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Abstract: Based on the unique ubiquity of similar solvate structures found in solvate crystals and
superconcentrated electrolytes, we performed a systematic study of four reported solvate crystals
which consist of different lithium salts (i.e., LiMPSA, LiTFSI, LiDFOB, and LiBOB) solvated by
acetonitrile (MeCN) based on first principles calculations. Based on the calculations, these solvate
crystals are predicted to be electronic insulators and are expected to be similar to their insulating
liquid counterpart (e.g., 4 M superconcentrated LiTFSI-MeCN electrolyte), which has been confirmed
to be a promising electrolyte in lithium batteries. Although the MeCN molecule is highly unstable
during the reduction process, it is found that the salt-MeCN solvate molecules (e.g., LiTFSI-(MeCN)2,
LiDFOB-(MeCN)2) and their charged counterparts (anions and cations) are both thermodynamically
and electrochemically stable, which can be confirmed by Raman vibrational modes through the
unique characteristic variation in C≡N bond stretching of MeCN molecules. Therefore, in addition to
the development of new solvents or lithium salts, we suggest it is possible to utilize the formation
of superconcentrated electrolytes with improved electrochemical stability based on existing known
compounds to facilitate the development of novel electrolyte design in advanced lithium batteries.

Keywords: batteries; salt–solvent solvates; superconcentrated electrolytes; redox potential;
solvation science

1. Introduction

Lithium salts are commonly known to dissolve in aprotic solvents, and the solva-
tion properties of lithium metal cations in organic solutions have fascinated numerous
researchers for many years due to their enormously important applications in the design
and development of advanced Li-ion batteries [1,2]. To develop a robust, advanced Li-ion
battery, an electrochemically stable and functional electrolyte that is highly tolerant to rapid,
reversible anode/cathode reactions (without undergoing severe oxidative and reductive
decomposition) is deemed necessary [3]. Among the common organic solvents, acetonitrile
(MeCN) is one that is known to be oxidation tolerant. Because of its high dielectric constant
(ε ~ 35.69) [4], many lithium salts can easily dissolve in MeCN solution and exhibit consid-
erably high ionic conductivity. Despite these advantages, the use of MeCN in extensive
Li-ion batteries remains limited due to its poor reductive stability, especially against lithium
metal anodes [5].

To overcome this limitation, an electrochemically stable superconcentrated MeCN so-
lution (i.e., ≥3–4 M) with enhanced reductive stability has recently been demonstrated [6,7].
According to Yamada et al. [7], a novel electrolyte that enables reversible lithium inter-
calation into a graphite electrode while successfully suppressing severe electrolyte de-
composition and formation of lithium dendrites can be achieved when the lithium salt
concentration in MeCN solution is increased over a certain threshold (~3 M). Compared
with 1.0 M LiPF6/EC:DMC electrolyte, the reversible capacity decreases significantly with
increasing rates. Whereas in contrast, the superconcentrated LiTFSI-MeCN electrolyte
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exhibited much higher charging rate capability at all C-rates [7]. According to this find-
ing [7], the origin of the enhanced reductive stability of the superconcentrated MeCN
solution is attributed to the formation of unique networking solvate structures of Li+

cations and bis(trifluoromethanesulfonyl)-imide (TFSI−) anions with solvating MeCN sol-
vents in solution, which leads to the formation of solvate ionic liquids-like systems (also
called “solvent-in-salt” (SIS) systems) [8].

It is widely known that solvation structure and its formation are drastically different
between dilute and concentrated solutions. Depending on the nature of the solvents and
their capability of dissolving lithium salts, a wide range of salt concentrations, from ~3–5 M
in nonaqueous media to ~4–10 M in aqueous media, are used [7,9]. At these high salt
concentrations, significant ion pairing and aggregation occur, while the limited solvent
molecules therein are largely bound to Li+ cations, leading to entirely new salt–solvent
solvate structures at both molecular and long-range scales, which may display various
novel properties (e.g., transport, thermal, and interfacial) [7,9,10] that are important in
Li-ion batteries. In contrast with dilute solutions (i.e., <1 M) [11], the unique aggregation
state is observed in both superconcentrated solvate electrolytes and solvate crystals, which
results in disordered aggregation of salt–solvent solvate structures in superconcentrated
electrolytes as opposed to ordered aggregation of salt–solvent solvate structures which are
found in solvate crystals [11,12].

