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Abstract

The solution-mediated behavior of lithium-sulfur (Li-S) batteries presents a wide range of
opportunity for evaluating and improving the performance at practical lean-electrolyte conditions.
Here, we introduce methyl trifluoroacetate (CH3TFA) as an additive to the Li-S electrolyte to
evaluate the joint effects of two distinct strategies: high donor number solvents/salts and
organosulfur-mediated discharge. CH3TFA is shown to react with lithium polysulfides /in-situto
form lithium trifluoroacetate (LiTFA) and dimethyl polysulfides. We find that both the methyl
group and trifluoroacetate anion considerably enhance Li-S discharge behavior over the course of
cycling, though they have distinctly beneficial effects. The TFA anion impacts solution
coordination behavior, improving polarization and discharge kinetics during cycling. Meanwhile,
the derivatization to dimethyl polysulfides improves the solubility of intermediate species,
enhancing overall utilization under lean-electrolyte conditions. CH3TFA thus represents a new
class of additives for Li-S batteries, enabling an /n-situ systematic molecular engineering of
intermediate species for improved performance.
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We have recently started to see tremendous advancements in electrified mobility for a large
range of transportation use-cases.! The incumbent lithium-ion battery chemistry has been
the driving enabler behind this dynamic transition, presenting a roadmap towards
eliminating carbon dioxide emissions from automobiles and short-range semi-trucks.2~*
While this initial transition is promising, the state-of-the art lithium-ion chemistry lacks the
requisite specific energy needed to electrify other transportation sectors, including those
within the aerospace sector.? The electrification of these highly weight-dependent
applications will necessitate the implementation of next-generation battery chemistries with
higher theoretical specific energy, such as lithium-sulfur (Li-S) batteries.®

The Li-S battery chemistry has been long heralded as a suitable alternative given the high
theoretical discharge capacity of the sulfur electrode (1,672 mA h g~1) and overall high
specific energy of the Li-S redox couple (~ 2,600 W h kg~1). The potential implementation
of such a novel chemistry is uniquely predicated on the battery’s ability to store greater
amounts of energy per unit mass. In practice, however, it is quite difficult to achieve the high
active material utilizations required under practical cell construction conditions, most
notably while using lean electrolyte amounts.®.” This is due to the inherent solution-
mediated reaction paradigm intrinsic to the sulfur cathode material; given the highly
electronically and ionically insulating nature of sulfur and the Li,S discharge product, the
sulfur cathode undergoes a solid-liquid-solid phase transition, forming intermediate soluble
lithium polysulfides (Li,Sy, 2 < x < 8) during the course of discharge.8-19 Suppressing the
dissolution of these intermediates has been a major focus in the Li-S literature, often through
the use of electrocatalytic polar hosts in the sulfur cathode.1:12 However, these intermediate
byproducts can enable facile solution-mediated charge transfer, presenting an avenue to
overcoming the unfavorable kinetics presented through a feasibly more direct solid-solid
conversion route. This intrinsic property necessitates a certain degree of active material
dissolution, and thus presents an additional stipulation on a necessary amount of electrolyte
required within the cell in order for the redox couple to operate successfully.”:? This metric
is quantified in the Li-S research community via the electrolyte-to-sulfur ratio (E/S, in
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HLetectrolyte mg~Lsuisur) represented within the cell. Achieving favorable cell performance
under lean electrolyte conditions is thus quite difficult in the Li-S battery chemistry and
highlights the importance of furthering our mechanistic and kinetic understanding of the
solution-mediated reaction paradigm.

