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ABSTRACT

CHARACTERIZATION OF THE EFFECT OF CRITICAL CATHODE
DESIGN PARAMETERS ON THE LITHIUM SULFUR CELL
RESISTANCE USING ELECTROCHEMICAL IMPEDANCE

SPECTROSCOPY

Lithium-sulfur batteries have gained significant attention as an alternative for Li-ion
batteries for electric vehicle applications in the recent years. This is due to their high
theoretical specific energy (2600 Wh/kg) coming from one of the most abundant and non-
toxic element, sulfur and the lightest metal lithium. On the other hand, Li-S batteries have
some drawbacks, which are Li anode degradation, polysulfide shuttle mechanism and low
electronic conductivity; these all cause low specific capacity and poor cyclability. Hence,
Li-S cells suffer from some transport and Kkinetic resistances. In this study, the effect of the
electrolyte to sulfur ratio (E/S) and the carbon to sulfur ratio (C/S), which are two critical
cathode design parameters, on the transport and kinetic resistances in a Li-S cell are
investigated as a function of degree of discharge in the first cycle by using electrochemical
impedance spectroscopy. First, the main resistances in the cell are identified as the
electrolyte, charge transfer, film and Warburg resistances. The effect of E/S ratio on the cell
resistance is investigated for Li-S cells having E/S ratios of 34 ul/mg, 19 ul/mg, 12 pl/mg,
6 ul/mg and 3 pl/mg at a C/S ratio of 1. For these cells, the highest resistances are obtained
with 3 pul/mg and 6 pl/mg E/S ratios for all of the resistances. Furthermore, the lowest
resistances are obtained for the cell with E/S=19 ul/mg and further increase of the E/S ratio
do not reduce the resistances. Secondly, the effect of C/S ratio on the cell resistance is
investigated for Li-S cells with the C/S ratios of 3.5, 2.0, 1.0, 0.5 and 0.3 having 19 pl/mg
E/S ratio. The cell with a C/S ratio of 3.5 has considerably higher resistances than the other
C/S ratios for all the three resistances whereas the lowest resistances are obtained with
C/S=1; lower C/S ratios result in higher resistances. These results showed that, there is an
optimum point for both E/S and C/S ratios, where the cells deliver minimum transport and

kinetic resistances.



OZET

Li-S BATARYALARINDA KRITIK KATOT TASARIM
PARAMETRELERININ HUCRE RESiSTANSINA ETKIiSININ
ELEKTROKIMSAYAL EMPEDANS SPEKTROSKOPISI
KULLANARAK KARAKTERIZASYONU

Lityum-siilfiir bataryalari, elektrikli ara¢ uygulamalarinda kullanilan Li-iyon
bataryalarina alternatif olarak son yillarda oldukg¢a dikkat ¢ekmistir. Bunun sebebi, aktif
madde olarak diinyada bol miktarda olan ve zararsiz olup yiiksek kapasite veren siilfiir ve en
hafif metal Li iceren Li-S bataryalarinin yiiksek teorik spesifik enerjisidir (2600 Wh/kg). Ote
yandan, Li-S bataryalarinin elde edilen kapasiteyi azaltan ve g¢evrim Omriinii diisiiren
problemleri vardir. Li anot bozunmasi, polisiilfit mekik mekanizmasi ve diisiik elektronik
iletkenlik bu problemlerin en 6nemlileridir ve bunlar hiicre icerisinde kinetik ve tasinim
rezistanslarina yol agarlar. Bu ¢alismada, katottaki 2 kritik dizayn parametresi olan karbona
stilfiir (C/S) ve elektrolite siilfiir (E/S) oranlarinin hiicre igerisindeki kinetik ve tasinim
rezistanslarina etkisi desarj derinligine baglh olarak, elektrokimyasal empedans
spektroskopisiyle incelenmistir. Ilk olarak, hiicre icerisindeki ana rezistanslar elektrolit, yiik
transfer, film ve Warburg rezistanslar1 olarak belirlenmistir. E/S oraninin rezistans iizerine
etkisi 34 pl/mg, 19 pl/mg, 12 pl/mg, 6 ul/mg ve 3 ul/mg E/S oranlarina sahip, C/S oran1 1
olan hiicreler ile test edilmistir. Bu hiicrelerde en yiiksek rezistanslar E/S oraninin 3 pl/mg
ve 6 pl/mg oldugu durumlarda elde edilmistir. Ote yandan, en diisiik rezistanslar E/S=19
ul/mg oldugu durumda gozlemlenmistir ve E/S oraninin daha fazla yiikseltilmesi rezistansi
diistirmemistir. C/S oraninin hiicredeki rezistanslar tizerine etkisi ise C/S orami 3.5, 2.0, 1.0,
0.5 ve 0.3, E/S orani ise 19 pl/mg olan hiicreler ile arastirilmistir. C/S oraninin 3.5 oldugu
hiicreler, diger hiicreler ile kiyaslandiginda ¢ok yiiksek rezistans gdstermis, minimum
rezistans ise C/S=1 ile elde edilmistir. Bu sonuglara gore, E/S ve C/S oranlarinin hiicrelerde

