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Abstract: Based on the unique ubiquity of similar solvate structure found in solvate crystals and
superconcentrated electrolytes, we have performed a systematic study of four reported solvate crys-
tals which consist of different lithium salts (i.e.,, LIMPSA, LiTFSI, LiDFOB, and LiBOB) solvated by
acetonitrile (MeCN) based on first principles calculations. From calculations, all these solvate crys-
tals are predicted to be electronic insulator, and is expected to be similar to their insulating liquid
counterpart (e.g. 4M superconcentrated LiTFSI-MeCN electrolyte), which has confirmed to be a
promising electrolyte in lithium batteries. Although the MeCN molecule is highly instable during
reduction process, it is found that the salt-MeCN solvate molecules (e.g., LiTFSI-(MeCN)., LIDFOB-
(MeCN)2) and their charged counterparts (anions, cations) are both thermodynamically and electro-
chemically stable, and can be confirmed by Raman vibrational modes through the unique charac-
teristic variation of C=N bond stretching of MeCN molecules. Therefore, in addition to the devel-
opment of new solvents or lithium salts, we suggest it is possible to utilize the formation of super-
concentrated electrolytes with improved electrochemical stability based on the existing known com-
pounds 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 solvation
properties of lithium metal cations in organic solutions have fascinated numerous re-
searchers 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 re-
ductive 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 die-
lectric constant (e ~ 35.69) [4], many lithium salts can easily dissolve in MeCN solution
and exhibit considerably 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
solution (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 a reversible lithium
intercalation into a graphite electrode while successfully suppressing severe electrolyte
decomposition 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
to 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 finding
[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 solvents in so-
lution, which leads to the formation of solvate ionic liquids-like systems (also called “sol-
vent-in-salt” (SIS) systems) [8].

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

When these lithium salts crystallize in the form of solvate crystals in organic solvent
(e.g., acetonitrile) solution, exploring their crystal structures, solvation shell, and physico-
chemical properties is beneficial for a basic understanding of the solvation science of lith-
ium-ion based electrolytes. Compared to that of lithium salts and organic solvents, a sys-
tematic 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 under-
standing 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 electrolytes 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 have carried out a systematic study of four reported solv-
ate crystals, which consist of different lithium salts solvated by MeCN solvent molecules
in crystalline structures, based on first principles calculations. In this work, basic proper-
ties of the signature salt-MeCN solvate structures were analyzed in terms of thermody-
namic 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 lith-
ium 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(SO2CFs)2 (LiTFSI); lithium (3-methoxypropyl)((trifluoromethyl)-sulfonyl)am-
ide, Li[CFsSO:N(CH2)sOCHs] (LiMPSA); lithium difluoro(oxalate)borate, LiBF2(C204)
(LiDFOB); and lithium bis(oxalate)borate, Li[B(C204)z] (LiBOB), which solvate MeCN sol-
vents 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
experiments [13-16]. All the calculations of solvate crystals were performed in the frame-
work 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
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(PBE) exchange-correlation functional [20] were used to describe the exchange-correlation 98
effects. To include the influence of intermolecular interactions, Grimme’s D3 correction 99
term [21] was applied to include the van der Waals (vdW) interactions throughout the 100
simulations. For all the calculations, the plane-wave kinetic energy cutoff was set to 500 101
eV. The energy convergence was set to 105 eV, and all the configurations were fully re- 102
laxed until the residual force on each atom was less than 0.01 eV/A. For all these DFT 103
calculations, a -centered K-mesh with density of no less than 2 points per A (i.e., KSPAC- 104
ING =0.5) was used to sample the Brillouin zone during the simulation cell relaxation and 105
geometry optimization. 106
The optimized structures, especially the constituent lithium salt and MeCN mole- 107
cules, obtained from VASP simulation were further interrogated for their electronic, ther- 108
mochemical, and vibrational (i.e,, Raman spectroscopy) properties by using quantum 109
chemistry method as implemented in the Gaussian 16 code [22]. The Becke three parame- 110
ter hybrid exchange functional combined with LYP correlation (referred to as B3LYP) [23] 111
and 6-31+G(d,p) basis set were employed in these calculations. In the geometry optimiza- 112
tion procedure, the convergence criteria for gradient and energy were set to 104 hartree/A 113
and 10-° hartree, respectively. The optimized configuration of neutral, anionic, and cati- 114
onic states of MeCN, lithium salt (i.e., LiTFSI, LIMPSA, LiDFOB, and LiBOB), and their 115
representative salt-MeCN solvate molecule are tested for electrochemical stability by com- 116
puting their vibrational frequencies. 117
As an approximation, the electrochemical stability of MeCN, lithium salt, and salt- 118
MeCN solvate molecule is quantified based on the free energy change for reduction or 119

oxidation processes as the following [24]: 120
+)-

(1) oxidation potential, E,, = M —-1.24 121

(2) reduction potential, E,.q = w —1.24 122

where F is Faraday’s constant; the free energy change of neutral (s), anionic (s’), and cati- 123
onic (s*) states is taken to be the sum of the free energy (AG) change in the gas phase, since 124
the change of electrons in energy from vacuum to non-aqueous solution is negligibly small 125
and would not change the qualitative trend of redox potentials [24,25]. Besides redox po- 126
tentials, we also quantify the stability of charged species of MeCN, lithium salt molecules, 127
and salt-MeCN solvate molecules based on adiabatic ionization potential (IP = E(S*) - E(S)) 128
and electron affinity (EA = E(S) - E(S")), where E(S/5/S*) is the total energy of neutral, ani- 129

onic, and cationic species, respectively [26,27]. 130
3. Results and Discussion 131
3.1. Structure Analysis 132

It is known that the crystalline salt-solvent solvate structures are generally obtained 133
during the crystals growth of salt in a given solvent. In this work, all these lithium salts 134
are found to be highly soluble in MeCN solution, and the unique lithium salt-MeCN solv- 135
ate structures are formed during the recrystallization process [28,29]. Detailed analysis of 136
these thermodynamically stable salt-MeCN solvate structures is therefore necessary to 137
help us understand the formation and unique structure-property relationship of the solv- 138
ation shell of these electrolytes. 139
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LiDFOB-MeCN

