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In the pursuit of developing reliable Li-ion batteries with high performance and safety, the use of ionic liquids is one of the most
promising approaches due to its high thermal stability. There is, however, the critical issue concerning the significantly low Li-ion
diffusion in an electrolyte solution, which is directly linked to the degradation of their rapid charge−discharge properties. Ionic
liquids with ether-substituted cation have generated much interest as electrolyte solvents for Li-ion batteries because the ether
group functions to reduce the coordination number and increase ionic conductivity. In the present study, we synthesized six types
of ionic liquids consisting of bis(trifluoromethanesulfonyl)amide (TFSA) anions and piperidinium-based cations in which the
attached side chains are 1-((2-methoxyethoxy)methyl)-1-methylpiperidinium (PP1MEM), 1-butoxymethyl-1-methylpiperidinium
(PP1BM), 1-methyl-(2-propoxyethyl)piperidinium (PP1PE), 1-(3-ethoxypropyl)-1-methylpiperidinium (PP1EP), 1-(4-methoxy-
butyl)-1-methylpiperidinium (PP1MB), and 1-hexyl-1-methylpiperidinium (PP16). It was found that the ionic liquid with
PP1MEM cations with two oxygen atoms in the side chain exhibited the lowest solvation number of TFSA anions (1.56), whereas
PP1BM (1.78), PP1PE (1.86), PP1EP (2.08), and PP1MB-TFSA (2.07) resulted in a larger number, as the oxygen atoms in the
alkyl side chain are located far from the positively charged nitrogen atoms. PP1MEM-TFSA with small solvation numbers
enhanced the ionic conductivity and thereby achieved high electrode performance.
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
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Application of room temperature ionic-liquids to energy-storage
devices including Li-,1–4 Na-,5,6 Mg-,7,8 Al-ion batteries,9 metal-air
batteries,10 and electrochemical capacitors11 has great potential
because of their unique properties such as high thermal stability,
negligible vapor pressure, and wide electrochemical window. It is
possible to provide above-mentioned functionality to ionic liquids
using a combination of cations and anions. Among them, ionic
liquids with bis(trifluoromethanesulfonyl)amide (TFSA) and bis
(fluorosulfonyl)amide (FSA) as counter anions have been studied
for electrolyte solvents due to their non-flammability or high ionic
conductivity originating from low viscosity.12–14 Matsumoto and
Sakaebe et al. synthesized N-methyl-N-propylpiperidinium bis(tri-
fluoromethanesulfonyl)amide (PP13-TFSA) which has a wide elec-
trochemical window and they demonstrated that the electrolyte
consisting of the attained ionic liquid prolonged the life of the
Li/LiCoO2 cell.

15,16 Aurbach et al. for first time applied PP13-TFSA
to amorphous silicon (a-Si) thin-film with a 100 nm-thickness
prepared using magnetron sputtering. Although the film thickness
was thinner compared to that of a typical composite electrode, the a-
Si thin-film exhibited a high electrode performance with a reversible
capacity of ca. 3000 mA h g−1 at the 30th cycle.17 As a matter of
course, growing interest in ionic-liquid electrolytes originates from
ensuring the safety of batteries due to their high thermal stability, but
still these reports also have sparked the use of ionic liquids in recent
years.18–21 In many cases, ionic liquids are very promising candi-
dates as electrolyte solvents for developing batteries with long
lifetimes; however, there is the critical issue of the rapid charge
−discharge properties of the batteries equipped with ionic liquids.

The ionic conductivity of charge carriers such as Li- and Na-ions are
inevitably decreased due to the high viscosity of ionic liquids. This is
responsible for unfavorable degradation of rate performance.22 In a
lot of research, commercially available ionic-liquid electrolytes have
been used. On the other hand, Passerini et al. investigated the effect
of introducing ether functional groups to pyrrolidinium cations on
the physicochemical properties of TFSA-based ionic-liquid electro-
lytes. They elucidated that the coordination number of TFSA anions,
meaning the solvation shell of Li-ion, is reduced when using 1-(2-
ethoxyethyl)-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
amide (Pyr1[2O2]−TFSA) compared to the ionic liquid with pyrro-
lidinium cations with alkyl side chains of the same length.23 We
have also demonstrated that the addition of methoxyethoxymethyl
(MEM) groups to piperidinium cations decreased the number (x) of
TFSA anions in [Li(TFSA)x]

