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Abstract

An innovative ionic liquid–organic hybrid electrolyte technology was developed to obtain
safer and more reliable sodium-ion battery (SIB) systems. The formulation is based on the
1-ethyl-3-methyl-imidazolium bis(flurosulfonyl)imide (EMIFSI) ionic liquid combined with
the Diglyme cosolvent, which showed good performance in SIBs. The hybrid electrolyte
formulation was qualified in terms of thermal and ion transport properties and electrochem-
ical stability. The results, reported and discussed in the present manuscript, showed how
it is feasible to improve conductivity without decreasing the safety and electrochemical
stability of ionic liquid-based electrolytes.

Keywords: ionic liquid electrolytes; 1-ethyl-3-methyl-imidazolium bis(fluorosulfonyl)imide;
Diglyme; hybrid electrolyte technologies; sodium batteries

1. Introduction
Sodium-ion battery (SIB) systems represent a promising alternative to lithium-ion

devices [1,2] because of the much larger availability of Na (>1000 times) with respect to
Li; lower cost; lack of need for critical raw materials as Cu, Co, and Ni; and similar redox
potentials (2.71 V vs. 2H+/H2), and they also allow for the use of Al current collectors
(lighter and cheaper) instead of Cu ones [1,2]. However, analogously to Li-ion batteries, SIBs
suffer from remarkable safety drawbacks, especially in the case of overcharge and/or poor
heat release, due to the presence of volatile and flammable organic liquid electrolytes [3],
thus leading to the burning and/or explosion of electrochemical devices.

An appealing strategy for improving the safety and reliability issues of SIBs is the
replacement of organic electrolyte solvents with a new fluid material class, behaving as
poorly flammable and/or flame-retardant components, called ionic liquids (ILs). These
liquids, such as molten salts at room temperature or below, display intriguing properties,
such as flame-retarding abilities, negligible vapour pressure, good power solvent prop-
erties combined with thermal–chemical–electrochemical stability, and good ion transport
properties [4].
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The conductivity of IL electrolytes is, however, generally lower than that of organic
solutions, negatively reflecting on the high-rate performance of the battery [4]. An inter-
esting approach to improving ion transport properties is the use of cosolvents (mainly
organic) in conjunction with ILs, representing a reasonable compromise between higher
ion conduction and improved safety/reliability [4]. Previous work has demonstrated
how the combination of organic compounds with ionic liquid electrolytes can enhance the
electrochemical performance of lithium cells [5,6]. However, hybrid IL–organic electrolytes
for SIBs are very rarely encountered in the literature.

In this work, we present a preliminary investigation carried out on a mixed electrolyte
formulation based on the 1-ethyl-3-methyl-imidazolium bis(flurosulfonyl)imide (EMIFSI)
ionic liquid and the Diglyme cosolvent. Both EMIFSI [7,8] and Diglyme [9] have shown
good performance in Na-ion devices. This electrolyte technology was studied in terms of
thermal analysis, ion transport properties, and electrochemical stability.

2. Materials and Methods
2.1. Electrolyte Preparation

The EMIFSI ionic liquid was prepared according to an eco-friendly route described else-
where [7,8]. The reagents, namely N-methyl-imidazole (Sigma-Aldrich (St. Louis, MO, USA)
99%), bromoethane (Sigma-Aldrich, 98%), and sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI, Solvionic (Toulouse, France), >99.9%), were used as received. Activated carbon
(Sigma-Aldrich, Darco-G60), used as the sorbent material through the purification route, was
previously rinsed in deionized water, which represents the only processing solvent. The
so-obtained EMIFSI ionic liquid exhibited a purity level above 99.9 wt.% (moisture and halide
content below 5 ppm), which was verified by X-ray fluorescence, UV-Vis spectrophotometric
measurements, and Karl Fisher water titration.

The Diglyme (Sigma Aldrich) cosolvent was treated in anhydrous zeolite to remove the
residual moisture content. Specifically, a proper amount of zeolite was added to Diglyme
(Diglyme/zeolite weight ratio = 6:1) and stirred for 3 min at room temperature. Then, the
Diglyme was filtered through a 0.2 µm polyamide filter membrane. This treatment allowed
moisture to decrease to 3 ppm.

Qualitative ignition tests were carried out by exposing a small amount of sample
(1–2 g) to an open flame (500–600 ◦C), performed using a butane torch, for at least 60 s
in an external environment. Ignition behaviours, i.e., burning, flame persistence, and
self-extinguishing behaviours, were visually observed and recorded. Several electrolyte
formulations, with an EMIFSI:Diglyme mole ratio from 0.9:0 to 0:0.9, were tested. We
observed that formulations with a Diglyme mole fraction ≥ 0.2 (20 mol.%) showed flamma-
bility under the applied test conditions. Therefore, considering that electrolyte safety is of
primary importance, formulations with a Diglyme content ≥ 20 mol.% were not subjected
to further investigations. Therefore, the EMIFSI/Diglyme mole ratio was kept equal to 8:1.

