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Abstract: Ionic liquids are good candidates as the main component of safe electrolytes for high-energy
lithium-ion batteries. The identification of a reliable algorithm to estimate the electrochemical stability
of ionic liquids can greatly speed up the discovery of suitable anions able to sustain high potentials.
In this work, we critically assess the linear dependence of the anodic limit from the HOMO level
of 27 anions, whose performances have been experimentally investigated in the previous literature.
A limited r Pearson’s value of ~0.7 is found even with the most computationally demanding DFT
functionals. A different model considering vertical transitions in a vacuum between the charged state
and the neutral molecule is also exploited. In this case, the best-performing functional (M08-HX)
provides a Mean Squared Error (MSE) of 1.61 V2 on the 27 anions here considered. The ions which
give the largest deviations are those with a large value of the solvation energy, and therefore, an
empirical model that linearly combines the anodic limit calculated by vertical transitions in a vacuum
and in a medium with a weight dependent on the solvation energy is proposed for the first time. This
empirical method can decrease the MSE to 1.29 V? but still provides an r Pearson’s value of ~0.72.

Keywords: QSAR; machine learning; DFT calculations; anodic stability; ionic liquids

1. Introduction

Batteries are nowadays one of the most versatile energy storage systems for portable
electronics and are also reaching high spread for fueling electric vehicles. Especially
for the latter application, there is a need for high-energy devices. Among the possible
strategies to achieve this goal, the formulation of batteries working at higher voltages
(approaching 5V) is extremely attractive, but this choice poses demanding challenges on
the constituent materials of the cells [1]. One of the problems is the anodic instability of the
common electrolytes for Li-ion batteries. The typical aprotic electrolyte formulations are
based on mixtures of organic carbonates, and on paper, they are stable up to 4.5V vs. Li.
At higher potentials, these electrolytes can decompose, producing degradation products
which can damage or hinder the correct functioning of any batteries [1]. Among other
options to improve the electrochemical stability of electrolytes, the use of ionic liquids, as
additives, co-solvents or solvents, has been proven to disclose remarkable enhancement
in the electrochemical stability window of electrolytes [2-5]. Ionic liquids have many
physicochemical properties which make them ideal candidates to replace organic carbonates
as electrolytes in electrochemical devices: high thermal stability, low volatility, large liquid
range, large electrochemical stability and high ionic conductivity [2-5].

Experimentally, the electrochemical stability of ionic liquids has been investigated
in many systems, and it is clear that the fluorination of the anions composing the ILs is
a key ingredient to obtain electrolytes for high potential application [2-5]. Overall, the
identification of novel ILs would benefit from fast screening methods to find molecular pairs
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with good electrochemical performances, without addressing expensive trial-and-error
procedures, which are extremely time-consuming.

Any electrolyte is electrochemically stable in the potential range, which avoids the
irreversible reduction or oxidation of salts and solvents’ constituents. Being ionic liquids
formed by charged species, there is a general agreement that the irreversible oxidation
(removal of one electron) occurs mostly from the anion, while the irreversible reduction
(addition of one electron) takes place on the cation. Oxidations and reductions occur
through transitions between states at different energy levels: these estimates allow us
to evaluate the potential difference limiting the electrochemical stability. This concept is
quite simple, but the choice of the method to calculate the energy difference between the
states for oxidations or reductions is not trivial, and many options have been proposed in
the literature.

The first attempt to calculate the highest voltage at which ILs could be used assumed
a direct correlation with the energy of the highest unoccupied molecular orbital (HOMO)
of anions [6,7]. A second model correlated the anodic limit to the energy difference for a
vertical transition from the charged ion to the neutral state, either in the gas phase or in the
presence of a suitable polarizable medium (PM) [8,9]. With the inclusion of a polarizable
medium, the anodic limit is always highly overestimated [8], while better results are
obtained with calculations in a vacuum. Similar DFT calculations were also performed on
cations to determine their cathodic limit [10]. Numerous DFT functionals were exploited to
calculate the electrochemical stability windows of many ionic liquids, using either vertical
or adiabatic transitions [11-13]. More recently, some authors introduced DFT calculations
based on thermodynamic cycles also involving the solvation of the single ions [14,15].
High-throughput screening of hundreds of possible functionalized anions and cations was
reported by Cheng [14], using DFT calculations with the B3LYP functional. Besides DFT
methods, in the literature, some more complex calculations of the electrochemical stability
of ionic liquids based on a combination of DFT and molecular dynamics calculations [16]
or ab-initio molecular dynamics [17] are available. The problem of finding an effective way
to estimate the electrochemical stability of ionic liquids continues to fascinate researchers,
and some recent publications were devoted to this theme [18-21].

In our previous works, we explored different methods to calculate the anodic limit of
ionic liquids, previously proposed in the literature, all based on ab-initio or DFT calcula-
tions [22,23]. For an oxidation reaction where the reagent (initial state) is the chemical specie
A with net charge 7, the energy involved in the oxidation reaction, A" — A1 + ¢~ is

AEanodic = Ejot (An+1) — Etot(An) (1)
and the anodic limit is
AE ;
Anodic limit (V vs. Li) = %’m —1.46 2)

where F is the Faraday constant, and the term —1.46 V is used to refer these limits to the
standard Li* /Li° [11].

