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Abstract

The lithium/sulfur (Li/S) battery is one of the most promising candidates for energy
storage systems due to sulfur’s high theoretical specific capacity at 1672 mAh g™*. This capacity
is an order of magnitude higher than that of conventional electrodes and gives packaged Li/S
cells an energy density of 400-600 W h kg™, which is two or three times higher than that of
current lithium-ion batteries. In addition, low cost, abundance and environmental friendliness of
sulfur offer the opportunity to produce cheap, safe and commercializable high-energy density
batteries. Despite these advantages, the practical application of Li/S batteries is still prevented by
modest practical capacity, short cycle life and low Coulombic efficiency. These problems are
mainly due to:(i) low electronic conductivity of sulfur, which leads to low sulfur utilization; (ii)
generation of various forms of soluble intermediate lithium polysulfides during the
electrochemical reactions, which dissolve in the electrolyte and induce the so-called shuttle
effect causing irreversible loss of sulfur active material over repeat cycles; (iii) volume change of
sulfur upon cycling, which leads to its mechanical rupture and, consequently, rapid degradation

of the electrochemical performance.

Since the early development of Li/S batteries by Abraham and Peled in the 1980s, a large
number of studies have been done to understand the electrochemical mechanism of the Li/S cell
and overcome its drawbacks. Studies have focused on increasing the electronic conductivity of
sulfur by encapsulating sulfur with conducting materials such as porous carbon or conductive
polymers, and suppressing polysulfide dissolution into the liquid electrolyte by coating with
conductive polymers and oxides. It should be pointed out that most of the research efforts to
improve the performance of Li/S batteries have focused on the cathode electrode.

From the electrolyte perspective, the use of conventional liquid electrolytes deteriorates
battery performance due to polysulfide dissolution and their shuttle between cathode and anode
that leads to fast capacity degradation and low Coulombic efficiency. Moreover, the use of these
liquid electrolytes raises safety concerns since they are prone to leakage and safety hazard. The
motivation for this PhD work is to search for better electrolyte systems for Li/S batteries. We
aim to study the effect of these electrolytes on the performance of Li/S batteries in conjunction

with designed cathode materials using sulfur/conductive polymer and sulfur/carbon composites.



In the first part of the thesis, we introduce gel polymer electrolytes (GPES) into Li/S
batteries with sulfur—polyacrylonitrile (S/PAN) composite cathodes. GPEs, consisting of solid
matrices and embedded liquid electrolytes, may generally be defined as a polymer membrane
that possesses ionic transport properties comparable to that of liquid electrolytes. In particular,
for Li/S batteries, it is expected that the polymer membrane can act as a physical barrier, which
can help control the dissolution of the polysulfide anions from the cathode and also prevent their
migration to the anode. Specifically, the GPE was formed by trapping solutions of lithium
hexafluorophosphate (LiPFg) in ethylene carbonate electrolyte in a poly(vinylidene fluoride-co-
hexafluoropropylene) (PVdF-HFP)-based polymer matrix. However, these Li/GPE/S cells suffer
from performance fade after a few cycles due to the inability to retain liquid electrolyte in the
GPE. A wide variety of methods were studied in order to improve the stability of the GPE and
the performance of Li/S cells, including incorporation of layered nanoparticles, synthesis and
addition of functionalized polymers and synthesis and addition of mesoporous nanoparticles. It
was observed that incorporation of organically modified nanoparticles (OMMT) or functional
polymer bearing inorganic domains reduces the pore size and improves the uniformity of pore
size in the PVdF-HFP membrane, which prevents the release of electrolyte solution during
cycling and suppresses the dissolution of polysulfides. The Li/S cell with the PVdF-HFP/OMMT
nanocomposite electrolyte delivered an initial capacity of 1622 mAh g~' and maintained a
capacity of 500 mAh g ' after 300 cycles. When the PVdF-HFP/functionalized PMMA
electrolyte was used, the Li/S battery had an initial discharge capacity of 1600 mAh g™ and a
stable capacity of 1050 mAh g after more than 100 cycles. Furthermore, utilization of the
PVdF-HFP/functionalized PMMA/mesoporous silica composite electrolyte resulted in an initial
discharge capacity of 1648 mAh g and a stable discharge capacity of 1143 mAh g™ after more
than 100 cycles. The preparation procedures employed have the advantage of being reproducible,

simple and inexpensive.

In the second part of the thesis, gel polymer electrolyte systems were prepared and tested
in Li/S batteries with sulfur/carbon (S/C) composite cathodes. Sulfur/carbon (S/C) composite
cathodes are of great interest since they potentially offer higher loading of sulfur (>60 wt%).
However, severe capacity fading and low cycling efficiency due to lithium polyslfide dissolution
and diffusion result in poor cyclability. Therefore, it is difficult to find a suitable electrolyte for

this category of sulfur-based composite cathodes. The high-energy and low-cost S/C composite

iv



cathode was synthesized through a facile one-step solution processing method, in which
activated hardwood charcoal (AHC) powder was used as a scaffold to embed the sulfur active
material and improve its electronic conductivity and its utilization in the battery cell. Results
showed that normal gel polymer electrolytes could not effectively prevent polysulfide dissolution
and performance fading. However, when a fluorinated liquid electrolyte containingl,l,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether was employed, a significant improvement in the
electrochemical performance of the Li/S cell was achieved. It was observed that such a low-cost
Li/S cell can be operated for more than 300 cycles while still maintaining high specific capacity
(600 mAh g*) and 97% Coulombic efficiency. Further analyses confirmed that such an enhanced
performance was due to the confinement of lithium polysulfides inside the cathode electrode that
prevented their shuttling between cathode and anode. This minimized the severe active mass loss
that leads to fast capacity degradation and low Coulombic efficiency. The electrochemical
performance of this new Li/S battery configuration represents a significant improvement in

comparison to that of conventional electrolytes under the same testing conditions.
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Chapter 1
Introduction and Motivation

1.1 Overview

Demand for energy and environmental concerns associated with fossil fuel resources
have triggered a search for alternative, clean and renewable energy sources [1-2]. Due to their
high energy density, rechargeable lithium-ion batteries are among the most promising candidates
for energy storage systems. In recent years, the interest has been steadily increasing to develop
lithium-ion rechargeable batteries with high specific energy and extend their application to the
fields of emerging technologies, such as electric vehicles (EV) and long-lasting portable
electronic devices [3]. Limited by the relatively low capacity of cathode materials, the present
lithium-ion batteries have practical energy densities below 300 W h kg™, which is insufficient
for most of the aforementioned applications [3-5]. In this regard, alternative electrode materials
with much higher charge capacities are of great interest.

Elemental sulfur possesses a theoretical specific capacity of 1672 mAh g™ and specific
energy of 2600 Wh kg™, which are the highest values among known cathode materials [4-9].
Comparison of theoretical specific energy and energy density of the lithium/sulfur cell with those
of current lithium-ion cells is presented in Figure 1.1 [10]. In addition, the abundance and low
price of sulfur offer the opportunity of producing cheap, safe and high-energy density cathodes.
In contrast to conventional lithium-ion batteries, lithium-sulfur (Li/S) batteries operate on
“integration chemistry”, which enables the battery cell to tolerate excess charges or discharges,

minimizing overcharge dangers characteristics of lithium-ion batteries [7-8].
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Figure 1.1 Comparison of the theoretical specific energy and energy density of Li/S batteries with those
of state-of-the-art Li-ion batteries. Reprinted from Ref. [10] with permission of the Royal Society of
Chemistry.

In a typical Li/S cell, elemental sulfur, as the cathode material, goes through a series of
reduction reactions to convert high-order polysulfides Li,S, (8<n<2) to Li,S during discharge
process. This reaction is highly reversible and provides a high specific capacity of 1675 mAh g™
and a theoretical gravimetric energy densities of ~ 2600 Wh kg™ sulfur, with an average cell
voltage value of about 2.15V [9]. This energy density is 3-5 times higher than any commercial

Li-ion cell, as shown in Figure 1.1.

1.1 Fundamental chemistry of Li/S batteries
1.1.1 Discharge process

In a Li/S battery, discharge proceeds through two stages (Figure 1.2), associated with
reduction reactions [10]. In the first step, within the potential range of 2.5-2.0 V (vs Li*/Li),
elemental sulfur is dissolved into the electrolyte solution and forms lithium octsulfide, as

described below in a simplified form [11-15].
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Figure 1.2 Typical charge/discharge curves of Li/S batteries. Reprinted from ref. [10] with permission

from Nature Publishing Group.
Sg+2e +2Li" — Li,S;,
Li,Sg—= Li,S, + (8 —n)S.
In the second step, the high-order polysulfides are further reduced and eventually produce
insoluble Li,S through a series of complex reactions. Below is one of the schemes suggested by
Kolosnitsyn [11]:
Li,S,+2e +2Li" — Li,S4+ Li,S;,_1.

Li,S, ; +2e +2Li— Li,S! +Li,S,, ).
Li,S, +2e +2Li" — 2Li,S;

Barchasz [16] concluded that the discharge process of Li/S batteries depends on the
electrolyte used in these cells. He then proposed a mechanism with 3 stages coupled with
disproportion and electrochemical reactions, and observed the formation of a passivation layer
on the positive electrode at the end of the discharge due to the precipitation of insoluble Li,S,

and Li,S, which limited the accessibility and utilization of sulfur active material and the overall

discharge capacity of the cell.



1.1.2 Charge Process

The charge process of Li/S cells also has two steps. In the first step, the high-order
lithium polysulfides (Li,Sy) are transformed to medium-order polysulfides (Li,Sx) by reacting
with insoluble Li,S [11].

Li,S + Li,S, —» LiyS; + LiyS, ;..

The second step of the reaction starts when the insoluble lithium polysulfide Li,S is fully
consumed. Here, the high-order lithium polysulfides are transformed to elementary sulfur by
oxidation. The potential of this reaction is about 2.4-2.6 V (vs Li+/Li) [11].

mLi,S, —2e —2Li"—= (m—1)Li,S, ;+S

Despite all of the advantages, the practical development of Li/S batteries is still prevented
by the fast decay of capacity during cycling and the relatively low practical specific capacity
(low utilization of sulfur active material), due to the poor electronic conductivity of sulfur,
dissolution of lithium polysulfides, their high reactivity with the anode, and the significant
volume change upon lithiation [7,9]. Since the early developments of Li/S batteries by Abraham
[18] and Peled [19] in 1980s, a huge number of studies have been done to understand the
electrochemical mechanism of this cell and overcome the drawbacks. Many studies have focused
on increasing the electronic conductivity of sulfur and suppressing polysulfide dissolution into
the liquid electrolyte [20-23]. Encapsulation of sulfur with conducting materials, such as porous
carbon or conductive polymers, enables them to become electrically wired and therefore
electrochemically active. Conductive polymers such as polyacrilonitrile (PAN) [24] and
polypyrrole (PPY) [25,26] are usually used to prepare sulfur/polymer composites. Although
sulfur/polymer composites generally improve the cycling performance of Li/S cells, a large
amount of the conductive polymer should be mixed into the cathode, resulting in low sulfur
content of the electrode. As a result, the purpose of this strategy seems to be more academic than
practical [27]. On the other hand, a sulfur/carbon (S/C) composite potentially offers higher
loading of sulfur. Various carbon materials, such as macro-, meso-, micro-porous carbon, carbon

nanofibers, carbon nanotubes, carbon spheres have been used to prepare S/C composites.



However, poor cyclability and low cycling efficiency still persist [20,23,28-29]. A few recent
studies have reported the use of activated carbon with high porosity and surface area in sulfur
composite cathodes [30-31]. Activated carbon is a cheap and abundant material, which can be

easily obtained from the carbonization of different materials such as wood, coal, and lignite [31].

In addition to deterioration of battery performance due to polysulfide dissolution, the use
of liquid electrolytes raises some safety concerns since they are flammable and prone to leakage.
Replacement of liquid electrolytes with gel polymer electrolyte provides advantages in
simplified and flexible design and fabrication of Li/S batteries [32]. Gel polymer electrolytes
consist of solid matrices and embed liquid electrolytes, that can provide mechanical strength and

effectively reduce leakage of liquid electrolytes, while maintaining high lithium ion conduction.

It should be pointed out that most of the research efforts to improve the performance of
Li/S batteries have focused on the cathode and neglected the role of the electrolyte. In this
research, the electrolyte component in the Li/S battery cell is studied. In the first part of the
thesis, we focus on the fabrication and utilization of a gel polymer electrolyte into Li/S batteries
as an alternative to common liquid electrolytes in order to improve the electrochemical
performance of these batteries by preventing polysulfide dissolution and migration. A wide
variety of synthesis methods was evaluated to control the morphology and consequently the
properties of GPEs. The preparation techniques employed have the advantage of being

reproducible, simple and inexpensive, compared with most procedures reported in the literature.

In the second part of the thesis, we focus on the introduction of a fluorinated liquid
electrolyte into the Li/S battery cell to suppress the dissolution of lithium polysulfide and
improve its cycle life. In order to prevent the severe shuttle effect (polysulfide dissolution and
migration) in conventional liquid electrolytes, we studied the incorporation of a fluorinated
solvent, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE), in the electrolyte
formulation and compared the performance of the conventional liquid electrolyte and the new

fluorinated electrolyte in a Li/S cell under the same testing conditions.



Chapter 2

Background and Literature

2.1 General introduction to electrolytes for lithium/sulfur batteries

An electrolyte is any substance that contains free ions. Usually, an electrolyte consists of
salt or salts that are dissolved in a medium. The role of the electrolyte in a battery cell is to
provide a medium for transporting ions from one electrode to another, while simultaneously
functioning as an electronic insulator so that electrons travel through the outer circuit of the
device [33-36].

Based on the type of electrolyte material used, a Li/S battery cell can be divided into two
categories: liquid Li/S and solid Li/S. The electrolyte in liquid Li/S battery usually consists of a
lithium salt dissolved in an organic solvent or a mixture of solvents [37-39]. However, in the
case of solid Li/S batteries, the electrolyte is composed of a polymer matrix containing dry
lithium salt (so-called, solid polymer electrolyte) or salt dissolved in organic solvent contained
within a polymer membrane (so-called, gel polymer electrolyte) [40-41]. The difference between
gel polymer electrolytes and liquid electrolytes is the lack of mobile electrolyte solution which is

stationary in the polymer structure.

