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ABSTRACT

CHARACTERIZATION OF THE EFFECT OF CRITICAL DESIGN
PARAMETERS ON THE ELECTROCHEMICAL PERFORMANCE
OF A LITHIUM-SULFUR BATTERY

Lithium-sulfur (Li-S) batteries provides high theoretical specific energy and energy
density and their performance is greatly sensitive to cell design as a result of the highly
complex reaction and polysulfide shuttle mechanisms within the cathode. Electrolyte-to-
sulfur (E/S) ratio, carbon-to-sulfur (C/S) ratio, sulfur loading and carbon type are vital design
parameters with a critical influence on the battery performance. Here, an integrated research
methodology coupling experimental characterization and electrochemical modeling was
applied to forecast the relation between the key design parameters and the discharge
capacity, cycling performance and cell- and system-level specific energy and energy density
of the Li-S battery. Firstly, the effect of the E/S ratio was examined; the highest initial
discharge capacity was achieved with an E/S ratio of 20 ul mg™!, whereas, the best capacity
retention was observed for 13 pl mg™!. Consequently, an E/S ratio of 13 pl mg™! presented
the best performance as the impact of the E/S ratio not only on the peak discharge capacity
and capacity retention but also on cell- and system-level performance were considered.
Secondly, the influence of the C/S ratio was investigated; the Li-S cell having a C/S ratio of
2 and an E/S ratio of 13 ul mg™! has provided the highest initial capacity in addition to the
best capacity retention. Model predictions suggested that increasing the C/S ratio worsens
the battery metrics at the pack level at low E/S ratios. Finally, Li-S cells with different carbon
type and sulfur loading were studied. The capacity retention of Li-S cells with AB
(Acetylene Black) was unaffected by the S loading, but Li-S cells with Super C65 retain
capacity at higher S loadings. Li-S cells with KB (Ketjen Black) were unable to attain good
performance at higher S loadings, which was surprising given their significantly larger
surface area. Super C65 was projected to have the best pack performance. At medium S
loadings, when discharge capacities are maximized, Li-S cells with both AB and Super C65

cathodes attain the greatest system-level metrics.
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OZET

KRITiK TASARIM PARAMETRELERININ LITYUM-KUKURT
PiLIN ELEKTROKIMYASAL PERFORMANSI UZERINDEKI
ETKISININ KARAKTERIZASYONU

Lityum-Kiikiirt (Li-S) piller yiliksek teorik 6zgiil enerjisi ve enerji yogunluguna
sahiptir ve katot i¢indeki oldukca karmasik reaksiyon ve polisiilfid mekik mekanizmalarinin
bir sonucu olarak hiicre tasarimina duyarlidir. Elektrolit-kiikiirt (E/S) orani, karbon-kiikiirt
(C/S) oran, kiikiirt yliklemesi ve karbon tipi, pil performansi tizerinde kritik bir etkiye sahip
olan tasarim parametreleridir. Bu ¢alismada bu parametrelerin, Li-S pilinin desarj kapasitesi,
dongili performansi ve hiicre ve sistem diizeyinde spesifik enerji ve enerji yogunlugu
arasindaki iligkiyi belirlemek i¢in deneysel karakterizasyon ve elektrokimyasal modellemeyi
birlestiren entegre bir arastirma metodu uygulanmustir. Ilk olarak, E/S oranmin etkisi
incelenmistir; en yiiksek baslangi¢ desarj kapasitesi 20 pul mg! E/S orani ile elde edilirken,
en iyi kapasite korunumu 13 pl mg™! i¢in gdzlenmistir. Sonug olarak, 13 ul mg""lik bir E/S
orani, E/S oraninin sadece en yiiksek desarj kapasitesi ve kapasite korunumu tizerindeki
etkisi olarak degil, ayn1 zamanda hiicre ve sistem seviyesi performansi {lizerindeki etkisi
olarak en iyi performansi sunmustur. Ikinci olarak, C/S oranmnin etkisi arastirilmistir; C/S
orani 2 ve E/S oran1 13 pl mg™! olan Li-S hiicresi, en iyi kapasite korunumuna ek olarak en
yiiksek baslangi¢ kapasitesini saglamistir. Model tahminleri, artan C/S oraninin, 6zellikle
diistik E/S oranlarinda, sistem diizeyinde pil 6l¢limlerini kotiilestirdigini gostermektedir. Son
olarak, farkli karbon tipi ve kiikiirt yiiklemesine sahip Li-S hiicreleri incelenmistir. AB
iceren Li-S hiicrelerinin kapasite tutmasinin S yiliklemesinden etkilenmedigi, ancak Super
C65'li Li-S hiicrelerinin kapasite korunumunun daha yiiksek S yiiklemelerinde yiiksek
oldugu goriilmiistiir. (KB) ile hazirlanmig Li-S hiicreleri biiyiik yiizey alanlar1 olmasina
ragmen yiiksek S yiiklemelerinde iyi performans elde edememistir. Super C65'in en iyi
sistem performansina sahip oldugu ongoriilmiistiir. Orta seviyedeki S yiiklemelerinde, desarj
kapasiteleri maksimum oldugundan hem AB hem de Super C65 katotlu Li-S hiicreleri,

sistem diizeyinde en yliksek degerleri elde etmistir.
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1. INTRODUCTION

Growing energy usage of the world raises a concern as the consumption of fossil fuel-
based resources creates damaging consequences on the climate and life quality, resulting in
a drastic rise in global temperature due to the increased CO> emissions [2]. Therefore,
electromobility, electrochemical propulsion achieved by rechargeable batteries providing
high energy density, has gained great interest in recent studies [3]. Batteries for portable
electronic devices and electric vehicles (electric vehicles (EV), plug-in hybrid electric
vehicles (PHEV), hybrid electric vehicles (HEV), etc.) are subjected to increasing demand
worldwide [4-7].

Lithium-ion (Li-ion) batteries have been widely used in electric and hybrid vehicles
due to their high energy density. Although the development of the Li-ion batteries is still
ongoing, there are still critical issues due to the pricing and performance, which might result
in challenges to support market demand in the long term [8]. Therefore, new studies have
been started to come out with the vision of creating alternative energy storage systems. These
new battery chemistries, so-called “beyond lithium-ion”, propose better energy density and
cost. In contrast, lithium-sulfur (Li-S) batteries have drawn great attention as they can offer
high gravimetric energy density and capacity of 2600 Wh kg! and 1675 mAh g
(approximately five times higher than Li-ion batteries), respectively (assuming a complete
reaction between Li and S to produce Li>S with an average discharge potential of 2.2 V/cell)
[9-14]. The development of Li-S batteries with high energy density and low cost to be used

in cars and smart grids will provide a crucial solution to the energy problem of the world.

Herbert and Ulam were the first ones to propose the use of sulfur as the positive
electrode. Herbert continued studies on the development of electrolytes, and isopropyl amine
was found to be the preferable solvent. Many years later, Nazar ef al. provided pioneering
and strong results to the literature and Li-S batteries have regained attention [15]. Issues
regarding the performance of the Li-S batteries have been tried to be addressed, yet important
challenges still persist [16]. The biggest issue may be that the energy stored and
electrochemical performance of the Li-S batteries diminish when applied in practice. Sion

Power and Oxis Energy have developed prototype Li-S cells; specific energies of 350 Wh



kg! and 400 Wh kg™!, respectively, were achieved. Yet, it was stated that 600 Wh kg™! would

be achieved soon [17].

Li-S cells have many advantages besides their high energy density and capacity since
they have properties such as;
¢ Abundant resources of sulfur
¢ Extensive operating temperature
¢ Environmentally friendly and non-poisonous

e Safe intrinsic protection mechanism for overcharge [18,19].

Li-S batteries have an opportunity of providing lower costs compared to the other
commercial state-of-art lithium-ion batteries since sulfur is produced mainly from reactions
of fossil fuels as a by-product of around 60 million tons per year, which can satisfy the

requirement for the energy source for nearly 4 billion of 60 kW vehicles [20,21].

1.1. Li-S Battery Principles and Reactions

.
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Figure 1.1. Schematic drawing of the electrochemistry in Li-S batteries.

The Li-S battery contains sulfur, Li, and liquid solvent-salt mixture as the cathode,
anode, and electrolyte, respectively. During discharge, Li polysulfides Li>Sx (6<x<8) are
produced by the reduction of Sg at the upper plateau (2.3-2.4 V vs. Li). Lower order
polysulfides Li>Sx (2<x<6) evolve due to the further reduction of the polysulfides. Li>S is
produced at the end of discharge, which has no solubility in the electrolyte and is

electronically insulating. During charge, this reaction is reversed [22].



The complex reaction mechanism in the li-s batteries is still uncertain however

representative reactions are given below [22],

Sulfur (in solid form) is reduced to form high-order polysulfides as

Li > Li* + e (1.1)

1 1 (1.2)
ESS +e _)ESS

2Li* + 527 - Li,S,. (1.3)

High-order polysulfides are reduced to low order polysulfides as

Li,Sg + 2Li* + Li,Sg_p = Li,S,. (1.4)

Low-order polysulfides (in liquid form) form insoluble solid Li>S> and Li>S mixture in

the following reduction reactions, which holds the major part of the cathode capacity as

Li,S, + 6(2n — 2)Li - nLi,S. (1.6)

Finally, Li2S transforms into Li2S in a slow solid to solid transition as

Li,S, + 2Li - 2Li,S. (1.7)

The overall redox reaction becomes

Sg + 16Li* + 16e~ & 8Li,S (E® = 2.2V vs Li*/Li°). (1.8)

To sum up, as intermediate products, Li>Sx (lithium polysulfides (8>x>2)) form during

the reduction process of Li and sulfur to produce Li>S [23,24].
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Figure 1.2. The typical discharge-charge curve for Li-S cell.

In Figure 1.2, the typical discharge-charge behavior of Li-S batteries is illustrated. The
discharge starts with the reduction of Sg into soluble Sg* between the cell voltages of 2.3-
2.2 V vs. Li*/Li (region I). This is followed by a decrease in the cell voltage owing to a
complex series of reduction reactions and the formation of Li2S4 (region II). Then the cell
voltage stays still at around 2.1 V vs. Li*/Li due to the reduction of Li»S4 to Li>S» (region
III). Lastly, Li2S is formed as the final product (region IV).

1.2. Drawbacks of Li-S Batteries

As described above, during the discharge/charge, polysulfides form as intermediate
products and participate in the solid-liquid-solid phase transition [25,26]. These polysulfides
are highly soluble in the electrolyte; consequently, they may move to the anode surface
where they get reduced. After that, these polysulfides may diffuse back to the cathode and
get re-oxidized. This phenomenon involving the back and forth diffusion of the polysulfides
is called the polysulfide shuttle mechanism, which results in the corrosion of the anode and

consequently reduces the cycling stability [27].

There are many studies in the literature for minimizing the effect of the shuttle
mechanism. One way is to avoid the production of high soluble long-chain polysulfides by
reducing the molecular length of the sulfur [28,29]. Trapping polysulfides with a coating
layer for providing a blockage to the diffusion of polysulfides [30,31], using Li>S as the



active material in the cathode [32], and developing functionalized separators, binders, and
new electrolyte systems are some of the approaches taken for lessening the impact of the

shuttle effect [33-36].

The addition of LiNOs as an electrolyte additive is highly common in the literature to
overcome the shuttle mechanism by creating a film, called the solid electrolyte interphase
(SEI), on the surface of the anode. SEI helps to inhibit the diffusion of the polysulfides into
the anode and lower the possibility of the reactions between the anode and the polysulfides

[17,37].

Along with the shuttle mechanism, the Li metal anode hosts dissolved electroactive
polysulfides due to different concentration levels during discharge, which is called self-
discharge. This process resumes even at the OCV (open circuit voltage) and acts as if a
current was applied for discharging, resulting in decreased potential and capacity. Since this
process is highly dependent on the shuttle mechanism, it may be solved by lowering the
solubility of the polysulfide species. Furthermore, concerns related to the restricted amount

of Li increase due to high requests for the automotive transportation [38-40].

Li;S is the main discharge product, yet it is insoluble or inadequately soluble in a
variety of organic solvents and electronically and ionically insulating [41,42]. It is believed
that the main reason for capacity fade during discharge-charge processes and restraint to
have full discharge capacity is the passivation of the cathode due to the precipitation of this
insulating product [23,43]. The internal resistance of Li-S battery increases mainly due to
Li,S, which is one of the main products after the discharge process since it is insoluble in
aprotic solvents and electronically insulating, as previously explained. Li>S formation may
also lead to significant volume variations owing to varying densities of Li>S and Sg, which

might create harsh safety problems [44].

Another drawback of Li-S cells is the insulating nature of S. In the literature, many
efforts have been made to eliminate this effect via encapsulation or infiltration of sulfur into
porous carbon; this strategy increases conductivity and decreases polysulfide shuttle

mechanism [15,45].



1.3. Importance of Cathode Design Parameters

In Li-S batteries, intelligent cathode design can be a good approach to obtaining high
performance. Recently, modeling and characterization of the key materials and cell design
parameters such as the electrolyte-to-sulfur (E/S) ratio, sulfur loading, carbon-to-sulfur (C/S)

ratio, and carbon properties have been reported in the literature [46-56].

E/S ratio, which is one of the key design parameters in the cell, has a great impact on
the electrochemical performance of the Li-S battery since it affects the viscosity of the
electrolyte and the polysulfide dissolution in the cell [57,58]. The electrolyte plays a critical
role in the Li-S battery performance as it dissolves the polysulfides, the reaction
intermediates in the cathode, and carries the lithium ions within the cell. Consequently, it
has a great impact on the reaction and polysulfide shuttle mechanisms in the cell. High E/S
ratios are required for enhanced sulfur utilization and thus high initial discharge capacity
[50,59]. Nevertheless, polysulfide disproportionation should be reduced to achieve good
cyclability [37]. As a result of the insulating nature of sulfur and the generation of
polysulfides, understanding the reaction and shuttle mechanisms at low electrolyte amounts
is a vital challenge that needs to be resolved for the practical use of Li-S batteries [60].
Moreover, increasing the electrolyte amount impacts the system-level performance by
decreasing the specific energy and energy density of the battery [61]. Excessive electrolyte
amounts, or high E/S ratios, in other words, cause a significant increase in the total weight
of the cell, which leads to a decrease in the gravimetric energy density [57]. One of the
biggest challenges in the Li-S battery literature is to achieve high specific capacity and
cyclability with low electrolyte amounts hence low E/S ratios, which are required for high
energy density at the system level [62]. The effect of the E/S ratio on the Li-S battery
performance has been investigated experimentally by many studies in the literature [21],
[63,64]. The E/S ratio is higher than 10 pl mg™! in more than half of the investigated studies.
Zheng et al. presented that the E/S ratio should be 20 pl mg! to achieve optimal sulfur
utilization and cycling stability with reduced shuttle reactions [65]. Low electrolyte amounts
typically cause inadequate wetting of the electrode surface and continuous electrolyte
depletion during discharge-charge; thus, only 5 percent of the studies reported E/S ratios
lower than 4 ul mg! [66]. Recently, different approaches have been taken in the literature to

achieve high capacity and improved cycle life at low E/S ratios (<4.5 ul mg™): designing a



cathode with oxygen-rich dense carbon host to increase the interaction between carbon and
sulfur [67], adding polymer gel into the cell as a reservoir to trap polysulfides [68], and
developing a solid-state Li>S4 cathode to overcome the issue of surface coverage [69]. To
sum up, the majority of the studies in the literature focus on enhancing the specific capacity
and cycle life of Li-S cells by utilizing very high E/S ratios in the cell. However, as
mentioned above, low E/S ratios are required for high energy densities at the cell and system
levels. For instance, it was discussed that the E/S ratio should be at most 4 pl mg™! to pass
beyond the energy density of the Li-ion batteries [54]. Hagen et al. [57] also reported that
the E/S ratio should be 2 ul mg™! to excel Li-ion batteries with an energy density of 500 Wh
kg!. For this reason, to achieve high-performance Li-S batteries, the influence of the E/S
ratio must be studied not only on the specific capacity and cyclability but also on the energy

density [70].