We displayed that performing this kind of calculation on ionic couples gave unphysical
results, as similar values of the anodic limit were obtained for ionic liquids containing
either the TFSI™ or the CI~ anions, which experimentally differ by at least 2 eV [24]. On
the contrary, much better results were obtained considering the single anions [22]. The
comparison with the experimental data reported in Ref. [25] for ILs containing the TFSI or
FSI anion provided evidence that the best way to calculate the anodic limit is by means
of a vertical electronic transition (no geometry variation) from the anion to the neutral
species [22]. A series of different DFT functionals with increasing levels of complexity, from
the Generalized Gradient Approximation to the Range-Separated Hybrid meta-Generalized
Gradient Approximation, were compared [23]. The best match with the experimental data
reported in Ref. [25] was found by means of the BMK, wB97M-V and MN12-5SX; acceptable
results could be obtained by M06-2X, M11, M08-HX and M11-L [23]. Reasonable values
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were also calculated by means of the less computationally expensive functionals CAM-
B3LYP and wB97X-D [23].

In the present work, we want to extend the investigation by the method defined in
our previous papers to other anions to possibly find some best-performing DFT functions,
which could be used in the future also in view of predictions on new anions. Moreover,
we wanted to explore the possibility to correlate QSAR descriptors to the anodic limit of
known anions. In the end, we propose an empirical model which combines the anodic limit
calculated in a vacuum with that obtained in a polarizable medium, using a weighting
dependent on the solvation energy of the anions.

2. Materials and Methods

All calculations reported in the present paper were performed by means of the Spar-
tan20 software [26]. All structures were optimized at the various levels of theory used in the
paper, and only the lowest energy structure was considered. In all cases, the 6-31G** basis
set was employed, as in our previous papers [22,23]. The QSAR descriptors were calculated,
as well as the anodic limit of 27 anions using Equations (1) and (2). In the first part of
the paper, all calculations were performed in a vacuum considering vertical transitions,
following the results of our previous papers [22,23]. However, we extended the calculation
also to vertical transition in a polar solvent (exploiting the solvent 2pentanone, which has
an ¢, of 15.2, a value typical for ILs, see Section 3.3) using the Polarizable Continuum Model
(C-PCM) algorithm and recalculating the anodic limit using Equations (1) and (2) applied
to the values obtained in the medium. The solvation energy used for the development of
the empirical model, SE, of the anions was obtained as the electronic energy difference
between the anion in the solvent and the anion in a vacuum. The vibrational contribu-
tion was omitted, for simplicity, in view of the close resemblance of the vibrations in the
two environments.

Figure 1 reports the structures of the 27 anions whose anodic limits were experimen-
tally studied in the literature, which will be computationally investigated in the present
paper. The experimental values are reported in Table 1, together with the proper literature
sources. For the comparison with the experimental data, only the papers with a clear refer-
ence electrode were selected. In some cases, we could find only one report of the anodic
stability of certain anions. On the contrary, for some of them, there is a large literature (see
for example TFSI). We considered the mean of the experimental values when they were
available. A typical uncertainty of 0.5 V was obtained. For this reason, we considered this
uncertainty in the experimental data.

Table 1. Energy of the HOMO level of different anions calculated by MP2, HF, B3LYP, MN12-SX and
M11 theories and comparison with the experimental values of their anodic limit. All calculations
were performed using the 6-31G** basis set.

MP2 eV

HF eV B3LYPeV  MN-12SX eV M11 eV Experimental Anodic

Limit V
acetate —4.33 —4.35 0.26 -0.25 -3.05 4.64 [24,27]
AsFq —11.36 —-11.25 —4.76 —5.44 —8.44 6.5[7]
B(CF3)4 —9.71 —9.24 —456 —4.87 —7.59 6.48 [28]
B(CN)4 —8.65 9,01 ~5.18 ~5.32 ~8.33 6.30 [29,30]
BETI —8.49 —8.24 —3.86 —4.26 —6.99 5.65 [31]
BE4 —9.64 —9.55 -3.13 -3.76 —6.82 5.76 [24,30,32-34]
BH4 —4.67 —4.67 -0.87 —0.85 -3.72 2.0 [35]
BOB —8.61 —8.32 -3.7 —4.06 —6.81 4.5[36]
Cl —3.38 —3.38 0.4 0.27 -25 3.60 [24,32,34,37]
ClO4 —7.33 -7.21 —2.14 —2.63 —5.48 5.71[24,38]
cyanopyrrolide —2.81 —2.77 —0.49 —0.53 —3.06 3.37 [39]
DCA —4.32 —4.31 -0.97 -1.1 —-3.74 2.82[24,40]
FAP —8.83 —8.38 —4.08 —4.39 —7.00 5.72[29,32]
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Table 1. Cont.

