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Redox behavior of Li-S cell with PP14-TFSI ionic liquid
electrolyte
Spectroscopic study on speciation of polysulfides during charge/discharge pro-
cesses

Erik Blomberg
Department of Applied Physics, Chalmers University of Technology

Abstract

Li-S batteries, having one of highest theoretical energy densities possible, have
been suggested as a way to improve on the current state of the art. However, the
dissolution of intermediate polysulfide species in the electrolyte has so far greatly
reduced the cycleabilty of these batteries. One proposed solution is to use an ionic
liquid electrolyte to decrease the solubility of the polysulfides.

This work investigates the polysulfide speciation in Li-S cells with an ionic
liquid electrolyte during charge and discharge. Four different room temperature
ionic liquids were studied and found to dissolve polysulfides in small concentra-
tions. One of the ionic liquids, PP14-TFSI, was examined further using UV-Vis
spectroscopy to identify the polysulfide ions present in the electrolyte at different
points of the charge/discharge cycle.

It was found that the first step of the reaction during discharge produces S2−
6

with only small amounts of other polysulfides. Most of the S2−
6 was then reduced

to S2−
3 and S2−

4 in a second reaction step. These reactions showed good reversibil-
ity during charge, however a rapid decline in capacity was observed with con-
tinued cycling. This led to the conclusion that the ionic liquid did not by itself
prevent the loss of active material associated with the dissolution of polysulfides.

Keywords: Lithium sulfur batteries, Li-S, ionic liquid electrolytes, polysulfides,
UV-Vis spectroscopy.
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Chapter 1

Introduction

Modern technology, and our use of it, is changing rapidly in many different and
often unexpected ways. This evolution is often driven by advancements in key
areas that enable a cascade of further improvements in various other fields. One
good example is energy storage, which represent the second part of a problem
as old as technology itself: how do we create the energy to power our machines
and devices and how do we get it to the location and at the time where it is needed?

Efficient storage of electrical energy using rechargeable batteries, especially
lithium ion (Li-ion) batteries, has proven to be the best solution for a range of ap-
plications. Their increasing use and rapid improvement have led to a multitude of
dramatic changes, the most obvious being portable consumer electronics, and they
are an important enabler for the development of electrified transportation and re-
newable energy distribution [1]. However, the desire for better performance (and
lower cost) is driving todays batteries towards the theoretical energy density of the
basic Li-ion chemistry. An increasing amount of R&D is therefore being directed
towards alternative configurations and chemistries [1, 2]. One such candidate is
to base the battery on the reaction between lithium and sulfur.

The specifics of the reaction between lithium and sulfur (Li-S) result in batter-
ies with much higher specific energy than Li-ion batteries - in theory. The theoret-
ical value for the specific energy, calculated using the capacity and voltages of the
active materials, is a common way to compare different battery chemistries. The
properties of elemental lithium and sulfur gives a specific energy of 2,567 Wh/kg
while the current Li-ion materials are limited to 387 Wh/kg [1]. In practice, that
potential has been hard to realize because of multiple problems that degrade the
performance and limit the life of the cells. The common approach to improve Li-S
cells is the same as that which has been successfully applied to Li-ion:
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changing the materials, especially the electrolyte, and the structure of the elec-
trodes [1, 2, 3].

Ionic liquid electrolytes have been considered for use in batteries due to a
number of beneficial properties, such as good ion conductivity, high electrochem-
ical and thermal stability and low vapor pressure [4, 5, 6]. However, the specific
application to Li-S batteries has only been studied quite recently [5, 7]. The aim
of this thesis is to find another small piece of the puzzle by investigating the dis-
solution, transport and reactions of lithium polysulfide species in ionic liquid (IL)
based electrolytes during charge and discharge of Li-S cells.



Chapter 2

Background

A battery is a device that stores electrochemical energy. The fundamental princi-
ples behind are the chemical reduction and oxidation (redox) reactions between
two compounds. Such reactions occurs when the molecules or atoms of the two
reactants exchange electrons in order to equilibrate their electrochemical poten-
tial µ , the energy released usually being in the form of heat and/or light. Greater
control can be obtained by keeping the reactants separated and instead connect-
ing them indirectly, resulting in an electrochemical reaction which can generate
electrical currents and voltages in an external circuit. This also makes it possible
to use an external power source to drive the reaction away from the spontaneous
equilibrium.

Zn Cu 

LOAD 

Porous 
separator 

e- e- 

ZnSO4 (Aq) 

Zn2+ Cu2+ 

SO4
2- 

CuSO4 (Aq) 

Figure 2.1: An example of a galvanic cell with one zinc and one copper electrode
during discharge. The electrodes are immersed in separate aqueous electrolytes
that are in ionic contact through a separator.

The galvanic cell, an example of which is shown in figure 2.1, is the most
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common such arrangement. It consists of two electrodes containing the active
materials that are in ionic, but not electric, contact through an electrolyte. The
chemical reaction is thus split into two half reactions between each electrode and
the electrolyte. These will proceed until they are suppressed by the increasing po-
tential difference between the electrode and the electrolyte. When the electrodes
are connected through an external electrical circuit a current will flow in order to
neutralize the potential. This allows the reactions to continue, with an ionic cur-
rent in the electrolyte and a corresponding external electric current, until all of the
active material has been consumed. The energy released by the chemical reaction,
∆G, is given by

∆G =−nFE (2.1)

and is in this arrangement mostly in the form of useful electrical power in the
connected load. The energy is related to the number of electrons exchanged, n (per
mol reactants), and E = ∆µ , the difference in the electrochemical potential of the
reactants [8]. F , Faradays constant, is simply the molar charge of the electron (≈
96485 C mol−1). This relationship is obtained by examining the thermodynamics
of a reversible chemical reaction, i.e. that it strives to minimize Gibbs free energy
G.

Each half reaction can be analyzed separately with different values of E as
compared to a common reference material. This is usually the Standard Hydro-
gen Electrode (SHE), measured at 25◦C and 1 atm in a 1 M solution, which results
in the Standard Electrode Potential E◦ [9]. The total electromotive force (emf, the
potential due to the charge separation) of the cell is then simply the difference be-
tween the values for the active materials. An element with a high (more positive)
E◦ is readily reduced and therefore an oxidizer and an element with a lower (more
negative) value is correspondingly easily oxidized and a reducer. During the spon-
taneous reaction of the cell the electrode with the lowest electrode potential will
be oxidized, releasing electrons into the external circuit, and this electrode is re-
ferred to as the negative electrode. The electrode with the more positive electrode
potential will be reduced, accepting electrons, and is thus called the positive elec-
trode. They are also often named the anode and the cathode which can lead to
confusion as their roles are reversed during charging with the positive electrode,
now technically an anode, supplying electrons and the negative electrode, acting
as a cathode, accepting electrons.