When these lithium salts crystallize in the form of solvate crystals in an organic
solvent (e.g., acetonitrile) solution, exploring their crystal structures, solvation shell, and
physicochemical properties is beneficial for a basic understanding of the solvation science
of lithium-ion-based electrolytes. Compared with that of lithium salts and organic solvents,
a systematic study of lithium solvate crystals remains lacking at present, especially a
study of the unique structure–property relationships at the molecular level. An in-depth
understanding related to the variation in the ions speciation in electrolyte solution formed
with various types of solvates and their distribution is important to help us to fine-tune their
solvation structure and physicochemical properties for novel electrolyte design. Besides
revealing an important insight into the unique salt–solvent solvation structure in both
solvate crystals and superconcentrated solutions, this will help us identify a new avenue
in the design of superconcentrated electrolytes, which is critical in the development of
high-energy-density Li-ion batteries based on lithium metal anodes.

With this as motivation, we carried out a systematic study of four reported solvate
crystals, which consist of different lithium salts solvated by MeCN solvent molecules in crys-
talline structures, based on first principles calculations. In this work, the basic properties of
the signature salt-MeCN solvate structures were analyzed in terms of thermodynamic and
electrochemical stability, chemical bonding, and electronic and vibrational properties based
on density functional theory (DFT) calculations. With this as a baseline study, we hope
to enhance the basic understanding of the fundamental properties of lithium salt–solvent
solvate structures in solvate crystals, which, in turn, will help us to better understand the
similar lithium salt-MeCN solvate features in superconcentrated MeCN-based electrolytes
in high-energy-density Li battery applications.

2. Theoretical Methods

In this work, four different lithium salts, i.e., lithium bis(trifluoromethanesulfonyl)-
imide, LiN(SO2CF3)2 (LiTFSI); lithium (3-methoxypropyl)((trifluoromethyl)-sulfonyl)amide,
Li[CF3SO2N(CH2)3OCH3] (LiMPSA); lithium difluoro(oxalate)borate, LiBF2(C2O4)
(LiDFOB); and lithium bis(oxalate)borate, Li[B(C2O4)2] (LiBOB), which solvate MeCN
solvents as solvate crystals, are considered. Specifically for these four lithium salts, LiMPSA
and LiTFSI are N based, whereas LiDFOB and LiBOB are B based. For all the simulations,
the initial simulation cells and configurations were based on the reported findings from ex-
periments [13–16]. All the calculations of solvate crystals were performed in the framework
of DFT using the Vienna Ab Initio Simulation Package (VASP) version 5.4.4 [17,18]. The
projector-augmented wave (PAW) method [19] and the Perdew–Burke–Ernzerhof (PBE)
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exchange-correlation functional [20] were used to describe the exchange–correlation effects.
To include the influence of intermolecular interactions, Grimme’s D3 correction term [21]
was applied to include the van der Waals (vdW) interactions throughout the simulations.
For all the calculations, the plane-wave kinetic energy cutoff was set to 500 eV. The energy
convergence was set to 10−5 eV, and all the configurations were fully relaxed until the resid-
ual force on each atom was less than 0.01 eV/Å. For all these DFT calculations, a Γ-centered
K-mesh with a density of no less than 2 points per Å (i.e., KSPACING = 0.5) was used to
sample the Brillouin zone during the simulation cell relaxation and geometry optimization.

The optimized structures, especially the constituent lithium salt and MeCN molecules,
obtained from VASP simulation were further interrogated for their electronic, thermochem-
ical, and vibrational (i.e., Raman spectroscopy) properties by using the quantum chemistry
method as implemented in the Gaussian 16 code [22]. The Becke three-parameter hybrid
exchange functional combined with the LYP correlation (referred to as B3LYP) [23] and the
6–31 + G(d,p) basis set were employed in these calculations. In the geometry optimization
procedure, the convergence criteria for gradient and energy were set to 10−4 hartree/Å and
10−9 hartree, respectively. The optimized configuration of neutral, anionic, and cationic
states of MeCN and lithium salt (i.e., LiTFSI, LiMPSA, LiDFOB, and LiBOB), and their
representative salt-MeCN solvate molecules were tested for electrochemical stability by
computing their vibrational frequencies.

As an approximation, the electrochemical stability of MeCN, lithium salt, and salt-
MeCN solvate molecules were quantified based on the free energy change for reduction or
oxidation processes as follows [24]:

oxidation potential, Eox =
[∆G(S+)− ∆G(S)]

F
− 1.24 (1)

reduction potential, Ered =
−[∆G(S−)− ∆G(S)]

F
− 1.24 (2)

where F is Faraday’s constant; the free energy changes of neutral (s), anionic (s−), and
cationic (s+) states are taken to be the sum of the free energy (∆G) change in the gas
phase since the change in electrons in energy from vacuum to the non-aqueous solution
is negligibly small and would not change the qualitative trend of redox potentials [24,25].
Besides redox potentials, we also quantified the stability of charged species of MeCN,
lithium salt molecules, and salt-MeCN solvate molecules based on adiabatic ionization
potential (IP = E(S+) − E(S)) and electron affinity (EA = E(S) − E(S−)), where E(S/S−/S+) is
the total energy of neutral, anionic, and cationic species, respectively [26,27].

