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ABSTRACT
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We fabricated lithium-air secondary batteries (LABs) employing amide-
based ionic liquids (ILs) as electrolytes and evaluated their elec-
trochemical characteristics. Lithium bis(trifluoromethanesulfonyl)-
amide (Li-TFSA) was employed as the lithium salt, N-methyl-N-propyl-
pyrrolidinium-TFSA (Py13 system) with a cyclic aliphatic cation in the
ILs, and N, N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium-TFSA
(DEME system) with an acyclic aliphatic cation. The constant-current
discharge-charge tests with the capacity controlled at 200mAh (g-
carbon)−1 showed that the overvoltage of the LABs using the Py13
system was lower than those of LABs using the DEME system and the
organic solvent-based system electrolyte. The cycling performance of
the DEME system rapidly decreased at the 74th cycle, while the Py13
system showed 200mAh (g-carbon)−1 up to the 100th cycle, indicating
a high stability. Electrochemical impedance measurements showed
that the LABs using the Py13 system had the lowest interfacial
resistance after the 1st charge. These results indicated that the use of
the Py13 system with a relatively high electrical conductivity and low
viscosity as the electrolyte would stabilize the cycling performance of
the LABs.

© The Author(s) 2024. Published by ECSJ. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY,
http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any medium provided the original work is properly cited. [DOI:
10.5796/electrochemistry.24-69015].
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1. Introduction

Lithium-air secondary batteries (LABs) have a high theoretical
energy density (3458Wh (kg-Li2O2)¹1)1 and are expected to be
the high-capacity next-generation secondary batteries. Recently,
500Whkg¹1 class LABs, which greatly exceed the gravimetric
energy density (300Whkg¹1) of current Li-ion batteries (LIBs),
have been developed, and the discharge-charge reactions at room
temperature have been reported.2 However, there are several
problems such as difficulty in the decomposition of the discharge
products, the degradation of the air-electrode due to the discharge-
charge reaction, the electrolyte volatilization, and the decomposition

of the electrolyte due to the superoxide from the reaction
intermediates,3 which makes the discharge-charge reactions difficult
for long cycling. In addition, the short-circuiting of the batteries due
to the deposition of lithium (Li) dendrites on the Li negative
electrode is also recognized as a major problem that threatens the
battery safety.4

The electrolyte is one of the important factors affecting the
discharge-charge characteristics of LABs. Currently, the organic
solvent widely used in the LAB research is tetraethylene glycol
dimethyl ether (tetraglyme, G4). The electrolytes using G4 as a
solvent satisfy these conditions and have been widely used in
obtaining basic knowledge about the LABs.5,6 The effects of the Li
salt type and O2 gas on the precipitation and dissolution of Li were
investigated using G4 as a solvent.7 However, further basic research
regarding the electrolytes has been conducted because many of them
have poor battery characteristics. For example, it has recently been
reported that the amide-based electrolytes exhibit a good cycling
performance.8 On the other hand, one of the attractions of non-
volatile ionic liquids (ILs) is that they exhibit various physical
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properties depending on the combination of the cationic and anionic
species. Structural changes in the cationic species, especially the
introduction of functional groups, lead to various changes in the
physical and electrochemical properties. For example, it has been
reported that the introduction of ether into the side chain of an alkyl
ring improves the ionic conductivity.9 Additionally, the charge
distributions of bis(trifluoromethanesulfonyl)amide (TFSA, Fig. 1a)
and bis(fluorosulfonyl)amide (FSA) anions are delocalized. Hence,
they are often used as a counter anion to facilitate the formation of
ILs with a low viscosity.10