140
Figure 1. Crystalline solid of lithium salt-MeCN solvates considered in this study: (a) 141
LiMPSA-MeCN, (b) LiTFSI-MeCN, (c) LIDFOB-MeCN, (d) LiBOB-MeCN. The green pol- 142
yhedral region is the highlighted region that shows the coordination of Li* cation with 143
neighboring salt anion and MeCN solvent molecules. Color of atoms: boron (pink), carbon 144
(brown), fluorine (gray), hydrogen (white), lithium (green), nitrogen (purple), oxygen 145

(red), sulfur (orange). 146
147
3.1.1. LIMPSA-MeCN solvate crystal 148

The solvate structure is consists of lithium sulfonamide (Li[CFsSO2N(CH2)sOCHs], 149
LiMPSA) salt, which is based on the (3-methoxypropyl)((trifluoromethyl)-sulfonyl)amide 150
(MPSA) anion, and acetonitrile solvent molecules [13] (Fig. 1). As reported recently 151
[30,31], this family of MPSA salt features an unusual melting point trend, where the melt- 152
ing point of the salts decreases as the cation increases in size from lithium (Li) to potas- 153
sium (K) [30]. Notably, KMPSA features an extremely low melting point of only ~ 51 °C, 154
which could make it a promising candidate of single cation ionic liquids (SCILs) [31]. In 155
this work, LiIMPSA-MeCN solvate crystal is a monoclinic cell, and it consists of eight 156
LiMPSA salt and four MeCN solvent molecules [13] with cell density ~ 1.51 g/cm? accord- 157
ing to DFT optimized cell lattices (Table S1). From DFT calculation, the thermodynamic 158
stability of this solvate crystal is found to be E» ~ 3.68 eV/Li, which is modest among the = 159
rest (Table 1). According to our finding, the low binding energy of this solvate crystal 160
might be attributed to the fact that not all the MeCN solvents are directly bonded by Li* 161
ions within the inner solvation shell. However, it is noteworthy that solid structures with 162
large empty channels or cavities are generally not stable [32], and the crystals may notbe 163
obtained if the intrinsically unstable scaffolding of salt or solute molecules is not sup- 164
ported by suitable solvent molecules. For the LIMPSA-MeCN solvate crystal, it is found 165
that MeCN solvents molecules are incorporated into the crystal lattices within the chan- 166
nels along the (010) direction approaching methyl groups of MPSA, which stabilize this 167
solvate crystal. As shown in Fig. 2, the tetracoordinated Li* is connected to a nitrogen atom 168
(RLi_n~ 2.00 A), sulfonyl oxygens (R;;_o~ 1.91 ), and an ether oxygen (Ry;_o~ 1.95 A)of 169
MPSA anions that render the inner solvation shell. According to Dillon et. al. [13], the 170
flexibility of the ether oxygen in the MPSA anion may facilitate Li* ionic conductivity, and 171
this unique feature has been found in KMPSA-based SCILs in a recent study [31]. 172
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Figure 2. Coordination number, N, which was determined by left) Li-O and right) Li-N 174
bonds defined by Li* ions in the solvation shell of these solvate crystals. The yellow high- 175
lighted region shown is the approximate radial distance (R ~ 2.0 A) for inner solvation 176

shell. 177

178

Table 1. DFT predicted binding energy, Es (in eV/Li), and electronic band gap, E; (ineV), 179

of the several solvate crystals studied in this work. 180

System Binding Energy, Ev (eV/Li) Electronic Band Gap, Eg (e V)

LiMPSA-MeCN 3.68 5.65
LiTFSI-MeCN 2.52 6.72
LiDFOB-MeCN 3.90 3.75
LiBOB-MeCN 3.90 3.70

181

3.1.2. LiTFSI-MeCN solvate crystal 182

Similar to LIMPSA-MeCN solvate crystal, the LiTFSI-MeCN solvate crystal cell is 183
found to be monoclinic as was reported [14]. For this solvate crystal, it is consisting of 184
eight LiTFSI salt and eight MeCN solvent molecules [14] with cell density ~ 1.91 g/cm? 185
according to DFT optimized cell lattices (Table S1). For this solvate crystal (Fig. 1), there 186
are two types of Li* cations that reside in this solvate system: (1) six coordinated Li* cations 187
that bonded with neighboring six oxygen (Ry;_o~ 2.1 — 2.2 &) atoms from bis(trifluoro- 188
methanesulfonyl)-imide (TFSI) anions, which relates to salt-salt interactions, and (2) four 189
coordinated Li* cations that bonded with neighboring two O atoms from TFSI anion 190
(RLi—o~ 1.95 &), as well as two N atoms from MeCN solvent molecules (R;;_y~ 2.00 ), 191
which relates to salt-solvent interactions that render a stable, unique LiTFSI-(MeCN)2solv- 192
ate complex in the lattice. Due to this unique interplay of salt-salt and salt-solvent inter- 193
action, this yields an average five in coordination number for Li* cations in the LiTFSI- 194
MeCN solvate crystal dominated by Li-O and Li-N bonds separately in solvation shells 195
within the bond distance ~2.2 A (Fig. 2). For a LiTFSI-MeCN system, this chelate effect of 196
the solvate complex is unique. For this binary component solvate system, the formation 197
of two or more separate coordinate bonds between polydentate ligands and the central 198
Li* ions are pronounced, and this led to a thermodynamically stable stoichiometric mix- 199
ture of salt-solvent solvate complex in the lattice with Eb ~ 2.52 eV/Li (Table 1). Interest- 200
ingly, this unique feature (i.e., LiTFSI-(MeCN)2solvation structure) is also found in~4 M 201
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superconcentrated LiTFSI-MeCN electrolytes [7,11,33] applied in Li-ion and Li-S (lithium- 202

