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The application of ionic liquids in lithium ion batteries has increased in recent years in order to find new
electrolytes that improve both performance and safety. The gathering of experimental data in order to
understand the behaviour of these systems will help us design electrolytes that can be optimized for a
specific objective.
Data on electrolytes made up of a ternary mixture with an ionic liquid are missing in the literature. In

this work, we provide new data on physical properties and refractive indexes for the ternary mixtures
1-methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([MPPyr][TFSI]) + acetonitrile (AN)
or c butyrolactone (GBL) or dimethyl sulfoxide (DMSO) + lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI) with different concentrations of salt, specifically, 10%, 15%, 20%, 30%, 35%. The measured proper-
ties were density (q), viscosity (g) and ionic conductivity (j) in the temperature range of 278.15 to
358.15 K except for the mixtures with acetonitrile whose temperature range was 278.15 K to 328.15 K
and the refractive indexes (nD) that were measured at a single temperature of 298.15 K.
In general, the addition of salt in the binary mixtures provokes an increase of density and viscosity and

therefore a decrease of ionic conductivity. It is worth mentioning that some of the studied systems
showed values of ionic conductivity even better than those obtained for electrolyte systems based on
carbonate.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays, the increase of global demand of energy has led to
the depletion of natural resources and the increase of emissions
of greenhouse gases that have contributed significantly to global
warming. This has caused research, in recent years, to be focused
on solutions or alternatives that improve both the consumption
natural resources and environmental conditions. Among these
actions are the promotion of renewable energies (solar, wind. . .)
as well as the development of energy-storage systems that
improve energetic performance and reduce pollution. In this con-
text, it is worth mentioning the importance of rechargeable batter-
ies, particularly, the lithium-ion battery (LIB) whose role will be
fundamental for the storage of non-programmable energy produc-
tion, but is also significant in daily low power usage, where LIBs are
present in devices such as mobile phones, laptops, pacemakers etc.
However, although its success lies in its high energy density, low
cost, longevity, high cyclability. . ., LIBs have a few limitations when
we talk about using them on a large-scale in terms of energy, life-
time, safety and environmental sustainability.

The right design of Li-based batteries seeks to overcome the
shortcomings mentioned above. For this reason, research has
recently been focused on the study of the development of new or
already known materials for anode, cathode and separators [1],
the formulation of new electrolytes [2,3] as well as configuration
and safety issues [4–7].

Ideally, electrolyte should be a good ionic conductor, non-
flammable, nontoxic, environmentally friendly and it should have
a long-term electrochemical stability over a wide temperature
range. This latter implies that it has to be inert against both elec-
trodes and the rest of the cell components (separators and current
collectors) [8–10]. Unfortunately, these interactions exist and have
a big impact on the properties of the cell such as efficiency, relia-
bility and so on. With this in mind, it́s obvious the difficulty for
finding an electrolyte composed of one single component that
meets all or nearly all these requirements. Consequently, the elec-
trolytes are usually multi-component systems of (one or more
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lithium salts + one or more solvents) with the presence or not of
additives [2,3,9,11–26].

In general, the commonly used electrolytes for LIBs are solu-
tions of a lithium salt, lithium hexafluorophosphate (LiPF6) in a
mixture of organic carbonates: ethylene carbonate (EC) as sol-
vent + linear carbonate mainly dimethyl and/or diethyl carbonate
(DMC and DEC) as cosolvent [2]. The presence of EC in the mixture
is essential due to its ability to form a protective film ionic con-
ducting on the surface of carbonaceous anodes, SEI (solid elec-
trolyte interface) which avoids the decomposition of the
electrolyte on the anode. However, this cannot be used as a single
solvent due to its high melting temperature; so it is necessary to
mix it with a cosolvent to increase the fluidity of the electrolyte.
Thus, although the composition of these electrolytes is well known,
the complex handling of LiPF6 because of its moisture sensitivity,
along with safety problems at T > 40 �C, and the limits of voltage
operation of carbonates mixtures, restrict its use in new applica-
tions. Therefore, its optimization requires the design of new formu-
lations for these kind of compounds.