MP2 eV HF eV B3LYPeV  MN-12SX eV M11 eV Experimental Anodic

Limit V
FSI —8.34 —8.16 —3.72 —4.06 —6.85 5.62 [40,41]
FTFSI —-8.2 —-7.93 —-3.63 —-3.97 —6.71 5.00 [42]
HSO,4 —6.48 —6.24 —1.56 —1.88 —4.81 6.86 [24]
M1y —8.47 —8.22 —3.84 —4.24 —6.97 4.85 [31,43]
Im(BF3), —5.81 —5.99 -3.3 —3.33 —6.11 5.35 [44]
NO; —5.72 —5.39 0.01 —0.63 —3.48 4.57 [24]
ODFB —-7.73 —7.41 —3.98 —-3.1 —5.86 4.2 [45]
PFq —10.86 -10.71 —4.27 —4.92 —7.94 5.38 [32,34]
TFO —7.01 —6.84 —2.02 —247 —5.33 5.50 [24,32,34]
TFSAM —6.11 —6.16 —2.43 —2.67 —5.38 5.70 [40]
TFSI —8.32 —8.06 —3.67 —4.07 —6.8 5.65 [24,29,32,34,40]
thiocyanate —3.42 —3.44 —0.41 —0.4 —3.08 3.65 [46,47]
triazolide —3.18 -3.31 —0.54 —0.6 —3.38 3.57 [39]
TSAC —6.85 —6.72 —2.81 -3.11 —5.81 6.02 [40]
acetate AsFg B(CF3), B(CN), BETI
BOB : cl E z Eé
clo, cyanopyrrolide
4 IM14
FTFSI Im(BF3)2
,}% 00 b, }\é’
.L 70 © .
ODBF PF6 TFSAM TFSI
i ‘ﬁs‘v r&_‘ cH ©B @®C eN ©0
P @ 5 e d 0 As
thiocyanate triazolide TSAC

Figure 1. Structure of all anions investigated in this work and legend of the colors of atoms.

3. Results and Discussion

In the following, the computational studies will be rationalized starting from simple
QSAR considerations, reported in Section 3.1, proceeding with DFT and ab-initio calculations
with different functionals and in different media (Section 3.2) and completing with the proposi-
tion of an empirical model relying on calculations in a vacuum and in a dielectric environment,
combined with the solvation energy of the anion, that can provide a better agreement with
the experimental data than the calculations in a single environment (Section 3.3).

3.1. QSAR and Anodic Limit of Different Anions

The QSAR descriptors of the 27 anions were calculated at the MP2, HF, B3LYP, MN-
125X and M11 level of theory, using in all cases the 6-31G** basis set. They include the
energy, the HOMO and LUMO levels, polarizability, dipole moment, number of hydrogen-
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bond donor and acceptor sites, the area, volume, polar surface area, ovality, the accessible
area, the polar area and accessible polar area, the minimum and maximum values of the
electrostatic potential and the minimum value of the local ionization potential. The used
theory levels were chosen as representative of different grades of approximation: MP2 is the
Moller-Plesset second-order perturbation theory approximation, HF is the Hartree—Fock
theory, B3LYP is a DFT functional based on the simple Global Hybrid Generalized Gradi-
ent Approximation (GH-GGA), while both MN-12SX and M11 are classified as the most
complex type of DFT functionals (Range-Separated Hybrid meta-Generalized Gradient
Approximation (RSH-mGGA)).

As expected, most descriptors, for all types of theory, did not show any correlation
with the anodic limit of the different anions. In Figure S1 of the Supporting Information,
the dependence of the experimental anodic limit versus the electronic properties of the
anions (the energy, the LUMO and HOMO levels and the minimum of the ionization
potential (Minjon.p)) are reported when calculated at the HF level of theory. Similar results
are obtained for the other levels of theory. A correlation can be found in the case of the
HOMO level and the minimum of the ionization potential, with a Pearson’s r value for
a linear fit of 0.71 and 0.67, respectively (see Figure S1). However, if one tries a linear fit
using two independent variables (HOMO level and Minjgn.p), Minjon.p is excluded from
the fit on a statistical basis. Therefore, only the HOMO level has a significant correlation
with the experimental anodic limit, even though it is relatively low.

Table 1 displays the values of the HOMO levels calculated by means of the five levels of
theory (MP2, HE, B3LYP, MN12-SX and M11), while Figure 2 shows the dependence of the
experimental anodic limit from the HOMO level at the different theory levels, together with
the best linear-fit lines. The Pearson’s r value is similar for all levels of theory (070-071),
except for B3LYP, which has r ~ 0.63. Even with the best-performing models, one obtains
that only r? ~ 50% of the variation of the anodic limit of anions depends on the HOMO
level. Therefore, the correlation values seem relatively small to be highly predictive for the
search of better-performing anions.
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Figure 2. Experimental anodic limit versus the HOMO level calculated by the five different theories
and best-fit lines; all calculations were performed using the 6-31G** basis set.
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A correlation between the anodic limit and the HOMO level was evidenced many
years ago for a limited number of anions (no more than 10) [8,9], and in some cases, at the
very beginning of the theoretical investigation of the anodic limit of anions, this correlation
was taken for granted [8,9]. Here, we use a more quantitative approach and the availability
of experimental studies on a larger number of anions to investigate this possible correlation.
However, as reported above, there is a limited correlation between HOMO level and anodic
limit of ILs, and, therefore, we moved to the investigation of the anodic limit by DFT
calculation based on the electronic properties of the ions.

