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ABSTRACT

Bell, Michaela Elaine. M.S.M.E., Purdue University, May 2018. Novel Organosulfur
Cathode Materials for Advanced Lithium Batteries. Major Professor: Yongzhu Fu.

Recent innovations in portable electronics, electric vehicles and power generation

by wind and solar have expanded the need for efficient battery storage. Lithium-ion

batteries have been the frontline contender of battery storage yet are not able to

match current demands. Alternatively, lithium-sulfur batteries are a promising tech-

nology to match the consumer demands. Elemental sulfur cathodes incur a variety

of problems during cycling including the dissolution of intermediate lithium polysul-

fides, an undesirable volume change (∼ 80%) when completely reduced and a high

dependence on liquid electrolyte, which quickly degrades the cell’s available energy

density. Due to these problems, the high theoretical capacity and energy density of

lithium sulfur cells are unattainable. In this work, A new class of phenyl polysul-

fides, C6H5SxC6H5(4 ≤ x ≤ 6), are developed as liquid sulfur containing cathode

materials. This technology was taken a step further to fulfill and emerging need

for flexible electronics in technology. Phenyl tetrasulfide (C6H5S4C6H5) was poly-

merized to form a high energy density battery with acute mobility. Lithium half-cell

testing shows that phenyl hexasulfide (C6H5S6C6H5) can provide a specific capacity of

650mAhg−1 and capacity retention of 80% through 500 cycles at 1C rate along with

superlative performance up to 10C. Furthermore, 1, 302W hkg−1 and 1, 720W hL−1

are achievable at a low electrolyte/active material ratio. Electrochemical testing of

polymer phenyl tetrasulfide reveals high specific capacities of 634mAhg−1 at 1C,

while reaching 600mAhg−1 upon mechanical strain testing. This work introduces

novel cathode materials for lithium-sulfur batteries and provides a new direction for

the development of alternative high-capacity flexible cathode materials.
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1. INTRODUCTION

Fossil fuels have driven the progress of the industrial revolution since its conception.

It accounts for 86% of global energy use, with the remaining 14% attributed to re-

newable energy sources. [1] Wind and solar energy developments are becoming more

widespread as stand-alone alternatives to energy generation. Inevitable fluctuations

in energy output from natural sources has disrupted the stability of the grid. A clever

energy storage solution is key to the longevity of renewable resources. The finite reser-

voirs of oil, gas and coal in addition to the increasing demands of digitalization has

exposed how essential renewable energy is to the future of our society. Modern cul-

ture demands batteries with sufficient capacity requirements for portable electronics

with high cyclability and with power delivery sufficient for electric vehicles that reach

hundreds of miles in range per charge. Since their commercialization by Sony in 1991,

lithium-ion batteries have been the front line contenders of renewable energy storage

for today’s power applications. In this chapter, we will examine the components of a

traditional lithium-ion battery along with their limitations and introduce an alternate

solution in lithium-sulfur batteries.

1.1 Traditional Lithium-Ion Batteries

The chemical mechanism of a typical lithium-ion battery relies on the technique

of intercalation, which is strongly dependent on the electrode’s physical structure.

Cathode and anode materials in traditional cells are designed so that they can house

the volume of lithium ions with little to no change in their physical structure. Parallel

oxidation and reduction reactions are the driving chemical forces behind the mecha-

nism of lithium-ion batteries. A common lithium-ion cell has one electrode composed

of lithium metal oxide while the opposite electrode is graphite.
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Charging the cell results in the lithium containing electrode undergoing oxidation

and releasing lithium ions to travel through the electrolyte and find lodging in the

layered structure of graphite. At the same time, electrons from oxidation travel

through an external circuit to serve the load. During discharge, the lithium ions

migrate back through the electrolyte to their original position as the cathodic ion in

lithium metal oxide.

Lithium-ion batteries based on this technique have played a crucial role in enabling

widespread portable electronics. Intercalation batteries, however, are quickly reaching

their limits in specific capacity, with maximum values between 140 − 200mAhg−1,

and energy densities within 500−600W hkg−1. [2] The limits of energy density are not

enough to support storage on MWh or GWh scale and as a result, new electrochemical

mechanisms are being researched to gratify current demands.

1.2 Lithium Metal Anode

A practical idea to overcome the limits of traditional lithium-ion batteries is to

utilize the maximum capability of lithium. Lithium the most electronegative metal on

the periodic table. Due its extreme electronegativity (-3.04V vs. standard hydrogen

electrode), lithium metal offers a high potential difference and in turn, specific ca-

pacity, reaching heights of 3860mAhg−1. The promise of a large potential difference

declares lithium an anode material and the primary ion donor in an electrochemical

cell. Researchers often use lithium metal as the negative electrode to test various

cathode materials; a process called half cell testing.

There are two primary problems associated with lithium metal as the anode. The

first is the build up of fractal deposits including needle-like, snowflake-like, tree-like,

bush-like, moss-like and whisker-like structure referred to as dendrites upon charg-

ing/discharging the battery over many cycles. [3] Dendrites are a safety hazard in

an electrochemical cell because, their build up can reach past the separator, to the

cathode, and lead to an internal short circuit. A second major hurtle with lithium
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anodes is that lithium ions reacts instantly with most organic electrolytes to form a

solid electrolyte interphase (SEI) on the lithium metal. This SEI layer is ionically

conductive but electrically insulating, suggesting that theoretically the SEI layer can

aid in the mobility of lithium ions while limiting lithium metal’s reactivity. Alas,

while undergoing cycling the SEI layer becomes susceptible to mechanical failure and

the lithium reactivity suppression is negligible. This often results in lithium metal

anode’s having cycling problems and poor Coloumbic efficiency retention. [4] Previ-

ous reports have determined the solution to passivate lithium and to create a stable

SEI layer, is to add lithium salts to the electrolyte solution. Lithium salts tend to

aid in the reduction process while protecting the SEI layer from failure. [5], [6], [7]

However, the introduction of additional salt ions threatens an increase in parasitic re-

actions. Another tactic often used is to add excess electrolyte to the cell to boost the

Coloumbic efficiency which reduces energy density. Although, batteries with lithium

metal electrodes often have cycling problems, they still yield the best results when

researchers are investigating cathode materials with high capacity. Currently, two ma-

jor types of cathode materials are being tested with a lithium anode, namely, gaseous

oxygen batteries and solid state sulfur batteries, with theoretical capacities reaching

1, 200 and 1, 675mAhg−1, respectively. [8] This work reaches for high capacity and

high energy density batteries by examining sulfur cathode materials.

