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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 oldukga dikkat ¢ekmistir. Bunun sebebi, aktif
madde olarak diinyada bol miktarda olan ve zararsiz olup yiiksek kapasite veren siilfiir ve en
hafif metal Li igeren 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 mekanizmas1 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 is that, the capacities should be
presented based on the total mass of sulfur and carbon when system performance is
considered, in contrast to the most of the papers in the literature, which have reported the

capacities based on sulfur amount only [40].

Duo et al. (2013) utilized peapod-like mesoporous carbon with 4.69 cm?/g pore
volume as the conductive matrix. The high pore size of the matrix enabled high sulfur
loadings such as 84 %, and to have flexible sulfur-carbon composite which allowed volume
expansion during discharge. In addition, there was enhanced electron transfer due to 3-4 nm
thickness of the carbon walls. Three C/S ratios were tested with 84, 77 and 60 wt.% sulfur
containing cathodes. The highest capacity was obtained with the 60 wt. % S cathodes when
the capacity is based on the amount of sulfur whereas 84 wt. % sulfur loading had the highest
capacity when the capacity was normalized based on the composite. However, for all of the

C/S ratios, cells suffered from capacity fading due to the polysulfide shuttle mechanism [41].

Park et al. (2015) prepared active carbon/sulfur composite cathodes by a solution
based method, which had sulfur contents between 32.37 wt.% and 55.33 wt.%. According

to the specific capacity and rate capability results, the composite with the lowest sulfur
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loading, i.e. 32.37 %, showed the best performance with a specific capacity of 1360 mAh/g
at 1C in the first discharge and 702 mAh/g reversible capacity at 10C. This was due to the
dissolved high order polysulfide presence in the anode and the separator for the medium and
high sulfur contents; hence conversion of these polysulfides to low order polysulfides is
limited in the cathode. In addition, sulfur infiltration in amorphous state was limited to the
cathode with 41.21 wt.% S, and after that point crystalline sulfur was obtained in the surface
[42].

Briickner et al. (2014) investigated the impact of sulfur loading on the cycle stability
and sulfur utilization. Experiments conducted with 20-40-60-80 % of sulfur loadings in the
cathode showed that increasing the sulfur amount in the cathode decreases the discharge
capacity of the cell. For instance, no efficient capacity was obtained for the cell with 80 %
of sulfur in the cathode, showing that when the carbon amount is too low, sulfur utilization
is also very low in the cathode.

To sum up, there are a number of studies in the literature focusing on the impact of
C/S ratio on the discharge capacity and cycle life of a Li-S battery. However, the literature
is lack of explaining the effect of C/S ratio on the cell resistance and thus the reaction and

degradation mechanisms in a Li-S cell during discharge.

2.2. Previous Studies on the Effect of E/S Ratio on the Li-S Battery Performance

Briickner et al. (2014) also investigated the effect of amount of electrolyte on the cycle
stability and sulfur utilization. It was also discussed that the cells with a high electrolyte ratio
have higher discharge capacities and lower deformability. Moreover, lower capacity
degradation is obtained for cells with high electrolyte amounts and low sulfur loadings.
However, the electrolyte amount should not exceed 4 puL. mg™ because the dead weight of

the cell then prevents to reach the energy densities provided by Li-ion cells [43].

Li-S cells typically use excess electrolyte in order to fully utilize the sulfur, decrease
the polysulfide shuttle mechanism and prevent the electrolyte depletion in the cell. However,
according to Eroglu et al. (2015), using an excess amount of electrolyte, or in other words

having high electrolyte to sulfur ratios, results in a significant decrease in the system level
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specific energy and energy density. As example, cells with electrolyte to sulfur (E/S) ratios
of 10 mL/g and 1 mL/g provide pack-level energy densities of 100 Wh/kg and 400 Wh/kg,
respectively [37].

The electrolyte amount has a great influence on the reaction kinetics since it
determines the polysulfide concentrations on the cathode surface. Study performed by Fan
and Chiang (2017) inspected the relationship between the polysulfide concentration and Li2S
electrodeposition kinetics [44]. It was proposed that the capacity of a battery is highly
dependent on Li»S electrodeposition. The experiments were conducted with E/S ratios of 7.9
(3.9MS),4.2 (7.4 M S) and 2.4 (13 M S) mL/gS at C/4 rate. 947 mAh/g of initial discharge
capacity was obtained with the highest E/S ratio showing the standard discharge profile of
Li-S cells. The same capacity was obtained with an E/S ratio of 4.2 mL/gS. However, here
polarization was higher and cell voltage dropped to 1.81 V due to a high over-potential of
380 mV. Lastly, with 2.4 E/S ratio, much less capacity was obtained, less than 60 mAh/g.
This is due to sulfur not being completely dissolved in the electrolyte because of the sulfur
solubility limit of 8 M. It was concluded that, low E/S ratios result in sluggish

electrodeposition of Li»S and thus low specific capacities.

Another study was performed by Hagen et al. (2014) to investigate the dependence of
cell energy density on the E/S ratio in Li-S cells [45]. Pouch cells with various E/S ratios
and sulfur and carbon loadings were prepared to measure the energy densities. Sulfur
loadings used between 0.5-20.0 mg/cm? with a constant 100 pl electrolyte volume results in
E/S ratios of 5-20 mL/g. Energy densities of 150-300 Wh/kg were obtained with an E/S ratio
of 5, which is comparable to the state-of-the-art Li-ion batteries in terms of the energy
density but not in terms of safety and cyclability. To excel the Li-ion battery, 2/1 electrolyte
to sulfur ratio was needed, which provides an energy density of 500 Wh/kg with 1300 mAh/g
sulfur utilization at moderate current densities. However, cells having low E/S ratios tend to
have significant capacity loss, which is possibly because of the Li-S reaction mechanism.
With increasing polysulfide amounts in the electrolyte, the electrolyte viscosity thus, the

electrolyte resistance increases. This can result in low discharge capacities.

Zhang (2012) claimed that there is an optimum electrolyte to sulfur ratio because the

electrolyte amount is directly related to the polysulfide concentration. With the optimum E/S
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ratio of 6.5 mL/g of the conventional DOL:DME liquid electrolyte, 72 % sulfur ratio and 2
mg/cm? sulfur loading, 780 mAh/g capacity can be obtained even after 100 cycles at 0.5
mA/cm?. The effect of E/S ratios of 13.3 mL/g, 10 mL/g and 6.5 mL/g on the cycling were
also investigated. The cell with excess electrolyte (13.3 mL/g) has 1000 mAh/g capacity in
the first discharge and almost 800 mAh/g in the second cycle. This rapid decrease was
because of the migration of the polysulfides to the dead zones inside the cathode. High
polysulfide concentration in the cell with a low E/S ratio, 6.5 mL/g, resulted in short cycle
life and reproducibility problems. On the other hand, the high viscosity of the electrolyte at
low E/S ratios, which is due to higher polysulfide concentration in the electrolyte, prevents
the polysulfides to escape from the cathode. Therefore, the capacity of the first cycles
increase up to a point in the cells with low E/S ratios. However, capacity starts to decrease
again as LINOz is depleted in the cell. It was also stated that the type of the electrolyte,
cathode thickness, active surface area and porosity of the conductive matrix and Li-S cell
configurations affect the optimum E/S ratio in the cell [46].

Zheng et al. (2013) also examined the Li-S battery performance as a function of the
E/S ratio with a sulfur-ketjen black composite cathode. S/E ratios of 15, 20, 30, 50, 75 and
100 g/L are tested galvanostatically at 0.2 C rate. In all cases, 2 discharge plateau were
obtained. In the lowest S/E ratio (15 g/L), the cells suffered from the PS shuttle, low
Coulombic efficiency and high capacity fading. However, increasing S/E ratio to 50 g/L
improved the capacity retention to 66 % in the 100th cycle by oppressing the shuttle
mechanism with increasing viscosity. After that point, the lower electrolyte amounts in the
cell caused polarization due to wetting problems. However, it was stated that this optimum
S/E ratio is only specific for the sulfur-ketjen black composite and optimizations are needed

for the other configurations [47].

Urbonaite and Novak (2014), investigated the influence of electrolyte volume, the salt
concentration, additive type, sulfur type and conductive type on the Li-S cell performance.
13, 22 and 43 pl/mg E/S ratios were tested. The best cyclability results are obtained with the
E/S=22 pl/mg for both PEO and Kynar binders where E/S=43 nl/mg shows the poorest cell

performance [25].
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Sun et al. (2018) conducted a systematic performance analysis to investigate the
impact of both electrolyte-to-sulfur ratio and sulfur loading. A novel carbon cathode was
developed with sulfur, porous carbon, TiS», carbon black, PVDF and HPC and 12 different
combination of cells were prepared with 60, 90, 120 ul electrolyte volume and 3, 6, 8 and
10 mg/cm? sulfur loading. According to their results, when the sulfur loading is kept constant
and electrolyte volume decreases, the capacity and Coulombic efficiency also decrease due
to infinite shuttling. It was concluded that high sulfur loadings and low E/S ratios cause fast

lithium corrosion, which affects the performance intensely.

In these respect, there are various studies on optimization of the electrolyte amount in
Li-S batteries [30], [43]-[45]. However, the effect of E/S ratio on the transport and Kinetic

resistances in the cell depending on the depth of discharge is not identified yet.