C/S ratio is another key factor in Li-S battery design. Sulfur is a desired active material
because of its high specific capacity, inexpensiveness, and availability, yet, it requires to be
mixed with a conductive agent like carbon in the cell as a consequence of its low electronic
conductivity. The addition of carbon into the electrode increases both the cathode active area
and electrical conductivity and consequently favors sulfur kinetics. Nevertheless, the cell-
and system-level energy densities are affected negatively by the high carbon content in the
cathode since it is an inactive material in the battery pack. Previous studies suggest sulfur
loadings ~>70% in Li-S batteries to compete with the practical energy densities of the Li-
ion batteries [9,71]. In contrast, even though high active material loadings are typically
required to attain enhanced energy densities, the agglomeration of sulfur in the cathode at
high sulfur loadings may hinder the reaction kinetics and thus worsen the performance [72].
To sum up, there is a trade-off between the carbon and sulfur contents in the cell as high
sulfur amounts lead to higher energy densities, whereas low carbon amounts fail to provide
sufficient electronic conductivity and thus result in low discharge capacities and poor cycling

performance [21,55,73].

Sulfur loading is also one of the essential design parameters in the cathode, which is
highly determinative of the Li-S performance; the energy density of Li-S batteries is
expected to excel at high levels of sulfur loadings [9]. On the other hand, low S loadings and

high E/S ratios are typically desired for Li-S batteries to have high discharge capacities and



prolonged cycle life (S loadings <2 mg cm™ and E/S ratios > 35 pl mg! are typical in the
literature [65,74,75]). Yet, high electrolyte and low active material loadings in the cathode
result in deficient energy densities, leading to practically non-competitive Li-S batteries
[76,77]. Eroglu et al. presented through their analysis that the sulfur loading should be higher
than 7 mg cm in Li-S batteries in order not to sacrifice high energy density at the pack level
[61]. Apart from recent few reports, studies with high sulfur loadings are scarce mainly due
to difficulties in obtaining thick and mechanically stable cathodes. For instance, Cheon et
al. studied the impact of cathode thickness on the Li-S battery performance. They reported
that sulfur utilization decreases as the cathode becomes thicker due to the high diffusional

resistance caused by the thick Li,S layer [78].

Another vital parameter for cathode design is the type of carbon used in the composite
cathode, which is needed for high cathode electronic conductivity. Furthermore, designing
porous carbon architectures with a high surface area can suppress the adverse outcomes due
to the polysulfide shuttle mechanism and the insulating nature of sulfur by providing sites
for the incorporation of sulfur into the conductive matrix and the adsorption of polysulfides
on the surface. Much higher sulfur loadings can be supported by the porous structure of the
electrode as reaction kinetics are improved because of the enhanced surface area, and the
polysulfide shuttle mechanism is suppressed via the polysulfide adsorption in the pores [79].
Consequently, the battery performance is highly responsive to the properties of the carbon
in the cathode. Using cobalt-embedded nitrogen-doped hollow carbon microspheres in the
carbon-sulfur cathode offers improved electrochemical performance by providing a high
areal sulfur loading [80]. Another study proposes a novel way of cathode design to hinder
the regressive outcomes of the shuttle effect of polysulfides by using a hollow carbon
skeleton with an interconnected tubular cavity for the encapsulation [81]. A highly porous
N-doped C nanofiber cathode design also suggests a high sulfur utilization and electrolyte
permeation [82]. Liu et al. reported that microcapsules encapsulated with metal organic
frameworks (MOFs)-derived Co304 nanocages provided high coulombic efficiency and rate-

performance in the Li-S batteries [83].

Battery modeling is vital for the improvement of new battery chemistries. Despite the
fact that models projecting the Li-S battery discharge behavior are widely reported in the

literature [84-86], modeling studies investigating the relation between cell design and Li-S



battery performance, especially the pack-level performance, are quite limited [49-50],[87].
One of the earliest examples of a performance model of the Li-S battery at the system level
is reported by Eroglu et al., discussing the critical dependence of the pack-level battery
performance on the E/S ratio, C/S ratio, and S loading in the cathode [61]. The effect of the
E/S ratio on the specific energy and energy density of the Li-S cell is also explored
previously by McCloskey [58]. Moreover, Emerce and Eroglu explored the effect of the E/S
ratio on the cell and system level performance of a Li-S battery by developing a performance

model [48].

1.4. Scope of the Current Work

The aim of this research was to investigate the impact of the critical cathode design
parameters, the C/S ratio, E/S ratio, sulfur loading, and carbon type on the electrochemical
performance and cell- and system-level energy density and specific energy of the Li-S
battery. An integrated research methodology was conducted in this study by using
electrochemical characterization and modeling techniques together. This study contributed
to the literature in a significant manner since it discusses the critical link between Li-S

battery performance and cell design.

First, the electrochemical performance of Li-S cells was determined experimentally
by investigating the impact of four critical cathode design parameters, C/S ratio, E/S ratio,
S loading, and carbon type in the cathode, on the specific capacity, capacity retention, and
cycle life using the galvanostatic cycling method. Following the experimental
characterization, a performance model was developed to predict the energy density and
specific energy at the cell level as a function of the C/S ratio, E/S ratio, S loading, and carbon
properties. Energy density and specific energy at the pack level were also projected as a

function of these four design parameters by proposing a system-level performance model.

It is believed that this is a unique study for the investigation of the cell- and system-
level performance of the Li-S batteries as a function of important cathode design parameters
(C/S ratio, E/S ratio, S loading, and carbon type) coupling a comprehensive material-to-

system analysis and electrochemical characterization studies.
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Chapter 2 includes a detailed literature review on the effect of key cathode design
parameters on the Li-S battery performance. Chapter 3 involves the details of the
experimental work for the cathode, electrolyte and cell preparation, and electrochemical
tests. The description of the models used in the evaluation of battery performance is given
in Chapter 4. Chapter 5 presents the results obtained in the experiments and modeling, along
with the discussions. The first part of Chapter 5 includes the effect of the E/S ratio on the
performance of the Li-S battery. This part was published in the Journal of Electrochemical
Society in 2021 [88]. The second part of Chapter 5 contains the impact of the C/S ratio on
the performance of the Li-S battery. This part was published in the International Journal of
Energy Research in 2022 [46]. The last part of Chapter 5 covers the results of the
examination of the impact of the sulfur loading and carbon type in the cathode on the
performance of the Li-S battery (the manuscript is under review). Finally, Chapter 6 displays

the conclusions of this study and recommendations for future work.
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2. LITERATURE SURVEY

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

Briickner ef al. studied the effect of C-rate, amount of electrolyte, and sulfur loading
on the battery cycle performance. Vertically aligned carbon nanotubes (VA-CNT) were used
as a model system, and electrochemical performance was investigated with different
amounts of sulfur loading in the range of 20-80% and varying C-rates between 0.1C and
2.5C. It was found that when the sulfur amount was decreased at high electrolyte amounts,
C-rate degradation was low and the highest capacity was provided by the sample containing
20wt% sulfur. Furthermore, the study shows that using an excess amount of electrolyte with

low sulfur loading and high rate delivers higher cycle life and capacity retention [54].

Gao and Abruna examined the effect of sulfur loading on the gravimetric and
volumetric energy densities with a simple model and compared the results with LiCoO.. An
increase in the sulfur loading results in a decrease in the discharge capacity, which was
explained by having low sulfur utilization when less carbon is utilized. As a result of this
study, it was found that the increase in sulfur loading had a much stronger effect on the
volumetric energy density than the gravimetric energy density. Moreover, with high sulfur

loadings, volumetric energy density can surpass that of a Li-ion cell [9].

The effect of the C/S ratio, sulfur loading, and electrolyte amount on the cyclability
and specific capacity was examined by Ding ef al. The C/S ratio was taken as 3:1, 2:1, 1:1,
1:2, and 1:3, the electrolyte amount was 20 ul, and the sulfur loading was 1.7 mg cm™. It
was observed that when the C/S ratio was decreased, specific capacity was also reduced,
which is explained by the strong relationship between sulfur utilization and specific capacity.
The accumulation of Li>S creates an insulating surface on carbon, minimizing the surface
area for further reactions, which leads to a lower specific capacity. In addition, it was also
concluded that specific capacity is directly related to the E/S ratio and sulfur loading up to a
point as an extreme increase in these parameters might result in low battery performance and

cyclability [21].
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Li et al. investigated the impact of the C/S ratio and sulfur loading on the
electrochemical performance and used C/S ratios of 1, 2, and 3, corresponding to sulfur
loadings of 84, 77, and 60 wt%, respectively. During the experiments, samples with varying
C/S ratios of 1:6, 1:4, and 1:2.5, including cathodes fabricated using peapod-like large pore
volume mesoporous carbon, were examined. It is stated that the highest specific capacity is
obtained with the sample having a C/S ratio of 3 as 1106 mAh g'!, which is close to the
theoretical capacity of sulfur. Furthermore, a sudden decrease in the initial discharge
capacity with increasing sulfur loading was seen, similar to the previous results in the
literature. The capacity continued to drop gradually until 50 cycles. Along with the other
studies in the literature, the results also illustrated the increase in the capacity fade as the

sulfur loading increased [89].

The impact of the C/S ratio on the electrochemical performance of the Li-S battery,
where PEO was used as a binder, was studied by Park et al. The carbon amount was changed
from 10 to 40 wt%, whereas the sulfur amount was kept constant for the experimental study.
Firstly, the initial discharge curve was examined. The outcomes were compatible with the
literature; the expected two voltage plateaus were achieved at 2.4 V and 2.1 V due to the
reactions throughout discharge. All samples delivered similar first discharge capacities of
around 1250 mAh g'!> which decreased after cycling. The cell with the lowest C/S ratio had
the highest degradation rate since the electrical contact of carbon has a vital impact through
cycling. The optimum capacity was achieved as around 870 mAh g! with the cell having a
30 wt% carbon loading [90].

Park et al. studied the impact of the C/S ratio on the initial discharge capacity and
cycling for sulfur and activated carbon matrix. Therefore, cells with varying sulfur loadings
were prepared. The results for the initial discharge curves demonstrated that when the sulfur
content was increased, the discharge capacity was reduced. It was also explained that the
initial discharge profile at the 2.1 V region has a plateau caused by the production of the
lower-order polysulfides, which is more apparent in low sulfur loaded cells due to the state
and the position of sulfur in the composite. Moreover, the rate capability results displayed
that the sample with the lowest C/S ratio offered the highest rate capability along with the
highest discharge capacity of 702 mAh g'!, which might be due to high electrical

conductivity owing to the homogeneous distribution of sulfur in the carbon matrix [91].
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Shim et al. demonstrated in their study that when the C/S ratio with a constant sulfur
amount was increased, the initial discharge capacity also increased. The higher capacity of
the sulfur electrode at higher C/S ratios was explained by a greater contact area for the carbon
and sulfur. The carbon amount was changed between 10-25 wt% along with the PEO (as
binder) amount of 4-20 wt% while keeping the sulfur content constant at 70 wt%.
Furthermore, the ratio of the capacity of the lower plateau to the total capacity was also
inspected for all samples. It was observed that up to the first 20 cycles, it went up gradually,

whereas, after that point, it decreased [52].

Chen et al. examined the influence of the C/S ratio on the specific capacity and
capacity retention. It was claimed that the C/S ratio must be chosen carefully since the weight
of the inactive material increases with increasing carbon amount. The carbon amount was
selected as 40, 50, and 70 wt% by keeping the sulfur amount constant. The highest capacity
retention and cycling performance were achieved, with the one having the highest carbon
amount. Furthermore, high sulfur-loaded cells delivered a specific capacity of approximately
1000 mAh g'! with an E/S ratio of 5, which is around two times the conventional ones in the

literature [92].

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

The impact of the E/S ratio on the cycle life and energy density was examined by
Hagen et al. [57]. The E/S ratios were selected as 3-8 mL g! for six different samples to
investigate the performance at a sulfur loading of 6.6 mg cm™. It was found that when the
E/S ratio is increased, it directly affects the capacity; the highest capacity is achieved with 7
mL g'!. However, when the E/S ratio is increased to much higher levels, the results illustrated
a sudden drop in the discharge capacity. On the other hand, decreasing the E/S ratio resulted

in capacity fade caused by the polysulfide shuttle mechanism.

Zhang studied the effect of the E/S ratio on cyclability and proposed an empirical
method [37]. Sulfur loading was 2 mg cm™, and the E/S ratio was 13.3, 10, and 6.5. The
sample with an E/S ratio of 13.3 showed high initial capacity, yet, the capacity declined
swiftly due to the diffusion of the dissolved PSs into the cell’s dead corners. However, the

cell with the lowest E/S ratio has low cyclability due to an enhanced shuttle mechanism and
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reduced reproducibility. It was claimed in the article that disproportionation should be kept

at a minimum by adjusting the E/S ratio.

Urbonaite and Novak investigated the impact of several design parameters, which are
the salt concentration, type of electrolyte additive, and amount of electrolyte on the cycling
performance of the Li-S battery. For studying the effect of the electrolyte amount, Li-S cells
with 100 pl, 50 pl, and 30 pl were prepared and tested to observe their effect on the specific
capacity. It was observed that when the electrolyte amount was decreased, specific capacity

also declined [93].

The effect of the E/S ratio on the Li>S electrodeposition kinetics was investigated by
Fan and Chiang [94]. E/S ratios were selected as 7.9, 4.2, and 2.4 ul mg!. The C/S ratio was
0.88, and C-rate was C/4. As a result, specific capacity was found to increase with increasing
E/S ratio. This was explained by the relation between the electrolyte amount and the
polysulfide concentration since Li>S electrodeposition during cycling was slow at low E/S

ratios due to the dissolved sulfur concentration in the electrolyte.

Yan et al. examined the electrochemical performance and capacity depending on the
E/S ratio in a Li-S cell. The influence of the electrolyte amount on capacity was determined
by preparing three different samples of 5, 8, and 12 pl mg™!. The lowest specific capacity
was achieved as 418 mAh g! with the sample having the lowest electrolyte amount.
However, the sample with 5 pl mg™! displayed higher cycling performance compared to the
one with 12 pl mg'!. Moreover, the relation between the E/S ratio and reaction kinetics was
also scrutinized, and the results showed that higher electrolyte amounts play a crucial role

in eliminating internal resistances hence improving the reaction kinetics [95].

Choi et al. also analyzed the impact of the electrolyte amount on the discharge capacity
and cycling. Outcomes of the study showed that the sample with the highest electrolyte
amount provided the highest specific capacity, which was explained by that higher
electrolyte amounts deliver a medium for better reaction kinetics resulting in higher sulfur
utilization as the electrode surface becomes more wetted and hence charge carriers can be
transferred smoothly. The optimum cycling performance, on the other hand, was achieved

with 12 ul (out of 4 and 30 ul ) [64].
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Thieme et al. investigated the cycling performance and capacity retention of Li-S
batteries by changing the E/S ratio and by the addition of polysulfides into the electrolyte. It
was deduced that higher E/S ratios provided long-term cycle life since when the electrolyte
amount was high, electrolyte depletion was minimized and capacity was retained
successfully after 50 cycles. The addition of polysulfides as a conducting salt leads to a more
stabilized capacity and strengthens the performance. 554 mAh g'! was retained as the final
capacity (422 mAh g! was retained without the additive) from an initial capacity of 1100
mAh g1 [96].

2.3. Effect of the Sulfur Loading on the Li-S Battery Performance

Schneider ef al. examined the impact of the sulfur loading on the areal capacity for
binder-free and free-standing highly N-doped C/S cathodes. It was found that the number of
available surface sites for the adsorption of the polysulfide precipitates is a restrictive factor
since when the sulfur loading changed at a constant E/S ratio, areal capacities achieved were

similar [97].

