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Abstract

Oxidation potentials of electrolyte molecules in Li-Sulfur (Li/S) batteries and their variations in
various solvent environments are investigated using first-principles calculations in order to
understand oxidative decomposition reactions of electrolytes for cathode passivation. Electrolyte
solvents, Li salts, and various additives in Li/S batteries along with some Li-ion battery additives
are studied. Oxidation potentials of isolated electrolyte molecules are found to be out of the
operating range of typical Li/S batteries. The complexation of electrolyte molecules with Li", salt
anion, Sg, and pyrene alters oxidation potentials compared to those of the isolated systems. The
salt anion lowers oxidation potentials of electrolyte molecules by at least 4.7 % while the
complexes with Li" have higher oxidation potentials than the isolated molecules by at least

10.4 %. Sg and pyrene, used as model compounds for sulfur and sulfur/carbon composite cathode
materials, also affect oxidation potentials of electrolyte molecules, but their influence is
negligible and the oxidation trends differ from those of the Li" and salt anion. Although

complexations change the oxidation potentials of electrolyte molecules, they are still higher than
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the operating voltage range of Li/S batteries, which indicates that oxidation of the studied

electrolytes in Li/S batteries is not expected under ambient conditions.

1. Introduction

In order to reduce CO, and NOx gases from internal combustion engine (ICE) equipped
vehicles, electric vehicles (EVs) are have been developed for transportation, and several
commercial electric vehicles from hybrid electric vehicle to full battery electric vehicles are
running with the aid of Li-ion batteries. Among these electric vehicles, Model S manufactured by
Tesla has the longest driving range of 335 miles with an energy density of 691 Wh/L and the
specific energy of 260 Wh/kg.' However, they still do not meet the goals for the energy density
and the specific energy by the United States Advanced Battery Consortium (USABC) for
commercial EVs in 2020, which are 750 Wh/L and 350 Wh/kg for the energy density and the
specific energy, respectively.” These goals are still challenging with the current insertion
electrode materials in Li-ion batteries, and an alternative electrode material with higher capacity
is necessary, which is sulfur.’ Sulfur provides a high theoretical capacity of 1672 mAh g™, which
is much higher than the theoretical capacity of layered transition metal oxide materials (~280
mAh g'l) in Li-ion batteries, and lithium-sulfur (Li/S) batteries also offer a high specific energy
of 2500 Wh kg™ >

In spite of this high capacity, there are obstacles for commercial uses of Li/S batteries.
First is the shuttle mechanism of intermediate redox species of sulfur, lithium polysulfides (PS
hereafter), which are dissolved into electrolyte, diffuse to the anode, and have chemical reactions
on the anode surface.> In addition, the dissolution of PS into electrolyte causes a self-discharge

while in the resting state, leading to a capacity fading.* These problems originate from the
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dissolution of PS into the electrolyte from the cathode. In order to resolve the PS dissolution, two
routes can be utilized; the electrode (cathode) design and the electrolyte design. Of these two
routes, the electrolyte design is so far the most explored, and especially additives are investigated
which may be able to form a protective layer on the cathode surface through oxidative
decomposition.

Several research groups have investigated the cathode passivation electrolyte additives in
Li-ion batteries in order to prevent electrolyte decomposition on the cathode surface®* and to
improve the thermal stability of cathodes.”®*’ In Li/S batteries, however, there are only a few
studies on developing electrolyte additives to protect the cathode surfaces and to prevent the
dissolution of PS into the electrolyte and the resultant the polysulfide shuttle reaction. Kim and
co-workers reported the use of alph-lipoic acid (ALA)*® and 3,4-ethylenedioxythiophene
(EDOT) to prevent the chemical reaction between the polysulfide and the Li metal anode by
formation of polymer films covering the cathode surface. Shao and co-workers also showed that
the polymerization of pyrrole to polypyrrole forms a protective layer for the cathode and
suppresses the polysulfide diffusion.*® Yushin and co-workers employed the lithium iodide (Lil)
additive to form a protective layer on both cathode and anode surfaces to hinder the direct
contact with electrolyte solvent and to suppress the polysulfide dissolution.’' They also
generated a Li-ion conducting protective layer by the electrochemical reduction of
fluoroethylene carbonate (FEC), and the layer served as a polysulfide barrier to suppress the
polysulfide migration from the cathode into the electrolyte.*>

In this study, we investigate oxidation potential variations of electrolyte molecules with
various environments in Li/S batteries as an initial step toward the understanding of oxidative

decompositions of electrolyte molecules. The considered molecules are electrolyte solvents,
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including 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL), Li salt anions, including
bis(fluorosulfonyl)imide anion (FSI') and bis(trifluoromethanesulfonyl)imide anion (TFSI'), and
four additives (EDOT, FEC, I', and pyrrole) studied for cathode passivation layer formation in
Li/S batteries mentioned above. Two distinct conformations of DME are considered in this study;
one has a staggered conformation for two methoxide groups along the C-C bond (DME _ttt
hereafter), and the other has a gauche conformation for two methoxide groups (DME tgt
hereafter). In addition, the two most widely studied additives (BOB™ and DFOB") in Li-ion
batteries are also considered in this study in order to test if they could be applied for Li/S
batteries. The molecular structures considered in this study are displayed in Figure 1 except I'.
This manuscript starts with the details of density functional theory (DFT) calculations in Section
2. In Section 3, we compare oxidation potentials of electrolyte molecules both in the isolated

case and in complexes with Li cation (Li") and Li salt anion (TFSI") together with in complexes
with Sg and pyrene, which are model compounds for S/C cathode materials used in Li/S batteries.

Then, Section 4 wraps up with summary and conclusions.
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Figure 1. Structures of electrolyte molecules investigated for oxidation potentials in this study.

2. Computational Details

Geometry optimizations and frequency calculations are performed using a DFT method.
Of various DFT methods, three hybrid functional methods, including B3PW91,33'34 BMK,35 and
MO06-2X,*® are selected for a benchmark test of redox potential calculations. The 6-311G(d,p)
basis set’’ and its various polarization and diffusion combinations up to 6-311++G(3df, 3pd),
Dunning’s correlation consistent triple zeta basis set, cc-pVTZ>® and its augmented basis set,
aug-cc-pVTZ,* and Truhlar’s calendar basis sets, including may-, jun-, and jul-cc-pVTZ,* are
also considered for the benchmark calculation. The BMK/cc-pVTZ theoretical level yields the

lowest mean unsigned error (MUE) compared to experimental redox potentials in the benchmark

5
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calculation, and this method is employed in this study. Because the cc-pVTZ basis set does not

apply to iodine, other basis sets and effective core potentials (ECPs) were also tested for

geometrical parameters of I, and I, molecules, ionization potential and electron affinity of iodine,
and oxidation potential of iodide, and the LanL2DZdp ECP*'*** was chosen for iodine.

In order to consider the solvent effect, the SMD solvation model® is employed with
tetrahydrofuran (THF) for solvent because THF is the ether solvent with the dielectric constant
(e=7.43) close to those of DME and DOL, which are 7.30 and 7.34, respectively. Frequency
calculations are carried out in order to check the stationary points of optimized geometries. The
Gibbs free energy is obtained at 298 K. All computations are carried out using the Gaussian 09
program.** For complexes, the various sets of initial geometries are generated using the
Absorption Locator module in Materials Studio.*’ The empirical dispersion correction can be
considered for more accurate oxidation calculations of complex systems using Grimme’s DFT-
D3 methods, implemented in Gaussian 09 as GD3* and GD3BJ47; however, the correction by
including dispersion interaction was found to be less than 1.0 % in our test calculations.
Therefore, no empirical dispersion correction for complex systems was added in this study.