2.3. Previous Studies on the Characterization of Li-S Batteries Using EIS

Yuan et al. (2009) studied the electrochemical processes of formation, growth and
dissolution of Li»S in sulfur cathode during charge and discharge by using EIS [48]. When
frequency range of 100 mHz-100 kHz with 5 mV signal amplitude is applied to the sulfur
cathode, two different impedance spectra is obtained. It was concluded that these differences
are due to the variation in the resistances in the high and the low voltage plateaus. The
authors suggested that the semicircle obtained in the middle frequency range by EIS
corresponds to the Li.S formation on the cathode matrix, whereas the one in the high
frequency range represents the charge transfer resistance at the carbon interface. The
apparent drop of charge transfer resistances between the upper plateau and the beginning of
the lower plateau shows that the reaction of S—Li>Sx(8>x>4) has higher charge transfer
resistance then the reaction of LioSx— Li>2Sy(8>x>y>4). In addition, it was found that the
interfacial charge transfer and the mass transport resistances are the rate determining factors
in the upper and lower plateau regions, respectively. These were supported by conducting
SEM, XRD and EDS characterizations techniques and it was concluded that EIS is a
powerful technique to characterize the complex electrochemical reactions independently
[48].
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EIS method was also used by Barchasz et al. (2012) to investigate the impedance of
sulfur cathode containing sulfur, carbon and binder at various degree of discharges [49]. The
obtained spectrums contain two semi-circles. The increase in the size of the high frequency
semi-circle between 2.065 V and 1.85 V was attributed to the change in the sulfur electrode
morphology. In addition, the middle frequency semi-circle which appears in the very early
discharge stages was attributed to the charge transfer resistance. The decrease in the charge
transfer resistance implies that the reaction with the charge transfer occurs faster. In parallel
to that, due to the high amount of insulating materials dissolution, the lowest resistance is
obtained in the half of the discharge. However, after that point the non-conductive solid
products produce and that increase the charge transfer resistance again. Finally, surface of
the electrode is blocked with these insulating layers at the end of the discharge which

appeared as a line in the low frequency region of the EIS spectrum.

Another work by Canas et al. (2013) investigated the behavior of a Li-S cell with the
sulfur cathode having 50 wt. % sulfur, 40 wt. % carbon black and 10 wt. % PVDF, at equal
depth of discharge intervals using EIS. They have proposed an equivalent circuit with an
ohmic resistance and four R//CPE elements to simulate semicircles. Charge transfer
resistance, Li>S nonconductive layer resistance and diffusion were selected as the main
impedance elements and their change as a function of the depth of discharge and cycling
were investigated. They proved that individual impedances are highly dependent on the
depth of discharge of the cell. It is observed that, the highest polysulfide concentration results
in the highest electrolyte resistance, which is obtained in 43 % depth of discharge. EIS results
for 50 cycles show that, the electrolyte and anode impedances stay almost constant whereas

71 % decrease occurs in the charge transfer resistance with cycling [50].

Yan et al. (2016) used a binder free MWCNT-sulfur composite as the positive
electrode to test the effect of electrolyte-to-sulfur ratio. First, the effect of E/S ratio of 5, 8
and 12 ul/mg on the cycling performances were tested. The highest initial capacity was
obtained with the E/S ratio of 12 pl/mg but this cell suffered from severe capacity loss, 61
% of the initial discharge capacity, whereas the cell with 5 pul/mg E/S ratio showed a lower
initial discharge capacity but have lost only 30.5% of its capacity after 100 cycles. The sulfur
utilizations at the 100" cycle were 48.5, 46.7 and 38.0 % for E/S ratios of 5, 8, 12 pl/mg,
respectively. With considering both the Coulombic efficiency, peak discharge capacity and
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capacity retention, 8 pl/mg has the optimum amount of the electrolyte. The capacity of the
cells has decreased after 40 cycles even though the electrolyte contains LiNOs and this
indicates that there are other factors that causes capacity decay. The impedances of these
cells were measured by EIS after the 100" cycle for fully charge and discharge states. There
were 2 semicircles in the fully discharged whereas only one semi-circle in the fully charged
state. Therefore, the semi-circle in the low frequency was defined as the resistance due to
Li»S/Li»S2 nonconductive films. It was seen that high electrolyte amount improves the
charge transfer but it also causes a thicker nonconductive film. The impedances of the first
discharge and charge of the cell with an E/S ratio of 12 pl/mg at various DOD’s were also
investigated to study the Li>S/Li»S> layer formation and sulfur agglomeration kinetics. The
second semicircle was obtained in the second plateau supporting that the medium frequency
depressed semi-circle represents the film resistance. It was concluded that the loss of sulfur,
non-conductive Li>S2 and Li»S precipitation and incomplete conversions are the main causes

of the capacity fade [51].

Sun et al. (2016), investigated the sulfur loading effect on the performance of the Li-
S cells by testing 0.5-7.5 mAh/cm? cells. For loadings smaller than 1.40 mg/cm?, 50 % sulfur
utilization (i.e. 800 mAh/g S) was obtained. These cells also showed 350 mAh/g S capacity
in the 100™ cycle after a continuous capacity decay. For 1.85-2.38 mg/cm? sulfur loading,
after 30 cycles of activation period, the cells also experienced capacity decay. Finally, for
loadings higher than 4.18 mg/cm?, only 150 mAh/g capacity was obtained due to the
limitations in a very thick cathode. In this study, EIS was also used to study these trends
stemming from sulfur loadings by comparing the cells having 0.77 mg/cm? and 2.62 mg/cm?
loadings. The interface resistance decrease in the first cycle until 39 cycles is due to an
increase in the sulfur utilization with redistribution of the sulfur into the active sites.
According to their results, the interface resistance for the completely discharged and charged
states have similar values after cycling for 40 cycles. It was explained by the eliminating the
structural difference of the complete charge and discharges states for both high and low
sulfur loadings. On the other hand, charge transfer resistance for the completely discharged
state is high whereas no distinct difference was obtained due to other charged states and
sulfur loadings. It was concluded that the charge transfer resistance was stemming from the
Li,S/Li2S> film. Lastly, the highest electrolyte resistance was obtained at 2.1 V where

polysulfide concentrations were at the highest amount for both loadings. Therefore, when
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there are no polysulfides present, the electrolyte resistance should be at its lowest value,
namely at the both the charge and discharge states. However, for 2.62 mg/cm? sulfur loading,
the electrolyte resistance in the fully discharged state is higher than fully charged state for
the first 12 cycles. This was attributed to non-efficient transformation of Li>S/Li2S film in

the first cycles and it increases the electrolyte resistance in the complete discharge [52].

To conclude, even though the effect of E/S ratio and C/S ratio on the capacity and
cycling performances have been investigated before, there is no study to identify the effect
of these parameters on the reaction and degradation mechanism of the Li-S cells as functions
of DOD using EIS as the characterization technique. Some of the literature works which use

EIS in various depth of discharges are given in the Table 2.1.

Table 2.1. The Literature Summary for EIS Experiments. (a:C/S ratio, b:S
loading(mg/cm?) c:Cathode thickness(um), d:Electrolyte volume(ul), e:Frequency
range(Hz), f:Signal amplitude(mV), g:DOD, h:Voltage range(V) and C rate)

Ref. | a b c d |e f g h
1.5-2.8
1- 0.01-5-90-110-285-290-
[53] |1/7 | 1.2 |20 [NP <4 0.2
65,000 470-840-870 mAh/g
mA/cm2
0.06- 0,10,20,30,40,50,60,70,80, | 1.5-2.8
[21] |4/5 |[NP | NP |14 5
100,000 90,100 0.18C
1.5-2.8
0.06- 0-8-16-27-34-44-52-62-
[50] [4/5 |[NP | NP |14 5 300
100,000 71-81-90-99-100
mA/g
15 |0,001- 1.5-3.0
[49] | 1/8 | NP |20 5 2.065-2.06-2.05-1.85V
0 200,000 0.1C
52/ 0.01-
[54] NP | NP [ NP 5 NP 1.0-3.0
38 100,000




Table 2.1. The Literature Summary for EIS Experiments. (a:C/S ratio, b:S

loading(mg/cm?) c:Cathode thickness(pm), d:Electrolyte volume(ul), e:Frequency
range(Hz), f:Signal amplitude(mV), g:DOD, h:Voltage range(V) and C rate) (cont.)
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Ref. | a b c d |e f g h
0.77 | 15
0.05- 1.8-2.6
[52] |3/6 | 1.29 |25 |80 5 1.8-2.1-2.6 V
500,000 0.2C
2.62 | 52
0.01-
[55] |3/6 |2 85 |25 10 | NP NP
100,000
0.01- 1.792-2.009-2.169-2.412-
[56] | 1/1 |3.5 |[NP NP 5 NP-1.7
100,000 2.800 V
1.6-2.8
27/ 0.01- 0-11-22-33-45-56-67-78-
[57] NP |30 | NP 5 100
53 100,000 98
mA/g
o1 1.5-2.5
[48] |3/6 |15 |NP |NP | 5 0-8-14-30-46-52 100
100,000

mA/g
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3. EXPERIMENTAL WORK

This section includes the description of the construction and the testing of the Li-S
cells in details. The effect of C/S and E/S ratios on the cell resistance is investigated using
the conventional materials of lithium-sulfur batteries: lithium foil as the anode, an organic
electrolyte and the composite cathode consisting of sulfur, carbon black and binder. EIS

spectrums are analyzed with Z-fitting procedure.