3. Results and Discussion
3.1. Structure Analysis

It is known that the crystalline salt–solvent solvate structures are generally obtained
during the crystals’ growth of salt in a given solvent. In this work, all these lithium salts are
found to be highly soluble in MeCN solution, and the unique lithium salt-MeCN solvate
structures are formed during the recrystallization process [28,29]. Detailed analysis of these
thermodynamically stable salt-MeCN solvate structures is, therefore, necessary to help us
understand the formation and unique structure–property relationship of the solvation shell
of these electrolytes.

3.1.1. LiMPSA-MeCN Solvate Crystal

The solvate structure consists of lithium sulfonamide (Li[CF3SO2N(CH2)3OCH3],
LiMPSA) salt, which is based on the (3-methoxypropyl)((trifluoromethyl)-sulfonyl)amide
(MPSA) anion, and acetonitrile solvent molecules [13] (Figure 1). As reported recently [30,31],
this family of MPSA salt features an unusual melting point trend, where the melting point
of the salts decreases as the cation increases in size from lithium (Li) to potassium (K) [30].
Notably, KMPSA features an extremely low melting point of only ~51 ◦C, which could make
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it a promising candidate of single cation ionic liquids (SCILs) [31]. In this work, LiMPSA-
MeCN solvate crystal is a monoclinic cell, and it consists of 8 LiMPSA salt and 4 MeCN
solvent molecules [13] with a cell density of ~1.51 g/cm3 according to the DFT optimized
cell lattices (Table S1). From the DFT calculation, the thermodynamic stability of this solvate
crystal is found to be Eb ~ 3.68 eV/Li, which is modest among the rest (Table 1). According
to our finding, the low binding energy of this solvate crystal might be attributed to the fact
that not all the MeCN solvents are directly bonded by Li+ ions within the inner solvation
shell. However, it is noteworthy that solid structures with large empty channels or cavities
are generally not stable [32], and the crystals may not be obtained if the intrinsically unstable
scaffolding of salt or solute molecules is not supported by suitable solvent molecules. For
the LiMPSA-MeCN solvate crystal, it was found that MeCN solvents’ molecules are incor-
porated into the crystal lattices within the channels along the (010) direction approaching
methyl groups of MPSA, which stabilize this solvate crystal. As shown in Figure 2, the
tetracoordinated Li+ is connected to a nitrogen atom ( RLi−N ∼ 2.00 Å), sulfonyl oxygens
( RLi−O ∼ 1.91 Å), and an ether oxygen ( RLi−O ∼ 1.95 Å) of MPSA anions that render the
inner solvation shell. According to Dillon et al. [13], the flexibility of the ether oxygen in the
MPSA anion may facilitate Li+ ionic conductivity, and this unique feature has been found in
KMPSA-based SCILs in a recent study [31].
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Figure 1. Crystalline solid of lithium salt-MeCN solvates considered in this study: (a) LiMPSA-MeCN,
(b) LiTFSI-MeCN, (c) LiDFOB-MeCN, and (d) LiBOB-MeCN. The green polyhedral region is the
highlighted region that shows the coordination of the Li+ cation with the neighboring salt anion
and the MeCN solvent molecules. Color of atoms: boron (pink), carbon (brown), fluorine (gray),
hydrogen (white), lithium (green), nitrogen (purple), oxygen (red), and sulfur (orange).

Table 1. DFT-predicted binding energy, Eb (in eV/Li), and electronic band gap, Eg (in eV), of the
several solvate crystals studied in this work.

System Binding Energy, Eb (eV/Li) Electronic Band Gap, Eg (eV)

LiMPSA-MeCN 3.68 5.65
LiTFSI-MeCN 2.52 6.72

LiDFOB-MeCN 3.90 3.75
LiBOB-MeCN 3.90 3.70
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3.1.2. LiTFSI-MeCN Solvate Crystal