2.1.1 Liquid electrolyte systems

These electrolytes consist of a lithium salt dissolved in an appropriate solvent or a
mixture of solvents and an electronically isolated membrane (so-called, separator) to prevent a
short circuit between the electrodes. They possess attractive properties such as high ionic
conductivity, thermal stability within the ambient conditions, relatively large electrochemical
stability window, ease of obtaining and handling [33-39]. The solvent choice is limited to those
capable of solvating and conducting ions and that have low melting point, high boiling point and
relatively low vapor pressure to provide a wide working temperature range. Ethylene carbonate
(EC), propylene carbonate (PC) and diethylene carbonate (DEC) are the most common organic
solvents used in liquid electrolyte systems. Since all of these criteria cannot be addressed by a

single solvent, a mixture of solvents with varying chemical and physical properties are often



used together. Therefore, liquid electrolyte systems are commonly composed of a lithium salt

dissolved in a mixture of two or more solvents [42-43].

Lithium salt also plays an important role in the liquid electrolyte of a lithium-ion battery.
This salt provides lithium ions within the cell that move between positive and negative electrode
during charge and discharge cycles of the battery. Different lithium salts are used in these liquid
electrolytes and directly affect the battery performance in terms of capacity and cycle life. Most
popular lithium salts are LiClO,4, LiPFs, LiBF4, and LiTFSI. Although LiCIO4 provides high
ionic conductivity due to ease of its dissociation in organic solvents, its usage in lithium ion
batteries is limited because of its very strong oxidizing nature which raises some safety issues
[39]. LiPFs is another commonly used lithium salt which provides high ionic conductivity.
Furthermore, this salt is very cheap, inherently flame-retardant and has excellent oxidation and
reduction stability [44].

Cui et al. [45] synthesized a graphene-sulfur composite cathode material. PEG-containing
surfactant-coated sulfur particles were synthesized and wrapped by carbon black decorated
graphene oxide sheets. 1.0 M LiTFSI dissolved in 1,3-dioxolane (DOL)and 1,2-dimethoxyethane
(DME) (volume ratio 1:1) was used as the electrolyte. A relatively stable specific capacity of

~600 mAh g™ and less than 15% decay over 100 cycles were obtained (Figure 2.1).

Liang et al. [46] used LiNO3 as an additive to modify liquid electrolytes in Li/S battery
cells. The basic liquid electrolyte was composed of 0.5 M LiCF3SO; dissolved in
DOL/TEGDME (tetraethylene glycol dimethyl ether) (volume ratio 1:1). As shown in Figure
2.2, the new Li/S battery cell showed improved columbic efficiency and discharge capacity
compared to the cell using the basic liquid electrolyte. This improvement was ascribed to the
formation of a protective film on the lithium anode in the modified electrolyte which prevented

the direct contact between lithium polysulfides and lithium metal anode.
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Figure 2.1. Electrochemical characterization of the Li/S cell (a) 10th cycle charge and discharge voltage
profiles of the grapheme-sulfur composite with PEG coating at various rates. (b) Cyclability of the cell at
rates of 0.2C and 0.5C. Reprinted from Ref. [45] with permission from American Chemical Society.
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Figure 2.2. Cycling performances of the lithium sulfur batteries cycled with the 0.4 M LiNO3 modified
electrolyte and the basic electrolyte. Reprinted from Ref. [46] with permission from Elsevier.



2.1.2 Solid polymer electrolyte systems

Solid electrolyte systems are interesting alternatives to the conventional liquid
electrolytes in Li/S batteries due to their wider operating temperature range, long shelf life,
flexibility of cell design and fabrication [47], improved cycle life by avoiding polysulfide
dissolution which is a major issue in Li/S cells using liquid electrolytes. This category of
electrolyte system provides achieving a solid-state Li/S battery configuration in which the
polymer electrolyte plays a critical role in conducting lithium ions while blocking electronic

flow.

In one classification, solid polymer electrolytes can be divided into two different

categories [48];

1) Solvent-free or salt-polymer complexed systems in which lithium ion conduction is coupled to
segmental and structural motions of polymer chains at temperatures higher than the glass
transition of the polymer. 2) Gel or hybrid systems in which the ion conduction occurs through
the liquid solvent upheld within the polymer structure.

Research efforts into developing polymer electrolytes for practical applications in Li/S
batteries are centered on achieving high ionic conductivity at room temperature (about 107
S/lcm), good electrochemical and mechanical stability. Therefore, the choice of polymer

electrolyte plays an important role in the future of Li/S batteries [49].

2.1.2.1 Solvent-free electrolytes

In 1973, Wright et al. discovered that polyethylene oxide (PEO) complexes with alkali
metals showed ionic conductivity. Since then, many research groups have focused on solvent-
free solid state electrolytes and their possible application in lithium-ion batteries. PEO has been
considered as the most promising candidate for this purpose because of its solvation power,
complexing ability and ability to transport ions directly connected with the alkaline salt (Li")
[40]. When lithium salt is added to the polymer matrix, it dissociates due to the polar effect of
the ether oxygen in the polymer backbone. Then, the lithium ions can hop among the negative

charge sites and move along the polymer chains. This type of ion conduction is facilitated by



movements of flexible polymer chains and can only occur in amorphous polymer chains in
which segmental dynamics and rearrangements can occur [50-52]. PEO is a semi-crystalline

polymer with crystallinity of about 72% at room temperature [47].

The major drawback of using solvent-free polymer electrolytes in lithium-ion batteries is
their low ionic conductivity at ambient temperature. Thus, a large number of studies have been
performed to inhibit PEO crystallization [53-57]. Jeon et al. [58], fabricated a solid polymer
electrolyte composed of PEO and tetra(ethylene glycol dimethyl ether) and used it in a Li/S
battery cell. This cell exhibited poor capacity retention. Changes in the morphology of sulfur-
based composite cathode was studied by scanning electron microscopy (SEM), and a model for
the changes in morphology of the cathode electrode was proposed (Figure 2.3). The authors
suggested a mechanism for the capacity fading of the battery cell which was ascribed mainly to

the heterogeneous and non-uniform distribution of sulfur in the cathode.
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Figure 2.3. A Model proposed for the changes in the morphology of cathode electrode during cycling: (a)
ideal case; (b) real case. Reprinted from Ref. [58] with permission from Elsevier.
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Shin et al. [59] fabricated (PEO);oLiCF3;SO3; solid polymer electrolytes consisting
titanium oxide particles (Ti,O3, TiO and Ti,O). They investigated the ionic conductivity as well
as the interfacial stability of this dry polymer electrolyte and the performance of Li/S cells with
this (PEO)10LICF3SO3 polymer electrolyte. They found that titanium oxide is a good candidate as
ceramic filler in (PEO)0LiCF3SO;3 dry polymer electrolyte. The size of Titanium Oxide particles
was in the range of sub-micron to several microns prepared by high speed ball milling for a long
time (100 h). Incorporation of titanium oxide (Ti,O3, TiO and Ti,O) into the polymer electrolyte
improved the ionic conductivity mainly due to the changes in -C-O-C- vibration and ionic
structure of polymer electrolyte by the decrease in crystallinity of PEO polymer matrix.
Moreover, the interfacial resistance between polymer electrolyte and lithium electrode was
considerably decreased by reducing the contact area between lithium and electrolyte.

Scrosati et al. [49] developed another PEO-based solid state electrolyte for Li/S battery
applications. The ionic conductivity of the polymer electrolyte and therefore the performance of
this Li/S cell was found to be very dependent on the operating temperature. The polymer
electrolyte showed ionic conductivity values of practical interest, i.e. on the order of 10 *-10 ~°
S /cm at 70 °C and above (Figure 2.4). A relatively low specific capacity was obtained at 70 °C,
while the capacity at 90 °C was close to the theoretical capacity of Li/S cell (Figure 2.5).
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Figure 2.4. Arrhenius conductivity plot for the polymer electrolyte on heating and cooling scans.
Reprinted from Ref. [49] with permission from Wiley.
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Figure 2.5. Discharge-charge cycles of a solid-state Li/S battery at 70 °C and 90 °C at C/20 rate over the
1.5-3 V voltage range. The specific capacity is reported in terms of total composite mass. Reprinted from
Ref. [49] with permission from Wiley.

Jeong et al. [60] studied (PEO)sLiBF, solid polymer electrolyte. They prepared these
electrolytes with three different mixing procedures: ball-milling, ball-milling the polymer
electrolyte with 10 wt% Al,Os3, and stirring. They observed that the Li/S cell with ball-milled
(PEO)sLiBF4-Al,03 composite electrolyte showed a higher initial discharge capacity than other
cells (1670 mAh g'l). Furthermore, the Li/S cell with ball-milled (PEO)sLiBF4-Al,O3 showed a
significantly improved cycling performance as compared to the other cells. The cycle life of this
Li/S polymer battery was further improved by modifying the procedure of preparing sulfur-based
composite cathode. Sulfur was mixed with PEO through thermal melting at 180 °C in a sealed
container. The SEM was used to investigate the mechanism of capacity fading in this cell. They
concluded that capacity fading was mostly due to aggregation of sulfur active material or lithium

polysulfides during cycling.

Wen et al. [61] proposed an Al,03(PEQO),Li(CF3SO,),N-yLiAlO; electrolyte to improve
the performance of the solid-state Li/S batteries. This all-solid-state Li/S cell was tested at 75 °C
and exhibited an average capacity of 290 mAh g™ after 50 cycles. Another study combined
(PEO)15Li(CF3S02)2N-SiO, polymer electrolyte and sulfur/mesoporous-carbon composite
cathode in a Li/S cell [51]. The ionic conductivity of this polymer electrolyte reached 5x10™ S
cm™ at 70 °C. The battery cell showed a good cycling performance with a reversible discharge

capacity of about 800 mAh g™ at 70 °C after 25 cycles.
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In a recent study, Yu et al. [62] fabricated an all-solid-state Li/S battery with utilization
of siloxane cross-linked network solid electrolyte at ambient temperatures. This polymer
electrolyte (SPE) was synthesized by crosslinking reaction between a homogeneous precursor
solution of siloxane cross-linker, tetra (ethylene oxide) dimethyl ether, lithium salt (LiCF3SO3)
and benzoyl peroxide (BPO) as an initiator. The obtained polymer electrolyte showed a relatively
high ionic conductivity (3 x10* S cm™ at ambient temperature) and a wide electrochemical
stability window (0 - 3.85 V vs Li). The all-solid-state Li/S battery was assembled by
sandwiching the polymer electrolyte between lithium metal and sulfur-based cathode electrode
as shown in Figure 2.6. This battery delivered an initial discharge capacity of 1044 mAh g™ at
room temperature. However, the discharge capacity rapidly decreased to 512 mAh g* after 10

cycles.
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Figure 2.6. (a) A cross-sectional SEM image of the all-solid-state Li/S battery, (b) Linear voltammetry
graph of polymer electrolyte at ambient temperature, (c) The photograph the solid polymer electrolyte.
Reprinted from Ref. [62] with permission from Elsevier.
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2.1.2.2 Gel polymer electrolytes

Despite the large number of studies on solvent-free polymer electrolytes, their low ionic
conductivity at ambient temperatures has made them an unrealistic choice for practical lithium-
ion and lithium/sulfur battery applications. However, gel polymer electrolytes (GPES) seem to be
a promising alternative in these batteries. GPEs consist of three constituents; polymer, organic
solvent and lithium salt. The lithium salt is dissolved in the solvent to form the electrolyte and is
responsible for the electrochemical properties. The polymer matrix provides mechanical strength

and holds the electrolyte solution.

GPEs can provide ionic conductivities as high as 10 S/cm at room temperature [63]. The
electrolyte solution can act as a plasticizer and lower the T4 of the polymer matrix and facilitate
segmental motions of the polymer chains and improve lithium ion conduction in the system.
Therefore, lithium ion conduction in a GPE occurs through segmental motions of polymer chains
combined with the solution [59, 63-64]. So, the higher the amount of electrolyte solution present,
the higher is the ionic conductivity. Unfortunately, an increase in the amount of electrolyte
solution causes the mechanical properties of the polymer electrolyte to degrade. Thus, control of
the amount of the electrolyte present is key to achieving gel polymer electrolytes with optimum

properties [63].

Beside ionic conductivity, the electrochemical stability, thermal stability and mechanical
strength are other key parameters in evaluating the quality of a GPE. Electrochemical stability
determines the operating voltage range of the GPE. This parameter can be obtained by recording
the response of current versus voltage through cyclic voltammetry measurements. The GPE is
electrochemically stable up to the voltage in which current begins to increase. An
electrochemically unstable GPE can affect the ongoing charge and discharge reactions between
the electrodes and lead to reduced capacity and energy density. Thermal stability of the GPE is
another important parameter to ensure the safety of the Li/S battery cell. Charge and discharge
reactions produce heat which can affect and partly decompose or melt the polymer electrolyte,
which may cause short circuits in the cell. Also, this heat can cause self-discharging of the cell
and shortening of the shelf life. Mechanical stability of the GPE is another key parameter in

fabricating, processing and finally inserting the GPE in the battery cell.
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Similar to the liquid electrolyte systems, the choice of lithium salt and organic solvent
plays a key role in overall performance of the GPE. More importantly, the affinity of the polymer
and electrolyte solution is a key factor in GPE development. The polymers generally studied for
these systems are poly(ethylene oxide) (PEO) [66-67], polyvinylidene fluoride (PVdF) [61,65],
poly(methylmetacrylate) (PMMA) [68-69], poly(acrylonitrile) (PAN) [70], poly(vinylchloride)
(PVC) [71-72] and polyvinylidene fluoride-co-hexafluoropropylene (PVdF-HFP) [73-80].
PMMA and PAN have the advantages of easy synthesis procedures and relatively low interfacial
resistance with lithium metal. However, poor mechanical stability due to their ductility is a
limiting factor for practical applications. PVdF provides high thermal and electrochemical
stability and has a relatively high dielectric constant (¢ = 8.4) for a polymer, which can facilitate
ionization of lithium salts and provide a high concentration of charges [81-82]. PVdF-based
GPEs are expected to have stability against oxidation due to the strong electron-withdrawing
functional group (-C-F). However, poor electrolyte solution uptake and low plasticity due to its

crystalline nature are the remaining problems.