The attractive properties of ionic liquids (ILs) such us low
flammability, high thermal stability, broad electrochemical win-
dow, high ionic conductivity and low vapour pressure, as well as
their versatility because of their molecular structure make them
promising candidates as electrolytes for LIB́s. However, their prop-
erties vary enormously as a function of their molecular structure.
Thus, the choice of the anion has a strong influence on the proper-
ties and the stability of the ionic liquids while the chemistry and
functionality are, in general, controlled by the cation choice
[27,28]. Because of this, the alternatives for an eligible ionic liquid
for batteries are limited.

There are two main groups of ionic liquids, aprotic (AIĹs) and
protic ones (PIĹs). The main difference between them is the
absence or presence of an available proton on the cation. Ionic liq-
uids are highly viscous liquids and the addition of a lithium salt, in
order to realize electrolytes for LIBs, increase even more their vis-
cosity, which means low conductivities, slow Li diffusion and weak
wettability of electrode. All of this in addition to their lack of ability
to form SEI on the surface both anode and cathode are critical
issues in the design of ionic liquid based electrolytes. In order to
overcome these difficulties, the addition of additives such as
organic solvents is an usual practice in these systems.

Up to now, research has been focused on the search of AIĹs
based electrolytes, owing to their wide electrochemical window,
although PILs based electrolytes have also been proposed recently
[29–31]. The most common AIĹs are combinations of cations such
as imidazolium, pyridinium, pyrrolidinium, and piperidinium and
anions such (BF4�), (PF6�), (TFSI�), (FSI�) and (BCN4)�. It has been
shown that imidazolium cations have higher conductivities and a
narrow electrochemical stability window (ESW) compared to those
with pirrolydinium and piperidinium cations. In adittion, AIĹs con-
taining (TFSI�) have higher thermal stability than those containing
(PF6�), but higher viscosity respect to those with (FSI�). This latter
anion (FSI�) has, moreover, the property of forming a protective
film in carbonaceous electrodes without the presence of additives.
At the same time, it has been reported that AIĹs in mixtures with
carbonates have improved electrochemical stability, cyclability,
thermal stability, safety and sustainability of LIB́s electrolytes.
However, in spite of the large number of studies, an IĹs based elec-
trolyte whose performance is comparable with those obtained by
conventional ones has not been achieved. [32–45].

With this in mind and on the basis of the existing literature, we
have selected a pyrrolidinium-based ionic liquid 1-methyl-1-
propylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([MPPyr]
[TFSI]) due to their compatibility and versatility as electrolyte or
additive in battery applications [46–49] a lithium salt of bis(tri
fluoromethylsulfonyl)imide (LiTFSI)) with counter ion in common
2

with the IL, and a series of organic solvents, such as acetonitrile
(AN), c-butyrolactone (GBL) and dimethyl sulfoxide (DMSO) whose
characteristics of solubility, dipolar moment, electrochemical win-
dow, dielectric constant and viscosity could make them suitable for
use as electrolytes in batteries. The presence of these latter in elec-
trolytes of Li-based batteries improves their electrochemical prop-
erties as well as their thermal and chemical stability [50–63].

In this work, we present the study of the physical properties
and the refractive indexes of the ternary mixtures formed by mix-
tures (percent by weight (wt%)) 50 wt% [MPPyr][TFSI] + 50 wt% AN
or GBL, or DMSO + LiTFSI, with five different concentrations of
lithium salt. The measured properties were density (q), viscosity
(g) and ionic conductivity (j) in a broad temperature range, while
the refractive index (nD) was measured at a single temperature.

The chosen binary mixtures (IL + solvent) to be mixed with
lithium salt were those that presented the highest ionic conductiv-
ity in the concentration range studied, according to the fit of a
pseudolattice model recently developed by some of us [64]. In
addition, the temperature behaviour of different magnitudes in
the binary and ternary mixtures studied has been accurately fitted
to the corresponding usual equations.

Literature reports data of pyrrolidinium-based ionic liquids
mixtures in organic solvents, nitriles and the salt, LiFSI and LiTFSI
[65–72]. Thus, combinations of pyrrolidinium-carbonate mixtures
display good thermal stability, ionic conductivities similar to car-
bonate systems and electrochemical window wider than 5.5 V.
However, not published data was found about the physical proper-
ties studied herein for any of the binary and ternary systems pre-
sented here.

