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ABSTRACT

In attempting to develop energy storage systems possessing superior properties to
traditional lithium ion batteries (L1Bs), numerous alternative chemistries have undergone
study and development. Of these, the lithium-sulfur battery seems one of the more
promising contenders for replacing LIBs, particularly for applications like electric
vehicles. Nevertheless, a variety of limitations have prevented lithium-sulfur battery
introduction to the marketplace, in spite of almost fifty years of research, including
polysulfide shuttle, reactivity of the electrolyte, and anodic microstructure evolution.
This thesis will explore the use of first-principles computational techniques in
understanding the impact of electrolyte composition, polysulfide molecules, and lithium
crystal structure on the reactions taking place near the lithium anode in order to better
address the problems facing lithium-sulfur batteries. Using ab initio molecular dynamics
simulations (AIMD), in conjunction with static density functional theory (DFT)
optimizations, Bader charge analysis, and additional analytical techniques, the
interactions and impacts of the different components of the typical lithium-sulfur battery
can be examined on a molecular basis. It is the author’s hope that a better theoretical
understanding of how these species behave will enable design and implementation of
real-world lithium-sulfur systems capable of meeting and overcoming the difficulties
facing their commercialization.

In order to test the effects of lithium crystal structure on electrolyte stability and

surface morphology evolution, both a (100) and (110) lithium metal surface were created



and tested using AIMD simulations. There was a minimal difference in the results for
each structure, in both the surface morphology and ratio of solvent molecules reduced by
the lithium. In testing the effects and stability of various solvents, it was found that
ethylene carbonate reduced readily, while dioxolane, dimethoxyethane, and fluorinated
ether molecules were quite stable in the presence of the anode. AIMD simulations of
polysulfide molecules in the vicinity of the lithium surface show high reactivity, as seen
experimentally, and subsequent DFT calculations indicate the reduction of long-chain
polysulfide molecules in the presence of Li atoms is a thermodynamically favorable
reaction pathway. Finally, it was observed that high molarity salt systems have

properties capable of improving cell performance.
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CHAPTER |

INTRODUCTION

Literature Review

Over the past four decades, lithium-ion batteries (LIBs) have become ubiquitous
in portable electronics and the public conscience. They are the primary power source for
the cameras, cell phones, laptops, and other gadgets that allow our modern world to
function every day. Beyond this, the technology has the potential to make hybrid electric
vehicles (HEVs) an economically viable mode of transportation.” In order for this to
happen, though, both the lifetime and capacity of the battery electrodes must be
improved.? Figure 1 (below) shows the setup for a traditional lithium battery system.
Traditionally the cathode consists of a lithium metal oxide compound (such as LiCo0O5),

while the anode is typically made of graphite.

Li conducting A
LGy organic U,.Co,

Copper current electrolyte A'“"""“’“"
collector current collector

Figure 1. Typical Li-ion cell®
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At the electrodes, the chemo-mechanical effects associated with lithium
intercalation/de-intercalation directly impact the cell performance and involve
interactions between a variety of mechanisms, including diffusion, plastic flow, chemical
reactions, and the evolution of material properties.* Deformation induced by insertion, as
illustrated in Figure 2, fundamentally limits the materials and structures practical for
battery electrodes. For certain chemistries, nearly 100% of the available lithium ions are

extracted or inserted upon charge or discharge, leading to massive changes in volume.

Electrochemical process:
xLi + M < LIiM

Figure 2. Uniform lithium expansion of a host matrix

For instance, in lithium manganese oxide cathodes (LiMn,0,), lithium depletion
to 20% of the stoichiometric value reduces electrode volume by 6.5%.> This effect
becomes much more problematic during fast charging, as the surface of the material

delithiates first, resulting in a large tensile hoop stress during the shrinkage of the outer



layer. The stress can create cracks, cause them to propagate, and can even lead to
comminution of the oxide particles. Similar effects can also be seen in the anode.

In the case of the graphite anode used in traditional LIBs, every six carbon atoms
accommodates 0.6 lithium atoms, resulting in a volume expansion of around 8% for full
lithiation.® For higher capacity chemistries the effects are much more pronounced. For
instance, in lithium-silicon cells, each silicon atom can accommodate up to 4.4 lithium
atoms upon full lithiation, yielding a volume change of over 300%.” If the electrode
material is mechanically constrained due to a current collector (for instance, a
conductive substrate) or binder (used to hold the active particles in the electrode in
place), large stresses will develop upon electrochemical cycling. Ultimately, this can
generate cracks in the electrode material, as can be seen in the thin-film lithium-silicon

electrode (Figure 3) seen below.

Figure 3. Li-Si thin film electrode after electrochemical cycling®
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Even in the case where there are no mechanical constraints on the system, lithium
concentration inhomogeneity caused by finite diffusivity of lithium can result in stresses.
A stress that arises because of inhomogeneity of composition during transport in solid
materials via diffusion occurs in many different scientific disciplines and is typically
referred to as diffusion-induced stress (DIS).

These chemo-mechanical considerations, among other factors, are a fundamental
limitation to battery performance, and while the specific energy of LIBs has been
significantly increased within the last two decades due to advances in battery
engineering, further increases will only be possible by utilizing alternative electrode
designs and chemistries, ideally ones which either accommodate these stress effects or
eliminate them. Thus, systems involving pure lithium anodes (such as lithium-air and
lithium-sulfur batteries) are ideal for eliminating these concerns. In particular, Li-S
batteries possess many favorable characteristics that make them an attractive alternative
to current lithium ion technology. Their high theoretical specific capacity and energy
density allow for up to double the gravimetric energy density of conventional Li-ion
systems, in addition to being extremely cost-effective. A typical Li-S cell is shown

below in Figure 4.
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Figure 4. Traditional Li-S battery®

However, despite all their potential, lithium-sulfur systems suffer from a variety
of currently uncured maladies. First, the lithium metal anode generates concern because
of its reactivity. In scenarios involving cell damage or failings within the manufacturing
process, fire or even explosion could result. Furthermore, lithium is susceptible to
dendrite formation and “mossy” growth during cycling, potentially leading to cell failure
and reduced energy density, respectively.’® For the cathode, sulfur must be combined
with conductive additives (usually carbon) because of its insulating nature, which in turn

reduces the cell’s energy density.** ™2



The stability of the electrolyte is also critical in response to the reactivity of the
anode surface. Degradation of the electrolyte (both solvent and salt) occurs at the surface
of the lithium metal, giving rise to the formation of a multicomponent film referred to as
the solid-electrolyte interphase (SEI) layer. Its characteristics and nature are vital to the
battery performance, as it is recognized as one of the many sources of irreversible
capacity loss.™® At the lithium anode, SEI properties are also expected to have a large
impact in passivating the metal surface and controlling the formation of dendrites.
However, the constituents of the SEI film, and by extension its properties as a whole, are
almost entirely dependent upon the composition of the electrolyte. At the mesoscale, the
formation of a solid electrolyte interphase on the surface of the electrode particles can
also be disrupted due to cracking, causing it to spall off as a result of strains on the
particles caused by lithium intercalation.” Not only does this lead to further fracture of
the particles and eventual comminution, but the newly exposed surfaces cause even more
SEls to be formed, consuming lithium in a destructive side reaction which ultimately
reduces the energy storage capacity of the cell.**

Perhaps the most difficult-to-overcome problem in lithium-sulfur batteries,
however, is the transport (or shuttle) of lithiated, long-chain polysulfides migrating from
the cathode to the anode.’>?® These Li,S, (4< n <8) species experience solubility within
the electrolyte and are capable of diffusing to the anode and there undergoing additional
reduction to ultimately produce insoluble Li,S and Li,S,.**" This causes volume
expansion of the anode crystal during their formation, and the subsequent SEI then

passivates the lithium metal surface."® *® Polysulfide shuttle is also capable of occurring
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in the reverse direction, where the shorter chain, reduced, lithiated PS migrates back to
the cathode, causing decreased coulombic efficiency and parasitic self-discharge.***° In
attempting to curtail these effects by keeping the PS away from the anode, a wide variety
of unique architectures for cathode material have been tested, including carbon fibers ,
graphene, carbon nanotubes, and even conductive polymers.?* Separators have also seen
use in systems to minimize PS shuttle.??

