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Chapter 1 Introduction 

1.1 Research background 

Currently, fossil fuels, including petroleum, coal, and natural gas, are essential energy 

sources. However, the development of human society led to the increase in energy 

requirements. The excessive exploitation and consumption of fossil fuels has disrupted 

the original carbon balance in the environment and caused a significant greenhouse 

effect. Moreover burning fossil fuels has contributed to environmental pollution, 

including dust and toxic gas pollution.1-3 Therefore, the exploitation of renewable new 

energy sources, including solar, geothermal, and wind energy has become a research 

hotspot. Nowadays, fossil fuels are mainly used as electric power supply sources and 

for transportation, particularly as automobile fuel. Therefore, electric vehicles can 

reduce the demand for crude oil. Currently electric vehicles, which do not consume 

conventional fuel, have eliminated many drawbacks and restrictive factors, and have 

entered a period of rapid development. The battery is the most critical component of 

electric vehicles; moreover, currently, lithium-ion batteries are the main type of 

batteries on the market and the most widely used secondary batteries.4-6 
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1.2 Lithium-ion secondary batteries 

 

Lithium-ion secondary batteries play a very important role in modern society. 

Currently, rechargeable secondary batteries can be roughly divided into three 

generations. Lead-acid batteries are first-generation secondary rechargeable batteries, 

and nickel-cadmium and nickel-metal hydride batteries are second-generation 

secondary batteries. The energy density of these types of batteries is insufficient; 

therefore, they are mostly used in hybrid vehicles only to start the engine or during low 

fuel consumption episodes. Current third-generation electric vehicles use advanced 

lithium-ion batteries. The number of pure electric vehicles on the market has gradually 

increased with increasing specific energy of electric vehicle batteries. Owing to their 

high electrode specific capacity and energy density, lithium-ion batteries are widely 

used not only for electric vehicles but also for different applications.2, 6-8  

Since Sony Corporation successfully introduced lithium-ion batteries, they have been 

extensively used in different portable electronic devices, such as mobile phones, laptops, 

and tablets. Moreover, lithium-ion batteries are used for large-scale energy storage 

applications, including power vehicles and power station energy storage systems. 

Therefore, the lithium-ion battery industry has received increasing attention. The 

development of electric vehicles and portable electronic devices drove the increase in 

the demand for and functional requirements of lithium-ion batteries. As the demand for 

lithium-ion batteries increased, their high energy storage capacity and safety have 

gradually increased and their cost has decreased. The energy density of conventional 

lithium-ion batteries has approached the development limit. Hence, it has become 

increasingly difficult to meet the energy requirements of portable devices with ever-

increasing functions and high-range electric vehicles. Therefore, the development has 

higher capabilities. Furthermore, high-energy-density batteries should meet the critical 
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development needs of human society.9-11 

Herein, we briefly describe the operation of lithium-ion secondary batteries. The 

schematic diagram of a representative commercial lithium-ion secondary battery is 

presented in Figure 1.1.12 A lithium-containing transition metal oxide, such as LiCoO2, 

graphite, and an organic electrolyte in which lithium salts are dissolved are used as the 

cathode, anode, and electrolyte, respectively. The charge–discharge process of this 

battery can be expressed as follows: 

Cathode: Li1−xCoO2 + xLi+
 + xe− ⇄ LiCoO2     (1) 

Anode: LixC6 ⇄ xLi+
 + xe−

 + C6      (2) 

Overall: Li1−xCoO2 + LixC6 ⇄ LiCoO2 + C6     (3) 

Currently, typical cathode materials for lithium-ion secondary batteries include 

layered oxides13 (e.g., LiCoO2), spinel oxides14, 15 (e.g., LiMn2O4), and olivine oxides16, 

17 (e.g., LiFePO4). Furthermore, sulfur-based materials with high theoretical capacity 

have been drawing increasing attention as next-generation cathode materials. 

The maximum capacity of layered oxide-based cathode materials (e.g., LiCoO2) is 

approximately 300 mAh/g; however, because of their low power density and thermal 

stability, these materials are often used for small mobile devices which do not require 

high energy density. Although the thermal stability and output performance of spinel- 

and olivine-type cathode materials (e.g., LiMn2O4 and LiFePO4, respectively) are 

higher than those of layered oxide-based cathode materials, they are typically used for 

electric vehicles and large-scale storage battery systems because of their relatively low 

capacity (150 mAh/g) and conductivity. Recently, the demand for batteries with high 

energy and power density has increased rapidly; therefore, it is necessary to improve 

the current cathode materials and, simultaneously, search for new high-performance 

cathode materials.  
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The rapid development of electronic equipment and energy-storage devices has led 

to an increasing demand for high-energy storage systems. Sulfur-based cathode 

materials have received much attention because of their high theoretical specific 

capacity, low cost, high availability, and environmental friendliness.18-21 Therefore, 

sulfur cathodes are considered promising components of next-generation energy-

storage systems.22-24 However, because of the chemical properties of sulfur, the safety 

and cycle performance of sulfur cathodes should be improved. 
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1.3 Brief introduction of lithium–sulfur batteries 

 

Lithium–sulfur batteries are a new generation of lithium secondary batteries. Unlike 

the traditional transition metal oxide lithium-ion batteries, lithium–sulfur batteries 

consist of elemental sulfur, lithium metal, and conventional organic ethers as the 

cathode, anode, and electrolyte, respectively. During battery operation, sulfur can 

contribute two electrons. Therefore, the specific capacity and energy density of sulfur 

cathodes can reach extremely high values (1675 mAh/g and 2600 Wh/kg, respectively), 

which exceed those of the current lithium-ion battery cathodes.25-27 Because elemental 

sulfur is abundant, inexpensive compared with metallic minerals, low-toxic, 

environmentally friendly, and degradable, it presents great potential for large-scale 

practical applications. 