sulfur) batteries. 203
204
3.1.3. LIDFOB-MeCN solvate crystal 205

For LiDFOB-MeCN solvate crystal, it is consisting of four LiDFOB salt and twelve 206
MeCN solvent molecules [15] in an orthorhombic lattice (Fig. 1) with cell density ~ 1.41 207
g/cm3 according to DFT optimized cell lattices (Table S1). For this solvate system, not all 208
MeCN solvent molecules are directly bonded with Li* cations or difluoro(oxalate)borate 209
(DFOB-) anions and form solvation shell. For this unique LiDFOB-MeCN solvate system, 210
the inner solvation shell is distributed equally by Li-O (R,;_,~ 1.95 A), and Li-N bonds 211
(Ryi—n~ 2-03 A), separately (Fig. 2). Whereas for the rest of the uncoordinated MeCN sol- 212
vent molecules, they are residing within the channels along the (001) direction of the crys- 213
tal lattice, similar to the orientation found in MeCN molecular solids that are stabilized by 214
relatively weak, long-range hydrogen bonds (Fig. S1). From our observation, the MeCN 215
solvent molecules in this system have essentially two ways to stabilize the LIDFOB-MeCN 216
solvate system: (I) as ligands in completing the bond coordination around Li* ions in the 217
inner solvation shell, (II) as space fillers to decrease the void space and/or lead to more 218
efficient packing; this stabilizes the crystalline lattice with Eb ~ 3.90 eV/Li (Table 1), which 219

is the most stable among the rest. 220
a) 2 LiMPSA-MeCN U ' b) 30 LTFSI-MeCN
20
10
: : o8
0 s b — L
g — F g H
) )
—N -10 —N
— N (MeCN) — N (MeCN)
—C —C
—— C (MeCN) —— C (MeCN)
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222
Figure 3. Site projected electronic density of states (e-DOS) of a) LIMPSA-MeCN, b) 223
LiTFSI-MeCN, c) LiDFOB-MeCN, and d) LiBOB-MeCN. The Fermi level, Efis repre- 224

sented by a dotted vertical line and referenced as zero in energy level. 225
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3.1.4. LiBOB-MeCN solvate crystal 226

Lithium bis(oxalate)borate, Li[B(C20s)2] (LiBOB) salt has been proposed as an alter- 227
native lithium salt for the electrolyte in rechargeable Li-ion batteries that are free of explo- 228
sive perchlorate, reactive fluoride, or toxic arsenic [16]. For the LiBOB-MeCN solvate crys- 229
tal, the structure stability (Ev ~ 3.90 eV/Li) (Table 1) and its structure features are found to 230
be similar to LIDFOB-MeCN. For this monoclinic crystal lattice, the structures contain two 231
symmetrical independent LiBOB and five MeCN molecules [16]. It is consisting of eight 232
LiBOB salt and twenty MeCN solvent molecules with cell density ~ 1.51 g/cm? based on 233
DEFT optimized cell lattices (Table S1). Similar to the LIDFOB-MeCN solvate system, there 234
are two types of MeCN solvent molecules present in the crystalline lattice. For this system, 235
the formation of the inner solvation shell (R ~2.2 A)is attributed to the LiBOB salt-saltand 236
LiBOB-MeCN salt-solvent interaction, which yields an average coordination number, N ~ 237
5 for Li* cations (Fig. 1 and 2). For inner solvation shell, it is consisting of four Li-O bonds 238
(RLi—o~ 2.05 — 2.20 A) from terminal oxygen atoms of oxalate group of [B(C204)2]- anions, 239
and one Li-N bond (R,;_y~ 2.05 A) with one MeCN ligand molecule (Fig. 2). Whereas for 240
the rest uncoordinated MeCN solvent molecules, they are stabilized within the channels 241
along the (001) direction of crystal lattice similar to the orientation found in MeCN molec- 242
ular solid that holding them together through relatively weak long-range C-H:--O and C- 243
H:--N hydrogen bonds within the lattices (Fig. 1). 244

a)

LiTFSI-MeCN LiTFSI-(MeCN),

b)
X
LiDFOB-MeCN Ry 2

LiDFOB-(MeCN),

245
Figure 4. Projected electron density distribution of the top valence band for solvate crys- 246
tal (left) and highest occupied molecular orbital (HOMO) for salt-MeCN solvate mole- 247
cule (right): a) LiTFSI-MeCN and LiTESI-(MeCN)z, b) LIDFOB-MeCN and LiDFOB- 248
(MeCN)g. 249
3.2. Electronic Properties of Solvate Crystals 250

Similar to their constituent individual electronic insulating salt (i.e., LIMPSA, LiTESI, 251
LiDFOB, and LiBOB) and MeCN molecule (Fig. S2), all these lithium salt-MeCN solvate 252
crystals are found to be electronic insulators (Fig. 3) with finite electronic band gaps which 253
range ~ 3.7 — 6.7 eV (Table 1), which is comparable to oxides (e.g., ZrOz) [34] according to 254
DEFT prediction. Among these, the LiTFSI-MeCN solvate crystal is found to be the most 255
insulating (E; ~ 6.7 eV, Fig. 3b), followed by LIMPSA-MeCN (E; ~ 5.7 eV, Fig. 3a), LIDFOB- 256
MeCN (E; ~ 3.8 eV, Fig. 3c), and LiBOB-MeCN (E; ~ 3.8 eV, Fig. 3d). At the vicinity of the 257
Fermi level (Ey), the electronic density of states (e-DOS) at the top valence band (TVB) of 258
these solvate crystals are mostly dominated by the most electronegative elements (i.e,, 259
oxygen and nitrogen) of salt anions that bonded with Li* in the inner or first solvation 260
shell of salt-MeCN solvate structure, which helps to stabilize the crystalline lattice. 261

For the LiMPSA-MeCN solvate crystal, the unique electronic insulating feature is 262
critical for this system to be used as an ionic conductor [13]. Whereas for the LiTFSI-MeCN 263
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solvate crystal, the electronic property (Eg ~ 6.7 eV) is found surprisingly similar to its 264
insulating liquid counterpart, i.e., 4M superconcentrated LiTFSI-MeCN electrolyte (Eg~4 265
eV) [7], which confirmed that for a practical superconcentrated electrolyte in battery ap- 266
plications, the selected candidate has to be “electronic insulating” and “ionic conducting” 267
[35-37]. Compared with the electronic charge distribution of the TVB of these solvate crys- 268
tal, a close proximity can be found with the highest occupied molecular orbital (HOMO) 269
of the constituent salt-MeCN solvate structures, e.g.,, LiTFSI-(MeCN): and LiDFOB- 270
(MeCN)., separately (Fig. 4). In general, the distinctive electronic feature of molecular salt- 271
MeCN solvate structure in these solvate crystals are found well-preserved. Consistent 272
with the e-DOS highlighted in Fig. 3, both the electronic state of TVB for the LiTFSI-MeCN 273
solvate crystal and HOMO for LiTFSI-(MeCN): solvate molecule is similar and is domi- 274
nated by the TFSI anion oxygen atoms (Fig. 4a). A similar trend is found in the LiDFOB- 275
MeCN solvate crystal and LiDFOB-(MeCN): solvate molecule (Fig. 4b), which suggests 276
that these salt-MeCN solvate crystals are molecular solids, similarly for their counterparts 277
in superconcentrated MeCN solution (e.g., 4M superconcentrated LiTFSI-MeCN electro- 278
lyte) that have been applied in batteries [7,33]). 279