The effect of the structure of the cationic species of the ILs
consisting of lithium bis(trifluoromethanesulfonyl)amide (Li-TFSA)
as the lithium salt and TFSA¹ anion as the anion on the discharge-
charge characteristics of the LABs has been reported. Compared to
N-butyl-N-propylpyrrolidinium (Py14)-TFSA, the LABs using N-
methyl-N-propylpyrrolidinium (Py13, Fig. 1b)-TFSA as the electro-
lyte exhibited a better discharge-charge efficiency and cycling
performance.11 This is due to the short alkyl chain length of the side
chain of the Py13+ cation, resulting in a high ionic conductivity.
Compared to the cyclic N-methyl-N-propylpiperidinium (PP13)-
TFSA, the initial discharge-charge characteristics of the LABs using
the ether-introduced acyclic N, N-diethyl-N-methyl-N-(2-methoxy-
ethyl) ammonium (DEME, Fig. 1c)-TFSA as the electrolyte was
better.12 This is due to the large size of the alkyl ring of the PP13+

cation and the relatively large formula amount. Additionally, LABs
using DEME-TFSA as the electrolyte were able to achieve eight
cycles at the discharge capacity limit of 100mAh cm¹2.13 As
already mentioned, the battery characteristics of the LABs using Li-
TFSA as the lithium salt, TFSA¹ anion as the anion, and an
aliphatic cation have been reported, but the optimal combination of
the cationic and anionic species has not yet been clarified. In
addition, the relation between the ionic species constituting ILs and
the interfacial behavior of the air-electrode has not yet been
clarified.

In this study, LABs employing ILs consisting of Li-TFSA as the
lithium salt, the TFSA¹ anion as the anion, and aliphatic cation
species as the cation were prepared. The cyclic Py13+ cation and
acyclic DEME+ cation were selected as the aliphatic cations, and
the effect of the electrolyte structure on the interfacial behavior of
the air-electrode was investigated. As a comparison, the organic
solvent-based electrolyte containing Li-TFSA as the lithium salt
and LiBr (as a redox mediator, RM) mixed with LiNO3 was
employed.

2. Experimental Method

2.1 Preparation of electrolytes
By adding Li-TFSA (Kanto Chemical Co., 99.7%) to G4

(Sigma-Aldrich, 99.9%), Py13-TFSA (Kanto Chemical Co., 99.9%),
and DEME-TFSA (Kanto Chemical Co., 99.9%), 1mol dm¹3 Li-
TFSA/G4 (hereafter denoted as the G4 system), Li-TFSA/Py13-
TFSA (hereafter denoted as the Py13 system), and Li-TFSA/DEME-
TFSA (hereafter denoted as the DEME system) were prepared. As a
pretreatment, Li-TFSA was ground in an agate mortar, then dried
under reduced pressure (353K, 1 h). All the ILs were used as

received. LiNO3 (Kanto Chemical Co., 99.9%) and LiBr (Kanto
Chemical Co., 96.0%) as the RM were mixed at the molar ratio of
1 : 0.05. By adding the above mixed salt to G4, 1mol dm¹3

LiNO3 + 0.05mol dm¹3 LiBr/G4 (hereafter denoted as the LiNO3

system) was prepared. After the preparation, the electrolyte was
obtained by stirring at 333K and 300 rpm for 12 hours. All the
electrolytes were prepared in a gas-circulating glove box (Miwa
Seisakusho, DBO-1 NKP-1 U-2 Model) filled with pure Ar gas
(Nikko Oxygen, high purity).

2.2 Evaluation of electrolyte properties
An SVM10 3001 (Anton Paar) was used to measure the density

and viscosity of the electrolyte. CON 11 & CON 110 (OAKION)
was used to measure the electrical conductivity. The physical
properties were measured at 298K under an Ar atmosphere.

