BROOKHFAEN

NATIONAL LABORATORY
BNL-205712-2018-JAAM

Electrolyte with Low Polysulfide Solubility for Li-S Batteries

H. Gan,

To be published in "ACS Applied Energy Materials"

June 2018

Sustainable Energy Technologies Department

Brookhaven National Laboratory

U.S. Department of Energy

USDOE Office of Energy Efficiency and Renewable Energy (EERE), Vehicle Technologies Office
(EE-3V)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others
to do so, for United States Government purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



Electrolyte with Low Polysulfide Solubility for Li-S

Batteries

Ke Sun?, Qin Wu®, Xiao Tong®, Hong Gan®*
2 Sustainable Energy Technologies Department, Brookhaven National Laboratory?
Upton, NY 11973, USA

b Center of Functional Nanomaterials, Brookhaven National Laboratory

Upton, NY 11973, USA

Keywords: Li-S battery, electrolyte, polysulfide solubility, high C/O ratio ether, solvation

structure, long cycle life

Abstract: Li-S battery is one of the most promising next generation rechargeable battery
technologies due to its high theoretical energy density and low material cost. While its success is
impeded by the low energy efficiency and fast capacity fade primarily caused by the discharge
intermediates, Li-polysulfides (PS), dissolution in the electrolyte. Mitigation of PS dissolution in
electrolyte involves the search of new electrolyte solvent system that exhibits poor solvation to the

PS while still have good solvation ability to the electrolyte salt for high ionic conductivity.
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Applying co-solvents with reduced solvating power but compatible with the state of art Li-S
battery’s ether-based electrolyte is one of the most promising concepts. This route is also
advantageous of having a low scale-up cost. With the aids of Quantum Chemical Calculation, we
have identified high carbon-to-oxygen (C/O) ratio ethers as co-solvent in the new electrolytes that
effectively impede PS dissolution while still maintaining high ionic conductivity. Significantly
improved cycle life and cycling Coulombic efficiency are observed for Li-S cells using the new
composite electrolytes. Anode analysis with different methods also demonstrate that reducing
electrolyte’s PS solubility results in less sulfur total amount on the lithium anode surface and lower
ratio of the longer-chain PS, which is probably a sign of suppressed side reactions between the

anode and PS in the electrolyte.

Introduction

The cost of today’s benchmark Lithium-ion (Li-ion) battery is still relatively high for EV
application. Even for next generation Li-ion technologies under development using advanced
alloy type anode, the predicted performance and cost metrics still cannot meet the long term goals
($125 kWht, 250 kWh kgt, 400 Wh L%, and 2000 W kg™t) set by the U.S. Department of Energy’s
EV Everywhere Blueprint in 2013. In the past two decades, the chemistries of the lithium ion
technologies have been intensively studied and the active material utilization are close to their
theoretical limit.2 The graphite anode in conventional Li-ion batteries has already reached its
theoretical capacity (372 mAh g?) with little room for improvement. The same limitation also
applies to the layered transition metal oxides intercalation cathodes (~250-300 mAh/g).2 For next
generation battery technology, Lithium-Sulfur (Li-S) battery is considered a promising candidate
for commercialization due to its high theoretical energy density (6x of the benchmark Li-ion) and

potentially lower material cost, as well as the abundance of Sulfur element in nature.



Although considerable research effort has been observed in this frontier, the Li-S battery systems
under development still suffer from low energy utilization and low efficiency due to factors such
as the insulating nature of both sulfur (S) and lithium sulfide (Li.S), active material dissolution
and the well-known shuttling effect.*®* Among these hurdles, materials dissolution and shuttling
effect are both the aftermath of the high solubility of Li-polysulfide (Li>Sn) intermediates in ether-
solvent-based electrolyte. Once Li-polysulfides are dissolved into the electrolyte, it is generally
impossible to fully convert them to the end product Li»S or recharge them back into S due to the
side reactions at the lithium anode or some other inaccessible space. Significant capacity loss is
associated with this process. The polysulfide ions also commute between the anode and cathode
to induce ceaseless self-discharge called “shuttling effect” to impair the cell’s energy efficiency.

Many methods have been found to be beneficial in opposing the dissolution of Li-polysulfide
species. Generally they can be divided into different categories depending on where the
modification has been targeted. For instance, novel cathode architecture and material
microstructure have both been demonstrated to be effective in suppressing the dissolution. In most
cases sulfur in the electrode has to be encapsulated or coated with a protection layer in order to be
effective.”% On the other front, although anode passivation does not address the dissolution
problem from the root level, it is very effective in suppressing the shuttling effect and enhancing
the Coulombic efficiency of the system.*12 The best example in this direction is apparently LiNO3
additive in electrolyte that forms a protection layer on lithium anode in-situ, which has become
almost the standard practice in Li-S battery research.'® Because of the vital role that electrolyte
plays in the dissolution of Li-polysulfides, a lot of work has also been done in modifying the
current standard electrolyte (1M LiTFSI in DME:DOL=1:1) and developing new electrolyte

systems with new solvents. The common goal of all of these efforts is the reduction of the solubility



of Li-polysulfides without compromising electrolyte’s ionic conductivity. Some ionic liquid
systems have been found to be effective in achieving this goal by carefully tailoring the molecular
structure of the anion.'* > The other effective route is the use of super-concentrated electrolyte, or
“solvent in salt”.*® This concept applies a high concentration of electrolyte salt to exhaust the
coordination power of electrolyte solvent to solvate any extra Li*, which leaves little room for Li*
in Li-polysulfides to be solvated, thus eliminating the driving force for their dissolution. The main
issue of this concept is that the electrolyte’s viscosity becomes much higher than normal and ionic
conductivity becomes jeopardized, especially at lower temperature. In addition, cost might be a
potential concern in the scale-up because the use of excess Li-salt in the electrolyte. Therefore, a
natural extension of this strategy is to add a compatible non-solvent or poor solvent of Li-
polysulfides into the system as a co-solvent to dilute the super-concentrated solution with
minimum modification of its solubility of Li-polysulfides, so that the dilemma can be
circumvented.” Amongst the different candidates, fluorinated ether seems to be the best choice so
far because of the greatly attenuated electron donating power of the ether oxygen by the strongly
electron withdrawing fluorine substitution on the a-carbon, and the maintenance of the ether
function group makes it fully compatible with the solvating component, typically ether, originally
in the system. 1819