The effect of sulfur loading on the electrochemical performance of a Li-S cell was also
studied by Doan et al. Experiments with the sulfur-polymer cathode illustrated that when the
sulfur amount was raised, a sudden capacity fade was obtained, whereas good cyclability
was attained with low sulfur loadings (<3.1 mg cm2). Obtaining low discharge capacities at
high sulfur loadings was explained as such. Thicker cathodes might be detached from the
current collector during cycling. Moreover, higher sulfur amounts lead to higher polysulfide

concentrations causing enhanced shuttle mechanism [98].

The relation between the sulfur loading and energy density was analyzed by Kang et
al. by using cathodes with sulfur loadings of 0.99, 2.98, and 6.80 mg S cm™ and E/S ratios
0f1.67, 5, 10, 20, and 40 ul mg'. Atlow E/S ratios, Li-S cells exhibited either rapid capacity
fade or low sulfur utilization. However, discharge capacity was not affected by the excess
electrolyte amount after 400 mAh g'!, which was enlightened as the effect of the cathode
thickness surpassing the effect of the electrolyte amount. Hence, it was declared that the best
performance was achieved at the optimum conditions, where the sulfur loading and

electrolyte amount were 0.99 and 2.98 mg S cm™ and 10 pl mg!, respectively. Additionally,
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it was claimed that cells having low sulfur loading has no benefits in terms of energy density

even though achieving high specific capacity owing to the low active material loading [99].

Song et al. investigated the impact of cell construction factors on the electrochemical
performance of Li-S cells. One of the parameters was the sulfur content; its effect on specific
energy was investigated. It was claimed in the article that high specific energies could be
achieved with high sulfur loadings if the sulfur utilization is high. Two cells with 50% and
80% S were used in the experiments, and a higher specific capacity based on the total
electrode mass was obtained with the one with a higher sulfur loading. Long-term cycling
of the cells was also tested, and it was seen that at the 800" cycle, the discharge capacity
was 787 mAh g'! at 0.05C, which corresponded to 441 mAh g*! based on the total electrode
mass. After this point, capacity started to fade, which was attributed to three reasons: volume
variations causing mechanical deterioration of the electrode, the shuttle mechanism , and the

polysulfide formation [100].

The effect of cathode thickness on sulfur utilization was also studied by Sun et al. In
the study, sulfur loading varied between 0.29 and 4.38 mg cm™ and cycling performance
was observed. The ones with sulfur loadings lower than 1.40 mg ¢cm displayed an initial
discharge capacity of 800 mAh g equivalent to 50% of the theoretical capacity of sulfur.
Then, the capacity faded until 100 cycles reaching 350 mAh g'!. Medium-level sulfur loaded
cells (1.85-2.38 mg cm?), on the other hand, did not display capacity fade at first. In fact,
before the capacity started to fade, it had reached a maximum value. This behavior was
explained by the electrode activation process, which was supported by the other studies in
the literature with high sulfur loaded prototype cells. Furthermore, sulfur utilization was
observed to be linearly dependent on the sulfur loading, signifying that electrochemical
performance and active material utilization are significantly affected by the design

parameters [101].

Lu ef al. examined the effect of the cathode thickness on the specific capacity and
cycling behavior of Li-S cells. Cathodes with 60, 80, and 120 um thicknesses were prepared.
It was seen that when the cathode thickness was decreased to 80 from 120 um, better capacity
retention was achieved initially; yet, the cell demonstrated capacity fade afterward, which

was explained by the diminished electrolyte retention in the dense electrode. Moreover, the
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impact of the E/S ratio was also studied. High sulfur utilization was observed at an E/S ratio
of 3 ul mg'!. However, a shorter cycle life was seen for cells with controlled E/S ratios. This
is generally seen in the studies in the literature due to the instability of the Li anode and the

shuttle mechanism consuming the electrolyte at low E/S ratios [59].

2.4. Effect of the Carbon Type on the Li-S Battery Performance

Sun et al. stated that carbon particle size and specific pore volume are crucial
parameters for achieving high sulfur loading with high sulfur utilization [102]. Barchasz et
al. found that carbon grain size has a remarkable effect on the amount of polysulfides
accumulated on the cathode at the end of discharge. Moreover, high electrode surface area
is reported to delay the full electrode passivation, thus, improving the discharge performance
of the battery [103]. Many studies in the literature investigated the effect of activated carbon
with different surface areas and pore sizes. They concluded that small pore size and high

surface area are needed to achieve high discharge capacity and sulfur utilization [104-111].

Zheng et al. studied the effect of carbon pore volume and surface area on the
electrochemical behavior of Li-S batteries. Four different carbon types with high surface
areas (Graphene (nonporous) and Ketjen Black (porous)) and low surface areas (Acetylene
black (nonporous) and Hollow Carbon Nano Sphere (porous)) were investigated as the
carbon host. The best capacity retention was obtained for the cells with Ketjen Black and
Hollow Carbon Nano Sphere, which were the only porous ones in this study. Furthermore,
it was found that higher sulfur utilization rates were obtained by using carbons with a high

surface area [105].

Jozwiuk et al. stated that the polysulfide adsorption ability and specific capacity are
highly related to the surface area of the carbon used in the cathode. Electrochemical
performance tests were performed with different types of carbon with varying specific
surface areas: Ketjenblack EC-600JD, Printex-A, Super C65, and Printex XE-2. Li-S cells
with Ketjenblack EC-600JD, which has a high surface area, achieved 800 mAh g! at 1C
over 600 cycles. It was also suggested that preparing cathodes by mixing different carbons
having various surface areas would be beneficial for high mechanical stability and

performance [106].
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Yan et al. developed bamboo-derived porous carbon materials with different pore
volumes and specific surface areas. Sulfur was encapsulated into the synthesized carbon,
and cycling behaviors were observed. It was declared that a high initial capacity of 1453

mAh g! at 0.1C was achieved with the sample having a sulfur loading of 58.5 wt% [112].

Li-S cells prepared with carbons with different surface areas (Ketjen Black and Super
P) were characterized. It was stated that the porous structure achieved by using Ketjen Black
as a conductive agent was more beneficial for high electrolyte impregnation. However, due
to mechanical constraints with Ketjen Black, a higher initial capacity of 1058 mAh g™! was
achieved with the cell with Super P [113].

2.5. Modeling of the Li-S Battery Performance

Xue et al. developed a model for the calculation of the gravimetric and volumetric
energy densities and to observe the impact of the cell parameters on battery performance.
Pouch cell configuration was considered as the type of cell. Packaging materials were
disregarded in the model because their volume fraction can be ignored in a multi-electrode
pouch cell. The Al and Cu current collectors, the Li anode, the sulfur cathode (carbon, sulfur,
and binder), and the separator were the essential parts of the sandwich-structured model. It
was assumed to have enough electrolyte to fill the interspaces between the cathode and the
separator. Volumetric energy densities calculated by the model for varying cathode
thicknesses and excess lithium levels demonstrated that to have a high volumetric energy
density, sulfur loading, and sulfur utilization must be increased. Furthermore, sulfur content
was discussed to be another vital parameter that linearly affected the volumetric energy
density. As a result, it was seen that both of these parameters have a crucial effect on cell-
level performance. Moreover, the impact of cathode porosity on the volumetric energy
density was investigated, and a reverse relation was obtained; when the porosity increased,
volumetric energy density decreased. The maximum value of the volumetric energy density
was predicted as 1060 Wh L! when the porosity was 0.30. The effect of the E/S ratio through
the porosity was also examined. It was seen that as the porosity rose, the E/S ratio also
increased. This study illustrated that having a high energy density highly depends on having
good sulfur utilization, which can be optimized by changing the porosity, E/S ratio, and

sulfur content [17].
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A mathematical model was developed by Kumaresan et al. by taking into account the
detailed electrochemical and precipitation reactions, the change in the porosity of the
cathode, and the multicomponent transport phenomena in the electrolyte. Li+ ion transport
during discharge with respect to time was analyzed; the concentration of Li+ ions increased
up to 14 h and then started to decrease. This was explained by the formation of high-order
PSs (S4*, S¢*, Sg¥) at the beginning of the discharge process. The shape of the discharge
profile was analyzed based on the concentration profiles of the species. In the first plateau,
sulfur is reduced into high-ordered polysulfides (S42-, S62-), and the solid phase sulfur turns
into the liquid phase. Since this process is kinetically controlled, the concentration of sulfur
in the liquid phase remains constant until the dissolution is completed. The second discharge
plateau starts when the precipitation of Li>S on the carbon surface starts and S,*

concentration becomes apparent [86].

Eroglu et al. developed a techno-economic model, which links the material-level
reactions to the system-level performance by considering the main cell and electrode design
parameters: C/S ratio, electrolyte volume fraction, reaction kinetics, useable specific
capacity, and Li amount. The projection of the battery specific energy, energy density, and
price were also provided. A 1D, concentration-independent electrochemical performance
model was established to predict the current-voltage relation in the techno-economic model.
In the electrochemical model, Butler-Volmer kinetics were applied for the anode
deposition/dissolution reactions. It was found that when the excess Li amount or the
electrolyte vol% increased, energy density and specific energy reduced significantly.
Furthermore, the pack-level specific energy and energy density decreased as the specific
capacity decreased. The impact of the E/S and C/S ratios were also studied; increasing the
amount of the inactive material resulted in an increase in the dead weight in the cell; hence,
specific energy and energy density diminished. However, due to its high electronic
conductivity and creating more active surface area, increasing the carbon amount led to a
better energy density up to a point. Finally, when the electrolyte vol%, excess of Li, or

carbon wt% decreased, battery cost was reduced [61].

Michaelis et al. established an electrochemical model to predict the effect of the C/S

ratio on the electrochemical performance of Li-S batteries. In the study, the C/S ratio varied
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between 0.41 to 7.48, and the experimental results were compared with the model. It was
found that the capacity achieved with the highest sulfur loading was the lowest. The decrease
in the discharge capacity at high sulfur loadings (35.1 and 52.7 wt%) was caused by sulfur
agglomeration in the electrode, resulting in electrode polarization. The sulfur utilization was
low at high sulfur loadings even though the potential capacity of the electrode was high.

Moreover, the results of the model and experiments were compatible [49].

Marinescu et al. developed a zero-dimensional model for Li-S batteries, which
included two electrochemical reactions and the precipitation and dissolution of one species.
In the model, a single electrochemical reaction for each of the two discharge regions was
taken. A constant exchange current density and dissolvability of the entire elemental sulfur
mass were also assumed. In addition, the anode overpotential caused by the Li oxidation was
omitted. Results of the model stated that at high discharge currents, significantly large
overpotentials were obtained due to charge transfer and diffusion limitations. The lower
plateau voltage diminished at higher C-rates, and less usable capacity was achieved. The

effect of the precipitation rate was also investigated [84].

In 2017, it was stated that studies regarding the modeling of the Li-S batteries are nine
percent of the reviewed articles [114]. Some examples of these studies are: modeling the
effect of cathode design parameters on the self-discharge behavior in Li-S batteries [39],
modeling the coupled ion motion in the electrolyte in Li-S batteries [115], modeling the
charge and discharge capacities focusing on the polysulfide chemistry and its interaction
with the anode while considering self-heating and the impact of salt additives on the shuttle
mechanism [85], modeling the self-discharge due to the shuttle mechanism [116], and
modeling the polysulfide shuttle mechanism via including additional reactions at the anode

and nonreversible precipitation [117].



3.1. Chemicals

3. EXPERIMENTAL WORK

The details of the chemicals used in this work are given in Table 3.1.

Table 3.1. The details of the chemicals used.

Chemical Function Source
Super C65 Conductive carbon black MTI
Ketjen Black EC-600J Conductive carbon black Nanografi
Acetylene Black Conductive carbon black Nanografi
Sulfur Active material Sigma Aldrich
PVDF (polyvinylidene Binder MTI
difluoride)
NMP (N- methyl-2- Solvent MTI
pyrolidone)
Al Foil Current collector MTI
Li Foil Anode MTI
Cu Foil Current collector MTI
DOL (1,3-Dioxolane) Electrolyte Sigma Aldrich
DME (1,2-dimethoxyethane) Electrolyte Sigma Aldrich
Lithium nitrate (LiNO3) Electrolyte Sigma Aldrich
LiTFSI (lithium bis- Electrolyte Sigma Aldrich
trifluoromethanesulfonimide)
Polymer-based separator Separator Celgard

Li-S cells consist of the carbon-sulfur cathode, electrolyte, Li anode, separator, and

current collectors. The preparation of the electrolyte and coin cells is explained below.
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3.2. Electrolyte and Coin Cell Preparation

In order to prepare the electrolyte, 1,3-Dioxalane (DOL) and 1,2-dimethoxyethane
(DME) were mixed in equal volumes in a glove box under Ar atmosphere. Then, 1 M lithium
bis-trifluoromethanesulfonimide (LiTFSI) and 0.1 M lithium nitrate (LiNO3) were added to

the solution:

e 5 ml DOL and 5 ml DME were mixed
e 2871 g LiTFSI and 0.06895 g LiNO3 were dissolved in the 10 mL DOL&DME
mixture to obtain 1 M LiTFSI and 0.1 M LiNOs

e The solution was stirred in a magnetic stirrer for 1 hour

Coin cells (CR2032) were prepared in the glove box under Ar atmosphere. In the
assembly of the coin cells, first steel O-ring was placed into the bottom case, and after that
,the flat steel sheet was placed on top of it. Next, cthe opper foil was placed before the lithium
anode, and a certain amount of electrolyte was dropped onto the lithium anode (2.01 ¢cm?,
170 pum). Then, the Celgard polymeric separator (3.1 cm?, 25 um) was placed, and the rest
of the electrolyte was poured into the separator. The cathode was placed next, keeping the
aluminum side pointing up. Finally, one more flat steel sheet was placed, and after putting

the top case, the coin cell was closed in the cell crimping machine.

3.3. Experimental Details for the Investigation of the Effect of the E/S Ratio

on the Li-S Battery Performance

3.3.1. Cathode and Cell Preparation

Cathodes were prepared by adjusting carbon/sulfur/binder weight ratios to 45/45/10.
First, conductive carbon black (Super C65, MTI) and sulfur (Sigma Aldrich) were mixed in
a mortar and pestle for 5 minutes. Afterward, polyvinylidene fluoride (PVDF, MTI) was
added to the mixture as a binder. N-methyl-2-pyrrolidone (NMP, MTI) was then mixed with
the solid mixture until a homogenous medium with an NMP/solid mixture ratio of 7:1 wt/wt
was obtained. In order to achieve a well-mixed solution, the slurry was first mixed in a

magnetic stirrer overnight, then heated to 50°C for 2 hours, and then mixed in an ultrasonic
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mixer for 2 more hours. Next, the solution was cast onto an aluminum foil (MTI) with a
doctor blade. The cathode slurry cast on the aluminum foil was dried overnight and then at
50°C for 4 hours in the oven to remove the NMP. The thickness of the cathodes after drying
was around 90 um. Finally, the cathode films were cut as 2.01 cm? disks by using a puncher.
Figure 3.1 illustrates the prepared cathode films and samples. Table 3.2 presents the

experimental design parameters used in this study.

Figure 3.1. Samples of the prepared cathode films.