At the other end of the research spectrum, first-principles calculations utilize the
known quantum-mechanical interactions between atoms to predict the behavior of the
macroscopic system. Since these calculations are only reliant on experimental data for
validation, a wide variety of chemistries and conditions can be tested much more easily
than by traditional methods.?® This allows theory to complement experimental analysis
by predicting the behavior of systems, their modes of failure, and their potential for
improvement, all on the molecular level * In the case of lithium-sulfur batteries, first-
principles density functional theory (DFT) and ab initio molecular dynamics (AIMD)
simulations can help identify the processes and mechanisms taking place within the cell
and use this information to better understand and resolve some of these issues. Of
particular interest is the effect of the lithium crystal structure, solvent, and salt used in a
Li-S battery on the rate and pathway of the reactions occurring at the anode. The
solvents considered in this thesis were 1, 2-Dimethoxyethane (DME) and 1, 3-Dioxolane
(DOL), which see frequent use in lithium-sulfur systems, and ethylene carbonate (EC), a
solvent common in traditional Li-ion batteries. 1,1,2,2-Tetrafluoroethyl 2,2,3,3-

tetrafluoropropyl ether (D2) was also examined due to the interesting results obtained



by one of our collaborators when using it to replace DME in a binary solvent system.*®
Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) was chosen as a salt due to its
excellent electrochemical properties and ubiquity in Li-S systems, and lithium
bis(fluorosulfonyl)imide (LiFSI) was also studied due to its status as an up-and-coming
additive capable of potentially replacing LiTFSI for Li-S applications.®

Methodology

Using density functional theory, a body-centered cubic (BCC) lithium bulk
crystal was optimized, with a calculated lattice parameter of 3.442 A, which agrees well
with experimental results.?® Using this bulk crystal, two different crystallographic
planes, (100) and (110), were constructed. These lithium crystal structures served as the
representative electrode material for subsequent simulations involving the anode surface.
The amount of volume made available for the electrolyte was roughly equal for both the
(100) and (110) case (1613 and 1609 A?, respectively). The three solvents mentioned
earlier were also optimized using the Vienna ab Initio Simulation Package (VASP),?"%
while the LiTFSI molecule was optimized using the Gaussian 09 (G09) package with a
hybrid functional B3PW91 and the 6-311++G(p,d) basis set in order to determine the
most favorable configuration of the lithium atom.?

The stability of solvent molecules near anode was studied using AIMD-based
simulations which were performed upon the optimized representative lithium-metal
surface which was in contact with the solvent in the liquid-phase within the NVT
ensemble taken at 330 K and utilizing a 1-femtosecond time step. In order to achieve this

time step, the mass of a proton is substituted for that of tritium. The Nose thermostat was
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utilized to control temperature oscillations in the simulations using a Nose-mass
parameter of 0.5, which yields an oscillation frequency corresponding to 176 time steps.
The energy cutoff for the basis expansion of the plane-wave was taken to be 400 eV.
Electron-ion interactions were represented using the pseudopotentials of the projector
augmented wave (PAW), as given in the VASP databases.® The exchange-correlation
functional was taken to be the Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA-PBE), and a conjugate-gradient algorithm was also utilized to
achieve relaxation of the ions into their instantaneous ground state.*! Also, a Gaussian
smearing with a 0.05 eV width was used, and for the Brillouin zone integration of the
surface, the Monkhorst-Pack k-point mesh was taken to be 4x4x1. Convergence criteria
for ionic relaxation and electronic self-consistent iteration were set to 10° and 10 eV,
respectively.

Both pure solvents and mixtures were investigated, although the main focus of
this thesis will be on the binary mixture results. The density of liquid-phase solvents was
approximated by randomly placing 9, 13, and 14 molecules of DME (density = 0.87
g/cm®), DOL (density = 1.06 g/cm?), and EC (density = 1.32 g/cm?) in contact with the
lithium metal surface, respectively. Next, the liquid-phase solvent molecules were
permitted to relax through the use of a classical molecular mechanics minimization. In
this minimization, the consistent valence force field (CVFF) using a conjugate gradient
algorithm within the Materials Studio software was employed. The maximum

cumulative force of the system atoms necessary for convergence was taken be 0.005 kcal

mol™ AL,



Afterward, the minimized solvent-anode systems were allowed to run for up to
20 ps of AIMD simulation. A similar procedure was employed with binary solvent
mixtures, where the mixture concentration was taken to be 1:1 v/v, following literature
reports.™ In subsequent simulations, the salt decomposition and its effect on the model
lithium-metal anode surface was evaluated by adding 1-4 M of the LiTFSI or LiFSI salt
to the pure or binary solvent system in contact with the model Li surface. Given the
volume of the simulation cell, only one salt molecule was required to reacha 1 M
concentration. Later, lithiated PS molecules (Li,Ss) in both linear and ring configurations
were also added to the model electrolyte, with concentrations ranging from 1-3M. These
were optimized through the use of the GO9 package software, performed at an identical
level of aforementioned theory.

In addition, the energy of a neutral Li,Sg molecule was first calculated, and
subsequently, fragments and potential decomposition products were optimized to
evaluate the most thermodynamically favorable reduction pathways. Li,Sg molecules
were then added to the mixtures of solvents and salt, and the effects of the PS on the
electrolyte and its decomposition on the lithium-metal anode were investigated using
AIMD simulations at 330 K with the same simulation parameters reported previously.

The properties of the electrolyte components are given in Table 1 below.
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Table 1. List of electrolyte component properties

Species Name Mol. Wt. | Density Structure
Dioxolane (DOL) 74.08 1.06 g/cm® PN
@) O
g/mol 82 \_/
Dimethoxyethane (DME) | 90.12 0.87 glcm® 0
g/mol 3 -~ \/\O/
Ethylene Carbonate (EC) | 88.06 1.32 g/cm® O 0
g/mol 3 Q/\&
@)
Li,Sg (Linear) 269.88 Varies
g/mol
Li,Sg (Ring) 269.88 Varies
g/mol
1,1,2,2-Tetrafluoroethyl | 232.07 1.53 glem® FF F
2,2,3,3-tetrafluoropropyl | g/mol » F\%g/\(j\F
ether (D2) F F F
Bis(trifluoromethane) 287.09 Varies 0O 0O
o F. s s F
sul-fonlmlde lithium salt | g/mol I?<F H F\/.(F
(LiTFSI)
Lithium bis(fluoro- 187.08 Varies 0\\3//0 0, .0
sulfonyl) imide(LiFS) | g/mol F N F
Li®
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A representative system of a DOL/DME mixture containing 1 M LiTFSI is

shown in Figure 5 below at 0 ps of simulation time.

Figure 5. DOL/DME, 1 M LiTFSI system. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow, lithium;
orange, sulfur; purple, nitrogen; green, fluorine.
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CHAPTER II
EFFECTS OF LITHIUM SURFACE STRUCTURE

Electrolyte stability is critical to the performance and cyclability of the lithium-
sulfur battery, as any side reactions of the solvent and/or salt tend to decrease the energy
density of the system due to the need for excess electrolyte to account for the
degradation. Furthermore, the products of such reactions often migrate to the lithium
surface where they either diffuse into the bulk, disrupting the microstructure, or stay at
the surface, forming an SEI which typically hampers lithium transport. Not only can the
SEI lead to longer charge/discharge times, but it also consumes lithium in the process,
again reducing the battery’s energy density.

One of the challenges in creating a suitable electrolyte, however, is the lack of a
“perfect” solvent, one with ideal properties for Li-S applications. For instance, the most
stable solvent molecules are shorter linear ethers or cyclic ethers, as these are more
stable than aromatic ones with conjugated rings.* The ideal solvent for lithium-sulfur
batteries will have uniform charge distribution, a shorter chain length, and non-
conjugated rings. Furthermore, solvent viscosity can have a dramatic impact on lithium
ion movement through the electrolyte as well as affecting dendritic growth. High
interfacial energy between the solvent and lithium surface can also retard dendrite
formation, so solvents with methyl groups are preferable. The challenge is that high
ionic conductivity solvents tend to also have high viscosities, and vice-versa, meaning

that no single solvent possesses all the desired electrolytic properties.
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For these and other factors, solvent mixtures have been proposed as a viable way
to optimize electrolyte properties by combining the positive aspects of various
compounds. In this thesis, binary mixtures of some common solvents were simulated
with AIMD to determine their behavior at the lithium metal surface. Initially, no salt
molecules were added in order to isolate solvent behavior. In choosing solvent mixtures
for Li-S systems, the most obvious choice was a mixture of DOL/DME, which is a
relatively common combination used in Li-S batteries and has shown promising results,
often in a 1:1 volume ratio.* In addition to using a 1:1 v/v mixture of DOL/DME, EC
was also considered due to its ubiquity in traditional Li-ion cells. Since EC possesses
some very desirable properties, it was important to determine if this more reactive
molecule could be stabilized through the addition of other, more stable solvents, in this
case DOL and DME. The procedure mentioned in the introduction was used to fill the
volume of the crystal vacuum slab; to wit, the densities of the solvent and the volume of
the slab were used to determine the number of molecules of each solvent needed to
achieve equal volumes.

