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ABSTRACT: In seeking new sulfone-based electrolytes to meet the
demand of S V lithium-ion batteries, we have combined the theoretical
quantum chemistry calculation and electrochemical characterization to
explore several sulfone/cosolvent systems. Tetramethylene sulfone
(TMS), dimethyl sulfite (DMS), and diethyl sulfite (DES) were used
as solvents, and three kinds of lithium salts including LiBOB, LiTFSI,
and LiPF4 were added into TMS/DMS [1:1, (v)] and TMS/DES [1:1,
(v)] to form high-voltage electrolyte composites, respectively. All of
these electrolytes display wide electrochemical windows of more than
5.4V, with the high electrolyte conductivities being more than 3 mS/
cm at room temperature. It is indicated that to achieve the best ionic
conductivity in TMS/DMS cosolvent, the optimized concentrations of
lithium salts LiBOB, LiTFSI, and LiPF, were 0.8, 1, and 1 M,
respectively. Furthermore, the vibrational changes of the molecular
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functional groups in the cosolvents were evaluated by Fourier transform infrared spectroscopy. It is found that lithium salts show
strong interaction with the main functional sulfone groups and sulfonic acid ester group, thus playing a vital role in the
enhancement of the ionic conductivity and electrochemical stability of the solvent system. These sulfone-based solvents with high
electrochemical stability are expected to become a new generation of a high-voltage organic electrolytic liquid system for lithium-

ion batteries.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have rapidly captured broad
attention in the secondary batteries industry and modern
electrochemistry, and already have been applied in various fields
such as electronic devices and electric vehicles. Automobile and
battery manufacturers place extraordinary demands on the
energy density, power density, and safety of the lithium-ion
batteries they use." According to the theoretical Li-ion energy
computational formula (W, = Cy X E), the energy density (W,)
of Li-ion batteries is proportional to the voltage of the cell (E).
Therefore, high voltage is one of the crucial factors leading to
high-energy density for LIBs.” Electrolytes, playing an
essential part in presenting both good battery performance
and high-energy density, act as a medium to transfer ions and
electric current between a pair of electrodes.*”” In general, the
voltage of the cell is limited mainly by the electrochemical
window of the organic solvent in the electrolyte system. The
conventional commercial electrolytes such as LiPF,—EC/DMC
(1:1) (EC, ethylene carbonate; DMC, dimethyl carbonate) may
decompose when the battery voltage goes above 4.5 V (vs Li/
Li*),® which could lead to degradation of LIBs performance.
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Therefore, it becomes increasingly significant and full of
challenges to explore electrolytes with large electrochemical
windows (>S5 V), especially the solvent, to match the
development of high-voltage (>S V) cathode materials like
LiNi; sMn, ;O,, LiCoPQO,, and so on.

Sulfone-based electrolytes are shown to have high oxidative
stability”'® and possess good cycling ability in a cell with high-
voltage LiNigsMn, ;O, spinel cathodes.'’ Tetramethylene
sulfone (TMS), as well as carbonate solvents such as DMC
and propylene carbonate (PC), are used as main electrolytes
with LiClO, for LIBs."* The mixture of TMS and sulfurous acid
esters added with lithium bis(oxalate)borate (LIBOB) are also
reported to be the electrolytic liquid system for LIBs, for it can
decrease the flash point of the solvents."”® Dimethyl sulfite
(DMS) is usually used as an additive for LiBOB in carbonate
solvents due to its low viscosity, and it can also reduce the
decomposition of BOB™ and change the solid electrolyte
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interphase film on the mesophase carbon microbead anode
surface.'* Plenty of previous studies have shown sulfone
solvents or additives are useful to improve electrochemical
stability of the LIBs.'”~'7 However, there are still some
limitations because of the high viscosity of sulfone-based
electrolytes.'®~>°