Methyl, tert-butyl ether (MTBE), a widely available high C/O ratio ether (C/O ratio = 5), has
been demonstrated to have a low Li-polysulfides solubility but still sufficient electrolyte salt
(LiTFSI) solubility. When used as the sole electrolyte solvent, it has also been shown to
significantly improve the cycle life and Coulombic efficiency of Li-FeS, and Li-CuS cells,
compared to electrolyte with the DME:DOL solvent combination.?’ Supported by post-cycling

materials analysis, this improvement was explained by the suppression of the active material loss



from the dissolution of the reaction intermediates, especially Li-polysulfides developed in FeS>
and CuS’s electrochemical reactions. In the meantime, MTBE electrolyte cannot sustain the
cycling of the Li-S cell, because of its low ionic conductivity. However, as a poor solvent of Li-
polysulfides but a solvent with decent solubility of LiTFSI, it serves a potential choice of
electrolyte co-solvent compatible with standard DME:DOL combination to combat the dissolution
of Li-polysulfides and maintain the electrolyte’s Li* transport capability.

In this work, we herein try to demonstrate high carbon/oxygen ratio (C/O) ethers such as MTBE
as another interesting co-solvent for the electrolyte of Li-S batteries. Because as a co-solvent the
requirement on the solvation of lithium salt for ionic conductivity is no longer stringent, we also
try to move even further in the spectrum of ether’s C/O ratio to encompass diisopropyl ether (DIPE,
C/O ratio = 6) into this study as a co-solvent candidate. It is demonstrated that with careful
optimization both cycle life and Coulombic efficiency of Li-S cells can be greatly improved by

incorporating these co-solvents into the electrolyte.

Experimental Methods

Methyl tert-butyl ether (MTBE, Sigma Aldrich), methyl butyl ether (MBE, Sigma Aldrich),
diisopropyl ether (DIPE, Sigma Aldrich), dipropyl ether (DPE, Sigma Aldrich), 1,2-
dimethoxyethane (DME, BASF), 1,3-dioxolane (DOL, BASF), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, BASF) were used as received without further
purification. All of the preparation and measurements were done in an argon-filled glovebox (O2,
H>O < 0.1ppm). To make polysulfide solid, 0.5M Li>Sg solution was first prepared by mixing
0.92 g Li»S and 4.48 g sulfur in DOL:DME 1:1 (v/v) mixed solvent at 55°C with magnetic stirring

for 48 hours. The solvent was then evaporated by first putting the vial containing the solution



within a hermitical enclosure where excess activated carbon was situated on the side to absorb the
ether vapor for 48 hours. A vacuum of 10 mbar was then applied over the remnant viscous
solution to extract residue ether solvents for another 48 hours. The obtained Li2Sg in solid form
was then mixed with MTBE, MBE, DIPE, and DPE, respectively. The 4 mixtures were stirred
vigorously at room temperature for 48 hours. The room temperature solubility of Li>Sg was
measured by weighing the remnant after drying the filtered supernatant in each of the Li,Ss-ether
mixture. Room temperature solubility values of LiTFSI in DME:DOL, MTBE, and DIPE were
measured by putting excess LITFSI into each of them under magnetic stirring until significant
amount of LiTFSI was observed to be non-dissolvable after 48 hours of mixing. Again, the
concentration of the filtered supernatant was measured and recorded as the solubility of LiTFSI.

Four different LiTFSI solutions were prepared as electrolyte for Li-S cells. In all cases, the
concentration of LITFSI was 1.0M. The difference lies in the composition of the solvent system,
which are: DME:DOL:MTBE =12.5:12.5:75, DME:DOL:MTBE = 25:25:50, DME:DOL:DIPE =
25:25:50, and DME:DOL = 50:50 (standard reference). lonic conductivity measurement of
different electrolytes was performed at 0°C, 10°C, 20°C, and 30 °C with a conductivity meter (YSI
3100, cell constant 1.0 cm™).

Electrode slurries were prepared by mixing 60wt% sulfur (Alfa Aesar) with 30wt% ketjenblack
(AkzoNobel) and 10wt% PVDF binder (Alfa Aesar) in 1-methyl-2-pyrrolidinone. Before the
slurry mixing process, sulfur was first mixed with Ketjenblack in a 3:1 ratio and heated at 155°C
for 24 hours in a sealed Teflon container to form a fused S-C mixture. The extra ketjenblack added
was 1/8 of the weight of S-C fused mixture to achieve the targeted formulation. The slurry was
casted onto Aluminum foil using a doctor blade and dried in a fume hood under continuous dry air

flow (dew point < -40°C) for 24 hours before it was transferred into an oven with dry air flow to



be heated at 50°C for another 24 hours to eliminate residual solvent and moisture. The average
sulfur loading in different electrodes was ~1.4 mg cm. 2032 coin cells were assembled by using
electrodes prepared above as the working electrode and a lithium disk as both the counter and the
reference electrodes, with 2 layers of Celgard (2325) separator in between to prevent shorting.
Electrolytes used in the study were all 1.0M LiTFSI solutions, with solvent combination listed
earlier, and it will be clearly indicated in the results and discussion. The electrochemical tests were
conducted with a Bio-logic potentio-stat (VMP3). Cycling tests for sulfur electrodes were
performed at 0.1C galvanostatically between 1.0V and 2.6V. In rate tests, 6 discharge rates, 0.1C,
0.2C, 0.5C, 1C, 2C and 5C, were applied with the same voltage window 1.0V - 2.6V, but the
charge rate was kept at 0.1C. All charging process was followed by a constant voltage (2.6V)
holding step till the current falls below 0.05C.