Similar to the LiMPSA-MeCN solvate crystal, the LiTFSI-MeCN solvate crystal cell
is found to be monoclinic as was reported [14]. This solvate crystal consists of 8 LiTFSI
salt and 8 MeCN solvent molecules [14] with a cell density of ~1.91 g/cm3 according
to DFT-optimized cell lattices (Table S1). For this solvate crystal (Figure 1), there are
2 types of Li+ cations that reside in this solvate system: (1) A total of 6 coordinated Li+

cations that bonded with the neighboring 6 oxygen ( RLi−O ∼ 2.1 − 2.2 Å) atoms from
bis(trifluoromethanesulfonyl)-imide (TFSI) anions, which relates to salt–salt interactions,
and (2) a total of 4 coordinated Li+ cations that bonded with the neighboring 2 O atoms
from the TFSI anion ( RLi−O ∼ 1.95 Å), as well as 2 N atoms from the MeCN solvent
molecules ( RLi−N ∼ 2.00 Å), which relate to salt–solvent interactions that render a stable,
unique LiTFSI-(MeCN)2 solvate complex in the lattice. Due to this unique interplay of
salt–salt and salt–solvent interactions, this yields an average of five in the coordination
number for Li+ cations in the LiTFSI-MeCN solvate crystal dominated by Li-O and Li-N
bonds separately in solvation shells within the bond distance of ~2.2 Å (Figure 2). For
a LiTFSI-MeCN system, this chelate effect of the solvate complex is unique. For this
binary component solvate system, the formation of two or more separate coordinate bonds
between polydentate ligands and the central Li+ ions are pronounced, and this led to a
thermodynamically stable stoichiometric mixture of the salt–solvent solvate complex in
the lattice with Eb ~ 2.52 eV/Li (Table 1). Interestingly, this unique feature (i.e., the LiTFSI-
(MeCN)2 solvation structure) is also found in ~4 M superconcentrated LiTFSI-MeCN
electrolytes [7,11,33] applied in Li-ion and Li-S (lithium-sulfur) batteries.

3.1.3. LiDFOB-MeCN Solvate Crystal

For the LiDFOB-MeCN solvate crystal, it consists of four LiDFOB salt and twelve
MeCN solvent molecules [15] in an orthorhombic lattice (Figure 1) with a cell density of
~1.41 g/cm3 according to DFT-optimized cell lattices (Table S1). For this solvate system, not
all MeCN solvent molecules are directly bonded with Li+ cations or difluoro(oxalate)borate
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(DFOB−) anions and form a solvation shell. For this unique LiDFOB-MeCN solvate system,
the inner solvation shell is distributed equally by Li-O ( RLi−O ∼ 1.95 Å) and Li-N bonds
( RLi−N ∼ 2.03 Å), separately (Figure 2). Whereas for the rest of the uncoordinated MeCN
solvent molecules, they are residing within the channels along the (001) direction of the
crystal lattice, similar to the orientation found in MeCN molecular solids that are stabilized
by relatively weak, long-range hydrogen bonds (Figure S1). From our observation, the
MeCN solvent molecules in this system have essentially two ways to stabilize the LiDFOB-
MeCN solvate system: (I) as ligands in completing the bond coordination around Li+ ions
in the inner solvation shell and (II) as space fillers to decrease the void space and/or lead to
more efficient packing; this stabilizes the crystalline lattice with Eb ~ 3.90 eV/Li (Table 1),
which is the most stable among the rest.

3.1.4. LiBOB-MeCN Solvate Crystal

Lithium bis(oxalate)borate, Li[B(C2O4)2] (LiBOB) salt has been proposed as an al-
ternative lithium salt for the electrolyte in rechargeable Li-ion batteries that are free of
explosive perchlorate, reactive fluoride, or toxic arsenic [16]. For the LiBOB-MeCN solvate
crystal, the structure stability (Eb ~ 3.90 eV/Li) (Table 1) and its structural features are
found to be similar to LiDFOB-MeCN. For this monoclinic crystal lattice, the structures
contain two symmetrical independent LiBOB and five MeCN molecules [16]. It consists of
8 LiBOB salt and 20 MeCN solvent molecules with a cell density of ~1.51 g/cm3 based on
DFT-optimized cell lattices (Table S1). Similar to the LiDFOB-MeCN solvate system, there
are two types of MeCN solvent molecules present in the crystalline lattice. For this system,
the formation of the inner solvation shell (R ~2.2 Å) is attributed to the LiBOB salt–salt
and LiBOB-MeCN salt–solvent interaction, which yields an average coordination number,
N ~ 5, for Li+ cations (Figures 1 and 2). For the inner solvation shell, it consists of four
Li-O bonds ( RLi−O ∼ 2.05 − 2.20 Å) from terminal oxygen atoms of the oxalate group of
[B(C2O4)2]− anions, and one Li-N bond ( RLi−N ∼ 2.05 Å) with one MeCN ligand molecule
(Figure 2). Whereas for the rest of the uncoordinated MeCN solvent molecules, they are
stabilized within the channels along the (001) direction of the crystal lattice similar to the
orientation found in the MeCN molecular solid that holds them together through relatively
weak long-range C-H· · ·O and C-H· · ·N hydrogen bonds within the lattices (Figure 1).