1−x complexes, and enhanced the rate
performance of a Li4Ti5O12 electrode in comparison with the alkyl-
substituted one because of the improved diffusion of the Li-ion in
the electrolyte solution.24 The introduction of oxygen atoms (ether
functional group) into a side chain is remarkably effective to control
cation-anion interaction involved in the solvation environment and
ionic conductivity. Understanding the solvation environment of Li-
ion in electrolytes is extremely important when designing an ionic
liquid for use as an electrolyte solvent, which leads to achieving
high-performance batteries. To the best of the authors’ knowledge,
there have been few systematic studies that investigate the influence
of the position and number of oxygen atoms in the fixed-length
functional groups on physicochemical properties.23 In the present
study, we synthesized five types of ionic liquids with piperidinium
cations in which the position and number of oxygen atoms are
different while fixing the side-chain length with focusing on the
methoxyethoxymethyl (MEM) group. Then, we studied the influence
of the functional group on Li+–TFSA interaction, the formation of
[Li(TFSA)x]

1−x complexes, and the physicochemical properties of
the ionic liquids. The electrode performance of Li4Ti5O12 andzE-mail: sakaguch@chem.tottori-u.ac.jp; shimizu@shinshu-u.ac.jp
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Li-deposition/stripping behavior in the respective electrolyte solu-
tions were examined for the purpose of applying the ionic liquids to
various rechargeable battery systems.

Experimental

Six kinds of ionic liquids consisting of piperidinium-based
cations and bis(trifluoromethanesulfonyl)amide (TFSA) anions
were synthesized. Figure 1 displays the cation structure of 1-((2-
methoxyethoxy)methyl)-1-methylpiperidinium (PP1MEM), 1-bu-
toxymethyl-1-methyl (PP1BM), 1-methyl-(2-propoxyethyl)piperidi-
nium (PP1PE), 1-(3-ethoxypropyl)-1-methylpiperidinium (PP1EP),
1-(4-methoxybutyl)-1-methyl (PP1MB), and 1-hexyl-1-methylpiper-
idinium (PP16) used in this study. Viscosity and ionic conductivity
were measured using a cone-plate type viscometer (Brookfield) and
an electrochemical cell equipped with two Pt electrodes, respec-
tively, at various temperature from 298 to 353 K. Electrolyte
solutions of (LiTFSA)0.2(PP1R-TFSA)0.8 were prepared by dissol-
ving Li salt, lithium bis(trifluoromethanesulfonyl)amide (LiTFSA,
99%, Kishida Chemical Co., Ltd). To study the Li-deposition/
stripping behavior in each of the electrolytes, a three-electrode
type cell was fabricated and cyclic voltammetry (CV) measurement
was conducted with a sweep rate of 0.1 mV s−1 at 303 K. The
working electrode is a Ni substrate (99.9%, 20-μm thickness; Nilaco
Co., Ltd), and both the counter and the reference electrodes are Li
sheets (99.90%, 1.0-mm thickness; Rare Metallic). All operations
including electrolyte preparation and cell assembly were carried out
completely within a purge-type glovebox (DBO-2.5LNKP-TS;
Miwa MFG) filled with an argon atmosphere from which the oxygen
and water had been completely removed. The glovebox maintained a
dew point below −100 °C and an oxygen content below 1 ppm. A
Raman spectroscopy system (NanofinderFLEX, Tokyo Instruments,
Inc.) with 532 nm line of Nd:YAG laser was used to analyze the
solvation environment of Li ions.24 In order to avoid the effects of
humidity, we put the electrolyte solution into a quartz cell, and
tightly sealed in it within an argon atmosphere.