3.3. Electrochemical Stability of MeCN and Lithium Salt Molecule 280

The stability of charged species is important for evaluating the electrochemical sta- 281
bility of a solvent or salt molecule during charge transfer, especially at the charged elec- 282
trode/electrolyte interfaces. From quantum chemical calculation, all the charged species 283
(anion/cation) of MeCN, LiMPSA, LiTFSI, LiDFOB, and LiBOB are found thermodynam- 284
ically stable with no imaginary frequencies. Besides redox potentials, it is indispensable 285
to know the adiabatic ionization potential (IP) and electron affinity (EA) of these charged 286
species (Fig. 5). Among these systems, all the cationic species are found to be less stable 287
than the neutral species, whereas all the anionic species are found to be more stable than 288
the neutral (with EA ~ 0.18 — 2.04 eV), except MeCN (with EA ~ -1.0 eV). Therefore, this 289

suggests that the MeCN solvent molecule is not stable during the reduction process. 290
12 Parameter | 15
. P
B EA
10 - - A |,
- 0
BN Eoy
8 - |
S 6 =
> =
. I
2 g
[
2 -2
01 Fo
[ I ] . i L
-2+ -2
MeICN LiM’PSA LiTIFSI LiDEIZOB LlBIOB L\TFSIV('MeCN)z LiDFOBrI(MeCN)z

S
ystem 291

Figure 5. Quantum chemically calculated ionization potential (IP, in eV), electronic affinity 292
(EA, in eV), HOMO-LUMO gap (44, in €V), chemical hardness (7, in eV), reduction po- 293
tential (E, .4, in V), and oxidation potential (E,,, in V) of MeCN, LiMPSA, LiTFSI, LIDFOB, 294
LiBOB and salt-MeCN solvate molecule (LiTFSI-(MeCN), LIDFOB-(MeCN)2). 295

296
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Meanwhile, it is known that the practical applications of high energy density Limetal 297
batteries have been limited by anodic instability, which causes serious problems, including 298
low coulombic efficiency and limited cycling performance of high energy density Li-ion 299
batteries. To address this challenge, in addition to the development of new solvents or 300
lithium salts, we suggest it is possible to utilize the formation of superconcentrated elec- 301
trolytes with improved electrochemical stability based on the existing known compounds. 302
For conventional organic solvents such as dimethyl carbonate (DMC), diethyl carbonate 303
(DEC), dimethyl ether (DME), and ethylene carbonate (EC), their inferior stability against 304
Li metal anode hindered the commercialization of high energy density Li-ion batteries 305
with lithium metals [38-39]. To address the basic electrochemical stability of MeCN and 306
the lithium salts (i.e., LiTFSI, LIMPSA, LiDFOB, and LiBOB) in this study, the basic differ- 307
ences in stability (accounting for the oxidation and reduction processes) is investigated 308
based on the quantum chemical method (Sect. 2). 309

During the redox process, the propensity of solvent and salt molecules to donate or 310
accept an electron in electrolyte can be measured by its one-electron standard redox po- 311
tentials (Er and Eox). In this case, MeCN is a polar solvent with inherently high lithium 312
salts solubility capacity; however, it is found that the computed reduction potential of 313
MeCN is large, i.e., Er ~-2.15 V (Fig. 5). This suggests that MeCN has poor reductive sta- 314
bility, especially against a lithium metal anode, and therefore a dilute MeCN-based elec- 315
trolyte might not be practical in high energy density Li metal batteries. Compared to 316
MeCN, the lithium salts (i.e., LiTFSI, LIMPSA, LiDFOB, and LiBOB) considered in this 317
work are found to be relatively more stable against lithium metal anodes. It can be found 318
that the calculated Er. of these lithium salts increase substantially except LIMPSA (Ered ~ - 319
1.18 V), which might be attributed to the presence of organic ether chain in LIMPSA mol- 320
ecule. Therefore, this suggests that LIMPSA salt might be relatively poor in reductive sta- 321
bility against lithium metal anode compared to the other lithium salts. Meanwhile, besides 322
reductive stability, a robust electrolyte needs to be resilient against oxidative process espe- 323
cially for the development of high-voltage Li-ion batteries [40,41]. To achieve this goal, an 324
oxidation tolerant electrolyte is deemed necessary. As shown in Fig. 5, the trend of com- 325
puted IP is similar to Eox. It is found that the oxidation potential of the MeCN molecule is 326
the highest, i.e., Ex ~10.5 V. Interestingly, a similar trend is also found among these lith- 327
ium salts, i.e., Ex ~ 6.5 — 8.7 V, which indicate that the inherent high oxidative stability of 328
these compounds compared to conventional carbonate-based electrolytes [40-42]. 329