3.2. Electronic Properties of Solvate Crystals

Similar to their constituent individual electronic insulating salt (i.e., LiMPSA, LiTFSI,
LiDFOB, and LiBOB) and MeCN molecule (Figure S2), all these lithium salt-MeCN solvate
crystals are found to be electronic insulators (Figure 3) with finite electronic band gaps that
range from ~3.7–6.7 eV (Table 1), which is comparable to oxides (e.g., ZrO2) [34] according
to DFT prediction. Among these, the LiTFSI-MeCN solvate crystal is found to be the most
insulating (Eg ~ 6.7 eV, Figure 3b), followed by LiMPSA-MeCN (Eg ~ 5.7 eV, Figure 3a),
LiDFOB-MeCN (Eg ~ 3.8 eV, Figure 3c), and LiBOB-MeCN (Eg ~ 3.8 eV, Figure 3d). At the
vicinity of the Fermi level (Ef), the electronic density of states (e-DOS) at the top valence
band (TVB) of these solvate crystals are mostly dominated by the most electronegative
elements (i.e., oxygen and nitrogen) of salt anions that bonded with Li+ in the inner
or first solvation shell of the salt-MeCN solvate structure, which helps to stabilize the
crystalline lattice.

For the LiMPSA-MeCN solvate crystal, the unique electronic insulating feature is
critical for this system to be used as an ionic conductor [13]. Whereas for the LiTFSI-MeCN
solvate crystal, the electronic property (Eg ~ 6.7 eV) is found to be surprisingly similar
to its insulating liquid counterpart, i.e., 4 M superconcentrated LiTFSI-MeCN electrolyte
(Eg ~ 4 eV) [7], which confirmed that for a practical superconcentrated electrolyte in
battery applications, the selected candidate has to be “electronic insulating” and “ionic
conducting” [35–37]. Compared with the electronic charge distribution of the TVB of
these solvate crystals, close proximity can be found with the highest occupied molecular
orbital (HOMO) of the constituent salt-MeCN solvate structures, e.g., LiTFSI-(MeCN)2 and
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LiDFOB-(MeCN)2, separately (Figure 4). In general, the distinctive electronic features of
the molecular salt-MeCN solvate structure in these solvate crystals are found to be well
preserved. Consistent with the e-DOS highlighted in Figure 3, both the electronic state
of the TVB for the LiTFSI-MeCN solvate crystal and the HOMO for the LiTFSI-(MeCN)2
solvate molecule are similar and are dominated by the TFSI anion oxygen atoms (Figure 4a).
A similar trend is found in the LiDFOB-MeCN solvate crystal and the LiDFOB-(MeCN)2
solvate molecule (Figure 4b), which suggests that these salt-MeCN solvate crystals are
molecular solids; this is also the case for their counterparts in superconcentrated MeCN
solution (e.g., 4 M superconcentrated LiTFSI-MeCN electrolyte) that have been applied in
batteries [7,33].
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preserved. Consistent with the e-DOS highlighted in Figure 3, both the electronic state of 
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solvate molecule are similar and are dominated by the TFSI anion oxygen atoms (Figure 
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Figure 3. Site-projected electronic density of states (e-DOS) of (a) LiMPSA-MeCN, (b) LiTFSI-MeCN,
(c) LiDFOB-MeCN, and (d) LiBOB-MeCN. The Fermi level, Ef, is represented by a dotted vertical line
and referenced as zero in energy level.
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3.3. Electrochemical Stability of MeCN and Lithium Salt Molecule

The stability of charged species is important for evaluating the electrochemical sta-
bility of a solvent or salt molecule during charge transfer, especially at the charged elec-
trode/electrolyte interfaces. Based on the quantum chemical calculation, all the charged
species (anion/cation) of MeCN, LiMPSA, LiTFSI, LiDFOB, and LiBOB are found thermody-
namically stable with no imaginary frequencies. Besides redox potentials, it is indispensable
to know the adiabatic ionization potential (IP) and electron affinity (EA) of these charged
species (Figure 5). Among these systems, all the cationic species are found to be less stable
than the neutral species, whereas all the anionic species are found to be more stable than
the neutral (with EA ~ 0.18–2.04 eV), except MeCN (with EA ~ −1.0 eV). Therefore, this
suggests that the MeCN solvent molecule is not stable during the reduction process.
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and oxidation potential (Eox, in V) of MeCN, LiMPSA, LiTFSI, LIDFOB, LiBOB, and the salt-MeCN
solvate molecule (LiTFSI-(MeCN)2, LiDFOB-(MeCN)2).
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Meanwhile, it is known that the practical applications of high-energy-density Li metal
batteries have been limited by anodic instability, which causes serious problems, including
low coulombic efficiency and limited cycling performance of high-energy-density Li-ion
batteries. To address this challenge, in addition to the development of new solvents or
lithium salts, we suggest it is possible to utilize the formation of superconcentrated elec-
trolytes with improved electrochemical stability based on the existing known compounds.
For conventional organic solvents such as dimethyl carbonate (DMC), diethyl carbonate
(DEC), dimethyl ether (DME), and ethylene carbonate (EC), their inferior stability against
Li metal anode hindered the commercialization of high-energy-density Li-ion batteries
with lithium metals [38,39]. To address the basic electrochemical stability of MeCN and the
lithium salts (i.e., LiTFSI, LiMPSA, LiDFOB, and LiBOB) in this study, the basic differences
in stability (accounting for the oxidation and reduction processes) were investigated based
on the quantum chemical method (Section 2).

