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Abstract

Lithium—sulfur (Li—S) batteries have attracted considerable interest as next-generation
high-density energy storage devices. However, their practical applications are limited due
to rapid capacity fading when cycling cells with high mass loading levels. The combination
of lithium and sulfur as the active materials in these batteries offers several advantages over
traditional lithium-ion batteries. One of the key benefits of Li-S batteries is their high
energy density, which allows them to store more energy per unit mass compared to other
battery technologies. This makes them particularly attractive for electric vehicles and
portable electronic devices where maximizing energy storage capacity is crucial. Another
advantage of Li-S batteries is their low cost. Sulfur is an abundant and inexpensive element,
making it a cost-effective choice for large-scale battery production. Additionally, the
absence of expensive transition metals in Li-S batteries further contributes to their
affordability. Furthermore, Li-S batteries exhibit improved safety characteristics compared
to conventional lithium-ion batteries. The use of sulfur as the cathode material reduces the
risk of thermal runaway reactions, which can lead to battery fires or explosions. This
enhanced safety profile makes Li-S batteries a promising option for applications that
prioritize safety, such as aerospace devices. One major issue is the shuttle effect, where
polysulfide intermediates formed during the discharge process migrate between the
cathode and anode, resulting in capacity loss and reduced cycle life. Researchers are
actively working on developing strategies to mitigate this effect and improve the overall

performance of Li-S batteries.



This work provides a detailed study of composites of sulfur/ferroelectric
nanoparticles/holey graphene (S/FNPs/hG) cathodes were fabricated for high-mass-
loading S cathodes. The solvent-free and binder-free procedure is enabled using holey
graphene as a unique dry-pressable electrode for Li—S batteries. The unique structure of
the holey graphene framework ensures fast electron and ion transport within the electrode
and affords enough space to mitigate the electrode’s volume expansion. Moreover,
ferroelectric polarization due to FNPs within S/hG composites induces an internal electric
field, which effectively reduces the undesired shuttling effect. With these advantages, the
S/FNPs/hG composite cathodes exhibit sustainable and ultrahigh specific capacity up to
1409 mAh/gs for the S/ BTO/hG cathode. A capacity retention value of 90% was obtained
for the S/BNTFN/hG battery up to cycle 18. The high mass loading of sulfur ranging from
5.72 to 7.01 mgs/cm? allows maximum high areal capacity up to ~10 mAh/cm? for the
S/BTO/hG battery and superior rate capability at 0.2 and 0.5 mA/cm?. These results suggest
sustainable and high-yielding Li—S batteries can be obtained for potential commercial

applications.

In additional, this work is the impact of the incorporation of ferroelectric nanoparticles
(FNPs), such as BaTiO3 (BTO), BiFeO3; (BFO), BisNdTisFeo.7Nip3015 (BNTFN), and
BisNdTisFeo5C005015 (BNTFC), as well as the mass loading of sulfur to fabricated
solvent-free sulfur/holey graphene-carbon black/polyvinylidene fluoride
(S/FNPs/CBhG/PVDF) composite electrodes to achieve high areal capacity for Li-S
batteries. The dry-press method was adopted to fabricate composite cathodes. The hG, a
conductive and lightweight scaffold derived from graphene, served as a matrix to host

sulfur and FNPs for the fabrication of solvent-free composites. Raman spectra confirmed
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the dominant hG framework for all the composites, with strong D, G, and 2D bands. The
surface morphology of the fabricated cathode system showed a homogeneous distribution
of FNPs throughout the composites, confirmed by the EDAX spectra. The observed Li+
ion diffusion coefficient for the composite cathode started at 2.17x107'® cm?/s
(S25(CBhG)esPVDF10) and reached up to the highest value (4.15x107" cm?/s) for
S2sBNTFCs(CBhG)soPVDF19. The best discharge capacity values for the
S25(CBhG)ssPVDF 19 and S2sBNTFCs(CBhG)soPVDF 19 composites started at 1123 mAh/g;s
and 1509 mAh/gs and dropped to 612 mAh/gs and 572 mAh/gs, respectively, after 100
cycles; similar behavior was exhibited by the other composites that were among the best.
These are better values than those previously reported in the literature. The incorporation
of ferroelectric nanoparticles in the cathodes of Li-S batteries reduced the rapid formation
of polysulfides due to their internal electric fields. The areal capacity for the
S25(CBhG)ssPVDF 1o composites was 4.84 mAh/cm? with a mass loading of 4.31 mgs/cm?,
while that for the S2sBNTFCs(CBhG)soPVDF 10 composites was 6.74 mAh/cm2 with a mass
loading of 4.46 mgs/cm?. It was confirmed that effective FNPs incorporation within the S
cathode improves the cycling response and stability of cathodes, enabling the high

performance of Li-S batteries.
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Chapter 1

Introduction

1.1 General background

As society has progressed, the demand for electrical energy to live in comfort has
increased. Lithium-Sulfur (Li-S) batteries have demonstrated their potential for high-
energy-density applications for powering portable electronics [1]. The development of
Li-S batteries dates to the 1960s when researchers first investigated the use of sulfur as a
cathode material. However, it was not until the 1980s that Li-S batteries gained significant
attention due to their high theoretical energy density and low cost. In the early 1990s,
several research groups reported successful demonstrations of Li-S batteries with
promising performance characteristics [2, 3]. Over the years, numerous efforts have been
made to improve the performance and stability of Li-S batteries. One major challenge has
been the dissolution of polysulfides, which can lead to capacity fading and poor cycling
stability. To address this issue, various strategies have been proposed, including the use of
protective coatings, electrolyte additives, and advanced electrode architectures [4, 5]. This
has propelled us to look at the Li-S batteries in the search for more efficient and cost-
effective advanced energy storage technologies that are environmentally friendly. Sulfur is
a basic earth element obtained extensively from nature at low cost and not toxic. Among
the applications of these batteries that can reach high energy density are as power sources
of electric vehicles and aircraft due to their high open circuit voltage, high capacity, and

non-memory effect [6].



Lithium-ion (Li-ion) and Li-S batteries are both rechargeable battery technologies that
have been developed for use in various applications. However, there are some key
differences between the two. One of the main differences is the chemistry of the batteries.
Li-ion batteries use lithium cobalt oxide or lithium iron phosphate as the cathode material,
while Li-S batteries use sulfur as the cathode material [7]. This difference in chemistry
affects the performance and characteristics of the batteries. Another difference is the energy
density of the batteries. Li-S batteries have a higher theoretical energy density than Li-ion
batteries, which means they can store more energy per unit weight. However, Li-S batteries
also have lower practical energy density due to issues such as low conductivity and poor
cycle life. Cycle life is another important factor to consider when comparing these two
battery types. Li-ion batteries typically have a longer cycle life than Li-Sulfur batteries,
meaning they can be charged and discharged more times before their capacity starts to
degrade. This is because Li-Sulfur batteries suffer from issues such as polysulfide

dissolution and shuttle effect, which can cause capacity loss over time [8].

The discharge capacity of current Li-ion batteries technology is reaching its theoretical
limit, which is far from enough to keep up with current and growing portable energy needs.
The research on Li-S batteries is promising, since they have a high theoretical gravimetric
energy density of 2,600 Wh/kg, compared to the energy density of the Li-ion batteries
which is lower than 200 Wh/kg [9]. In addition, Li-S batteries have a high theoretical
capacity of 1,675 mAh/g and versus 300 mAh/g in Li-ion batteries [5]. The Li metal anode
has a large capacity of 3,860 mAh/g [10, 11]. The Li-S batteries charge/discharge are
constituted by a cathode of sulfur, an anode of lithium metal, requiring an ether-based

electrolyte. In principle, the sulfur existing as ring-like octatonic molecules with a chemical



formula of Sg will be reduced to Li>S as the final discharged product and oxidized to sulfur
reversibly when the battery is charged [12]. The gravimetric and volumetric energy
densities of various electrochemical energy storage technologies are depicted in Figure 1.1
Future Li-S cells are anticipated to have a volumetric energy density similar to that of state-
of-the-art Li-ion cells (700 Wh/L) but more than twice the gravimetric energy density with

values of 400-600 Wh/kg, according to manufacturer’s Sion Power and Oxis Energy [13].
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Figure 1.1. Diagram of various electrochemical storage technologies energy densities. Taken

from [13]

1.2 Functional component of Li-S batteries

A Li-S battery is an energy storage device that converts the chemical energy of lithium
and sulfur into electrical energy by means of an electrochemical reaction. The most
important functional components are the anode, cathode, electrolyte, and separator as

shown in Figure 1.2.
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Figure 1.2. Various electrochemical storage technologies energy densities.

1.2.1 Cathode

The cathode of Li-S batteries is a critical component that plays a crucial role in the overall
performance and efficiency of the battery. As a virtual sulfur sponge, it absorbs and releases
sulfur during the charging and discharging process, respectively. This process involves the
conversion of sulfur to lithium polysulfides and back to sulfur, which results in a high
energy density [14]. The cathode of Li-S batteries can be made from various materials
such as carbon, metal oxides, and polymers. However, the choice of material depends on
several factors such as cost, availability, stability, and electrochemical properties [15].
Carbon-based cathodes are the most used due to their low cost, high conductivity, and good
mechanical properties. They also have a high surface area, which provides more sites for
sulfur absorption and release. Metal oxide cathodes, on the other hand, offer better stability
and higher capacity but are expensive and have lower conductivity. Polymer-based
cathodes have recently gained attention due to their flexibility, lightweight, and ease of
processing. They also offer good mechanical strength and chemical stability. However, they

have lower conductivity and may require additional conductive additives to improve their



performance [16]. The positive electrode consists of sulfur as an active material, a
conductive additive, and a binder. The cathode is usually mounted on an aluminum foil
current collector (Figure 1.3) [17]. The electronic conductivity of pure sulfur is very poor
(5x107° S.cm™ at 25 °C), requiring the addition of conductive additives to maintain smooth
electron transfer to sulfur [18].
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Figure 1.3. Structure scheme of Li-S battery. Taken from [17]

1.2.2 Binder

The challenge in developing these Li-S batteries is finding an effective binder to hold the
active materials together. Binder plays a crucial role in the performance and durability of
Li-S batteries [19]. It acts as a glue that binds the electrode materials together and provides
mechanical strength to the battery. The binder also helps to maintain the structural integrity
of the electrodes during repeated charge-discharge cycles. In recent years, several types of
binders have been developed for Li-S batteries, including polyvinylidene fluoride (PVDF),
carboxymethyl cellulose, and sodium alginate [20]. These binders have shown promising
results in improving the performance and stability of Li-S batteries. However, choosing the
right binder for a specific application can be challenging. Factors such as the type of

electrode material, electrolyte, and operating conditions must be considered when selecting



a binder. Additionally, the binder must be compatible with the manufacturing process and

cost-effective [21].

1.2.3 Current collector

The current collector in Li-S batteries must meet several requirements to ensure optimal
performance. Firstly, it must be able to conduct electricity efficiently, with low resistance
and high conductivity. This is essential for minimizing energy loss and maximizing the
battery's power output. Secondly, it must be chemically stable and resistant to corrosion,
as the harsh chemical environment within the battery can cause degradation over time.
Finally, it should be lightweight and flexible, to allow for easy integration into the battery
design. There are several materials that have been investigated as potential current
collectors for Li-S batteries. These include metals such as copper, aluminum, and nickel,
as well as carbon-based materials like graphene and carbon nanotubes [22]. Each material
has its own advantages and disadvantages, and the choice of current collector will depend

on factors such as cost, performance, and manufacturability.

1.2.4 Electrolyte

The electrolyte is a component of Li-S batteries. It acts as a medium for the transport of
ions between the cathode and anode during charge and discharge cycles. The choice of
electrolyte can significantly impact the performance, safety, and stability of the battery.
One of the most wused electrolytes in Li-S batteries is lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). This salt has excellent solubility in organic
solvents, high ionic conductivity, and good electrochemical stability. However, it also
suffers from issues such as low redox potential and poor compatibility with sulfur-based

cathodes. To overcome these limitations, researchers have explored alternative electrolytes



such as lithium nitrate (LiNO3), lithium iodide (Lil), and lithium perchlorate (LiC1O4) [23].
These salts have shown promising results in improving the cycle life, capacity retention,
and rate capability of Li-S batteries. Another approach to enhancing the performance of
Li-S batteries is the use of solid-state electrolytes. Solid-state electrolytes offer several
advantages over liquid electrolytes, including higher thermal stability, lower flammability,
and reduced dendrite formation. However, their development and implementation into
commercial Li-S batteries are still in the early stages. The most commonly used electrolytes
in Li-S batteries are 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) in a volume

ratio of 1:1 as solvent, containing 1M LiTFSI salt and 0.2M LiNOs [24].

1.2.5 Separator

The separator is a crucial component in Li-S batteries as it prevents direct contact
between the anode and cathode, which could result in short circuits. The separator also
allows for the flow of lithium ions from the anode to the cathode during discharge and vice
versa during charging. One of the main challenges with Li-S batteries is the dissolution of
polysulfides, which can lead to capacity loss and reduced battery performance over time.
Therefore, the separator must be able to effectively trap these polysulfides and prevent
them from migrating to the anode or cathode [25]. There are various types of separators
used in Li-S batteries, including microporous polyethylene membranes, ceramic
membranes, and graphene oxide membranes. Each type has its advantages and

disadvantages, such as pore size, mechanical strength, and chemical stability [26].