The study of the physical properties of these mixtures hopes to
be a small contribution to the understanding of IL-solvent interac-
tions and in this way help with the selection and design of new
electrolytes. Despite the refractive index has not impact in this
study when assessing our mixtures as electrolytes for batteries,
their knowledge can be useful in other fields. In general, these
can provide us information about the purity and concentration of
the substances as well as their volumetric and optical behaviour
[73–81]. For this reason, we include it as part of the characterisa-
tion of our mixtures.
2. Experimental section

2.1. Chemicals

The studied compounds are included in Table 1, where we indi-
cate the chemical name and the acronyms used here, as well as
their provenance, mass fraction purity and CAS number. The com-
pounds were used as they came from the dealer without any addi-
tional purification in our laboratory.
2.2. Experimental procedure

All chemicals used were taken from their original container,
rebottled and sealed into a dry chamber with a relative humidity
lower than 10% before taking them out.

As a first step, we measured the physical properties of density
(q), viscosity (g), ionic conductivity (j) and refractive index (nD)
of the ionic liquid [MPPyr][TFSI] and the solvents AN, GBL and
DMSO, and their corresponding binary mixtures (IL + solvent) with
different percent by weight of solvent 25, 50 and 75 wt%.

All measurements were carried out in the temperature range
between 278.15 K and 358.15 K except for those containing AN,
whose measured temperature range was between 278.15 K and
328.15 K, due to its low boiling point of 354.75 K. Also, the



Table 1
Chemical name, molar mass, provenance, mass fraction purity, CAS number and chemical structures of the compounds studied in this work.

Chemical name M/g∙mol�1 Provenance Purity CAS number Chemical structures

1-Methyl-1-propylpirrolidinium bis(trifluoro methylsulfonyl)imide
([MPPyr][TFSI])

408.38 Io-li-tec 0.99 223437-05-6

Lithium bis(trifluoro methylsulfonyl)imide (LiTFSI) 287.09 Acros
organics

0.99 90076-65-6

Acetonitrile (AN) 41.05 Panreac 0.997 75-05-8

c-Butyrolactone (GBL) 86.09 Merck �0.99 96-48-0

Dimethyl sulfoxide (DMSO) 78.13 Panreac 0.999 67-68-5
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refractive indexes were measured at 298.15 K. All measurements
have been performed at atmospheric pressure about 101 kPa.

Afterwards, a theoretical model was applied to the ionic con-
ductivities data in function of composition for every temperature
in all the binary mixtures, so as to select the proportion IL + solvent
with higher ionic conductivity. These turned out to be those with a
proportion around 50 wt%IL-50 wt%solvent for all studied systems.
This model considers a pseudolattice nanostructure in the (IL + sol-
vent) mixtures with an ion hopping mechanism of electrical con-
duction between adjacent cells instead the classical one, based
on ion diffusion [64].

Once choice was made, we added to the binary mixtures differ-
ent quantities of the LiTFSI salt, specifically 10, 15, 20, 30 and 35 wt
%LiTFSI and studied their physical properties of density, viscosity,
ionic conductivity and refractive index at different temperatures
(mentioned above). It should be noted that we stopped to add salt
in at 35%, close to saturation.

In the Table S1, we show a summary of the measured magni-
tudes and temperatures with their corresponding concentrations
of the different study systems.

Density and dynamic viscosity measurements were carried out
in an Anton Paar SVM 3000 Stabinger viscodensimeter, which was
thermostated with an internal Peltier cell with an uncertainty of
0.02 K. The procedure of measurement was detailed previously
[82]. The combined expanded uncertainty in the measurement
with a coverage factor, k, of 2 of density is about 0.5 kg�m�3 while
for viscosity the relative combined expanded uncertainty is 0.01 of
the measured value. This viscodensimeter automatically corrects
the density value depending on the viscosity of the sample. Also,
the viscosity value range goes from 0.2 up to 20,000 mPa�s, which
is enough to measure these substances in a wide temperature
range. This equipment is checked with reference chemicals recom-
mended by the supplier M114 and C117 SH Calibration Service
GmbH.

Ionic conductivities were measured using a Crison GLP31 con-
ductivimeter which has a relative combined expanded uncertainty
of 0.01. This conductivimeter uses a fixed 500 Hz ac current and
0.5 V rms. The samples were thermostated in an external bath with
an uncertainty of 0.1 K. Details of the ionic conductivity measure-
ment were published previously [83]. The reference fluids used to
calibrate the measurement instrument were aqueous solutions of
KCL 0.1 M and 0.01 M called P/N L7W9710.99 and P/N
L7W9700.99.