In a recent work, Scrosati et al. [83] built a lithium metal-free battery as shown in Figure 2.7.
They replaced the common liquid organic solutions with a GPE that was formed by trapping
ethylene carbonate/dimethylcarbonate lithium hexafluorophosphate (EC: DMC/LIPF6) solution
saturated with lithium sulfide in a PEO/LICF3;SO3 polymer matrix [84]. Incorporation of
Zirconium dioxide (ZrO,) ceramic filler improved the mechanical properties of the GPE and also
improved liquid retention within the bulk of GPE [85]. AC Impedance studies revealed the low
and stable resistance of the GPE with time, and a high ionic conductivity, around 102 S- cm™
(Figure 2.8). The battery cell assembled with Sn/C anode, Li2S/C cathode and PEO based GPE
delivered a high initial discharge of ~ 1200 mAh g™ (based on Li2S mass only) at 38 mAcm?g™.
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Figure 2.7. Scheme of the Sn-C/CGPE/Li2S-C polymer battery. Reprinted by permission from Wiley-
VCH Verlag GmbH & Co. KGaA. from Ref. 83.
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Figure 2.8. Characteristics of the PEO based GPE. Reprinted by permission from Wiley-VCH Verlag
GmbH & Co. KGaA. from Ref. 83.

This research group further investigated this new polymer battery [86]. In situ XRD
analysis on this cell revealed that during charge process lithium polysulfides can be converted
into elemental sulfur. During the following process, elemental sulfur can be re-converted back
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into polysulfides. This new GPE efficiently allowed the electrochemical processes within the
battery cell. This means that this safe and highly conductive GPE is a perfect replacement for the
unstable organic electrolyte solution. Moreover, the Li2S-C composite cathode can be
considered as a promising alternative for the novel rechargeable lithium-ion sulfur batteries in
which the reactive and unsafe lithium metal anode is replaced by a reliable, high capacity Sn-C
composite anode.

A detailed discussion regarding the discharge process of Li/PVDF/S was presented by
Ryu et al. [87] prepared a GPE based on PVDF as matrix, LICF;SO; as lithium-ion resource,
tetraglyme as plasticizer. A freestanding GPE was obtained and tested in a Li/S cell. This
delivered an initial discharge capacity of 1268 mAh g™ with two distinct plateaus-like potential
regions. The capacity dropped to 1028 mAh g™ after second discharge and the upper plateau
region disappeared. A model was proposed based on the results obtained from XRD and DSC of
the sulfur electrode (shown in Figure 2.9) which suggested that elemental sulfur converted into

Li2Sn (n > 4) at the upper plateau region and Li,S was formed at the low plateau region.
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Figure 2.9. Model proposed for the electrochemical reactions of lithium/sulfur cell. Reprinted from Ref.
[87] with permission from Elsevier.
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Among all polymers, PVdF-HFP was found to meet all the basic requirements of a
polymer electrolyte since it has a high dielectric constant € = 8.4, the crystalline units of the
vinylidene fluoride provide excellent chemical and mechanical stability and the amorphous
hexafluoropropylene (HFP) units increase the plasticity of the membrane and yield high ionic
conductivity [88-89].

Shin et al. [64] reported the fabrication of PVdF-HFP GPE using a ball-milling
technique. Tetra-ethylene glycol dimethylether (TEGDME) was used as a plasticizer, LiCF3SOs,
LiBF, and LiPFg as lithium salt and acetone as the solvent. This polymer electrolyte showed
good mechanical properties and ionic conductivity of 4.99x10* S cm™ at ambient temperature.
The resulting GPEs were introduced into Li/S cells and the batteries delivered initial specific
discharge and charge capacities of ~ 575 and 765 mAh g™ at the current rate of 0.14 mA cm™ at

room temperature.

Wang et al. [63] prepared PVdF-HFP/SIO, porous membranes by a phase separation
method using acetone/ethanol as solvent/non-solvent (Figure 2.5). The GPE showed an ionic
conductivity of ~ 1.2x10°% S cm™ at room temperature (Figure 2.10). The electrochemical
properties of this GPE were tested in Li/S battery cells with two different sulfur-based cathode
materials-sulfur/active carbon (S/C) composite and sulfur/polyacrylonitrile (S/PAN) composite.
The cell with S/C composite cathode exhibited a reversible capacity of 440 mAh g™ after 25
cycles (Figure 2.11). However, the cell with S/PAN composite cathode exhibited an initial
discharge capacity of 850 mAh g™ and capacity of about 600 mAh g™ after 50 cycles (Figure
2.12).
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Figure 2.10. Impedance spectrum of SS/gel electrolyte/SS cell. Reprinted from Ref. [63] with permission
from Elsevier.
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Figure 2.11. Cycling performance of the S/C composite cathode. Reprinted from Ref. [63] with
permission from Elsevier.
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Figure 2.12. Cycling performance of the S/PAN composite cathode. Reprinted from Ref. [63] with
permission from Elsevier.

Jin et al. used a simple phase separation process to prepare PVdF-HFP membrane with a
highly porous structure (Figure 2.13) [90]. They reported that the homogeneously distributed
micropores of the membrane had a diameter range of 3-5 um, and the uniform and
interconnected skeleton porous structure gave the membrane the ability to absorb enough
electrolytes and act as a framework for lithium ion conduction. The GPE was then prepared by
soaking the porous membrane in N-methyl-N-butylpyrrolidinium bis(trifluoromethanesulfonyl)
imide ionic liquid. The resulting GPE showed good thermal stability, high electrochemical
stability (>5.0 V vs. Li/Li+) and good interfacial stability with lithium metal electrode. The Li/S
cell assembled using this GPE delivered an initial discharge capacity 1217 mAh g* and
maintained a capacity of 818 mAh g after more than 20 cycles at a current density of 50 mA g™*.

20



Figure 2.13. Photograph (a) and SEM image (b) of PVdF-HFP porous membrane. Reprinted from Ref.
[90] with permission from Elsevier.

In summary, gel polymer electrolytes consist of a liquid trapped in a porous polymer
membrane. Their ionic conductivity depends strongly on the properties of the liquid electrolyte
provided that the membrane is composed of connected micropores that can act as channels for
lithium ion conduction. If the prepared membrane does not have a connected microporous
structure, the transfer of lithium ions mainly occurs in the polymer membrane [91]. For this
reason, modification of the structure of the polymer to achieve highly porous membranes with
small pore size is one of the most important strategies to improve lithium transport and ion
conductivity of GPEs in Li/S batteries. This can be achieved by optimizing preparation method
and modification of the polymer matrix, such as blending, copolymer and cross-linking,

compounding and adding nanoparticles.
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2.2 Scope of this work

High-energy lithium/sulfur batteries provide much promise, but also have many
challenges. In general, poor cycle life is the main drawback of Li/S batteries, mainly due to the
dissolution of lithium polysulfides into the electrolyte. To overcome this problem, this study

focuses on the electrolytes for rechargeable Li/S batteries.

Two approaches have been considered for this purpose. First, fabrication of an effective
gel polymer electrolyte by modifying the pore size and its distribution to enhance the uptake and
retention of electrolyte and suppress polysulfide migration. Second, we focus on the introduction
of a fluorinated liquid electrolyte into the Li/S battery cell to suppress the dissolution of lithium
polysulfide and improve its cycle life. As results will show, the Li/S cell showed a better cycle
performance using these approaches. However, problems associated with Li/S batteries could not
be solved solely by modifying the electrolyte. Combined with advances in the anode and
cathode, the development of an effective electrolyte with high conductivity and compatibility can

offer a promising future for Li/S batteries.
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Chapter 3

Electrochemical performance of lithium/sulfur battery with
polymer nanocomposite electrolytes’

3.1 Introduction

Two types of nano-layered silicates, sodium montmorrilonite (Na'-MMT) and
organically modified montmorrilonite (OMMT) [92] were incorporated into a PVdF-HFP matrix
to fabricate highly porous nanocomposite membranes with small and uniformly distributed pores
to improve the retention of the liquid electrolyte in the membrane and therefore prevent the

release of electrolyte during cycling.

3.2 Experimental

3.2.1 Preparation of polymer electrolytes

PVdF- HFP (Kynar Flex 2801, 12 wt% HFP) was used with Na'-montmorillonite (Na®-
MMT) and organically modified montmorilonite (OMMT, 30B), purchased from Southern Clay
and kept in oven at 473 K for one week prior to testing. Acetone was used as a solvent and tert-
butyl methyl ether (extra pure, Acros Organics) was used as a non-solvent. Microporous polymer
nanocomposite films were prepared by a phase inversion technique using acetone/ether as
solvent/non-solvent. PVdF-HFP and nano-layered silicates (2.5 wt%) were dissolved in acetone
by mechanical stirring overnight. This was followed by ultrasonic sonication for 1 h to form a
homogenous casting solution at a PVdF-HFP concentration of 4 wt% at room temperature. Tert-
butyl methyl ether (10 wt% based on the amount of acetone) was added further to this solution
and left agitating until the solution was homogeneous. The resulting solution was poured onto a
clean aluminum weighing pan. After complete evaporation of acetone and ether, a white and
opaque microporous membrane formed. Finally, the membrane was dried at 80 ‘C in a vacuum
oven for 24 h to remove any further traces of acetone and ether. A similar preparation method
was adopted for preparation of the microporous PVdF-HFP membrane without incorporation of

nano-layered silicates.

! Data presented in this chapter was published in Ref. [115].
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3.2.2 Preparation of sulfur/polyacrylonitrile/Mgo¢Nip 4O composite cathode

Nanosized MgosNip4O was synthesized by using the simple self-propagating high
temperature synthesis method. 0.6 mol Mg(NO3), (98% purity, Sigma-Aldrich), 0.4 mol
Ni(NOs), (98% purity, Sigma-Aldrich) and 3.5 mol glycine (Fisher Scientific, 98.5% purity)
were dissolved in 100 mL deionized water. The solution was then heated to evaporate the excess
water. The resulting viscous liquid ignited and underwent self-sustaining combustion to form ash
composed of nickel and magnesium oxide. This was calcined at 700 °C in air for 6 h and
pulverized to MgoeNip4O powder. To make the sulfur/PAN/MgoeNip4O ternary composite,
sulfur (100-mesh particle size powder, Sigma-Aldrich), PAN and MgosNip4O were mixed in a
weight ratio of 4:1:0.25. This mixture was ball-milled (pulverisette 7, Fritsch) at 800 rpm for 2 h
with ethanol as a dispersant and then dried in a vacuum oven at 65 ‘C for 3 h to remove the
solvent. This was followed by a heat-treatment at 350 "C for 3 h in argon gas to allow sulfur to
melt and react with the PAN [93-95]. The amount of active material in the heat treated composite
was 47 wt%.

The S/PAN/MgoeNip4O composite cathode was prepared by mixing 80 wt% of
S/PAN/Mgo6Nio4O composite, a conductor of 10 wt% acetylene black (99.5% purity,MTI) and a
binder PVdF (Kynar, HSV900) dissolved in N-methyl-2-pyrrolidene (NMP) (>99.5% purity,
Sigma-Aldrich). The resultant slurry was then spread onto circular nickel foam (>99% purity,
MTI) of 1 cm diameter. This was left to dry in a vacuum oven for 12 h at 60 °C. The cathode

electrode was pressed at 8 MPa using a hydraulic press to assure good contact.
3.2.3 Preparation of sulfur/carbon composite cathode

Ketjen black (KB, EC600JD) and sulfur in a weight ratio of 1:2 were mixed using an
agitating mortar. This was followed by grinding the mixture in a planetary-type ball mill at a
rotational speed of 450 rpm for 4 h. Then, the mixed powders were compressed under 8 MPa
into a small pellet. Subsequently, the pellet was heated at 155 ‘C for 12 h in oven in order to melt
the sulfur and allow the melted sulfur to diffuse into the pores of KB. Finally, the sample was
kept at 300 ‘C for 2 h to evaporate sulfur remaining at the surface of KB. The cathode electrode
was prepared by mixing 60 wt% S/KB composite, 20 wt% acetylene black (AB, MTI, 99.5%
purity) as conductive agent and 20 wt% polyvinylidene fluoride (PVDF, Kynar, HSV900) as a
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binder with NMP (Sigma-Aldrich, >99.5% purity) as a dispersant. The obtained slurry was then

applied to an Al foil current collector and was dried in a drying oven at 70 °C for 12 h.
3.2.4 Characterization of the materials

The crystalline phases of the samples were characterized by using X-ray diffraction
(XRD) analysis (D8 Discover, Bruker) equipped with Cu-Ka radiation. The porosity and
morphology of the samples were investigated by using field emission scanning electron
microscopy (FE-SEM) (Leo-1530, Zeiss). The samples were gold-sprayed prior to SEM
measurements. The morphology and roughness of the surface of electrolyte membranes were
examined using atomic force microscopy (AFM) (Molecular imaging, Agilent). The mechanical
properties of the microporous polymer membranes were measured by an universal tensile
machine (Instron model 3365) at a constant cross-head speed of 1 mm/min according to the
ASTM D 638 method. The specimen dimensions were 50 mm x 5 mmx 80 um. Thermal stability
of the samples was examined by using differential scanning calorimetry-thermogravimetric
analysis (DSC-TGA) (Q-600, TA instruments) using the temperature ramp mode at a heating rate
of 10 «C min "' from room temperature up to 600 ‘C in a N, atmosphere.