So, as to study the effect of the E/S ratio on the electrochemical performance of the
battery, Li-S cells with E/S ratios of 6-35 ul mg™! were prepared. The cathode composition
and thickness, thus the sulfur loading, were kept constant for all Li-S cells with varying

electrolyte amounts.
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Table 3.2. Experimental Li-S design parameters in the investigation of the effect of

the E/S ratio.
E/S S loading Electrolyte
(ul mgy*a (mg cm?)* Amount (ul)
35 0.70 50
20 0.74 30
13 0.76 20
6 0.79 10

* Average of three replicates
2 C/S/Binder wt%: 45/45/10

3.3.2. Electrochemical Cycling Measurements

Galvanostatic cycling measurements were performed at room temperature to assess
the electrochemical performance of the coin cells by using a Neware battery cycler (Figure
3.2and Figure 3.3). First, each cell was rested for 16 h at its open circuit voltage. The cells
were then cycled for 100 cycles at a C-rate of 0.1C (C-rate was calculated based on the
theoretical capacity of the Li-S cell). The lower and upper cut-off voltages were set as 1.5
and 3 V, respectively. Each experiment was replicated three times, and all results were

reported as the average of the three replicates.



Figure 3.2. Neware battery cycler.
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Figure 3.3. Screenshot of the BTS software used to control Neware battery cycler.
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3.4. Experimental Details for the Investigation of the Effect of the C/S Ratio

on the Li-S Battery Performance

3.4.1. Cathode and Cell Preparation

Cathodes with different C/S ratios (0.5, 1, 2, and 3.5) were prepared by modifying the
carbon and sulfur amounts in the electrodes. The electrodes were prepared at a specified
thickness; consequently, the S loading in the cathode for each C/S ratio was different. E/S
ratio was kept constant at 6, 13, 20, or 35 ul mg!. Table 3.3. reports the design parameters

employed in the preparation of the Li-S cells.

Carbon black (Timcal Super C65, MTI), sulfur (Sigma Aldrich), and binder (PVDF,
MTTI) were ground in a mortar and pestle for 5 min. Then, N-methyl-2-pyrrolidone (NMP,
MTI) solvent was added to the mixture. The slurry was mixed in a magnetic stirrer overnight,
followed by mixing at 50°C for 2 hours to achieve uniform mixing. Afterward, the slurry
was mixed in an ultrasonic mixer for 2 hours at room temperature, and the resulting solution
was cast on an Al foil (15 um thick, MTI) with a doctor blade at a specified thickness.
Cathode films were dried overnight and then at 50°C in the oven until all the remaining NMP

was dried out. Cathode films with an area of 2.01 cm? were punched out and weighed.

Table 3.3. Li-S cell properties.

E/S ratio S Loading Electrolyte amount
C/S ratio
(' mg™) (mg cm?)? (uly?
0.5 1.75 21
1 0.75 9
6
2 0.61 7
3.5 0.37 5
0.3 4.42 150
13
0.5 1.48 39
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Table 3.3. Li-S cell properties. (cont.)

E/S ratio S Loading Electrolyte amount
C/S ratio
(ul mg™) (mg cm?)° (uly
1 0.75 20
13 2 0.63 17
3.5 0.34 9
0.5 1.75 70
1 0.75 30
20
2 0.63 25
3.5 0.30 12
0.5 1.75 120
1 0.70 50
35
2 0.64 45
3.5 0.30 20

*Average of three replicates

3.4.2. Electrochemical Cycling Measurements

The cells were cycled via the galvanostatic cycling method at room temperature by
using a Neware battery cycler. The lower and upper cut-off voltages were set as 1.7 and 3
V, respectively. Each cell rested for 16 h at its open circuit voltage and then cycled for 100
cycles at 0.1C, which was calculated based on the theoretical capacity of the Li-S cell. Each
experiment was repeated at least three times, and the average results of the replicates were

reported. All capacities were reported per g of sulfur in the cathode.
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3.5. Experimental Details for the Investigation of the Sulfur Loading and
Carbon Type on the Li-S Battery Performance

3.5.1. Cathode and Cell Preparation

The cathode composite was prepared by mixing different carbons with sulfur (Sigma
Aldrich) and binder (PVDF, MTI) in the N-methyl-2-pyrrolidone (NMP, MTI) solvent.
Carbon black (Super C65, MTI), acetylene black (AB, Nanografi), or Ketjen black (KB,
Nanografi) was used as the carbon source. After homogenization, the slurry was cast onto
an aluminum current collector (15 um thick, MTT) by the doctor blade technique. The sulfur
loading in the cathode was adjusted by regulating the thickness of the slurry during casting
(wet thicknesses of the cathodes were 200, 350, 500, 700, or 850 um). The resulting
electrodes were dried overnight and then at 50 °C in the oven for 4 hours. A list of the
examined carbon black materials, along with some of the important characteristics, are

displayed in Table 3.4.

Table 3.4. Summary of the properties of the carbon materials used in the experiments.

Specific surface area Particle size
Name Grade and supplier
(BET) (m’g™) (nm)
Carbon Black, Super C65
Super C65 60 40
Timcal, MTI
Ketjen Black, EC-600J,

KB 1000-1400 180

Nanografi

Conductive Acetlyene Black,
AB 70-75 35-40
Nanografi
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3.5.1. Electrochemical Cycling Measurements

The electrochemical performance of the cells was monitored by a galvanostatic battery
cycler between 1.7 and 3.0 V at room temperature at 0.1C. Before cycling, the cells were

kept at rest at the open-circuit voltage for 16h to allow equilibration.
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4. MODEL DESCRIPTION

Following the experimental part, the effect of critical cathode design parameters on
the cell- and system-level performance of a Li-S battery was investigated by developing
performance models as described in this chapter. Design parameters used in the experiments,
as well as experimentally measured cell capacities and voltages, were fed into the models to
capture the dependence of the electrochemical performance of the Li-S cell on the cell design

in the performance models.

4.1. One-Dimensional Electrochemical Performance Model for the Li-S Battery

A one-dimensional, concentration-independent electrochemical model was proposed
for the constant-current, isothermal discharge of the Li-S cell. The model described the Li-
S cell as the cathode composed of carbon, sulfur, binder, and an organic electrolyte, the
porous separator, the Li-metal anode, and the positive and the negative current collectors as
reported in our previous models [48,50]. In the model, the ASI and the overpotential were
calculated at a specified DOD for each component of the cell; cathode, anode, current

collectors, and porous separator, individually.

One of the crucial assumptions in the model was that there is a single electrochemical
reaction for each of the two discharge plateaus [84,85]. The high and the low discharge
plateaus are described as
4.1)

1, 1
ZSS+€ H§S4

1s2- 4o~ o524 1g2- (4.2)
4 2 4

For the porous positive electrode, the overpotential was calculated as in the model of
Newman and Tobias [1].Based on the current density, either Tafel (|I| > aippelLpe,) OF
linear (|I]| < aigpeLye) kinetics is applied to calculate the cathode overpotential and ASI of

the positive electrode is determined accordingly as
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1 € 2 2€ (4.3)
Npe = E{(& —€) [5 + glnsec(e — 1/))] + Flnsecw

"y ( 2|1162 )}
nl———
alolpeLpec?

2+ (M + M) coshv (*4)
__IXlpe | T \Kepp Kepy
e Kepp + Ocry vsinhv
ASL,, = % (4.5)

where 1, is overpotential of the cathode and calculated according to current density for
Tafel (Equation (4.3)) or linear (Equation (4.4)) kinetics and ASI,,, is the ASI of the positive

electrode provided in Equation (4.5).

Butler-Volmer equation was applied to calculate the anode overpotential according to
electrochemical reaction occurring in the anode and Ohm’s law was applied to calculate
overpotential for porous separator where the Ohmic losses resulting from the transport of
Li* ions were included. Moreover, the ASI of the negative electrode and separator is

calculated using following equations

Lit+e—Li’ (4.6)
[=i [ex (—ane'aF ) —ex (_ane’cF )] 4.7
— to,ne p RT T’ne p RT T]ne
ASI,, = 7713 (4-8)
Nsep = ASlgep X 1 4.9)
L 4.10
Ast,,, = Lo (4.10)
Keff,sep

where 75, is overpotential of negative electrode, ASI,,. is ASI for negative electrode, 75,
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is overpotential of porous separator and ASIg,, is ASI for porous separator, respectively.

Furthermore, Equation (4.6) describes the electrochemical reaction occurring in the anode.

Cell voltage at a constant-current density was predicted by the model through the total

overpotential and ASI of the cell given as

Vcell =U- Nceul (41 1)
Necett = Mne + nsep + T]pe + Nee- + Nee+ (412)
ASleey = ASlye + ASlge, + ASLye + ASIc_ + ASIccy. (4.13)

4.2. Cell-Level Performance Model for the Li-S Battery

The impact of key parameters (E/S ratio, C/S ratio, sulfur loading, and carbon
properties) on the cell-level energy density and specific energy was examined by developing
a cell-level performance model. The Li-S cell in the model is composed of the positive and
negative current collectors, the separator, and the positive and the negative electrodes. In the
calculation of the specific energy and energy density, cell capacity and the mass and volume

of each cell component were normalized to the cathode area [48,58].

E/S ratio was calculated by using experimentally measured electrolyte volume and
sulfur amount. Sulfur amount (my) was computed by using the mass of the cathode measured
(Meathode) and sulfur weight fraction. Next, sulfur loading in the cathode and C/S ratio was
calculated. The positive electrode thickness and positive electrode capacity were then

determined based on the experimentally measured properties as described in

E/. - Ve cell (4.14)
S mg
mg = Wg X Mcathode (415)
m 4.1
Sloading = Acat:ode ( 6)

C/S = We (4.17)

S
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where £ / S is the electrolyte-to-sulfur ratio in ul mg™', V, .oy, is the volume of the electrolyte

in the cell in pl, my is the sulfur amount in mg, wy is the sulfur weight fraction in the cathode,
Meathode 1S the mass of the cathode excluding the mass of aluminum foil measured
experimentally for each cell, Sj,qqing is the sulfur loading in the cathode in mg cm?,

and A.q¢noqe 1 the area of the cathode in cm?.

The positive electrode thickness and positive electrode capacity were then determined

based on the experimentally measured properties as described in

_ Sloading (418)
Pe ps X &g
Cpe = Cpe,act X ppe,total X Ws (419)

respectively, where Ly, is the positive electrode thickness in ¢cm, p; is the density of the
sulfur in g S em™ S, & is the sulfur volume fraction in the cathode, ¢, is the positive
electrode capacity in mAh cm™, ¢, 4, is the positive electrode specific capacity measured

experimentally in mAh g, and p,. 14 is the total cathode density in g cm™.

Next, the negative electrode capacity was formulated based on the positive electrode
capacity and negative electrode thickness was determined based on positive electrode

thickness as

Cne = Cneact X Pne (4~20)

Lyexc 421
L, —=7e" e nyp (4.21)

ne
respectively, where ¢, is the anode capacity in Ah cm™, ¢, 40 is the anode specific
capacity in Ah/g, p,. is the anode density in g cm?, L,, is the anode thickness in cm,

and N/P is the negative-to-positive capacity ratio.
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Total mass, total volume, cell capacity and cell-level performance, namely the
specific energy and energy density of a Li-S cell, was calculated by using following

equations

Meey = Sloading + me + my + msep + Mpe + me + Mee- + M+ (422)
Veetl = Vs + Ve +Vp + Vgep + Upe + Vo + Ve + Vet (4.23)
Q = cpe X Ly, (4.24)
where v, is the total volume of the cell in cm?/cm? and m,; is the total mass of the cell

in g/cm?. Q is the areal specific capacity in mAh/cm?. Volume of each component is

calculated by dividing its mass by its density.

Finally, cell-level specific energy and energy density is calculated according to areal

specific capacity and cell voltage given in

XV

Cell — level specific energy = Q X Veeu (4.25)
mcell
XV,

Cell — level energy density = % (4.26)
cell

where cell-level specific energy in Wh kg™!, energy density in Wh L' and V,,; is the cell
voltage measured experimentally at 50% depth of discharge (DOD) in V.
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Table 4.1. Experimental inputs to the cell-level performance model for the investigation of

the effect of the C/S ratio on the Li-S cell performance.

Cathode electrode specific
capacity, (Cpe,act) Cell voltage at 50% DOD,
E/S ratio | C/S ratio (mAh g1)»b (V)b
0.5 825 2.06
1 856 2.03
6
2 772 2.06
3.5 747 2.09
0.5 1051 2.06
1 1081 2.11
13
2 1165 2.12
3.5 951 2.10
0.5 718 2.07
1 969 2.11
20
2 1013 2.11
3.5 997 2.21
0.5 936 2.06
1 942 2.07
35
2 1073 2.11
3.5 1058 2.13

*Average of three replicates
®Standard deviations provided in Figure 5.10
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Table 4.2. Parameters in the cell-level performance model for the effect of E/S ratio

on Li-S cell performance.

E/S ratio in the cathode

(nl mg'y?

35

20

13

Positive electrode specific

capacity, Cpe gce (MAh g Sy

1034

1104

1073

809

Positive electrode specific

capacity at 50" cycle?

593

717

820

Cell voltage at 50% DOD, V_.j;
(V)

2.07

2.08

2.1

1.9

Negative electrode specific

capacity, Cpe gcr (mAh g Li)

3860

N/P ratio

1.5

C/S ratio in the cathode®

*Experimental values
®Cathode with 10 wt% binder
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Table 4.3. Cell-level model inputs used in the investigation of the effect of the

sulfur loading on the performance of Li-S batteries.

' ' Cell voltage at 50%
Carbon . Cathode specific capacity, Cpe act
S Loading (mg DOD,
Type (mAh g')»
cm™?) (V)
0.71 761.43 2.08
1.13 743.09 2.07
AB
1.81 826.23 2.09
3.29 746.44 2.04
0.89 719.24 2.05
KB 1.33 893.83 1.99
2.03 252.87 1.82
0.72 750.38 2.06
Super 1.48 1051.41 2.06
Co65 2.30 863.88 1.99
3.17 894.81 1.96

*Average of three replicates
®Standard deviations provided in Figure 5.21

4.3. System-Level Performance Model for the Li-S Battery

The effect of key design parameters on the system-level performance was modeled in

this section as described below.

4.3.1. I-V Relation for System-Level Performance Model

System-level specific energy and energy density of a Li-S battery were projected by a

modified model of publicly available design and cost model, Battery Performance and Cost

(BatPaC) [118]. In the system-level performance model, the area-specific impedance (ASI)

and overpotential for each cell component were calculated by a one-dimensional

electrochemical model. Detailed governing equations of the electrochemical model are

provided in Section 4.1.
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The battery pack was designed based on the essential inputs of power, energy, and

voltage of the battery as shown in the following design equations

A P (4.27)
cell — Ip X Vp X Ncell
U, (4.28)
Ncell = U B
ocv,p
C= E (4.29)
Ve X Ncell
L c (4.30)
pe Acell X Eais X Es
V, = Upepp X 0.8 4.31)
U 432
Ip — ocv,p % (1 _ ) ( )
ASI, Uocvp
Lo ¢ (4.33)
¢ Acell X5

where A, is cell area in cm? obtained by using power requirements, I,, is the pulse power
current density in A cm™, 1, is the voltage at rated power in V, N, is the number of cells
in a battery pack calculated by using pack voltage specifications, U, 5, is the open-circuit
cell voltage in V, Upq¢ 1s the average open-circuit battery voltage, C is the cell capacity in
Ah obtained by using energy requirements, V, is the voltage at rated energy in V, g;, is the
discharged volume fraction in the cathode in mAh cm?, ¢ is the electrolyte volume fraction
(or the porosity in other words) in the cathode, AST, is the ASI of the cell at rated power in

Q cm? and I, is the average current density at a C/5 rate in A cm™.