After the testing, lithium electrodes were recovered from the coin cells and cleaned with DOL.
Morphology and composition of the lithium surface species were examined by scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS, JEOL 7600F) and X-ray
photoelectron spectroscopy (XPS). The XPS collection was done at a pressure of 1x10® torr. A
15min argon-sputtering process was also applied to the samples to remove their surficial oxidation
layer before XPS spectrum was collected. Carbon 1s peak was used to calibrate the shift due to

charging.

Computational methods

Quantum chemical calculations using methods of density functional theory (DFT) and
polarizable continuum model (PCM) of solvents are performed to understand the molecular

interactions in the electrolyte solution. All calculations are done with the Gaussian 09 software



package and its default PCM method at the wB97X-D/6-31G(d) level. PCM, which places the
solute in a cavity within the solvent reaction field, captures the macroscopic equilibrium dielectric

response of the solvent to solute molecules and ions.?*

Results and discussion

1 Solubility of Li-polysulfides in different co-solvents

The key character of an electrolyte co-solvent for the Li-S battery is the low Li-polysulfide
solubility. Solvation theory suggests that the electrostatic interactions between Li™ and solvent
molecules account for the major portion (>80%) in the solvation energetics of Li salts and other
ionic compounds.?? This electrostatic interaction energy is expressed by Born equation AG,; =

2,2
—%(1 —gl) that includes the dielectric constant & or the polarity of the solvent as the
0’ T

controlling parameter. Absolute value of AGel increases with €r, and the influence of & becomes
more significant when it becomes smaller (gr < 10).2? The &r of DME (gr = 7.075) and DOL (g =
7.13) are in the lower domain of the dielectric constant spectrum of polar solvents, so even a small
change of &r potentially could change AGe value considerably and the solubility of Li-polysulfides.
Organic molecules with a larger portion of nonpolar character are less effective in stabilizing
intramolecular charge separation and accordingly have smaller dielectric constants.?®> Therefore
the straightforward route to reduce &r of ether molecules is to increase the nonpolar character or

the C/O ratio.



DME:DOL=1:1  MBE

Figure 1. a) Molecular structures of DME, DOL,MBE, MTBE, DPE, DIPE; b) Photographs of
concentrated solution of Li».Sg in DME:DOL=1:1, MBE, MTBE, DPE and DIPE; c) Structures of
solvated Li ion coordinated by DIPE and DPE, the color code is: Li (purple), C (gray), O (red) and

H (orange). H atoms are drawn at reduced size for clarity.



DME (C/O = 2) and DOL (C/O = 1.5) both have relatively low C/O ratio values. In the earlier
study, it has been shown by experiment and clarified by quantum chemistry calculation that MTBE
with much higher C/O ratio (C/O = 5) and the correspondingly lower dielectric constant () has
Li,Ss solubility close to 2 orders of magnitude lower than DME:DOL.? It is also that with the
same C/O ratio, MTBE’s linear isomer MBE can dissolve more Li>Sg.?’ This is because the
branching tert-butyl group in MTBE introduces extra steric hindrance, which is absent in the linear
MBE, as it is shown in Figure 1a. Quantum chemical calculation also reveals that each Li* can be
coordinated by 4 MBE and only by 3 MTBE molecules in the most stable configuration,
confirming the role that steric effect plays during the solvation process.? In this study, DIPE with
C/O = 6 is considered together with MTBE to serve as a co-solvent for the electrolyte of Li-S
batteries. Following the trend from the above discussion, it is expected that Li-polysulfides’
solubility will be further reduced in DIPE. The behavior of its linear isomer DPE is also studied
together to revisit the effect of steric hindrance on Li* solvation. The molecular structures of DIPE
and DPE are also shown in Figure 1a. The dielectric constants of these solvents are in the order of
&r (DOL, 7.30) > & (DME, 7.20) > & (MTBE, 4.38) > ¢, (MBE, 4.29) > ¢ (DIPE, 3.88) > & (DPE,
3.39), which is still consistent with the order that higher C/O ratio leads to lower dielectric constant
in the ether molecule. The appearance of the concentrated solution of Li>Sg in DME:DOL, MTBE,
MBE, DIPE and DPE are shown in Figure 1b. The one with DME:DOL (~0.5M Li2Ssg) solution
shows dark red color, while the rest of the solutions (already saturated) are still transparent with
light yellow or orange color. The recorded solubility of Li,Ss is ~0.5M in DME:DOL,?* but it is
only 20mM in MTBE and 39mM in MBE,?° 4mM for both DIPE and DPE as they were measured
here. It is clearly demonstrated that Li>Sg dissolution can be further reduced by switching from

C/O =5 to C/O = 6 ether, which is still consistent with the prediction from solvation theory.
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However, in this case, the difference in Li>Sg solubility between the two isomers DIPE and DPE
are no long measureable, this seems to suggest that steric effect on Li>Sg solubility becomes
negligible when the C/O reaches a threshold. To get a better understanding of the solvation
chemistry at the fundamental level, quantum chemistry calculation was also performed on Li*’s
solvation process by DIPE and DPE.
2 Solvated structures of Li* and the steric effects of solvent molecule

