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OZET

ESNEK LITYUM-iYON PIiLLER iCIN POLIMERIK MALZEMELERIN
GELISTIRILMESI

Esnek elektronik pazari, klasik elektronik pazarmin da Gtesine ge¢mistir. Yakin gelecekte
giyilebilir elektroniklerin ve medikal cihazlarin kullanimi artacagi i¢in gliniimiizde esnek kat1
hal pillerin gelistirilmesi olduk¢a onemli bir konudur. Yiiksek teorik spesifik kapasite,
giivenli ¢aligma gerilimi ve diisiik maliyetli tiretim gibi avantajlar1 nedeniyle, lityum-siilfiir
(L1/S) piller, yeni nesil esnek giic kaynagi olarak karsimiza ¢ikmaktadir. Esnek siilfiir bazli
katodun tiretilmesi ve esnek kati hal elektrolitler ile birlestirilmesi, Li/S piline 6nemli avantaj

saglayacaktir.

Bu tez ¢aligmasinda, esnek lityum-iyon pillerde (LIP'ler) kullanilabilecek birtakim alternatif
malzemeler gelistirildi. Arastirmanin ilk bdliimiinde LiP'lerin temel bir bileseni olarak esnek,
baglayic1 polimer igermeyen siilfiir bazli kompozit katot elektrospin teknigi ile hazirlandi.
Nanofiber siilfiir katodun, klasik karbonat bazli elektrolitler ile uyumlu oldugu goriildii.
Yiiksek kulombik verimliligi, uzun yasam dongiisii ve yiiksek akim yogunlugu pil

uygulamalari i¢in umut vaat etmektedir.

Ikinci bdliimde, poliakrilonitrilden ii¢ boyutlu karbon nanolif iiretilerek, sulfur bazl katotlar
icin akim toplayici olarak kullanildi. Agir metal akim toplayicisinin, daha hafif olan karbon
akim toplayicisi ile degistirilmesi siilfiir katodunun kapasitesini dikkate deger bir sekilde

arttirda.

Uciincii boliimde, UV polimerizasyon metod: ile siloksan bazli gapraz bagli esnek kati
polimer eletrolitler gelistirildi. Poli(dimetilsiloksan) bazli kat1 polimer eletrolitler, ortam
sicakliginda milkemmel esneklik ve iyonik iletkenligin artisin1 gosterdi. Filmlerin termal ve

yapisal 6zelliklerinin yani sira elektrokimyasal ve mekanik 6zellikleri aragtirildi.

Hazirlanan tiim malzemelerin elektrokimyasal performans testleri diigme tipi bataryalar

hazirlayarak yapildi.



ABSTRACT

DEVELOPMENT OF POLYMERIC MATERIALS FOR FLEXIBLE LITHIUM-ION
BATTERIES

The market for flexible electronics is rapidly growing out of the boundaries of conventional
electronics, and in the nearest future these technologies will be implemented to new areas
like wearable electronics and medical devices. Thus, the development of flexible all-solid-
state batteries is an important task. Owing to its advantages like high theoretical specific
capacity, safe operating voltage, and low-cost production, lithium-sulfur (Li/S) battery is an
alternative system for the next generation flexible powering devices. The fabrication of
flexible sulfur-based cathode and combination with flexible solid-state electrolytes will

significantly advance Li/S battery.

In this dissertation, a number of alternative materials have been developed with the main
focus on applicability in flexible lithium-ion batteries (LIBs). The first part of research covers
the preparation of an essential component of LIBs, sulfur-based composite cathode. The
flexible binder-free sulfur cathode fabricated by electrospinning technique and exhibited
good compatibility with the conventional carbonate-based electrolytes. It showed a high
coulombic efficiency, long cycle life, and good rate capability, demonstrating a great

prospect for battery applications.

In the second part, three dimensional structured nanofibrous carbon was fabricated from
polyacrylonitrile and applied as a current collector for sulfur-based cathode. The capacity of
the sulfur cathode was remarkably enhanced by replacing heavyweight metal with a

lightweight carbon current collector.

Third part covers the development of siloxane-based solid polymer electrolyte by UV-
photocrosslinking method. Poly(dimethylsiloxane)-based cross-linked solid polymer
electrolyte has excellent flexibility and improved ionic conductivity at ambient temperature.
The electrochemical and mechanical properties of films were investigated as well as thermal

and structural characteristics.
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CLAIM FOR ORIGINALITY

DEVELOPMENT OF POLYMERIC MATERIALS FOR FLEXIBLE LITHIUM-ION
BATTERIES

For the last several years, flexible LIBs have become a field of intensive research as a

promising power source for forthcoming flexible and wearable electronics. Despite the fact

that there are many works on solid-state batteries in literature, the practical application of
them is still hindered. This PhD research was focused on the development of flexible
components for high-performance all-solid-state LIBs.

In this dissertation work, following novel materials were introduced:

(i) Freestanding sulfur/dehydrogenated polyacrylonitrile/ketjen black (S/DPAN/KB)

nanofibrous composite cathode was prepared by electrospinning method. The composite

nanofibers were heated at low temperature without carbonization of PAN to insure the
flexibility and stability of S/DPAN/KB binder-free cathode. (@) 3D structured carbon
nanofibers (CNFs) were fabricated by electrospinning technique and applied as a lightweight,
3D structured current collector for sulfur-based cathode. (iii)) Poly(dimethylsiloxane)

(PDMS)-based solid polymer electrolyte (SPE) for flexible Li/S batteries were obtained by

UV-photocrosslinking of ethylene glycol unit containing oligomers and acrylated PDMS.

All prepared materials are original and do not incorporate any material submitted/published

before in literature. The results of this research work were presented in several international

conferences and 1 full peer-reviewed paper was published, 1 paper was submitted, and 1

paper is being prepared for submission.

e Flexible S/DPAN/KB Nanofiber Composite as Binder-Free Cathodes for Li-S Batteries.
Journal of The Electrochemical Society. 166 (3) A5396-A5402 (2019), [DOI:
10.1149/2.0571903jes] (IF=3.120).

e Lightweight 3D Structured Nanofiber Current Collector for High Capacity Sulfur
Cathode. Electrochimica Acta. (IF=5.383), (submitted).

DECEMBER, 2019

Prof. Dr. Memet Vezir KAHRAMAN Sandugash KALYBEKKYZY
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SYMBOLS

uv

: Ultraviolet light

: Thickness of the film

: Radius

: Bulk resistance

: Glass transition temperature

: 10 wt.% weight loss temperature

: 50 wt.% weight loss temperature
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2D : Two-dimensional
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S/DPAN/KB : Sulfur/dehydrogenated polyacrylonitrile/ketjen black

SEI : Solid electrolyte interface

SEM-EDX : Scanning electron microscope with energy dispersive X-ray
spectroscopy

SPE : Solid polymer electrolyte

TEM : Transmission electron microscopy
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1. INTRODUCTION

In recent years, the development of rechargeable LIBs has received exceptional importance
due to the growing need for sustainable energy and rapid expansion of the electronics market
[1,2]. Particularly, flexible LIBs have become a field of intensive research as a promising
power source for forthcoming flexible and wearable electronics such as roll-up displays, bio-
implants, wearable devices, and sensing smart displays. However, packaging materials, eco-
compatibility, and safety are always complicating the development of flexible batteries. In
conventional LIBs, the majority of safety problems as leakage, flammability, and toxicity are
caused due to liquid electrolytes, which consist of dissolved Li salt in organic solvents [3].
There is a necessity for all-solid-state batteries with safe and solvent-free electrolytes. In
addition, the development of high performance flexible electrodes and their compatibility

with solvent-free electrolytes are relevant tasks.

Owing to its advantages like high theoretical specific capacity, safe operating voltage, and
low-cost production, Li/S batteries are up-and-coming systems for the next generation
flexible powering devices. However, Li/S battery implementation faces several issues related
to the insulating nature of sulfur, dissolution of intermediate products in liquid electrolytes,

Li dendrite formation and volume expansion during cycling.

The fabrication of flexible sulfur-based cathode and combination with flexible solid-state
electrolyte will significantly advance Li/S battery as solid electrolytes suppress the shuttle
effect as well as Li dendrite formation and growth. SPEs are full of promise among solid-
state electrolytes due to their excellent flexibility, a wide range of electrochemical stability
window, high thermal stability, freestanding thin film forming capability, and lack of organic

solvents [4].

Our research was directed to the development and improvement of freestanding sulfur-based
composite cathodes and solvent-free polymer electrolytes for flexible all-solid-state LIBs.
Consequently, (i) sulfur-polyacrylonitrile nanofibrous composite cathode, (ii) 3D structured
carbon nanofiber current collector for sulfur-based cathodes, and (iii) polysiloxane-based

SPE were investigated.



The dissertation consists of five chapters: Introduction, Literature Review, Material and

Method, Results and Discussion, and Summary and Future Work.

Chapter 1 introduces critical aspects and main issues of flexible LIBs that initiated the

motivation to do research. Additionally, an overview of the work is given briefly.

Chapter 2 focuses on the general background of rechargeable LIBs and its components.
Further, recent studies and key issues related to flexible all-solid-state LIBs, sulfur-based
cathode materials, and solid polymer electrolytes are presented as well as approaches to their

solution.

Chapter 3 is Materials and Methods. In the beginning, chapter describes general methods of
materials preparation and characterization. All synthesis procedures are presented in

Experimental part considering the thesis work in three subsections:
@) Freestanding Flexible S/DPAN/KB Cathode by Electrospinning Method.

In this subsection, S/DPAN/KB flexible nanofiber composite was prepared by
electrospinning technique and tested as a freestanding cathode for high-performance flexible
Li/S batteries. Optimal conditions of the spinning process were established for the
preparation of S/PAN/KB nanofibers with high sulfur content. The obtained composite

cathode is highly flexible and can be used for LIB powering flexible electronic devices.

(i)  PAN Derived Electrospun Carbon Nanofibers as 3D Current Collector for Li/S

Batteries.

CNFs with different diameters and void sizes were fabricated by stabilization and
carbonization of PAN nanofibers, which were prepared by simple electrospinning technique.
The ultralight and porous CNFs were applied as 3D current collector for sulfur-based cathode
and remarkably improved electrochemical performance of the electrode compared to the one

on Al foil.
(iii)  PDMS-based Flexible Solid Polymer Electrolytes.

Here we prepared a series of freestanding transparent polymer films with excellent flexibility

and improved ionic conductivity at ambient temperature. Cross-linked SPEs were obtained



by UV photocrosslinking of ethylene glycol unit containing oligomers and PDMS with
acrylic ends with different mass ratios. Electrochemical and mechanical properties of films

were investigated.

All characterization and application results and discussions of each study are presented in

Chapter 4 with the same sequence as above in Chapter 3.

Chapter 5 points out the major results and overall conclusion of the thesis work. Future

directions related to the results of the research work are also provided.






2. LITERATURE REVIEW

Batteries are one of the crucial devices among energy storage systems due to their usage in
many electronics and vehicles. Typical batteries are categorized as primary (non-
rechargeable) and secondary (rechargeable) [5]. Primary batteries are disposable ones, which
are used daily in household devices, e.g. alkaline batteries. The electrochemical reaction
occurred in such cells is irreversible. The secondary batteries are multiuse and can be charged
several times. The cyclability of rechargeable batteries depends on the chemistry of the cell,
operating profile and many other parameters. Lead-acid, nickel-cadmium (Ni—Cd), sodium-
sulfur, and sodium nickel chloride are examples of commonly used secondary battery
chemistries in energy storage applications. However, over the last two decades, LIBs rapidly
replaced Ni—-Cd and Ni-metal hydrides (Ni-Mh) due to their relatively high operating
potentials, energy density and long cycle life [6]. LIBs are the most promising energy storage
system for portable electronic devices, as well as large-scale equipment amid all rechargeable

battery systems.

This chapter considers a brief introduction to lithium-ion rechargeable batteries, its
components and operating principles. Further, an overview ofrecent studies on flexible LIBs,

lithium-sulfur batteries, and solid polymer electrolytes are presented.
2.1. Lithium-ion Batteries

Since the successful launch in the 1990s, the batteries based on lithium intercalation
electrochemistry have dominated the market for more than two decades due to their relatively
high operating potentials and long cycle life [7,8]. LIBs have become popular battery
technology especially in portable devices and electric vehicles due to their high energy and

power density, high coulombic efficiency and low rate of self-discharge.

As shown in Figure 2.1, conventional LIB cell is composed of negative (A) and positive (B)
electrodes that are electrically insulated by a polymer membrane wetted in an organic
electrolyte containing lithium salt (C). The electrode materials are deposited onto the current
collectors (D, E). Usually, Al foil is used for the positive and Cu foil for the negative

electrodes [9]. The negative (anode) and positive (cathode) electrodes are composed of active



materials that take part in electrochemical reaction during the charge-discharge process.
Active materials are powder of particles in various forms like ellipsoid, spherical, fibrous,
and their diameters change from nano to micrometers. The electrode is made by mixing active
material with conductive additives (mainly carbon based), binding materials as
poly(vinylidene fluoride) (PVdF) and applied on current collector by casting thin layer of
slurry. The reverse process occurs during discharge [10]. The chemical energy is converted
into electrical energy through the redox reaction, which occurs due to the difference in
chemical potentials between the cathodes and anodes [11]. In Table 2.1, general terms of

LIBs are given.

Figure 2.1. The general structure of conventional lithium-ion battery [11].

SONY Corporation commercialized the first LIB, Li;-xCoO»/C cell for portable electronics,
which was assembled by Akira Yoshino from Asahi Kasei Corporation and based largely on
the work of John Goodenough from the University of Texas [12]. In 1980, Goodenough
invented a rechargeable battery with layered structured LiCoO. (LCO) cathode, where
lithium ions can migrate through a liquid electrolyte between electrodes in a cell [13]. This
critical discovery was a big step for a modern lithium-ion battery. Since that time, the LIBs
have been developing without stop and the capacity in battery increased to > 3.0 Ah for
the18650 type cell [15].