 

1.3.1 Liquid lithium–sulfur batteries 

 

Conventional liquid lithium–sulfur batteries comprise a cathode, an anode, and a 

liquid electrolyte with good ionic conductivity. Typical lithium–sulfur battery cathodes 

consist of sulfur, as the active material, a conductive material, a binder, and a current 

collector, which supports the electrode. However, some self-supporting cathodes do not 

require the use of binders and additional current collectors. Owing to the poor 

conductivities of sulfur and Li2S, the discharge product, the positive conductive 

network of lithium–sulfur batteries requires high conductivity and must be fully and 

uniformly combined with sulfur, such that sulfur can fully combine electrons and 

lithium ions and store energy.28, 29 Metal lithium foil is the most commonly used anode 

for lithium–sulfur batteries. The electrolytes of conventional lithium–sulfur batteries 

are organic ether electrolytes that can dissolve lithium salts; in addition, a polymer 
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separator is used to separate the cathode and anode. The final discharge product of 

lithium–sulfur batteries is Li2S, and the corresponding electrochemical reaction is: S8 + 

16Li+ + 16e− → 8Li2S; E = 2.15 V vs. Li+/Li. The charge–discharge curves of a typical 

lithium–sulfur battery are illustrated in Figure 1.2.25 

However, lithium–sulfur batteries still present many drawbacks that should be 

addressed, including cathode and anode design, electrolyte optimization, and overall 

battery structure design. These problems mainly on: 

(1) The electronic and ionic conductivities of sulfur and Li2S are low and result in 

the low utilization of active materials and difficulty in exerting the true energy density 

advantage. 

(2) During discharge, sulfur gradually produces soluble polysulfides. The soluble 

discharge products cause a shuttle effect which corrodes the lithium metal anode and 

redistributes lithium inside the battery, and therefore, causes the loss of active materials. 

(3) The volume change of the cathode material in lithium–sulfur batteries before and 

after the charge–discharge process is extremely high (density ratio S8/Li2S = 2.03/1.67). 

The formation of Li2S from elemental sulfur causes a volume change of 80% during 

continuous charge–discharge, and the continuous expansion and contraction causes 

damage to the cathode structure, which results in a significant decline in battery 

performance. This is particularly noticeable for high-load electrodes with practical 

application potential. 

(4) Lithium metal reacts with the electrolyte and forms an unstable solid electrolyte 

interface (SEI) film. During battery operation, lithium metal is consumed and can also 

form lithium dendrites, which hinder the large-scale use of lithium–sulfur batteries. 
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1.3.2 Solid-state lithium–sulfur batteries 

 

Compared with liquid batteries, all-solid-state batteries present the following 

advantages.  

(1) Excellent safety performance. Because all-solid-state batteries comprise only 

solid components (electrolyte, cathode, and anode) and no flammable organic 

electrolytes, burning or explosion accidents are prevented.  

(2) High energy density. Because all-solid-state batteries do not contain liquid 

electrolytes and lithium metal can be used directly as the anode, the energy density of 

the batteries is high. In addition, the wide electrochemical windows of solid electrolytes 

and high-voltage cathodes greatly increase the energy density of all-solid-state batteries.  

(3) Wide operating temperature range. Liquid electrolytes freeze at low temperatures, 

which prevents charging–discharging and greatly affects battery performance. All-

solid-state batteries can conduct lithium ions at high and low temperatures; therefore, 

they can be used under extreme environment conditions.  

(4) Flexibility. Polymer electrolytes are flexible and can be used to construct thin-

film and flexible batteries, which are required for future wearable devices. 

Similar to all-solid-state batteries, sulfur solid-state batteries consist of a cathode, an 

anode, the sulfur electrolyte, and a collector. The assembly of sulfur solid-state batteries 

is similar. The sulfur solid electrolyte is prepared using high-energy ball milling, high-

temperature quenching, and the cooling or the solution method. The cathode typically 

consists of a uniform mixture of active material, solid electrolyte, and conductive 

carbon black with a predetermined mass ratio that confers it high ionic and electronic 

conductivities. The anode usually consists of graphite lithium metal, or a lithium alloy. 

Because the sulfide solid electrolyte is very sensitive to air, all-solid-state batteries 

should be assembled under argon atmosphere. Typically, a special battery mold is used 
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to assemble all-solid-state batteries. First, a predetermined amount of sulfur solid 

electrolyte is weighed and added to the mold. Next, the electrolyte is flattened. 