2.1 The battery
The term battery is, although often used that way, not synonymous with an elec-
trochemical cell. The battery is the actual device, consisting of one or multiple
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connected cells, and includes packaging and structural materials and often safety
features and control electronics. Modern batteries often use a separator, a thin
porous membrane soaked in an electrolyte, or an electrolyte gelled with a poly-
mer, in order to have only a minimal separation between the electrodes. This
increases the current that can be drawn from the battery by enabling faster ion
transport and also minimizes the amount of electrolyte needed. Metal current col-
lectors and conductive additives to the active electrode materials such as carbon
powder are often necessary since many of the active materials or their reaction
products are poor electric conductors.

Batteries are typically divided into two main categories: Primary batteries are
usually assembled in their charged state and are discarded (and hopefully recy-
cled) after use. The first useful batteries were of this type and today they span a
wide range of sizes, chemistries and applications. A widely recognized example
of a primary battery are the common household 1.5 V "alkaline" batteries used to
power flashlights, toys, clocks etc. They rely on the reaction between zinc and
manganese oxide using an alkaline electrolyte and are easy to produce and use,
safe and have the best performance for their price range, especially for applica-
tions requiring somewhat larger currents [9].

Secondary batteries use reactions and layouts that enable reversible operation,
meaning that when the battery has been drained it can be recharged and used
again. They are therefore commonly known as rechargeable batteries or some-
times, mostly for lead-acid batteries, accumulators. These batteries are called
secondary since they store electrical energy supplied from some other energy
source, returning it in a secondary operation (discharge). The different require-
ments means that primary and secondary batteries normally have different elec-
trode combinations, although there are some that are used in both types such as
rechargeable alkaline batteries. Tradeoffs in design and material utilization mean
that the secondary versions have a higher cost and lower capacity.

There are a number of different parameters for evaluating the performance of
batteries, some important ones being: the specific energy [Wh/kg] and energy
density [Wh/L], the specific power [W/kg] and power density [W/L], efficiency,
temperature range, useful lifetime and of course cost. In this case lifetime does not
refer to capacity as in "battery life" but to durability: how long in both time and,
for secondary batteries, number of charge/discharge cycles the battery can deliver
useful performance. Related factors are the storage life and self-discharge rate
- all batteries will leak some of their stored charge over time, but some versions
used for special applications can deliver according to specifications after sitting on
a shelf for decades [8]. When evaluating secondary batteries it is also important
to consider the efficiency of the energy storage which for most batteries is around
70-80%, with the cheaper nickel-metal hydride and alkali variants being as low as
55-60% and the more expensive Li-ion getting as high as 95% [9].
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The relative importance of the various characteristics depends heavily on the
application - a cellphone or laptop battery would optimize the specific energy and
energy density to make it as light and small as possible while grid energy storage
using large scale batteries is likely to focus on low total cost as a function of unit
cost and lifetime fare more than any weight or volume considerations. Electric
vehicles fall in between these two extremes (with rather different priorities for
a high end sports car compared to a delivery van) while also needing sufficient
power to accelerate quickly and recover energy while braking [9].

While the theoretical performance of a cell or a battery can be calculated from
the properties of the active materials such as capacity [Ah/kg], electrode potential,
conductivity, molar mass and density the obtained values are mostly useful for
comparison. The actual performance figures are usually much worse due to the
compromises made to obtain a practical battery. One example is the practical
energy storage, which usually is at most 1/3 of the theoretical value [1] due to
all the materials that do not store energy (casing, current collectors, separators,
electrolyte and so on) and the fact that it is impossible to use all of the active
material. For secondary batteries the depth of discharge (DOD) is never 100%
and deep cycling usually leads to shorter lifetime. The voltage of the battery also
shows important deviations from the ideal. The open circuit voltage (OCV), the
potential between the electrodes when there is no current, is often quite close to the
theoretical emf, but the voltage will drop as soon as there is a current drawn due to
the internal resistance of the battery and polarization at the electrolyte-electrode
interfaces. The resistance increases as the battery is discharged as a result of the
increasing concentration of reaction products and the decreasing concentration of
unreacted material leading to a sloping discharge curve instead of the ideal flat
voltage.

2.1.1 Lithium-ion batteries
Equation (2.1) can be used as the starting point when analyzing the performance of
a battery based on specific materials. It is easy to see that an increased difference
in the electrode potential of the positive and negative electrode, i.e. a larger E,
gives an increased energy storage. Maximum specific energy and energy density
are therefore achieved using electrode materials with large (negative or positive)
electrode potentials and low molecular weight. This explains why lithium can be
considered more or less the perfect choice for the negative electrode: the combi-
nation of one of the lowest electrode potentials, E◦ =−3.05 V, a high theoretical
capacity of 3860 mAh/g and the lowest atomic weight of any solid material means
that it has the best theoretical specific energy of all negative electrode materials
[9]. The low density of lithium means that the theoretical energy density is lower
than for some other systems, but it is still very good.



2.1. THE BATTERY 7

Lithium, combined with various positive electrodes, started to be commercial-
ized in primary batteries during the 1970s but they were confined to niche appli-
cations due to high cost and problems with safety and reliability [9]. Progress
with secondary batteries based on lithium was even slower until research began
to focus on using intercalation compounds in the electrodes. These are materi-
als with a layered structure that do not follow the ordinary reaction path when
interacting with lithium but instead intercalate the atoms or ions, i.e. bind them
weakly in between layers in the structure. The first commercial secondary lithium
battery based on intercalation was introduced in 1991 by Sony and started the
development that lead to the high performance Li-ion cells of today [8, 9].

The most common Li-ion rechargeable battery today uses a graphite nega-
tive anode that stores lithium, which on discharge is further oxidized to lithium
cations Li+ that travel through the electrolyte to the positive cathode where they
are inserted into a lithium metal oxide, such as LiCoO2 (LCO). The total reaction
becomes

LiMO2 + y C
Discharge
←−
−→

Charge
LixCy + Li1−xMO2 (2.2)

where M is a metal such as cobalt or manganese, x≈ 0.5 and y = 6 [1, 9, 10].