1.2.6 Anode

The anode is an essential part of the Li-S batteries in the overall performance and
efficiency of the battery. As the source of lithium ions during discharge, the anode must be
able to accommodate high-capacity cycling without degrading or losing its structural
integrity. The metallic lithium anode is responsible for storing and releasing electrical
energy during the charging and discharging process. The use of metallic lithium as an anode
material offers several advantages over other materials such as graphite or silicon. The
main advantage of using metallic lithium is its high theoretical capacity, which is around
3860 mAh/g [27]. Additionally, metallic lithium has a low reduction potential, which
allows for a higher voltage output and thus, higher energy density. However, the use of
metallic lithium also poses several challenges. One of the major issues is the formation of
dendrites, which are tiny needle-like structures that grow from the surface of the anode and
can penetrate the separator, causing short circuits and potentially leading to thermal

runaway [28].
1.3 Electrochemistry of Li-S batteries

The electrochemistry of Li-S batteries is a complex process that involves the interaction
between different materials and chemical reactions. The main components of Li-S batteries
are lithium metal as anode, sulfur as cathode, and electrolyte solution. During the discharge
process, lithium ions migrate from the anode to the cathode through the electrolyte, while
electrons flow through the external circuit, generating electrical energy. The most critical
aspect of Li-S batteries is the formation of intermediate species during the discharge/charge
cycle [29]. These intermediates include polysulfides (Li2Sx), which can dissolve in the

electrolyte and diffuse back to the anode, leading to capacity loss and reduced performance.



Another challenge in Li-S batteries is the high reactivity of sulfur with lithium, which can
cause side reactions and passivation of the electrode surface [5]. This problem can be
addressed by optimizing the electrolyte composition and concentration, controlling the
charging-discharging rate, and improving the stability of the electrode-electrolyte interface.
Overall, the electrochemistry of Li-S batteries is a fascinating field that requires
interdisciplinary knowledge and skills. By understanding the fundamental mechanisms and
exploring innovative solutions, we can enhance the performance and reliability of Li-S
batteries and accelerate their commercialization for various applications, including electric

vehicles and portable electronics [30].

1.3.1 Mechanism of Li-S batteries

The Li-S battery is a promising energy storage technology that has attracted significant
attention in recent years due to its high theoretical specific capacity and low cost. The basic
mechanism of the Li-S battery involves the electrochemical reaction between lithium metal
and sulfur to form lithium sulfide (Li>S) during discharge, and the reverse reaction during
charge. During discharge, Lithium ions (Li") are oxidized at the anode, releasing electrons
that travel through the external circuit to the cathode where they reduce S to form
intermediate polysulfides (Li2Sx) [31]. These polysulfides then react with Li* ions from the
electrolyte to form solid Li>S, which is deposited on the cathode surface. This process is
reversible during charging, where LiS is oxidized back to S and Li" ions are released into

the electrolyte as shown in Figure 1.4.
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Figure 1.4. Schematic of the electrochemical processes in a Li-S battery.

In Li-S batteries, sulfur exists as polysulfides or sulfides of the general formula Li>S,,
where n = 1, 2, 4, 6 or 8, depending on the state of charge. In the fully charged state,
polysulfides are the highest order (n = 8). During discharge, higher-order polysulfides
are reduced until the lowest-order polysulfides (n =1 and 2) are formed. The voltage of a
lithium-sulfur cell during discharge ranges from 2.7 to 1.8 V and follows a curve with
four different ranges (Figure 1.5) [32]. Although we start with elemental sulfur in the

cathode, elemental sulfur is reduced to polysulfides at the first discharge (Equation 1.1).
Sg +2e” + 2Li* o LiSg >23V (1.1)
During charging, polysulfides are usually not fully oxidized back to elemental sulfur.

At voltages above 2.3 V (region I of Figure 1.5), the higher-order polysulfides (n = 8)

were reduced to the lower-order polysulfides (n = 6) according to Equation 1.2 [31].

3Li,Sg + 2e” +2Li* © 4Li,S, >23V (1.2)
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Figure 1.5. Typical discharge-charge profile of the Li—S battery in one cycle, taken from [32].
In the voltage range of 2.3 V to 2.1 V (Region II of Figure 1.5), the n = 6 polysulfides

are further reduced to n = 4 soluble products according to Equation 1.3.
2Li,S¢ +2e” +2Li* & 3Li,S, 23Vito21V (1.3)
In the voltage range of 1.9 V to 2.1 V (Region III of Figure 1.5), further reduction of

polysulfides to insoluble products (n = 1 and n = 2) occurs according to Equation 1.4 and

Equation 1.5.

Li,S, +2e™ +2Lit o 2Li,S, 19Vto21V (1.4)
Li,S, + 6e” + 6Lit & 4Li,S 19Vto2.1V (1.5)

At voltages lower than 1.9 V (Region III of Figure 1.5), lithium polysulfide is converted

increasingly to insoluble lithium sulfide as shown in Equation 1.6.

Li,S, +2e™ + 2Li* © 2Li,S <19V (1.6)

The galvanostatic charge/discharge curve analysis of the working mechanism and
limitation factors of Li-S batteries during the cycling produce lithium polysulfides that

dissolve. Therefore, the dissolved lithium polysulfide species can move toward lithium
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anode through the separation membrane and react with lithium metal, causing the loss of

active materials.
1.4 Why is high sulfur loading needed for Li-S batteries

High sulfur loading for the performance of Li-S batteries is needed because sulfur is the
active material in Li-S batteries, and increasing its loading can lead to higher energy density
and longer cycle life. In addition, high sulfur loading can also improve the safety and cost-
effectiveness of Li-S batteries. The reason why high sulfur loading is important is that it
increases the amount of active material available for electrochemical reactions. This means
that more lithium ions can be stored and released during charge and discharge cycles,
leading to higher energy density [33]. Studies have shown that increasing sulfur loading
from 1 mg/cm? to 6 mg/cm? can increase the specific capacity of Li-S batteries by up to
50%. For Li-S batteries to be commercially relevant in electric vehicles, an areal capacity

of 4 mA/cm? is required [34]. The required sulfur loading can be estimated using:

Theoretical Sulfur capacity = Sulfur loading
1000

Areal capacity =

For an areal capacity of 6 mAh/cm?, a minimum sulfur loading of 3.58 mg/cm? is
required. However, in practice the theoretical specific capacity of sulfur is difficult to
achieve. Therefore, a higher sulfur loading is needed to produce an areal capacity of more
than 6 mAh/cm?. The advantage of high sulfur loading is that it can reduce the formation
of unwanted side products, such as lithium polysulfides. These compounds can dissolve in
the electrolyte and migrate to the anode, causing capacity loss and reduced cycle life, and
this improves the stability of Li-S batteries [35]. The conventional method of Li-S batteries
cathode fabrication first consists of mixing the active material with Carbon Black for

conductivity adding PVDF as binder, using an organic solvent such as N-Methyl-2-
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pyrrolidone (NMP) to form a slurry. The slurry is coated on aluminum foil, and the solvent
evaporates. Then the cathodes are cut in disc shape, with low S mass loading
(<2 mg/cm?) [29, 36]. Further, multiple fabrications-related problems such as non-uniform
coating and crack were encountered. This has become a challenge to achieve high contents

of S and low Electrolyte/Sulfur (E/S) ratio.
1.5 Process of Li-S batteries for achieving high areal capacity

To achieve high areal capacity in Li-S batteries, several strategies have been proposed
and tested. One approach is to use high-loading sulfur cathodes, which involve packing
more sulfur into the electrode to increase its energy density. This can be achieved through
various methods such as using nanostructured sulfur or incorporating conductive additives
to improve the electrode's conductivity. Another strategy is to modify the anode to enhance
its ability to capture lithium ions during charging. Also, electrolyte optimization has been
explored to improve the performance of Li-S batteries [37]. By selecting appropriate
solvents and additives, researchers have been able to mitigate issues such as sulfur
dissolution and shuttle effect, which can degrade the battery's cycling stability and reduce
its capacity. Overall, achieving high areal capacity in Li-S batteries requires a
multidisciplinary approach that involves optimizing the cathode, anode, and electrolyte
components [38]. While considerable progress has been made in this area, further research
is needed to overcome remaining challenges and enable widespread adoption of Li-S

batteries in practical applications [39].
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Chapter 2

Synthesis and characterization techniques

2.1 Introduction

This chapter describes the materials used in this research, the synthesis and processing
methods used in the fabrication of ferroelectric materials, the fabrication of cathodes for

implanted lithium-sulfur batteries, and the characterization of the materials.

Ferroelectric materials are fabricated using a solid-state technique that combines synthesis
with mechanochemical activation and thermal treatment. The cathode is made using

solvent-free dry pressing and binder technology.

2.2 Materials synthesis

The hG was prepared from graphene (Vorbeck materials) using the established one-step
air oxidation procedure reported previously [1]. Bis(trifluoromethylsulfonyl)imide lithium
salt (LiTFSI; 98+%), lithium nitrate (LiNO3; 99.999%), 1,2-dimethoxyethane (DME;
99+%), and 1,3-dioxolane (DOL; 99.5%) were purchased from Thermo Fisher. Sulfur
(S; 99.998%), highly pure barium carbonate (BaCO3; 99.8%), high purity neodymium (III)
oxide (Nd203; 99.9%), lithium foil 0.75 mm thick x 19 mm wide (Al; 99.9 %), and high
purity cobalt (II, III) oxide (C0304; 99.998 %) were purchased from Alfa Aesar. Iron oxide
(Fe203; 99.998%), nickel (II1) oxide nano-powder (Ni203; 99%), and Celgard membrane
25 pum thickness and 85 mm width were purchased from Sigma-Aldrich. High-purity
bismuth oxide (Bi2O3; 99.9%) was purchased from Fluka, and titanium dioxide (TiO2;

97%) was purchased from Fisher Scientific. All chemical materials for battery assembly
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were handled inside an Ar-filled glove box with water (H20), and oxygen (O2) contents
< 0.5 ppm. The ferroelectric nanoparticles were synthesized by mechanical activation
followed by thermal treatment. Stoichiometric amounts of 15 wt% excess of BioO3 were
used to compensate volatilization loss during the thermal treatment. The oxides were mixed
with isopropanol using a high-energy ball-milling planetary machine with zirconia balls
(Across International, PQ-N04 planetary ball mill, USA) operating at 45 Hz (2700 rpm)
for 8 hrs. The synthesized material was dried on a hot plate at 100 °C for 8 hrs. We used a
furnace (Carbolite, HTF1700, USA) at a heating and cooling rate of 5 °C/min in which the

powders were calcined.

2.3 Materials characterization techniques

This section briefly describes the characterization techniques such as: X-ray diffraction,
Raman spectroscopy, Scanning Electron Microscopy, Energy-Dispersive X-ray
Spectroscopy, Electrochemical Impedance Spectroscopy, and Charge-Discharge Profile.
The methods and software used for the analysis of the investigated compounds will also

be explained in detail.

2.3.1 X-ray diffraction

X-ray diffraction is a powerful analytical technique that allows us to determine the
atomic and molecular structure of materials. With this technique, it is possible to know the
position of the atoms (ions or molecules) in the structure, determine the parameters of the
lattice, the crystalline system, the presence of impurities and even the presence of stress or
deformation in the sample. X-ray diffraction occurs when the beam collides with the atoms

that make up the crystal, causing the electrons in its path to vibrate with a frequency
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identical to the frequency of the incident radiation. These electrons act as secondary sources

of new X-ray wavefronts with the same wavelength and frequency [2].

v Vv

Figure 2.1. Diffraction phenomenon in a crystal. Taken from [2

The basic principle of X-ray diffraction is that when X-rays are directed at a crystal, they
interact with the atoms in the crystal lattice and are scattered in different directions. The
scattered X-rays interfere with each other, creating a pattern of bright spots and dark areas
on a detector screen. This pattern is known as a diffraction pattern, and it contains
information about the arrangement of atoms in crystals. When a crystal diffracts X-rays,
the reemitted scattered electromagnetic waves interfere with each other constructively in
some directions, i.e., they reinforce each other and cancel each other out in the rest. For
this to happen, it is necessary that the difference of paths between the waves diffracted by
two successive planes is an integer number of wavelengths (nA) [3]. The reflection
condition established by W. Bragg indicates that the difference in optical paths traveled is

an integer multiple of the wavelength as shown in Equation 2.1:
2d sin 8 = nA (2.1)
where d represents the separation between two consecutive planes and n is an integer that
we will call the order of reflection; this equation is known as Bragg's law [4]. Applications

of X-ray diffraction in polycrystalline materials are used by Bragg-Brentano geometry,
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where the excitation source and the detector are placed at equal distance and angle from

the sample surface.

Incident X-ray  ave length A Diffracted X-ray

Incident angle 8

d-spacing d

Bragg’s law : 2d sinB =i

Figure 2.2. Incident on a family of planes of a crystal. Taken from [5]
2.3.1.1 Determination of mean particle size
The determination of the crystal size is based on the broadening of the peaks in the case
of small crystal domains, which leads to an inverse relationship between the two
parameters. Among the reasons for the broadening of the diffraction pattern, the

following points should be emphasized:

a) Instrumental effects
b) Particle size smaller than approximately 0.1 pm

c) Stresses in the crystalline structure due to lattice defects

The different contributions of crystal size, microtensions and instrumental effects can

be separated by fitting the peaks to different profiles such as the following:

a) Gaussian: rounded peaks where the stress distribution tends to broaden a

Gaussian-shaped peak.
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b) Lorentzian: sharp peaks where the size distribution tends to broaden a profile peak
such as dislocations.

c) Pseudo-Voigt: preferentially applied when peak broadening is dominated by
structural stresses.

d) Pearson VII: applied when the broadening is due to crystalline particle size.

The background of the diffractogram, the contribution of Koo, the asymmetry of the
peaks, and the start and end points of the integrated peaks need to be correctly
determined. With all these parameters, most programs for processing X-ray diffraction
data can theoretically fit the experimental curves and perform the calculations

automatically [5].

There are several methods to estimate the size of crystallites, the two main ones being
Scherrer and Williamson-Hall. These two are based on the elongation of X-ray diffraction

peaks.

2.3.1.2 Scherrer's method

The most common and simple method for estimating the size of crystalline particles
from the widths of their X-ray diffraction peaks is the one developed by Scherrer in 1918
based on the Equation 2.2:

. Kka
- B cosbg

(2.2)

where D is the crystalline particle size, K the Scherrer constant which depends on the
profiles of the crystalline particles present in the sample (K = 0.9) , A the monochromatic
wavelength of the radiation used and f is the peak width (integral width) present at angle

8 measured in radians, which is calculated by the following Equation 2.3:
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p = \/(ﬁexp)z - (ﬁins)z (2.3)

Figure 2.3 shows the instrumental width Bins (diffraction angle dependent) to be obtained

through the measurement of patterns and subtraction of the integral width of the

experimental diffraction peaks PBexp.