azami kinetik ve taginim rezistanslari saglayan optimum bir degeri bulunmaktadir.
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1. INTRODUCTION

Today’s major sources of energy are crude oil and natural gas and they are used in
most of the high-tech human activities [1]. The use of fossil fuels in the energy sector as the
basic energy source leads to environmental and air pollutions. Because of that, the average
temperature of the world has increased 4 °C, risking the lives of millions of people [2].
Furthermore, fossil fuels will not last long and they will run out eventually. According to a
previous study, oil, gas and coal reserves will last for another 35, 37 and 107 years,
respectively [3]. Moreover, the exponential growth of the energy demand in the past decade
shows that, by 2030 the energy need will be 50 % higher than 2012 [4]. The concerns of
both reserve shortages and environmental pollution have led many researchers to focus on
harvesting, storing and utilizing renewable energies, mostly wind and solar [1]. One
disadvantage with the renewable energies is that the production of them change seasonally
and even daily. Not only that the production of renewable energies differs during day and
night but also demand for energy change. Thus, efficient ways of short and long term energy

storage are essential for the future energy market [5].

According to the U.S. Energy Information Administration, transportation sector has
one of the highest energy demands. In 2013, energy demand in the transportation sector was
equivalent to the 28 % of the world energy consumption. However, most of this energy is
supplied from the fossil fuels, mainly oil. So, it is important to use green energy in
transportation sector to mitigate the dependence on fossil fuels. Efficient energy storage
systems are essential to use renewable energy, in the form of electricity, which are able to
provide continuous, stable and flexible power supply. There are various electric storage
technologies in chemical, electrochemical, mechanical or thermal forms [6]. For
transportation industry, electrochemical storage systems are widely accepted and show

promise for the future [7].

Among electrochemical storage systems, lithium batteries have an important place in
the transportation sector as being used in both hybrid and electric vehicles. Due to the high
specific energy and energy density of the rechargeable lithium batteries, they are widely

accepted and researched; great progress has been made towards reaching the theoretical



values of these batteries. Today, secondary lithium-ion batteries electrify most of the electric
vehicles on the roads. However, with gravimetric energy densities of 150-300 Wh/kg, Li-
ion batteries are not capable of fulfilling the increasing demand in the transportation industry
even with working with 100 % efficiency [8]. The work done by Nazar et al. (2009) showed
the capabilities of lithium-sulfur (Li-S) cells and drew attention to the development of Li-S
batteries [9]. With this work, Li-S batteries have gained attention as a promising post
lithium-ion chemistry due to its high theoretical energy density. Researches about the
gravimetric and volumetric energy densities of the electrochemical systems show that the
Li-S cells can exceed the performance of Li-ion batteries and can attain higher gravimetric
energy densities in the future [10], [11].