2.3 Preparation of test cells
Using a carbon electrode for the air-electrode of the LABs and a

Li foil (Honjo Chemical Co., thickness: 0.17mm) for the negative
electrode, a CR 2032 coin-type cell (Hosen Co., SUS 316 L) was
fabricated. A type 2032 mesh case (Hosen Co., SUS 316 L,
porosity: 51%) was employed for the top cover of the air-electrode
of the above cell. Ketjen black (KB, LION, ECP600JD) powder of
carbon material and binder were stirred (R.T., 5min) at the weight
ratio of 90 : 10 (wt%), then the slurry was prepared using a
dispersing medium. Polyvinylidene fluoride (Kureha Co., KF
Polymer # 9130, 5wt%) was used as the binder and N-methyl-2
pyrrolidone (Kanto Chemical Co., 99.5%) used as the dispersing
medium. The slurry was coated on carbon paper (CP, MOUBIC,
Avcarb P50) as the current collector at a thickness of 10 µm, dried
under reduced pressure at 353K for 3 hours, then a disk with a
diameter of 16mm was prepared as the air-electrode. The Li foil and
a piece of glass fiber filter paper (Whatman GF/A, CELGARD,
thickness: 25 µm, porosity: 39%, air permeability (gurley value):
620 seconds) as a separator disk were formed with a diameter of
16mm. The air-electrode was placed on the lower lid, and 50 µL of
electrolyte was dropwise added. The separator and the negative
electrode were placed on it, the upper lid was then put on, and a
caulking operation was carried out using a caulking device (Egaer-
Corporation, KTE-20 S-D). All operations were carried out in a gas-
circulating glove box filled with pure Ar gas.

2.4 Electrochemical measurement of LABs
To evaluate the electrochemical characteristics of the LABs,

constant-current discharge-charge tests were performed. The
cathodic reaction, in which Li+ and O2 react at the air-electrode to
produce Li2O2, and the anodic reaction, in which Li2O2 decomposes
to produce Li+ and O2, were defined as the discharge-charge
reaction, respectively. Constant-current discharge-charge tests were
performed on the fabricated coin cell using an automatic battery
charging-discharging instrument (Hokuto Denko, HJR-1010mSM8),
the fabricated coin cells were tested at a current density of
50 µA cm¹2 in the voltage range of 2.0–4.3V with an open circuit
time of 5min and a discharge capacity controlled at 200mAh (g-
carbon)¹1. All the discharge-charge capacities were converted per
amount of loaded carbon material.

A frequency response analyzer (Toyo Technica, 1255 B) was
connected to an electrochemical measurement system (Toyo
Technica, SI 1287) for the electrochemical impedance (EIS)
measurements. Using the fabricated coin cells, measurements were
made in the frequency range of 100 kHz–10mHz with an amplitude
voltage of «10mV. Impedance analysis software (Scribner Asso-
ciate, Z-View, 32 ver. 2.4) was used for fitting the data. All the
electrochemical measurements were performed at 298K in dry air
(natural convection).

Figure 1. Structural formulas of aliphatic cations and the TFSA¹

anion.
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3. Results and Discussion

3.1 Electrolyte properties
Table 1 shows the physical properties of various electrolytes at

298K. The upper and lower row shows the measured values in this
study and the literature values,7,14–19 respectively. All the measured
values were similar to those in the literature. The viscosity of the IL
system was higher than that of the organic solvent system, which
was comparable to previous results. In particular, the viscosity of the
DEME system was higher than that of the Py13 system. This is
because the distance from the cation center of the DEME+ cation to
the ether oxygen is long, and the cation loses its structural flexibility.
This reduces the free volume of the cation and increases the
viscosity.20 On the other hand, the electrical conductivity of the Py13
system was almost the same as that of the organic solvent system,
while that of the DEME system was lower.

3.2 Discharge-charge characteristics and cycling performance
of the LABs using various electrolytes

Figure 2 shows the discharge-charge curves of LABs using
various electrolytes at 298K for (a) the 1st cycle and (b) the 50th
cycle. The dotted line in the figure indicates the theoretical voltage
of the LABs of 2.96V.21 The difference between the theoretical
voltage and the charge voltage is defined as the charge overvoltage,
and the difference between the theoretical voltage and the discharge
voltage is defined as the discharge overvoltage, and their total is
defined as the overvoltage of the LABs.21–23 Figures S1 and S2

show the overvoltage of the 1st cycle and 50th cycle, respectively. In
this study, the charge capacity of the DEME system did not reach
200mAh (g-carbon)¹1, therefore, the overvoltage was compared at
the capacity of 100mAh (g-carbon)¹1.