Recently, there has been an increased focus within the Li-S research literature on high donor
number solvents and salt anions to enhance the solubility of intermediate polysulfide species
and improve the kinetic performance and capacity attainment.?-13-19 While this strategy
tends to lead to shorter cycling lifetimes due to heightened polysulfide shuttling and
subsequent parasitic reaction with the lithium-metal anode, it also leads to higher initial
capacities and directly enhances the core enabler of favorable kinetic performance during
discharge.16 Additionally, there has been recent work on designing high donor number
solvents with increased lithium-metal stability,2% while other approaches have focused
exclusively on high donor number salt anions to avoid lithium-metal instability.1”18 Qur
group built upon this research area by showing how more than just the solubility of
polysulfides, the actual coordination environment in solution of polysulfides is highly
critical to the kinetic behavior.2! Particularly at low temperature conditions, lithium
polysulfides tend to cluster and coordinate with each other, forming dimers and trimers that
impede lithiation behavior and curtail active material utilization.22:23 We have shown that
introducing a highly binding (high donor number) electrolyte salt like lithium
trifluoroacetate (LiCO,CF3, or LiTFA) helps inhibit this clustering behavior, enhancing the
kinetics of discharge.?! Beyond improving the solubility and coordination of polysulfides
through high donor solvents and salts, there has also been considerable work performed on
organosulfur compounds.24 In contrast to lithium polysulfides, organopolysulfides contain
sulfur chains capped with organic functional groups, which can dramatically alter and
enhance the innate reaction pathways and kinetics during discharge.2°26 Organosulfur
species can exhibit heightened stability with the lithium-metal anode, decreasing parasitic
side reactions stemming from active material shuttling.2” Furthermore, organosulfur species
can enable improved overall active material utilization, stemming from the heightened
solubility of covalent organopolysulfides species as well as the decreased tendency to form
insulating and passivating Li»S upon discharge.28-30 |n fact, organosulfur and
organopolysulfide compounds have been demonstrated as both cathode active materials and
electrolyte additives in a variety of electrochemical studies to enhance cycling performance
and discharge behavior.24:25.27.31.32

In this work, our driving motivation is to investigate whether these two distinct approaches
(high donor number compounds and organosulfur compounds) can be fused and reconciled
into a single cohesive strategy for understanding and improving the electrochemical
behavior of Li-S batteries. Specifically, we evaluate the introduction of methyl
trifluoroacetate (CF3COOCHS3, denoted as CH3TFA), containing the organic methyl group
and well as the anionic trifluoroacetate (TFA) group, as an additive to the predominantly
used electrolyte in Li-S batteries. This additive is employed to not only optimize the solution
coordination behavior through the TFA group, but also introduce organic groups to lithium
polysulfides via an /n-situ derivatization.32 This would theoretically boost the intermediate
species solubility to new heights as shown in Figure 1a, inhibiting detrimental clustering
behavior, mitigating cathode passivation, and boosting solution-mediated discharge
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performance. We expect the /n-situ methylation of lithium polysulfides to occur according to
the reaction in Figure 1b, generating dimethyl polysulfides and the high donor number
LiTFA salt /n-situ. This additive thus takes advantage of the active material dissolution
intrinsic to the Li-S system, augmenting the solution-mediated behavior of Li-S batteries to a
new extreme and granting the ability to assess the joint effects of favorable functionalization,
coordination, and solubility of polysulfides.

In order to investigate the thermodynamic feasibility of the forward reaction taking place,
computational chemistry was used to gain an understanding from first principles. Gas phase
hybrid-density functional theory calculations were employed to optimize the structures of all
reactants and products in Figure 1b, after which the total change in energy was calculated
according to Equation 1 and normalized to a kJ mol~2 basis.34 Energies were calculated
using Li,Sg as the starting reactant, which was assumed to nominally represent a spectrum
of lithium polysulfides that could exist in solution.

AG = [(ZGLiTFA + G(CH3)2S6) - (2G0H3TFA + GLizS(,)] @

As can be seen in Figure 1b, the use of CH3TFA results in a strongly energetically favorable
methylation reaction, resulting in the formation of dimethyl polysulfides and LiTFA salt.
Similar calculations were performed on other common methylating agents including methyl
triflate (CH3SO,0CHg3, or CH3TF), as detailed in the Supporting Information Table S1. As
can be seen, the forward reaction with CH3TFA exhibits a minimization of energy on the
same order of magnitude as methylating reagents like CH3TF, while producing a favorable
and strongly binding LiTFA salt.