Results and Discussion

Figure 2a shows the temperature dependence of viscosity and
ionic conductivity for the newly synthesized ionic liquids, which
indicates how much the functional group attached to the cation
structure reduces their central positive charge. The viscosity at room

temperature (25 °C/298 K) was 89 for PP1MEM-TFSA, 108 for
PP1BM-TFSA, 110 for PP1PE-TFSA, 149 for PP1EP-TFSA, 175
for PP1MB-TFSA, and 266 mPa s for PP16-TFSA. As viscosity
decreases, ionic conductivity increases (Tables SI–SII and Fig. S1,
available online at stacks.iop.org/JES/167/070516/mmedia). The
low viscosity of PP1MEM-TFSA means that the electrostatic
interaction between dissociated cations and anions is much reduced,
and the functional group of methoxyethoxymethyl (MEM) has more
of an influence as an electron-releasing substituent on the central
charge of the cations than any of the others in the present study.
What needs to be emphasized is that the viscosity of PP1BM-TFSA
was smaller than those of PP1PE-TSFA, PPEP-TFSA, and PP1MB-
TFSA in spite of the equal molecular weight of their ionic liquids.
Therefore, it is found that the functional group of butoxymethyl has
a greater electron-donating ability in comparison with those of
propoxyethyl, ethoxypropyl, and methoxybutyl, and that PP1BM-
TFSA has an ability to provide superior ionic transport properties. In
the ether-substituted ionic liquids, the closer the oxygen atom is to
the positively charged nitrogen atom, the weaker the cation charge
and the results in enhancement of ionic conductivity due to the
reduction of cation-anion interaction. The higher ionic conductivity
in PP1MEM-TFSA was observed even after the dissolution of
LiTFSA salt (Fig. 2b and Table SIII). Although ionic conductivities
between PP1BM-TFSA and PP1PE-TFSA and between PP1EP-
TFSA and PP1MB-TFSA almost overlapped each other, there was a
marked difference in (LiTFSA)0.2(PP1R-TFSA)0.8 systems, which
implies different solvation states in the respective electrolyte
solutions.

The coordination environment of the Li-ion as a charge carrier is
determined by an electrolyte solvent and has a great influence on
charge−discharge behavior. With respect to commercially available
ionic liquids such as PP13-TFSA and 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)amide (EMI-TFSA), it is well known
that Li ions are inevitably solvated by an electrostatic interaction
between Li-ions and TFSA anions to form negatively charged
[Li(TFSA)x]

1−x complexes, and the solvation number (x) results in
“2”.25 As for the electrolyte solution including LiTFSA with a molar
fraction of 0.2, we previously demonstrated that the two oxygen
atoms in the functional group of methoxyethoxymethyl (MEM) play
a key role in weakening the interaction between Li-ions and TFSA
anions by forming the PP1MEM-Li-TFSA complex; the average
solvation number of TFSA anions per Li-ion becomes smaller due to

Figure 1. Cation and anion structures of ionic liquids used in this study. Ionic liquids with piperidinium cations were synthesized in which position and number
of oxygen atoms are different while fixing the side-chain length with a focus on the methoxyethoxymethyl (MEM) group.
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the attractive force induced by the negatively-charged oxygen
atoms.24,26 The lower number made Li-ions relatively free from
the constraint generated by the cation-anion electrostatic interaction
and improved the transport ability of Li-ions, and thereby improved
rate the performance of the Si electrode and the Li4Ti5O12

electrode.20,21,24 However, there is room to reconsidering the matter.
In order to further understand the phenomenon, it is necessary to
investigate the relationship between the number and the position of
oxygen atoms in the side chain groups to achieve the effect
mentioned above. Figure 3a compares the Raman spectra of
(LiTFSA)0.2(PP1R-TFSA)0.8 electrolyte solutions in the wave-
number range from 725 to 765 cm−1, which offers insight into
behavior of Li-ions and TFSA anions. The intense band of 742 cm−1

derives from the CF3 bending vibration coupled with the S−N
stretching vibration of the TFSA anions.27 The band shows that
TFSA anions in the respective electrolyte solutions do not interact
with Li-ions, which means that the anions are not involved in the
stabilization of [Li(TFSA)x]

1−x complexes. It was observed in only

one band before dissolving Li-salt (not shown here), whereas the
additional band appeared at around 748 cm−1 in the presence of
LiTFSA. The appearance indicates the existence of [Li(TFSA)x]