The main components of Li-S cells are similar to the other rechargeable batteries,
which are the anode, the cathode, the electrolyte and a porous separator. Pure Li metal film
is used as the anode whereas the conventional positive electrode is made of elemental sulfur,

conductive matrix and binder. The basic scheme of a Li-S battery can be seen in Figure 1.1.

Li Anode Separator S Cathode

Figure 1.1. The basic schematic diagram of a Li-S cell.



Li metal is used as the anode material due to its very high theoretical specific capacity
of 3860 mAh/g Li. It is one of the best candidates as an anode material due to 0.534 g/cm?®

density and -3.040 V standard reduction potential, which are the lowest values possible [12].

Electrolyte is the medium for the ion transfer, Li ion in this case, from the anode to the
cathode during discharge and from the cathode to the anode during charge for all
electrochemical systems. In addition, electrolyte should be chemically and electrochemically
stable over the voltage and temperature ranges. Electrolytes in Li-S batteries should have
additional properties; they should have high solubility for the short chain polysulfides and
low solubility for the high chain polysulfides [13].

The cathode design of Li-S batteries is very important since it determines the system
and cell level electrochemical performances. Sulfur has high specific capacity of 1675
mAh/g S and it is abundant in nature and non-toxic. Because of these factors, utilization of
sulfur in the cathode can lead to relatively inexpensive batteries with high capacities [11],
[14]. However, both sulfur and the discharge product, Li2S, are insulating [15]. Therefore,
additional conductive material is needed, which adds up to the dead weight of the cell. In the
battery industry, carbonaceous materials are preferred as the conductive medium [9]. Binder
is also needed to increase the contact between the carbonaceous materials and sulfur. In

addition, structural stability can be maintained with an efficient binder [16].

Anode and cathode capacities with the complete conversion of the active materials are
3860 mAh/g Li and 1675 mAh/g S, respectively. Thus, the theoretical gravimetric energy
density of a Li-S battery is 2600 Wh/kg with a thermodynamic voltage of 2.2 V, whereas it
is 387 Wh/kg for LiCoO: based Li-ion batteries [17]. A typical discharge voltage profile of
a Li-S cell can be seen in Figure 1.2 [17]. Beforehand, the overall reaction in a Li-S battery

is shown in Equation 1.1.

16Li* +8S + 16e~ — 8Li,S Up=22V (1.1)
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Figure 1.2. Cell voltage versus capacity graph of a typical Li-S cell.

During discharge of a Li-S cell, Li metal at the anode is oxidized and Li ions are
formed (Equation 1.2). The Li-ions pass through the porous separator and electrolyte to reach
the sulfur cathode. Meanwhile, sulfur is reduced with the electrons coming from the external
circuit that leads to the formation Li polysulfides. As can be seen from the discharge profile
in Figure 1.2, there are two apparent plateaus, which are called as the 2.4 V high plateau and

the 2.1 V low plateau, and 4 discharge regions [18].

In the region 1, solid Sg is reduced to form Li>Sg with Li ions coming from the anode
as in Equation 1.3. Then, Li»Sgis dissolved in the electrolyte (Equation 1.4). In this step,

voids occur in the cathode due to sulfur dissolution.

Li » Lit +e” 1.2)

1 1 (1.3)
ESB+e —>§SS



2Li* + S~ > Li,Sg (1.4)

In the region I, the cell voltage significantly decreases with the liquid-liquid reduction
of Li»Sg (Equation 1.5). As the shorter polysulfides are formed, the viscosity of the
electrolyte-polysulfide mixture increases due to an increase in the concentration of the
polysulfides [18].