The cells use a nonaqueous electrolyte, which is required when using lithium
due to its reactivity towards water. They have a voltage around 4 V, a wide temper-
ature range and a flat discharge curve, a specific energy typically around 100 - 150
Wh/kg (up to 240 Wh/kg), an energy density up to 640 Wh/L and excellent cy-
cleability. They are also free from memory effects, where the capacity of the cell
depends on the DOD of previous cycles, that has been a large problem for some
other secondary battery chemistries such as nickel-cadmium. Drawbacks are the
high price and sensitivity to excessive charging and discharging - the chemistry
does not have any built in limitations preventing damage when the operating range
is exceeded. Li-ion batteries can also suffer from thermal runaway and even catch
fire or explode. Newer batteries mitigate these problems through control electron-
ics, better design and changed chemistry [9, 10].

The storage capacity of Li-ion batteries has roughly doubled since their intro-
duction, enabling a firm grip on the high performance/high cost segment. The the-
oretical limit for the graphite and LCO chemistry is 387 Wh/kg and 1015 Wh/L,
but current and future innovations are expected to be able to once again double to-
days already impressive performance. This work is mostly focused on improving
the storage of lithium in the negative electrode, perhaps using spinels and/or tin
alloys [9, 10].
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2.1.2 Lithium sulfur batteries
Increasing the energy content by choosing different electrodes to further increase
the voltage is difficult: even the combination of Li and F, found at the respec-
tive extreme ends of the E◦ range, would only produce a voltage of around 6 V.
This would still only be a minor improvement over Li-ion batteries which already
achieve > 4 V and may even reach more than 5 V with future improvements [2].
This route would also come with a huge increase in complexity because of the
increasing reactivity of materials with higher electrode potentials.

Returning to equation (2.1) one can see that here is another way to improve
the theoretical energy stored: by increasing n, the number of electrons exchanged
in the reaction. This is a reason to study the reaction between lithium and sulfur
which, during discharge, can be written as :

2Li+S→ Li2S (2.3)

which can be split into the two half reactions:

Negative electrode: 2Li→ 2Li++2e− (2.4a)
Positive electrode: S+2e−→ S2− (2.4b)

with the reactions being driven in the reverse direction during charge. Each sulfur
atom will accept 2 electrons when fully reacted, immediately doubling the capac-
ity compared to an element that only uses 1 electron. This, when combined with
the low atomic mass of sulfur, is why the Li-S battery has the second highest the-
oretical specific energy of all Li battery chemistries at 2,567 Wh/kg, only beaten
by the related lithium-air (Li-O2) battery [1]. The low densities of lithium and
sulfur means that, as previously seen when considering lithium alone, the energy
density is not as exceptional, but it is still much better then current technology at
2,199 Wh/L [1]. Other large advantages are the abundance, low toxicity and en-
vironmental impact and very low cost of sulfur, implying that the batteries should
have inherent low price compared to current technologies.

There are however several serious problems with Li-S batteries, as can be in-
ferred from their lack of commercial success despite having been the subject of
research since the 1940s. It is only in the last few years that real progress has been
made and today there are some prototypes available, such as those made by Sion
Power that deliver 350 Wh/kg with claimed near future improvement to around
600 Wh/kg [1]. One historic drawback is the low voltage, 2.2 V, especially com-
pared to Li-ion [1]. This has become less of a concern as electronics has become
smaller and more efficient meaning that higher voltages are only important for
high power applications that already need large battery packs with multiple cells.
The second most obvious problem is that both sulfur and the resulting lithium sul-
fide are insulating. The positive cathode must therefore contain a large fraction of
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conductive additives such as carbon in addition to sulfur and care must be taken
to minimize the buildup of Li2S films during discharge.

The multiple electron reaction shown in (2.3) is deceptively simplified - sulfur
naturally forms ring shaped molecules of 8 sulfur atoms, meaning that the reaction
at least should be written as:

16Li+S8→ 8Li2S (2.5)

although this equation still manages to hide one of the largest sources of problems
for Li-S cells: the polysulfides. The reduction of S8 to S2−

8 goes through a whole
zoo of intermediate polysulfide species Sx−

n with 2 ≤ n ≤ 8. These reductions
occur at different voltages and usually result in two reduction peaks in a cyclic
voltammetry (CV) trace, instead of one peak as for simpler systems. The first
peak is attributed to the reduction of S8 to S2−

8 accompanied by four reactions
involving the resultant species shown in (2.6) [11].

S8 +2e−→ 2S2−
8 (2.6a)

4S2−
8 → 4S2−

6 +S8 (2.6b)

S2−
6 → 2S·−3 (2.6c)

2S2−
8 → 2S2−

4 +S8 (2.6d)

S2−
8 +S2−

6 → 2S2−
3 +S8 (2.6e)

For the second reduction peak the reactions in (2.7) have been suggested, as
well as further reactions resulting in S2−

2 , S2−, S2−
7 and S2−

5 [11].

S2−
8 +2e−→ S4−

8 (2.7a)

S4−
8 → 2S2−

4 (2.7b)

S2−
6 +2e−→ 2S2−

3 (2.7c)

S·−3 + e−→ 2S2−
3 (2.7d)

2S2−
3 +S2−

6 → 3S2−
4 (2.7e)

3S4−
8 → 2S2−

6 +4S2−
3 (2.7f)

The nature of these reactions changes with solvent, electrolyte salt and elec-
trode materials. Even for the same system the equilibria depend on temperature
and concentration as well as the potential of the cell. There is still much debate
on the exact behavior of the polysulfides, but there is no question about their im-
portance.



10 CHAPTER 2. BACKGROUND

The polysufides are generally capable of dissolving into the electrolyte, with
the longer chained polysufides displaying better solubility, and will diffuse away
from the positive electrode. They can then be reduced further to insoluble Li2S2 or
Li2S at other locations in the battery, forming deposits that increase the resistance
and represent material loss. This is especially damaging when it occurs at the Li-
metal electrode. The diffusing polysulfides cause current leakage and are involved
in parasitic "shuttle" reactions where they are repeatedly shuttling back and forth
between being reduced at the negative electrode and then oxidized at the positive
electrode. This greatly accelerates the material loss and leads to lifetimes of at
most a few cycles.

There are two main approaches to limit the problems caused by the polysul-
fides. The first is to use various microstructured cathode materials like meso-
porous carbon that inhibit the diffusion of the polysulfides so that most are con-
fined to the positive electrode until they have been sufficiently reduced [2, 12, 13].
This has improved the cycleability considerably, the price being added complex-
ity. The other approach is to limit the dissolution and/or diffusion of polysulfides
in the electrolyte by changing the solvent, using additives or even switching to a
solid electrolyte [7, 14]. These approaches can in many cases be combined [5].

