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Abstract

This thesis described the research work on high energy electrode materials for

lithium sulfur batteries. The literature review of high energy electrode materials was

presented, including the advantages and disadvantages of different anode and

cathode materials and related synthesis techniques. The lithium-sulfur battery and

sulfur cathode are the major focus due to their advantages in energy density, cost

and environmental sustainability. Different sulfur cathodes based on amorphous

carbon, graphene and mesoporous carbon were synthesized to study the

correlation between morphology of carbonaceous material and the performance of

the sulfur cathode. The as-prepared electrode materials have been characterized by

X-ray diffraction, field emission scanning electron microscopy, backscattered

imaging, energy disperse spectroscopy element mapping and thermogravimetric

analysis. The synthesized sulfur composites are tested as cathode materials in

subsequent electrochemical tests. The electrochemical tests performed on sulfur

cathodes include cyclic voltammetry, galvanostatic charge-discharge cycle tests and

electrochemical impedance measurements. The synthesized graphene-sulfur

composite was tested as cathode material and achieved both high sulfur utilization

rate with a high specific capacity of 1593 mAh /g and good rate capability at 1.0 C

and 2.0 C discharge rates. Graphene within the sulfur composite greatly improved

the electrochemical performance of Li-S battery. The effect of sulfur particle size

and size distribution within the cathode to the performance of Li-S battery was
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investigated through the synthesis of carbon-sulfur nanocomposite by an innovative

solution-based synthesis technique. The modification of synthesis method has

helped to reduce the particle size of sulfur to the level of about 200 nm. The

as-prepared sulfur nanocomposite with a homogeneous dispersion of sulfur

particles was applied as the cathode material in Li-S battery and exhibited a high

reversible capacity of 1220 mAh/g and maintained favorable cycle stability.
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1 Introduction

Lithium batteries were born from the tireless effort of many pioneers seeking light

weight, compact electrical power sources in the last century. Military and space

programs were in search for high performance battery systems that can work in a

wide range of conditions. The fast advanced electronic technology results in the

miniaturization of complex electronic devices which also requires battery systems

with high energy density [1]. The demand of battery chemistry innovation

constantly drives the development of battery systems. As a result, many primary

lithium battery and secondary lithium battery systems have been successfully

developed. Lithium is the lightest metal and possesses the lowest electronegativity

of all metals. The high energy density and electronegativity of lithium metal makes

it an ideal candidate as anode material for high energy battery system. However, the

difficulty of developing rechargeable lithium battery system is mainly attributed to

recharging lithium metal anode with suitable electrolytes and the formation of

lithium dendrite at the electrode/electrolyte interface. Innovation of battery

chemistry and electrode materials were conducted to overcome those difficulties.

Investigations of ion conduction in solids revealed the possibility of creating a

rechargeable battery system with lithium insertion compounds as the positive

electrodes and energy can be stored and released in such electrodes through the

lithium ion insertion/removal process. The similar lithium intercalation mechanisms
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were also found on many kinds of carbonaceous materials including graphite. Hence

the lithium metal anode can be replaced by graphite anode to avoid the problem of

dendrite formation. The above discoveries eventually lead to the invention and

development of lithium-ion batteries (LIBs) [2].

Figure 1.1 Schematic Configuration of Lithium-ion Battery

Figure 1.1 is a schematic illustration of lithium-ion battery (LIB). A typical LIB

consists of graphite anode, lithium transition-metal oxide (LiMO2) cathode and

lithium ion conducting separator with non-aqueous electrolyte between two

electrodes. The electrolyte is usually a solution of lithium salt in organic solvents.

During the charge-discharge process, the lithium ions shuttle between positive and

negative electrodes through electrolyte and separator. The intercalation process

between graphite anode and lithium oxide cathode can be expressed in a simplified

equation as follows:
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6C + LiMO2֖ LixC6 + Li(1−x)MO2 (1.1)

The major improvement of LIB from preciously lithium batteries is the usage of

lithium insertion materials as both positive and negative electrodes. The safety of

LIB is enhanced because the lithium metal anode and related large scale dendrite

formation no longer exists in this system. LIBs are the most successful

commercialized secondary power sources among all kinds of lithium battery

systems. LIBs are widely used in many fields including consumer electronics, medical,

military and research applications due to its good capacity reversibility, relatively

high energy and power densities.

As the development of battery system was proceeding, the troubled energy industry

(carbon economy) was struggling with serious issues, including the growing energy

demand, limited natural resources of fossil fuel, and the consequential environment

pollution. Urge for economic growth will leads to rapid energy consumption

increase worldwide in a foreseeable future. The fast climbing energy demands have

caused many ecological concerns about the impact of carbon emission on global

climate. Therefore, many efforts are devoted to the development of alternative

clean energy sources and energy conversion and storage systems [3, 4].

Electrochemical systems including batteries and supercapacitors are essential

intermittence of renewable energy resources because they are capable to restore
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and deliver energy on demand. Compared with supercapacitors, lithium-ion

batteries have higher energy densities and have attracted massive efforts on their

research and development. The advancing technology of LIBs over the last two

decades offered continuous improvement on energy density, power density and

service lifetime. So far, the LIBs are the most promising electrochemical energy

storage systems and the large scale applications of LIBs will play a key role in the

evolution of energy industry.

However, the large scale application of LIBs, such as power sources for

transportation vehicles and stationary energy storage, is currently impractical owing

to the cost efficiency, safety, cycle life, energy and power density of LIBs [5]. Those

attractive characteristics of LIB such as light weight, high energy densities compared

with other electrochemical systems are much less significant in large scale

applications. For instance, the major difference between the Battery-Electric Vehicle

(BEV) and Internal-Combustion-Engine Vehicle (ICEV) is the power system. To

replace the ICEVs with BEVs, the most important issue is that BEVs must have

competitive market prices and reasonable operation per mileage. However, the high

cost energy storage units in electrical powered vehicles definitely lead to increased

manufacturing cost and operational cost. The limited cycle life of LIB requires

regular replacement of battery units, which is another challenge for BEVs. The

limited rate capability of LIBs and the consequential long charge time is another
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negative factor on the performance of BEVs. Unlike the ICEVs which consume

gasoline or diesel, the BEVs take hours to recharge before the power system can be

functional again, this largely limits the range of applications of BEVs. Despite their

inconvenience, the possible incidents of BEVs due to the safety hazards of LIB

including risk of fire and explosion are even more serious.

The expanding markets of consumer electronics, BEVs drives the increasing demand

of LIBs. However, the recycling technology of lithium from LIBs has yet to be

established. The exhausting reserve of lithium worldwide would lead to the climbing

market price of lithium batteries. Therefore, the energy density of LIBs must be

increased in order to achieve the sustainable utilization of lithium reserves. In next

chapter, I will present a literature review of research works on improvement of LIBs

in terms of energy densities.

Chapter 2 is a literature review of research on materials and battery chemistry that

have the potential to increase the energy density of rechargeable lithium battery to

a higher level. Those materials include nanostructured carbonaceous anode

materials, nanostructured metal oxide and metal sulfide anode materials. Lithium

alloy anode materials are considered as electrode materials with high energy

densities. A brief summary of advantages and disadvantages of the above materials

are included. The innovative lithium-air battery and lithium-sulfur battery
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configurations are described as modifications on battery chemistry, which are

capable of utilizing the energy storage ability of lithium at a higher level in

comparison with LIBs.

Chapter 3 covers the experiment procedures I used in this research project. The

experiment techniques include material characterization and electrochemical tests.

The materials were characterized by X-ray diffraction, scanning electron microscope,

and thermogravimetric analysis. Electrochemical tests include cyclic voltammetry,

impedance measurement and charge-discharge cycle tests. I presented two major

approaches to synthesis sulfur composite materials: melt-diffusion (thermal)

methods and solution-based methods. For solution-based synthesis method, I have

utilized a new process optimized for dispersion of nanoscale sulfur particles in sulfur

composite in order to improve the performance of lithium-sulfur batteries.

In Chapter 4, the thermal synthesis of sulfur composite with graphene nanosheets is

described. The synthesized graphene-sulfur composite exhibits high sulfur

utilization rate i.e. high specific capacity of sulfur and high rate capability as cathode

material. X-ray diffraction was employed to investigate the phase transfer of sulfur

during the synthesis process. Scanning electron microscope with energy dispersive

spectroscopy elemental mapping revealed a relatively good sulfur distribution

within the graphene-sulfur composite. The graphene-sulfur cathode materials
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achieved a high initial specific discharge capacity of 1593 mAh/g1 under 0.1C

discharge rate, along with good sulfur utilization at 1.0 C and 2.0 C discharge rates.

Chapter 5 describes the works I have done on the synthesis of carbon-sulfur

composite from a solution-based route and subsequent electrochemical test of

as-prepared material as cathode. X-ray diffraction and scanning electron microscope

were employed to examine the structural change of sulfur after the synthesis

process. Backscattered image revealed a distribution of sulfur particles with varied

sizes within the composite.

Chapter 6 describes the sonication synthesis of carbon-sulfur nanocomposite. The

as-prepared sulfur nanocomposite also exhibits high sulfur utilization rate as

cathode material. The modification of synthesis method with sonication and DMSO

solvent has helped achieve the improvement in terms of cycle stability in

comparison with previously synthesized sulfur composite described in Chapter 5.

X-ray diffraction and scanning electron microscope were employed to examine the

structural change of sulfur after the synthesis process. Backscattered image

revealed the homogeneous distribution of sulfur within the composite. The as-

prepared sulfur cathode materials achieved a high initial capacity of 1220 mAh/g

under 0.1C discharge rate.

1
The specific capacity of synthesized sulfur electrodes referred in this thesis are all calculated based on the

weight of sulfur in the electrodes.
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In Chapter 7, I presented the application of sonication-solution synthesis method on

the combination of mesoporous carbon and sulfur. Due to the nature of

mesoporous carbon, the sonication-solution route is ineffective in mesoporous

carbon-sulfur composite synthesis. However, a mesoporous carbon-sulfur

composite was successfully created through a thermal process and exhibit high

coulombic efficiency.

At last, I concluded my research work in Chapter 8.
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2 Literature Review

2.1 Components of Lithium-Ion Batteries

The performance of LIBs is affected by its three major components such as anode,

electrolyte and cathode. Graphite is the common anode material used in LIBs due to

its relatively high capacity retention rate. Although graphite is environmentally

abundant and inexpensive resource, the process of graphite anode is complicated

and costly. Graphite anode is the main factor that limits the energy density of LIBs

and its low working potential also leads to safety hazards of LIBs. The energy

capacity is determined by the saturation of lithium concentration in the electrode

materials. The thermodynamic equilibrium of lithium ion saturation concentration

in graphite is LiC6 (See Eq. 1.1), which is equivalent to a theoretical capacity of 372

mAh/g. The topotactic intercalation mechanism of LIB limits the reversible capacity

of any prospective LIB system with graphite anode to a maximum value at about

300 mAh/g.

Graphite is the choice of anode for LIB because its good cycle stability and low

operating voltage. The operating voltage of graphite is close to that of Li0/Li+, which

is good for extracting the energy storage ability of counter electrode. However, the

low working voltage of graphite anode causes safety hazards in conjunction with the

electrolytes currently used in LIBs. The electrochemical potential of graphite



10 /99

exceeding the lowest unoccupied molecular orbital (LUMO) of the electrolyte leads

to the reduction of the electrolyte and the formation of solid-electrolyte interfacial

(SEI) layer [6], which result in the lithium plating on the surface of graphite,

especially when the cell is under high charge-discharge rate. The lithium

accumulation on the graphite surface increase the chance of lithium dendrite

formation and penetration of cell separator, which result in the internal short circuit

of battery and causes self-combustion and possible subsequent explosion of LIBs.