Table 2.1. General terms and their explanation used in LIB system [14].

Terms Explanation

Positive An electrode, which has a higher redox potential than the negative

electrode/cathode  electrode.

Negative An electrode that has a lower redox potential than the positive

electrode/anode electrode.

Open-circuit The voltage between the cathode and anode without load on the

voltage battery.

Working voltage Also called closed-circuit voltage. The voltage between the cathode
and anode when there is a load on the battery

Discharging A process where electrons are released by the negative electrode and
low into the positive electrode via the outer circuit. The chemical
energy is converted to electrical energy by redox reaction.

Discharge/charge  Change of voltage with time during a discharge/charge process.

curve

Discharge The number of electrons transferred during the discharge for a

capacity battery. A discharge capacity of 1 Ah is equivalent to 3600 C.

Discharge rate/C- It is a measure of the rate at which a battery is discharged relative to

rate its maximum capacity. A 1 C rate means that the discharge current
will discharge the entire battery in 1 h. A 1/10 C rate represents
discharge the entire battery in 10 h.

Cutoff/terminal The absolute voltage achieved during a charge/discharge process

voltage between the electrodes.

Internal resistance

The total resistance between two electrodes, including the resistance
from any other components of battery.

Cycle
life/cyclability

The number of cycles (charged and discharged), until the battery
loses energy significantly or can no longer sustain function of the
device it powers.

Internal short
circuit

The direct contact of negative electrode with the positive electrode
without any barrier.

Charging

The move of electrons from the cathode side to the anode side
through the outer circuit.

Constant-voltage
charge

A constant voltage charger is maintained at the same input voltage
of the battery during the charging process, regardless of the state of
charge ofthe battery. When the voltage reaches the specified voltage,
this process ends.

Constant current
charge

A constant current charger is maintained at the same current input to
a battery during a charging process, regardless of the battery’s state
of charge. When the current arrives at the specified amperage, this
process terminates.

Capacity density

Discharge capacity per mass, area, volume, or of a battery. The unit
is usually milliampere-hour per centimeter square or milliampere-
hour per gram (mA h/cm?, mA h/g).



Table 2.1. (Continued)

Energy density The nominal battery energy per unit volume or mass. Specific energy
density is a characteristic of the battery chemistry and packaging.

Coulombic This is a ratio (%) of the total charge extracted from the battery to

efficiency the total charge put into the battery over a full cycle.

Power efficiency This is the ratio (expressed as a percentage) of the energy expended

by all the circuit components compared with the battery energy
consumption.

Power density

The discharge energy per volume or mass of a battery. The unit is
usually watt per liter or watt per gram. Specific power density is a
characteristic of the battery chemistry and packaging.

Specific capacity

The amount of charge that can be reversibly stored per unit weight
(mA h/g)

The most used lithium-ion chemistries and their characteristics are given in Table 2.2. The

operating voltage of typical Li-ion cells is about 3.2-3.8 V nominal, which is quite high in

comparison with Ni-Mh and Ni—Cd cells operating at 1.2—1.5 V. This is an important feature

as it affects the number of connecting cells to reach required pack voltage. In addition to this,

LIBs have a lower rate of self-discharge, which indicates that natural loss of capacity over

time is less than in other systems. The capacity loss is classified into two: reversible and

permanent capacity loss during the energy storage. Reversible capacity loss is the energy lost

from the system and can be restored after cycling again, while permanent capacity loss cannot

be restored. In general, all energy storage systems have capacity loss over time.



Table 2.2. The most common lithium-ion chemistries [5].

Cathode

Specific energy
(Wh/kg)

Energy density
(Wh/L)

Specific power
(W/ke)

Power density (W/L)

Volts (per cell) (V)
Cycle life

Self-discharge

(% per month)
Cost (per kWh)

Operating
temperature range
(°C)

Lithium
Iron
Phosphate

LFP

80-130
220-250
1400-2400
4500

3.2-3.3

1000-2000
<1%

$400-
$1200
-20 to +60

Lithium Lithium
Manganese Titanate
Oxide

LMO LTO

105-120 70

250-265 130

1000 750

2000 1400

3.8 2.2-2.3

>500 >4000

5% 2-10%

$400-$900  $600-
$2000

-20to +60  -40 to +55

2.2. Components of Li-ion Battery

2.2.1. Anode materials

Lithium
Cobalt Oxide

LCO

120-150

250-450
600

1200-3000
3.6-3.8

>700
1-5%

$250-5450

-20 to +60

Lithium
Nickel Cobalt
Aluminum

NCA

80-220

210-600
1500-1900

4000-5000
3.6

>1000
2-10%

$600-$1000

-20 to +60

Lithium Nickel
Manganese
Cobalt

NMC

140-180

325
500-3000

6500
3.6-3.7

1000-4000
1%

$500-5900

-20 to +55

High capacity active materials for anode are essential for the improvement of LIB’s

electrochemical performance. The use of lithium metal as an anode material for rechargeable

batteries is very expensive and unsafe since a short circuit may occur between the electrodes

due to the formation of dendrites on Li metal [16]. Most of the commercial LIBs are used

graphite as an anode. Graphite has a good cycle life, low working potential, and low cost.
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Figure 2.2. Ragone plot of various active anode materials for LIBs. Potential vs. Li/Li" and

the corresponding capacity density are shown [16].

However, graphite is not compatible with propylene carbonate-based electrolytes because of
the intercalation of propylene carbonate between the graphitic planes that leads to capacity
fading. Figure 2.2 shows ragone plot of various anode materials’ average discharge potentials
and specific capacities. LisTis012 (LTO) anode has already been commercialized owing to
its safety, high stability (structural), and long cycle life. It is known as "zero strain"
intercalation anode out of the change in volume of only 0.2 % during lithiation/delithiation
process [17]. Titanium oxides are promising active materials for hybrid electric vehicles
among the anodes. Silicon-based materials are also studied widely amid alloying materials

and considered as an attractive anode for the next generation LIBs.

At the present, the total capacity of LIB systems is limited mainly by the low capacity of

cathode materials.
2.2.2. Cathode materials

In order to meet the growing demand in high capacity LIBs, there is a need for cathode
materials with higher capacities than commercially used LiCoO> (272 mAh g '), and LiFePOs
(170 mAh g). Cathode active materials can be divided into two groups:
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1) Intercalation cathode materials
2) Conversion cathode materials

Intercalation cathode materials. Li" ions can be inserted in, stored and removed from the
intercalation cathode materials. Transition metal oxides, metal chalcogenides, and polyanion
compounds are main types of intercalation cathodes [13]. These host network compounds
have various crystal structures like layered, spinel, olivine, and tavorite as shown in Figure

2.3.

The LiTiS; (LTS) is an example of intercalation cathode of layered structure, which was
extensively investigated due to its high gravimetric energy density and long cycle life. The
LTS was commercialized by Exxon [18]. Nevertheless, transition metal oxide and polyanion
cathode materials are more popular for investigation and application owing to their high
operating voltage, which results in higher energy storage capability. As it is seen from Figure
2.3 e, specific capacity of typical intercalation cathodes is around 150-200 mAh/g with an

average operating voltage 3-5 V vs. Li/Li".

LiCoO2 (LCO)is the most common used intercalation cathode material for LIBs with layered
crystal structure (Figure 2.3 a). Such transition metal oxides and phosphates undergo
oxidation to higher valences when Li" is extracted [19]. The operation principle scheme of

LIB with LCO cathode is illustrated in Figure 2.4.
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Figure 2.3. Schematic illustration of (a) layered (LiCoO>), (b) spinel (LiMn204), (c) olivine
(LiFePOas), (d) tavorite (LiFeSO4F) crystal structured cathode materials and their (e)

discharge profiles [20].

The chemical reactions of the typical cell with LiCoO; (cathode) and graphite (anode)

electrodes are as follows:
Anode: 6C+ xLi* + xe~ = Li,Cq

Cathode: LiCoOy S Liy_,C00, + xLit + xe~
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Total reaction scheme: 6C + LiCo0, = Li,Cs + Li;_,CoO0,

Negative electrode Electrolyte Positive electrode
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Figure 2.4. The operation principle scheme of LIB with LCO cathode and graphite anode
[14].

In the cathode side, Li" ions deintercalate from the electrode material, and Co®" oxidizes into
Co*" by releasing electrons during the charging process. The inverse reaction occurs during
the discharge. In the anode side, Li* ions intercalate into the graphite layers, transform into
atomic Li by obtaining electron from the lattice. The deintercalation of Li from the graphene
layers occurs by losing one electron during the discharge process; as a result, ionic state Li
forms [14]. In this way, lithium ion moves between the electrodes during the cycling of LIB.
Despite the fact that LCO is the appropriate cathode material for LIBs with high theoretical
capacity and good cycling performance, there are some limitations such as low thermal

stability, high cost, and capacity fade.

The LioMn2Os is a cathode material with a spinel structure (Figure 2.3 b). The main
advantages of Mn are low cost, abundance, and non-toxicity [21]. However, it suffers from
the low stability in organic electrolytes, which results in poor cyclability [22]. Similarly,

lithium nickel oxide, vanadium oxide, and iron oxides are also metal oxide cathode materials.
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Each of them has its own limitations, and research efforts on the improvement of active

materials are still actively ongoing.

Another type of intercalating cathode is polyanion materials (LiFePOs, LiFeSO4F,
LixFeSiO4) [23]. Among them LiFePO4 (LFP) is the most studied and commercially available
cathode. It has olivine structure as shown in Figure 2.3 c. LFP is chemically stable during
cycling and has good electrochemical performance. However, electrical and ionic

conductivities are poor [20].

Fe(SO4)F, V(PO4)F are examples of tavorite-structured intercalating compounds, which are
basically from fluorosulfate and fluorophosphate families. The structure studies and
synthesis of LiFe(SO4)F, LiV(PO4)F based new compounds as cathode materials are still
being investigated. Also, electrochemical performance of these compounds should be

improved [24].

Conversion cathode materials. Conversion cathodes are promising electrode types that can
undergo redox reaction during charge/discharge as expressed below:

Type 1 MX, +yLi = M + zLi¢y X
Type 2 yLi+ X = Li, X

Transition metal oxides, phosphides, sulfides, nitrides, and fluorides are examples for the
reaction type 1. Since they have metal ions with high valence, higher theoretical capacities
are obtained by undergoing conversion reactions. For some active materials, the reaction

mechanism can be little different because of the formation of intermediate phases.

The reaction mechanism of conversion cathode materials like S, Se, Br, I, and Te approaches
to type 2 [25]. The electronic conductivity of Se and Te is high, thus the rate capability of
this cathodes are higher than sulfur-based cathodes. However, sulfur-based cathode materials
are the most attractive conversion cathode materials due to the high theoretical specific
capacity (1675 mAh g ') and low cost [26]. Even so, these type of compounds have issues
like dissolution of intermediate compounds (Se, S) in organic solvents, poor conductivity (S),

and volume expansion (Se, Te). Additionally, Te and Se elements are costly.
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In conclusion, sulfur-based materials are the most promising active materials among

conversion cathodes and are discussed separately below in all-solid-state LIBs part.
2.2.3. Current collectors

The current collector is an essential component to hold the electrode material, ensure good
current conduction and collect the accumulated electrical energy from the electrode [27]. It
plays a significant role on battery performance. Two-dimensional (2D) Al foils are the most
commonly used current collectors for cathodes in LIBs allowing low cost and mature
manufacture. However, the instability of Al metal in organic electrolyte is still a challenge,
hindering long-cycle sustainability of electrical conductivity [28]. Its heavy weight, limited
surface area and weak adhesion of electrode material are also issues which affect the
electrochemical performance of the battery [29,30]. The 3D structured current collectors with
porous structure allows to incorporate electrode materials into its voids and hold more active
material per specific area. Therefore, the development of 3D structured current collectors
with lightweight, chemical stability and ability to keep good adhesion of active materials are
necessary for the next-generation LIBs. Especially, current collectors with high conductivity
and porous structure are highly desired for active materials with low conductivity as S, Si,

LFP etc.

Until now, the various types of current collectors including nickel, stainless steel, and carbon
in the form of thin foil, foam, and mesh, were developed in order to improve the
electrochemical properties of electrodes [31-35]. Among them, carbon materials are
promising alternatives to conventional metal-based current collectors due to their good
chemical stability and low mass density, which reduces total weight of the energy storage
system, and increase the specific overall energy density. Particularly, carbon fibers (CFs)
have many advantages like high conductivity, structural stability, and large surface area,
which makes them attractive to use in energy storage devices [36,37]. Use of CFs with
interconnected 3D void spaces as 3D structured current collector allows to incorporate
electrode materials into its 3D structure and hold more active material per specific area.

Beside this, CFs have low cost compared to metallic 3D current collectors. Previously, H. Lu
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et al. successfully fabricated flexible, mechanical and chemical stable Li4Tis012 electrodes
by using commercial CFs as a current collector [38]. Also, Y. Zhang compared Ni foam and
carbon fiber cloth as 3D current collectors for Li/S batteries where the cell with CF current
collector exhibited enhanced electrochemical performance, showed better rate capability and
delivered a highly reversible discharge capacity compared to Ni foam [39]. In conclusion,
CFs are up-and-coming materials in fabrication of lightweight, 3D structured high
performance active electrodes. Especially, they can be favorable for sulfur-based electrodes,

which suffer from low conductivity, volume expansion, and low active material loading.
2.2.4. Separators

Separators are thin porous membranes that physically isolate the negative and positive
electrode from each other. The direct contact of positive and negative electrodes leads to an
internal short circuit, resulting in a cell failure. Separators usually made of porous polymer
or ceramic materials and should be chemically stable in organic electrolytes [5]. In addition

to this, the durability and mechanical stability of the membranes are significantly important.