Recently, theoretical calculations have been increasin§1y
applied in designing the electrolytes system for LIBs.”"**
Through comprehensive quantum chemistry (QC) calculations
using classical theories and well-benchmarked molecular
dynamics, covering lithium salt anions and solvents with a
broad range in chemistry, systematic correlations can be
elucidated between molecular level interactions and composite
electrolyte properties, such as electrochemical stability and
solvent structures.” Besides, QC calculations are employed to
gain insight into the mechanisms of the observed coatings’
formation.”* Theoretically, frontier molecular orbital theory
suggests that the stability of a solvent mainly results from the
ability of gaining or losing electrons for a solvent molecule. The
electron-accepting and -donating capability of the solvent
molecules, as well as the spatial orientation of reactions
between molecules and other properties, are dependent on
frontier molecular orbitals, including the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). Usually, a practical lithium-ion
battery requests that the electrochemical potential (EP) of the
anode is lower than the LUMO of the electrolyte and the EP of
the cathode is higher than the HOMO of the electrolyte.”® In
general, the lower the HOMO energy, the better the oxidation
resistance presents; and the higher the LUMO energy, the
better the reduction resistance. As a result, with regard to high-
voltage electrolytes, the HOMO energy of the electrolyte
components should be as low as possible. The main factors that
affect the electrochemical stability of the solvent are polar
functional groups contained in the solvent, such as carbonyl
group (C=0), sulfone (—SO,—), and ether (—O—) group. In
addition, the structural factors of the solvents also have great
influence on the stability of the electrolyte, including electronic
effects and steric effects, which can be analyzed by attenuated
total internal reflectance Fourier transform infrared spectros-
copy (ATR-FTIR).

On the basis of the above-mentioned considerations, we have
compared some sulfones that possess desired electrochemical
stability by QC calculations and chose favorable sulfones as
solvents as well as suitable sulfites as cosolvents to adjust the
viscosity of solvents. Furthermore, the electrochemical proper-
ties of the as-designed cosolvents are tested to verify the
simulated results, and the possible interactions between lithium
salts and sulfone solvents are analyzed by ATR-FTIR, thus
enabling the LIBs to obtain the high-voltage characteristics.

2. EXPERIMENTAL SECTION

2.1. Theoretical Calculations. Quantum chemical calculations
were completed through density functional theory (DFT). The
theoretical calculations were performed using Gaussian 09 program
package’® And the DFT method was used with Becke’s three-
parameter (B3) exchange functional together with Lee—Yang—Parr
(LYP) nonlocal correlation functional (B3LYP). All complexes were
treated at B3LYP/6-31+G(d, p) level for full geometry optimization.
6-31+G is one set of diffuse s and p functions on heavy atoms, which
presents good reproducibility of both ion pairs and anodic oxidation—
reduction potential. Specifically, all of the potential energy surface
structures are optimized at a local minimum without imaginary
frequency.

2.2. Preparation of High-Voltage Electrolytes. To constitute
high-voltage electrolytes, the following sulfones were purchased and
used as received: tetramethylene sulfone [C,HO,S] (TMS; Acros),
ethyl methyl sulfone [C,H;SO,CH;] (EMS; TCI), ethyl vinyl sulfone
[C,H,S0,C,H,] (EVS; Aldrich), dimethyl sulfite [C,HO,S] (DMS;
Acros), and diethyl sulfite [C,H,,0;S] (DES; Adamas). Three lithium
salts were purchased as well: lithium bis(oxalate)borate (LiBOB;
Acros), bis(trifluoromethane) sulfonimide lithium salt (LiTFSI;
Acros), and lithium hexafluorophosphate (LiPF; Acros).

Equal quantities of TMS and DMS and TMS and DES were mixed
in isotope flasks and then certain amounts of three different lithium
salts: LiPF;, LiBOB, and LiTFSI were slowly added into the flask,
respectively, with continuous stirring, until the mixtures turned into
transparent solutions. The concentrations of lithium salts in TMS/
DMS (or TMS/DES) varied from 0.4 to 1.8 mol/L. All the operations
were performed in a glovebox (Mbraun) filled with argon.

2.3. Characterizations of Sulfone-Based High-Voltage
Electrolytes. The electrochemical windows of all sulfone-based
electrolytes were measured in a reformative three-electrode system,
where a platinum microelectrode was used as the working electrode
and lithium sheet was used as both the counter electrode and reference
electrode. The cyclic voltammograms were recorded at a scan rate of 1
mV s~ in the scan range from —1.0 to 7.0 V.

Tonic conductivities of the sulfone-based electrolytes were measured
by electrochemical impedance spectroscopy. The impedance of the
Pt/sulfone-based electrolytes/Pt was tested at a temperature ranging
from —20 to 60 °C in an argon atmosphere.