Although the hazard level is low as ordinary LIBs are usually in small sizes, the

magnification of this particular hazard will become fatal in large scale application of

LIBs.

Figure 2.1 Schematic Illustration of Electrolyte Redox Reactions on Anode and

Cathode Surfaces
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High energy battery can be realized through two major approaches. One is to use

electrode materials with higher energy density. Another is to increase the voltage

difference between anode and cathode couples by using cathode material with

much higher operating voltage versus Li0/Li+. In case of lithium batteries, the major

difficulty in the application of high voltage cathode materials is the poor

electrochemical stability of electrolytes (e.g. LiPF6 in ethylene carbonate/diethyl

carbonate mixed solution) at voltage above 4.5V, which is beyond the highest

occupied molecular orbital (HOMO) of electrolyte. The high operating voltage of

cathode leads to the electrolyte oxidation and the formation of passivation layer on

the surface of cathode [6]. Thus cathode materials with high operating voltage

versus Li0/Li+ commonly exhibit decreased capacity and low coulombic efficiency.

Using electrolyte with wide electrochemical-stable window, or adding additives in

electrolyte to suppress the oxidation process are possible ways to solve the problem

[7]. However, the organic electrolyte with a wide electrochemical-stable window

has yet been discovered, and the effects of electrolyte additives are also limited due

to the reactivity of the high voltage cathode. Thus, the long term stability of high

voltage LIB remains problematic.

Current cathode materials used in LIB have their own advantages and disadvantages,

and therefore have different fields of applications. For example, the LiCoO2 cathode

with relatively higher capacity is widely used as the power sources in portable
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electronics. However, the high production cost, high toxicity, as well as the chemical

instability under deep charge prevent it from large scale applications. LiMn2O4 and

olivine LiFePO4 are better choice as cathode materials for BEV applications due to

their low cost, low toxicity and excellent chemical stabilities at high current rate.

However, the energy densities of LiMn2O4 and LiFePO4 are less than that of LiCoO2,

which largely limits the energy storage capability of prospective battery systems.

From the above introduction of LIB components, it is easy to conclude that the

modification of electrode and electrolyte materials is essential for the development

of lithium battery with both high power and high energy densities. Nanostructured

carbonaceous materials, metal oxide materials and metal sulfide materials are

potential alternatives of current electrode materials in use for LIB due to their

capabilities of delivering higher energy density. There are also groups of high

capacity electrode materials such as lithium alloy anodes, sulfur and oxygen

cathodes which operate based on mechanisms quite different from lithium

insertion/removal also can be applied in the configuration of high energy lithium

batteries [5].

2.2 Nanostructured Anode Materials

The deficiency of graphite anode materials largely limits the development of LIBs

towards reliable energy storage system with high capacity and better reliability in

the future. This fact has prompted interests in search for substitutes of graphite
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anode. Potential substitutes of graphite anode include nanostructured carbon

materials, lithium alloy-based anode materials, metal oxide anode materials, and

metal sulfide anode materials.

2.2.1 Nanostructured Carbon Anode Materials

Nanostructured carbonaceous anode materials with potential of high degree of

lithium intercalation reactions have been tested as anode materials to increase the

energy density of lithium-ion batteries. One-dimensional nanostructured carbon

anode materials (e.g. carbon nanotubes) and two-dimensional nanostructured

carbon anode material (e.g. graphene) can offer higher capacity for lithium storage

than graphite. The relatively high capacity of CNTs is attributed to delocalization

effect of electrons within the nanotube structure which offers more electrochemical

negativity than graphite. Two-dimensional graphene nanosheet has a superior

surface area to volume ratio due to its unique honey comb lattice and one-atom

thick monolayer structure. Its unique structure can provide large number of

reaction sites for lithium storage. However, the low coulombic efficiencies and large

irreversible capacities of CNTs and graphene nanosheets are the main drawbacks for

their application as anode materials for LIB [8-10].

2.2.2 Nanostructured Lithium Alloy Anode

Lithium alloy anode materials have high operating voltages above that of Li0/Li+ as

well as huge capacity values, which made them appealing candidates for high



14 /99

energy lithium battery system. Metals and semiconductors such as aluminum, tin

and silicon, can react with lithium electrochemically and form alloy. The

allying/de-alloying process is partially reversible, involving a large number of atoms

and electrons exchange per formula unit, hence provide large specific capacity. For

example, the specific capacity of Li-Si anode is 3580mAh/g with a lithium ion

saturation concentration of Li3.75Si, and that of Li-Sn anode is 990mAh/g with a

lithium ion saturation concentration of Li4.4Sn. However, there are some problems

of lithium alloy anodes which need to be solved before their fully utilization in LIB.

The main drawback of lithium alloy anodes is the large volume change of anode

during charge and discharge process. The continuous alloying and de-alloying

mechanism exerts lattice stress and causes structural cracking of anode [11]. As a

result, lithium alloy anodes have serious capacity loss within a few charge-discharge

cycles. The solution to this particular issue is using binary composite with large free

volume to buffer the volume change. In the typical binary composite model, with

one component alloy/de-alloying with lithium while the other inactive component

working as protective structure against the volume expansion, the structural

stability of anode will be retained and the cell can sustain a long term cycle life.

Many reported studies on lithium alloy based anode materials have corroborated

the effectiveness of the above strategy [12-14].

2.2.3 Nanostructured Metal Oxides and Metal Sulfides

A variety of nanostructured metal oxide (MO) and metal sulfide (MS) anode
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materials have been studied as alternatives of graphite anode [5, 7, 15]. Metal oxide

anode materials, as a large group of compounds, are found have very different

reaction mechanisms with lithium [16-18]. In general, there are three types of

reactions can take place between lithium/metal-oxide couples, including lithium

intercalation, lithium-metal alloying and lithium-metal conversion.

The lithium intercalation reaction of metal oxide anode involves the lithium ion

insertion/removal of transition metal oxides. This type of reaction does not involve

any phase changing of metal oxides, thus insertion based metal oxide anode

materials can offer reliable performance such as good capacity reversibility, high

rate capability. However, the insertion metal oxide anodes have the same problem

as graphite anode in terms of energy density. Those insertion metal oxides usually

have a small saturation of lithium concentration which leads to a theoretical

capacity even less than that of graphite anode. For example, rutile titanium oxide

(TiO2) anode can exhibit high rate capability at voltage window from 1.0 V to 3.0 V

(versus Li0/Li+) and excellent electrochemical stability upon cycling, but the rutile

titanium oxide anode can only accommodate lithium up to a stoichiometry of

Li0.5TiO2, which equivalent to a specific capacity of 168 mAh /g [19].

Another type of metal oxide anode works based on lithium-metal alloying

mechanisms. During the lithium-metal alloying reactions, metal phase of metal
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oxide anode reacts with lithium ions and form alloy. This type of MO anodes can

generate large numbers of lithium/electron exchanges therefore have high

theoretical capacities. For example, tin oxide (SnO2) anode can react with lithium to

generate Li2O and Sn, and subsequently form Li-Sn alloy with a saturation lithium

concentration of Li4.4Sn (See Eqn 2.1 and 2.2), which is equivalent to a theoretical

capacity of 790 mAh/g (differs from that of Li-Sn alloy anode)[20].

SnO2 + 4e + 4Li
+ → 2Li2O + Sn (2.1)

Sn + 4.4e + 4.4Li+ → Li4.4Sn (2.2)

Compared with solid SnO2 particles, porous SnO2 nanostructures are better choice

for anode materials due to their ability to buffer volume changes, but the high

surface area of nanostructured porous SnO2 also brings in the deficiency of

irreversible capacity [21, 22]. However, the application of alloy based metal oxide

anodes are inhibited by the large volume change of anode materials upon

continuous cycling. The main challenge of alloy based metal oxide anodes remains

maintaining the structure integrity during charge-discharge process.

The third type reaction mechanisms of metal oxide anode are conversion process.

The conversion process between lithium and metal oxides refers to the

electrochemical process during which metal oxides are converted to the metallic
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state along with the formation lithium oxide (Li2O) and returned to its initial state in

the reversal reactions. This conversion reaction between metal oxides and lithium

composes the formation and decomposition of lithium oxide and the reduction and

oxidation of metal. The reaction mechanism of lithium/metal sulfide couples is the

same as the conversion process of metal oxides, which can be described as follows

[23]:

Mn+X + ne− + nLi+֖M0 + nLiX, (X = S, O) (2.3)

Metal oxide/sulfide anode materials that react with lithium based on conversion

mechanism offer high reversible capacities and high energy densities due to the

large numbers of ion/electrons exchange involved in conversion reactions. Thus the

conversion-based metal oxides or sulfides have the potential to develop high energy

electrodes. However, those metal oxides/sulfides have problems such as low

coulombic efficiency, large potential hysteresis, and low capacity retention rate over

long cycles [24, 25].

Cobalt sulfides with high capacity and cycle stability are attractive anode materials

for LIBs. The high initial capacity of 1280 mAh/g achieved from a CoS2 anode from

the preliminary study revealed the great potential of developing high energy

storage systems with cobalt sulfides [26]. Cobalt sulfides with different
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compositions and structures (Co3S4, CoS, Co9S8, and CoS2) have been found

applications in a broad field including semiconductor, chemical catalysts and

magnetic materials [27-31]. Although many research groups have reported

synthesis and corresponding electrochemical characterization of cobalt sulfides as

anode materials [32-35], there are still more potential cobalt sulfides materials have

not been investigated as anode materials. Tin sulfides are also potential anode

materials with high capacity. Tin disulfide (SnS2) was the first material in tin sulfides

that has been examined as anode material [36]. SnS2 nanoplate [37] , 3D-flower

SnS2 [38] and SnS2/SnO2 composite [39] along with other tin sulfides which possess

different morphologies have been characterized for their electrochemical

performance as anode materials [40-43]. So far, the capacity deterioration and

irreversible discharge capacity at the first cycle are still the main issues for cobalt/tin

sulfides anode materials remains.

Recent reported works on the synthesis of one-dimensional metal sulfides include

copper and nickel sulfide cathodes, which may have created a path towards the

performance improvement of metal sulfide electrode materials [44, 45].

Well-designed material morphology can contribute to the improvement on

electrochemical performance of electrode materials. Those synthesized

one-dimensional metal sulfide cathode materials exhibit capacity stability over

prolonged charge-discharge cycles and, similar to carbon nanotubes, good rate
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capability. However, the capacity fading of those metal sulfide cathode after the first

cycle discharge remains high, in comparison with the same materials with higher

dimensional structure.

Figure 2.2 Reactors for hydrothermal synthesis: teflon-lined autoclave (left) and

stainless steel container (right).

Hydrothermal synthesis is a common synthesis method for nanostructured material

preparation due to its high efficiency in producing nanostructure materials [46-50].

The solvent for hydrothermal synthesis are widely available, and the reaction

process with organic solvents is often referred as solvothermal synthesis. The

reactions of hydrothermal synthesis are carried under high pressure, high

temperature solution environment. This method utilizes the solubility of materials

in prospective solvents under high temperatures, high pressures conditions and
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subsequent crystallization of the dissolved material from the solution. The changes

of properties of solvents and reactants at high temperatures and high pressures

provide more favorable condition to produce materials with complex

nanostructures, which are difficult to achieve at normal environment. Another key

feature of hydrothermal synthesis is that the desirable simultaneous nucleation rate

and good size distribution, which are important to the morphology and

performance of nanostructure materials, can be obtained by controlling reaction

parameters such as pressure, temperature, reaction time.