In Figure 2.5, commonly used polymer formulas for separators are given.
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Figure 2.5. Main polymers used for commercial separators: (a) Polyethylene, (b)

polypropylene, and (c) polyimide polymers.

Membranes are mainly prepared from the ceramic materials, blend of the polymers, and
modified polymers (polyolefins, polyethylene, polypropylene). Coating the separator with
ceramics, polymers as poly(vinylidene fluoride) (PVdF), and cross-linking with other

polymers are methods of improving/enhancing properties of separators. The safety of LIBs
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greatly depends on separators [14]. Due to the safety issues, in recent years, the replacement
of conventional separators with solid/gel ion conductive membranes is actively being studied

and is discussed below in the Electrolytes part.
2.2.5. Electrolytes

A conventional electrolyte is a solution of lithium salt in organic solvents that works as a
conductor of lithium ions and enables them to move between electrodes [40]. Several organic

solvent types for the electrolytes are shown in Figure 2.6.
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Figure 2.6. Molecular structures of some organic solvents for lithium-ion battery

electrolytes.
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Among them, carbonate-based solvents with lithium salts (mainly LiPFs, LiC104, LiBF4) are
widely used in LIBs. In addition, each battery manufacturer uses various additives, which is
a key secret of the manufacturer. Additives facilitate the formation of solid electrolyte
interface (SEI) layer, reduce the irreversible capacity, and some of them increase the thermal
stability of the cell. The main advantages of the liquid electrolyte are high conductivity (1073
~1072 S cm!) and stable contact with electrodes [14]. However, safety issues of LIBs as
toxicity of organic solvents, flammability, and leakage are mostly related to liquid
electrolytes. Moreover, separators and liquid electrolytes are electrochemically unstable and
it limits the application of high voltage cathode materials. By this reason, polymer and

ceramic electrolytes are being investigated intensively to replace liquid electrolytes.

Polymer electrolytes can be classified as gel polymer electrolytes (GPEs) and solid polymer
electrolytes (SPEs). GPEs are a combination of polymer matrix with liquid electrolyte. They
have higher ionic conductivity, better interfacial and mechanical properties compared to
SPEs [3]. Additionally, electrolyte leakage is significantly reduced in the use of GPE.
Polymers like polyethylene oxide (PEO), polymethylmethacrylate (PMMA), PVdF,
poly(vinylidene fluoride-co-hexafluoropropylene) PVdF-HFP, PAN are traditional polymer
skeleton for GPEs [41]. However, the mechanical performance of GPEs with the polymers
mentioned above is poor, and various methods are being developed to improve the properties.
Blending with different polymers, crosslinking, adding nanofillers are some approaches to
enhance and functionalize polymer matrix. In Figure 2.7, a brief information about types and
advantages of GPEs are given. Furthermore, biodegradable, green polymer-based skeletons

are also are being investigated for GPEs [3].

SPEs consists of polymers with ion conductive chains and Li salt. Ionic conductivity at
ambient temperature is a challenge for SPEs. Nevertheless, for the development of solid-state
batteries, SPEs are the most promising electrolytes and are discussed below in the all-solid-

state LIBs part.
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Figure 2.7. Polymer skeleton examples for GPEs and their functionality [42].
2.3. Flexible All-solid-state Li-ion Batteries

“Flexible electronic device” is a general term for devices that can operate when bent, folded,
compressed, or stretched. Growing demand for such technologies stresses the importance of
the characteristics like portability, convenience and design for consumer [43]. Nowadays, the
market for flexible electronics is rapidly growing out of the boundaries of conventional
electronics, and in the nearest future these technologies will be implemented to new areas

like wearable electronics and medical devices [43,44].

For the last several years, academic and R&D researchers have been working on the
development of solid-state flexible LIBs. However, the selection of suitable components and
their integration with each other is still an unsolved problem. The packaging materials, rigid
electrodes, eco-compatibility, and safety are always complicating the development of flexible

batteries.
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Figure 2.8. Schematic illustration of all-solid-state LIB with flexible components [45].

In order to be a power supply for electronics, flexible LIBs must have a high capacity, and
the battery performance should not worsen due to mechanical deformation. Figure 2.8 shows
possible schematic illustration of flexible solid-state LIB. Currently, the development of
flexible cathode/anode and appropriate solid electrolytes compatible with electrodes is a
relevant task for all-solid-state batteries. The sulfur-based cathodes and solid polymer
electrolytes are hopeful candidates for all-solid-state batteries and discussed below in two

parts.
2.3.1. Sulfur-based cathode for flexible LIBs

Sulfur cathode has a theoretical specific energy of 2567 Wh kg'!, which is remarkably higher
than commercial LiCoO,/C lithium-ion batteries [26,46]. Furthermore, sulfur-based cathodes
have large capacity, safe operating voltage, and excellent potential for low cost production
[47]. Due to these advantages, Li/S batteries are one of the most promising systems for the

next generation flexible powering devices.

During discharge/charge process, between sulfur and Li redox reaction occurs as follows:

2Li* + Sg + 2e~ © 2Li, S
2Li* + Li,Sg + 2e~ © 2Li,S,
2Li* 4 Li,Ss + 2e~ & 2Li,S,

2Li* + Li,S, + 2e™ o 2Li,S,
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2Li* 4 Li,S, + 2e™ o 2Li,S

The overall reaction of Li/S system:

Each step of complete reaction influences the operation of Li/S battery. Typical Li/S cell

configuration with Li anode is given in Figure 2.9.

Figure 2.9. Schematic configuration of a typical Li/S cell.

There are several issues, which are still preventing the commercialization of Li/S batteries.
The first major problem is insulating nature of sulfur, which results in poor electrochemical
accessibility and low utilization of sulfur in the electrode. Due to this point, usually sulfur-
-carbon (S/C) composite material is used as an electrode. During the preparation of the
conventional S/C composite electrode, a large amount of conductive additives (carbon black)
and polymer binders (PVdF) are used to provide mechanical stability and electrical
connectivity to the whole system. Additives and binders reduce the sulfur content in the
electrode, which significantly reduces the overall energy density of the battery [48]. The
second issue is a high solubility of lithium polysulfides (intermediated compounds) in
organic liquid electrolytes, which leads to side reactions in anode side (shuttle effect). Third

is a large volume variation of sulfur during cycling. All these problems result in a rapid
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capacity fading, low coulombic efficiency, decrease in power capability and poor cycling
stability [49,50]. Also, another factor which complicates the commercialization of Li/S
batteries is the safety issue related to Li metal anode. The Li dendrite growth and instability

of organic liquid electrolytes are always issues for anode.

Various strategies have been developed to solve the above-mentioned problems, such as
encapsulation of sulfur in nanostructured carbon materials and combining it with conductive
polymers like PAN, [50,51] polyaniline, [52,53] polythiophene, making S/C composite
materials adding conductive matrices (Figure 2.10) [54]. Also, loading elemental S into
different porous materials like mesohollow, microporous carbon fibers is another established
option [55,56]. The use of solid-state polymer electrolytes is an alternative approach, which
can help to prevent shuttle effect and Li dendrite growth. Additionally, SPEs may

accommodate the volume changes in S electrode due to polymer elasticity.

Figure 2.10. Basic approaches to overcome Li/S battery issues [57].
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Binder-free, freestanding, sulfur electrodes are also considered to be promising electrodes

with high volumetric energy and power density.

The sulfur-dehydrogenated polyacrylonitrile (S/DPAN) could be a valuable system as a
freestanding composite electrode. First, Wang et al. reported S/DPAN composite by heating
the mixture of sulfur and PAN at 280-300 °C. Fixing of sulfur by conductive polymer
skeleton improved cyclability and capacity of Li-S battery. Embedded sulfur between cyclic

rings of conductive DPAN in some degree suppresses polysulfide migration (Figure 2.11)

[58].
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Figure 2.11. Proposed reaction scheme of PAN and sulfur after heat treatment at 300 °C
after (a) 0.5 h and (b) 2.5 h by Wang et al. [59].

The development of nanostructured S/DPAN composites can give an opportunity of making
flexible electrodes with different functionalities [49]. Nanofibrous materials are garnering
increased attention in the fabrication of materials for LIBs [60]. They have large surface area,
high length/diameter ratio, good flexibility, high porosity and multiple functionalities [61].
One of the simplest methods to prepare nanofibers is the electrospinning technique which
can be applied to different types of polymers, polymer alloys, and polymers/inorganic
composite materials [62—-64]. The selection of components for electrospinning method is
quite extensive, which is advantageous for the fiber fabrication with different morphology,

structure, and functionality. From this perspective, the preparation of S/DPAN cathode
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materials by electrospinning is an effective option for the development of a flexible electrode.
Moreover, nanofibrous cathodes could be compatible with solid polymer electrolytes due to
their porous and fibrous structure. The fabrication of flexible S/DPAN electrode and
combination with flexible solid polymer electrolyte will significantly advance Li/S battery

as solid electrolytes suppress the shuttle effect [65].

Along these lines, another important challenge about solid-state LIBs is the preparation of

flexible solid-state electrolytes and their compatibility with electrodes.
2.3.2. Solid state electrolytes

In conventional LIBs, the majority of safety problems as leakage, flammability, and toxicity
are caused due to the liquid electrolytes, which consist of dissolved Li salt in organic solvents
[3]. Therefore, there is a necessity for all-solid-state batteries with safe and solvent-free
electrolytes [66]. There are two types of solid-state electrolytes: polymer and ceramics based
electrolytes. Among them, much attention has been devoted to SPEs as a promising candidate
for flexible LIBs owing to its benefits like excellent flexibility, a wide range of
electrochemical stability window, high thermal stability, thin film forming capability and
lack of organic solvents [67]. Generally, SPEs are prepared by dissolution of Li salts in a
polar polymer matrix, where Li* ions coordinate with the electron-donor groups in the
polymer host. Ion conduction occurs by the electric field which forces ions to hop from one
coordinating site to another [68,69]. Figure 2.12 shows Li" ion migration through the polymer
chain and cluster. Usually solvation ofions occurs by coordinating ethylene oxide (EO) units
of polymers. Segmental motion of polymer chains is also important for migration of ions

[70].

Polymers may contain both crystalline and amorphous regions in their structure. Mainly,
transport of ions occurs in the amorphous region of the polymer material [71]. Wright et al.
reported the first study of ionic conductivity in crystalline PEO with alkali iodide salts [72].
Following in 1978, Armand applied PEO/alkaline salt complexes as electrolytes for lithium

batteries [73]. Since that, a great deal of research has been done on the development of PEO
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based SPEs by using polymer blends from polycarbonate, polysiloxane, plastic crystal, and

hybrid composites for all-solid-state Li-ion batteries [74,75].

Figure 2.12. Scheme of Li" ion migration in PEO based polymer matrix [70].

However, the application of SPEs is limited due to the low ionic conductivity at ambient
temperature, which is related to the crystalline nature of PEO [76]. The introduction of an
amorphous region into the structure of the electrolyte can enhance the ionic conductivity
since the movement of polymer chains, degree of crystallinity, and flexibility greatly affect
the ion transport [77]. Polymers with low glass transition temperatures (Tg) are more suitable
in order to remain rubbery at room temperature, at the same time to have desired mechanical
properties at high temperatures [78]. It is widely known that comb-shaped/cross-linked SPEs
prepared with various polymers such as polyacrylates, polyphosphazenes, and polysiloxanes
have high flexibility and enhanced amorphous phase [79]. Among them, polysiloxanes have
unique/exceptional characteristics of low Ty, related to the flexibility of the Si-O-Si bond
which is helpful for Li-ion conduction [80]. Additionally, polysiloxanes have high flexibility,
low toxicity and high chemical stability.

There are several successful works on polysiloxane based SPEs with improved ionic
conductivity and flexibility [81-83]. PDMS is one of such promising polymers which is
popular in industrial/energy storage applications [4,84]. Since it is in liquid form at room
temperature, dimensional stability of PDMS has to be improved. Cross-linking or adding

appropriate polymer to its structure can improve dimensional and thermal stability of PDMS
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[85,86]. Besides, cross-linking hinders crystallization of polymer blend and enhances

mechanical strength.

Recently, PDMS-based cross-linked network SPE with polyethylene epoxide was developed
by “thiol-epoxy” click chemistry [85]. The ionic conductivity of samples was 1.5x10° S cm™
"'at room temperature and Li ion transference number was 0.20. However, these SPEs do not

have enough flexibility to apply for the flexible LIBs.

UV photocrosslinking is an alterative way to improve mechanical stability of PDMS-based
electrolytes. This process is very simple and fast. Acrylic ended polymers with EO chains
like polyethylene glycol diacrylate/triacrylate, ethoxylated triacrylates are great alternatives,
which may improve both electrochemical and mechanical properties of SPEs. In addition,
the UV cross-linkable polymer blend is suitable for in-sifu polymerization of SPE within the
porous electrode, which is beneficial to develop all-solid-state LIBs. The in-situ
polymerizable SPEs are promising to develop electrode-electrolyte combined systems for

solid-state LIBs.
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3. MATERIAL AND METHOD

3.1. Chemical Materials

All chemicals were used as received without further purification. Solvents which were used for SPE preparation were dried before

use by molecular sieves (4A). The list of used chemicals is given in Table 3.1.

Table 3.1. The list of chemical materials used in Experimental Part.