3.1. Chemicals

In this section, the chemicals used for the experiments are provided. The chemicals
needed for the cathode preparation are as follows: conductive carbon black (Super C65,
MTI), sulfur (Sigma Aldrich), polyvinylidene difluoride (PVDF, MTI) as the binder, N-
methyl-2-pyrolidone (NMP, MTI) as the solvent and 15 um thick aluminum foil (MTI) as
the current collector. Lithium metal foil (MTI) with 170 um thickness is used as the anode
together with 25 um copper foil (MTI) current collector. 1,3-Dioxolane (DOL, Sigma
Aldrich), 1,2-dimethoxyethane (DME, Sigma Aldrich), lithium nitrate (LiNO3, Sigma
Aldrich) and lithium bis-trifluoromethanesulfonimide (LiTFSI, Sigma Aldrich) are used for
the electrolyte preparation. A 25 um thick polymer-based separator (Celgard) is used in

between the anode and the cathode.
3.2. Cell Preparation
Cells are prepared with lithium foil anode, polymer separator, sulfur cathode and
organic electrolyte. Li foil and polymer separator are directly used. However, cathodes and
electrolytes are prepared according to the following procedure.

3.2.1. Cathode Preparation

Cathodes with different C/S ratios are prepared according to the following procedure.

The preparation of a cathode with C/S=1 is described below as an example. For a cathode



21

with C/S=1, Sulfur/Carbon/Binder weight ratios are adjusted as 45/45/10. In order to do that,

500 mg of cathode mixture is prepared by the following procedure;

(i)
(i)

(iii)
(iv)

v)

(vi)

(vii)

(viii)

First, 225 mg sulfur and 225 mg carbon black are mixed.

Sulfur-carbon mixture is put in the mortar and pestle for 5 min (To avoid binder loss,
it is not added in this step).

50 mg binder is added to the mixture and mixed.

Perfect mixing of the carbon, sulfur and binder and the dissolution of the final
mixture in the solvent is very important for obtaining good coatings. Therefore, this
mixture is mixed slowly with NMP, in which the total solvent added is 7:1 wt/wt
ratio of the NMP and solid mixture eventually.

For a better dispersion, the mixture is first mixed at 50 °C for 2 hours and then at
room temperature for overnight in a magnetic stirrer. Finally, 2 hours of ultrasonic
treatment is performed to obtain perfect mixing and to remove bubbles.

The doctor blade is set to 320 um thickness and the slurry is casted on the less shiny
side of the Al foil by gliding the doctor blade over the slurry.

The Al foil with the cathode layer is dried at 50 °C for almost 7 h in air atmosphere
to remove NMP.

Cathodes with 2.01 cm? area is cut with a puncher and they are weighed before the

experiments to calculate the sulfur loadings in the cathode.

The final thicknesses of the cathodes after drying are 70 um for all of the C/S ratios.

To obtain that thickness, the NMP amount added and the doctor blade thickness set are

adapted accordingly. The picture of the prepared cathode with C/S=1 is given in Figure 3.1.

Figure 3.1. Prepared cathode film with C/S = 1.
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The effect of E/S ratio is investigated by keeping C/S ratio and S loading constant at 1
and 0.9-1.1 mg/cm?, respectively. Therefore, the same cathode is used for all of the E/S ratio
experiments. On the other hand, to investigate the effect of the C/S ratio, different cathodes
with desired C/S ratios are prepared with the same procedure described above. The only
difference is the amount of carbon and sulfur used when preparing the cathode mixture. In
these experiments, since the cathode thickness is kept constant, S loading varies with

changing C/S ratio.

3.2.2. Electrolyte Preparation

The electrolyte used for all of the experiments is a conventional DOL:DME (1:1
vol.%) electrolyte with 1 M LiTFSI electrolyte salt and 0.1 M LiNO3 electrolyte additive.
First, equal volumes of DOL and DME are mixed in an erlanmayer to get 1:1 volume ratio
solution. Then, this mixture is mixed with the required amounts of LiTFSI and LiNOs to get
1 M and 0.1 M concentrations in 10 ml of liquid electrolyte, respectively. Electrolyte
preparation is carried out in MBraun Labstar Glovebox where both oxygen and water

contents are below 0.5 ppm.

3.2.3. Coin Cell Assembly

2 electrode CR2032 coin cells are used for both capacity and impedance
measurements. The cells are prepared in the same glove box where oxygen and water levels
are below 0.5 ppm. First, lithium foil is punched to get 2.01 cm? pure metallic Li anode.
Similarly, polymer separator film is prepared and it has 3.1 cm? area. Bigger separator is
used to effectively separate the Li anode and S cathode to prevent short circuit inside the
cell.

First one spring and one spacer are placed in the lower case with the O-ring. Copper
and lithium foils are put above them. Then, the half of the previously determined electrolyte
volume is placed in the anode part. Polymeric Celgard separator is placed subsequently
ensuring the separator is placed in the middle so that the contact of anode and cathode is
prevented. The rest of the electrolyte is then added for the cathode part. Finally, the sulfur
cathode with Al foil is placed on the top and one more spacer is added to fill the extra space.
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With the addition of the upper case, cell preparation is completed. Finally, the cell is
crimpled in the cell crimper and taken out of the glove box for the EIS tests. The schematic

of the coin cell preparation can be seen in Figure 3.2.

Upper Case
Spacer
- - — Al foil
S —
Sulfur cathode
Electrolyte
Celgard separator
Electrolyt
ectrolyte Lithium Metal

— e Copper Foil

Spacer

‘/C\_/D\’ Springs

Lower Case a

Figure 3.2. Coin cell components.

All of the experiments are performed 3 times and the average of these replicate
experiment results are considered. The investigated E/S ratios with C/S=1 are 33, 19, 12, 6

and 3 pl/mg.

Cathode mass measured is the total mass of the positive electrode together with Al foil
current collector. To find the electrode mass, the mass of the current collector is subtracted
from the total cathode mass, as given in Equation (3.1) for an example 11.3 mg cathode. The
Al foil mass for 2.01 cm? disc is found by averaging the mass of 5 samples and this average
is found as 8.14 mg. Since the C/S ratio is 1 for this case (45 wt. % S in the cathode), the S
amount is found by multiplying the cathode mass with 0.45, Equation (3.2). Sulfur loading
of the cathode is found by dividing the sulfur amount to the cathode area, Equation (3.3).
Since C/S ratio is constant the sulfur loading is around 0.8 mg/cm? for all of the E/S
experiments. Then, E/S ratio is found by dividing the electrolyte volume to the sulfur
amount, Equation (3.4). Finally, the discharge current is calculated to get C/10 rate for each

cell, which is the current required to discharge the cell for 10 h, Equation (3.5).
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Cathode Mass = 11.3 — 8.14 = 3.16 mg (3.1)

Sulfur Mass = Cathode Mass x Swt.% = 3.16 x 0.45 = 1.4 mg (3.2)
- S g O
1675 AR (3.5)

gs

R =—
Current Rate Toh

mA
x Sulfur Mass = 167.55 x1.4mgS = 238.2 pA

The cell parameters calculated as described above are given for all replicate cells in Table
3.1.

Table 3.1. Cell Parameters for E/S Experiments.

Cathode | Cathode Sulfur Discharge
Total Mass Sulfur Mass Loading Electrolyte E/S Ratio Current
mo | o | P | ngemy | OO | W
11.3 3.16 1.4 0.7 50 35.2 238.2
11.4 3.26 1.5 0.7 50 34.1 245.7
11.6 3.46 1.6 0.8 50 32.1 260.8
11.6 3.46 1.6 0.8 30 19.3 260.8
11.6 3.46 1.6 0.8 30 19.3 260.8
11.6 3.46 1.6 0.8 30 19.3 260.8
11.7 3.56 1.6 0.8 20 12.5 268.3
11.7 3.56 1.6 0.8 20 12.5 268.3
11.7 3.56 1.6 0.8 20 12.5 268.3
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Table 3.1. Cell Parameters for E/S Experiments. (cont.)

Cathode | Cathode Sulfur Discharge
Total Mass Sulfur Mass Loading Electrolyte E/S Ratio Current
mo | me | T | genty | OO | W
11.8 3.66 1.6 0.8 10 6.1 275.9
11.9 3.76 1.7 0.8 10 59 283.4

11.9 3.76 1.7 0.8 10 59 283.4
12.1 3.96 1.8 0.9 5 2.8 298.5
12.1 3.96 1.8 0.9 5 2.8 298.5
12.1 3.96 1.8 0.9 5 2.8 298.5

For the investigation of the effect of C/S ratio, the C/S ratios are adjusted as 3.5, 2, 1,
0.5 and 0.3 with E/S=19 pl/mg. A similar calculation procedure is carried out to obtain the

cell parameters given in Table 3.2.