The oxidation potentials are calculated based on the thermodynamic cycle shown in
Scheme 1. Then, the oxidation potential is calculated using Eq. (1), and is subtracted from 1.37

in order to convert the absolute potential scale to the Li/Li" scale.*®

ES (vs. Li/Lit) = AGY/F — 1.37 = [AG, + AGY (AT) — AG2,(A)]/F — 1.37 (1)
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where AG, is the free energy of ionization in the gas phase, AG2(A) is the solvation free energy

of species A, AG2 (A') is the solvation free energy of the oxidized A (A"), and F is the Faraday

constant.

AG,
A(g) > A*(g) + e(g)

- AGY(A) AGS,(A")
A(sol) e > A*(sol) + e(sol)

Scheme 1. Thermodynamic cycle for the oxidation reaction, where (g) denotes the gas phase,

and (sol) denotes the solution phase.

3. Results
The calculated oxidation potentials are listed in Table 1. Not only oxidation potentials of
isolated electrolyte solvents, anions, and additives but also those of complexes with Li", Li salt

anion, Li salt, Sg, and pyrene are also listed.



Table 1. Oxidation potentials of isolated electrolyte solvents, anions, and additives together with those of complexes with Li", TFST,

Physical Chemistry Chemical Physics

LiTFSI, S8, and pyrene, calculated at the BMK/cc-pVTZ theoretical methods with the SMD solvation model

Oxidation Potential (V)

Calculation Experiment
Isolated Complexed
w/ Li" w/ TEST w/ LiTFSI w/ Sg w/ Pyrene
5.26 6.14 4.60 5.27 5.34 4.11 4.6%, 5.1°
DME _ttt
(+0.88) (-0.66) (+0.01) (+0.08) (-1.15)
5.16 6.71 4.74 5.84 5.22 433
DME _tgt
(+1.55) (-0.42) (+0.68) (+0.06) (-0.83)
5.74 6.74 4.53 5.79 5.65 4.26 5.2°0
DOL
(+1.00) (-1.21) (+0.05) (-0.09) (-1.48)
5.81 7.04 - - 5.36 3.91 > 4.5
FSI
(+1.23) (-0.45) (-1.90)
5.68 6.99 - - 5.41 4.01 5.3
TFSI
(+1.31) (-0.27) (-1.67)
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4.62 5.23 4.26 4.93 - - 3.95%
EDOT
(+0.61) (-0.36) (+0.31)
7.47 8.60 5.72 6.89 - - 5.0
FEC
(+1.13) (-1.75) (-0.58)
3.42 431 - 3.86 3.39 3.20 3.0°!
.
(+0.89) (+0.44) (-0.03) (-0.22)
4.43 5.34 3.95 4.93 4.37 4.11 0.92°%
Pyrrole
(+0.91) (-0.48) (+0.50) (-0.06) (-0.32) (vs. Ag/AgNO;)
5.79 6.39 - 6.09 - - 4.5%
BOB
(+0.60) (+0.30)
5.44 6.58 - 6.17 - - 4.35°
DFOB"
(+1.14) (+0.73)
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3.1. Oxidation Potentials of Isolated Molecules

Compared to the operating voltage range of Li/S batteries, 1.5 V-3.0 V, oxidation
potentials of isolated electrolyte molecules are much higher. (Table 1) The optimized geometries
both in the initial state and in the oxidized state in the solution phase are displayed in Figure 2
with atoms having significantly positive spin density values highlighted in magenta, which are
obtained from the Hirshfeld population analysis.”” The atomic partial charges are also listed in
Table S1 from the CM5 method’® together with spin density values.

Ross and co-workers reported 4.11 V for the oxidation potential of DME in a common
supporting electrolyte with e=78 using the B3LYP/6-31+G(d) theoretical level with the PCM
solvation model.” Borodin and co-workers calculated oxidation potentials of DME to 5.66 V
and 5.70 V for two conformations of DME, tgt and ttt, respectively, in acetone (¢=20) using the
G4MP2 method and the SMD solvation model.* Comparing the dielectric constant value in this
study with those of Ross and co-workers and Borodin et al., the current calculated oxidation
potential of DME is reasonable. The oxidized DME has lengthened bond distances between two
methylene C atoms (C6-C9 in Figure 2a and C1-C4 in Figure 2b) from 1.52 A and 1.52 A for
DME _ttt and DME _tgt, respectively, to 1.75 A and 1.71 A for DME_ttt and DME _tgt,
respectively, as reported by Ross and co-workers® and Borodin and co-workers.*® The distances
of the two C-O bonds (C5-O6 and C9-O12 in Figure 2a, and C1-O8 and C4-O7 in Figure 2b)
decrease from 1.40 A to 1.32 A for DME _ttt and 1.33 A for DME_tgt while Ross and co-
workers reported that one of them lengthened and the other one shortened.”® O atoms and the
middle C atoms (O35, C6, C9, and O12 in Figure 2a, and C1, C4, O7, and O8 in Figure 2b) have
positive spin densities in the oxidized state, and O atoms have higher spin densities than C atoms,

which indicates that the O radical is more favorable than the C radical. (Table S1)

10



Page 11 of 57

Physical Chemistry Chemical Physics

DOL has an oxidation potential of 5.74 V, higher than that of DME, as Ross and co-
workers reported before.” The C3 atom has shorter bond distances with the adjacent 010 and
011 atoms by oxidation from 1.39 A and 1.40 A to 1.33 A, and two C atoms (C1 and C2) get
closer from 1.55 A to 1.53 A. The distances between O atoms and methylene C atoms increase
from 1.41 A and 1.42 A to 1.45 A. (C1 and 010, and C2 and O11) In addition, the H8 and H9
atoms attached to the C3 atom are loosened from 1.09 A and 1.10 A to 1.13 A. The largest
positive spin density values are located on O10 and O11 atoms, which means that the electron on
the O atom is removed by oxidation. (Figure 2 and Table S1)

Two isolated Li salt anions are predicted to have oxidation potentials of 5.81 V (FSI') and
5.68 V (TFST). Borodin and co-workers predicted the oxidation potential of FSI to be 5.97 V
and 6.31 V using the G4MP2 method and the LC-oPBE/6-31+G(d,p) method, respectively,**
which is higher than that in this study. In addition, they also predicted higher oxidation potential
for TFST to 5.71 V and 6.02 V using the G4MP2 method and the LC-oPBE/6-31+G(d,p) method,
respectively,”® compared to the one in this study. By oxidation, FSI" and TFSI break their C,
symmetry along the axis through the N atom in the initial states. (Figures 2d and 2e) In addition,
the distances between N and two S atoms in FSI  and in TFSI increase from 1.57 A (N1-S2 and
N1-S3 in FSI') and 1.58 A (N1-S2 and N1-S3 in TFSI) to 1.65 A (FSI'), and 1.65 A and 1.66 A
(TFSI). Meanwhile, the distances between S and O atoms are slightly reduced from 1.43 A (FSI)
and 1.44 A (TFSI)) to 1.41 A (S3-O4 and S3-O5 in FSI') and 1.42 A (S2-06 and S2-O7 in FSI'),
and 1.42 A (S3-O5 in TFST') and 1.43 A (S2-06, S2-O7, and S3-04 in TFSI'). The distances
between S and F atoms in FSI” decrease by oxidation from 1.59 A to 1.54 A (S2-F8) and 1.55 A
(S3-F9). The distances between S and C atoms in TFSI', however, they are slightly lengthened

from 1.87 A to 1.88 A (S2-C9) and 1.89 A (S3-C8) due to oxidation, while the distances of six