1.3 Lithium-Sulfur Batteries

Lithium-sulfur batteries are an exceptional candidate to bring next level lithium

based batteries to the horizon. A lithium-sulfur cell has three main components: a

lithium anode, a carefully selected electrolyte and a sulfur based cathode. Like carbon,

sulfur trends towards catenation, its most stable allotrope at room temperature is in

the form of an octagon shaped ring (α-cyclo octasulfur). The mechanism of a lithium

- sulfur battery is demonstrated in the following image.
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Fig. 1.1. Schematic of a Typical Lithium-Sulfur Battery

The lithium-sulfur cell’s electrochemical mechanism begins with discharge. Dur-

ing discharge, oxidation occurs at the negative electrode, releasing lithium ions and

electrons from the anode. The lithium ions move internally through the electrolyte

while the electrons are transferred through an external circuit, producing electric cur-

rent to feed the load. Sulfur is reduced on the cathodic electrode by accepting lithium

ions to produce lithium sulfide, Li2S. [9] The overall redox reaction is:

2Li+ S → Li2S

Due to it’s two unpaired valence electrons, sulfur accepts twice the number of

lithium ions compared to transition metals, which can accept only a fraction of

charge. Upon reduction, solid α-sulfur is dissolved and disassembled according to

the sequence, S8 → S2−
8 → S2−

6 → S2−
4 → S2−

2 → S2− which generates a series of

intermediate lithium polysulfides Li2Sx (2 ≤ x ≤ 8). [10] Eight sulfur atoms corre-

spond to the equivalent of 16 lithium ions and electrons transferred in the reaction,

which is the exact reason for such a high calculation of capacity. The advantage of a
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lithium-sulfur cell is the high practical energy density, calculated from the capacity

of the total lithium-sulfur cell and the average nominal voltage of 2.1 V. The exact

calculations of theoretical capacity in a sulfur cathode is 1, 675mAhg−1 and the ex-

pected specific energy delivered by a lithium based sulfur battery is 2, 600W hkg−1.

It seems that elemental sulfur is an incomparable candidate as a cathode material;

however, it becomes apparent that the intermediate polysulfide species formed in the

reduction process causes side reactions with the electrolyte and lithium anode while

causing physical deformation to the cathode side of the cell.

1.3.1 Electrolyte Material

As the reduction of sulfur proceeds, higher order lithium polysulfides (Li2S6 and

Li2S8) are formed, which cannot be fully reduced in common electrolytes; such as

esters, carbonates or phosphates. Instead, suitable electrolyte choices for lithium-

sulfur batteries are limited to the linear or cyclic ethers, such as 1,2-dimethoxyethane

(DME) and 1,3-dioxolane (DOL), respectively. The inclusion of DME offers the ben-

efits of high polysulfide solubility and quicker kinetic reactions but DME does not

inhibit reactions with the lithium metal. On the other hand, DOL experiences low

solubility and reacts slowly. There is a huge benefit that the SEI layer is significantly

more stable when DOL is in the mix. [11] The solution is combination of DME and

DOL that can sufficiently reduce the sulfur species and also protect the anode from

degradation. The intermediate polysulfides causes troublesome reactions in the cell

but without their formation, the reduction of sulfur exists only in solid phase (Li2S,

Li2S2, and Li2S4,) so the reaction can only occur on the cathode/electrolyte inter-

face which means the depth of active material is not completely utilized and violent

surface reactions lead to physical deformation of the electrode. Lithium salt additives

are included in the electrolyte to passivate the lithium metal and impart stability to

the SEI layer. Conventional lithium salts such as LiPF6,LiBF4, lithium bisoxalatob-

orate (LiBOB) and lithium diflouro(oxalo)borate (LiBF2C2O4) are not reasonable
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because of parasitic side reactions. In addition, these salts cannot be used in solution

with DOL’s cyclic structure as they will encourage the ring opening and additional

chain reactions. [12] Bis(triflouromethane) sulfonimide (LiTFSI) and LiNO3 lithium

salts are of interest because of their low reported rate of lithium metal degradation,

thermal and hydrolytic stability. [13] The most effective electrolyte of lithium-sulfur

cells is a combination solvent of DME/DOL/LiTFSI with LiNO3 additives.

The cycling performance of a lithium-sulfur cell is highly dependent on the con-

centration of polysulfides in the cell. An excess of polysulfides leads to the increased

production of lower order solid lithium polysulfides that become inactive and deposit

out of the electrolyte or become embedded in the structure of the separator. The ratio

of electrolyte to sulfur (E/S) is used to measure the impact of polysulfide concentra-

tion. It is common to add an excess of electrolyte to achieve high cell performance

over long term cycling, however, excess electrolyte can lead to the depletion of active

material, which reduces the overall energy density of the cell. Finding the optimal

balance of electrolyte to active sulfur material is a step towards batteries with high

energy density and long cycle life. The optimal E/S value has been determined by

reducing E/S ratios until a voltage delay appears at first discharge. This scrutiny

concluded that for a lithium-sulfur battery to successfully surpass 100 efficient cycles,

the E/S ratio must be ≥ 10µLmg−1. [14]

1.3.2 Cathode Material

Elemental sulfur and its constituent polysulfides are fundamentally insulating ma-

terials so a conductive material has to be added to complete the cathode. The common

method to induced conductivity is to add a carbon containing substance along with

the sulfur cathode. During reduction, the sulfur species undergoes a detrimental in-

crease in volume of approximately ∼80%. [12] which means that the carbon matrix

has to withstand a large mechanical shock. Therefore, the conductive carbon matrix

must be sufficiently porous, leading to a decreased energy density. The primary cause
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for failure in a lithium-sulfur cell is contributed to the shuttling mechanism, where the

insoluble lithium polysulfides escape from the cathode and are lost in the electrolyte.

The addition of a binder reduces the polysulfide side reactions and improves the cy-

clability of the cell. A binders main purpose is to facilitate lithium ion transfer while

restricting the poylsulfide escape by anion metatheis. [15] Research efforts focus on

optimizing the crystalline structure of carbon materials by tuning pore size to easily

fit the discharge products. [16]

1.3.3 Anode Material

The lithium-sulfur batteries discussed in this document, use lithium metal as the

anode material to maximize energy density and to test pioneering cathode materials.