Nano-structured metal oxide/sulfide materials are potential high energy electrode

materials for LIBs. But the involvement of nanoscale structure in electrode synthesis

has both opportunities and challenges. The modification of material morphology at

nano meter scale can offer a variety of advantages, including large surface area to

volume ratio and shortened path for electronic transfer and ionic diffusion. High

surface area of electrode materials can improve the capacity and rate capability of

electrode materials due to the increase of large electrode/electrolyte contact area

and increased degree of lithium intercalation. Shortened path for electronic transfer

and ionic diffusion lead to low electronic and ionic resistance, which is good for the

application of electrode materials with poor conductivity. On the other hand, the

use of nanostructured electrode materials may also leads to negative effects such as

the decrease of battery energy densities and coulombic efficiency. The decreased
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battery energy densities are mainly caused by the large free volume within the

nanostructured electrode material. The high surface area of nanostructured

electrodes causes increase of undesirable side reactions at electrode-electrolyte

interface. Those side reactions of electrode/electrolyte species can leads to a series

of defects such as irreversible capacity, low coulombic efficiency, poor cycle stability

or safety hazards of lithium batteries. In addition, the material synthesis of

nanostructured electrodes is difficult due to the requirement of controlling the

particle shape, size and size distribution. Structure defects can also be generated

because of the complexity of synthesis mechanisms.

2.3 High Energy Cathode Materials

Innovative configurations of rechargeable lithium batteries such as lithium-air

battery and lithium battery represent the evolved battery chemistry of lithium

battery. With redox reactions between lithium and oxygen/sulfur, those batteries

offer much higher energy storage capabilities compared with LIBs.

Lithium-Air battery (Li-Air battery) with the redox couple of lithium metal (anode)

and oxygen (cathode) offers a theoretical specific energy of 11,680 Wh/kg. With

proper electrolytes, the lithium-oxygen redox reaction can be reversed therefore

forming a reversible charge-discharge mechanism. Li-Air battery is considered the

only power source that may be on a par with gasoline in terms of usable energy
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density. However, due to the absence of feasible solution that can maintain oxygen

contact with lithium while isolating the undesirable contamination from air, the

realization of practical Li-Air battery is currently inhibited by a series of technique

issues including cost, power, energy density, lifetime, and cycle stability [51].

Lithium-Sulfur battery (Li-S battery) works on the basis of redox reactions between

lithium metal anode and sulfur cathode. The reaction in Li-S battery is a reversible

conversion reaction. Sulfur cathode offers a theoretical capacity of 1672 mAh/g and

a theoretical energy density of 2600 Wh/kg with the fully utilization of sulfur in the

following process:

16Li+ + S8 + 16e
-֖ 8Li2S (2.4)

Thus sulfur cathode in a Li-S battery system has the highest theoretical capacity

value of all known solid state cathode materials. Li-S battery has the great potential

as high energy power source for wide ranges of applications due to its high

theoretical capacity, intrinsic overcharge protection mechanism, elemental

abundance, low cost and nontoxicity [52]. However, the utilization of sulfur cathode

has the challenge related to increasing active mass utilization rate, suppressing the

capacity fading over long cycle life and constraining the safety hazards of the lithium

metal anode. The development of Li-S battery is inhibited by its severe capacity
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deterioration, which is mainly caused by the high solubility of sulfur in organic

electrolyte.

2.3.1 Discharge Mechanisms of Sulfur Cathode

The discharge reaction of sulfur generates various forms of intermediate

polysulfides in both the electrolyte phase and the sulfur electrode phase due to

stepwise reduction processes. There are mainly two stages of the discharge reaction

of sulfur cathode:

S8 + Li
+ + e- → Li2Sx (first discharge stage, 2.4 V – 2.1 V) (2.5)

Li2Sx + Li
+ + e- → Li2S2 and/or Li2S (second discharge stage, below 2.1 V) (2.6)

The first discharge region attributes to the dissolution of solid sulfur and formation

of high order polysulfides (Li2Sx, X>3). Those high order soluble polysulfides can

migrate towards lithium anode through electrolyte. As the discharge process

continues, the low order, insoluble polysulfides (Li2Sx, X<2) accumulate at cathode

surface in the second discharge region and lead to an irreversible capacity [53, 54].

The sulfur dissolution in organic solvents may also causes self-discharge behavior of

Li-S battery [55]. An average daily capacity loss of 3% is reported in TEGDME based

electrolyte with aluminum current collector. The capacity loss with stainless steel

current collector is much more serious due to the electrochemical corrosion [56,
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57].

2.3.2 Electrolyte for Li-S battery

The high solubility of sulfur and formation of polysulfides dictate that electrolytes

used for LIB are no longer suitable for Li-S battery. Generally, the requirements for

the electrolyte served in Li-S battery include high ionic conductivity, high

electrochemical stability with polysulfides and low viscosity. A number of studies

have been reported on the effect of electrolyte component, including

tetrahydrofuran (THF), 1,2-dimethoxyethane (DME), 1,3-dioxolane (DOX),

tetra(ethylene glycol)dimethyl ether (TEGDME), to the capacitance and cycle

performance of Li-S battery[55, 56, 58-77]. It seems rather difficult for any single

organic solvent to satisfy all those conditions of Li-S battery electrolyte. A practical

solution is to use electrolyte with the optimized formula based on a mixture of

solvents and additives. Ether type solvent has a good solubility of sulfur while

maintaining electrochemical stability of polysulfide, and cyclic solvent can

contribute to the stabilization of lithium anode surface. Mixed solvents consist of

both ether solvent and cyclic solvent can achieve the dynamic balance between the

sulfur dissolution and chemical stability of electrolyte against lithium metal.

Tetra(ethylene glycol)dimethyl ether (TEGDME)/ 1,3-dioxolane (DOX) and

Diethylene glycol dimethyl ether (Diglyme)/1,3-dioxolane (DOX) are attractive

organic solvent mixture for sulfur cathode due to its ability to deliver first discharge

capacity of over 1200 mAh/g (based on sulfur content in cathode) [72]. The solvent
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combination of 1, 2-dimethoxyethane (DME) and 1,3-dioxolane (DOX) has also been

corroborated good electrolyte solvents which can greatly improve the overall

performance of Li-S battery [78, 79]. The DME controls sulfur solubility and the

electrochemical reaction of polysulfides while DOX acting as stabilizer of

polysulfides in electrolyte against lithium metal [62]. DOX and LiN(SO2CF3)2 (LiTFSI)

salt are found playing important roles in reactions which lead to the formation of

protective film comprising LixNOy and/or LixSOy on lithium anode surface [80].

The applications of polymer electrolyte and ionic liquid electrolyte in lithium-sulfur

system have also been explored. A few studies demonstrated the application of

ionic liquid electrolytes in Li-S battery [68, 77]. Ionic liquids can improve the cycle

performance of sulfur cathode by suppressing polysulfides dissolution in electrolyte

phase. The good chemical and thermal stability of ionic liquid also help increase the

safety of battery applications. However, the revealed results are insufficient to verify

the effectiveness ionic liquid electrolyte in Li-S battery due to their limited

charge-discharge cycles. The solid state battery configuration may help overcome

those problems related to sulfur and dissolution. The major improve from the

polymer electrolyte is using solvent-containing polymer membrane to avoid direct

contact between electrode and organic solvents. Hence solid state Li-S battery can

be expected to have improved reliability and safety. There are a few Li-S battery

with poly (ethylene oxide) (PEO) based polymer electrolytes have been investigated
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and some Li-S battery with imbedded polymer electrolyte have demonstrated

relatively good cycle performance [62-65, 81-83]. However, the polymer electrolytes

have weak spot on its temperature-dependent performance. Lithium diffusion

through PEO-based electrolytes mainly occurs in amorphous regions of polymer

which requires high ambient temperature. PEO based polymer electrolyte can

achieve full sulfur utilization at the temperature of 90°C for the initial discharge, but

polymer crystallization and electrolyte polarization at lower temperature leads to

incomplete reactions of sulfur due to poor electrochemical contact of cathode and

electrolyte [64, 83].

2.3.3 Morphology of Sulfur Cathode

The electrical and ionic insulating nature of sulfur results in a low level active

material utilization of sulfur cathode. The sulfur content in cathode may not be fully

discharged or charged due to poor electrochemical contact within the electrode

material. It is necessary to add additives with high conductivity to form binary or

ternary composite sulfur cathode in order to improve the electrical and ionic

conductivity of sulfur content. The common solution is to synthesize carbon-sulfur

composite cathode, in which carbon matrix can provide both electron transport

network and reaction sites for lithium-sulfur redox reactions. Chemical-free process

such as melt-diffusion and ball-milling techniques are commonly used to prepare

composite sulfur cathode materials with relatively simple morphologies. The

melt-diffusion strategy refers to a thermal process for preparation of carbon/sulfur
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composite material, during with the solid sulfur was heated to a liquid state and

return to solid state while attached to conductive agents. By heating the

carbon/sulfur mixture to a temperature above the melting point of sulfur, liquid

sulfur with low viscosity can easily flow into inner spaces of carbon matrix.

Infiltrating sulfur into carbon matrix through melt-diffusion has been proved an

effective approach to enhance the performance of sulfur cathode. Many

carbonaceous materials with different morphology and structure such as carbon

nanotube, porous carbon and graphene have been used for synthesis of sulfur

composite cathode materials. Ball-milling, as a mechanical processing method

widely adopted for the preparation of powder productions, can also be used for

sulfur cathode preparation. During the milling process, the stainless balls (or other

grinding media) rotate around a horizontal axis in a tumbler, partially filled with the

sulfur mixture. The continuous rotate press can reduce the size of bulk particles

within sulfur mixture and generate fine powders. Considering the fire risk due to the

flammable nature of sulfur and possible sparks generated form the collision of steel

balls and the tumbler, the ball milling preparation of sulfur cathode are usually

conducted with inert gas protection. The sulfur cathode material prepared with

ball-milling method can achieve a relatively good distribution of sulfur particles with

average size from 3μm to 8 μm [53], which largely limits its range of applications in

conductive materials with smaller pore sizes.



28 /99

Multi-wall carbon nanotubes (MWCNTs) have been applied for synthesis of binary

and ternary sulfur cathode materials [69, 84-87]. As a conductive agent with good

mechanical strength and chemical stability, carbon nanotubes can provide a good

electrical path for the redox electrochemical reaction sites for sulfur in the

composite. The configuration of CNTs/sulfur cathode can be divided into three

major groups: (1) bulk sulfur particles enwrapped by carbon nanotubes, (2) core

(MWCNTs)/shell (sulfur) structure composite and (3) a blend of sulfur particles and

MWCNTs in polymer. The carbon nanotubes can provide more effective

electronically conductive networks within the composite compared with amorphous

carbon additives. Highly conductive networks in the sulfur cathode via

homogeneous dispersion of carbon nanotubes (CNTs) can greatly improve the rate

capability and the cycle stability of Li-S battery [84]. However, the structural

properties of CNTs, such as diameter, length, surface area and pore volume, largely

limit the room for further improvement on the performance, especially the specific

capacity, of MWCNTs/sulfur composite due to the limited capacity of sulfur load on

carbon nanotubes.

Porous carbon with highly ordered porous structure and interconnected channels

exhibits high pore volume, uniform pore size distribution, and high conductivity. The

existence of micro carbon fibers within mesoporous carbon provides both

electrochemical contact and strong support of nano-architecture [88, 89]. The
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structural properties of mesoporous carbon (pore sizes 2 nm to 50 nm) have

attracted attention for its application in functional materials including sulfur

cathodes [77, 81, 90-93]. The conversion process between sulfur and lithium during

charge and discharge leads to the volume change of both lithium anode and sulfur

cathode [94]. By trapping sulfur into porous carbon, the free volume of carbon

matrix can provide buffer for the expansion and contraction of sulfur content, which

can contribute to the improvement of the cycle stability. Some research groups have

demonstrated porous or core(sulfur)/shell(porous carbon) structure carbon/sulfur

composites based on similar concept and achieved preferable sulfur utilization rates

[76, 95-97].