Intensity

Peak position 26

9 1 Peak area /|
i Integral

{ breadth Background

N,

Angle 20

Figure 2.3. Diffraction peak and information content that can be extracted. Taken from [6]

If the instrumental contribution Bins is not known, the FWHM value (peak width at half-

height of maximum intensity) can be assumed as the area of the peak divided by its height.

Scherrer's method does not take into account the stresses that may take place in the

crystalline domain, and that the elongation of diffraction peaks is exclusively due to the

crystallite size [6].

2.3.1.3 Williamson-Hall method

In 1953, Williamson and Hall proposed a method using the simplified integral width to

deconvolute the contributions of crystalline particle size and stresses due to peak broadening as a

function of 20; this model assumes a Lorentzian profile for the peaks.

This method considers the presence of micro-deformations or distortions of the lattice

within the domain since it also leads to elongation of the diffraction peaks. These twists
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consist of random displacements of the unit cell or group of units relative to the ideal
position [7, 8]. The particle size and microstrain in the material are obtained by the

relationship of Equation 2.4:
Bwy cos@ = 2&-sinf + X2 (2.4)
Dwn

where Dy, is the size of the particle by the Williamson-Hall method. The plotting Bwn

Cos 0 as a function of sin 0 yields a straight line as shown in Figure 2.4.
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Figure 2.4. Extrapolation of the points (obtained from the diffraction peak widths) allowing the

calculation of crystallite size and microstrain.
In this way, the value of microstrain can be calculated from the slope of the line and
the particle size using the intercept of the line. The slope of the line can be positive,

negative, or zero: a positive value indicates an extension of the network, a negative value
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indicates network compression, and a zero slope indicates no microstrain (perfect

crystal).
2.3.1.4 Rietveld refining

The method developed by Rietveld exploits all the overlapping information in the
powder diffraction pattern to precisely determine the structure of any polycrystalline
material, making it the most powerful technique currently available for studying the
crystal structure of a material. The Rietveld method includes theoretical fitting of
structural parameters as well as experimental parameters of the complete diffraction
pattern profile. The initial parameters are adjusted in an iterative process until convergence
is reached between the experimental values and the theoretical model. Advances in
computing technology and the free availability of programs such as GSAS, DBWS, and
FullProf have made the Rietveld method an easy-to-use and increasingly widely used
technique. The basis of the method is to use the intensity profile data of each reflection
instead of its integration area for the refinement process, which makes it possible to extract
the maximum amount of information contained in the dust map. The iterative process tries
to minimize the discrepancy between the crystallographic model and the experimental
data by means of least squares refinement [9, 10]. The function that is minimized by least

squares is called the Sy residual and is shown in Equation 2.5:
Sy = XiwilY; = Yo |? (2.5)
In this function, y; is the observed (experimental) intensity at the subindex i step of the
diffractogram, y.a is the calculated intensity at the subindex i step, Wi is the respective

weight given to the intensities while the summation is over all points of the diffraction

pattern. The refinement consists of finding the optimum values of all these parameters so
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that Sy adopts the minimum possible value. The calculated intensities ycal are obtained
from the Fx, where Fx are the structure factors, whose values are calculated from the
structural model. The intensity of a peak is calculated by the following Equation 2.6:
Yi =Xvij =2 Xk L j|Fil* @By j(26; — 20,) Py ;A + yp (2.6)

where Y; is the calculated intensity at the point i of the diffraction pattern, yi; is the
intensity at point i of the diffraction pattern due to the phase j, Sy is the scaling factor
corresponding to phase j, Ly, j represents polarization factors, multiplicity and Lorentz
factor, L j? phase j structure factor, @ j(20i-20x ;) is the function describing the diffraction
peak profile centered at the Bragg angle 260y of the phase j, Py j is the function describing
the preferential orientation when the crystals of phase j are not randomly located, A is the
absorption factor which depends on the thickness of the sample and the geometry of the
diffraction equipment, and yp; is the background intensity at point 26; of the diffraction

pattern.

For refinement, it is necessary to implement functions that model diffraction peaks and
other functions that describe the full width at half maximum (FWHM). We can use
analytical functions that generate normalization functions for peak description. These
functions mainly depend on three parameters such as: position 20, intensity I and mean
width at maximum height. There are numerical criteria that can indicate the progress of
the refinement process and help to infer the suitability of the chosen method. Therefore,
several indicators of this cycle need to be implemented so that it can be determined
whether the process is satisfactory or not. Some numerical standards used in this method

arc:
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The weighted pattern residual (Ryp): determines the residual weight on the basis that
the experimental data points of high intensities are more important than those of low
intensities. It is also the most statistically significant index of the overall fit as shown in

Equation 2.7 [11].

N 1/2
R _ ZiWi|yi(obs)—3’i(cal)| (2 7)
wp ZiWi|J’i(obs)|2

where Ryp is the residue of the weighed standard, yiobs) 1s the intensity observed at the
subindex 1 step, yical 1S the intensity calculated at the subindex i step, W; is the assigned

weight.

The residual of the expected value (Rexp): expresses the estimation of the quality of the
data considering that data with more noise or peaks with low intensities will have a large

Rexp as shown in Equation 2.8 [11]:

(N-P)
Reyp = 100 | ————— 2.8
P <EzWi|Yi(obs)|2> (2-8)

where Reyp is the residual of the expected value, N the number of observed data, P the number of
parameters to be refined.

The Bragg factor residual (Ryp): is an index that numerically expresses the difference
between observed and calculated data points on a point-for-point basis as shown in

Equation 2.9:

2
Rb — 100 <Zk|1k(obs)_1k(cal)| ) (2.9)

2
Skllk(ons)|
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where Ry is the residual of the Bragg factor, Ixobs) is observed intensity at subscript k
reflection, Iican 1s calculated intensity at subscript k reflection. Another parameter to

consider is the goodness of fit (chi-square) which is calculated as shown in Equation 2.10:

xr=2 (2.10)

N Rexp
where ¥? is the goodness-of-fit, Rwp and Rexp are the heavy standard and expected value

residuals. A value of ¥ of the order of 1.3 is usually considered satisfactory [11-13].

For the Rietveld refinement process and the identification of phases of the diffraction
patterns of the study samples, the software X'pert High ScorePlus and Fullprof Suite were
used. The phases were identified by X'pert High Score Plus, using the 2004 PDF - 2
database. Once the phases present in the sample have been identified, the refinement is
carried out and the characteristic graph is obtained, where the red line represents the
observed pattern, the black lines represent the calculated pattern, the blue lines represent
the difference between the observed and calculated pattern, and finally the green lines

indicate the Bragg positions of the phases present.

2.3.2 Raman spectroscopy

Raman spectroscopy is a high-resolution technique, which allows to quickly know
information about the material under study, its structural and chemical properties, thus
allowing its identification. It is a non-destructive analysis technique, so it does not produce
alterations on the analysis surface [14]. At the beginning of the 20" century, the possibility
of the existence of a non-elastic scattering of light in the interaction between photons and
molecules was postulated. Schrédinger and Dirac, among others, considered this

possibility. However, it was not until 1923 when in India Sir Chandrasekhara Venkata
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Raman and his collaborator, K.S. Krishnan, discovered the phenomenon of inelastic light
scattering [15]. The scientific importance of this discovery earned Sir C.V. Raman the
Nobel Prize. At the end of the 1990s, Raman spectroscopy was only academic, but with the
technological development of new excitation sources such as lasers and novel detection
equipment, it has become an expanding technique and is increasingly present in the
characterization protocols of a large number of compounds. The applications of Raman
spectroscopy are found in a number of scientific disciplines such as: archeology, biology,
in the investigation of material properties at manometric scale, among others [16]. The
Raman effect consists of the inelastic scattering of visible light through interactions with
the vibrational states of molecules. When monochromatic radiation of a frequency v, is
incident on any material, the absorbed incident photons excite the molecules of the material
to a virtual excited state. If the virtual state decays, the emitted photons possess mostly the
same energy as that of the absorbed photons. This is known as elastic or Rayleigh
scattering. However, a small fraction of the emitted photons undergoes an energy change
after scattering which is known as inelastic scattering, emerging with a frequency vy
different from that of the incident photons which is known as the Raman effect [17]. Due
to the existence of a series of selection rules imposed by quantum mechanics, not all
vibrational modes are active in Raman. Only those that produce a change in polarizability
are active. Normally, the molecule ends up at a higher energy level so that the energy
released is less than that absorbed, thus increasing the wavelength, and decreasing the
frequency of the radiation. This Raman scattering is called Stokes (with frequencies vy —
vg ) [18]. If the molecule ends up at a lower energy level, more energy is released than is

absorbed, which decreases the wavelength and increases the radiation frequency. This
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Raman scattering is called anti-Stokes (with frequencies vy + vg). These two bands are

symmetrically located on both sides of the Rayleigh band as presented in Figure 2.5 [18].

Stokes shift Rayleigh Scattering Anti-Stokes Shift
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Figure 2.5. Representation of the Rayleigh Scattering versus Stokes Raman and Anti-Stokes

Raman Scattering. Taken from [18]

2.3.3 Scanning electron microscope

In a scanning electron microscope (SEM), an electron beam is scanned across the sample.
Electrons scattered through large angles such as secondary scattering and backscattering
are used to obtain information about the sample. SEM provides chemical information and
surface sensitivity when equipped with energy-dispersive and wavelength-dispersive X-
ray detectors. In this work, the microstructure and grain growth of ferroelectric
nanoparticles materials for each Li-S battery cathode composition were recorded using

SEM JEOL model JSM-5800LV.
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2.3.4 Energy-dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is an elemental analysis technique based on
the generation of characteristic X-rays in atoms by electrons in the incident beam. The
incident beam can excite an electron in the inner shell, pushing it out of the shell, creating
an electron hole. During this stage, two basic physical events occur, elastic scattering and
inelastic scattering. Elastic scattering involves changing the direction of an electron
without losing energy. It is usually caused by interaction with the core composed of
materials. Inelastic scattering is a loss of energy without a discernible change in direction,
usually produced by interactions with bonding electrons and the nuclei of atoms. However,
the atoms are ionized [19]. Then an electron from the higher energy outer shell fills the
hole, and the energy difference between the higher energy shell and the lower energy shell

can be released as X-rays.
2.4 Electrochemical characterization

The electrochemical characterization techniques are used to gain insights into the
behavior of various materials and systems. Electrochemical impedance spectroscopy and

charge-discharge measurements have been particularly valuable for the research.

2.4.1 Electrochemical impedance spectroscopy

The Electrochemical impedance spectroscopy (EIS) can be traced back to the early 20"
century when researchers began investigating the behavior of electrolytic cells. However,
it was not until the 1970s that EIS gained widespread recognition as a versatile tool for
characterizing electrochemical interfaces [20]. Since then, advancements in
instrumentation and data analysis techniques have further enhanced the capabilities and

applications of EIS. The EIS technique allows for the determination of the electrical
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properties of a system by measuring its response to an applied sinusoidal voltage or current
signal over a range of frequencies [21]. This technique provides information about the
interfacial processes, such as charge transfer resistance and double-layer capacitance,
which are crucial in understanding the kinetics and efficiency of electrochemical reactions,
the optimization of novel electrochemical devices, contributing to advancements in fields

such as energy storage, corrosion protection, and sensor technology [22].

The EIS may be used to characterize either the static or dynamic impedance of a battery.
Regardless of whether galvanostatic or potentiostatic mode is used, the AC signal, and

therefore the response, is sinusoidal [23].

Resistance refers to the dissipation of energy in a circuit due to the presence of resistors.
It is represented by the symbol R and is measured in ohms. Resistance determines how
much current will flow through a circuit when a voltage is applied, according to Ohm's
Law: V =1 * R, where V is the voltage, | is the current, and R is the resistance. The
impedance, Z, is a frequency-dependent complex number characterized by the ratio of
voltage to current and the phase angle shift between them, @ as shown in Equation 2.11 to

Equation 2.13 [24].

Z="=1Z,e" (2.11)
Z=2,(Cos®+jSin®) (2.12)
Z=27+j2" (2.13)

where j is the v—1, Z’ is the real part, and Z” is the imaginary part.

A significant amount of information is acquired by varying the applied frequency in an

EIS measurement. Two graphs are commonly used to fully represent this complex
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dataset: Nyquist and Bode plots (Figure 2.6). They are complementary and contain the

same data as shown in Equation 2.14 and Equation 2.15 [25].

1Z(w)| = /Z'(0)2 + Z" (w)? (2.14)
?(w) = tan™? (ZZ(—(‘:))) (2.15)
a R; c
R,
-
C,
b op

log(|Z])
Phase Angle (¢)

-Im(2)

Ro Re(z) Ro*Ri

Figure 2.6. a) Equivalent circuit for single electron transfer and ion migration in the electrolyte. b)

Nyquist plot of the real impedance against the imaginary impedance showing the resistance for the

electrolyte. ¢) Bode plot of the magnitude of the impedance and phase angle against frequency.

Taken from [25]

The Nyquist and Bode plots for various simple electrical circuits containing a single
passive element (R,C, or L) as well as combinations of them in different arrangements (in

series or in parallel) are illustrated in Figure 2.7 and Figure 2.8, respectively.
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Figure 2.7. Nyquist, Bode magnitude and phase angle plots of some model circuits R1=1kOhm.