2.1.3 Ionic liquid electrolytes
The role of the electrolyte is to enable the exchange of ions between the electrodes
of the cell while keeping them otherwise separated. It consists of a solvent, which
can be aqueous, organic or inorganic, liquid or solid, and a salt providing mobile
ions. It is even possible to have different electrolytes, separated by a membrane
that is permeable to the ions only, in different parts of the battery [9]. The choice
of electrolyte can have a large impact on the performance and one needs to take
many different factors into account.

The components of the electrolyte should be chemically compatible with the
other materials in the battery for the whole potential range, which can be deter-
mined through a simple CV measurement - a lack of reactions gives a flat curve
without peaks. This means that it would not be possible to use an aqueous elec-
trolyte in a battery containing lithium even if the lithium did not spontaneously
react with water. The potential window of water is about 1.2 V which, being less
than the voltage of most lithium batteries, would lead to the water being elec-
trolyzed [9]. That the electrolyte is compatible does not necessarily require that it
is totally passive with regard to the electrode materials. This is the case for many
batteries using metallic lithium as the negative electrode where a solid electrode
interface, SEI, will form on the surface. This is usually desirable, even though it
lowers the conductivity, because it helps combat dendrite growth. When Li+ ions
are deposited on metallic lithium they tend to form dendrites which leads to loss
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of active material and short circuits.
High ion conductivity is of course desirable, but many other physical prop-

erties are also important when constructing the battery. Good stability and a
wide temperature range, low vapor pressure, non-flammability and nontoxicity
will result in a battery with better performance and higher safety [9]. Most of the
problems that have been reported with Li-ion batteries are caused by the organic
electrolytes suffering thermal runaway: they start to decompose at elevated tem-
peratures, increasing the resistance of the cell leading to further heating and so
on. This led to battery packs catching fire and sometimes, when combined with
poorly designed casing, even explosions.

One large class of solvents that has been receiving increased attention for use
in battery electrolytes are ionic liquids (ILs). An ionic liquid is a salt that has
a melting point below the operating temperature of the application. Room tem-
perature ionic liquids (RTILs) are thus liquid at room temperature, with some
remaining liquid far below the freezing point of water, making them particularly
interesting for applications. All ionic liquids in this work are RTILs, and the terms
will from now on be used interchangeably.

Ionic liquids generally have a high ion conductivity, high electrochemical and
thermal stability, a wide liquid temperature range, large potential windows and
very low vapor pressure. This provides potentially increased safety compared to
current organic electrolytes, however the main reason for applying them to Li-S
batteries is the hope that lower solubility of the polysulfides will solve some of
the problems [7, 15].

An electrolyte could in theory consist of an IL alone, if it contained the cor-
rect ions. However the extremely low melting temperature compared with more
standard salts like NaCl (∼ 800◦C) is due to using large and asymmetric cat- and
anions. The structures of the PP14-TFSI pair, one of four ILs used in this thesis,
are shown in figure 2.2 as an example. This means that the active ions, Li+ in the
case of lithium batteries, still have to be added as an extra salt. A convenient way
to minimize the number of ion species is to use the salt combining lithium with
the anion in the IL resulting in a mixture of two cations and one anion.

Figure 2.2: The structure of the PP14 cation (left) and the TFSI anion (right).
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2.2 Characterizing batteries

A large amount of very useful information about the operation of a battery can
be gained by relatively simple means due to the way they work: the most rele-
vant facts are often the voltage, current and resistance, and how they change with
time. These quantities are easy to measure with high precision and resolution
with automated acquisition and even analysis by a computer. One of the most
basic measurements is the discharge curve shown in figure 2.3 where the voltage
as a function of time has been measured. The testing equipment ensures that a
constant current flows during the discharge so that the x-axis is easily changed
from time to capacity.

Ideal curve 

Curve 1 
Curve 2 

Time 

Vo
lta

ge
 

Figure 2.3: Cell voltage as a function of time (capacity) during discharge, showing
both the ideal case and a general representation of a real battery.

For an ideal battery the discharge curve would show a constant potential equal
to the OCV until the total capacity has been depleted and the voltage drops to
zero. A real battery may start at OCV but will then show a sloping behavior,
Curve 1 in figure 2.3, due to polarization and increasing internal resistance. The
relatively flat section of the curve is called the plateau and defines the nominal
voltage and is usually the voltage given for a battery, i.e. 1.5 V for alkali batter-
ies. There may be multiple plateaus at consecutively lower voltages if there are
several different reactions occurring during discharge. If the discharge current is
higher (larger load) the resistive voltage drop and losses increase giving a lower
and more sloped curve (Curve 2). The discharge is stopped at the cutoff voltage
which is set as the point where most of the useful capacity has been used (primary
batteries) or beyond which the battery would suffer loss of reversibility and/or
damage (secondary batteries) [9].
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The corresponding charge curve will show a similar, but reversed, behav-
ior. The voltage during charging is always higher then during discharge and the
hysteresis, due to losses, demonstrates the efficiency of the process. Multiple
charge/discharge cycles are done in order to determine the cycleability or lifetime
of the cell, with the end normally defined as a capacity of 80% of original capac-
ity. In order to be commercially viable a battery is considered to need to withstand
at least 300 cycles [8].



Chapter 3

Materials & Procedures

All materials and samples were handled in a glove box with a protective argon
atmosphere in order to avoid contamination with water or oxygen. Samples con-
taining sulfur species were stored wrapped in aluminum foil since some of them
might be photosensitive [16]. When samples were removed for testing the vials
and cuvettes were further sealed using Parafilm R© M.

3.1 Ionic liquids
The following IL were used in the work presented in this thesis:

PP14-TFSI: 1-butyl-1-methylpiperidinium bis(triflouromethylsulfonyl)imide

PYR14-TFSI: 1-butyl-1-methylpyrrolidinium bis(triflouromethylsulfonyl)imide

BMIM-TFSI: 1-butyl-3-methylimidazolium bis(triflouromethylsulfonyl)imide

BMIM-SCN: 1-butyl-3-methylimidazolium thiocyanate

The first two were obtained from Sigma-Aldrich and the two imidazolium
based ones from IOLITEC. Some of their basic properties can be seen in table 3.1
with the data provided by the suppliers.