The FTIR spectra of the samples, which were placed on the ATR
unit in the glovebox, were recorded on a NICOLET6700 spectrometer
at 4000—500 cm™ in an argon atmosphere, and the spectral resolution

was 2 cm™ L.

3. RESULTS AND DISCUSSION

3.1. Molecular Frontier Orbitals of Sulfone Molecules.
Frontier molecular orbital theory implies that the abilities of
oxidation and reduction resistance have a certain relationship
with the molecule’s HOMO energies* since during oxidation
the molecule of electrolyte loses one electron from its HOMO.
Both HOMO and LUMO energies have been calculated using
Guassian09 with Guassview software package, and the
calculation results of typical carbonates and sulfone solvents
using the DFT method are listed in Table 1.

The main advantage of DFT is that it can provide an
economical route to compute the properties of large molecules
accurately. And for a system with strong intermolecular force,
the DFT even provides a more suitable way to predict the
molecular properties.””**

As can be seen in Table 1, the values of the HOMO energies
for typical carbonates used as solvents such as EC, DMC, EMC
(ethyl methyl carbonate), and DEC (diethyl carbonate) present
a tendency from low to high as EC < DMC < EMC < DEC.
Namely, the EC exhibits the best antioxidant capacity among
these four solvents and then comes DMC, EMC, and DEC.
This result matches perfectly with the previous calculations
research.”

It is reasonable to note that the QC calculation is a powerful
tool to investigate the antioxidant capacities of the sulfone
solvents. To make the calculation results of the HOMO
energies more visually oriented, Figure 1 shows the values of
the HOMO energies for sulfone solvents presenting a tendency
as EMS < TMS < EVS < BS (butyl sulfone) < MEMS
(methoxyethylmethyl sulfone) < DMS < 2-FS [I-fluoro-2-
(methyl-sulfonyl)benzene] < EMES (ethylmethoxyethyl sul-
fone) < 4-FS [4-fluoro-2-(methyl-sulfonyl)benzene]< DES <
EMEES (ethylmethoxyethoxyethyl sulfone). It indicates that
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Table 1. Frontier Molecular Orbitals of Carbonates and
Sulfones Used as Electrolyte Solvents Using Geometry
Optimization (Simulated at the DFT/6-31+G(d,p) Level)
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Figure 1. HOMO energies of typical sulfone-based solvents
(calculated at the DFT/6-31+G(d,p) level).

the antioxidant capacities of these sulfone solvents are in the
converse order.

As shown in Figure 1, TMS, EMS, EVS, and some linear
sulfones derived from EMS such as MEMS, EMES, and EMEES
display relatively low HOMO energies and their oxidation

resistance abilities may be satisfying. It is notable that for the
linear sulfones, such as EMS, TMS, and EVS, the oxidation
reactions often occur in a sulfone group, whereas for the ether
sulfones, the oxidation reactions usually happen on the ether
group. For the linear sulfones derived from EMS, with an
increase of the carbon chain length and the number of ether
groups, the HOMO energy shows rising trends as well; thus,
the oxidation resistance will be worse. The reason is that the
ether group —O— is more easily oxidized than the sulfone
group O=S=O0 in these linear sulfone solvents, and such
functional effect of the ether group probably reduces the
oxidation potential of the whole molecule.

According to the above analysis, sulfones with low HOMO
energies and good ionic conductivities possibly have favorable
electrochemical performance. As for some suitablly designed
high-voltage electrolyte solvents, the QC calculation is an
efficient way to make some predictions on the oxidation or
reduction stability of solvents. It can also provide some detailed
information on the molecules, such as which group in a sulfone
molecule plays the key role, or if there are some other structural
factors that would influence the properties.

However, the sulfone compounds still show some weak-
nesses when practically used in LIBs. Generally, most of the
sulfones have high melting points and high viscosities; thus, it
cannot be used solely in LIBs. To solve this problem, here we
combined the sulfones that have high dielectric constants and
high viscosities with those sulfones that have low dielectric
constants and low viscosities, to form a composite electrolyte
system. Considering both DMS and DES have similar
structures and low viscosities (shown in Table 2), we first

Table 2. Physical and Chemical Parameters of Typical
Carbonate Solvents and Sulfones (25 °C)

melting flash point boiling viscosity  dielectric
solvent  point (°C) (°C) point (°C) (cp) constant
EC 37 160 238 1.85 89.6
DEC —43 25 127 0.78 2.82
DMC 3 17 90 0.625 2.6
TMS 26 166 285 10.34 44
DMS —141 30 126 0.87 22.5
DES -112 53 159 0.83 15.6
EMS 34 34 184
EVS 112 237

select DMS to adjust the viscosities of EMS, TMS, and EVS,
and then TMS was selected to be the main solvent with DMS
or DES, added with various lithium salts, to research further the
electrochemical properties of the sulfone electrolytes.