As a rule of thumb, 80% DOD and 50% DOD were used in the model for the power
and energy specifications, respectively [61]. The model defines all variables both for the
rated power (subscript p) and the rated energy (subscript ). As given in the design equations,
the power requirement determines the cell area Equation (4.27), while the pack voltage
necessity defines the number of cells in the battery pack Equation (4.28). On the other hand,

the energy specification sets the required cell capacity and the cathode thickness Equation
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(4.29) and Equation (4.30), respectively). Accordingly, the current density at rated power
was iterated until the target cell voltage at rated power was accomplished Equation (4.31)
and Equation (4.32). Lastly, the cell voltage at rated energy was iterated at a current density

at rated energy of C/5 Equation (4.33).
4.3.2. I-V Relation with the Maximum Thickness Limitation

Electrode thickness is a crucial design parameter which affects the performance of the
battery significantly. Thus, a practical limit set by the battery performance and life is
typically defined as the maximum electrode thickness [119]. Positive electrode thickness
was calculated by the cell capacity as described. However, the model was developed so that
when the calculated thickness exceeds the maximum limit, the cell area was recalculated
accordingly. The maximum electrode thickness was set as 150 um for the cathode; this
limitation was only implemented to the positive electrode since it was the only porous
electrode in the cell [61]. Therefore, it was assumed that thicker cathodes than the ones used
in traditional Li-ion batteries (<100 pm) could be allowed without a decrease in the battery
performance and life [48,61]. The cell area was recalculated in accordance with the

maximum electrode thickness limit and revealed as

Ay =—0F0 (4.34)

LpemaxXCpe
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Table 4.4. Parameters in the electrochemical and system-level performance models for the

investigation of the effect of the E/S ratio on the Li-S cell performance.

Open-circuit cell voltage, Upycyp (V) 2.2
Power, P (kW) 80
Energy, E (kWh) 118
Maximum cathode thickness, Ly max (LM) 150
Average battery open-circuit voltage, Uy, (V) 360
Target voltage efficiency at rated power, [V/Ugcyp,p] 0.8
Useable state of charge window (%) 85
Temperature, T (K) 298
Separator thickness, Lsep (1m) 20
Separator effective ionic conductivity,Kefsep (S cm!) 6.5 x 10
Cathode transfer coefficient, dpe,a, Olpe,c 0.5
Anode exchange current density, ione (A cm?) 1073
Anode charge transfer coefficients dne,a, Otne,c 0.5

Cathode electrochemically active area, a (cm™)?

a=650000 .pc'.g.!

Cathode effective ionic conductivity e (S cm)® Kef=K €1
Cathode effective electronic conductivity es(S cm™)® Oeff=G .&c!°
Cathode exchange current density, iope (A/cm?) 106

Cathode electronic conductivity k (S/cm) 100
Cathode ionic conductivity o(S/cm) 0.01
C/S ratio in the cathode® 0.3-3.5
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Table 4.4. Parameters in the electrochemical and system-level performance models for the

investigation of the effect of the E/S ratio on the Li-S cell performance. (cont.)

E/S ratio in the cathode (ul mg™")¢ 35 20 13 6
Positive electrode specific capacity, Cpe ¢t 1034 | 1104 | 1073 | 809
(mAh g'!' S)¢
Electrolyte volume fraction in the cathode, & 0.64-0.98
C-rate (mA g S) C/5

ais defined as a function of Brunauer-Emmett-Teller surface area (650000 cm? g™!)

PEffective electronic and ionic conductivities in the porous cathode are achieved using Bruggeman’s
expression, density (pc) and volume fraction of the carbon (g.) in the cathode

¢ Cathode contains 10 wt% binder.

4 Experimental values.
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Table 4.5. 1D concentration-independent electrochemical model parameters for the

investigation of the effect of the C/S ratio on the Li-S cell performance.

Open-circuit cell voltage, Uycyp (V) 2.2
Power, P (kW) 80
Energy, E (kWh) 118
Maximum cathode thickness, Ly max (LM) 150
Average battery open-circuit voltage, Uy (V) 360
Target voltage efficiency at rated power, [V/Upcy ] 0.8
Useable state of charge window (%) 85
Temperature, T (K) 298
Separator thickness, Lsep (1m) 20

Separator effective ionic conductivity,Kefrsep (S cm™) 6.5 x 10
Cathode transfer coefficient, ape,a, Olpe,c 0.5
Anode exchange current density, ione (A cm™) 1073
Anode charge transfer coefficients dne,a, Otne,c 0.5

Cathode electrochemically active area, a (cm™)?

a=650000 .pc'2.g.!

Cathode effective ionic conductivity i (S cm)® Kefi=k .g!°
Cathode effective electronic conductivity es(S cm™)® Ceff=G .Ec'°
Cathode exchange current density, iope (A/cm?) 106
Cathode electronic conductivity k (S/cm) 100

Cathode ionic conductivity o(S/cm) 0.01
E/S ratio in the cathode (ul mg!)° 6-35
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Table 4.5. 1D concentration-independent electrochemical model parameters for the

investigation of the effect of the C/S ratio on the Li-S cell performance. (cont.)

C/S ratio in the cathode?

0.5

1

2

3.5

Electrolyte volume fraction in the cathode, €

86-97

82-96

75-95

6-92

2a is defined as a function of Brunauer-Emmett-Teller surface area (650000 cm? g!)

PEffective electronic and ionic conductivities in the porous cathode are achieved using Bruggeman’s

expression, density (pc) and volume fraction of the carbon (g.) in the cathode

¢ Experimental values.
4 Cathode contains 10 wt% binder.



Table 4.6. 1D concentration-independent electrochemical model parameters for

investigation of the effect of sulfur loading on Li-S cell performance.
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E/S ratio in the cathode (ul mg')? 13
C/S ratio in the cathode” 0.5
Electrolyte volume fraction in the cathode, & 93
Separator thickness, Lsep (Lm) 20

Separator effective ionic conductivity,Kefrsep (S cm™) 6.5 x 10
Cathode transfer coefficient, dpe,a, Olpe,c 0.5
Anode exchange current density, ione (A cm?) 1073
Anode charge transfer coefficients otne,a, Olne,c 0.5

Cathode electrochemically active area, a (cm™)

a=Sger° .p'°.e!?

Cathode effective ionic conductivity i (S cm)? Ket=K &'
Cathode effective electronic conductivity e (S cm™)d Cef=0 .
Cathode exchange current density, iope (A/cm?) 106
Cathode electronic conductivity k (S/cm) 100

Cathode ionic conductivity ¢ (S/cm) 0.01
C-rate (mA g S') C/5

*Experimental values
® Cathode contains 10 wt% binder

¢ Spet is taken from Table 3.4 for each carbon Brunauer-Emmett-Teller surface area, density (pc) and volume

fraction of the carbon (&c) in the cathode

4 Effective electronic and ionic conductivities in the porous cathode are achieved using Bruggeman’s

expression.
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Table 4.7. Parameters in the system-level performance model for investigation of the effect

of C/S ratio on Li-S cell performance

Open-circuit cell voltage, Uyeyp (V) 2.2
Power, P (kW) 80
Useable Energy, E (kWh) 100
Maximum cathode thickness, Lye max (Lm) 150
Average battery open-circuit voltage, Uy ¢ (V) 360
Target voltage efficiency at rated power, [V/Uqcy p] 0.8
Useable state of charge window (%) 85
Negative electrode specific capacity, cne,act (mAh g™!) 3860
N/P ratio 1.5

Table 4.8. Parameters in the system-level performance model for investigation of

the effect of sulfur loading on Li-S cell performance

Open-circuit cell voltage, Uyey,p (V) 2.2

Power, P (kW) 80

Useable Energy, E (kWh) 100

Average battery open-circuit voltage, Upger (V) 360
Target voltage efficiency at rated power, [V/Uycyp] 0.8
Useable state of charge window (%) 85

Anode specific capacity, Cneact (MAh g ' Li) 3860

N/P ratio

1.5
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4.3.3. Battery Pack Design

In the model, after the cell was designed according to the energy and power
requirements, the components of packaging and thermal management were also calculated
to predict the system-level performance of the Li-S battery by adapting the BatPac model
[61,118]. The battery pack consists of modules, and modules consist of cells. Battery mass
was calculated by considering the battery coolant mass within the jacket, battery jacket mass,
pack integration unit (BMS& disconnects), and module mass. Battery volume was calculated
by considering the volume of pack integration unit (BMSé&disconnects) and battery pack
volume. All the module and pack design equations are provided in detail in Appendix A.

Usable energy, system-level energy density and specific energy was provided as
Usable energy = Usable SOC window (%) X E (4.35)

Usable ener
System — level energy density = Battery volufnye (4.36)

Usable energy (4.37)
Battery mass

System — level specific energy =

where usable energy is in kWh, system-level energy density in Wh L'}, system-level specific

energy in Wh kg! battery volume in L and battery mass in kg.
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5. RESULTS AND DISCUSSION

5.1. The Effect of the E/S Ratio on the Li-S Battery Performance

In this chapter, we present an integrated research methodology combining
electrochemical characterization and modeling techniques to characterize the impact of the
E/S ratio on the cell -and system level performance of the Li-S battery. First, we demonstrate
an experimental investigation of the electrochemical performance of the Li-S cells, namely
the initial discharge capacity and cycling performance, with varying E/S ratios. Then, cell
and system level performance models predicting the impact of the E/S ratio on the energy
density and specific energy of the Li-S battery are developed based on our experimental
observations. This part of the chapter was published as a paper [46] and the original

manuscript has been adapted for this dissertation.

5.1.1. Experimental Characterization of the Effect of the E/S Ratio on the Li-S Cell

Performance

Electrolyte amount has a great impact on the electrochemical performance of a Li-S
cell since it provides a medium for the transportation of the Li ions between the electrodes.
As previously discussed, adequate wetting of the surface and accelerated charge transfer can
be achieved with high amounts of electrolyte. The effect of the E/S ratio on the cycling
behavior and discharge capacity of a Li-S cell is examined for E/S ratios of 35, 20, 13, and
6 uL mg!. The initial discharge curves for the respective cells with varying E/S ratios and

their cycling performance are demonstrated in Figure 5.1 and 5.2, respectively.
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Figure 5.1. Effect of the E/S ratio on the initial discharge profiles of Li-S cells at

0.1C. The data for each E/S ratio is given for a representative replicate.

As seen in Figure 5.1, the highest initial capacity is obtained with an E/S ratio of 20
ul gl Tt is clearly illustrated that both the cell capacity and voltage increase up to a certain
level with an increasing E/S ratio. This can simply be explained by the enhanced kinetics
and sulfur utilization at higher electrolyte amounts in the cathode [95]. However, a further
increase in the E/S ratio leads to a decrease in the cell capacity, while not impacting the cell

voltage to any further extent [65,87].
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Figure 5.2. Cycling performance and Coulombic efficiency of Li-S cells a) with
varying E/S ratios at a constant S loading (mg cm™2), and b) with varying E/S ratios with
different S loadings (mg cm?) at 0.1C. The data for each E/S ratio is the average of

replicates.

The electrolyte amount in the cell is highly related to the polysulfide amount in the
medium as stated before. Although the initial capacity is high in cells with high electrolyte
content, a sharp decrease in the capacity is observed for these cells as the number of cycles
increases (Figure 5.2). At a higher level of E/S ratio with a relatively excess electrolyte
amount, capacity declines rapidly, which can be explained by that the polysulfides dissolved
in the electrolyte diffuse into the cell’s dead corners during cycling resulting in poor capacity
retention [37]. Consequently, the best cycling performance is obtained for the Li-S cell with

an E/S ratio of 13 pL mg™.

Even though the Li-S cell with the lowest E/S ratio of 6 ul mg! shows a similar initial
discharge profile to the others, the cycling performance of this cell is significantly bad. The
capacity fades completely after the 20" cycle as seen in Figure 5.2a. This can be explained
by the fact that when the electrolyte amount is insufficient in the cell, polysulfide
concentration increases considerably leading to a highly viscous medium and inadequate
wetting of the surface of the carbon/sulfur composite cathode; hence, the reaction kinetics is

hindered [57,65]. It should be noted that due to the low sulfur loading used in this study, 10
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uL electrolyte is used in the cell to achieve the targeted E/S ratio of 6 uL mg'. This
electrolyte amount is fairly low to attain sufficient wetting of the electrode and the separator
in a coin cell; this may also contribute to the extremely poor cycling performance obtained
for this E/S ratio. Yet, the trends observed in Figure 5.2a on the effect of the E/S ratio on the
cycling performance are expected to be independent of the S loading of the cathode, as will

be discussed below in Figure 5.2b.

Another factor contributing to the capacity fade observed in Figure 5.2a may be the
irreversible reduction of LiNO3 forming a passivation layer on the cathode at low cut-off
voltages (<1.7V) [120-122]. It is previously reported in the literature that narrowing the
voltage window leads to a better cycling performance of the Li-S batteries [120-122].
Nevertheless, the impact of the E/S ratio on the cycling performance is expected to be

independent of the voltage window chosen for the cycling measurements.

Figure 5.2a also presents the Coulombic efficiencies of the Li-S cells with different
E/S ratios as a function of cycle number. It can be seen in the figure that the Coulombic
efficiencies are higher for higher E/S ratios. This may be explained by the presence of excess
LiNOs in the cell at higher electrolyte amounts [123]. It is also apparent in the figure that
the reported Coulombic efficiencies are higher than 90% for almost all E/S ratios during the
first 100 cycles, which may be also explained by the availability of LiNO3 in the cell.

In Figure 5.2b, the cycling performance of Li-S cells with a higher S loading is shown
for two different E/S ratios. Similar conclusions to the ones stated above can be drawn from
the figure; while the initial discharge capacity of the cell with an E/S=35 uL mg! is slightly
higher than the one with an E/S=13 pL mg!, the capacity retention for the lower E/S ratio
is much better. This trend seems to be independent of the sulfur loading of the cathode;
consequently, it can be discussed that the conclusions we report in this study can be extended
for Li-S cells with higher S-loaded cathodes. The impact of sulfur loading on the
performance is also apparent in the figure. It is clear that the capacity fade becomes more
prominent at higher sulfur loadings. On the other hand, the effect of sulfur loading on the

initial discharge capacity is less pronounced.
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Figure 5.3. Discharge profiles for the Li-S batteries with different E/S ratios of a) 35

uL mg!, b) 20 uL mg!, ¢) 13 uL mg™!, and d) 6 uL mg 'during cycling at 0.1C. The data for

each E/S ratio is given for a representative replicate.

In Figure 5.3, the discharge behavior of the Li-S batteries with different E/S ratios is

demonstrated at the 1%, 10®, and 100" cycles. It is apparent in the figures that in almost all

E/S ratios there is a considerable capacity decay at the 10" and 100™ cycles. Especially, the

cell with an E/S ratio of 35 uL mg 'displays a significant decrease in the capacity through

cycling since the shuttle mechanism increases at elevated electrolyte amounts, which may

cause corrosion on the surface of the lithium anode. As expected from Figure 5.2a, the best

capacity retention is achieved with an E/S ratio of 13 pL mg!. As the electrolyte amount
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decreases, discharge profiles are relatively well preserved; the negative effect of the
polysulfide shuttle mechanism over the capacity retention may be diminished with a limited

amount of dissolved species [65].
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Figure 5.4. The effect of the E/S ratio in the cell on the a) discharge capacity and b) cell
voltage at the 50% DOD. The data for each E/S ratio is the average of replicates.

Figure 5.4 summarizes the experimental results obtained on the influence of the E/S
ratio on the Li-S cell performance. As also discussed above, the amount of electrolyte has a
considerable impact on the discharge capacity (Figure 5.4a). It can be observed in the figure
that increasing the E/S ratio increases the discharge capacity up to a certain level. Figure
5.4b illustrates the relation of the cell voltage at 50% DOD with the E/S ratio; increasing the
E/S ratio leads to a sharp increase in the cell voltage, which can be explained by the
domination of kinetic limitations at low E/S ratios. However, since kinetic limitations
become more submissive at higher E/S ratios, cell voltage does not change considerably with

a further increase in the E/S ratio.

5.1.2. Model Predictions on the Effect of the E/S Ratio on the Li-S Battery

Performance

As mentioned previously, the majority of the literature focuses on the effect of E/S
ratio on the discharge capacity and cycling performance of the Li-S battery. However, one

should also consider the specific energy and energy density at the cell and system levels
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while optimizing the electrolyte amount. In order to do so, both cell- and system-level

performances of the Li-S battery are projected here, as discussed next.

