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liquid electrolytes, which consist of lithium-
ion salts dissolved in a solvent or mixture 
of them (usually organic carbonates). As a 
drawback, the generation of concentration 
gradients derived from anionic polarization 
is a factor that controls and limits the elec-
trochemical performance of LIBs, mainly at 
high current density values.[2,3]

To prevent and decrease the overpo-
tential generated by salt concentration 
polarization, one popular strategy is the 
immobilization of anions by attaching them 
to a polymer matrix.[4] However, the overall 
ionic conductivity of the so-called single 
lithium-ion polymer electrolytes (SLICPE) 
is often severely affected by the decrease in 
the number of mobile ions and their trans-
port through the polymer matrix.[3,5] This 
is coupled with the intrinsic complexity of 
establishing a proper solid–solid contact 
between the SLICPE/electrode interface,[4] 
which often requires the use of additives to 

improve the wettability properties necessary for operation under 
real conditions. Another common practice for the prevention 
of salt concentration polarization in electrolytes for LIBs is the 
decrease or elimination of solvent in liquid electrolytes, either by 
preparing highly concentrated electrolytes or by preparing elec-
trolytes based on ionic liquids (in which the anions and cations 
of the ILs behave as a solvent for the lithium salts).[6,7] However, 
in both cases, all the problems associated with polarization by 
lithium salt concentration gradients in the electrolyte persist, 
because prevention of this type of polarization in the electrolyte 
requires strict solvent removal and Li+ to be the only latently 
mobile cation in the system.[8] This reasoning inspired the devel-
opment of some room-temperature (RT) lithium ionic liquids 
(LiILs) for use as solvent-free liquid electrolytes.[9] However, up 
to now, the reported LiILs were only used as additives or salts in 
common multicomponent organic solvent electrolytes.[10,11]

The first type of LiILs was reported by Fujinami and Buzou-
jima,[12] which consists of a variety of lithium aluminates con-
taining two oligoether groups and two electron-withdrawing 
groups. Watanabe and co-workers[13] subsequently presented a 
new family of LiILs with similar geometry, changing the central 
aluminum atom to a boron atom designed to decrease the basicity 
of the anionic aluminate center. This substitution diminishes 
the interaction energy with Li+ and promotes the ionic mobility 
of the salts. Langwald and co-workers explored extensively dif-
ferent synthesis routes to obtain some new LiILs families, spe-
cifically difluoro alkoxy boranes and trialkyl borates, whose 
oxyethylene substituents are of different lengths and different 
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1. Introduction

Among all energy storage devices, lithium-ion batteries (LIBs) 
show outstanding specific gravimetric and volumetric charge 
capacities that give them versatility for use in a wide variety of 
mobile electronic devices.[1] Most current commercial LIBs use 
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electron-withdrawing groups.[14–16] Those substituents were able 
to modulate and determine that the Li+/ethoxy groups (Li+/EO) 
ratio, which provides the best ionic transport conditions in LiILs, 
is based on boron atoms as anionic centers substituted with one 
and three methoxy polyethylene glycol chains showing ionic con-
ductivity values as high as 7.2 × 10−5 and 3.2 × 10−5 S cm−1 at 30 °C, 
respectively. Thus, it can be deduced that for this type of LiILs, 
between 7 and 9 ethylene glycol units in the oligomer chains 
are necessary to achieve efficient dissolution of the borateLi+ 
complex without affecting the ionic conductivity by decreasing 
the Li+ concentration in the system. However, this ratio can be 
slightly modified by particular characteristics of the substituent 
groups, such as size and electron-withdrawing capacity. On the 
other hand, DesMarteau and co-workers[9,17] reported another 
new type of lithium liquid salts consisting of lithium (perfluoro 
vinyl ether) sulfonimide salts covalently bonded to an oxyeth-
ylene chain with different lengths of the solvating lithium ethoxy 
chain, which possessed high thermal stability. Analysis of the 
ionic transport properties of these types of salts showed that the 
highest values of ionic conductivity 4.1 × 10−6 S cm−1 at 30 °C 
were found in the lithium (perfluoro vinyl ether) sulfonimide 
salts, which maintain a Li+/EO ratio of 11.2. The decrease of 
the Li+ concentration in the system due to the increase of the 
amount of EO groups necessary to solvate the lithium sulfon-
imide complex, for the borateLi+ complexes described above, 
could be one of the main factors affecting the ionic mobility of 
these systems. On the other hand, the ionic conductivity values 
(6.5 × 10−7 S cm−1 at 30 °C) found for the triethylene glycol-based 
1,2,3-triazolate lithium LiILs reported by Drockenmuller and 
co-workers[18] seemed to be limited by a poor concentration of 
EO groups in the system (Li+/EO ratio = 3), insufficient to disso-
ciate the ionic couple, especially at low temperatures. However, 
although the concept of lithium liquid ionic liquids was demon-
strated in these works, they have not shown the necessary elec-
trochemical characteristics as single-component electrolytes for 
lithium batteries (Figure 1).

