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Mixed electrolytes formed by the combination of 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl) imide 
(BMP-TFSI) ionic liquid and standard liquid electrolyte are prepared and characterized. Linear sweep voltammetry 
measurements demonstrate that these mixed systems exhibit a wide electrochemical stability window, allowing 
them to be suitable electrolyte for carbonaceous anode-based lithium-ion batteries. Lithium-ion cells composed of 
graphite anode and LiCoO2 cathode are assembled using the mixed electrolytes, and their cycling performances are 
evaluated. The cell containing proper content of BMP-TFSI shows good cycling performance comparable to that of a 
cell assembled with organic electrolyte. The presence of BMP-TFSI in the mixed electrolyte contributes to the reduc-
tion of the flammability of electrolyte solution and the improvement of the thermal stability of charged Li1-xCoO2 in 
the electrolyte solution.
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Introduction

Lithium-ion batteries have rapidly become the dominant 
power source for portable electronic devices, power tools and 
electric vehicles due to their high energy density and long cycle 
life. However, safety issues surrounding these batteries must 
be addressed before they can be widely utilized in large-scale 
cells, such as electric vehicles and energy storage application. 
The highly flammable organic solvents that are contained in 
common liquid electrolytes can be the major cause of fire and 
explosion when short circuiting or local overheating do accident-
ly occur. There is therefore a quest for non-flammable electro-
lyte systems to replace the organic solutions presently used in 
lithium-ion batteries. In this respect, large attention is devoted 
to ionic liquids (ILs), i.e. room temperature molten salts, which 
recognized as safe electrolyte systems.1-3 Indeed, ILs have a 
series of attractive properties, such as negligible vapor pressure, 
low flammability, wide electrochemical stability, high ionic 
conductivity and high thermal stability. Among the various ionic 
liquid systems, those based on pyrrolidinium cations have been 
considered to be promising for battery application, due to their 
reasonably wide electrochemical stability and high ionic con-
ductivity.4,5 Accordingly, several electrochemical investigations 
of pyrrolidinium-based ILs have been reported in the litera-
ture.4-10 However, to our knowledge, most of these studies have 
focused on batteries using non-carbonaceous anodes. Probably 
this lack of attention derived from the occurrence of undesirable 
irreversible reactions between the carbon anode and the ionic 
liquid electrolyte. Moreover, most of the relevant IL systems are 
still very expensive. Thus, the use of IL as additive to standard 
liquid electrolyte may be beneficial in consideration of reduc-
tion of cost. 

With the goal of developing the cost-effective IL-based 

electrolytes for applications in lithium-ion batteries with en-
hanced safety, the mixed electrolytes compatible for graphitized 
anode and LiCoO2 cathode have been prepared and character-
ized. The mixed electrolytes were composed of 1-butyl-1-me-
thylpyrrolidinium bis(trifluoromethanesulfonyl)imide (BMP- 
TFSI) and organic solution. With these mixed electrolytes, we 
assembled lithium-ion cells and their cycling performances 
were evaluated. The influence of BMP-TFSI on the flamm-
ability of the electrolyte and the thermal stability of the cathode 
material was also investigated.

Experimental

Preparation of the mixed electrolytes. BMP-TFSI was pur-
chased from Chem Tech Research Incorporation and used after 
drying under a vacuum at 100 oC for 24 hr. The water content 
in BMP-TFSI after drying was determined to be 8 ppm by 
Karl Fisher titration. Its ionic conductivity was 2.4 mS cm‒1 at 
room temperature. The mixed electrolyte was prepared by add-
ing predetermined amounts of BMP-TFSI to an organic electro-
lyte. LiPF6 (1.0 M) in EC/DEC (3:7 by volume) containing 
1.0 wt % VC (Techno Semichem Co., Ltd.) was the organic 
electrolyte of choice. The content of the IL in the mixed electro-
lyte ranged from 0 to 30 wt %. A porous poly(vinylidene fluo-
ride-co-hexafluoropropylene)-coated polyethylene separator 
was prepared according to the procedure reported previously.11 
The polymer-coated separator could be easily wet by the mixed 
electrolyte solution and retained the electrolyte solution well.