The suspected methylation reaction was further corroborated through an assortment of
experimental characterization studies. As seen in Figure 2a and Figure S1, it is visually
confirmed that 0.1 M of nominal Li,Sg in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) solvents spontaneously reacts with 0.2 M CH3TFA in solution. Looking at the
ultraviolet-visible (UV-VIS) spectra of 0.1 M Li»Sg with and without 0.2 M CH3TFA in
Figure 2b, the reacted solution displays much lower absorbance at higher wavelengths and
predominant signals spanning 250 — 340 nm, consistent with past observations on dimethyl
polysulfides.3235 In order to precisely measure the relative change in bond environment,
both 1H and 13C nuclear magnetic resonance (NMR) spectroscopy were conducted on
samples containing either 0.2 M CH3TFA or the additive in solution with 0.1 M nominal
Li>Sg. As seen in Figure 2c, the signal associated with CH3TFA at 4 ppm entirely disappears
in contact with 0.1 M nominal Li»Sg, resulting in two new signals at 2.40 and 2.65 ppm.
These two signals correspond to two dominant dimethyl polysulfides whose average
polysulfide chain length equates to 6, stemming from the stoichiometry dictated by the
initial input of nominal Li»Sg.28 Given that this NMR study was conducted in deuterated
dimethyl sulfoxide (Dg-DMSO) solvent, it is likely that these signals correspond to Sg2- and
S3°~ containing intermediates.® This is further supported by the 13C NMR spectra in Figure
2d. After exposure to 0.1 M Li,Sg, the CH3TFA signals corresponding to the trifluoroacetate
group at 115 and 157 ppm shift downfield to 118 and 159 ppm, respectively, corresponding
to the formation of LiTFA. The direct observation of the LiTFA signal confirms that the
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reaction is proceeding as expected. Meanwhile, the CH3TFA signal corresponding to the
methyl group (55 ppm) is no longer present after exposure to Li,Sg, and in its place, two
new signals corresponding to dimethyl polysulfides are observed at 22 and 25 ppm. Thus,
Figures 2c and d both confirm that CH3TFA completely and spontaneously reacts with
lithium polysulfides in solution, presenting a feasibly simple strategy towards
simultaneously evoking high donor number-assisted and organosulfur-mediated discharge in
Li-S batteries.

With a firm understanding of the role CH3TFA can play in solution, Li-S cells were
constructed and tested with an electrolyte consisting of 0.2 M CH3TFA, 0.2 M LiNO3, and
0.8 M lithium bistriflimide (LiTFSI) in DOL/DME (1:1, by vol.). This formulation is
expected to allow for a moderate degree of /n-situ polysulfide methylation and LiTFA
formation, and was designed with the intent of keeping the total solute concentration
consistent with a control electrolyte made up of 1.0 M LiTFSI and 0.2 M LiNOs.
Additionally, a halfway-optimized electrolyte consisting of 0.2 M LiTFA, 0.2 M LiNO3, and
0.8 M LiTFSI in DOL/DME was also tested to deconvolute the distinct effects of the
strongly binding TFA anion and the dimethyl polysulfide formation on discharge. Cells were
assembled with blade cast sulfur cathodes possessing a sulfur loading of 3.2 mg cm=2 and an
E/S ratio of 12 uL mg~L. These cells were charged and discharged at a C/10 rate over 50
cycles to deduce the major contributions to electrochemical performance brought about
through the CH3TFA additive.

As shown in Figure 3a, the electrolyte containing CH3TFA enabled vastly superior discharge
characteristics over 50 cycles. Beyond demonstrating less capacity fade per cycle, it allowed
for a capacity in excess of 800 mA h g~ for a majority of the cycling duration, an almost
60% improvement over the 500 mA h g~1 achieved with the control electrolyte.
Furthermore, CH3TFA enabled a sizeable 25% improvement in capacity over the ~ 640 mA
h g~1 achieved during cycling in electrolyte containing 0.2 M LiTFA. In order to further
understand the source of these capacity improvements, the evolution of the polarization
between the average charge and discharge voltages was plotted over the course of cycling.
As can be seen in Figure 3b, the average polarization of cells with the CH3TFA and LiTFA
additives is significantly less by on the order of 40 mV than that with the control electrolyte,
particularly during the early stages of cycling. This performance improvement is
understandable given that both solutions contain the kinetically beneficial TFA anion,
enabling more ideal solution-coordination behavior and lithium-ion exchange.?! However,
one interesting note is that both additives enable the same exact degree of improvement to
polarization over the course of cycling, suggesting that presence of the TFA plays a
dominant role in improving the electrochemical discharge/charge kinetics rather than the /in-
situ methylation of polysulfides. The formation of dimethyl polysulfides, rather, seems to
bring about non-kinetic improvements to capacity attainment and retention. As visually
depicted in Figure 3c, the presence of CH3TFA enables the same performance improvements
to discharge kinetics seen by LiTFA, but also demonstrates additional improvements
intrinsic to the methylation of polysulfide active material.