The first solvent mixture under consideration is EC/DME. Based on the densities
of these compounds (given in the Introduction), seven molecules of EC and five
molecules of DME were placed within the crystal vacuum slab in Materials Studio and
then made to undergo a geometry optimization using Forcite analysis. In the case of the
(100) crystal, the middle three layers are fixed to expedite the AIMD simulation, while
in the (110) lattice the middle two were fixed. Figure 6 below shows the EC/DME

solvent mix with the (100) crystallographic plane.
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Figure 6. Left: EC/DME, (100) at 0 ps. Right: at 15.8 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium

Here the EC exhibits high reactivity at the anode, as only three of the initial

seven molecules avoid decomposition. For the DME, all five are intact after 15.8 ps. For

15



comparison, the (110) lithium case with seven molecules of EC and five molecules of

DME is shown below in Figure 7.

Figure 7. Left: EC/DME, (110) at 0 ps. Right: at 14.6 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium

16



For this system, four out of seven EC molecules avoided decomposition, while
all five DME molecules remained intact. All three EC reactions produced CO and
C,H;0..

The second solvent mixture, EC/DOL, consisted of seven molecules of EC and
six of DOL based on the solvent densities. The results for the (100) lithium crystal are

shown in Figure 8 below.

Figure 8. Left: EC/DOL, (100) at 0 ps. Right: at 16.6 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium

17



In this case, the EC solvent also undergoes significant decomposition, with five
of the seven initial molecules decomposing within 16.6 ps. The decomposed EC tends to
either form CO (three occurrences) or C,H,0, (four occurrences). DOL, on the other
hand, remains quite stable, with all six molecules surviving for the duration of the
simulation.

For the (110) EC/DOL mixture, the results are seen in Figure 9 below. We can
see that after 16.1 ps, only three of the initial seven EC molecules survive without
decomposition, while all six DOL molecules do. Also, all four EC decomposition
reactions produce CO and C,H,0, as seen in the EC/DME case.

Finally, DOL/DME was considered, with six molecules of DOL and five of DME
yielding a 1/1 v/v ratio. The results of the (100) crystal simulation are seen in Figure 10
below. From these results, we see that for both solvents no decomposition is seen within

the simulated timeframe. The (110) crystal case is shown in Figure 11 below.
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Figure 9. Left: EC/DOL, (110) at O ps. Right: at 16.1 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium
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Figure 10. Left: DOL/DME, (100) at 0 ps. Right: at 17.4 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium

20



Figure 11. Left: DOL/DME, (110) at O ps. Right: at 16.7 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium

Again, no solvent reduction is seen in this simulation. Figure 12 summarizes the

results of the AIMD simulations thus far.
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Li(100) 15.8ps

n
un

Li(110) 14.6ps 7 4

EC DOL

EC final | DOL initial | DOL final

Li(100) 16.6ps
Li(110) 16.1ps 7 3 6 6

DOL-DME

DOL initial | DOL final | DME initial | DME final

Li(100) 17.4ps

n
9] ]

Li(110) 16.7ps 6 6

Figure 12. Summary of solvent reactivity results for (100) and (110) crystals

From this, we can gather a few important conclusions about solvent reactivity
and the impact of the lithium crystal structure. First, EC is very reactive at the anode
surface, regardless of the crystal structure used. It almost always reduces via the
following two sequential reactions. Reaction 1 involves the opening of the EC ring via
the cleaving of either of the oxygen and ester-carbon single bonds.

ECads) + 267 = O(C,H,)0C0%™ (44 (1)
Once the ring has been opened, the previously double-bonded oxygen and carbon atoms

break from the remainder of the molecule by Reaction 2.
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0(C2H4)0CO?™ 145y + 27 = O(C;Hu) 0% 146y + CO*™ (14 2)

These final products have been observed in each case of EC decomposition occurring in
the systems thus far considered, and are stable enough to survive at the lithium surface
for almost 20 ps of simulations time. Secondly, both the DOL and DME show great
stability at the anode, both in the bulk solvent and just a few angstroms from the metal
surface. Because of this stability, or rather the comparative instability of EC in this
environment, subsequent electrolyte simulations will mostly use DOL, DME, or
mixtures of the two.

Finally, we come to the issue of the lithium crystal structure and its impacts.
From a comparison of the (100) and (110) structures at the beginnings and ends of their
respective simulations, it is evident that the crystal structures evolve with time. The
(100) tends to expand from its initial configuration, even when diffusion of EC
decomposition products into the bulk is not a factor, as in the DOL/DME case. In
contrast, the (110) crystal seems to contract, even when decomposition products are
present. This may be due to instability of the lithium crystal in this environment, leading
to a collapse from the initial lattice structure. From Figure 13, it appears that the (100)
crystal structure may be slightly less favorable for use with EC than the (110), but for
this small number of molecules and smallest of differences such a conclusion is difficult
to confirm, especially since the (110) crystal systems ran for a slightly shorter simulation
time. These results may also be due to the lithium expansion/contraction behaviors noted
above, as a smaller volume for the vacuum slab (resulting in a higher solvent
concentration) drives solvent diffusion into the bulk, often leading to increased

23



reactivity. What we can say with certainty is that for both crystal structures, DOL and
DME are very stable at the anode surface, even when other electrolyte components
degrade. For this reason, the desire to limit calculations, the apparent instability of the
(110) crystal, and for the sake of consistency with the simulations performed by my
fellow researchers, the (100) structure was chosen for use in the remainder of the

simulations performed in this thesis.
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CHAPTER Il
EFFECTS OF ELECTROLYTE COMPOSITION
Salt

In addition to the solvent effects and behavior described in the previous chapter,
a traditional battery electrolyte is also comprised of lithium salts. In a traditional Li-ion
battery, salts like LiPFg and LiClO4 are common and added to an organic solvent to form
a liquid electrolyte, whose purpose is to allow cation transfer upon discharge. Common
solvents are carbonates such as ethylene carbonate or diethyl carbonate, and a
combination of both cyclic and linear species is beneficial to the electrolyte conductivity.
However, as has been shown in the previous chapter, carbonates are quite unstable at the
anode, and for this reason (and others), EC is not commonly used in Li-S systems.

But what if an additive could further improve the performance of the solvent
mixture? This brings us to the same setup as seen in traditional Li-ion cells, namely that
by adding a salt (such as LiPFg, LiNO3, or LiTFSI) we can improve the electrolyte
conductivity, stability at the anode, resistance to dendritic growth, etc. In some cases, the
salt can actually lead to the formation of a beneficial SEI, as was seen with LiPFg, which
helped to make rechargeable LIBs economically viable.®” An important lesson can be
learned from this specific salt: all of its desirable properties are surpassed in other salts,
yet the combination of them in LiPFg is ideal for the rechargeable LIB application.

In the case of lithium sulfur batteries, the same idea applies. All salt candidates
must juggle many diverse and sometimes contradictory properties themselves, in

addition to supplementing specific solvent properties. In this thesis, two different salts
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were examined: LITFSI and LiFSI, both of which promise to help resolve the electrolyte
limitations encountered thus far in Li-S cells. LiTFSI has become a rather common
solvent in these applications,**° while LiFSI is less commonly encountered.?® Both salts
were tested with the same mixtures of electrolytes as described in chapter one, i.e., 1:1
v/v mixtures of EC/DME, EC/DOL, and DOL/DME. Salt concentration was taken to be
1M, which corresponded to one salt molecule for the simulated volume. Since lithium
crystal structure does not appear to impact the solvent stability, as seen in Chapter 11, for
simplicity’s sake all AIMD electrolyte simulations were conducted with the (100) crystal
structure.

In the case of EC/DME, the initial configuration of the system is shown below in
Figure 13, alongside the configuration after 8.7 ps of AIMD simulation. It should be
noted that the desired simulation time was around 8 ps, and that there will be minor
fluctuations in the simulation time between different systems based upon the number of

atoms the system contains.
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Figure 13. Left: EC/DME, 1M LIiTFSI at Ops. Right: EC/DME, 1M LIiTFSI at 8.7 ps. Color key: red, oxygen; white,
hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine.