These are all clear liquids at room temperature with PP14-TFSI being slightly
yellow and BMIM-SCN having a strong yellow color. All electrolytes were made
using lithium bis(triflouromethylsulfonyl)imide salt (LiTFSI), 99.95%, from Sigma-
Aldrich in a 0.9:0.1 molar fraction. The electrolytes were stirred at 400 rpm and
60 ◦C for at least 12 h using a magnetic stirrer with a hot plate and temperature
control. This was done to ensure homogeneity and complete dissolution of the
salt. They were then stored at room temperature and stirred again before use.
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Table 3.1: Properties of the ionic liquids.

IL Formula MW (g/mol) ρ (g/cm3) Purity
PP14-TFSI C12H22F6N2O4S2 436.43 1.34 97%

PYR14-TFSI C11H20F6N2O4S2 422.41 1.40 98.5%
BMIM-TFSI C10H15F6N3O4S2 419.36 1.43 99%
BMIM-SCN C9H15N3S 197.30 1.07 98%

3.2 Reference sample preparation

The reference samples were prepared using reagent grade sulfur powder and lithium
sulfide powder (99%), both from Sigma-Aldrich, in stoichiometric proportions
corresponding to Li2S4, Li2S6 and Li2S8 as well as pure S and pure Li2S. The
amount of powder was chosen so that the ratio of polysulfide to ionic liquid was
0.02 mol/mol (which corresponds to an molar fraction of ∼ 0.0177). This con-
centration was based on the accuracy of the analytic balance used (±0.1 mg) and
the wish to minimize the amount of expensive IL. The powders were measured in
a plastic weighing boat and then put in a vial with the corresponding amount of
electrolyte and stirred at 400 rpm and 60 ◦C.

More dilute samples, with concentrations of 0.002, 0.001 and 0.0001 mol/mol
(polysulfide/IL), were also prepared using the PP14-TFSI based electrolyte. These
were made by first creating separate suspensions of S and Li2S powders and then
adding small amounts of the suspensions to a vial of electrolyte. These were then
stirred and heated as before.

3.3 UV-Vis spectroscopy

The main experimental method used to investigate the polysulfide species present
in the electrolytes was absorption spectroscopy with ultraviolet (UV) and visible
light. This part of the electromagnetic spectrum has an energy that corresponds to
electronic transitions of the valence electrons in atoms and molecules. In order for
these electrons to interact with a photon its energy must closely match the energy
difference between two of the electronic levels. This means that every element
and compound will absorb or emit an unique set of wavelengths which therefore
can be used as an "fingerprint" to identify the species present in a sample.

Absorption spectra are obtained by sending light of an known intensity through
the sample and recording the resulting decrease in intensity as a function of wave-
length. In the ideal case, a single element in a gaseous form, the spectra will
consist of a collection of well-defined narrow lines. However, the chemical bonds
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Table 3.2: Literature values for the wavelengths (in nm) of absorption peak max-
ima and their assigned polysulfide spices.

System S−2 S2−
2 S2−

3 S2−
4 S2−

5 S2−
6 S2−

7 S2−
8 S−3 S−4 Ref

DMF 250 280 344 420 435 340, 450 470 490 (S2−
8l ), 355 (S2−

8c ) 600 ∼700 [18]
[C4mim][DCA] 440 ∼350, 460 620 [11]

of molecules mean that their absorption wavelengths are changed by the pres-
ence of vibrational and rotational modes, turning single lines into collections of
closely spaced lines which are themselves divided even further. The motion of
the molecules combined with the limit of resolution of the instruments result in
spectra with broad and often overlapping bands, especially in the case of liquid
samples.

Absorption spectroscopy is a versatile, common, quick and easy to use method
and has been used in much of the previous work on identifying polysulfides in
solutions [11, 16, 17, 18, 19]. Many of the different peaks found in literature and
their assigned species are shown in table 3.2.

(a) Front and side view with a cap.
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(b) The absorbance of the BRAND
TM

UV cuvettes.

Figure 3.1: The BRAND
TM

UV cuvettes used for the UV-Vis absorption spec-
troscopy measurements.

The instrument used in this work is a Cary 5000 UV-Vis-NIR Spectropho-
tometer from Varian Inc. It uses a monochromator to select a specific wavelength
from one of its broad-spectrum light sources, 175−3300 nm. It has an exchange-
able sample holder to enable many different kinds of samples and the light path
is split to provide a reference beam if needed - this signal is subtracted from the
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measurement.
The samples were put in disposable BRAND

TM
UV micro cuvettes (figure 3.1)

which can hold samples of 70−550 µL and have a path length of 10 mm. Plastic
disposable cuvettes (usually made from PS or PMMA) are not transparent to UV
light but these have a special composition that enable measurements from 220 to
900 nm, which is confirmed by a comparison of the spectra shown in figure 3.1b.
Cuvettes made of quartz have superior optical properties and represent the ideal
case, but they are orders of magnitude more expensive and require cleaning and
reuse.

All spectra were taken using the default settings - a range from 800 down to
200 nm (with the data corresponding to the shortest wavelengths being discarded)
and a scan speed of 3 nm/s using either air, an empty cuvette or an electrolyte
sample as a reference.

3.4 Cyclic Voltametry
An other important tool was cyclic voltammetry, CV, the main electrochemical
analysis method employed in this thesis. It can be seen as an inverse to the amper-
ostatic discharge measurement - the voltage between the two electrodes is closely
controlled and scanned at a constant rate while the resulting current is measured.
The experimental setup for CV measurements uses three electrodes: the working
electrode is the one being investigated, the counter electrode provides the current
and the reference electrode is the reference point for the voltage. The counter
electrode and the reference electrode can be the same physical electrode if the
material is a convenient reference and has a good interface with the electrolyte.

The current produced depends on the charge transfer reactions that occur at the
electrode. If no reactions are taking place at a certain voltage the corresponding
current is only due to capacitive effects an can be neglected for low scan rates (∼1
mV/s). The current will start to increase when the potential approaches that of
the reaction, rapidly reaching a peak limited by the diffusion of the active species
in the electrolyte. As these are depleted the current will decrease. When the po-
tential sweep changes direction the reaction reverses and produces a second peak,
see figure 3.2a. The current direction is defined so that the reduction peak is nega-
tive and the corresponding oxidation peak is positive. For instantaneous reactions
with unlimited diffusion the result would be two sharp peaks at the same voltage,
but even a very fast and highly reversible reaction will have a small potential dif-
ference between the two peaks (figure 3.2b). For systems with slow kinetics the
peaks will be quite separated and broad, figure 3.2c, while an irreversible reaction
only shows one peak as in figure 3.2d [9].