Refractive index was measured in an Anton Paar Abbemat
Automative refractometer which was thermostated with an inter-
nal Peltier cell with an accuracy of ±0.03 K. Sample is measured in
3

direct contact with the measuring prism. The incident light of
angles smaller than the critical angle of total reflection is partly
refracted through the sample, while incident light of angles greater
than the critical angle is totally reflected. A high-resolution sensor
array measures the amount of this reflected light. The combined
expanded uncertainty of the measurements of refractive indexes
is 0.0005. The reference fluids used to calibrate were Milli-Q water
and cyclohexane (Fluka > 0.995).

All measurements were carried out at atmospheric pressure of
101 kPa and standard uncertainty 1 kPa.

3. Results and discussion

3.1. Binary systems

As mentioned, we measured the physical properties of q, g and
j at atmospheric pressure of the binary systems [MPPyr][TFSI] +
GBL, or DMSO, or AN at three concentrations and at different tem-
peratures (Table S1).

The experimental data of densities and viscosities of our pure
ionic liquid are in agreement with the only set of data given in
the literature [84–86]. Regarding the binary mixtures studied, no
published data were found. However, the literature reports some
data of q, g and j of binary mixtures of pyrrolidinium- based
ionic liquids, specifically g and j of 1-butyl-1-
methylpyrrolidinium [TFSI] with GBL and q, g and j of
1-methyl-1-penthylpyrrolidinium [TFSI] with AN and GBL
[68,89] and q, g, j and nD of 1-methyl-1-butylpyrrolidinium
[TFSI] with AN [87].

As can be seen in Fig. 1 (a), Figure S1 (a, b and c) and Table S2,
density of binary mixtures presents a linear behavior with temper-
ature and, as usual, its value decreases as temperature increases. If
we pay attention how de addition of the solvent affects to the den-
sity Table S2, we observe as the density of the [MPPyr][TFSI]
decreases with the addition of solvent. Particularly, the addition
AN showed a significant drop of the density compared to the other
two, whose values were similar in all the range of concentrations.
This suggests that solvent́s molecules with little conformational
flexibility, such as GBL and DMSO, have less interaction with mole-
cules of ionic liquid than acyclic solvent́s molecules like AN. AN
molecules are rigid molecules but shorter than GBL and DMSO
molecules, that allow them to come into the gaps of the IL pseu-
dolattice, breaking the interaction anion-cation, which would lead
to a decrease of the density. This idea could be supported with the
data of excess molar volume of mixtures of AN or GBL with other
pyrrolidinium - based ILs reported in the literature [68,88].



Fig. 1. (a) Densities versus T for the mixtures: [MPPyr][TFSI] + GBL; [MPPyr][TFSI] + DMSO and [MPPyr][TFSI] + AN at 50 %wt. Lines are the best fit of the data, (b) Molar
volumes of binary mixtures (IL + solvent) in function of their molar fractions.
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However, we should indicate that not always negative excess
volumes imply stronger ion–solvent interactions as is the case of
N-methyl-N-pentylpyrrolidinium TFSI with DMC [68,89]. In any
case, we depict the molar volume of the mixtures, Fig. 1 (b), and
we calculate their corresponding excess molar volumes. These lat-
ter were lower than 1% of the molar volume value for all binary
mixtures, which indicates that they have a behaviour practically
ideal.

In Fig. 2, Figure S2 (a, b and c) and Table S2, we present viscosity
values, as expected, they decrease exponentially with temperature
increases, following a Vogel-Fulcher-Tamman (VFT) trend [90–92].
VFT equation can be written as,
g ¼g1exp
Bg
T-Tg

� �
ð1Þ

where g1, Bg and Tg are treated as fitting parameters, Table S3.
The first one represents the limiting viscosity value at infinite tem-
perature, the second one is related with a pseudo activation energy
for ion hopping while Tg is usually near but above the glass transi-
tion temperature.