Taken from [25]

The Nyquist, bode magnitude, and phase angle plots are essential tools in analyzing the

behavior of model circuits. These plots provide valuable insights into the frequency
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response characteristics of a circuit, allowing to assess stability, gain, and phase shift. When

the circuit contains only a resistor, Figure 2.7A, the equation of the impedance is

Z =7’ + j(0). The real part equals Z’, while the imaginary part is zero. As a result, the

Nyquist plot shows a single point lying in the real axis. That is, the impedance values at all

the excitation frequencies are exactly the same and equal to the value of the resistance of

the resistor (in this example, R1 = 1 kOhm). As a result, the Bode magnitude plot shows a

straight line that crosses the left axis at |[Z| = R1 [26].
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Figure 2.8. Nyquist, Bode magnitude, and phase angle plots of some model circuits. RO = R1 =

R2 =1 kOhm. Taken from [25]
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The Bode magnitude plot showcases the amplitude response of a circuit over a range of
frequencies. This plot is particularly useful for understanding the gain characteristics of a
system. It can easily identify the cutoff frequency, where the gain starts to decrease, and
determine the overall gain of the system at different frequencies. Additionally, the slope of
the magnitude plot provides insights into the system's order and its ability to amplify or

attenuate certain frequencies as shown in Figure 2.8.

When analyzing the diffusion behavior of ions or molecules, impedance spectroscopy
data can provide valuable insights. By studying the electrical response of a system to an
applied alternating current (AC) signal, we can extract information about the diffusion
coefficients of species present in the solution. The diffusion coefficient is defined via the

diffusion length, Ip and the diffusion time constant, tp as shown in Equation 2.16:

l2
D=2 (2.16)

D
Therefore, these two parameters must be extracted from experimental data or
theoretical models. However, in electrochemical systems, the net mobility-diffusion
coefficient can be determined from the effective permittivity model through the
relaxation time (12) distribution of the bilayer thickness (equal to the Debye length Ap)

during charge polarization, see Equation 2.17 [27]:

_ %

T2

D,, (2.17)

The diffusion length is based on the Equation 2.18 to Equation 2.23.

Ip = /(ts x D) (2.18)
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D, = A3/ (2.19)

Ap = d/8 (2.20)
tan( @ max = V6/2 (2.21)
Zw = 7= (1= j)tanh[Wy \/jo] (2.22)
T = Wi (2.23)

where D and Ap are the diffusion coefficient of net mobility and the Debye length of the
electrode, respectively, d is a dimensionless number, i is the reciprocal of the frequency
corresponding to the inflection point of the Nyquist, s is the reciprocal of the frequency
corresponding to the highest point in the Bode plot, tan(¢)max can be obtained from loss
tangent, d is the half thickness of the electrode, and Wi is a part of the Warburg element,
which can be extracted from the simulated equivalent circuit. Similarly, the t1, Ts, tan()max
and Wi can be obtained from the Nyquist plot, Bode Plot, loss tangent plot and simulated

equivalent circuit diagram, respectively [25, 27-29].
2.4.2 Charge-discharge profile

The charge-discharge profile is a battery performance analysis. It provides valuable
insights into the behavior and characteristics of a battery during its operation. In energy
storage systems, the process of charge-discharge plays a role in determining the overall
performance and efficiency [30]. It involves the transfer of electrical energy into and out
of a storage device, such as batteries, enabling them to store and release energy as needed.
During the charging phase, electrical energy is supplied to the storage device, causing the
accumulation of electric charge within its components. This process typically involves an

external power source, which delivers the necessary voltage and current to overcome
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internal resistance and drive the charge transfer. Conversely, the discharging phase involves
the release of stored electrical energy from the storage device, allowing it to power external
devices or systems. As the discharge occurs, the stored charge gradually depletes, resulting
in a reduction of voltage and available energy. Like the charging process, discharging also
depends on the specific technology utilized, with variations in discharge rates, capacity,
and voltage profiles. Efficient charge-discharge cycles are crucial for maximizing the
lifespan and performance of energy storage systems. Factors such as charging/discharging
rates, depth of discharge, temperature management, and voltage control significantly
impact the overall efficiency and longevity of the storage device. Proper monitoring and
control of these parameters are essential to prevent overcharging, over-discharging, or
excessive heat generation, which can lead to degradation and reduced operational
capabilities [31].

Generally quantitative electrochemical performances of battery material are evaluated by
Galvanostatic cycling (or cyclic chronopotentiometry) method. In this method, a constant
current (i) is applied to the cell and the voltage function of time is measured. From this
experiment, one can obtain the specific capacity of the cell which is the total amount of
charge passed through an electrode in a set-up period (t) per unit mass (m), as shown in

Equation 2.24.
I+t
C = p (2.24)
The galvanostatic techniques of a constant current are applied to an electrochemical cell,
and the resulting potential is measured over time. This allows for the determination of

various electrochemical parameters such as charge transfer kinetics, electrode surface area,

and electrochemical reaction mechanisms. Here, a short current pulse between t, and t; is
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applied and the potential response is monitored. This is shown schematically in Figure 2.9.
From the potential response, a cell resistance (R) can be obtained as shown in Equation

2.25.

R =tV (2.25)

T Lo-It1

A J

Figure 2.9. Schematic representation of the potential response to a current pulse.
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Chapter 3

Holey Graphene/Ferroelectric/Sulfur Composite Cathodes for
High-Capacity Lithium—Sulfur Batteries

3.1 Introduction

The emerging markets for portable electronics, electric vehicles, and grid-level energy
storage system demand next-generation rechargeable batteries with high energy density
and low costs [1]. Among them, lithium—sulfur (Li—S) batteries discovered in the 1960s
[2], have received significant attention because of the unprecedented theoretical capacity
of elemental sulfur (Ssg), high specific energy density, and low material cost [3]. Sulfur is
low-cost, environment-friendly, naturally abundant, and non-toxic. These superior
properties position Li—S batteries to be considered for the next-generation energy source
for portable electronic devices [4]. The research on Li-S batteries is promising, since it has
a high theoretical gravimetric energy density of 2600 Wh/kg, compared to the energy
density of lithium-ion batteries (LIBs) which is lower than 200 Wh/kg [5]. In addition, S
cathodes have a high theoretical capacity of 1675 mAh/gs, versus 300 mAh/g in typical
cathodes for LIBs [6]. The Li metal anode has a large capacity of 3860 mAh/g [7, 8]. The
conventional method of Li-S batteries cathode fabrication consists of mixing the active
material with carbon black plus polyvinylidene fluoride (PVDF) as the binder, followed by
using an organic solvent such as N-methyl-2-pyrrolidone (NMP) to form a slurry, which is
then coated on aluminum foil and allowed to dry for solvent evaporation. Next, the

cathodes are cut into disc shapes, with typical S mass loadings < 2 mgs/cm?[9, 10]. Several
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methods have been investigated using holey graphene (hG) as an electrode material for
electrochemical energy storage applications because the through-thickness holes facilitate
ion transport across the nanosheet planes, a feature that is not attainable with intact
graphene. In S/hG composite cathode, holey graphene has the higher mechanical strength
which has been mentioned in several reports [11]. Although in the present manuscript the
mechanical character of holey graphene has not been measured, based on the literature, it
can be assumed that this special character of holey graphene controls the volume expansion
of cathode during charge and discharge cycle. Another outstanding attribute of hG is that
it can be directly molded into architectures of arbitrary shapes [12, 13]. The presence of
holes through the graphene sheets enables molding into appropriate shapes. For example,
high-mass loading S composite cathodes were obtained with hG as a host matrix and
conductive scaffold [11]. In addition, ion transport is facilitated by the presence of holes
on the graphene sheet, enabling efficient electrochemical processes [14]. However, Li—S
batteries usually face the challenges of the poor electronic conductivity of insulated sulfur,
the dramatic volume change of about 80% during cycling, and the shuttle effect induced
by soluble lithium polysulfides (Li2Sx, 4 <x <8). So far, many strategies have been applied
to deal with these deficiencies. Further, multiple fabrication-related problems such as non-
uniform coatings and cracks are typically encountered when using conventional slurry-
based electrode fabrication methods, particularly when trying to achieve high S content
and low electrolyte/sulfur (E/S) ratios. Dry compressibility of hG enabled electrodes
support ultrahigh mass loadings and high performance. For example, ultrahigh mass
loading selenium cathodes (15.6 mg/cm?; hG/Se-90%) were used in lithium-selenium

batteries that displayed high areal capacity (8.7 mAh/cm?; hG/Se-90%) with the first
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discharge capacity around 574 mAh/gs and utilization of ~85% [15]. Lithium-ion battery
electrodes with hG:LFP (lithium iron phosphate) were fabricated by using binder-free dry
processing at 20 MPa for only 10 sec, and they exhibited a capacity retention within
experimental error and reach >160 mAh/g for at least the first 10 cycles [16]. For hG/S-
50% high mass loading Li-S batteries cathodes, it was found that the first discharge
capacity reached was as high as 1429 mAh/gs, 8.2 mAh/cm? and utilization of ~85% at
0.5 mA/cm? [11]. Barium titanate BaTiO3; (BTO), one of the most important and widely
used ferroelectric materials, was introduced into the cathode, for the first time in 2016, as
a proof-of-concept to demonstrate the novel polysulfide reduction strategy for stabilizing
the Li—S batteries. It was found that by mixing the BTO nanoparticles with the cathode
materials, the heteropolar polysulfides can be anchored in the cathode due to the internal
electric field originating from the spontaneous polarization of BTO nanoparticles. A
discharge capacity of 835 mAh/g after 100 cycles was obtained for the cathodes with BTO
nanopaticles added, two times more than cathode without BTO nanoparticles [17]. The
incorporation of BTO particles into the poly(ethylene) separator in Li-S batteries was also
explored; the permanent dipoles that are formed in the BTO nanoparticles upon the
application of an electric field can effectively reject polysulfide from passing through the
separator via electrostatic repulsion, resulting in significantly improved cyclability. In
addition, the coated BTO particles improve the thermal response of poly(ethylene)
separator. In this way, Li-S cell exhibited a significantly enhanced cycling performance of
82.8% retention after 50 cycles and improvement in safety [18]. The addition of BTO
particles combined with a very thin protective layer of TiO> (CSB@TiO2) was used as

cathode for sodium-sulfur batteries. Results show that such cathode material exhibits high-
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rate capability and excellent durability compared with pure C/S and C/S/BaTiOs electrodes.
For cycling performance, this CSB@TiO electrode exhibited discharge capacity of
611 mAh/g after 400 cycles at 0.5 A/g, compared with 340 mAh/g and 459 mAh/g of C/S
and C/S/BTO electrodes respectively. Such superior electrochemical performance was
mainly attributed to the “BaTiO3-C-TiO,” synergetic structure within the matrix, which
enables effectively inhibiting the shuttle effect, restraining the volumetric variation and
stabilizing the ionic transport interface [19]. Another reported approach to reduce the
polysulfide shuttle effect is using a carbon nanotube sheet distributing homogeneously
BaTiO; as a pseudo current collector between the cathode and separator in Li-S batteries.
The coin cell utilizing a ferroelectricity embedded interlayer exhibits a higher capacity of
908 mAh/g at 0.2C than that of carbon alone of 740 mAh/g at 200™ cycle; this result
corresponds to a capacity retention ratio enhancement from 67.5% to 75.6%. Also, it was
reported that the retention of the Coulombic efficiency is effectively maintained in long
cycles at 0.5C (94.5%-99.6%). The modified interlayer functions as an effective current
collector due to the high affinity of the ferroelectric material to polysulfide, plus the

ferroelectricity in the interlayer acts as a polysulfide anchor [20].

To meet the theoretical energy density and areal capacity of Li-S batteries, a high sulfur
loading is required [8, 21, 22]. Particular attention on the progress of cathode, anode,
separator, and electrolyte on a single platform toward achieving high areal capacity and
long-term cycling is missing. This challenge has motivated the authors to test high mass
loading sulfur cathodes with ferroelectric materials different from BTO and following a
different method for cathode fabrication. Bismuth ferrite BiFeO3 (BFO) is one of the most

studied multiferroic materials [23, 24]. It exhibits both antiferromagnetic and ferroelectric
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properties at room temperature. These properties offer alternatives for industrial and
technological applications, such as its application in Li-S battery cathodes for improving
specific capacity and reversibility. Our group recently reported composite electrodes of
BFO«S1xCio prepared by mixing the 5 wt% PVDF and NMP as a solvent for 12 hrs. at 400
rpm. The S¢oBFO30Ci10 composite Li-S battery cathode capacity was as high as ~1600

mAh/g, and the cell reached 30 cycles [25].

In this study, we report the investigation of high mass loading sulfur composite cathodes
for Li-S batteries. The composites were formed starting with SsohGso and adding 5% of
FNPs (S475FNPsshGa75), where hG is the electrically conducting scaffold and the
ferroelectric nanoparticles (FNPs) are BTO, BFO, BisNdTisFeo7Nio3015 (BNTEN),
BisNdTizFeo5C005015 (BNTFC). The cathodes were fabricated using a novel method
consisting of dry pressed of S/FNPs/hG without binder and solvent. This method allows us
to obtain electrodes with high mass loading and avoid using toxic solvents. The results

showed high specific capacity, high areal capacity, and high mass loading in the coin cells.
3.2 Experimental details

The hG was prepared from graphene (Vorbeck materials) using the established one-step air
oxidation procedure reported previously [26]. Bis(trifluoromethylsulfonyl)imide lithium
salt (LiTFSI; 98+%), lithium nitrate (LiNO3; 99.999%), 1,2-dimethoxyethane (DME;
99+%), and 1,3-dioxolane (DOL; 99.5%) were purchased from Thermo Fisher™!. Sulfur (S;
99.998%), highly pure barium carbonate (BaCO3; 99.8%), high purity neodymium (III)

oxide (Nd203; 99.9%), lithium foil 0.75 mm thick x 19 mm wide (Al; 99.9 %), and high
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purity cobalt (II, III) oxide (Co304; 99.998 %) were purchased from Alfa Aesar™ . Iron
oxide (Fe203; 99.998%), nickel (III) oxide nano-powder (Ni2O3z; 99%), and Celgard
membrane 25 pm thickness and 85 mm width was purchased from Sigma-Aldrich™'. High-
purity bismuth oxide (Bi2O3; 99.9%) was purchased from Fluka®!, and titanium dioxide
(TiO2; 97%) was purchased from Fisher Scientific*!. All chemical materials for battery
assembly were handled inside an Ar-filled glove box with water (H>O), and oxygen (O2)

contents < 0.5 ppm.