The (EMIFSI + Diglyme)/NaTFSI mole ratio was fixed to 0.2, corresponding to a
molar concentration near 1 M, for comparison purposes with the molarity of standard
organic electrolytes.

The 0.711EMIFSI/0.089Diglyme/0.20NaTFSI electrolytic formulation was prepared by
dissolving the proper amount of the NaTFSI (previously vacuum-dried overnight at 110 ◦C)
in an EMIFSI/Diglyme mixture. NaTFSI was used as the sodium salt because the TFSI
anion was proven to allow for the growth of a protective Al(TFSI)3 layer on the aluminum
current collector [10], avoiding or minimizing corrosion phenomena.

The handling and preparation of materials/samples, as well as electrochemical cell
assembly, were conducted in a controlled argon atmosphere glove box (Jacomex, moisture
and oxygen level < 1 ppm).
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Table 1 summarizes the samples and relative mole fraction composition, which were
subjected to investigation.

Table 1. The mole fraction composition of the samples subjected to the present investigation.

Sample EMIFSI Diglyme NaTFSI

A 1.00 0 0
B 0.80 0 0.20
C 0.89 0.11 0
D 0 1.00 0
E 0 0.80 0.20
F 0.71 0.09 0.20

2.2. Thermal Analysis

Thermal properties were validated through differential scanning calorimetry (DSC)
measurements by a TA Instruments mod. DSC250 calorimeter (50 mL min−1 flow rate) in a
N2 atmosphere. The samples (5–10 mg) under investigation were loaded into Al sealed
pans. The measurements were run by conducting a cooling scan (10 ◦C min−1) from room
temperature down to −110 ◦C, followed by a heating scan (10 ◦C min−1) from −110 up to
100 ◦C. In addition, thermal cycling (from −110 ◦C to the onset of endothermal melting
feature) was performed to allow for the full crystallization of the samples [11].

2.3. Ion Transport Properties

The ion conduction of the EMIFSI/Diglyme/NaTFSI electrolyte was evaluated by an
Amel 160 conductivity meter on sealed, two-electrode (Pt) glass cells (Amel 192/K1) loaded
with the sample under test. The measurements were run in the −40/0 ◦C temperature
range (Binder GmbH MK53 climatic chamber). The cells were dipped in liquid nitrogen for
about one minute and then immediately transferred into the climatic chamber at −40 ◦C to
allow for the full crystallization of the electrolyte [7]. After storage at −40 ◦C overnight,
conductivity was determined by running a heating scan at 1 C h−1.

2.4. Electrochemical Stability

Electrochemical stability was evaluated by cyclic voltammetry (CV) on Na/C cells,
which were manufactured by placing a glass fibre separator, soaked with the electrolyte
sample (0.1 mL) under investigation, between a sodium metal coin (10 mm, American Ele-
ments (Los Angeles, CA, USA)) and a carbon (Super C45, Imerys (Paris, France)) working
electrode (placed onto aluminum foil). The cells were housed in CR2032 containers (MTI
(Torrance, CA, USA)) which were sealed for tests in an external environment. CV measure-
ments (multichannel battery cycler BioLogic mod.805) were run (30 ◦C) by consecutively
scanning the cell voltage between 3.0 and 4.3 V vs. Na+/Na◦ (anodic stability) and 1.0 and
0.01 V (cathodic stability) at a 1 mV s−1 scan rate.

3. Results and Discussion
3.1. Thermal Properties

The results from the DSC measurements are illustrated in Figure 1, which com-
pares the thermal behaviour of different electrolytes. Pure Diglyme is reported on for
comparison purposes.
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Figure 1. DSC trace of different electrolyte samples (see legend) obtained in N2 atmosphere. Neat
Diglyme is reported on for comparison purposes. Heating scan rate: 10 ◦C min−1. Melting feature is
highlighted with asterisk (*).

As clearly evidenced, the EMIFSI-NaTFSI and Diglyme–NaTFSI samples do not show
any feature except for the glass transition (around −90 ◦C for the EMIFSI-NaTFSI sample),
likely ascribable to slow crystallization kinetics [11,12], which, under the operative con-
ditions followed for the DSC measurements, did not allow for the formation of a crystal
lattice [11,12]. Conversely, the glass transition profile is not detected in the other ther-
mal traces, indicating that the corresponding samples were carefully crystallized [11,12].
For instance, the other samples exhibit a well-evidenced endothermal peak, due to the
material melting [11,12], located from −65 (Diglyme) to −14 ◦C (EMIFSI). Interestingly,
the hybrid EMIFSI–Diglyme–NaTFSI ternary electrolyte formulation displays a melting
feature around −25 ◦C; this favourably allows for possible operative conditions at low
temperatures. It is of note that the hybrid electrolyte displays clear endothermal features
just prior to the melting one, likely attributable to solid–solid phase transitions occurring in
IL-based electrolytes prior to the solid–liquid one [11,12].

