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ABSTRACT

EFFECT OF ELECTROLYTE/SULFUR RATIO IN THE CATHODE ON
THE ELECTROCHEMICAL PERFORMANCE OF Li-S BATTERIES

Emerce, Nur Ber
M.Sc., Department of Chemical Engineering
Supervisor: Prof. Dr. Gérkem Kiilah
Co-Supervisor: Asst. Prof. Dr. Damla Eroglu Pala

January 2019, 141 pages

In this study, the effect of electrolyte to sulfur (E/S) ratio in the cathode, which is an
important cell design parameter, on the electrochemical and cell- and system-level
performance of a Lithium-Sulfur (Li-S) battery is investigated through modeling
efforts. First, a 1-D electrochemical model is developed for an isothermal, constant-
current discharge of a Li-S cell to predict the voltage at 60% discharge depth. In the
model, cathode exchange current density is defined as a linear function of the
electrolyte amount. Increasing the E/S ratio improves the electrochemical
performance at different current densities. Next, cell- and system-level performance
models based on the developed electrochemical model are proposed. In these
models, the cathode specific capacity is either defined as a linear function of the E/S
ratio or taken constant. The model, in which the cathode specific capacity depends
on the E/S ratio, predicts that increasing E/S ratio increases the cell- and system-
level specific energy and energy density until 10 mL gsururl. However, when the
cathode specific capacity is kept constant at 1200 mAh gs* in the model, the specific
energy and energy density at the cell and system level decrease significantly with
increasing electrolyte amount. In the cell- and system-level performance analysis, the
effect of other critical cell parameters such as the cathode thickness, carbon to sulfur
ratio, S loading and excess Li amount are also considered. As a result, Li-S batteries
with high cell- and system-level performance can be designed with the optimum E/S
ratio and specified cell design parameters.
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KATOTTA ELEKTROLITE SULFUR ORANININ LITYUM-SULFUR
BATARYALARININ ELEKTROKIMYASAL PERFORMANSINA ETKISi

Emerce, Nur Ber
Yiiksek Lisans, Kimya Miihendisligi Boliimii
Tez Danigmani: Prof. Dr. Gorkem Kiilah
Ortak Tez Danismani: Yrd. Dog¢. Dr. Damla Eroglu Pala

Ocak 2019, 141 sayfa

Bu ¢aligmada, Li-S bataryalarinda 6nemli bir hiicre tasarim parametresi olan katotta
elektrolite siilfiir (E/S) oraninin elektrokimyasal ve hiicre- ve sistem-diizeyi
performansa etkisi modellenmistir. Oncelikle Li-S hiicresinin izotermal ve sabit-
akim desarj1 i¢in tek-boyutlu bir elektrokimyasal model gelistirilerek hiicrenin %60
desarj derinligindeki voltaji ongoriilmustiir. Katottaki tek kinetik parametre olan
katot degisim akim yogunlugu modelde elektrolit miktarinin lineer bir fonksiyonu
olarak tanimlanmigtir. Model artan E/S oranimmin hiicrenin elektrokimyasal
performansin1 akim yogunlugundan bagimsiz olarak gelistirdigini ongdrmektedir.
Onerilen bu elektrokimyasal model kullanilarak hiicre- ve sistem-diizeyi performans
modelleri de gelistirilmistir. Bu modellerde katottaki spesifik kapasite, ya E/S
oranmin lineer bir fonksiyonu olarak belirlenmis ya da 1200 mAh gs? olarak sabit
tutulmustur. Katottaki spesifik kapasitenin elektrolit miktarina bagli olarak
tanimlandigr model, artan E/S oraninin hiicrenin ve bataryanin spesifik enerji ve
enerji yogunlugunu 10 mL gs? oranna kadar arttirdigini dngdrmektedir. Modelde
spesifik kapasitenin sabit tutuldugu durumda ise hiicre- ve sistem-diizeyi spesifik
enerji ve enerji yogunlugunun artan E/S oraniyla diistiigli goriilmiistiir. Hiicre- ve
sistem-diizeyi performans analizlerinde, katot kalinligi, katotta karbona siilflir oran,

S yiikleme orani ve anotta fazla Li miktar1 gibi diger 6nemli hiicre parametrelerinin
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etkisi de goz oniinde bulundurulmustur. Sonug olarak, yiiksek hiicre- ve sistem-
diizeyi performansa sahip Li-S bataryalarin optimum E/S oranmi ve belirlenen diger

hiicre parametreleri ile elde edilebilecegi sonucuna varilmstir.

Anahtar Kelimeler: Lityum-siilfiir batarya, elektrolitin siilfiire orani, elektrokimyasal

modelleme, hiicre ve sistem diizeyi performans
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CHAPTER1

INTRODUCTION

As the global energy consumption continues to increase, the demand for fossil fuels
also increases. However, increasing fossil fuel usage causes higher greenhouse gas
emissions especially in transportation. According to a study, in the U.S. conventional
gasoline cars comprise approximately 27% of the total greenhouse gas emissions [1].
Therefore, by replacing the fossil fuels by the renewable sources such as wind, solar
etc. air pollution and global warming can be prevented. For example, by using
renewable sources in transportation, CO, emission can be reduced significantly.
Consequently, developing efficient and cost friendly energy storage systems is very
important. Li-ion batteries, which was first commercialized by Sony in 1991, have
been used in many applications such as in portable devices and EVs because of their
high energy density [2, 3]. However, with developing technologies, improvements in
the energy, safety, durability and cost of the Li-ion batteries are required [4]. For
instance, Li-ion batteries cannot meet the requirements for the current EVs. For
example, advanced EVs, which have a 300 mile range, need a battery with 350-400
Wh kgt cell level specific energy [5]. However, Li-ion batteries can provide 80-150
Wh kg™ [1, 6]. As a result, researchers work on new battery chemistries with higher
specific capacities. Lately, Li-S batteries have gained significant attention because of
their high theoretical specific energy. Li-S batteries were first introduced in 1960s
but, the progress has been slow due to the improvements in Li-ion batteries [7]. In
2009, Li-S batteries have regained interest as a result of improved cycling
performance by Nazar et al. [8]. Sulfur as an active material is advantageous for the
rechargeable batteries because sulfur has high theoretical specific capacity of 1675
mAh gs1. In addition, sulfur is a non-toxic, naturally abundant and low cost material
[9-14]. Li-S battery has a higher energy storage ability compared to a Li-ion battery,
as given in Table 1.1.



Table 1.1. The comparison of cell voltage, specific energy and energy density of Li-

S batteries and Li-ion batteries [3,5,8-10,12,15-18]

Battery Working Voltage Theoretical Theoretical
V) Specific Energy Energy Density
(Wh kg?) (Wh L7
Li-ion 3.8 387 1015
Li-S 2.2 2567 2199

The U.S. Department of Energy projects that the future battery for EV will have
greater than 250 Wh kg? specific energy and 400 Wh L energy density in 2020
[19]. In commercialized batteries, usually 25-40 % of the theoretical specific energy
can be used [20, 21]. Li-ion batteries can only supply 200-250 Wh kg specific
energy, whereas Li-S batteries can satisfy the future EV battery requirements with a
prototype specific energy of 200- 400 Wh kg™. For instance, Sion Power and Oxis
Energy companies produced Li-S prototypes with approximately 350-400 Wh kg
specific energy [16, 17, 22-25]. However, their batteries have only approximately
700 Wh L%, Since for EV applications energy density is more important, improving

the energy density of the Li-S battery has become critical.

The Li-S battery contains a sulfur-carbon composite porous cathode, organic
electrolyte, a porous separator and a lithium anode [10, 13]. The schematic
configuration of a typical Li-S battery is given in Figure 1.1 and the overall redox

reaction is shown in Equation 1.1.
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Figure 1. 1. A typical Li-S battery

16 Li + Sg - 8Li,S

Sulfur is used in Sg form which is the most stable type among its 30 allotropes [13].

In the battery, discharge and charge processes occur with multi-step redox reactions.

During the discharge, Ss is reduced to Li»S via multistage redox reactions from long

chain to short chain polysulfides. The redox steps and the cell voltage profile during

discharge and charge are given in Equations 1.2-1.6 and Figure 1.2, respectively [3,

4,12, 26].
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Figure 1. 2. The voltage profile of a Li-S battery during discharge and charge



Discharge step 1: sulfur reduces to high-order polysulfides which have high
solubility in the electrolyte

SB(S) + 2Lit +2e” - LiZSS (12)

Discharge step 2: high order polysulfides reduce to low order polysulfides

Li,Sg + 2Li* + 2e~ - 2Li,S, (1.3)

Discharge step 3: low order polysulfides reduce to insoluble solid Li.S2 and Li.S
mixture. This liquid to solid transition comprises the major part of the cathode

capacity.
Li254 + 2Ll+ + Ze_ i ZLLZSZ(S) (14)

LiyS, + 6Li* + 66~ — 4Li,S) (1.5)

Discharge step 4: Li»S> converts to Li»S slowly because of solid to solid transition.

LiZSZ(s) +2Lit +2e” > 2Ll25(5) (16)

Despite their advantages, Li-S batteries suffer from major challenges related to both
the sulfur and the lithium electrode. These challenges are poor electrode
conductivity, polysulfide shuttle mechanism and instability of the lithium anode
surface [9, 10, 17, 18, 27, 28]. Firstly, both sulfur (5x10° S cm™* conductivity [18])
and its end products, LioS and Li>Sz, have insulating natures. Therefore,
accumulation of these on the cathode surface causes lower sulfur utilization in the
cell [7,9,17,29]. Secondly, polysulfide shuttle mechanism, which is unique to Li-S
batteries, may occur because of the diffusion of high and low order polysulfides
within the electrodes. During discharge, high order polysulfides have a high
concentration in the cathode and, due to the concentration difference between the
two electrodes, they can diffuse to the anode. There they are converted into either
low order polysulfides or Li2S and Li2S2. Then, low order polysulfides can diffuse

back to the cathode again to create high order polysulfides. This circulation called



the polysulfide shuttle mechanism leads to fast capacity fade and low coulombic
efficiency in the cell [12, 15-17, 19, 30-32]. Another challenge in the cell is the
instability of the lithium surface electrolyte interphase (SEI), which is the interphase
film formed by a side reaction of the Li metal with the electrolyte. This side reaction
may result in Li metal or electrolyte depletion in the cell. Moreover, as mentioned
before, polysulfides and non-conducting products, Li»S and Li>S,, can accumulate on
the anode because of the shuttle mechanism. Accumulation of these on the anode
surface due to the absence of a stable SEI may cause corrosion on the anode surface

in addition to an increase in the cell resistance [14, 16, 26, 29].

In Li-S batteries, there are important design parameters at the cell-level that
influence the materials level properties such as the reaction and degradation
mechanisms greatly. In addition, these design parameters also determine the cell
level performance (cycle life, sulfur utilization and useable specific capacity) and
system level performance (energy density, specific energy and original equipment
manufacturer (OEM) cost) significantly [10]. These design parameters are explained
below.

The cell level design parameters:

e Excess lithium amount in the anode (in other words negative electrode
capacity to positive electrode capacity ratio (N/P ratio)): Since SEI film on
the lithium surface is unstable, it consumes lithium and electrolyte
continuously. Therefore, excess lithium is typically needed to improve the
cyclability of the cell [17]. However, excess amount of lithium influences the
cell and system level energy density and specific energy negatively via
increasing the cell mass and volume.

e Specific capacity of the cell: Cathode specific capacity, or discharge capacity
in other words, is the amount of charge delivered per unit sulfur mass in the
electrode (mAh gs?). High and retainable specific capacities are critical to
obtain good cell and system level performance since specific capacity is also

a measure of the sulfur utilization in the cell.



e Electrolyte amount (in other words electrolyte to sulfur ratio (E/S)):
Electrolyte amount in the cathode directly affects the polysulfide
concentration on the cathode surface, and thus plays a critical role in reaction
and polysulfide shuttle mechanisms. Increasing electrolyte amount improves
the reaction kinetics thus the specific capacity and the cyclability of the cell.
On the other hand, it has a negative impact on the energy density and specific
energy.

e Carbon to sulfur ratio (C/S): Because of the insulating nature of sulfur,
carbon, which has a good electronic conductivity, is typically needed in the
cell in excess amounts. Carbon amount increases both the electrochemically
active area and the electronic conductivity in the cathode and thus improves
the cathode kinetics. Therefore, it improves the discharge capacity and the
cyclability of the cell. However, increasing carbon content may decrease the
cell and system level energy density after a point since it is an inactive
material in the cell.

e Sulfur loading: S loading, which depends on the cathode thickness, is critical
as it determines the areal specific capacity in the cell. As the cathode
thickness, and thus the active material loading, increases, the energy density
of the cell increases remarkably. However, due to the transport limitations in
thicker electrodes, the discharge capacity and cycle life of the cell could be
affected inversely.

e Current density: It affects both the specific capacity and the capacity
retention of the cell. Typically, cell kinetics is improved at lower current
densities as transport limitations become less significant. C-rate is a measure
of the current density normalized for the cell capacity. For instance, a C-rate
of C/5 means that the cell is discharged at a current density at which the cell

will be discharged entirely at 5 h.

These cell level design parameters are critical for the performance of a Li-S battery
because that they influence the reaction and degradation mechanisms by means of
the material level parameters such as the surface area for electron transfer and

polysulfide concentration in the cell. A detailed literature survey of the experimental



and modeling studies about the effect of these design parameters is given in Chapter
2.

1.1 Scope of Current Work

The E/S ratio is a critical design parameter of the cell because it affects the
electrochemical performance of the cell by means of the precipitation and dissolution
reaction and polysulfide shuttle mechanisms. For example, higher electrolyte amount
provides better wettability of the electrode and therefore, an easier ion transport
within the cell. In addition, it prevents incomplete sulfur utilization and also the
polysulfide shuttle mechanism. However, when the E/S ratio is too high, it causes a
decrease in the columbic efficiency and the capacity, which affects the specific
energy and energy density of the cell. On the other hand, if the ratio is too low, the
cell has poor capacity retention. Therefore, the amount of the E/S ratio should be
selected carefully. In the literature, there are many experimental studies on the E/S
ratio effect on the electrochemical performance of the cell. However, the modeling
effort on investigating the effect of this key design parameter is very limited.
Therefore, a simple model predicting the effect of E/S ratio on the cell- and system-
level performance of a Li-S battery is required in the literature.

In this thesis, the effect of E/S ratio in the cell on the electrochemical and cell- and
system level performance of a Li-S battery was investigated. For this purpose, a 1-D
electrochemical model was developed for constant current, isothermal discharge of a
Li-S cell. The proposed model assumes that there are no concentration gradients or
shuttle mechanism within the cell. Another major assumption of the model is that
there is a single reaction in each of the two discharge voltage plateaus. In the model,
Butler-Volmer equation is used at the negative electrode, Ohm’s Law is used at the
separator and the Porous Electrode Theory is used at the positive electrode [34]. In
the second part of this study, cell and system level performance models were
developed using the proposed electrochemical model to predict the performance of a
Li-S battery as a function of the E/S ratio. Each of these models is described in

Chapter 3. In the electrochemical model, the cathode exchange current density was



defined as a function of the electrolyte amount. As a result of this novel approach,
the model can capture the trend seen for the experimental studies. An additional
novelty of the study is that the specific capacity of the cell was described as a
function of the E/S ratio in the cell and system level performance models. The
impact of the E/S ratio on the performance of the battery was discussed also as a
function of other critical design parameters such as cathode thickness, carbon to
sulfur (C/S) ratio in the cathode, excess Li% in the anode (N/P ratio), sulfur loading,
current density and cathode specific capacity. Based on these implications,
electrochemical and cell- and system- level performances of the Li-S battery with
varying E/S ratio were determined and the results are given in Chapter 4.



CHAPTER 2

LITERATURE SURVEY

In this thesis, the effect of E/S ratio on the electrochemical performance and cell and
system level performance of the Li-S was modeled as a function of other important
design parameters such as C/S ratio, sulfur loading, N/P ratio, current density,
cathode thickness and specific capacity. Therefore, in this part, the literature research
for the experimental studies on the effect of these important design parameters as

well as previous modeling studies about Li-S batteries are discussed.

2.1 Previous Studies on the Effect of Electrolyte to Sulfur Ratio on the Cell

Performance

Choi et al. [35] investigated the dependence of cycle life on the electrolyte amount at
4,12, 30 puL. Even though, higher electrolyte amounts provide better wetting of the
electrode and thus easier Li" transportation, less electrolyte amount is better to
reduce the cell mass area. According to the results, 30 uL of electrolyte provided the
highest specific capacity which corresponds approximately to 85% of sulfur
utilization. This is because electrolyte carries the lithium ions to the cathode and with
higher amount more sulfur is utilized. When the other electrolyte amounts were
analyzed, similar capacities were obtained. However, cycle life of the cells gave
different results. At 30 pL of electrolyte specific capacity decreased significantly
with cycling. On the other hand, specific capacities of the other cells increased at the

earlier cycles.

Zhang [36] determined the capacity changes with cycle number at different E/S
ratios. For this purpose, 13.3, 10 and 6.5 mL gs* E/S ratios were taken at a C/S ratio
of 0.26. At the highest E/S ratio, the highest capacity drop was observed due to
increasing polysulfide shuttle mechanism. 6.5 mL gs* E/S ratio resulted in a more

stable capacity, but its cycle life was limited. This is because that the electrolyte



amount was too low resulting in concentrated polysulfide solutions on the electrode
surface which decreases the sulfur utilization. Therefore, 10 mL gs* E/S ratio was
found to be the optimum ratio; at this ratio, the capacity remained approximately

constant and the cycle life was not as short as in 6.5 mL gs* E/S ratio.

Zheng et al. [37] reported the effect of S/E ratio on the cell performance at
approximately 1-2 mg cm sulfur loading, C/S ratio of 0.125 and 0.2 C-rate. The
lower S/E ratio means the higher electrolyte amount and, the ratios were changed
between 15 g Lt and 100 g L. At the lowest S/E ratio (highest E/S ratio),
polysulfide shuttle mechanism was observed due to high electrolyte amount; specific
capacity dropped significantly with cycling. However, with increasing S/E ratio
(decreasing E/S ratio) up to 30 g L%, shuttle effect starts to reduce and also, specific
capacity starts to decrease gradually. At 50 g L S/E ratio, the best cycling
performance was observed. At higher S/E ratios the capacity diminishes and the cell
experiences wetting problems. Therefore, in this study 50 g L was reported as the

optimum S/E ratio.