11
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C-F bonds are negligibly decreased from 1.32 A and 1.33 A to 1.31 A, which indicates that
further oxidations may generate decomposed CF3 group from TFSI'. The N atoms both in FST
and in TFSI have positive spin densities, which indicate that unpaired electrons are located on
the N atoms. (Figures 2d-e and Table S1)

For additives in Li/S batteries, there is no dramatic bond distance change by oxidation as
in DME. (Figures 2f-h) The computed oxidation potential of EDOT is 4.62 V, higher than the
experimental oxidation potential of 3.95 V in the 1.0M LiTFSI DME/DOL electrolyte with the
SUS electrode.”” The geometric parameter changes are asymmetric in EDOT by oxidation. The
bond distances between S5 and two adjacent C atoms (C1 and C4) change from 1.74 A to 1.68 A
(C1-S5) and 1.78 A (C4-S5). The distance between C atoms in the thiophene ring on the one side
changes from 1.36 A to 1.42 A (C1-C2) while that on the other side slightly decreases from 1.36
A to 1.35 A (C3-C4). The C-C bond (C2-C3) increases slightly from 1.44 A to 1.46 A. In
addition, the C-O bonds on the one side of dioxane ring change from 1.34 A to 1.28 A (C2-09),
and from 1.42 A to 1.46 A (C13-09) while those on the other side change from 1.35 A to 1.33 A
(C3-08), and from 1.42 A to 1.43 A (C10-08). The C10-C13 bond distance in dioxane ring and
all of the bonds related to H atoms (C1-H6, C4-H7, C10-H11, C10-H12, C13-H14, and C14-H15)
are found to have negligible changes by oxidation. Positive spin densities are located on atoms
highlighted in Figure 2f, and spin density values on four atoms are similar with each other
although the C1 atom has the highest spin density.

FEC is predicted to have an oxidation potential of 7.47 V. Lian and co-workers reported
that the FEC-containing electrolyte shows no extinct oxidation peak up to 5.1 V in the 1M LIPF¢
EC/DMC/DEC (1:1:1 in volume) electroly‘[e.10 Considering a dielectric constant value as in THF

and comparing to those of EC, DMC, and DEC solvents in the experiment, the high oxidation

12
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potential calculated in this study looks reasonable. The bond distance between C1 atom and F9
atom decreases from 1.37 A to 1.32 A while the bond distances between O atoms and alkyl C
atoms increase by oxidation from 1.39 A (C1-06) and 1.43 A (C2-O5) to 1.48 A and 1.48 A,
respectively. The C7-O8 bond in the carbonyl group increases from 1.19 A to 1.28 A by
oxidation while distances between carbonyl C7 atom and two O atoms (O5 and O6) decrease
from 1.33 A (atoms 5 and 7) and 1.35 A (atoms 6 and 7) to 1.26 A and 1.27 A. The bond length
between C1 and F9 decreases from 1.37 A to 1.32 A by oxidation, which means that F~ or Fe
cannot be generated by further oxidations. The carbonyl O8 atom has a positive spin density,
which indicates that the electron is removed from the carbonyl O8 atomic site by oxidation.

Iodide has an oxidation potential of 3.42 V in this study while Yushin and co-workers
reported value measured in both SM LiTFSI DME and 5M LiTFSI DOL electrolyte, and
calculated oxidation potentials at Meller-Plesset 2"-order perturbation theory (MP2) and
coupled cluster singles doubles perturbative triples (CCSD(T)) method with SDD basis set of
iodide are around 3.0 V.*' However, oxidation potentials obtained using DFT functionals,
including B3LYP, M05-2X, and M06-L, with the SDD basis set are 3.77 V, 3.80 V, and 3.71 V,
respectively, which are higher than this study.

The calculated oxidation potential of pyrrole is 4.43 V in this study. The oxidation
potential of pyrrole monomer was measured to 0.92 V vs. Ag/AgNO; in 0.1M AgNO;
acetonitrile (35.95 for dielectric constant) electrolyte.” Considering that the potential for
Ag/AgNO:; reference electrode is 0.337 V vs. saturated calomel electrode (SCE) as stated in Ref
29 and that of SCE vs. the standard hydrogen electrode (SHE) is 0.24 V,% the oxidation potential
of pyrrole is re-calculated to 1.50 V vs. standard hydrogen electrode (SHE). Then, the converted

oxidation potential of pyrrole vs. Li/Li" from the experiment is 4.55 V using the Li/Li" potential

13
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of -3.05 V vs. SHE, which is higher than the calculated oxidation potential in THF solvent. The
bond distances between two adjacent C atoms (C2-C5 and C3-C7) are lengthened from 1.38 A to
1.43 A while N-C bond (N1-C2 and N1-C3) distances and C5-C7 bond distance are shortened
from 1.36 A and 1.43 A to 1.35 A and 1.37 A, respectively. Positive spin densities are located on
C2 and C3 atoms by oxidation as shown in Figure 2h and Table S1, which is consistent with the
polymerization mechanism.®'

The calculation predicts the oxidation potential of the isolated BOB anion to be 5.79 V,
which is lower than that from Wachtler and co-workers, 5.98 V, using the B3LYP/6-311++G(d,p)
theoretical method with the conductor polarizable continuum model (C-PCM) with the dielectric
constant of 60.0 for the solvation effect.’” The optimized geometry of BOB™ shows a bond
breakage in one of oxalate groups by oxidation from 1.55 A to 1.85 A. (C1 and C2, Figure 2i)
This bond breakage is also reported from other computational researches by Wachtler and co-
workers and Xing and co-workers.”® With the increase in distance between C1 and C2 atoms in
the oxidized oxalate group, the distances between the B5 atom and two O atoms (O8 and O9) in
the oxidized oxalate group also increase from 1.46 A to 1.51 A. Meanwhile, the distances
between C atoms and O atoms decrease from 1.31 A to 1.25 A (C1-09 and C2-08), and from
1.19 Ato 1.16 A (C1 and O11 and C2 and O10). This indicates that further oxidation of BOB"
leads to carbon dioxide (CO,) evolution.** The geometric parameters of the other oxalate group
of BOB' in the oxidized state remain almost unchanged, compared to those in the initial state. C
and O atoms (C1, C2, 010, and O11) have positive spin density, and the largest spin densities
are located on the outer O atoms (010 and O11), which indicates that the O atoms are the most

susceptible to oxidation.

14
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The isolated DFOB™ shows to have an oxidation potential of 5.44 V, which is lower than

those by Borodin and co-workers, obtained at G4MP2 (5.72 V) and LC-owPEB/6-31+G(d,p)

(6.10 V) theoretical methods.*® Just as in the isolated BOB molecule’, the C1-C2 bond distance

and B-O bond distances increase from 1.56 A to 1.87 A (C1-C2), and from 1.49 A to 1.54 A

(05-B9 and 06-B9). Also, the distances of two types of C-O bonds decrease from 1.31 A to

1.25 A (C1-05 and C2-06), and from 1.20 A to 1.17 A (C1-O3 and C2-04). This also indicates

that DFOB™ generates CO, gas by oxidation.