A stable SEI layer is chemically formed to limit the reactivity of lithium metal and

prevent mechanical strain on the material. Dendrite formation in lithium-sulfur cells

is less severe than lithium ion batteries because of the internal polysulides which react

to reduce surface growth on the lithium anode. Although, the the polysulfide impart

some stability to the anode, their reactions with lithium are the ultimate reason for

unmatched theoretical capacity of sulfur cathodes.

1.4 Project Overview

Novel organosulfur materials are synthesized in this report, which solve three of

the major problems with lithium-sulfur batteries. The troublesome higher order poly-

sulfides are completely omitted in the design of this material. The series of materials

engineered in this study minimizes the shuttle mechanism and as a result, the active

material loss. The best ratio of electrolyte to active material will be analyzed to

achieve the batteries performance under high loading conditions. Finally, the mea-

sured volume change of the novel cathode material is massively reduced compared to

the traditional sulfur cathode. The material introduced in the future chapters reveals

options to achieve high energy density lithium-sulfur batteries.
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2. METHODS OF MATERIAL CHARACTERIZATION

The material proposed and developed in this report undergoes series of material

characterization tests to prove the chemical composition and gather information about

the material’s physical structure. A description of the analytical techniques used

throughout this research is summarized in this chapter.

2.1 Fourier Transform Infrared (FTIR) Spectroscopy

Infrared spectroscopy is a method to characterize the unknown material based

on it’s particular absorption spectra, essentially the molecular fingerprint of the sub-

stance. In IR spectroscopy, a source of light is directed to a beam splitter which

distributes the wavelengths in two directions. Some of the beam travels to a station-

ary mirror while the rest hits a mirror that is moving. The separate beams recombine

with constructive and destructive interference to form an inferogram, which is specific

to an associated wavelength. The inferogram travels through the sample and a detec-

tor confirms whether the light passed directly through or absorbed any of the wave.

The log of the intensity ratio comparing the background spectrum to the sample

spectrum builds a profile over time. The dependent variable used in this technique is

called the wavenumber, and it is a measure of the number of cycles a wave undergoes

per unit length, in units of cm−1. The detector uses the mathematical concept of

Fourier transformation to convert the discrete set of data into a frequency represen-

tation. When combined, Fourier transformation and infrared spectroscopy provide

information on the chemical composition of a sample due to the specific absorption

ranges distinct to elements and molecular compositions. [17]
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2.2 Ultraviolet Visible (UV-Vis) Spectroscopy

Ultraviolet visible spectroscopy is a technique which analyzes the absorption and

reflection in the ultraviolet and visible range of wavelengths. A beam of light enters

a monochrometer, which uses a prism to disperse the light across all wavelengths.

Next, a beam splitter divides the light in two and directs one stream towards the

unknown sample and the other through a reference cell. The beams exit the cells and

enter individual detectors. The wavelength absorbance is dependent on the ratio of

the of the intensity from the sample cell to the that leaving the reference cell. The

absorbance trend with respect to the wavelengths in the UV-Visible range of light

shows clear peaks where the maximum wavelength is observed, revealing information

of the materials color. [18]

2.3 Electron Impact-Mass Spectrometry (EI-MS)

The technique of mass spectrometry is used to determine the mass of a unknown

molecule. It does this in a three step process. Step one, is the ionization of the

molecule. The most widely used form of ionization is known as electron impact. In

electron impact ionization, gaseous phase molecules pass through a volume of induced

potential difference where an electron beam is flowing perpendicular to the molecule’s

path. Electrons bombard the molecule and knocks an electron from the molecule’s

shell. The initial single positively charged molecule is called the parent ion. There

are many of these collisions occurring in the sample, creating daughter fragments and

radical species. The second step is mass filtration, where the ions formed are focused

into a beam. When a magnetic force is applied perpendicular to the ions beam it

causes the ions to experience a change in acceleration that is proportional to the ions

mass. The final step is detection, which is accomplished by varying the magnitude of

the force to tune and sort the detection by acceleration and the corresponding size of

the fragment. The results are then summarized by the ions intensity with respect to
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the mass over charge ratio (m/z). Most often the charge is approximately 1 and the

ratio, m/z, accurately reflects the mass of the ion fragments.

2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is the study of the energy distribution of a

material irradiated by x-rays. The photoelectric interaction between the x-ray and

the sample causes the electrons to be emitted at discrete kinetic energies. The kinetic

energy of the electron is related to the binding energy by methods of conservation.

Quantitatively binding energy is unique to respective molecules and can therefore aid

in material characterization. [19]

2.5 Scanning Electron Microscopy (SEM) and

Energy Dispersed X-ray (EDX)

The process of scanning electron microscopy starts with a beam of targeted elec-

trons pouring onto the surface of a unknown sample. The electrons from the beam

can be absorbed, reflected or can induce the release of secondary electrons. The be-

havior that the surface exhibits when hit with electrons is detected and compiled to

construct a high definition image of the sample’s surface morphology. The result-

ing image displays detailed surface architecture at spacial resolutions ranging from

5-100 nm. In combination with SEM, Energy dispersive X-ray (EDX) spectroscopy

measures excitation energy of the atoms on the surface. Detectors that measure low

energy x-rays are located close to the materials while the surface is exposed to the

SEM’s electron beam. The emitted electromagnetic radiation represent the energy

difference between two shells of an atom, sufficiently measuring the elemental com-

position of the surface. [20]
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2.6 X-ray Diffraction (XRD)

X-ray diffraction utilizes the quantum nature of x-rays to obtain structural infor-

mation about crystalline materials. An incident beam of x-rays targets the material

and reflective wavelengths are scattered from the surface. In crystalline structures,

the reflected x-rays diffract while experiencing constructive or destructive interfer-

ence. The x-ray diffraction obeys Bragg’s Law nλ = 2dsin(θ) where θ indicates the

diffraction angle. Multiple scans across the surface of the sample form a diffraction

pattern that is unique for reported molecular materials. [21]

2.7 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance spectroscopy is used to confirm the purity of a sample

and gives insight to its molecular structure. In a nutshell, NMR is a spectroscopic

technique based on the absorption of electromagnetic radiation. Although there are

many methods of NMR, 1H is used in this study. The end goal is to use the unique

qualities about the spin of hydrogen to identify the number of hydrogen atoms and

their orientations. The spin of a hydrogen nucleus in the presence of a magnetic field

has two options, spin up (1/2) or spin down (-1/2). Initially, a sample is placed in the

NMR, and the nuclear spins are relaxed and randomly oriented. When an external

magnetic field is applied, the nuclei snap into one of two possible states, either aligned

with the magnetic field or directly opposed. This behavior is associated with the

absorbance of hydrogen’s resonance frequency, propelling it to a high energy level.