5.1.2.1. Cell-Level Performance

Figure 5.5 demonstrates the specific energy and energy density of a Li-S cell as a
function of the E/S ratio. It can be seen in the figure that at very high E/S ratios specific
energy and energy density at the cell level decreases significantly. Even though our
experimental results clearly present that the specific capacity is the highest for an E/S ratio
of 20 uL mg!, the best cell level energy density and specific energy are achieved at lower
E/S ratios. This observation suggests that the increase in the cell weight and volume with an
increasing E/S ratio has a more prominent effect on the performance than the improvement
in the discharge capacity. This critical discussion proves that the E/S ratio should be

optimized not only based on the discharge capacity but also on the energy density.
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Figure 5.5. The effect of E/S ratio in the cell on the calculated cell level a) specific energy
and b) energy density of Li-S cells with varying sulfur loadings at a C/S ratio of 1, N/P
ratio of 1.5, and 0.1C. Experimental peak discharge capacities and cell voltages at 50%

DOD are used in the predictions.
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Since sulfur loading is another key design parameter affecting the performance of Li-
S batteries considerably, its effect on the performance is also discussed in Figure 5.5. It is
clear that when sulfur loading increases cell performance is enhanced remarkably. High
sulfur loadings are required to attain higher specific energies and energy densities as also
predicted in the literature [21,37]. It can be also discussed that the enhancement in the cell
performance with increasing sulfur loading is specifically pronounced at low sulfur loadings;
Li-S cells present similar energy densities at higher sulfur loadings. Another interesting
observation in Figure 5.5 is that at low S loadings (including the experimental S loading in
this study), the effect of discharge capacity on the specific energy is more pronounced as the
highest specific energies are obtained for an E/S ratio of 13 pL mg!. On the other hand,
energy densities are not as much affected; it may be discussed that the best energy densities

are projected for the lowest E/S ratio for almost all S loadings.
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Figure 5.6. The effect of the E/S ratio in the cell on the calculated cell level a) specific
energy and b) energy density of Li-S cells with varying sulfur loadings at a C/S ratio of 1,
N/P ratio of 1.5, and 0.1C. Experimental discharge capacities at the 50" cycle of the cell
and cell voltages at 50% DOD are used in the predictions.

In Figure 5.6, the effect of the E/S ratio on the cell level performance of Li-S cells with
varying sulfur loadings is investigated by using the 50" cycle discharge capacities. This is
mainly done to compare the performance of the cells based on their reversible capacity rather

than the peak one and thus to include the cycling performance of the cells in the model
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projections. Similar trends are obtained with Figure 5.5, but this time the predicted specific

energies and energy densities are the highest for an E/S ratio of 13 uL mg! for all S loadings.

Here, it should be emphasized that in the predictions reported in Figures 5.5 and 5.6,
the variation of the discharge capacity with S loading is not taken into consideration and the
same discharge capacity at a certain E/S ratio is fed into the model for all S loadings. It is an
optimistic assumption to take the discharge capacities constant with varying sulfur loading
(as discussed in Figure 5.2b); however, our focus here is to determine the impact of the E/S
ratio on the cell level performance. Therefore, in Figures 5.5 and 5.6 we aim to provide a
roadmap for high energy density and specific energy Li-S cells and emphasize that Li-S
batteries should be designed to have high S loadings at low E/S ratios in order to achieve
high performance. Yet, we will focus on developing performance models considering the

influence of S loading on the discharge capacity in our future studies.

5.1.2.2. System-Level Performance

As stated previously, higher electrolyte amounts lead to better battery capacity, yet it
should be optimized by considering the overall mass and volume of the battery. Figures 5.7
and 5.8 show the predicted specific energy and energy density of a Li-S battery at the system
level as a function of the E/S ratio in the cell. Similar to our discussions in the previous part,
both specific energy and energy density decrease significantly with increasing electrolyte
amounts in the cell. This suggests that the increase in the specific capacity of the cell with
an increasing E/S ratio is less influential on the system performance compared to the increase

in the pack weight and volume.

The impact of the E/S ratio on the system level performance is investigated for
different maximum cathode thicknesses and C/S ratios using the developed model. As the
scope of this work is studying the effect of the E/S ratio on battery performance, the effect
of cathode thickness and C/S ratio is not examined experimentally in this study and the same
cathode specific capacities are fed into the model for all electrode thicknesses and C/S ratios.
Consequently, the influence of these two critical design factors is investigated by changing

the maximum cathode thickness limitation (100, 150, and 200 um) or the weight percentages
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of carbon and sulfur (20:70, 30:60, 45:45, 60:30, 70:20) in the system level performance

model.
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Figure 5.7. The effect of the E/S ratio in the cell on the calculated system level a) specific
energy and b) energy density of Li-S cells with varying maximum cathode thicknesses at a
C/S ratio of 1 and N/P ratio of 1.5. Experimental peak discharge capacities are used in the

predictions.

The effect of maximum cathode thickness on the system level performance is also
investigated in Figure 5.7. The figure exhibits that when the cathode thickness increases, the
specific energy and energy density of the Li-S battery also increase. This is expected based
on our discussion on the impact of sulfur loading; higher sulfur loadings can be achieved
with increasing cathode thicknesses. Thus, higher cathode thicknesses result in higher cell
capacities, thereby, better system level performance. It is also seen in the figure that the
influence of the E/S ratio on the specific energy and energy density is clearer at higher

cathode thicknesses due to prevailing kinetic limitations at these high cathode thicknesses.
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Figure 5.8. The effect of the E/S ratio in the cell on the calculated system level a) specific
energy and b) energy density of Li-S cells with varying C/S ratios at a maximum cathode
thickness of 150 um and N/P ratio of 1.5. Experimental peak discharge capacities are used

in the predictions.

Finally, in Figure 5.8 the impact of the C/S ratio on the battery performance is also
considered. Carbon is needed in the cell in excess amounts due to its good electronic
conductivity. Increasing carbon amount increases the discharge capacity and cyclability of
the cell since it is a vital parameter affecting the electrochemically active surface area and
electronic conductivity in the cathode. Consequently, there is a direct relation between the
carbon amount and the cell voltage. However, since it is an inactive material in the cell as
the electrolyte, it should be optimized considering the specific energy and energy density of
the battery. As displayed in Figure 5.8, when the E/S ratio is low, decreasing the carbon
amount, thus the C/S ratio, enhances the specific energy and energy density. This impact is
less significant at higher E/S ratios. When the C/S ratio decreases, cell capacity increases
due to an increase in the active material amount in the cell. It is clear that the effect of the

C/S ratio on the system performance is noticeably observed at low E/S ratios.

5.2. The Effect of the C/S Ratio on the Li-S Battery Performance

Here, a novel approach combining experimental investigation and modeling to project

the influence of the C/S ratio on the Li-S battery performance at the cell and system level is
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proposed. Experimental characterization of the reliance of the cycling behavior and useable
capacity of a Li-S battery on the C/S ratio is presented first. Then, performance models
projecting the Li-S battery performance at the cell and pack level based on the C/S ratio are
reported. These models are developed by taking into consideration the experimental variance
of the battery performance with the carbon amount in the cell. Consequently, proposed
models successfully capture and project the critical impact of cathode design on the Li-S
battery performance. This part of the chapter was published as a paper [46] and the original

manuscript has been adapted for this dissertation.
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5.2.1. Experimental Characterization of the Effect of the C/S Ratio on the Li-S Cell

Performance
29 29
a)E/S=6 pl mg’! —C/8:0.5 (b)E/S=13 pl mg! —C/8:05
27 —0s: 27 + —css:1
—C/S:22 —C/s:2
25 —C/8:35 25 —C/S:3.5
82.3 %2.3
& 80
5 g
=21 } 221 |
S S
19 | 19 |
1.7 | 1.7 |
15 L L L L L L 15 L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Discharge Capacity (mAh g) Discharge Capacity (mAh g)
29 29
¢)E/S=20 pl mg™! —C/5:05 d)E/S=35 pl mg! —C/8:0.5
27 | —C/s:1 27 | —C/S:1
—C/S:2 —C/S:2
25 | —C/S:3.5 25 | —C/$:3.5
22.3 82.3
g g
2 2.1 = 2.1
3 S
19 | 19
L7 | 1.7 }
15 L L L L L L 15 L L L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Discharge Capacity (mAh g!) Discharge Capacity (mAh g!)

Figure 5.9. Initial discharge profiles of Li-S cells at E/S ratios of (a) 6, (b) 13, (c¢) 20, and
(d) 35 pl mg! with changing C/S ratios at 0.1C (demonstrative replicate)

Herein, the reliance of the Li-S battery performance on the C/S ratio is discussed for
various E/S ratios since the electrolyte amount in the cell is also a crucial factor in describing
the battery performance through the reduction and shuttle mechanisms in the cathode and

the total pack weight. Consequently, how the C/S ratio influences the battery performance
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is presented here for various E/S ratios. Figure 5.9 illustrates the first discharge behavior of
the Li-S cells as a function of the C/S ratio for various E/S ratios. For almost all C/S ratios,
the two discharge plateaus around 2.4 V and 2.1 V are apparent in the figure; as known, the
first plateau corresponds to the reaction of S forming higher-order polysulfides, and the
second plateau represents the conversion of higher-order polysulfides into the lower ones
[124]. The figure presents that the useable capacity increases with increasing carbon loading
to a certain level, mainly because of the better kinetics and thus improved sulfur utilization
at higher carbon amounts. It is previously shown that the C/S ratio has a great influence on
the Li-S cell resistance (both transport and kinetic resistances), particularly in the excess or
scarcity of sulfur in the cell [47]. Interestingly, the E/S ratio influences how the C/S ratio
affects the specific capacity in a great manner. For instance, the highest capacity is attained
at a different C/S ratio for each E/S ratio. For low or moderate E/S ratios (Figures 5.9a and
5.9b), Li-S cells with moderate C/S ratios provide the best performance. For instance, the
highest initial specific capacity is obtained as 1165 mAh g™! for the Li-S cell with a C/S ratio
of 2 at an E/S ratio of 13 pl mg! corresponding to a sulfur utilization of ~70%. Moreover,
for these low or moderate E/S ratios, the Li-S cell with C/S=3.5 presents poor performance
mainly due to the low amount of electrolyte (Table 3.3.) and thus poor wetting of the cathode.
On the other hand, capacities comparable to other C/S ratios are achieved for C/S=3.5 at
higher E/S ratios (Figures 5.9¢ and 5.9d). Contrastingly, too low C/S ratios such as 0.5 lead
to inferior capacities at almost all electrolyte amounts. Finally, it may be discussed that the
influence of the C/S ratio is less pronounced at excessive E/S ratios (Figure 5.9d). These
discussions on the impact of C/S and E/S ratios on the discharge profiles may also be
extended based on the solubility and reduction kinetics of polysulfides in the cathode. First,
it may be discussed that at low E/S ratios (Figure 5.9a), the capacity of the first discharge
plateau is much lower than the theoretical value of 418 mAh g! for almost all C/S ratios,
suggesting that the reduction of cyclo-Sg to soluble high-order polysulfides is restricted [21].
This may be explained by the limited solubility of the polysulfides in the electrolyte at low
electrolyte amounts, which may cause a shift in the reaction pathway in the first plateau
[125]. Moreover, for low C/S ratios, the second voltage plateau presents a lower capacity
and a decreasing trend for almost all E/S ratios indicating that the conversion of soluble Li>Sx
into LizS is quite sensitive to the C/S ratio. At low C loadings, the limited carbon surface

area may hinder the precipitation of Li>S; into Li,S restraining the discharge capacity [21].
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Figure 5.10 . Influence of C/S ratio on a) 50% DOD cell potential and b) peak discharge

capacity for different E/S ratios (average of replicates).

The influence of the C/S ratio on discharge performance is summarized in Figure 5.10
as a function of the E/S ratio. As evident in the figure, different trends for the influence of
the C/S ratio on the specific capacity and cell potential are obtained for different E/S ratios.
For high E/S ratios, the discharge capacity and cell potential are both enhanced with an
increasing C/S ratio. However, for moderate or low E/S ratios (13 and 6 pl mg™), capacity
and cell voltage are improved only at moderate C/S ratios. As discussed above, high
electrode polarization and limited S utilization as a result of the agglomeration of S in the
electrode at excessive sulfur loadings cause poor performance at low C/S ratios [49].
Conversely, the insufficient amount of electrolyte at low sulfur loadings (or high C/S ratios)

for moderate or low E/S ratios also results in detrimental cell performance.
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and €) 0.3 for the 1%, 10" and 100" cycles (demonstrative replicate). E/S ratio is 13ul mg-'.
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The 1%,10" and 100" cycle discharge and charge curves are shown in Figure 5.11 for
various C/S ratios at a specific E/S ratio (13 pul mg™). The given E/S ratio is chosen to further
investigate the effect of the C/S ratio on the discharge behavior of Li-S cells as the
aforementioned effect is much more prominent here. It is clear in the figure that both the
first and the second plateaus are sustained even for the 100 cycle for moderate C/S ratios
(Figures 5.11b and 5.11c¢), whereas the second voltage plateau is not evidently detected for
the others. Moreover, high capacity degradation is seen for very low or high carbon amounts
in Figures 5.11a and 5.11e, respectively. The highest capacity retention is attained with a
C/S ratio of 2. Furthermore, the cell with C/S=0.3 does not exhibit a clear first discharge
plateau, mostly due to deficient cathode electronic conductivity (Figure 5.11¢). Additionally,
due to the low carbon loading in this sample, the reaction kinetics is severely hindered and

thus, a sulfur utilization of ~11% is obtained.
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Figure 5.12. Influence of C/S ratio on the cycle life of Li-S cells a) at 0.1C and (b)

at different C-rates for E/S ratio=13uL mg™! (average of replicates).

Figure 5.12 presents the Li-S cell cycling behavior with changing C loadings. As
evident in the figure, the cycling behavior is greatly affected by the carbon content in the
cathode. The sample with C/S=2 demonstrates the best capacity retention as well as the
highest initial discharge capacity (Figure 5.12a). The highest coulombic efficiency is also
achieved with this sample. As evident in the figure, the capacity retention decreases as the
C/S ratio decreases from 2 to 0.3. For instance, although the sample with a C/S ratio of 0.5

shows a high initial discharge capacity, a sharp capacity fade and a decrease in the coulombic
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efficiency are seen for this cell with cycling. Moreover, the sample having a C/S ratio of 0.3
shows very poor performance; cycling could only be achieved until ~20 cycles. Relatively
lower coulombic efficiencies in addition to the deficient cycling behavior observed at low
carbon loadings indicate that the polysulfide shuttle mechanism is enhanced at higher S
loadings [53]. It can also be discussed that there is a significant difference in the cycling
performances of Li-S cells with C/S=0.5 and C/S=0.3. This may be explained such that the
cell with a C/S ratio of 0.3 has a much higher S loading compared to that of C/S=0.5 (4.42
vs 1.48 mg cm as seen in Table 3.4.). Consequently, the performance worsens much more
drastically when the C/S ratio is decreased from 0.5 to 0.3. Increasing the C/S ratio from 2
to 3.5 also leads to inferior cycling performance as Figure 5.12a presents. Previously, we
reported that the best capacity retention and cell and system level performance are achieved
for the Li-S cell with an E/S ratio of 13 ul mg™!' [88]. Thus, herein, the impact of the C/S
ratio on the cycling behavior is examined for this specific E/S ratio. Accordingly, 9 ul
electrolyte is added into the cell with a C/S ratio of 3.5 to reach the desired E/S ratio. This
low electrolyte amount in the cathode leads to exceedingly deficient cycling performance
because of the inadequate wetting of the cathode; our calculations indicate that the minimum
amount of electrolyte required to fully wet the cathode and the separator would be in the
range of 13-21 pl. Moreover, the S loading in this sample with a C/S ratio of 3.5 is extremely
low; the scarcity of the active material in the cell also contributes to the observed poor
cycling performance. Additionally, in these carbon-rich cells, carbon may also contribute to
the discharge capacity at low voltages (<1.8V) leading to the CEI formation and thus
worsening the cycling performance; the tails seen in the voltage profiles in Figure 5.11 for
C/S=3.5 indicates that the CEI formation may be substantial here. As also seen in the figure,
much lower coulombic efficiencies are observed for this cell; at such high C/S ratios, sulfur
scarcity in the cathode and low polysulfide concentration in the electrolyte may lead to
isolated and inhomogeneous Li>S formation, which may cause irreversibility in the
charge/discharge processes and consequently low coulombic efficiencies [47,89,127,128].
Finally, it can be discussed that for moderate C/S ratios (2, 1, and 0.5) a reversible capacity
is attained after approximately 15 cycles, which can connote that there is an equilibrium
achieved between the sulfur content in the electrolyte and the electrode. Figure 5.12b
presents the impact of the C/S ratio on the cycling performance of Li-S cells at a higher C-

rate of 1C. In parallel to our discussions above, the Li-S cell with a C/S ratio of 2 offers a



65

better performance also for higher C-rates. This suggests that our conclusions on the impact

of the C/S ratio on cycling performance can be extended for higher C-rates.