However, in this case the electrolyte volume is recalculated in each cell to obtain 19
ul/mg E/S ratio. For example, for a C/S ratio of 3.5 the following calculations are done
different from the previous calculations;

S Amount = Cathode mass x Swt. % = 0.00266 x 0.7 x 1000 = 0.5 mg (3.6)

(3.7)

E 1
Electrolyte Volume = 3 Ratio x Sulfur Mass = 19 a X 0.5mg=10.1pl

Similarly, all the cell parameters for 3 replicate cells are given in the Table 3.2.
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Table 3.2. Cell Parameters for C/S Experiments.

C/S Cathode Cathode | Sulfur Sulfur Electrolyte Current
Ratio | Total (mg) Mass Mass Loading Volume (pul) Rate(nA)
(mg) (mg) | (mg/em’)
3.5 10.8 2.66 0.5 0.3 10.1 89.1
3.5 10.8 2.66 0.5 0.3 10.1 89.1
3.5 10.8 2.66 0.6 0.3 10.5 925
2 12.7 4.56 1.4 0.7 26.0 229.1
2 12.0 3.86 1.2 0.6 22.0 194.0
2 13.2 5.06 1.5 0.8 28.8 254.3
1 11.6 3.46 1.6 0.8 19.3 260.8
1 11.6 3.46 1.6 0.8 19.3 260.8
1 11.6 3.46 1.6 0.8 19.3 260.8
0.5 14.6 6.46 3.9 1.9 73.6 649.2
0.5 14.4 6.26 3.8 1.9 71.4 629.1
0.5 15.2 7.06 4.2 2.1 80.5 709.5
0.3 13.7 5.56 3.9 1.9 73.9 651.9
0.3 13.8 5.66 4.0 2.0 75.3 663.6
0.3 13.9 5.76 4.0 2.0 76.6 675.4

3.3. Electrochemical Characterization Experiments and Analysis Method

3.3.1. Electrochemical Characterization Experiments

The impedance measurements are performed with Biologic SP300
potentiostat/galvanostat at room temperature. The cells are rested for 16 hours at the open
cell voltage (OCV) for the stabilization after cell construction. The impedance measurements
are taken at different depth of discharges with C/10 discharge current rate at 1.5 V-3.0 V
voltage interval. The EIS measurements are performed within 10 mHz and 100 MHz
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frequency range and with 10 mV signal amplitude at constant voltage. In addition, at each
discharge depth after discharge, the cells are equilibrated for 30 minutes to allow the cell to

reach thermal and electrochemical equilibrium before the EIS measurements.
3.3.2. EIS Fitting Analysis

EIS is applied with 10 mV signal amplitude in the 100 MHz-10 mHz frequency range.
The frequency response of the system to the sinusoidal signal with 10 mV applied potential

is analyzed by Nyquist plots and this response depend on cell impedance which is
represented with Figure 3.3.

— D w—)
e

Sinusidual Response

Figure 3.3. EIS analysis.

During the EIS, the response of the signal is recorded by the voltage (v(t)) and the
phase shift ¢ [58]. The general formula for a cell impedance is shown in the Equation
(3.8).

_ =, sin(wt) (3.8)
z IZlcos(oot—cl))

where |Z| is the absolute value of impedance and w is the angular frequency.

Frequency response can be divided to real and imaginary impedances and can be expressed
with Equations (3.9), (3.10) and (3.11).

Re(Z) = |Z| cos(p) (3.9
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Im(Z) = |Z| sin(¢) (3.10)

|Z| = \/Re(Z)? + Im(Z)?2 (3.11)

With the equations of Re(Z) and Im(Z), cell impedances can be shown in the Nyquist
plots for better visualization and easily interpret the results [59]. In order to relate the EIS
spectrums to the physical and electrochemical processes taking place in the cell, an
equivalent circuit model should be fitted to the impedance raw data. In this work, the EIS
fittings are performed with Bio-Logic Zfit software and the fitting method is chosen as the
“Randomize+Simplex” method with 1000 fitting and randomization iterations. The most
suitable fit can be found with the best initial values; therefore, randomization is performed
before minimization. In addition, the quality of the fittings is tested with the %%/ |Z| where
shows the difference between the experimental and fitting values in Q2 and |Z| is the modulus
in Q. So the minimization of the fit is done to obtain minimum ¥?/ |Z| in Q using Downhill

simplex minimization method [60].
The fitting elements discussed in this work are listed in the Table 3.3.

Table 3.3. The EIS Fitting Elements Considered in This Work.

Faradaic Nyquist Representation
Impedance (-Im(Z) vs. Re(2))

Circuit Element

Capacitor (C) Z(f)

~ Cyiznf

Constant Phase

Element (CPE) 20 = Q. (i2mf)*




Table 3.3. The EIS Fitting Elements Considered in This Work. (cont.)

o Faradaic
Circuit Element
Impedance
Resistor Z(f) = R,
Warburg 7(f) = V2o,
Viznf

Nyquist Representation
(-Im(2Z) vs. Re(2))

==

3.3.3. Stabilization of the Cells

When the EIS spectra were taken at a DOD immediately after discharging, unexpected
profiles were obtained in the low frequencies. For example, the EIS spectrums in Figure 3.4
were taken immediately after discharging the cell for 30 minutes at 0.1 C rate. As can be
seen in Figure 3.4, there are unexpected shapes at the low frequencies of the EIS spectra.
According to the literature, these shapes may occur in the high frequencies and in that
situation, they imply induction within the Li-S cell. However, for low and middle
frequencies, these shapes show that, the cell is suffering from thermal and electrochemical
instabilities [61], [62]. To eliminate these instabilities, the cells should be stabilized after

each disruption. Therefore, the cells should be rested prior to the EIS measurements after

each discharge period.
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Figure 3.4. EIS spectrums immediately after discharges.

Cells are disturbed when they are discharged at a constant current. Hence, the
unexpected shapes (red spectrum) are obtained in the middle and low frequency due to
drifting when the impedance measurement is taken right after the discharge. It is shown that
resting at OCV for 20 min is enough for the cells to stabilize. However, a smoother EIS
spectrum is obtained for 30 minutes resting period. After that point, although the spectrums
are smooth, relatively bigger semi-circles are obtained. In order to get the impedance at each
DOD with a minimum amount of rest time, 30 minutes resting period is chosen. Therefore,

for all of the DOD points, the cells are stabilized for 30 minutes before conducting the EIS

measurements.
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Figure 3.5. EIS Spectrum of the same Li-S cell after 30 min of discharge followed by

various resting periods at OCV
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4. RESULTS AND DISCUSSION

The results of the electrolyte-to-sulfur (E/S) and carbon-to-sulfur (C/S) ratio
experiments are presented and their effect on the electrolyte, charge transfer and film
resistances are discussed in this chapter of the thesis. First, calculations of DOD points for a
cell are presented and the EIS spectrums of one representative cell is given for all DODs for
each ratio. Next, these EIS results are compared in selected DOD points. Finally, the effect
of E/S and C/S ratios and their change during discharge are discussed for each individual

resistance.

4.1. Discharge Curves and Impedance Measurements

As stated in the experimental section, the discharge C rate is decided as C/10 in the
experiments. Electrical vehicles spent different energies in different situations. For example,
C/30 rate can be taken as the base discharge rate or C/100 for energy recovery while braking.
C/10 can be adapted to real world as light acceleration and it is one of the highest C rate an
EV needs [63]. In addition, C/10 rate is one of the most commonly used current rate in the
literature [25], [64]-[66].

In Figure 4.1, the voltage profile of a Li-S cell discharged at C/10 can be seen. As can
be seen from the cell voltage versus time graph in the figure, the cell is discharged with C/10
discharge rate for a certain time. It is important to have sufficient amount of data points for
a cell. Therefore, the discharge intervals are kept short to ensure that data points are enough
to represent the impedances of the cells. This is followed by the OCV resting period for 30
minutes. The EIS spectrums are then taken after each of these resting periods until the 1.5 V
voltage is reached. The final EIS measurements are performed after reaching 1.5 V and

waiting for another 30 min to get the impedance at fully discharged state of the battery.
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Figure 4.1. The discharge profile of a Li-S cell with C/S=1 and E/S=19 ul/mg at 0.1 C.

The cell voltage versus capacity graph for the same cell can be seen in Figure 4.1. In
this study, the degree of discharge is calculated based on the capacity of the corresponding
cell rather than the theoretical capacity, 1675 mAh/mg S, with the Equation (4.1). Therefore,
obtained DODs are different for different cells even though they are discharged for similar
intervals. For instance, for the cell in Figure 4.2, the obtained discharge capacity is 1080.6
mAh/gS and the capacity contribution of each interval is 83.8 mAh/gS, which is calculated
for the discharge time of 30 min with 275.9 mAh current rate for the Li-S cell containing

1.65 mg of sulfur.

DOD % = Cell Obtained Capacity 100 (4.1)
™ "Cell Actual Capacity X

83.8 mAh/gS 4.2

DOD % = /85 100 =8% 4.2)

1080.6 mAh/gS
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Figure 4.2. The discharge profile, which is based on cell capacity, of a Li-S cell with
C/S=1 and E/S=19 ul/mg at 0.1 C. EIS measurements are conducted at each DOD shown

in the figure.