The synthesis of FNPs was done by mechanical activation followed by thermal treatment.
Stoichiometric amounts of 15 wt% excess of Bi2O3 were used to compensate volatilization
loss during the thermal treatment. The oxides were mixed with isopropanol using a high-
energy ball-milling planetary machine with zirconia balls (Across International, PQ-N04
planetary ball mill, USA) operating at 45 Hz (2700 rpm) for 8 hrs. The synthesized material
was dried on a hot plate at 100 °C for 8 hrs. We used a furnace (Carbolite, HTF1700, USA)
at a heating and cooling rate of 5 °C/min in which the powders were calcined. Calcination
parameters like temperature and duration were applied, as mentioned in Table 3.1.

Ferroelectric nanoparticles synthesis process is shown in Figure 3.1.

Table 3.1. Calcination conditions of the ferroelectric nanoparticles’ precursor powders.
Calcination Calcination

Ferroelectric Precursor Type Temperature Time
Nanoparticles (FNPs) P [oc]p [hrs.]
BaTiOs3 BaCOszand TiO2 1200 10
BiFeOs Bi».O3z and Fe,0O3 875 10

. . . Bi»03, Fe;03, TiO2, Ni2O3 800 15
BisNdTizFeo.7Nio301s and Nd20s

. . Bi»03, Fe;03, TiO2, Co304 800 15
BisNdTisFeo.5C005015 and Nd,Os

"1 Specific vendor and manufacturer names are explicitly mentioned only to accurately describe the material or test hardware. The use
of vendor and manufacturer names does not imply an endorsement by the authors, nor does it imply that the specified material or
equipment is the best available.
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Figure 3.1. Schematic illustration of ferroelectric nanoparticles synthesis process.

Sulfur-FNPs-hG composite cathode preparation. The hG was used as dry pressable,
solvent-free, and binder-free process to prepare five component powders. The sulfur, hG
and ferroelectric nanoparticles were mixed in a particular ratio by ball milling for ~10 sec.
The composites powders were mixed as follows: SsohGso and S47.5(FNPs)shGa7s
(subscripts indicate the relative weight percentages of the components). Afterward, the
electrodes were fabricated by dry pressing the powders on a stainless-steel die (13 mm
diameter) and hydraulic press at 200 mbar sandwiched between aluminum foil. The product
is a dense electrode that may be directly used as the composite cathode when assembling
the coin cells (CR2032). This technique facilitates preparation and is less time consuming
than conventional solvent-based methods. The S cathodes preparation described in the
previous paragraph is illustrated in Figure 3.2. On the left side, the S50hGso electrode with

active sulfur mass loading of 6.06 mgs/cm? and on the right-side Sa75(FNPs)shGa7s

51



cathodes with active sulfur mass loading ranging from 5.72 mgy/cm? to 7.01 mgy/cm? are

shown.
Dry Mix
Dry Mix 10s
10s Ball-Mill
Dry Press ae 27 + Dry Press
- AP
O e=ghy - o |
< 15 min ‘? sulf <15 min
T ulfur
Cathode ] + : Composite
S/hG Mixture S/FNPs/hG Mixture Cathode
FNPs  _

Figure 3.2. Schematic illustration of the solvent-free mix and press process for the

preparation of S/hG (left) and S/FNPs/hG composite cathodes (right).

Coin cell fabrication. The coin cells CR2032 were assembled in an Ar-filled glove box
(MBraun, USA) with H>O, O; contents < 0.5 ppm using composite cathode S50hG50 and
composite cathode S475(FNPs)shGs7s (13 mm), polypropylene membrane (16 mm;
Celgard-2400) as separator, and lithium foil (12 mm) as anode. The salt mixture of 1M
LiTFSI and 0.2M LiNOs was dissolved in DOL and DME in an equal volume ratio (1:1,

v/v) and used as electrolyte.

Characterizations. Powder X-ray Diffraction (XRD) patterns were collected by powder
diffractometer by using a Smart Lab Rigaku system with CuKa as radiation source of
wavelength (A=1.5406 A), operating in a Bragg angle (20) ranging from
20° to 80° and working conditions of 40 KV and 44 mA. The micrographs and the energy
dispersive X-ray spectroscopy (EDS, JEOL, JSM 6480LV, Peabody, USA) spectra were
used to identify the chemical composition of the cathode material with accuracy. Field

emission scanning electron microscope (SEM, JEOL, JSM-6480LV, USA) operated at

52



15 KV was used to study the surface morphology of the electrodes. Raman spectroscopy
was performed by a micro-Raman system (Thermo Scientific DXR, Waltham, MA, USA)
with a 532 nm laser as excitation source at room temperature. Galvanostatic discharge-
charge curves were measured using an 8-channel battery analyzer (BSTS8-CST, MTI
Corporation, USA) and 32-channel battery tester (Arbin Instruments, Mits Pro8.0, USA)
at different current densities and were calculated according to the area of cathode
1.327 cm? and range from 0.2 mA/cm? to 0.5 mA/cm?. In this work, the voltage range used
was 1.6 — 2.8 V (Vs Li"/Li). Electrochemical impedance spectroscopy (EIS) was measured
at the open circuit potential in the frequency range of 1 MHz to 0.1 Hz with amplitude of

10 mV and 10 points measured per decade.

3.3 Results and discussion
3.3.1 X-ray diffraction

XRD spectra of the pristine and modified composites are shown in Figure 3.3. The
composites were fabricated using hG, sulfur, and ferroelectric nanoparticles, namely,
bismuth ferrite (BTO), barium titanate (BTO), BisNdTisFeo.7Nio3015 (BNTFN), and
Bi4sNdTisFeo.5Co0.5015 (BNTFC). The pristine S features typical diffraction peaks which
are consistent with the Fddd orthorhombic phase of sulfur data of (JCPDS No. 08-0247)
[27] as shown in Figure 3.3a. The diffraction peak at 26 = 20° — 30° could be ascribed to
the overlapping of graphene characteristic peak ~26° with a Miller index (002)
corresponding to some graphitic carbon regions (PDF 00-001-0640) [16] present within
the hG powder as shown in Figure 3.3b. From the XRD patterns, it is observed that no new
phase has been formed in the S/FNPs/hG composite during the synthesis process. In

addition, XRD patterns of BFO, BTO, BNTFN, and BNTFC confirmed the formation of

53



the perovskite structure. The BFO was verified against the powder data of JCPDS No.
86-1518 [28]. These peaks revealed that BFO crystallites had the perovskite structure with
rhombohedral space group R3c (no. 161) as show in Figure 3.3c. The BTO compound
exhibited (002)/(200) peaks splitting of the diffraction lines around 26 of 45°, pointing to
tetragonal phase. The intensity ratios of the modeled peaks were compared to the values
given in the JCPDS file No. 05-0626 [29] as shown in Figure 3.3d. The compounds of
BisNdTisFeo7Nio3015 [30] and BisNdTisFeosCoos5015 [31] exhibited layered Aurivillius
phase containing four perovskite layers; both have an orthorhombic phase as shown in

Figure 3.3(e-f). The XRD patterns of composite electrodes (Figure 3.3(g-k)) shows the

characteristic peaks of the mixed materials.
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Figure 3.3. XRD spectra of (a) sulfur powder (), (b) hG (#), (c) bismuth ferrite BiFeOs3,

(d) barium titanate BaTiOs, (e) BisNdTizFeo7Nio301s5, (f) BisNdTizFeosCo00.5015, (g)
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Ss0hGso, (h) S47.5(BFO)shGazs, (1) S475(BTO)shGars, () Sa7.5(BNTFN)shGars, and (k)

S475(BNTFC)shGas7.5 composites.

The crystallite size of the individual materials was calculated by Williamson-Hall method
using the standard Scherrer’s Equation 3.1:[32]

KA
D= BCose (3.1)

where D is the crystallite size (nm), K is the Scherer constant (0.9), A is the wavelength of
the X-ray radiation CuK, (1.5406 A), and B is the full width at half maximum (FWHM) of

the peaks, and 0 is the Bragg’s angle. Table 3.2. summarizes the calculated crystallite size.

Table 3.2. Crystallite size, from Scherrer equation.

S.N.  Precursors Crystallite Size (D)[nm]
1 Sulfur 62.9
2 Holey Graphene 145
3 BiFeOs3 24.5
4 BaTiO3 32.2
5 BisNdTizFeo.7Nio3015 65.5
6 BisNdTizFeo.sC00.5015 72.4

3.3.2 Raman spectroscopy

The Raman spectra of hG and S/FNPs/hG composites are shown in Figure 3.4. As shown
in the spectra, there are two major peaks at 1430 cm™ ! and 1590 cm™! corresponding to the
D band (disorder-induced phonon mode) and G band (graphitic band), suggesting a
disordered graphene like framework [33]. The Raman peaks for 2D and D+G are also
visible around 2700 cm™! and were attributed to layered structure of graphene. The intensity
as well as in the ratio of Ip/Ig phonon peaks stay similar, depicting the presence of FNPs

in the composites.
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Figure 3.4. Raman spectra of (a) SsohGso, (b) S47.5(BFO)shGa7s, (¢) S47.5(BTO)shGa7.s, (d)

S475(BNTFN)shGy7.5, and (e) S47.5(BNTFC)shGa7.5 cathodes composites.

3.3.3 Ferroelectric polarization measurement

The measured ferroelectric polarization (P-E) hysteresis loops for BiFeOs, BaTiOs,
BisNdTiszFeo.7Ni0 3015, and BisNdTizFeo.sCo0.5015 ferroelectric nanoparticles are shown in
Figure 3.5(a-d), respectively. All these systems show ferroelectric polarization
characteristics. The remnant polarization (P;) for BFO at 3 kV/cm is approximately
8.5 nC/cm? and 8.0 uC/cm? for BTO, while BNTFN and BNTFC compounds have smaller

P;, although a less leaky hysteresis loop than BFO. BTO is a well-known displacive

56



ferroelectric with a well-behaved hysteresis loop. Since spontaneous polarization is key for
reducing polysulfide shuttle effect, BTO turns out to be the obvious choice to investigate
the incorporation of ferroelectric materials into battery components. For BTO, it has been
proved that the existence of an internal field contributes to reducing the polysulfides
formation during discharge-charge of Li-S batteries. On the other hand, BFO, BNTFN and
BNTFC are multiferroic compounds at room temperature. BFO is ferroelectric and
antiferromagnetic [28] while BNTFN and BNTFC are both ferroelectric and ferromagnetic
[30, 31]. Since ferroelectricity and magnetic ordering are correlated phenomena in
multiferroic materials, it is worthy to investigate the introduction of this kind of material

into battery elements and their effect on the electrochemical performance.
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Figure 3.5. Ferroelectric hysteresis loops of (a) BiFeOs, (b) BaTiOs, (¢) BisNdTisFeo7Nig301s, and

(d) BisNdTisFeo5Coo.5015s compounds.
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3.3.4 SEM and EDS measurements

The SEM images of S/hG are shown in Figure 3.6(a-e) as well as various S/FNPs/hG
composites respectively. FNPs were attached to the hG-S composite surface, which is
relatively smooth. It has been observed that hG and FNPs are uniformly distributed within
the surface of composites, in which hG effectively provides the conductive path for sulfur,

and it might block the diffusion of polysulfides.

g "'U L% E
{0fie” |g47.58F 051G 7.5

PRI (d)

Figure 3.6. SEM images of (a) SsohGso, (b) S47.5(BFO)shGa7s, (¢) S475(BTO)shGars, (d)

S475(BNTFN)shGy7.5, and (e) S47.5(BNTFC)shGa7.5 cathodes composites.

The EDS spectra of S/hG and S/FNPs/hG composites is shown in Figure 3.7. In each
spectrum the S-peak is dominant due to its higher concentration relative to the hG, BiFeOs,

BaTiOs3, BisNdTisFeo.7Nio 3015, and BisNdTi3Feo 5Co0.5015 peaks.
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Figure 3.7. EDS spectra of (a) SsohGso, (b) S47.5(BFO)shGa7.s, (c) S47.5(BTO)shGa7s, (d)

S47.5(BNTFN)shGa7.s, and (e) S47.5(BNTFC)shGa7.s cathodes composites.

3.3.5 Electrochemical impedance spectra

The electrochemical impedance spectra (EIS) before charge-discharge for all S/hG and
S/FNPs/hG composite electrodes were analyzed by parameter optimization of each element
on the selected equivalent circuit model using EIS software (Z-SimpWin3.21) to explore
the role of charge transfer processes in the batteries. The impedance spectra comprised a
semicircle at the high frequency and a slope at the low frequency. Rs corresponds to the
distance between the left-side semicircle edge and the imaginary part axis, which was
attributed to the electrolyte solution resistance within the cell and the intrinsic resistance,
including the contact resistance and the resistance within the active materials. The Randles
circuit model was used to determine the net impedance and simulation diagram for all the
systems, as shown in Figure 3.8. The semicircle along the real part of the axis represents

the Rct value; however, slope at the low frequency was related to diffusion, electrically
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represented by Wy [33, 34]. The resistances of charge transfer (R¢t) were calculated as
73.5 Q and 13.81 Q for S/hG and S/FNPs/hG respectively as shown in Figure 6. To study
the kinetics of S/hG and S/FNPs/hG composite electrodes, Li" diffusion coefficients (Dri)
were calculated according to the impedance spectroscopy results [32]. The Dvi of
S/FNPs/hG composite can be calculated by the diffusion length (Ip) and diffusion time

constant (ts) as shown in Equation 3.2 [33]:

12
Dy =2, (3.2)

Ts

and the diffusion length is based on the Equations 3.3-3.6

lp = +/(ts xDy) (3.3)

_%

D,, o (3.4)
Ap = d/é (3.5)
tan( ) max = Y 6/2 (3.6)

in which Dy, and Ap are the diffusion coefficient of net mobility, the Debye length of the
electrode, respectively, 6 1s a dimensionless number, and 1 is the reciprocal of the
frequency corresponding to the inflection point of the Nyquist plot (Figure 3.8b) [34], 15 is
the reciprocal of the frequency corresponding to the highest point in the Bode plot
(Figure 3.8¢), tan(¢p)max can be obtained from loss tangent plot (Figure 3.8d), d is the half
thickness of the electrode, and Wy is a part of the Warburg element, which can be extracted
from the simulated equivalent circuit. Similarly, the t1, T, tan(¢)max and Wy of S/hG and
S/FNPs/hG composites can be obtained from the Nyquist plot, Bode Plot, loss tangent plot
and simulated equivalent circuit diagram, respectively. The values of Dy; for S/hG and

S/FNPs/hG ranging from 1.18x10'? cm?/s to 6.61x107'° cm?/s might result in good ionic
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conduction and better rate performance as shown in Table 3.3. The various parameters as
shown in Table 3.3. such as solution resistance (Rs), charge transfer resistance (R), double
layer capacitance (C) and Warburg element (W) are obtained by following R(CR)W model
for the composite electrodes. In addition, the Nyquist plot from electrochemical impedance
spectroscopy measurement showed both the solution resistance (Rs, the intercept of x-axis)
and the transfer resistance (Rc, the size of semicircle) [24]. In comparison to S/hG and
S/FNPs/hG electrodes as a shown in Figure 3.8a, the batteries with ferroelectric material
exhibited a low internal resistance of 8.24 Q, 2.34 Q, 3.66 €, and 2.60 Q for S/BFO/hG,
S/BTO/hG, S/BNTFN/hG, and S/BNTFC/hG, correspondingly and a low charge transfer
resistance of 14.51 Q, 13.84 Q, 15.80 Q, and 17.21 Q as shown in Table 3.3. The Li-S
battery with S/hG shows a low internal resistance of ~13 € and a charge transfer resistance

of ~77 Q.