Li,Sg + 2Li — Li,Sg_, + Li,S,, (1.5)

In the region 111, the solid discharge products of Li.S and Li»S> are produced from the
dissolved short chain polysulfides (Equation 1.6 and 1.7). In this region, the cell voltage is

constant between 1.9-2.1 V where the major cell capacity is obtained [18].

Li,S, + (2n — 2)Li - nLi,S 1.7)

In the final region, the solid Li2S> further reduces to Li>S (Equation 1.8). Since both
the product and reactant are nonconductive these reactions are very slow and the cell voltage
suddenly and sharply decreases [18].

Li,S, + 2Li — Li,S (1.8)

Although representative reactions are listed above, the exact reaction mechanism is
still unclear. However, it is known that the reactions taking place in the cell are highly
complex involving multi-step reactions [19]-[22] . According to Kumaresan et al. (2008),

there may be 10 reactions taking place during discharge of the cell [23].

There are many challenges in Li-S batteries that result in low capacity and short cycle
life, which prevent Li-S mass commercialization. These challenges are mainly stemming
from the complex working mechanism of Li-S cells during charge and discharge [24]. The

insulating nature of sulfur and final product of discharge, Li>S causes additional problems



such as low sulfur utilization. Therefore, specially designed conductive medium is needed
to fully utilize sulfur in the cathode [25]. Moreover, densities of sulfur and Li.S are 2.07
g/cm® and 1.66 g/cm?®, respectively. This density difference leads to volume expansion-
contraction up to 76 % between charge and discharge steps that results in morphology
change on the cathode surface [26]. The other main problem of Li-S batteries is the
polysulfide shuttle mechanism due to the polysulfide migration from the cathode to the
anode. Polysulfides are the intermediate products of the step reactions and they should be
reduced to the final product of Li>S in the cathode to give high capacity. However, due to
the high solubility of the polysulfides in the electrolyte, these polysulfides migrate to the
anode and they either precipitate on the anode surface or migrate back to the cathode and re-
oxidize there during charging. This is called the polysulfide shuttle mechanism and it results
in a decrease in the Coulombic efficiency of the cell, deterioration of Li anode and the active
material loss from the cathode [27], [28]. In addition, Li is a very reactive metal and it can
react with the electrolyte that cause both Li and electrolyte loss [29]. Each of these issues
cause additional resistances in the cells. Consequently, the researchers are trying to address
these problems of Li-S cells by finding and imparting optimum design parameters and

conditions.

Electrolyte volume per sulfur amount, in other words electrolyte-to-sulfur (E/S) ratio,
is a key factor since it affects the performance of Li-S batteries in a great manner. The desired
characteristics of electrolytes in Li-S batteries are high Li ion conductivity, high polysulfide
solubility, and high electrochemical and chemical stability towards the lithium anode. These
characteristics of electrolytes are utilized only if the sufficient amount of electrolyte volume
is present to completely wet the electrode surfaces and the separator [30]. In addition, the
polysulfide concentration is determined by the electrolyte volume and this concentration
affects the reaction kinetics and polysulfide shuttle mechanisms. For example, at low E/S
ratios, since the polysulfide concentration increases in the electrolyte, shuttle mechanism
becomes more favorable. Hence, low amount of electrolyte in the cell results in capacity loss
and less sulfur utilization. On the other hand, even though better cycle life and higher
capacities are obtained by having enhanced cathode kinetics with high amount of electrolyte,
it also increases the dead mass of the cells leading to a decrease in the system level energy
density [31], [32]. Therefore, the E/S ratio is a very important design parameter for Li-S
batteries.