3.2. Ab-Initio and DFT Calculation of the Anodic Limit

The anodic limit of the 27 anions was calculated by means of Equations (1) and (2)
using different DFT functionals with different levels of complexity in a vacuum: B3LYP
(Global Hybrid Generalized Gradient Approximation, GH-GGA), wB87X-D and CAM-
B3LYP (Range-Separated Hybrid Generalized Gradient Approximation, RSH-GGA), M11-L
and BMK (meta-Generalized Gradient Approximation, mGGA), M06-2X and M08-HX
(Global Hybrid meta-Generalized Gradient Approximation, GH-mGGA), MN-125X, M11,
wB87M-V (Range-Separated Hybrid meta-Generalized Gradient Approximation, RSH-
mGGA). For comparison, the MP2 theory was also applied. In all cases, the 6-31G**
basis set was used. Vertical transitions between the anion and the neutral species were
considered [22].

Figure 3 shows the comparison between the experimental and the calculated values
of the anodic limit. One can note, in general, that the functionals with the lowest level of
approximation, such as B3LYP, give the lowest values of the anodic limit; functionals with
a higher level of approximation tend to increase the value of the anodic limit, even though
there is not a well-defined trend, in the sense that the highest-level approximations do not
always give the highest values of the anodic limit.
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Figure 3. Comparison of the experimental anodic limits of anions and the values obtained by
calculations performed on single ions with different DFT functional or the MP2 theory in a vacuum
with a vertical transition. In all cases, the 6-31G** basis set was used.
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A statistical analysis was performed to determine which functional provides the
best agreement with the experimental data. The Mean Squared Error (MSE) between the
observed experimental data and the values obtained by each functional was calculated and
their comparison is reported in Table 2.

Table 2. Mean Squared Error (MSE) values obtained for the comparison between the experimental
values of the anodic limit and those calculated by various functionals.

Functional Type of Approximation MSE (V?)
MO08-HX GH-mGGA 1.61
Mi1 RSH-mGGA 1.64
MO06-2X GH-mGGA 1.81
MN-125X RSH-mGGA 1.81
MP2 - 1.87
M11-L mGGA 1.97
BMK mGGA 2.00
wB97X-D RSH-GGA 2.18
wB9I7M-V RSH-mGGA 222
CAM-B3LYP RSH-GGA 2.27
B3LYP GH-GGA 2.78

The MSE increases in the order M08-HX < M11 < M06-2X < MN-125X < MP2 < M11-L
< BMK < wB97X-D < wB97M-V < CAM-B3LYP < B3LYP, passing from 1.61V? for M08-HX
to 2.78 V2 for B3LYP. Except for wB97M-V,, the agreement between the experimental and
computed anodic limit values improves as the level of theory approximation increases.

The values of the MSE are relatively high. It must be noted (see Figure 3), however,
that the major contributions to these high figures come from several ions (the same ions for
all kinds of functionals): acetate, Cl, ClO4, cyanopyrrolide, NO3z, TFO, TFSAM, thyocianate,
triazolide and TSAC. The other 17 anions are quite well described by the proposed model.

3.3. Development of an Empirical Model

Since some specific ions clearly deviate from the model based on vertical transitions in
a vacuum, one may wonder whether these ions share some common chemical or physical
features which can explain such discrepancies. All these ions are quite small; moreover,
the model is based on electronic transitions in a vacuum, which is certainly a rough
approximation of the real environment in which the oxidation of the anion takes place. We
considered the DFT functional which overall gives the best agreement with the experimental
data (M08-HX), and we calculated the volume of the isolated ions and the solvation energy,
obtained as the difference between the energies of the anions in a dielectric medium (2-
pentanone, ¢; = 15.2) and in a vacuum. This dielectric constant was chosen as representative
of ILs, as they show ¢, around 15 [48-50]. Moreover, the anodic limit of the 27 anions was
calculated considering a vertical transition between the initial anion and the neutral state
in the medium. The results are reported in Figure 4. Some general considerations can be
derived from this graph: the values of the anodic limit derived from vertical transitions
in a polarizable medium are higher than those obtained from vertical transitions in a
vacuum, and they are constantly higher than the experimental values. The volume of the
anions does not show a clear correlation with the deviation of the anodic limit from the
experimental values, as already pointed out by the QSAR analysis. It was reported that a
strong correlation between the solvation energies of metal ions and their ionic radii exists,
in which the ion solvation energy becomes more positive as the ionic radius increases [51];
however, in the case of the presently investigated anions, for example, not all the ions with
a more positive value of the salvation energy are quite large.
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Figure 4. Bottom panel: Comparison of the experimental anodic limits of anions (dark-yellow
markers) and the values obtained by calculations performed on single ions by the M08-HX, consid-
ering vertical transition in a vacuum (green marks) or vertical transitions in a medium (red marks).
Moreover, the best values obtained by means of the proposed empirical model are reported as blue
marks. Upper panel: Calculated volume (red stars) and solvation energy (blue dots) of the ions at the
MO08-HX/6-31G** level of theory.