Electrode preparation and cell assembly. The graphite anode 
was prepared by coating a N-methyl pyrrolidone (NMP)-based 
slurry of mesocarbon microbeads (MCMB, Osaka Gas), poly 
(vinylidene fluoride) (PVdF) and super-P carbon (MMM Co.) 
on a copper foil. The cathode contained LiCoO2 (Japan Che-
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Figure 1. Linear sweep voltammograms of the mixed electrolytes 
composed of BMP-TFSI and organic solution: (a) cathodic scan, and 
(b) anodic scan. Room temperature. Scan rate: 1.0 mVs‒1.

mical), along with the same binder and super-P carbon, which 
were cast on an aluminum foil. The thickness of the electrodes 
after roll pressing ranged from 55 to 70 μm, and their active 
mass loading corresponded to a capacity of 2.9 mAh cm‒2. The 
cell, composed of a carbon anode, a polymer-coated separator 
wet by the mixed electrolyte and a LiCoO2 cathode was assem-
bled in a dry box filled with argon gas, enclosed in a pouch bag 
and finally vacuum-sealed.

Measurements. Linear sweep voltammetry (LSV) was per-
formed to investigate the electrochemical stability of the mixed 
electrolyte on a stainless steel working electrode, with counter 
and reference electrodes of lithium metal, at a scanning rate of 
1.0 mVs‒1. The self-extinguishing time (SET) was measured 
to quantify the flammability of the mixed electrolyte, as des-
cribed in previous literature.12,13 It was obtained by igniting the 
pre-weighed electrolytes soaked in an inert glass-fiber wick (3 × 
3 cm2), followed by recording the time it took for the flame to 
extinguish. The measurements were repeated at least five times 
to get reproducible SET values. AC impedance measurements 
were performed using an impedance analyzer over the frequency 
range of 1 mHz - 100 kHz with an amplitude of 10 mV. Charge 
and discharge cycling tests of the lithium-ion cells were con-
ducted at a current density of 1.45 mA cm‒2 (0.5 C rate) over a 
voltage range of 3.0 - 4.2 V with battery test equipment. For 
differential scanning calorimetry (DSC) experiments, the cells 
were fully charged to 4.2 V and disassembled in the dry box. 
Approximately 5 mg of the cathode scraped from the current 
collector was hermetically sealed in a stainless steel pan, and 
measurements were taken at a heating rate of 1 oC min‒1.

Results and Discussion

Figure 1 shows the cathodic and anodic LSV curves for 
electrolytes at various compositions, namely, i) the pure organic 
electrolyte (0 wt % BMP-TFSI), ii) the mixed electrolyte (10 - 
30 wt % BMP-TFSI) and iii) the pure ionic liquid electrolyte 
(100 wt % BMP-TFSI). It can be seen in Figure 1(a) that the 
cathodic current starts to increase around 1.5 V vs Li/Li+ in the 
case of the pure ionic liquid electrolyte, which corresponds to 
the reductive decomposition of the 1-butyl-1-methylpyrrolidi-
nium cation. This value of cathodic decomposition is in agree-
ment with that observed in LiTFSI and 1-butyl-1-ethylpyrrol-
idinium bis(trifluoromethanesulfonyl)imide solution by Scrosati 
and co-workers.5 For the mixed electrolytes, small and broad 
reduction peaks are observed in the potential range between 
0.5 and 1.8 V. They can be attributed to the reductive decom-
position of organic solvents, such as EC and VC, which result 
in the formation of a solid electrolyte interphase (SEI) film. 
Extensive investigations of electrolyte systems have shown 
that EC and VC easily decompose and leave highly stable SEI 
film on the electrode surface at potentials more positive than 
the main solvent decomposes.14-21 This SEI film prevents the 
reductive decomposition of the BMP cation in the IL, this kine-
tically extending the cathodic stability to 0 V vs Li/Li+. The cur-
rent associated with the lithium deposition is in fact significantly 
enlarged, suggesting that the addition of the organic solution 
may indeed allow the ongoing of electrochemical processes 
down to 0 V vs Li/Li+. In the anodic scan shown in Figure 1(b), 

the decomposition potential slightly increases with increasing 
BMP-TFSI content in the mixed electrolytes, demonstrating that 
the addition of BMP-TFSI to the organic solution can increase 
the anodic stability of the electrolyte. In view of the above re-
sults, it is expected that the mixed electrolyte considered in this 
study has an electrochemical stability suitable for allowing 
the electrochemical operation of graphite/LiCoO2 cells.