As can be easily gathered from the images above, several reactions occurred over
the course of the simulation. This seems to support our previous observations concerning
EC reactivity. In total, even with the addition of LiTFSI, four of the seven EC molecules

decomposed, while all five DME molecules remain intact. These are exactly the same
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results seen without the addition of the salt. The first EC reaction occurs at 0.45 ps,
while the last happens at 6.24 ps. Only the molecules near the lithium surface reacted;
the EC in the bulk of the electrolyte does not decompose over this time frame. After
reacting, the EC fragments at the Li surface begin to diffuse into the bulk anode material,
some quite a distance. One oxygen atom from an EC decomposition has migrated more
than 5 Angstroms into the metal bulk and is only stopped by the fixed layers of lithium
atoms.

Meanwhile, the salt itself does not fare well in this simulation. Within 0.2 ps the
backbone breaks via an S-N bond. The resulting SO,CF; fragment then slowly migrates
to the lithium surface, while the other half of the LiTFSI molecule remains in the bulk.
After 5 ps, the CF3 group breaks from the SO, and subsequently approaches the anode,

as shown in Figure 14.

Figure 14. CF; group leaving
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At 5.3 ps, the fluorinated methyl group begins to defluorinate, with the fluorine
atom then diffusing into the bulk metal. After losing a second fluorine, the carbon then
reattaches to the SO, group. By 5.8 ps, the carbon is completely defluorinated. It then
interacts with other EC decomposition products to produce a metastable ether. In
contrast, the other half of the LiTFSI molecule remains unreacted in the bulk, although
there seems to be a strong interaction with the rest of the severed molecule. This is seen
in Figure 15. The lithium atom from the salt seems to form a bridge between the two

LiTFSI fragments.

Figure 15. Salt at the end of EC/DME simulation

As for the simulation decomposition products, atomic fluorine from the salt is
found at the lithium surface, while atomic oxygen seems to more readily diffuse into the

bulk. Diatomic carbon can also be seen, as well as carbon monoxide. The most prevalent
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species, however, is the EC decomposition product C,0,H,, with three occurrences
being found in this simulation, just as we saw in the previous chapter. One such
molecule is shown below at the end of the simulation in Figure 16. In the three
occurrences of this species, all are oriented with the oxygen atoms facing the positively

charged lithium surface, stabilized by the presence of the lithium atoms.

Figure 16. C,0,H, near the lithium surface

For the case of EC/DOL, the initial and final configurations are shown below in

Figure 17.
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Figure 17. Left: EC/DOL, 1M LIiTFSI at Ops. Right: EC/DOL, 1M LiTFSI after 7.8 ps. Color key: red, oxygen; white,
hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine.

Again, with EC present several reactions take place. After 7.8 ps, four out of the
seven initial EC molecules have decomposed, with all of the DOL molecules surviving

until the end of the simulation. The first EC ring opens at 0.54 ps, while the last occurs at
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3.7 ps. In this system, the LiTFSI salt was placed closer to the lithium surface, with one
F atom within 2 A of the crystal lattice. Consequently, we see the salt begin to
decompose very rapidly (within 0.1 ps) via the breaking of C-F and C-S bonds, which
occur roughly simultaneously. The resulting CF, group then rapidly migrates to the
lithium surface, and by 0.4 ps the carbon has been completely defluorinated.

The remainder of the salt then also migrates to the anode surface, as shown in

Figure 18.

Figure 18. Salt configuration in EC/DOL at 1 ps.

The salt fragment, while relatively stable in the bulk electrolyte, undergoes
reactions at the metal surface, starting with the fracture of the upper N-S bond at 1.5 ps.
This results in an SO, group that stays at the surface as shown in Figure 19, and survives

until the 5.2 ps mark, when one O-S bond is broken.
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Figure 19. SO, group at the anode surface at 5.2 ps.

By 5.6 ps the second oxygen atom leaves, and the lone S atom goes on to interact
with lithium atoms, which in turn seem to be interacting with the nitrogen of the main

LiTFSI fragment as seen in Figure 20.

Figure 20. Lithium, nitrogen, sulfur interaction at the anode surface.

This behavior is intriguing because we see what appears to be the formation of a
Li,S molecule, albeit one seemingly stabilized by the nucleophilic nitrogen of the salt.
The formation of this species is very commonly reported in Li-S systems, and is one of
the primary causes of irreversible capacity loss. The fact that we observe the same
behavior, even with only one free sulfur atom in the system indicates the favorability of
this reaction pathway. Meanwhile, the remainder of the salt molecule survives until the

end of the simulation time.
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For the final case of DOL/DME, we expect to see a much less reactive solvent
mixture due to the absence of EC. From the previous two AIMD simulations, neither

DME nor DOL have reacted, and this trend continues here, as shown in Figure 21 below.

Figure 21. Left: DOL/DME, 1M LIiTFSI at Ops. Right: DOL/DME, 1M LiTFSI after 9.2 ps. Color key: red, oxygen;
white, hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine
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Compared to the runs using EC, this system is inert over this timeframe, save for
the reactions of the salt. This time, the salt decomposes via an N-S bond within 0.1 ps,
with the nitrogen-containing fragment then migrating to the anode surface, where it
undergoes further decomposition. Both CF3 groups are completely defluorinated, and by
the end of the simulation the only fragments left intact are an SO, group and an S-N
linkage from the original salt backbone.

To summarize these results, we can see that while EC may have some beneficial
properties for the electrolyte, its reactivity near the lithium surface makes it unsuited for
Li-S applications, and even with the LiTFSI salt helping to passivate the anode surface,
EC stability in this environment is not ameliorated. In contrast, both DOL and DME
seem to show high stability, even at the anode surface, making them both strong
candidates for Li-S systems. These first-principles results seem to support the
experimental findings for different solvent systems and mixtures and help provide a
rationale for the excellent performance seen in some DOL/DME solvent systems. It is
important to note that the DOL/DME will eventually decompose at the anode, just at a
much longer time scale than what was used in these simulations.

Polysulfides

As we noted in the Introduction, the decomposition process of the long-chain PS
molecules occurring during the battery discharge is one of the most challenging features
of the lithium-sulfur battery system to adequately understand and therefore engineer.*
At the start, long-chain sulfur species from the cathode (Sg) react with the lithium ions

dissolved in the electrolyte to produce Li,Sg.** Even after successive charge and
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discharge cycles, this species is normally not oxidized back to its elemental
components.*? The standard mechanism for reaction of the lithiated polysulfide upon
discharge is taken to be: Li;Sg— Li»Ss— Li»Ss— LizS,— LisS." Li,S, and Li,S are
particularly important because both of these are insoluble within the electrolyte, leading
them to deposit on the electrode, in turn sterically hindering further lithiation of other
polysulfide species and eliminating themselves from the battery charge/discharge
cycle.* Moreover, Li,S is also electronically insulating, serving to exacerbate the issues
previously mentioned.'® Thus, it is vitally important for us to improve our understanding
of how lithiated polysulfide decomposition takes place and in what ways it can interfere
with additional side reactions.

In order to understand the way in which a PS molecule behaves in an
electrochemical environment and within an electrolyte medium, we have to first
comprehend its behavior in the gas phase, or without effects capable of influencing its
behavior, such as solvent interactions. Then we add implicit solvents to determine how
their properties influence the stability and favorability of the PS decomposition products
and reactions. Table 2 (below) summarizes these results. Note that the Li,Sg molecule
can conform to either a ring or linear form, as mentioned in the Introduction, with the
solvent environment directly affecting the lowest-energy configuration. For the sake of
simplicity, the calculations in Table 2 are performed using the linear values; the ring data
is further examined later on within this chapter, and shows identical trends. In every case

the lowest multiplicities correspond to the molecular structures with the lowest-energy.
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For applicable reactions, this data shows good agreement with other computational

studies of PS decomposition.**

Table 2. PS bond dissociation energies obtained from B3PW91/6-311++G(p,d) calculations

Bond Dissociation Energies (eV)
) Gas-Phase EC Solvent DOL Solvent
Reactions
AE(0K) | AG(98K) | AE(0K) | AG(98K) | AE(OK) | AG (298K)
. -+ -2
Li;Sg—2Li"+S 14.11 1351 0.45 -0.15 1.74 114
: —
LizSg—2Li+Sg 7.02 6.37 8.85 8.24 8.39 7.76
: ——
LizSg—>LiSHLIS7 243 1.94 2.05 1.55 2.07 1.56
LizSs—LiS,+LiSs 0.99 0.48 1.20 0.65 115 0.61
LizSg—LiS5+LiSs 1.28 0.79 0.87 0.33 0.81 0.30
LizSg—2LiS, 031 -0.24 0.78 0.29 0.68 0.16
L|2$8+2L1—>L128+L|28
-3.56 -3.43 5,53 -5.39 5.18 -4.85
7
LizSg+2Li—>Lizsz+Li2
s 5.63 -5.38 6.02 5.92 5.64 551
6
Li288+2Li—>Lizs3+Li2
S 5.32 5.17 -6.19 -6.09 5.78 -5.65
5
o
LizSg+2Li—2LizSs 6.95 -6.69 6.28 -6.14 6.15 -5.98
2 T, g1
Sg" =SSy 0.48 0.10 2.06 1.71 1.91 1.54
2 T, a1
58”82 +Ss -0.85 -1.32 1.11 0.66 0.88 0.41
) T, o1
Se" 857455 -1.33 -1.87 0.78 0.24 0.52 -0.03
) T
2
Se" 254 -1.39 -1.93 0.57 0.05 0.34 -0.18