3.4. Electrochemical Stability, Electronic and Raman Signature of Salt-MeCN Molecular Solvates 330

Herein, to overcome the MeCN’s inherently poor reductive stability while exhibiting 331
remarkably high oxidative stability as an electrolyte in high voltage, high density Li-ion 332
batteries with lithium anodes, it is important to investigate the electrochemical stability of 333
salt-MeCN solvate structures. From the LiTFSI-MeCN solvate crystal, it is known that a 334
similar thermodynamically stable LiTFSI-(MeCN): solvate structure can be found in~4 M 335
superconcentrated LiTFSI-MeCN electrolyte [yamada] as mentioned in Sect. 3.1.2. Ashigh- 336
lighted in Fig. 5, high electrochemical stability of LiTFSI-(MeCN): solvate molecule, in- 337
cluding its charged counterparts (anion and cation) can be found. From quantum chemical 338
calculations, high oxidation potential (Ex ~ 7.2 V) of LiTFSI-(MeCN): is found. In contrast 339
to unstable anionic MeCN molecule, the anionic LiTFSI-(MeCN)2 solvate molecule is found 340
to be more stable than its neutral counterpart, with EA ~ 0.37 eV (Fig. 5). Thus, the current 341
finding suggests that through a significant increase in LiTFSI-(MeCN)2 solvate structurein = 342
solution, this will enhance reductive stability of ~ 4 M superconcentrated LiTFSI-MeCN 343
electrolyte in high voltage Li-ion batteries as reported by Yamada et. al. [7]. Interestingly, 344
besides LiTFSI-(MeCN): solvate system, we found the LiDFOB-MeCN solvate system is 345
promising, and its electrochemical stability should be comparable to the LiTFSI-MeCN 346
system due to the high electrochemical stability of LiDFOB-(MeCN):2 solvate molecules 347
(e.g., Ex ~7.3 V) (Fig. 5). 348
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Figure 6. Simulated Raman spectra of (a) LiTFSI-(MeCN): (b) LiDFOB-(MeCN):z solvation 351
molecule that present in LiTFSI-MeCN and LiDFOB-MeCN solvate crystals from Fig. 1. 352
The red and green line is the pristine salt and MeCN molecule. Fig. (c) and (d) show the 353
signature of C=N stretching mode (Raman active) that highlight the difference betweena 354
pristine MeCN solvent molecule and Li* coordinated MeCN in (c) LiTFSI-(MeCN)2 (d) LiD- 355
FOB-(MeCN): solvation structure which can be observed in solution, especially in super- 356
concentrated MeCN electrolytes. The neutral, anion and cation MeCN-solvate species is 357
represented by line in blue, pink, and light blue, respectively. 358
359

From Table 1, Fig. 3-4, it is not difficult to find that the basic electronic properties of 360
salt-MeCN solvate crystals are similar to their constituent salt-MeCN solvate molecules 361
(e.g., LiTFSI-(MeCN)2) in the lattices, which indicate the unique inherent character of mo- 362
lecular solids. At the fundamental molecular level, the high electronic insulating character 363
(Es ~ 6.7 eV, Table 1) of LiTFSI-MeCN solvate crystal is supported by large HOMO-LUMO 364
gap (Agqp) of separate MeCN (4g,, ~89eV), LiTFSI (A4, ~7-4€V), and LiTFSI- 365
(MeCN)2 (Agqp ~ 7.1 €V) solvate molecules separately (Fig. 5) in the lattices. Similarly, 366
this insulating feature is also found in LiDFOB-MeCN solvate crystal with smaller band 367
gap (ie, Eg ~ 3.8 eV), and its constituent LiDFOB-(MeCN): solvate molecule 368
(Agqp ~ 44 eV). In general, the high electronic insulating feature guarantees high chemical 369
hardness (1) (Fig. 5), which is a measure of the chemical stability of a molecule and com- 370
pound [43-45]. From DFT calculations [43-45], the chemical hardness of a molecule can be 371
used to quantify the resistance towards electron cloud polarization or deformation of a 372

chemical species, which is defined as: n = %(g—x) ~%(Agap), where u is the electronic 373

chemical potential, N is the number of electrons. Therefore, this suggests that in addition 374
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to electrochemical stability, the presence of unique salt-MeCN solvate structure might be 375
useful to guarantee the high chemical stability of electrolytes, and this has been provenin 376
a recent study of superconcentrated LiTFSI-MeCN solution (>4 mol dm) for fast charging 377
Li-ion batteries by Yamada et. al. [7]. 378

To experimentally probe the presence of these electrochemically stable salt-MeCN 379
solvate structures, it is suggested that that the Raman spectra is a useful characterization 380
tool [7,11] to capture the signature shift in vibrational mode upon the coordination with 381
Li* in solvation. From the simulated Raman spectra in Fig. 6, it can be seen that the molec- 382
ular signature of pristine salt, MeCN solvent is well-preserved in salt-MeCN solvate struc- 383
ture. For lithium salts (e.g., LIDFOB and LiTFSI), their Raman signatures are mostly be- 384
low 2000 cm-1, whereas the rest are attributed to the presence of MeCN solvent molecule. 385
Compared to reported experimental Raman frequencies [7,11], our predicted values are 386
overestimated in general due to the limitations of DFT electronic structure calculation (e.g. 387
neglect of anharmonicity, approximate treatment of electron correlation, use of finite basis 388
sets) [46]. According to Seo et. al. [11], there are two Raman signature vibrational bands 389
associated with MeCN solvent C-C (v ~ 920 cm™') and C=N (v ~ 2254 cm™?) stretching 390
modes shift can be used as the unique Raman characterization of MeCN-Li* interaction in 391
solvation. However, compared to the DFT predicted Raman active mode associated with 392
the C-C stretching mode (v ~ 930 cm™?) of MeCN, we found the C=N stretching mode 393
(v ~ 2365 cm™1) is more suitable, especially for the probe of charged species of salt-MeCN 394
solvate molecules (Fig. 6, S3) in solution. From the simulated Raman spectra (Fig. 6), itis 395
also confirmed that the unique salt-MeCN (e.g., LiITFSI-(MeCN):2) solvate structure in solv- 39
ate crystal is equivalent to the superconcentrated LiTFSI-MeCN solution, and this can be 397
shown using the Raman active (Fig. 6) C=N stretching mode of MeCN. For both LiTFSI- 398
(MeCN)2 and LiDFOB-(MeCN)2 solvate structures, it is found that there is a upshift of ~30 399
cm! (Fig. 6¢) and ~ 27 cm! (Fig. 6d) in C=N stretching mode when relative to a pristine 400
uncoordinated MeCN solvent molecule (v ~ 2365 cm™), indicates much stronger C=N 401
stretching bond of MeCN when coordinated with Li*in the salt-solvent inner solvation 402
shell, which is qualitative consistent with reported experimental findings with a upshift ~ 403
30 cm™? [7,11,33], and ~ 23 cm! [47], respectively. For this unique feature, it has been con- 404
firmed in ~ 4M superconcentrated LiTFSI-MeCN electrolyte for the presence of LiTFSI- 405
(MeCN): solvate structure in solution [7]. Interesting, it is also found that for the presence 406
of anionic or cationic species of salt-MeCN solvate molecules, a smaller upshift with ~ 15 407
cm! is predicted which indicates a weaken C=N bond relative to a neutral salt-MeCN 408
solvate molecule (Fig. 6¢ and 6d). For the experimental confirmation of this unique char- 409
acteristic variation of C=N bond during a charged state (i.e., anionic or cationic state), it 410
therefore should be subject to future further investigation in superconcentrated LiTFSI- 411
MeCN or LiDFOB-MeCN electrolytes. 412