Urbonaite and Novak [27] studied the impact of the binder and electrolyte type and
electrolyte amount on the cell performance. When the electrolyte amount in the cell
was changed as 30, 50 and 100 pL, it was found that although the initial specific
capacity of the highest electrolyte amount was the highest, with increasing cycle
number its capacity decreases more rapidly than others. This result was seen for all

different binder and electrolyte types.

According to Hagen et al. [38], while E/S ratio improves the cycle life and sulfur
utilization, it may decrease the energy density of the cell; hence, it should be
optimized. In the study, different E/S ratios as 3:1, 4:1, 5:1, 6:1, 7:1 and 8:1 mL gs*
were used and, the effect of E/S ratio on the cell voltage was determined at 6.6 mg
cm2 sulfur loading, C/S ratio of 2 and 0.67 mA cm™. According to the study, 7:1 mL
gs* is the optimum E/S ratio for the cell because at lower E/S ratios capacity
diminishes significantly (especially at E/S ratio of 3:1). The main reason for this is
that increasing polysulfide concentration in the electrolyte leads to higher electrolyte
resistance in the cell and thus faster capacity fade. On the other hand, increasing

10



electrolyte too much, such as 8:1 mL g5 E/S ratio, may cause a sudden stop in the

discharge capacity.

Ding et al [2] studied the effect of electrolyte amount on the cell voltage and specific
capacity at a constant sulfur loading and current density. For this purpose, electrolyte
amount was taken as 20, 40 and 80 pL at 2.4 mg cm™ sulfur loading, 0.5 C/S ratio
and 56.6 pA cm™ current density. It was observed that, increasing electrolyte amount
from 20 to 40 pL increased the specific capacity of the cell by 71 mAh gs*. This was
explained by a better wetting of the electrode. The improvement in the specific
capacity with increasing electrolyte amount after this point was less significant. As a
result, 1066 mAh gs* of specific capacity was obtained from the cell with 80 uL of
electrolyte. When the cells were compared based on their capacity retention, the cells
with 20 and 40 pL electrolyte retained approximately the same capacities in the first
25 cycles. However, the cell with 80 pL of electrolyte had high initial capacity loss;
this was explained such that excessive increase in the electrolyte amount speeds up
the transportation of the polysulfides from the cathode to the anode causing fast
capacity fade. When the electrolyte amount (uL) is converted into E/S ratio (uL mgs’
1y using the sulfur loading (mg cm?) and the area of the electrode (cm?),
approximately 4.72, 9.45 and 18.9 pL mgs™ E/S ratios were calculated respectively
for 20, 40 and 80 pL. According to the results, 9.45 pL. mgs™ E/S ratio gave the best

performance among them.

Yan et al. [4] studied the effect of E/S ratio on the electrochemical performance
(cycle life and sulfur reaction kinetics) and the capacity fade of the Li-S cell.
Moreover, the effect of E/S ratio on the cell resistance was examined via
electrochemical impedance spectroscopy (EIS) method. The change of discharge
capacity with cycle number at different E/S ratios as 5, 8, 12 uL mg™* were analyzed.
It was found that the cell with 5 pL mg™ gave the lowest initial capacity, however it
remained constant during the cycling. On the other hand, the cell with 12 pL mg™
had the highest initial discharge capacity but, its capacity diminishes throughout
cycling. When the sulfur utilization and capacity fade percentages were considered,
similar conclusions were obtained. For the sulfur utilization, the cell with 12 uL mg™*
started at 97.7% but dropped till 38%. The cells with 5 pLL. mg™ and 8 pL mg™ ended
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up with similar sulfur utilization percentages after 100 cycles. Likewise, capacity
fade percentage was the highest for the cell with 12 uL mg™. Based on the discharge
capacity, sulfur utilization percentage and capacity fade percentage of the cells, 8 uLL
mg was reported as the optimum ratio for good cycling. When the sulfur reaction
kinetics was studied as a function of the E/S ratio, it was seen that the cell voltage
was the highest for the cell with 12 uL mg? since higher electrolyte amounts
improve the reaction Kinetics. Moreover, EIS was used at different E/S ratios in
order to observe the electrochemical reaction behaviors. At a fully discharged state,
two depressed semicircles and an inclined line were seen in the EIS result. These two
depressed semi circles were observed at high and medium frequency regions
referring to the charge transfer at carbon interface and to the charge transfer of solid
Li>S> and Li,S formation, respectively. Semi-circle of the charge transfer at the
lowest E/S ratio showed the largest impedance because that sufficient amount of

electrolyte leads to easier charge transfer.

Kolosnitsyn et al. [20] investigated the effect of electrolyte amount and lithium salt
type on the cell voltage. For all the lithium salt types, similar trends were observed at
different electrolyte amounts. In addition, the trends were as expected based on the
typical cell voltage behavior of the Li-S batteries. Electrolyte amounts were taken 1,
1.5, 2, 3, 4 uL per 1 mAh cathode capacity and 4 pL gave the highest discharge

capacity.

Fan and Chiang [39] analyzed the effect of E/S ratio on the Li.S electrodeposition
kinetics of the cell via cell voltage and capacity results. Li»S electrodeposition in the
cathode is an important process for the cell capacity. High concentrations of
polysulfides due to low electrolyte amounts in the cell lead to slow Li.S deposition.
This increases the polarization while decreasing the cell capacity. In the study, 7.9,
4.2 and 2.4 mL gst E/S ratios were used at a C/S ratio of 0.88 and C/4 rate.
According to the results, increasing E/S ratio increased the specific capacity as
expected. At 4.2 mL gs! E/S ratio, capacity was similar with that of 7.9 mL gs* E/S
ratio. However, the polarization was more significant causing a sudden decrease in
the cell voltage. At 2.4 mL gs* E/S ratio, the second voltage plateau was not

observed. This may be because that the electrolyte amount may not be enough to
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dissolve sulfur, which raises the resistance of the cell since sulfur restricts the

effective conductive cathode area.

Lacey [40] analyzed the dependence of the internal cell resistance on the E/S ratio.
This is mainly because that internal resistance can show the physical and chemical
changes occurring in the cell such as varying reaction kinetics. Therefore, the effect
of changing E/S ratio on the cell performance can be represented by the cell
resistance data. In order to observe that effect, the capacity and resistance changes of
the cell with 4, 4.5, 5, 6, 8 uL mgs™* E/S ratios at both discharge and charge were
taken. It was seen that during discharge, the resistance shows a peak at every E/S
ratio from 19 Q cm? to 107 Q cm?. The cell with 4 pL mgs? E/S ratio had the highest
resistance peak because that excess polysulfide concentration with less amount
electrolyte causes harder solubility and easier blocking of the cathode pores
increasing the cell resistance. Moreover, when the resistance change with cycling
was considered, it was seen that the resistance increased continuously with cycling,
especially at low electrolyte amounts. These results were in consistent with the
others discussing the effect of E/S ratio on the cell performance.

2.2 Previous Studies on the Effect of Critical Design Parameters on the Cell

Performance

Cheon [41] et al. discussed the electrochemical performance of a Li-S battery with
changing current density and cathode thickness. Higher C-rates influenced the sulfur
utilization negatively because that current density raises the overpotential of the cell
and decreases the cell voltage and capacity. Furthermore, increasing the cathode
thickness (15, 30 and 60um) diminished the sulfur utilization. For example, at 15 pm
of cathode thickness, 80% sulfur utilization was achieved whereas at 30 um of
thickness approximately 65% sulfur utilization was observed. The reason for this is
that at a thicker cathode there is a thicker Li>S layer causing larger diffusional
resistance. Therefore, higher cathode thicknesses and discharge rates decrease the
specific capacity of the Li-S battery.
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Kang et al. [18] observed how specific capacity changed with cycling at different
sulfur loadings and E/S ratios. The effect of sulfur loading on the energy density of
the cell with cycling was also investigated. For these studies, cells with different
sulfur loadings (0.99, 2.98, 6.8 mgs cm™) were prepared by varying the cathode
thickness. At the same time, electrolyte amount was arranged to examine the specific
capacity changes with cycling. According to the results, at 0.99 mgs cm of sulfur
loading, specific capacity was higher than that of other sulfur loadings. In addition,
E/S ratio of 10 uL g5 gave the best capacity retention with cycling. Therefore, 0.99
mgs cm2 of sulfur loading and 10 pL gs* of E/S ratio was decided to be the optimum
condition for the best specific capacity results. In addition to the specific capacity of
the cell, energy density values were also calculated from the specific capacity,
voltage and weight of the cell (capacity X voltage/weight). It was observed that
2.98 mgs cm of sulfur loading gave the highest energy density results throughout
cycling. As a conclusion, the lowest amount of sulfur loading did not show the
highest energy density although it gave the highest specific capacity, because of the

low amount of active material present in the cell.

Lv et al. [29] studied the performance of a Li-S battery with carbon nanoparticles
integrated into the cathode. For this purpose, the changes in the specific capacity at
different C-rates were observed. The results were as expected based on the other
studies. 0.1, 0.2 and 2C rates were used and it was observed that increasing C-rate
decreased the specific capacity. Especially at 2C, this impact could be seen more
easily; at 0.1 C and 0.2 C specific capacities were close to each other as 1100 and
900 mAh gs! but at 2C specific capacity could reach only to 500 mAh gs?.
Therefore, it was concluded that very high current densities affect the

electrochemical performance of the battery poorly.

Chen et al. [42] determined the effect of carbon to sulfur ratio on the specific
capacity of sulfur and capacity retention with cycling. For this purpose, 40%, 50%
and 70% of sulfur weight percentages in the cathode were used at a constant
electrolyte amount. It was examined that the lowest C/S ratio, which had 70wt%
sulfur, gave an average sulfur specific capacity of approximately 1400 mAh gs* but,

it provided a better capacity retention with cycling compared to the results of other
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C/S ratios. On the other hand, the cell with the highest C/S ratio resulted in a specific
capacity close to the theoretical capacity of the sulfur electrode, however, the cell
had the worst capacity retention behavior during cycling because of the increasing

inactive material in the cathode.

Lu et al. [43] studied the effect of E/S ratio and sulfur loading on the cell energy
density (Wh kg™) in addition to the effect of cathode thickness on the cell voltage.
For this purpose, sulfur loadings of 4-8 mg cm?2and E/S ratios of 1-10 pL mg™ were
used. It was observed that increasing E/S ratio decreased the energy density whereas
higher sulfur loadings resulted in higher energy density values. With lower than 3 puL
mg* of E/S ratio and higher than 4 mg cm sulfur loading, current Li-ion energy
density value, that is approximately 300 Wh kg™, could be obtained. Moreover, in
order to show the importance of good electrode wetting, 60, 80 and 120 um thick
cathodes were used and their discharge capacities and cell voltages were examined.
At each thickness value, approximately the same specific capacity was obtained.
However, when the cell was compressed to 60 pum, significant drop in the cell

voltage was observed.

2.3 Previous Studies on the Modeling of Electrochemical Performance of a Li-
S Cell

Mikhaylik and Akridge [30] proposed a model for observing the shuttle mechanism
effect on the cell performance. Firstly, the discharge profile of a Li-S cell was
defined using two redox reactions for each of the two discharge plateau as given in
Equations 2.1 and 2.2. The reaction Kinetics for both high and low discharge plateau
are treated with the Nernst equation shown in Equation 2.3. The model predicts the

standard potentials, EJ and E? , as 2.33 V and 2.18 V at low currents, respectively.

Sgl+de=28,* (2.1)

S > +4e =287 +8,% (2.2)
RT S,*

E =E’+—1In [5.7] (2.3)

nF s s,
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The shuttle effect was considered in the model by taking into account the change of
high order polysulfide concentration with time. This is because that these
polysulfides diffuse to the lithium anode where they become low order PS and then,
they go back to the cathode where they become high order polysulfides again.
Therefore, their concentration affects the shuttle mechanism significantly. The
relation of the shuttle mechanism with the polysulfide concentration proposed in the
model is given in Equation 2.4. Moreover, the charge and discharge profiles of the
Li-S cell as a function of the discharge current were also predicted in the study.
d[Sul I

30 g sl @4)

where [Sy] is the concentration of high order polysulfides, t is the time, I is the
current of charge or discharge, gy is the specific capacity of sulfur at high discharge

plateau and k; is the shuttle constant.

Kumaresan et al. [44] developed a detailed mathematical model accounting for the
concentration changes of different species (Li*, Sgy, S§~,5¢7, Si~,557,5% and
A~ (anion of lithium salt in electrolyte)) with time and position in the cell. In the
model, dissolution and precipitation reactions were also considered in addition to the

electrochemical reactions as given below [44].

LioLi +e (2.5)
1 1 F (2.6)
5 Sg(l)+e > 5 S8

3 = 5 (2.7)
=S +ee2SF
23

2- 3 ey (2'8)
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1 = 5 (2.9)
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1+ ) (2.10)

3 s2 +e > S?

Ss1)<>Ss(s) (2.11)
2Li +S§ oL, S (2.12)
2Li +S7 o Liy Sy (2.13)
2Li +85 o Liy Sy (2.14)
2Li +8% LS, (2.15)

Marinescu et al. [45] developed a 0-D electrochemical model to observe the voltage
profiles during discharging and charging. In the model, the cathode reactions were
taken as in the study of Mikhaylik and Akridge. Therefore, the model included 2
redox reactions in the cathode, a single reaction for each of the two voltage plateaus.
The reaction kinetics was treated by the Butler-Volmer equation in the model. In
addition, the shuttle mechanism was also considered in the model through a shuttle
rate constant. Moreover, the impact of precipitation reactions was added into the
model via a precipitation rate constant. The cell voltage results were obtained at two
different current densities and, in order to understand the effect of overpotential and
precipitation on the model predictions, the model was run at 3 different ways: (1) in
the absence of both the precipitation and B-V equations, (2) in the absence of only
the precipitation equation and (3) in the presence of both the precipitation and B-V
equations. It was indicated that cases (1) and (2) had similar trends but, when the
model did not include the precipitation equation (2), lower voltage values were
predicted. As different from these two cases, when both precipitation and B-V
equations were included in the model, a dip formed between the two discharge

plateaus was predicted.

In addition to these electrochemical models, there are several other modeling studies

in the literature discussing the reaction Kinetics, polysulfide shuttle mechanism,
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transport and precipitation limitations, charge and discharge behaviors etc. in a Li-S
cell [21, 46-56]. However, only a few of these models in the literature considered

the impact of significant cell design parameters on the cell performance.

2.4 Previous Studies on the Modeling of Cell and System Level Performance
of a Li-S Cell

Eroglu et al. [10] developed a techno-economic model to investigate the effect of
critical cell design parameters on the cell and system level performance of Li-S
batteries designed for EV applications. For this purpose, BatPac (Battery
Performance and Cost) model, which calculates the battery mass, volume and cost

for the Li-ion batteries to be used in EVs, became a basis for the model.

As apart from the other performance models, this model considered the impact of
key cell level parameters on the cell and pack design. In the model, voltage
calculations were done assuming isothermal and concentration independent
conditions at a constant current discharge. Moreover, the model used a single kinetic
parameter, the cathode exchange current density, in the cathode. For the cell and
system level performance, total pack energy and power were specified to determine
the cell and pack area and cell capacity. Table 2.1 shows the parameters specified in

the techno-economic model.

Table 2.1. The parameters used in the cell- and system- level performance model
calculations [10]
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Total Pack Energy (kWh) 118
Total Pack Power (kW) 80
Average Battery Voltage (V) 360
Average Cell Voltage (V) 2.2
Maximum Cathode Thickness (um) 150

Sulfur Utilization (mAh gs?) 600-1672

Electrolyte Volume Fraction (%) 50-90
S:C Weight Fraction (%) 80:10-40:50
Cathode Exchange Current Density (A cm?) 108-10°

In the cell level performance model, the effect of electrolyte volume fraction and
excess lithium in the anode on the specific energy and energy density of a Li-S cell
were determined. As in the other cell level models, increasing the electrolyte amount
decreased the specific energy and energy density of the cell significantly. Likewise,
increasing excess lithium amount had a negative effect on the cell level performance

of the cell.

In the system level performance model, firstly, the system specific energy and
energy density with varying specific capacity were calculated. It was seen that
increasing the specific capacity improved the system level performance of a Li-S
battery; capacities greater than 1000 mAh g are typically required for good system
properties [3,29,57]. Then, the effect of E/S ratio was investigated. As in the cell
level performance, increasing E/S ratio reduced the specific energy and energy

density. The model predicts that electrolyte amounts smaller than approximately

70% electrolyte volume fraction, or 1.9 mL g E/S ratio, gave better results. This is
mainly because that higher E/S ratios cause increasing inactive materials in the pack

in addition to the high electrolyte volume and therefore, the system performance of
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the battery drops significantly. After that, the influence of the cathode exchange
current density as the kinetic parameter in the model was indicated. According to the
results, increasing cathode exchange current density had a positive impact on the
specific energy and energy density since the reaction kinetics can change the pack
level performance greatly by means of area specific impedance values. These values
are affected by the cell resistances, which are due to the charge transfer and transport
limitations that play an important role in the concentrations of the reactants and the
rate constants of the reactions. Therefore, one of the main outputs of this study was
that the electrolyte amount, which controls the reactant concentrations in the cell via
the dissolving polysulfides, has a critical impact on the reaction kinetics. Lastly, the
influence of the carbon content in the battery was observed. Up to a point, increasing
carbon content improved the system level performance of the battery. However, after
this point, increasing carbon amount dropped the specific energy and energy density.
The reason of this trend is explained as such. Increasing carbon content raises the
electrical conductivity and thus improves the cathode kinetics however, excess
carbon leads to an increase in the inactive materials in the cell. Therefore, it drops
the performance of the battery once the kinetic limitations in the cell are not

significant anymore.

In another study, McCloskey [57] studied the effect of E/S ratio and sulfur loading
on the cell level specific energy and energy density of a Li-S cell with simple
calculations as showed in Equation 2.16.

E_VXmAXCE_VXmAXC (2.16)
g xw TV ZM
Pi

where E; and E, are the specific energy and energy density at the cell level in Wh
kgt and Wh L%, respectively, V is average cell voltage in V, m, is active material
loading in g cm™, C is active material capacity in mAh g, W; is the weight of each
component in the cell in g cm™ and p; is the density of each component in the cell in

gcm,

In the calculations, kinetic and transport limitations were not considered; an average

cell voltage and a constant sulfur utilization were used in the model. The study was
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conducted for both an ideal case -100 wt% sulfur in the cathode and 100% sulfur
utilization- and a more realistic case -75 wt% sulfur and 60% sulfur utilization-. The

parameters used in the model are given in Table 2.2.