Graphene, with its good properties such as high conductivity, chemical stability,

mechanical strength, and large surface area, has been intensively studied for

electrochemical energy storage applications from super capacitors to lithium-air

battery [98-109]. Graphene sulfur composites are considered as new approaches to

improve the performance of Li-S battery. The excellent electrical conductivity of

graphene ensures good electrical contact between adjacent sulfur particles. The

mechanical flexibility of graphene offers sulfur composites with sandwich-type or

wrapping-type architectures which accommodate the volume change of the sulfur

during charge-discharge process. Hence, the graphene-sulfur cathodes showed

relatively good sulfur utilization rate in Li-S battery [110-112].
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Table 2.1 listed a series of sulfur cathode synthesized from various physical -

chemical processes. Although some of reported sulfur cathodes have achieved high

specific capacity over 1000 mAh/g or high rate capability up to 7 C (equivalent to

11,700 mA/g) [70, 87, 92, 95, 112], it is still difficult of retain the high and stable

capacity of sulfur over 100 cycles. The reported sulfur cathodes synthesis mainly

focused on the structure characteristics of carbonaceous materials and lack of

control measures on the particle size of solid state sulfur, the size distribution of

sulfur within the cathode is commonly neglected. To the best of my knowledge, the

modification of particle size of solid sulfur at electrode material synthesis stage has

yet to be investigated in previous research works.

Table 2.1 Performance of Sulfur Cathodes with Different Components

Conductive Content

In Cathode
Electrolyte Initial Capacity

Charge-discharge

Cycles

Remained

Capacity

Polyacrylonitrile[97] LiPF6 in EC/DMC ~500 mAh/g 380 470 mAh/g

poly(pyrrole-co-aniline)[113]
LiCF3SO3 in

DME/DOX
1285 mAh/g 40 866 mAh/g

MWCNTs[85]
LiCF3SO3 in

DGDE /DOX
1380 mAh/g 30 1020 mAh/g

Amorphous Carbon[96]
LiClO4 in

DGDE/DOX
1232 mAh/g 50 >800 mAh/g

Mesoporous Carbon[114] LiPF6 in EMS 1320 mAh/g 20 >800 mAh/g

Porous Hollow Carbon[93]
LiTFSI in

Tetraglyme
1071 mAh/g 100 974 mAh/g
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Overall, LIB is reaching its limits in performance with current electrode and

electrolyte materials. Breakthroughs in materials and battery chemistry are

essential to expand battery applications in the future. Solutions to above difficulties

may include but not limit to the application of nanostructured electrode materials

in LIBs, innovation of battery chemistry and development of rechargeable lithium

batteries with different working principles. Lithium-sulfur battery with lithium and

sulfur redox couples offers highest theoretical capacity among all known solid state

cathode materials. High energy density, elemental abundance, low cost and low

toxicity of sulfur guarantees the great potential of lithium-sulfur battery as high

energy power source and alternative for lithium-ion battery.
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3 Experimental Design

In this research project, I mainly focused on the correlations between sulfur

particles size and the performance of sulfur cathode. An innovative synthesis of

sulfur cathode through sonication was conducted in order to achieve reduced size

of sulfur particles. The morphology of carbonaceous material was also investigated

as a variable to sulfur cathode performance. The research methodology I used for

this project mainly includes the electrochemical performance analysis (i.e. cyclic

voltammetry, electrochemical impedance spectra and charge-discharge cycle tests)

and material characterizations techniques (i.e. x-ray diffraction, scanning electron

microscope, thermal-gravimetric analysis). Experiment works are divided into four

stages in terms of content. The first stage is the synthesis of materials. There are

mainly three types of sulfur cathode materials investigated in this research project.

Those cathode materials include amorphous carbon/sulfur cathode, mesoporous

carbon/sulfur cathode and graphene/sulfur cathode. The second stage is material

characterization. The experiment works in this stage are mainly examination of

variety characteristics of synthesized materials, including material morphology,

structure and mass ratio of different component in those materials. The third stage

includes electrode fabrication and battery assembling, where electrode materials

are assembled as coin cells with lithium as counter electrode for further

electrochemical characterization. The effect of different electrode fabrication

technique on the battery performance is also one of many research objectives. The
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last stage is electrochemical test of lithium batteries. The test techniques are

common electrochemical analysis measures such as cyclic voltammetry tests,

electrochemical impedance tests and galvanostatic charge-discharge tests.

3.1 Material Synthesis

The materials synthesized in this research project include graphene nanosheets,

graphene/sulfur composite, rod-shape mesoporous carbon and amorphous

carbon/sulfur composite. The synthesis techniques of sulfur containing composites

include solvent assisted synthesis and melt-diffusion synthesis. The solvent assisted

synthesis method is using the organic solvent to dissolve sulfur than create

composite of sulfur and carbon materials through the formation of precipitate.

Melt-diffusion synthesis refers to the thermal treatment of carbon /sulfur mixture.

3.1.1 Chemicals Used In Materials Synthesis

The chemicals involved in this research project are listed in Table 3.1. Table 3.1

listed the major chemicals I used for synthesis of sulfur cathode with different

morphologies. All solid chemicals are used as received without further purification.
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Table 3.1 List of chemicals used for sulfur cathode material synthesis

Chemical Name Formula Purity/Concentration Supplier

Sulfur S analytical-reagent Sigma-Aldrich

Graphite C n/a Bay Carbon

Hydrazine

monohydrate

NH2NH2 · H2O 98% Sigma-Aldrich

Potassium

permanganate

KMnO4 ≥ 99.0% Sigma-Aldrich

Sodium nitrate NaNO3 ≥ 99.0% Sigma-Aldrich

Sulfuric acid H2SO4 > 95% n/a

Dimethyl sulfoxide (CH3)2SO ≥ 99.5% Sigma-Aldrich

Carbon disulfide CS2 ≥ 99.9% Sigma-Aldrich

Carbon black C n/a Vulcan

Sucrose C12H22O11 99.5% Sigma-Aldrich

Hydrochloric acid HCl 2mol/L n/a

P123 PEO20PPO70PEO20 bio-reagent Sigma-Aldrich

Ethanol CH3CH2OH 99% n/a

Tetraethyl

orthosilicate

Si(OC2H5)4 98% Sigma-Aldrich
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3.1.2 Melt-Diffusion Technique

The melt-diffusion method utilizes the transformation from solid state sulfur to

liquid state with the change of temperature. Liquid sulfur with low viscosity can

easily flow into inner spaces of a porous structure and form composite. Sublimed

sulfur and a structural material are two basic components for this synthesis process.

The requirements for suitable structural material include inner free volume and

structural stability at the temperature range above the melting point of sulfur. The

materials used as structural support can be carbonaceous materials, polymers or

ceramics. With the easily established procedure and low cost, this method can be

applied to almost all kinds of carbonaceous materials. However, the morphologies

of melt-diffusion synthesized sulfur composite materials and their performance as

cathode materials are highly dependent on the properties of structural materials. In

this research, I applied melt-diffusion technique to synthesis sulfur composites with

graphene and mesoporous carbon. The detailed synthesis procedures are given in

Chapter 4 and Chapter 7.

3.1.3 Solution Based Synthesis

The solvent carbon disulfide (CS2) has a high solubility of sulfur at room

temperature and a low boiling point of 46.3 °C. The observation in a series of trial

experiments on sulfur dissolution in pure CS2 solvent confirmed that (1) 4 – 8 g

sublimed sulfur powders were fully dissolve in 20 ml CS2 solvent at room
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temperature and formed colorless solution, (2) amorphous sulfur precipitate

formed from recrystallization after the CS2 solvent fully vaporized. Due to the high

sulfur solubility in CS2 solvent, the reaction window for sonication on sulfur particles

in sulfur - carbon disulfide solution is very small and the experiment parameters are

hard to control. Thus the sonication technique is impractical in CS2 solvent. I

conducted solution-route synthesis with CS2 solvent to synthesis sulfur composite

with amorphous carbon. The detailed synthesis procedures are given in chapter 5.

3.1.4 Sonication Technique

Ultrasound process is the method of choice to synthesize sulfur/carbon composite

through a solution route with dimethyl sulfoxide as the solvent. Ultrasound has

been employed in a wide range of chemical applications including dispersion of

powdered solids in a solid-liquid system due to its high efficiency in reaction rates

[115]. Because ultrasonic shock waves from cavitation collapse can produce large

forces on small particles [116], the fragmented sulfur after sonication process is

expected to have a relatively small size and increased surface area. Hence the

electrochemical conductivity within the cathode can be improved with reduced

particle size and homogeneous size distribution of sulfur. The thermal effect of

ultrasonic probe in liquid environment also makes it the perfect energy source for

sulfur/carbon composite synthesis.

Dimethyl sulfoxide (DMSO) is a solvent with a high boiling point of 189 °C and a high
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freezing point of 18.5 °C. The solubility of sulfur in DMSO is relatively high at the

temperature above 115 °C. The observation in a series of trial experiments

confirmed that (1) 2 – 4 g sublimed sulfur powders were fully dissolve in 50 ml

DMSO solvent at temperature above 115 °C and formed solution with light yellow

color, (2) needle-shape sulfur precipitate formed from re-crystallization after the

solution cooled to room temperature. Thus the dissolution process of sulfur in

dimethyl sulfoxide can be tuned by controlling the temperature of sulfur/DMSO

solution. I conducted sonication synthesis technique which utilizes the DMSO

solvent to synthesis sulfur nanocomposite with amorphous carbon. The detailed

synthesis procedures are given in Chapter 6.

3.2 Materials Characterization

The techniques I used for material characterization include X-ray diffraction (XRD),

scanning electron microscope (SEM) and thermal-gravimetric analysis (TGA).

3.2.1 X-Ray Diffraction

X-Ray Diffraction (or X-ray diffractometry, XRD) is a characterization technique

widely used in materials science. Its applications include qualitative phase

identification, quantitative phase analysis, determination of crystal structure,

particle size and strain measurements, etc.

X-ray is a form of electromagnetic radiation with high energy and short wave length.
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As the distance between atoms is on the same order as X-ray wavelengths, crystals

can diffract the x-ray radiation when the diffracted beams are in-phase. For a given

wavelength, diffraction can only occur at a certain angle with a fixed distance

between atomic planes.

X-ray diffractometer, as the primary instrument for XRD test, consist of three basic

components: an X-ray tube, a sample holder, and an X-ray detector. X-rays are

generated in a cathode ray tube (CRT) by heating a filament to produce electrons,

accelerating the electrons toward a target by applying a voltage, and bombarding

the target material with electrons. The high energy electron beam will knock core

electrons out of atoms and create vacancies. As electrons from a higher energy level

make a transition to fill the vacancies, the characteristic x-ray emission is therefore

formed. The characteristic X-ray spectra consist of several components, the most

common being Kα and Kβ. Kα consists of Kα1 and Kα2. Kα1 has a slightly shorter

wavelength and twice the intensity as Kα2. Kα1 and Kα2 are close in wavelength so a

compositive Kα is often used for XRD. Copper is the most common target material

for X-ray diffraction and generates Cu-Kα radiation with a wavelength of 1.5418Å.

During the X-ray diffraction test, X-ray beam is directed to the sample. The sample

rotates in the path of X-ray beam at an angle θ while the X-ray detector is mounted

on an arm to collect the diffracted X-rays and rotates at an angle of 2θ. For typical



39 /99

powder samples, a 2θ range of 5° to 70° degrees is sufficient to cover the most

useful part of the powder patterns. As the sample and detector are rotating, the

intensity of the reflected X-rays is recorded. When the geometry of the incident

X-rays impinging the sample satisfies the Bragg Equation, constructive interference

occurs and a peak in intensity occurs. The recorded X-ray signal is then transferred

to a connected computer for data processing.