While the general solubility trend can be understood from the dielectric constants, our previous
study suggests that the subtle difference between similar solvents such as MTBE and MBE has
their origin in the molecular interaction between ions and solvent molecules. To demonstrate the
effect, we need a model with both explicit and implicit solvents. The implicit solvent is based on
polarizable continuum model (PCM). PCM mainly treats the macroscopic equilibrium dielectric
response (represented by the dielectric constant) of the solvent to solute molecules and ions. PCM
is accurate when significant binding between solute and solvent is not present. This is a fair
assumption when handling the anions and neutral solutes considered in this work but only provides
part of the energetics for cations that interact strongly with solvent molecules. Table 1 lists the
PCM energies calculated for the 5 different solvents. By just considering PCM energies, the inter-
molecular energies drop consistently from high dielectric constant DME to DPE with the lowest
dielectric constant. This is because PCM only considers the dielectric response. From the energy
values for different solutes it is clear that overall in DIPE the solute-solvent interaction is more
significant than DPE. And the gap in energy values in DIPE and DPE is higher than the MTBE
and MBE couple studied earlier.?® Thus based only on implicit solvent model, DIPE should have
higher Li»Ss solubility than DPE. In the meantime, explicit solvent molecules should be applied

to coordinate and stabilize the small Li* through the highly electronegative O atoms in ethereal
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solvents during the modelling. Li* and the solvent molecules in the first solvating shell are bound
relatively tightly, which cannot be omitted. The coordination by the solvents molecules is
electrostatic, non-directional, and it is thus greatly affected by the available space for coordination.
This means that a Li* in ethers with bulky alkyl groups, such as MTBE and DIPE, will probably
be coordinated by a smaller number of solvent molecules. We have modelled a series of
coordinated Li*(SM)n complexes, where SM stands for explicit solvent molecule, and n =2, 3, 4
or 5. We calculate the average coordination energy as Eav = (E[Li*(SM)n] — E[Li*] = E[(SM)n])/n,
of which E[(SM)n] is the energy of the coordinating solvent molecules without the Li ion (This is
slightly different from our previous work?® where we used the energy sum of n solvent molecules,
n*E[SM]. The current definition is a more accurate description of the coordination. The results
are also consistent with our previous report.). In this work, we focus on the steric effects, and
therefore the comparison of MTBE with MBE, and DIPE with DPE. Table 2 lists the average
coordination energies (Ec, as) of Li* in the four solvents. The solvent coordination number (CN)
can be defined by the n value with the largest absolute Ec, av, which will be 3 and 4 for MTBE and
MBE, respectively, in agreement with our previous work, and it is the result of MTBE’s bulkiness.
For DIPE and DPE, the table suggests that their CN should both be 3. However, if we look closely,
Eav for DPE only drops slightly (0.02eV) from n = 3 to n = 4, while the drop is (0.14eV) for DIPE.
Therefore CN for DPE should be closer to 4 than to 3. The conclusion is further supported by
visualizing the solvation structures and measuring each Li-O distance. As in our previous work,
we consider the O is not coordinating if a distance is clearly larger than the typical coordinating
length (~2.0 A). Figure 1c shows the optimized structures of Li*(DIPE)4 and Li*(DPE)s, that are
used to calculate the average coordination energy. In Li*(DIPE)4 one of the O atoms is 3.28 A

away from Li*, thus not coordinating. While in Li*(DPE)4 the longest Li-O distance is 2.01 A,
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only slightly longer than the other three, thus better be considered still coordinating. The
difference between Li*(DIPE)4 and Li*(DPE)4 once again demonstrates the steric effect. Note that
the steric effect would suggest Li-Polysulfides should have a smaller solubility in DIPE than in
DPE, as is the case between MTBE and MBE. But the measurement did not show solubility
difference between DIPE and DPE. This is possibly because the difference in the dielectric effect,

which favors the bulky

Table 1. Molecules and ions” PCM energies (in eV) in different solvents relative to the gas phase

(numbers in parentheses are in reference to the DME value).

Li,Sg

2- H - -+
(molecule) Sg LiTFSI TFESI Li

DME  -157(0.00) -5.85(0.00) -1.12 (0.00) -1.79 (0.00) -4.60 (0.00)
MTBE  -1.31(0.26) -5.25(0.60) -0.94 (0.18) -1.60(0.19) -4.12 (0.48)

MBE -1.27 (0.30) -5.17 (0.68) -0.92 (0.20) -1.58 (0.21) -4.10 (0.50)
DIPE -1.23(0.34) -5.07 (0.78) -0.87 (0.25) -1.53 (0.26) -3.96 (0.64)
DPE -1.10 (0.47) -4.74 (1.11) -0.80 (0.32) -1.45(0.34) -3.77 (0.83)

Table 2. The average coordination energy (in eV) of the solvated Li ion complexes as calculated

by Eav = (E[Li*(SM)a] - E[Li*] = E[(SM)a])/n, where SM is MTBE, MBE, DIPE and DPE

n=2 n=3 n=4 n=5
MTBE -0.65 -0.66 -0.60 -0.45
MBE -0.61 -0.63 -0.65 -0.53
DIPE -0.70 -0.73 -0.59 -0.47
DPE -0.71 -0.73 -0.71 -0.58
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solvent molecules (see dielectric constant listed earlier), is larger between DIPE and DPE than that
between MTBE and MBE (Table 1). Therefore, the two effects (steric and dielectric) even out for
DIPE and DPE, but steric effect dominates for MTBE and MBE.
3 Electrolyte with high C/O ratio co-solvents

In the following study, MTBE and DIPE are selected as example co-solvents from C/O =5 and
6 to study the effect of the addition of high C/O ratio ether into standard electrolyte as co-solvents.