4. Conclusions 413

Based on the unique ubiquity of similar solvate structure found in solvate crystals 414
and superconcentrated electrolytes, we have performed a systematic study of four re- 415
ported solvate crystals which consist of different lithium salts (i.e., LIMPSA, LiTFSI, LiD- 416
FOB, and LiBOB) solvated by MeCN solvent molecules in different crystalline structures 417
based on first principles calculations. In addition to solvate crystals, basic structure-prop- 418
erty relationships of the signature salt-MeCN solvate structures of these system were an- 419
alyzed in terms of thermodynamic and electrochemical stability, chemical bonding, elec- 420
tronic and vibrational properties based on quantum chemical calculations. Among these 421
properties, we found electrochemical stability, electronic and vibrational properties of 422
these solvate structures are most relevant to lithium batteries application. For these salt- 423
MeCN solvate crystals, the chelate effect of the salt-MeCN solvate complex (e.g., LiTFSI- 424
(MeCN)z, LiDFOB-(MeCN)2) is unique. To understand the basic molecular structures of 425
these salt-MeCN solvate complexes, their presence can be confirmed by Raman 426
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vibrational modes through the unique characteristic variation of C=N bond stretching of 427
MeCN molecules in different charged state (e.g., neutral, anion, cation). 428

Although the MeCN molecule is highly instable during reduction process, itis found 429
that the salt-MeCN solvate molecules (e.g., LITFSI-(MeCN)2, LIDFOB-(MeCN)z) and their 430
charged counterparts (anions, cations) are both thermodynamically and electrochemically 431
stable. From our calculation, it is found that all these solvate crystals (i.e., Es ~ 3.8 - 6.7 432
eV), including their constituent salt-MeCN solvate molecules (g4, ~ 4.4 — 7.1€V) are 433
highly electronically insulating which guarantees their electronic and chemical stability. 434
This electronic insulating feature is expected to be similar to their insulating liquid coun- 435
terpart, which can be pronouncedly represented by a thermodynamically stable stoichio- 436
metric mixture of MeCN solvent and salt solvate complex, e.g., ~ 4M superconcentrated 437
LiTFSI-MeCN electrolyte (Es ~ 4 eV), which has confirmed to be a promising electrolytein 438
lithium batteries. Therefore, in this study, we show a baseline study in solvate crystals can 439
be useful to help us to understand the superconcentrated electrolytes. In addition to the 440
development of new solvents or lithium salts, we suggest it is possible to utilize the for- 441
mation of superconcentrated electrolytes with improved electrochemical stability based 442
on the existing known or new compounds to facilitate the development of novel electro- 443
lyte design in advanced high energy density lithium batteries that based on lithium metal 444
anodes. However, it is also important to note that even though the salt-MeCN solvate 445
structure had been proven to be stable, the MeCN solvent molecules are not guarantee 446
always coordinated with Li* ions during batteries are charging and discharging. There- 447
fore, we cannot rule out the possibility that the free MeCN solvent will be released from 448
solvation structure during the desolvation and deshell process. Once the free MeCN sol- 449
vent is released, then the free MeCN molecules in solution might not be stable toward 450
lithium metal anodes. Thus, to maintain robust and stable salt-solvent solvate structures 451
in superconcentrated electrolytes in operating batteries, further detailed investigationsre- 452
main necessary. 453

Supplementary Materials: The following supporting information can be downloaded at: 454
www.mdpi.com/xxx/s1, Table S1: DFT optimized lattice parameters for salt-MeCN solvate crystals; 455
Figure S1: The crystal structure of MeCN solvent; Figure S2: Site projected electron density of states 456
(e-DOS) of pristine MeCN, LiMPSA, LiTFSI, LiDFOB, and LiBOB molecule; Figure S3: Quantum 457
chemcal method simulated Raman spectra that highlight the difference between a pristine MeCN 458
solvent molecule and Li* coordinated MeCN in LiTFSI-(MeCN): (neutral/anionic/cationic) solvate 459
molecule regarding to C-C stretching mode (v ~ 930 cm™?) of MeCN molecule. 460

Author Contributions: Conceptualization, K.C.L.; methodology, J.A.K. and K.C.L.; validation, 461
J.LAK. and K.C.L,; formal analysis, J].A.K. and K.C.L,; investigation, J].A.K. and K.C.L,; resources, 462
K.C.L,; data curation, ].A.K. and K.C.L.; writing—K.C.L.; writing—review and editing, ]. A.K. and 463
K.C.L,; visualization, ].A.K. and K.C.L.; supervision, K.C.L.; project administration, K.C.L; funding 464
acquisition, K.C.L. All authors have read and agreed to the published version of the manuscript. 465

Funding: This research was funded by Research Corporation for Science Advancement (RCSA) 466
through a Cottrell Scholar Award (Award# 26829). 467

Acknowledgments: K.C.L. acknowledges the funding support of the U.S. Research Corporation for 468
Science Advancement through Cottrell Scholar Award and computing facility supported by NSF 469
MRI program through award number NSF OAC-2117956 and California State University 470
Northridge. We acknowledge the anonymous reviewers” comments in improving the discussion of =~ 471

this work. 472
Conflicts of Interest: The authors declare no conflict of interest. 473
References 474

1. Grey, C.P., Hall, D.S. Prospects for lithium-ion batteries and beyond —a 2030 vision. Nat Com- 475
mun. 2020, 11, 6279. [CrossRef] 476
2. Goodenough, J.B.; Park, K.S. The Li-Ion Rechargeable Battery: A Perspective. |. Am. Chem. 477
Soc. 2013, 135, 4, 1167-1176. [CrossRef 478



Energies 2023, 16, x FOR PEER REVIEW

13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.

23.