The XRD examinations of the obtained materials were performed on a Siemens

D5000 X-ray diffractometer with Cu-Kα radiation. The scan angle I used was between

10° and 90° (or 10° to 80°), and the scan rate was 1° per minute.

3.2.2 Scanning Electron Microscope

The scanning electron microscope (SEM) is a technique used to investigate the

structural properties of materials with interactions between high energy electrons

and samples. The principle of SEM is using a focused beam of high energy electrons

to generate a variety of signals at the surface of solid specimens. The signals that

derive from electron-sample interactions (as shown in Figure 3.1) can be used to

reveal information about the sample’s morphology. The SEM is capable of

performing analysis of selected point locations on the sample. In most cases, data

are collected over a relatively small area (1 cm to 10 micron in width) on the surface

of the sample, thus a series of images that displays detailed information of sample

properties can be acquired. With properly selected detectors, SEM can also be used
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for revealing qualitative information of samples such as chemical compositions,

crystalline structure, and crystal orientations.

Figure 3.1 Schematic Illustration of Electron/Sample Interaction in SEM

Accelerated electrons in an SEM carry significant amounts of kinetic energy, and this

energy is dissipated as a variety of signals produced by electron-sample interactions

when the incident electrons hit the solid sample. These signals include secondary

electrons, (diffracted) backscattered electrons, and photons etc. Secondary

electrons and backscattered electrons are commonly used for imaging samples:

secondary electrons are signal sources for displaying morphology and topography of

samples, and backscattered electrons are signal sources for illustrating contrasts in

composition in multiphase samples. X-ray generation is produced by inelastic

collisions of the incident electrons with electrons in discrete orbitals (shells) of

atoms in the sample. As those high energy electrons fall into lower energy states,
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they yield X-rays with a characteristic wavelength. Thus, characteristic X-rays are

produced for each element in a sample that is bombarded by the electron beam.

The energy-dispersive (EDS) detector can be used to separate the characteristic

x-rays of different elements into an energy spectrum, and the analysis the energy

spectrum can be used to determine the abundance of specific elements in the

sample. EDS can be used to find the chemical composition of materials down to a

spot size of a few microns, and to create element composition maps over a much

broader area.

During the interactions between incident electrons and sample, larger atoms (those

with a higher atomic numbers) have a higher probability of producing elastic

collisions because of their greater cross-sectional areas. Consequently, the number

of backscattered electrons (BSE) reaching the BSE detector is proportional to the

mean atomic number of the sample. Thus, highlight areas in backscattering image

correlate with greater average atomic numbers in the sample, and dark areas in

backscattering image have lower average atomic numbers. Backscattering images

are very helpful for obtaining high resolution compositional maps of a sample and

for quickly distinguishing different phases in a sample.

SEM utilizes vacuum conditions and uses electrons to form images, thus the sample

preparations have a high standard in comparison with other material



42 /99

characterization techniques. The sample for SEM must be water-free to avoid the

water vaporization in the vacuum chamber. Samples with poor electronic

conductivities need to be coated with ultrathin conductive layer (carbon or gold) on

their surface. The coating process uses a small vacuum chamber (argon gas is also

required for gold coating) along with an electric field.

General morphologies of materials and electrode surface were observed on a Zeiss

Supra 55VP field emission scanning electron microscope. Back-scattering imaging

and energy dispersive X-ray elemental mapping were also used to investigate the

element distribution of sulfur nano-composite materials. I also used carbon coating

on sulfur composite samples in order to obtain high quality images.

3.2.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique used to determine changes in

weight of samples in relation to the temperature variation. This result of TGA is

dependent on accurate measurements of samples’ weight and temperature. TGA is

commonly employed in research to determine characteristics of materials such as

degradation temperatures of materials, absorbed moisture content or solvent

residua in materials, and the level of inorganic and organic components in materials.

In this research, TGA is used to determine the composition of synthesized sulfur

composite, i.e. the mass ratio of sulfur.
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Figure 3.2 Schematic Illustration of Thermogravimetric Analysis

Figure 3.2 is the schematic illustration of thermogravimetric tester. The

thermogravimetric analysis is conducted on a TA Instruments SDT 2960 TG/DTA

analyzer. The weight of samples used in the analysis was 5 - 10 mg. The sample was

first transferred into pre-balanced platinum open pan. Afterwards the sample pan

along with reference pan was both transferred into the heating chamber. The

experiment parameters were input into the control program as follows: (1) heating

rate of 10 °C per minute, (2) temperature upper limit of 500 °C, (3) air atmosphere.

The TGA results are converted to weight changes in a sample as a function of

temperature.
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3.3 Electrode Fabrication and Battery Assembling

There are two major methods for laboratory electrode fabrications: doctor-blade

technique and roll-pressing technique. The doctor-blade coating technique is using

vertical spatula to control the thickness of electrode film on substrate with the

distance between the blade tip and substrate. The electrode paste can form a

coating on substrate through the movement of blade on substrate surface.

Roll-pressing technique is based on similar concept, only the vertical blade is

replaced by a cylinder. In roll-pressing method, the electrode paste is coated on the

substrate with the rotation of cylinder. The thickness of electrode film is controlled

by the holder of cylinder.

Those sulfur cathodes I prepared for electrochemical tests are according to the

following procedure. A blend of synthesized sulfur composite material (80 wt%),

carbon black (10 wt%), and polyvinylidene fluoride (PVDF, 10 wt%) was mixed with

N-methyl-2-pyrrolidone (NMP) to form a slurry. The slurry was then coated on

aluminum foils. The coated aluminum foils were then transferred into a vacuum

oven, dried at 80 °C for 12 h. After the bake-out, the coated aluminum foils were

cut into round disks with a diameter of 14 mm and pressed with molds to form a

compact layer of active mass.
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As to the test battery assembling, lithium foils were used as the negative electrode.

Test batteries were assembled as type CR2032 coin cells. The electrolyte used for

Li-S battery tests was 1 mol/L lithium bis(trifluoromethane sulfone) imide (LiTFSI,

LiN(SO2CF3)2) salt in a mixed solvents of 1,2-dimethoxyethane (DME) and

1,3-dioxolane (DOX) (4:1 in volume ratio). The preparation of electrolyte and

battery assembling were conducted in argon filled glove-boxes (Unilab, MBraun,

Germany) with both moisture and oxygen levels below 0.1 ppm.

3.4 Electrochemical Testing

The test techniques are common electrochemical analysis measures such as cyclic

voltammetry, electrochemical impedance spectroscopy and galvanostatic

charge-discharge tests. Cyclic voltammetry is the most widely used technique to

acquire qualitative information about electrochemical reactions such as the

equilibrium of electrochemical reaction.

The LiN(SO2CF3)2 salt I used to prepare the electrolyte for sulfur cathode tests is

known as one of the most reactive salts and may cause corrosion of aluminum

current collector (substrate of sulfur cathodes) in organic solvent electrolytes at the

potential over 3.5 V (versus Li0/Li+). Thus, I conducted all electrochemical tests

within the voltage window between 1.0 V and 3.0 V in order to avoid undesirable

side reactions between electrolyte and aluminum current collector.
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3.4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely used technique for acquiring qualitative

information about electrochemical reactions of batteries. It offers a rapid location

of redox potentials of the electrode/electrolyte species.

During the cyclic voltammetry test, a series of voltages are applied to the battery at

a constant rate (e.g. 1mV/s) and fixed voltage range (e.g. 1.0 V - 3.0 V). The voltage

is swept back and forth between the upper limit and lower limit and the

corresponding currents are monitored. The received current response is plotted as

a function of voltage.

A CV scan starts with zero current flow. As the voltage is swept further to the

reductive (or oxidative) region, a current flow begins to form and eventually

reaches a peak and then starts to drop. The peak area of current/voltage current

indicates a high rate electron transfer in comparison with the voltage sweep rate.

This principle can be used to determine the potentials of electrochemical reactions

within a test cell.

The results of CV tests are highly dependent on a few factors including the voltage

scan rate, the reactivity of the electrode/electrolyte species, and the rate of the

electron transfer reactions. The rate of electron transfer can be influenced by the



47 /99

applied voltage. Variable voltages applied on electrode can cause the change of the

electrons' energy state and influence the activation energy of chemical species. The

rate constants for the electron transfer are proportional to the exponential of the

applied voltage. Therefore, as the voltage is changed, the reaction rate and the

current will change exponentially. In a slow voltage scan the mass diffusion layer

will grow much further from the electrode in comparison to a fast scan.

Consequently the flux to the electrode surface is considerably smaller at slow scan

rates than it is at faster rates. As the current is proportional to the flux towards the

electrode, the magnitude of the current will be lower at slow scan rates and higher

at high rates. The position of the current peak is a characteristic of electrode

reactions which have rapid electron transfer kinetics. These rapid processes are

referred to as reversible electron transfer reactions.

I conducted cyclic voltammetry measurements on CHI Electrochemical

Workstations (CHI CJ660D) at a sweep rate of 0.1 mV /s in a potential range

between 1.0 V and 3.0 V.

3.4.2 Electrochemical Impedance

The measurement of impedance of electrochemical interface has been applied to

many fields including studies of metal corrosion behavior, development of solid
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state electrolytes, charge state prediction of batteries, and material

characterization of porous electrode.

In the electrochemical impedance measurement, the test battery is considered as a

parallel circuit which consists of a capacitance (Cp) and an ohmic resistance (Rp).

The relationship between current and applied voltage of a circuit can be

characterized by the amplitudes of current, the voltage, and the phase shift. These

quantities can also be represented as a complex number, thus the impedance

response is usually characterized by a real part-imaginary couple. The data from

impedance measurement is plotted as a complex plane with the frequency as a

parameter. With a complex plane plot, the results are easy to be compared with the

linearized model (parallel circuit).

The measurement of impedance is often carried with a frequency response

analyzer. The capacitance and large time constant involved in electrochemical

process dictate that the measurement of impedance has to be applied in a very

wide frequency range (e.g. from 100 kHz to 0.001 Hz). The impedance changes

between its high-frequency limit and low-frequency limit. The high-frequency limit

refers to the contact resistance, and the low-frequency limit refers to polarization

resistance.
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The electrochemical impedance measurements I conducted were performed with

CHI Electrochemical Workstations (CHI CJ660D) on assembled batteries at open

potential. The frequency range was between 100 kHz and 0.01 Hz with the

amplitude of 5 mV.

3.4.3 Galvanostatic Charge-Discharge Tests

The galvanostatic charge-discharge tests are conducted to evaluate the main

performance index of Li-S battery, i.e. the specific capacity of sulfur content in

synthesized composite materials, capacity retention rate and energy efficiency

(coulombic efficiency). The voltage-capacity (V/Q) curves generated from

charge-discharge cycle tests can also be used to elucidate electrochemical

reduction/oxidation mechanisms of the cathode material. The charge/discharge

cycling tests were performed on a Neware RS-232 battery test system in

galvanostatic mode with cut-off voltages of 1.0 V and 3.0 V. Different current rates

were applied on assembled Li-S battery in order to investigate the rate capability of

sulfur cathodes.

All specific capacity data of tested electrode are based on the sulfur weight in

electrode unless specified otherwise. The specific capacities of sulfur in tested

batteries are calculated according to the following equations:
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Qsc = Q / Ws (3.1)

Ws = (WP - W0) • Rs (3.2)

Where the Qsc refers to the specific capacity of sulfur within the cathode, Q is the

discharge (or charge capacity) capacity acquired from the monitor software of cycle

tests, Ws is the amount sulfur mass of particular tested cathode, Wp is weight of the

aluminum foil with cathode paste, W0 is the weight of aluminum foil which used for

electrode substrate, and Rs is the mass ratio of sulfur within the sulfur composite.