3.2. Electrochemical Stabilities of Sulfone Electro-
lytes. Physical and chemical parameters of typical organic
solvents and sulfones are listed in Table 2.

The electrochemical stabilities of several sulfone-based
electrolytes were investigated by cyclic voltammetry (CV).
First, several sulfone solvents were mixed with the cosolvent
DMS and then added with LiTFSI to form electrolytes. All of
the as-prepared electrolytes were tested in a reformative three-
electrode system, as is shown in Scheme 1. This device uses a
V-shape glass container to hold a small amount of electrolytes,
where the counter electrode and the reference electrode are
separated (Scheme 1c), when being compared with the two-
electrode system using one piece of lithium serves as both the
counter and the reference electrodes (Scheme 1a).

DOI: 10.1021/acsami.5b04477
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Scheme 1. Comparison of Three- and Two-Electrode Devices for Testing Electrochemical Windows, Where Pt Is Selected as
the Working Electrode and Li Is Used as the Counter and Reference Electrodes”
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“(a) Schematic diagram of the two-electrode system. (b) CV curve of TMS tested in a two-electrode device, at a scan rate of 1 mV s™". (c) Schematic
diagram of the ameliorated three-electrode system. (d) CV curve of TMS tested in a three-electrode device, at a scan rate of 1 mV s\,

Theoretically, the two-electrode system in Scheme 1la is
teasible. However, when it works, the current goes through the
lithium tablet used as the counter electrode; accompanied by
that electric current, it has passed through the reference
electrode. As a result, the test course is unstable, and the
electrochemical window platform shown in Scheme 1b is
uneven. By contrast, the three-electrode system in Scheme I,
where an additional lithium slice serves as the reference
electrode, makes the CV curve more smooth and the
electrochemical tests more accurate, as shown in Scheme 1d.
Thus, all of the following CV tests utilize the three-electrode
system.

As is shown in Figure 2, the electrochemical window of three
different sulfone electrolytes (1 M LiTFSI in TMS/DMS,
EMS/DMS, and EVS/DMS) was 5.2, 5.5, and 4.4 V,
respectively. Among the three sulfone solvents, 1 M LiTFSI—
EMS/DMS [1:1, (v)] and 1 M LITESI-TMS/DMS [1:1, (v)]
exhibited higher oxidation decomposition potential, which
could be 5.7 and 5.5 V, followed by 1 M LiTFSI-EVS/DMS
[1:1, (v)] at 4.1 V. The oxidation potentials of these composite
electrolytes reflect oxidation potential of single sulfone solvent.
Hence, it should be noted that oxidation resistance ability of
these three solvents from high to low is EMS > TMS > EVS,
which matches with the theoretical calculation results perfectly.
The main factors affecting electrochemical stability are the
molecular structures of solvents, the functional polar groups of
solvents, and the length of carbon chains in the molecule.
Therefore, linear sulfones exhibit better antioxidant ability,
strong degree of polarization of functional groups, and short

—— 1 M LiTFSI EVS-DMS
—— 1 M LiTFSI EMS-DMS
—— 1 MLIiTFSI TMS-DMS

Current (mAIcmz)

E(V) vs. LilLi*

Figure 2. Current—potential curves of LiITFSI in EMS, EVS, and TMS,
where DMS was used as cosolvent [1:1, (v)] (Pt as the working
electrode and Li as the counter and reference electrodes, at a scan rate
of 1 mV s7?).

molecular chains, leading to higher oxidation decomposition
voltage.

Combining HOMO energy calculations and electrochemical
tests, we concluded that when TMS and EMS are used as the
main solvents for electrolytes where lithium salts are added in,
the electrochemical window can exceed 5 V. Though the
electrochemical stability of EMS is appealing, the melting point
of EMS is higher than that of TMS, which would reduce the
stability of electrolyte solution after adding lithium salts.
Therefore, three different kinds of lithium salts, LiBOB, LiTFSI,
and LiPF, were added into TMS, DMS, or DES as cosolvent to
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test the stability of electrochemical effects of electrolytes, as
shown in Figure 3.