1−x

complexes formed by the Coulomb force. In respect to a neat EMI-
TFSA and its mixtures of the ionic liquid and Li ions at room
temperature, Kurisaki and Umebayashi et al. used X-ray photoelec-
tron spectroscopy for analyzing the composition and structure of its
near-surface region. They revealed that Li ions are easily solvated
C1 TFSA anions C1 than C2 TFSA anions and proposed that Li ions
are concentrated in the near-surface region.28 In all cases, the band
intensity at 742 cm−1 was consistently larger compared to that at
748 cm−1, that is, TFSA anions are often present to be free rather
than involved in the solvation. When attention is paid to the number
of oxygen atoms in the respective functional groups, it is found that
the formation of [Li(TFSA)x]

1−x complexes tend to be suppressed in
the presence of oxygen atoms. From a viewpoint of the position of
the atom, it is indicated that Li-ions become free from TFSA anions
as oxygen atoms approach the positively charged nitrogen atoms.

Figure 2. Temperature dependences of viscosity and ionic conductivity of (a) neat ionic liquids and (b) piperidinium-based ionic-liquid electrolyte solutions of
(LiTFSA)0.2(PP1R-TFSA)0.8. The plots for PP1BM-TFSA and PP1PE-TFSA are almost overlapping in panel (b).

Figure 3. (a) Raman spectra of (LiTFSA)0.2(PP1R-TFSA)0.8 electrolyte solutions from 725 to 765 cm−1. The black, dotted, red, and blue lines correspond to
observed spectrum, the total Raman spectrum, the deconvoluted components of free TFSA anions (TFSA−

free) and TFSA anions interacting with Li+

(TFSA−
solv), respectively. (b) Plot of Isolv/(Ifree+Isolv) as a function of (LiTFSA)x(PP1R-TFSA)1−x. The cations are PP1MEM, PP1BM, PP1PE, PP1EP, PP1MB,

and PP16, respectively.
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We think that the resulting free Li-ions interact through oxygen
atoms in cations. Based on the results for the ratios of band
intensity (Isolv/Ifree + Isolv) vs the molar fraction of LiTFSA
(Fig. 3b), the average solvation numbers of TFSA anions per Li-
ion in the respective electrolyte solutions were calculated through
the method reported by Lassègues and Balducci et al.29,30 The
average
solvation numbers in each of the electrolyte solutions of
(LiTFSA)0.2(PP1R-TFSA)0.8 are 1.56 for PP1MEM-TFSA, 1.76
for PP1BM-TFSA, 1.86 for PP1PE-TFSA, 2.06 for PP1EP-TFSA,
2.07 for PP1MB-TFSA, and 2.40 for PP16-TFSA. The higher ionic
conductivity obtained in (LiTFSA)0.2(PP1MEM-TFSA)0.8 should
be responsible for the lower solvation number and is related to
enhanced Li-ion diffusion property. To investigate the applicability
of these ionic liquids to electrolyte solvents for Li-ion batteries, the
effects of the physicochemical properties and solvation number on
charge−discharge behavior were studied using Li4Ti5O12 elec-
trodes which can operate within the potential windows of the ionic
liquids. In addition, we also evaluated Li-deposition/stripping
properties.

Figure 4a summarizes the rate performance of Li4Ti5O12

electrodes in (LiTFSA)0.2(PP1R-TFSA)0.8 electrolyte solutions at
various C-rates from 0.1 C (17.5 mA g−1) to 20 C (3500 mA g−1).
For comparison, the performance in an organic electrolyte of 1 M
LiTFSA/propylene carbonate (PC) was also shown. Ionic liquid
electrolytes except for PP1MEM-TFSA showed only a low
reversible capacity below 150 mA h g−1 even at a low current
density region with low influence from the concentration polariza-
tion (0.5 C). Clear polarization for charge–discharge was observed
in PP1MB-TFSA and PP16-TFSA systems (Figure 4b). At a
relatively high rate of 2 C, PP1MEM-TFSA displayed a higher
reversible capacity of 85 mA h g−1 than any other ionic liquid,
showing the good Li-ion transport properties in PP1MEM-TFSA
originating from the small average solvation number and low
viscosity.