The EIS spectrum of the Li-S cell with C/S=1 and E/S=19 ul/mg at 47% DOD shown
in Figure 4.3. As it can be seen from the figure, there are 2 semi-circles in the high frequency
region and one straight line in the low frequency region in the EIS spectrum for this point.
The first semi-circle, the one on the left, is more obvious than the second one and the size of
the first semi-circle is significantly higher than the size of the second one. However, in order
to get the individual impedances, the experimental data should be fitted to an equivalent
circuit. The equivalent circuit should represent the physical phenomenon taking place in the

cell. With the proposed equivalent circuit, Z-fitting is carried out for this experimental data

and the result is also given in the Figure 4.3.
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Figure 4.3. The EIS spectrum at 47 % DOD of the cell with E/S=19 pl/mg and C/S=1.

In EIS analysis, semi-circles are modelled with one constant phase element (Q) or
capacitance and one resistance (R), which are in parallel to each other (Q//R or C//R). Since
the cells are not at ideal conditions, a constant phase element is typically used rather than a
capacitor [50]. As shown in Figure 4.3, we observed two semi-circles in most of the EIS
spectrums, and therefore, two Q//R in series is proposed in the equivalent circuit. There are
many examples of equivalent circuits which proposed two semi-circles in series in the
literature and those support our proposed circuit [17], [35], [48], [67]. In the circuit, prior to
Q/IR, we used one resistance in the high frequency region. This represents the difference
between y-axis and the beginning of the first semi-circle. In addition, a Warburg resistance
(W) is used to simulate the linear line in the low frequency region (Figure 4.3). The proposed
equivalent circuit diagram with four proposed circuit elements with a Nyquist plot are shown
in the Figure 4.4.
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Figure 4.4. The proposed equivalent circuit for Z-fitting.

Using the proposed equivalent circuit model, EIS impedances are linked to the
characteristic processes taking place in the Li-S cell. As a result, the corresponding
resistances are extracted from the data after the identification of each of the resistances.
When the previous studies in the literature are investigated in detail and the obtained

spectrums are evaluated as a function of the degree of discharge, the circuit elements are

defined as summarized in the Table 4.1.

Table 4.1. Summary of Resistances Attributed to Proposed Circuit Element.

R1 Electrolyte resistance

R2 Charge transfer resistance

R3 Non-conductive film resistance
w1 Warburg diffusion resistance

To sum up, there are 3 main resistances and one Warburg resistance in our cells. This

equivalent circuit is used in fitting for all of the cells at each DOD. 3 replicate cells are made
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for each E/S and C/S ratios and the average of the resistances obtained by fittings are taken
as results.

4.2. The Effect of E/S Ratio on the EIS Results of Li-S Cells

4.2.1. The Effect DOD on the Cell Resistances for Different E/S Ratios

The EIS results of cells having E/S ratios of 34, 19, 12, 6 and 3 ul/mg are shown in the
Figures 4.5-4.8, respectively. These results are shown here for one representative cell of each
E/S ratio; the results of the replicate cells can be found in the Appendix A. As stated in the
previous section, since DODs are calculated based on the cell’s actual capacity, the DOD’s

obtained for the cells are different from each other.
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Figure 4.5. The EIS spectrums of the cell with E/S=34 ul/mg for different discharge
depths.
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In Figure 4.5, the EIS spectrum for E/S=34 ul/mg is shown. According to the figure,
in the complete charge of the cell (DOD=0%), the semi-circle in the high frequency is much
bigger than the semi-circle in the medium frequency suggesting that in the complete charge,
charge transfer resistance is much higher than the film resistance. Up to a certain degree of
discharge, the radius of the high frequency semi-circle is higher than the middle frequency
semi-circle. However, with increasing DOD, the radius of the middle frequency semi-circle
is increasing and towards the end of the discharge, the radius of the second semi-circle is
much higher than the first one. This means that, towards the end of the discharge, film

transfer resistance becomes more important and a more restricting factor.
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Figure 4.6. The EIS spectrums of the cell with E/S=19 ul/mg for different discharge depths.

The EIS spectrum for E/S=19 pl/mg is shown in Figure 4.6. Before discharging, i.e. at
0 % depth of discharge, the highest radius of the first semi-circle is obtained whereas the
second semi-circle at that point is very small and it has the lowest radius compared to the
others. After that point, the size of the first semi-circle is getting smaller until complete

discharge, at which it has the minimum value. So, the charge transfer of the cell decreases
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significantly starting from 0% DOD to 71 % DOD and after that point it stabilizes. On the
other hand, the Li>S/Li»S; film resistance, has its highest values at 94 % and 100 % DODs.

200

150

- Im(Z) / Ohm
o
S

n
o

, R

0 50 100 150 200 250 300 350 400 450

Re(Z?thm
0%  --24% 47%  -=71%  -=94%  -e=100%

350 .

300

250

200

150

- Im(Z) / Ohm

100

50

0
0 100 200 300 400 500 600 700 800

Re(Z) / Ohm
0% -23% 47% —-70% -+-93% ~-100%

Figure 4.7. The EIS spectrums of the cell with E/S=12 pl/mg (top) and E/S=6
ul/mg(bottom) for different discharge depths.

The same trends are obtained with the E/S ratios of 12 and 6 p/mg which are given in
the Figure 4.7. For both of them, the high frequency semi-circles are bigger in the beginning

of the discharge. However, the differences between the sizes of the semicircles after 24 %
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DODs, are very small. After that point, the charge transfer resistances stabilize and reach to
constant values. The semi-circles in the low frequency regions are only apparent in 93 %
and 100 % DOD; as it can be seen in the figure, it is significantly higher at the complete

discharge of the cell. So, the film transfer resistance has its maximum value at the complete

discharge.
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Figure 4.8. The EIS spectrums of the cell with E/S=3 ul/mg for different discharge depths.

Finally, Li-S cells with an E/S ratio of 3 pl/mg are prepared by adding 5 pl electrolyte
to each cell. Since the electrolyte volume in the cell is very low, wetting problems occur and
that decreases the discharge capacity significantly. Cells discharge within minutes rather
than 10 hours. Therefore, there are only two points, at which the EIS measurements are
taken, one at full charge and the other at full discharge. As can be seen from Figure 4.8, the
same trends are obtained for both of the points and the magnitudes of the semi-circles are
very close. Since the discharge time is very short, no significant change inside the cell occur

and the resistances are close to each other.
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4.2.2. The Effect of E/S Ratio on the Cell Resistances for Different DODs

In order to discuss the effect of E/S ratio on the cell resistance, the EIS results with

different E/S ratios are compared for similar DODs (£5 %).
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Figure 4.9. The effect of E/S ratio on the EIS spectrums at 0 % DOD.

The impedances for the cells with different E/S ratios in the complete charge state can
be seen in Figure 4.9. As can be seen from the figure, the largest size of the first semi-circle
is obtained for the cell with an E/S ratio of 6 ul/mg. Increasing the E/S ratio up to 19 ul/mg
decreases the size of the high-frequency semi-circle significantly. However, there is not a
distinct difference between 19 pl/mg and 34 pl/mg. Hence, the highest charge transfer
resistance is obtained at the lowest E/S ratio. The second semi circles are not apparent for
this degree of discharge. That means that for all E/S ratios, the charge transfer resistances
are much higher than the film resistances at the beginning of discharge.
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Figure 4.10. The effect of E/S ratio on the EIS spectrums at 20 % DOD.
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The second point is chosen in the high voltage discharge plateau, where the solid sulfur

transforms to long order polysulfides which are soluble in the electrolyte. As can be seen

from Figure 4.10, for all of the E/S ratios, the first semi-circles are higher than the second

semi-circles. The first semi-circles are getting smaller with increasing E/S ratio with the

biggest one in the 6 ul/mg and the smallest one in the 34 pl/mg. 6 pl/mg also has the highest

R1, electrolyte resistance, whereas 19 ul/mg has the lowest. Since this point is in the high

discharge plateau, the second semi-circles which represent the film resistance due to

insulating Li>S formation are not completely formed. However, it can still be discussed that

6 nul/mg and 12 pl/mg have the highest film transfer resistance and the rest are very close to

each other.
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Figure 4.11. The effect of E/S ratio on the EIS spectrums at 70 % DOD.

The first noticeable difference between 20 % and 70 % degree of discharge, in Figure
4.11, is that the variation in the size of the high-frequency semi-circles for different E/S
ratios get less apparent. R3’s become more visible and complete semi-circles are obtained.
The size of R3 is higher than the size of R2 for an E/S ratio of 6 pl/mg, whereas for 12 pl/mg
the sizes of R2 and R3 are very close to each other. These may indicate that in the second
voltage plateau, R3 becomes more dominant in the total resistance of the cell for low E/S
ratios. Since R3 is the film resistance, this trend is expected. Similar to the previous results,
the lowest resistances are obtained with the two highest E/S ratio. When we compare the R1
electrolyte resistances, there is no obvious trend with the E/S ratio. The sizes of R1’s from

the largest to the smallest are as follows; 34 pl/mg, 12 pl/mg, 6 pl/mg and 19 pl/mg.
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Figure 4.12. The effect of E/S ratio on the EIS spectrums at 100 % DOD.