(a) [w==

R.E., C.E.: Li metal
Scan rate: 0.5 mV/sec

}

——0.8 M LiBOB TMS-DMS
—— 1 M LiTFSI TMS-DMS
— 1 M LiPF  TMS-DMS

Current (mAIcm2)

T T T

4 0o 1 2 3 4 5 6 71
E(V) vs. LilLi*
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——1 M LiTFSI TMS-DES
— 1M LiPF, TMS-DES

'

Current (mAIcmz)

[~

4 0 1 2 3 4 5 6 1
E(V) vs. LilLi*

Figure 3. Linear sweep voltammetry determinations of oxidative and
reductive stability on Pt for (a) three lithium salts in TMS/DMS [1:1,
(v)] and (b) three lithium salts in TMS/DES [1:1, (v)]. (Pt as the
working electrode and Li as the counter and reference electrodes, at a
scan rate of 0.5 mV s™*).

The oxidation decomposition potential of LIBOB—TMS/
DMS is 5.8 V, followed by LiTFSI-TMS/DMS 5.5 V and
LiPFc—TMS/DMS 5.2 V; the reductive decomposition
potential is 0.1, 0, and 0.2 V, respectively, as shown in Figure
3a. Thus, LiBOB, LiTFS], and LiPF4 in TMS/DMS possess
electrochemical windows of 5.7, 5.5, and 5.4 V, respectively.
These three electrolytes are all promising because of their high-
voltage characteristic. In TMS/DMS, both LiBOB and LiTFSI
show good electrochemical stability, while the stability of LiPF
is slightly inferior. In addition, it is found that LiPFc—TMS/
DMS electrolytic solution turned yellow gradually after a period
of time (shown in Figure 4). Because a small portion of Figure
3b shows the oxidative stability of three kinds of lithium salts in
TMS/DES [1:1, (v)], it can be seen that the oxidative
decomposition potential of 1 M LiTFSI-TMS/DES is the
highest, 5.5 V, and those of 1 M LiPF4,—TMS/DES and 0.8 M
LiBOB—TMS/DES are 5.3 V. In addition, the electrochemical
window of 0.8 M LiBOB—TMS/DES is 5.5 V, the same as 1.0
M LiTFSI-TMS/DES, and that of 1.0 M LiPF,—TMS/DES is
5.3 V. So, when DMS is used as cosolvent to adjust TMS, the
electrochemical stability would be better than that of TMS/
DES.

In addition, it is found that the solutions of LiPFc—TMS/
DMS and LiPF—TMS/DES turn orange red or pink gradually
after 9 days, as shown in Figure 4. These two solutions are

(a)

"

, ?iﬁr‘a,
3 4

-

g

(b)

S N Gan
| == ==

3 _— ‘t;/y
1 2 3 4 5 6

Figure 4. Intuitive views of the sulfone-based electrolytes: (a) freshly
prepared, (b) stored in a glovebox for 9 days (no. 1, 0.8 M LiBOB—
TMS/DMS; no. 2, 0.8 M LiBOB—TMS/DES; no. 3, 1 M LiTFSI—
TMS/DMS; no. 4, 1 M LiTESI-TMS/DES; no. 5, 1 M LiPF,—TMS/
DMS; no. 6, 1 M LiPF;,—TMS/DES).

transparent when being freshly prepared. This phenomenon is
owing to that small amount of impurities in TMS that may
cause light and thermal degradation with the effect of LiPF, and
then change the color of the electrolyte. By contrast, LIBOB—
TMS/DMS, LiBOB—TMS/DES, LiTESI-TMS/DMS, and
LiTFSI-TMS/DES are clear and transparent all the time.
Hence, it is worth noting that, in TMS/DMS and TMS/DES,
both LiBOB and LiTFSI show good stability, while the stability
of LiPF is slightly inferior.

3.3. Conductivity Measurements. Conductivities of the
sulfone electrolytes were measured from —20 to 60 °C. Ionic
conductivity was measured according to the sum of the
interface impedance and the ohmic resistance.