The mass ratio of sulfur is according to results from thermogravimetric analysis.
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4 Graphene-Sulfur Composite

4.1 Material Synthesis of Graphene Sulfur Composite

Graphene nanosheets used for sulfur composite synthesis was prepared from

reduce reaction of graphene oxide. The graphene oxide was prepared from graphite

powders (SP-1, Bay Carbon, MI, USA) using a modified Hummers method [117]. The

preparation of graphene nanosheets I conducted was based on the following

procedure: 70 mL concentrated hydro sulfuric acid was first poured into a

round-bottom flask in an ice bath. 1 g graphite powder, 0.5 g sodium nitrate and 3 g

KMnO4 were gradually added into hydro sulfuric acid in sequence. The mixture was

stirred for 2 h and then diluted with distilled water. After then, 5% (wt%) hydrogen

peroxide was gradually added into the solution. Once the color of the mixture

changed to brilliant yellow, the reaction was completed and graphite oxide was

generated. Then, the as-prepared graphite oxide was dispersed in distilled water

and then exfoliated to generate graphene oxide nanosheets through sonication

using an ultrasonic probe (Branson S-450D sonifier). After sonication, the brown

suspension of graphene oxide nanosheets was poured into a round bottom flask

and added with 10 ~ 20 μL hydrazine hydrate for further reduction [118]. The mixed

solution was then refluxed at 100 °C for 2 hours to obtain graphene suspension. As

the color of the solution gradually changed to dark black, the graphene suspension

was received. Afterwards the suspension was centrifuged at 3000 rpm for 15
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minutes to remove precipitate. The separated supernatant of the graphene

suspension was vacuum dried at 80°C for 12 hours and powder-like dry graphene

nanosheets were finally obtained.

The synthesis procedure of graphene/sulfur composite is as follows: 0.05 g

graphene powder was mixed with 0.05 g sulfur powder by pestle and mortar. The

mixture was then heated to 150 °C and maintained at that temperature for 3 hours

under vacuum, during which the liquid sulfur was imbibed into the inner space

between graphene nanosheets under capillary attraction.

4.2 Material Characterization of Graphene-Sulfur Composite

Figure 4.1 The XRD Patterns of Graphene-Sulfur Composite
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The XRD pattern of graphene-sulfur composite is displayed in Figure 4.1, which only

showed border diffraction peaks of graphene (carbon) between 20° and 30°. The

disappearance of diffraction lines of crystalline sulfur has been reported in other

sulfur composite synthesis [81, 114]. One possible reason for the vanishing of sulfur

diffraction peaks in the composite is the phase transformation of sulfur during the

synthesis process as the sulfur particles are imbedded between graphene

monolayers.

Figure 4.2 The Morphology of Graphene-Sulfur Composite

Figure 4.2 shows morphology of graphene-sulfur composite acquired from the

scanning electron microscope without back-scattering, in which only the
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morphology of corrugated graphene nanosheets can be observed. The energy

dispersive X-ray elemental mapping was conducted to examine the element

distribution within the composite.

Figure 4.3 The EDS Element Mapping of Graphene-Sulfur Composite2

2
This elemental mapping of graphene –sulfur composite was performed by Dr. David Wexler on JEOL 7001F

field emission electron microscope (FESEM) at the University of Wollongong. The sample was first dispersed in
solvent at sample preparation stage thus the morphology appears to be different from it in Fig 4.2.
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Figure 4.4 The Weight Loss Curve of Graphene-Sulfur Composite

The element mapping results showing in Figure 4.3 confirmed a uniform

distribution of sulfur in graphene nanosheets at micro meter level. The

homogeneous distribution of element sulfur within graphene nanosheets ensures

the intimate electrical contacts between sulfur particles. Further

thermal-gravimetric analysis verified the sulfur content in the synthesized

graphene-sulfur composite was 48.4 % (wt%) (as shown in Figure 4.4).

4.3 Graphene-Sulfur Cathode Fabrication

A blend of synthesized graphene-sulfur composite material (80 wt%), carbon black

(10 wt%), and polyvinylidene fluoride (10 wt%) was mixed with
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N-methyl-2-pyrrolidone (NMP) to form a slurry. The slurry was then coated on

aluminum foils with doctor-blade method. The coated aluminum foils were vacuum

dried at 80 °C for 12 h. After the bake-out, the electrodes were pressed with molds

to form a compact layer of active mass. Lithium foils were used as the negative

electrode. Test batteries were assembled as type of CR2032 coin cells. The

electrolyte used for battery tests was 1 mol/L lithium bis(trifluoromethane sulfone)

imide (LiTFSI, LiN(SO2CF3)2) salt in a mixed solvent of 1,2-dimethoxyethane (DME)

and 1,3-dioxolane (DOX) (4:1 in volume ratio). The battery assembling was

conducted in argon filled glove-box with both moisture and oxygen levels below 0.1

ppm.

4.4 Electrochemical Tests of Graphene-Sulfur Cathode

Figure 4.5 shows the cyclic voltammetry curve of a lithium battery with a

graphene-sulfur cathode in its second sweep cycle, which provides more detailed

information of equilibrium of electrochemical reaction within the full

charge-discharge voltage range (1.0V-3.0V). Since graphene is electrochemically

inert in the selected voltage range, the redox peaks can only be ascribed to the

reactions between lithium ions and sulfur. The cathodic peak located at 2.4 V

corresponds to the reduction of elemental sulfur to soluble polysulfides (Li2Sx,

2<x<8). The second cathodic peak at 2.1 V can be assigned to the further

polysulfides to insoluble polysulfides (Li2S or Li2S2). The sharp anodic peak around
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2.4 V corresponds to the conversion of polysulfides to sulfur during the charge

process. Thus the charge-discharge behavior of graphene-sulfur composite is in

accordance with the typical sulfur cathodes [79].

Figure 4.5 The Cyclic-Voltammetry Plot of Graphene-Sulfur Composite

Figure 4.6 shows the voltage-capacity curves of graphene-sulfur cathodes in their

first discharge cycles at different current rates. Two discharge plateaus of sulfur can

be distinguished in 0.1 C and 1.0 C discharge rates, which are consistent with the

redox peaks in cyclic voltammetry plot. The voltage-capacity curves clearly showed

the majority of discharge capacity of graphene-sulfur cathode is attributed to the

second discharge plateau of sulfur (below 2.1 V). The voltage-capacity curves also

revealed the change of discharge behavior of graphene-sulfur cathode under high
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discharge rate. The voltage-capacity curves at 0.1 C and 1.0 C discharge rates

present identical two-step reduction plateaus. However, the voltage-capacity curve

at the current densities of 3344 mA/g (2.0 C) showed no voltage plateau but a fast

declining slope, which indicates an incomplete reduction process of sulfur in

graphene-sulfur cathode under fast discharge.

Figure 4.6 Voltage-Capacity Curves of Graphene-Sulfur Composite at Different

Discharge Current Densities
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Figure 4.7 Specific Discharge Capacity of Graphene-Sulfur Composite at Different

Current Densities

Figure 4.7 shows the specific discharge capacities of graphene-sulfur cathode under

different current densities including 167 mA /g (0.1 C), 1672 mA /g (1.0 C) and 3344

mA /g (2.0 C). The graphene-sulfur cathode exhibits the highest specific discharge

capacity of 1593 mAh /g-S in the initial cycle at 0.1C rate. The difference of specific

discharge capacities achieved at varied current densities indicates a relatively good

utilization of sulfur at low current rate. The graphene-sulfur cathode maintained

high discharge capacity over 1400 mAh /g-S in the first 10 cycles and a specific

discharge capacity of 923mAh /g-S in the 50th cycle under 0.1C discharge rate. The

graphene-sulfur cathodes also exhibit the good performance on specific capacity at
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higher current rate, the initial discharge capacities at 1.0 C and 2.0 C discharge rates

are 1153 mAh /g and 902 mAh /g. The capacity retention rate of high discharge

current appeared to be higher than that of low discharge current, the reason may

be attributed to the low sulfur utilization rate at high current density and less

insoluble polysulfides formation in the subsequent reactions.

The sulfur utilization rate has been significantly improved with synthesized

graphene-sulfur composite cathode. With the deposit of sulfur within graphene

nanosheets, the electrical insulating nature of sulfur has been modified by the

highly conductivity of graphene nanosheets. The graphene-sulfur cathode has

demonstrated dramatic improve of rate capability on sulfur cathode as it is capable

of delivering full lithiation of sulfur content at 1.0 C rate. In addition, with the high

mechanical strength and flexibility of graphene nanosheets, the graphene-sulfur

cathode could accommodate the volume change of sulfur during the

charge-discharge process and then improve the cycle stability of sulfur cathode

during continuous charge-discharge process. Although the combination of

graphene-sulfur as cathode offers a limited improvement on the cycle stability of

Li-S battery, the problem of capacity fading over long cycles remains a challenge.
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5 Carbon-Sulfur Composite (CS2)

5.1 Material Synthesis of Carbon-Sulfur Composite

The solvent carbon disulfide was used for synthesis carbon-sulfur composite

through a solution-based route. The carbon disulfide assisted sulfur/carbon

composite synthesis procedure is as follows: 0.7 g sulfur was added in 15 ml carbon

disulfide and immediately dissolved, and then 0.3 g finely ground Vulcan XC-72

carbon powder was added while the solution was mixed by a magnetic stirring at a

medium speed. The solution was stirred and maintained at about 50 °C for 1 hour to

allow evaporation carbon disulfide and precipitation of sulfur. The black precipitate

was washed with ethanol and distilled water then vacuum dried.

5.2 Material Characterization of Carbon-Sulfur Composite

Figure 5.1 shows the XRD patterns of carbon-sulfur composite with carbon disulfide.

Major diffraction peaks of sulfur matched well with the standard diffraction lines of

sulfur (JCPDS card No. 08-0247), which can be indexed to the orthorhombic phase

with the space group of Fddd. The diffraction peaks of carbon content are covered

in the background and difficult to distinguish. The diffraction profile indicates no

phase transformation of sulfur during the dissolution processing in carbon disulfide.
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Figure 5.1 The XRD Patterns of Carbon-Sulfur Composite

Lower Peak plot is the Corresponding Standard Patterns of Sulfur

(JCPDS No 08-0247)

Figure 5.2 is the morphology of carbon-sulfur composite acquired with FESEM. The

low magnification backscattered image (Figure 5.2a) of the as-prepared composite

revealed the sulfur distribution within the material was not homogenous, some

areas showed higher level of concentration of sulfur than others, and the size of

bulk sulfur particles was about 3 - 15 μm, which is close to that of the ball-milling

processed carbon-sulfur composite [53]. Therefore, the CS2 solution processing has

no significant effect in reducing the particle size of sulfur. The content of sulfur in

the as-prepared material was determined by thermal-gravimetric analysis (TGA).
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Figure 5.2 The Morphology of Carbon-Sulfur Composite

(a) Backscattered image, (b) SEM image.

The left part of (a) is the ordinary SEM image, and the right part of (a) is the

corresponding back-scatter image. Those highlight areas in back-scattered image

represents element Sulfur.
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Figure 5.3 The Weight Loss Curve of Carbon-Sulfur Composite in

Thermal-Gravimetric Analysis

Figure 5.3 shows the TGA weight loss curve of the as-prepared carbon-sulfur

composites. The synthesized material contains 43.55 % (wt%) sulfur, which is lower

than the nominal value (50%). The decreased sulfur mass ratio after synthesis may

be attributed to the measures to remove the residual carbon disulfide, during which

recrystallized sulfur was washed off from the surface by ethanol and distilled water.