The solubility of Li>Ss in DME:DOL mixture containing different volume percentage of MTBE
and DIPE is shown in Figure 2a. It is evident that these two co-solvents can indeed reduce the
solubility of Li-polysulfides in the bench mark DME:DOL mixed solvent system. The general
shapes of the solubility - high C/O ratio solvent percentage evolution curves for the two co-solvents
are very similar and both follow a non-linear relationship. The rate at which the solubility falls
with co-solvent content becomes less steeper as more and more co-solvent is added, and the
majority of solubility drop is achieved before 50% co-solvent is added. In the following
electrochemical property studies, the co-solvent content is maintained at higher than or equal to
50% in the composite electrolytes to focus the study in the Li>Sg solubility range below 0.1M.

However, in order to serve as electrolyte co-solvent for Li-S batteries, only being a poor-solvent
of Li-polysulfides is not enough. It also has to be able to dissolve enough electrolyte salt in order
to be miscible with the standard electrolyte with DME:DOL solvents. Since both Li-polysulfides
and electrolyte lithium salt need Li* solvation in order to be dissolved, it is expected that high C/O
ratio ether will similarly impede the dissolution of electrolyte lithium salt such as LiTFSI. This is

indeed seen in the solubility measurement results: DME:DOL (3.4M), MTBE
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Figure 2. a) Room temperature Li>Sg solubility vs. the volume percentage of high C/O ratio ether

co-solvents mixed with DOL:DME = 1:1; b) Room temperature ionic conductivity of 1M LiTFSI

electrolyte vs. the volume percentage of high C/O ratio ether co-solvents; ¢) Temperature

dependence of ionic conductivity of 1M LiTFSI solutions in different solvent combinations; d)

Activation energy of ionic conductivity vs. the volume percentage of high C/O ether co-solvents

in electrolyte.

(2.7M), DIPE (2.4M). However, the solubility reduction in the presence of high C/O ratio ether

co-solvent is no longer as tremendous as in the Li>Sg case: both MTBE and DIPE can still dissolve

more than 2.0M of LiTFSI, which is at least still higher than the generally applied 1.0M level for

different Li* electrolytes. Counter-ion effect probably plays the major role in determining the
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different behaviors of Li-polysulfides and LiTFSI when they are being dissolved by high C/O ratio
ethers. In the PCM energy calculation done for TFSI- and Ss? in ref.?%, A (DME-MTBE) drops
from -0.60eV for Sg? to -0.19eV for TFSI". In this study, A (DME-DIPE) also drops from -0.78eV
for Sg? to -0.25eV for TFSI" in Table 1. This reduction of solvent dependence in solvation
energetics explains the relative indifference of LiTFSI’s solubility to solvents. Qualitatively, Sg*
has twice the charge of TFSI™ and is at the same time less bulkier, so the negative charge is more
concentrated and less delocalized in Sg? than in TFSI".

The ionic conductivity values of the 1.0M solutions of LiTFSI in pure MTBE and pure DIPE
are shown in Figure 2b and in Figure 2c as a function of temperature. Unfortunately, in both cases
the values are only in the neighborhood of 0.1 mS cm™ in the whole temperature range, which
means these solutions themselves cannot meet the requirement for power considerations, which
generally require higher than 5 mS cm™.2 The disaccord between the high LiTFSI solubility and
the poor ionic conductivity indicates that LITFSI does not fully disassociate in MTBE or DIPE
because of their relatively weak solvation power. Most Li* and TFSI™ probably still exist in the
solution in the form of ion pairs, which makes almost no contribution towards ion conduction.
However, the good solubility of LiTFSI makes MTBE and DIPE compatible with electrolytes
based on the solution of LiTFSI in polar ether solvents such as DME and DOL, so they are still
promising candidates as co-solvents for the Li-S batteries’ electrolytes. To test this feasibility,
LiTFSI solutions based on DME:DOL = 1:1 as the solvating solvent and different amount of
MTBE and DIPE as Li-polysulfides repelling co-solvents are prepared and tested. It is found that
at 1.0M LiTFSI concentration, MTBE and DME:DOL = 1:1 are miscible in full range, and two
different compositions are prepared: DME:DOL:MTBE = 25:25:50 and DME:DOL:MTBE =

12.5:12.5:75. On the contrary, phase separation was observed when DIPE’s volume percentage in
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the ternary solvent system is higher than 65% at the same concentration 1.0M LiTFSI. Therefore
only one solvent ratio DME:DOL:DIPE=25:25:50 was tested. Solvent combinations with MTBE
or DIPE content higher than 50 percent are not studied as electrolytes because the solubility of
Li>Sg is much higher than 0.1M, which no longer possess the low Li-polysulfide solubility
property. 100% MTBE or DIPE as solvent is not studied because in earlier study it has been found
to yield low sulfur utilization and large voltage hysteresis in Li-S cells. 2

The conductivity measurement results of these LiTFSI solutions with different mixed solvent
compositions are also shown in Figure 2b and Figure 2c. Except for the ratio DME:DOL:MTBE
= 12.5:12.5:75, which still shows a relatively low ionic conductivity ~1 mS cm, the other two
ternary solvent systems both enable the solution to reach conductivity value of around 5 mS cm™
at room temperature. The activation energy values of conductivity of different LITFSI solutions in
Figure 2c are shown in Figure 2d. A gradual transition from high activation energy with 100%
high C/O ratio ether as solvent to lower activation energy by using 100% ether solvent with low
C/O ratio can be observed. With phenomenological model, ionic conductivity’ dependence on
temperature can be described by Arrhenius equation 6 = coexp(EaxT™). Because conductivity o
is the product of the concentration of charge carriers (ions in electrolyte), the charge each ion
carries (a constant) and the ionic mobility, theoretically Ea should contain contributions from the
formation enthalpy of free ions and the energy barrier for the diffusion and migration of ions in
the solution media that directly determines the ionic mobility. The difference in Ea between LiTFSI
solution with DME/DOL solvent system and with MTBE or DIPE can be explained by the
additional energy penalty in dissociating Li*-TFSI" ion pairs into free ions, which is demonstrated
by the much larger formation energy of LiTFSI ion pairs in MTBE (-1.25eV) and DIPE (-1.20eV)

than in DME (-0.85eV) obtained from DFT calculation.
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4 Electrochemical testing