The plots in Figure S basically conform to the Arrhenius
equation.®® With increasing concentration of lithium salts, the
conductivities of sulfone electrolytes increase to a maximum
value and then decrease In accordance with the existing
theoretical research,®' it is demonstrated that the relationship
between electrical conductivity and electrolyte concentration is

k= Ac/10° (1)
An = a (Walden Rules, a is a constant) 2)
k= Ac/10° = ac/(n x 10%) (3)

where k refers to electrical conductivity, A is molar
conductivity, ¢ is concentration, and # is viscosity. Formula 3
gives the explanation that the conductivity of electrolytes is
mainly affected by the concentration and the viscosity of
lithium salts. The viscosity of sulfone electrolytes generally
increases with the growing concentration of lithium salts; thus,
there will be a maximum value of electrical conductivity as the
concentration of lithium salts increases. In TMS/DMS [1:1,
(v)], therefore, to obtain the best conductivity, as shown in
Figure S, the concentration of LiBOB is 0.8 M; even at —20 °C,
the conductivity of 0.8 M LIBOB—TMS/DMS is 7.92 X 107*§
cm™, and the concentration of LiTFSI is 1.0 M, possessing the
highest conductivity in TMS/DMS, which could reach 1.03 X

DOI: 10.1021/acsami.5b04477
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Figure S. Ionic conductivities for three sulfone-based electrolytes from —20 to 60 °C, with different lithium salt concentrations: (a) LIBOB—TMS/

DMS, (c) LITFSI-TMS/DMS, and (e) LiPF,—TMS/DMS. Arrhenius plots of the temperature dependence for three sulfone-based electrolytes: (b)
LiBOB—TMS/DMS, (d) LiTESI-TMS/DMS, and (f) LiPFe—TMS/DMS.

1073 S cm ™" at —20 °C. Also, the conductivity of 1.0 M LiPF,—
TMS/DMS is 1.93 X 107> S cm™" at —20 °C.

At 60 °C, 1.0 M LiPF,—TMS/DMS [1:1, (v)] shows the
highest conductivity 1.09 X 107> S cm™, as shown in Figure 6.
From 10 to 30 °C, in TMS/DMS [1:1, (v)], the ionic
conductivities of LiBOB-based and LiTFSI-based electrolytes
are close, and when the temperature is below 10 °C, the ionic
conductivity of LITESI is better than that of LIBOB, whereas at
temperatures higher than 30 °C, the ionic conductivity of
LiBOB is better than that of LiTFSI. The order of the
conductivities of lithium salts in TMS/DES [1:1, (v)] from
high to low is LiTFSI > LiPFs > LiBOB. Table 3 shows
numerical values of ionic conductivities of three lithium salts in
TMS/DMS [1:1, (v)] and TMS/DES [1:1, (v)] at various
temperatures. All these electrolytes possess ionic conductivity
ranging from 2.94 X 107> S cm™' (0.8 M LiBOB—TMS/DES)
t0 6.34 X 1072 S cm™ (1 M LiPF,~TMS/DMS) at 25 °C. No
matter in TMS/DMS or in TMS/DES at room temperature, it

15103

is noted that the ionic conductivity of LiPFq is better than that
of LiBOB, as shown in Table 3. The reason may be that the
volume of the BOB™ group is larger, leading to worse ion
association with Li* than that between Li* and PF4~; thus, more
Li* ions associate with solvent molecules in LiBOB—TMS/
DMS (or LIBOB—TMS/DES), and increases the electrolyte
viscosity, causing high activation energy for Li" diffusion.
Therefore, the ionic conductivity of LiPFg presents better than
that of LiBOB.

3.4. ATR-FTIR Analysis. The ATR-FTIR is a useful tool to
analyze the interactions between cations and anions in
electrolytes, which is delicate to minute variations in molecule
structures.’” The antisymmetric stretching vibration of O=8=
O in sulfone lies in about 1300 cm™', and its symmetry
vibration band usually appears from 1160 to 1100 cm™, as
shown in Figure 7. While for sulfate solvents DMS and DES the
S=O0 stretching vibration band is near 1200 cm™}, the 0-S—0
stretching vibration band is usually at 750—650 cm™ and the
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Figure 6. Ionic conductivities for three lithium salts in different sulfone-based solvents, from —20 to 60 °C: (a) TMS/DMS [1:1, (v)] and (c) TMS/
DES [1:1, (v)]. Arrhenius plots of the temperature dependence for three lithium salts in (b) TMS/DMS [1:1, (v)] and (d) TMS/DES [1:1, (v)].