Table 2.2. The parameters used in the cell level performance calculations [57]

Thickness of Al current collector (um) 10
Thickness of Cu current collector(um) 4
Separator weight (mg) 12
Carbon wt% in cathode (%) 20
Binder wt% in cathode (%) 5
Li metal excess (%) 20

S utilization (mAh g?) 1000
Thickness of separator (um) 40
Average operating voltage (V) 2

At different sulfur loadings between 0.5 and 15 mg cm, total mass per cm™2 was
calculated using each E/S ratio and so, the effect of sulfur loading and E/S ratio on
the specific energy and energy density at the cell level was found. Although the ideal
case predicted higher specific energy and energy density values than that of the real
cell, the same trend was observed for both of them. Increasing sulfur loading
improved the specific energy and energy density whereas, increasing E/S had an

adverse effect on the cell level performance.

Deng et al. [1] examined the life cycle assessment (LCA) of a Li-S battery for EV
applications. For this purpose, a LCA model for a 320 km drive in every charge with
120 kW power was investigated. The model includes a kinetic model that was
created based on the BatPac method calculating the AST and the overpotential of the
cell as a function of the current density. The required kinetic parameters were taken

from the experimental part of the study.
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ASI (i)=ASIcathode +ASIan0de +ASIseparator (217)

The calculations for the thickness and area of the cell, module and battery, for the
cooling system and the battery mass and volume were also calculated in the study
based on the battery pack configuration part in the BatPaC model.

Coulfur
Lanodechathode XN/Px sl (218)
lithium
Ccell
L hode ™ 219
cathode ( cathodeXAXS%XCSlﬂfur) ( )

where L ,mode @Nd Lypoqe 1S the thicknesses of cathode and anode, Cgygurr Ciithium and

C.jare active material capacities of cathode and anode electrodes and cell capacity.

Finally,_the required energy and mass for the EV were calculated. According to the
model calculations, 279 kg battery mass, 220 Wh kg specific energy, 298 Wh L™
energy density, and 61.3 kWh capacity were found for a battery achieving a 320 km
drive in one charge. As a conclusion, this study stated that the Li-S batteries could be
a future energy storage system for EV applications with decreasing life cycle

environmental effects.

Lastly, Xue et al. [17] studied the modeling of energy density based on a current
prototype Li-S cell and the effect of different cell parameters on the energy density
was investigated. In the model, only the current collector, anode, separator and
cathode parts were included in order to simplify the calculations; therefore, the
contribution of the materials for packaging were not considered. Additionally, in the
calculations thicknesses of the aluminum and copper current collectors were taken as
half since commercialized cells are typically coated in double sides. Moreover, it is
assumed that there is electrolyte only in cathode and separator in the cell. Based on
these assumptions, energy density values were calculated using Equation 2.20.

VxmyxC
E.= A (2.20)
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where E, is volumetric energy density in Wh L, V is average cell voltage in V, m,
is mass of active material in mg, Cy is specific capacity in mAh g, m; is the mass of

sulfur, carbon and binder in mg , p, is the density of sulfur, carbon and binder in g
cm, ¢ is the cathode porosity, m is the mass of lithium in mg, p, is the density of

lithium in g cm™3, d, is the density of current collectors and separator in cm and S is

the unit area in cm.

In the model, sulfur specific capacity and cell voltage were taken as 1000 mAh g
and 2.1 V, respectively, whereas other cell parameters were changed at each
calculation. At first, the effect of sulfur loading (until 15 mg cm) and sulfur content
(40, 55, 70, and 85%) on the energy density was investigated at 50% excess lithium
and 70% porosity. It was observed that low sulfur loadings such as below 2 mg cm™
gave very low energy density values even though the cell had high sulfur content.
Increasing sulfur loading leads to higher energy density but, after a point energy
density stayed constant at each sulfur content. Similar to the sulfur loading,
increasing sulfur content also raised the energy density. Therefore, it was concluded
that high values of sulfur loading and sulfur content improves the cell level
performance of the cell via energy density. Next, the effect of porosity on the energy
density was examined at 50% excess lithium and 70% sulfur content. It was seen that
increasing porosity diminished the energy density of the cell; 30% porosity gave the
best result. However, it was discussed that 30% porosity is very low compared to the
commercialized Li-S cells. Lastly, the effect of excess lithium amount (20, 50 and
100 %) on the energy density was analyzed at 70% porosity and 70% sulfur content
for different sulfur loadings. It was seen that the cell energy density was less
sensitive to the excess lithium amount compared to the sulfur loading, porosity and

sulfur content results.

As it is seen from the literature, although there are detailed experimental studies on
the effect of E/S ratio and thorough electrochemical models for reaction kinetics,
there is no study that models the effect of E/S ratio on both the electrochemical

performance and the cell- and system- level properties of the Li-S battery.
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CHAPTER 3
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MODEL DESCRIPTION

In the model description section, electrochemical performance and cell and system
level performance models are explained. At first, a one dimensional electrochemical
performance model is described and then, cell- and system- level performance

models using the developed electrochemical model are defined.

3.1 One Dimensional Electrochemical Performance Model for the Li-S
Battery

The model calculation schematic is given in Figure 3.1. In order to investigate the
effect of the E/S ratio in the cell on the electrochemical performance of a Li-S
battery, a 1-D electrochemical model which shows the current changes with the
position is developed [9]. This model is proposed for isothermal and constant-current
discharge of the Li-S battery and it determines the relationship between the current

and the voltage for each part of the battery.

Li-S Cathode Design Parameters
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Figure 3. 1.Calculation schematic of the electrochemical model developed for the
Li-S cell (adapted from [9])

In the model, the Li-S battery contains a Li-metal anode, a porous separator and a
porous cathode which has a porous sulfur and carbon composite, binder and organic
electrolyte. The effect of carbon, binder and electrolyte types are not considered in
this study so, most typical types used in the literature are chosen. 1M LiTFSI and 2
wit% LiNOs salts in DOL:DME (1:1 vol%) solvent, which has low viscosity and SEI
forming feature, is used as the organic electrolyte [58]. For the binder,
polyvinylidene difluoride (PVDF) is chosen due to its high electrochemical
constancy and good adhesion features and its amount is kept constant at 10 wt%
throughout the study [31]. The super P carbon black is chosen for the cathode and its
BET surface area and density values are taken as 650000 cm? g* and 1.8 g cm™,
respectively [9]. In the model, the following assumptions are made:

e The model is concentration-independent, there is no shuttle mechanism in
the cell

e Concentration gradients within the cell are ignored because they are
insignificant at low current densities at the lower voltage plateau according
to the previous studies in the literature [44, 49]. Therefore, inhomogeneities
within the cathode due to the dissolution of lithium polysulfides in the
electrolyte are not considered in the model [47, 56].

e There is a single reaction for each of the two discharge plateaus in the
cathode. This is the most important assumption in the model and with this
single reaction assumption, which is symmetric between charge and

discharge, the shuttle effect is also neglected in the model [9, 10, 54].

The model calculates the cell voltage at a given depth of discharge giving the
electrochemical performance of the cell. For the calculations, the relation between
the current and voltage for the cathode, the separator and the anode in the cell is

determined separately as described below.
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In the cathode, based on the most important assumption of the model, a 2-step
electrochemical reaction scheme is taken for discharge. Generally, Li-S batteries
have two -a high and a low- voltage discharge plateaus as discussed in Chapter 1
[30]. When the discharge process starts, at first Sg rings open to Li>Sn polysulfides
(n=4-8) at the high voltage discharge plateau. Then, these soluble polysulfides turn
into insoluble Li>S, and Li.S at the low voltage discharge plateau. In the proposed
model, these multi-step reactions are simplified based on the study conducted by
Mikhaylik and Akridge [30] as given in Equations 3.1 and 3.2 for the high and low
discharge plateaus, respectively. This single reaction assumption results in a single
apparent kinetic parameter in the model for each discharge plateau, which is the

cathode exchange current density (io ).

1 1
ng+e'<—>§ ST (3.1)

% STreor % SQ_J& ST (3.2)

In the cathode, Porous Electrode Theory by Newman and Tobias is considered [34].
According to the theory, there are two phases, the matrix phase and the electrolyte
phase in the cathode, which show continuity over time and position. These phases
have current densities as i; and i, and potentials as ¢,and ¢,, respectively. In order
to determine the potential difference of the two phases in the cathode-separator and
cathode-current collector boundaries, Ohm’s law for the matrix phase and the sum of
the fluxes of mobile ionic species for the electrolyte phase are used. Detailed
governing equations and boundary conditions for the porous electrode theory can be
found in Appendix A. In order to determine the current and voltage relation of the
electrode, Tafel or linear kinetics is used as given in Equations 3.3 and 3.4,
respectively. The detailed derivations of these equations are also given in Appendix
A. The model equations are solved using a VBA code.In these equations, the
overpotential (n) indicates the deviation of the cell voltage from the theoretical cell
potential. In addition, the area-specific impedance (ASI) shows the combination of

the resistances in the cell that is caused by the physical and electrochemical changes
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such as charge transfer and ohmic resistances [1, 9, 10, 59]. ASI of the cathode is

determined as given in Equation 3.5.

Tafel Approximation: |I[>aig peLy.

“He )[£+21 )]+ Zinsecyin (21 3
npe—B &) |51 5 Insec(B-y) |+ Insecy+In I

Linear Approximation: |I|<aig peL,.

Oeff | Keff
.- IxLpe 2+ (Keff+0eff) coshv (3.4)
Pe KofrtOofs vsinhv
n
ASIpez% (3.5)

where n__ is the cathode overpotential in V, L is the cathode thickness in cm, i .
pe ’

is the cathode exchange current density in A cm™ | a is the superficial area in cm™,

Kegr and o are the effective ionic and electronic conductivities in S cm™ and ASI

is the cathode ASI in Q cm?. Other parameters are defined in Appendix A.

In the porous separator, there is a resistance due to the flow of Li* ions causing
Ohmic losses. The overpotential and ASI of the separator are calculated using

Equations 3.6 and 3.7, respectively.

nsep:ASIsep x1 (36)
L
ASIp=—2 (3.7)
Keff,sep

where Nyep is the separator overpotential in V, ASI,, is the separator ASI in Q cm?,

sep
Ly Is the thickness of separator in cm, w4, IS the effective ionic conductivity of

the separator in S cm™.
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In the anode, lithium oxidizes into Li* with the reaction shown in Equation 3.8 and
its deposition and dissolution Kinetics is treated by the Butler-Volmer kinetics. The
current and overpotential relation and the ASI of the anode are given in Equations

3.9 and 3.10, respectively.

Li'+e —Li° (3.8)

. Ope aF -Olpe CF
e [oxp (R ) -oop (S )| 39)
ASI = nT (3.10)

where 1 is the current density of anode in A cm?, i, .. is the anode exchange current
density in A cm?, o, is the transfer coefficient, n,. is the anode overpotential in V,

ASI. is the anode ASI in Q cm?, F is the Faraday constant, R is the gas constant, T

is temperature.

The total ASI and overpotential of the cell are found using Equations 3.11 and 3.12,
respectively. Consequently, the model calculates the cell voltage at a given constant
current density via estimating the total ASI and overpotential of the cell as given in
Equation 3.13.

ASIg= ASL+ ASI,+ ASL, (3.11)
T.lcell:T]ne—i_rlsep—’_rlpe (312)
Vcelle'ncell (3 13)

where ASI,, is the total ASI of the cell in Q cm?, N, IS the total overpotential of

the cell, V is the cell voltage and U is the open-circuit voltage of the cell in V.

As a conclusion, the effect of E/S ratio in the cathode on the electrochemical
performance of the cell is observed by calculating the cell voltage at 60% depth of
discharge for different current densities. This depth of discharge is chosen since it
corresponds to the second voltage plateau, which is typically used for the battery
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design purposes in Li-S batteries. All transport and kinetic parameters used in the

model are shown in Table 3.1.

Table 3.1. The parameters in the electrochemical model [9]

Thermodynamic Cell Voltage, U (V) 2.2
Current Density, I (mA cm™) 0.1-1.0
C to S Ratio in the Cathode® 0.5
Electrolyte VVol% in the Cathode (vol%)°® 50 — 95

E to S Ratio in the Cathode (mL g1)° 0.86 — 16.25
Cathode Thickness, Lpe (um) 50
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Exchange Current Density for S Reaction, 6.28 x 107 Pl or
o pe(A cm?) 1.81x 1075 x (¢) — 1.44 x 107>
Transfer Coefficient for S Reaction, apea, 05
Olpe,c .
Electrochemically Active Area in the
Cathode, a=650000 cm*g™p-ec
a (cm™)¢
Cathode Effective lonic Conductivity, Kef
chf =K '81‘5
(S cm™)e
Cathode Effective Electronic Conductivity,
Geff: Y SCIS
oert (S cm™)f
Exchange Current Density for Li ,
10°
Deposition/Dissolution, ig ,. (A cm?)
Transfer Coefficient for Li 05
Deposition/Dissolution, tinea, One,c .
Separator Thickness, Lsep (um) 20
Separator Effective lonic Conductivity,
6.5 x 10
Keff,sep (S Cm-l)

4 The cathode contains 10 wt% binder.

b Electrolyte volume fraction in the cathode is equal to the porosity of the cathode, &.

¢ In the model, E/S ratio and electrolyte volume fraction in the cathode are related
€

€ XPg

through E/S ratio =

9 In the model, a is defined as a function of the BET surface area (650000 cm? g2),

density (p.) and volume fraction of the carbon (e¢) in the cathode.

& TEffective conductivities for the porous cathode are determined using Bruggeman’s

expression.
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3.2 Cell Level Performance Model for the Li-S Battery

In order to determine the effect of E/S ratio in the cell on the cell level performance
of the Li-S battery, a cell level performance model using the electrochemical model
described in the previous section is developed. The model calculates the cell level
energy density and specific energy of the Li-S battery as a function of the E/S ratio.

The calculation schematic for the model is given in Figure 3.2.

1000
y=174.16x + 10097
R=1

Li-S Cathode Design Parameter .
Li-S Cell Level Performance Model |
¥ Concentration independent

¥" Single reaction for each of two
discharge plateau in the cathode
Sulfur utilization

/14- —
-
Cell mass and volume o ! .

Cathode exchange current density oo s 10 18 20
(0] E/S Ratio in the Cathode (mL g,")
0,pe

25E-06 |
E to S Ratio in the Cathode :
= 150 0.0E+00
- 082 084 08 088 09 092
2100 Electrolyte Volume Fraction%
=

0 5 10 15 20 25
E/S ratio in the Cell (mL g,*)

+
2000 |

(mAh g,")

1000 |

Discharge Capacity

ENENEN

y = 1.81E-05x - 1.44E-05
R?=9.97E-01

2.0E-06 +

=]
=
&

» =
P
¢ ¢
& &

&

2
Cathode Exchange
Current Density (A cm?)

Figure 3. 2.Calculation schematic of the cell level performance model developed for
the Li-S cell

In the cell level performance model, positive and negative current collectors are also
included as a part of the cell. For energy density and specific energy calculations,
volume and mass per area for each cell component and the cell capacity are found. In
the performance model, the discharge rate of the Li-S cell is chosen as C/5. C-rate is
the discharge current for reaching the full capacity and C/5 means discharge current
for discharging the battery entirely in 5 hours. Since C-rate of the battery is kept
constant, current density changes as a function of the sulfur loading as given in

Equation 3.14.
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C
I= 3 xsulfur loading (3.14)

where I is the current density of the cell in A cm™, C is the cell capacity in Ah gs?,

sulfur loading in gs cm™.

In the cathode, firstly the positive electrode capacity is calculated as it affects the
negative electrode capacity, which determines the anode mass in the model
(Equation 3.15). In addition, mass and volume of sulfur, carbon, binder and
electrolyte in the cell are calculated in order to procure energy density and specific

energy of the cell as given in Equations 3.16-3.18.

Cpe:Cpos,actpre,actxppe,total (3 15)
ms,c,b:LpeXVs,c,bxps,C,b (316)
E
me:§ ><rnsxpe (317)
Ms.c.b
Vs,c,b: = (3 18)
s,c.b

where c, is the positive electrode capacity in Ah cm, Cpos,act 1S the positive active
material capacity in  Ah gs™, Wy, IS the sulfur weight fraction in the cathode,

Ppe total is the positive electrode density in g cm™, m,, m., m;,, and m, are the sulfur,

carbon, binder and electrolyte loading in the cathode in g cm™, L, is the cathode
thickness in cm, v, , v, v, v, are the sulfur, carbon, binder and electrolyte volume
fractions in the cathode and p, p_, p,, p.are sulfur, carbon, binder and electrolyte
densities in g cm™, Eratio in mL gst, Vg, V., V,, V. are the sulfur, carbon, binder
and electrolyte volume values per cm in cm® cm™.

In the anode, thickness of the electrode is calculated since anode mass depends on
the thickness. In the model, cathode thickness is taken constant but, anode thickness

changes with the cathode and negative electrode capacities. Anode volume and mass

calculation equations are given below.
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L, X — (3.19)
) ne p
Cne=cne,act ><ane,act X pne,total (320)
My =Lne ><Wne,act X pne,total (3 . 21)
Mpe
Vie= (3.22)
Pne

where L,,.q4. IS the anode thickness in cm, c,. is the negative electrode capacity in
Ah cm3and % is the negative-to-positive capacity ratio., wy, . IS the negative active
material mass fraction , c,. .. IS the negative active material capacity in Ah gy
Y Pre.total is the negative electrode density in g cm=, m,. is the negative electrode
mass in gne CM2, V. is the negative electrode volume in cm® cm.

For the mass and volume of the separator, electrolyte amount in the separator is also

considered and the model calculations are given below.

Msep without electrolyte:Lsep Xpsep (323)

- x Vvoid
M ¢lectrolyte in sep ™ ~sep pelectrolyte Viotal (324)

otal sep
Myga1=Mgep without electrolyte +m electrolyte in sep (325)
Vsep :Lsep (3 . 26)
Vvoid
Velectrolyte in sep:Lsep (327)
Viotal sep

where my, is the separator mass in gsep cm?, Lgepis the separator thickness in cm,

is the separator density in g cm®and V.., is the separator volume in cm® cm2,

Peep sep

In the positive and negative current collectors, the contribution of the ASI and

overpotential to the cell voltage is also considered as given in Equations 3.28 and

34



3.29. In addition, mass and volume of the current collectors are calculated for energy

density and specific energy of the cell (Equations 3.30 and 3.31).