Kang, X. Electrolytes and Interphases in Li-lon Batteries and Beyond. Chem. Rev. 2014, 114, 23,
11503-11618. [CrossRef

Riddick, J. A.; Bungh, W. B.; Sakano, T. K. Organic Solvents: Physical Properties and Methods
of Purification, 4t ed.; Willey: New York, 1986 [CrossRef].

Rupich, M. W,; Pitts, L.; Abraham, K. M. ]J. Characterization of Reactions and Products of the
Discharge and Forced Overdischarge of Li/SO: Cells. Electrochem. Soc. 1982, 129, 1857-
1861.[CrossRef]

Jeong, S-K.; Seo, H.-Y.; Kim, D.-H.; Han, H.-K,; Kim, ]J.-G.; Lee, Y. B,; Iriyama, Y.; Abe, T.;
Ogumi, Z. Suppression of dendritic lithium formation by using concentrated electrolyte solu-
tions. Electrochem. Commun. 2008, 10, 635— 638.[CrossRef

Yamada, Y.; Furukawa, K.; Sodeyama, K.; Kikuchi, K.; Yaegashi, M.; Tateyama, Y.; Yamada,
A. Unusual Stability of Acetonitrile-Based Superconcentrated Electrolytes for Fast-Charging
Lithium-Ion Batteries. J. Am. Chem. Soc. 2014 136 (13), 5039-5046.[CrossRef

Azov, V. A,; Egorova, K. S.; Seitkalieva, M. M.; Kashin, A. S.; Ananikov, V. P., “Solvent-in-
Salt” Systems for Design of New Materials in Chemistry, Biology and Energy Research. Chem.
Soc. Rev. 2018, 47, 1250-1284.[CrossRef

Borodin, O; Self, J.; Persson, K. A.; Wang, C.; Xu, K., Uncharted Waters: Super-Concentrated
Electrolytes. Joule 2020, 4, 69-100.]CrossRef

Yamada, Y.; Yamada, A., Superconcentrated Electrolytes for Lithium Batteries. ]. Electrochem.
Soc. 2015, 162, A2406-A2423.[CrossRef

Seo, D. M,; Borodin, O.; Han, S.-D.; Boyle, P. D.; Henderson, W. A., Electrolyte Solvation and
Ionic Association II. Acetonitrile-Lithium Salt Mixtures: Highly Dissociated Salts. |. Electro-
chem. Soc. 2012, 159, A1489-A1500.[CrossRef

Seo, D. M.,; Borodin, O.; Balogh, D.; O’Connell, M.; Ly, Q.; Han, S.-D.; Passerini, S.; Henderson,
W. A, Electrolyte Solvation and Ionic Association III. Acetonitrile-Lithium Salt Mixtures:
Transport Properties. |. Electrochem. Soc. 2013, 160, 8, A1061-A1070.[CrossRef]

Dillon, R.E.A; Stern, CL.; Shriver, D.F, X-ray Structure Determinations of
Li[CF3SO2N(CH2)30CH3] and the Solid Electrolyte [Lic12-C-4] [CF3SO2N(CH2)30CH3].
Chem. Mater. 2000, 12, 1122-1126. [CrossRef

Seo, D.M.; Boyle, P.D.; Henderson, W.A. Poly[bis(acetonitrile-kN)bis[p_3-bis(trifluoro-
methanesulfonyl)imido-x*40,0:0”:0"’]dilithium]. Acta, Cryst. 2011, E67, m534.

Han, S-D.; Allen, J.L.; Jonsson, E.; Johansson, P.; McOwen, D.W; Boyle, P.D.; Henderson, W.A.,
Solvate Structures and Computational/Spectroscopic Characterization of Lithium Difluoro(ox-
alate)borate (LiDFOB) Electrolytes. . Phys. Chem. C. 2013, 117, 5521-5531.[CrossRef

Zavalij, P.Y.; Yang, S.; Whittingham, M.S. Structural Chemistry of new lithium bis(oxalate)-
borate solvates. Acta Cryst. 2004, B60, 716-724. [CrossRef

Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes for Ab Initio Total-Energy Calculations
Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169-11186. [CrossRef

Kresse, G.; Furthmdiller, J. Efficiency of Ab-Initio Total Energy Calculations for Metals and
Semiconductors Using a Plane-Wave Basis Set. Comput. Mater. Sci. 1996, 6, 15-50.[CrossRef]
Blochl, P.E. Projector Augmented-Wave Method. Phys. Rev. B 1994, 50, 17953.[CrossRef
Perdew, ]J.P.; Burke, K; Ernzerhof, M. Generalized Gradient Approximation Made Simple.
Phys. Rev. Lett. 1996, 77, 3865.[CrossRef

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parametri-
zation of Density Functional Dispersion Correction (Dft-D) for the 94 Elements H-Pu. J. Chem.
Phys. 2010, 132, 154104.[CrossRef

Gaussian 16, Revision C.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V; Petersson, G. A.; Nakatsuji, H.; Li, X.; Cari-
cato, M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H.
P; Ortiz, J. V.; Izmaylov, A. F.,; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.;
Egidi, F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G,;
Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Mont-
gomery, J. A, Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. ].; Brothers, E. N.; Kudin,
K. N,; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell,
A. P, Burant, J. C; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C,;
Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D.
J. Gaussian, Inc., Wallingford CT, 2016.

Becke, A.D.; Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys.
1993, 98, 5648.[CrossRef

479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538



Energies 2023, 16, x FOR PEER REVIEW

14 of 15

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Assary, R.S,; Brushett, F.R.; Curtiss, L.A. Reduction potential predictions of some aromatic
nitrogen-containing molecules. RSC Adv. 2014, 4, 57442-57451.[CrossRef

Marenich, A.V.; Ho, J.; Coote, M.L.; Cramer, C.J.; Truhlar, D.G. Computational electrochemis-
try: prediction of liquid-phase reduction potentials. Phys. Chem. Chem. Phys. 2014, 16, 15068-
15106.[CrossRef]

Lau, K.C,; Kandalam, A.K,; Costales, A.; Pandey, R. Equilibrium geometry and electron de-
tachment energies of anionic Cr204, Cr205, and Cr20s clusters. Chem. Phys. Lett. 2004. 393, 1-3,
112-117.[CrossRef