Finally, the cells are compared for 100% DOD for different E/S ratios. The trends
change completely at the complete discharge state in Figure 4.12. The R1s are very close to
each other and their contributions to the total resistance are significantly smaller than R2 and
R3. The R2s, which is the charge transfer resistance, were the most prominent resistances in
the previous depth of discharges. However, in this case they are also smaller and they do not
highly affect the total resistance, even though 6 pl/mg and 12 ul/mg still have the largest
semi-circles. Finally, significant differences are obtained for the R3 film resistances. The R3
resistances are much bigger than R2 resistances for all of the cases. The sizes of R3s from
the largest to the smallest are as follows; 6 pul/mg, 12 pl/mg, 34 pul/mg and 19 pl/mg. The
fact that 19 ul/mg ratio has a smaller resistance than 34 ul/mg can be a sign that there is a

limit of increasing the electrolyte volume to decrease the resistance.

These discussions show that the individual resistances of the cells are highly dependent

on both the degree of discharge and the E/S ratio. In order to observe the trends in a more
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obvious way, quantitative comparisons of the resistances as a function of the E/S ratio in the
entire discharge region are made. In addition, R1, R2 and R3 are linked to the real resistances
in a Li-S cell, which are the electrolyte, charge transfer and non-conductive layer resistances,

respectively.

After fitting is applied to all of the three replicate cells for each E/S ratio and DOD,

averages of the resistances are taken and the results are given in Table 4.2-Table 4.6.

Table 4.2. Average Fitting Results of E/S=34 ul/mg.

DOD (%) | R1(Q) | R2(Q) | R3(Q)
0 9 74 8
15 11 50 19
30 12 36 20
44 10 33 12
55 8 38 8
67 9 31 7
80 8 32 10
100 8 29 114

Table 4.3. Average Fitting Results of E/S=19 pl/mg.

DOD (%) | RI(Q) | R2(Q) | R3(Q
0 4 80 11
23 7 51 15
46 6 35 12
69 4 32 18
91 4 34 58
100 4 32 140




Table 4.4. Average Fitting Results of E/S=12 ul/mg.

DOD (%) | RI1(Q) R2 (Q) R3 (Q)
0 9 90 25
24 17 61 20
47 14 39 20
70 11 32 25
93 11 30 84
100 10 33 238

Table 4.5. Average Fitting Results of E/S=6 ul/mg.

DOD (%) | RI(Q) R2 (Q) R3 (Q)
0 7 184 22
23 19 116 25
41 16 72 29
72 9 39 43
87 8 40 87
100 8 1 475

Table 4.6. Average Fitting Results of E/S=3 ul/mg.

DOD (%) | RI1(Q) R2 (Q) R3 (Q)
0 38 490 NP
100 48 246 108

The electrolyte, charge transfer and film resistances of various E/S ratios as a function
of DOD are given Figure 4.13-Figure 4.16, respectively. The standard deviations are also

reported to see the reproducibility of the results.
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Figure 4.13. Effect of E/S ratio on the electrolyte resistance (R1) as a function of depth of

discharge.

Figure 4.13 shows the results of R1 resistance at different degree of discharges for all
of the E/S ratios. As can be seen from the figure, with the exception of 3 pul/mg, the same
trend is obtained for different E/S ratios. For a E/S ratio of 3 pl/mg, since there are only 2
points, this trend is not observed. For all E/S ratios, the electrolyte resistances are increasing
with increasing DOD up to 25-30 % DOD and then they start to decrease after that maximum
point until the end of discharge. These trends support that R1 resistance can be defined as

the electrolyte Ohmic resistance.

In the high voltage plateau, only high order polysulfides are present in the electrolyte.
The reason of this maximum resistance point is the formation of high order polysulfides in
the transition between the high voltage plateau to the low voltage plateau. These high order
polysulfides increase the viscosity of the electrolyte, and therefore the Ohmic resistance [35].
Further reduction of these polysulfides in the second discharge plateau results in shorter
polysulfides and non-soluble discharge products. Following that, the Ohmic resistance of the

electrolyte decreases [50].
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As can be seen from Figure 4.13, E/S ratio affects the electrolyte resistance
significantly. 19 ul/mg ratio shows the lowest resistance whereas 3 pl/mg shows the highest
electrolyte resistance. For 3 pl/mg, since the electrolyte volume is very limited, wetting
problems occur, which limits the ionic conductivity and thus increases the electrolyte
resistance. Increasing E/S ratio from 3 pl/mg to 19 ul/mg, decreases the cell resistance for
all of the depth of discharges. However, 34 ul/mg has higher resistances than 19 pl/mg. This
shows that there is an optimum point to increase the electrolyte volume to decrease the
electrolyte resistance. It is stated in the literature that increasing electrolyte amount too much
may trigger the polysulfide shuttle mechanism [30]. Reoccurrence of the high ordered

polysulfides may increase the electrolyte resistance along the discharge region again.
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Figure 4.14. Effect of E/S ratio on the charge transfer resistance (R2) as a function of the

depth of discharge.

In Figure 4.14 the effect of E/S ratio on R2, which is defined as the charge transfer
resistance, is shown. 3 ul/mg has the highest charge transfer resistance, which is expected
due to the limited polysulfide solubility at low E/S ratios hindering the reaction mechanisms,
and thus results in low capacity. As can be seen from the figure, R2 is decreasing
continuously until 40 % degree of discharge. The charge transfer resistances are very close
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for 34, 19 and 12 pl/mg ratios after that point. However, for an E/S ratio of 6 ul/mg, since
the electrolyte volume is limited, the reactions are more sluggish compared to the other
ratios. After the complete dissolution of sulfur, charge transfer resistance of E/S ratio of 6
ul/mg becomes closer to the other E/S ratios. For degree of discharges higher than 70%,
resistances are almost constant for these E/S ratios. These results propose that E/S ratios may
not affect the charge transfer resistance after 70 % degree of discharge. This suggests that

E/S ratio has a more critical impact on the reaction kinetics in the high voltage plateau.

For all E/S ratios, the charge transfer resistance is decreasing along the discharge as
seen in Figure 4.14. The reason for this trend is as follows; at the beginning of the discharge
sulfur is mostly in the solid form and since sulfur is electronically insulated, it blocks the
electron transfer [35], [48], [50]. In addition, the reactions in the first discharge plateau
(S—Li2Sx (8>x>4)) are more sluggish compared to the second discharge plateau (Li2Sx1 —
LioSx2 (8>x1>X2>4) and Li.Sy—Li»S). These may explain the higher charge transfer

resistances observed at the beginning of the discharge [48].
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Figure 4.15. Effect of E/S ratio on the film resistance (R3) as a function of the depth of

discharge.
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The semi-circle in the middle frequency represents the solid film resistance occurred
on the cathode surface towards the end of discharge. Hence, R3 is defined as the non-
conductive film layer resistance, which is shown in the Figure 4.15. First of all, for all E/S
ratios the same trend is observed. The film resistance is almost constant until 70% DOD,
however at higher DODs, the obtained resistances are increasing rapidly and the differences
between the E/S ratios are becoming more significant. Since Li2S is the final product of the

discharge process, this trend is expected [48], [50].

Contrary to the charge transfer resistance, the film resistance starts to increase after 40
% DOD and the impact of E/S ratio on the film resistance becomes more visible. When we
consider only high DODs, 34 pul/mg has the lowest and 6 pl/mg has the highest film
resistance. This result shows that the E/S ratio significantly affects the precipitation

reactions.
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Figure 4.16. Effect of E/S ratio on the total cell resistance as a function of the depth of

discharge.

Finally, the variation of the total cell resistances as a function of the E/S ratios is given

in Figure 4.16. It is clear that, E/S ratio influences the cell resistance considerably. It is seen
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that the highest total resistance is obtained with the lowest E/S ratio, 6 pl/mg. Increasing the
E/S ratio from 6 pl/mg to 19 ul/mg decreases the cell resistance especially at the beginning
and the end of discharge. However, further increase of the E/S ratio to 34 pl/mg slightly

improves the cell resistance towards the end of discharge.

To sum up, the highest resistances are obtained with the lowest E/S ratio because of
inadequate wetting of the sulfur cathode, sluggish reaction kinetics and enhanced polysulfide
shuttle mechanism due to insufficient electrolyte volume. However, increasing the
electrolyte volume decreases the cell resistance only up to a point; any further increase in

the E/S ratio gives similar resistance results.
4.3. The Effect of C/S Ratio on the EIS Results of Li-S Cells
4.3.1. The Effect DOD on the Cell Resistances for Different C/S ratios
The EIS spectrums for C/S ratios of 0.3, 0.5, 2 and 3.5 are shown in Figures 4.17-4.20,
respectively. To see the dependence of the EIS results on the degree of discharge, these plots

are discussed first. For all of the C/S ratios, similar trends are obtained for both charge

transfer and film resistances.
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Figure 4.17. The EIS spectrums of the cell with C/S=0.3 for different discharge depths.
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The EIS spectrums in the various depths of discharge for the cells having a C/S ratio
of 0.3 are shown in Figure 4.17. As can be seen from the figure, there are two semi-circles
in all of the spectrums. The first semi-circle has the highest value in the complete charge,
however it gets smaller towards the end of discharge. On the other hand, the second semi-
circle is getting bigger with increasing discharge depth. So, when the cell is discharging, its

charge transfer resistance is decreasing whereas film transfer resistance is increasing.
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Figure 4.18. The EIS spectrums of the cell with C/S=0.5 for different discharge depths.