65-66

B-F bond distances decrease from 1.38 A to

1.34 A (F7-B9 and F8-B9) by oxidation. The positive spin densities are located on the oxalate C

and O atoms (C1, C2, O3, and O4), and O atoms have the highest spin density values just as in

BOB'. (Figure 2j and Table S1)
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W)

Figure 2. Optimized Geometries of Isolated Solvents, Anions, and Additives both in the Initial
and Oxidized States in the Solution Phase. White, peach, grey, blue, red, cyan, and yellow colors
represent H, B, C, N, O, F, and S atoms, respectively. The atoms with significant positive spin

densities by oxidation are highlighted in magenta.

3.2. Oxidation Potentials of Complexes with the Li cation (Li")

Optimized geometries of complexes with Li" are listed in Figure 3. The atoms with
positive spin density by oxidation are also highlighted, and electrons on electrolyte molecules are
removed by oxidation. CM5 charges and spin density values are listed in Table S2. Oxidation
potentials of Li" complexes are enhanced by 13.2 % through 30.0% from those of isolated
systems. This indicates that Li" improves the oxidative stabilities of the electrolyte molecules,
and this is because of the instability of oxidized molecules caused by repulsion interactions
between positive charges on oxidized molecules and on Li". By oxidation, charges of neutral
electrolyte molecules, including DME _ttt, DME tgt, DOL, EDOT, FEC, and pyrrole, range from
1.05e to 1.15¢, and Li"’s in DME _ttt/Li", DME _tgt/Li’, DOL/Li", EDOT/Li", FEC/Li".
Meanwhile, pyrrole/Li” complexes have charges between 0.85¢ and 0.95 e, both of which are
quite close to +1.00e, and lead to repulsive electrostatic interactions between oxidized electrolyte
molecules and Li". For Li salts, including LiFSI, LiTFSI, Lil, LiBOB, and LiDFOB, although
the oxidized anions have much smaller positive charges (between 0.11e and 0.24¢) than the

above mentioned neutral molecules, oxidation breaks the neutrality between the negative charges

17



Physical Chemistry Chemical Physics Page 18 of 57

on anions and positive charge on Li", resulting in raising oxidation potentials from those of the
isolated anions.

The oxidation potential of DME_ttt/Li" and DME_tgt/Li" complexes are calculated to be
6.14 V and 6.71 V, respectively, which are enhanced compared to those of the isolated DME _ttt
and DME _tgt by 16.7 % and 30.0 %, respectively. The DME_ttt/Li" complex shows a different
conformation for DME _ttt compared to that of the isolated DME ttt due to oxidation.
Meanwhile, the oxidized DME tgt/Li" complex has a similar geometry for DME_tgt compared
to the isolated DME tgt. (Figures 2a-b and 3a-b) Positive spin densities are located on four
atoms as in the isolated DME ttt and DME tgt, but they are not symmetric around the
lengthened C-C bond because of the location of Li". (Figures 3a-b and Table S2) The distance
between Lil7 and OS5 atom increases from 1.84 A to 2.00 A in the DME_ttt/Li" complex, and the
distances between the Lil17 and O7 atoms in DME _tgt/Li" complex increase from 1.88 A to 1.99
A in DME_tgt. The main difference between DME _ttt/Li" and DME _tgt/Li" is the bidentate
chelation of Li" in the DME_tgt/Li" complex in the initial state. This difference is also shown in
the locations of the highest occupied molecular orbitals (HOMOs) in Figures S1 and S2, where
the HOMO of DME _ttt/Li" is almost localized on a site where Li" is not located while the
HOMO of DME _tgt/Li" is completely delocalized over DME _tgt. Although the bidentate
chelated Li" is the most stable conformation for the DME _tgt/Li" complex in the initial state, the
oxidized complex has a mono-dentate chelation as shown in Figure 3b. The C-C bonds increase
from 1.52 A and 1.52 A to 1.73 A (C6-C9) and 1.69 A (C1-C4) for the DME _ttt/Li" and
DME tgt/Li" complexes, respectively. These distances are shorter than those in isolated

DME _ttt and DME _tgt. O atoms not chelated with Li" have the largest positive spin densities of

18
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0.34 (012 in Figure 3a) and 0.36 (O8 in Figure 3b) for DME _ttt/Li" and DME_tgt/Li",
respectively.

The DOL/Li" complex has an oxidation potential of 6.74 V, higher than that of the
isolated DOL by 17.4 %. DOL is oxidized in the complex from locations of positive spin
densities in the oxidized state, and this is consistent with the location of the HOMO, delocalized
over DOL in the DOL/Li" complex. (Figure 3¢, Table S2, and Figure S3) The distance between
Li12 and O10 atom increases from 1.84 A to 2.02 A by oxidation. The C-O bond distances (C3-
010 and C3-0O11) decrease from 1.44 A and 1.37 A to 1.37 A and 1.35 A, and the C1-C2 bond
distance also decreases from 1.54 A to 1.53 A. The C-H bonds (C3-H8 and C3-H9) have
increased bond distances from 1.09 A and 1.10 A to 1.11 A and 1.13 A while other C-H bonds
(C1-H4, C1-H5, C2-H6, and C2-H7) have negligible distance changes. Just as in DME_ttt/Li"
and DME _tgt/Li" complexes, the Li'-coordinated O10 atom has a smaller spin density than the
free O11 atom.

The oxidation potentials of the LiFSI and LiTFSI salts are 7.04 V and 6.99 V,
respectively, which are higher than those of isolated FSI" and TFSI by 21.2 % and 23.1 %,
respectively. The anions are mainly oxidized in the complexes, and positive spin densities are
located on N atoms in the anions, which is also consistent with the HOMO locations found for
the LiFSI and LiTFSI salts. (Figures 3d-e, Table S2, and Figures S3-S4) LiFSI and LiTFSI yield
different geometries for the oxidized states; LiTFSI retains the bi-dentate coordination in the
oxidized state while LiFSI loses one coordination between Lil0 and O7 atom by oxidation
(Figures 3d-e). The distance between the Li10 and O4 atoms in LiFSI increases from 1.87 A to
1.95 A, and the distances between the Lil7 and O atoms (O4 and O6) increase from 1.86 A and

1.87 A t0 2.01 A and 2.00 A by oxidation. Although the S-F bonds (S2-F8 and S3-F9) in LiFSI
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are shortened from 1.57 A to 1.53 A by oxidation, the S-C bonds (S2-C9 and S3-F8) in LiTFSI
are lengthened from 1.87 A to 1.90 A, which is also observed in the isolated TFSI". Both salts
have positive spin densities located on N atoms as shown in Figures 3d-e.

The EDOT/Li" complex also has a higher oxidation potential than the isolated EDOT
from 4.62 V to 5.23 V with EDOT oxidized. Positive spin densities are located on the same
positions as in the isolated EDOT, and the HOMO is also located only on EDOT. (Figure 3f,
Table S2, and Figure S6) Two C-S bonds have asymmetric changes in distance from 1.74 A to
1.68 A (C1-S5), and from 1.74 A to 1.78 A (atoms 1 and 4 in Figure 3f). Also, two C-C bonds in
the thiophene ring also show asymmetric bond distance changes from 1.36 A to 1.42 A (atoms 1
and 2), and from 1.36 A to 1.34 A by oxidation, as in the isolated EDOT. Distance changes in C-
O bonds in dioxane ring are also asymmetric, and the bond lengths change from 1.35 A to 1.28 A
(atoms 2 and 9), from 1.37 A to 1.35 A (atoms 3 and 8), from 1.44 A to 1.45 A (atoms 8 and 10),
and 1.42 A to 1.46 A (atoms 9 and 13). The distance between the Li" and the O atom (atom 8)
increases from 1.89 A to 1.96 A. Positive spin densities are located on four atoms as highlighted
in Figure 3f, and the C atom next to S atom (atom 1) has the highest spin density among them.