During the redox process, the propensity of solvent and salt molecules to donate or
accept an electron in an electrolyte can be measured by its one-electron standard redox
potentials (Ered and Eox). In this case, MeCN is a polar solvent with inherently high lithium
salt solubility capacity; however, it was found that the computed reduction potential of
MeCN is large, i.e., Ered ~ −2.15 V (Figure 5). This suggests that MeCN has poor reductive
stability, especially against a lithium metal anode, and therefore a dilute MeCN-based
electrolyte might not be practical in high-energy-density Li metal batteries. Compared
with MeCN, the lithium salts (i.e., LiTFSI, LiMPSA, LiDFOB, and LiBOB) considered in
this work are found to be relatively more stable against lithium metal anodes. It can be
found that the calculated Ered of these lithium salts increase substantially except LiMPSA
(Ered ~ −1.18 V), which might be attributed to the presence of an organic ether chain in the
LiMPSA molecule. Therefore, this suggests that LiMPSA salt might be relatively poor in
reductive stability against the lithium metal anode compared with the other lithium salts.
Meanwhile, besides reductive stability, a robust electrolyte needs to be resilient against the
oxidative process, especially for the development of high-voltage Li-ion batteries [40,41].
To achieve this goal, an oxidation-tolerant electrolyte is deemed necessary. As shown in
Figure 5, the trend of computed IP is similar to Eox. It was found that the oxidation potential
of the MeCN molecule is the highest, i.e., Eox ~ 10.5 V. Interestingly, a similar trend was
also found among these lithium salts, i.e., Eox ~ 6.5–8.7 V, which indicates the inherent
high oxidative stability of these compounds compared with conventional carbonate-based
electrolytes [40–42].

3.4. Electrochemical Stability and Electronic and Raman Signature of Salt-MeCN
Molecular Solvates

Herein, to overcome the MeCN’s inherently poor reductive stability while exhibiting
remarkably high oxidative stability as an electrolyte in high-voltage, high-density Li-ion
batteries with lithium anodes, it is important to investigate the electrochemical stability
of salt-MeCN solvate structures. From the LiTFSI-MeCN solvate crystal, it is known
that a similar thermodynamically stable LiTFSI-(MeCN)2 solvate structure can be found
in ~4 M superconcentrated LiTFSI-MeCN electrolyte [7] as mentioned in Section 3.1.2.
As highlighted in Figure 5, high electrochemical stability of the LiTFSI-(MeCN)2 solvate
molecule, including its charged counterparts (anion and cation), can be found. From
quantum chemical calculations, a high oxidation potential (Eox ~ 7.2 V) of LiTFSI-(MeCN)2
was found. In contrast with the unstable anionic MeCN molecule, the anionic LiTFSI-
(MeCN)2 solvate molecule was found to be more stable than its neutral counterpart, with
EA ~ 0.37 eV (Figure 5). Thus, the current finding suggests that a significant increase in
the LiTFSI-(MeCN)2 solvate structure in solution will enhance the reductive stability of
the ~4 M superconcentrated LiTFSI-MeCN electrolyte in high-voltage Li-ion batteries as
reported by Yamada et al. [7]. Interestingly, besides the LiTFSI-(MeCN)2 solvate system, we
found that the LiDFOB-MeCN solvate system is promising, and its electrochemical stability
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should be comparable to the LiTFSI-MeCN system due to the high electrochemical stability
of the LiDFOB-(MeCN)2 solvate molecules (e.g., Eox ~ 7.3 V) (Figure 5).