On the other hand, most of the 10 anions with the larger deviations from the experi-
mental values (acetate, Cl, ClO4, cyanopyrrolide, NO3, TFO, TFSAM, thyocianate, triazolide
and TSAC) display large values of the solvation energy. Keeping these findings in mind,
we explored the possibility to express the anodic limit of anions (EAL) by means of an
empirical model which linearly combines the anodic limit calculated by vertical transitions
in a vacuum (AEqyert,vacuum) and in a medium (AE ¢ medinm) With a weight dependent on
the solvation energy (SE):

EAL = AEvert,vacuum + a(SE - SEO)AEvert,medium (3)

where 4 is a proportionality constant and SEj is a reference value. Both a (—0.003125 V mol/k]J)
and SEy(—185 k] /mol) were obtained using a fit procedure. In the lower panel of Figure 4,
the EAL values are compared to the experimental values and the figures obtained by vertical
transitions in a vacuum. EAL values are closer than AEyertvacuum to the experimental
figures, and indeed the MSE decreases to 1.29 V2 and the computed and experimental
values differ by less than 1V, except for five anions (AsFs~, BF4~, BHs ~, HSO4 ™~ and PF¢ 7).
The Pearson’s r for correlation between the calculated anodic limit with the empirical model
and the experimental values is 0.72, as reported in Figure S2 of the Supporting Information.
The origin of this discrepancy is not straightforward and cannot be easily understood. In
fact, there is not apparently a common chemical or physical feature that can easily group
together these anions. Overall, these five deviations with respect to the semi-empirical
model affect small ions (BF,~, BH; ™) as well as large anions (AsFs~, HSO4~ and PFs ™),
the bisulphate anion(which contains a hydrolysable proton as well as sully H-free anions),
F-rich anions as well as F-free ions. The only weak common feature of these anions is their
strong reactivity towards water that easily leads to bond cleavages (As-F, B-F, B-H, O-H,
P-F). Further work is surely needed to shed light on this specific point, and it is already in
progress in our laboratory.
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4. Conclusions

In this paper, a systematic search for reliable algorithms to calculate the anodic limit of
ionic liquids was performed. The selected ionic liquids were those for which experimental
values to be used as a reference were already available. As a starting point, the relationship
between the anodic limit and the HOMO levels of the anions is critically investigated.
There is a general linear trend between these two quantities which, however, has a limited
r Pearson’s value of ~0.7. On the other hand, DFT calculations of the anodic limit seem
more reliable, when considering vertical transitions in a vacuum between the charged state
and the neutral molecule. However, even with the best-performing functional (M08-HX) a
Mean Squared Error of 1.61 V? is obtained on the 27 anions here considered. The ions which
give the largest errors are those with a large value of the solvation energy, and therefore, an
empirical model that linearly combines the anodic limit calculated by vertical transitions in
a vacuum and in a medium with a weight dependent on the solvation energy is proposed
for the first time. This empirical method can decrease the MSE to 1.29 V2 and provide an r
Pearson’s value of ~0.72.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/e25050793/s1. Figure S1: Experimental anodic limit versus the
energy (in atomic units), LUMO and HOMO levels (in eV) and the minimum of the ionization
potential (in eV) calculated at the Hartree—Fock level using the 6-31G** basis set. The red curves are
the best-fit lines obtained by a linear regression. Figure S2: Experimental anodic limit versus the
anodic limit calculated by means of the empirical model proposed in the text. The red curve is the
best-fit line obtained by a linear regression.

Author Contributions: Conceptualization, A.P. and S.B.; methodology, A.P. and S.B.; validation, A.P,,
S.D.M. and O.P; investigation, A.P.,, 5.D.M. and O.P; data curation, A.P., 5$.D.M. and O.P,; writing—
original draft preparation, A.P,; funding acquisition, A.P. and O.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the European Union Horizon 2020 research and innovation
program within the Si-DRIVE project, grant agreement No 814464.

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, K;; Qi, S;; Wang, H.; Huang, J.; Wu, M,; Yang, Y.; Li, X.; Ren, Y.; Ma, J. High-Voltage Electrolyte Chemistry for Lithium
Batteries. Small Sci. 2022, 2, 2100107. [CrossRef]

2. Navarra, M.A. Ionic Liquids as Safe Electrolyte Components for Li-Metal and Li-lon Batteries. MRS Bull. 2013, 38, 548-553.
[CrossRef]

3. Liu, K;; Wang, Z.; Shi, L.; Jungsuttiwong, S.; Yuan, S. Ionic Liquids for High Performance Lithium Metal Batteries. ]. Energy Chem.
2021, 59, 320-333. [CrossRef]

4. Paul, A.; Muthukumar, S.; Prasad, S. Review—Room-Temperature Ionic Liquids for Electrochemical Application with Special
Focus on Gas Sensors. J. Electrochem. Soc. 2020, 167, 037511. [CrossRef]

5. Riither, T.; Bhatt, A.L; Best, A.S.; Harris, K.R.; Hollenkamp, A.F. Electrolytes for Lithium (Sodium) Batteries Based on Ionic
Liquids: Highlighting the Key Role Played by the Anion. Batter. Supercaps 2020, 3, 793-827. [CrossRef]

6. Xu, W.; Shusterman, A.].; Marzke, R.; Angell, C.A. LIMOB, an Unsymmetrical Nonaromatic Orthoborate Salt for Nonaqueous
Solution Electrochemical Applications. J. Electrochem. Soc. 2004, 151, A632. [CrossRef]

7. Ue, M.; Murakami, A.; Nakamura, S. Anodic Stability of Several Anions Examined by Ab Initio Molecular Orbital and Density
Functional Theories. J. Electrochem. Soc. 2002, 149, A1572—-A1577. [CrossRef]

8.  Johansson, P. Intrinsic Anion Oxidation Potentials. J. Phys. Chem. 2006, 110, 12077-12080. [CrossRef]

9.  Johansson, P. Erratum: Intrinsic Anion Oxidation Potentials (Journal Physical Chemistry A (2006) 110A (12077)). J. Phys. Chem.
2007, 111, 1378. [CrossRef]