ASI . oo =Tesistance (3.28)
Moot e ASTeor ce. 1 (3.29)
Mee ce-=Leetce-*Pecs ce. (3.30)

Vier gom e (3.31)

cct,ce-

where ASI,.. and ASI,.. are the positive and negative collector ASI in Q cm?, 1

cct
and n__ is the positive and negative collector overpotential in V, m... and m.. are
the positive and negative current collector mass in g cm?, L...and L., are the

positive and negative current collector thickness in cm, p.., and p__are the positive

and negative current collector density in g cm?,V,.,and V .are the positive and

negative current collector volume in cm?® cm™.

In the last part, total ASI and total overpotential of the cell and thus the cell voltage
are calculated as given in Equations 3.32, 3.33 and 3.34. Then, the cell level
performance model calculates the specific energy and energy density at the cell level
by means of cell capacity, total mass and volume of the cell, which are shown in
Equations 3.35- 3.39.

ASIo=ASI+ASL+ASI ) +ASIe +ASIee (3.32)
Neet™Mpe Mae Myep T Mec-Mee+ (3.33)
Veenr=UM (3.34)

cell mass=mg+m,+my,+me+mge,+mpe+mee.+mg, (3.35)

cell volume=V+V AV +V +V  tV o +Ve, (3.36)
Q:Cpos,act><ps>< VsXLpe (337)
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Wh B Q X Vcell

— = 3.38
kg cell mass (3:38)

W_h= QXVcell
L cell volume

(3.39)

where ASl, is the total ASI of the cell in Q cm?, N, 1S the total overpotential of
the cell in V, V is the cell voltage in V, U is the open-circuit voltage of the cell in
V, Q is the cell capacity in Ah cm?, Cpos.act IS the positive active material capacity in

Ah g5,

In the cell level performance model, the effect of E/S ratio on the specific energy and
energy density of the cell is observed by means of cell voltage and cell mass and
volume results. Electrolyte amount affects both the cell voltage and the cell mass and

volume. All parameters used in the model are shown in Table 3.2.

Table 3.2. Parameters in the cell level performance model

Current Density, I (mA cm™) §><sulfur loading
Carbon to Sulfur Wt% in the Cathode (wt%)? 30:60
C to S Ratio in the Cathode 0.5
Electrolyte Vol% in the Cathode (vol%) 51 -96
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E to S Ratio in the Cathode (mL g™*)° 0.89-20.5

E to S Ratio in the Cell (mL g)° 1.16-23.85

Cathode Thickness, Lpe (um) 100

Exchange Current Density for S Reaction,

1.81x107%(g)-1.44x107
0 pe(A CM?)

Exchange Current Density for Li

102
Deposition/Dissolution, ig . (A cm?)
Separator Void Volume Fraction [1] 39%
1200 or

Specific Capacity (mAh gs1)
174.16x(E/S)+100.97

4 The cathode contains 10 wt% binder.

ve%

E .. .
b In the model, =ratio in the cathode= .
S Vs% Xpg

E_ .. . Ve
¢ In the model, Sratio in the cell=—.

mg

3.3 System Level Performance Model for the Li-S Battery

The third part of the thesis is modeling the effect of E/S ratio on the system level
performance of the Li-S battery. This part contains the battery modeling that depends
on the electrochemical model of the Li-S cell and battery construction design model
considering the cell and pack requirements. At the end of this model, specific energy
and energy density of the Li-S battery at the system level is observed. The model

calculation schematic is given in Figure 3.3.
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Figure 3. 3.Calculation schematic of the system level performance model developed
for the Li-S battery

For the current-voltage relation in the battery, the electrochemical model described
previously is used but now, it is more complicated. For the battery pack construction,
the Battery Performance and Cost (BatPac) model, which determines the battery
design rules for EV applications, becomes the basis of the study [59, 60]. First, the
cell considerations are determined with the electrochemical model. Then, the battery
design based on these cell considerations are carried out in the battery construction
part. Therefore, system level performance model can be divided into two parts as the
I-V relation and the battery design.

3.3.1 1-V Relation for System Level Performance Model

For the system level performance, there are some parameters that are needed to be
fixed for the battery pack and, the model calculations are done based on them. These
requirements are Energy, which is used for cell capacity and cathode thickness

determinations, Power, which calculates cell area, and Battery Pack Voltage, which
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provides the number of cells in battery. Cell is designed at 80% DOD to provide the
rated power and at 50% DOD to provide the rated energy [10, 61]. In the model, all
parameters are coupled for rated power and rated energy. Pack design equations
based on the current and voltage at rated power (subscript p) and energy (subscript e)
are given Equations 3.40-3.50. Detailed overpotential calculations are given in

Appendix B.

Acenl= ’ 3.40
I number of cellxIpxVp (3.40)

E
= 3.41
Q number of cellxVe (3.41)

- c
pe €qis XV (342)

Lpe¥egis N

Lpe=—> » 3.43
= (343)

c
le=— (3.44)

" 5h
Vp=0.8xU (3.45)
ntOtal pae:npeap:e+nneapae+nSep,p,e+nCC',p,C+nCC+,p,C (3.46)
ASItotal ,p,e:ASIpe,p,e+ASIne,p,e+ASIsep,p,e+ASIcc-,p,e+ASIcc+,p,e (347)
Apack=Acer<number of cell (3.48)

- Acell

Number of layers per cell=even( =00 ) (3.49)

A
Alayer: el (350)

number of layers per cell

where P is battery pack power in kW, A, is the cell area in cm?, Ip is the pulse
power current density in A cm?, Q is the cell capacity in Ah, E is the battery pack
energy in kWh, Ve is the voltage at rated energy in V, L, is cathode thickness in

cm, c is specific capacity in Ah cm™, ggis the discharged volume fraction in mAh
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cm3, Ie is the average current density in A cm, Vp is the voltage at rated power in

Vi Nl ’pand Niotal ¢ 2T€ the total overpotential of the cell at rated power and energy

iV, ASly,1 , and ASI,, . are the total ASI of the cell at rated power and energy in

Q cm?, A,k and Ay, are the pack and layer area in cm?.

3.3.2 1-V Relation with the Maximum Thickness Limitation

The cell area, cell capacity and thickness of the electrode needed for the specified
pack energy and power requirements are found using the design equations described
above. Typically in the battery design, there is a maximum electrode thickness
limitation, a practical limitation in porous electrodes coming from the battery life
and performance [10, 60-62]. Therefore, when the model calculates equal or higher
thicknesses (Equation 3.51) than the maximum thickness set for the positive
electrode, cell area and negative electrode thickness are recalculated based on the
maximum positive electrode thickness. Therefore, the I-V relation of the cell is
remodeled with some variations. These changed calculations are given in details in
Appendix C. The equations which depend on the thickness are summarized below;
Li-S battery pack is designed with these equations. The parameters used in I-V

relation models are given in Table 3.3.

C
Lpos. electrode parameter . (351)
Cpe
_ Lpos. electrode parameter che N
Lneg. electrode parameter ™ X= (352)
Che P

Lpos.electrode at adj OCV%:LmaX pos. electrode
(3.53)

(lf Lpos. electrode parameter>Lrnax pos. electrode)

Lpos.electrode at adj OCV% che (354)

N
Lneg.electrode at adj OCV% ™~ X
Che P
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Q

Acell= L <
pos.electrode at adj OCV% * Cpe

Acell )

Number of layers per cell=even( 500

Acell

Number of layers per cell

layer—

A

pack=AcerXnumber of cell

E

N number of cellxVe

Q

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

Table 3.3. Parameters used in the calculation of I-V relations in the system level

performance model [10]

Power (kW) 80

Energy (kWh) 118

Average Battery Open-Circuit Voltage, Upatt (V) 360
Average Cell Open-Circuit Voltage, Ue (V) 2.2
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Target VVoltage Efficiency at Rated Power, (V/U) 0.8

Maximum Cathode Thickness, Lpe (um) 150
Negative-to-positive capacity ratio, % 1.5
Useable SOC (%) 85

3.3.3 Battery Pack Design

As described in the previous part, the cell is designed using the I-V relations to
satisfy the energy, power and voltage requirements. After the cell design is
completed, a detailed configuration of the battery that depends on the calculated cell
capacity, number of cells and cell area is done based on the BatPac model [10, 60].
In this part of the system level performance model, all the essential components for
the manufacturing of the Li-S battery pack is considered including the packaging and
thermal management. It starts with the cell design, followed by the module design
and, finally finishes with the battery pack design. The battery pack is designed for 1
cell in parallel, 8 modules in row, 1 row of module per pack and 1 module in
parallel. Required cell and module connections are determined as given in Equations
3.60-3.62. Then, all required dimensions are calculated for the cell, the module and

battery pack step by step. Detailed calculations are explained in Appendix D.
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Figure 3. 4. A typical cell and module connections in the battery pack

Number of cells per module =

( Ubattery ) (360)
number of (cells in parallelx modules in parallelxU,)

number of modules in row

Number of modules per battery pack =
(3.61)
number of (modules in row x rows of modules per battery pack)

Cells per battery pack =
(3.62)

number of cells per module x number of modules in row
In the system level performance model, current and voltage relations obtained for the
cell are integrated into the battery design as shown in Equations 3.63-3.66. Finally,
using these system values for the batteries the effect of E/S ratio on the specific

energy and energy density of the Li-S battery is determined.

Usable Energy= Useable SOC (%)xE (3.63)
Mass= Battery mass (all packs) (3.64)
Volume= Battery volume (all packs) (3.65)
Usable Energy
ific E = 3.66
Specific Energy Mass (3.66)
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Usable Energy

E Density= 3.67

nergy Density volume (3.67)
E _ . Velf:ctrolyte (368)
S S loading in the cathode

where usable energy in kWh , mass in kg, volume in L, specific energy in Wh kg™,

energy density in Wh L™, E/S ratio in mL gs™.

CHAPTER 4
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RESULTS AND DISCUSSION

In this section of the thesis, the model predictions for the effect of the E/S ratio on
the Li-S battery performance are explained in detail. This section is divided into
three parts as the results of the electrochemical, cell-level and system-level

performance models.

4.1 The Effect of E/S Ratio on the Electrochemical Performance of a Li-S Cell

As previously discussed, electrolyte to sulfur ratio is an important design parameter
for Li-S cells. Increasing the electrolyte amount provides easier electron transfer and
ion diffusion by means of increasing dissolution of polysulfides [4]. However,
excess electrolyte amount decreases the energy density of the cell [10]. Therefore,
electrolyte to sulfur ratio should be optimized for good electrochemical performance
and high energy density. For this purpose, in the electrochemical performance model
the effect of E/S ratio on the cathode Kinetics is investigated by the cell voltage
predictions with varying E/S. The cell performance is examined via cell voltage at

60% depth of discharge corresponding to the second plateau voltage.
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Figure 4. 1. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
DOD of a Li-S cell for different current densities. The C/S ratio in the cathode is 0.5,
and the cathode exchange current density is i0,pe = 6.28 x 10—7 A cm—2 for all

results.

The effect of E/S ratio on the cell voltage with different current densities is
determined using the electrochemical performance model as given in Figure 4.1. As
it is seen from the figure, increasing E/S ratio in the cathode reduces the cell voltage
at each current density. In addition, voltage decreases more sharply with the E/S
ratio at higher current densities because that the Tafel kinetics takes over at higher
current densities in the model. In the electrochemical model, increasing the E/S ratio
in the cathode affects Linear or Tafel kinetics by means of the electrochemically
active area, a. Moreover, E/S ratio impacts the Bruggeman’s relations defining the
effective ionic and electronic conductivities. Rising E/S ratio, or increasing porosity
in other words, diminishes a and o.¢ and increases k¢ due to the decreasing carbon
volume fraction in the cathode. However, this trend seen in Figure 4.1 is unexpected
based on other studies in the literature [2, 11, 20, 27, 35-38] because that in the
literature increasing electrolyte amount improves the sulfur utilization by dissolving

more polysulfides and thus, increases the cell performance.
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Figure 4. 2. Experimental validation of the effect of E/S ratio in the cell on the
calculated cell voltage at 60% DOD of a Li-S cell. The C/S ratio in the cathode is
0.5, the current density is 0.0566 mA cm2, cathode thickness is 100 um for all
results and the cathode thickness is 100 pum for all results and the cathode exchange
current density is iope = 6.28 x 10~ A cm2for the blue line and iope is a function of
the E/S ratio (7 x 107° and 6 x 1078 A cm™2) for the black line.

The electrochemical model cannot give the same trend with the literature as it is seen
from Figure 4.1. In order to validate the model cell voltage predictions, an
experimental study by Ding et al. is used [2]. Carbon to sulfur ratio, electrolyte to
sulfur ratio, cathode thickness and current density values of the study are fed into the
model and the experimental data and the model results are compared at 60% DOD,
which is the second plateau region of the cell voltage curve. The comparison of the
two studies is given in Figure 4.2. According to the figure, the model cannot capture
the experimental trends. In the experimental study, which is shown with the red line
in the figure, increasing E/S ratio improves cell voltage as expected. However, the
model shows an opposite trend. In addition, the decrease in the cell voltage is
modest, indicating that the effect of E/S ratio is not seen so much on the cell voltage.
In the model, E/S ratio affects the cell performance via the electrochemically active
area; however, the results suggest that E/S has another significant effect that should
be considered in the model. From the literature, it is known that the E/S ratio
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influences the polysulfide shuttle mechanism and the electrochemical reaction
mechanism in the cell. Therefore, it has important role on the reaction kinetics in the
cathode [19]. In the model, cathode exchange current density is the only Kinetic
parameter considering the electrochemical and physical processes occurring in the
cathode. For the reason that E/S ratio affects the electrochemical reactions in the cell,
lope May be defined as a function of E/S ratio. In the figure, as it is seen from the
black line, the model can capture the experimental trend when io pe is varied with the
E/S ratio between 7x10° and 6x10®% A cm™.

4.1.1 The Effect of E/S Ratio on the Cathode Exchange Current Density

In order to determine the dependence of the cathode exchange current density on the
electrolyte amount, the total ASI of the cell obtained by the model (Equation 3.11)
can be directly compared with the experimentally measured cell resistances [40, 63,
64]. The data of an experimental study in the literature examining the effect of E/S
ratio on the cell resistance is used to define the cathode change current density as a
function of the amount of the electrolyte [40]. The experimental current density and
C/S and E/S ratios in the cathode are fed into the model and the total area-specific
impedance results of the model are compared with the experimentally measured cell
resistances at 60% discharge depth (DOD). As shown in Figure 4.3, the ASI results
of the model and experimental cell resistance data are matched to determine the
dependency of the cathode exchange current density on the electrolyte volume

fraction.

48



(=)
=]

= tn
< <
T T

Resistance (chm cm?)
4
=]
T

20 +
10 | ——Model
—a— Experimental
0 | | | |
0 2 4 6 8 10

E/S Ratio in the Cathode (mL g 1)

Figure 4. 3. Experimentally measured cell resistances (Figure 5 in the study
performed by [40]) in comparison with the total area-specific impedance results
calculated at 60% discharge depth as a function of the E/S ratio in the cathode. The

current density is 0.4598 mA cm 2, and C/S ratio in cathode is 0.43 for all results.

As mentioned before, the electrolyte amount affects the rate of the electrochemical
reactions in the cell through the dissolved polysulfide concentration in the cathode.
Therefore, the kinetic parameter cathode exchange current density is influenced by
the electrolyte volume fraction in the cathode. Based on Figure 4.3, the relationship
between the cathode exchange current density and the electrolyte volume fraction is
determined and it is given in Figure 4.4. According to the figure, iope is significantly
dependent on the electrolyte volume fraction in the cathode. In addition, this
inference verifies Figure 4.2 indicating that increasing E/S ratio improves the
cathode Kinetics through increasing iope. AS it is seen from Figure 4.4, igpe depends
on the electrolyte volume fraction linearly and this relation is given in Equation 4.1.
In the equation ¢ is the electrolyte volume fraction in the cathode, in other words the
porosity. The dependence of the kinetic parameter on the electrolyte amount is
defined in terms of the porosity in the model rather than the E/S ratio since E/S ratio
is also a function of the S loading in the cell. Because this equation gives negative

ip pevalues in low electrolyte volume fractions (¢ < 0.8), in the model i, . is kept

constant at its value at € =0.8 for these lower porosities.
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Figure 4. 4.Cathode exchange current density determined as a function of the
electrolyte amount.

4.1.2 The Effect of E/S Ratio on the Cell Voltage

In the model, the Tafel and Linear kinetic equations (Equations 3.3. and 3.4.) are
modified according to the new cathode exchange current density (Equation 4.1). The
effect of E/S ratio in the cathode on the electrochemical performance of a Li-S cell is
observed at different current densities as given in Figure 4.5. As it is seen from the
figure, increasing E/S ratio in the cell increases cell voltage results at each C-rate;
however, the improvement in cell voltage with increasing E/S ratio is less apparent at
higher E/S ratios. In addition, cell voltage is more sensitive to the electrolyte amount
at higher C-rates, where kinetic limitations are expected to be more obvious. The
trends observed in Figure 4.5 is the opposite of the previous predictions of the model
(Figure 4.1). It can be concluded that the improved model can capture the

experimental trends seen in the literature successfully [2,9,10,27,35,38].
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Figure 4. 5. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
DOD of a Li-S cell for different current densities. The C/S ratio in the cathode is 0.5,
and the cathode thickness is 100um for all results. The cathode exchange current

density is defined as a linear function of the electrolyte volume fraction.

4.2 The Effect of E/S Ratio on the Cell Level Performance of a Li-S Battery

The electrochemical performance model is extended in order to detect the effect of
E/S ratio on the cell level performance of a Li-S cell. In the electrochemical
performance model, the importance of the electrolyte amount on the cathode
exchange current density is realized. However, E/S ratio also plays a significant role
on the specific capacity of the cell. Therefore, this effect should be considered in the
cell level performance model. There are many experimental studies in the literature
about the specific capacity and E/S ratio relation [2, 4, 18, 20, 28, 35, 37, 38].
According to these studies, increasing E/S ratio influences the sulfur utilization thus
the discharge capacity of the cell. In order to capture this effect on the cell level
performance model, cathode specific capacity, or the discharge capacity in other
words, is fed into the model either as a function of the E/S ratio or, as a constant
value; specific energy and energy density of the cell are determined accordingly. In
addition to the E/S ratio, there are other important design parameters influencing the

Li-S cell performance, which are cathode thickness, carbon to sulfur ratio (C/S) in
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the cathode, excess lithium amount in the anode (N/P ratio), current density (C-rate)
and sulfur loading in the cathode. In the cell level performance model, the
dependence of the cell performance on the E/S ratio as a function of these other

design parameters is also analyzed as discussed below.