When the nucleus’ energy state returns to ground level a corresponding frequency is

emitted. The received frequency and the intensity of that signal is used to develop

an NMR spectra. A typical NMR spectra uses a chemical shift mechanism in ppm to

display finding in a clear manner. Chemical shifting compares the difference of emitted

frequency and a reference frequency induced by the magnetic field. The spectra

obtained from NMR measures signal intensity in terms of the chemical shift. [22]
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3. PHENYL POLYSULFIDE LIQUID CATHODE

3.1 Introduction

The significant volume changes that accompany the reduction of elemental sulfur

to lithium sulfide has initiated the grand challenge of building a sufficient conductive

matrix for the cathode to accommodate size variation. A satisfactory material must

have high porosity to ensure intimate connection between the conductive matrix and

the insulating active material. Research efforts have been dedicated to engineering

the physical carbon containing material to adapt to the chemical changes of sulfur.

Innovation in carbon material for a sulfur cathode is demonstrated in microporous,

mesoporous or a hybrid structure to strongly adsorb the sulfur and expand in the

presence of volume change. In addition, these micro/meso porous structures also

contain the exasperating polysulfides and hinder their release into the electrolyte.

Other cathode developments involve using carbon based materials, such as carbon

black, hollow carbon spheres and carbon nanotubes (CNT), to impart a conductive

matrix; these materials do not function as a container for the polysulfides. [23]

In this work, a series of organic phenyl polysulfides are fabricated; phenyl tetrasul-

fide (PTS), phenyl pentasulfide (PPS) and phenyl hexasulfide (PHS). The chemical

structure of these compounds are linear sulfur chain bound with two phenyl groups at

each end. The sulfur chain is engineered to eliminate the formation of high order sol-

uble polysulfide anions. The liquid phase of these organic polysulfides foster an easy

method of depositing active material on conductive CNT framework. The limited

number of sulfur atoms in the chain greatly reduces the volume expansion common

to lithium-sulfur batteries. Finally, in an attempt to achieve the highest possible en-

ergy density, this class of materials was tested with a high loading of active material

attributed to a low electrolyte to sulfur ratio.
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3.2 Experimental

3.2.1 Synthesis

Previously reported methods of bis(aryl) polysulfide synthesis require a parent

thiol reacting with the appropriate order of sulfur chloride along with the aid of a

pyridine catalyst combined in an anhydrous solvent [24] or require a base catalyzed

reaction of thiols with elemental sulfur. [25] In this work, a method of fabricating

phenyl polysulfides without the aid of a solvent or catalyst was employed for a one-

step route to the product. Beginning with liquid benzethiol (PhSH), appropriate

stoichiometric ratios of solid sulfur were added and mixed at 40◦ C. The physical

structure of benzenethiol incorporates an the aromatic hydrocarbon ring. Figure 3.1a

displays the chemical states and physical structures of the molecules involved in the

reaction. The high acidity of the thiol group on aromatic benzenethiol causes the

bonding of sulfur atoms, resulting in the formation of phenyl polysulfide. Sulfur acts

as a nucleophilic species and donates an electron pair to the thiol group’s proton,

causing the condensation and emission of H2S gas. The rightmost image in Fig-

ure 3.1a provides evidence of H2S gas formation by the darkening of a lead acetate

indicator.

Following the coefficient trend of the balanced chemical equation a S8:PhSH ratio

of 3:2 produces PTS, 4:2 yields PPS and 5:2 results in PHS. Physically, the gaseous

emission of H2S was observed by the presence of bubbles during the reaction. To

accelerate the redox reaction, the sulfur/benzenethiol mixture was heated to 40◦C

until completion. The mixtures volatile bubbling greatly subsided after 5 hours and

ceased at the 6hr mark, signaling the end of the reaction. As expected, the density

of the materials increases linearly with the order of sulfur atoms in the chain (Figure

3.1b). This facilitates an increasing trend in the gravimetric specific capacity (Figure

3.1c) and volumetric energy density (Figure 3.1d) along with polysulfide order.
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Fig. 3.1. (a) Equation along a visual representation of the phenyl polysul-
fide synthesis process. Lead acetate based test strip were used to confirm
the H2S evolution. (b) Optical image of the liquid polysulfides along
with their properties. (c) Theoretical specific capacities (mAhg−1) and
capacity densities (mAhmL−1) of the different polysulfides and their (d)
theoretical specific energies (Whkg−1) and energy densities (WhL−1).

3.2.2 Cell Assembly

One objective of this work is to address the problem of electrolyte to sulfur load-

ing. Thus, two cell configurations have been developed and are reported here. The

polysulfide batteries were built in a typical coin cell enclosure of the type CR2032.

Binder free multi-walled carbon nanotube (CNT) paper, known commercially as buck-

eypaper, was used as the current collector. Subsequently, lithium metal was used as

the anode. The electrolyte used is composed of 1.0MLiTFSI and 0.2MLiNO3 in a

mixture with a solvent of DME/DOL (1:1 v/v), a Celgard 2400 separator was placed

to restrict contact between the electrodes, nickel foam tops off the lithium anode to
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reduce any empty space in the cell and enhance contact between the components.

A second cathode was fabricated to test high active material loading. The high

loading cathode was consisted of the same elements with ratios that resulted in an

electrolyte/active material of 3µLmg−1.

3.3 Characterization

Prior to the synthesis of these three polysulfides, a series of spectroscopic tests

were performed to confirm that the expected reaction was successful. FTIR spec-

troscopy was used to confirm the thiol group had been successfully depronated and

replaced with a sulfur chain (Figure 3.2a). The S-H absorption peak is known to

be approximately located at 2567 cm−1. [26] The S-H peak is clear in the spectrum

corresponding to PhSH but it is not present in the spectra for PTS, PPS and PHS.

The information gathered from FTIR evidence confirms the conversion of thiols to a

polysulfide chain.

UV-Vis spectroscopy was used to validate the increasing number of sulfur atoms.