3.2.5 Electrochemical characterization

Electrochemical stability window of the polymer electrolytes was determined by running
cyclic voltammetry at 0.2 mVs ' between 0-5 V in three-electrode cell using stainless steel as
the working electrode, lithium as both the counter and the reference electrodes and the polymer
electrolyte using a Biologic potentiostat at 0.2 mVs™' between 0-5 V. The Li/GPE/sulfur-based
cathode coin cells were assembled in a glove box. The polymer electrolyte was inserted between
the composite cathode and the lithium foil anode which were then sealed in a coin-type battery
cell. For the S/IPAN/MgosNi 040 composite cathode, the gel polymer electrolyte was obtained by
soaking the polymer membrane in a 1M LiPFg dissolved in a 1:1 (v/v) mixture of ethylene
carbonate (EC) and diethylene carbonate (DEC). When a S/C composite cathode was used, the
gel polymer electrolyte was obtained by soaking the polymer membranes in a liquid electrolyte
consisting of a 1M lithium bistrifluoromethanesulfonamide (LiTFSI) (Aldrich, 99.95%)
dissolved in tetraethylene glycol dimethyl ether (Aldrich, 99% purity). AC impedance
spectroscopy was performed at room temperature with a potentiostat (VMP3, BioLogic) over the
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frequency range from 1 Hz to 100 KHz. A galvanostatic charge/discharge test was carried out
within a voltage range of 1-3 V at a discharge rate of 0.2 C (1C = 1672 mAh g ).

3.3 Results and Discussion

When the non-solvent tert-butyl methyl ether is added into the PVdF-HFP/acetone or
PVdF-HFP/nanoparticle/acetone solution, precipitation occurs. At low non-solvent contents, the
polymer still remains dissolved and the solution is homogenous. However at sufficiently high
non-solvent contents, the polymer will precipitate. After complete evaporation of the solvent and
non-solvent, a porous dry membrane is obtained. During the evaporation process, the formerly
transparent film gradually becomes opaque due to the formation of microcellular foam within the

membrane.

Hydrophobic nano-layered silicates interact with hydrophobic polymers. Therefore, it is
expected that PVdF-HFP can easily interact with organically modified montmorillonite (OMMT)
and probably form an intercalated or exfoliated structure. On the other hand, the presence of
hydrated Na® between the galleries makes the Na'-MMT hydrophilic, so that hydrophilic
polymers can mix with the OMMT without having to modify the silicate hosts. Dispersion of
Na*-MMT in hydrophobic matrixes is difficult and only low amounts of these nanoparticles can
interact and possibly intercalate or exfoliate in the PVdF-HFP matrix. A 2.5 wt% of nanoclay
was selected for preparation of the nanocomposites. Figure 3.1 shows the XRD patterns for the
pristine nanoparticles, PVdF-HFP and their nanocomposites. As shown, the pristine OMMT and
Na’-MMT nanoclays show intensive peak at around 5° and 8°, respectively. However, for both
nanocomposite samples these peaks disappear, which is consistent with an exfoliated

nanoparticle morphology in both of these systems.

The morphology and pore distribution of the membranes were examined by SEM (Figure
3.2). By incorporation of nanoparticles, the pore size decreases but the pore numbermand its
uniformity increases (Figure 3.2). An appropriate amount of porosity is necessary to uptake
sufficient amounts of a liquid electrolyte and maintain good conductivity. However, in the case
of a highly porous membrane, the pores cannot hold the liquid electrolyte solution effectively
during cycling of the battery cell. Therefore, high porous membranes with small and uniformly

distributed pore size and good mechanical stability are required for Li/S batteries.
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Figure 3.1. XRD patterns obtained for the OMMT, Na'-MMT, PVdF-HFP, PVdF-HFP/30B OMMT, and
PVdF-HFP/Na*-MMT samples.

Surface morphology, roughness and pore size of the polymer membranes were examined
by AFM to obtain images shown in Figures 3.3 and 3.4. From the SEM images, it was concluded
that incorporation of nanoparticles reduces the pore size of the membranes. AFM topographic
images further display the microstructures of the surface of membranes. The PVdF-HFP
membrane has rougher surface than that of nanocomposite membranes. Roughness in height
mode for PVdF-HFP, PVdF-HFP/Na'-MMT, and PVdF-HFP/OMMT membranes are 139 nm,
79 nm, and 131 nm, respectively. By incorporation of Na*™-MMT nanoparticles, the surface
roughness decreases, which can be attributed to the decrease in pore size and pore number. On
the other hand, roughness of the PVdF-HFP/OMMT membrane is almost the same as that of pure
PVdF-HFP membrane. Hence, from both SEM and AFM images it can be concluded that
incorporation of organically-modified nanoparticles results in having a highly porous membrane

with smaller and more uniformly distributed pores.
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Figure 3.2. SEM images of three different samples at the same magnification, (a) PVdF-HFP, (b) PVdF-
HFP/Na*-MMT, (c) PVdF-HFP/OMMT.

In order to evaluate the tensile strength of microporous membranes, stress-strain curves
for all the samples were obtained by using uniaxial stress-strain tests as presented in Figure 3.5.
Tensile strength of the membranes increases by incorporation of nanoparticles and PVdF-
HFP/OMMT nanocomposite membrane has the highest mechanical strength due to its smaller

and uniformly distributed pores, as proved by SEM and AFM images.
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Figure 3.3. AFM topographic images of three different samples, (a) PVdF-HFP, (b) PVdF-HFP/Na*-
MMT, (c) PVdF-HFP/OMMT.
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Figure 3.4. Roughness and pore size analysis of three different samples, (a) PVdF-HFP, (b) PVdF-
HFP/Na*-MMT, (c) PVdF-HFP/OMMT.

Thermogravimetric analysis and the corresponding heat flow curves obtained for the
electrolyte membranes are presented in Figures 3.6. The melting temperature of PVdF-HFP is
159 °C [96]. It can be seen that GPEs are thermally stable almost up to 90 °C. A significant
weight loss at temperature ranging between 100-200 C was observed for all of the electrolyte
membranes, reflecting the decomposition of the liquid electrolyte held in porous structure.
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Figure 3.5. Tensile strength of microporous PVdF-HFP, PVdF-HFP/Na*-MMT, and PVdF-HFP/OMMT
membranes.
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Figure 3.6. Thermogravimetric analysis obtained for PVdF-HFP, PVdF-HFP/Na'-MMT, and PVdF-
HFP/OMMT gel polymer electrolytes.
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In order to determine the conductivity of the polymer electrolytes, AC impedance
spectroscopy was carried out on a stainless steel/GPE/stainless steel cell. The Nyquist plots at
room temperature (25 ‘C) are presented in Figure 3.7. As shown in this figure, a linear
relationship exists between the real part and the imaginary part of the impedance spectra for all
the samples. The resistance of the electrolyte can be determined from the intersection of the
Nyquest spectrum at the real axis. lonic conductivity values for PVdF-HFP, PVdFHFP/Na'-
MMT, and PVdF-HFP/OMMT electrolyte membranes are measured to be 5.8, 7.0, and 4.9
mS/cm, respectively. These values indicate high ionic conductivity of the membranes prepared

by this combination of solvent/non-solvent system.
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Figure 3.7. Impedance spectra of the electrolyte membranes.

The polymer electrolyte system must have high electrochemical stability in order to be
implemented in commercial lithium-ion batteries. Generally, current—voltage measurements are
used to determine the operating voltage window of the polymer electrolyte. Cyclic voltametry
results of the polymer electrolytes are shown in Figure 3.8. As can be seen, the anodic stability of
all of the polymer electrolytes for is up to 4.8 V, indicating the electrochemical decomposition

would not occur below 4.8 V.
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Figure 3.8. CV graphs at 0.05 C for the first cycle of Li-GPE-stainless steel cell with (A) PVdF-HFP, (B)
PVdF-HFP/Na*-MMT, and (C) PVdF-HFP/OMMT.

In order to prepare the sulfur-based cathode material, sulfur, polyacrylonitrile (PAN) and
MgosNio4O were mixed and ball milled. It has been reported that the addition of nanosized
MgosNip4O powder in sulfur based cathodes can improve the Li/S cell performance by

absorbing the intermediate polysulfides formed during electrochemical reactions within the cell
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[97]. MgoeNio4O powder was produced by the self-propagation high-temperature synthesis
(SHS) method [98] The XRD analysis was carried out to investigate the possible structural
changes due to the possible interactions of MgosNig4O with other cathode components. These
patterns for the starting components S, PAN, Mg sNig 4O and ternary composite cathode material
are shown in Figure 3.9. Compared with MgosNig4O, the PAN/S/ Mgo sNio.4O ternary composite
shows sharp peaks of MgosNip4O with reduced peak intensity. However, peaks assigned to
elemental sulfur have disappeared in the S/PAN/MgosNio 4O ternary composite, which indicates

that sulfur is no longer crystalline in the ternary composite [99].
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Figure 3.9. XRD spectra of sulfur, PAN, Mg, sNi( 4O, and the S/IPAN/Mg,¢Niy 4O ternary composite.

The morphology of the ternary composite cathode is shown in Figure 3.10. As can be
seen, the ternary composite consists of nanosized primary particles and a very rough surface
which could be beneficial for the contact and interaction between the electrode and the
electrolyte, and therefore be highly favorable for ion diffusivity and electrochemical performance

of the battery cell.
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Figure 3.10. SEM images of S/IPAN/Mgo¢Nig 4O ternary composite at two different magnifications.

Performance of the Li-GPE-ternary composite battery cells was investigated at room
temperature. Charge-discharge profiles of a cell containing the PVdF-HFP/OMMT
nanocomposite electrolyte, are shown in Figure 3.11. The battery performance in terms of
discharge capacity versus cycle number for over 300 cycles is presented in Figure 3.12. Within
the first discharge process, these batteries delivered capacities of 1622, 1546, and 1507 mAh
g 'suiur OF 616, 588, 573 mAh g‘lcomposite respectively. In their second discharge process, they
delivered capacity of 930, 880, 620 mAh g 'surr Or 354, 335, 236 MAh g ' composite. AS Can be
seen, discharge capacity increases by incorporation of both types of nanoparticles. However, the
cell assembled with the PVdF-HFP/OMMT nanocomposite electrolyte exhibits a higher initial

discharge capacity and better capacity retention. It has been reported [24] that the choice of
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organic solvent plays a crucial role in the electrochemical performance of sulfur-based cathodes.
In S/IPAN cells with carbonate-based electrolytes, a small amount of soluble polysulfides are
formed. As a result, polysulfide shuttle can be prevented to some extent, leading to higher
efficiency. In contrast, ether-based electrolytes dissolve polysulfides and enables migration of
polysulfides to the lithium anode surface and loss in active mass during cycling of the battery

cell.
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Figure 3.11. Charge-discharge profiles of the Li-GPE-ternary composite cathode battery at room

temperature and a C/5 rate and 1-3 V voltage range. PVdF-HFP/OMMT electrolyte membrane is the one
used in this cell.
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Figure 3.12. Discharge capacity vs. cycle number of Li-GPE-ternary composite cathode cells with
different polymer electrolyte membranes (25°C, 0.2 C-rate, 1-3 V).
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In order to further evaluate the performance of gel polymer electrolyte membranes in
preventing the shuttle phenomenon, they were embedded in ether-based electrolyte solutions and
were tested in Li/S batteries with sulfur/carbon composite as the cathode. Figure 3.13 (top)
presents the charge—discharge curves for the first cycle of these cells with gel polymer
electrolytes. All systems exhibit characteristic potential profiles of charge—discharge of sulfur
cathodes with two potential plateaus of the electrochemical activity due to the multiple
electrochemical reactions in these cells [45,100]. Discharge capacity and Coulombic efficiency
versus cycle number of these cells are also shown in Figure 3.13 (bottom). One can see from this
figure that the cyclability and Coulombic efficiency of the cell assembled by PVdF-HFP/OMMT
nanocomposite electrolyte is remarkably enhanced compared with the other cells. This cell
retains about 65% of its initial capacity over 80 cycles, while the discharge capacity of the other
cells fades more drastically upon cycling. This improvement is ascribed to the improved liquid
electrolyte upholding of this polymer electrolyte favored by the addition of organically modified
nanoparticles, hence preventing release of electrolyte solution and controlling dissolution of
polysulfides during cycling of the cell. This improvement could also be attributed to the
suppression of the shuttle effect by the small pore size and uniformly distributed porous structure
of this membrane, which reduce the diffusion of polysulfides to the anode side and promote
reaction reversibility of the cathode, positively affecting its Coulombic efficiency. The stable
interfacial characteristics promoted by the nanoparticles may also contribute to the improved

capacity retention.
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Figure 3.13. (top) Charge-discharge profiles for the first cycle, (bottom) discharge capacity and
Coulombic efficiency versus cycle number for Li-S/C cells with different polymer electrolyte membranes
(25°C, 0.2 C-rate, 1-3 V).
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3.4 Conclusions

In this chapter, fabrication and characterization of PVdF-HFP/silicate nanocomposite
electrolytes and their application to Li/S batteries were investigated. The phase inversion method
using acetone/tert-butyl methyl ether as solvent/non-solvent was used to fabricate highly porous
electrolyte membranes. AC impedance spectroscopy and cyclic voltammetry revealed high ionic
conductivity and electrochemical stability of the membranes; ionic conductivity as high as 4-7
mS/cm and electrochemical stability of up to 4.8 VV were obtained at room temperature. The Li/S
battery cells assembled by PVAJFHFP/OMMT nanocomposite electrolyte showed a higher
discharge capacity and improved capacity retention compared to the other cells. It is evident that
active mass loss is satisfactorily controlled during the cycling. It seems that small pore size and
uniform pore distribution of the PVdF-HFP/OMMT membrane prevent electrolyte release during
cycling, which can control the dissolution of polysulfides and suppress active mass loss and
hence overcome one of the major obstacles preventing the practical development of Li/S

batteries.
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Chapter 4

Synthesis of PVdF-HFP/Functionalized PMMA Electrolytes

for Lithium/Sulfur Battery?

4.1 Introduction

As mentioned earlier, blending has been considered to be an effective method for
modifying GPEs with desired properties; however, achieving such an electrolyte often requires
an addition of high amounts of another polymer, which adversely affects the electrochemical
properties of the PVdAF-HFP matrix. In this part of the study, functionalized poly(methyl
methacrylate) (PMMA) was synthesized and blended in low amounts with PVdF-HFP to form a
GPE. This simple idea was prompted by the belief that addition of small amounts of a
compatible functional polymer bearing some random inorganic domains into PVdF-HFP would
promote pore frmation in the host polymer membrane and immobilize high amounts of

electrolyte solution during cycling of a battery cell.