5.3 Carbon-Sulfur Cathode Fabrication

A blend of synthesized sulfur composite material (80 wt%), carbon black (10 wt%),

and PVDF (10 wt%) was mixed with NMP to form a slurry. The slurry was then

coated on aluminum foils with roll-pressing method. The coated aluminum foils
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were vacuum dried at 80 °C for 12 h. After the bake-out, the electrodes were cut

into round shape with a diameter of 14 mm and pressed with molds to form a

compact layer of active mass. Lithium foils were used as the negative electrode. Test

batteries were assembled as type of CR2032 coin cells. The electrolyte used for

battery tests was 1 mol/L LiTFSI salt in a mixed solvent of DME/DOX (4:1 in volume

ratio). The battery assembling was conducted in argon filled glove-box with both

moisture and oxygen levels below 0.1 ppm.

5.4 Electrochemical Tests of Carbon-Sulfur Cathode

Figure 5.4 shows the cyclic voltammetry curves (1st cycle and 2nd cycle) of the

as-prepared carbon-sulfur cathode in the voltage range between 1.0V and 3.0 V.

Two cathodic peaks in the first sweep cycle indicate the two-stage reduction

processes of sulfur in the cathode. The first and the second cathodic peak at around

2.25 V and 1.9 V correspond to the reduction of elemental sulfur to high order

polysulfides and low order polysulfides, respectively. The overlapped anodic peaks

in the first sweep cycle at 2.5 V and 2.6 V represent a reversible process from

polysulfides to elemental sulfur. In the second sweep cycle, the two reduction peaks

shifted to 2.3 V and 2.0 V and the gap between two peaks became more obvious.

The anodic peak at 2.6 V disappeared and left a single anodic peak narrowed to 2.5V.

The shifts of peak voltages are attributed to the increased electrochemical activity

(reversibility) and sulfur utilization rate of sulfur cathode.
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Figure 5.4 The Cyclic-Voltammetry Plots of Carbon-Sulfur Composite
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Figure 5.5 shows the voltage-capacity curves of carbon-sulfur cathodes. It can be

conclude that sulfur utilization rate of cathode at the initial cycle decreases with the

increase of the current density, comparing with discharge voltage curves at 0.1C and

0.2C rate, the second discharge plateau was shortened 0.4 C rate, which leads to a

decreased capacity. The low coulombic efficiency is also a major defect of the

as-prepared cathode material.

The charge-discharge cycle tests at current densities higher than 0.5 C all exhibited

short cycle life time along with large shaking in voltage-capacity curves which could

not be used for analysis. This is attributed to the limited conductivity and structural

stability of amorphous carbon in the composite.
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Figure 5.5 Voltage-Capacity Curves of Carbon-Sulfur Composite at Different

Discharge Current Densities
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Figure 5.6 Specific Discharge Capacities of Carbon-Sulfur Composite at Different

Current Densities

Figure 5.6 shows the specific discharge capacity of as-prepared carbon-sulfur

cathodes at different current densities of 167 mAh/g (0.1 C), 334 mAh/g (0.2 C) and

669 mAh/g (0.4 C), respectively. The initial specific discharge capacity of

as-prepared sulfur cathode is 1043 mAh/g at 0.1C, 971 mAh/g at 0.2 C, and 820

mAh/g at 0.4C. According to those cycling data, the capacity fading phenomenon of

the as-prepared cathode material is also obvious, the capacity retention rate at 0.1

C discharge rate after 20 charge-discharge cycles was less than 80%.
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6 Carbon-Sulfur Composite (DMSO)

6.1 Material Synthesis of Carbon-Sulfur Nanocomposite

The synthesis of carbon-sulfur nanocomposite through sonication is according to

the following procedure. In the first step, 0.7g sulfur powder was dissolved in 50 ml

DMSO through sonication by a high energy ultrasonic probe (Branson S-450D

sonifier). Then, 0.3g finely ground Vulcan XC-72 carbon powder was added and

dispersed into the solution. The solution was kept under sonication for another 5

minutes. The solution was then stirred and cooled at room temperature, during

which sulfur and carbon particles formed sulfur/carbon composite. After that, the

black precipitate was washed with ethanol and distilled water several times to

eliminate DMSO residual, then dried under vacuum at 100°C for 8 hours to

evaporate moisture.
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6.2 Material Characterization of Carbon-Sulfur Nanocomposite

Figure 6.1 The XRD Patterns of Carbon-Sulfur Nanocomposite

Lower Peak plot is the Corresponding Standard Patterns of Sulfur

(JCPDS No 08-0247)

Figure 6.1 shows the XRD patterns of the pristine sulfur powders and the

as-prepared carbon-sulfur nanocomposites, respectively. All diffraction peaks of

sulfur match very well with the standard diffraction lines of sulfur (JCPDS card No.

08-0247), which can be indexed to the orthorhombic phase with the space group of

Fddd. The XRD pattern of carbon-sulfur nanocomposites consists of diffraction

peaks of sulfur and a broad diffraction peak at 25◦, which corresponds to

amorphous carbon in the composite. This indicates that sulfur re-crystallized after

the solution-based processing by DMSO.
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Figure 6.2 The Morphology of Carbon-Sulfur Composite

(a) SEM image (b) backscattered image

The left part of (b) is the ordinary SEM image, and the right part of (b) is the

corresponding back-scatter image. Those highlight areas in back-scattered image

represents element Sulfur.
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The morphology and distribution of sulfur of the as-prepared carbon-sulfur

nanocomposite was analyzed by FESEM with back-scatter imaging. A SEM image of

carbon-sulfur nanocomposite is shown in Figure 6.2 (a), from which the mixture of

super-fine nanocomposite particles can be clearly identified. During the dissolution

processing, sulfur was dissolved by the solvent DMSO and intimately mixed with

carbon matrix. During the cooling process, the re-crystallized spherical sulfur

particles were intimately imbedded into the carbon matrix and formed a

homogeneous dispersion of sulfur within the composite. The crystal size of sulfur

has been significantly reduced to a range of a few tens to a hundred nanometers

after this dissolution and re-crystallization process. Figure 6.2 (b) shows the

back-scattered electron image of carbon-sulfur nanocomposite at a low

magnification, from which the uniform distribution of sulfur in carbon matrix can be

seen. The highlight area represents sulfur element, which is mixed well with carbon.

Therefore, the solution-based processing can allow the formation of carbon-sulfur

nanocomposite containing crystalline sulfur with a significantly reduced particle size

of sulfur.

The content of sulfur in carbon-sulfur nano composite was determined by thermal

gravimetric analysis. Figure 6.3 shows the weight loss curve of the as-prepared

carbon-sulfur nanocomposite. The nanocomposite contains 64.74 % (wt%) sulfur,

which is slightly lower than the nominal value (70 wt%). The difference between the
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actual sulfur mass ratio and theoretical value is due to a small amount of sulfur

remaining dissolved in DMSO solvent after the synthesis process.

Figure 6.3 The Weight Loss Curve of Carbon-Sulfur Nano Composite in

Thermal-Gravimetric Analysis

6.3 Carbon-Sulfur Cathode Fabrication

A blend of synthesized sulfur composite material (80 wt%), carbon black (10 wt%),

and PVDF (10 wt%) was mixed with NMP to form a slurry. The slurry was then

coated on aluminum foils roll-pressing method. The coated aluminum foils were

vacuum dried at 80 °C for 12 h. After the bake-out, the electrodes were cut into

round shape with a diameter of 14 mm and pressed with molds to form a compact

layer of active mass. Lithium foils were used as the negative electrode. Lithium foils
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were used as the negative electrode. Test batteries were assembled as type of

CR2032 coin cells. The electrolyte used for battery tests was 1 mol/L LiTFSI salt in a

mixed solvent of DME/DOX (4:1 in volume ratio). The battery assembling was

conducted in argon filled glove-box with both moisture and oxygen levels below 0.1

ppm. The reference sulfur cathodes were also prepared for the electrochemical

tests, the components of reference sulfur cathode include sulfur (80 wt%), carbon

black (10 wt%), and PVDF (10 wt%).

6.4 Electrochemical Tests of Carbon-Sulfur Cathode

Figure 6.4 shows the cyclic voltammetry (CV) curves of the carbon-sulfur

nanocomposite electrode in the voltage window at 1.0 V to 3.0 V. As carbon is

electrochemically inert in this voltage range, the redox peaks can only be ascribed

to the redox reactions associated with sulfur and lithium ions. In the first cycle, two

cathodic peaks are identified, which can be assigned to the reduction processes of

sulfur. The first cathodic peak at around 2.2 V corresponds to the reduction of

elemental sulfur to polysulfides. The second cathodic peak at about 1.94 V

corresponds to further reduction of polysulfides and formation of Li2S2 and Li2S. The

anodic peak at 2.5 V represents the conversion process from polysulfides to

elemental sulfur. From the second cycle, the reduction peaks and the oxidation peak

shifted slightly to a higher potential. The shifts of peak voltages are associated with
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Figure 6.4 The Cyclic-Voltammetry Plots of Carbon-Sulfur Nanocomposite
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gradually improved reversibility of electrochemical reactions, implying enhanced

sulfur utilization in the electrodes.

Figure 6.5 displays the charge-discharge profiles of carbon-sulfur nanocomposite

electrodes at different current densities. Two discharge plateaus can be

distinguished in the voltage ranges of 2.4 V – 2.1 V and 2.1 V – 1.5 V under different

current densities. The first discharge plateau is relatively shorter, while the second

discharge plateau extends longer and contributes to the majority of the discharge

capacity. These discharge plateaus are in accordance with two cathodic peaks

showed in the cyclic voltammetry curves. The second discharge stages present a

long horizontal plateau, which implies a complete reduction process from sulfur to

polysulfides. The voltage-capacity curves also revealed the low coulombic efficiency

of as-prepared sulfur cathodes as the charge capacities are much higher than the

discharge capacities under varied charge-discharge rates.
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Figure 6.5 Voltage-Capacity Curves of Carbon-Sulfur Nanocomposite at Different

Current Densities
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Figure 6.6 Specific Discharge Capacity of Carbon-Sulfur Nanocomposite at

Different Current Densities

Figure 6.6 shows the cycle performance of carbon-sulfur nanocomposite electrodes

at current densities of 167 mAh/g (0.1 C), 334 mAh/g (0.2 C) and 669 mAh/g (0.4 C),

respectively. The as-prepared sulfur cathodes delivered the highest specific

discharge capacity of 1220 mAh/g at 0.1 C in the first cycle. The cathode has a

slightly declined capacity with cycle number increasing, and managed to maintain a

specific capacity of 832 mAh/g at the 50th cycle. The carbon-sulfur nanocomposite

electrodes also achieved the highest discharge capacities of 1184 mAh/g at 0.2 C

and 1111 mAh/g at 0.4 C, and the capacity retention of 784 mAh/g (0.2C) and 749

mAh/g (0.4C) after 50 cycles, respectively. This demonstrates an enhanced cycle
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stability of the as-prepared nano composites at current rates below 0.4 C. However,

the continuous capacity fading (more than 20% within 50 cycles) revealed the

challenge of maintaining cycle stability of as-prepared sulfur cathodes. The

solution-based synthesis process can help achieve a well dispersion of nano-sized

sulfur within a carbonaceous composite, but the electrochemical stability of sulfur

cathode is also depend on other components in electrodes and electrolyte system

[61, 119]. The carbon material used in material synthesis is the drawback for the

electrochemical performance of as-prepared sulfur composite, the relatively low

conductivity of amorphous carbon (compared with graphene) can only allow

cathode material achieves stable charge/discharge cycle at relatively low current

rates. The solution process can obtain a reduced particle size of sulfur and

well-distributed sulfur in carbon matrix, but cannot strongly hold sulfur on carbon

matrix. The volume change of sulfur during cycling could degrade the connections

between carbon and sulfur, inducing the gradual decrease of capacity.