The electrochemical performance of Li-S cells with different electrolyte compositions were
compared by galvanostatic cycling. Figure 3a shows the first discharge voltage profiles of the cells
tested. The cells delivered very similar gravimetric capacity of 1200mAh g* in the first discharge,
and the difference mainly lies in the level of voltage polarization. Sulfur discharge is generally
composed of two regions: one sloped discharge region at ~2.3V and the plateau region at ~2.1V.
The 2.3V region corresponds to the conversion of sulfur into a series of Li-polysulfides (n = 3-9
in Sp?) and the 2.1V plateau is the conversion of low order Li-polysulfides into solid state Li2S:
and Li2S.® This behavior is well exemplified by the voltage profile of DME:DOL = 50:50 cell in
Figure 3a. The shapes of the voltage profiles of all cells with high C/O ratio ether co-solvents
follow that of DME:DOL = 50:50 in general, which indicates the reaction mechanism in these
electrolytes still follows the two-step conversion process. However, some small changes still
happened. For the DME:DOL:MTBE = 12.5:12.5:75 electrolyte, significant voltage polarization
is observed. This should be the result of the low ionic conductivity, which has also been observed
in some other electrolyte systems.'>*" However, for both DME:DOL:MTBE = 25:25:50 and
DME:DOL:DIPE = 25:25:50, only the sloped region experiences a minor relative voltage decrease
to ~2.25V, while the plateau region does not show much difference with the DME:DOL = 50:50
case. This indicates that at the level of 50% high C/O ratio ether co-solvent, the cell can still
provide almost equivalent energy and capacity output. The cycling performance of the coin cells
with the four electrolytes is shown in Figure 3b. It is evident that in the first 100 cycles the cells
with DME:DOL:MTBE = 25:25:50 and DME:DOL:DIPE = 25:25:50 both show better capacity
retention than the reference DME:DOL = 50:50, and the main difference probably lies in the first

10 cycles, where the reference experience a much faster capacity decay. The improvement in
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cycling from the addition of high C/O ratio ether co-solvent, especially with DIPE, is similar or
even better when compared to other novel electrolyte solvent systems.'*® The DME:DOL:MTBE
= 12.5:12.5:75 electrolyte with higher amount of co-solvent shows less improvement. The

comparison of voltage profiles in
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Figure 3. a) Voltage profiles of the 1% discharge of Li-S cells with different electrolytes; b) Cycling
performance of Li-S cells with different electrolytes in 100 cycles; ¢) Voltage profiles of 101
discharge of the cells in a) and b); d) Coulombic efficiency plot of the cells with different

electrolytes in 100 cycles.

Figure 3c after 100 cycles provides some clue to this. It can be seen that DME:DOL:MTBE =
25:25:50 and DME:DOL.:DIPE = 25:25:50 still maintain their voltage output at the same level

with their first discharge, similar to the reference DME:DOL = 50:50. However,
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DME:DOL:MTBE = 12.5:12.5:75 experiences further voltage depression after the cycling, which
leads to the capacity fading when the same lower cut-off voltage is used. This suggests adding too
much co-solvent has negative impact on the stability of the electrolyte, in addition to the
compromise of ionic conductivity. This kind of capacity fading mechanism should be
distinguished from the other 3 cases, where the capacity loss happens through the shrinkage of
capacity output only, while the voltage output level is still maintained. The Coulombic efficiency
of the cells is shown in Figure 3d. Although at the level of 50% co-solvent the Coulombic
efficiency still does not reach ~100%, the improvement relative to the reference DME:DOL =
50:50 is still significant, which is at least 15% for the major part of the test.

To test the achievable rate capability with electrolyte containing high C/O ratio ether, the cells
made with the 4 different electrolyte compositions were tested at various discharge rates. The
voltage profiles are plotted in Figure 4a-d. Both DME:DOL:MTBE = 25:25:50 and
DME:DOL:DIPE = 25:25:50 electrolytes can keep up with the reference DME:DOL=50:50 in
gravimetric capacity delivered till 2C, certainly with observable higher voltage polarization due to
their lower ionic conductivities. However, the global loss of energy output compared with
DME:DOL=50:50 due to this voltage polarization is lower than 7% for DME:DOL:MTBE =
25:25:50 and 15% for DME:DOL:DIPE = 25:25:50 at 2C. In addition, when compared with
literature results, DME:DOL:MTBE = 25:25:50 and DME:DOL:DIPE = 25:25:50 both showed
much smaller voltage polarization at similar rates than some other electrolyte strategies.’>’ The
rate capability of DME:DOL:MTBE = 12.5:12.5:75 electrolyte is very poor, and serious voltage
polarization starts to develop as early as 0.2C. This is probably related to the low ionic conductivity
of this electrolyte composition. The other potential contributor to this behavior is the suppression

of the liquid redox process provided by dissolved polysulfides in this electrolyte with excessive
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Li-polysulfide poor solvent. The presence of plenty of this liquid redox process is still necessary
to overcome the poor electronic conductivity of sulfur and Li.S in the electrode to make the cell

function at higher rates.
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Figure 4. VVoltage profiles from the rate tests of Li-S cells with different electrolytes: a) DME:DOL
= 50:50; b) DME:DOL:MTBE = 25:25:50; c) DME:DOL:DIPE = 25:25:50; d) 1.0M

LiTFSI/DME:DOL:MTBE = 12.5:12.5:75.