In this article, we report on a new family of LiIL salts and 
the proof of concept of their use as monocomponent electro-
lytes in batteries. The LiILs were synthesized using the previ-
ously reported methodology for obtaining lithium borate salts 
from the simple reaction between trialkoxy borates with n-butyl 
lithium.[5] We synthesized a series of new lithium ionic liquids 
with highly delocalized anionic groups based on tetracoordinate 
borate groups asymmetrically coordinated by two oxyethylene 
chains (O(CH2CH2O)3CH3), a variable electron-withdrawing 
group (ORF) that modifies the electron density of the anionic 
center and its interaction energy with Li+,[15,19] and an alkane 
substituent linked by a boroncarbon covalent bond (CRC). 
The alkane substituent was derived from the addition of organo-
lithium compounds, which stabilize, decrease the hygroscopicity 
of the anionic center, and supply Li+ for the borate complexe 
formation.[5,20] By designing 11 different LiILs, we investigated 
the effect of various substituents in the intrinsic electrochem-
ical properties such as ionic conductivity, lithium transference 
number, and electrochemical stability window. Finally, it was 
demonstrated that the LiILs reported here possess the necessary 
lithium platting–stripping ability and could be used as single-
component electrolytes for lithium batteries showing good per-
formance and cyclability with well-known electrode materials.

2. Results and Discussion

2.1. Synthesis and Structural Characterization of LiILs

The LiILs were synthesized according to the general synthetic 
scheme (Figure 2a). In the first step, trialkoxy borates were syn-
thesized by reacting two equivalents of ethylene glycols and fluor-
inated alcohols stepwise with boron trihydride. In the second 
step, the trialkoxy borates were reacted with an organolithium 
compound to yield the LiILs in high conversions (>90%). Using 
this methodology, different LiILs were designed combining dif-
ferent substituents as shown in Figure 2b. As fluorinated alcohols 
(HORF) we investigated LiILs based on 2,2,2-trifluoroethanol 
(3FE), 1,1,1,3,3,3-hexafluoro-2-propanol (6FiP), 1,1,1,3,3,3-hexafluoro-
2-trifluoromethyl-2-propanol (9FMtB), 1,1,3, 3,3-hexafluoro-2-methyl-
2-propanol (6FMtB), 2-trifluoromethyl-2-propanol (3FMtB), and 
1,1,1-trifluoro-2-propanol (3FMiP). Then as organolithium com-
pounds, we used n-butyl lithium as well as sec-butyl lithium, ter-butyl 
lithium, methyl lithium, and phenyl lithium. The experimental pro-
cedures and the structural characterization are presented in detail in 
the “Experimental Section” of the Supporting Information.

The NMR spectra obtained for the LiIL2, LiIL7, LiIL8, LiIL9, 
and LiIL10 present a series of characteristic signals due to their 
similar substituents with the exception of the alkane signals. 
The 11B NMR spectra collected for the LiILs of the RC-LLS2 form 
revealed that in solution there were boron atoms with two dif-
ferent types of coordination (Figure 3). The main peaks in the 
range of δ  = 2.78–4.78  ppm referred to tetrahedral boron in 
monochelate complexes and are associated with obtaining the 
main products according to the proposed reaction (Figure  2a). 
The peak in the range of δ = 1.98–2.78 ppm is associated with 
the formation of tetracoordinate complexes with different distri-
bution of ORF or methoxy polyethylene glycol groups substi-
tuted on the central boron atom, favored by the thermodynamic 
equilibrium of the reaction, which was determined by the ratio 
of reactants and the conditions of synthesis of the trialkoxy 
borates. The broad peak located in the range of δ = 6.1–9.2 ppm, 
more evident in LiIL2 and LiIL10 electrolytes, was associated 
with the presence of free borate anions (anions not complexed 
with Li+, derived from the solvation process of LiIL). Particu-
larly, for LiIL9 and LiIL10 electrolytes, the peaks in the range 
of δ  = 18–23  ppm were due to the tricoordinate boron atoms, 
which corresponded to the trialkoxy borates not chelated in the 
second stage of the proposed synthesis scheme, due to kinetic 
and/or thermodynamic limitations. The ratio of B4/B3 was 
0.89/0.11, indicating that the methyl lithium and phenyl lithium 
compounds offer lower efficiency in the chelation reaction.