Aswas the casewith densities, Table S2, the addition of solvent to
the [MPPyr][TFSI] lead to a decrease of the viscosity but in contrast
to the density the values obtained decrease exponentially. Again,
AN is the solvent that produces a higher decrease of viscosity of
the ILwhileDMSOandGBL showsimilar values. According to the lit-
erature [93], the variations of the viscosity observed are correlated
Fig. 2. Viscosities versus T for the mixtures: [MPPyr][TFSI] + GBL; [MPPyr]
[TFSI] + DMSO and [MPPyr][TFSI] + AN at 50 %wt. Lines are a VFT-type equation.
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with the nature of the solvent (permittivity, the presence of electron
lonepairs, size/shape. . .) and its concentration. So, aswe add solvent
to the ionic liquid, the strength of ion-ion interactions within the
ionic liquid are weakened and the pseudolattice broken, as a conse-
quence there is a significant decrease of the viscosity of the mixture
up to50%wtsolvent, thereafter the values decrease slower. The similar
viscosity values obtained for the mixtures of IL with DMSO and GBL
could be explained because both are voluminous molecules with
comparable permittivity andwithmore than one electron lone pair.
This latter is relevant when we compare these data with those
obtained for the mixtures of IL with AN, even though the AN is a
small rigid molecule with a permittivity lower than DMSO and
GBL, because the presence of a single lone pair in the AN may be
an important factor that could explain the unexpected viscosity val-
ues obtained for thesemixtures. In any case, the viscosity variations
of themixtures are influenced bymultiple factors [68], including the
fact that viscosity of pure AN is about four times lower than those of
GBL or DMSO.

The ionic conductivity data measured for the binary mixtures
studied are shown as a function of temperature and wt%solvent in
Fig. 3 (a), Figure S3 (a, b and c) and Table S2. As it was expected,
the ionic conductivity increases with temperature following a
Vogel-Fulcher-Tamman equation for the samples measured, as
was expected [92,94]. VFT equation for electrical conductivities,
is similar to that given in Equation (1),

j ¼ j1exp
�Bj

T � Tj

� �
ð2Þ

where again j1, Bj and Tj are fitting parameters, Table S3. The
first one, represents the limiting value of j at infinite temperature
and the second one is related with the activation energy for ion
charge transport, while Tj, called Vogel temperature is when ion
hopping is suppressed, and so electrical conduction becomes
negligible.

As happens for all IL mixtures with solvent [94,95], ionic con-
ductivity increases with the addition of solvent to the IL up to a
maximum value, and thereafter the ionic conductivity decreases.
In our systems, that peak is around a solvent concentration of
50 wt% as observed in Fig. 3d. The mentioned pseudolattice model
for electrical [64] conduction gives an equation which relates elec-
trical conductivity with the partial molar volume occupied by each
compound in the mixture, thus, it reads,

j ¼ jIL /IL/SmB þ /2
IL þ /2

IL/SDm
� � ð3Þ

where jIL is the electrical conductivity of the pure IL, /IL and
/S the molar partial volume of the IL and the solvent respec-
tively (obviously /IL + /S = 1 in a binary mixture), Table 2.



Fig. 3. (a) Ionic conductivities versus T for the mixtures: [MPPyr][TFSI] + GBL; [MPPyr][TFSI] + DMSO and [MPPyr][TFSI] + AN at 50 %wt, where lines are the best fit of VFT Eq.
(2). (b) Ionic conductivities versus wt%solvent composition for the binary systems [MPPyr][TFSI] + GBL; [MPPyr][TFSI] + DMSO; [MPPyr][TFSI] + AN at the temperatures
298.15 K and 328.15 K, where curves are the best fit of Eq. (3).

Table 2
Pseudolattice model parameters for binary mixtures.

Mixture mB Dm

[MPPyr][TFSI] + GBL (298.15 K) 21.2 �16.2
[MPPyr][TFSI] + GBL (328.15 K) 12.3 �7.95
[MPPyr][TFSI] + DMSO (298.15 K) 21.9 �15.2
[MPPyr][TFSI] + DMSO (328.15 K) 14.3 �9.66
[MPPyr][TFSI] + AN (298.15 K) 56.3 �46.9
[MPPyr][TFSI] + AN (328.15 K) 27.6 �21.7

Fig. 4. Densities versus T for (a) ([MPPyr][TFSI] + GBL) + LiTFSI; (b) ([MPPyr][TFSI] + DM
ternary systems [MPPyr][TFSI] + GBL + LiTFSI; [MPPyr][TFSI] + DMSO + LiTFSI; [MPPyr][TF
the data.
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The term mB represent the jumping frequency of ion hopping
between adjacent cells, while Dm takes into account the different
frequencies of jumping depending on the cell type, but both will
be used as free parameters to fit the corresponding data. The
resulting curves have been plotted in Fig. 3 (b), where we
observe the high quality fit of Eq. (3) to the data except for
the samples with AN.