It should be noted that in this study the influence of the C/S ratio on the performance
is discussed for varying S loadings in the cathode. An alternative way to investigate the
impact of the C/S ratio on the battery performance would be to keep the S loading constant

(and thus adjust the cathode thickness for each C/S ratio).

5.2.2. Model Predictions on the Effect of the C/S Ratio on the Li-S Battery

Performance

Most studies address the influence of the C/S ratio on the cycle life and specific
capacity. Nevertheless, the link connecting the C/S ratio to the Wh kg™! and Wh L-! should
also be discussed. Here, the experimentally obtained peak discharge capacities, cell voltages,
and sulfur loadings are fed into the proposed models and the Li-S battery performance is

reported for the Li-S cell and pack based on the E/S and C/S ratios.

5.2.2.1. Cell-Level Performance

The significance of the effect of S and C loadings on the discharge behavior of the Li-
S battery was discussed above. Electrolyte amount is another vital factor that must be
considered while analyzing the Li-S battery performance. Limited E/S ratios are typically
desired to reach enhanced Wh L!, whereas Li-S cells necessitate high electrolyte amounts
to prevent electrolyte depletion and shuttle mechanism. Here, the impact of the C/S ratio on
cell level performance will be deliberated together with the influence of the E/S ratio. Table

4.1. presents the experimental inputs used in the cell performance model.
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Figure 5.13. Influence of C/S ratio on the projected a) Wh kg™! and (b) Wh L! of the Li-S

cell for E/S and N/P ratios of 6, 13, 20, and 35 pL mg!, and 1.5, respectively.

The reliance of the cell performance on the C/S ratio is clear in Figure 5.13, especially

for low or moderate E/S ratios (6 and 13 ul mg™). As the C/S ratio increases, the cell level

performance worsens. For instance, even though the peak discharge capacities obtained at a

C/S ratio of 0.5 are lower compared to the others (Figures 5.9a and 5.9b), the cell with this

C/S ratio shows the best cell level performance. This indicates that the effect of carbon

amount on the battery volume or mass is more dominant than its effect on the discharge

capacity for low or moderate E/S ratios. On the contrary, the influence of C/S ratio on Wh

L! is less noteworthy for higher E/S ratios. Similarly, the variance of the Wh L' or Wh kg

! with the electrolyte amount is much more significant at low C/S ratios; they both increase

with decreasing E/S ratio as the figure presents. Consequently, we may conclude that the

cell level performance greatly depends on the cathode design factors, especially at low E/S

and C/S.
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5.2.2.2. System-Level Performance

The development of practical Li-S batteries necessitates the consideration of the pack-
level Wh L' and Wh kg™! in addition to the cycling performance or the discharge capacity.
Li-S battery performance calculated by using the experimentally achieved peak discharge
capacities are displayed in Figure 5.14 based on the C/S ratio for various E/S ratios. Parallel
to our previous discussions, Figure 5.14 presents dissimilar trends for the impact of the C/S
ratio on the system level specific energy and energy density for different E/S ratios. The
reliance of the Wh kg'! and Wh L! on the C/S ratio is obvious for limited electrolyte
amounts, whereas this trend is less pronounced at excessive E/S ratios. For low E/S ratios (6
ul mgt), energy density decreases with increasing C/S ratio, whereas for medium E/S ratios
(13 and 20 pul mg!) a C/S ratio of 2 gives the best performance even though the difference
between C/S=2 and C/S=1 is subtle. The reason for the slight increase seen when the C/S
ratio increases from 1 to 2 for medium E/S ratios can be explained by the discharge capacity
results reported in Figure 5.10b. We observe an increase in the discharge capacity when the
C/S ratio increases from 1 to 2 for E/S ratios of 13 and 20 pl mg™!; energy density projections
follow this trend. Consequently, we can conclude that at medium E/S ratios, energy density
predictions obey the discharge capacity trends. On the other hand, at low E/S ratios the
change in the weight/volume of the pack with increasing C/S ratio has a more determinative

influence on the calculated energy density. Finally, we may discuss that at the highest E/S
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ratio of 35 ul mg!, the effect of C/S ratio on the energy density is almost nonexistent. As
discussed in the previous chapter, for high E/S ratios, the electrolyte weight/volume
dominates the pack weight/volume and the system level performance becomes less sensitive
to the other design factors [46]. The best system level metrics are projected with the lowest
C/S and E/S ratios of 0.5 and 6 ul mg’!, respectively, even though this cell provided a lower
peak discharge capacity compared to the others. This result supports our discussion that the
Wh L' or Wh kg! for the battery packs should be a prior concern in Li-S cathode design;
optimizing the E/S or C/S ratio based on the peak discharge capacities may be misleading.
Our model projections validate that electrolyte-starved cells with high S loadings are

required to accomplish high-performing Li-S batteries.

It should be noted that herein the system level performance projections are based on
the experimental performance results of Li-S coin cells. As known, the E/S ratios used in
coin cells are typically much higher compared to pouch cells [129]. It would be interesting
to run the system level performance model developed here using the experimental
performance results of pouch cells; this will be focused on in our future studies.
Nevertheless, this study provides a detailed discussion on the impact of C/S and E/S ratios
on the electrochemical performance and energy density of a Li-S battery and the conclusions

can be easily extended to other cell designs.

5.3. The Effect of the Sulfur Loading and Carbon Type on the Li-S Battery

Performance

Herein, we investigated the impact of S loading and carbon type on the
electrochemical, cell- and system-level performance of the Li-S battery via employing
experimental and modeling methods together. First, we examined the impact of carbon
properties and sulfur loading on the capacity and cycle performance of the Li-S battery
experimentally for cathodes containing carbons with different pore volumes, particle sizes,
and specific surface areas prepared at different thicknesses (thus at varying S loadings).
Furthermore, the dependency of the cell and system level energy density on the carbon
properties and the S loading is inspected with the help of an experimentally-driven system
level performance model for the Li-S battery. This part of the chapter is under review to be

published and the original manuscript has been adapted for this dissertation.
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5.3.1. Experimental Characterization of the Sulfur Loading and Carbon Type on the

Li-S Cell Performance

Figure 5.15 displays the voltage profiles during the initial discharge of Li-S cells with
different carbon cathodes of AB, KB, and Super C65 with varying sulfur loadings. For each
illustration, the result of a representative replicate is provided. Figure 5.15 presents that the
initial discharge capacity increases with increasing sulfur loading up to a point for almost all
different carbon samples; the highest capacity is obtained for moderate S loadings (1.3-1.8
mg cm2) for all cases. On the other hand, a further increase in the active material loading
results in a decrease in the capacity. This may be explained firstly by the excess sulfur in the
pores constraining lithium interaction. Moreover, increasing cathode thickness hence sulfur
loading causes polysulfide anions to agglomerate on the carbon surface and be converted
into shorter and less soluble polysulfides blocking the remaining sulfur to contact with the
carbon [37]. Sufficient wetting of thick sulfur cathodes is also challenging owing to the
hydrophobic properties of both carbon and sulfur. Consequently, sulfur utilization worsens
with increasing S loading also due to slow electrolyte infiltration and inadequate electrolyte
uptake [59]. Furthermore, as the cathode thickness increases voltage drop becomes more
visible; this is mainly due to hindered reaction kinetics at decreased cathode electronic
conductivity. Notably, for Li-S cells with high S loadings the low voltage plateau, where the
reduction of S4* into solid Li>S> and Li>S occurs, is not clearly achieved. As known, the

reduction of Li>S> to Li>S is necessary for high capacity and hence high energy density [130].
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Figure 5.15. First discharge voltage curves for Li-S cells of different carbon cathodes with

varying sulfur loadings at 0.1C.

The cycling behavior of Li-S cells with changing S loadings for all three carbon types
is illustrated in Figure 5.16. The type of carbon used in the cathode has a determinative effect
on how the S loading impacts capacity retention. For instance, it can be seen that S loading
does not have a significant influence on the cycling behavior of Li-S cells with AB [131].
On the other hand, for Li-S cells with Super C65, the capacity retention is much better at
higher S loadings (2.30 and 3.17 mg cm™) although the best initial discharge capacity was
achieved for the S loading of 1.48 mg cm™. This may be explained by higher S-loaded cells
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displaying higher capacity retention due to the delayed capacity fading because of the
activation process [101]. For Li-S cells with KB, the dependence of the cycling behavior on
the S loading is also different; much lower capacities are obtained at the highest S loading
of 2.03 mg cm2. This result is rather surprising as KB has a significantly higher surface area
compared to the other two types of carbon and thus it is expected to accommodate much
higher S loadings in the cathode. This may be due to the inhomogeneous distribution of S in
the cathode and fractures on the surface causing volume change and material loss with the
cycling [59]. Moreover, there may be significant volume shrinkage in these high surface area

materials during the solvent removal process in the cathode preparation [77].
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carbon cathodes of a) AB, b) KB and c) Super C65 at varying sulfur loadings at 0.1C.
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The effect of S loading on the coulombic efficiency is much clearer; coulombic
efficiency decreases with increasing active material loading for all carbon types. This is

expected since enhanced shuttle rates are expected for higher S-loaded cathodes.
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Figure 5.17. Comparison of capacity retention and coulombic efficiency for different
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2

So as to observe the impact of the carbon type on the battery performance in a more

obvious manner, the cycling behavior of Li-S cells with different carbon cathodes is



73

compared for 4 different S loadings in Figure 5.17. As seen in Figure 5.17a, the cycling
behavior of the cells with comparatively low S loadings shows no remarkable difference
between the carbon variants. However, for medium S loadings (Figure 5.17b), the highest
capacity retention is achieved with KB although it provides a relatively lower initial capacity
of 894 mAh g!. Here, the highest initial discharge capacity is attained with Super C65 as
1051 mAh g'!; yet, capacity fade for the cell with Super C65 is notable at the given S loading.
Carbons with a larger specific surface area could deliver more electrochemical reaction sites
available for the adsorption of the soluble lithium polysulfides and host of the lithium
sulfide, and thus typically provides a better cycle life [74]. This may be the reason that the

cell with KB gives the best capacity retention.

In contrast, as presented in Figure 5.17c, as the sulfur loading hence the cathode
thickness increases, much lower capacities are achieved with KB. Super C65 exhibits the
best capacity retention and the highest capacities among the other carbons at a S loading of
~2 mg cm. Similar discussions can be made as the sulfur loading increases to almost 3 mg
cm?; no significant change is observed for the cells with AB and Super C65. Yet, the cycling
of the Li-S cell with KB cannot be achieved at this S loading due to problems with the
cathode surface. As the carbon surface area increases, the discharge capacity and cycling
behavior should be enhanced [106]. Although KB has superior features regarding its much
higher surface area, surprisingly it did not provide the highest discharge capacity in our
study. Moreover, as discussed above, it was not possible to increase the S loading of the
cathodes with KB. The use of high surface area carbons may result in brittle electrodes with
cracks over the surface, which becomes more distinct as the sulfur loading gets higher.
Cathodes prepared with KB were non-homogenous and brittle, leading to poor performance.
A different approach in electrode preparation might be needed to achieve high performance
in KB containing cells; melt diffusion or encapsulation strategies may be more effective in
incorporating S more homogeneously at higher loadings into the cathodes. Moreover, using
conventional casting methods may result in cracking on the cathode surface after drying in

addition to detachment during cycling due to poor interparticle adhesion [132].

Since the electrolyte amount is another decisive factor in the Li-S battery performance,
an E/S ratio of 20 ul mg! is also investigated for different carbon types. As seen in Figure

5.18, as the E/S ratio increases from 13 to 20 pl mg!, the initial discharge capacities worsen;
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this trend is more visible for AB and Super C65. The cycling performance of different carbon
cathodes is also examined (Figure 5.19); better cycling performance is achieved with the
lower E/S ratio for all carbon types. Moreover, our prior discussions on the impact of carbon

type on battery performance are shown to be valid also for higher E/S ratios.
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Figure 5.18. First discharge voltage profiles of Li-S cells of different carbon cathodes of
a)AB, b)KB and ¢)Super C65 with varying E/S ratios of 13 and 20 ul mg! at 0.1C. S

loading in the cathodes are 1.48-1.81 mg cm™,
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Figure 5.19. Cycling behavior of Li-S batteries with carbon cathodes of AB and KB with
E/S ratios of 13 and 20 ul mg'.

Figure 5.20 presents the change of the voltage profiles with cycling for Li-S cells with
different carbon cathodes. As known, the two plateaus at 2.4 V and 2.1 V correspond to the
conversion of sulfur to higher-order polysulfides and the conversion of these to lower-order
ones, respectively. It is apparent in the figure that these two plateaus are not distinctive for
KB; the cell voltage decreases continuously during discharge. Interestingly, the two
discharge plateaus become more well-defined at the 100" cycle. On the contrary, Li-S cells
with AB present a stable cell voltage throughout the low voltage plateau. In parallel with our
previous discussions, even though the uppermost initial discharge capacity is attained for the
Super C65 electrode (1051 mAh g!), capacity fade is more pronounced for this cell at the
given S loading, and the Li-S cell with KB presents better capacity retention as evident in

the figure.
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Figure 5.20. Comparison of the 1%, 10", and 100%™ discharge curves of different carbon
cathodes of a) AB with a sulfur loading of 1.13 mg cm™, b) KB with a sulfur loading of
1.33 mg cm, and ¢) Super C65 with a sulfur loading of 1.48 mg cm™.