Optimum carbon amount is another critical design parameter to mitigate the adverse
effects of low electronic conductivity. Sulfur cathode is mainly composed of a conductive
medium, which is mostly carbon, and sulfur. The carbon type and amount are critical factors
that affect the Li-S battery performance significantly. Both S and Li.S are insulating against
electrons and ions in nature. However, for the reduction reactions to take place, sulfur should
accept the electrons coming from the external circuit. Therefore, the addition of conductive
carbon into the sulfur cathode is crucial. When all the carbon surface is covered with S and
Li.S precipitates at the end of discharge, further reduction of the polysulfides is inhibited.
Therefore, cell voltage suddenly drops and it causes battery failure. To reach high specific
energy and capacity in Li-S batteries, sulfur should be fully utilized and this is only possible
with increased cathode electronic conductivity. On the other hand, since carbon does not
contribute to the specific capacity, increasing carbon amount in the cell decreases both cell
and system level energy density [33]. So, the carbon amount should be optimized to obtain
not only high sulfur utilization and thus high discharge capacity but also high energy density.

Hence, the carbon-to-sulfur (C/S) ratio is very important for the cathode design.

Complicated mechanisms taking place in a Li-S cell can be identified individually as
a function of discharge depth by using a widely accepted electro-analytical method,
electrochemical impedance spectroscopy (EIS). EIS is a powerful tool to measure the
contributions of all the kinetic and transport resistances in the cell to the total cell resistance.
There are several studies in the literature applying EIS method to study novel positive
electrode materials, the effect of electrolyte compositions and reaction mechanisms in Li-S
cells [34]-[36]. However, to our knowledge there is no study investigating the dependence
of the cell impedance on the E/S and C/S ratios in the cathode as functions of degree of
discharge of Li-S batteries. To address the aforementioned issues with Li-S cells, the
individual contributions of the design parameters to the cell resistance should be identified.
In this work, the effect of carbon-to-sulfur (C/S) ratio and electrolyte-to-sulfur (E/S) ratio on
the resistance of the cell is investigated in order to connect the cell design with the

characteristic processes taking place in a Li-S cell during discharge.



1.1. Scope of Current Work

There are great efforts to utilize Li-S batteries in the transportation applications. This
is only possible if Li-S batteries can deliver high energy density, high cyclability and high
rate capability. However, there are several issues that must be overcome to reach these goals;
polysulfide shuttle mechanism, Li anode deterioration and insulating nature of sulfur and
discharge products are the main problems. These issues can be linked to various resistances
in the cell, which vary throughout the cycle life and discharge state of the batteries. E/S ratio
is one of the critical design factors that can affect the cell resistance since it influences the
polysulfide shuttle mechanism and sulfur utilization in the cell and hence determines the
reversible specific capacity and cyclability. C/S ratio is another key cathode design
parameter which contributes to the electronic conductivity and electrochemically active area
of the sulfur cathode. However, excess amounts of both carbon and electrolyte cause dead
mass and volume in the cell and result in low system level energy density. Since E/S ratio
and C/S ratio have a critical impact on the battery performance, it is important to know their
effect on the cell resistances to reveal the mechanisms inside Li-S cells and the link between
these mechanisms and the cell design. The individual resistances can be identified with the
EIS, which is a conventional powerful tool for electrochemical systems. The Li-S literature
contains several studies on the effect of E/S and C/S ratios on the electrochemical
performances of the cells. The most relevant ones are summarized in the “Chapter 2:
Literature Survey” part of this thesis. From our literature survey, we concluded that although,
there are limited number of previous studies aiming to identify the cell resistances, none of
them investigate the effect of C/S and E/S ratios on these internal resistances as a function

of depth of discharge.

In this respect, the aim of this thesis is to determine the effect of the two most important
design parameters, C/S and E/S ratios, on the reaction and degradation mechanisms in the
Li-S batteries by using an important electrochemical characterization technique,
electrochemical impedance spectroscopy (EIS). We believe that, our research will give a
new perspective to the Li-S battery literature by identifying the effect of E/S and C/S ratios
on the individual kinetic and transport resistances in the cell throughout the discharge
process. This analysis will help to have a better understanding of the mechanisms inside Li-

S cells during discharge.