In Fig. 2a, the DEME system exhibited the charge capacity of
ca. 127mAh (g-carbon)¹1, while the other systems exhibited almost
200mAh (g-carbon)¹1. The 1st discharge-charge efficiencies of the
G4, LiNO3, Py13, and DEME systems were 99.9%, 99.7%, 99.4%,
and 64.5%, respectively. In Fig. S1, the charge overvoltages of the
Py13, LiNO3, G4, and DEME systems at the charge capacity of
100mAh (g-carbon)¹1 were 0.59V, 0.76V, 1.01V, and 1.34V,
respectively, while the discharge overvoltages were 0.29V, 0.39V,
0.52V, and 0.88V, respectively, in the order of the Py13, G4, LiNO3,
and DEME systems. Compared to the overvoltages of the organic
solvent systems, the overvoltage of the DEME system was higher
and that of the Py13 system was lower. The lower charge overvoltage
of the LiNO3 system compared to that of the G4 system is
considered to be due to the presence of RM.24 The charge
overvoltage of the Py13 system was lower than that of the LiNO3

system using the RM. The low electrical conductivity of the DEME
system was considered to have increased the internal resistance of
the cell, resulting in a high overvoltage. This would coincide with
the results that the semicircle of the DEME system from the medium
to low frequency region was larger than the Py13 system in the
Nyquist plots of impedance spectra described later. This would be
caused by the blockage of the O2 diffusion path due to the residual
discharge products and by-products to the air-electrode, which
inhibits the supply of O2 required for the electrode reaction. The
discharge-charge characteristics of the LABs are affected by the
formation24 and deposition states22 of the discharge products. In the
ILs systems containing the TFSA¹ anions, it has been reported that
the reductive decomposition of the TFSA¹ anions occurs and the
formation of the -SO2CF3 species is dominating.25 Therefore, in the
Py13 and DEME systems, by-products including the -SO2CF3
species would be formed not only on the Li negative electrode
surface, but also on the air-electrode during discharge, i.e., reductive
decomposition. The discharge overvoltage of DEME system was
more than 0.5V higher than that of the Py13 system, so it is possible
that many by-products were formed by the reductive decomposition
of the TFSA¹ anion. Therefore, it is considered that the discharge-
charge efficiency of the DEME system was low.

In Fig. 2b, the discharge capacities of the Py13 and LiNO3

systems after 50 cycles were maintained at 200mAh (g-carbon)¹1,
while those of the G4 and DEME systems did not reach 200mAh
(g-carbon)¹1. The discharge-charge efficiencies of the DEME and
LiNO3 systems were 88.7% and 84.7%, respectively, while those of

Table 1. Density, viscosity, and electrical conductivity of various
electrolytes at 298K.

Electrolytes
Density
g cm¹3

Viscosity
mPa s

Electrical
conductivity
mS cm¹1

Li-TFSA/G4
0.94 10.4 1.18

1.167 5 < x < 1014 2.7214

LiNO3 + LiBr/G4
1.05 14.3 1.84

— 10.215 1.515

Li-TFSA/Py13-TFSA
1.31 64.4 1.38

1.3716 6317 1.4017

Li-TFSA/DEME-TFSA
1.34 239.4 0.68

1.3818 <21018 0.6119
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Figure 2. Discharge-charge curves for LABs with various electrolytes after (a) the 1st cycle (b) and the 50th cycle at 298K; current density:
50 µA cm¹2; voltage range: 2.0–4.3V; limit capacity: 200mAh (g-carbon)¹1; loading weight of KB: 0.5mg cm¹2. The electrolytes are Li-
TFSA/Py13-TFSA (red solid line), Li-TFSA/DEME-TFSA (blue solid line), Li-TFSA/G4 (black dashed line), and LiNO3 + LiBr/G4 (green
dashed line).
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the Py13 and G4 systems were 99.9% and 98.8%, respectively. The
charge overvoltages for the Py13, G4, LiNO3, and DEME systems at
the 50th cycle were 0.88V, 1.14V, 1.32V, and 1.34V, respectively.
The discharge overvoltages were 0.59V, 0.97V, 0.52V, and 0.96V,
respectively, and the overvoltages at the 50th cycle increased
compared to the 1st cycle. This would be due to the reported
discharge-charge reactions, which led to deposition of the discharge
products on the KB surface of the air-electrode, resulting in
clogging. In addition, the formation of by-products consumed the
electrolyte, decreasing the electrical conductivity of the electrolyte
and increasing the internal resistance of the cell.