4.2 Experimental

The functionalized poly (methyl methacrylate) was synthesized by polymerization of
methylmethacrylate (MMA) and methacryloxypropyltrimethoxysilane (MPTMS) at 343K via a
free radical method using AIBN as the initiator following a procedure reported by Sanchez et al
[101]. A porous polymer membrane consisting of PVdF— HFP (Kynar Flex 2801, 12 wt. % HFP)
and functionalized PMMA (weight ratio: 75/25) was prepared by the phase separation method
using acetone as solvent and tert-butyl methyl ether (extra pure, Acros Organics) as non-solvent.
A free-standing gel polymer electrolyte film was obtained by soaking the membrane ina 1 M
LiPF6 dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) for 30 min.

The sulfur/polyacrylonitrile (S/PAN) composite was prepared by mechanically mixing
sulfur (Sigma-Aldrich) and PAN (Sigma-Aldrich) in a weight ratio of 4:1 and heat treating at
300 °C for 3 h in a tubular furnace filled with Ar gas. The cathode electrodes of either LiCoO, or

? Data presented in this chapter was published in Ref. [116].
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S/PAN were prepared by making a slurry containing the active material, binder (PVdF) and
super-P carbon in NMP and then casting on a graphite foil. Both Li/S and Li/LiCoO; cells were
assembled by sandwiching the GPE between the lithium metal anode and either the S/PAN or
LiCoO; cathode.

4.3 Results and discussion

Size exclusion chromatography (SEC) and 'H NMR were used to characterize the
synthesized polymer. Responses of two detectors (refractive index and viscometer DP) as a
function of retention volume obtained from SEC measurement along with the schematic structure
of the synthesized polymer are shown in Figure 4.1. SEC revealed a polymer with Mn = 26066 g
mol™ and PDI = 1.96. *H NMR was recorded at room temperature on a Brucker DRX 300
spectrometer to confirm the presence of trimethoxysilane groups on the polymer and the
corresponding spectrum is shown in Figure 4.2. The following peaks are observed- 6H: 3.9
(OCHy), 3.5 (OCHg3), 1.2 (CH,Si), 0.5-2 (CH,, CH3, CH,CH,CH,). Two peaks assigned to the
OCH; and CH,Si indicate the successful synthesis of functionalized PMMA containing

trimethoxysilane groups.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
experiments were used to measure the glass transition temperature and thermal stability of the f-
PMMA. Results from the TGA depicted in Figure 4.3 (top), show that there is no major mass
loss for the temperature up to 230 °C, indicating that f-PMMA is stable at lower temperatures.
From the DSC curve in Figure 4.3 (bottom), glass transition temperature is measured to be ~100
°C.

The functionalized PMMA was then introduced into a PVdF-HFP matrix (25/75 weight
ratio) in order to establish a membrane with numerous small, uniformly distributed pores. A
polymer electrolyte of PVdF-HFP was also prepared to be used as a control sample. Scanning
electron microscopy images for these two polymer membranes are shown in Figure 4.4(A) and
(B). A porous membrane with a non-uniform pore size distribution is obtained for PVdF-HFP,
which should promote the uptake of high amounts of liquid electrolyte solution, but poor
retention during cycling of the battery. However, in the case of the new polymer electrolyte, the
pore size decreases while their number and uniformity increase, which should improve the

electrolyte solution retention and promote stability of the GPE morphology during cycling.
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Figure 4.1. (top) Schematic structure and (bottom) Size exclusion chromatography of the functionalized
PMMA.

*)
()
)
(8) "
1] o
(d) ) L o
I;"M '1I4 4‘0 1I6 3I2 ZI.S ?I4 2‘0 1I6 1 I2 DIB Ul'i I

Figure 4.2. "H NMR spectrum of the functionalized PMMA

42



100 4
Onset of thermal decomposition
80 -
60

40 -

Weight (%)

20 4

100 200 300 400 500 600
Temperature (°C)

Glass transition range

Heat flow

40 60 80 100 120 140

Temperature (°C)

Figure 4.3. (top) TGA and (bottom) DSC curves for the functionalized PMMA.

A free-standing polymer electrolyte was then obtained by soaking the membrane in 1 M
LiPF¢ dissolved in a 1 : 1 (v/v) mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) for 30 min. Hereafter, this polymer electrolyte is referred to as the modified gel polymer
electrolyte, with the acronym mGPE. Also, we refer to the PVVdF-HFP electrolyte, as the control
gel polymer electrolyte (cGPE). The electrolyte uptake was calculated using the following
equation: uptake = (W- Wg)/Wy * 100%, where W and W, are the mass of soaked and dry
membranes. The average electrolyte uptake of mMGPE and cGPE were 124% and 131%,

respectively.
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Figure 4.4. (A) and (B) SEM images of the new polymer electrolyte and PVdF-HFP membrane,
respectively.

A Linear sweep voltammery graph for lithium metal/GPE/stainless steel is shown in
Figure 4.5(top). A rise in current is observed around 4.8V (vs. Li/Li") and the current continues
to increase with increasing potential. This indicates that electrochemical decomposition would
not occur below 4.8V. Figure 4.5(bottom) shows the complex impedance plot of the stainless
steel/GPE/stainless steel cell at room temperature. The ionic conductivity value is measured to be
4.7 mS/cm. Such a high ionic conductivity can be attributed to the good electrolyte uptake by the

polymer electrolyte.
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Figure 4.5. Linear sweep voltammetry at a scan rate of 5 mV/s, and room temperature complex
impedance plot of the GPE.
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4.3.1 Li/GPE/LiCo00; cell

Here, we first test the gel electrolyte performance by assembling a lithium battery
containing LiCoO,, a very well-known cathode active material and then performance of the gel
polymer electrolyte in a lithium/sulfur cell. Figures 4.6 and 4.7 show typical charge—discharge
profiles and cycle life for a Li/LiCoO; cell assembled with the mGPE at a constant current of
0.2C. This cell delivers an initial discharge capacity of 140 mAh g based on the weight of
LiCoO, active material. A discharge capacity of 132 mAh g', 94% of the initial value, and
columbic efficiency of almost 100% were obtained after 100 cycles. Such improved discharge
capacity retention in a Li/mGPE/LiCoO; cell is better than that of 92% of a good GPE based on
PVdF-HFP and core-shell structured SiO,(Li") particles recently reported by Kim et al. [102]

indicating better performance of our GPE during cycling.
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Figure 4.6. Charge—discharge curves for the LiCoO,/mGPE/lithium metal cell at 0.2 C rate.
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Figure 4.7. Cycle life of LiCoO,/mGPE/lithium metal cell at 0.2 C rate.

4.3.2 LiI/GPE/S cell

The electrochemical properties of these Li/S cells were investigated using coin-type cells
(CR2032). Each cell was composed of a lithium metal anode, a sulfur-based cathode and an
electrolyte, either a polymer electrolyte or a liquid electrolyte (a polypropylene separator
(Celgard, USA) with 1 M LiPFg dissolved in a 1 : 1 (v/v) mixture of EC and DEC). AC
impedance spectroscopy was performed on the cells at room temperature to yield the results
shown in Figure 4.8. As expected, the Li-liquid electrolyte-S cell has the lowest ohmic
resistance, but interestingly both the Li-mGPE-S and Li—cGPE-S cells also have low ohmic
resistance indicating the ease of Li-ion transportation due to uptake of high amounts of liquid
electrolyte solution by their porous membrane structure. However, Li-mGPE-S has the highest
charge transfer resistance attributed to its slow reaction kinetics [103]. In the case of the Li—
liquid electrolyte—S cell, reaction intermediates can easily diffuse through the separator resulting
in fast reaction kinetics [104]. However, the unique morphology of the mGPE prevents migration

of the reaction intermediates and causes accumulation of these intermediates in the cathode area,
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which increases the polarization of the double layer and slows down the reduction rate of sulfur
during electrochemical reactions.

Cyclic voltammetry curves for the first few cycles of the Li-mGPE-S cell are shown in
Figure 4.9. A clear reduction peak is observed at ~1.7 V followed by a shoulder near 2 V due to
multistep electrochemical reactions of sulfur with Li* ions. The peak at ~2.5 V is assigned to the
oxidation reaction within the cell. As can be seen, a small shift in the oxidation peak is observed
in the fifth cycle, which is possibly due to the formation of a solid electrolyte interface (SEI) on

the electrodes.
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Figure 4.9. CV profiles for the Li-mGPE-S cell.
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The initial profiles of the galvanostatic charge—discharge test are shown in Figure 4.10.
All the cells show almost the same initial discharge capacity. However, the Li-mGPE-S cell has
a slightly smaller initial charge capacity, which is attributed to the slower kinetics of the
electrochemical reaction in the cell. An interesting point in this figure is the higher discharge
voltage of the Li—-cGPE-S and Li-mGPE-S cells compared to the Li—liquid electrolyte-S cell.
The sharp local minimum observed in the beginning of the discharge process is due to the
precipitation of polysulfides in the cathode, which reduces the concentration of the reaction
intermediates in the electrolyte and increases the discharge voltage [105]. Lack of such a local
minimum in the discharge process of the Li—liquid electrolyte-S cell indicates that polysulfides
can easily diffuse through the separator and their concentration would not reach the saturation
threshold. On the other hand, the diffusion of polysulfides through the membrane is suppressed
in the Li-mGPE-S and Li—cGPE-S cells. Therefore, their concentration can reach the saturation
threshold and increase the discharge voltage. Moreover, the relatively earlier appearance of the
sharp local minimum in the Li-mGPE-S cell shows the enhancement in blocking of the

intermediate polysulfides in the cathode area in the case of mGPE as compared to cGPE.

------ 1160

A (1120 4 S
4 - 1080 ]

4 H040-] | .
1000 3

1400 1500 1600

Voltage (mV)
S
3
|

— Li/liquid electrolyte/S
Li/cGPE/S
e |_i/mMGPE/S
T ' T v T ' T T
0 400 800 1200 1600

Capacity (mAh g”)

Figure 4.10. Initial charge—discharge profiles of the cells at 0.2 C rate.
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Figure 4.11 shows cycle life of these cells. The Li-liquid electrolyte-S cell exhibits a
discharge capacity of 1100 mAh g™ after 40 cycles. Then, poor cyclability leads to a low
capacity of 200 mAh g™ after 100 cycles, which is about 15% of the initial value. However, the
Li—cGPE-S cell capacity fading starts after the first few cycles. A capacity of about 400 mAh g™
was obtained after 100 cycles, which is about 30% of the initial value. The active mass lost due
to the dissolution of polysulfides into electrolyte solution and diffusion of these polysulfides
through the membrane (shuttle effect) is the main reason of such poor capacity retention in both
of the mentioned Li-S cells. In the case of the liquid electrolyte, it seems that the microporous
separator (average pore size = 0.064 mm) can prevent migration of the dissolved polysulfides in
the first 40 cycles. Afterwards, facile movement of these polysulfides through the separator and
their deposition on the lithium metal surface leads to sharp capacity fading. For the cGPE, the
electrolyte solution can be released from the membrane even in the first few cycles and the
generated polysulfides can pass through big pores of the membrane resulting in the capacity
fading. Since the polymer membrane is able to hold some of the electrolyte solution, the overall
polysulfide dissolution and active mass loss is less than that of the Li-S cell with liquid
electrolyte. In contrast, the Li-mGPE-S cell exhibits remarkably better capacity retention; a
discharge capacity of 1050 mAh g™ was obtained after 100 cycles, which is about 88% of the
initial value. Such an enhancement in capacity retention is due to the unique porous
configuration of the membrane, which holds the electrolyte solution and prevents dissolution of
polysulfides during cycling (Figure 4.11).

4.4 Conclusions

In conclusion, acceleration of polysulfide dissolution into the excessive liquid electrolyte
solution has been a limiting factor in developing polymer electrolytes for Li-S battery
applications. The proposed GPE was capable of retaining the electrolyte solution and preventing
polysulfide diffusion during cycling of the battery cell to improve the cycle performance of the
sulfur-based electrode material. This new Li—S battery configuration enabled a stable discharge
capacity of 1050 mAh g™ to be achieved after more than 100 cycles. To our knowledge, this is
the first work to fabricate a polymer electrolyte with a better performance over a long number of

cycles as compared to conventional liquid electrolytes used in Li—S batteries.
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Chapter 5

Synthesis of PVdF-HFP/functionalized PMMA/mesoporous silica
composite electrolyte for lithium/sulfur batteries®

5.1 Introduction

As discussed, gel polymer electrolytes composed of poly(vinylidenefluoride-co-
hexafluoropropylene) (PVdF-HFP) blended with functionalized-poly(methyl methacrylate)
(PMMA) significantly improved performance of the battery cell in terms of specific capacity and
cycle life. To further improve the battery performance, we synthesized mesoporous silica
particles and incorporated them in the above-mentioned polymer blend. The electrolyte system
comprised of a polymer matrix and mesoporous silica particles might evolve as an attractive
alternative to immobilize the liquid electrolyte solution physically within a polymer/mesoporous
silica structure. Furthermore, the mesoporous silica particles impart mechanical strength and
facilitate lithium ion transfer within the pores. More importantly, mesoporous silica particles,
which are inert to electrochemical reactions, can trap intermediate products within their porous

structure to prevent them from shuttling between electrodes [7].
5.2 Experimental
5.2.1 Material preparation

Mesoporous silica (MPS) particles were synthesized by a simple procedure, as shown in
Figure 5.1 [106]. A nonionic surfactant, Brij 56, was dissolved in a dilute HCI solution (pH =
1.5). Then, tetramethyl orthosilicate (TMOS) was added to the solution with mild stirring at
room temperature. After 20 min, the homogenous and transparent solution was poured into a
Teflon dish. After two days, a glassy monolith sample was obtained and dried at 40-100 °C in a
vacuum oven for 24 h to remove all the residual solvents. Finally, the surfactant was removed by

calcination in air atmosphere at 550 °C for 16 h.