From calculations in the gas phase, several observations can be made. First,
every decomposition product is most stable with a (-1) charge (radical anions) rather
than neutral or (-2) (dianions) save the Sg molecule, which prefers the dianion state. This
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result is intriguing since the Sg molecule does in fact favor decomposition within the
gas phase, especially via the breaking of its middle sulfur bond. Originally, we assumed
that the delithiation reaction occurred first, followed by subsequent polysulfide
fragmentation, but in the gas phase this is certainly not the case. While this pathway has
a smaller energy barrier within solvent, AIMD simulations of the Li,Sg molecule in the
three solvents which are discussed in this paper did not produce any decomposition
without inclusion of the lithium metal surface, even for more than 20 picoseconds of
simulation. Because of this, we are able to conclude that the main pathway of Li,Sg
fragmentation far from the anode does not include delithiation.

For PS molecules within the bulk solvent (those not experiencing direct
interaction with the additional lithium atoms from the anode surface), decomposition is
still seen within AIMD simulations of the anode, although this occurs at a much slower
rate than what transpires at the lithium surface. While there is minimal precedent for this
transpiring within the gas phase, charge transfer from the lithium surface to the
electrolyte in anode simulations, something which has been confirmed through the use of
Bader charge analysis, helps create an environment that is favorable for polysulfide
dissociation. It is important to note, however, that even through the use of gas-phase
data, Li,Sg reduction to Li,Sg (LioSs—Li,Se+Sy), the first step in the conventional
decomposition chain, is a thermodynamically favorable process, with AGx, equal to
-0.28 eV. Furthermore, the cleaving of the middle sulfur bond in the polysulfide is also

feasible, as per Table 2.
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Undoubtedly the most favorable polysulfide reaction pathway involves the
reaction of additional lithium atoms from the surface with the lithiated polysulfide
species. From gas phase calculations it is seen that the most thermodynamically
favorable reaction is the cleaving of the middle sulfur bond, but each of these reactions
is in fact very capable of happening (Table 2). The trend of increasing favorability with
increasing PS fragment symmetry is broken by the formation of Li,Se, where both the
free energy and enthalpy of the reaction are larger than the corresponding Li,Ss values A
related trend is also observed in the data for reactions within the bulk solvent. This
indicates that the configuration is in fact very stable for the lithiated polysulfides, giving
credence to the reaction progression given near the start of this section (Li,Sg— Li,Se—
Li,S4— LiyS;— Li,S). Vijayakumar et al. indicate results which further support these
assumptions, demonstrating via mass spectrometry the existence of Li,Sg, Li,Se, and
Li,S,, in addition to Sg and even clusters of polysulfides (containing more than two
lithium atoms).

As shown in the Table 2 results, when the lithiated polysulfide molecule
underwent simulation with an implicit solvent exhibiting dielectric properties similar to
those of EC, it was made clear that ionic delithiation is substantially more likely to
transpire, especially within the bulk solvent, whereas the neutral delithiation reaction
continue to be highly unfavorable. This is in response to the stabilizing effect solvent has
on dissipating the charges, which is the clear difference between these numbers and
those seen within the gas phase. Near the surface of the anode, where extra lithium is

present, Li,Sg+2Li reactions are once again very favorable, despite the trend between
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these reactions (Table 2) and those seen in the gas phase being much less pronounced. In
that environment, there was an increase of 95% for the reaction energies when breaking
one of the “end” sulfur-sulfur bonds instead of a “middle,” while the data from the EC
calculations indicated an increase of only 14%. In addition, no evidence suggests a LiSg
or Li,Sg molecule experienced unusual stability in the solvent, and in the AIMD
simulations of the anode this has been confirmed — no clear transition into a Li,Sg
species exists throughout the decomposition process. Similarities of the reaction energies
for Li,Sg + 2Li (again, shown in Table 2) agree with the AIMD simulation observations,
indicating that the PS chain rupture point is random, meaning that any of the possible
reactions have approximately equal favorability.

For Li,Sy in EC, lithium dissociation is likely as long as n is greater than 2, i.e.,
Li,S3 going to Li*+LiSs? is thermodynamically favorable. For all polysulfide species
that are of the form LiS,,, the most favorable charge state is the dianion (-2), signifying
that even for lithiated polysulfides with shorter chains (n less than 8), the delithiation
reaction is still likely to occur. Because the dielectric constant of both DME and DOL is
very similar, the reaction energies calculated for polysulfide species in these solvents
were virtually the same. The polysulfide decomposition energies calculated in DME (not
shown) were on average 1% lower than the DOL results for the same reactions (seen in
Table 2), so in an effort to minimize redundancy this data is omitted from the thesis.
Both DME and DOL are unreactive in the presence of the polysulfide and lithium anode
over this timeframe, and these observations seem to be confirmed by the reaction energy

calculations. Nevertheless, polysulfide surface reactions continue to be energetically
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favorable, and even several A from the surface, AIMD results still demonstrate
decomposition of the PS molecule as a result of charge transferred from the anode to the
electrolyte. The solvents tested (DME, DOL, and EC) have reduction potentials of -1.68,
-1.48, and -1.46 V, respectively.®* As a result of the small differences between the three,
there appears to be no relationship between the solvent reduction potentials and the
calculated results.

To further examine PS behavior at the lithium surface, AIMD calculations were
executed by adding a linear or ring Li»Sg molecule near to the Li surface and utilizing
the salt/solvent mixtures which were detailed within the preceding section. Based on the
results from the earlier solvent/salt simulations, the DOL/DME system seems to be the
most viable candidate for simulating PS behavior near the anode. Understanding this
interaction is critical to engineering better Li-S batteries which avoid the pitfalls of self-
discharge. It should be noted that polysulfide shuttle, which brings the long-chain sulfur
species from the cathode to the anode, is not a desirable effect, and while there are many
proposed solutions to this problem, as of yet all lithium sulfur cells experience some
degree of PS shuttle. For the first iteration of PS simulation at the anode, one molecule
of Li,Sg was added to the DOL/DME solvent mixture, corresponding to a concentration

of 1M. A zoomed-in image of the electrolyte can be seen on Figure 22.
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ém LiTFSI

Figure 22. DOL/DME, 1M LIiTFSI, 1M PS at Ops. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

Within 50 fs the PS molecule begins to decompose, as seen in Figure 23,

showing the simulation after 100 fs.
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Figure 23. Left: DOL/DME, 1M LiTFSI, 1M PS at 100 fs. Right: after 4.0 ps (end of simulation). Color key: red,
oxygen; white, hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

Once the PS has fragmented, the S, and S; molecules make their way to the
anode surface, where they undergo further reduction. After 1 ps, the largest remaining
sulfur group is diatomic, and by the end of the 4 ps simulation, none of the original S-S

bonds have remained intact. It should also be observed that the lithium metal surface has
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been severely disrupted due to the PS decomposition. Comparing the top and bottom
lithium surfaces gives a good indication of the effect PS decomposition can have on
surface structure and roughness, and by extension, potential dendrite formation.
Meanwhile the salt begins to decompose at around 1.5 ps via the cleaving of a C-S bond,
and both fragments survive until the end of simulation. This behavior will be examined
in more detail later on when higher molarity PS systems are considered, but it is worth
noting that not only does the salt in this simulation take longer to decompose, but that
the fragments are less reactive and less inclined to move to the anode surface. This
seems to be due to the passivating effect of the PS on the lithium metal surface, even
when the LiTFSI molecule is located away from the PS species. The solvent undergoes
no reactions over the course of this simulation.