A single CV trace is an easy way to determine the voltages at which the dif-
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Figure 3.2: a) shows a generalized cyclic voltammogram for a reversible reaction
with one reduction peak and one oxidation peak; b) is a very reversible system like
a thin film deposited on the electrode while c) shows a quasi-reversible reaction.
The result of an irreversible reaction is displayed in d).

ferent reactions in the cell occur, their reversibility and kinetics as well as whether
there are several different reactions involved. More advanced measurements can
provide further details by varying the scan speed and range and using different
electrode materials and configurations.

3.5 Cell assembly and CV testing

The CV testing was performed using computer controlled Ivium-n-Stat battery
tester with 8 channels. It can do both potentiostatic and galvanostatic measure-
ments as well as frequency impedance analysis. For the CV traces the potential
was set to the OCV of the cell and then scanned with 0.1 mV/s between 1.5 V
and 3.2 V and the resulting current was measured.

The performance of the Li-S system with 0.9 PP14-TFSI + 0.1 LiTFSI elec-
trolyte was tested using reusable Swagelok type cells. The design of these stain-
less steel cells is shown in figures 3.3 and 3.4: the bottom electrode is a cylinder
with a round opening into which the piston shaped top electrode fits snuggly us-
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ing an insulating Teflon ring. The top electrode is put in mechanical and electrical
contact with the top cylinder through the use of a spring and the two cylinders
are then firmly held together by the threaded fittings while being electrically insu-
lated by more Teflon spacers. The very top and bottom of the cell have adjustable
screws that can be connected to the battery tester.

Figure 3.3: The electrodes in a Swagelok cell, left to right is top to bottom.

Figure 3.4: A complete Swagelok cell, assembled (top) and disassembled (bot-
tom).

The active components of the cells were assembled in the following manner:
the anode was cut from a 0.2 mm thick battery grade lithium metal foil using a
10 mm� hole punch and put in the center of the bottom electrode after being
pressed flat (Li is a very soft metal and is easily bent or deformed during han-
dling). 8 µL of electrolyte were then put on top of the anode using a mechanical
pipette together with a 14 mm� separator membrane from Celgard R© (type 2400:
medium porosity 25 µm monolayer PP), followed by a 10 mm� sulfur cathode.
The cathode consist of a mixture of 60% S as the active material, 20% MWNTs to
increase conductivity and 20% PVDF binder coated on an Al foil current collector.
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The top electrode was then used to gently compress the anode-separator-cathode
stack and the rest of the cell assembled. The spring ensured that there is a light
compression providing good electrical contact and the Teflon seals makes the cell
airtight so that it can be removed from the glove box and tested.

After testing the cell was disassembled and the separator, containing the ma-
jority of the electrolyte and the polysulfides of interest, was removed and put into
a vial. 700 mg of electrolyte, approximately corresponding to a full cuvette, was
then added to the vial and stirred together with the separator for 30 min @ 400
rpm. A sample was then extracted using a glass pipette, put into a cuvette and
measured in the spectrophotometer.
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Results & Discussion

4.1 Reference samples

Figure 4.1: The reference samples made using PP14-TFSI electrolyte.
From left to right: pure IL, electrolyte and electrolyte containing Li2S4, Li2S6,
Li2S8, S and Li2S respectively.

Figures 4.1 to 4.4 show the reference samples that were the result of adding
S and Li2S to the electrolytes to obtain stoichiometric ratios corresponding to the
polysulfides Li2S4, Li2S6, Li2S8 as well as S and Li2S at a ratio of 0.02 mol per
mol IL. Some results are quite clear and one can begin by looking at the two
leftmost samples in each series. The addition of salt increased the viscosity of the
electrolyte compared to the pure IL but did not alter the visual appearance for any
of the ILs. Looking at the two rightmost samples it is apparent this also seems to
be true for S and Li2S - they form slowly precipitating suspensions that take on the
combined color of the electrolyte and the powder but do not change the electrolyte
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in any obvious way. The amount of precipitate implies that only a minor part of
the already small amount of S or Li2S actually dissolves in the electrolyte.

Figure 4.2: The reference samples made using PYR14-TFSI electrolyte. Left to
right: pure IL, electrolyte and electrolyte containing Li2S4, Li2S6, Li2S8, S and
Li2S respectively.

Figure 4.3: The reference samples made using BMIM-TFSI electrolyte.
From left to right: pure IL, electrolyte and electrolyte containing Li2S4, Li2S6,
Li2S8, S and Li2S respectively.

The color changes observed for the three "polysulfide" samples in all four
cases are therefore a clear indication that a reaction has occurred and resulted in
species that are soluble in the electrolyte. They are also quite stable, as demon-
strated by the fact that the samples were first heated and then stored for an ex-
tended period of time without loosing their color. The relatively large amount
of precipitate present in all of the samples does however mean that little can be
learned of their actual composition by simply looking at them, even though some
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small differences between some of the samples using the same electrolyte can be
seen.

Figure 4.4: The reference samples made using BMIM-SCN electrolyte.
From left to right: pure IL, electrolyte and electrolyte containing Li2S4, Li2S6,
Li2S8, S and Li2S respectively. The Li2S8 sample, identical in appearance to the
other two, was being tested.

4.1.1 Raman spectroscopy

It was originally planned that Raman spectroscopy would be one of the major
techniques used. Raman scattering occurs when a photon scatters inelastically of
an electron and interacts with a vibrational or rotational mode. It is therefore very
sensitive to the finer details of bonds between atoms and molecules and their sur-
roundings. This combined with the extensive experience of Raman spectroscopy
in the group made it a logical starting point. There are also many examples of
using Raman spectroscopy to investigate polysulfides in solution in the literature.

The method focuses monochromatic light from a laser on the sample and de-
tect the very small shifts in wavelength that are the result of the interaction. The
resulting spectra is often plotted as intensity as a function of the difference in in-
verse wavelength, which is proportional to the k-vector and measured in /cm, of
the scattered light compared to the original laser wavelength.

One of the drawbacks of Raman spectroscopy is that the probability of a pho-
ton scattering inelasticity is low which results in a low signal to noise ratio. This
combined with the low concentration of polysulfides in the samples resulted in
spectra that were almost indistinguishable to those of the IL electrolyte. The lack
of usable results, as demonstrated by figure 4.5, led to the decision to change
method and use UV-Vis spectroscopy instead.
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Figure 4.5: Raman spectra of the PP14-TFSI electrolyte with and without Li2S4.