. Molecular weight .
Chemicals Brand (M, M, d) Purity Structure
CN
Polyacrylonitrile, (PAN) | J&K Scientific M,,= 150,000 -
n
T
Polyvinylidene fluoride, Arkema, _ 3 .
(PVF) psvoop | 47178 glem - ¢—¢
H FJ,

Poly(dimethylsiloxane),
(PDMS)

Sigma-Aldrich

viscosity ~65 cSt,
M, = 2750 g/mol

(')H
O-Sli
CH

w | w
=)
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Table 3.1. (Continued)

O
Poly(ethylene glycol) . . _ 0 _CHs
diacrylate, (PEGDA) Sigma-Aldrich M,= 575 - H.C” OJ\/
o) n
R
Trimethylolpropane © R_* R CH
ethoxylate triacrylate, Sigma-Aldrich M,~ 428 - RO CHy \f/\oij\é 2
n
(ETPTA) OR
Lithium B
bis(trifluoromethane)sulf | Sigma-Aldrich My _/28?09 99.95% FgC—é—N—§—0F3
onimide, (LiTFSI) g/mo 0 ﬂi o)
O
Acryloyl chloride, (AC) | Sigma-Aldrich | M,,=90.51 g/mol >97% H.C Q)J\CI
Trichloromethane, M,,=119.38 I?
Sigma-Aldrich >99.5% /C""CI
(Chloroform) g/mol Cl \CI
Cl
Dichloromethane, > 99.8%, |
Sigma-Aldrich | M,,= 84.93 g/mol ..C
(DCM) anhydrous HY? i
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Table 3.1. (Continued)

. >99.9%, @)
Tetrahydrofuran, (THF) AppliChem | M,,=72.11 g/mol
anhydrous
M,=101.19 (
Triethylamine, (Et3N) Sigma-Aldrich >99.0%
g/mol \/N\/
4 ~NT
M,=122.17
Dimethylaminopyridine, | Sigma-Aldrich ol >99% = |
g/mo
(DMAP) SN
2-hydroxy-2- OH
Yoy M= 164.20
methylpropiophenone, | Sigma-Aldrich >97%
g/mol
(HMPP)
O
N,N- O
M,,=203.32 JJ\ CH
Dimethylformamide, | Sigma-Aldrich ol 99% H >N °
mo |
(DMF) ¢ CHs
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Table 3.1. (Continued)

N-methyl-2-pyrrolidone,

Sigma-Aldrich | M,,=99.13 g/mol 99.5% N
(NMP) I
CHj
Sulfur Tengizchevroil | M,,= 32.07 g/mol 98% S
Ketjen Black, (KB) MTTI Co. M= 12.01 g/mol 99.5% C
Sigma- M,=138.21 >99.0%,
Potassium carbonate K2COs3
Aldrich g/mol anhydrous
Sigma- M,,=120.37 99.5%,
Magnesium sulfate _ MgSO4
Aldrich g/mol anhydrous
Multi-walled carbon
US Research
nanotubes, (CNT), OD: ) M,,=12.01 g/mol >95% C
Nanomaterials
10-20 nm
Conductive acetylene
Arkema Myw=12.01 g/mol - C

black, (AB)
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3.2. Characterization Methods and Used Equipment Types

The common methodology and various equipment for investigation/characterization are

briefly described below.

Electrospinning method. Electrospinning is a technique, which enables the production of
polymer fibers from polymer solutions in high electric fields. PAN nanofibers and PAN

nanofibers with sulfur were fabricated by Inovenso Ne200 electrospinning machine.

Ball mill. Fritsch, Pulverisette 7 ball mill was used as a grinding equipment. Rigid balls from
zirconia with 2 mm diameters were used to grind S/C powder in ethanol with a mass ratio of

powder to ball 1/3.

Tubular furnace. This equipment is used to heat, pyrolyze or carbonize raw materials at
high temperatures in air or inert atmosphere. Across International, STF1200 furnace with
quartz tube was used for heat treatment of composite materials and nanofibers during the

preparation of sulfur-based cathode and nanofiber current collector.

CHNS analyzer. The analyzer determines the mass fraction of carbon, hydrogen, nitrogen
and sulfur in organic compounds The sulfur content in electrodes was determined using

CHNS chemical analysis, Vario Micro Cube, Elementar.

Filed-Emission Scanning electron microscopy (FESEM). Ultra-high resolution images of
all samples were conducted by FESEM, JEOL JSM-7500F equipment. The morphology,
surface structure, and cross-section images of nanofibrous materials, polymer films and

powders were obtained.

Scanning electron microscope with energy dispersive X-ray spectroscopy (SEM-EDX).
The distribution of sulfur in S/DPAN/CNT nanofiber composite and distribution of a-PDMS
in cross-linked polymer films were investigated by SEM-EDX analysis using FESEM, JEOL
JSM-7500F.

Raman spectroscopy. The structural features of carbonized PAN nanofibers were examined

by Raman spectroscopy on a LabRAM HR Evolution spectrometer (HORIBA Scientific,
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Japan) using Ar' ion excitation laser. The spectra of the films were obtained at the laser

wavelengths of 633 nm.

Fourier Transform Infrared Spectroscopy (FTIR). The chemical structure of organic
samples was investigated by taking FTIR spectra in the range of 400-4000 cm ' using
Nicolet iS10 FT-IR, and Agilent Technologies Cary 600 Spectrometers.

X-ray diffraction (XRD). The phase composition of the S, C, S/KB, S/PAN/KB and
S/DPAN/KB composites was studied using XRD, SmartLab, Rigaku Co., Japan, (Cu Ka

radiation) over a range from 10 to 80°.

X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical
composition of the S/DPAN/KB nanofibers. Chemical state of C, S in the composite
electrode was determined by surface and point analysis techniques using Thermo Fisher

Scientific K-Alfa+ XPS equipment.

Transmission electron microscopy (TEM) analysis were carried out in JEOL JEM - 1400
Plus. Size and morphology of nanofiber materials were investigated by TEM analysis.

Samples were dispersed in ethanol, dropped on 400 mesh Cu grid and dried for TEM analysis.

Thermo-gravimetric analysis (TGA). Simultaneous Thermal Analyzer (STA) 6000 was
used to analyze the thermal stability of developed cross-linked polymers. The temperature
range for all samples was 20—700 °C under nitrogen atmosphere with a heating rate of 10 °C
min”.

Differential scanning calorimetry (DSC). T of the materials was determined by DSC,
Pyris Diamond DSC equipment. The samples were cooled down to -80 °C, then heated with

arate of 10 °C min™! up to 100 °C. The same condition was used for each sample and the heat

flow value was collected from the second heating cycle.

Tensile stress-strain tests. Mechanical properties of freestanding SPEs were analyzed by
standard tensile stress-strain tests to measure modules, ultimate tensile strength and
elongation at break. The tensile measurements were performed at room temperature on a

Materials Testing Machine Z010/TN2S, using a crosshead/an elongation speed of 1 mm/min.
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UV lamp. Crosslinking reaction of polymer films was carried out with UV-crosslinking
method. Compact Spectroline, ENF-240C/FE UV lamp with Amax =365 nm was used for all

cross-linked samples.

Temperature test chamber. The electrochemical performance of SPEs was tested in a
temperature range 25-90 °C. Temperature test chamber from Xi’an LIB Environmental

Simulation Ind. was used during the test.
Cell assembling

Coin cell assembling. For investigation of electrochemical performance of prepared electrode,
current collector and SPE materials, CR2032 coin type cells were assembled inside the Ar-filled
glove box (MBRAUN, LABmaster Pro Glovebox, <0.1 ppm H>O and O,). Lithium metal discs
were used as both negative and reference electrode, and polypropylene membrane as a
separator, LiPFs in EC/DMC/DEC (volume ratio of 1:1:1,Targray) as an electrolyte. Disc
cutter with 19 mm diameter punching tool was used for separator, and 15 mm for the cathode.

The general configuration of the cell is shown in Figure 3.1 a.

Pouch cell assembling. Pouch-type cell was assembled in the argon filled glovebox with one
layer of Li metal anode and two layers of flexible nanofiber cathode with dimensions of
25x30 mm separated by a porous polypropylene membrane as shown in Figure 3.1 b. A
special, moisture-resistant aluminum laminated film was used to prepare pouch cell cases.
After inserting all components into the pouch form, liquid electrolyte is injected from an open
side (only one side) of battery pouch. The electrolyte-soaked battery pouch is heat-sealed
under vacuum, removing excess gas from inside the pouch. Battery bending and folding tests

were done by powering light-emitting diodes (LEDs) with pouch cells.
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Figure 3.1. Scheme ofthe (a) coin cell and (b) pouch cell configuration.
Testing electrochemical performance of the cells

Cyclic voltammetry (CV). BioLogic Science Instruments (France) was used to get CV of
the electrodes. Linear sweep cyclic voltammetry (LSV) method measures the cell current as
a result of a potential change in the range of the working electrode (at a given scan rate).
Redox reactions of an electrode, the presence of intermediates and reversibility of the
reaction were studied by CV. Cyclic voltammogram of an electron reduction (cathodic) and

oxidation (anodic peak) is shown in Figure 3.2 a [87].

Galvanostatic charge/discharge cycling. The capacity and cycling performance of the
electrode materials were obtained from the charge/discharge potential profiles. Coin cell type
batteries were tested in BT-2000 Arbin Instruments (USA) by applying constant current. As
an example, typical potential profile for S/C electrode is shown in Figure 3.2 b [88].

Rate capability (C-rate) tests of electrode materials were investigated at different range of
current density in BT-2000 Arbin Instruments (USA). It is a measure of the rate at which a
battery is discharged relative to its maximum capacity. A 1 C rate means that the discharge

current will discharge the entire battery in 1 h [11].

Electrochemical impedance spectroscopy (EIS). The ionic conductivity of SPEs was
determined by EIS wusing VMP-3 potentiostat/galvanostat (Bio-Logic Instruments)

equipment. The impedance of the cell with SPEs was measured as a function of frequency in
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arange of | MHz to 10 Hz, and ionic conductivities of the samples were calculated according

to the Nyquist plot. Typical Nyquist plot for a SPEs are given in Figure 3.2 ¢ [89].
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Figure 3.2. Typical (a) CV showing anodic and cathodic current peaks [87], (b)
charge/discharge profile for a Li—S battery [88], and (c) Nyquist plot for a polymer electrolyte
[89].

The photographs of basic equipment used during the research are shown below.
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Basic Equipment Used for Material Preparation, Battery Assembling and Testing

Tubular Furnace =

-
Electrospinning Machine #2g, Planetary Ball Mill
&

Disassembling Machine

Disc Cutter

.....

Battery Test Equipment, Potentiostat/galvanostat/ElS — VMP3
BT-2000 Arbin Instruments Bio-Logic Instruments

36



3.3. Experimental Part

Experimental part comprises the synthesis, preparation procedures of new materials, and
application methods. The general information and motivation for the work were reviewed in

Chapter 2, Part 2.3 Brire. Experimental part was divided into three subsections.

In subsection 3.3.1, preparation and characterization of S/DPAN/KB flexible nanofiber
composite cathode were described. Flexibility and bendability of the electrode was also

studied by assembling pouch cell.

In subsection 3.3.2, the fabrication of 3D structured current collector for Li/S batteries was
explained in detail. Carbon nanofibers were obtained by electrospinning method with
different diameters, void sizes and investigated as a current collector in comparison with

conventional ones.

The next section 3.3.3 covers preparation of PDMS-based SPEs with UV-photocrosslinking

process. Electrochemical performance of electrolytes was studied.
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3.3.1. Freestanding flexible S/DPAN/KB cathode by electrospinning method

The development of binder-free, freestanding, and flexible sulfur electrode is highly desired
to assemble Li/S batteries with high volumetric energy and power density, as it was
mentioned above in Chapter 2, section 2.3.1. Here, we prepared the PAN nanofibers filled
with S/KB particles (denoted as S/PAN/KB, where KB is Ketjen Black) by a single nozzle
electrospinning technique. Further S/PAN/KB nanofibers were heated at 300 °C temperature
to make PAN dehydrogenated, sulfurized, and, therefore, conductive. Benefitting from its
structural features, the as-prepared S/DPAN/KB nanofiber cathode exhibited good
compatibility with the conventional carbonate-based electrolytes and showed a high
coulombic efficiency, long cycle life and good rate capability, demonstrating a great prospect

for battery applications.
3.3.1.1. S/KB composite preparation

KB was used as conducting matrix to prepare S/KB composite. S/KB composite was
prepared by mixing sulfur and KB in a weight ratio of 95:5, and heat treating in a tubular
furnace at 300 °C in argon for 4 h. After cooling down, the resulting sulfur impregnated KB
composite was ground by ball milling for 4 h at 600 rpm. The ball milled composite was used

further to prepare the spinning solution.
3.3.1.2. Fabrication of S/DPAN/KB nanofiber composite electrode

Schematic illustration of the electrospinning process is shown in Figure 3.3. The spinning
solution was prepared by dissolving 1 g of PAN in 9 g DMF and continuous overnight
stirring. S/KB composite was homogeneously dispersed in the PAN solution by sonication
for 5 h. Optimized weight ratio of PAN, S/KB composite was 2:3. Dispersed solution was
loaded into 10 ml syringe with a stainless steel nozzle and spun by applying voltage of 17
kV with a solution flow rate of 1 mL h™'. The distance between rotating cylinder and nozzle
tip was kept as 12 cm. Nanofibers were collected onto a carbon coated aluminum foil (MTI
Co.). The obtained S/PAN/KB composite nanofibers were heated in a tubular furnace in Ar
with a heating rate of 10 °C min™' to 300 °C and kept at this temperature for 1 h to cyclize
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PAN polymer chains and sulfurize dehydrogenated PAN in the S/KB composite [90,91]. The
resulting S/DPAN/KB nanofiber composite was freestanding, flexible and was directly used

as an electrode without any binder.

oA S/KB
S . e
Mixingwiea ks "g :.tQ@.O"\-. suspension
—_— y ~C —_—
; e O AL
({_) Heattreated at -.-._-I.\v__‘& with 10 wt%
300°C, 4 h, Ar ~ HOAID0
» &1, PAN/DMF

Heat treated

at 300°C
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S/DPAN/KB S/PAN/KB ' Nanofibers

Figure 3.3. Schematic illustration of electrospinning process and fabrication of flexible

S/DPAN/KB composite cathode.
3.3.1.3. Characterization of S/DPAN/KB nanofiber composite electrode

The morphologies ofthe samples were characterized by FESEM, SEM/EDS. XRD, XPS and
FTIR were used to characterize the structural properties of the samples. The sulfur content

was determined using CHNS analyzer.