Next, the concentration of PS was increased to 2M in order better understand the
passivation effect, this time at both lithium faces as shown in Figure 24. Care was taken
to keep the salt molecule in the same position within the vacuum slab during simulation

using different PS molarities.
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Li,S; msp

Figure 24. DOL/DME, 1M LiTFSI, 2M PS at Ops. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

The results of this simulation are shown below in Figure 25.
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Figure 25. Left: DOL/DME, 1M LiTFSI, 2M PS at 500 fs. Right: after 9.0 ps (end of simulation). Color key: red,
oxygen; white, hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

As we can see, both polysulfide molecules completely decompose, again very
rapidly (within 50 fs). By 500 fs the PS is almost entirely fragmented (one S; molecule

remains), and these fragments begin to diffuse into the lithium bulk. After 1 ps the salt
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molecule has split via an N-S bond, and the resulting SO,CF; group survives until 4.2
ps, when the C-S bond breaks. This is followed by partial defluorination of the CF3
group (4.5 ps), resulting in a CF group which recombines with the SO, fragment. This
molecule lasts until 6.6 ps, at which point it loses its final fluorine atom. By the 9.0 ps
mark, this species has decomposed, leaving only the sulfur and carbon bonded; the
remaining atoms are “loose” at the lithium surface.

The polysulfide effect on the anode surface is more pronounced in the 2M case
due to both the upper and lower surfaces of the vacuum slab absorbing sulfur, but the
nature of the anode surface is still rather obscure. It appears that the sulfur-lithium
interactions at the surface do not follow anything like covalent bonding behavior, but
there does seem to be a sort of amorphous characteristic of the layer. This may be due in
part to the fact that the amount of sulfur needed to make a stoichiometric Li,S surface is
not met in these simulations. However, we can get an idea of the interconnections
occurring within the anode surface by defining any sulfur atom within 2.6 angstroms of a
lithium atom as “bonded” to it; this is the calculated distance between lithium and sulfur
in an Li,S molecule.* Figure 26 below shows the system at 2.3 ps with sulfur “bonds”

added.
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Figure 26. DOL/DME, 1M LiTFSI, 2M PS at 2.3 ps. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

From this exercise we see that practically every sulfur atom is within 2.6
angstroms of at least one lithium atom, and for some this coordination number is as high

as four. These interactions help lead to the large increase in surface roughness that can
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be seen by comparing the simulations of DOL/DME, 1M LiTFSI with and without the

presence of PS species, as seen in Figure 27.

Figure 27. Left: DOL/DME, 1M LiTFSI at 9.2 ps. Right: DOL/DME, 1M LiTFSI, 2M PS after 9.0 ps. Color key: red,
oxygen; white, hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

With the addition of the PS molecules and their subsequent decomposition, the

anode surface evolves quite dramatically. The intercalation of sulfur atoms into the
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lithium bulk results in a volume expansion which leads to a lithium “surface” nearly
three angstroms above the starting position of the lattice, while for the inert solvent
molecules in Figure 27 (left), the surface atoms remain roughly in place. It should also
be noted that in none of the AIMD simulations run over this timescale was there found
an instance of either DOL or DME decomposition.

Finally, a three PS system was constructed and simulated to determine if a
polysulfide in the bulk solvent, shielded from the lithium surface by other PS molecules,

would still decompose. The initial system is shown in Figure 28.

Figure 28. DOL/DME, 1M LiTFSI, 3M PS at Ops. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine
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The simulation was run for 9.8 ps, and the results are shown in Figure 29 below,

alongside the previous results for the 2M PS system.

Figure 29. Left: DOL/DME, 1M LIiTFSI, 3M PS at 9.8 ps. Right: DOL/DME, 1M LiTFSI, 2M PS after 9.0 ps. Color
key: red, oxygen; white, hydrogen; blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine
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In the 3M PS case, all polysulfide molecules break within 70 fs, and while the
molecule in the solvent bulk survives longer, it still succumbs to reduction by the lithium
anode. For the bulk PS, an S-S bond is cleaved within 100 fs, resulting in LiSz and LiSs
formation. These two molecules survive until around 2 ps, at which time they have both
delithiated, and the Ss group has been reduced to S, and S;. Decomposition continues,
but even as late as 8 ps, an Sz group remains in the bulk, and at the end of the simulation
(9.8 ps) there are still S, groups intact. The salt molecule enjoys similar stability,
surviving until the 6.9 ps mark, at which time it fragments along a C-S bond. The CF;
group delfuorinates soon after (7.2 ps), and later the carbon bonds to one of the many
sulfur atoms at the surface, forming a C-S molecule which survives until the end of the
simulation. The remainder of the salt stays intact despite being surrounded by lithium
and sulfur in the bulk.

Perhaps the most dramatic difference between the 2M and 3M PS cases is seen in
the behavior of the lithium atoms away from the anode surface. The presence of a
polysulfide in the bulk seems to act as a bridge of sorts, allowing an upswell of lithium
atoms. The nucleophilic PS decomposition fragments draw lithium upward, and the end
result is a chain of lithium and sulfur that connects both the top and bottom portions of
the vacuum slab. This may represent preliminary dendritic growth, or at least the
tendency for lithium to migrate upward under certain conditions in the electrolyte.

Outside of the linear PS configuration used hitherto, the lithiated, long-chain

Li,Sg molecule can also take on a ring form, shown in Figure 30.
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Figure 30. Ring configuration of Li,Ss.

While the chemical formula may be the same for both configurations, the
prevalence of either form is dependent upon the solvent environment and Kinetic
limitations. In order to examine any differences in stability or reactivity between the ring
and linear configurations, three molecules of PS in the ring form (corresponding to 3M)
were added to the earlier 3M PS simulation, replacing the linear PS molecules. The
result is an electrolyte comprised of 3 molecules of DOL, 2 of DME, 1 of LiTFSI, and

three of ring-form PS, as shown in Figure 31.
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Figure 31. DOL/DME, 1M LiTFSI, 3M PS at 0 ps. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

AIMD calculations were performed over 12.3 ps, with the final configuration of

the system shown in Figure 32 below.
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Figure 32. DOL/DME, 1M LIiTFSI, 3M PS at 12.3 ps. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

Within 100 fs, every PS molecule has begun to decompose, and by 500 fs S3
groups are the largest PS fragments remaining. The loose sulfur atoms migrate to the

lithium surface and begin to diffuse into the bulk. After 4 ps, the only surviving fragment
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is one S; group. Meanwhile the salt enjoys comparative stability, lasting for 6.8 ps
before decomposing via a C-S bond. Subsequent defluorination of the CF; group begins
at 8.3 ps. By the conclusion of the simulation this fragment has completely decomposed,
while the rest of the salt molecule remains intact. Compared to the 3M linear case, the
differences found in the ring simulation are relatively minor. In both cases the solvent
molecules did not decompose for the entirety of the experiment, the PS molecules began
to decompose almost instantly, the bulk PS molecule experienced a slightly slower
decomposition, and the salt decomposed at roughly the same time (6.9 ps and 6.8 ps for
the linear and ring cases, respectively).
D2

In addition to the three solvents mentioned above, D2 was also tested due to the
positive experimental results shown by our collaborator Dr. Vilas Pol at Purdue
University °. By adding this fluorinated ether to a DOL/LiTFSI salt system, the cell was
shown to have a coulombic efficiency of more than 96% after 100 cycles, which far
surpasses the results of typical Li-S electrolyte formulations. In order to replicate the
parameters of the experiment, DOL and D2 were mixed at a 1:2 volume ratio, which
corresponded to 3 molecules of each after adding one molecule each of PS and LiTFSI

salt (both at 1M concentration). Figure 33 shows the electrolyte at the start of simulation.
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LiTFSI mp

Figure 33. DOL/D2, 1M LIiTFSI, 1M PS at Ops. Color key: red, oxygen; white, hydrogen; blue, carbon; yellow,
lithium; orange, sulfur; purple, nitrogen; green, fluorine

Once again, the PS molecule beings to decompose almost instantly (within 100
fs), while the salt begins to break after 4.7 ps via S-C bond cleavage. Figure 34 shows

both the initial and final configurations of this system.
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Figure 34. Left: DOL/D2, 1M LiTFSI, 1M PS at 0 ps. Right: After 17.9 ps. Color key: red, oxygen; white, hydrogen;
blue, carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

Again, we see the PS decomposition play the largest role in disturbing the
lithium surface. Of interest is the fact that the eight sulfur atoms from the PS molecule

all migrate into the lithium surface, while the sulfur atoms from the salt decomposition
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(SOy) stay at the lithium surface, either stabilized by the oxygen atoms or less able to
diffuse into the bulk due to steric limitations of the attached oxygen. The most intriguing
part of this simulation, however, is the relative stability of the D2 molecules. While the
bottommost D2 molecule began to defluorinate at 1.3 ps, the other two do not show such
behavior, even near the lithium surface. This seems to indicate that the local PS
decomposition has at least a minor effect on the D2 stability, perhaps due in part to the
upheaval of lithium atoms at the anode surface. Compared to DME, the D2 does seem
more reactive, but this drawback is potentially outweighed by its reported benefits, such
as suppressing PS shuttling and producing higher coulombic efficiency.*
LiFSI