5 Surface morphology and chemical analysis of anode from cycled cells
The above results suggest that both MTBE and DIPE help to enhance the cycling performance
of Li-S cells when added as co-solvents into the standard electrolyte at reasonable percentages.

The reduction of Li-polysulfides’ solubility is likely the main cause of the enhancement. SEM
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images recorded on the surface of Li-anodes recovered from cells cycled for 100 times are shown

in Figure 5. It is observed that the surface morphology of lithium anode cycled with
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Figure 5. SEM images of lithium anodes obtained in Li-S cells after 100 cycles with different
electrolytes: a) DME:DOL = 50:50; b) DME:DOL:MTBE = 25:25:50; ¢) DME:DOL:DIPE =
25:25:50; d) DME:DOL:MTBE = 12.5:12.5:75; Scale bar = 100um. e) EDS spectra collected on

these anode surfaces.
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electrolytes containing MTBE and DIPE is relatively smoother than that with standard electrolyte.
Indicating less damage of lithium surface is attained with the addition of high C/O ratio ether co-
solvents. The EDS spectra are shown as well in Figure 5e for these lithium surfaces. The sulfur to
oxygen peak area ratio is also listed. The 3 cases with MTBE and DIPE co-solvent indeed have
much lower sulfur to oxygen ratios than the standard electrolyte. If oxygen peak intensity is used
as a reference for all cases, the result qualitatively supports that the co-solvents help to reduce the
sulfur consumption on the lithium anode surface led to by the polysulfides.

To further understand the correlation between the electrolyte’s solubility of Li-polysulfides and
electrochemical performance, XPS analysis was also done on Li and S located on the surface of
lithium anodes obtained from the cycled cells with different electrolytes. The Lils spectrum and
S2p spectrum plots are shown in Figure 6a and 6b separately for the 4 different electrolyte
compositions tested. Best fitting results were obtained by using 3 individual Lils peaks to fit each
of the Lils spectrum and 2 pairs of S2pa;2/2p12 spin-orbit doublets to fit each S2p spectrum. The
fitted peak positions and integrated peak intensity are tabulated in Table 3, Table 4, Table 5 and
Table 6. For Lils, all spectrums are in principle close in overall shape and position to the Lils XPS
spectrum recorded for Li,Se reported in ref.?%, which also have all the signal dwelling in 52.5-
57.0eV. This suggests the deconvoluted peaks probably are features of Li-polysulfides as well.
The peak 2 in Table 3 of all spectra is in the neighborhood of 55.50eV, which is also very close to
the value 55.55eV reported for synthesized Li»Ss published elsewhere,?’ thus it is still assigned to
Li-polysulfide species. The peak 1 in Table 3 was not observed for Li;Sg by itself in the
reference.?” In fact, their values are actually closer to that of Li>S’s 54.6eV reported in reference.?®

Peak 3 of all spectra lies at much higher energy values ~56.2eV, which is assigned to
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Figure 6. a) Lils XPS of lithium anodes obtained in Li-S cells cycled for 100 cycles with different
electrolytes; b) S2p XPS of lithium anodes obtained in in Li-S cells cycled for 100 cycles with
different electrolytes. Color scheme: Black, raw data; purple, green, and blue, individual 1s peaks
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LiF species, on the basis of reference.?® The source of fluorine is most likely the electrolyte salt
LiTFSI, the anion of which has 6 F atoms.

The peak positions of the 2 pairs of S2ps2/2p12 spin-orbit doublets in Table 4 are close to those
reported on terminal sulfur and bridging sulfur in polysulfide anion.>® Accordingly, Peak 1 and
Peak 2 are assigned to terminal sulfur and peak 3 and peak 4 are assigned to bridging sulfur. There
has also been older result that S2p (without spin-orbit splitting) in Li»S can also be at 161.9eV,!
which is close to the middle points of peak 1 and peak 2 of all cases in Table 4, so peak 1 and peak
2 might also contain contribution from Li»S. Therefore, the polysulfide assignment of peak 1 and
peak 2 should be understood to include the full spectrum of Li>Sn (n = 1-8).

In general, the peak positions measured in binding energy values in XPS spectrum reflect the
oxidation state of each element. The higher the binding energy, the more electron-positive is the
atomic species. Comparing the electrolytes with and without MTBE co-solvent, a general trend
of peak positions for both Lils and S2p of lithium polysulfides in binding energy can be observed
in Table 3 and Table 4: [DME:DOL:MTBE = 12.5:12.5:75] < [DME:DOL:MTBE = 25:25:50] <
[DME:DOL = 50:50]. For Li and S in lithium polysulfides to go to higher oxidation state, the
decisive factor is the chain length of S, in Li>Ss. The higher n is in S,%, the more electron
delocalization of the 2 negative charges will be seen in the Sh?" chain, and the more electron-
positive each individual sulfur atom will be. The more electron-positive the Sn? is, the more
oxidative power it has, and Li in Li>Sn will lose more electron density to compensate for the
electron loss in Sh?, which in turn also increases the electron positivity of Li and the Lils binding
energy readings in XPS spectrum. Therefore, it is inferred that the lower oxidation state of lithium
polysulfides on lithium anode surface is a reflection of lower portion of longer chain polysulfides,

which is a direct result of the use of electrolyte with added high C/O ratio ether co-solvents.
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Table 3. Binding energies of fitted Lils peaks in Figure 6a.