The increase may be linked with the viscosity and solvent́s per-
mittivity. Thus, the solvents used in the mixtures have comparable
SO) + LiTFSI; (c) ([MPPyr][TFSI] + AN) + LiTFSI, (d) Densities versus wt%LiTFSI for the
SI] + AN + LiTFSI at the temperatures 298.15 K and 328.15 K. Lines are the best fit of
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permittivities but the mixtures of IL + AN show a higher increase of
the ionic conductivity due to their lower viscosity. Mixtures
IL + GBL and IL + DMSO have similar ionic conductivities, being
slightly higher the ionic conductivities of the IL + DMSO, this can
be attributed to the permittivity of the DMSO that is somewhat
higher than GBL.

Finally, as part of the characterization of our binary mixtures,
we include Figure S4 and Table S2 with the values of their refrac-
tive indexes at 298.15 K.

3.2. Ternary mixtures

As mentioned before, we prepared ternary mixtures of the (IL +
solvent) + lithium salt, in which there are two salts and one of the
molecular solvents. Specifically, in the literature, no published data
was found about the physical properties of our mixtures, we could
only find some data of ionic conductivities for a single ternary mix-
ture 1-butyl-3-methylimidazolium [TFSI] + Li-TFSI + AN [96].

From the binary mixture with higher ionic conductivity (50 wt
%IL and 50 wt%solvent) we prepared five ternary mixtures adding Li-
TFSI in five compositions given in Table S4, and we measured their
physical properties in a broad range of temperatures and atmo-
spheric pressure.

Density data measured for the three studied systems are plotted
in Fig. 4, while viscosity is presented in Fig. 5 and ionic conductiv-
ity in Fig. 6 and their corresponding values are in Table S5. In these
figures, a) is for the system IL + GBL, b) for IL + DMSO and c) for
IL + AN. Respecting temperature behavior, density and viscosity
decrease while the ionic conductivity increases with temperature
as usual. As it happened for the binary systems, the experimental
Fig. 5. Viscosities versus T for (a) ([MPPyr][TFSI] + GBL) + LiTFSI; (b) ([MPPyr][TFSI] + DM
ternary systems [MPPyr][TFSI] + GBL + LiTFSI; [MPPyr][TFSI] + DMSO + LiTFSI; [MPPyr][T
equation.
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data of viscosity and ionic conductivity for all mixtures in the tem-
perature range studied are very well fitted by the VFT equation
given in Eq. (1) and Eq. (2) respectively (Table S3)

Concerning the values obtained at a given temperature accord-
ing to the salt concentration, Figs. 4, 5 and 6(d), Table S5, we
observed that the higher the salt concentration the higher the den-
sity and the viscosity, but the lower the ionic conductivity.

As was the case with the binary mixtures, the ternary mixtures
with AN are those with lower viscosities and higher ionic conduc-
tivities. At the same time, the ternary mixtures with GBL and
DMSO show similar values of both viscosities and ionic conductiv-
ities but we observe a peculiar behavior in the data. Thus, the tern-
ary mixtures of GBL and DMSO in low concentrations (10 wt%LiTFSI)
have similar values of viscosity, but subsequent additions (15 and
20 wt%LiTFSI) show values of the viscosity for mixtures with GBL
higher than those with DMSO up to 30 wt% LiTFSI at which point
both viscosities rejoin. However, at 35 wt%LiTFSI, the viscosities of
the mixture with GBL and DMSO again have different values; but
now viscosity of mixtures with DMSO are higher than those with
GBL contrary to what happened with the samples at 10 wt%LiTFSI.