All the electrochemical tests were carried out in an argon filled glovebox (MasterLab,
MBraun) using coin-type cells (CR2032), with lithium metal discs as both negative and
reference electrode, polypropylene membrane as a separator (Celgrad 2400) and a liquid
electrolyte LiPF¢ in ethylene EC:DMC:DEC (volume ratio of 1:1:1, Targray). The prepared
S/DPAN/KB nanofiber composite was cut into disks of 1 cm in diameter and used as a

freestanding cathode to assemble the cells. The cells were galvanostatically cycled at
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different current densities in a potential range of 1.0 — 3.0 V vs. Li/Li" on multichannel battery
tester. Specific capacity and current density were calculated based on the weight of sulfur in
the electrode. CV was conducted over a potential range from 1 to 3 V vs. Li/Li" at a scan rate
of 0.1 mV s, All the electrochemical measurements were carried out at room temperature.
For comparison, a conventional S/DPAN/KB cathode on Al foil current collector was also
prepared and tested under similar conditions. In this case, 80 wt% of S/DPAN composite, 10
wt% KB and 10 wt% PVdF were dispersed in NMP. The resulting slurry was applied onto
Al foil using doctor blade technique and vacuum dried at 60 °C for 12 h. In addition, S/KB
composition was prepared with the same method in order to compare with S/DPAN systems.
Specific capacity and current density were calculated based on the weight of sulfur in the
electrode. The mass loading of sulfur was around 1.5 mg cm™ for all samples. In all
experiments the area of the cathode was 1.76 cm?. For bending test, the pouch-type cell was
assembled in the argon filled glovebox with one layer of Li metal anode and two layers of
freestanding S/DPAN/KB nanofiber composite cathode with dimensions of 25x30 mm

separated by porous polypropylene membrane.
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3.3.2. PAN derived electrospun carbon nanofibers as 3D current collector for Li/S

batteries

Carbon fibers are promising materials in fabrication of lightweight, 3D structured high
performance active electrodes. Particularly, they can be favorable for sulfur-based electrodes,
which suffer from low conductivity, volume expansion, and low active material loading. In
most of the reported studies on 3D carbon current collectors commercial CFs with diameters
of more than 5 um were investigated [28,35,92,93]. The larger diameters result in a higher
electrical resistivity of the carbon fibers. Additionally, it results in increased weight and
decreased specific surface area of a current collector. Fabrication of CFs with the diameters

less than 2 pm could be more beneficial from this point of view.

One of the feasible methods of production CFs is a spinning of polymer precursors [94].
However, conventional mechanical spinning techniques cannot produce fibers with
diameters smaller than 2 um. In contrast to mechanically-driven spinning, electrospinning
technology enables production of homogenous, continuous polymer fibers from polymer
solutions with diameters in nanometer range at high electric fields [95]. Electrospinning is a
potential way of CF production for development of 3D current collectors. In addition, this

method is one of the simplest and cost effective techniques to produce CNFs [61].

Herein, we present the fabrication and investigation of electrospun carbon nanofibers with
different diameters, void sizes and their application as 3D current collector for sulfur
composite electrode. The capacity of sulfur cathode was remarkably enhanced by replacing
heavyweight metal current collector with 3D structured CNFs fabricated by simple
electrospinning method. The variation of the electrospinning solution concentration allowed
to obtain carbonized PAN (cPAN) nanofibers of uniform structure with diameter from

several hundred nanometers to several micrometers.
3.3.2.1. Fabrication of carbon nanofibers by electrospinning method

Carbon nanofibers were fabricated by electrospinning apparatus. The homogenous spinning
solutions of PAN with the concentrations of 10, 12 and 14 wt% in DMF were prepared by
stirring overnight and abbreviated as PAN10, PAN12, PAN14 respectively. The polymer
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solutions were spun at room temperature for 1 h in an air atmosphere by applying voltage of
17 kV with a solution flow rate of 1 mL h''. The distance between rotating cylinder and tip
of the capillary was 13 cm. A rotating cylinder was covered by an aluminum foil and
rotational speed during electrospinning was set at 100 rpm. The stabilization and
carbonization of obtained PAN nanofibers were conducted in a tubular furnace. A constant
flow of air was maintained through the furnace during the stabilization. The stabilization was
carried out by heating the PAN nanofibers from the room temperature to 280 °C with the
heating rate of 5 °C/min, followed by holding the temperature at 280 °C for 1 h to complete
the stabilization. The stabilized PAN nanofibers easily peeled from the aluminum foil and
carbonized under argon atmosphere at temperatures from 600 to 800 °C for 4 h with the
heating rate set at 10 °C min’'. The mass per unit area of the carbon nanofiber was about ~

0.85 mg cm™.
3.3.2.2. Application of CNFs as 3D current collector for S'/DPAN/CNT cathode

S/DPAN/CNT composite was synthesized by previously reported method of our group [96].
First, S with PAN in a weight ratio of 75:25 and CNT (2 wt% of total mass) was manually
grinded. Further, the mixture was heat treated in a tube furnace at 300 °C for 4 h in argon
atmosphere to form S/DPAN/CNT composite. The slurry was prepared from 80 wt%
S/DPAN/CNT composite, 10 wt% AB and 10 wt% PVDF mixed in NMP. The resulting
slurry of S/DPAN/CNT were applied to prepared electrospun CNFs by vacuum infiltration

technique and dried in a vacuum oven at 60 °C for 12 h.

For comparison, a conventional S/DPAN/CNT cathode on commercial CF and Al foil were
also prepared and tested under similar conditions. In this case, 80 wt% of S/DPAN/CNT
composite, 10 wt% AB and 10 wt% PVdF were dispersed in NMP. The resulting slurry was
casted on Al foil and commercial CF by using doctor blade technique. Specific capacity and

current density were calculated based on the weight of sulfur in the electrode.
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3.3.2.3. Structure characterization and electrochemical measurements

The morphologies of the samples were characterized by FESEM. XRD and Raman
spectroscopy were used to characterize the structural properties of the samples. The sulfur

content in the composites was determined using CHNS analyzer.

S/DPAN/CNT composite cathodes incorporated with cPAN CNF current collector were used
as working electrodes after vacuum drying at 60 °C ovemight. The areal mass loading of
sulfur for all samples was 1.2 = 0.2 mg cm™. The coin-type cells (CR2032) were assembled
in an argon filled glovebox using lithium metal discs as both negative and reference electrode,
polypropylene membrane as a separator (Celgrad 2400) and LiPFs EC:DMC:DEC (volume
ratio of 1:1:1) as an electrolyte. CV was conducted over a potential range from 1 to 3 V vs.
Li*/Li at a scan rate of 0.1 mV s™'. Galvanostatic charge—discharge was carried out on a
multichannel battery tester within the voltage range of 1.0 — 3.0 V (vs. Li"/Li). The specific
capacity and current density were calculated based on the weight of sulfur in the electrode.

All the electrochemical measurements were carried out at room temperature.
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3.3.3. Flexible siloxane-based solid polymer electrolyte

The development of flexible solid-state electrolytes and their compatibility with electrodes
are important issues of flexible LIBs. SPEs are full of promise among solid-state electrolytes
due to their excellent flexibility, high thermal and electrochemical stability and lack of
organic solvents. Particularly, polysiloxane based SPEs are advantageous, and were briefly
discussed in Chapter 2, section 2.3.2. Flexibility of Si-O-Si bonds and low Tz improve
bending properties and enhance Li-ion conduction of polysiloxane based SPEs. Here, we
prepared a series of freestanding, transparent polymer films with excellent flexibility and
improved ionic conductivity at ambient temperature. Cross-linked SPEs were obtained by
UV-curing of ethylene glycol unit containing oligomers and acrylated PDMS with different

mass ratios. Electrochemical and mechanical properties of films were investigated.
3.3.3.1. Acrylation reaction of hydroxyl terminated PDMS

The terminal groups of HO-(PDMS),-OH were converted to photosensitive acrylate
groups (OAc) by reaction with acryloyl chloride to obtain AcO-(PDMS),-OAc (a-PDMS)
polymers by the reported method [97]. HO-(PDMS),-OH (16.5 g, 6 mmol) and DMAP
(0.00732g, 0.06 mmol) was dissolved in CHCl3 (35 ml), placed in a 500 mL round bottom
flask and mechanically stirred by overhead stirrer under flow of N> gas. After gradually
adding Et;N to the solution, acryloyl chloride was added dropwise over 30 minutes. The
mixture was refluxed at 50 °C for 24 h with mild stirring. The CHCl3; was removed by rotary
evaporator and residual viscous product dissolved in ethyl acetate. Triethylamine
hydrochloride salts were removed from the product by vacuum filtration and ethyl acetate
was removed under reduced pressure. The remaining product dissolved in CH>Cl, (80 — 100
mL) and washed with 2M K>CO3 solution (15 mL). The isolated viscous solution was dried
with MgSOs, filtered out, and solvents were removed under reduced pressure. The reaction
scheme of PDMS acrylation is given in Figure 3.4. FTIR spectroscopy results confirmed
acrylation of HO-(PDMS),-OH.
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Figure 3.4. The acrylation of hydroxy terminated PDMS.
3.3.3.2. Preparation of flexible polymer films with lithium salt

SPEs composed of a-PDMS, PEGDA, ETPTA and Li salt (LiTFSI) were prepared by UV-
crosslinking method. In the first step, homogenous mixture of a-PDMS, PEGDA, and
ETPTA were prepared in various stoichiometric mass ratios by stirring at room temperature
and abbreviated as PPE. Separately, LiTFSI dissolved in THF with the mass ratio of 2:1
respectively and mixed with PPE blend under continuous stirring for 30 minutes. The molar
ratio of [EO]/[Li*] was varied as 6, 18, and 30. HMPP was used as a photoinitiator, and the
concentration was fixed as 3 wt% of total solution. Further, the sample cast between two
glass plates to prepare thin polymer films. The casted samples exposed to UV-irradiation for
3 minutes by UV lamp. Prepared cross-linked polymer films were easily removed from the
glass plate and placed into vacuum chamber with a heater in the glove box for 24 h at 50 °C
in order to remove residual solvent. The overall process performed in an argon-filled glove

box.
3.3.3.3. Characterization of solid polymer electrolytes

The UV photocrosslinked polymer membranes were investigated by FTIR with a resolution
of 16 cm™ and frequency range of 400-4000 cm™'. The gel content of the samples was
determined by measuring the weight of the samples before and after solvent extraction in
acetone at room temperature for 24 h. Insoluble residue was dried in vacuum oven at 60 °C
and the gel content was calculated. The morphologies were characterized by FESEM and
SEM/EDS. T, of the materials was determined by DSC. The samples were cooled down to —
100 °C, then heated with a rate of 10 °C min™! up to 100 °C. The same condition was used for

each sample and the heat flow value was collected from the second heating cycle. The thermal
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stability was tested by TGA in a temperature range of 20-800 °C under nitrogen atmosphere
with a heating rate of 10 °C min"!. Mechanical properties of freestanding SPEs were analyzed
by standard tensile stress-strain tests to measure modules, ultimate tensile strength and
elongation at break. The tensile measurements were performed at room temperature, using a

crosshead/an elongation speed of 1 mm/min.

The ionic conductivity of prepared SPEs was determined by EIS. The coin cells (CR2032)
were assembled with cross-linked PPEs sandwiching between two stainless steel
(SS|PPE|SS). The impedance measurements were carried out from 1 MHz to 10 Hz with a
voltage of 0.1 mV in amplitude from room temperature to 90 °C with a temperature interval

of 10 °C. The ionic conductivities were calculated by following equation;
o=1/(Rp-7r* m)

where [ is the thickness, 7 and R, represent radius and bulk resistance of the cross-linked
SPEs respectively. Ry is the intercept on the real axis at the high frequency end of the Nyquist
plot of complex impedance. The electrochemical stability was measured by assembling coin
cell with a stainless steel as a working, Li metal as a reference electrode, cross-linked PPEs
as electrolyte and tested at 60 °C with a potential window between 1.5 V to 7.0 V at a scan
rate of 0.1 mV s\, In addition, cyclic voltammetry measurements were done with similar
cells at 60 °C with a potential window between - 1.5 V and 1.5 V at a scan rate of ] mV s
All measurements were carried out by using analyzer VMP-3 potentiostat/galvanostat (Bio-
Logic Instruments) and coin cells were assembled in an argon-filled glove box (MasterLab,

MBraun). Temperature chamber was used for testing at different temperatures.
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4. RESULTS AND DISCUSSION
4.1. Freestanding Flexible S/DPAN/KB Cathode by Electrospinning Method

Flexible freestanding S/DPAN/KB cathode for lithium-ion sulfur batteries was prepared by
electrospinning technique. The maximum content of sulfur allowed to prepare and maintain
stable in flexible S/PAN/KB nanofibers was 54 wt%. In order to achieve 54 wt% S content,
PAN and S/KB composite ratio in the DMF solution was varied. It was found that the optimal
weight ratio of PAN to S/KB in the spinning solution is 2:3. After the heat treatment of
S/P AN/KB nanofibers at 300 °C for 1 h, the content of sulfur in the composite decreased to
30 wt% due to the sublimation of sulfur. The sulfur content was determined using a CHNS
analyzer which is presented in Table 4.1. The partially pyrolyzed and cyclized conductive
PAN stabilizes sulfur and suppresses its dissolution into electrolyte [59,90].

Table 4.1. Results of CHNS analysis of the S/PAN/KB and S/DPAN/KB nanofiber

composites.