From Table 1, Figures 3 and 4, it is not difficult to find that the basic electronic prop-
erties of salt-MeCN solvate crystals are similar to their constituent salt-MeCN solvate
molecules (e.g., LiTFSI-(MeCN)2) in the lattices, which indicates the unique inherent char-
acter of molecular solids. At the fundamental molecular level, the high electronic insulating
character (Eg ~ 6.7 eV, Table 1) of the LiTFSI-MeCN solvate crystal is supported by a large
HOMO-LUMO gap (∆gap) of separate MeCN (∆gap ∼ 8.9 eV), LiTFSI (∆gap ∼ 7.4 eV),
and LiTFSI-(MeCN)2 (∆gap ∼ 7.1 eV) solvate molecules separately (Figure 5) in the
lattices. Similarly, this insulating feature is also found in the LiDFOB-MeCN solvate crystal
with a smaller band gap (i.e., Eg ~ 3.8 eV) and its constituent LiDFOB-(MeCN)2 solvate
molecule (∆gap ∼ 4.4 eV). In general, the high electronic insulating feature guarantees
high chemical hardness (η) (Figure 5), which is a measure of the chemical stability of a
molecule and compound [43–45]. From DFT calculations [43–45], the chemical hardness
of a molecule can be used to quantify the resistance towards electron cloud polarization
or deformation of a chemical species, which is defined as: η = 1

2

(
∂µ
∂N

)
∼ 1

2
(
∆gap

)
, where

µ is the electronic chemical potential and N is the number of electrons. Therefore, this
suggests that in addition to electrochemical stability, the presence of a unique salt-MeCN
solvate structure might be useful to guarantee the high chemical stability of electrolytes,
and this has been proven in a recent study of superconcentrated LiTFSI-MeCN solution
(>4 mol dm−3) for fast charging Li-ion batteries by Yamada et al. [7].

To experimentally probe the presence of these electrochemically stable salt-MeCN
solvate structures, it is suggested that the Raman spectra are a useful characterization
tool [7,11] to capture the signature shift in the vibrational mode upon coordination with Li+

in solvation. From the simulated Raman spectra in Figure 6, it can be seen that the molec-
ular signature of pristine salt and the MeCN solvent is well-preserved in the salt-MeCN
solvate structure. For lithium salts (e.g., LiDFOB and LiTFSI), their Raman signatures are
mostly below 2000 cm−1, whereas the rest are attributed to the presence of the MeCN
solvent molecule. Compared with reported experimental Raman frequencies [7,11], our
predicted values are overestimated in general due to the limitations of DFT electronic
structure calculation (e.g., neglect of anharmonicity, approximate treatment of electron
correlation, use of finite basis sets) [46]. According to Seo et al. [11], there are 2 Raman sig-
nature vibrational bands associated with the MeCN solvent: C-C ( υ ∼ 920 cm−1) and C≡N
( υ ∼ 2254 cm−1) stretching mode shifts can be used as the unique Raman characterization
of the MeCN-Li+ interaction in solvation. However, compared with the DFT-predicted
Raman active mode associated with the C-C stretching mode ( υ ∼ 930 cm−1) of MeCN,
we found that the C≡N stretching mode ( υ ∼ 2365 cm−1) is more suitable, especially
for the probe of charged species of salt-MeCN solvate molecules (Figures 6 and S3) in
solution. From the simulated Raman spectra (Figure 6), it was also confirmed that the
unique salt-MeCN (e.g., LiTFSI-(MeCN)2) solvate structure in the solvate crystal is equiv-
alent to the superconcentrated LiTFSI-MeCN solution, and this can be shown using the
Raman active (Figure 6) C≡N stretching mode of MeCN. For both the LiTFSI-(MeCN)2
and LiDFOB-(MeCN)2 solvate structures, it was found that there is an upshift of ~ 30 cm−1

(Figure 6c) and ~ 27 cm−1 (Figure 6d) in the C≡N stretching mode when relative to a
pristine uncoordinated MeCN solvent molecule ( υ ∼ 2365 cm−1); this indicates a much
stronger C≡N stretching bond of MeCN when coordinated with Li+ in the salt–solvent
inner solvation shell, which is qualitatively consistent with reported experimental findings
with an upshift of ~30 cm−1 [7,11,33] and ~23 cm−1 [47], respectively. This unique feature
was confirmed in the ~4 M superconcentrated LiTFSI-MeCN electrolyte for the presence of
the LiTFSI-(MeCN)2 solvate structure in solution [7]. Interestingly, it was also found that
for the presence of anionic or cationic species of salt-MeCN solvate molecules, a smaller
upshift with ~18 cm−1 was predicted which indicates a weakened C≡N bond relative to a
neutral salt-MeCN solvate molecule (Figure 6c,d). For the experimental confirmation of
this unique characteristic variation in the C≡N bond during a charged state (i.e., anionic