In this study, the effect of E/S and C/S ratios are investigated with the conventional
Li-S cells having Li metal anode and a cathode containing elemental sulfur, carbon and
binder with a standard electrolyte commonly used in the literature. The method of the
construction of the cells together with the procedure to carry out the electrochemical
characterization and EIS fitting analysis are given in the “Chapter 3: Experimental Work”

chapter.

After construction of the experimental set-up, the kinetic and transport resistances in
the cell are measured with the EIS technique as a function of depth of discharge and an
equivalent circuit is proposed for the EIS spectrums obtained. These spectrums are then
analyzed by equivalent circuit fittings. After that, the effect of C/S and E/S ratios on these
kinetic and transport impedance results as a function of depth of discharge are discussed. All

of these results and discussions are given in the “Chapter 4: Results and Discussion” chapter.

Finally, I present my conclusions and recommendations in “Chapter 5: Conclusion”.

Appendix includes the data for the replicate cells.
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2. LITERATURE SURVEY

This thesis is on the determination of the effect of E/S and C/S ratios on the kinetic
and transport resistances in a Li-S cell as a function of depth of discharge by using EIS
method. Therefore, the literature survey about the E/S ratio, C/S ratio and EIS applications
are conducted and the relevant experimental outputs and discussions are provided in this
section of the thesis.

2.1. Previous Studies on the Effect of C/S Ratio on the Li-S Battery Performance

Eroglu et al. (2015) investigated the impact of electrode design parameters on the
battery performance and cost by a techno-economic model for Li-S batteries used in electric
vehicles [37]. A materials-to-system analysis was done to interpret the effect of these
parameters on the system-level energy density, specific energy and battery price. It was
found that electrolyte and carbon to sulfur weight percentages and reaction kinetics are
critical to determine the energy density and cost of the batteries. It was concluded that, in
order to develop inexpensive and high energy density batteries for the electric vehicles,

electrode areal capacity should be higher than 8 mAh/cm?,

Chen et al. (2011) investigated the effect of C/S ratio on the electrochemical
performance by changing the sulfur weight percentages in the sulfur and ordered
mesoporous carbon composite between 50-75 %. The ordered mesoporous carbon was
specially synthesized with 2101 m?/g surface area, 2.0 cm®/g and 5.6/2.3 nm pore size. They
have found that the composite with 60 wt.% sulfur has the highest sulfur utilization. The
cells obtained are stable for 400 cycles even at 6C current rate and they have high rate
capability. High surface area and pore volume are the main reasons of these superior results.
Since large pores can ease the ion transport inside carbon particles rather than sulfur, 70
wt.% sulfur loading has a lower capacity even though it has a higher S/C ratio, or higher

sulfur loading in other words [38].

Ding et al. (2014) studied the effect of key parameters in designing Li-S batteries on
the cell performance. In this work, the effect of C/S ratio, electrolyte amount and sulfur
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loading density in the cathode on the specific capacity and cyclability of the cells have been
investigated. It was found that the cell with a 1:2 weight ratio of C/S has three times higher
capacity than that of LiCoO2, which is 538 mAh/g. The capacity of a cell is greatly
influenced by the sulfur utilization and thus it is highly sensitive to the C/S ratio. It was
proposed that this is due to the increasing amount of insulating Li»S> and Li.S precipitates
on the carbon surface at the end of discharge. Since the electrochemical reactions are
heterogeneous and take place at the surface, reactions are inhibited due to decreasing

available surface area at low amounts of carbon, which lead to a capacity loss [39].

Gao and Abruna (2014) studied the gravimetric and volumetric energy densities of the
cell based on the total weight and volume of the electrodes. It was stated that the volumetric
energy density should be taken into consideration for electric vehicle applications. It was
found that, volumetric energy density of the cell is more sensitive to the sulfur loadings and
it increases more than the gravimetric energy density of the cell as the sulfur loading
increases. At high sulfur loadings (70 %), the volumetric energy density of a Li-S battery
can exceed that of a Li-ion battery. The important point 