When the EIS spectrums of cells with a C/S ratio of 0.5 is considered, which is given
in Figure 4.18, we see that the size of the first semi-circles decreases until 55 % DOD and
increases again after that point. Whereas the size of the second semi-circle, which represents
the film resistance, constantly increases. The largest semi-circle is obtained for the second
semi-circle at complete discharge state. It shows that, the most important resistance in this
cell is the film resistance, especially towards the end of discharge. The same discussions are

also valid for the Li-S cells with a C/S ratio of 2, as shown in Figure 4.19.
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Figure 4.19. The EIS spectrums of the cell with C/S=2 for different discharge depths.
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Figure 4.20. The EIS spectrums of the cell with C/S=3.5 for different discharge depths.
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The semi-circles are much bigger in this C/S ratio compared to the other C/S ratios
and the highest magnitudes of resistances are obtained in the C/S ratio of 3.5, Figure 4.20.
The charge transfer resistances continuously increase and film resistances increases towards

the end of the discharge similar to other results.

4.2.2. The Effect of C/S Ratio on the Cell Resistances for Different DODs

In this section the impedance spectrums are compared for the cells having C/S ratios
of 3.5, 2.0, 1.0, 0.5 and 0.3 for similar discharge depths within =5 % DODs.
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Figure 4.21. The effect of C/S ratio on the EIS spectrums at 0 % DOD.

First, the spectrums at the beginning of the discharge are shown for different C/S ratios
in Figure 4.21. The highest impedance is obtained with the highest carbon content. In
addition, the second semi-circle is apparent only in that C/S ratio. Even though C/S ratio of
2 has a higher impedance than the ratios of 1, 0.5 and 0.3, it is much smaller when it is

compared with the 3.5 C/S ratio. When the lower C/S ratios are considered, it is clear that
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the first semi-circle has the smallest radius for a C/S ratio of 1. On the other hand, the results

are very close for the C/S ratios of 0.5 and 0.3.

400

-4-C/S=3.5 100
+C/S=2 s
=C/S=1

300 | c/8=0.5
--C/S=03

-Im(Z) / (Ohm)

—_
[
e}

0 200 400 600 800
Re(Z) / (Ohm)

Figure 4.22. The effect of C/S ratio on the EIS spectrums at 20 % DOD.

The trend is the same for 20 % DOD, which is in the first discharge plateau, as shown
in Figure 4.22. The highest charge transfer resistances are obtained for the ratios of 3.5 and
2, whereas the lowest is observed for the ratio of 1. On the other hand, the film resistances
are much clearer compared to 0 % DODs. C/S ratio of 1 showed the lowest resistance by
having the smallest semi-circles. Although C/S ratio of 0.5 shows a higher resistance than

0.3, their values are very close to each other.

In the second voltage plateau, Figure 4.23, similar to the previous DODs the highest
impedance is obtained with the C/S ratio of 3.5 for both charge transfer and film resistances
and the lowest for C/S=1. Contrary to the results in 20 % DOD, C/S=0.3 has the second
highest charge transfer resistance, whereas the charge transfer resistances of 0.5 and 2 are
very close to each other. In addition, the electrolyte resistance is significantly higher in the

highest C/S ratio, while it is much lower in the C/S ratio of 1.
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Figure 4.23. The effect of C/S ratio on the EIS spectrums at 70 % DOD.
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Figure 4.24. The effect of C/S ratio on the EIS spectrums at 100 % DOD.
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Finally, EIS results for different C/S ratios at the complete discharge are compared in
Figure 4.24. C/S ratio of 3.5 has the highest impedance for both charge transfer and film
resistances. The lowest charge transfer resistance is obtained for C/S ratios of 1 and 2, and

smaller carbon contents lead to a higher charge transfer resistance.

The same procedure discussed for the investigation of the effect of E/S ratio is also
followed for the determination of C/S ratio influence on the cell resistances. Three replicates
of a cell for each C/S ratio are prepared and the averages of these three cells resistances are
taken into consideration. The tables presenting the average fitting results of the resistances
for each C/S ratio are listed below (Tables 4.7-4.10). The results of C/S ratio of 1 is not

tabulated again in this part since it is already presented in Table 4.3.

Table 4.7. Average Fitting Results of C/S=0.3.

DOD (%) R1(Q) R2 (Q) R3 (Q)
0 8 118 24
14 10 72 66
25 12 79 61
32 13 79 61
45 11 122 64
59 10 126 138
71 9 179 181
79 9 178 242
91 8 202 424
100 8 220 568

Table 4.8. Average Fitting Results of C/S=0.5.

DOD (%) R1(Q) R2 (Q) R3 (Q)
0 7 108 10
28 18 96 47
45 18 109 78




Table 4.8. Average Fitting Results of C/S=0.5. (cont.)

DOD (%) R1(Q) R2 (Q) R3 (Q)
58 16 102 97
73 14 126 128
88 15 144 196
100 14 130 273

Table 4.9. Average Fitting Results of C/S=2.

DOD(%0) R1(Q) R2 (Q) R3 (Q)
0 20 215 69
16 25 223 20
34 19 183 27
58 17 181 55
74 17 174 78
90 27 224 177
100 31 296 1887

Table 4.10. Average Fitting Results of C/S=3.5.

DOD(%) R1(Q) R2 (Q) R3 (Q)
0 84 1344 1517
12 98 478 392
23 88 407 107
37 84 289 217
48 86 247 394
59 81 258 814
71 69 294 1542
82 63 319 2458
94 61 339 4010
100 47 225 4895
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To illustrate the change of C/S ratio throughout discharge and to see the effect C/S on

the individual resistances, these tables are plotted into line graphs.
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Figure 4.25. Effect of C/S ratio on the electrolyte resistance (R1) as a function of discharge
depth.

The effect of C/S ratio on the electrolyte resistance is given in Figure 4.25. The trend
is similar for all of the C/S ratios. Similar to the E/S results, the electrolyte resistance
increases to a maximum value near the end of the first discharge plateau and then decrease
until the end of discharge. However, this decrease with the C/S=3.5 is more prominent than
the others. This may be explained with the insufficient amount of electrolyte that can
penetrate into the carbon surface since the surface area significantly increases at very high
carbon amounts. Since the carbon amount is too high, the electrolyte may not wet the
surfaces with the active materials. That may increase the electrolyte resistance.

The figure clearly shows that decreasing the C/S ratio to 1 decreases the electrolyte

resistance in the cell significantly, whereas, any further decrease in the carbon amount leads
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to an increase in the cell resistance. This show that C/S=1 ratio provides an optimum
condition for the electrolyte conductivity at an E/S ratio of 19 mL/gS.

In addition, the standard deviation for C/S=3.5 is too high. This can stem from the
inhomogeneity of the sulfur distribution on the carbon particles. Since, sulfur constitutes
only 20 wt.% of the cathode and only mechanical mixing is applied to the cathode, there is

a high chance that it is not distributed on the carbon particles uniformly.
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Figure 4.26. Effect of C/S ratio on the charge transfer resistance (R2) as a function of

discharge depth.

The effect of C/S ratio on the charge transfer resistance is given in Figure 4.26. As
seen in the figure, the minimum resistance is obtained for a C/S ratio of 1 for all of DODs.
A common trend is not observed for the C/S ratios. For a C/S ratio of 0.3, the charge transfer
resistance constantly increases whereas for a C/S ratio of 1, it decreases along the discharge.
For C/S=3.5 ratio, it reduces until 50 % of discharge and increases again. However, it gets
its minimum value in the complete discharge of the cell with a rapid decrease between 90-
100 % DOD. For a C/S ratio of 2, it decreases until 80 % DOD and increases again after that
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point. Even though it is hard to generalize the trend of the effect of DOD on R2 for different
C/S ratios, the impact of C/S ratio on the charge transfer resistance is highly clear; there is
an optimum C/S ratio that minimizes the charge transfer resistance. This can be explained

with the nature of the sulfur cathode.

Carbon is added into the cathode in order to improve the electronic conductivity and
to provide an electrochemically active space. Therefore, the pore size and surface area of the
carbon is very important. However, the carbon black used in this cathode has 62 m?/g
specific surface area and 0.04 pm particle size according to MTI information sheet. The low
amount of specific surface area and low porosity can result in accumulation of large sulfur
particles on the carbon surface leading to a poorer electronic conductivity. Due to this reason,
the reproducibility of the results may decrease. In these respects, it can be said that the
highest charge transfer resistance is obtained with the C/S=3.5 and the lowest with the
C/S=1.

According to the literature, the sulfur utilization decreases at lower C/S ratios because
excess sulfur on the carbon decreases the electronic conductivity [38]. In addition, low C/S
ratios suffer from poor electronic conductivity, hence it causes slower reaction kinetics and
higher resistances. However, we observed an opposite trend. This may be due to low S
loadings in the cathode at high C/S ratios; since the cathode thickness is kept constant in
these experiments increasing C/S corresponds to a decrease in the active material amount.
This may be the reason of the high charge transfer resistance in the cell. Furthermore, Duo
et al. (2011) suggested that good electronic conductivity can be achieved by trapping and
connecting sulfur particles on the cathode matrix [41]. Hence, the isolated sulfur aggregates

may increase the charge transfer resistance for the C/S=3.5.