Energies 2023, 16, 3700 11 of 14

or cationic state), it therefore should be subjected to future investigation in the future in
superconcentrated LiTFSI-MeCN or LiDFOB-MeCN electrolytes.
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Figure 6. Simulated Raman spectra of (a) LiTFSI-(MeCN)2 and (b) LiDFOB-(MeCN)2 solvation
molecules present in the LiTFSI-MeCN and the LiDFOB-MeCN solvate crystals from Figure 1. The
red and green lines are the pristine salt and the MeCN molecule. Graphs (c,d) show the signature of
the C≡N stretching mode (Raman active) that highlights the difference between a pristine MeCN
solvent molecule and an Li+ coordinated MeCN in the (c) LiTFSI-(MeCN)2 and the (d) LiDFOB-
(MeCN)2 solvation structures, which can be observed in solution, especially in superconcentrated
MeCN electrolytes. The neutral, anion, and cation MeCN-solvate species are represented by lines in
blue, pink, and light blue, respectively.

4. Conclusions

Based on the unique ubiquity of similar solvate structures found in solvate crystals and
superconcentrated electrolytes, we performed a systematic study of four reported solvate
crystals which consist of different lithium salts (i.e., LiMPSA, LiTFSI, LiDFOB, and LiBOB)
solvated by MeCN solvent molecules in different crystalline structures based on first prin-
ciples calculations. In addition to solvate crystals, basic structure–property relationships
of the signature salt-MeCN solvate structures of these systems were analyzed in terms
of thermodynamic and electrochemical stability, chemical bonding, and electronic and
vibrational properties based on quantum chemical calculations. Among these properties,
we found the electrochemical stability and electronic and vibrational properties of these
solvate structures are most relevant to lithium battery applications. For these salt-MeCN
solvate crystals, the chelate effect of the salt-MeCN solvate complex (e.g., LiTFSI-(MeCN)2,
LiDFOB-(MeCN)2) is unique. To understand the basic molecular structures of these salt-
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MeCN solvate complexes, their presence can be confirmed by Raman vibrational modes
through the unique characteristic variation in the C≡N bond stretching of MeCN molecules
in different charged states (e.g., neutral, anion, and cation).

Although the MeCN molecule is highly unstable during the reduction process, it was
found that the salt-MeCN solvate molecules (e.g., LiTFSI-(MeCN)2, LiDFOB-(MeCN)2) and their
charged counterparts (anions and cations) are both thermodynamically and electrochemically
stable. From our calculation, it was found that all these solvate crystals (i.e., Eg ~ 3.8–6.7 eV),
including their constituent salt-MeCN solvate molecules (∆gap ∼ 4.4 − 7.1 eV), are highly
electronically insulating, which guarantees their electronic and chemical stability. This elec-
tronic insulating feature is expected to be similar to their insulating liquid counterpart, which
can be pronouncedly represented by a thermodynamically stable stoichiometric mixture of
MeCN solvent and salt solvate complex, e.g., ~4 M superconcentrated LiTFSI-MeCN electrolyte
(Eg ~ 4 eV), which was confirmed to be a promising electrolyte in lithium batteries. Therefore,
in this study, we show that a baseline study in solvate crystals can be useful to help us to
understand superconcentrated electrolytes. In addition to the development of new solvents or
lithium salts, we suggest it is possible to utilize the formation of superconcentrated electrolytes
with improved electrochemical stability based on the existing known or new compounds to
facilitate the development of novel electrolyte design in advanced high-energy-density lithium
batteries based on lithium metal anodes. However, it is also important to note that even though
the salt-MeCN solvate structure was proven to be stable, the MeCN solvent molecules are
not guaranteed to always coordinate with Li+ ions during battery charging and discharging.
Therefore, we cannot rule out the possibility that the free MeCN solvent will be released from the
solvation structure during the desolvation and deshell processes. Once the free MeCN solvent
is released, then the free MeCN molecules in solution might not be stable toward lithium metal
anodes. Thus, to maintain robust and stable salt–solvent solvate structures in superconcentrated
electrolytes in operating batteries, further detailed investigations remain necessary.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en16093700/s1, Table S1: DFT-optimized lattice parameters
for salt-MeCN solvate crystals; Figure S1: The crystal structure of MeCN solvent; Figure S2: Site-
projected electron density of states (e-DOS) of pristine MeCN, LiMPSA, LiTFSI, LiDFOB, and LiBOB
molecules; Figure S3: Quantum chemical method simulated Raman spectra that highlight the differ-
ence between a pristine MeCN solvent molecule and a Li+ coordinated MeCN in the LiTFSI-(MeCN)2
(neutral/anionic/cationic) solvate molecule regarding the C-C stretching mode ( υ ∼ 930 cm−1) of
the MeCN molecule.
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