Cycling performances of lithium-ion cells prepared with 
mixed electrolyte were evaluated at 25 oC. After three precon-
ditioning cycles at low current rate (0.1 C rate, 0.29 mA cm‒2), 
the cell was charged at a constant current (CC) of 1.45 mA cm‒2 
(0.5 C rate) up to the target voltage of 4.2 V. This was followed 
by a constant voltage (CV) charge with a decline in the current 
until a final current of 20% of the charging current was reached. 
The cell was then discharged down to a cut-off voltage of 3.0 V 
at the same current density (0.5 C rate). Figure 2 shows the 
charge-discharge curves of the 1st, 10th, 50th and 100th cycle 
of a representative lithium-ion cell assembled with the mixed 
electrolyte containing 20 wt % BMP-TFSI. The charge and dis-
charge curves are almost identical to those for the cell using a 
pure organic electrolyte, indicating that the basic electrochemical 
process, involving the cycling of lithium ions between anode 
and cathode, holds also when the ionic liquid is added into the 
organic electrolyte. Therefore, one can reasonably assume that 
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Figure 2. Charge and discharge curves of the lithium-ion cell assem-
bled with mixed electrolyte containing 20 wt % BMP-TFSI (Room 
temperature, 0.5 C CC and CV charge, 0.5 C CC discharge, cut-off 
voltage : 3.0 - 4.2 V).
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Figure 3. Discharge capacities as a function of cycle number for 
lithium-ion cells prepared with mixed electrolytes containing different
content of BMP-TFSI (Room temperature, 0.5 C CC and CV charge, 
0.5 C CC discharge, cut-off voltage range: 3.0 - 4.2 V).
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Figure 4. AC impedance spectra (a) before and (b) after 100 cycles of 
the lithium-ion cells assembled with mixed electrolytes containing 
different content of BMP-TFSI.

also in the case of our mixed-electrolyte cell, the graphite anode 
is covered by a good SEI film that prevents IL decomposition, 
this finally allowing an efficient and reproducible cycling res-
ponse. This SEI film is induced by the coexistence of organic 
solvents, such as EC and VC, as previously outlined when dis-
cussing the LSV results of Figure 1. Obviously, the SEI helps 
to prevent both the reductive decomposition of BMP-TFSI 
and the co-insertion of the BMP cation into the graphite layer, 
which are critical issues for most of the IL-based electrolytes. 
Indeed, the formation of SEI prior to reduction of IL cations 
(ammonium or imidazolium) in the presence of EC and VC was 
evidenced by previous works.21-23 The cell shown in Figure 2 
exhibited a first discharge capacity of 135 mAh g‒1 based on 
the LiCoO2 active cathode material. The discharge capacity of 
the cell declined to 110 mAh g‒1 after 100 cycles, while the coul-
ombic efficiency steadily increased with cycle number. Figure 3 
shows the effect of the BMP-TFSI content in the electrolyte 
on the discharge capacities of the cells, as a function of cycle 

number. Clearly, the initial discharge capacity slightly decreases 
with increasing BMP-TFSI content. It can be explained consi-
dering that the addition of BMP-TFSI into the organic solution 
causes an increase in viscosity, which results in an increase of 
the resistance for ion migration in the electrolyte and charge 
transfer in the electrode. Figure 3 also reveals that the capacity 
retention of the cell is dependent on the content of BMP-TFSI 
in the mixed electrolyte. Especially, when the content of BMP- 
TFSI is 30 wt %, significant capacity fading during cycling is 
observed. Even though the organic solvents can induce SEI films 
that protect undesirable irreversible reactions at the carbon/ 
BMP-TFSI interface, this protection many not be totally assured, 
especially for high-BMP-TFSI content. The occurrence of these 
reactions may explain the observed gradual decrease of dis-
charge capacity. From these result, it can be concluded that the 
content of BMP-TFSI in the mixed electrolyte should be kept 
less than 30 wt % for efficient cell operation.