Similar to the other results, the lowest film transfer resistance is obtained with the C/S
ratio of 1 and the highest for the C/S ratio of 3.5. It is shown in Figure 4.27 that, decreasing
C/S ratio below 1 increases the film transfer resistances. Except the complete discharge and
charge points, the second lowest resistance is obtained with a C/S ratio of 2. This is an
indication to show that both sulfur and carbon shortages in the cathode significantly increase

the film transfer resistances especially in the complete discharge state.
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Figure 4.27. Effect of C/S ratio on the film resistance (R3) as a function of discharge
depth.

Film transfer resistance is defined as the resistance of solid Li>S film on the carbon
surface due to Li»S insulating behavior. It can be interpreted that, when the carbon amount
is low, i.e. for C/S=0.3 and C/S=0.5, there is not enough surface for Li2S solid product
deposition. In this case, the active area for PS adsorption and Li»S deposition is the limiting
factor rather than the sulfur utilization [68]. Hence, the Li.S film grows thicker and that may
increase the film resistance. On the other hand, at high C/S ratios, explanation to this may
stem from the presence of too low sulfur in the carbon surface and isolation of the sulfur
particles [41]. Therefore, carbon surface partly contributes to the electrochemical reactions
and that may increase the cell resistance. When the carbon and sulfur amounts are equal to
each other, a homogenous film will occur on the surface and a lower resistance is obtained

all over the cathode surface.
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Figure 4.28. Effect of C/S ratio on the total resistance as a function of discharge depth.

Finally, the effect of C/S ratio on the total cell resistance is given in
Figure 4.28. It is clear that C/S ratio affects the cell resistance significantly. Moreover,
the cell resistances depend on the discharge state of the cells in a great manner. Cells with a
C/S ratio of 3.5 experience the highest resistance for all DODs whereas C/S ratio of 1 shows
the lowest resistance for any discharge depth. This shows that, there is an optimum C/S ratio

in which the cells suffer less from all forms of kinetic and transport resistances.
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5. CONCLUSIONS

5.1. Conclusions

The aim of this thesis is to determine the effect of electrolyte to sulfur (E/S) and carbon
to sulfur (C/S) ratios on the reaction and degradation mechanisms of Li-S batteries
depending on discharge state of the cells using electrochemical impedance spectroscopy.
First, cell elements are decided by choosing the most conventional cathode, anode, separator
and electrolyte chemistries. Li metal for the anode, a polymeric material for the separator,
elemental sulfur, carbon black and PVDF binder for the cathode are combined with the
DOL:DME electrolyte containing 1 M LiTFSI and 0.1 M LiNO3 to construct the cells. The
effect of E/S ratio and C/S ratio on the cell resistances are tested with these cells by keeping
one of the ratio and the cathode thickness constant. The most important resistances for these

cells are decided as the electrolyte, the charge transfer and the film resistances.

The effect of E/S ratio on these resistances are tested with Li-S cells having C/S=1 and
E/S ratios of 34 ul/mg, 19 ul/mg, 12 ul/mg, 6 pul/mg and 3 pl/mg. Electrolyte resistance
shows a maximum point around ~25 % DOD and after that point it decreases and reaches to
similar values at the 0 % DOD. This is explained by the change in the electrolyte viscosity
due to transition from high order to the low order polysulfides. This trend is obtained for all
of the E/S ratios except 3 pul/mg due to too lean electrolyte volume. After 3 pl/mg, the highest
electrolyte resistance is obtained with an E/S ratio of 6 ul/mg and the lowest resistance at 19
ul/mg . A similar trend, in which there is a significant decrease until nearly half of the
discharge and constant resistance after that, is obtained with the charge transfer resistance
for all of the E/S conditions. This is attributed to the presence of solid sulfur and more
complex reactions in the beginning of discharge. Significantly high resistance is obtained
for cells with 3 ul/mg. The second highest resistance is obtained for cells with 6 pl/mg. There
is no distinct difference between the resistances for the other E/S ratios. Lastly, the film
resistance showed an opposite trend with the charge transfer resistance; towards the end of
discharge, the resistances start to distinguish and a significant increase in the resistances is
obtained after 70 % DOD. This is due to the formation of Li»S and their deposition on the
cathode surface. The thickest film, therefore the highest film resistance is obtained with 6
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ul/mg. The values of E/S=19 ul/mg and E/S=34 ul/mg are very close to each other. To sum
up, when the total cell resistances are considered, a trend that shows a decrease up to ~70%
DOD and then a significant increase near the end of discharge is obtained for all of the E/S
ratio. The highest total resistance is obtained for an E/S ratio of 6 pul/mg and it shows that
limited amount of electrolyte increases the cell resistance. However, 19 pul/mg is the limiting
E/S ratio to decrease the total resistance and for higher E/S ratios, the cell resistance do not

change.

On the other hand, for studying the effect of C/S ratio on the cell resistance, the cells
are prepared by keeping the E/S ratio constant at 19 pl/mg with C/S ratios of 3.5, 2.0, 1.0,
0.5 and 0.3 C/S. Similar discussions are also made for the effect of C/S ratios on cell
resistances. The highest electrolyte, charge transfer and film resistances are obtained with
C/S=3.5. This is explained by the insufficient amount of sulfur and isolation of these sulfur
particles on the carbon surface. Similarly, low C/S ratios also have high resistances due to
insufficient electrochemical active area and poor conductivity. Although, film transfer
resistances steeply increase towards the end of discharge due to Li.S formation, different
trends of charge transfer resistances are observed for different C/S ratios. When the total cell
resistance is considered, it is recommended to use C/S=1 to have the minimum amount of

cell resistance and to minimize the handicap between sulfur loading and sulfur utilization.

To conclude, it is seen that both E/S ratio and C/S ratio affect the individual resistances
considerably and these resistances depend on the discharge state of the batteries. The
analysis concludes that for the investigated system an optimum E/S ratio of 19 pl/mg and

C/S ratio of 1 provide the minimum cell resistance.
5.2. Recommendations
Considering the discussions made in this thesis, there are some experimental
suggestions that can be worth to consider for the future studies of the effect of E/S and C/S

ratio on the resistances. These recommendations are as follows;

e As itis stated before, the optimum C/S and E/S ratio depend on the materials of cell

construction. Therefore, different cathode chemistries can be used such as carbon



66

nanotubes rather than carbon black or TEGDME as electrolyte solvent. In addition,
polysulfide additives can be added to electrolyte, to investigate the catholyte effect
on cell resistances.

Other than using different chemistries, the cathode preparation method can be
changed. In the literature, the carbon black and sulfur composite is widely prepared
with thermal treatment, to increase binding between sulfur and carbon. Hence, these
cathodes can be prepared and all of the analysis can be repeated with this new
cathode. In addition, the polymer separator can be replaced with modified separators.
Cathode thickness is another important parameter that affects the cell resistance and
sulfur loading. Hence, cathodes with various thicknesses can be prepared.
Resistances are measured only in the initial cycle. However, some cells may need an
activation cycle with a lower C rate. Hence, the same experiments can be carried out
at different cycle numbers.

Since an electric car spends different energies for acceleration, deceleration or
breaking, rate capability of these cells are the other important performance criteria.
Therefore, the impedances at the different C rates of the same cell can be
investigated.

Other than the impedance experiments, cycling can be carried out to see the stability
of the cells.

Finally, an electrochemical model can be developed to predict the cell resistances at

various degree of discharges.
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APPENDIX A: REST OF THE EIS SPECTRUMS OF E/S

EXPERIMENTS
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Figure A.1. The EIS spectrums of the cell with a E/S=34 ul/mg for several discharge points
for the second cell.
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Figure A.2. The EIS spectrums of the cell with a E/S=34 ul/mg for several discharge points
for the third cell.
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Figure A.3. The EIS spectrums of the cell with a E/S=19 ul/mg for several discharge points
for the second cell.
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Figure A.4. The EIS spectrums of the cell with a E/S=19 ul/mg for several discharge points
for the third cell.
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Figure A.5. The EIS spectrums of the cell with a E/S=12 ul/mg for several discharge points
for the second cell.
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Figure A.6. The EIS spectrums of the cell with a E/S=12 ul/mg for several discharge points
for the third cell.
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Figure A.7. The EIS spectrums of the cell with a E/S=6 ul/mg for several discharge points

for the second cell.
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Figure A.8. The EIS spectrums of the cell with a E/S=6 ul/mg for several discharge points

for the third cell.
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APPENDIX B: REST OF THE EIS SPECTRUMS OF C/S
EXPERIMENTS
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Figure B.1. The EIS spectrums of the cell with a C/S=0.3 for several discharge points for
the second cell.
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Figure B.2. The EIS spectrums of the cell with a C/S=0.3 for several discharge points for
the third cell.
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Figure B.3. The EIS spectrums of the cell with a C/S=0.5 for several discharge points for
the second cell.
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Figure B.4. The EIS spectrums of the cell with a C/S=0.5 for several discharge points for
the third cell.
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Figure B.5. The EIS spectrums of the cell with a C/S=2 for several discharge points for the

second cell.
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Figure B.6. The EIS spectrums of the cell with a C/S=2 for several discharge points for the
third cell.
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Figure B.7. The EIS spectrums of the cell with a C/S=3.5 for several discharge points for

the second cell.
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Figure B.8. The EIS spectrums of the cell with a C/S=3.5 for several discharge points for
the third cell.