This is further supported by Figure 3d, which compares the rate capabilities within the
CHS3TFA electrolyte and the control electrolytes at rates from C/20 to C/3, normalized to
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their initial capacity attainment. This experiment was conducted with high loading sulfur
cathodes (4.6 mg cm™2) at an E/S ratio of 10 pl mg™! to understand the kinetic behavior
under more practically relevant cell constraints. As can be seen, while the CH3TFA additive
does demonstrate superior rate performance, much of this improvement stems from
possessing lower intrinsic capacity fade rates over the course of cycling. While this is in part
due to the superior polarization behavior, this is likely primarily driven from properties
intrinsic to the use of organopolysulfides, including superior lithium-metal stability and
decreased tendency to passivate the cathode with insulating Li»S and Li»S, byproducts, both
of which are well explored in the organosulfur electrochemical literature.27:32:36.37 The
benefits to kinetic behavior and lithium-metal stability are also explored through cyclic
voltammetry, electrochemical impedance spectroscopy, and galvanostatic cycling of lithium
symmetric cells shown in Figure S2.

Thus, the implementation of CH3TFA as an additive to the Li-S electrolyte enables a
bifunctional improvement to performance, both from a kinetic standpoint as well as a
stability standpoint. A final perspective from which to assess performance improvement is
by the degree of intermediate polysulfide solubility within the Li-S electrolyte. The active
material utilization within Li-S batteries is uniquely predicated on the ability of the
electrolyte to solvate intermediate polysulfide species, given the highly solution-dependent
reaction pathways involved during discharge of the sulfur cathode.?18 Thus, heightening the
degree to which the electrolyte can solvate intermediate polysulfide species is expected to
increase the active material utilization at a set E/S ratio. In other words, as the solubility to
intermediate polysulfides increases within the electrolyte, the E/S ratio at which the cell can
successfully operate and have ample solution-mediated discharge is expected to decrease.
This relation is plotted in Figure 4a, which relates the electrolyte solubility of Li,>Sg to the
E/S ratio in a cell operating completely under solution-mediated reaction pathways (where
all of the active material is present in solution). The solubility limit of Li,Sg in conventional
DOL/DME electrolyte (approximately ~ 1 M Li,Sg) is represented via the dashed line,
demonstrating exactly how the solution mediated pathways are impeded at E/S ratios lower
than 5 with the predominantly used Li-S electrolyte.®

By incorporating the strategy of high donor number assisted discharge, which can bring
about improvements through heightened polysulfide solubility, with the organosulfur
approach of using dimethyl polysulfides, which can also drastically boost the solubility of
intermediate and final discharge products, the intermediate solubility of the Li-S electrolyte
can be boosted to new heights. This is demonstrated in Figure 4b, where 1 M of nominal
Li>Sg can be readily accommodated in the solution phase when 0.2 M of CH3TFA additive
is present in DOL/DME solvent. As expected in the absence of the additive, however, 1 M
LioSg cannot be fully solvated in DOL/DME, with excess undissolved material settling at the
bottom of the vial. This speaks to the improvements to performance and capacity seen with
the CH3TFA in Figure 3 and highlights how this additive may be an excellent candidate
towards enabling optimal Li-S performance under challenging lean electrolyte conditions.

In order to assess this, large format Li-S pouch cells were constructed with both a high
sulfur loading cathode (4.8 mg cm™2) and a lean amount of either the control electrolyte or
the CH3TFA-containing electrolyte (E/S = 4.5 uL. mg™1). This lean electrolyte amount lies
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beyond the cusp of what would be expected to operate successfully using the model
assumptions from Figure 4a, and thus serves as a suitable benchmark to evaluate the efficacy
of the additive under practical cell constraints.8 As shown in Figure 4c and Figure S3 over
the course of 40 cycles, the additive-containing cell achieves a maximum capacity of 750
mA h g1, or an effective electrolyte-to-capacity (E/C) ratio of 6 uL (mA h)~1, compared to
only 475 mA h g~1, or an E/C ratio of 9.5 uL (mA h)~1, in the control cell. Furthermore, the
CH3TFA-containing cell displays a capacity that is more than 200% of the capacity of the
control pouch cell during a representative discharge like that on Cycle 30, as seen in Figure
4d. The voltage profiles shown here also help illustrate the different beneficial contributions
to charge and discharge brought about through the CH3TFA additive. While the discharge
curve of CH3TFA-containing cell exhibits slightly less overpotential, there are major
differences in the charge profiles. Specifically, the additive-containing cell lacks the large
voltage spike at the onset of charge and exhibits much lower overpotential during the charge
process. This can be explained by the presence of LiSCH3 as an additional final discharge
product to Li,S. LiSCH3 exhibits less tendency than Li,S to passivate the cathode with an
insulating layer that obstructs ionic charge transfer.28 This sizeable improvement signifies
the degree to which this additive enhances performance under practical constraints.