2.2. Ionic Conductivity of LiILs

First we analyzed the effect of the modification of the electronic 
density of the borate groups on ionic conductivity (Figure 4a). 
The structural modifications of the LiILs associated with the 
size of the substituents should determine their intrinsic prop-
erties such as viscosity, density, Li+ concentration, ionic con-
ductivity, and electrochemical stability. Interestingly, all the 
synthesized asymmetric LiILs presented a significant increase 
in their ionic conductivity values relative to the previously 
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Figure 1. Molecular structures of reported lithium ionic liquids (LiILs).

Adv. Energy Mater. 2023, 13, 2202974

 16146840, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202202974 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [28/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2202974 (4 of 10) © 2022 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

reported symmetric LiIL0 electrolyte. This could be due to the 
decrease in the interaction energy of the borateLi+ complex 
generated by the increased delocalization of the negative charge 
in the anionic center, mainly due to the substitution of one of 
the glycol groups by the fluorinated groups.

LiIL1 having a trifluoroethanoxy substituent is the simplest 
of the LiILs proposed from a structural point of view. The 
ionic conductivity values obtained for the LiLL0 and LiIL1 elec-
trolytes, 5.29 × 10−6 and 4.39 × 10−5 S cm−1 at RT, respectively, 
could explain the role of the electron-withdrawing strength 
of the fluorinated substituent, on the decrease of the electron 
density of the anionic center and its interaction energy with 
Li+.[21] The secondary hexafluoro-2-propanoxy substituent as 
an electron-withdrawing ligand in the LiIL2 electrolyte allows 
a further decrease in the electron density of its anionic center. 
This facilitates ion dissociation and favors ionic mobility, 
which was directly reflected in its increased ionic conductivity 
values of 1.14 × 10−4 S cm−1 at 25 °C. However, this trend was 
broken by the LiIL3 electrolyte. Regardless of possessing a 
lower activation energy for the ionic conduction process rela-
tive to LiIL1 and LiIL2 electrolytes (Table 1), LiIL3 exhibited Figure 3. 11B NMR in CDCl3 dissolution for RCLiILs electrolytes.

Figure 2. Lithium ionic liquid (LiILs). a) Synthetic route for lithium ionic liquids (LiILs). b) Synthetized LiIL molecules showing different electron-
withdrawing substituent. c) Different alkane stabilizing group substituent of the borateLi+ complex.
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lower ionic conductivity values of 5.31 × 10−5 S cm−1 (in par-
ticular, at high temperatures). This could indicate that the use 
of the ternary hexafluoro-2-trifluoromethyl-2-propanoxy as an 
electron-withdrawing substituent results in the formation of 
negatively charged parts/fragments in the anion structure that 

are attractive for Li+ interaction, which limited the dissociation 
of the borateLi+ complex, and decreases ion mobility.[22,23]

The LiIL4 electrolyte confirmed that the incorporation of the 
ternary hexafluoro-2-methyl-2-propanoxy as an electron-with-
drawing substituent lowered the activation energy and yielded 
higher ionic conductivity values as high as 1.04 × 10−4 S cm−1 
at 25 °C, which were comparable with those obtained for LiIL2. 
The LiIL5 derived from the ternary alcohol 2-trifluoromethyl-
2-propanol, having only one equal amount of CF3 groups in the 
electron-withdrawing substituent, shows a low ionic conduc-
tivity value of 2.43 × 10−5 S cm−1. In contrast, LiIL6 electrolyte, 
derived from the secondary trifluoro-2-propanoxy, exhibited 
ionic conductivity values that are among the highest obtained 
in this first stage for LiILs, being 1.44 × 10−4 S cm−1 at 25 °C.