Figure 6.7 displays the electrochemical impedance spectroscopy (EIS) of the

carbon-sulfur nanocomposite electrode and the pristine sulfur electrode,

respectively. In the high frequency region, the impedance response displays a

semicircle loop and the corresponding diameter represents the charge transfer

resistance at the electrode/electrolyte interface. From the impedance plot, it is

evident that the carbon-sulfur nanocomposite electrode demonstrates a much
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lower charge transfer resistance than that of the pristine sulfur electrode. This

effect confirms that the nanocomposite architecture significantly increased the

charge transfer process in the electrode, and therefore, improved the

electrochemical performance of the lithium-sulfur batteries.

Figure 6.7 Electrochemical Impedance Plot of sulfur-carbon nanocomposite and

reference sulfur cathode
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7 Mesoporous Carbon-Sulfur Composite

7.1 Material Synthesis of Mesoporous Carbon-Sulfur Composite

Based on the established procedure [120], mesoporous carbon materials were

synthesized from mesoporous silica template. The synthesis process of template

includes the following steps: 1 g Pluronic P123 (PEO20PPO70PEO20) was dissolved in

30 ml of hydrochloric acid (2 mol /L) at 38 °C. 2 g Tetraethyl orthosilicate was then

added into the above solution and stirred for 5 minutes. The solution was kept still

for at least 24 hours before transferred into autoclave. After the mixture was heated

in the autoclave for 24 hours at 100 °C, the precipitation was filtered, dried and

then heated in tube furnace filled with air atmosphere at 550 °C. Thus the

preparation of silica template was completed. To synthesize mesoporous carbon

from the as-prepared template, 0.5 g sucrose was first dissolved in 2.5 ml hydro

sulfuric acid (0.3 mol/L), and then 0.5 g silica particles was dispersed in the solution.

After 1 hour sonication, the mixture was heated at 100 °C for 6 h, then at 160 °C for

another 6 h. The precipitate was heated in nitrogen atmosphere at 900 °C. The

carbonized composite was soaked in hydrofluoric acid (2.5 mol /L) for 8 hours to

remove residual of silica. Remained mesoporous carbon was washed and vacuum

dried for further characterization.

I have conducted both melt-diffusion technique and solution-sonication technique
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to synthesize sulfur/mesoporous carbon composites. The solution-sonication

synthesis of sulfur/mesoporous carbon composites is according to the same

procedure as that for carbon–sulfur nanocomposite. At first, 0.25 g sulfur powder

was dissolved in 50 ml DMSO through sonication by a high energy ultrasonic probe

(Branson S-450D sonifier). Next, 0.05g mesoporous carbon powder was added and

dispersed into the solution. The solution was kept under sonication for another 5

minutes and then cooled while stirred at room temperature. After that, the black

precipitate was washed with ethanol and distilled water several times to eliminate

DMSO residual, then dried under vacuum at 100°C for 8 hours.

The melt-diffusion technique was also employed to synthesis sulfur/mesoporous

carbon composite as a reference sample. The thermal synthesis procedure of

mesoporous carbon/sulfur composite is as follows: 0.05 g mesoporous carbon

powder was mixed with 0.05 g sulfur powder and fine ground. The mixture was

then heated to 150 °C and maintained at that temperature for 3 hour under vacuum,

during which the liquid state sulfur flow into interchannels of mesoporous carbon

and imbibed in the inner space under capillary attraction.
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7.2 Material Characterization of Mesoporous Carbon-Sulfur Composite

Figure 7.1 The XRD Patterns of Solution-Synthesized Mesoporous Carbon-Sulfur

Composite

The XRD pattern of mesoporous carbon-sulfur composite (type I, synthesized

through solution-based process) is displayed in Figure 7.1. The XRD profile of

solution-based synthesized mesoporous carbon-sulfur composite only showed

border diffraction peaks of carbon from 15° to 30°. The diffraction pattern of

crystalline sulfur disappeared after the synthesis process.

Figure 7.2 shows morphology of thermal-synthesized mesoporous carbon-sulfur

composite acquired from the scanning electron microscope. The SEM image clearly
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showed the morphology of sulfur filled mesoporous carbon.

Figure 7.2 The Morphology of Thermal-Synthesized Mesoporous Carbon-Sulfur

Composite

7.3 Mesoporous Carbon-Sulfur Cathode Fabrication

A blend of synthesized mesoporous carbon-sulfur composite material (80 wt%),

carbon black (10 wt%), and PVDF (10 wt%) was mixed with NMP to form a slurry.

The slurry was then coated on aluminum foils doctor-blade method. The coated

aluminum foils were vacuum dried at 80 °C for 12 h. After the bake-out, the

electrodes were pressed with molds to form a compact layer of active mass. Lithium

foils were used as the negative electrode. Test batteries were assembled as type of

CR2032 coin cells. The electrolyte used for battery tests was 1 mol/L LiTFSI salt in a
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mixed solvent of DME/DOX (4:1 in volume ratio). The battery assembling was

conducted in argon filled glove-box with both moisture and oxygen levels below 0.1

ppm.

7.4 Electrochemical Tests of Mesoporous Carbon-Sulfur Cathode

Figure 7.3 displays the discharge profile of solution synthesized mesoporous carbon

sulfur composite. The as-prepared mesoporous carbon-sulfur composite showed

negligible capacity and no discharge patterns as sulfur cathode in voltage range

from 1.0 V to 3.0 V, which corresponds with the XRD result (see Figure 7.1).

Figure 7.3 Voltage-Capacity Curves of Solution-Synthesized Mesoporous

Carbon-Sulfur Cathode

The results from electrochemical tests of solution synthesized material revealed

ineffectiveness of solution-sonication synthesis of sulfur composite with
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mesoporous carbon. There are a few reasons that may cause the failure of the

experiment. Firstly, the mesoporous carbon used for the material synthesis has the

average pore size below 50 nm, which is much smaller than the particles size of

sulfur after the sonication treatment in DMSO solvent (about 200nm). Thus the

sulfur particles can hardly be transferred into the inner channels during the

synthesis process. Secondly, the solution-sonication synthesis method has its own

limitation on experiment parameters such as temperature, and reaction time. In a

typical melt-diffusion synthesis of porous carbon/sulfur composite, the mixture of

precursor is usually maintained to a temperature above 150° C for 4 hours to give

sufficient time for the liquid state sulfur to flow into carbon matrix [81]. Thermal

treatment with a temperature of 750 ° C and long process time was also used to

form evaporated sulfur to cover the surface of porous carbon [92]. The high

temperature and long synthesis time is difficult to achieve with the

solution-sonication synthesis method due to the limitation such as control

parameters of equipment, properties of solvents, etc. Since the sulfur particles can

neither be transferred into the inner channels nor be dispersed on the outside of

the mesoporous carbon rods, the amount of sulfur attached on mesoporous carbon

after the synthesis is negligible. The above hypothesis was validated by the cycle

test on the thermal synthesized mesoporous carbon-sulfur composite.
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Figure 7.4 Voltage-Capacity Curves of Thermal-Synthesized Mesoporous

Carbon-Sulfur Composite

Figure 7.4 is the voltage-capacity curve of mesoporous carbon-sulfur cathode

prepared through melt-diffusion synthesis process. The discharge curve clearly

showed the two-step sulfur reduction reaction in a discharge process with the high

coulombic efficiency of a complete charge-discharge cycle, which indicates the

highly reversible sulfur redox reactions in conjunction with the high conductivity

networks within mesoporous carbon. In comparison with previously prepared

carbon-sulfur composites (as described in Chapter 5 and Chapter 6), the

mesoporous carbon-sulfur material from melt-diffusion synthesis process exhibits

higher coulombic efficiency as cathode material.
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Figure 7.5 Specific Discharge Capacity of Thermal-Synthesized Mesoporous

Carbon-Sulfur Nanocomposite

Figure 7.5 shows the cycle performance of thermal-synthesized mesoporous

carbon-sulfur nanocomposite electrodes at current density of 100 mAh/g 3. The

as-prepared sulfur cathodes delivered a theoretical specific discharge capacity of

977 mAh/g in the first cycle. However, the cathode showed serious capacity fading

with the first 30 cycles. After 30 cycles discharge, the theoretical specific discharge

capacity of the cathode was 311 mAh/g. The continuous capacity loss of

as-prepared cathode reveals that the modifications of synthesis techniques are

necessary for sulfur-mesoporous carbon composites.

3
The current density was calculated based on the theoretical value of sulfur content in the composite. The TGA

data for the mesoporous carbon-sulfur composite was unavailable due to the TG analyzer malfunction.
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8 Conclusions

In order to investigate the correlation between morphology of carbon material and

the performance of composite sulfur cathode, graphene-sulfur composite was

synthesized with the one-step melt-diffusion process and tested as cathode material.

The as-prepared graphene-sulfur cathode exhibits the highest specific capacity of

1593 mAh/g at 0.1C discharge rate, which is equivalent to 95% sulfur utilization rate.

The graphene-sulfur cathodes also achieved high capacities of 1153 mAh /g-S at 1.0

C, and 902 mAh /g-S at 2.0 C discharge rate. The continuous charge-discharge cycles

under high current densities revealed the great improvement of graphene-sulfur

cathode on rate capability. The composite material fully utilized the high electrical

conductivity, high surface area and mechanical flexibility of graphene. With the

homogenous distribution of sulfur within graphene nanosheets, the problem of

sulfur’s insulating nature can be effectively overcome. Although the as-prepared

graphene-sulfur cathode has degrades on long-term cycling, graphene based sulfur

composites are still one of those promising candidates as cathode materials for Li-S

battery.

A solution-based synthesis technique has been developed to investigate the factor

of sulfur particle size on the performance of sulfur cathode. With the joint force of

sonication and dissolution-crystallization process, this method can significantly

reduce the particle size of sulfur to hundreds of nano meters in the final product.
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The synthesized carbon-sulfur composite have both small size and homogeneous

size dissolution of sulfur within the amorphous carbon matrix. The as-prepared

sulfur cathode demonstrated a high specific capacity of 1220 mAh/g at a 0.1 C

discharge rate. The sulfur cathode material also exhibits enhanced rate capability

and cycling stability in comparison with sulfur composite which contains bulk sulfur

particles and a relatively poor sulfur distribution. However, the improvement of

cathode was largely limited by the component of amorphous carbon within the

composite. This innovative synthesis method also faced some difficulties when

applying to the mesoporous carbon-sulfur composite synthesis. Nevertheless, this

synthesis approach still have the capability in other applications for sulfur

containing composites synthesis, e.g. with other carbonaceous materials such as

carbon nanotubes, graphene or polymers.

In general, the primary objectives of this research project are successfully achieved.

The active mass utilization rate and rate capability of Li-S battery has been improved

through modification of cathode component. My work of this project did not solve

the problem of capacity degradation of sulfur cathode, but it could provide a new

prospective to sulfur composite synthesis. Further works on improvement of cycle

stability are essential for the development of Li-S battery.
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Definitions

A battery is one or more electrically connected electrochemical cells having

terminals/contacts to supply electrical energy.

A supercapacitor is a device that stores electrical energy in the electrical double layer

that forms at the interface between an electrolytic solution and an electronic

conductor.

The anode is the negative electrode of a cell associated with oxidative chemical

reactions that release electrons into the external circuit.

The cathode is the positive electrode of a cell associated with reductive chemical

reactions that gain electrons from the external circuit.

A separator is a physical barrier between the positive and negative electrodes

incorporated into most cell designs to prevent electrical shorting. The separator can

be a gel-electrolyte or a porous material (e.g. polypropylene) filled with electrolyte.

Separators must be permeable to the ions and inert to electrolyte and electrode

species.

Discharge is an operation in which a battery delivers electrical energy to an external

load.

Charge is an operation in which a battery is restored to its original charged condition

through the reversal of external current flow.

Coulombic efficiency is the ratio between the energy removed from a battery during

discharge compared with the energy used during charging to restore the original

capacity.

Working electrode is an electrode at which the reaction of interest occurs.

Counter electrode is the current-carrying partner of the working electrode.