In the literature we found different works about the study of
binary mixtures (solvent + lithium salt) [93,97,98]. They describe
that when a lithium salt is dissolved in an aprotic solvent, it pro-
duces a competition between the anions and the solvent for coor-
dinating the Li+, giving rise to different solvent complexes (solvent
separated ion pairs (SSIPs), contact ion pairs (CIPs) and aggregates
(AGGs)) which determines the structure of the mixture and there-
fore their physical properties. In these kind of mixtures, factors
such as salt concentration, anion and cation nature, tempera-
ture. . ., are relevant in the final behavior of the mixture. Thus,
SO) + LiTFSI; (c) ([MPPyr][TFSI] + AN) + LiTFSI, (d) Viscosities versus wt%LiTFSI for the
FSI] + AN + LiTFSI at the temperatures 298.15 K and 328.15 K. Lines are a VFT-type



Fig. 6. Ionic conductivities versus T for (a) ([MPPyr][TFSI] + GBL) + LiTFSI; (b) ([MPPyr][TFSI] + DMSO) + LiTFSI; (c) ([MPPyr][TFSI] + AN) + LiTFSI, (d) Ionic conductivities versus
wt%LiTFSI for the ternary systems [MPPyr][TFSI] + GBL + LiTFSI; [MPPyr][TFSI] + DMSO + LiTFSI; [MPPyr][TFSI] + AN + LiTFSI at the temperatures 298.15 K and 328.15 K. Lines
are a VFT-type equation.
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the increase of the salt concentration favors the ionic association,
which leads to changes in the viscosity of the mixture that affect
ionic conductivity. Generally, the ionic conductivity shows an
increase at lower salt concentrations up to a maximum value,
thereafter this decreases as a consequence of the increase of the
viscosity that reduces the ion mobility.

Our systems have two salts, an IL and Lithium salt (with the
anion in common) and one solvent and their behaviour is different
to the mixtures (solvent + lithium salt). Thus, the ionic conductiv-
ity of our mixtures (IL + solvent + lithium salt) decreases, for all
cases, with the addition of the lithium salt as usual, in part because
of the increase of the viscosity because of the solvation of the Li
cations. We think that this is due to the addition of lithium salt
increases the anions content and therefore favors the interaction
of the Li+ with more than an anion giving rise to formation of con-
tact ion pairs and ionic aggregates. For this reason, the higher the
addition of lithium salt, the lower the ionic conductivity.

In any case, the values obtained for the ionic conductivity are
for some of our systems even better than those obtained for elec-
trolyte systems based on carbonate solvents with IL and lithium
salt [45,95]. These systems are the ternary mixture with GBL or
DMSO up to 20 wt% LiTFSI, and those with AN for all salt
concentrations.

As we did with the binary mixtures, we include the measure-
ments of their refractive indexes at different proportions of lithium
salt at the temperature of 298.15 K (Figure S5 and Table S5). In
spite of this property not affecting the behaviour of our mixtures
as electrolytes, we think that this is an interesting find for other
applications of these mixtures.
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4. Conclusions

The aim of this work was to try to design an electrolyte for
lithium ion batteries with an ionic liquid as a component, in order
to find one combination to improve conventional electrolyte char-
acteristics. The study of the physical properties of this kind of mix-
tures (IL + solvent + Lithium salt) as well as their functionalities
from the point of view of their structure and behavior is a prelim-
inary contribution to the study of battery technologies.

The ternary mixtures studied were prepared from a selected
50 wt% binary mixtures, [MPPyr][TFSI], + GBL; DMSO, or AN; to
which was added five different percentages by weight of LiTFSI salt
up to near saturation (35 wt%LiTFSI).

The addition of salt in the binary mixtures provokes, as in other
mixtureswith ILs, an increase of density and viscosity and therefore
a decrease of ionic conductivity. In spite of that, the values obtained
for this latter property are for some of our systems even higher than
those obtained for electrolyte systems based on carbonate. Among
these systems are: [MPPyr][TFSI + GBL or DMSO] + LiTFSI at 0–
20 wt%LiTFSI and [MPPyr][TFSI] + AN + LiTFSI at 0–35 wt% LiTFSI.

These results should be analysed with caution, and it must be
seen whether the loss of ionic conductivity after the addition of
lithium salt is compensated by other factors in the battery. It is well
known that the use of highly concentrated electrolytes in salt
improves aspects such as the reductive and oxidative stability, ther-
mal stability, enlargement of useful life etc. Taking this into account,
we plan to test these electrolytes in a real battery using commercial
and the new generation electrodes in order to carry out an overall
study of the applicability of these mixtures as real electrolytes.
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