Based on the above, we can appreciate that the level of electronic 
delocalization in the LiIL2 and LiIL4 electrolytes with two CF3 
groups in the electron-withdrawing ligand and the size of the mole-
cular structure of the substituents in the LiIL2 and LiIL6 electro-
lytes derived from secondary alkoxy substituents offered the highest 
ionic conductivity values. Thus, it is possible to conclude that the 
effect into the electronic delocalization generated by the hexafluoro-
2-methyl-2-propanol ligand in the LiIL2 electrolyte seemed to be 
the most appropriate since it guaranteed a fair distribution of the 

Figure 4. Temperature dependence of ionic conductivity for LiILs. a) Effect of the electron attractor RFO group variation. b) Effect of the stabilizing 
group CRC variation. c) Molecular structures denoting the basis of each of the LiILs groups highlighting the variable functional group in each case.

Table 1. Summary of ionic transport properties for synthesized LiILs.

σ at 25 °C S cm−1 Ea [eV] tLi +

LiIL-0 5.30 × 10−06 0.066 0.44

LiIL-1 4.39 × 10−05 0.121 0.36

LiIL-2 1.15 × 10−04 0.108 0.42

LiIL-3 5.32 × 10−05 0.074 0.56

LiIL-4 1.04 × 10−04 0.103 0.45

LiIL-5 2.43 × 10−05 0.130 0.43

LiIL-6 1.45 × 10−04 0.116 0.51

LiIL-7 1.87 × 10−04 0.113 0.43

LiIL-8 1.89 × 10−04 0.110 0.45

LiIL-9 8.13 × 10−05 0.148 0.51

LiIL-10 9.40 × 10−05 0.127 0.47
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negative charge density between the anionic center and the ligands; 
avoiding the risk of the formation of negatively charged parts/frag-
ments attractive for the interaction of the lithium ion could affect 
the dissociation of the borateLi+ complex.

Next, the effect of the nature of the organolithium groups 
(CRc) used as the lithium and alkane substituent precursor 
and stabilizing groups for the formation of RCLiILs on the 
ionic conductivity was investigated. Figure  4b shows that the 
different structural configurations of the butyl groups as sub-
stituents in RCLLS2 had a considerable effect on the ionic 
conductivity of the LiILs. As expected, the n-butyl group in 
the LiIL2 electrolyte with the highest number of hydrogen 
atoms on the α-carbon generates the lowest electronic delo-
calization, which is reflected in its ionic conductivity value of 
1.14 × 10−4 S cm−1 at 25 °C. On the other hand, the use of sec-
butyl and ter-butyl groups decreased the number of hydrogen 
atoms on the α-carbon thereby increasing the electronic delocal-
ization and the ionic mobility. However, based on the ionic con-
ductivity values obtained for LiIL7 and LiIL8 electrolytes, it is not 
possible to appreciate a significant difference. This is likely due 
to the balance between the electron-withdrawing capacity and 
the steric hindrance generated by their structural conformation.

On the other hand, the substitution of the butyl groups by 
a relatively smaller group, such as methyl, in the LiIL9 electro-
lyte did not provoke an increase in its ionic conductivity values. 
This negative effect is probably due to the strong interaction 
between the methyl group and Li+ generated by the high elec-
tron density of its hydrogen atoms. Similar behavior was found 
for the LiIL10 electrolyte, for which the high electron-with-
drawing capacity generated by the incorporation of the phenyl 
group promoted charge delocalization at the anionic center and 
weakened its interaction with Li+. However, together with the 
increase of the anion size, the strong interaction of Li+ with the 
π-bonds of the phenyl group becomes the main limiting factor 
in the borateLi+ complex dissociation, as shown by the rela-
tively low values of ionic conductivity obtained.