® Data presented in this chapter was published in Ref.[117].
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A functional poly(methyl methacrylate) (f-PMMA) was synthesized by free radical
polymerization of methylmethacrylate (MMA) (0.1 mol) and
methacryloxypropyltrimethoxysilane (MPTMS) (10 mmol) in tetrahydofuran (THF) using AIBN
as the initiator following a procedure described in the previous chapter. MPS,
poly(vinylidenefluoride-co-hexafluoropropylene) (PVdF-HFP) and f-PMMA were dissolved in
acetone by mechanical stirring overnight. This step was followed by ultrasonication for 1 h to
form a homogenous solution at room temperature. Then, tert-butyl methyl ether was added and
mixture was agitated until the solution was homogenous. The resulting solution was poured onto
a clean petri dish. After evaporation of acetone and ether, the electrolyte membrane was further
dried at 65 °C in a vacuum oven for 24 h to remove any traces of the acetone and ether. The
polymer electrolyte was finally obtained by soaking the membrane in 1 M LiPFg dissolved in a
1:1 (v/v) mixture of ethylene carbonate (EC) and diethylene carbonate (DEC) for 30 min.

Hereafter, we refer to the composite polymer electrolyte using the acronym CPE.
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Figue 5.1. Schematic of the synthesis steps for mesoporous silica particles.
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A sulfur/polyacrylonitrile (S/PAN) composite was chosen to be used as the cathode
material. It has been reported that sulfur can either be distributed homogeneously in conductive
PAN or can bind to the PAN matrix chains during heat treatment. This should significantly
improve Li/S battery performance in terms of specific capacity and cyclability [62, 107-108].
However, the electrochemical properties of S/IPAN composite cathodes are highly dependent on
the preparation procedure. In order to obtain a good S/PAN cathode, a reaction between sulfur
and PAN is necessary during heat treatment. This can be classified in three different temperature

ranges:

1) Below 280 °C no reaction between S and PAN occurs. Sulfur remains in its elemental state
(agglomerated poly (sulfur)). As a result, very poor electrochemical performance is obtained
[109].

2) Between 280 and 450 °C, a reaction occurs between sulfur and PAN to form a composite that
contains amorphous sulfur (nano-sulfur) distributed within the conductive polymer matrix and
polymer chains with S-Sy (0 < x < 6) bonds on the sides [24,107]. This composite exhibits a high
initial capacity, which is reduced upon cycling due to lower electric conductivity of sulfur and

formation of lithium polysulfides that are soluble in liquid electrolyte (polysulfide shuttle) [62].

3) Above 450 °C, a complete reaction between sulfur and PAN occurs to form a disulfur side-
chain functioning in the electrochemical reactions. As a result, excellent cyclability but low

capacity are achieved [107].

In this study, the composite cathode was prepared by ball-milling a mixture of sulfur
(Sigma-Aldrich) and PAN (Sigma- Aldrich) in a weight ratio of 3:1. This process was followed
by heat treatment at 300 °C for 3 h in a tubular furnace filled with Ar gas. The amount of active
material in the heat-treated S/PAN composite was 42%. The final sulfur-based cathode material
was then prepared by mixing 80 wt% of S/PAN composite, 10 wt% acetylene black (99.5%
purity, MTI), and 10 wt% PVdF (Kynar, HSV900) dissolved in N-methyl-2-pyrrolidene (NMP)
(99.5% purity, Sigma-Aldrich). The sulfur mass loading of the electrode was about 2 mg cm.
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5.2.2 Characterization of the materials

The morphology of the samples was investigated by using field emission scanning
electron microscopy (FE-SEM) (Leo-1530, Zeiss). The samples were gold-sprayed prior to SEM
measurements. Nitrogen adsorption/desorption isotherms were measured at 77 K with a surface
area analyzer (ASAP 2020). Prior to the measurements, the samples were degassed at 300 °C for
at least 24 h. The Brunauer-Emmett-Teller (BET) method was used to calculate the specific
surface area. The Barrett-Joyner-Halenda (BJH) model was also used to calculate the pore size
and volume. The electrochemical properties were investigated using coin-type cells (CR2032)
with a lithium metal anode, a sulfur-based cathode and composite polymer electrolyte. A Li/S
battery cell with liquid electrolyte (a polypropylene separator (Celgard, USA) with 1 M LiPFg
dissolved in 1:1 (v/v) mixture of EC and DEC) was also prepared to be used as a control sample.
AC impedance spectroscopy was performed on the Li/S batteries cells with a VMP3 potentiostat
(BioLogic) over the frequency range from 0.1 Hz to 1 MHz at room temperature. The cycling
performance of the cells was investigated at room temperature on an Arbin BT2000 battery

testing system in galvanostatic mode with cut-off voltages of 1.0 V and 3.0 V.

5.3 Results and discussion

Figures 5.2(A) and (B) show the pore size distribution and the nitrogen
adsorption/desorption isotherm curves of the MPS particles. From the data, the following values
are obtained: a BET surface area of 804.15 m? g*, pore volume of 0.86 cm®g™ and pore size of
3.83 nm. The scanning electron microscopy (SEM) images of the MPS particles at two different
magnifications are shown in Figure 5.2(C) and (D). These images reveal that the synthesized
silica is composed of spherical particles with diameters of between 200 and 400 nm, with no
strict long-range order. Scanning electron microscopy images for the composite polymer
membrane are shown in Figure 5.3. The electrolyte membrane has a thickness of about 100 mm.
As can be seen, a porous membrane with small and uniformly distributed pores was obtained
which would improve the electrolyte solution retention and promote the stability of the GPE
morphology during cycling. Moreover, small and uniformly distributed pores might increase the

mechanical stability of the polymer electrolyte.
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Figure 5. 2. Characterization of the synthesized particles; (A) nitrogen adsorption/desorption isotherm,
(B) BJH pore size distribution graphs, (C) and (D) SEM images at low and high magnifications.
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Figure 5.3. SEM images of the surface and cross-section of the composite polymer electrolyte.

Figure 5.4 presents the Nyquist plots of these battery cells obtained from AC impedance
spectroscopy at the end of each cycle (i.e., end of the charge process) to characterize the effect of
aging. Both cells exhibit low bulk (ohmic) resistance indicating the ease of lithium ion
transportation within these cells. Furthermore, both fresh cells exhibit a high charge transfer
resistance, which remarkably decreases upon initial cycling. In the case of Li/ liquid electrolyte/S
cell, a stable charge transfer resistance is observed after the second cycle. However, the
Li/CPE/S cell shows higher charge transfer resistance compared to the other cell that consistently
increases upon cycling. This trend in charge transfer resistance of the Li/CPE/S cell is attributed
to its slow reaction kinetics. In this case, diffusion of the generated polysulfides through the
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electrolyte membrane is hindered, resulting in accumulation of these intermediate products in the

cathode area and slowing the electrochemical reactions during cycling [105].
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Figure 5. 4. Complex impedance plots for the first few cycles of (A) Li/liquid electrolyte/S and (B)
Li/CPE/S battery cells.

Figure 5.5 shows galvanostatic charge/discharge cycles for both Li/S cells. The Li/liquid
electrolyte/S exhibits an initial discharge capacity of 1610 mAh g™ and initial charge capacity of
about 1300 mAh g™ based on the weight of sulfur active material. The values for the Li/CPE/S
are 1648 mAh g™ and 1277 mAh g, respectively. Achieving such a high initial capacity values

indicate a nearly complete reaction between lithium and sulfur due to high ionic conductivity of
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both of the electrolytes used in these batteries, which supplies sufficient lithium ions for further
electrochemical reactions with sulfur and results in the improved capacity of the cell [60]. Figure
5.6 presents the variation of discharge capacity with cycle number for these battery cells. As can
be seen, the Li/liquid electrolyte/S cell exhibits a stable cyclability only up to 40 cycles. Then,
poor cyclability leads to a drop in capacity to about 400 mAh g* sulfur or 135 mAh g
composite after 100 cycles. The active mass loss due to the dissolution of polysulfides into
electrolyte solution and diffusion of these polysulfides through the separator (shuttle effect) is
the main reason for such poor capacity retention in the Li/liquid electrolyte/S cell [110]. In
contrast, the Li/CPE/S battery cell exhibits remarkably better capacity retention; a discharge
capacity of 1143 mAh g™ sulfur or 385 mAh g™ composite was obtained after 100 cycles.
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Figure 5.5. Charge/discharge curves of (A) Li/liquid electrolyte/S and (B) Li/CPE/S battery cells at 0.2 C.
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To understand the reason for the improved electrochemical performance of the Li/CPE/S
cell, the morphology of the two sides of the composite electrolyte after a few cycles was
investigated by SEM equipped with an energy-dispersive X-ray (EDX) spectroscopy. Measuring
the amount of sulfur deposited on the surface of either electrolyte or lithium metal can be
considered a powerful tool to determine active mass loss during cycling. After opening the cell,
we did not observe any electrolyte solution in the battery indicating the ability of the electrolyte
membrane to retain the solution during cycling. Also, no agglomerated phase on the lithium
metal surface was apparent. SEM images for the two sides of the composite electrolyte together
with the EDX signals and S mapping are shown in Figure 5.7. The content of S in Figure 5.7(A)
is 1.38 atomic %, while this value in Figure 5.7(B) is 0.03%.
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Figure 5.6. Discharge capacity versus cycles of the battery cells at 0.2 C rate.

It seems that physical immobilization of the liquid electrolyte solution within the
composite membrane containing mesoporous particles can promote electrolyte retention and
retard dissolution of polysulfides during cycling. Also, the migration of generated polysulfides
through the electrolyte membrane is effectively hindered to suppress the shuttle effect. The
combination of these effects leads to achieving such a high and stable capacity for the Li/S

battery cell after long cycling.
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Figure 5.7. SEM and EDX results for two sides of the composite electrolyte after 25 cycles. (A) The side
in contact with sulfur-based cathode, and (B) the side in contact with lithium metal. Scale bar = 100 mm,

(C) and (D) SEM images of fresh lithium metal, and lithium metal after cycling.
5.4 Conclusions

A novel composite polymer electrolyte based on a polymer matrix and mesoporous silica
particles was prepared and used in high performance Li/S batteries. Mesoporous silica particles
were synthesized by a simple procedure. The resultant composite electrolyte displayed
exceptional electrochemical properties of low ohmic resistance and relatively high charge
transfer resistance, indicating the ease of Li" ion transportation and suppression of polysulfide
shuttling between lithium anode and sulfur-based cathode. As a result, a high and stable

discharge capacity of 1143 mAh g™ was obtained after more than 100 cycles.
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Chapter 6

Fabrication and characterization of a fluorinated electrolyte for high-energy
and low-cost lithium-sulfur battery with a sulfur/hardwood charcoal
composite cathode material®

6.1 Introduction

As mentioned earlier, to overcome the drawbacks of Li/S batteries, a large number of
studies have focused on increasing the electronic conductivity of sulfur by encapsulating sulfur
molecules with conducting materials, such as porous carbon or conductive polymers, which
enables them to become electrically wired and electrochemically active. Conductive polymers
such as polyacrilonitrile (PAN) and polypyrrole (PPY) are usually used to prepare sulfur-
polymer composites. Although sulfur/polymer composites generally improve the cycling
performance of Li/S cells, a large amount of the conductive polymer should be mixed into the
cathode in all of these composites, resulting in low sulfur content of the electrode (<50 wt%). As
a result, the pursuit of this strategy seems to be more academic than practical. On the other hand,
a sulfur/carbon (S/C) composite potentially offers higher loading of sulfur. A few recent studies
have reported application of activated carbon with high porosity and surface area in preparing

sulfur composite cathodes.

In this part of this study, we aim to fabricate and characterize a feasible electrolyte choice
for a Li/S battery cell with a sulfur-activated hardwood charcoal composite cathode material.
Activated hardwood charcoal (AHC) is an odorless, tasteless and nontoxic powder derived from
chips and sawdust with a high surface area (1400-1800 m?/g), which can be used in poultices for
external treatment of localized inflammation, infection and pain. Moreover, AHC is completely
safe, even for oral use, allowing it to be added to animal food for treating poisons, infections and
foul odors. Owing to its high porosity, specific surface area and good electrical conductivity,
AHC may provide a unique scaffold to embed sulfur and improve the electronic conductivity of
sulfur active material. Utilization of AHC, an inexpensive and abundant source of carbon, can

significantly lower the final cost of the battery preparation.

* Data presented in this chapter was published in Ref. [118].
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First, we will fabricate and test the effect of utilization of a polymer electrolyte
membrane on the performance of this composite cathode material. As results will show, the
resultant Li/S battery demonstrates improved electrochemical performance in terms of discharge
capacity retention and cycle life as compared to its conventional counterparts.

In the second part of this chapter, a fluorinated liquid electrolyte will be employed in this
high-energy and low-cost Li/S cell and the electrochemical properties will be studied in detail.
Very recently, researchers have considered addition of a fluorinated solvent into the electrolyte
solution to suppress the dissolution of lithium polysulfide and prevent the shuttle effect [32,111].
The resulting Li/S battery showed improved cyclability and Coulombic efficiency only over a
very limited number of cycles, which was too small for any possible practical applications. In
order to be relevant, Li/S batteries have to demonstrate a cycle life as long as that of lithium-ion
batteries. In this study, we aim to utilize the same strategy in order to stabilize sulfur-activated
hardwood charcoal composite, a low-cost and environmentally benign cathode material, with a

prolonged cycle life.

6.2 Experimental
6.2.1 Materials preparation

An  activated hardwood  charcoal (AHC)  powder  purchased  from
buyactivatedcharcoal.com was pre-heated at 800 °C for 3 h. BET analysis confirmed the pore
volume and specific surface area of the AHC to be 1.12 cm®g™ and 1747.3 m? g, respectively.
A mixture of sulfur (100-mesh particle size powder, Sigma-Aldrich) and AHC powder in a
weight ratio of 10:4 was used to prepare the S-AHC composite by employing a solution
processing method [31]. First, sulfur powder was dissolved in dimethyl sulfoxide (DMSO) at
120 °C by vigorously stirring for 2 h. Then, the AHC powder was added to the solution and
dispersed by stirring for 4 h. This was followed by gradually cooling the mixture to room
temperature overnight as it was stirred. During cooling, the dissolved sulfur molecules
recrystallized in the highly porous structure of the AHC to form a sulfur—carbon composite.
Finally, the composite powder was washed with ethanol and milli-Q water several times and then

dried in a vacuum at 100 °C to evaporate ethanol, water and residual DMSO.
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The porous polymer membrane was prepared as follows. Poly(vinylidene fluoride) (PVdF) was
dissolved in acetone/dimethyl formamide (7:3, w/w) by ball milling at 380 rpm for 3 h, and was
left to settle for 5 min to remove air bubbles before casting. Then, the solution was cast by a
doctor blade on a glass mold and was kept at room temperature for 2 min for solvent evaporation
and then it was immersed in milli-Q water bath for 1 h for phase inversion to generate
micropores. The resulting membrane was vacuum dried at 80 °C overnight to remove water and

any remaining solvent trace.