However, the ability of CH3TFA to methylate polysulfides /in-situ is highly concentration
dependent. Under lean E/S ratios, the use of CH3TFA heightens solubility to a relatively
significant amount compared to electrolytes without the additive. This results in more
effective active material utilization during cycling, along with the benefits to lithium metal
stability and superior kinetics seen at higher E/S ratios. The performance improvements seen
here are brought through a relatively unoptimized electrolyte formulation, and the additive
amounts of CH3TFA in future formulations will need to be tuned for the target E/S
conditions. While the long-term cycling stability of the CH3TFA-modified pouch cell falls
short of what will inevitably be needed for application-oriented implementation, this is an
excellent step towards making this battery chemistry a reality. The performance exhibited in
this cell illuminates a path towards creating practical Li-S cells under challenging conditions
like high areal sulfur loadings and lean electrolyte amounts.

The CH3TFA additive thus serves as a starting point for a previously unconsidered approach
in Li-S batteries, combining the advantages of high donor number salts with the benefits of
organosulfur-mediated discharge. Here, the /n-sifu derivatization utilized the simplest and
most fundamental organic functional group and enabled encouraging discharge behavior
under challenging lean electrolyte conditions. Moreover, the formation of LiTFA /n-situ
allowed for a further boost to kinetic behavior, reducing polarization over the course of
cycling and enabling favorable solution coordination behavior of polysulfides. However, this
joint strategy is demonstrated in its earliest iteration. There is a vast, unexplored space for
optimization of the functional group by which the polysulfides are derivatized /n-situ, as
well as the anionic group by which the /n-situ salt formation proceeds. Through such a
strategy, we choose a path that brings the high specific energy promise of the Li-S battery
closer in sight, enabling further discovery into the rich, complex, and dynamic system.
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(a) Hlustration of the theorized improvements to the Li-S electrolyte enabled through the
presence of high donor number compounds in solution, as well as high donor compounds in
conjunction with organosulfur active material. (b) Computational evaluation of the
energetics of the reaction between CH3TFA and lithium polysulfides theorized to take place

In-situ.
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(a) Optical image of vials containing 0.1 M Li2S6 in DOL/DME solvents, with and without
the addition of 0.2 M CH3TFA. (b) UV-VIS spectra of the polysulfide-containing samples
with and without the CH3TFA additive. (c) 'H NMR and (d) 13C NMR spectra of samples
containing either CH3TFA or CH3TFA in combination with 0.1 M Li»Sg in Dg-DMSO.
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(a) Discharge behavior of Li-S cells with electrolyte containing 1 M LiTFSIl and 0.2 M
LiNO3z in DOL/DME, or 0.8 M LiTFSI and 0.2 M LiNO3z with the addition of either 0.2 M
LiTFA or 0.2 M CH3TFA. (b) The evolution each cell’s voltage polarization, or the
difference between the average charge and discharge voltages, plotted over the course of 50
cycles. (c) A magnified view of the discharge behavior of each cell, with the bifunctional
improvements presented through the CH3TFA additive deconvoluted. (d) A comparison of
the improvements to rate capability brought about by the addition of CH3TFA to the control

electrolyte.
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(a) The relationship between the degree of solubility towards lithium polysulfides (Li»Sg)
and the achievable E/S ratio in a Li-S cell operating completely under solution-mediated
pathways. (b) Optical image showing the inability to solvate 1 M Li,Sg in DOL/DME, but
the heightened solubility offered through the addition of 0.2 M CH3TFA. (c) The discharge
behavior of two Li-S pouch cells operating under a lean E/S ratio of 4.5 uL mg~1, with both
formulations also containing 0.2 M LiNOs. An aberrant charge step occurred on Cycle 20 in
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the CH3TFA-containing cell, after which the upper voltage cutoff was decreased for the
remainder of cycling. (d) Discharge and charge behaviors of each pouch cell on Cycle 30.
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