In addition to changing the solvent composition, the use of an alternative salt,
LiFSI, was also investigated. As stated in the introduction, LiFSI has seen use in Li-S
systems as an alternative to the more traditional LiTFSI salt.?> However, it has also
shown promise in other battery chemistries, including LiFePO4/graphite*’ and Li/Si.*®
To better understand its role and impact in lithium-sulfur batteries, 1M LiFSI was added
to a pure DME system and compared to the 1M LiTFSI counterpart. This system was
chosen to replicate the conditions used by Qian’s group, particularly the use of the pure

DME instead of a solvent mixture. The 1M LiFSI case is shown below in Figure 35.
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Figure 35. Left: DME, 1M LiFSI, at 0 ps. Right: After 13.4 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine
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Figure 36. Left: DME, 1M LiTFSI, at 0 ps. Right: After 13.2 ps. Color key: red, oxygen; white, hydrogen; blue,
carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

As we can see, the salt molecule does not survive the duration of the simulation. At 1.8
ps it dissociates, and the resulting FSI” fragment begins to defluorinate at 3.7 ps, finally
losing the SO, group after 4 ps. Eventually the rest of the salt decomposes as well, and
by the end of the simulation only an LiSO, fragment remains in the bulk, with the rest of

the salt having migrated to the upper lithium anode surface and reduced. In order to
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compare LiFSI and LiTFSI stability in the electrolyte, the LiFSI molecule was replaced
by a LITFSI molecule in the same system and at the same position within the vacuum
slab. This is shown in Figure 36. In this case, the salt also decomposes by the breaking
of an S-C bond at 5.1 ps, both fragments survive until the end of the simulation. Also,
the salt does not dissociate, as was the case with the LiFSI simulation. This seems to
indicate that there is a significant difference in both the reactivity and reduction
pathways for the two salt molecules. For this reason, both salts were tested in explicit
solvent simulations in order to determine their stability in DME away from the anode,
with the same methodology as used in the case of the PS explicit solvent simulations.
Over 16 ps, however, the LiFSI does not decompose, and neither does the LiTFSI. This
indicates that the presence of the lithium anode is a major factor driving the salt
reduction. In order to provoke a reaction, one electron was added to the LiFSI/DME
explicit solvent system, using the same methodology discussed in the PS section. In this
case, the LiFSI was made to decompose, but by the cleaving of an S-F bond instead of
the lithium dissociation seen in the anode surface simulation. Instead, the fluorine atom
first bonds to a hydrogen atom from one of the DME molecules, then bonds to the
lithium at around 400 fs, forming an O-Li-F chain that survives until the end of the

simulation, as seen in Figure 37.
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Figure 37. LiFSI molecule in DME at 16 ps, and after the addition of one extra electron

Because of the seemingly conflicting AIMD results, DFT calculations were
performed using Gaussian analysis to determine the reaction energy and free energy of
the dissociation of both the LiFSI and LiTFSI in implicit solvent DME and the Gas-
Phase (no solvent). This was done by calculating the energy of the initial molecule and
its charged products and subtracting the latter from the former. The LiTFSI results for

energy of dissociation are shown in Table 3.

Table 3. LiTFSI energy of dissociation in gas-phase and DME

Reaction E [eV] Reaction G [eV]

Gas-phase 5.96 5.64
DME 0.75 0.43

The LiFSI results are seen in Table 4.
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Table 4. LiFSI energy of dissociation in gas-phase and DME

Reaction E [eV] Reaction G [eV]

Gas-phase 5.77 5.44
DME 0.62 0.31

As can be seen from a brief comparison of these results, there is very little
difference between the two. For the dissociation reaction in DME, there is a 28%
reduction in the free energy of reaction between the LITFSI and LiFSlI, but neither is
favorable. This seems to support the idea that the LiFSI is, in fact, stable far away from
the anode surface, as is the LiTFSI, and as was seen in the explicit solvent results with
DME. However, in order to be sure, energy calculations were made using explicit
solvent systems. The energies of the salt and its decomposition products were all
calculated in the presence of six DME molecules, and then the energy of the product
systems were subtracted from those of the reactant. The final results in reaction energy
between the implicit and explicit solvent calculations differed by only 5%, leading us to
conclude that the previous results were in fact accurate, and that the real driving force in

salt decomposition is not the solvent, but the presence of the lithium anode.
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CHAPTER IV

HIGH MOLARITY SALT EFFECTS

While electrolytes containing 1M LiFSI or 1M LiFSI have been heretofore
examined, the use of higher molarity salts has been shown to produce some very positive
results in lithium-sulfur batteries.'* In Qian’s work, an electrolyte consisting of 4M
LiFSI and DME was found to enable high-rate cycling (with up to 99.1% Coulombic
efficiency) of the lithium metal anode, in addition to inhibiting dendrite growth. This
was attributed to increased Li-ion concentration within the electrolyte, as well as
improved coordination of the solvent molecules. Using AIMD simulations, we are able
to help provide a theoretical explanation for these encouraging experimental results by
observing the differences between not only the low and high molarity salt cases, but also
the differences between LiTFSI and LIFSI, which were shown to be experimentally
dramatic.

To begin, we examine the 4M LiTFSI case, which is shown below in Figure 38.
This molarity corresponds to four salt molecules for the volume of the vacuum slab used

in these calculations.
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Figure 38. Left: DME, 4M LIiTFSI, at 0 ps. Right: After 16.0 ps. Color key: red, oxygen; white, hydrogen; blue,
carbon; yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine

This system is extremely unstable, with the salt molecules beginning to
decompose within 20 fs. After 5 ps, both salt molecules at the top of the simulation have

decomposed, and by the conclusion of the simulation all four salt molecules had reacted.
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However, large fragments still remain, including SO,CF3, NSO,CF3, and an entire salt
molecule sans a CF3; group. No DME decomposition was observed over the course of
this simulation. Thus, while the high molarity LiTFSI electrolyte is very prone to salt
decomposition, the fragments remain large and survive the duration of the simulation.

This stands in sharp contrast to the 4M LiFSI case, shown in Figure 39 below.

Figure 39. Left: DME, 4M LiFSI, at 0 ps. Right: After 16.0 ps. Color key: red, oxygen; white, hydrogen; blue, carbon;
yellow, lithium; orange, sulfur; purple, nitrogen; green, fluorine
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For this system, the topmost LiFSI molecule loses a fluorine atom within 150 fs,
and by the 1.2 ps mark the next-highest salt molecule begins to fragment. After 5 ps,
every salt molecule has reacted at least once. At the end of the simulation, the only large
fragment remaining is the LiFSI molecule at the bottom of the vacuum slab, which has
only lost one fluorine atom. On the whole, though, the LiFSI seems to undergo much
more decomposition that the LiTFSI case; aside from the bottommost LiFSI molecule,
the largest fragments are two NSO,, one NSO, and one SO group. Particularly for the
fluorine atoms, the difference between the salts is dramatic. For the LiFSI, only one
fluorine atom stays attached to the salt for the duration of the simulation, while for the
LiTFSI, several whole CF3 groups remain adhered.

In order to gain more insight into the behavior of the high molarity LiFSI case,
Bader charge analysis was conducted on the atoms within each salt molecule to monitor
the changes in charge associated with the breaking of bonds. The molecules are labeled
from 1 to 4, with 1 being the topmost salt molecule in the initial configuration shown in
Figure 39 (left), 2 being second from the top, etc. The results for molecule 1 are shown

below in Figure 40.
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Figure 40. Charge analysis results for molecule 1

In Figures 41 and 42 the reactions for salt molecule 1 are shown in detail.
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Figure 41. Left: DME, 4M LiFSlI, at 200 fs, highlighting molecule 1. Right: After 1.1 ps. Color key: red, oxygen;
white, hydrogen; blue, nitrogen; purple, lithium; yellow, sulfur; grey, carbon; teal, fluorine
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Figure 42. Left: DME, 4M LiFSI, at 1.9 ps, highlighting molecule 1. Right: After 16.0 ps. Color key: red, oxygen;
white, hydrogen; blue, nitrogen; purple, lithium; yellow, sulfur; grey, carbon; teal, fluorine

For LiFSI molecule 2, the charge analysis results are seen below in Figure 43.
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Figure 43. Charge analysis results for molecule 2

Figure 44 shows the reactions for this salt molecule.
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Figure 44. Left: DME, 4M LiFSI, at 1.9 ps, highlighting molecule 2. Right: After 16.0 ps. Color key: red, oxygen;
white, hydrogen; blue, nitrogen; purple, lithium; yellow, sulfur; grey, carbon; teal, fluorine