6.2.2 Characterization of the materials

X-ray diffraction (XRD) patterns were obtained on a D8 Discover Bruker instrument
equipped with Cu-Ka radiation. SEM images were taken using a field emission scanning
electron microscopy (FE-SEM) (Leo-1530, Zeiss). The samples were gold-sprayed prior to SEM
measurements. The interior morphology of the samples was further studied using transmission
electron microscopy (TEM, CM10, Philips). The state of sulfur in the S—~AHC composite was
studied by UV—vis absorption spectroscopy (Ultrospec 4300 Pro) with 1 nm resolution on
powders dispersed in ethanol through ultrasonication for 3 h. Thermogravimetric analysis (TGA)
was carried out using a DSC-TGA (Q-600, TA instruments) at temperature ramp mode with a
heating rate of 10 °C min™at N, gas atmosphere. Nitrogen adsorption—desorption isotherms were
measured at 77 K with a Surface Area Analyzer (ASAP 2020). Prior to the measurements, the
samples were degassed at 300 C for at least 24 h. The Brunauer—-Emmett-Teller (BET) method
was used to calculate the specific surface area. The Barrett—Joyner—Halenda (BJH) model was
also used to calculate the pore size and volume.

6.2.3 Electrochemical characterization

The S-AHC cathode electrode was prepared by mixing of wt% S-AHC composite, 20
wt% acetylene black (AB, MTI, 99.5% purity) as conductive agent, 10 wt% polyvinylidene
fluoride (PVDF, Kynar, HSV900) as a binder and NMP (Sigma-Aldrich, >99.5% purity) as a
dispersant. The obtained slurry was then applied to an Al foil current collector and dried in a
drying oven at 70 °C for 12 h. The polymer electrolyte was obtained by soaking the porous
membrane in a liquid electrolyte, consisting of a 1M lithium bistrifluoromethane sulfonamide
(LITESI) (Aldrich, 99.95%) dissolved in in 1:1 v/v 1,2-dimethoxyethane (DME) and 1,3-
dioxolane (DOL). The electrochemical properties were investigated using coin-type cells
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(CR2032). Each cell was composed of a lithium metal anode, a sulfur-based composite cathode
and an electrolyte, either a polymer electrolyte or a liquid electrolyte (a polypropylene separator
(Celgard, USA) with 1 M LiTFSI dissolved ina 1 : 1 (v/v) mixture of DME/DOL). Hereafter, we
refer to the polymer electrolyte with the acronym PE. Also, we refer to the liquid electrolyte as
the acronym LE. A galvanostatic charge/discharge test was carried out within a voltage range of
1-3 V, at a discharge rate of 0.2 C (1C= 1672 mAh g™). Cyclic voltammetry measurements were
done at a scanning rate of 0.1 mV s™.

The electrochemical properties the Li/S cells with the fluorinated electrolyte were also
investigated using coin-type cells (CR2032). Each cell was composed of a lithium metal anode, a
sulfur-based composite cathode and an electrolyte consisting of a polypropylene separator
(Celgard, USA) with 1 M LIiTFSI dissolved in a 1 : 1 (v/v) mixture of 1,3-dioxolane (DOL)
andl,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE). 1 M LiTFSI dissolved ina 1 :
1 (v/v) mixture of DOL and 1,2-dimethoxyethane (DME) was used as reference electrolyte
solution. A galvanostatic charge/discharge test was carried out within a voltage range of 1.5-2.8
V at a discharge rate of either 0.1 C or 0.3 C (1 C = 1672 mAh g™). Cyclic voltammetry

measurements were done at a scanning rate of 0.05 mV s,

6.3 Results and discussion
6.3.1 Characterization of S-AHC composite cathode

The morphology of S-AHC composite was experimentally studied using XRD, DSC,
TGA, SEM, TEM and BET. Figure 6.1(top) shows the XRD spectra of pristine sulfur, AHC and
S-AHC composite. The pattern observed for pristine sulfur matches very well with the standard
of orthorhombic phase sulfur while the pattern of the S-AHC composite shows a broad
diffraction peak at ~25° and low intensity diffraction peaks of crystal sulfur, which could be an
indication recrystallization of sulfur into the internal pores or surface of AHC particles. Figure
6.1(bottom) shows the DSC curves for sulfur, AHC powder, and S-AHC composite. Pristine
sulfur shows two sharp endothermic peaks at 110 °C and 120 °C arising from the phase transition
and melting of the elemental sulfur. However, the S-AHC composite shows only one
endothermic peak with lower intensity at 115 °C attributed to the melting of nano-sized
elemental sulfur [31]. SEM and TEM images for AHC and S-AHC composite powders at two
magnifications are shown in Figures 6.2 and 6.3, respectively. These images show the high
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surface area and pore volume of the AHC powder. The as-prepared S-AHC composite
aggregates have a particle size of a few hundred nanometers. Moreover, BET results confirmed
that the specific surface area of AHC powder was reduced from 1747.3 to 541.17 m? g™ and
particle size increases from 3.43 to 11.08 nm when the S-AHC composite is formed. Results of
EDX mapping for both sulfur (S) and carbon (C) are also shown in Figure 6.2. These results
point out that sulfur is either embedded in the micropores of the AHC particles or deposited on
its surface and distributed uniformly within the composite. During the composite preparation
process, sulfur was dissolved and uniformly mixed with AHC matrix. Later in the cooling
process, sulfur re-crystallized and was homogenously distributed in the matrix. As a result, the
crystal size of sulfur was considerably reduced after this dissolution and re-crystallization

process, allowing the formation of a S-AHC composite containing small sulfur crystals.
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Figure 6.1. XRD patterns (top) and DSC curves (bottom) for elemental sulfur, activated hardwood
charcoal, and the S-AHC composite
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Figure 6.2. SEM images for (A,B) AHC powder, and (C,D) S-AHC nanocomposite powder at two
different magnifications. (C’, C””) show the S mapping and C mapping of the S-AHC nanocomposite.

Thermogravimetric analysis (TGA) was used to determine the sulfur content in the S-
AHC composite (Figure 6.4). Since sulfur is stable up to 220 °C, the rapid weight loss at 220-310
°C indicates a very rapid decomposition and fast migration of degradation products from the
remaining mass. However, the weight loss of the S-AHC composite occurs in the range of 220-
380 °C with a mass remaining of 35 wt%. Above 380°C, no further weight change was observed.
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This shows that S-AHC composite contains 65 wt% sulfur, which is higher than the previously
reported work [31]. This is due to the high surface area and porosity of activated hardwood

charcoal (AHC) that offers higher loading of sulfur compared to conventional carbon sources.

Figure 6.3. Bright field TEM image of (A, A”) AHC, and (B, B’) S-AHC composite at two
magnifications
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Figure 6.4. Thermogravimetric analysis graphs for sulfur, activated hardwood charcoal, and S-AHC
composite

UV-Vis spectroscopy was used to study the state of sulfur within the composite. Figure
6.5 shows the obtained spectra for pristine sulfur, AHC powder and S—~AHC composite. AHC
shows no absorption peak while pristine sulfur shows a broad absorption peak between 200-350
nm, which is attributed to the elemental sulfur. As can be seen, the S—AHC composite has a
similar absorption spectrum as S, indicating that no chemical reaction takes place between sulfur
and AHC under this synthesis condition and that sulfur inside the micropores or on the surface of

AHC powder remains in its elemental state.
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Figure 6.5. UV-vis spectra of sulfur, AHC, and S-AHC composite

As a comparison, Ketjenblack (KB, AkzoNobel, EC-600 JD), a commonly used porous
carbon with high specific surface area of 1400 m? g !, was used as a matrix to prepare a S-KB
composite according to the same solution processing method. The content of sulfur in S-KB
composites was determined by thermal gravimetric analysis (TGA) to be about 61 wt% (Figure
6.6) which is lower than that of S-AHC composite. Apparently, AHC powder can effectively
encapsulate higher amounts of sulfur in its micropores leading to a higher sulfur content of this
composite. Charge-discharge profiles and the cycling properties of the S-AHC and S-KB
electrodes are presented in Figure 6.7. From this figure, the S-AHC electrode delivers
considerably higher discharge capacity than S-KB. It seems that using AHC with high pore size

and specific surface area as a scaffold for sulfur is an effective approach to enhance the sulfur

active material utilization in the cell and achieve higher capacities.
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Figure 6.6. TGA curves for sulfur, Ketjenblack (KB), and S-KB composite
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Figure 6.7. (top) Charge—discharge profiles of the first cycle and (bottom) cycle life for S-AHC and S-KB
cathode composites at 0.2 C and 1.5-2.8 V voltage range.
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6.3.2 Electrochemical performance of the high-energy and low-cost Li/S battery with a
polymer electrolyte

A scanning electron microscopy image of the thin PVDF membrane is shown in Figure
6.8. The electrolyte membrane had a thickness of about 35 pum. Despite being this thin, the film
membrane exhibited reasonably good tensile strength and mechanical stability for handling
preparation of the battery cell. As the SEM image shows, a highly porous membrane with very
small pore size (a few hundred nanometers) was obtained, which would immobilize the liquid
electrolyte solution in contact with the sulfur cathode during electrochemical reactions of the

battery cell.

Figure 6.8. SEM image for the porous PVDF-based electrolyte membrane

AC impedance spectroscopy was performed on the Li/S-AHC cell with a potentiostat
(VMP3, BiolLogic) over the frequency range from 0.1 Hz to 0.1 MHz at room temperature to
yield the results shown in Figure 6.9. As expected, the control battery cell has a lower ohmic
resistance indicating easier lithium ion conduction in this cell. Interestingly, the modified cell has
higher charge transfer resistance (Rc;) attributed to the slow reaction kinetics within this cell. In
this case, dissolution and diffusion of the generated intermediate polysulfides into the electrolyte
are hindered, resulting in accumulation of these intermediate products in the cathode area and
slowing the electrochemical reactions between the electrodes during cycling. The slower reaction
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kinetics of the modified Li/S battery cell is further proved in the cyclic voltammograms (Figure
6.10). Smaller reduction and oxidation peaks are observed in the Li/PE/S compared to the control

Li/S cell is an indication of slower reaction kinetics in this cell.
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Figure 6.9. AC impedance spectroscopy for both cells at room temperature

Figure 6.11 shows the galvanostatic charge-discharge profiles of the first cycle for both
Li/S cells. In these profiles, two discharge plateaus are observed (at 2.4 and 2.1V) matching well
with the two reduction peaks in the CV curves in Figure 6.10. These plateaus are attributed to the
reduction of elemental sulfur to produce high-order lithium polysulfides followed by their further
reduction to form Li,S [112,113]. Both cells deliver a similar initial discharge capacity of about
1060 mAh g*. However, the modified battery cell has an initial charge capacity of 1088 mAh g™
compared to the 1234 mAh g™ for the control cell. As can be seen, the control battery cell has an
obviously longer charge plateau cell (Figure 6.11). This difference is mainly due to the high
solubility of the lithium polysulfides produced during the first discharge into the liquid
electrolyte solution. These soluble species diffuse to the lithium metal anode during the charge
process, allowing their direct reaction with lithium metal anode and a longer charge process of
the battery cell.
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Figure 6.11. Charge—discharge profiles for both cells at 0.2 C and 1-3 V voltage range

Figure 6.12 presents the variation of discharge capacity and Coulombic efficiency with
cycle number for these cells. For the control cell, discharge capacity decreases rapidly upon
cycling. Such a poor cyclability and low Coulombic efficiency are attributed to the presence of
the shuttle phenomenon of soluble lithium polysulfides during the charge and discharge
processes within this cell, which reduces the discharge capacity and increases the charging
capacity of Li/S batteries [114]. In contrast, the modified cell shows improved cyclability and
higher Coulombic efficiency, delivering capacity of about 400mAh g“and maintaining a
Coulombic efficiency of 90% after 250 cycles. However, it should be pointed out that in spite of
the improved Coulombic efficiency and cyclability due to the suppressed shuttling of
polysulfide, the delivered discharge capacities are lower than the previous report [31]. This can
be attributed to the lower ionic conductivity of gel polymer electrolytes, as compared to liquid
electrolytes, which supplies less lithium ions for the electrochemical reactions with sulfur and

results in the lower capacity of the cell [115].
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Figure 6.12. Cycle life for both cells at 0.2 C and 1-3 V voltage range

To understand the reason for the improved electrochemical performance of the modified
Li/S cell, morphology of the electrolyte membrane and lithium metal anode before and after a
few cycles was investigated by SEM. After opening the cell, we did not observe any electrolyte
solution in the battery indicating the ability of the electrolyte membrane to retain the solution
during cycling. Also, no evidence of an agglomeration phase on the lithium metal surface. The
obtained SEM images are shown in Figure 6.13. It seems that physical immobilization of the
liquid electrolyte solution within the electrolyte membrane can promote the electrolyte retention
and retard dissolution of polysulfides during cycling. Also, the migration of generated
polysulfides through the electrolyte membrane is effectively hindered to suppress the shuttle

phenomenon.

76



Figure 6.13. SEM images of (A, A’) lithium metal and (B, B’) polymer electrolyte membrane, before and

after 25 cycles. Scale bar =1 nm.