Peak and 50" cycle discharge capacities and cell voltages at the 50% depth of
discharge (DOD) of Li-S cells for various sulfur loadings on different carbon electrodes are
displayed in Figure 5.21. For all carbon electrodes, it is seen that as the sulfur loading
increases, peak discharge capacity also increases up to a sulfur loading of approximately 2
mg cm2. However, a further increase in the S loading causes a decline in the discharge
capacity, and this behavior is more distinct with the KB electrode. As explained above, KB
cathodes at higher thicknesses are very stiff and brittle, and thus the battery performance is
severely affected at higher S loadings. Similar behavior is attained with the discharge

capacities at the 50" cycle, except that Li-S cells with KB electrodes show superior
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capacities than the others at low S loadings due to their advantage in capacity retention.
Despite that, Figure 21b presents that the highest capacity is obtained with the Li-S cell
containing Super C65 with a S loading of 2.3 mg cm™. Moreover, cell voltage decreases
with increasing sulfur loading in all cases because of lower electronic conductivity and

surface area and increasing current density and overpotential.
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Figure 5.21. Influence of carbon type and S loading on the a) peak discharge capacity, b)
discharge capacity at the 50" cycle, and c) cell voltage at the 50% DOD.
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5.3.3. Model Predictions on the Effect of Sulfur Loading and Carbon Type on the Li-

S Battery Performance

5.3.3.1. Cell-Level Performance

The impact of sulfur loading and carbon type on the cell level performance is projected
via the model, of which parameters are given in Table 4.3. The cell level model uses
experimental peak discharge capacities and cell voltages at the 50% DOD. As seen in Figure
5.22, increasing sulfur loading improves the cell level performance until a certain level of
sulfur loading. Interestingly, Li-S cells with AB and Super C65 cathodes show slightly
different trends of energy density and specific energy at higher S loadings. For instance,
higher sulfur loadings with AB and Super C65 cathodes increase the specific energy,
whereas cell level energy density decreases with a further increase in the S amount. This
suggests that the weight of the cell is more sensitive to the active material loading; the
decrease in the cell weight with increasing S loading is more influential than the decrease in
the cell capacity. The deficient performance of the cell with KB at high S loadings is

obviously due to the low discharge capacity.
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Figure 5.22. Model projections on the cell level a) Wh kg™ and (b) Wh L! of the Li-S

battery with different carbon electrodes at various sulfur loadings. N/P ratio=1.5 and 0.1C.
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5.3.3.2. System Level Performance

High practical energy densities are required for Li-S batteries for their
commercialization in the future; consequently, projecting the performance at the pack level
is critical for Li-S batteries. Figure 5.23 displays the effect of sulfur loading with different
carbon electrodes on the system level performance, modeled using the experimentally
measured peak discharge capacities. Higher S loadings are expected to enhance energy
density due to the minimized amount of inactive material. However, this trend is not fully
captured here. For Li-S cells with both AB and Super C65 cathodes, the highest metrics at
the pack level are projected at medium S loadings, where the discharge capacities are
maximized. A better design of electrodes is probably required to improve discharge
capacities and thus energy densities at higher S loadings. Lastly, it is evident in the figure

that the highest pack performance is achieved with the use of Super C65 in the cathode.
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Figure 5.23. Model projections on the system level a) Wh kg™! and (b) Wh L! of the Li-S

battery with different carbon electrodes at various sulfur loadings. N/P ratio=1.5 and 0.1C.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

In this study, the effect of key cathode design parameters, E/S ratio, C/S ratio, sulfur
loading, and carbon type, on the Li-S battery performance is assessed through

electrochemical characterization and performance modeling.

First, electrochemical characterization of Li-S cells with varying E/S ratio was
performed and the experimental results were fed into the developed cell-and-system level
performance models to project the effect of the E/S ratio on the specific energy and energy
density of the Li-S battery. Experimental results demonstrated that even though the highest
initial discharge capacity was obtained for an E/S ratio of 20 uL mg™!, the highest capacity
retention was achieved with an E/S ratio of 13 pL mg!. Cell- and system-level energy
density and specific energy projections clearly suggested that lower E/S ratios were better
for higher performance. The impact of sulfur loading, cathode thickness, and C/S ratio on
the energy density and specific energy was also investigated along with the E/S ratio with
the developed performance models. To conclude, when the influence of the E/S ratio not
only on the initial discharge capacity and cycling performance but also on the specific energy
and energy density at the cell and system level were considered, an E/S ratio of 13 pL mg’!
showed the best performance. Our approach has clearly shown that achieving enhanced
cycle life at low E/S ratios and high S loadings is crucial to attain high specific energy and

energy density at the system level, thus, to succeed practical Li-S batteries.

Next the impact of the C/S ratio on the battery cycling behavior and discharge profiles
for varying E/S ratios was performed. It was concluded that moderate C/S ratios (1 or 2)
achieve the best performance, mainly due to a trade-off between high electronic conductivity
(thus high sulfur utilization) and high active material loading. The highest initial discharge
capacity and the best capacity retention were achieved for the Li-S cell having C/S=2 and
E/S=13 ul mg!. Next, performance models for Li-S cells and packs were developed by
incorporating the experimental dependence of the discharge capacities on the C/S ratio. Wh

L' and Wh kg! at the cell and pack level were projected for the Li-S battery based on the



81

E/S and C/S ratios. C loading affects the battery performance more dominantly at low E/S
ratios; as the electrolyte amount increases, this trend is less likely to be captured. To
conclude, the projection of the Li-S battery Wh L' and Wh kg™! is critical in the optimization
of the cell design.

Finally, the influence of carbon properties on Li-S battery discharge behavior and
cycling performance was investigated experimentally for cathodes prepared at various
thicknesses using three different carbons (Super C65, AB, and KB) with varying pore
volumes, particle sizes, and specific surface areas. Furthermore, the impact of sulfur loading
on the electrochemical performance of a Li-S cell was discussed for these three carbons.
Following experimental characterization, a system level performance model was presented
by adapting the publicly available BatPaC model to estimate the Wh L' and Wh kg'! of the
battery pack based on carbon type and S loading. The performance model considers the
experimental relationship between the discharge capacity and the carbon type. It also
contains a one-dimensional electrochemical model that predicts the variance of the current-
voltage association as a function of carbon characteristics. The cycling behavior of Li-S cells
with various S loadings suggested that the carbon utilized in the cathode significantly
influences how the S loading impacts the battery performance. Li-S cells with AB, for
example, exhibited no significant sensitivity toward S loading, but Li-S cells with Super C65
retained more capacity at higher S loadings. Li-S cells with KB, on the other hand, were
unable to attain good performance at higher S loadings, which was surprising given their
significantly larger surface area. This poor performance might be due to an inhomogeneous
distribution of S in the cathode. Our findings also implied that carbon characteristics are
more important in determining the cycling performance for higher S loadings. Moreover,
Super C65 was projected to have the best pack performance. Li-S cells with both AB and
Super C65 cathodes attained the highest system-level metrics when discharge capacities are
maximized at medium S loadings. Our results demonstrate that enhancing the battery pack's
energy density and specific energy is crucial and focusing exclusively on discharge

performance for Li-S cell design might be deceptive.
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6.2. Recommendations

The impact of critical cathode design parameters on the electrochemical, cell-and
system-level performance of Li-S batteries has been investigated in this thesis. The
following recommendations can be considered in future research to deepen the presented

analysis.

e The effect of the E/S ratio, C/S ratio, sulfur loading and carbon type in the cathode
on the Li-S battery performance was examined in this study. The effect of other key
factors such as the electrolyte material, binder type and separator type can also be
investigated.

o Li-S battery resistance for the key design parameters investigated in this study can
be examined

e High sulfur loadings and low E/S ratios are desired in the matter of achieving high-
performance Li-S batteries. Therefore, the encapsulation of cathodes can be
examined to improve the cell- and- system level performance of Li-S batteries.

e The effect of different carbon types can also be studied by improving the cathode
preparation method.

e Electronic conductivity and surface morphology analysis can be done for the

different carbons used in the study.
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APPENDIX A: SUPPLEMENTARY INFORMATION 1

A.1. Electrochemical Model

Newman and Tobias developed an electrochemical model applicable for the porous
cathode. In the model, the following assumptions were made:
¢ Constant concentrations
¢ Single electrochemical reaction
e Zero fluid velocity
e Time independent

e Symmetrical discharge-charge reactions

Current-voltage relation and overpotential of the cathode is achieved with Tafel or

Linear kinetics according to defined condition and can be described as

o do, (A.1)
= e gy
o do, (A.2)
= ~Kers gy
diy (di_ (A3)
dx = dx
a,F (A.4)
exp ( I;T (1 — ¢2))
Viz = aiO,pe a F
—exp (I;_T (P1 — @2))
Atx =0,i, =1and ¢, =0 (A.5)
Atx=Landi; = 1. (A.6)

where Equation (A.1) and Equation (A.2) represents the matrix and electrolyte currents

based on the Ohm’s law.
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Overpotential can be calculated for Tafel kinetics: |I| > aigpeLye as

di ] algpeF (A.7)
d_.; = —Alpe,q + exp RI; ((pl - ¢2)]
d?j dj A.8
H=Tej-e (A9
dy? dy
Aty =0andj=0 (A.9)
Aty=1landj=1 (A.10)
€ 2 A.ll
1 (6—¢) [E + glnsec(e — 1/))] ( )
¢1(L)_¢2(0)=E +261 " 2|I|92
5 nsecy + In (aio,peLpe5
_ X i_ b o _ et o 1o 1\ _LpelllB g
where y = Lpe,] =—.B==7 6 = Ly |IIB (Keff + oeff) ,E = - ,0 =
2660 _ €
arctan pyER and Y = arctan v
Overpotential can be calculated for Linear kinetics: |I| < aig peLyp, as
di algpeF A.12
d_; = (ape,a + ape,c) R—I’}e ((»bl - ¢)2) ( )
d?j dj A.13
H=Tej-e (A1)
dy? dy
Aty=0andj=0 (A.14)
Aty=1landj=1 (A.15)
Peff  Keff A.16
Ipre 1 + 2+<@+@)Coshv ( )

1 (L) - O} 0) = Kefftoers vsinhv



1 1 Lyelll
+ —) and e = “eelllf
Keff

Keff  Oeff

. 1 Ape,cF
where y = 2 = & g %22 5 — 1 1115

A.2. Cell design in the system-level performance model
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Cell design in the system-level performance was developed by modifying the publicly

available model as stated [118]. Main equations used in the cell design through the

calculation of system-level performance can be written as

L
Width of positive electrode (mm) = JAlayer/[W]pos.elect.

Length of positive electrode (mm) = Ajqyer/Wpos.elect.

Width of cell (mm) = Wyeserect. +

2tcell edge from pos.elect.to outside of fold

Length of cell (mm) =

Lpos.elect. + 2Ltop of pos.elect.to top of term

Thickness of cell (mm)
= (number of bicell layers + 1) X tpeg fou
+ (Number of bicell layers) X tyos foir

+ (2Number of bicell layers) X t,oseiect.at adj.ocv

+ tneg.elect.at adj.ocv + tsep) + thouch

Volume of cell (cm?)

= width of cell X length of cell X thickness of cell

Separator area (m?)

= 2Number of bicell layers X (Wpos.elect.

+ 4) X (Lpos.elect. + 6)

(A.17)

(A.18)

(A.19)

(A.20)

(A21)

(A.22)

(A.23)



Electrolyte volume (L)

Mye m
= — X ve + [ —
pne,total ppe,total

pe

+ sep.area X sep.length X void vol

0.02
+ teen X Lpos.elect. X Wpos.elect X (M)

Active material mass in pos.elect. (g)

cell capacity

" positive active material capacity

active material mass

Total mass of positive electrode (g) =
Wpe,act

active material mass

S loading in the electrode (g) =

Acell
] total mass
Electrolyte in pos.elect.(g) = —————— X Vo X Peiectrotyte
Ptotal
Active mat.in neg.elect.(g)
cell capacity N
" negative active material capacity =~ P

active material mass

Total mass of pos.elect.(g) =
Whe,act

Cell mass (g) = Mpe + Mpe + (Aneg foir X

Lneg.foil X pneg.foil) + (Apos.foil X Lpos.foil X ppos.foil) +

(Asep X Lsep X psep) + Ve X Pe + Mpos.term.assy +

mneg.term.assy + Mcell holder

Velectrolyte

%ratio(uL mg~1) =

Mactive material in pos.electrode

. Vel LyteXp
electrolyte mass% in the cell = —=<22X"¢
cell mass
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(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A31)

(A.32)

(A.33)
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A.3. Module design in the system-level performance model

The volume and mass of the module are achieved with the following equations.
Electrolyte losses and for the module design 0.5 mm thick aluminum is used and the
entrance of water vapor and electrolyte losses from the cell are prevented with the sealing
of the module. Main equations used in the module design through the calculation of

system-level performance can be written as

oth)

Terminal resistance factor (A —
cm

05 (A.34)

_ (terminal heating factor x Pm)

Ocu

Module terminal resistance (ohms)

= if number of modules per battery pack

=10
5 (A.35)
xterminal resistance factor if not; 0
max current at full power
2
xterminal resistance factor
max current at full power
Mass of each cell group interconnect (g)
= if number of cells in parallel =1;0
" (A.36)
if not; = number of cells in parallel X t..; X % X
Wterm X 1.5 X Pcu-
Module SOC regulator assembly (g)
(A.37)

_ 8 xnumber of cells per module

number of cells in parallel
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Module width (mm)

= (t . T teooling fin/2) X number of cells per module (A.38)

+1+ 2tmodule wall
Module height (mm) = Weey + 2tmodule wall T 2tcooling fin (A39)
Module volume (L) = module (height X length X width) (A.40)

A.4. Battery Design in the system-level performance model

In the battery system, the interconnection between the negative and positive
terminals of the modules is provided with the help of copper connectors. Also,
compression force is exerted on the modules via steel bands. In order to ensure the flow
capability of heat transfer fluid ethylene glycol-water solution, a tray on the top and
bottom of the battery jacket is used. All size and mass calculations of the battery system

are given as

Total number of cells in a battery system
= number of cells in battery system (A.41)

X number of battery system in vehicle

Total number of modules in a battery system
= number of rows of modules in battery system (A.42)

X number of modules in row

Battery system capacity (Ah) (A.43)

= module capacity X number of modules in parallel



Total battery system energy storage (kWh)
= cell group capacity
X number of modules in parallel
X (nominal battery voltage

capacity)

— cells per battery system) X (cell z

ASItotal cell energy
Acell

X number of cells in parallel

X number of modules in parallel)

Volume of battery system and integration unit (L)

= (Lbatt.syst. X Hbatt.syst. X Wbatt.syst.)

+ Vsyst.integration unit

Mass of battery system and integration unit (kg)
= Mpqtt.coolant + Mpatt jacket + msyst.integration unit
+ number of modules per battery system

X module mass

Nominal battery voltage (V)
cells per battery pack

~ number of cells in parallel

OCV average for discharge (OCV at 50% SOC)
X
number of modules in parallel

OCV at full power battery (V)
cells per battery pack

~ umber of cells in parallel

OCV at full power cell
number of modules in parallel

total system power

Max. current at full power (4) = y;

FXOCV at full power battery
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(A.44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)
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A.5. ASI Calculation

ASI for the battery system is calculated using following relations

Electrode system ASI for power at SOC for vehicle type (ohm (A.50)

— cm?) = ASI, — cell hardware and battery ASI

Current collector (CC) ASI (ohms — cm?) (A.51)

2
Lpos.elect.

= CCresistance par. 3 X Lcc tabs.

Cell terminal and connection ASI (ohms — cm?) (A.52)
10, 10

(] Ocu Lterm.
- X X Acell

tterm Wterm.

+ cell terminal contact voltage loss

OCV at full power
max current at full power

cell

Resistance of module interconnects (ohms) (A.53)
= (Number of modules per battery system
— 1) X 2((3 X terminal resistance factor

/ max current at full power))

Resistance of module and system (ohms) (A.54)
= Module terminal resistance
+ resistance of module interconnects
+ (resistance of battery system terminals
/(mumber of modules per battery system

X number of modules in parallel?))

Total cell hardware and battery ASI (ohm — cm?) (A.55)

= CCyg; + Cell terminal and connection ASI

+ resistance of module and system hardware per cell X A_.p;



Total cell ASI for energy (ohm — cm?)
= Total cell hardware and battery ASI + ASI,

Sustained power (W)

Total cell ASI for energy (% rate)
- Acell

cells per battery system

X number of cells in parallel? X number of modules in parallel?

Heat generation rate for battery system (W) =

Battery system capacity )2

Sustained power (W) X ( .
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(A.56)

(A.57)

(A.58)



110

APPENDIX B: PERMISSIONS FOR FIGURES USED IN THIS
DOCUMENT

The figures that existed within the scope of this document and whose copyrights
were transferred to the publisher were used in the thesis in accordance with the
"publishing policy suitable to the reuse of the text and graphics produced by the author"

on the website of the publishing house.'