N [wt%] C [wt%] H [wt%] S [wt%l]

S/PAN/KB 10.04 £ 0.10 34.10+0.10 223+0.10 54.31+0.10

S/DPAN/KB 14.79 £ 0.10 54.13+£0.10 0.90+£0.10 30.24 £ 0.10

The phase composition of the S/KB, S/PAN/KB and S/DPAN/KB composites was studied
using XRD. The XRD patterns of these composites are shown in Figure 4.1. XRD patterns
of KB, PAN, sulfur, S/KB, S/PAN/KB and S/DPAN/KB composite nanofibers.Figure 4.1
along with the patterns of the starting S, KB and PAN components. One can see that KB
shows a characteristic diffraction peaks with low intensities between 20 and 27 260 while
pristine S exhibits sharp and intense diffraction peaks between 10 and 60 2 6, which indicates
its crystalline state. A strong peak at the 26 = 16.9 observed in the XRD pattern of PAN is
due to its crystallinity as well. In the case of the S/KB composite and S/PAN/KB nanofibers,
the peaks of crystalline S are still visible but their intensities are substantially reduced due to

the uniform distribution of sulfur in the KB and PAN. The characteristic peaks of crystalline
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sulfur were not observed after heat treatment of the S/PAN/KB nanofibers in which the
content of sulfur was 30 wt%. It indicates that sulfur is amorphous and homogeneously
distributed in the S/DPAN/KB matrix and could be bound with dehydrogenated PAN during
the heat treatment as mentioned in our previous reports [98]. Also, Myung et al. proposed
that carbon-sulfur chemical bond exists in S/DPAN composites as the interface between
sulfur particle and the DPAN layer, which explains the reason for the good electrochemical
performances of the S/DPAN/C composites [99]. The FTIR spectra also support a suggestion
of formation of heterocyclic compound in the process of dehydrogenation of PAN with sulfur
(Figure 4.2). In the FTIR spectrum of PAN shown in Figure 4.2 the peaks at 2244 cm™ and
1454 cm™! represent the —-CN and —CH, groups, respectively. In the obtained S/DPAN/KB
composite these characteristic peaks disappear and a new peak appears at 1494 cm™!, which
corresponds to a C=C double bond, and a peak at 1358 cm™ is due to a —~CH deformation.
The peaks at 1427 cm™ and 800 cm™ indicate the formation of cyclic structure during the
heat treatment of S/PAN/KB. As reported by J. Wang et al., during the heating process sulfur
dehydrogenates PAN, which results in forming a conductive chain and the —CN functional
groups cyclize in the melt state, resulting in a thermally stable heterocyclic compound, in

which elemental sulfur is embedded [59].
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Figure 4.1. XRD patterns of KB, PAN, sulfur, S/KB, S/PAN/KB and S/DPAN/KB

composite nanofibers.

XPS was used to characterize the chemical composition of the S/DPAN/KB nanofibers.
Figure 4.2 b shows the XPS spectra in the C 1s region. Fitted curves reveal that the C 1s band
can be split into three peaks. The main peak at 284.90 eV corresponds to the sp>-hybridized
carbon, the peak at 286.57 eV corresponds to the C—N bonds, and partially to the C—S weak
bond as well. The peak at 288.75 eV can be attributed to the C—O species formed by carbon
oxidation during the heating process. For the S 2p spectrum (Figure 4.2 c), the peaks at
164.98 eV and 163.61 eV are assigned to S 2p 1/2 and S 2p 3/2 spin-orbit levels of elemental
sulfur. The lower binding energy of the S 2p 3/2 state (163.61 eV) than that of elemental
sulfur (164.0 eV) indicates the presence of the weak C—S bond in the nanofibers. The minor
peak centered at 167.31 eV arises from the sulfate species formed by the oxidation of
elemental sulfur during the preparation process. The peak at 161.82 eV can be attributed to
the adsorbed H>S by-product generated in the cyclization reaction of S/DPAN/KB

nanofibers.
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The morphology of the as-prepared S/DPAN/KB fibers was investigated using SEM. As
observed in the SEM images of both S/PAN/KB and S/DPAN/KB, the obtained fibers have
the diameter ranging from 300 to 600 nm, and own a similar morphology and a rough surface

due to the presence of S/KB particles (Figure 4.3, c-f).

Figure 4.3. SEM images of (a, b) PAN, (c, d) S/PAN/KB nanofibers and (e, f) S/DPAN/KB

freestanding composite cathodes.

51



The fiber diameters are smaller and have no pores only in the case of PAN nanofibers (Figure
4.3,a-b), and this difference with the S/PAN/KB composite was also attributed to the addition
of S/KB. Along with this, it shows perceptible pores on the surface of the S/DPAN/KB
composite nanofibers which are related with the sublimation of sulfur during the heat
treatment and dehydrogenation of PAN, which lead to the formation of these pores and a
large weight loss. Figure 4.4 shows TEM image of S/DPAN/KB nanofiber material. The
bright spots along the edges of fibers correspond to the pores. The amount of sulfur increased

in inner parts of the fibers.

The uniform distribution of components in the fibers was confirmed by SEM/EDS elements
mapping in the obtained composites (Figure 4.5). As shown in the first column of Figure 4.5
a, the mapping of sulfur, carbon and nitrogen in the composite indicates that sulfur is
uniformly distributed within the PAN fibers, and the S/KB composite was homogeneously
mixed before adding to the spinning solution. After the dehydrogenation of the S/PAN/KB

composite the S content decreased as explained above, and due to this phenomenon the

carbon and nitrogen distribution can be seen more clearly in the SEM/EDS data in the case

of S'/DPAN/KB (Figure 4.5 b).

J NAZARBAYEV
UNIVERSITY

Figure 4.4. TEM images of S/DPAN/KB nanofiber composite.
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Figure 4.5. SEM/EDS mapping showing the distribution of sulfur (S), nitrogen (N) and
carbon (C) in the composites (a) S/PAN/KB with 54 wt% sulfur and (b) S/DPAN/KB with
30 wt% sulfur.
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The specific surface area analysis was performed by nitrogen Brunauer-Emmett-Teller
(BET) adsorption measurements and Barrett-Joyner—Halenda (BJH) pore size and volume
analysis. Figure 4.6 a shows the N> sorption/desorption isotherms and Figure 4.6 b presents
the pore-size distribution curves of PAN, S/PAN/KB and S/DPAN/KB. S/PAN/KB and
S/DPAN/KB exhibit hysteresis curves over a broader range of P/Py (0.4-0.9), which is a
general characteristic of a mesoporous material. On the other hand, PAN shows a typical type
IT isotherm which is generally observed in nonporous materials [100]. The BET surface area
of PAN obtained by N, adsorption analysis is low, 1.26 m? g’!. In the case of S/PAN/KB and
S/DPAN/KB, the surface areas are around 21.39 m? g”! and 94.73 m? g”!, the BJH mean pore
diameters are 3.711 nm and 3.717 nm, respectively. After the heat treatment of S/PAN/KB
nanofibers, the BET surface area increased due to dehydrogenation of PAN and sublimation
of sulfur. The porous structure of the S/DPAN/KB composites can help to avoid the
dissolution of polysulfides which is one of the main issues of sulfur-based cathode. It

improves the capacity retention by hindering the shuttle effect.
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Figure 4.6. (a) N2 sorption/desorption isotherms of PAN, S/PAN/KB and S/DPAN/KB, and
(b) pore-size distributions curve of S/PAN/KB and S/DPAN/KB.

The electrochemical performance of the prepared S/DPAN/KB nanofibers as freestanding
cathodes for Li/S batteries were examined in lithium half-cells and compared with the
performance of the S/KB and S/DPAN/KB electrodes prepared by slurry casting on Al foil

with addition of conductive agent and binder. Figure 4.7 shows the first two CV curves of a
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cell with (a) S/KB and (b) S/DPAN/KB electrodes on Al foil, and (c) a freestanding nanofiber
composite S/DPAN/KB cathode cycled in a potential range of 1.00 —3.00 V at a scan rate of
0.1 mV s”'. As shown in Figure 4.7 a, the S/KB composite cathode shows two cathodic peaks
corresponding to the typical for the S/C composite cathodes two-step conversion reactions.
The peak centered at 2.2 V corresponds to the transformation of Sg to Li2S, (4 < n <8), while
the other peaks centered around 1.8 V correspond to the further reduction of Li>S, (4 <n <

8) to Li2S/Li2S2[49].
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Figure 4.7. CV profiles of cells with (a) S/KB, (b) conventional S/DPAN/KB composite and
(c) freestanding S/DPAN/KB nanofiber cathodes. Scan rate 0.1 mV s™.

There are two partially overlapping anodic peaks in case of the S/KB composite. The main
one is centered at 2.9 V (vs. Li/Li"), and the minor one is centered at a slightly lower potential
of 2.7 V, which corresponds to the conversions of Li2S/L12S> to the low-order polysulfides

and the low-order polysulfides to high-order polysulfides, respectively. In the case of S/PAN
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cathode, CV curves are different from that of the S/KB composite. One can observe a broad
reduction peak ataround 1.6 V vs. Li/Li" in the first CV cycle of the conventionally prepared
S/DPAN/KB composite, which shifts to the higher potentials upon the following cycle
(Figure 4.7 b). The further cycling shows two overlapping and reversible reduction peaks at
around 2.0 and 1.7 V and a broad oxidation peak at around 2.5 V. Also, there is the first small
reduction peak at 2.0 V related to the formation of polysulfides and the second one at 1.7 V
related to the further reduction of the polysulfides into lithium sulfide.

Figure 4.8 a shows the charge-discharge profiles of the SY/DPAN/KB electrode at 0.1 C, which
exhibits a large initial discharge capacity of 1759 mA h g!. The composite cathode delivers
within the second cycle a high discharge capacity of 1128 mAh g and a high coulombic
efficiency up to ~99%, which corresponds to areal capacity of 1.70 mA h cm™, since the
mass loading of S was around 1.5 mg cm™. Figure 4.8 b shows that the cell exhibits stable
cycling performance at least for 150 cycles and maintaining a reversible capacity of917 mAh
gl after 150 cycles. The value of capacity fading per cycle is as small as 0.017%. Along with
this, the S/DPAN/KB composite cathode exhibits a high coulombic efficiency about 100%
over cycling, which could be due to the suppression of the polysulfides shuttle effect by the
molecular level binding of sulfur with DPAN and also by porous structure of the fibers, which

effectively store soluble products of the reduction of sulfur.

For comparison, the cyclability and rate performance of the S/KB and S/DPAN/KB
electrodes prepared by slurry casting on Al foil with addition of conductive agent and binder
were analyzed (Figure 4.9). Sulfur content in the composites was around 40 wt% and mass
loading of sulfur was kept around 1.5 mg cm?. Freestanding S/DPAN/KB nanofiber
composite cathode and the one prepared by slurry casting show very similar cyclability and
gravimetric capacity based on mass of sulfur. However, freestanding S/DPAN/KB composite
cathode has 340 mA h g! capacity calculated based on the composite electrode weight. It is
higher for 20% then the capacity of S'/DPAN/KB electrodes prepared by slurry casting on Al
foil with addition of conductive agent and binder, which is 280 mA h g”!, calculated for the

electrode mass including the weight of current collector with the similar sulfur loading of 1.5
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mg cm?. At the same time the cell with S/KB electrode perform poor cyclability and low

coulombic efficiency (~80%) due to the dissolution of polysulfide and so called shuttle effect.
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Figure 4.8. (a) Potential profiles, (b) cycle performance at 0.1 C, and (c) rate capability of
cells with freestanding S/DPAN/KB composite cathode nanofibers.

In addition to a high capacity and good cyclability, the S/DPAN/KB nanofiber cathode
without any current collector and conductive additives demonstrates a good rate capability
as well. As shown in Figure 4.8 c, the nanofiber electrode delivers a discharge capacity of
1148 mAhg'at0.1C,977mAhg!at02C,483mAhg'at05C,and342mAhg'atl
C. S/KB and S/DPAN/KB electrodes prepared by slurry casting on Al foil (Figure 4.9 ¢ and
d) exhibit slightly better C rate performance compared with freestanding electrode, delivering
discharge capacity around 400 and 700 mA h g'at 1 C, correspondingly. The difference in
capacity of cathodes with and without current collector increases with the higher current
density, which is related to the rise of resistance in case of freestanding electrode.
Nevertheless, the freestanding electrode can still deliver a considerably high reversible

capacity of 342 mA h g’ even at a current density of 1 C. Once the current density is reduced
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back to 0.1 C at the end of the rate capability tests, the discharge capacity of the electrode

recovers to 1020 mA h g'!, showing a good tolerance towards a high electric current impact.
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Figure 4.9. Electrochemical performance of cells with the cathodes prepared by conventional
slurry casting on Al foil: cycling performance of (a) S/KB and (b) S/DPAN/KB composite
cathodes at 0.1 C; and rate capability of (c) S/KB and (d) S/DPAN/KB composite cathode.

After cycling for 100 cycles at current of 150 mA g!, the cell was disassembled in the fully
charged condition and the morphology of the post-cycled freestanding S/DPAN/KB
nanofiber cathode was investigated. As shown in Figure 4.10, the shape, size and structural
integrity of the original nanofiber electrode are well maintained, demonstrating good
structural stability. S/DPAN/KB composite cathode retains the diameter of fibers with no
significant change. The surface morphology becomes rougher compared to the fresh
electrode, but there is no significant change in the BJH mean pore diameter and surface area
of post-cycled nanofiber cathode as shown in Figure 4.11. The surface area of S/DPAN/KB

after 100 cycles is around 91.28 m? ¢! and BJH mean pore diameter is 3.9365 nm.
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Figure 4.10. SEM images of S/DPAN/KB nanofiber electrode (a) before cycling and (b)

after 100 charge-discharge cycles.