The results of UV-Vis spectroscopy are shown in Figure 3.2b which includes phenyl

disulfide for comparison to the collected PTS, PPS and PHS spectra. The peak

absorbance for all four species lies in the wavelength range between 380 and 405nm;

the absorption range of the series corresponds to the transmittance wavelengths in the

range 570− 575nm, also known as, yellow. The sulfur concentration and associated

yellow color should increase along with the number of sulfur atoms. The increase

in sulfur concentration is demonstrated by the increasing peak wavelength across

the polysulfides order. In order to graphically demonstrate the linear order, peak

wavelength was plotted versus the square root of the number of sulfur atoms. The

inset image in Figure 3.2b demonstrates the visible linear trend.

Confirmation of the purity of the fabricated polysulfides was obtained by EI-MS.

The mass spectra of PTS (displayed in Figure 3.2c) exhibit a peak at m/z of 281.96

agreeing with the molar mass. Molecules and radicals containing thiols, sulfur chains
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and phenyl rings are also revealed in mass spectroscopy, however, the absence of peaks

beyond the 280 range indicates there are daughter fragments of PTS and confirms the

purity. Similarly, the spectra for PPS, displayed in Figure 3.2d reveals a maximum

m/z values of 313.98 corresponding to the expected molecular mass. EI-MS of PHS

exhibits an associated m/z value of 345.92 along with daughter fragments including

the lower order polysulfides, PTS and PPS.

Fig. 3.2. (a) FTIR spectrum of benzenethiol (Ph-SH) and the synthesized
phenyl polysulfides. (b) UV-Vis spectra of equimolar solutions of different
phenyl polysulfides along with that of phenyl disulfide (PDS) as reference.
Inset of (b) shows the linear increase in peak as a function of number
of sulfur atoms. EI-MS spectrum of (c) phenyl tetrasulfide (PTS), (d)
phenyl pentasulfide (PTS), and (e) phenyl hexasulfide (PHS).

3.4 Results and Discussion

PTS, PPS, and PHS were developed using a simple one-pot method of synthe-

sis, the products have been confirmed using a series of spectroscopic characterization
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methods. The next step is to evaluate the behavior and ability of the cathode ma-

terials under electrochemical testing. Coin cell batteries were examined via cyclic

voltrammetry (CV) at a rate of 1C to expose nuances in the chemical mechanism. In

CV, the voltage of the working electrode is measured against a reference electrode.

This technique in commonly employed in battery technology to investigate the re-

duction and oxidation process. In this report we use CV to gather insight into the

dissolution/recombination steps during the redox reaction.

The CV results for the three materials are displayed in Figure 3.3a. In the cathodic

scan for all materials there are three distinct reduction peaks. At the 2.4 V mark, the

polysulfides experience the breakage of the S-S bonds in their respective structures.

Previous reports have demonstrated that as the order of S-S bonds increases, the

bond energy is lowered. [27] Thus, the variations in bond energies are reflected in

the staggered reduction currents. At 2.2 V, the reduction of the lithium polysulides

is facilitated by the formation of a phenyl persulfide and phenyl sulfide radical. [28]

The final reduction peak at 2 V corresponds to the complete conversion of low order

lithium polysulides (Li2Sx, 2 ≤ x ≤ 4) to lithium sulfide (Li2S) and the formation

of lithium thiophenolate (PhSLi). [29] The anodic scan reveals two major oxidation

peaks. The majority of the restoration of phenyl polysulfides occurs at 2.3 V and full

conversion at 2.4 V.

Galvanostatic cycling was used to evaluate the performance of the cells under long

term cycling. Operating at a C/2 rate, Figure 3.3b demonstrates the resulting voltage

profiles of PTS, PPS and PHS. PPS and PHS exhibit a slight discharge plateau at

2.35 V while PTS shows a sloped region until 2.25 V. A second discharge plateau is

observed at 2.15 V for PTS and 2.2 V for PPS and PHS. The final plateau at 2 V

confirms the complete reduction to lithium polysulfide. The voltage plateaus along

the reduction path correspond to the same chemical finding of CV. The ability of

sulfur to boost capacity is demonstrated in the trend of increasing specific capacity

along with order.
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Physical and chemical changes in the cathode were traced using appropriate mi-

croscopy and spectroscopy techniques. To confirm the proposed mechanism, a dis-

charged cathode was probed with XPS (Figure 3.3c). XPS revealed broad peaks

located at 161.6 eV, characteristic of PhSLi and 160.2 eV, confirming Li2S as a

discharge product. XPS confirmed the discharge products were as theoretically ex-

pected. SEM was utilized to provide insight on the morphological changes occurring

at discharge. The SEM image for PHS is displayed in Figure 3.3d and represents the

characteristics of the discharged cathodes of PPS and PTS. The SEM image shows all

the discharged products coating the CNT core. The products completely cover the

carbon structure, suggesting parasitic side reactions due to shuttling, are at low risk.

The uniform distribution of discharge product is also a good indicator of consistent

electrical contact between the active material and conductive matrix. EDX confirms

the distribution of sulfur and carbon on the electrode’s surface.

The phenyl polysulfides were tested at a 1C rate to exemplify the long term

cycling of these materials (Figure 3.3e). Results show PTS delivers 514mAhg1 which

suggests a 90% material utilization. PTS is able to maintain a capacity of 65% over

the duration of 300 cycles. PPS successfully delivers a capacity of 612mAhg−1 at

a rate of 89.6% material utilization and continues to retain a capacity of 75% over

300 cycles. Finally, the PHS proved 650mAhg−1, a utilization of 84%. PHS was

by far the most stable electrode, with the ability to reach 800 cycles without falling

below a capacity retention rate of 80%. All the reported rates are at least two times

the current capacity of traditional lithium-ion batteries, signifying their substantial

benefits to battery research. The exceptional ability of the PHS material provides

promise in the progression of lithium-sulfur batteries.

Consumers of modern portable electronics demand the option of fast charging.

Thus, the PHS cell was tested at a number of C-rates including C/2, 1C, 2C, 3C, 4C,

5C and 10C over 10 full cycles.
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Fig. 3.3. (a) Cyclic voltammetry (CV) of the phenyl polysulfide cathodes.
(b) Voltage profile of the polysulfide cathodes cycled at C/2. (c) Sulfur
XPS spectrum of the PHS cathode in the discharged state. (d) SEM of the
PHS cathode in the discharged state along with its inset EDX mapping
and (e) long term cycling performance of the polysulfides at 1C.