3.2. Ion Transport Properties

Figure 2 compares the ionic conductivity vs. temperature dependence, reported as an
Arrhenius plot, of different electrolyte samples. The target of this still preliminary study
was investigating ion transport properties from below room temperature down to low
thermal values at which electrolyte technologies are generally in the solid state. The neat
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EMIFSI ionic liquid (open squares) exhibits detectable conduction values, i.e., exceeding
the minimum one revealed by the equipment, only above −20 ◦C. However, conductivities
appealing for practical devices (>10−4 S cm−1) are recorded at temperatures ≥ −10 ◦C.

Figure 2. Ionic conductivity vs. temperature dependence, reported as Arrhenius plot, of different
electrolyte samples (see legend). Heating scan rate: 1 ◦C h−1.

At higher temperatures, an almost sharp conductivity increase of more than four
orders of magnitude is observed up to −5 ◦C, displaying a value of 4 × 10−3 S cm−1

and indicating that EMIFSI melts around −15 ◦C. This behaviour agrees with the DSC
results (Figure 1), which exhibit a pronounced endothermal feature for EMIFSI at −14 ◦C.
Above −5 ◦C, the pure IL shows a VTF trend, which is typical of full amorphous ionically
conducting materials [13–15] and generally encountered in ionic liquid electrolytes [7,12].

The addition of the NaTFSI salt (grey squares) results in a conductivity decrease,
with respect to neat EMIFSI, when the samples are in the molten state, likely ascribable to
stronger ion–ion interactions resulting from the higher surface charge density of the smaller
Na+ cation than (EMI)+. Conversely, an interesting shift in the melting temperature towards
lower values is detected: specifically, about 10−4 S cm−1 is exhibited by the EMIFSI-NaTFSI
sample at −25 ◦C, indicating a liquid state, whereas no detectable conduction is revealed
for pure EMIFSI. This behaviour, very often observed in ionic liquid electrolytes [7,12],
must be attributed to the different steric hindrances between the Na+ and (EMI)+ cations,
which hinders the formation of the crystal lattice of the electrolyte material [7,12]. Generally,
such an effect counterbalances the above-described increase in ion interactions, which, con-
versely, leads to an increase in the melting temperature. To summarize, the incorporation
of NaTFSI results in an extension of the liquid state range of the EMIFSI ionic liquid down
to below −20 ◦C. It is surprising to note that no endothermal melting feature is recorded in
the DSC trace of the EMIFSI-NaTFSI sample; this only apparent discrepancy, however, is
likely attributed to the different operative conditions and protocols followed for the DSC
and conductivity measurements [16]. For instance, the samples subjected to conduction
tests (i) involve a much more careful crystallization route (i.e., dipping in liquid nitrogen
and hosting overnight at −40 ◦C); (ii) exhibit a mass about three orders of magnitude
higher; and (iii) are housed between highly rough electrodes, which promote the crystalliza-
tion of the sample. The Diglyme–NaTFSI electrolyte (crucible data markers) exhibits VTF
behaviour down to −40 ◦C, at which a conduction value approaching 5 × 10−4 S cm−1
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is observed; this indicates that the sample is still in the liquid state (at −40 ◦C) and is
in agreement with the DSC results that show no endothermal melting feature (i.e., the
Diglyme–NaTFSI electrolyte does not display any crystallization down to below −100 ◦C,
passing directly from the liquid state to an amorphous solid one [12]).

The incorporation of Diglyme in the EMIFSI-NaTFSI ionic liquid sample results in
improved ion transport properties as a result of the lower viscosity of the Diglyme cosolvent
(1.78 mPa s at 25 ◦C, [17]) with respect to the EMIFSI (19.4 mPa s at 25 ◦C, [18]) ionic liquid,
even resulting in the levelling of the conductivity values of the organic Diglyme–NaTFSI
electrolyte above −10 ◦C. In particular, the EMIFSI–Diglyme–NaTFSI hybrid electrolyte
exhibits, above −20 ◦C (molten state), a conductivity increase of about one-half order
of magnitude with respect to the EMIFSI-NaTFSI sample and ion conduction exceeding
10−3 S cm−1 even at −15 ◦C. It is worth noting that the hybrid formulation matches even
the organic one at temperatures above −20 ◦C.