The oxidation potential of FEC/Li" complex is predicted to be 8.60 V, higher by 15.1 %
than that of the isolated FEC. FEC is also mainly oxidized from the locations of positive spin
densities and HOMO. (Table S2 and Figure S7) Unlike the isolated FEC, where the carbonyl O
atom has the highest spin density, positive spin densities are located on four atoms, including C2,
H3, H4, and O5. (Figure 3g) Oxidation notably alters the location of Li', and the angle between
Li" and C7 changes from 147.0° to 178.6°. The carbonyl C-O bond length decreases from 1.21 A
to 1.17 A, and one of two C-O bonds (C7-06) also has a decreased length from 1.33 A to 1.29 A

by oxidation while the bond length of the other C-O bond (C7-O5) increases from 1.30 A to 1.44
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A. This bond length change suggests the decomposition of FEC and the release of CO, by
oxidation. This claim can be verified from the bond length changes between C1 and 06, and
between C2 and O5, where the latter decreases from 1.44 A to 1.32 A, and the former increases
from 1.41 A to 1.43 A. Just as in the isolated FEC, the bond length between C1 and F9 also
decreases from 1.35 A to 1.33 A by oxidation.

Lil has an enhanced oxidation potential of 4.31 V, compared to that of I' by 26.0 %, and
also shows a lengthened distance between Li" and I due to oxidation from 2.57 A to 2.84 A.
(Figure 3h) I is oxidized to I* as expected from the location of HOMO, and a positive spin
density is located on I-. (Figure S8 and Table S2)

The oxidation potential also increases for pyrrole to 5.34 V by complexation. For the
pyrrole/Li" complex, Li" is stabilized by n-electrons on the aromatic pyrrole ring. By oxidation,
however, one of the six n-electrons is removed, and the oxidized pyrrole is not aromatic any
more from the Hiickel’s [4n+2] rule. (6 w-electrons = 5 m-electrons) Just as in the isolated
pyrrole, positive spin densities are located on the C2 and C3 atoms adjacent to the N1 atom,
which indicates that one of m-electrons on C=C bonds (C2-C5 and C3-C7) is removed by
oxidation. (Figure 3i and Table S2) This is also confirmed by the increased distances two C=C
bonds from 1.38 A to 1.44 A while the bond lengths of N1-C2 and N1-C3 decrease from 1.37 A
and 1.36 A to 1.34 A and 1.35 A, respectively. The distance between the center of mass of
pyrrole and Li" increases from 1.91 A to 4.23 A by oxidation. (Figure 3i)

The oxidation potentials of LiBOB and LiDFOB are 6.39 V and 6.58 V, increased by
10.4 % and 21.0 % compared to those of isolated BOB™ and DFOB’, respectively. From the
locations of HOMOs in LiBOB and LiDFOB in Figures S10 and S11, BOB™ and DFOB™ are

oxidized in these complexes, and this is verified from the locations of positive spin densities in
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Figures 3j-k. LiBOB retains the bidentate chelation of Li" to the oxalate group by oxidation
while the chelation by O atoms in the oxalate group is broken, and Li" has an interaction with the
F atom in LiDFOB. (Figures 3j-k) The bond length between C1 and C2 in the unchelated oxalate
group increases from 1.55 A to 1.85 A in LiBOB, and that of C-C bond in the oxalate group in
LiDFOB also increases from 1.54 A to 1.87 A. All C-O bond lengths in the unchelated oxalate
group in LiBOB decrease from 1.32 A to 1.26 A (C1-09), from 1.19 A to 1.16 A (C1-011),
from 1.32 A to 1.26 A (C2-08), and from 1.19 A to 1.16 A (C2-010) while the B-O bond
lengths increase from 1.44 A to 1.49 A (B5-0O8 and B5-09). In LiDFOB, all C-O bonds in the
oxalate group also have decreased bond lengths by oxidation as in LiBOB, but B-O bond lengths
also slightly decrease from 1.52 A to 1.51 A on the contrary to those in LIBOB. F-B bond
lengths change asymmetrically by Li" to 1.33 A (F7-B9) and 1.38 A (F8-B9) from 1.36 A.
Distances between Li" and the O atoms in LiBOB increase from 1.99 A to 2.07 A (Li"-O12) and

2.06 A (Li"-013).
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Figure 3. Optimized Geometries of Complexes of Solvents, Anions, and Additives with Li" both
in the Initial and Oxidized States in the Solution Phase. (White, violet, peach, grey, blue, red,

cyan, and yellow colors represent H, Li, B, C, N, O, F, and S atoms, respectively, and the atoms

with significant positive spin densities by oxidation are highlighted in magenta.)
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3.3. Oxidation Potentials of Complexes with Li Salt Anion (TFSI)
There have been various studies showing that oxidation potentials of electrolyte

48,6770 1 our calculations, oxidation

molecules are lowered with the explicit existence of anions.
potentials of neutral electrolyte molecules, including DME ttt, DME tgt, DOL, EDOT, FEC,
and pyrrole, are also reduced by the complexation with TFSI by 7.8 % through 23.4 %
compared to those of isolated cases. Li salts complexed with TFST, including Lil/TFST,
LiBOB/TFSI, and LiDFOB/TFSI, also have reduced oxidation potentials, compared to those of
Li salts by 4.7 % through 10.4 %. These reductions originate from the stabilization of positive
charges on oxidized species by negative charge on TFSI'. (Table S3) Although oxidation
potentials of electrolyte molecules are lowered when complexed with an anion, these reductions
still are not enough to lay the oxidation potentials of molecules investigated in this study within
the operating voltage of Li/S batteries. However, adding more anions can help lower oxidation
potentials and place then within the operating voltage.”

Oxidation potentials for DME _ttt/TFST, DME tgt/TFSI’, and DOL/TFSI complexes are
calculated to be 4.60 V, 4.74 V, 4.53 V, respectively. (Table 1) They are reduced compared to
those of the isolated DME ttt, DME tgt, and DOL by 12.5 %, 8.1 %, and 21.1 %, respectively.
HOMOs are located on electrolyte solvent molecules as shown in Figures S1-S3, and positive
spin densities are also located in solvent molecules (Figures 4a-c and Table S3); therefore,
solvent molecules are mainly oxidized in these complexes. Oxidized states show H-transferred
geometries from solvent molecules to the anion as highlighted by the red dotted circle in Figures

4a-c. The zero-point energy corrected potential energy differences of the H-transferred

geometries from the non-H-transferred geometries are -4.7 kcal/mol, -1.4 kcal/mol, and -18.6
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kcal/mol for DME ttt/TFST, DME tgt/TFSI’, and DOL/TFSI complexes, respectively, which
indicates that the H transfer produces the most stable geometries by oxidation in solvent/TFST’
complexes. Calculations for complexes with FSI are not shown here because they have the same
trends and similar values for oxidation potentials. However, the H transfer is also observed in
solvents/FSI complexes. Oxidized DME _ttt, DME tgt, and DOL have 0.11e, 0.09¢, and 0.14¢
for charges, respectively, and the TFSI has charges of -0.11e, -0.09¢, and -0.14e. Charges of
both solvents and salt anion are very close to zero, not close to +1 for solvents and -1 for anion,
which indicates that proton (H") is transferred from the oxidized positively charged solvent
molecules to the negatively charged TFSI', and the protonated TFSI" (TFSIH) is generated. This
is also verified by the fact that highest spin densities are located on H-detached C atoms in
DME ttt, DME tgt, and DOL. (Table S3) In addition, the interaction energy and free energy
change for the formation of TFSIH (TFSI" + H" - TFSIH) are calculated to be -144.1 kcal/mol
and -138.5 kcal/mol at BMK/cc-pVTZ, which means that the protonation of TFSI in solution is
very favorable and spontaneous. These huge values of the interaction energy and free energy
change favor the oxidation of solvent molecules when complexed with TFSI'.