Figure 3.4a demonstrates the ability of the batteries at accelerated charge rates.

All of the tested rates demonstrate electrochemical stability over 10 cycles. Even at

a high current rate, the PHS cathode exhibits a capacity greater than 400mAhg−1,

corresponding to a material utilization of 50%.

One of the major hurtles of high energy density batteries, is the exorbitant elec-

trolyte/active material required for scalability. A high PHS active material loaded

cell was created with E/S = 3µLmg−1. Figure 3.4b conveys the highly loaded PHS

cathode can reach areal capacity heights of 7.6mAh cm−2, which is much higher than

reported values of commercial lithium-ion batteries. [30] In addition, stable cycling is
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achieved over 50 cycles with a capacity retention of 80% at such low electrolyte con-

tent. The observed fading is attributed to an aggressive electrolyte consumption. It

is demonstrated that under high loading, PHS can offer an impressive specific energy

of 1, 302Whkg−1 and energy density of 1, 702W hL−1.

Fig. 3.4. (a) Rate performance of highly loaded PHS cell collected over
10 cycles at C rates ranging from C/2 to 10C. (b) Cycle performance of
heavily loaded PHS cell with effective E/S = 3µLmg−1

3.5 Conclusion

This cathode materials solves three major problems posed by traditional sulfur

electrodes: Primarily, the dissolution of intermediate polysulfides is eliminated due

to the limited number of sulfur atoms that exist in the organic molecule. Secondly,

the novel material content results in a significantly reduced volume change upon

discharge. The volume change of the respective cathode materials was calculated to be

36.9% in PTS, 37.32% in PPS and 37.08% in PHS, representing a practical electrode

design. Finally, the active PHS electrode successfully cycled 50 times with a low E/S

ratio, demonstrating a significant increase in energy density. The results claim that an

organosulfur containing cathode is an innovative approach to achieving lithium-sulfur

batteries with good electrochemical performance and high energy density.
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4. PHENYL TETRASULFIDE POLYMER CATHODE

4.1 Introduction

The portable electronics market is constantly experiencing new and innovative

technologies, which continue to propel electronics into the future. Among many

demands for modern electronics is the ability for electronics to stretch, bend and roll

and is a challenge for material scientists. The emergence of flexible electronics requires

the materialization of lithium batteries, which not only offer high energy density

but also have components that can withstand repeated mechanical strains. Current

efforts in flexible energy storage involve the use of flexible conducting polymers, such

as polypyrrole (PPy), polyaniline (PANI) and polythiophene (PTP), [31] or paper

based lithium batteries [32]; however, these batteries fail to match cycling ability and

capacity requirements.

This project has confirmed that phenyl polysulfides are exceptional cathode can-

didates for high capacity lithium-sulfur-batteries. The technology created in the

previous chapter can be taken to the next level, due to the many accounts of co-

polymerization of thiol-ene groups with sulfur backbones [33], [34] In this work, a

highly flexible polymer phenyl tetrasulfide (PPTS) has been created as an efficient

cathode material. The fabricated polymer is a repeating unit of a phenyl ring with

four sulfur atoms attached linearly. Due to the three S-S bonds in the polymers ar-

chitecture, this material can accept 6 electrons leading to a high theoretical specific

capacity of 788mAhg−1. The polymer developed in this study is a revolutionary

material that has the potential to be a major contributor in the progress of flexible

battery technology.
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4.2 Experimental

4.2.1 Synthesis

The method to form a high sulfur content polymer is mediated by sulfur’s inherent

nature to polymerize, as well as, the acidity of thiol groups. Here we exploit the de-

protonation of 1,4-benzenedithiol’s characteristic thiol groups to incorporate a fourth

order sulfur chain. The leftmost species of the reaction shown in Figure 4.1a, is the

construction of 1,4-benzenedithiol as a benzene ring with two thiol groups directly

opposed. The corresponding image in Figure 4.1a, shows the physical properties of

1,4-benzenedithiol, exposing its nature as a fine white powder. 1,4-benzendithiol and

distinctive yellow sulfur powder were incorporated into a toluene and carbon disulfide

solvent to form a product of liquid PPTS. Excess sulfur abets the reaction by seizing

the removed protons and evolving hydrogen sulfide gas. Evidence of gas evolution

was provided via the color change of lead acetate hydrogen sulfide gas test strips when

exposed to the PTS solution.

The para aromatic structure of 1,4-benezenedithiol encourages the formation of

long chain linked units, sufficient for polymerization. The oily polymer membrane

was formed by heating the the polymer solution to 125◦C in a Teflon vessel at a rate

of 5◦C per minute. The mixture was held at 125◦C for 12 hours to completely remove

the solvent and create a firm membrane. Figure 4.1b demonstrates the size, color,

transparency, and flexibility of the manufactured polymer. Adding a comprehensive

volume of liquid PPTS to commercial CNT (buckypaper) paper and drying the com-

posite in a vacuum transforms the polymer into a working conductive electrode and

imparts a supporting framework. Figure 4.1c displays the flexibility and size of the

PPTS-CNT electrode.

SEM imaging was used to confirm the submersion of CNT in PPTS. Figure 4.1d

displays the results of SEM, revealing a network of porous CNT paper with a blanket

of PPTS interwoven in the depths of the material. SEM alone does not fully describe

the sulfur dispersion throughout the CNT paper. In order to get an idea of the
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amount of sulfur in the cathode, EDX elemental mapping was employed (Figure 4.1d

inset). EDX reveals an even distribution of sulfur surrounding the carbon nanotubes,

suggesting an even portioning of PPTS in the material.

Fig. 4.1. (a) Equation and visible representation of the synthesis of poly-
mer phenyl tetrasulfide. lead acetate based strips were used to confirm the
evolution of H2S gas. (b) Optical image illustrating size, transparency and
color of phenyl tetrasulfide polymer membrane. (c) Optical image repre-
senting the physical appearance of polymer phenyl tetrasulfide and carbon
nanotube paper composite. (b) SEM image illustrating surface details of
PPTS-CNT cathode along with its inset EDX mapping

4.2.2 Cell Assembly

The electrochemical performance of the fabricated PPTS-CNT composite was

evaluated using standard coin cell. The electrolyte solution used in this process was

1.0 M of LiTFSI in 1,2-DME and DOL (1:1 v/v) with a 0.2 M LiNO3 additive to
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passivate the lithium metal anode. A Celgard 2400 separator was employed to isolate

the electrodes. The lithium metal anode was topped off with nickel foam to fill the

volume of the coin cell.

