg-1 

LiBF4/DMC+TFEE (1:1). 

Table 2. Relative area ratios (%) of Raman peaks assigned to 

free DMC at ca. 916 cm-1 and to solvating DMC at ca. 934 cm-1 

in Figure 4. 

 

 

DMC/Li 

molar 

ratio 

Free 

DMC 

Solvate 

DMC 

3.70 mol kg-1 LiBF4/DMC 3.00 43.8 56.2 

1.52 mol kg-1 LiBF4/DMC+HFE 3.00 44.6 55.4 

1.55 mol kg-1 LiBF4/DMC+TFEE 3.00 55.8 44.2 

 

Figure 3. SEM/EDX images of LiNi0.5Co0.2Mn0.3O2 electrodes 

after 50 charge/discharge cycles between 3.0 and 4.6 V in (a and 

b) 0.93 mol kg-1 (ca. 1 M) and (c and d) nearly saturated 8.67 

mol kg-1 LiBF4/DMC. 

(a) (c) 

(b) (d) 
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(-15.26 eV) has a much lower HOMO energy than HFE (-13.91 eV), 

and hence the stability against oxidation is expected to be higher 

than HFE. As with HFE, TFEE can hardly dissolve LiBF4. 1.55 mol 

kg-1 LiBF4 was dissolved in a solvent mixture of DMC+TFEE (1:1), 

which has the same DMC/Li ratio of 3.00 as 1.52 mol kg-1 

LiBF4/DMC+HFE (1:1 by vol.). The viscosity of the resultant 

solutions was low around 3 mPa s.  

 

Charge/discharge performance of LiNi0.5Mn0.2Co0.3O2 electrodes 

in fluoroalkyl ether-diluted LiBF4/DMC electrolyte solution 

Figure 4 shows Raman spectra of 1.52 mol kg-1 LiBF4/DMC+HFE 

(1:1) and 1.55 mol kg-1 LiBF4/DMC+TFEE (1:1), together with 3.70 

mol kg-1 LiBF4/DMC, all of which have an equal DMC/Li molar 

ratio of 3.00. Relative area ratios of ca. 916- and 934-cm-1 peaks are 

summarized in Table 2. The fraction of free DMC molecules 

remained low in the HFE-diluted solution, while the dilution with 

TFEE resulted in a slight increase by about 10 %. These results 

indicate that TFEE is more involved in solvation of Li+ than HFE, 

and therefore seem to be less suitable for a diluent. In fact, the 

capacity fading of NCM523 in the TFEE-diluted electrolyte solution 

(Figure 5a) was more noticeable than that for the HFE-diluted one 

(Figure 5b). The low charge/discharge performance would be 

associated with the large fraction of free DMC molecules and/or 

vulnerable TFEE to oxidation more than 4.5 V (Figure S4). On the 

other hand, in the HFE-diluted electrolyte solution, the initial 

discharge capacity and Coulombic efficiency were almost equal in 

both 1.52 mol kg-1 LiBF4/DMC+HFE (1:1 by volume, DMC/Li 

molar ratio=3.00) and 0.73 mol kg-1 LiBF4/DMC+HFE (1:2 by 

volume, DMC/Li ratio=3.96), as indicated in Figure 5b and c, 

respectively. A major difference was seen upon repeated 

charge/discharge cycling; the charge/discharge capacities 

considerably reduced in 0.73 mol kg-1 LiBF4/DMC+HFE (1:2), 

while a relatively high discharge capacity (186 mAh g-1), which 

corresponded to 93.4 % of the initial discharge capacity, was 

maintained even after 50 cycles in 1.52 mol kg-1 LiBF4/DMC+HFE 

(1:1) (Figure 5b). The present results clearly show that highly 

concentrated LiBF4/DMC system can be diluted with HFE without 

impairing the charge/discharge performance as long as the DMC/Li 

ratio is kept low (less than 3). Thus, low-viscosity and -concentration 

electrolyte solution with high stability against oxidation for 

NCM523 was developed. Finally, the discharge curves in Figure 5b 

were integrated by evaluating the energy density of NCM523. The 

energy density reached a maximum of 784 Wh kg-1, which was 

comparable to that obtained for the nearly saturated 8.67 mol kg-1 

Figure 5. (a) Charge and discharge curves of Li|LiNi0.5Co0.2Mn0.3O2 cells using (a) 1.55 mol kg-1 LiBF4/DMC+TFEE (1:1 by volume, 

DMC/Li ratio = 3.00), (b) 1.52 mol kg-1 LiBF4/DMC+HFE (1:1 by volume, DMC/Li ratio = 3.00), (c) 0.73 mol kg-1 LiBF4/DMC+HFE 

(1:2 by volume, DMC/Li ratio = 3.96). (d) Variation of energy density of LiNi0.5Co0.2Mn0.3O2 electrodes with cycle number, together 

with that of a LiNi0.5Mn1.5O4 electrode in 1.52 mol kg-1 LiBF4/DMC+HFE (1:1 by volume, DMC/Li ratio = 3.00) for comparison. 
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LiBF4/DMC, and even higher than that for a conventional 1 M 

LiPF6/EC+DEC. Moreover, 5-V class LiNi0.5Mn1.5O4 electrodes 

could work between 3.0 and 5.0 V by substituting PC for DMC of 

1.52 mol kg-1 LiBF4/DMC+HFE (1:1). However, the energy density 

of the LiNi0.5Mn1.5O4 electrode remained below 613 Wh kg-1, as 

shown in Figure 5d. Thus, NCM523 far exceeded LiNi0.5Mn1.5O4 in 

energy density. 

Conclusions 

DMC was almost saturated at room temperature with LiBF4 at very 

high concentration of 8.67 mol kg-1. The BF4
- anions, as well as 

DMC, were stabilized against oxidation in the highly concentrated 

LiBF4/DMC. As a result, 8.67 mol kg-1 LiBF4/DMC enabled high-

voltage operation of NCM523 electrodes, and greatly improved the 

charge/discharge performance of NCM523. The highly concentrated 

LiBF4/DMC could be diluted with a specific fluoalkyl ether (HFE) 

without impairing the charge/discharge performance; 50 vol.% of 

HFE-diluted solution, i.e., 1.52 mol kg-1 LiBF4/DMC+HFE (1:1), 

satisfied low-viscosity, -concentration, and -DMC/Li molar ratio, 

and elicited a high discharge capacity of ca. 200 mAh g-1 by 

charging the NCM523 electrodes to 4.6 V. The improved 

charge/discharge performance was maintained even after 50 

charge/discharge cycles, which was comparable to that obtained for 

the nearly saturated 8.67 mol kg-1 LiBF4/DMC, and even better than 

that for a conventional 1 M LiPF6/EC+DEC electrolyte solution. The 

energy density of NCM523 reached a maximum of 784 Wh kg-1, and 

far exceeded that of 5-V class LiNi0.5Mn1.5O4. Thus, the electrolyte 

solution developed in this study possessed high stability against 

oxidation, low-viscosity, and relatively low concentration. However, 

it is volatile (Figure S5) and the Li concentration of 1.52 mol kg-1 

LiBF4 is still a little high, as compared with the conventional 

electrolyte solution, and volatile  Diluents with the higher miscibility 

and stability against oxidation are required for realizing a 

LiBF4/DMC-based electrolyte solution to be used in practical LIBs. 
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