4.1.2 UV-Vis spectroscopy

UV-Vis spectroscopy is capable of detecting very small concentrations of absorb-
ing species. In this work the use of cuvettes with the standard 1 cm path length
led to the opposite problem compared to Raman spectroscopy, i.e. too much sig-
nal, even though the Cary 5000 is capable of measuring up to an absorbance of 8.
Only the pure PP14-TFSI and electrolyte samples produced useful spectra, shown
in figure 4.6.
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Figure 4.6: UV-Vis spectra of pure PP14-TFSI and 0.9 PP14-TFSI + 0.1 LiTFSI
electrolyte.
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The first thing to note is that the addition of LiTFSI salt does not affect the
absorbance in the wavelength range covered. This was to be expected, since the
salt and the IL share the TFSI anion and the electrolyte corresponds to exchanging
10% of the PP14 cations for Li+ (which apparently does not have any discernible
absorption lines in this range). The most important result, however, is that the
electrolyte by itself does not absorb too strongly in the region of interest. It is
therefore possible to use an electrolyte reference sample to compensate for the
electrolyte signal and obtain the extra absorbance caused any polysulfides present.

The diluted reference samples were made in order to decrease the absorbance
to a manageable level, which was found to require lowering the concentration
from 20 mmol/mol (polysulfide/IL) to 0.1 mmol/mol. This concentration was
low enough that there was very little or no visible color difference compared the
electrolyte and that all powders dissolved completely. The lack of precipitate is
also beneficial in two ways. It should improve the quality of the UV-Vis spec-
troscopy which is adversely affected by particles in the sample and it ensures that,
although the composition of the resulting polysufides is uncertain, at least the
amount of S and Li in the electrolyte are known. Figure 4.7 contains the resulting
spectra.

Figure 4.7: Spectra of the PP14-TFSI electrolyte containing S and Li2S in the
stoichiometric ratios of the polysulfides indicated. The insert is an enlargement of
the 400-650 nm range.

Table 3.2, compiled from [11] and [18], was used to assign species to the
peaks observed. The spectra for the three polysulfide samples are similar despite
the different ratios of S and Li2S, suggesting that the composition of the resulting
polysulfides is mostly determined by their stability in the electrolyte. The peak
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at 280 nm is due to S2−
2 according to [18] and is present in all samples, being the

only clear peak in the pure S sample. The other three peaks easily identified in the
spectra are two for S2−

3 and S2−
4 and a small one due to S·−3 . The intensity of the

peaks for S2−
3 and S2−

4 , normalized by the signal for S2−
2 , are displayed in figure

4.8. It is clear from these two figures that higher ratios of Li to S results in a larger
total amount of polysulfides, except when corresponding to the more stable Li2S,
and to more of the polysulfides being S2−

3 or S2−
4 .
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Figure 4.8: The height of the S2−
3 peak (black) and the S2−

4 peak (red) compared
to the S2−

2 peak for the different ratios of lithium to sulfur.

The species present in these samples must result from the disproportion reac-
tions of the polysulfides, as they were simply the result of mixing S and Li2S - the
two compounds containing sulfur and lithium that are stable outside of solutions.
The weak absorbance for the radical S·−3 is noteworthy: dilute solutions of S in
some ILs produces enough of these species to turn the solution bright blue [19],
while other ILs have been reported to strongly inhibit the formation of S·−3 during
discharge [11].

Multiple test of the same samples during one measurement session gave iden-
tical results, which demonstrates that the they are not degraded by the measure-
ment itself. Redoing the measurements in figure 4.7 after storing the samples for
28 days gave the slightly different results shown in figure 4.9. These spectra im-
ply that the S2−

3 is somewhat less stable in the PP14-TFSI electrolyte than S2−
4

and S·−3 .
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Figure 4.9: Spectra of the PP14-TFSI electrolyte containing S and Li2S in the
stoichiometric ratios of the polysulfides indicated, after 28 days of storage. The
insert is an enlargement of the 400-650 nm range.

4.2 Tested cells

A number of cells were assembled and cycled to different points in the charge/discharge
cycle in order to investigate the performance of the PP14-TFSI electrolyte in a
Li-S battery and provide electrolyte samples for determining the polysulfide spe-
ciation. Figure 4.10 shows a 10 cycle test, the longest done in this work, that was
stopped in the charged state at 3.2 V.

This trace shows a number of features, the first of which is the OCV at 3.03 V.
Most cells tested had an OCV of either ∼ 3 V or ∼ 2.3 V. The reason for this is
that the cell may self-discharge until it reaches the reduction peak. This requires
very little actual current, as the flat CV trace shows, and may be initiated by a
small imperfection or some disturbance during handling. Further self-discharge
is much more limited: a cell stored for 130 days after assembly still showed an
OCV of 2.34 V.

Instead of the two reduction peaks usually reported for Li-S cells during dis-
charge [5, 11, 17] the trace in figure 4.10 has one broad peak. This is seen with
IL based electrolytes [5, 7] because the slower kinetics, compared to organic elec-
trolytes, widens the peaks and also displaces the peak voltage. The nonzero cur-
rent at the end of the discharge shows that the reaction is still ongoing at this
point. The same behavior, but with rapidly decreasing capacity, is seen during the
following cycles.

The behavior during charge is similar but has some important differences. The
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Figure 4.10: A typical CV trace over 10 cycles. The vertical line at 3.2 V is due
to a slight pause in the measurement which allows charge to build up.

oxidation peak is a single peak with a large shoulder, demonstrating that the oxi-
dation of the polysulfides continues throughout the charge with the easily oxidized
species being consumed first and then progressively moving on to the long chain
polysulfides. However, the shoulder rapidly disappears with continued cycling
leading to the conclusion that these species are being lost, likely due to the forma-
tion of insoluble deposits.

Figure 4.10 suggests that there are five points during the cycle that should be
of interests when doing UV-Vis spectroscopy to examine the polysulfide specia-
tion. These are the first and the second part of the reduction peak at ∼ 2.1 V and
∼ 1.9 V, the discharged state at 1.5 V, the oxidation peak at ∼ 2.4 V and finally
the charged state at 3.2 V. The spectra corresponding to these points during the
first charge/discharge cycle are shown in figure 4.11.

When analyzing these spectra it is important to remember that the absolute
intensity of the peaks is dependent on the concentration of polysulfides. Even
though the samples were all prepared in the same way there is no guarantee that
the resulting concentrations are the same. The conclusions drawn can therefore
only be based on the relative height of the peaks for each individual spectrum.