4.3 Characterization

One goal of this research effort was to develop a material that can be used in a

flexible lithium battery. A flexible cathode component must have the ability to bend

and stretch alongside the source electronic. A polymer material has been developed

to serve as the cathode in a flexible battery. In order to confirm the nature a polymer

several spectroscopic techniques were used for analysis. XRD analysis requires that

a solid crystalline structure must exist for material identification. In the case of

a polymer, an amorphous, noisy spectrum is expected. Figure 4.2a compares the

XRD results of pure sulfur, 1,4-benzenedithiol, the PPTS membrane, and the PPTS-

CNT cathode material. The XRD results reflect the characteristic fddd orthorhombic

crystalline structure of elemental sulfur and demonstrates the characteristic peaks of

1,4-benzenedithiol’s solid phase. The non-crystalline structure of the PPTS confirms

it’s amorphous molecular structure. The XRD analysis of the PPTS-CNT electrode

provides a similar amorphous structure aside from a distinctive peak contributed to

carbon 002. [35] This technique demonstrated the polymer nature of the PPTS and

the composite PPTS-CNT.

FTIR is applied to the sample to attempt to prove that the reaction mechanism

went as predicted. FTIR demonstrates the complete replacement of the thiol group

attributed to the disappearing S-H absorption peak shown in Figure 4.2b. This

evidence suggests the beginning of the expected reaction.

Further investigation into the mechanisms of the reaction can be accomplished

with the help of NMR spectroscopy. The spectra in Figure 4.2c compares the NMR

results of 1,4-benzenedithiol with that of PPTS. NMR reports the location and inten-

sity of hydrogen atoms in the molecule. The notable difference between the spectra
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is the minimal intensity of the thiol group’s hydrogen in PPTS. This minimization

suggests that the thiol’s hydrogen was removed to incorporate sulfur atoms. A sig-

nificant piece of evidence to support this theory is the intensity of the hydrogens in

the benzene ring unchanged magnitude overall. NMR, FTIR and XRD corroborate

the building blocks of PPTS.

Fig. 4.2. (a) X-ray diffraction data symbolizing the polymer nature of
PPTS. (b) SEM data signifying the elimination of thiol. (c) NMR data
confirming the existence of an aromatic ring and thiol groups.
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4.4 Results and Discussion

The coin cell assembly was subject to electrochemical testing via cyclic voltram-

metry and galvanostatic testing. CV results are demonstrated in Figure 4.3a. Four

reduction peaks are located at the 1.8 V, 2.1 V, 2.2 V and 2.3 V. The bond energy

of a sulfur attached to a similar sulfur atom is found to be in the range 1.43-1.45

eV whereas, a sulfur atom bound directly to the phenyl ring has a bond energy

calculated between 1.68 and 1.87 eV. [29] Due to the fact the S-S bond has less

energy it is expected to be the first bond to break. The high voltage reduction

peaks in the 2.2-2.3 V range correspond to the breakage of the polymer links ac-

cording to the reaction SSRSS + 2Li → 2LiSSRSSLi where R stands in for the

central phenyl group. The lower voltage plateau at 2.1 represents continuing reac-

tion 2LiSSRSSLi + 2Li → LiSRSLi + 2Li2S2. The final reduction peak near 1.8

V is attributed to the dissolution of Li2S2 + 2Li → 2Li2S, recovering what is seen

in a typical lithium-sulfur battery. The anodic scan reveals two oxidation peaks,

corresponding to the formation of Li2S2 and the final reformation of the polymer.

Galvanostatic battery cycle reveals a voltage profile which can be used for further

insight into the chemical mechanism. Figure 4.3b compares the voltage profiles for

the charge/discharge of the cell at at slow C/20 rate and typical rate of 1C. The

initial voltage plateaus at 2.4 V and 2.2 V, for the respective rates of C/20 and 1C,

represent the first sulfur bonds breaking. The introduction of Li2S2 administers a

voltage drop at 2.3 V for slow C/20 rate and 2.1V for 1C rate. The final voltage

plateau is accredited to the final transition to Li2S. At the slowed C-rate of C/20

a final capacity of 700mAhg−1, corresponding to a capacity increase of 12% with

respect to 625mAhg−1 registered at a 1C rate.

The battery was subject to 350 cycles to predict it’s capability over time. The

results of electrochemical testing are demonstrated in Figure 4.3c. The initial dis-

charge capacity is 625mAhg−1and after 350 cycles the discharge capacity sinks to

450mAhg−1, corresponding to a 72% retention in capacity. Capacity fading is likely
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due to electrolyte decomposition within the cell and irreversible reactions of the phenyl

ring. The Coloumbic efficiency maintains ≥ 99.5%, indicating ample cycle stability

in the cell. The cell was subject to testing with quick C-rates over 10 cycles. C-rate

analysis was noted at 1C, 2C, 3C, 4C and a recovery cycle at 1C (Figure 4.3d) and

found to have initial capacities of 625, 550, 525 and 450 mAhg−1, respectively, with

the recovery cycle reaching 600mAhg−1. As each test continues there is a decreasing

trend except for in the case of a 4C rate, which experiences and higher capacity after

10 cycles of 500mAhg−1. A key note is that one the cell recovered a capacity rate

of 600mAhg−1, a retention rate of 96%.

Fig. 4.3. (a) Cyclic voltammetry (CV) of the polymer phenyl tetrasulfide
cathode. (b) Voltage profile of the tetrasulfide cathode cycled at C/20
and 1C. (c) Long term cycling performance of PPTS electrode at a 1C
rate. (d) SEM of the PHS cathode in the discharged state along with
its inset EDX mapping and (e) Cycling performance of PPTS cathode at
rates ranging from 1C to 4C.
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It has been demonstrated that PPTS is a quite capable cathode material. How-

ever, material testing is required for proof this cathode is fit for flexible application.

In this work we have tested the material under tensile and bending strain to push

its limits. Electrochemical cells are cycled after undergoing repetitive bending and

stretching to get a picture of the longevity of the material. Figure 4.4a and 4.4b show-

case the PPTS membrane and the PPTS-CNT composite under axial loading. The

results report for PPTS there is a 334% increase in overall length while PPTS-CNT

is able to lengthen 107%. For comparison, The tensile ability of CNT alone was also

measured, demonstrating a mere 12% increase in length before cracking. Therefore,

the addition of PPTS to a CNT network leverages a 89% increase in elasticity.