4.2.1 Cell Performance Model with Cathode Specific Capacity Defined as a
Function of E/S Ratio in the Cell

4.2.1.1 The Effect of E/S Ratio on the Cathode Specific Capacity

As mentioned before, E/S ratio is an effective parameter in sulfur utilization. An
increase in the E/S ratio provides an increase in the initial discharge capacity. This
may be explained such that when the electrolyte amount is too low in the cell,
polysulfide concentration becomes too high in the cathode decreasing Li-ion and
polsulfide diffusion as a result of increasing electrolyte viscosity. Consequently, the
capacity of the cell drops [4]. Since modeling the impact of the electrolyte amount
on the sulfur utilization is not straight forward, an empirical equation is used in this
model. In order to determine the dependence of the specific capacity of the cell on
the E/S ratio, experimental data from the literature is used as shown in Figure 4.6 [2,
35, 38]. As it is seen from the Figure 4.6, specific capacity can be defined as a linear
function of the E/S ratio. This linear relation, which is based on the average of the
experimental data, is shown in Equation 4.2. It is observed that if the E/S ratio is
greater than 9 mL gs%, which is around 92% porosity, the discharge capacity exceeds
the theoretical value of a Li-S cell. Thus, at higher E/S ratios, specific capacity is
taken as the theoretical capacity of 1675 mAh gs™.

E
Cpos,act = 174.16 X (§> + 100.97 (4.2)

which ¢ qct 1S Specific capacity in mAh s, % is electroltye to sulfur ratio in the

cell in mL gs™.
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Figure 4. 6. The effect of E/S ratio on the discharge capacity of a Li-S cell for

different experimental studies

4.2.1.2 The Effect of E/S Ratio on the Cell Voltage

In the model, in order to observe the effect of E/S ratio on the cell voltage, cathode
thickness, C/S ratio, N/P ratio and current density are taken as 100um, 0.5, 1.5 and
C/5 rate, respectively as a baseline and, the result is given in Figure 4.7a. As it is
seen from the figure, cell voltage increases sharply around 3.75 mL gs! E/S. This
sudden rise occurs due to the limitation of the cathode kinetics at low E/S ratios,
which may be explained by the relation between the electrolyte amount and the
cathode exchange current density discussed in the previous section. After the rise,
cell voltage keeps constant at approximately 2.18 V with increasing E/S ratio. At this
baseline, The breakdown of ASI and overpotential of the cell components are also
given in Figure 4.7b and Figure 4.7c. As it seen from the figures, cathode has the
largest portion in the cell ASI and overpotential. Therefore, cathode design affects

the current voltage relation for the cell significantly.
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Figure 4. 7. (a)The effect of E/S ratio in the cell on the calculated cell voltage and
the breakdown of (b) ASI and (c) overpotential of cell components at 60% depth of
discharge of the Li-S cell. The cathode thickness is 100 um, C/S ratio is 0.5, N/P

ratio is 1.5 and current density is C/5.

4.2.1.3 The Effect of E/S Ratio on the Cell Level Specific Energy

The effect of E/S ratio on the cell level specific energy is shown in Figure 4.8.
According to the baseline calculations of model, specific energy increases with
increasing E/S ratio until approximately 9 mL gs*. At this point, the highest specific
energy value, which is 138 Wh kg? is obtained. Then, it starts to decrease
continuously. The reason of this trend is that increasing E/S ratio raises the specific
capacity and thus the specific energy. However, after the theoretical specific capacity
is reached due to the specific capacity limitation in the model, specific energy starts
to decrease with increasing E/S ratio. Increasing E/S ratio also improves the cathode

kinetics and thus the cell voltage but this effect is less apparent.
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Figure 4. 8. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell. The cathode thickness is 100 um, C/S ratio is 0.5, N/P ratio is
1.5 and current density is C/5.

4.2.1.4 The Effect of E/S Ratio on the Cell-Level Energy Density

The effect of E/S ratio on the energy density at the cell level is given in Figure 4.9.
Similar to the trend seen for the baseline results for the specific energy, energy
density also increases with increasing E/S ratio until a point. After approximately 9
mL gs* E/S ratio, energy density starts to decrease from the maximum value of 230
Wh L. The same discussion is valid here; specific capacity limitation in the model

causes this trend.
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Figure 4. 9. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell. The cathode thickness is 100 um, C/S ratio is 0.5, N/P ratio is
1.5 and current density is C/5.

Next, the effect of other critical design parameters, which are the cathode thickness,
C/S ratio in the cathode, sulfur loading in the cathode, N/P ratio in the anode and
current density are investigated.

4.2.15 The Effect of Cathode Thickness

The sulfur utilization and cell voltage of the Li-S cells are sensitive to the cathode
thickness by means of the active material loading and overpotential. Therefore, the
cathode thickness is an important parameter for both the cell capacity and the
performance. In the model, the effect of cathode thickness on the cell level

performance is investigated as discussed next.

The effect of E/S ratio in the cell on the cell voltage for different thicknesses is
presented in Figure 4.10. Until approximately 3.65 mL gs* E/S ratio, cell voltage
increases sharply with increasing E/S ratio. After this point, it is seen that cell
voltage stays nearly constant. The effect of thickness on the cell voltage can only be
observed at low E/S ratios, where the kinetic limitations are significant within the

cell. Lower thickness has higher cell voltage due to a lower overpotential in the cell
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Figure 4. 10. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
depth of discharge of the Li-S cell for different cathode thicknesses. The C/S ratio is
0.5, N/P ratio is 1.5 and current density is C/5 for all results.

In Figure 4.11, the effect of E/S ratio on the cell-level specific energy is given for
cathode thicknesses between 50-150 pm. Until around 9-10 mL g5, specific energy
increases with increasing E/S ratio for every thickness. The highest specific energy
value, which is 170 Wh kg™, is obtained at 150 um thickness and 9 mL gs? ratio.
After the maximum point, it starts to decrease as discussed above. Increasing the
cathode thickness improves the specific energy because that cell capacity rises with
increasing thicknesses, or higher S loadings in other words (equation 3.37).
Increasing thickness also causes higher current densities and thus lower cell voltages.
However, the rise in the cell capacity compensates the decrease in the cell voltage
and increase in the cell mass. As a conclusion, cell-level specific energy increases

with higher thicknesses.
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Figure 4. 11. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different cathode thicknesses. The C/S ratio is 0.5, N/P ratio

is 1.5 and current density is C/5 for all results.

The predicted cell-level energy density with varying E/S ratio for different cathode
thicknesses is shown in Figure 4.12. The highest value, which is 255 Wh kg, is
obtained at 150 pm thickness and 9 mL gs* E/S ratio. After the maximum point,
energy density decreases continuously for all thicknesses. The energy density results
show the same trend with the specific energy results; all the discussions made for
Figure 4.10 is also valid for Figure 4.11. Similarly, for the energy density, increasing
cell capacity with increasing thickness compensates the increase in the cell volume.

Therefore, higher cathode thickness gives better energy density results.

58



[¥5]
o
=)

~ —50 pm
= 230 ¢ —100 pm
5200 - —150 pm
£ 150 |
7]
g
S 100
s
2050
)
=
= 0 ! ! ! !
0 5 10 15 20 25

E/S Ratio in the Cell (mL g_1)

Figure 4. 12. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different cathode thicknesses. The C/S ratio is 0.5, N/P ratio

is 1.5 and current density is C/5 for all results.

4.2.1.6 The Effect of C/S Ratio

The amount of carbon to sulfur ratio in the cathode is very important for the cell
performance because for high sulfur contents the electrode conductivity and the
electrochemically active area decrease. Consequently, sulfur utilization is influenced
negatively [16]. However, since sulfur is the active material in the cell, too low S
contents lead to low cathode capacity. Therefore, the carbon to sulfur ratio in the

cathode should be optimized.

In Figure 4.13, the effect of E/S ratio on the cell voltage for different C/S ratios is
shown. According to the figure, increasing electrolyte amount significantly increases
the cell voltage up to a certain E/S ratio for all C/S ratios; the increase in the cell
voltage is less noticeable after this point. In addition, the effect of the C/S ratio on
the cell voltage can be realized. Increasing the C/S ratio results in a decrease in
sulfur loading and consequently the current density. This leads to a decrease in the
overpotential and thus an increase in the cell voltage. The dependence of the voltage
on the E/S ratio at lower C/S ratios is more apparent; at low C/S ratios, or high sulfur

loadings, increased amount of electrolyte in the cathode enhances the cell voltage
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considerably. Since the electrochemical surface area and electronic conductivity are
low at low C/S ratios, the cathode Kinetics is more sensitive to the amount of
electrolyte. However, at high C/S ratios the effect of E/S ratio on cell voltage is less

pronounced as the cathode is not kinetically restricted.
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Figure 4. 13. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
depth of discharge of the Li-S cell for different C/S ratios. The cathode thickness is
100 um, N/P ratio is 1.5 and current density is C/5 for all results

The effect of E/S ratio on the cell-level specific energy for C/S ratios of 0.125-3 is
given in Figure 4.14. As it is seen from the figure, until an E/S ratio of 9 mL gs*
specific energy increases for every C/S ratio and after this point, specific energy
starts to decrease. It can be seen that the cell is more sensitive to the C/S ratio change
at lower E/S ratios; after 9 mL gs* specific energies are very similar for every C/S
ratio. At 0.125 of C/S ratio the maximum specific energy is obtained as 141 Wh kg -
1. Specific energy of the cell increases with decreasing C/S ratio. This is because that
increasing C/S ratio decreases the cell capacity by decreasing the sulfur volume
fraction in the cathode (Equation 3.37). On the other hand, cell mass decreases with
increasing C/S ratio. Although increase in the cell voltage and decrease in the cell

mass improve the specific energy with increasing C/S ratio, decreasing cell capacity
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hinders this effect and as a result, increasing C/S ratio influences the specific energy

negatively.
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Figure 4. 14. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different C/S ratios. The cathode thickness is 100 um, N/P

ratio is 1.5 and current density is C/5 for all results.

In Figure 4.15, the effect of E/S ratio in the cell on the cell-level energy density for
different C/S ratios is given. The effect of C/S ratio on the energy density is not
obvious for higher E/S ratios. For low E/S ratios, lower C/S ratio is better for the cell
level performance because as in the specific energy results, increase in sulfur loading
raises the cell capacity (with increasing sulfur utilization and sulfur volume fraction).
Although, cell volume increases and cell voltage decreases with decreasing C/S
ratios, higher cell capacity still provides higher energy densities. The maximum
energy density, which is 234 Wh L 2, is observed at 0.125 of C/S ratio.
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Figure 4. 15. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different C/S ratios. The cathode thickness is 100 pm, N/P

ratio is 1.5 and current density is C/5 for all results.

4.2.1.7 The Effect of Sulfur Loading

As can be seen from Figure 4.16, increasing E/S ratio increases the cell voltage
significantly up to about 4 mL gs* for all S loadings. But at higher E/S ratios, the
increase in the cell voltage is less apparent. As seen, this trend is independent of the
amount of sulfur loading, but, at lower sulfur loadings increase in the cell voltage is
less noticeable. Sulfur and Li.S have low electronic conductivity and this limits the
electrochemical reaction kinetics. In the model, this effect is captured as follows.
The increase in the sulfur content affects the electrochemically active area and the
effective electronic and ionic conductivity negatively by decreasing ec (carbon
volume fraction in the cathode). In addition, the increase in the sulfur loading at a
constant C/S ratio increases the cathode thickness, so the current density gets higher

and the cell voltage decreases more.

62



2.20

ﬂ%

2.16

s — 1mg cm-2

~ 212 ¢ —2mg cm-2

% 3mg cm-2

§ —4mg cm-2

§ 2.08 r —5mg cm-2

= 6mg cm-2

© 204 —7mg cm-2
—8mg cm-2

2.00 '
0 5 10 15 20 25

E/S Ratio in the Cell( mL gs™)

Figure 4. 16. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
depth of discharge of the Li-S cell for different sulfur loadings. C/S ratio is 0.5, N/P

ratio is 1.5 and current density is C/5 for all results.

In Figure 4.17, the effect of E/S ratio in the cell on the specific energy of a Li-S cell
for sulfur loadings of 1-8 mg cm™ is determined. Until approximately 8.5 mL gs*
E/S ratio, specific energy increases for every S loading. Starting from this point,
specific energy starts to decrease. Specific energy increases with increasing S
loading as seen in the figure. This is because of the increasing cell capacity with
increasing sulfur content in the cathode. This predicted trend about the effect of
sulfur loading is consistent with the literature [43]. Moreover, it is apparent in the
figure that at higher sulfur loadings (6, 7, 8 mg cm) specific energy results become
less different, especially at higher E/S ratios. As a conclusion, the maximum specific
energy of 260 Wh kg is calculated for 8 mg cm sulfur loading with 8.5 mL gs*
E/S ratio.
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Figure 4. 17. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different sulfur loadings. C/S ratio is 0.5, N/P ratio is 1.5
and current density is C/5 for all results.

As it is seen from Figure 4.18, until 8.5 mL gs* E/S ratio energy density increases
for all sulfur loadings. Higher sulfur loading increases the cell performance by
means of rising cell capacity. This increase can be seen more apparently for lower
sulfur loadings. In addition, at E/S ratios lower than 8.5 mL gs*, higher sulfur
loadings have more similar energy density values because that cell volume varies
less at higher sulfur loadings. After the maximum point, energy density starts to
decline and, at this region each sulfur loading except the lowest one has similar
energy density values. According to the model predictions, for the maximum energy
density, which is approximately 300 Wh L™, the cell should have 8.5 mL gs* E/S

ratio and at least 5 mg cm2 sulfur loading.
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Figure 4. 18. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different sulfur loadings. C/S ratio is 0.5, N/P ratio is 1.5

and current density is C/5 for all results.

4.2.1.8 The Effect of N/P Ratio

As can be seen from Figure 4.19, increasing electrolyte amount up to about 6 mL gs*
E/S ratio significantly raises the cell voltage. The N/P ratio does not have an effect
on the cell voltage. This is due to the fact that the N/P ratio does not affect the
cathode thickness or the sulfur loading and thus the current density. Changes in the
N/P ratio at a constant cathode thickness only affect the anode thickness. Since the
anode thickness has no effect on the anode overpotential in the model, there is no
change in the total overpotential of cell and so, no change in the cell voltage.
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Figure 4. 19. The effect of E/S ratio in the cell on the calculated cell voltage at 60%
depth of discharge of the Li-S cell for different N/P ratios. The cathode thickness
100 um, C/S ratio is 0.5 and current density is C/5 for all results.

In Figure 4.20, the effect of E/S ratio in the cell on the specific energy for N/P ratios
between 1.5 and 5 is given. Until approximately 8.5 mL gs?, specific energy
increases for every N/P ratio. At 1.5 of N/P ratio and 8.5 mL gs* of E/S ratio the
maximum specific energy value is obtained as 138 Wh kg™. After the maximum
point, specific energy values start to decrease. Increasing N/P ratio reduces the
specific energy but this decrease is not significant. This is because that cell mass
increases with increasing N/P ratio. Therefore, the specific energy decreases. Since
N/P ratio does not affect the cell capacity and just the mass and the volume of the

cell, this decrease is not as significant as in the previous parameters.
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Figure 4. 20. The effect of E/S ratio in the cell on the calculated cell-level specific

energy of a Li-S cell for different N/P ratios. The cathode thickness is 100 um, C/S

ratio is 0.5 and current density is C/5 for all results.

In Figure 4.21, the energy density results as a function of the E/S ratio for different

N/P ratios are given. As in the specific energy results, energy density increases until

approximately 8.5 mL gs ratio. However, the effect of N/P ratio can be seen more

clearly on the energy density mainly due to the low density of the Li metal. At the

lowest N/P ratio, the highest energy density, which is 230 Wh L, is obtained.

Therefore, the model predicts that lower N/P ratio provides higher energy density,

which is consistent with the other modeling studies in the literature [17]. After the

maximum point, energy density decreases at all N/P ratios and the difference in the

energy densities becomes less obvious at higher E/S ratios.
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Figure 4. 21. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different N/P ratios. The cathode thickness is 100 pm, C/S

ratio is 0.5 and current density is C/5 for all results

4.2.1.9 The Effect of Current Density

In Figure 4.22, it can be seen that the specific energy of the cell depends on the
current density only at low E/S ratios. At lower current densities, overpotential is
also lower so, the cell voltage becomes higher. The cell capacity and cell mass do
not change with varying current density thus, only cell voltage affects the specific
energy. After approximately 10 mL gs E/S ratio specific energy values start to
decrease and the results are similar for every current density. The maximum specific
energy is observed at C/50 and 10 mL gs* E/S ratio as 139 Wh kg™.
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Figure 4. 22. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different current densities. The cathode thickness is 100 um,
N/P ratio is 1.5 and C/S ratio is 0.5 for all results.

When energy density vs E/S ratio graph is examined in Figure 4.23, similar trends
with the specific energy results in Figure 4.22 are observed. At C/50 current density

and 9 mL gs? E/S ratios, the maximum energy density value is obtained as 232 Wh

L.
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Figure 4. 23. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different current densities. The cathode thickness is 100
um, N/P ratio is 1.5 and C/S is 0.5 for all results.

4.2.1.10 Mass and Volume Breakdown at the Cell Level

The mass breakdown of the Li-S cell at the maximum predicted cell level
performance is given in Figure 4.24. According to the baseline calculations of the
model, the maximum specific energy and energy density values are obtained at 91%
porosity of the cathode (E/S ratio of 9 mL gs). As it is seen from the figure, inactive
materials mass, which is the sum of the current collectors, separator, electrolyte,
carbon and binder mass, is much higher than the active materials mass, which is the
sum of sulfur and Li metal mass. The current collectors have the biggest portion of
the cell mass due to their high densities. Because of the high porosity of the cathode,

electrolyte also has a significant contribution to the cell mass.
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Figure 4. 24. The mass breakdown of the cell for 138 Wh kg-1 and 230 Wh L -1 Li-
S cell at 91% cathode porosity (E/S ratio of 9 mL gs-1), 100 um cathode thickness,
1.5 N/P ratio, 0.5 C/S ratio and C/5 current density.