In order to investigate the effect of the BMP-TFSI content 
on the impedance behavior of the cell, the ac impedance of the 
cells before and after the repeated cycles (100 cycles) was mea-
sured, and the results are shown in Figure 4. Figure 4(a) was 
obtained at the open circuit potential before cycling, and Figure 
4(b) was measured at the charged state after 100 cycles. The 
pristine cells under open circuit voltage exhibited almost iden-
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Figure 5. SET values of the mixed electrolytes as a function of the 
content of BMP-TFSI.
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Figure 6. DSC profiles of Li1-xCoO2 cathode materials charged to 4.2 V
in the organic electrolyte and the mixed electrolytes containing 20 
wt % BMP-TFSI.

tical ac impedance spectra, except for a small difference in the 
electrolyte resistance. This result indicates that the presence of 
BMP-TFSI in the mixed electrolyte has little effect on the inter-
facial resistance in the pristine cell. After 100 charge and dis-
charge cycles, two overlapped semicircles are found. According 
to previous impedance analysis studies,24-26 the semicircle in 
the high frequency range can be attributed to resistance due to 
Li+ ion migration through the electrode surface SEI film, while 
the semicircle in the medium-to-low frequency range is due to 
the charge transfer resistance between the electrode and electro-
lyte. It is found that both the surface film resistance and the 
charge transfer resistance increase as the BMP-TFSI content 
increases from 0 to 30 wt %. This result is associated with the 
growth of the resistive layer on the electrode surface due to the 
progressive decomposition of BMP-TFSI. The resistive layer 
also hampers charge transport at the electrode and electrolyte 
interface, which causes an increase in charge transfer resistance. 
Also an additional contribution from a loss of interfacial contact 
between the electrode materials and the electrolyte solution, 
arising from the highly viscous nature of IL, cannot be excluded. 
Thus, proper control of the BMP-TFSI content is very impor-

tant for achieving good capacity retention and stable interfacial 
behavior.

In order to investigate the flammable behavior of the mixed 
electrolyte containing BMP-TFSI, a flammability test was per-
formed. As clearly shown in previous work,12 the flammability 
of a given electrolyte solution is known to be proportional to 
the SET value. Figure 5 shows the normalized SET values 
associated with mixed electrolytes having different BMP-TFSI 
contents. It is clearly observed that the flammability of the mixed 
electrolyte decreases with increasing BMP-TFSI content. We 
also confirmed that BMP-TFSI was non-flammable. Figure 6 
compares the DSC profiles of the charged cathode materials 
in the organic electrolyte and the mixed electrolyte containing 
20 wt % BMP-TFSI. The trace related to the organic electrolyte 
has two exothermic peaks occurring between 190 and 260 oC, 
which are associated with the reaction of the organic solvents 
with the oxygen released from the charge Li1-xCoO2 lattice.8,26, 27 
The heat generated by the thermal reaction of the charged ca-
thode with the electrolyte is reduced, and the onset temperature 
increases by about 50 oC, when passing to the mixed electro-
lyte. This result confirms the beneficial role of the BMP-TFSI in 
enhancing the thermal stability of the charged cathode material. 
Accordingly, the results of the SET and DSC tests concur to 
demonstrate the use of IL-organic solution mixed electrolytes 
improves the safety level of lithium-ion batteries.

Conclusions

Mixed electrolytes containing non-flammable BMP-TFSI 
were prepared and investigated. The cathodic stability of the 
electrolyte could be extended to 0 V via the formation of a pro-
tective film due to the reductive decomposition of organic sol-
vents on the electrode surface, which is necessary for applica-
tions in lithium-ion batteries with graphitized carbon anodes. 
The lithium-ion cells composed of a carbon anode and a LiCoO2 

cathode exhibited reversible charge and discharge cycling in 
these mixed electrolytes. Proper control of the BMP-TFSI con-
tent was proven to be very important for achieving good capacity 
retention and stable interfacial behavior. Flammability tests and 
DSC studies showed that the safety of the cells could be improv-
ed by using the mixed electrolytes.
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