The ionic conductivity of LiILs can be correlated with other 
intrinsic properties such as viscosity, which generally decreases 
with increasing temperature (Figure S2, Supporting Information), 
i.e., an inverse behavior to that presented during ionic conductivity 
measurements. Usually, these two properties are correlated through 
the Walden diagram, as it allows an easy classification of ionic liq-
uids based on its ionicity (Figure 5). The line of ideality is deter-
mined by dilute KCl solution, and we note that Walden’s rules are 
only applicable to infinitely dilute electrolyte solutions, where the 
different ionic species in the liquid are independent of each other 
without interaction. However, the Walden diagram showed before 
excellent applicability to ILs and served as a guide for their clas-
sification and selection. Based on this classification,[24,25] it is pos-
sible to affirm that all LiILs synthesized and evaluated in this work 
present a typical behavior of good liquid ions since they maintain a 
good relationship between flux and ionic mobility since the effect 
of van der Waals forces on ion–ion interactions is relatively low.[26]

The lithium transference number ( +tLi ) for the synthesized 
LiILs was determined by the alternating current (AC)−direct 
current (DC) polarization experiment according to the Evans–
Bruce protocol,[27] and reported in Table  1 (see example in 
Figure S1 of Supporting Information). The LiILs reported here 
showed relatively high lithium transference numbers for liquid 

electrolytes showing values between 0.4 and 0.6. Particularly, 
for the LiILs with higher ionic conductivity values LiIL2, LiIL4, 
and LiIL6, the +tLi  showed high values of 0.42, 0.45, and 0.47, 
respectively. These molecules were therefore selected as the 
best LiILs to be further investigated in electrochemical cells.

2.3. Electrochemical Stability Window of LiILs

The linear sweep voltammograms (LSV) for LiILs are shown 
in Figure S3a (Supporting Information). The most pronounced 
oxidation of LiIL2, LiIL7, and LiIL8 electrolytes was identified 
by a drastic increase of the anodic currents, at potentials of 4.7, 
4.9, and 5.2 V versus Li0/Li+, respectively, corresponding to the 
coexisting oxidation of their ethylene glycol chains and anionic 
centers.[21,22] The trend of these subsequent increases in elec-
trochemical stability values for LiILs; LiIL2, LiIL7, and LiIL8 
are attributed to increased delocalization of the negative charge 
at the anionic centers, which provides the borate anion with 
increased resistance to oxidation reactions.[28,29]

Similar behavior was presented by LiIL9 and LiIL10 electro-
lytes, where the current profiles did not seem to show the typ-
ical exponential increase of current indicating their oxidation 
potential (Figure S3a, Supporting Information). All in all, small 
anodic currents (<0.2 µA cm−2) at 3.7 V versus Li0/Li+ associated 
with the slow onset of oxidative chain decompositions of the 
ethylene glycol chains were observed in all RCLiIL electrolytes 
as shown in the inset of Figure S3a (Supporting Information).[30] 
Consequently, it could be assumed that the LiILs prepared in 
this work could be used as electrolytes in cells with electrode 
materials working at a potential of <3.8 V versus Li0/Li+, such as 
lithium–iron phosphate (LFP) or lithium titanate (LTO).

A series of cyclic voltammetries were performed for LiIL2, 
LiIL7, and LiIL8 electrolytes measured in Li0/RCLiIL/copper 
cells at 40 °C. As shown in Figure S3b (Supporting Informa-
tion), in the open circuit potential range at −0.5  V versus  
Li0/Li+ in the initial sweep, no minor peaks were observed 
that could be associated with secondary reactions including 
decomposition of borate anion and/or RCLLS2 impurities. 
In the subsequent CV cycles (Figure S3b, Supporting Infor-
mation), for the lithium plating/stripping processes located in 
the range from −0.5 to 0.2 V versus Li0/Li+, an increase of the 
average Coulombic efficiency (CE) is observed during the first 

Figure 5. Walden plot for selected RCLiILs.
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few cycles. This was expected since the electrochemical anion 
reduction generates robust and relatively stable solid electrolyte 
interphase layers on the lithium-metal electrode.

2.4. Interfacial Stability of LiILs with Lithium-Metal Electrode

Many authors have studied the growth of dendrites on elec-
trodes, and it has been determined that this is one of the main 
factors affecting the electrochemical performance and lifetime 
of lithium-metal batteries. Therefore, it was carried out this test 
to evaluate the performance of all types of electrolytes, which is 
their compatibility with lithium-metal electrodes.