Table 3.3. Representation of calculated EIS parameters with R(CR)W model.

Electrodes Rs[Q] C Ret [Q] Wie Dii[cm?/s]

S/hG 13.45 1.36x10° 77.14 0.0815 1.18x1012
S/BFO/hG 8.24 20.54 14,51 1.04x10% 5.47x10
S/BTO/hG 2.34 5.37 13.84 2.25x108 4.55x10
S/BNTFN/hG 3.66 2.99x108 15.80 0.1021 6.05x10
S/BNTFC/hG 2.60 5.96x10°’ 17.21 0.2207 6.61x10°
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Figure 3.8. Electrochemical impedance spectroscopy spectrum before charge-discharge
for all batteries of (a) Nyquist plots of the five batteries of studies from 1 MHz to 0.1 Hz
at room temperature, circuit equivalent for batteries (inset) of S47.5(BFO)shGa7.5,and (b, c,

and d) Bode plot Els analysis for batteries with a dry-pressed S47.5(BFO)shGa7 5 cathode.

3.3.6 Electrochemical properties

The electrochemical performance is shown in Figure 3.9 as well as the cyclic behavior of
assembled cells with various composite cathodes. To determine the electrochemical
performance of the assembled cells, galvanostatic discharge-charge performances were
measured at different current densities: 0.5, 0.3, and 0.2 mA/cm? (corresponding to C-rates

of C/10, 3C/50, and C/25). In Figure 3.9(a—e), the initial discharge capacities of S/hG and
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the various S/FNPs/hG composites values at first cycle at 0.2 mA/cm? are shown. These
are 1390, 1316, 1409, 1062, and 1330 mAh/gs, for S/hG, S/BFO/hG, S/BTO/hG,
S/BNTFN/hG, and S/BNTFC/hG respectively. The highest discharge -capacity
(1409 mAh/gs) occurs with long-term cycling performance up to 58 cycles for S/BTO/hG
cathode as shown in discharge-charge profiles. The capacity of cells coupled with
ferroelectric nanoparticles remarkably improved compared with the S/hG cells. This result
is consistent with the hypothesis that there is an extra internal field induced by ferroelectric
nanoparticles that could help to reduce the polysulfides formation during the cycling
process and improve the efficiency of ion transport, since the induced macroscopic charges
on the surface of ferroelectrics act as “trapping” center for the polysulfides that are
heteropolar in nature. The strong polarization of ferroelectric particles also influences
distribution of Li ions, yielding diffusion pathways in the electrolyte/active material, which
accelerates the transfer speed of Li ions, thus eliminates the concentration gradient of Li-
ions near the deposition surface. As the C-rate varies, capacity retention and the discharge
profiles of Li-S cells became differentiated. For 0.2 mA/cm? and 0.3 mA/cm? cycling, the
discharge-charge capacity displayed the highest retention during the cycling test up to 90%

of S/BNTFN/hG cathode for the 18" cycles.
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Figure 3.9. Discharge-Charge profiles and specific capacity, Coulombic efficiency in
function of battery with SsohGso at various current density from 0.2 mA/cm? to 0.5 mA/cm?
(a-f), battery with S47.5(BFO)shGa7.s values (b-g), battery with S47.5(BTO)shGa7.5 values (c-
h), battery with S475(BNTFN)shGy7.5 values (d-i), and battery with S475(BNTFC)shGa7 s
values (e-j). All batteries were run over cycling at 0.3 mA/cm? (first 3™ cycles were run at

0.2 mA/cm?).

The capacity fading was closely related to the lowered ability of Li-S insertion-extraction
within the electrodes. The presence of FNPs diffuse the active material layers and generate
an internal field trapping the polysulfide, which may probably be the main cause of
capacity fading observed in the 0.2 mA/cm? cycling cell. As shown in Figure 3.9c. and
Figure 3.9h, S475(BTO)shGu7s electrode with the same 7.01 mgy/cm? mass loading,
mentioned above, also exhibited impressive high capacity in 1% cycle of 1409 mAh/gs,
5t cycle of 1095 mAh/gs, 20" cycle of 959 mAh/gs, and 58™ cycle of 477 mAh/gs (or 9.9,
7.6, 6.7, and 3.3 mA/cm? respectively) at current densities of 0.2 mA/cm? and 0.3 mA/cm?,
with an overpotential of 0.20 V. The results for S475(BFO)shGas7s electrode with
6.87 mgy/cm? mass loading capacity values were 1316, 1216, 875, and 342 mAh/gs, areal

capacity values 9.0, 8.3, 6.0, and 3.3 mA/cm? with a low overpotential of 0.16V at
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0.2 mA/cm? as shown in Figure 3.9b. and Figure 3.9g. The specific capacity values of
S/BNTFN/hG for the 1%, 27, 5% 10" and 18™ cycles were 1062, 1337, 1215, 1113, and
960 mAh/gs respectively, while the current density was 0.2 mA/cm? for the first three cycles
and 0.3 mA/cm? for the rest of the cycles as shown in Figure 3.9d. and Figure 3.9i. The
specific capacity values of S/BNTFC/hG cathode for the 1%, 2", 5% 10% 20" and 37"
cycles were 1330, 1061, 1048, 978, 917, and 708 mAh/gs respectively, while the current
density was 0.2 mA/cm? for the first three cycles and 0.3 mA/cm? for the rest of the cycles
as shown in Figure 3.9¢. and Figure 3.9j. Incorporating FNPs in Li-S battery cathodes helps
to decrease the rapid formation of polysulfides as the cyclability of the batteries increases.
The highest specific capacity was for the cathode containing BFO with a value of
1409 mAh/gs. The second highest was the electrode containing BNTFC nanoparticles with
a value of 1330 mAh/gs. A capacity retention value of 90% was obtained for the
S/BNTFN/hG battery up to cycle 18. The average Coulombic efficiency for S/hG batteries
not containing FNPs was 78.57% while the average Coulombic efficiency for the batteries
incorporating FNPs ranged from 62.70% to 94.71%. It is important to highlight that the
FNPs increase the cyclability in the batteries (i.e., 18 cycles S/BNTFN, 37 cycles
S/BNTFC/hG, 57 cycles S/BFO/hG, and 58 cycles S/BTO/hG). The batteries which did

not contain FNPs present low cyclability values, not being able to surpass 6 cycles mark.

The discharge-charge profiles of the five batteries are shown in Figure 3.10. A principal
characteristic of the Li-S batteries is that the discharge curve shows two plateau regions.
The formation of a valley at the end of the first discharge plateau and a peak at the
beginning of the charging process can be seen in the curves as shown in Figure 3.10. The

presence of the valley is due to the formation of soluble long-chain polysulfide by the
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reduction of elemental sulfur, which was produced during discharge, increasing the
viscosity, and decreasing the ion conductivity. However, when the medium chain
polysulfides are reduced to the insoluble species (Li2S2/Li2S) in the second plateau, the
viscosity of the electrolyte is reduced and reduction of the soluble polysulfides is followed
by formation of solid reduction. The peak at the beginning of the charge curve is attributed
to the formation of soluble lithium polysulfides from the insulating layers of insoluble
species [6, 8, 35-37].
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Figure 3.10. Comparison of the discharge-charge profiles of cycle two for S/hG, S/BFO/hG,
S/BTO/hG, S/BNTFN/hG, and S/BNTFC/hG for batteries evaluated at current densities of
0.2 mA/cm?.

The use of ferroelectric nanoparticles and hG significantly improved the performances of

high mass loading cathodes as shown in Figure 3.11. In comparison to S/hG, S/FNPs/hG

cathodes exhibited improved S utilization in terms of specific capacity (1316 mAh/gs
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versus 1049 mAh/gs for first cycle) and areal capacity (6.09 mAh/cm? versus
9.89 mAh/cm? for first cycle). In addition, the S/FNPs/hG electrodes exhibited reduced
overpotential (AE ~0.15 V versus 0.28 V at the 2™ cycle) in comparison to the S/hG
cathode. To achieve high areal capacity, high mass loading of sulfur ranging from
5.72 mg/cm? to 7.01 mg/cm? has been procured and the obtained value of high areal
capacity is of the order of ~10 mAh/cm? as shown in Figure 3.11. FNPs are useful in
avoiding the loss of soluble polysulfides in the electrolytes as well as reducing the
polysulfide formation due to their higher internal field of polarization. Although the
theoretical specific capacity of sulfur is difficult to achieve, our method was able to produce

high-capacity values.
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Figure 3.11. Comparison of the areal capacity for the batteries evaluated at different currents

densities ran at 0.2 mA/cm?, 0.3 mA/cm?, and 0.5 mA/cm?. The representation of the composite
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cathodes are black squares for SsohGso, red circles for S/BFO/hG, blue circles for S/BTO/hG,

magenta circles for S/BNTFN/hG, and royal circles for S/BNTFC/hG.
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Chapter 4

High Areal Capacity and Sustainable High Energy in
Ferroelectric Doped Holey Graphene/Sulfur Composite
Cathode for Lithium-Sulfur Batteries

4.1 Introduction

Li-S rechargeable batteries with high-energy capacity are considered one of the most
promising energy storage systems for electronic devices and electric vehicles, such as
electronic devices and electric vehicles [1]. These Li-S batteries have the following
advantages: low cost, low operating voltage (2.2V), environment friendly, high energy
storage system due to its higher theoretical energy density (2600 Wh/kg) and theoretical
specific capacity (1675 mAh/g) [2-6]. On the other hand, they present a disadvantage since
low sulfur cycle life reduces the performance of Li-S batteries [7]. These challenges can
be dealt with by adding a carrier material with a rich pore structure to adsorb lithium
polysulfides and chemisorption [8, 9], limiting the dissolution and diffusion of lithium
polysulfide between polar carrier materials and lithium polysulfides (LiPs) [10]. The
insulating nature of sulfur still limits the development of high-loading sulfur cathodes with
sufficient sulfur content, and most existing cathodes have low sulfur loadings (<2 mg/cm?)
and low sulfur contents (<60 wt%) [11]. To address these problems, porous substrates with
various functions have emerged as an effective sulfur host that can prevent the rapid loss
of large amounts of polysulfides, especially at increased sulfur loadings. To improve the
sulfur conductivity and sulfur loading area, porous carbon materials are applied. The pore

structure enhances sulfur loading as well as promoting fast ion diffusion. Furthermore, the
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capillary effect of the elemental sulfur filled in pores can effectively inhibit the diffusion
of LiPs into the electrolyte, slow down the shuttle effect, and increase the utilization rate
of active materials to improve the energy density of Li-S batteries. Various synthesis
strategies of S-doped carbon as electrode materials for energy storage applications have
been reported [12], including thermal treatment [13], hydrothermal method [14], biomass-
assisted synthesis [15], polymer-assisted synthesis [16], template-assisted synthesis [17],
microwave-assisted synthesis [18], solvothermal method [19], sol-gel processing [20],
chemical vapor deposition [21], and sublimation [22]. Song and co-workers [23]
synthesized highly crumpled nitrogen-doped graphene (NG) with an ultrahigh pore volume
and large surface area, enabling strong LiPs adsorption, and high sulfur content and areal
loading in the NG host and reported high capacity of 1000 mAh/g with 80 wt.% sulfur
content and high sulfur loading of 5 mg /cm?. Ferroelectric nanoparticles (FNPs) exhibiting
spontaneous polarization, provides strong interaction with electric field [24] having
capability to suppress shuttle effects in sulfur cathode. FNPs into cathode eliminates the
concentration gradient of Li-ions near the deposition surface, yielding diffusion pathways
in electrolyte/active material, and accelerating the transfer speed of Li-ions. In commercial
batteries, the areal capacity density of cathode is generally higher than 2.0 mAh/cm? with
an average output voltage of 3.5 V. However, the areal capacity density of sulfur cathode
is higher than 3.3 mAh/cm? considering the average voltage of 2.1 V for Li-S batteries [25].
Moreover, for electric vehicle (EV) applications to deliver a mileage of more than 300
miles, an areal capacity of 5 mAh/cm? and energy density of 500 Wh/kg are required to
support its practical power output requirements, due to which high sulfur loading and high

sulfur utilization are needed to achieve high areal capacity and high energy density of Li-
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S batteries[26, 27]. We recently demonstrated that the hG framework greatly improves the
performance of electrodes, facilitating the active material to fully participate in
electrochemical reactions [28]. Ferroelectrics have strong polarization and can assist
polysulfides chemisorption as well as altering Li" diffusion. The uniform distribution of
ferroelectrics is expected to contribute to enhance affinity to polysulfides in the overall cell
system [29, 30]. Moreover, it can be seen that the C/S +BTO composite exhibits a higher
initial discharge capacity of 1143 mAh/g at 0.2 C after 100 cycles, and for the C/S electrode
without BTO nanoparticles discharge capacity of 407 mAh/g can be obtained after 100
cycles [31]. In 2019, a unique "black" B-BTO was developed for the first time as a
multifunctional sulfur immobilizer to improve performance, promote high conductivity
with electron transfer and facilitate kinetics with sulfur reaction in this type of battery [32].
The bismuth ferrite BiFeOs; (BFO) incorporated in cathode reduced the impact of
polysulfide shuttle and improved the cyclic stability. The cathode capacity of the
S60BFO30C10 composite Li-S battery reached ~1600 mAh/g, and the cell operated up to 30
cycles [33]. In most of the work on Li-S batteries, the ferroelectric nanoparticle materials
are incorporated in the separator or cathode of these devices. In Table 4.1, we make a
comparison of these references and our work in terms of capacity retention, cyclability,
initial specific capacity and Coulombic efficiency [29, 31-35]. It can be seen that we
achieved a much better overall performance in relation to these references. In this study,
we are presenting the effect of mass loading and coupling of different FNPs such as BTO,
BFO, BNTFN, and BNTFC on hG/S composites to achieve high areal capacity in Li-S

cathodes.
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Table 4.1. Comparison of reported results on incorporated ferroelectric materials in Li-S
batteries, initial specific capacity, Cyclability, capacity retention, and Coulombic efficiency
of separator and cathode compositions.