Since the S/DPAN/KB nanofiber composite is flexible, the pouch-type cell based on them

can be flexible and bendable as well, as shown in Figure 4.12. Even after folding several

times, the battery can still power LEDs without noticeable dimming.
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Figure 4.11. (a) N2 sorption/desorption isotherms and (b) pore-size distributions curves of

fresh and cycled (100 cycles) S'/DPAN/KB cathode.
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Figure 4.12. Photographs showing (a) the freestanding flexible S/DPAN/KB nanofiber
composite cathode and (b) illustration of pouch cell with S/DPAN/KB nanofiber composite
cathode powering LED lamps under normal static condition and (c, d, e) under being

manually bent.

In summary, we have successfully prepared a sulfur-dehydrogenated PAN-ketjen black
nanofiber freestanding composite cathode for flexible Li-S batteries by electrospinning
technique. Optimal conditions of spinning process were established for preparation of
S/PAN/KB nanofibers with a high sulfur content. Electrochemically active S/DPAN/KB
cathode was prepared by heating at low temperature without carbonization of PAN to insure
the flexibility and stability of this binder-free cathode. When used as cathode for Li-S
batteries, S'DPAN/KB exhibits a good electrochemical performance in carbonate-based

electrolyte. It exhibits stable cycling performance at least for 150 cycles and maintains a
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reversible capacity of 917 mAh g! after 150 cycles and a good rate capability with a
reversible capacity of342 mA h g™ at 1 C. The value of capacity fading per cycle is as small
as 0.017%. Within these properties, the highly flexible composite cathode can be produced
in bigger sizes by electrospinning technique and used for LIB powering flexible electronic

devices.
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4.2. PAN Derived Electrospun Carbon Nanofibers as 3D Current Collector for Li/S

Batteries
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Figure 4.13. Scheme of carbon nanofiber fabrication and sulfur-based cathode preparation.

Schematic representation of the CNF preparation and loading with S/DPAN/CNT cathode is
shown in Figure 4.13. As illustrated, after electrospinning of PAN solution with different
concentrations, nanofibers were first stabilized in air. Upon the stabilization process, PAN
interacts with oxygen and forms cyclized macromolecules, which keeps the fiber morphology
unchanged during carbonization at high temperatures [101]. The carbonization of PAN NFs
was carried out in the temperature range from 600 °C to 800 °C in an inert atmosphere.
Afterward, structure and morphology of carbonized PAN (cPAN) NFs were characterized.
The SEM images presented in Figure 4.14 show the morphology of the PAN and cPAN NFs
derived from 10, 12 and 14 wt% PAN solutions and carbonized at 800 °C. The SEM images
of NFs stabilized, carbonized at 600 °C and 700 °C are shown in Figure 4.15. All PAN
nanofibers had uniform structure without any beads and fiber diameters for PAN10, PAN12
and PANI14 were approximately ~500 nm, ~1200 nm, ~2400 nm, respectively. The
morphologies of the cPAN NFs were similar to those of the precursor electrospun nanofibers
(PAN) except for differences in diameters. The average diameter of the cPAN nanofibers
was reduced almost by half of the precursor PAN nanofiber diameters, as summarized in
Table 4.2.
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Figure 4.14. SEM images of (a) PAN10, (b) PANI12, (c) PAN14 and carbonized PAN
nanofibers at 800 °C (d) cPAN10, (e) cPAN12, (f) cPAN14.

The change in diameter is due to the decomposition by evaluation of gases like H,O, HCN,
N> during carbonization process [102]. The void size between the fibers changes from 1 to 3
um (Table 4.2) pursuant to SEM images. Considering the fiber diameter of ~800 nm and
void size up to 1.5 pm, cPAN12 could be effectively used as current collector for sulfur
composite cathode. The diameter and void size of cPANI10 are too small compared to
S/DPAN/CNT composite material, which has a particle size in a range of 0.3-1.5 um. On the
contrary, cPAN14 fibers diameter is around 1.5 pm, and void size is around 3 pm, which
complicates holding active material densely packed in its structure and decreases electrical

conductivity as well.

Figure 4.15. SEM images of (a) stabilized at 280 °C, carbonized at (b) 600 °C and (c¢) 700
°C PAN12 nanofibers.

63



Table 4.2. Diameter and void size of prepared nanofibers.

Name Diameter of | Void distance, | Areal density, | Thickness, pm
fiber, nm pm mg cm
PAN10 ~500 -
PAN12 ~1300 -
PAN14 ~2500 -
cPANI10 ~300 <1 0.85
cPAN12 ~800 <15 ~25
cPAN14 ~1500 <3
Commercial ~7000 <20 6.03
carbon fibers
S/DPAN/CNT particle size < 1.5 um
Al current collector 49 ~15

Figure 4.16 a shows the XRD patterns of precursor PAN, stabilized and carbonized PAN12
at different temperature ranges. The electrospun PAN nanofiber showed a characteristic
strong diffraction peak centered at 26 ~17° and broad an amorphous scattering peak near 26
~27 [32] . However, these two peaks have disappeared in the case of stabilized fibers, which
indicates the complete destruction of the pure PAN structure and change into aromatic
ring/ladder structures during the stabilization [104]. This indicates that stabilization of PAN
NFs was sufficiently accomplished within 1 h of heating [105]. It should be noted that the
stabilization of conventional PAN takes more than 1 hour because of the heat diffusion rate
in micro-sized fibers, therefore the process would be slower than for nano-sized PAN [106].
Further, the effect of temperature was investigated analyzing XRD patterns of carbonized
PAN NFs at different temperatures. The cPAN NFs at 600 °C showed a broad amorphous
peak centered near the 26 ~25°. This peak might be related to the (002) c-axis disordered
graphite-like material due to the stacking structure of aromatic layer (graphitic layer) [107].
With the increase of carbonization temperature, the intensity and sharpness of this peak
gradually raised, suggesting a growing-up of aromatic layers and increase of ordering

between graphitic layers [108]. It is known that the degree of graphitization rises with the
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temperature [109,110], which is also confirmed by the sharp peak appeared 26 ~26.8°
attributed to the (002) reflection of hexagonal graphite at carbonization temperature 800 °C.
It can also be observed by the results of Raman Spectroscopy which is another effective tool
for micro structural analysis of carbon based materials [111]. The Raman spectra of cPAN
CNFs with the final carbonization temperatures set at 600 °C, 700 °C, and 800 °C are
presented in Figure 4.16 b, c, d.
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Figure 4.16. (a) XRD patterns and (b, ¢, d) Raman spectrum with the corresponding curve
fitted bands of stabilized and carbonized PANI12 precursor nanofibers at different

temperatures.

Carbonized NFs consist of three dominant peaks assigned as D, D' and G bands, as shown in
curve-fitting of the peaks of Raman spectra. The D band around Raman shift 1340 cm™!
represents the disordered graphitic structure of the CNF and also signifies the sp® content
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present in ¢cPAN NFs [112]. The small and broad D' peak at 1500 cm™! also signifies the
presence of defects, but it is due to amorphous sp? bonded carbon [113]. The intensity of D
peak is higher compared to D' in all samples which shows the presence of more defects due
to the amorphous sp® than amorphous sp?. The G band around 1590 cm™' indicates the
ordered graphitic structure of the samples, and a broad shape of the peak indicates the small
size of the CNFs crystallites [ 114]. However, it is noteworthy that with an increase in heating
temperature intensity of G band in comparison/correspondence to D band increases
significantly, which shows improvement in ordering graphitic layers of CNFs. The ordered
structure of carbonaceous materials greatly affects the electrical conductivity, therefore
cPANI12 carbonized at 800 °C are appropriate CNFs for application as current collector
according to fiber diameter/void size as well, as mentioned above. Samples were not treated

at temperatures above 800 °C since they become brittle and fragile.

Figure 4.17. SEM images of (a) S/DPAN/CNT composite cathode on cPAN CNF current

collector and (b, c¢) the cross-section view.
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The S/DPAN/CNT composite slurry was prepared as electrode material and applied into
cPAN12 NFs current collector. The slurry easily has penetrated into cPAN12 NFs by vacuum
infiltration. The SEM images in Figure 4.17 displays the uniform distribution of the
composite cathode within the nanofibers. From the cross-section images in Figure 4.17 b and
c, it can be seen that S/DPAN/CNT composite penetrated deeply into the free spaces in
internal CNF voids. The composite with the particle sizes less than 1.5 pm can easily

penetrate into the current collector pores and be hold well in its structure.

The electrochemical performance of the S/DPAN/CNT cathode on 3D cPAN NF current
collector was tested in lithium half-cells by CV, galvanostatic discharge/charge. Figure 4.18
a shows the CV curve of SY'DPAN/CNT cathode during lithiation/delithiation process cycled
in a potential range of 1.00-3.00 V at a scan rate of 0.1 mV s™! vs. Li"/Li. It’s well known
that CV curves of S/DPAN system are different from that of the S/C composite electrodes
due to interaction of sulfur with PAN [115]. A broad reduction peak is observed at around
1.2 V vs. Li"/Li in the first CV cycle of the S/DPAN/CNT composite, which shifts to the
higher potentials upon the following cycles (Figure 4.18 a). The further cycling shows two
overlapping and reversible reduction peaks at around 1.9 and 1.6 V and a broad oxidation
peak at around 2.4 V. The first small reduction peak at 1.9 V related to the formation of high
order polysulfides and the second one at 1.6 V related to the further reduction of the
polysulfides into lithium sulfide.

Figure 4.18 b shows the discharge/charge profiles of the S/DPAN/CNT electrodes on cPAN
CNF current collector with 1.2 mg cm? sulfur loading at a current rate of 0.1 C. The
S/DPAN/CNT electrode shows a large initial discharge capacity of 2000 mAh g which is
typical for S/DPAN systems. The composite cathode delivers a high discharge capacity of
1620 mA h g within the second cycle and gradually reduces to 1208 mA h g™! in the first 50
cycles (Figure 4.18 c). A stable capacity of about 1100 mAh g is received at 100" cycle.
The same composite electrode on Al foil with the similar mass loading offers only 1350 mAh
¢! and 870 mAh g capacity at second and 100" cycles (Figure 4.21Omudka! Mcrounuk

CCHUIKH He HaiieH. a, b).
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Figure 4.18. (a) CV profile, (b) potential profile and (c) cycle performance of sulfur

composite on cPAN CNFs at 0.1 C.

Taking in account that the areal density of whole electrode including cPAN current collector

is 4.06 mg cm™ which is lighter than electrode on Al foil with the areal density of 8.10 mg

cm the capacity was calculated for the unit mass of electrode as 200 and 500 mAh g™,

respectively. So the capacity of the electrode was increase 2.5 times by replacing Al foil with

ultralight and porous cPAN CNF current collector. Along with this, the S/DPAN/CNT

composite cathode exhibits a high coulombic efficiency about 100% over cycling, which

could be due to the suppression of the polysulfides shuttle effect by the molecular level

binding of sulfur with DPAN and 3D structure of the fibers, which effectively store soluble

products of the reduction of sulfur [90].
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Figure 4.19. Rate capability of cells with sulfur composite cathode on cPAN CNF,

commercial CNF current collector and Al foil (discharge capacity).

The rate capabilities of the S/DPAN/CNT electrodes on cPAN CNFs, commercial CF and Al
foil with sulfur loading of ~1.2 mg cm 2 at different current rates (0.1 C - 2 C) are shown in
Figure 4.19. The reversible discharge capacities are 1207, 770, 544,360 mA h g! at constant
current rates of 0.2 C, 0.5 C, 1 and 2 C, respectively. While the current density is reduced
back to 0.1 C, the discharge capacity of the electrode recovers to 1250 mA h g”!, showing a
good tolerance toward a high electric current impact. S/DPAN/CNT composite cathode on
cPAN CNF overperforms the electrode on commercial CF and Al foil with the same loading
of 1.2 mg cm 2. S/DPAN/CNT on commercial CF offers only 1260 mA h g™ at 0.1 C and
drops to 141 mA h g ! at 2 C, while the cathode on Al foil fails at current density higher than
0.5 C.

As it is seen from SEM images, the diameter and void distance between fibers of commercial
CF are larger for one order and incapable to hold the composite electrode particles (Figure

4.20) which results in lower electrical conductivity.
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Figure 4.20. SEM image of sulfur based composite cathode on commercial CF current

collector.
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Figure 4.21. (a, b) Potential profile and cycle performance of sulfur composite on Al foil and

(c, d) on commercial CFs at 0.1 C, respectively.
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The better C rate performance of the cathode on cPAN can be explained by improved bulk
conductivity owing to its 3D nanoarchitecture. The relatively poor rate capability of the same
electrode on commercial CF in comparison with cPAN CNF current collector is related to

lower bulk conductivity and weak adhesion of S/DPAN/CNT particles on fibers.

The comparison of charge/discharge profiles in Figure 4.18 b, Figure 4.21 a and ¢ shows that
the lowest polarization was observed for the cathode on cPAN CNF and the highest for Al

foil, which correlated with the trend of C rate performance.

In summary, carbon nanofibers were successfully prepared with the controllable diameters
less than 2 pm by simple electrospinning method. Optimal conditions of carbonization were
established for PAN nanofibers. The areal density of cPAN mat (obtained from 12 wt% PAN
solution) was 0.85 mg cm? with the thickness of ~25 pm, while commercial Al current
collector with the same thickness weights 7.33 mg cm 2. Owing to its unique structure, cPAN
NFs remarkably improved cycle performance and rate capability of the electrode compared
to the one on Al foil. The ultralight and porous cPAN could accommodate a large amount
S/DPAN/CNT composite cathode resulting in sulfur mass loading of around 1.2 mg cm>
and the electrode delivered the initial specific capacity of 500 mAh g based on the mass of

whole electrode.

cPAN NFs are lightweight, chemically stable and have a nano sized voids and fibers, which
ensure the compact packing of active material and provide high bulk conductivity of the
electrode. Also, they might help to suppress the polysulfide dissolution by trapping them into
their porous structure, thus the developed system may be promising candidate for high

performance Li/S batteries.
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4.3. Flexible Siloxane-based Solid Polymer Electrolyte

SPEs composed of a-PDMS, PEGDA, ETPTA and Li salt (LiTFSI) were prepared by UV
photocrosslinking method and abbreviated as PPE. Electrochemical and mechanical
properties of SPE films were investigated. Prior to obtaining cross-linked PPE films, AcO-
(PDMS),-OAc was synthesized from HO-(PDMS)n-OH and confirmed by appeared FTIR
peaks of acrylic C=C bonds (1633 cm™) and ester linkage bonds (1708 cm™). FTIR peaks of
hydroxyl terminated and a-PDMS are given in Figure 4.22.
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Figure 4.22. FTIR spectra of hydroxy terminated and acrylated PDMS.