Unlike other electrolyte systems that involve mixing ionic liq-
uids with lithium salts to enhance salt dissociation and promote 
ionic conductivity and compatibility at the electrode–electrolyte 
interface,[31,32] the LiILs synthesized in this work were evaluated 
as single-competent electrolytes to assess their intrinsic proper-
ties. The evaluation of the interfacial stability of the LiILs was 

performed in two stages: the first stage consisted of determining 
the critical current density (CCD) for the n-LiIL2, LiIL7, and LiIL8 
electrolytes selected for showing the best ionic conductivity and 
electrochemical stability characteristics. The polarization pro-
files for the Li0/LiILs/Li0 symmetrical cells assembled with the 
selected electrolytes were evaluated at consecutive current rates of 
±0.01, ±0.1, ±0.2, ±0.5, and ±0.8 mA cm−2 at 45 °C. For each cur-
rent density, the cells were subjected to five cycles (2 h per cycle).

As expected, the Li0/LiILs/Li0 cells assembled present sim-
ilar polarization profiles (Figure S4, Supporting Information); 
consequently, a single CCD value of ±0.2 mA cm−2 at 45 °C was 
determined obtaining overpotential values of <0.45  V versus 
Li0/Li+. LiILs were considered inoperable in Li0/LiIL/Li0 sym-
metrical cells at applied current density values > ±0.5 mA cm−2 
at 45 °C as they generated overpotential values of >±1 V versus 
Li0/Li+. To analyze the stability and compatibility of different 
RCLiIL electrolytes with lithium metal, Li0/RCLLS2/Li0 sym-
metrical cells were assembled. The long-term cycling stability 
at a current density of 0.2 mA cm−2 is shown in Figure 6. The 

Figure 6. Electrochemical behavior of Li0 electrode in the as-prepared LiILs. Galvanostatic cycling of Li0/LiILs/Li0 symmetric cells at 0.2 mA cm−2 (half-
cycle time 1 h) at 40 °C.
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symmetric cells assembled with the LiIL2, LiIL7, and LiIL8 
electrolytes withstood cycling for more than 570 h, main-
taining extremely stable polarization profiles, demonstrating 
high reversibility of lithium plating/stripping cycling in these 
electrolytes. Despite the lower ionic conductivity of the LiIL9 
electrolyte, while it supported stable cycling until about 200 h; 
thereafter the cell overpotential gradually increased from ±0.4 
to ±1.1 V versus Li0/Li+ after 570 h, demonstrating limited com-
patibility with lithium electrodes in the long term.

On the other hand, although the ionic conductivity values of 
the LiIL9 and LiIL10 electrolytes are comparable, the overpoten-
tial values in the symmetrical Li0/LiIL10/Li0 symmetrical cell 
>±1.2 V versus Li0/Li+ from the initial cycle which is clear evi-
dence of the limited compatibility the of the LiIL10 electrolyte 
with lithium-metal electrodes. This was associated with genera-
tion of side reactions derived from the reactivity of the phenyl 
group with lithium metal.[33,34]

Subsequently, to analyze the effect of temperature on 
the long-term cycling stability, additional Li0/LiILs/Li0 sym-
metrical cells with fiberglass spacers (≈100 µm of thickness) 
were assembled with LiIL2, LiIL7, and LiIL8 electrolytes and 
cycled at a constant current density of 0.2 mA cm−2 at 65 °C  
(Figure S5, Supporting Information). As expected, the increase 
in the cycling temperature generated a decrease in the overpo-
tential during the first cycles. However, after the first 50 h, all 
cells exhibited a gradual increase in overpotential. Particularly, 
the cells assembled with LiIL2 and LiIL8 electrolytes exhibited 
overpotential values higher than ±0.9 V versus Li0/Li+ after 210 
and 910 h, respectively. On the other hand, the cell assembled 
with LiIL7 electrolyte maintained its overpotential values below 
±0.4  V versus Li0/Li+ after 1000 h. These results showed that 

the sec-butyl group as a stabilizer increases the compatibility of 
LiILs with lithium-metal electrodes.

2.5. Electrochemical Performance of LiILs as a Single-Compo-
nent Electrolyte in Batteries

The previous results determined that the LiIL7 electrolyte pre-
sented the best characteristics to be further tested in lithium-
metal batteries in combination with inorganic materials. For 
this reason, the LiIL7 electrolyte was tested in Li0/LiIL7/cathode 
cells, using as two well-known active materials with different 
intercalation chemistries: LFP known as cathode material and 
LTO known as anode material, which show redox potentials of 
3.4 and 1.6 V versus Li0/Li+, respectively (Figure 7).