Reference Incorporated Initial Cyclability | Capacity | Coulombic
Ferroelectric Materials | Specifics Retention | Efficiency
Capacity
[mAh/g]
2016[29] A. PE 997.2 50 cycles 59.4% 26.3%
Separator B. PE-poled BTO 1121.1 50 cycles 82.8% 79.6%
C.PE-BTO 1124 50 cycles 72.3% 42.3%
2016[31] A.CIS 407 100 cycles
Cathodes B. C/S+BTO 1143-0.2C | 100 cycles
C. Multi-rate (A and B) A 60 cycles
B.
2019[32] A.CIS 1009.1 200 cycles 713% | -
Cathodes B. C/S @B-BTO 1129.5 200 cycles 80.2% | -
C.C/IS@W-BTO 928.2 200 cycles 425% | --m--meemeee-
D. Multi-rate (A, B,and C) | A.223.9, 50 cycles
B. 607.6 50 cycles
C.475.2 50 cycles
2021[34] A. Celgard 2320 910 | e | e [ e
B. AC/GO 1200 | e | e | e
C.AC/BTO 9%0 | e | e | -
D. AC/BTO-g-GO 1450-0.1C 100 cycles | -------- | -mmemeee-
C. Multi-rate (B, C,and D) | ----------- 55cycles | -------- 75%
2021[33] A. S60BFO30C10 1600 30 cycles ~86% 86%
Cathodes B. STOBFO20C10 1525 30cycles | - | mmemeee-
C. S80BF0O10C10 1450 30 cycles ~62% | -
2023[35] A. S/hG 1390 6 cycles 57.7% 25%
Cathodes B. SIBFO/hG 1316 57 cycles 26% 83.71%
C. S/IBTO/hG 1409 58 cycles 34% 82.65%
D. SIBNTFN/hG 1069 18 cycles 90% 78.93%
E. SIBNTFC/hG 1330 37 cycles 53% 86.92%
2023 This A. S/ICBhG/PVDF 1123 134 cycles 54.49% 83%
work B. S/BTO/CBhG/PVDF 1402 110 cycles 46.72% 87%
Cathodes C. S/BFO/CBhG/PVDF 1430 116 cycles 45.31% 78%
D. SIBNTFN/CBhG/PVDF 1486 158 cycles 43.40% 93%
E. SIBNTFC/CBhG/PVDF 1509 107 cycles 37.90% 90%

4.2 Experimental details

Materials. In this work, the hG was prepared from graphene (Vorbeck materials) using

the established one-step air

oxidation

procedure

previously

reported

[36].

Bis(trifluoromethylsulfonyl)imide lithium salt (LiTFSI; 98+%), lithium nitrate (LINOs;
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99.99%), 1,2-dimethoxyethane (DME; 99+%), and 1,3-dioxolane (DOL; 99.5%) were
purchased from Thermo Fisher*2. Sulfur (S; 99.998%), highly pure barium carbonate
(BaCO3; 99.8%), Neo-dymium (I11) oxide (Nd203; 99.9%), lithium foil 0.75 mm thick x
19 mm wide (Al; 99.9%), high-purity cobalt (Il, Ill) oxide (Co30as; 99.998%),
polyvinylidene fluoride (PVDF), and carbon back (CB) were purchased from Alfa Aesar™.
Iron oxide (Fe203; 99.998%), nickel (I11) oxide nanopowder (Ni2O3; 99%), and Celgard
membrane 25 pum thickness and 85 mm width were purchased from Sigma-Aldrich™. High-
purity bismuth oxide (Bi2Os; 99.9%) was purchased from Fluka, and titanium dioxide
(TiO2; 97%) was purchased from Fisher Scientific™. All precursors and elements for the
battery assembly were managed inside the glove box filled with argon, water (H.O) and

oxygen (O2) contents <0.5 ppm.

Synthesis of ferroelectric nanoparticles. The FNPs were synthesized via mechanical
activation followed by thermal treatment. Stoichiometric amounts of 15 wt% excess of
Bi>O3 were used to compensate volatilization loss during the thermal treatment. The oxides
were mixed with isopropanol using a high-energy ball-milling planetary machine with
zirconia balls (Across International, PQ-NO04 planetary ball mill, USA) operating at 45 Hz
(2700 rpm) for 8 hrs. The synthesized material was dried on a hot plate at 100 °C for 8 hrs.
We used a furnace (Carbolite, HTF1700, USA) at a heating and cooling rate of 5 °C/min

in which the powders were calcined.

*ISpecific vendor and manufacturer names does not imply an endorsement by the authors, nor does it imply that the specified material or equipment is
the best available.
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Sulfur-FNPs-holey graphene/Carbon black-PVDF composite cathode preparation
and characterizations. In a typical experiment to prepare Szs5(CBhG)ssPVDF1o and
S25FNPss(CBos 500hG1.5%)60PVDF10 composite cathode, individual powder was mixed in a
particular ratio by wusing ball milling to fabricate composite electrodes of
S25(CBos5%hG1.5%)ssPVDF10 and SzsFNPSs(CBogs%hGis%)s0PVDF10. For each sample,
100 mg composite was prepared in the desirable amount of S, CBhG, FNPs PVDF powders
(weight ratios of 2.5:0.0:6.5:1.0 and 2.5:0.5:6.0:1.0 for a total of five different samples)
and loaded in a 50 ml zirconia vial. After placing two zirconia balls in the vial, the set was
secured in PQ-NO04 series planetary ball mills and milled for 10—15 seconds to yield the
S25(CBhG)ssPVDF10 and SzsFNPss(CBoss%hGis%)s0PVDF10 composites. The PVDF has
been used as binder and d CB as conductor to improve the electrical conductivity and cycle
life of the active material. PVDF as binder helps counter volumetric changes occurring in
the insertion electrodes during intercalation/deintercalation and insure adhesion to the
current collectors useful for the stability of the electrodes. The fabrication of composite
cathodes using the dry-press method is facile and does not require the use of solvent. The
hG can be compressed from its dry powder form into solid architectures of various shapes
[37-39]. For the fabrication of the electrode disc, 20 mg of the material was added to the
13 mm diameter stainless-steel pressing die. The pressed powders were directly used as the
composite cathode S5(CBhG)esPVDF10 and  SasFNPss(CBhG)eoPVDF10,  while
polypropylene membrane as separator and lithium foil were used as anode for assembling
the coin cells (CR2032). To prepare the electrolyte, 1M LiTFSI and 0.2M LiNOs were
dissolved in DOL/DME (1:1, v/v). To calculate the proper amount of electrolyte (40 uL)

we use 5.72 mgs of the active mass with cathode loadings as 7 mL/gs. This technique
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facilitates preparation, and it is less time consuming than conventional solvent-based
methods. Table 4.2 summarizes the critical cell parameters, such as sulfur content, sulfur
loading, and electrolyte to sulfur ratios. Powder X-ray Diffractometer for structure,
scanning electron microscopy for surface morphology of the electrodes, Raman
spectroscopy were performed for electronic structure. Galvanostatic discharge-charge
curves were collected using battery tester. A detailed description of FNPs synthesis
intercalation inside the sulfur cathode and their characterization was provided in the article
“Holey Graphene/Ferroelectric/Sulfur Composite Cathodes for High-Capacity Lithium-

Sulfur Batteries” published in ACS Omega by the authors [35].

Table 4.2. Summarizes the critical cell parameters.

Sulfur content  Sulfur loading  Electrolyte to

Electrodes (Wt%) [mgs] [mgs/cm?] sulfur ratio [uL]
S/CBhG/PVDF 5.72 4.31 40
S/BTO/CBhG/PVDF 4.81 3.62 34
S/BFO/CBhG/PVDF 5.20 3.92 36
S/BNTFN/CBhG/PVDF 4.57 3.45 32
S/BNTFC/CBhG/PVDF 5.92 4.46 42

4.3 Results and discussion
4.3.1 X-ray diffraction

Figure 4.1(a—e) shows X-ray diffraction (XRD) spectra of Sx5(CBhG)esPVDF1o and
S25sFNPss(CBhG)eoPVDF10 composites. The XRD analysis was performed to investigate
structural changes due to the incorporation of materials such as, BTO [37], BFO [40],
BNTFN [41], BNTFC [42], and their possible reactions with S, CB, hG, and PVDF. As
shown in Figure 4.1, the prominent peak of hkl (222) at 20 = 23° corresponds to the Fddd
orthorhombic structure of S (JCPDS No. 08-0247) [43, 44]. The peak planes of (002) and

(101) are at 20 = 25° and 43° attributed to carbon materials (either CB or hG) respectively,
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however, (110) plane at 20 = 27° corresponds to PVDEF. These peaks are detected in all
cathode compounds demonstrating the presence of all the aforementioned materials.
Furthermore, the rest of the identified peaks can be perfectly indexed with their respective

miller indices in the XRD spectra corresponding to the FNPs.
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Figure 4.1. XRD spectra of (a) Szs(CBhG)esPVDF10 composite, (b) S2sBTOs(CBhG)soPVDFo, (C)
stBFOs(CBhG)aoPVDFlo, (d) stBNTFNs(CBhG)soPVDFlO, and (9)

S2sBNTFCs(CBhG)esoPVDF1o composites.

4.3.2 Raman spectroscopy
Figure @ 4.2(a—e) shows Raman spectra for  Sxs(CBhG)ssPVDFi9  and

S25sFNPss(CBhG)soPVDF 1o composites. The pronounced D band (disorder-induced phonon
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mode) at around 1336 cm ™! and a G band (associated with in-plane vibration of the graphite
lattice) at around 1575 cm™' suggest a graphite like carbon framework [45, 46]. The
intensity ratios (Ip/Ig) shown in Figure 4.2a (In/Ig is 1.06 for S/CBhG/PVDF), Figure 4.2b
(In/lc is 1.10 for S/BTO/CBhG/PVDF), Figure 4.2¢ (Ip/Ic is 1.01 for
S/BFO/CBhG/PVDF), Figure 4.2¢e (In/Ig is 1.00 for S/BNTFC/CBhG/PVDF), and Figure
4.2d (In/Ig 1s 0.97 for S/BNTFN/CBhG/PVDF) were slightly reduced, presumably due to
the defect removal through the combined effects of ferroelectric nanoparticles doping. The
Raman peaks for 2D and D+G are also visible around 2700 ¢cm™ attributed to layered

structure of graphene.
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Figure 4.2. Raman spectra of (a) Ss5(CBhG)ssPVDFi9 composite, (b)
S2sBTOs(CBhG)soPVDF o, (c) S25sBFOs(CBhG)soPVDFio, (d)

S2sBNTFNs(CBhG)soPVDFo, and () S2sBNTFCs(CBhG)soPVDF19 composites.
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4.3.3 SEM and EDS measurements

Figure 4.3(a—e) shows SEM images of Sy(CBhG)esPVDFiy  and
S25FNPss(CBhG)soPVDF10 composites respectively. It is clear from Figure 4.3(a—e) that
BTO, BFO, BNTFN, BNTFC ferroelectric nanoparticles, carbon black, holey graphene,
and sulfur were well mixed in the composites. The composite surface is smooth, which
confirms that sulfur dispersed in hG framework very well. The holey graphene and CB acts
as an efficient electron transport carrier to ensure good electrical contact within the
composites. The layered structures provide sufficient space for effectively absorbing
electrolyte, and buffering volume expansion of sulfur could help sufficient electrochemical

reactions and excellent cycling performance [46].
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Figure 4.3. SEM images of (a) Sz5(CBhG)esPVDF1o composite, (b) SsBTOs(CBhG)eoPVDFio, (€)
S2sBFO5(CBhG)soPVDF1o, (d) S2sBNTFNs(CBhG)eoPVDF o, and (e)

SsBNTFCs(CBhG)goPVDF1o composites with magnification of X15000 at 1pm.
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Figure 4.4. shows EDS spectra of So5(CBhG)ssPVDF1o and SasFNPss(CBhG)soPVDF1o
composites. In each spectrum, the S-peak is dominant due to its higher concentration
relative to the carbon black, hG, PVDF, BiFeOs, BaTiOs, BisNdTisFeo.7Nio.3015, and

BisNdTisFeo5C005015 since the observed peaks clearly indicate their presence.
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Figure 4.4. EDS of (a) Si5(CBhG)esPVDFi composite, (b) SxsBTOs(CBhG)soPVDF1g, (C)
SZ5BF05(CBhG)eoPVDFlo, (d) stBNTFNs(CBhG)soPVDFlo, and (e)

S2sBNTFCs(CBhG)soPVDF1o cOmposites.