10. Ong, S.P; Ceder, G. Investigation of the Effect of Functional Group Substitutions on the Gas-Phase Electron Affinities and Ionization
Energies of Room-Temperature Ionic Liquids Ions Using Density Functional Theory. Electrochim. Acta 2010, 55, 3804-3811. [CrossRef]

11. Carboni, M.; Spezia, R.; Brutti, S. Perfluoroalkyl-Fluorophosphate Anions for High Voltage Electrolytes in Lithium Cells: DFT

Study. J. Phys. Chem. C 2014, 118, 24221-24230. [CrossRef]


https://www.mdpi.com/article/10.3390/e25050793/s1
https://www.mdpi.com/article/10.3390/e25050793/s1
https://doi.org/10.1002/smsc.202100107
https://doi.org/10.1557/mrs.2013.152
https://doi.org/10.1016/j.jechem.2020.11.017
https://doi.org/10.1149/2.0112003JES
https://doi.org/10.1002/batt.202000022
https://doi.org/10.1149/1.1651528
https://doi.org/10.1149/1.1517579
https://doi.org/10.1021/jp0653297
https://doi.org/10.1021/jp070202i
https://doi.org/10.1016/j.electacta.2010.01.091
https://doi.org/10.1021/jp505624h

Entropy 2023, 25, 793 10 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Haskins, J.B.; Bauschlicher, C.W.; Lawson, ].W. Ab Initio Simulations and Electronic Structure of Lithium-Doped Ionic Liquids:
Structure, Transport, and Electrochemical Stability. J. Phys. Chem. B 2015, 119, 14705-14719. [CrossRef] [PubMed]

Karu, K.; Ruzanov, A ; Ers, H.; IvanistSev, V.; Lage-Estebanez, I.; Garcia de la Vega, J. Predictions of Physicochemical Properties of
Ionic Liquids with DFT. Computation 2016, 4, 25. [CrossRef]

Cheng, L.; Assary, R.S.; Qu, X; Jain, A.; Ong, S.P; Rajput, N.N.; Persson, K.; Curtiss, L.A. Accelerating Electrolyte Discovery for
Energy Storage with High-Throughput Screening. J. Phys. Chem. Lett. 2015, 6, 283-291. [CrossRef] [PubMed]

Kazemiabnavi, S.; Zhang, Z.; Thornton, K.; Banerjee, S. Electrochemical Stability Window of Imidazolium-Based Ionic Liquids as
Electrolytes for Lithium Batteries. J. Phys. Chem. B 2016, 120, 5691-5702. [CrossRef] [PubMed]

Ong, S.P; Andreussi, O.; Wu, Y.; Marzari, N.; Ceder, G. Electrochemical Windows of Room-Temperature Ionic Liquids from
Molecular Dynamics and Density Functional Theory Calculations. Chem. Mater. 2011, 23, 2979-2986. [CrossRef]

Zhang, Y.; Shi, C.; Brennecke, J.F.; Maginn, E.]. Refined Method for Predicting Electrochemical Windows of Ionic Liquids and
Experimental Validation Studies. J. Phys. Chem. B 2014, 118, 6250-6255. [CrossRef]

Lian, C.; Liu, H.; Li, C.; Wu, J. Hunting ionic liquids with large electrochemical potential windows. AICKE ]. 2019, 65, 804-810.
[CrossRef]

Maftoon-Azad, L. Electrochemical stability windows of Ali-cyclic ionic liquids as lithium metal battery Electrolytes: A computa-
tional approach. J. Mol. Lig. 2021, 343, 117589. [CrossRef]

Piatti, E.; Guglielmero, L.; Tofani, G.; Mezzetta, A.; Guazzelli, L.; D’Andrea, F; Roddaro, S.; Pomelli, C.S. Ionic liquids for
electrochemical applications: Correlation between molecular structure and electrochemical stability window. J. Mol. Lig. 2022,
364, 120001. [CrossRef]

Lethesh, K.C.; Bahaa, A.; Abdullah, M.; Bamgbopa, M.O.; Susantyoko, R.A. Temperature-Dependent Electrochemical Stability
Window of Bis(trifluoromethanesulfonyl) imideand Bis (fluorosulfonyl) imide Anion Based Ionic Liquids. Front. Chem. 2022,
10, 859304. [CrossRef] [PubMed]

Paolone, A.; Brutti, S. Comparison of the performances of different computational methods to calculate the electrochemical
stability of selected ionic liquids. Materials 2021, 14, 3221. [CrossRef]

Paolone, A.; Brutti, S. Performances of different DFT functionals to calculate the anodic limit of fluorinated sulphonyl-imide
anions for lithium cells. J. Phys. Conf. Ser. 2021, 2090, 012078. [CrossRef]

Li, Q.; Jiang, J.; Li, G.; Zhao, W.; Zhao, X.; Mu, T. The electrochemical stability of ionic liquids and deep eutectic solvents. Sci.
China Chem. 2016, 59, 571-577. [CrossRef]

Brutti, S.; Simonetti, E.; de Francesco, M.; Sarra, A.; Paolone, A.; Palumbo, O.; Fantini, S.; Lin, R.; Falgayrat, A.; Choi, H.; et al.
Ionicliquidelectrolytes for high-voltage, lithium-ionbatteries. J. Power Sources 2020, 479, 228791. [CrossRef]