The charge/discharge profiles obtained for the Li0/LiIL7/LFP 
cell in a potential range of 3.8–2.8 V versus Li0/Li+ at a C-rate of 
0.1 C at 40 °C (Figure S6, Supporting Information) presented a 
large hysteresis (250 mV) between potentials of 3.35 and 3.5 V 
versus Li0/Li+ associated with the Li+ intercalation and de-inter-
calation processes at the LFP electrodes, respectively, due to the 
limited conductivity of the sec-LLS2 electrolyte at the cycling 
temperature. It was also possible to appreciate that the charge 
profiles were accompanied by two oxidation stages in the high 
charge state region: the first one from 3.5 to 3.65 V versus Li0/
Li+ characteristic of diffusion-limited Li+ de-intercalation pro-
cesses in the LFP active material, while the second stage from 
3.65 to 3.8 V versus Li0/Li+ associated with a large decomposi-
tion of the LiIL7 electrolyte, favored by the limited current den-
sity applied for cycling. Nevertheless, high and constant dis-
charge density values of 94 mAh g−1 were collected for 30 cycles.

Figure 7. Cycling performance for lithium-metal battery cells based on LiIL7 electrolyte at a C-rate of 0.2 C at 65 °C. Charge/Discharge profiles a) Li0/
LiIL7/LFP and b) Li0/LiIL7/LTO cells cycling stability for c) Li0/LiIL7/LFP and d) Li0/LiIL7/LTO cells.
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Subsequently, to overcome the limitations identified in the 
first test, a new Li0/LiIL7/LFP cell was cycled over a bounded 
potential range of 3.6–3.0 V versus Li0/Li+ at a C-rate of 0.2 C 
at 60 °C (Figure 6a). The charge/discharge profiles collected for 
this cell showed that, despite the increase in cycling tempera-
ture, the hysteresis of the overpotential increased to 50 mV due 
to the increase in current density. Despite the existence of a 
large cell activation overpotential, and the poor Coulombic effi-
ciency of 80%, it was possible to collect stable charge and dis-
charge values of 172 and 124 mAh g−1, respectively, with a loss 
capacity of 5% after 20 cycles (Figure 6c). Finally, the LiIL7 elec-
trolyte was tested in a Li0/LiIL7/LTO cell cycled in a bounded 
potential range of 1.9–0.6 V versus Li0/Li+ at a C-rate of 0.2 C 
at 60 °C (Figure 6b) the charge/discharge profiles collected for 
this cell present a hysteresis (250 mV) similar to that obtained 
for the LFP cathode cell. The charge capacity of 50 mAh g−1 
for the first cycle remained relatively constant by decreasing 
4% from its initial value after 30 cycles (Figure  6d). On the 
other hand, during the cell stabilization process, the discharge 
capacity values present relatively high values with respect to the 
charge capacity values,[11] which is reflected in the unusual Cou-
lombic efficiency.[35–37] However, the discharge capacities gradu-
ally decrease during the first nine cycles from 76 to 50 mAh g−1 
and remain constant during the following cycles.

3. Conclusions

In this article, we investigated a new family of ionic liquid 
boratelithium salts at room temperature as a single-component 
electrolyte for lithium batteries. The design concept of this class 
of LiILs is based on the combination of a central tetracoordinate 
boron atom asymmetrically substituted with two oligoethylene 
glycol units, one fluorinated electron-attracting groups and one 
alkane group. The new family of borateLi+ LiILs showed high 
ionic conductivity values (>10−4 S cm−1 at RT), lithium transfer-
ence numbers ( +tLi  = 0.4–0.5) and electrochemical stability(>4 V). 
We identified the right balance between the electron-withdrawing 
capacity of the fluorinated groups, the solvating capacity of the 
ethoxide groups, and the interfacial compatibility of the stabi-
lizing aliphatic groups (BC bond). Due to its high ionic con-
ductivity, the LiILs showed high compatibility with lithium-metal 
electrodes with stable polarization profiles in platting/stripping 
tests. Those LiILs were successfully tested for the first time as 
single-component electrolytes in lithium-metal batteries showing 
discharge capacity values in Li0/LiILs/LFP and Li0/LiILs/LTO 
cells of 124 and 75 mAh g−1, respectively, at a C-rate of 0.2 C and 
65 °C with a low-capacity loss.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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