Fu, Y,; Liu, L,; Yu, H-Z,; Wang, Y-M.; Guo, Q-X. Quantum chemical prediction of absolute
standard redox potentials of diverse organic molecules and free radicals in acetonitrile. J. Am.
Chem. Soc. 2005, 127, 7227-7234.[CrossRef

Boothroyd, S.; Kerridge, A.; Broo., A.; Buttar, D.; Anwar, ]. Why Do Some Molecules Form
Hydrates or Solvates? Cryst. Growth. Des. 2018, 18, 1903-1908.[CrossRef]

Grothe, E.; Meekes, H.; Vlieg, E.; ter Horst, ].H.; Gelder, R. de. Solvates, Salts, and Cocrystals:
A Proposal for a Feasible Classification System. Cryst. Growth. Des. 2016, 16, 3237-3243.[Cross-
Ref]

Schkeryantz, L.; Nguyen, P.; McCulloch, W.D.; Moore, C.E.; Lau, K.C.; Wu, Y. Unusual Melt-
ing Trend in an Alkali Asymmetric Sulfonamide Salt Series: Single-Crystal Analysis and Mod-
eling, Inorg. Chem. 2021, 60, 19, 14679-14686. [CrossRef

Schkeryantz, L.; Nguyen, P.; McCulloch, W.D.; Moore, C.E.; Lau, K.C; Wu, Y. K* Single Cation
Ionic Liquids Electrolytes with Low Melting Asymmetric Salt. J. Phys. Chem. C 2022, 126, 27,
11407-11413.[CrossRef

van de Streek, J., All Series of Multiple Solvates (Including Hydrates) from the Cambridge
Structural Database. CrystEngComm. 2007, 9, 350-352.[CrossRef

See, K.A.; Wu, H-L.; Lau, K.C.; Shin, M.; Cheng, L.; Balasubramanian, M.; Gallagher, K.G;
Curtiss, L.A.; Gewirth, A.A. Effect of Hydrofluoroether Cosolvent Addition on Li Solvation in
Acetonitrile-Based Solvate Electrolytes and Its Influence on S Reduction in a Li-S Battery. ACS
Appl. Mater. Interfaces 2016, 8, 50, 34360-34371.[CrossRef]

Lau, K.C.; Dunlap, B.I. Lattice dielectric and thermodynamic properties of yttria stabilized zir-
conia solids. . Phys.: Condens. Matter 2009, 21, 145402.[CrossRef

Ugata, Y.; Thomas, M. L.; Mandai, T.; Ueno, K.; Dokko, K.; Watanabe, M., Li-lon Hopping
Conduction in Highly Concentrated Lithium Bis (Fluorosulfonyl) Amide/Dinitrile Liquid
Electrolytes. Physical Chemistry Chemical Physics 2019, 21, 9759-9768.[CrossRef
Camacho-Forero, L. E.; Smith, T. W.; Balbuena, P. B., Effects of High and Low Salt Concentra-
tion in Electrolytes at Lithium-Metal Anode Surfaces. J. Phys. Chem. C. 2016, 121, 182-
194.[CrossRef

Dokko, K.; Watanabe, D.; Ugata, Y.; Thomas, M. L.; Tsuzuki, S.; Shinoda, W.; Hashimoto, K.;
Ueno, K.; Umebayashi, Y.; Watanabe, M., Direct Evidence for Li Ion Hopping Conduction in
Highly Concentrated Sulfolane-Based Liquid Electrolytes. . Phys. Chem. B 2018, 122, 10736-
10745.[CrossRef]

Chen, S.; Zheng, J.; Yu, L.; Ren, X; Engelhard, M. H. ; Niu, C,; Lee, H.; Xu, W.; Xiao, J.; Liu, J.;
Zhang, J-G. High-Efficiency Lithium Metal Batteries with Fire-Retardant Electrolytes. Joule.
2018, 2, 1548.[CrossRef

Cao, X; Ren, X.; Zou, L.; Engelhard, M.H.; Huang, W.; Wang, H.; Matthews, B.E.; Lee, H.; Niu,
C.; Arey, BW.,; Cui, Y.; Wang, C.; Xiao, |; Liu, J.; Xu, W.; Zhang, ]-G. Monolithic solid—electro-
lyte interphases formed in fluorinated orthoformate-based electrolytes minimize Li depletion
and pulverization. Nat. Energy 2019, 4, 796.[CrossRef]

Goodenough, J. B.; Kim, Y. Challenges for Rechargeable Li Batteries. Chem. Mater. 2010, 22,
587- 603.[CrossRef]

Manthiram, A. Materials Challenges and Opportunities of Lithium Ion Batteries. J. Phys. Chem.
Lett. 2011, 2, 176— 184. [CrossRef

Assary, R.S; Curtiss, L.A.; Redfern, P.C.; Zhang, Z.; Amine, K. Computational Studies of Pol-
ysiloxanes: Oxidation Potentials and Decomposition Reactions. J. Phys. Chem. C 2011, 115, 24,
12216-12223.[CrossRef

Reed, J.L. Electronegativity: Chemical Hardness I. |. Phys. Chem. A. 1997, 101, 7396-7400.
[CrossRef]

Parr, R.G.; Pearson, R.G., Absolute hardness: companion parameter to absolute electronega-
tivity. J. Am. Chem. Soc. 1983, 105(26): 7512-7516.[CrossRef

Parr. R.G.; Yang, W. Density Functional Theory of Atoms and Molecules. 1st. ed.; Oxford Uni-
versity Press: New York, USA, 1989; pp. 70-98. [CrossRef

539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598



Energies 2023, 16, x FOR PEER REVIEW

15 of 15

46.

Jiménez-Hoyos, C.A.; Janesko, B.G.; Scuseria, G.E. Evaluation of range-separated hybrid den-

47.

sity functionals for the prediction of vibrational frequencies, infrared intensities, and Raman
activities. Phys. Chem. Chem. Phys. 2008, 10, 6621-6629. [CrossRef

Han, S.-D.; Borodin, O.; Allen, J.L.; Seo, D.M.; McOwen, D.W.; Yun, S-H.; Henderson, W. A.
Electrolyte Solvation and Ionic Association IV. Acetonitrile- Difluoro(oxalato)borate (LiD-
FOB) Mixtures J. Electrochem. Soc. 2013, 160, A2100-A2110. [CrossRef]

599
600
601
602
603
604
605
606
607

608