During the beginning of the reduction peak at 2.1 V during discharge the spec-
trum has a large contribution from S2−

6 , possibly combined with contributions
from S2−

3 and S2−
7 . The concentration of S2−

3 increases and S2−
6 decreases toward

the second part of the reduction peak at 1.9 V and when 1.5 V is reached there
are large amounts of S2−

3 as well as S2−
4 with only a small amount of S2−

6 remain-
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Figure 4.11: UV-Vis pectra taken from separators extracted from the first
charge/discharge cycle at 2.1 V and 1.9 V during discharge, 1.5 V, 2.4 V during
charge and 3.2 V.

ing. The process is then reversed during charging with S2−
4 rapidly decreasing

followed by S2−
3 with S2−

6 increasing until the spectrum is almost identical to the
original one.

These results agree with the results and reaction path suggested by the ref-
erence samples and reference [11], with S2−

6 , S2−
3 and S2−

4 as the main species
involved. The exact location of the peaks and shoulders might suggest small con-
tributions by longer chained polysulfides like S2−

7 and S2−
8 when the cell has been

charged and by shorter polysulfides such as S2−
5 , created through the decomposi-

tion of S2−
3 as shown in (4.1) [18], when discharged.

2S2−
3 → S2−

5 +S2− (4.1)

These species absorb at wavelengths close to those of the other polysulfides
and would therefore be hard to detect in small amounts. The variations could also
be due to the different solvent used as the values obtained have varied slightly in
literature depending on the electrolyte system used.

Six more cells were assembled and tested in order to investigate the evolution
of the polysulfides during cycling. These cells were stopped at the end of dis-
charge ( 1.5 V) or the end of charge ( 3.2 V) during cycles 3, 6 and 10, producing
the spectra shown in figures 4.12 and 4.13.

On the first cycle the cell further reduces most of the S2−
6 ions formed in the

first part of the discharge to S2−
3 and S2−

4 as previously observed. The capacity
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Figure 4.12: UV-Vis spectra taken from separators extracted at 1.5 V during cycles
1, 3, 6 and 10.

declines rapidly however and already by the third cycle there is a relatively large
amount of S2−

6 left an no evidence of any S2−
4 , implying that only the first part

of the reduction process occurs. The absorbance due to S2−
6 then becomes even

weaker after more cycles as would be expected from the rapid decline in the cur-
rent in the cyclic voltammogram (figure 4.10). The situation for the end of the
charge, figure 4.13, follows the same pattern. While the first cycle involves the
oxidation of most of the polysulfides present to at least S2−

6 the following cycles
only show production of small amounts of S2−

6 , with most oxidation being only a
few steps to short chained polysulfides.

As already mentioned the initial rate of self-discharge seen in these test cells
varied widely even with careful assembly. None the less, all cells that were not
tested immediately reached an OCV of ∼ 2.3 V within a few hours and two cells
that had been store for 24 h before being discharged showed much lower capacity
indicating loss of active material. The final test was therefore done to record the
absorption spectrum of the polysulfides present in a cell that had been allowed to
self-discharge for an extended period of time, 130 days, resulting in figure 4.14.

The OCV of the cell before testing was 2.34 V suggesting that the reaction was
still producing S2−

6 polysulfide ions. The spectrum contains the two S2−
6 peaks and

a very weak S2−
2 peak, the weakest found for all tested samples. The total lack of

other species demonstrates that the first reaction to occur in the Li-S battery using
a PP14-TFSI electrolyte is the reduction of S8 to S2−

8 through 2.6a which then
rapidly dissociates into S2−

6 and S8 according to 2.6b. If the S2−
6 ions diffuse to the
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Figure 4.13: UV-Vis spectra taken from separators extracted at 3.2 V during cycles
1, 3, 6 and 10.
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Figure 4.14: UV-Vis spectrum obtained by testing the separator from an assem-
bled cell stored for 130 days to test the influence of self-discharge.

Li anode they will be further reduced and eventually lost, which would explain
the rapid decline in capacity, however the low current behavior of the cell should
only be determined by the production and mobility of the S2−

6 ions.



Chapter 5

Conclusion

The four RTIL investigated in this thesis, PP14-TFSI, PYR14-TFSI, BMIM-TFSI
and BMIM-SCN, all made electrolytes that dissolved some polysulfide ions when
S and Li2S powders where added. This was evident due to strong changes in color
when the electrolytes contained both S and Li2S but not when mixed with either
compound alone. The solubility, somewhat higher for BMIM-SCN compared to
the other three ILs, was much lower than for most organic electrolytes and all but
the lowest concentrations led to precipitation.

Deeper investigation of the 0.9 PP14-TFSI + 0.1 LiTFSI system using cyclic
voltammetry, combined with absorption spectroscopy in the region 200−800 nm
on electrolyte samples taken from test cells, suggest the same reaction mecha-
nisms in the IL electrolyte as found previously for organic electrolytes [11]. The
IL electrolyte gives a CV trace that has one broad reduction peak instead of the
two separate peaks observed for conventional electrolytes. The first reaction to
occur during the discharge is the reduction of S8 to S2−

6 , with the disassociation
into S−3 which often follows being strongly inhibited. The S2−

6 ions are then fur-
ther reduced to S2−

3 and S2−
4 as the discharge proceeds. S2−

2 is present at all times
but the reduction taking place in the electrolyte appears to be limited to S2−

3 and
S2−

4 .
The reactions follow the opposite path during charging and shows good re-

versibility in that most of the shorter polysulfides are oxidized. There is however
a large loss of the active species resulting in a rapidly declining capacity with
cycling. This disagrees with [7] where it is claimed the lower solubility of poly-
sulfides in PP14-TFSI electrolyte is enough to suppress the dissolution of the in-
termediate species and ensure good cycle ability. It should however be noted that
the electrolyte used in that work had slightly more than three times the concentra-
tion of LiTFSI salt compared to the 0.9:0.1 molar ratio used for this thesis.



Chapter 6

Future Work

As is so often the case, the scope of this thesis had do be limited due to time con-
strains. However, research on this topic is still highly relevant and is continuing.
Work has already been started/is being done i parallel/has been done in parallel to
investigate the behavior of polysulfides in another ionic liquid using the methods
developed here. This effort could be expanded even further to include the other
ionic liquid electrolytes discussed earlier, other similar electrolyte systems of in-
terest or differently structured sulfur cathodes.

Another possibility is to use an in situ cell to gain an even deeper understand-
ing of the reactions during discharge and charge. Such work has been described
in [17, 18] and enabled the continuous measuring of spectra for any point on the
discharge/charge curve for the same cell. This setup could minimize many of
the current sources of errors and might also enable measurements on the active
surfaces themselves during cycling.
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