Further, cross-linked flexible polymer electrolytes were obtained by UV-irradiation of
photosensitive a-PDMS, PEGDA, and ETPTA in different mass ratios. PEGDA is usually
used in photo-curing to modify the polymerization process. It controls the cross-linking
density of the final networks, thus tailoring the physical properties of the cured membranes.
Here, PEGDA was chosen to make easier transport of Li" ions in the polymer network due

to its pendant ethoxy groups in the structure. ETPTA also has ethoxy groups which is
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important for ion conduction, as it was explained above [116]. The sketched representation

of cross-linked SPE film is given Figure 4.23.
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Figure 4.23. Sketched representation of cross-linked polymer film structure as a flexible

solid-state electrolyte.

Table 4.3. UV-photocrosslinked SPEs with different compositions.

Sample Composition (wt%)
a-PDMS PEGDA ETPTA [EO)/[Li"] Thickness (um)

PPE10 10 70 20 30

PPE10 10 70 20 18

PPE10 10 70 20 6

PPEI15 15 65 20 6 90 +10
PPES 5 75 20 6

PPE( 0 80 20 6

First, cross-linked PPE10 polymer films with [EO]/[Li"] ratios 6, 18, 30 were prepared and
characterized to investigate optimal salt ratio in SPE. Further, PPE with 5. 10, 15 wt% and
without AcO-(PDMS),-OAc were prepared to examine a-PDMS effect on SPE properties.
The SPE formulations are given in Table 4.3. Polymer membranes were easily detached from

the glass plate.
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UV-crosslinking reaction of the PPE SPEs analyzed by the FTIR peaks of acrylic C=C bonds
(1610-1625 cm™) of the ETPTA monomer, AcO-(PDMS),-OAc and PEGDA before and
after UV-irradiation. Figure 4.24 shows that after UV photocrosslinking, peaks of acrylic

bonds disappeared and cross-linked PPE films were successfully formed.
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Figure 4.24. FTIR spectra of prepared cross-linked PPE film.

The PPE films also were characterized by measuring its gel content after solvent (acetone)

extraction. It should be noted that for all prepared samples, gel content was found over 99%,

which indicates/verifies that all obtained films were fully cross-linked.

Figure 4.25. A representative photograph of a free-standing, flexible PPE10 SPE with
[EOY/[Li"] = 6.
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All thin polymer films are transparent and freestanding. Figure 4.25 shows the photograph
of a free-standing PPE10 membrane with [EO]/[Li"] = 6 as a representative for all prepared
PPE films. All PDMS-based SPEs are flexible and mechanical bendable, which is also shown
in Figure 4.25. The surfaces of SPEs are smooth and homogenous as seen from SEM images
in Figure 4.26 (a, b, c). From the both surface and cross-section view of films (Figure 4.26
d, e), it can be seen that Li salt was dissolved well in the polymer mixture during the
preparation and didn’t precipitate after film formation. In addition, in Figure 4.27, the SEM-
EDS analysis shows a homogenous distribution of S, F from LiTFSI, and Si from a-PDMS
within the cross-linked film. Thickness of all cross-linked films were in a range of 80-100

pm.

(a) [EO]/[Li*]=6 (b) [EO]/[Li*]=18 (¢) [EO]/[Li*]=30

(d) (e)
[EO)/ILi*]=6 [EO]/[Li*]=18

Figure 4.26. (a, b, ¢) the SEM images and (d, e) cross-section images of PPE10 SPEs with
different Li salt loadings.
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Figure 4.27. SEM/EDS images of PPE10 SPE with [EO]/[Li"] = 6.

Thermal behavior of the samples was studied by the thermal gravimetric analysis (TGA) with
the temperature range from 20 °C to 800 °C under nitrogen atmosphere and a heating rate of
10 °C min!. The slight weight loss in all samples of about 3-4% below 150 °C is due to the
moisture absorbed during the preparation of samples (Figure 4.28). The main degradation of
all samples starts from 300 to 450 °C, which corresponds to the decomposition of polymers
and LiTFSI. Addition of higher amounts of LiTFSI doesn’t affect the thermal stability of the
polymer film significantly, which can be observed from the thermograms. Also with the
increase of a-PDMS content in the polymer network, the thermal stability reduces
insignificantly. The both TGA curves of SPEs with different Li salt and a-PDMS loadings
are very similar to each other. The T1o(the temperature of 10 wt.% weight loss) and Ts0 (50%
weight loss) values are very similar for all cross-linked PPE samples. In particular, very high
value of T1owas observed about 320 °C, and Tso of about 380 °C. These results indicate that

the PPE membranes can be safely applied as a SPE at high temperature ranges.
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Figure 4.28. Thermo-gravimetric analysis of SPEs with various amount of (a) Li salt and (b)

acrylated PDMS ([EOJ/[Li'] = 6).

The DSC studies were performed to investigate glass transition temperature (Tg) of PPE

electrolyte membranes and results are shown in Table 4.4. According to results, T value of

the most films were not observed which is normal for cross-linked polymers. Only PPE15

has showed Tg value of —52. All results indicate that a-PDMS loading disrupts the

crystallinity of the polymers. In Appendix representative DSC thermograms are given.

Table 4.4. Mechanical properties and T, values of SPE films.

a-PDMS | [EO]/[ | T, Tensile Elongation | Young’s
(Wt%) Li'] (°C) | Strength at break (%) | Modulus (MPa)
(MPa)
PPE0 0 6 no 1.68 12.99 14.03
PPES 5 6 no 1.37 7.50 16.61
PPEI0 10 6 no 0.91 6.6 16.03
PPEIS5 15 6 -52 1 0.70 5.96 14.22
PPEI0 10 18 no 0.86 4.52 20.75
PPEI0 10 30 no 1.95 5.37 34.75
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The results of stress-strain tests are also given in Table 4.4. Young’s modulus values of PPEO,
PPES, PPE10, PPEILS are very similar to each other. However, it slightly increases with the
increase of L1 salt, which is expected due to the incorporation of salt into the polymer chains.
The mechanical strength is degreased with the increase of polymer chain flexibility. The
mechanical strength of the electrolyte is expected to be sufficient to prevent short-circuit of

lithium ion batteries, thus enabling the safety of LIBs.
Electrochemical measurements of the SPE

The temperature dependence of the ionic conductivity is measured by EIS and sandwiching
PPE SPEs between two stainless steel (SS|PPE|SS). Conductivities of PPE polymer films
with different amount of PDMS and [EO]/[Li"] ratios of 6, 18, 30 were investigated. Figure
4.29 shows the conductivities of PPE films with various amount of a-PDMS ([EO]/[Li*] = 6

is given as representative) and Li salt.
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Figure 4.29. Ionic conductivity of the PPE SPEs with various amount of (a) PDMS and (b)

Li salt as a function of temperature plots.

Ionic conductivity of the samples increases with an increase of a-PDMS concentration. Here,
the important point is that at lower temperatures ionic conductivity of PPE membranes was
improved significantly due to the presence of a-PDMS in the structure. a-PDMS increases
amorphousness of the polymer film and enables Li" ion movement. At higher temperatures

crystallinity of PEGDA and ETPTA degreases, thus the conductivity of SPEs increases,
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which is a typical phenomenon for polymers with —EO chains. An increase of PDMS
concentration above 15 wt.% leads to the phase separation of polymer mixture. Thereby,
PPEI10 film conductivities with various [EO]/[Li"] ratios are given in Figure 4.29 b. The ionic
conductivity values of SPEs increase with an increase in the salt loading. The dissociation of
LiTFSI occurs due to the strong interaction of lithium cations with the EO chains of both
PEGDA and ETPTA. Ionic conductivity of SPE PPE10, [EO]/[Li'] = 6 is better than other
SPEs. It has ionic conductivity in the range of 1.5x10° S cm™ at room temperature to
1.01x10* S cm™ at 80 °C.
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Figure 4.30. Cyclic voltammogram of the cell with SPE PPE10 ([EO]/[Li*] = 6) at 60 °C at

arate of | mV s™.

Electrochemical stability window is an important parameter for application of SPEs in LIBs.
For investigation of electrochemical stability CV and LSV measurements were conducted
assembling stainless steel/PPE10/Li coin cells at 60 °C. Figure 4.30 shows the CV of the
samples which were performed from -1.5 to 1.5 V at a scan rate of 0.1 mV s™'. The lithium
stripping/deposition peak was observed at a range of 0-0.5 V. It confirms the proper working
of the SPE in lithium cell and presence of ion transporting interface. Oxidative degradation

of the PPE SPE films started at approximately 4.8 V at 60 °C and was not observed at room
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temperature (Figure 4.31 a, b). This indicates that the cross-linked PDMS-based PPE SPEs

have high electrochemical stability and can be applied for high-voltage lithium-ion batteries.
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Figure 4.31. LSV of stainless steel/PPE10/Li coin cell at (a) 60 °C and (b) 25 °C at a rate of
0.1 mV s,

In summary, series of flexible SPE films with a-PDMS were developed and studied. Among
the prepared SPEs, PPE10 has good ionic conductivity in the range of 1.5x10% S cm™ at
room temperature and 1.01x10% S cm™! at 80 °C. The mechanical strength of the electrolytes
is good to apply in LIBs. The results of TGA analysis of PPE membranes indicate that
membranes can be safely applied as a SPE at high temperature ranges. In addition, cross-

linked PDMS-based PPE SPEs have high electrochemical stability and can be applied for

high-voltage lithium-ion batteries.
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5. SUMMARY AND FUTURE WORK

This doctoral thesis directed to the development of flexible components for solid-state Li/S

batteries. The research mainly focuses on the synthesis of new materials, their

characterization and application. In the scope of the research work, S/DPAN/KB flexible

composite cathode, 3D carbonized PAN nanofiber current collector, and flexible PDMS-

based SPE were prepared and examined as possible alternative components for high

performance Li/S batteries. The main results are summarized below:

Flexible S/DPAN/KB freestanding composite cathode have successfully prepared by
electrospinning technique. When applied as cathode for Li/S batteries, S/DPAN/KB
exhibits stable cycling performance at least for 150 cycles and maintains a reversible
capacity of 917 mAh g after 150 cycles and a good rate capability with a reversible
capacity of 342 mA h g'! at 1 C. The value of capacity fading per cycle is as small as
0.017%. S/DPAN/KB electrode can be used as ready cathode and doesn’t need any
binder and current collector. It has highly porous and interconnected fibrous

nanostructure which makes easier to incorporate with SPEs by in-situ polymerization.

Carbon nanofibers were successfully fabricated with the controllable diameters less than
2 um by electrospinning method. Optimal conditions of carbonization were established
for PAN nanofibers. The areal density of cPAN NFs (obtained from 12 wt% PAN
solution) was 0.85 mg cm 2 with the thickness of ~25 pm, while commercial Al current
collector with the same thickness weights 7.33 mg cm™2. The capacity of the sulfur
cathode was remarkably enhanced by replacing heavyweight metal current collector with
3D structured CNFs. The electrode capacity was improved from 200 to 500 mAh per the
mass of the whole electrode including the current collector. The porous structure might
help to suppress the polysulfide dissolution by trapping them into their pores, thus the

developed system may be promising candidate for high performance Li/S batteries.

SPEs were obtained by UV photocrosslinking of ethylene glycol unit containing
oligomers and acrylated PDMS. Electrochemical and mechanical properties of films

were investigated. The TGA results indicate that the PPE membranes can be safely
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applied as a SPE at high temperature ranges. The ionic conductivity of PPE membranes
was improved significantly due to the presence of PDMS in the structure. The lithium
stripping/deposition peak was observed from CV and confirms the proper working of
the SPE in lithium cell and presence of ion transporting interface. PDMS-based PPE
SPEs have high electrochemical stability and can be applied for high-voltage lithium-

ion batteries.

The main idea of this research work is assembling all-solid-state Li/S battery with flexible
components. Now, the compatibility of prepared S/DPAN/KB flexible cathode and cross-
linked PPE SPE is another important task for research. The future works are planning to be
directed on assembling full all-solid-state Li/S cell using the aforementioned flexible
S/DPAN/KB cathode and PPE SPEs. In order to achieve successful results, several research

works are going to be continued:

Ionic conductivity of PPE electrolytes at ambient temperature will be improved by
further investigation and variation of polymer/salt ratios and 1 paper will be submitted

SCl-indexed journal.

The new methods of increasing S mass loading in nanofibrous S/DPAN/KB cathode as

well as improvement of electrochemical performance will be investigated.

in-situ fabrication and cell designing/assembling strategies will be developed to fabricate
S/DPAN/KB-PPE systems for all-solid-state batteries. The compatibility and
electrochemical performance of sulfur-based cathode with solid-state electrolyte will be

investigated.

Final step will be flexible all-solid-state pouch cell battery assembling with developed
sulfur-based cathode and PDMS-based SPE.
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Figure AP1 Differential scanning calorimetry (DSC) curves of the PPEI0 SPE with

[EOJ/[Li"] = 6.
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Figure AP2 Differential scanning calorimetry (DSC) curves of the PPE15 SPE with
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