Figure 3 shows the cycling performance of the discharge
capacity for LABs with various electrolytes up to 100 cycles. While
the discharge capacities of the G4 and DEME systems rapidly
decreased from the 53rd and 74th cycles, respectively, both the
Py13 and LiNO3 systems maintained approximately 200mAh (g-
carbon)¹1 up to 100 cycles. The oxygen solubility of the Py13
system (1.31mgL¹1) is lower than that of the G4 system
(8.40mgL¹1).11 Furthermore, since the ILs containing pyrrolidi-
nium cations are relatively stable to the O2

¹ reaction intermediate,26

it is considered that the decomposition of the Py13 system is
relatively suppressed and the discharge-charge reactions were stable.
As already described, it was shown that the cycling performance of
the organic solvent system changed by charging the Li salts. On the
other hand, in the IL system of Li-TFSA as the Li salt, the cycling
performance varied depending on the type of the cation species, and
the Py13 system revealed the best cycling performance.

To verify the effect of the type of cationic species in the ILs on
the discharge-charge characteristics, the interfacial behavior of the
LABs was analyzed using EIS. Figure 4 shows the Nyquist plots of
impedance spectra of the LABs with various electrolytes at 298K
after the 1st charge cycle. For all the electrolytes, a capacitive
semicircle was observed in the medium frequency region and a
straight line around 45° in the low frequency region. In the two-
electrode type cell, it has been reported that charge transfer occurs
on the Li negative electrode surface and the air-electrode surface in
the medium frequency region.11 It is considered that the high to
medium frequency region represents the negative electrode, the
medium to low frequency region represents the interface resistance
of the air-electrode, and the low frequency region represents the
diffusion resistance of the air-electrode. The Py13 system has the

lowest semicircle in the medium frequency region, indicating that
the interface resistance after the 1st cycle charge was the lowest. On
the other hand, although the interface resistance of the DEME
system was lower than that of the LiNO3 system, the diffusion
resistance in the low frequency region was higher. This is correlated
with the high viscosity of the DEME system, which would have
slowed down the diffusion of Li+ and O2. Based on these results, a
high agreement was observed in the interfacial resistance and the
discharge-charge characteristics of the LABs in the ILs system.

4. Conclusion

LABs employing the amide-based ILs with the aliphatic cation
species and TFSA¹ anion as the electrolyte were prepared and the
electrochemical characteristics were evaluated, and the following
results were obtained.
1) The overvoltage of the LABs employing the Py13 system was

lower than those employing the DEME system and the
organic solvent-based electrolyte.

2) Compared to the LABs employing the DEME and G4 systems
as the electrolytes, the cycling performance of the Py13 system
was almost the same as that of the LiNO3 system, showing an
excellent discharge capacity of 200mAh (g-carbon)¹1 at the
100th cycle.

3) As a result of analyzing the interfacial behavior by EIS, the
Py13 system showed the lowest interfacial resistance among
the 4 types of electrolytes.

Based on these results, it has been clarified that employing the
amide-based ILs containing the Py13+ cation with a relatively high
electrical conductivity and low viscosity as the electrolyte results in
a good cycling performance due to low overvoltage and interfacial
resistance during the discharge-charge reaction. In the future, the
discharge products deposited on the surface of the air-electrode will
be analyzed and then the correlation with the discharge-charge
characteristics will be discussed in more detail.
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