CV was used to analyze the reduction/oxidation details of the cathodes after

undergoing mechanical strain. The voltage profile comparison of the cathode with no

strain, 50 cycles of stretching and 50 cycles of bending is illustrated in Figure 4.4c.

The three voltage plateaus correspond to the breaking of sulfur bonds, the formation

of lithium polysulfides and the final formation of lithium sulfide.

Galvanostatic battery testing reveals the cyclability of the strained cells (Figure

4.4d). The initial discharge capacity of the cell with no strain, 50 cycles bent and 50

cycles stretched are 634, 600, 599 mAhg−1, respectively. A lower discharge capacity

is obvious for those materials undergoing strain. Cycling 200 times gives an overall

idea of the capacity retention of these materials over time. Cathodes with no strain

retain 86% of it’s capacity. A cell that has undergone 50 cycles of bending maintains

79% of it’s capability and the cathode material that experienced 50 cycles of stretching

retained 86% of its initial capacity.

Analyzing the voltage profile and the galvanostatic testing profile in tandem ques-

tions the stability of the cathode with 50 cycles of bending. In the voltage profile,

the plateaus are sloped and ill-defined, which is attributed to the stored strain en-

ergy in the S − S bond. In the case of bending the slightly higher discharge/charge

voltage is due to the application of both compressive and tensile stress in the bent

motion. The galvanostatic testing demonstrates a high initial discharge capacity and
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a retention rate of 79% throughout cycling. The comparable discharge capacities an

high respective capacity retention are the reasons that this polymeric material is a

good solution as a flexible batteries cathode.

Fig. 4.4. (a) Tensile stretch of PPTS membrane. (b) Tensile test of PPTS-
CNT composite electrode. (c) Voltage profile of the PPTS electrode’s
performance after 50 cycles of bending, 50 cycles of stretch stretching and
no mechanical strain. (d) Long time cycling performance of electrode after
mechanical stress.

4.5 Conclusion

Curved screens and bendable electronics are next level technologies of the future.

The material developed in this chapter is a robust polymer which exhibits unmatched

cycling performance before and after repeated mechanical strains. The novel chemical
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technology of this material and the exciting ability to bend, makes it a potential

solution to flexible lithium-sulfur batteries.

The phenyl tetrasulfide polymer reached the maximum capacity range of 633 −

700mAhg−1, generating an energy density between 1, 266− 1, 400W hkg−1. Subse-

quent to strenuous stretching and bending of the electrode, it continued to reach ca-

pacity values of 600mAhg−1, which is three times what a typical lithium-ion battery

can output. A polymer cathode material fabricated of phenyl tetrasulfide exemplifies

a sustainable and satisfactory solution for energy storage in flexible electronics.
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5. SUMMARY

There is no doubt that lithium-ion batteries have changed the cultural dependence of

energy. The ability to store power for portable uses has opened the doors to an explo-

sion of new technology. The need for reliable battery storage is always increasing and

consumers are demanding higher cyclability, capacity and energy density. Traditional

lithium-ion batteries are no longer able to keep up with energy storage use.

Portable electronics are continuously finding innovative ways to challenge re-

searchers. Consumer ask for portable electronic batteries that hold ample charge over

a long lifetime. In addition, innovative technologies are incorporating curved struc-

tures and materials, which causes a necessity of bendable and stretchable batteries.

Modern electric vehicles require a power source not only has the necessary stability

but can also deliver enough power for considerable range of motion per charge. Power

generation from solar and wind is becoming increasingly more common and battery

reservoirs on the GWh scale are crucial to long term stability.

Half cell testing of new cathode materials is amethod of research to investigate

alternative battery materials that promise improved performance. This report ana-

lyzed the potential of a novel organic sulfur containing material that could accelerate

the future of energy storage. The new sulfur containing material was developed to

overcome many of the commonly seen challenges in typical lithium-sulfur cell. This

material avoided the problematic side reactions that degrade the cell. Employing

this material lead to a significant reduction in cathodic volume expansion. High

active material loading of this cathode material demonstrates stable cycability and

high performance of such cells. Finally, this material was developed with the ability

to polymerize, which promotes the concept of flexible electronics in grasp. These

new electrodes are an excellent contender as a component of next generation lithium

batteries.
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To overcome many of the challenges in lithium-sulfur batteries and new material

was developed in the report that has the potential to lower the detrimental vol-

ume expansion, stability under high loading conditions and the additional benefit

of flexibility. The capacity heights of this material reached 650mAhg−1 in liquid

organosulfur phenyl hexasulfide and maintained over 400mAhg−1 at a high current

rate. This material also demonstrated that it can withstand high active material

loading and returned energy of the magnitude 1, 302Whkg−1. The volume expan-

sion of elemental sulfur is reduced from 80% cathode expansion to 37%, suggesting

the overall durability of cell. The polymerization of phenyl tetrasulfide (PTS) gives

the material the benefit of imparted flexibility. Even under mechanical strain, the

material reaches 600mAhg−1, quadrupling the limits of current lithium-ion batteries.

The novel cathode material developed in this study could be the missing piece to

fabricating efficient and resilient lithium-sulfur batteries.
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6. RECOMMENDATIONS

The phenyl polysulfides developed in this study demonstrate the plausibility of organosul-

fur containing cathode materials. Further engineering of the functional groups at-

tached to the sulfur chain could present additional solutions to the problems posed

by lithium-sulfur batteries.

More information about the polymer phenyl tetrasulfide will supply a better idea of

the materials properties. Mechanical testing to reveal the materials Young’s modulus

and ductility could help determine it’s best fit application. The electrical and thermal

conductivity was be useful to know in order to solidify the materials limits. MALDI-

TOF spectroscopy could be used to determine the number of repeating units that

are in the polymer to get a grip on it’s size.Classifying the polymer as a thermoset,

theroplastic or elastomer would give some insight on its molecular composition.

Finally, although the use of renewable energy storage significantly decreases CO2

emissions overall, the polymer developed in this research releases H2S gas. H2S gas

is a very toxic material that has fatal effects thus, the practical implementation of

these batteries material must include a way to harness the gas. A method known

as the Claus process is a large scale operation to recover solid sulfur material from

hydrogen sulfide gas. Further investigation into the Claus mechanism is beneficial to

decrease the toxicity of synthesis and can possible be harness to return sulfur within

the cell.
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