Figure 5 displays the cyclic voltammograms of Ni/Li cells with a
Li reference electrode in a potential range from 2.0 to –0.2 V and
voltage profiles of symmetric cells consisting of Li metal under a
constant current density of 0.01 mA cm–2. No obvious peak for
cathodic and anodic decomposition of ionic liquid was observed in
the sweep range. PP1MEM-TFSA showed smallest overvoltage for
Li-deposition/stripping and the reaction was stable for 600 h. In the

voltammograms, the reduction and oxidation current density in-
volved with Li-deposition/stripping increased in order of decreasing
solvation number, indicating that lower solvation has the effect of
showing good conductivity in the charge carriers. In the TFSA-based
ionic-liquid electrolyte, Li ions have a negative charge rather than a
positive charge because TFSA anions work as a ligand to form the
[Li(TFSA)x]

1−x complex. Therefore, in the vicinity of the Ni
substrate which is negatively charged during the cathodic reaction,
the cations of the ionic liquids are preferentially accumulated to
compensate for the negative charge, and [Li(TFSA)x]

1−x complexes
align opposite to the cations. This is the reason why the kinetics of
the charge transfer reaction are lower than that in an organic
electrolyte system. It is considered that the higher conductivity
comes from the relatively free Li-ions from the constraint generated
by the electrostatic interaction with TFSA anions. In the previous
study, we revealed that PP1MEM cations attract Li-ions bound to
TSFA anions through the two oxygen atoms to form the PP1MEM-
Li-TFSA complex.24 The complex enables Li-ions to be closer to the
electrode, which is why a good rate performance and the largest
current densities during Li-deposition/stropping were obtained.
Comparing PP1BM-TFSA, PP1PE-TFSA, PP1EP-TFSA and
PP1MB-TFSA in which the position of oxygen atoms in the
functional group differs, the higher solvation number was acquired
with PP1MB-TFSA (2.07). However, PP16-TFSA caused the largest
number of 2.40. The results show that solvation environment is also
affected by the position as well as the number of oxygen atoms.
Oxygen atoms located nearer to the center of the cation structure
than the end of the side chain exert a controlling influence on lower
solvation. Furthermore, the favorable number of oxygen atoms for
lower solvation number is not one but rather two or more because of
the chelating effect. Mere modification and addition of functional
groups raises the molecular weight of cations and enhances Van der
Waals’ force increasing the viscosity of the electrolyte solution.
Therefore, there should be a threshold in the chain length of the
functional moiety. In a future study, we are going to investigate the
interaction between Li-ions and other anions such as FSA−, BF4

−,
and PF6

− in PP1MEM-based ionic liquids. Given the functionality
of ether groups in enhancing high ionic conductivity and their
relatively high thermal stability,31 ionic liquids consisting of ether-
substituted piperidinium cations and TFSA anions are promising
electrolyte solvents not only for Li-ion batteries but also Li-Sulfur,
and Li-Air batteries.

Figure 4. (a) Rate capability of Li4Ti5O12 electrodes in (LiTFSA)0.2(PP1R-TFSA)0.8 electrolytes at various C-rates from 0.1 to 20 C (3500 mA g−1). (b)
Charge–discharge (Li-insertion/extraction) curves at 0.5 C. For comparison, the performance in the organic electrolyte of 1 M LiTFSA/PC is shown.
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Conclusions

TFSA-based ionic liquids with piperidinium cations with various
substitution groups were synthesized to study the effect of the position
and number of oxygen atoms within the group on the solvation
environment of Li-ions in the respective ionic-liquid electrolytes.
Raman spectroscopic analysis revealed that the methoxyethoxymethyl
group plays a key role to suppress the formation of [Li(TFSA)x]

1−x

complexes. The solvation number (x) of TFSA anions per Li-ion in
PP1MEM-TFSA was 1.56, and the number was lower than any other
electrolyte solutions. (LiTFSA)0.2(PP1MEM-TFSA)0.8 displayed re-
latively high rate performance due to good Li-ion diffusion properties
originating from its low viscosity and small solvation numbers.
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