Table 3. Ionic Conductivities of High-Voltage Sulfone Electrolytes at Various Temperatures

conductivity (107 S/cm)

sulfone solvents lithium salt —20 °C —10 °C 0°C 10 °C 20 °C 25 °C 30 °C 40 °C 50 °C 60 °C
TMS/DMS(1:1) 0.8 M LiBOB 0.79 1.19 1.7 2.31 3.01 343 3.81 4.69 5.59 6.54
1 M LiTFSI 1.03 1.34 1.81 241 2.9 3.19 3.39 4.1 4.86 5.74
1 M LiPF¢ 1.93 2.69 3.6 4.66 5.75 6.34 6.9 8.05 9.39 10.88
TMS/DES(1:1) 0.8 M LiBOB 0.66 1.01 1.47 2.04 2.64 2.94 33 4.02 4.88 5.77
1 M LiTESI 1.1 1.52 2.02 2.6 32 3.55 3.85 4.57 5.3 6.08
1 M LiPFq 0.96 1.38 1.88 2.47 3.11 3.28 3.64 4.43 S.15 6.14

stretching vibration bands of S—0O, C—0O, and C—C in S—O—
C—C lie near 750—650, 1030—960, and 960—880 cm’,
respectively. All the vibration modes and corresponding peak
positions of two solvent systems added with three lithium salts
are listed in Table 4.

LiTFSI-TMS/DMS has one characteristic peak at 614 cm™),
as shown in Figure 7a, curve C; since strong stretching
vibration bands of SO;H and SO;~ usually appear from 600 to
650 cm™’, reaction between LiTFSI and TMS/DMS may
generate SO;~ (harmonic peak at 614 cm™"), and the increasing
intensity of the vibration at 512 cm™' may manifest that there
exists alteration on magnitude of dipole moment in the C—§
bond in TMS. According to Scheme 2, we can clearly see that
there is a O=S=O0 group in the structure of TMS. The S
atom’s sp3 hybridized orbital in TMS consists of two S=O
bands, and that orbital in DMS or DES consists of one S=0
band in —SO;. The electron cloud density of O=S=0 in
TMS is the largest, which contributes to the coordination with
2s empty orbit of Li* ions. Hence, it is deduced that sulfone
oxygen has a strong coordination with Li" ions. In LiTFSI—
TMS/DMS, S=O stretch vibration at 1200 cm™' has a red
shift to 1186 cm™, as shown in Figure 7b, curve C. It can be

15104

concluded that Li* in LiTFSI coordinates with the S=O bond
in the sulfone group and affects the S=O stretching vibration,
and this coordination makes the S=0O bond lengthen and the
bond strength be weaker, resulting in this red shift. The
characteristic spectral bands of LiTFSI may at 1059 and 1358
cm™.

LiPF causes a red shift on the band near 567 cm™ (—SO;—
stretch), as shown in Figure 7a, curve D, and 7c, curve D, due
to P—F bond in LiPF4 affecting —SO;— bond-stretching
vibration in DMS or DES, leading to the decrease of its
wavenumber. Hence, this could be the factor that makes
LiPF,—TMS/DMS conductivity higher than that of LiBOB or
LiTFSI in TMS/DMS. A harmonic peak at around 839 cm™" is
the characteristic peak of LiPF¢ in TMS/DMS. The character-
istic peak of LiPFs>* is a harmonic peak at around 846 cm™;
red shift occurs at 839 cm™' when LiPF; is added into TMS/
DMS or TMS/DES, as shown in Figure 7b, curve D, and 7c,
curve D. Also, we speculate O=S=O0 in TMS may affect the
length of the bond in LiPF, LiBOB makes O=S=O0
symmetry vibration shift red in TMS/DMS at 1100 cm™’.
This is because LiBOB has a stable ring lactone structure; at the
same time, its structure is similar to TMS and DMS, making it
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Figure 7. ATR-FTIR spectra of three lithium salts in TMS/DMS and TMS/DES. Curves A, B, C, and D in (a) 400—800 cm™" and (b) 800—1400
cm™" refer to the following: TMS/DMS, A; 0.8 M LIBOB—TMS/DMS, B; 1 M LITESI-TMS/DMS, C; 1 M LiPE,—TMS/DMS, D. Curves A, B, C,

D in (c) 400—950 cm™" and (d) 950—1400 cm ™ refer to the following: TMS/DES, A; 0.8 M LiBOB—TMS/DES, B; 1 M LiTFSI-TMS/DES, C; 1
M LiPF,—TMS/DES, D.