The volume breakdown of the Li-S cell at the maximum predicted cell level
performance of the baseline model is given in Figure 4.25. Because the cathode
porosity is very high for this cell, the electrolyte has the highest portion in the
volume breakdown of the Li-S cell. Specific capacity and energy density of the Li-S
cell predicted by the model is much lower than the theoretical values. This may be
explained by the low ratio of the active to inactive materials mass and volume in the

cell.
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Figure 4. 25. The volume breakdown of the cell for 138 Wh kg-1 and 230 Wh L -1
Li-S cell at 91% cathode porosity (E/S ratio of 9 mL gs-1), 100 um cathode
thickness, 1.5 N/P ratio, 0.5 C/S ratio and C/5 current density
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4.2.2 Cell Performance Model with Constant Cathode Specific Capacity
4.2.2.1 The Effect of Cathode Specific Capacity

In the previous section, an empirical relation between the specific capacity and E/S
ratio has been used in the model to predict the cell level performance of the battery.
However, higher specific capacities at lower E/S ratios maybe attained in the future
with advancements in the cathode or electrolyte materials. Therefore, in this part, in
order to see the effect of E/S ratio on the cell performance for stable discharge
capacities, specific capacity is taken constant in the model. The effect of cathode
specific capacity on the cell-level specific energy and energy density is given in

Figures 4.26 and Figure 4.27, respectively.

It can be seen from Figure 4.26 that on the contrary to the previous results,
increasing the E/S ratio decreases the specific energy for all specific capacities.
Significantly high specific energies can be attained for high specific capacities and
low E/S ratios. The figure also shows that the specific energy increases greatly with
increasing specific capacity. This effect of specific capacity on the specific energy
becomes less apparent after 15 mL gs* E/S ratio. Moreover, the prediction of the
model at 1000 mAh gs? is close to an experimental study in literature presenting a
specific energy of approximately 400 Wh kgt at 1 mL gs* E/S ratio [43].
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Figure 4. 26. The effect of E/S ratio in the cell on the calculated cell-level specific

energy of a Li-S cell for different specific capacities. The cathode thickness is 100

pum, N/P ratio is 1.5, C/S ratio is 0.5 and current density is C/5 for all results.

Figure 4.27 shows that the energy density also decreases with increasing E/S ratios

at each specific capacity. As in the specific energy results, until 15 mL gs** specific

capacity effect can be clearly seen. Also, the model predictions for 1000 mAh g5 is

similar with an experimental study in the literature; they show the same trend in the

energy density based on the electrolyte amount [17].
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Figure 4. 27. The effect of E/S ratio in the cell on the calculated cell-level energy

density of a Li-S cell for different specific capacities. The cathode thickness is 100

um, N/P ratio is 1.5, C/S ratio is 0.5 and current density is C/5 for all results.
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According to the specific energy and energy density results of the model, 1200 mAh
s is chosen as the specific capacity for the following studies to discuss the effect of
the other design parameters. In the literature, there are various studies showing initial
capacities of 1200 mAh gs™ [16, 28, 37, 43]; therefore it may be possible to retain
this capacity. Since 1675 mAh gs* is the theoretical value, 1200 mAh g S is more
realistic to be used in the model. The cell level performance based on the E/S ratio of
the Li-S cell is determined for different thicknesses, C/S ratios, N/P ratios, sulfur
loadings and current densities at 1200 mAh gs™.

4.2.2.2 The Effect of Cathode Thickness

As it is seen from Figure 4.28, increasing E/S ratio decreases the specific energy for
all thicknesses. According to the figure, S0um thickness causes the lowest specific
energy. The maximum specific energy is obtained as 513 Wh kg at 0.98 mL gs'1
E/S ratio. Since 150 pm and 100 um thicknesses have similar specific energy values,
100 um can be chosen for cell design to limit the performance losses associated with
thicker electrodes.
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Figure 4. 28. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different cathode thicknesses. The C/S ratio is 0.5, N/P ratio
is 1.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all results.

74



As in the specific energy results, energy density decreases with rising E/S ratios in
Figure 4.29. However, energy density results are closer at each thickness. Although
the maximum energy density value which is 772 Wh L is reached at 150 um, cell
resistance may be formed due to very thick cathode. Hence, using 100 pm thickness

for cell design is more preferable.
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Figure 4. 29. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different cathode thicknesses. The C/S ratio is 0.5, N/P ratio
is 1.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all results.

4.2.2.3 The Effect of C/S Ratio

In Figure 4.30., increasing E/S ratio decreases the specific energy for all C/S ratios.
The effect of C/S ratio is only apparent at low E/S ratios as seen in the figure. The
maximum value which is 556 Wh kg is observed at 0.125 C/S ratio and 0. 75 mL
gst. According to the figure, E/S ratio should be lower than 5 mL gs* with at least a

C/S ratio of 0.5 in order to reach acceptable specific energy values.
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Figure 4. 30. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different C/S ratios. The cathode thickness is 100pm, N/P
ratio is 1.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all

results.

Moreover, as shown in Figure 4.31, energy density decreases significantly with
rising E/S ratio and the maximum energy density is indicated as 860 Wh L™ at 0.125
C/S ratio and 0.75 mL gs* E/S ratio. Furthermore, the impact of C/S ratio on the
energy density is only significant at low E/S ratios; the results do not differ much at
higher E/S ratios. Another study in the literature also discusses that increasing sulfur
weight percentage, which means decreasing C/S ratio, leads to an increase in the
energy density [17] and, the study shows comparable results to the proposed cell

level performance model.
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Figure 4. 31. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different C/S ratios. The cathode thickness is 100um, N/P
ratio is 1.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all

results.

4.2.2.4 The Effect of Sulfur Loading

According to Figure 4.32, specific energy decreases with increasing E/S ratio for all
sulfur loadings. It can be seen in the figure that at higher sulfur loadings high
specific energies are obtained. This is because that higher sulfur loadings provide an
increase in the cell capacity. At high sulfur loadings around 8, 7, 6 mg cm™, similar
specific energy values which are between 450 and 500 Wh kg™ are observed. There
is an experimental study in the literature that determines the effect of E/S ratio on the
specific energy for different sulfur loadings at a specific capacity of 1000 mAh gs*

[43]; that study acquires similar energy density results with the model predictions.
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Figure 4. 32. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different sulfur loadings. The cathode thickness is 100um,
N/P ratio is 1.5, C/S ratio is 0.5, current density is C/5 and specific capacity is 1200

mAnh gs* for all results.

As in the specific energy results, an increase in the E/S ratio results in decreasing
energy density for all sulfur loadings in Figure 4.33. At higher E/S ratios, higher than
10 mL gs?, all sulfur loadings (except 1 mg cm?) have similar energy densities
which are between 720 and 770Wh L.
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Figure 4. 33. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different sulfur loadings. The cathode thickness is 100um,
N/P ratio is 1.5, C/S ratio is 0.5, current density is C/5 and specific capacity is 1200

mAh gs* for all results.

4.2.2.5 The Effect of Current Density

Figures 4.34 and 4.35 present the effect of current density on the calculated specific
energy and energy density, respectively. The figures show that increasing E/S ratio
affects the specific energy and energy density negatively for all C-rates. In the
model, current density does not have an impact on the cell capacity and affects only
the cell voltage. Because of this reason the model does not predict a significant

change in the cell performance with the current density.

79



500

00 | —¢
§ —C/5
<300 | C/10
g C/20
= 200 r /50
=
'3’5_100 -
[7 9]

0 Il Il 1 Il

0 5 10 15 20 25

E/S Ratio in the Cell( mL gs?)

Figure 4. 34. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different C-rates. The cathode thickness is 100pum, N/P ratio
is 1.5, C/S ratio is 0.5 and specific capacity is 1200 mAh gs-1for all results
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Figure 4. 35. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different C-rates. The cathode thickness is 100um, N/P
ratio is 1.5, C/S ratio is 0.5 and specific capacity is 1200 mAh gs* for all results.
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4.2.2.6 The Effect of N/P Ratio

Figures 4.36 and 4.37 show that at all N/P ratios, E/S ratio causes a significant
decrease in the specific energy and energy density, respectively. The effect of N/P
ratio on the specific energy is insignificant; similar specific energy values are
obtained for all N/P ratios. This may be explained by the low density of the Li metal.
On the other hand, energy density is influenced by the N/P ratio more. Until around
5 mL g5t E/S ratio, the effect of N/P ratio can be clearly observed in Figure 4.38.
Lower N/P ratios (thinner Li anodes) provide higher energy densities as expected.
This result is in agreement with another model in the literature [17]. Similar energy

densities are calculated at each N/P ratio after an E/S ratio of 5mL gs™.
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Figure 4. 36. The effect of E/S ratio in the cell on the calculated cell-level specific
energy of a Li-S cell for different N/P ratios. The cathode thickness is 100um, C/S
ratio is 0.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all

results.
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Figure 4. 37. The effect of E/S ratio in the cell on the calculated cell-level energy
density of a Li-S cell for different N/P ratios. The cathode thickness is 100um, C/S
ratio is 0.5, current density is C/5 and specific capacity is 1200 mAh gs-1 for all

results.

4.2.2.7 Mass and Volume Breakdown at the Cell Level

The mass breakdown of the Li-S cell at the maximum cell level performance is given
in Figure 4.38. According to the model calculations, at the 51% porosity of cathode
the maximum specific energy and energy density values are obtained and at this
porosity the cell mass breakdown is determined. As it is seen from the figure,
inactive materials mass is higher than the active materials but the distribution of each
part of the cell is more uniform compared to the model with specific capacity defined

as a function of E/S ratio (Figure 4.25), especially in terms of the electrolyte amount.
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Figure 4. 38. The mass breakdown of the cell for 437 Wh kg-1 and 713 Wh L -1 Li-
S cell at 51% porosity (E/S ratio of 0.89 mL gs-1), 100um cathode thickness, 0.5 C/S
ratio, C/5 current density and 1200 mAh gs-1specific capacity.

The volume breakdown of the Li-S cell at the maximum predicted cell level
performance is given in Figure 4.39. It can be seen that even though the contribution
of the electrolyte volume to the cell volume is much lower compared to Figure 4.25,
electrolyte still occupies the largest portion in the breakdown. Because of the low
density of Li metal, it has a large volume contribution to the cell even though its

contribution to the cell mass is less significant.
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Figure 4. 39. The volume breakdown of the cell for 437 Wh kg-1 and 713 Wh L -1
Li-S cell at 51% porosity (E/S ratio of 0.89 mL gs-1), 100um cathode thickness, 0.5
C/S ratio, C/5 current density and 1200 mAh gs-1specific capacity.
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4.3 The Effect of E/S Ratio on the System Level Performance of a Li-S
Battery

In the last part of this thesis, the effect of E/S ratio on the system level performance
of the Li-S battery is investigated. The system level performance model is developed
based on the BatPaC model. First, energy and power of the battery are chosen as 118
kWh and 80 kW, respectively, based on the requirements for EV applications [10].
Then, cell area, cell capacity and battery pack voltage are calculated. According to
these energy and power requirements, specific energy and energy density of the Li-S
battery are determined using the system level performance model. In the model, the
maximum cathode thickness is limited to 150 um [10]. As previously described in
the Model Development part, the model uses the maximum thickness value if the
calculated thickness is greater than this maximum value. Typically, the maximum
electrode thickness is used in the model since increasing E/S ratio increases the
calculated thickness to values greater than 150 pum. Moreover, in order to examine
the effect of specific capacity on the system level performance, specific capacity is

fed to the model either as a function of E/S ratio or, as a constant value.

4.3.1 System Performance Model with Cathode Specific Capacity Defined as a
Function of E/S Ratio in the Cell

The effect of E/S ratio on the system-level specific energy is determined in Figure
4.40. As a baseline model, the cathode thickness, C/S ratio and N/P ratio are selected
as 150 um, 0.5 and 1.5 respectively. The system level performance shows a similar
trend to the cell level results; specific energy increases with the E/S ratio until 10 mL
gs. The maximum value which is 111 Wh kg is lower compared to the cell level
performance, as expected. After this point, specific energy starts to decrease
continuously due to the theoretical specific capacity limitation. Thus, at higher E/S

ratios high specific energy battery systems cannot be achieved.
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Figure 4. 40. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery. The cathode thickness is 150 pm, C/S ratio is 0.5
and N/P ratio is 1.5.

The trend seen in Figure 4.41 for the change of system-level energy density as a
function of the E/S ratio is similar to the results for specific energy. The maximum
value is approximately 111.2 Wh Lt at 10 mL gs* but the system level performance
model does not predict high energy density values for the Li-S batter pack even at

the optimum E/S ratio.
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Figure 4. 41. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery. The cathode thickness is 150 pm, C/S ratio is 0.5 and N/P
ratio is 1.5.

Nowadays, Li-S battery prototypes can reach to 200 Wh kg* at the pack level [1].
The model predicts 111 Wh kg specific energy with the specified conditions. In
order to examine the impact of cell design more thoroughly, the effect of other
critical design parameters, which are maximum cathode thickness, C/S ratio in the
cathode and N/P ratio in the anode, on the system level performance is investigated

with the developed model.

4.3.1.1 The Effect of Maximum Cathode Thickness

In Figure 4.42, increasing E/S ratio decreases the specific energy for different
maximum cathode thicknesses. As compared to the cell-level specific energy results
pack values are lower, as expected. Until approximately 10 mL gs* E/S ratio,
specific energy of battery increases for every thickness. At 200um maximum
cathode thickness the maximum specific energy is obtained as 120 Wh kg™. After
the maximum point, it starts to decrease, even to values as 55-60 Wh kg™. Larger

thicknesses provide higher specific energies to the battery because that the maximum
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cathode thickness determines the cell area and so, cell mass changes with the

thickness.
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Figure 4. 42. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery for different maximum cathode thicknesses. C/S

ratio is 0.5 and N/P ratio is 1.5 for all results.

In Figure 4.43, the effect of E/S ratio on the energy density for maximum cathode
thicknesses between 100-200 um is analyzed. The maximum energy density which is
116 Wh L is observed at 200 um thickness and 10 mL gs* E/S ratio. As in the
specific energy results, at first energy density increases and then, it starts to decrease.
However, the energy density is less sensitive to the E/S ratio at ratios lower than 10
mL gs'compared to the specific energy. When the impact of the maximum cathode
thickness is considered, it can be seen in the figure that the effect is not significant

especially at higher E/S ratios that decrease the energy density.
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Figure 4. 43. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery for different maximum cathode thicknesses. C/S ratio is 0.5

and N/P ratio is 1.5 for all results.

4.3.1.2 The Effect of C/S Ratio

Figure 4.44 shows the effect of E/S ratio on the system-level specific energy for C/S
ratios between 0.125-3. Until around 9-10 mL gs* E/S ratio, specific energy is
enhanced with increasing electrolyte amount and then, it starts to diminish. At 0.125
C/S ratio, the maximum specific energy which is 115 Wh kg " is obtained. The effect
of C/S ratio is clearly seen at lower E/S ratios, whereas at higher ratios there is no
improvement in the specific energies by decreasing C/S ratios. Lower C/S ratios

results in higher specific energy values as discussed below.
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Figure 4. 44. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery for different C/S ratios. The cathode thickness is
150 um and N/P ratio is 1.5 for all results.

The effect of E/S ratio on the system-level energy density is determined for different
C/S ratios in Figure 4.45. The same trends are observed with the specific energy

results and as in specific energy the maximum value, which is 114 Wh L7, is

obtained at 0125 C/S ratio.
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Figure 4. 45. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery for different C/S ratios. The cathode thickness is 150 um

and N/P ratio is 1.5 for all results.

4.3.1.3 The Effect of N/P Ratio

The influence of the E/S ratio in the cell on the system-level specific energy for N/P
ratios of 1.5-5 is shown in Figure 4.46. The N/P ratio has a more pronounced effect
on the specific energy at lower E/S ratios compared to the higher ratios. N/P ratio
changes cell mass via anode thickness; this effect is more obvious for N/P ratios
higher than 2. At 1.5 N/P ratio the maximum value, which is 112 Wh kg2, is seen.
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Figure 4. 46. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery for different N/P ratios. The cathode thickness is
150 pm and C/S ratio is 0.5 for all results.

The effect of E/S ratio on the system-level energy density is similar with the specific
energy results. However, N/P ratio effect on the energy density is more obvious than

the specific energy because that cell volume depends on the cell thickness directly.
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Figure 4. 47. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery for different N/P ratios. The cathode thickness is 150 pm
and C/S ratio is 0.5 for all results.
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4.3.1.4 Mass and Volume Breakdown at System Level

The mass breakdown of the Li-S battery at the maximum system level performance
predicted for the baseline case is given in Figure 4.48. According to the model
calculations, the maximum specific energy and energy density values are obtained at
a cathode porosity of 91.5% and the battery mass breakdown is determined at this
porosity. As it is seen from the figure, electrolyte mass is the biggest contributor to
the battery mass because of the high porosity of the cathode. Cell packaging, which
accounts for the cell container, battery jacket etc. has also an important contribution

to the mass of the pack.
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Figure 4. 48. The mass breakdown of the pack for a 118kWh use, 80 kW and 360 V
Li-S battery which has 111.2 Wh kg-1 and 111 Wh L-1 at also, 150 um cathode
thickness, 10 mL gs -1 E/S ratio, 0.5 C/S ratio and 1.5 N/P ratio.

The volume breakdown of the Li-S battery at the maximum system level
performance calculated for the baseline case is given in Figure 4.49. It can be seen in
the figure that packaging volume is the biggest contributor to the battery volume at a
cathode porosity of 91.5%. This is mainly because that the electrolyte volume also
affects the packaging volume via battery jacket etc. Therefore, inactive materials
volume is much higher than the active materials volume at this porosity.
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Figure 4. 49. The volume breakdown of the pack for a 118kWh use, 80 kW and 360
V Li-S battery which has 111.2 Wh kg-1 and 111 Wh L-1 also, at 150 um cathode
thickness, 10 mL gs -1 E/S ratio, 0.5 C/S ratio and 1.5 N/P ratio

4.3.2 System Performance Model with Constant Cathode Specific Capacity

4.3.2.1 The Effect of Cathode Specific Capacity

In Figure 4.50, the effect of E/S ratio on the system-level specific energy for
different cathode specific capacities is given. As it is seen from the figure, increasing
E/S ratio decreases specific energy because that the cell mass raises considerably
with higher E/S ratios. Moreover, the calculated specific energies are much higher
compared to the results presented in the previous section since specific capacities
used here are significantly higher than the ones calculated as a function of the E/S
ratio. This is because that sulfur mass in the cathode depends significantly on the
cathode specific capacity; cell mass reduces as the specific capacity increases and so,

specific energy becomes larger.
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Figure 4. 50. The effect of E/S ratio in the cell on the calculated system-level

specific energy of a Li-S battery for different specific capacities. The cathode
thickness is 150 pm, N/P ratio is 1.5 and C/S ratio is 0.5 for all results.