Although the proton transfer is favored in the solvent/TFSI” complexes, no proton-
transferred geometry is observed in the neutral additive complexes with TFSI'. Among these
neutral additives, FEC shows an opposite trend to EDOT and pyrrole. EDOT and pyrrole are
mainly oxidized as suggested by the charge changes and the spin density values as in the solvent
molecules while TFST is mainly oxidized with FEC. (Table S3 and Figures 4d-f) From the
HOMO energy level comparison, FEC has the lowest HOMO energy in the electrolyte molecules
in this study (-0.37 Hartree), which means that FEC is the most stable against oxidation, and the

HOMO electron of TFSI is more susceptible to oxidation in the FEC/TFSI” complex. However,
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the HOMO energies of both EDOT (-0.25 hartree) and pyrrole (-0.25 hartree) are higher than
that of TFSI (-0.31 hartree); therefore, EDOT and pyrrole are oxidized when complexed with
TFSI'. Oxidation potentials of EDOT and pyrrole are reduced by about 7.8% and 10.8% when
complexed with TFSI', becoming 4.26 V and 3.95 V, respectively. However, the oxidation
potential of FEC/TFSI” complex is calculated to be 5.72 V, which is increased by 0.7 % from that
of the isolated TFSI'. This discrepancy arises from the fact that the oxidized FEC/TFSI” complex
has no stabilization effect by electrostatic interaction between the neutral FEC and the neutral
oxidized TFSI while the oxidized EDOT and pyrrole are stabilized by the negative charge on
TFSI'. CMS5 charges of oxidized EDOT and pyrrole are 0.85¢e and 0.83e, close to +1.00e, and
those of TFSI are -0.84¢ and -0.83e, close to -1.00e, in EDOT/TFSI and pyrrole/TFST
complexes, respectively, while the oxidized FEC/TFSI” complex has CM5 charges of 0.11¢ and -

0.11e, both of which are close to 0.00e, leading to much weaker electrostatic stabilization.
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Figure 4. Optimized Geometries of Complexes of Solvents and Additives with TFSI both in the
Initial and Oxidized States in the Solution Phase. (White, violet, grey, blue, red, cyan, and yellow
colors represent H, Li, C, N, O, F, and S atoms, respectively. The atoms with significant positive
spin densities by oxidation are highlighted in magenta, and H atoms circled in red are transferred

to TFST")

3.4. Oxidation Potentials of Complexes with Li Salt (LiTFSI)

In previous sections, the effects of Li” and TFSI” on the oxidation potentials of the
electrolyte molecules are described separately. However, the contact ion-pair between Li" and
TFSI can also observed in the electrolyte solution’"; therefore, the oxidation potentials of
electrolyte complexes with LiTFSI are considered in this section.

The solvent/LiTFSI complexes have oxidation potentials of 5.27 V, 5.84 V, and 5.79 V,
for DME _ttt/LiTFSI, DME tgt/LiTFSI, and DOL/LiTFSI, respectively, which lie between the
oxidation potentials of the solvent/TFSI” complexes and those of the solvent/Li" complexes.

However, deviations from oxidation potentials of isolated solvent molecules are not very large as
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shown in Table 1. Solvent molecules are oxidized in complexes as in the complexes with Li" and
TFSI” (Figures 5a-c and Table S4). Locations of HOMOs are also localized on solvent molecules
as in solvent/TFSI” complexes (Figures S1-S3). It is also observed that the proton transfer is
favorable as shown in Figures 5a-c as in the solvent/TFSI” complexes in the previous section.
This proton transfer facilitates the delocalization of the positive charge on the oxidized solvent
molecules to the whole complexes. Comparing the partial charges of solvents, Li', and TFST, not
only solvent molecules but also TFSI” have a positive partial charge by the proton transfer in the
oxidized state from -0.32e, -0.36e, and -0.33e to 0.16e, 0.17¢, and 0.20e for DME _ttt/LiTFSI,
DME tgt/LiTFSI, and DOL/LiTFSI, respectively.

Just as in the previous section, the FEC/LiTFSI complex also has the opposite oxidation
trend to EDOT/LiTFSI and pyrrole/LiTFSI complexes as shown in Figures 5d-f and Table S4.
Oxidations of EDOT and pyrrole are predicted at 4.93 V and 4.93 V in the complexes,
respectively; however, TFST is also oxidized in the FEC/LiTFSI complex at 6.89 V. Just as in
the complexes with TFSI', HOMOs are located on EDOT and pyrrole in the EDOT/LiTFSI and
pyrrole/LITFSI complexes while the FEC/LiTFSI complex has a HOMO located on TFST
(Figures S6-S7, and S9) EDOT/LiTFSI and pyrrole/LiTFSI complexes also have lower oxidation
potentials than complexes with Li", and higher oxidation potentials than complexes with TFST".
The CMS partial charges in the oxidized state for the EDOT/LiTFSI are 1.10e, 0.20e, and -0.30e
for EDOT, Li", and TFST, respectively, and those for pyrrole/LiTFSI complexes are 1.05¢, 0.25¢,
and -0.30e for pyrrole, Li", and TFST, respectively. This indicates that the repulsions between
the oxidized additives and Li" are mitigated by the opposite negative charge on TFSI” and
oxidation potentials are lowered than those for complexes with Li". The location of Li", however,

enlarges the repulsion between Li" and the oxidized TFSI in the FEC/LiTFSI complex, and the
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oxidation potential is enhanced compared to that for the FEC/TFSI” complex. CM5 partial
charges for the oxidized FEC/LiTFSI complex are 0.13e, 0.36¢, and 0.51¢e for FEC, Li", and
TFST, respectively.

Oxidation potentials of I'/LiTFSI, BOB/LiTFSI, and DFOB/LiTFSI complexes are 3.86
V,6.09 V, and 6.17 V, which also lie between the oxidation potentials for isolated anionic
additives and Li-salt forms. From the locations of the HOMOs and the positive spin densities, I,
BOB’, and DFOB" are also oxidized in these complexes. (Figures 5f, h-1, Figures S8, S10-S11,
and Table S4) CMS5 partial charges for the I-/LiTFSI complex in the oxidized state are 0.21e,
0.54e, and -0.75e. The BOB/LiTFSI complex in the oxidized state has CM5 partial charges of
0.20e, 0.13e, and -0.33e, and the DFOB”/LiTFSI complex has 0.04e, 0.65¢, and -0.69¢ for partial
charges in the oxidized state. Then, the negative charges on TFSI stabilize the positive charges
on oxidized anionic additives and Li", leading to the decrease in the oxidation potential,

compared to Lil, LiBOB, and LiDFOB.
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Figure 5. Optimized Geometries of Complexes of Solvents and Additives with LiTFSI both in
the Initial and Oxidized States in the Solution Phase. (White, violet, peach, grey, blue, red, cyan,

and yellow colors represent H, Li, B, C, N, O, F, and S atoms, respectively. The atoms with
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significant positive spin densities by oxidation are highlighted in magenta, and H atoms circled

in red are transferred to TFSI-.)