The data clearly indicate that the hybrid electrolyte is liquid above −20 ◦C, in agree-
ment with the DSC results, which evidence an endothermal melting feature around −25 ◦C,
and displays fast ion transport properties, thus making the ternary EMIFSI–Diglyme–
NaTFSI technology appealing for low-temperature applications in sodium battery systems.

3.3. Electrochemical Stability

Cyclic voltammetry measurements were conducted to assess the electrochemical
stability of the developed hybrid electrolyte in the presence of a carbon working electrode,
thus allowing for the better simulation of this behaviour in a practical device [8]. In a
preliminary way, the CV tests were run at 30 ◦C.

The results, depicted in Figure 3A for the cathodic side, evidence a large, broad feature
(panel A), with a maximum around 0.15 V, only in the first cathodic sweep, which is likely
ascribable to the growth of a passive layer (Solid Electrochemical Interface, SEI) onto the
carbon electrode, formed by the products from electrolyte reduction [8]. However, the SEI
(electronic insulator) can block electrolyte degradation but, at the same time, allows for
(as an ionic conductor) the reversible intercalation of sodium ions [8]. Previous studies,
carried out on hard carbon electrodes in EMIFSI-NaTFSI electrolytes [19], revealed that
the SEI is mainly composed of inorganic species (such as NaF, Na2S, Na2Sx or S-Oxides
and fluoride/S moieties) from the degradation of the FSI− and TFSI− anions. These
inorganic species tend to form a thinner, relatively less porous and more thermally stable
SEI compared to typical carbonate electrolytes, resulting in enhanced cycling stability in
Na/hard carbon. It may be assumed, avoiding any speculation, that combining ionic liquid
with Diglyme could produce a slightly more organic SEI whose implications are still to be
verified. Further investigation is, however, required for better understanding this issue.

A modest peak around 0.3 V suggests Na+ intercalation, whereas a corresponding fea-
ture (0.4 V), which is also evidenced in the following anodic scans, indicates the reversibility
of the sodium intercalation process [8]. It is worth highlighting that the following CV pro-
files (up to the 100th one), after the initial one, are practically overlapped. In addition, no
feature linked to electrolyte reduction is observed up to 0.01 V, proving electrochemical
robustness towards reduction, which allows for reversible Na+ cation intercalation without
the degradation of the electrolyte [8].
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Figure 3. Cathodic (panel (A)) and anodic (panel (B)) CV traces obtained for EMIFSI–Diglyme–
NaTFSI electrolyte technology. Working electrode: carbon. Counter electrode: Na◦ metal. Scan rate:
1 mV s−1. Temperature: 30 ◦C.

Anodic CV profiles, recorded to evaluate stability towards oxidation, are depicted in
Figure 3B. A rise in current density up to 6 µA cm−2 is observed during the first anodic
sweep; however, this is not evidenced in the following scans where the current value is
seen to be lower than 2 µA cm−2 up to 4.3 V. No significative current profile is detected
in the corresponding cathodic sweeps, suggesting that the initial current increase is only
ascribable to the irreversible (full) oxidation of contaminants during the first anodic scan [8].
We would like to highlight the very low residual current, in combination with the flat
profiles recorded during the CV scans, indicating no practical electrochemical degradation
process up to 4.3 V and the high purity level of the hybrid electrolyte formulation (i.e.,
the very low residual level of contaminants is fully oxidized during the first anodic scan).
These peculiarities allow the hybrid EMIFSI–Diglyme–NaTFSI electrolyte technology to be
employed with high voltage cathodes. To summarize, the incorporation of Diglyme does
not affect the electrochemical stability of the ionic liquid electrolyte.

4. Conclusions
A hybrid, sodium-conducting, ionic liquid–organic hybrid electrolyte technology,

which, until now, had never been reported on for Na-ion batteries, was developed and
preliminarily investigated. The main target was to improve the ion transport properties of
the ionic liquid electrolyte without decreasing the safety or reliability of the electrochemical
device. The 1-ethyl-3-methyl-imidazolium bis(flurosulfonyl)imide (EMIFSI) ionic liquid
was combined with the Diglyme cosolvent and the NaTFSI sodium salt. Ignition tests (not
reported here) demonstrated no flammability of the hybrid electrolyte even if subjected to
direct fire in an external environment.

The preliminary investigation showed how the incorporation of the Diglyme cosolvent
remarkably improved ion transport properties without decreasing the safety or electrochem-
ical stability of ionic liquid-based electrolytes. In particularly, conductivity approaching
10−3 S cm−1 was recorded already at −20 ◦C in combination with excellent robustness in
the 0.01–4.3 V vs. Na+/Na◦ voltage range. Therefore, the EMIFSI–Diglyme–NaTFSI hybrid
electrolyte formulation appears rather appealing in terms of being highly safe and reliable
and, at the same time, for use in advanced sodium-ion battery systems.
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