As in the results reported for the specific energy, energy density also decreases with

increasing E/S ratio at each specific capacity as shown in Figure 4.51. It can be seen

from the figure that higher cathode specific capacity results in higher energy

densities, especially at lower E/S ratios.
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Figure 4. 51. The effect of E/S ratio in the cell on the calculated system-level energy

density of a Li-S battery for different specific capacities. The cathode thickness is
150 pm, N/P ratio is 1.5 and C/S ratio is 0.5 for all results.
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In order to determine the impact of cell design on the system-level performance for
the model with constant specific capacity, the effect of maximum cathode thickness,
C/S ratio in the cathode and N/P ratio in the anode are also investigated in this part
of the model. As in the cell level performance model, a constant specific capacity of

1200 mAh gs? is used in the model in the next part.

4.3.2.2 The Effect of Maximum Thickness

Figure 4.52 shows the effect of E/S ratio on the specific energy for different
maximum cathode thicknesses. As it is seen from the figure, except at the initial E/S
ratio, the results of each thickness are very similar at every E/S ratios, especially for
the results obtained for 150pm and 200pum. The maximum specific energy value is
obtained as 340 Wh kg™ for 200 pm cathode thickness and 0.98 mL gs™* E/S ratio.
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Figure 4. 52. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery for different maximum cathode thicknesses. C/S

ratio is 0.5, N/P ratio is 1.5 and specific capacity is 1200 mAh gs-1 for all results.

Energy density is affected by the E/S ratio and the maximum cathode thickness in a

similar manner as seen in Figure 4.53. There is no apparent difference in the energy
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densities for the range of thicknesses investigated. The maximum energy density is
calculated at 0.98 mL gs* with 200 pm cathode thickness as 342 Wh L.
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Figure 4. 53. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery for different maximum cathode thicknesses. C/S ratio is 0.5,

N/P ratio is 1.5 and specific capacity is 1200 mAh gs-1 for all results.

4.3.2.3 The Effect of C/S Ratio

The effect of E/S ratio on the system-level specific energy for C/S ratios between
0.125-3 is given in Figure 4.54. At low E/S ratios, about 1-2 mL gs*, there is a
substantial difference in the specific energies for each C/S ratio. Especially for C/S
ratios higher than 1.5, a significant decrease can be seen in the specific energy. At
higher E/S ratios, the results are much closer since cell mass is dominated by the
electrolyte amount and thus does not change with changing C/S ratios significantly

at these high ratios.
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Figure 4. 54. The effect of E/S ratio in the cell on the calculated system-level

specific energy of a Li-S battery for different C/S ratios. The cathode thickness is

150pum, N/P ratio is 1.5 and specific capacity is 1200 mAh gs-1 for all results.

As in the specific energy results, energy density is also reduced with increasing E/S
ratio for different C/S ratios. In addition, at high E/S ratios the effect of C/S ratio on

the energy density is inapparent.
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Figure 4. 55. The effect of E/S ratio in the cell on the calculated system-level energy

density of a Li-S battery for different C/S ratios. The cathode thickness is 150pum,

N/P ratio is 1.5 and specific capacity is 1200 mAh gs-1 for all results.
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4.3.2.4 The Effect of N/P Ratio

The effect of E/S ratio on the specific energy for N/P ratios between 1.5 and 5 is
discussed in Figure 4.56. According to the figure, until approximately 5 mL gs* E/S
ratio, a slight difference is observed at each N/P ratio, whereas at higher E/S ratios

the results become similar.
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Figure 4. 56. The effect of E/S ratio in the cell on the calculated system-level
specific energy of a Li-S battery for different N/P ratios. The cathode thickness is
150pum, C/S ratio is 0.5 and specific capacity is 1200 mAh gs-1 for all results.

When the energy density results (Figure 4.57) are compared with the specific energy
ones, it is observed that at lower E/S ratios the importance of N/P ratio is more
apparent. However, with increasing E/S ratios the effect of N/P ratio on the energy

density becomes less obvious.
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Figure 4. 57. The effect of E/S ratio in the cell on the calculated system-level energy
density of a Li-S battery for different N/P ratios. The cathode thickness is 150um,
C/S ratio is 0.5 and specific capacity is 1200 mAh gs-1 for all results.

4.3.2.5 Mass and Volume Breakdown at System Level

The mass breakdown of the pack with the highest system level performance obtained
for the baseline case is presented in Figure 4.58. According to the figure, electrolyte
and sulfur have similar fractions in the battery mass. This is because that the highest
performance values are obtained at 51% porosity, which causes a reasonable active
to inactive materials mass ratio. Although the model with specific capacity defined
as a function of E/S ratio has a higher percentage for the packaging due to the high

inactive materials mass, the packaging is still significant in this mass breakdown.
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Figure 4. 58. The mass breakdown of the pack for a 118kWh use, 80 kW and 360 V
Li-S battery which has 324 Wh kg-1 and 332 Wh L-1, at 150 um the cathode
thickness, 1 mL gs -1 E/S ratio, 0.5 C/S ratio and 1.5 N/P ratio.

The volume breakdown of the pack at the highest system level performance obtained
for the baseline case is given in Figure 4.59. As seen in the figure, the packaging
volume comprises approximately half of the battery volume. Although 51% porosity
is not that high, electrolyte effect still can be seen in the battery volume; electrolyte

amount affects not only the electrolyte volume but also the packaging volume.
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Figure 4. 59. The volume breakdown of the pack for a 118kWh use, 80 kW and 360
V Li-S battery which has 324 Wh kg-1 and 332 Wh L-1,at 150 um the cathode
thickness, 1 mL gs -1 E/S ratio, 0.5 C/S ratio and 1.5 N/P ratio.
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4.3.3 Sensitivity Analysis of the System Level Performance Model

In order to analyze the effect of E/S ratio on the specific energy and energy density
of the Li-S battery, the system level performance model is proposed as described
above. In the electrochemical performance model, the cathode exchange current
density is defined as a function of the E/S ratio. Also, at the cell level performance
model specific capacity is fed into the model as a function of the E/S ratio. At the
system level performance, these two inferences are fed into the model and the results
are observed based on these dependencies. In order to identify the importance of the
cathode exchange current density and the specific capacity for the system level

performance of the battery, sensitivity analyses are done.

4.3.3.1 Sensitivity Analysis based on the Cathode Exchange Current Density

Because that the cathode exchange current density affects the cathode kinetics and
thus the cell voltage significantly, the dependence of the system-level performance
of the battery on this kinetic parameter is investigated by varying the slope and
intercept of iope (Equation 4.1) as shown in Figures 4.60 and 4.61. It is seen that
varying the equation constants does not impact the specific energy and energy
density of the battery at the system level. It can be concluded that in the battery mass
and volume calculations, the influence of the cathode kinetics is relatively small.
Therefore, the system-level performance is not greatly sensitive to the equation

parameters in io,pe.
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Figure 4. 60. The sensitivity analysis of the effect of the cathode exchange current

density on the specific energy of the Li-S battery
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Figure 4. 61. The sensitivity analysis of the effect of the cathode exchange current

density on the energy density of the Li-S battery

4.3.3.2 Sensitivity Analysis based on the Cathode Specific Capacity

Cathode specific capacity affects the positive electrode capacity and thus, the

cathode thickness of the battery. In order to appoint the degree of the importance, the

slope and intercept of the specific capacity equation (Equation 4.2) are altered as

shown in Figures 4.62 and 4.63. From the figures, its effect can be easily seen;

specific capacity influences the system level performance of the battery directly.
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Specific capacity plays a critical role in determining the battery mass and volume.
This is because that positive electrode and positive active material capacities are both
designated via the cathode specific capacity and they determine the specific energy
and energy density of the battery. The significant impact of the specific capacity
equation on the system-level performance can be seen in the figures. As the E/S ratio
at which the theoretical specific capacity has been reached, changes at every case,

the dependence of the system level performance on the E/S ratio also changes.
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Figure 4. 62. The sensitivity analysis of the effect of the specific capacity on the

specific energy of the Li-S battery
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Figure 4. 63. The sensitivity analysis of the effect of the specific capacity on the

energy density of the Li-S battery
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Recently, Li-S battery companies have reached to 350-400 Wh kg Li-S cells [22-
25]. Especially, Oxis energy company has produced 400 Wh kg* and 321 Wh L* at
the cell level; they expect that they will go beyond these values in the near future.
The aim in this thesis is to develop models that can simply direct the researchers to
reach the performance goals of the Li-S batteries by optimizing the cell design. At
the cell level, the model with specific capacity defined as a function of the E/S ratio
predicts a Li-S battery with138 Wh kg? and 230 Wh L. This is the baseline
condition for the model with cell design parameters as 9 mL gs* E/S ratio, C/5
current density, 0.5 C/S ratio, 100 um cathode thickness and 1.5 N/P ratio. As seen
from the results, the baseline model does not reach the current Li-S cell
performances; better performances can only be achieved with lower C/S ratios and
higher S loadings. For example, with 8.3 mL gs! E/S ratio, 150 um cathode
thickness, 0.125 C/S and 1.5 N/P ratio the best performance results predicted by the
model is 172.5 Wh kg* and 260 Wh L. On the other hand, the model with constant
specific capacity has higher specific energy and energy density results. As a baseline
0.5 C/S ratio, 1.5 N/P ratio, C/5 current density, 100 um cathode thickness and 0.89
mL gs* E/S ratio are selected and at this point the model can reach up to 437 Wh kg
and 712 Wh L. This clearly shows that in order to obtain high performance Li-S
cells, high specific capacities should be attained at low E/S ratios. For example, one
experimental study [33] from the literature presents a 400 Wh kg™ Li-S cell with the
following design parameters: 75% sulfur utilization, C/S ratio of 0.26 C/S ratio, N/P
ratio of 1.5 and a current density of C/2. It is discussed that in order to exceed 500
Wh kg? specific energy with these design parameters, sulfur loading should be

higher than 4 mg cm2 and E/S ratio should be lower than 2.

For the system level performance model, the same discussions are valid. At the
system level, the model with the specific capacity defined as a function of the E/S
ratio predicts the maximum performance values for the baseline case as 111 Wh kg
and 111.2 Wh L with 10 mL gs™* E/S ratio, 0.5 C/S ratio, 150 pm cathode thickness

and 1.5 N/P ratio. However, the best performance values predicted for the entire
design parameters are 122.2 Wh kg and 117.8 Wh L* reached at 8.87 mL gs* E/S
ratio, 200 pm cathode thickness and 0.125 C/S ratio. When the model has constant
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specific capacity, the performance values increase to 324 Wh kg and 332 Wh L1
with 1 mL gs* E/S ratio, 150 um cathode thickness and 0.125 C/S ratio parameters.
The system level model can reach the desired Li-S performance with constant
specific capacity value at low E/S ratios. As a conclusion, the most critical issue in
achieving high specific energy and energy density Li-S batteries (>400 Wh kg and
>400 Wh L) is attaining high specific capacities (>1200 mAh gs?) at low E/S ratios
(< 3mL gs?) and low C/S ratios (<0.125).
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CHAPTERS

CONCLUSIONS

In this study, the effect of E/S ratio on the electrochemical performance and cell- and
system-level energy density and specific energy of a Li-S battery is investigated. A
1-D concentration independent electrochemical model is proposed at isothermal,
constant current discharge condition in order to observe the relation of current and
voltage. The first assumption in the model is that there is no polysulfide shuttle
mechanism in the cell. In addition, the model assumes that there is a single
electrochemical reaction in the cathode for each of the two discharge plateaus. With
this simplification, the cathode kinetics is defined with a single kinetic model
parameter, cathode exchange current density (iope), for each of the discharge plateau.
The model predicts the electrochemical performance by calculating the cell voltage
at 60% depth of discharge. For the estimation of cell voltage, overpotential values
are found at each E/S ratio. In the overpotential calculations, Butler-VVolmer equation
is used for the anode, Ohm’s Law is used for the separator and the Porous Electrode
Theory is used for the cathode. In the model, iope is estimated by comparing the
model predictions for the area-specific impedance with the experimental resistance
measurements in the literature; therefore, iope can capture the electrochemical and
physical changes occurring within the cell. It is found that if iope iS fed into the
model as a function of the electrolyte volume fraction in the cathode, the model can
capture the experimental trends for the effect of E/S ratio on the electrochemical
performance; cell voltage increases significantly with the E/S ratio up to a certain
point and then slightly changes. In order to determine the dependency of igpe On the
electrolyte amount, an experimental study in the literature, which observes the
resistance responses of a cell to the changes in the electrolyte amount, is used. It is
found that iope is a linear function of the electrolyte volume fraction and so,

increasing E/S ratio raises the cell voltage.

Next, the proposed electrochemical model is extended to predict the cell level

performance of the cell. In the performance model, the cathode specific capacity is
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either defined as a linear function of the E/S ratio based on the experimental trends
or taken as a constant value. The model, in which the cathode specific capacity is
dependent on the E/S ratio, predicts that the specific energy and energy density at the
cell level increase until 10 mL gs* with increasing E/S ratio and then, increasing ratio
diminishes the cell level performance. The effect of other design parameters are also
taken into account in the model. As a result, it is concluded that high thicknesses
(>100um), low C/S ratios (<C/S:0.5), and high sulfur loadings (>5 mg cm) in the
cathode, and low N/P ratios (<1.5) in the anode give the best cell level performances.
Moreover, in order to understand the importance of the cathode specific capacity, it
is taken as a constant value in the model. It is seen that at 1200 mAh gs* of specific
capacity, specific energy and energy density values are much higher. When the
specific capacity is independent of the electrolyte amount in the model, increasing
E/S ratio drops the cell level performance continuously. On the other hand, the effect
of other design parameters are the same with the previous model that defines the

specific capacity as a function of the E/S ratio.

After the investigation of the cell-level performance, the system-level performance
of the battery is also studied with varying E/S ratios. The system-level performance
model is based on the BatPac model, which is used for battery configuration and
pack-level design. In the model, according to the specified energy and power values,
required pack area and cell capacity are found. As in the cell level performance, 10
mL gs* of E/S ratio gives the maximum specific energy and energy density at the
system level and after this point, system performance starts to decrease when the
cathode specific capacity is defined as a linear function of the E/S ratio in the model.
However, when the cathode specific capacity is constant for all E/S ratios, the
system-level energy density and specific energy decrease continuously with
increasing electrolyte amount. The effect of maximum cathode thickness, C/S ratio
and N/P ratio are also considered for both cases. Similar to the cell level
performance model, higher thicknesses, lower C/S ratios and lower N/P ratios give
better system-level performance. Mass and volume breakdown analysis are also done
at both cell and system level. Finally, sensitivity analyses of iope and specific

capacity showed that the influence of iope ON the pack performance is less significant
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than the influence of the cathode specific capacity. It can be concluded that the
electrochemical, cell and system performance models proposed in this study can
capture the impact of critical cell design parameters on the Li-S battery performance

successfully.

For future studies, firstly, the electrochemical model can be improved with
additional considerations. As known, E/S ratio affects the reaction kinetics in the cell
and so, polysulfide shuttle mechanism (PSS) changes with changing E/S ratio. In the
model, PSS effect is ignored to simplify the study. When this mechanism is added to
the model, the changes in the reaction kinetics will be captured better. For observing
the PSS effect, additional redox reactions that are caused by the polysulfides can be
considered in the model. Therefore, multiple reaction rate constants will be used and
overpotential calculations will be done based on each rate constant. Alternatively, in
order to capture the polysulfide shuttle mechanism, a shuttle constant can be fed to
the model as in the study of Mikhaylik and Akridge [30]. In addition, the
electrochemical model can be enhanced by considering the accumulation of Li>S on
the cathode surface. As known, LiS is an insulating solid product and its
precipitation influence the cell resistance and so the cell performance. In the model,
it is not considered in the overpotential and ASI calculations. If the precipitation
reaction is added to the model, Li>S effect can be also captured. In addition to these
recommendations on the improvement in the model assumptions about reaction
kinetics, the model can also be improved with addition experimental data. The model
contains two empirical equations which are the cathode exchange current density and
specific capacity equations. They are obtained from the experimental studies in the
literature. By a smart experimental design, these empirical equations can be
obtained. For example, cathode exchange current density is determined by using cell
resistance data. If the effect of E/S ratio on the cell resistance is obtained with the
EIS method experimentally, cathode exchange current density equation in the model
can be improved. Moreover, the cell voltage measurements with varying E/S ratio

can be done and so, the cathode specific capacity equation will be also improved.
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APPENDICES

A. The Electrochemical Model for the Porous Cathode Electrode

For porous cathode in the Li-S cell, the Porous Electrode Theory developed by
Newman and Tobias is used [34]. When the theory is applied to the model, the
following assumptions are made: (1) In the lower discharge plateau, there is a single
electrochemical reaction, (2) there is no change in the concentrations within the cell,
(3) there is no velocity in the cathode, (4) the discharge-charge reactions are
symmetric and (5) there is no double layer charging. According to Ohm’s Law,
currents of matrix and electrolyte are defined as in Equations A.1 and A.2. In
addition, conservation of charge is shown in Equation A.3. The polarization equation
for the charge transfer, which is from the matrix phase to the electrolyte phase, is
given in Equation A.4. Boundary conditions are chosen as Equation A.5 and
Equation A.6 based on Figure A.1.

| RSB METAL
AP BACKING

| FREE
| SOLUTION

Figure A. 1. 1-D Porous Cathode Electrode [34]
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F F
V.ia=aio e [exp (2 (6,70, ) -exp (2 0,0, )| (A%)
Atx=0, i,=I and ¢,=0 (A.5)

Atx=L,i,=I (A.6)

In order to determine the current and voltage relation, overpotential of the cathode is
derived based on either Tafel or Linear kinetics. The model is studied at the cathodic

case of the polarization curve as discussed below.

Tafel Kinetics: [I|>a i peLpe
Equation A.4 is simplified for the cathodic Tafel case as in Equation A.7. By
defining dimensionless parameters (Equation A.8) and their boundary
conditions(Equations A.10 and A.11), a dimensionless differential equation and its

analytical solution are obtained as given in Equations A.9 and A.12, respectively.

dlZ apec
= igge oxp |- (0,4, (A7)
X . i1 a'pec ( 1 1 > LpelHB
- - =L JTIB (—+—), =2 .
Y Lo’ b ’ pelIP Keff  Oefy < Keff (A8
&4 dj
) A.9
a0y (5J €) (A.9)
Aty=0, j=0 (A.10)
Aty=1, j=I (A.11)

¢, (L)-0,(0)= {(8 c)[ +2In sec(0- \|J)]+—lnseC\|J+ln< 201 )} (A.12)

aig peLped

where 0=arctan and y=arctan —

250
40%-¢(5-¢) 20
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Linear Kinetics: [I|<a i peLpe

For the linear kinetics, Equation A.4 is simplified into Equation A.13. The
overpotential calculated for the linear Kkinetics by defining the following
dimensionless parameters and the boundary conditions (Equations A.14-A.16) is

given in Equation A.17.

d12 ()
=(0peat apec) "e (9,-6,) (A.13)
X i Fxaxigpe XLos? /1 1
ST R O e " e (— —) A14
i . J= =(0pe.atpe.c) T e — (A.14)
dzj Geff
4] 2 ( : ):O (A.15)
dy? ! Ot Kefr
Aty=0, j=0
(A.16)
Aty=1, j=I1
O, K,
2+ LferLff) coshv
IxLpe (K c
¢, (L)-,(0)= [+ ———efL_—eff (A.17)

KefftOefr vsinhv
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B. 1-V Relations for System Level Performance Model

In the system level performance model, based on Bat-Pac and Eroglu’s study Ip and
Ve are calculated by iterations in the VBA code as shown in Equations B.1 and B.2
[10, 60]. First, an initial guess is given for both Ip and Ve, and the overpotential and
ASI for the cell is calculated using Equations B.3-B.8 accordingly. Then, using the
total overpotential and the ASI estimated by the electrochemical model, the model

recalculates the Ip and Ve values by Equations B.1 and B.2.