3.5. Oxidation Potentials of Complexes with Sg

In order to model the effect of the sulfur-carbon (S/C) cathode materials, the complexes
of electrolyte molecules with Sg and pyrene are considered in this section and in the next section,
respectively. There are two opposite views on the role of metal oxide cathode materials in the
oxidative decomposition of electrolyte molecules at much lower voltages than the potentials
reported using glassy carbon electrodes, platinum electrodes and so on in Li-ion batteries; (1)

72-73

catalyst for the electrolyte decomposition, and (2) source of reactive oxygen to react with

75 In Li/S batteries, however, there

electrolyte, leading to the decomposition and gas evolution.
is no report yet that investigates the effect of sulfur and/or S/C composite cathode materials on
the oxidative decomposition of electrolyte. Optimized geometries of electrolyte molecular
complexes with Sg are displayed in Figure 6, and CM5 charges and spin densities are listed in
Table S4.

DME ttt, and DME tgt, and DOL complexes with Sg have oxidation potentials of 5.34 V
and 5.22 V, which is slightly enhanced from those of isolated DME _ttt and DME tgt by 1.5 %
and 1.2 %, respectively. Because DME ttt and DME tgt have slightly higher HOMO energies (-
0.298 hartree and -0.293 hartree) than Sg (-0.302 hartree), they are expected to be oxidized in
complexes, and it is also confirmed by the locations of positive spin densities as shown in
Figures 6a-b, and Table S4. However, the locations of HOMOs of DME ttt/Sg and DME tgt/Sg

are a little inconsistent with the oxidation trends. The delocalization of HOMOs over the whole

complexes is reasonable because of the negligible differences of HOMO electrons between
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DME ttt and Sg, and between DME tgt and Sg. However, atomic orbitals on S atoms in S8 have
higher coefficients than those in DME _ttt and DME tgt, which indicates that HOMO electrons
are distributed on Sg more than on DME ttt and DME _tgt, and HOMO electrons on Sg are more
susceptible to oxidation than those on DME ttt and DME tgt. Comparing electronegativities of
O and S atoms, O atom has a higher electronegativity, 3.50, than S atom, 2.44,76 which indicates
that the O atom attracts electrons more easily than S atoms. Then, an electron in Sg is removed
by oxidation preferentially, compared to that in DME _ttt and DME tgt, and an arrangement of
electrons takes place. In our calculations, the optimized geometries of DME ttt/Sg and
DME tgt/Sg complexes in the initial state are also employed for the oxidized state geometry
optimizations, and the optimized geometries have not only higher zero-point-energy-corrected
potential energies (9.5 kcal/mol and 7.8 kcal/mol for DME ttt/Sg and DME tgt/Sg, respectively)
but also higher free energies (9.7 kcal/mol and 9.5 kcal/mol for DME ttt/Sg and DME tgt/Ss,
respectively) than the optimized geometries for the oxidized states, displayed in Figures 5a-b. In
addition, positive spin densities are located mostly on Sg. Therefore, there exist intermediates of
the one-electron oxidation reactions in these complexes, where Sg loses an electron by oxidation.
The oxidation potential of DOL/Sg complex is calculated to be 5.56 V. HOMO energies
of DOL (-0.304 hartree) and Sg (-0.302 hartree) are very close, but HOMO is located mostly on
Sg as shown in Figure S3. However, positive spin densities are located both on DOL and on Sg as
displayed in Figure 6¢ and Table S4, which means that both DOL and Sg are oxidized. The CM5
charges also show this oxidation trend; the charges of the DOL/Sg complex change from 0.01e/-
0.01e to 0.59¢/0.41e, where both DOL and Sg have positively increased charges by oxidation.
The total spin density on DOL is 0.71, and that on Sg is 0.29, which indicates that DOL has a

higher unpaired electron density than Ss.
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The FSI'/Sg complex has an oxidation potential of 5.36 V, and this is by the oxidation of
Sg from the HOMO location in the initial state and spin densities in the oxidized state. (Figure S4
and Table S4) In addition, the HOMO energy of Sg (-0.30 Hartree) is higher than that of FST (-
0.32 hartree), which indicates that the HOMO electron of Sg is more susceptible to oxidation.
The TFSI/Sg complex has the oxidation potential of 5.41 V, but oxidations of both complexes
are different because of the similar HOMO energy level of TFSI (-0.31 Hartree) compared to
that of Sg. Although the HOMOs are located on Sg in both complexes as shown in Figures S4-S5,
spin density distributions in both complexes have a discrepancy, where spin densities are
distributed only on Sg in FSI/Sg complex, but spin densities are distributed both on TFSI" and on
Sg in TFSI/Sg complex. (Figures 6d-e) This difference is also reflected in charge changes. In the
FSI'/Sg complex, FSI™ has a charge change from -0.96e to -0.86 while Sg changes charges from -
0.04e to 0.86e. In the TFSI'/Sg complex, however, TFSI has a larger charge change than FSI'
from -0.96¢ to -0.62¢, which indicates that TFSI is more oxidized than FST'.

The oxidation potential of I'/Sg complex is 3.39 V, which is lower than that of isolated I
only by 0.9 %. HOMO is located on I" as in Figure S8, and the positive spin density is also
located on I as in Figure 6f and Table S4. The pyrrole/Sg complex also has a slightly reduced
oxidation potential of 4.37 V, compared to the oxidation potential of the isolated pyrrole, 4.43 V.
Pyrrole also has a HOMO electron on it, and the positive spin density is also located on pyrrole
in the oxidized state. (Figure S9, Figure 6g, and Table S4) Because both I" and pyrrole have
much lower HOMO energy levels, -0.22 Hartree and 0.25 Hartree, respectively, than Sg, -0.30
Hartree, their HOMO electrons are more prone to be removed by oxidation than those of Sg.

Complexation of electrolyte molecules with Sg does not show reductions in oxidation

potentials within the operating voltage of Li/S batteries as shown above. These calculations are
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intended to model the effect of the solid-state sulfur electrode on changes in oxidation potentials
of electrolyte molecules; however, Sg is also considered in the solution phase, and the Sg

complex is not an appropriate model to mimic the oxidation reaction of electrolyte molecules on
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the sulfur cathode material.
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Figure 6. Optimized Geometries of Complexes of Solvents and Additives with Sg both in the
Initial and Oxidized States in the Solution Phase. (White, grey, blue, red, cyan, and yellow colors
represent H, C, N, O, F, and S atoms, respectively, and the atoms with significant positive spin

densities by oxidation are highlighted in magenta.)

3.6. Oxidation Potentials of Complexes with Pyrene
In this section, the complexes with pyrene are taken as a model compound for carbon
composite cathode materials in Li/S batteries. In complexes with Sg, electrolyte molecules are

mainly oxidized except that Sg is oxidized in complexes with anions like FSI" and TFSI'.
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However, the electrolyte complexes with pyrene have a different trend from the complexes with
Sg because of a higher HOMO energy of pyrene (-0.23 hartree) than electrolyte molecules in this
study.

DME ttt/pyrene, DME tgt/pyrene, and DOL/pyrene complexes have oxidation potentials
of 4.11 V,4.33 V, and 4.26 V, respectively. Because the HOMO energy of pyrene is higher than
those of DME _ttt (-0.30 hartree), DME tgt (-0.29 hartree), and DOL (-0.30 hartree), pyrene is
expected to be oxidized in complexes. HOMO location and spin densities are also consistent
with this prediction as shown in Figures S1-S3, Figures 7a-c, and Table S5.