Electrolyte solvent Peak 1 Peak 2 Peak 3
composition Li(Li,S) 1s Li(Li-Polysulfides) 1s  Li(LiF) 1s
DME:DOL=50:50 54.80 55.70 56.30
DME:DOL:MTBE=12.5:12.5:75 54.60 55.25 56.15
DME:DOL:MTBE=25:25:50 54.70 55.50 56.30
DME:DOL:DIPE=25:25:50 54.60 55.50 56.30

Table 4. Binding energies of fitted S2p peaks in Figure 6b.

Electrolyte solvent Peak 1 Peak 2 Peak 3 Peak 4
COl’T]pOSitiOﬂ Sterminal 2p3/2 Sterminal 2p1/2 Sbridging 2p3/2 Sbrid(.]ing 2p1/2
DME:DOL=50:50 162.04 163.14 163.97 165.07
DME:DOL:MTBE=12.5:12.5:75 161.26 162.36 162.95 164.05
DME:DOL:MTBE=25:25:50 161.40 162.50 162.92 164.02
DME:DOL:DIPE=25:25:50 161.31 162.41 162.68 163.78




Table 5. Integrated area of fitted Lils peaks and Peak2/Peakl ratio in Figure 6a.

Electrolyte solvent Peak 1 Li(Li-Eg?;l/(sjlfides) Peak 3  Peak2/Peakl
composition Li(Li,S) 1s 15 Li(LiF) 1s ratio
DME:DOL=50:50 199 302 26 1.51
DME:DOL:MTBE=12.5:12.5:75 1004 423 138 0.42
DME:DOL:MTBE=25:25:50 370 329 80 0.89
DME:DOL.:DIPE=25:25:50 535 446 190 0.83

Table 6. Integrated area of fitted S2p peaks in Figure 6b and ratio of Peak3/Peakl. Note: S2pa is

already set to be twice in area relative to S2p12 for both Sterminat and Shridging in the peak fitting

process.
Electrolyte solvent Peak 1 Peak 2 Peak 3 Peak4  Peak3/Peakl
composition Sterminal 2P312 Sterminal 2P 172 Stridging 2P312 Sbridging 2P 172 ratio
DME:DOL=50:50 19190 9595 20796 10398 1.08
DME:DOL:MTBE=12.5:12.5:75 19447 97231 11384 5692 0.58
DME:DOL:MTBE=25:25:50 15501 77508 13942 6971 0.90
DME:DOL.:DIPE=25:25:50 13960 6980 13090 6980 0.94

The comparison of the relevant peak area ratios can provide further supporting evidence. The
integrated peak area of each individual Lils and S2p peaks are recorded in Table 5 and Table 6.
The ratio of peak 2 over peak 1 in Lils can reflect the ratio of Li-polysulfides and Li2S in the

passivation layer. The value of this ratio follows the order: [DME:DOL:MTBE = 12.5:12.5:75] <
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[DME:DOL:MTBE = 25:25:50] < [DME:DOL = 50:50]. The ratio of peak 3 over peak 1 in S2p
quantifies the amount of bridging sulfur relative to terminal sulfur, which also embodies the
relative prevalence of longer-chain Li-polysulfides relative to shorter-chain species, since longer-
chain means a higher portion of bridging sulfur in the anion. The order of this ratio still follows
the same order as Lils case does. Both results suggest the presence of larger portion of longer-
chain Li-polysulfides in passivation layer of lithium anode from cells with electrolytes having
higher Li-polysulfide solubility values. This is also in agreement with the general trend of
oxidation states of Li-polysulfide species discussed above. Combining this observation with SEM
EDS results, it can be seen that the effect of addition of high C/O ratio ether co-solvents into
electrolyte is the reduction of sulfur consumption on lithium anode surface, and the surface
chemistry of the anode is also affected in the form of the reduction of presence of long-chain

lithium polysulfides relative to short-chain counterparts.

Conclusions

In this work, high carbon/oxygen ratio ethers are proposed and tested as co-solvents for
electrolytes of Li-S batteries. It is discovered that moving from C/O =5 to C/O = 6 can further
reduce the solubility of Li-polysulfides in ethers, as it is shown by the comparison between MTBE
and DIPE. With the help of simulation of the solvation energetics, lower dielectric constant
associated with these high C/O ratio ether molecules is still the key for the solubility reduction. In
the meantime, steric hindrance also acts against Li* solvation and reduce the salt’s solubility, which
becomes critical when ether solvent isomers are compared with each other. The electrolyte salt
LiTFSI’s solubility is less affected than Li-polysulfide by the higher C/O ratio ethers and these

ethers are compatible with standard DME:DOL electrolyte as co-solvents. Electrolytes are
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prepared with different amount of MTBE and DIPE as co-solvents and are tested in Li-S cells. It
is demonstrated in the electrochemical tests that this is indeed beneficial for the Li-S cells’ cycling
stability and Coulombic efficiency. Some electrolyte compositions such as DME:DOL:DIPE =
25:25:50 yielded equivalent or even better results than the literature reports with other electrolyte
strategies that incur much higher additional manufacturing cost. Analysis of the anodes after
cycling indicates that the co-solvent helps to alleviate the damage on the lithium anode in long
term cycling and reduces the presence of sulfur in the anode surface SEI layer, which suggests the
effectiveness of the co-solvents in slowing down the irreversible active material consumption on
the anode side. This work demonstrates high C/O ratio ethers and other polar organic liquid with
high C/O ratio values as a new and enormous group of unexplored low-cost co-solvents for the
electrolyte of Li-S batteries. More work in this direction is expected in this direction in the near

future.
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