Shao, Y.; Molnar, L.F,; Jung, Y.; Kussmann, J.; Ochsenfeld, C.; Brown, S.T; Gilbert, A.T.B.; Slipchenko, L.V.; Levchenko, S.V,;
O'Neill, D.P; et al. Advances in methods and algorithms in a modern quantum chemistry program package. Phys. Chem. Chem.
Phys. 2006, 8, 3172-3191. [CrossRef] [PubMed]

Huber, B.; Roling, B. Development of a Ag/Ag+ micro-reference electrode for electrochemical measurements in ionic liquids.
Electrochim. Acta 2011, 56, 6569-6572. [CrossRef]

Sonoda, K.; Ueda, A.; Iwamoto, K. Non-Aqueous Electrolyte and Electrochemical Device Comprising the Same. EP 1174 941 A2,
23 January 2002.

Seki, S.; Serizawa, N.; Hayamizu, K.; Tsuzuki, S.; Umebayashi, Y.; Takei, K.; Miyashiro, H. Physicochemical and electro-
chemicalproperties of 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate and 1-ethyl-3-methylimidazolium
tetracyanoborate. J. Electrochem. Soc. 2012, 159, A967. [CrossRef]

Ignat-ev, N.V.; Finze, M. Cyanoborates. Eur. J. Inorg. Chem. 2019, 2019, 3539-3560. [CrossRef]

Reiter, J.; Paillard, E.; Grande, L.; Winter, M.; Passerini, S. Physicochemical properties of N-methoxyethyl-N-methylpyrrolidinum
ionic liquids with perfluorinated anions. Electrochim. Acta 2013, 91, 101-107. [CrossRef]

O’Mahony, A.M,; Silvester, D.S.; Aldous, L.; Hardacre, C.; Compton, R.G. Effect of water on the electrochemical window and
potential limits of room-temperature ionic liquids. . Chem. Eng. Data 2008, 53, 2884-2891. [CrossRef]

Namazian, M.; Lin, C.Y.; Coote, M.L. Benchmark Calculations of Absolute Reduction Potential of Ferricinium/Ferrocene Couple
in Nonaqueous Solutions. . Chem. Theory Comput. 2010, 6, 2721-2725. [CrossRef] [PubMed]

Xue, Z.; Qin, L.; Jiang, ].; Mu, T.; Gao, G. Thermal, electrochemical and radiolytic stabilities of ionic liquids. Phys. Chem. Chem.
Phys. 2018, 20, 8382-8402. [CrossRef] [PubMed]

Asakura, R.; Duchéne, L.; Kithnel, R.-S.; Remhof, A.; Hagemann, H.; Battaglia, C. Electrochemical Oxidative Stability of
Hydroborate-Based Solid-State Electrolytes. ACS Appl. Energy Mater. 2019, 2, 6924—6930. [CrossRef]

Xu, W.; Angell, C.A. Weakly coordinating anions, and the exceptional conductivity of their nonaqueous solutions. Electrochem.
Solid-State Lett. 2001, 4, E1. [CrossRef]

Grishina, E.P,; Kudryakova, N.O. Conductivity and electrochemical stability of concentrated aqueous choline chloride solutions.
Russ. J. Phys. A 2017, 91, 2024-2028. [CrossRef]

Chen, S.; Lan, R.; Humphreys, ].; Tao, S. Perchlorate Based “Oversaturated Gel Electrolyte” for an Aqueous Rechargeable Hybrid
Zn-Li Battery. ACS Appl. Energy Mater. 2020, 3, 2526-2536. [CrossRef]

Shi, C.; Quiroz-Guzman, M.; DeSilva, A.; Brennecke, J.F. Physicochemical and electrochemical properties of ionic liquids
containing aprotic heterocyclic anions doped with lithium salts. J. Electrochem. Soc. 2013, 160, A1604. [CrossRef]


https://doi.org/10.1021/acs.jpcb.5b06951
https://www.ncbi.nlm.nih.gov/pubmed/26505208
https://doi.org/10.3390/computation4030025
https://doi.org/10.1021/jz502319n
https://www.ncbi.nlm.nih.gov/pubmed/26263464
https://doi.org/10.1021/acs.jpcb.6b03433
https://www.ncbi.nlm.nih.gov/pubmed/27266487
https://doi.org/10.1021/cm200679y
https://doi.org/10.1021/jp5034257
https://doi.org/10.1002/aic.16467
https://doi.org/10.1016/j.molliq.2021.117589
https://doi.org/10.1016/j.molliq.2022.120001
https://doi.org/10.3389/fchem.2022.859304
https://www.ncbi.nlm.nih.gov/pubmed/35783210
https://doi.org/10.3390/ma14123221
https://doi.org/10.1088/1742-6596/2090/1/012078
https://doi.org/10.1007/s11426-016-5566-3
https://doi.org/10.1016/j.jpowsour.2020.228791
https://doi.org/10.1039/B517914A
https://www.ncbi.nlm.nih.gov/pubmed/16902710
https://doi.org/10.1016/j.electacta.2011.02.055
https://doi.org/10.1149/2.032207jes
https://doi.org/10.1002/ejic.201900403
https://doi.org/10.1016/j.electacta.2012.12.086
https://doi.org/10.1021/je800678e
https://doi.org/10.1021/ct1003252
https://www.ncbi.nlm.nih.gov/pubmed/26616073
https://doi.org/10.1039/C7CP07483B
https://www.ncbi.nlm.nih.gov/pubmed/29503990
https://doi.org/10.1021/acsaem.9b01487
https://doi.org/10.1149/1.1344281
https://doi.org/10.1134/S0036024417100144
https://doi.org/10.1021/acsaem.9b02249
https://doi.org/10.1149/2.116309jes