Oxidation potentials of FSI'/pyrene and TFSI/pyrene complexes are obtained to 3.91 V
and 4.01 V, respectively, which is lower than those of solvent/pyrene complexes above. In
solvent/pyrene complexes, charges for solvent molecules and pyrene change from 0.02e/-0.02e,
0.05¢/-0.05¢, and 0.00e/0.00e to 0.04e/0.96e, -0.03e/1.03e, and 0.05¢/0.95¢ for DME _ttt/pyrene,
DME tgt/pyrene, and DOL/pyrene complexes, respectively, where charges of solvent molecules
remain close to zero, but those of pyrene get close to 1.00e. In anion/pyrene complexes, however,
charges of anion and pyrene in each complex change from -0.92¢/-0.08e and -1.00e/0.00e to -
0.91e/0.91e and -0.92¢/0.92¢ for FSI'/pyrene and TFSI/pyrene complexes, respectively, where
positive charges on oxidized pyrene are stabilized by negative charges on anions in the oxidized
state. HOMO locations (Figures S4-S5) and spin densities (Figures 7d-e and Table S5) have the
same trend as in the solvent/pyrene complexes described above.

The I'/pyrene complex has an inconsistency between the HOMO location and the
oxidation trend. The HOMO energies of ' (-0.22 hartree at BMK/LanL2DZdp) and pyrene (-
0.23 hartree at BMK/cc-pVTZ) are quite similar; therefore, the HOMO electron is expected to be

distributed over the whole complex, but a little more on I" because of its slightly higher HOMO
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energy than that of pyrene. In the oxidized state, a positive spin density is located on oxidized I,
(Figure 7f and Table S5) and partial charge of I also increased from -0.93e to -0.19e, which
indicates that I is oxidized to I+ in the ['/pyrene complex. However, the HOMO is completely
delocalized only over pyrene molecule as shown in Figure S8, which indicates that the HOMO
electron on pyrene is more prone to be removed by oxidation than that on I'. This inconsistency
stems from the use of different basis sets for I and pyrene together with the use of ECP for I'.

The pyrrole/pyrene complex has an oxidation potential of 4.11 V, and it arises from the
oxidation of pyrene, based on the positive spin densities on pyrene as shown in Figure 7g and
Table S5. HOMO energy level of pyrrole is -0.25 hartree, which is lower than that of pyrene, and
this is consistent with the oxidation trend described above.

Overall, as shown for the Sg complexes in the previous section, the complexation with
pyrene does not dramatically lower oxidation potentials of electrolyte molecules to place them
within the operating voltage range of Li/S batteries. It is possible to argue that it is because of the
inability to model the solid state of S/C electrodes in our calculations, and further studies are

necessary to confirm the trends.

Initial State Oxidized State
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Figure 7. Optimized Geometries of Complexes of Solvents and Additives with Pyrene both in
the Initial and Oxidized States in the Solution Phase. (White, grey, blue, red, cyan, and yellow
colors represent H, C, N, O, F, and S atoms, respectively, and the atoms with significant positive

spin densities by oxidation are highlighted in magenta.)

4. Conclusions

Oxidation potentials of electrolyte molecules are investigated using the DFT method not
only in isolated molecules but also in complexes with Li", TFSI, LiTFSI, S, and pyrene.
Isolated molecules have oxidation potentials lying above the operating voltage range of typical
Li/S batteries from BMK/cc-pVTZ calculations (BMK/LanL.2DZdp for I'). Electrolyte solvents,
including DME and DOL, tend to break bonds between C atoms in DME, and between the C
atom, located between two O atoms, and H atoms in DOL by oxidation. TFSI is also expected
to release the CF;5 group in the oxidized state even though FSI is not. However, all Li/S battery
additives, including EDOT, FEC, and pyrrole, remain in their geometries of the initial state. The
Li-ion battery additives, BOB™ and DFOB’, are also predicted to evolve CO, by oxidation. By
complexation of electrolyte molecules, oxidation potentials change with counter species. Li"
improves the stability of electrolyte molecules against oxidation, increasing oxidation potentials
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by 10.4 % through 30.0 % from those of isolated molecules, and electrolyte molecules are
oxidized in the Li" complexes. However, it is found that the Li salt anion, TFSI', lowers
oxidation potential of electrolyte molecules by 4.7 % through 21.1 % by electrostatic
stabilization while TFSI is oxidized in the FEC/TFSI" complex. The proton transfer is critical in
the solvent/TFSI” complexes in lowering oxidation potentials while the electrostatic stabilization
by TFSI play a role in additives/TFSI” complexes. Although the explicit existence of TFSI helps
reducing oxidation potentials, the reduced oxidation potentials are still out of the operating
voltage range of Li/S batteries. In this study, only one TFSI is added to the system, and the
addition of more TFSI can lower the oxidation potentials even more. Oxidation potentials of the
complexes with LiTFSI are located between those of the isolated systems and complexes with
Li", while TFST is also oxidized in the FEC/LiTFSI complex. Just as discussed in the complexes
with TFSI, the proton transfer and the electrostatic stabilization play a role in the decrease in
oxidation potential, compared to the complexes with Li". Complexes with Sg and pyrene are also
investigated to model the effect of sulfur and/or S/C composite cathode materials on the variation
of oxidation potentials of electrolyte molecules. Electrolyte solvent molecules and additives are
observed to be oxidized in complexes with Sg with negligible changes in oxidation potentials by
less than 2.0 % while Sg is mainly oxidized in complexes with Li salt anions. Complexes with
pyrene display oxidation of pyrene, not of electrolyte molecules while I is oxidized in the I
/pyrene complex. However, the I'/pyrene complex still has a higher oxidation potential than the
operating voltage of Li/S batteries. Comparing the real battery cell system and the current
models in Sg and pyrene complexes, Sg and pyrene have a different phase in this study from that

in the real system; Sg and pyrene are all solids in the latter, but they are in the solution phase in
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the former. Therefore, complexes with Sg and pyrene in the current study may be less appropriate
to model the effect of sulfur and/or S/C composite electrode.

From the calculations of oxidation potentials of electrolyte molecules in Li/S batteries,
the formation of a passivation layer on the cathode surface by oxidative decomposition of
electrolyte additives hardly looks effective within the operating voltage range of Li/S batteries.
In Li-ion batteries, the metal oxide cathode material can serve as a catalyst for oxidative
decomposition of electrolyte molecules;’*” however, the sulfur cathode and the S/C composite
cathode electrode have no such catalytic ability for the oxidative decomposition of electrolyte
molecules. In order to mimic the reactions between cathode electrode and electrolyte molecules
in Li/S batteries, electrode/electrolyte interface systems should be considered in calculating
oxidation potentials and in modeling oxidative decomposition reactions of electrolyte systems.
Passerini and co-workers also studied the effect of dissolved oxygen in dry air on the stability of
electrolyte in Li/S batteries.”” Therefore, the contamination and impurities present in the
electrolyte should also be considered for oxidative decomposition reactions of electrolyte
molecules in future work. In this study, only combinations of two different species are
considered. In the real battery cell, however, there exist a variety of combinations of electrolyte
species. Moreover, the continuum solvation model cannot properly describe the explicit
interactions between electrolyte molecules and solvent molecules, which may affect oxidation
potential trends. Therefore, it is useful to include at least the first solvation shell. In addition,
oxidative decomposition of electrolyte is also expected when operated under abuse conditions
such as a higher-voltage operation and an overcharge of a cell. However, adding all these effects
would result in improved models at expenses of a substantial increase in the computational cost

even using DFT methods.
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