For LiFSI molecule 3, the charge analysis results are seen below in Figure 45.
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Figure 45. Charge analysis results for molecule 3

Reactions of molecule 3 are shown in Figure 46 below.
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Figure 46. Left: DME, 4M LiFSlI, at.9.0 ps, highlighting molecule 3. Right: After 16.0 ps. Color key: red, oxygen;
white, hydrogen; blue, nitrogen; purple, lithium; yellow, sulfur; grey, carbon; teal, fluorine

For LiFSI molecule 4, the charge analysis results are seen below in Figure 47,

with the reactions followed in Figure 48.
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Figure 47. Charge analysis results for molecule 4
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fragmenting, and the delithiation reaction often occurs
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Figure 48. DME, 4M LiFSI, at.16.0 ps, highlighting molecule 4. Color key: red, oxygen; white, hydrogen; blue,
nitrogen; purple, lithium; yellow, sulfur; grey,

carbon; teal, fluorine

From these results, we are able to draw a few conclusions about the behavior of
the LiFSI salt near the lithium anode. First, dissociation of the salt seems to catalyze the

rest of the salt decomposition. Upon delithiation, the molecule is much more prone to

simultaneously with



defluorination. But perhaps the biggest takeaway from these high molarity LiFSI
simulations is that the salt is relatively stable away from the anode surface, and that
decomposition at the surface requires the proper environment and orientation. Consider
that LiFSI molecule 4 undergoes almost no decomposition despite being the salt
molecule closest to the anode at the start of simulation. Molecule 1, however, is oriented
with the lithium nearest to the anode surface, and it reacts almost instantaneously and
quite extensively. In order to establish an energetic understanding of these reactions,
DFT energy calculations were performed in Gaussian to establish reaction energies and
thermodynamic favorabilities based the direction of lithium attack on the salt molecule.
Neutral LiFSI molecules were simulated, as were charged and uncharged lithium atoms,
and then these two species were combined with the charged or neutral lithium either
beneath the plane of the ring, in-plane and near the nitrogen (behind), or in-plane and

near the lithium (front), as shown in Figure 49.
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c)

Figure 49. Direction of lithium attack. (a) Below. (b) Behind. (c) Front. Color key: red, oxygen; blue, nitrogen;
purple, lithium; yellow, sulfur; teal, fluorine

The energetic results of these orientations are seen in Figure 50.

79



Reaction (Front.) Reaction E [eV] Reaction G [eV]

. 0
LiFSI + Li _0.343 0.163

LiFSI + Li!

-0.091 0.177

Reaction (Below) Reaction E [eV] Reaction G [eV]
. -0
s _3.155 2.863
. -1
Ll L -0.163 0.168

Reaction (Front.) Reaction E [eV] Reaction G [eV]
- .0
LiFSI + Li _2.796 -2.521
- .1
LiFSI + Li 0.193 0.084

Figure 50. Reaction energies at various lithium orientations.

This data seems to indicate that the lithium attack from the “below” position is
the most favorable, but this seems to conflict with what we see in the AIMD results.
Below in Figure 51 is the optimized structure for the reaction of LiFSI and Li° from the

“below” position.
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Figure 51. Optimized structure of below Li° attack. Color key: red, oxygen; blue, nitrogen; purple, lithium; yellow,
sulfur; teal, fluorine

We can easily see that for this configuration, a reaction has actually taken place —
the very same reaction seen in the AIMD simulation. The attacking lithium atom has
removed a fluorine atom and formed LiF, which seems to be stabilized by the rest of the
salt molecule. This reaction is extremely favorable, as might be expected. Table 5 shows

the energetics of LiF formation from both charged and neutral species.

Table 5. LiF formation energetics

Reaction E [eV] Reaction G [eV]

Li’+F° -1.485 -1.285
Li'+F! -6.708 _6.474

From these results, it appears that the favorability seen in Figure 50 for the
lithium attack from below comes in large part from the favorability of the formation of

LiF.
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This data seems to support the results of the previous AIMD simulation; we see
that the “front” position of lithium attack is actually very thermodynamically favorable,
while the “below” position is much less so. This provides us a solid theoretical
explanation for the difference in stability of molecules 1 and 4 in the 4M LiFSI
simulation. Also, we see that attack by neutral lithium is much more effective than
charged, even when near nucleophilic sites, such as the nitrogen in the “behind”
configuration.

In summary, while we did not see the same coordination effect noted by Qian et
al. (salt molecules aligning and forming a network in the electrolyte), we were able to
observe some very intriguing behavior of the LiFSI molecules and their interactions with
the lithium surface. The formation of an SEI at the anode surface was observed, and this
occurs both more quickly and completely for the LiFSI salt versus the LiTFSI. Several
products of the LiFSI decomposition over a 16 ps timeframe were also observed, along
with the changes in charge experienced by the individual atoms of each salt molecule.

Additionally, several positive attributes of this salt as compared to LiTFSI were
found. The lower MW of the LiFSI means that a higher amount of lithium is present
within each mole of salt, and therefore the electrolyte, at the start of the simulation,
something that will only help the cell’s energy density and performance. Also,
delithiation seems to be the most favorable method of salt decomposition at the anode,
meaning that the salt can positively contribute to lithium cycling without decomposition.
This could result in the formation of a coordinated network of salt molecules capable of

both allowing faster lithium diffusion away from the anode surface and acting as a
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barrier to any long-chain PS species which might otherwise migrate to the surface. This
beneficial SEI could be the driving factor in the improved performance reported for

high-molarity LiFSI cells.
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CHAPTER V

SUMMARY

In this thesis, we have examined a wide variety of lithium-sulfur anode
components which have the potential to dramatically impact the overall cell
performance. The lithium crystal structure was investigated, with mixtures of solvent
molecules at both the (100) and (110) planes undergoing AIMD simulations. From these
results, it was determined that for these two cases, the crystal structure has a minimal
effect on solvent stability, with the (110) case indicating the potential for slightly more
EC compatibility. However, due to the apparent instability of this crystal structure, the
stability of DOL and DME near both planes, and the desire for compatibility with the
results of other researchers within the group, the (100) plane was chosen to undergo
further testing.

The effects of electrolyte components on both the lithium surface and solvent
stability were investigated, and it was found that for all binary solvent systems, the
addition of the LiTFSI salt had no significant impact on solvent stability, and that the
salt itself was quite prone to decomposition, even away from the anode surface. Next,
the addition of polysulfides at various concentrations was studied, and it was found that
PS decomposition occurs almost instantaneously, even in the bulk electrolyte. These
fragments tend to diffuse toward the anode surface to form an amorphous layer of Li,S,
and in the case of high molarity PS mixtures, the bulk PS decomposition products are

even capable of drawing lithium atoms upward from the surface. While the presence of
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PS does not seem to catalyze solvent decomposition, it does seem to stabilize the LiTFSI
salt by helping to passivate the anode surface. No distinction was found between the ring
and linear initial PS configurations.

D2 was shown to be a viable solvent for use in this environment, as it proved
relatively stable near the anode in addition to driving the PS decomposition fragments
into the bulk lithium crystal. The fluorine atoms from the D2 decomposition remain near
the surface, with the potential to hamper further PS shuttle as reported in literature. *
Finally, the employment of an alternative salt, LiFSI, was examined. While AIMD
showed less stability for it near the anode, as compared to the LiTFSI, DFT calculations
indicated the reactivity of both species is very similar, and that neither is favorable in
DME alone.

To further explore the effects of the LiFSI salt, a study of high molarity salt
effects was conducted for the same 1:1 v/v DOL/DME, Li (100) system considered in
the previous LiFSI simulations. The results showed that the salt molecule is less stable
than LiTFSI for the same conditions, but that the LiFSI is more prone to delithiation and
is stable away from the anode surface and even near the surface for certain orientations.
The SEI formed by the LiFSI decomposition is reported to lead to positive effects on the
cell performance, and while no bulk coordination of the salt was seen for this volume of
electrolyte, the behavior of the LiFSI molecules seems to confirm previous experimental
observations.”®

In conclusion, this thesis has examined the impact of a bevy of factors which

influence the performance of lithium-sulfur batteries. Using AIMD simulations, in
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conjunction with static DFT optimizations, Bader charge analysis, and additional
analytical techniques, we have gained insight into the inner machinations of crystal
structure, electrolyte, and high molarity salt effects occurring at the lithium anode
surface. It is the hope of this author that a deeper theoretical understanding of the way
this system behaves will allow real-world Li-S systems to be better engineered to meet

and overcome the challenges facing the commercialization of this technology.
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