4.3.4 Electrochemical impedance spectra

Figure 4.5 shows Nyquist plots for Sas(CBhG)ssPVDF10, S2sBTOs(CBhG)soPVDFio,
S2sBNTFN5(CBhG)eoPVDF10 and S2sBNTFCs(CBhG)soPVDF10 composites. The Nyquist
plot of SxsBFOs(CBhG)soPVDF10 composite is shown in the inset for clarity. All the EIS

spectra show depressed semicircles in the high-frequency region, corresponding to the
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charge transfer process, and a sloping straight line in the low-frequency region consistent

to semi-infinite Warburg diffusion process [45, 46].
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Figure 4.5. Nyquist plot comparison from electrochemical impedance spectroscopy spectrum
measurements before charge-discharge of all battery cells with Sy5(CBhG)esPVDFa,
S2sBTOs(CBhG)soPVDF1o, S2sBFOs(CBhG)soPVDF1o (inset), SzsBNTFNs(CBhG)sPVDF10, and
S2sBNTFCs(CBhG)soPVDF1g cathode of studies from 1 MHz to 0.1 Hz at room temperature with

circuit model.

The EIS spectra before charge-discharge for all batteries were fitted with an R(CR)W
model and the results are shown in Table 4.3. It was observed that the charge transfer
resistance (Rct) values for SzsFNPs5(CBhG)soPVDF1o composites is higher than the
pristine Sys(CBhG)esPVDF1o composite. The diffusion coefficients for samples with
various FNPs are almost the same except for BFO nanoparticles, which exhibited slightly
higher values favoring good ionic conduction for lithium ions. The values of solution
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resistances (Rs) for FNPs doped composite cathodes varies between 11.08 Q to 5.32 Q. In
comparison, the pristine Szs(CBhG)esPVDF10 composite exhibited low solution resistance
(Rs) of ~4.92 Q and a low charge transference resistance of ~7.63 Q. Rs reflects not only
the electrolytic solution resistance but also a penetration or an affinity of the solution within
the cathode, anode, and separator. The higher Rs and Rt for the BNTFN battery may be
due to the insufficient penetration or affinity of the solution within them [47]. The increase
in Rs due to the cyclic charge-discharge processes might have a relation with electrolyte

degradation.

Table 4.3. Interfacial characteristics calculated using EIS with R(CR)W model.

Electrodes R [Q] C R [Q] Wi D [em?¥/s]
S/CBhG/PVDF 4.92 0.027 7.63 0.0320 2.17x10°16
S/BTO/CBhG/PVDF 8.15 1.459x10® 12.67 0.1438 3.43x101
S/BFO/CBhG/PVDF 5.32 1.948x10® 69.77 0.0907 4.15x101
S/BNTFN/CBhG/PVDF 14.85 0.179 12.82 0.0268 2.91x10?%°
S/BNTFC/CBhG/PVDF 11.08 1.234x10® 13.11 0.0705 4.11x101

4.3.5 Electrochemical properties

Figure 4.6 shows discharge-charge profiles for the S5(CBhG)esPVDFi0, and
S25sFNPss(CBhG)eoPVDF10 composite cathodes with the varying fractions of FNPs. The
S25(CBhG)ssPVDF1o cathode without FNPs provide initial specific capacity of 1123
mAh/gs at current density of 0.2 mA/cm? and reversible capacity of 541 mAh/gs after 134
cycles at 0.3 mA/cm? as shown in Figure 4.6a. and Figure 4.6f. The specific capacity values
of S2sBTOs(CBhG)soPVDF1o cathode for the 1, 2", and 110" cycles were 1402, 1287,
625 mAh/gs respectively, as shown in Figure 4.6b and Figure 4.69. The specific capacity
values of SsBFOs(CBhG)soPVDF1o cathode for the 1%, 2", and 116" cycles were 1430,

1325, 564 mAh/gs respectively, as shown in Figure 4.6¢c and Figure 4.6h. The specific
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capacity values of S;sBNTFNs(CBhG)soPVDF1o for the 1%, 2", and 158" cycles were
1486, 1287, 676 mAh/gs respectively, as shown in Figure 4.6d and Figure 4.6i. The specific
capacity values of S;sBNTFCs(CBhG)soPVDF1o cathode for the 1%, 2", and 107" cycles
were 1509, 1350, 505 mAh/gs respectively, as shown in Figure 4.6e and Figure 4.6j. For
all batteries, the current density was 0.2 mA/cm? for the first three cycles and 0.3 mA/cm?
for the rest of the cycles. These remarkable values were attributed to the trap of polysulfides
through polar interactions with the FNPs particles embedded in the cathode [48]. The
Coulombic efficiency values of SosFNPss(CBhG)eoPV DF10 composite cathodes were in the
range of 80-90%, as shown in Figure 4.69—4.6j improving from 67% for the composite
cathode without FNPs. This indicates that the modified composite cathodes have an
improved reversible capacity. In Figure 4.6a—4.6e, the initial discharge capacities of
various SzsFNPss(CBhG)soPVDF1o composites values improved to 1400-1500 mAh/gs, in
comparison to 1123 mAh/gs for the pristine Szs(CBhG)esPVDF10. The comparison of
specific capacity, areal capacity, and capacity retention for the Li-S batteries is shown in

Table 4.4.
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Figure 4.6. Discharge-Charge profiles and specific capacity, Coulombic efficiency in function of
cycle number of battery with S,5(CBhG)esPVDFyo at various current density from 0.2 mA/cm? to
0.3 mA/cm? (a-f), battery with SxBTOs(CBhG)ePVDFy, (b-g), battery — with
S2sBFOs(CBhG)eoPVDF1 values (c-h), battery with S;sBNTFNs(CBhG)soPVDF1 values (d-i), and
battery with S;sBNTFCs(CBhG)soPVDF1o values (e-j). All batteries were run over cycling at 0.2

mA/cm? (first 3 cycles were run at 0.3 mA/cm?).

Table 4.4. Comparison of specific capacity [mAh/g;] between 1st and 100th cycles, areal capacity
for 1st cycle, and capacity retention for all batteries.

Specific. Cap. Specific. Cap. Areal Cap. Capacity.

Electrodes 1st Cye. 100* Cyc. 1%t Cyec. Retention
[mAh/g;] [mAh/g;] [mAh/cm??] [%]
S/CBhG/PVDF 1123 612 4.84 54.49
S/BTO/CBhG/PVDF 1402 655 5.08 46.72
S/BFO/CBhG/PVDF 1430 648 5.60 4531
S/BNTFN/CBhG/PVDF 1486 645 5.12 43.40
S/BNTFC/CBhG/PVDF 1509 572 6.74 37.90

Figure 4.7a represents three plateau regions in the charge-discharge profiles which are
typical characteristics of the Li-S batteries. The formation of a valley at the end of the first
discharge plateau and a peak at the beginning of the charging process can be seen in the
curves during transition of ion from solid to liquid. In comparison to S25(CBhG)esPVDFo,

S2sBNTFCs(CBhG)soPVDF1o cathodes exhibited improved S utilization in terms of
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specific capacity (1123 mAh/gs versus 1509 mAh/gs) with mass loading (4.84 mgs/cm?
versus 6.74 mgsicm?) and over potential (AE~0.16 V versus 0.17 V at the 2" cycle)
respectively as shown in Figure 4.7(a—b). Cycle performance testing (Figure 4.7b) is
conducted to quantify population of battery according to the requirements and the life
expectation of the battery for its various applications. On varying current density, the
discharge performance will result in two-way acceleration by means of increase in the
battery degradation (capacity fade) rate and reduction in the time to complete one full
charge-discharge cycle. Hence it is very important to achieve a good cycling performance
of the battery, its testing should be at various current densities for the accelerated use of
Li-S batteries. To achieve high areal capacity, high mass loading of 4.31 mgs/cm?,
3.625 mgs/cm?, 3.92 mgs/cm?, 3.45 mgs/cm?, and 4.46 mgs/cm? was acquired respectively.

Highest initial discharge areal capacity reached >6 mAh/cm?.

2.8
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Figure 4.7. Comparison of electrochemical performance of Sz5(CBhG)esPVDF1y and
S2sFNPss(CBhG)gPVDF1o materials: (a) discharge-charge profile of two cycles for the batteries

evaluated at current densities of 0.2 mA/cm?, (b) Specific capacity in function of cycle number at

a current density of 0.2 mA/cm? and 0.3 mA/cm?.

Figure 4.8 shows that the values of areal capacity reached 4.84 mAh/cm?, 5.08 mAh/cm?,
5.60 mAh/cm?, 5.12 mAh/cm?, and 6.74 mAh/cm? for S;5(CBhG)esPVDFuo,
S25BTO5(CBhG)eoPVDF10, S2sBFOs(CBhG)soPVDF10, S2sBNTFNs(CBhG)soPVDF10, and
S2sBNTFCs(CBhG)soPVDF cathode composites respectively. Among the investigated

composites, the highest areal capacity was obtained for the S;sBNTFCs(CBhG)eoPVDF10

cathode [49].
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Figure 4.8. Areal capacity for the batteries evaluated at different current densities ran at 0.2

mA/cm? and 0.3 mA/cm?. The representation of the composite cathodes are black circles for
S25(CBhG)esPVDF1, red triangle for S;sBTOs(CBhG)soPVDFio, green hexagonal for
S2sBFOs(CBhG)eoPVDF1o, magenta circles for S;sBNTFNs(CBhG)soPVDF10, and blue stars for

S2sBNTFCs(CBhG)soPVDF1o composites.
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Chapter 5

Conclusion and Future Plan

4.1 Conclusion

We have fabricated S475FNPsshGs7s cathodes where FNPs were ferroelectric
nanoparticles such as: BaTiO3, BiFeOs, BisNdTi3Fe.7Ni0.3015, and BisNdTi3Feo5C00.5015
by means of solid-state reaction route. The cathodes were synthesized by a solvent-free and
binder-free process and tested for high-capacity, long-cyclability of Li—S batteries at high
sulfur mass loadings. A dry compression manufacturing process was used to facilitate the
bonding between the sulfur and the ferroelectric nanoparticle layer to generate a more
stable cathode. Due to the unique characteristics and design of S47 sFNPsshGa7 5, composite
electrodes with high mass loading delivered a high specific capacity of 1409 mAh/gs for
the S475BTOshGu7.s cathode and an areal capacity up to ~10 mAh/cm? for S47sBTOshGa s
compounds under various current rates with outstanding cyclic stability. The decisive role
played by hG and FNPs in Ss0hGso composite electrodes is to suppress the shuttling of
polysulfides. The hG framework greatly improves the electronic conductivity of the
electrode, facilitating the active material to fully participate in electrochemical reactions.
The customized nanoscale porous structure design significantly shortens the Li* transport
path and ensures high-speed ion conduction, guaranteeing better rate performance within
the electrodes. The hG and FNPs can effectively mitigate structural change of electrodes
during the discharge—charge process as well as protecting the electrode and maintaining

good cycling stability. The utilization of hG and FNPs in the fabrication of high-mass-
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loading lithium—sulfur batteries may find practical applications toward the future

commercialization of these advanced electrochemical energy storage systems.

The sulfur composite was prepared, with hG as the dry pressable matrix and conductive
scaffold S>s5(FNPs)sCBhGeoPVDFio cathodes. The FNPs were added to improve
electrochemical performance by reducing polysulfide shuttling. The Raman spectra
confirmed the dominance of hG and the presence of FNPs in the composites, while SEM
images confirmed the homogeneous distribution of FNPs throughout the composite matrix.
EIS analysis confirmed the good diffusion of Li* ions during charge-discharge of the
composite electrodes. The enhancement in diffusion coefficients due to the coupling of
FNPs was attributed to the improvement in the rate performance of the composites. The
electrochemical performance represents an innovative contribution to the development of
high energy density and stable Li-S batteries. The significant improvement in the stability
as well as the dramatic change in the cyclability of the Li-S batteries was attributed to the
contribution of the bi-functional effect of ferroelectricity coupled with the hG/S composite
system. When S>s(BNTFN)sCBhGsPVDF1o nanoparticles were incorporated into the
cathode’s fabrication, the observed capacity at the first cycle was 1486 mAh/gs, and after
~158 cycles, it was still high (~676 mAh/gs). This also occurred with
S25(BNTFC)sCBhGsoPVDF 1o, where the capacity started at ~1509 mAh/gs, and after 100
cycles, had a value of ~500 mAh/gs. The electrochemical performance retention of the
fabricated electrodes up to 100 cycles showed a specific capacity (~541 mAh/gs). The
Coulombic efficiency improved by more than 10% upon adding ferroelectric nanoparticles
into the composite cathode. The highest areal capacity value obtained for the composite

electrodes was 6.74 mAh/cm?. The incorporation of ferroelectric nanoparticles into the
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cathodes of Li-S batteries controlled the formation of polysulfides due to their internal
electric fields, which reduced the rapid formation of polysulfides. This was attributed to
the effect of an extra internal field induced by ferroelectric nanoparticles. The development
of such composite electrodes will provide effective alternatives towards a strategy for
suppressing the polysulfide shuttle phenomenon in the Li-S cell system and contribute to
the advanced design of better Li-S cathodes for the next generation of energy storage

systems.

4.2 Future plan

I envision my future research investigation on energy storage to focus on implementing
the use of solid-state electrolyte. I want to investigate this field because of its novel and
promising applications from automotive vehicles to electronic devices, due to their high
energy density, ecological friendliness, fast charging time, and long cycle life. I will focus
on the fabrication of LisLazZr,O12 oxide (LLZO) solid electrolyte using the Sol-Gel
method, which is a simple way to synthesize LLZO at room temperature. The results of
batteries fabricated using this type of solid electrolyte are promising for future applications.
Using a solid electrolyte (LLZO) in the study of cathodes containing sulfur, holey
graphene, carbon black, PVDF and ferroelectric nanoparticles will help to improve the
electrochemical properties of Li-S batteries. This research will open a new avenue for
understanding advances in energy storage materials such as batteries. This research shift

promises very innovative results.
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