Table 4. Infrared Vibrational Modes and Peak Positions of Two Sulfone Solvents TMS/DMS and TMS/DES System after
Adding Various Lithium Salts®

peak position (cm™)

TMS/DES

vibration mode TMS/DMS

LiBOB LiTESI LiPFg
v (C-H) 2962.12w, 2903w
v,, (C—H, CH,) 1452.01w, 1413.02w 1447.86w, 1415.86w, 1388.87w
0, (0=8=0) 1298.96s 1300s,
v (S=0) 1202.05Sm 1199.21m
v, (0=$=0) 1108.01s, 1145.6s 1108.22s, 1146.06s
v (C=C) 950.04s, 905.66m 873.71s
v (C-0) 998.95s
v (ring C=0) 1804.17m
v (C-8) 730.65, 684.88s 711.84s 615.23m
v (=S0;-) 567.1s, 439.06s 567.16s, 439.24s
v (P=F) 838.9s
v (-S0,-N-) 1109.04m

“w, weak; s, strong; m, middle.
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Scheme 2. Electron Cloud Structures of Lithium Salts and
Sulfone Solvents

LiBOB LiTFSI LiPFs

easier for the lithium salt to dissociate, even easier to form
stable sulfone solvents. To some extent, this offers evidence
about why LiBOB—TMS/DMS possesses the best electro-
chemical stability.

Furthermore, the three lithium salts all cause C—S stretching
vibration in TMS/DES blue shift at 710 cm™, as shown in
Figure 7c. The addition of lithium salts may shorten the C—S
bond length. In addition, LiTFSI may have a strong effect on
the S==O stretching vibration since a red shift occurs from
1200 to 1185 cm™ (in Figure 7d, curve C). Therefore, effects
of three lithium salts in sulfone solvents are different: LiTFSI
and LiPF4 exert more influence on the molecular vibrations of
solvents, while LiBOB relatively keeps the original vibrations of
sulfone solvents.

4. CONCLUSIONS

Theoretical calculations of frontier molecular orbital energies of
several sulfones suggest that EMS, TMS, and EVS have
relatively better oxidation stability. And it is proven
experimentally by an electrochemical performance test that
oxidation stability of these three sulfones from high to low is
EMS, TMS, and EVS, which is in accordance with theoretical
calculation results. LiIBOB (0.8 M), used as a lithium salt in
TMS/DMS [1:1, (v)], could possess the widest electrochemical
window of 5.7 V. Besides, to present the best ionic conductivity
in TMS/DMS, the concentration of LiBOB is 0.8 M and the
concentration of LiTFSI and that of LiPF, are 1 M. In addition,
1 M LiPF,—TMS/DMS [1:1, (v)] has superior ionic
conductivity of 6.34 X 107 S cm™' at room temperature.
Experimentally, as for 0.8 M LiBOB—TMS/DMS [1:1, (v)], 0.8
M LiBOB—TMS/DES [1:1, (v),] 1.0 M LiTFSI-TMS/DMS
[1:1, (v)], 1.0 M LiITESI-TMS/DES [1:1, (v)], 1.0 M LiPF,—
TMS/DMS [1:1,v)], and 1.0 M LiPF,—TMS/DMS [1:1, (v)],
the oxidation decomposition potentials of those sulfone
electrolytes are all above S5 V, and their electrolyte
conductivities at room temperature are more than 3 mS/cm.
ATR-FITR spectra offer further explanations about the
interaction between lithium salts and sulfone solvents. Because
of the addition of LiBOB, LiTFSI, and LiPF, the characteristic
peaks of the TMS/DMS and TMS/DES functional sulfone
groups and sulfonic acid ester groups are red-shifted or blue-
shifted, which results in differences in ionic conductivity and
electrochemical stability of electrolytes. In summary, we present
here a successful demonstration that it would be more efficient
and reliable to combine theoretical calculations and exper-
imental tests to determine high-voltage electrolyte solvents. It

indicates that TMS/DMS and TMS/DES are promising
sulfone solvents for high-voltage lithium-ion batteries.
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