Entropy 2023, 25, 793 11 of 11

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Shaplov, A.S.; Lozinskaya, E.I; Vlasov, P.S.; Morozova, S.M.; Antonov, D.Y.; Aubert, P-H.; Armand, M.; Vygodskii, Y.S. New
family of highlyconductive and low viscousionicliquids with asymmetric 2,2,2-trifluoromethylsulfonyl-N-cyanoamide anion.
Electrochim. Acta 2015, 175, 254-260. [CrossRef]

Sun, W.; Guo, Y,; Lu, Y,; Hu, A;; Shi, E; Li, T.; Sun, Z. Electrochemical biosensor based on graphene, Mg2Al layered double
hydroxide and hemoglobin composite. Electrochim. Acta 2013, 91, 130-136. [CrossRef]

Palumbo, O.; Appetecchi, G.B.; Maresca, G.; Brubach, J.-B.; Roy, P.; Di Muzio, S.; Trequattrini, F.; Bordignon, D.; Legrand,
F.; Falgayrat, A.; et al. Synthesis, PhysicalProperties and Electrochemical Applications of Two Ionic Liquids Containing the
Asymmetric (Fluoromethylsulfonyl)(Trifluoromethylsulfonyl)imideAnion. Appl. Sci. 2022, 12, 4524. [CrossRef]

Wu, E; Schiir, A.R.; Kim, G.-T.; Dong, X.; Kuenzel, M.; Diemant, T.; D-Orsi, G.; Simonetti, E.; De Francesco, M.; Bellusci, M.; et al.
A novel phosphonium ionic liquid electrolyte enabling high-voltage and high-energy positive electrode materials in lithium-metal
batteries. Energy Storage Mater. 2021, 42, 826-835. [CrossRef]

Barbarich, T.J.; Driscoll, P.F. A lithium salt of a Lewis acid-base complex ofilmidazolide for lithium-ion batteries. Electrochem.
Solid-State Lett. 2003, 6, A113. [CrossRef]

Zhang, S.S. An unique lithium salt for the improved electrolyte of Li-ion battery. Electrochem. Commun. 2006, 8, 1423-1428.
[CrossRef]

Sun, G.H.; Li, K.X,; Sun, C.G. Application of 1-ethyl-3-methylimidazolium thiocyanate to the electrolyte of electrochemical double
layer capacitors. J. Power Sources 2006, 162, 1444-1450. [CrossRef]

Kozyrev, Y.N.; Mendkovich, A.S.; Kokorekin, V.A.; Luzhkov, V.B.; Rusakov, A.L Integrated Study of the Thiocyanate Anion
Electrooxidation by Electroanalytical and Computational Methods. J. Electrochem. Soc. 2021, 168, 125501. [CrossRef]

Wakai, C.; Oleinikova, A.; Ott, M.; Weingartner, H. How Polar Are Ionic Liquids? Determination of the Static Dielectric Constant
of an Imidazolium-based Ionic Liquid by Microwave Dielectric Spectroscopy. J. Phys. Chem. B 2005, 109, 17028-17030. [CrossRef]
[PubMed]

Singh, T.; Kumar, A. Static Dielectric Constant of Room Temperature Ionic Liquids: Internal Pressure and Cohesive Energy
Density Approach. J. Phys. Chem. B 2008, 112, 12968-12972. [CrossRef] [PubMed]

Weingdrtner, H. The static dielectric permittivity of ionic liquids. J. Mol. Lig. 2014, 192, 185-190. [CrossRef]

Shock, C.J.; Stevens, M.].; Frischknecht, A.L.; Nakamura, I. Solvation Energy of Ions in a Stockmayer Fluid. J. Phys. Chem. B 2020,
124, 4598-4604. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.electacta.2015.02.228
https://doi.org/10.1016/j.electacta.2012.12.088
https://doi.org/10.3390/app12094524
https://doi.org/10.1016/j.ensm.2021.08.030
https://doi.org/10.1149/1.1568831
https://doi.org/10.1016/j.elecom.2006.06.016
https://doi.org/10.1016/j.jpowsour.2006.08.028
https://doi.org/10.1149/1945-7111/ac39d4
https://doi.org/10.1021/jp053946+
https://www.ncbi.nlm.nih.gov/pubmed/16853170
https://doi.org/10.1021/jp8059618
https://www.ncbi.nlm.nih.gov/pubmed/18811193
https://doi.org/10.1016/j.molliq.2013.07.020
https://doi.org/10.1021/acs.jpcb.0c00769

	Introduction 
	Materials and Methods 
	Results and Discussion 
	QSAR and Anodic Limit of Different Anions 
	Ab-Initio and DFT Calculation of the Anodic Limit 
	Development of an Empirical Model 

	Conclusions 
	References