Ip=1I 02> U (B.1)
p=Ipnew= —— .
ASItotal,p
Ve=Venew =U - M, (B.2)
ntotal p,e:npe,p,e+nne,p,e+nsep,p,e+ncc-,p,e+ncc+,p,e (B3)
ASligtal pe=ASlpe p ot ASTe p o FASIiep b TASIe b HASTeet e (B.4)
Positive Electrode
For power calculation;
Tafel Kinetics; |Ip[>axi XLy,
1 € 2 2¢ 2|1,]6° (B.5)
Noep™ 7 (8-€) [nggln sec(@—w)] +§lnse0\|/+ln m
Jpepe
Linear Kinetics; |Ip[<axi, L,
Cef K,
2+ (=<4 =<t ) cosh
n = I,<Lpe (Keff Geff) oSV (B.6)
pe.p Keff+Geff vsinhv
Npe
AShep=1> (B.7)
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For energy calculation;

Tafel Kinetics; |Ie|[>axi, XL,

2|1e|6?
Mpee™ {(8 €) [ =In sec(0- \II)] —lnsecw+ln <m>} (B.8)
Linear Kinetics; |le[<axi XLy
(¢} K
O (2eff 4 Deff h
n _ IeXLpe (Keff Geff) coshv (BQ)
P KeprtOefr vsinhv
ASI _ Joe (B.10)
pe,e_g
Negative Electrode
RXT L,
= inh(=— B.11
Mhe,p o <F xasinh( % ) ( )
ASInep:”nﬂ (B.12)
5|
RxT I,
= xasinh( = (B.13)
Nhe.e o <F asin (2i0)
AS]. . = hee (B.14)
ne,c |Ie|
Separator
ASI _Lsep
PP Kep (B.15)
nsep,p =ASI Sep, PX|I | (816)
L
ASlp =—2 (B.17)
Ksep
Myepe ~ASLepe el (B.18)

124



Negative Current Collector
ASI. ;=resistancex Ajyyer

ncc-,p =ASICC_,P x IP

ASI. c=resistancex Ajyyer

Moo “ASLe e

Positive Current Collector
ASI . p=resistancex Ajyyer

ncc+,p ZASICC+,p XIp

ASl ey (=resistancex Ajyyer

ZASICC+,6><Ie

ncc+,e

125

(B.19)
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C. I-V Relations with Maximum Thickness Limitation

In this part, the same electrochemical equations with Appendix B are used based on

Bat-Pac model and Eroglu’s study [10, 60]. However, when the calculated cathode

thickness exceeds the maximum allowed thickness in the model, cathode thickness is

set as a constant value at the maximum thickness. Consequently, the model

recalculates the cell area, I, and Ve accordingly. The revised equations with the

maximum thickness limitation are given below. In addition, in the VBA code, only

the Ip value is iterated. Ve is already set because cell capacity is calculated by the set

cathode thickness.

P
I =
PREW™ Neellx Acell xVp
Vp:U_ntotal,p
Q
AceH:

Lpos.electrode at adj OCV% che

Acell
Number of layers per cell

layer

Apack=Acer*number of cell
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D. Battery Configuration

In the battery configuration part, there are some parameters that are used for the
model [10, 60] and they are given in Table D1. Each part of the battery pack is
designed separately. Therefore, cell, module and battery design are explained below

step by step.

Table D.1. Parameters for battery configuration.
Target % OCV at full power 80%
OCV at full power cell (OCV at 20% SOC) 2.2V
Open circuit voltage average for discharge (OCV 2.2V

at 50% SOC)
Limiting current density(mA/cm2) 85

Limiting C-rate(A/Ah) 100
Cell terminal contact voltage loss % of cell OCV 0.01
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Cell Design

For the cell design, a prismatic cell in a stiff-pouch container, which is a commonly

used type, is chosen [60]. There are positive and negative electrodes which have

aluminum and copper current collector foils, respectively. Terminals of the cell have

approximately similar size with the cell and they are welded to current collector tabs.

The cell container has tri-layers, which are polyethylene terephthalate (PEP), 0.1-

mm aluminum and polypropylene (PP). Moreover, aluminum conduction channel is

used for liquid based thermal management of heat rejection. The size and mass of the

cell are determined using below equations.

Polymer Seal of —

Cell Container « \Q ’T

to Terminal Cell Cross-Sections

/ Ultrasonic Welds
of Terminal to A\

Collector Foils

A After Edge Sealing
2 After Edge Shaping and
(t_) b Addition of Aluminum
cell 2 Conduction Channel
Terminal Seal ]
g
// —
%
Aluminum 4
Conduction v

Channel Cell with Stiff, Multi-

Layer Container

Figure D. 1.The cell configuration (adapted from [60])

Length of current collector tabs (mm)=t;;+8
Length of terminals(mm)=2 t..;+10
Thickness of terminals(mm)=1
Width of terminals(mm)=W o ciect.-8

Pouch thickness (mm)=0,1
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Thickness of cell container aluminum layer (um)=100

Thickness of cell container(PET-AI-PP) (um)=30+t e container Al layer 720
. . gy
Density of cell container (E) =2.2

L
Length-to-width ratio for positive electrode( W =3

Thickness of cell edge from pos. elect to outside of fold (mm)=1

Top of positive electrode to top of terminal (mm)=15

Number of layers
2

Number of bicell layers=

Alayer
L

W pos. electrode

Width of positive electrode (mm)=

Length of positive electrode (mm)= layer

WposAelectA

Width of cell (mm):Wposlelectfi_z(tcell edge from pos. eletrode to outside of fold)

Length of cell (mm) :IJposAtelezct.—i_2 (Ltop of pos.elect. to top of term)

Thickness of cell (mm)=(Number of bicell layers+1) Xty foil

+(Number of bicell layers)*t,qs fi

+(2Number of bicell layers) x (t pos. elect. at adj. ocvTt neg. elect. at adj. OCV+tsep)

12 tpouch

Volume of cell ( em*)=W_ o XLce*teen

Positive foil area(m?)=Number of bicell layerx(W os clect. )
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(Lpos.elect. +Lcc tabs)

Negative foil area(m?)=(Number of bicell layer+1)

X (Wpos.elect. +2) X (Lpos.elect. +Lcc tabs +2)

Separator area(m?) =(2Number of bicell layers)

X( (Wpos.elect.+4)><( Lpos.elect.+6)

my, Mpe
Electrolyte volume (L)= XVt

ne,total p pe,total

Xve+

0.02

Asep X Lsep xvoid VOH_tcell X Lpos.elect. ><\Npos.elect. x 1000

Positive terminal assembly mass (g)=p Lierm < tierm* Wierm

pos. foil %

Negative terminal assembly mass (g)zpneg. toit” Lterm ™ tierm ™ W ierm

Cell container (PET-AI-PP)mass(g)=(W ¢cjj+2teen t6)*(Leei-6) %
2‘[cell containerxpcell container

Active material mass in pos. elect.(g) =
cell capacity

positive active material capacity

Carbon and binder mass in pos. elect. (g)= w,,Xtotal mass

active material mass

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

active material mass
Acell

S loading in the electrode( —= )=
oading in the electro e(cmz)_

] total mass
Electrolyte in pos. elect. (g) = —— xVexp

total

electrolyte

cell capacity

N
Active material in neg. elect. (g)= 5

neg. act. material capacity

active material mass

Total mass of negative electrode (g)=
Wne,act
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(D.25)
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Cell mass (g):mpe+mne+ (Aneg.foilXLneg foilxpnegv foil) +

D.33
(Apos,foil XLpos, foil * ppos. foil)+(Lsep x psep XAsep)+ ( )
Velectrolyte ><pe—’_rnpos. terminal assembly+mneg. terminal assembly+mcell container
E mL Velectrol e
—ratio (—) = L (D.34)
S g Myctive material in pos. electrode
Velectrolyte X P (D ) 35)

Electrolyte mass% in the cell=
cell mass

Module Design

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. The size and mass of the module are determined using the following

equations.

Heat Transfer Surfaces
on Top and Bottom of \
Container in Contact P
with Cell Conductors

Cell Terminal
Connections

Module —
Terminal
'-»., ob
N V&
Hmod

Double-Seamed
Module Closure

Module with Sealed Aluminum Container
Designed for Liquid Cooling

Figure D. 2. The module configuration (adapted from [60])

Module capacity (Ah)= cell group capacity (D.36)
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Rate of terminal temperature rise at full power = 0.05 Cs

Terminal heating factor (W/g) = rate of term. temp. rise at full power x

Cp copper

terminal heating factor x p., 05

Terminal resistance factor (A-ohms/cm) =(
Gcu

Module terminal resistance both terminal (ohms)=

if number of modules per battery pack=1 ;

2
0x X terminal resistance factor
max current at full power
if not ;
2 i )
2X X terminal resistance factor

max current at full power

Mass of each cell group interconnect (g)=
if number of cells in parallel =1 ; 0

t
if not ; =number of cells in parallelxt . x % X*Wierm*1.5%p -,

8xnumber of cells per module

Module SOC regulator assembly (g) = number of cells in parallel

Module terminals (g)= if Number of modules per battery pack =1 ; 0
if not ;

2x max current at full powerxterminal resistance factor
2x - - x1,2
terminal heating factor

Length of cooling fin (mm) =L ;o cject.

Thickness of cooling fin=1 mm
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number of cell per module
X

Total mass of cooling fin(g)= 5

Lcooling fin X (\Ncell-'_zt cooling ﬁn) Xt cooling ﬁnXpAl 0.5
Balance of module materials (2)= p , Xtnodule wall X

( Lmodule X Wmodule +Lm0dulex H module+ Wmodule x H module ) x2

Module length(mm) :Lcell+2 tmodule wall

t cooling ﬁn)

Module width(mm)= ( teen ™ X (number of cells per module+1)+

2 tmod. wall

Module height(mm): chll +2 tmodule wall T 2 tcooling fin

Module volume (L): Lmodule X WmoduleXH module

Module mass (kg)=

(mass of each cell group interconnectxnumber of cells per module +1>
number of cells in parallel

number of cells per mOdulechell+mmodule SOC regulator assembly+

Minodule terminals T Mtotal mass of cooling fin TMpalance of module materials

Battery Design

(D.46)

(D.47)

(D.48)

(D.49)

(D.51)

(D.52)

(D.53)

In the battery pack, interconnection between the negative and positive terminals of
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the modules is provided with the help of copper connectors. Also, compression force
is exerted to the modules via steel bands. In order to ensure the flow capability of
heat transfer fluid which is ethylene glycol-water solution, a tray that is on the top

and bottom of the battery jacket is used. Furthermore, the battery jacket is made of



aluminum sheet and with 10 mm thickness. All size and mass calculations of the

battery pack is given below.

Coolant
Outlet

Hbattery pack

Pack Cover .
Compression
Module Tray Polymer Foam

iy
Attached to :
\ Plate and Straps
\ to Block Flow

Section A-A Coolant Section B-B
Inlet

Figure D. 3.The battery configuration (adapted from [60])

Battery pack capacity(Ah) = (D.54)

module capacity x number of modules in parallel

Total battery pack energy storage (kWh)=
cell group capacity xnumber of modules in parallelx

cell capacit
(nominal battery voltage-cells per battery packx 5p Y. (D.55)

ASItotal cell energy )
Acerxnumber of(cells in parallelx modules in parallel)

Useable battery energy storage(kWh) =

(D.56)

total pack energy x selected energy %
Thickness of module compression plates (steel)= 1.5 mm (D.57)
Coolant space above and below modules = 20 mm (D.58)
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Battery pack insulation thickness = 10 mm (D.59)

Battery jacket total thickness (mm)=
tbattery pack insulation +

2 if module volume x Number of modules per battery pack <20 ; 1 , (D.60)
if module volume x number of modules per battery pack < 40; 1,5

if not; 2
Pack integration unit (BMS & disconnects) = 4L (D.61)

Battery pack length (A dimension) (mm)=
+ (D.62)

2tmodule compression plates (steel)+ Lcoolant space above and below modules

2tiotal battery jacket ™ Wmodule X NUmMber of modules in row

Battery pack width (B dimension) (mm) =L, que X number of rows of m
(if (number of rows of modules per pack = 1; 8, (D.63)
if=2;10,"if =4 ;20 ) + 2X tyoa battery jacket

Battery pack height (C dimension) (mm)= 2t battery jacket™ (D.64)

2 Lcoolant space above and below modules + Hmodule

Volume of battery pack and integration unit (L) = (D.65)

(LBattery pack X HBattery packX WBattery pack) +VPack integration unit

Mass of each module inter-connect (5-cm long)( g) =
(D.66)

5 xterminal resist. factorx max curr. at full power .
X .

terminal heating factor

Mass of module compression plates and steel straps (g) =
2tmodule compression plates X (WBattery pack” 2t'total battery jacket)X (D67)

(HBattery pack'2tt0tal battery jacket)X pstainless steel
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Power of battery heaters =3 kW

Mass of battery pack heaters (0.1 kg/kW) =
Power of battery heaters x 0.1 kg
Battery coolant mass within jacket (kg)=

Lcoolant space above and below modules X Lmodule X § XWmodule+

(number of cells per module

P ) X Lcooling fin X (chll +2tcooling ﬁn)X X

tcooling fin X 0.5

number of modules per battery packx Peoolant

Battery jacket mass parameter (g/cm2) =

(tbattery pack insulation X pcu) + (ttotal battery jacket'tbattery pack insulation) Xp Al)

Battery JaCket mass (kg) =2 (Lbattery pack'Ltotal battery jacket) x
(Wbattery pack'Ltotal battery jacket ) +
2 (Lbattery pack'Ltotal battery jacket) X (Hbattery pack'Ltotal battery jacket) +

2 (Wbattery pack 'Ltotal battery jacket) x (Hbattery pack'Ltotal battery jacket) X
battery jacket mass parameter+

(number of modules per battery pack+1)x

M ¢ach module interconnect T Mmodule compression plates and steel straps

Pack integration unit (BMS & disconnects, ave. density = 1.0) =
Pack integration unit (BMS & disconnects) kg

Mass of battery pack and integration unit (kg) =
Mpattery coolant within jacket + Mpattery jacket + Pack integration unit +

number of modules per battery pack x module mass
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Battery mass (kg) = Mass of battery pack and integration unit (D.76)

Battery volume (L) =
(D.77)
Volume of battery pack and integration unit

Nominal battery voltage (OCV at 50% SOC) (V)=

cells per battery pack

X
number of cells in parallel (D.78)

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

OCYV at full power battery (OCV at 20% SOC) (V)=

cells per battery pack y OCYV at full power cell (D.79)

number of cells in parallel number of modules in parallel

. total pack power
Maximum current at full power (A)= v (D.80)

vp xOCVat full power battery

where p and py; are the stainless steel, copper and aluminum density

stainless steel ’ p Cu

ing cm®, o, is the copper conductivity in Qcm™.

For determining the nominal battery voltage of the battery, OCV is a good
approximation so, OCV average for the discharge of the cell can be used as given in
Equation D.78. Likewise, cell OCV at full power is used for the OCV at full power
battery as shown in Equation D.79. Maximum current at full power of the battery is
obtained with Equation D.80 in order to calculate the ASI of the battery.

ASI Calculation

In the battery, many physical and electrochemical processes that affect the resistance
of the battery occur simultaneously. ASI is the measure of total resistances in a
battery pack; it is calculated for all pack components such as cell, module and
battery terminals, and module interconnects resistances. ASI calculations are shown

in Equations from D.81 to D.91. Moreover, cooling system requirements are
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determined via heat generation rate calculations that are given in Equations D.92 and
D.93.

Electrode system ASI for power at SOC for vehicle type(ohm-cm?2) =
(D.81)
ASIp — cell hardware and battery ASI

Current collector resistance parameter(ohms) =
b P (D.82)

+
6a1*taicc Ocu *tcucc

Current collector ASI (ohmscm2)=

(D.83)

2
L
. pos.elect.
CC resistance parameterx E— FLpos elect. * L tabs.

Cell terminal and connection ASI
10 10

— =

GAl Ocu % Lierm.

+
Wterm. XAcell (D84)

(ohms-cm2)=
term

OCV at full power cell

max current at full power

cell terminal contact voltage lossx cell

Resistance of module interconnects
if more than one module (ohms)=
( Number of modules per battery pack-1)x2x (D-85)

3xterminal resistance factor

max. current at full power

Resistance of battery pack terminals (ohms)=
(D.86)

5 3xterminal resistance factor
X

max. current at full power

Resistance of module and pack per module (ohms)=
Module terminal resistance both terminal+
Resistance of module interconnects if more than one module+ (D.87)

Resistance of battery pack terminals

Number of(modules per battery packxmodules in parallelz)
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Resistance of module and pack hardware per cell (ohms)=

Resistance of module and pack per module (D.88)

Number of cells per modulexnumber of cells in parallel2

Total cell hardware and battery ASI (ohm-cm2)=
Current collector ASI+ Cell terminal and connection ASI+ (D.89)

Resistance of module and pack hardware per cellxA g

Total cell ASI for power (ohm-cm2)= ASI; (D.90)

Total cell ASI for energy (C/5 rate)(ohm-cm2)=
Total cell hardware and battery ASI+ASI,

(D.91)

Battery Cooling System

Resistance, sustained power (W) =

Total cell ASI for energy (C/5 rate)
X
Acell (D92)

Cells per battery pack

number of cells in parallelZXnumber of modules in paralllel2

Heat generation rate for battery system (W) =

Battery pack capacity )2 (D.93)

5

Resistance, sustained power (W)x(
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