6.3.3 Electrochemical performance of the high-energy and low-cost Li/S battery with a
fluorinated electrolyte

Figure 6.14 shows the variation of capacity and Coulombic efficiency with cycle number
for this Li/S battery cell. An initial discharge capacity of 1260 mAh g (based on the sulfur mass
in the composite cathode) is obtained. A stable discharge capacity of 800 mAh g™ and a
Coulombic efficiency of 97% are obtained after 100 cycles at 0.1 C, indicating very good
cyclability of this battery cell. To compare the improvement in the electrochemical performance,
a Li-S cell with the conventional electrolyte solution (1 M LiTFSI in DOL/DME) was also tested
under the same testing condition to be used as a reference. Capacity retention and cycling
efficiency versus cycles for these two Li/S cells are shown in Figures 6.15 and 6.16. The Li/S
cell using the reference electrolyte solution shows low Coulombic efficiency and its capacity
decreases rapidly over cycling. A discharge capacity of 230 mAh g™ and Coulombic efficiency
of 80% are obtained after 300 cycles. Such a poor cyclability and low efficiency are attributed to
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the dissolution of lithium polysulfide intermediates into the electrolyte resulting in a severe
active mass loss and shuttle reactions of these soluble species during the charge and discharge
processes. In contrast, the Li/S cell with the new electrolyte solution shows significantly
improved cyclability and higher Coulombic efficiency, delivering a capacity of about 600 mAh

g and maintaining a Coulombic efficiency of 97% after 300 cycles.

1600 TS B B T T B | P B B S B B FES S B 120
1400
1 R A a al M Y L
1200 § e
4
= 1000 \-\.:-.,“ il
. 1 . ®o0s :
-g) 229, «"-:m' w,s:m:rs N L é
< ':m:m %, ‘O
£ 800 Y 0082088220202, l560; 72
: | “Bggeotannn, %
&= Q
S 600- S|
o 40 £
0 | o
© 4004 2
—— Charge capacity L 20 O
200 4 —— Discharge capacity
—s— Coulombic efficiency
0 LI L B (SR R LTI (L { NNEL T O FL TR 0

0 10 20 30 40 50 60 70 80 90 100
Cycles

Figure 6.14. Cyclic performance and Coulombic efficiency of the Li-S cell with the fluorinated electrolyte
ata 0.1 C rate and 1.5-2.8 V voltage range.
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2.8 V voltage range.
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Figure 6.16 Comparison of Coulombic efficiency of two Li-S cells with different electrolytes at 0.3 C rate
and 1.5 - 2.8 V voltage range.

Cyclic voltammetry (CV) measurements were used to identify the electrochemical
properties of both cells, and the results are presented in Figure 6.17. For the cell with the
reference electrolyte, typical characteristics of multistep electrochemical reactions between
sulfur and lithium ions are observed by two oxidation peaks at 2.3 and 2.05 V, together with
corresponding reduction peak at 2.35 V. On the other hand, the cell with the fluorinated
electrolyte exhibited a relatively different trend, as the two oxidation peaks are located at 2.25
and 1.8 V. Moreover, the reduction peak is located at above 2.4 V, and a small shoulder is
observed at a voltage slightly below 2.4 V. These shifts in the oxidation peaks toward lower
potential and in the reduction peak toward higher potential in the cell with the fluorinated
electrolyte indicates lower ionic conductivity arising from lower concentration of dissolved
polysulfides in this electrolyte. Another noticeable difference in the CV graphs is the lower
altitude of the reduction and oxidation peaks in the cell with the fluorinated electrolyte compared
to the reference electrolyte, which is an indication of slow reaction kinetics in this cell, most

probably because of lower concentrations of polysulfides.
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Figure 6.17. Cyclic voltammetry of both Li-S cells at a scanning rate of 0.05 mV s™.

Galvanostatic intermittent titration technique (GITT) experiments were also conducted
with a BioLogic electrochemical instrument to further study the electrochemical reactions as a
function of depth of discharge. The cells were discharged at a slow current rate of 0.05 C (83.6
mA g in the voltage range of 2.5- 1.5 V. Then, AC impedance spectroscopy was performed at
each point with different depth of discharge (DOD). The impedance spectra were collected at

room temperature with amplitude of 10 mV in the frequency range of 1 MHz to 100 mHz. As
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shown in Figure 6.18, a notable difference in the impedance spectroscopy versus DOD of these
cells was observed. Although both cells show almost the same ionic and charge transfer
resistance values at the beginning of the discharge, the ionic resistance of the cell with the
conventional electrolyte decreases as discharge process proceeds, which is directly related to the
increase in the concentration of dissolved lithium polysulfides in the electrolyte. At points 2 and
3 of DOD, concentration of dissolved polysulfides reaches its highest value [113] and at the end
of discharge (points 4-8 in DOD) concentration of these dissolved species begins to decrease.
This trend in the ionic resistance is in good agreement with the minimum ionic conductivity
theory as a function of concentration [113]. The impedance spectra also shows that the charge
transfer resistance decreases between points 2 and 3 of DOD, due to the fast reaction kinetic of
high-order polysulfides [113] and increases again at the end of discharge due to slow kinetics of
low-order polysulfides. Furthermore, the deformation of impedance spectra at points 4-7 of DOD
indicates the non-uniform precipitation of low-order polysulfides across the cathode [113-114],

which might be one of the reasons to the fast fade in cyclability of this cell.
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Figure 6.18. GITT and AC impedance spectroscopy results obtained at the first discharge process for the
Li-S cell with two different liquid electrolytes. 1 M LiTFSI in DOL/DME (1:1) (top), and 1 M LiTFSI in
DOL/TTE (bottom).

The voltage profile for the cell with the fluorinated electrolyte does not completely
follow the typical two-plateau profile commonly observed for sulfur-carbon composite cathodes.
The first and second plateaus are shorter than those of the reference cell. However, the ratio of
second plateau to first one is almost identical for both cells. For this cell, the first voltage plateau
is ascribed to the reduction of elemental and high-order polysulfides. But due to the low
concentration of elemental sulfur and high-order polysulfides, the potential drops more quickly
to the plateau, which is related to the reduction of low-order polysulfides. The third observed
plateau might be related to a solid phase reduction [115] or a liquid phase one at low voltages
due to the very slow dissolution of active material and very low concentration of dissolved

polysulfides.
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Interestingly, the cell with the fluorinated electrolyte shows a relatively small increase in its ionic
resistance during the discharge process, which is consistent with less dissolution of lithium
polysulfides into this liquid electrolyte. This phenomenon is also reflected by the larger shift in
the second reduction peak in the CV of this cell. The voltage profile also points out that the fast
kinetics of high-order polysulfides reduce the charge transfer resistance at point 2 of DOD, while
the coexistence of two phases of active material (high-order polysulfides and low-order ones)
and discontinuous phase of high volume fraction of elemental sulfur produces a second
semicircle in impedance spectra. The points 3-5 in DOD of the new cell can be compared to the
points 4-7 of DOD in the reference cell, as the charge transfer resistivity increases. However, the
impedance spectra do not show any deformation. This is because of the small relaxation time of
these small precipitated particles [114] that cannot be seen in this frequency range. One
important note is that although cell voltage plateau and impedance spectra of these two cells are
quite different, the delivered capacity is almost identical.

Changes in the morphology of S-AHC cathode electrode in the Li/S cell with the
fluorinated electrolyte after the first cycle were studied through scanning electron microscopy.
Figure 6.19 (A) shows the SEM image of the pristine S-AHC electrode. At the end of the first
discharge process, large flakes of crystal-like discharge products (Li.S, and/or Li,S) are
deposited on the surface of the cathode electrode (Figure 6.19 (B)). However, after the first
charge process, all of the deposited discharge products disappear and the charged electrode
shows morphology similar to the pristine cathode (Figure 6.19 (C)), which indicates the full
reversibility of electrochemical reaction occurring in this Li-S cell. This was further proved by
analysing the surface of the electrode by energy-dispersive X-ray spectroscopy (EDX), in which
the pristine electrode and fully charged one show similar EDX spectra (Figure 6.19 (A’, C’).

These results indicate that dissolution of lithium polysulfides into the fluorinated liquid
electrolyte is prevented; hence active mass loss and parasitic side reactions are eliminated to

improve the cyclability and Coulombic efficiency of the Li/S cell.
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Figure 6.19. SEM images and EDX spectra of pristine S-AHC electrode (A, A’), discharged S-AHC
electrode (B, B’), and charged S-AHC electrode (C, C°).

6.4 Conclusions

A low-cost, high-energy sulfur-based composite cathode was prepared by mixing sulfur
with activated hardwood charcoal through a simple solution processing method. The effect of
two different electrolyte systems on the electrochemical performance of this cathode electrode
was studied in detail. First, a polymer electrolyte was fabricated and utilized in this cell. The
resultant Li/S battery delivered a high initial discharge capacity of 1060 mAh g™ at 0.2C and
exhibited improved cycling characteristics; discharge capacity of 400 mAh g™ and Coulombic
efficiency of 90% were obtained after 250 cycles. Second, a fluorinated liquid electrolyte was
employed and the obtained Li/S cell delivered a high initial discharge capacity of 1260 mAh g™
and exhibited discharge capacity of 800 mAh g’ after 100 cycles at 0.1 C. We further
demonstrated the improved cycling performance of this battery cell by comparing the obtained
results with a reference liquid electrolyte commonly used in Li/S batteries. This new Li/S cell
maintained stable discharge capacity of 600 mAh g™ and Coulombic efficiency of 97% after 300

cycles at 0.3 C, while the reference cell delivered discharged capacity of 230 mAh g™ with an
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efficiency of 80%. Considering the improved cycling performance of the Li/S cell demonstrated
in this work, this battery system seems to be a promising candidate for high-energy and low-cost

energy storage systems.
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Chapter 7

Conclusions and perspective towards future work

Environmental concerns associated with fossil fuels have triggered a search for
alternative, clean and renewable energy sources. Attributed to their high energy density,
rechargeable lithium ion batteries are among the most promising candidates of energy storage
systems. Lithium ion batteries are the dominant power source for portable electronic devices,
such as cell phones and laptops. However, for applications in hybrid or electric vehicles,
significant improvements in energy density are still required. Among all lithium batteries, the
lithium/sulfur cell has theoretical specific capacity of 1672 mAh g~' and specific energy of 2600
Wh kg™ when the complete reaction of sulfur and lithium is supposed. Sulfur is also cheap,
abundant, and environmentally benign. However, it has been difficult to develop a practical Li/S
battery due to the problems of low electrical conductivity of sulfur, active mass shuttling loss,
and dissolution of polysulfides into liquid electrolyte. These drawbacks result in poor cycle life,
low specific capacity, and low energy efficiency, thus severely limiting the overall application of
Li/S batteries.

In recent years, extensive research has been carried out to develop Li/S batteries.
However, most of the attentions have been focused on the optimization of sulfur cathode
electrode neglecting the critical effect of the electrolyte. From the electrolyte perspective, besides
deteriorating battery performance due to dissolving polysulfides, the use of liquid electrolytes
raises some safety concerns since they are flammable and prone to leakage. Therefore,

developing a feasible electrolyte alternative for Li/S batteries has been the center of this thesis.

Replacing liquid electrolytes with a gel polymer electrolyte provides advantages in
simplified and flexible design and fabrication of Li/S batteries. Gel polymer electrolytes,
consisting of solid matrices that provide mechanical strength, and embedded liquid electrolytes,
can effectively reduce leakage of liquid electrolytes, while maintaining high lithium ion
conduction. Therefore, in the first part of this thesis, different approaches for the preparation of
gel polymer electrolytes were studied. PVDF-HFP was chosen as the matrix of polymer

electrolyte membrane, and a few different methods were employed to modify the morphology of
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the matrix in order to obtain a highly porous electrolyte membrane with small and uniformly
distributed pores that possesses high absorption ability towards liquid electrolytes. The polymer
membrane with absorbed liquid electrolyte presented a self-standing film with good mechanical
properties and ionic conductivity values as high as 5 mS cm™ at room temperature and

electrochemical stability of up to 4.8V vs. Li*/Li.

Sulfur/conductive polymer (S/PAN) composites were used as active cathode materials
and were prepared via mechanical mixing and thermal treatment. The Li/S cell with PVdF-
HFP/OMMT nanocomposite electrolyte delivered initial capacity of 1622 mAh g~' and
maintained a capacity of 500 mAh g~' after 300 cycles. When the PVdF-HFP/functionalized
PMMA electrolyte was used, the Li/S battery had an initial discharge capacity of 1600 mAh g™
and a stable capacity of 1050 mAh g™ after more than 100 cycles. Furthermore, utilization of
PVdF-HFP/functionalized PMMA/mesoporous silica composite electrolyte resulted in an initial
discharge capacity of 1648 mAh g™ and a stable discharge capacity of 1143 mAh g™ after more
than 100 cycles.

In further studies, a high-energy and low-cost sulfur/hardwood charcoal composite
cathode material was fabricated by a simple solution-based processing method. Results showed
that gel polymer electrolytes cannot effectively prevent polysulfide dissolution and performance
fading in this Li/S cell. However, when a fluorinated liquid electrolyte containing 1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether was employed, a significant improvement in the
electrochemical performance of the Li/S cell was achieved. An initial discharge capacity of 1260
mAh g~' (based on the sulfur mass in the composite cathode) is obtained. A stable discharge
capacity of 800 mAh g’ and a Coulombic efficiency of 97% are obtained after 100 cycles at 0.1
C. Moreover, this new Li/S cell maintained stable discharge capacity of 600 mAh g™ and
Coulombic efficiency of 97% after 300 cycles at 0.3 C, while the reference cell delivered

discharged capacity of 230 mAh g™ with an efficiency of 80%.

Although it is still necessary to further explore the effect of different electrolyte
alternatives and electrolyte additives on the electrochemical properties of Li/S batteries, it is also
vital to do research on the two other components of the Li/S battery, i.e. lithium metal anode and
cathode, as well. For the cathode electrode, sulfur loading has to be increased considerably in

order to improve the overall specific energy of the battery cell while maintaining good cycle life
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and active material utilization. Such a high cell specific energy can be obtained only at elevated
sulfur loadings (above 70%). If we want to explore the full potential of Li-S batteries, it is also
necessary to find a proper anode material which has a comparable capacity and low plateau
potential. A lithium metal-free anode should be developed to address all of the safety concerns

and low cycling efficiency of the lithium metal anode.

In summary, many issues still remain unsolved in the way of practical development of

Li/S batteries and intensive research efforts are needed to address them.
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