Thereafter, the cathode material is weighed, evenly spread on one side of the solid 

electrolyte, and placed in a tablet press to be cold pressed into a sheet. Typically, freshly 

assembled solid-state batteries are allowed to reach steady state before electrochemical 

testing. 
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1.4 Liquid lithium–sulfur batteries 

 

1.4.1 Cathode materials for liquid lithium–sulfur batteries 

 

The electrolytes of lithium–sulfur batteries are different from those used for 

conventional commercial lithium-ion batteries and consist of organic ethers, such as 

ethylene glycol dimethyl ether, dioxolane, and tetrahydrofuran. The main research areas 

for conventional lithium–sulfur batteries with liquid electrolytes include cathode 

structure design, electrolyte component optimization, lithium salt additives, and lithium 

metal protection. 

The conductivity of elemental sulfur at room temperature is low (5 × 10−30 S/cm); 

therefore, elemental sulfur is an electronic insulating material and cannot be used by 

itself as cathode material for lithium-sulfur batteries. Therefore, a conductive agent 

must be added to increase the overall conductivity of the cathode. In addition, the 

"shuttle effect" of lithium polysulfide in liquid lithium–sulfur batteries leads to a large 

amount of active materials separating from the cathode current collector and dissolving 

in the electrolyte. This causes problems, such as low utilization of active materials and 

low specific capacity. Therefore, when the cathode material powder is prepared, sulfur 

is typically uniformly dispersed in a conductive carrier, which confines polysulfide ions 

and increases the conductivity of the cathode and the utilization rate of active materials. 

To achieve a high overall specific capacity, carbon, which is the lightest conductive 

material, is the first conductive carrier choice. 

In 2009, Ji et al.30 used CMK-3, an ordered mesoporous carbon, as sulfur carrier for 

the first time and studied the electrochemical performance of the CMK-3/S composite 

as cathode material for lithium–sulfur batteries. As illustrated in Figure 1.3, the 

diameters of the carbon nanotubes and pores of CMK-3 were approximately 6.5 nm 
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and approximately 3 nm, respectively. The high-temperature sulfur melting method was 

used to introduce sulfur into the pores of CMK-3. The dispersibility of elemental sulfur 

further increased the conductivity of the cathode composite material, and the pore 

structure of CMK-3 restrained the lithium polysulfide produced during the 

electrochemical reaction. This improved the charge–discharge and cycle performances 

of the analyzed battery. This study prompted an upsurge in the research of lithium–

sulfur battery cathode composite materials. Different carbon materials, such as porous 

carbon, graphene, carbon nanotubes, carbon nanofibers, and combined structured 

carbon have been used for sulfur cathodes. Experiments have revealed that these carbon 

materials can change the conductivity of sulfur anodes to varying degrees, improve the 

dispersion of sulfur active material, inhibit the shuttle effect, and improve the 

electrochemical performance of lithium–sulfur batteries. 

According to pore diameter, porous carbon can be divided into microporous, 

mesoporous, porous, and hierarchical porous carbon. Typically, the pore diameter of 

microporous carbon is below 2 nm, which is smaller than the diameter of S8 molecules. 

Therefore, when S8 is combined with microporous carbon via melting, elemental sulfur 

cannot be present in the mesopores as S8 molecules, but only as S2 or S4 molecules with 

low polymerization degrees.31, 32 Hence, the discharge reaction that occurs is a redox 

reaction in which sulfur and lithium generate Li2S and mesophase lithium polysulfide 

does not form. Han et al.33 used heat-treated and alkali-etched macadamia nut shells as 

raw material to successfully prepare microporous carbon materials (c-MNS; pore 

diameter < 0.6 nm) and used them as sulfur carrier. The sulfur–carbon composite 

comprising short-chain small-molecule sulfur compounded with microporous carbon 

presented a very high specific discharge capacity. However the voltage plateau of the 

battery featuring this composite as the cathode was low; moreover, the assembled 
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battery presented only one inclined discharge plateau instead of two conventional 

discharge plateaus, which are typical for lithium–sulfur batteries. This was ascribed to 

the strong adsorption ability of microporous carbon for lithium polysulfide and the 

changes in the existence of active substances. However, because of the limited quantity 

of prepared c-MNS, the loading capacity of small-molecule sulfur was limited. When 

the sulfur loading of the composite cathode was increased, the sulfur that could not 

enter the micropores was present as ring-shaped S8 molecules. Therefore, the inclined 

single discharge plateau was replaced by three discharge plateau (the first two discharge 

curves) or two discharge platforms (third discharge curve); the discharge capacity also 

decreased. 

Recently, carbon materials with one-dimensional linear structures, such as carbon 

nanotubes (CNTs) and carbon nanofibers have become research hotspots. Traditional 

sulfur cathodes require non-conductive binders, which reduce the sulfur content of the 

cathode and decrease the continuous ion–electron conduction path during 

electrochemical reaction. Therefore, when carbon nanowires and CNTs, which possess 

excellent conductivity and can easily form three-dimensional conductive networks, are 

combined with sulfur to prepare sulfur cathode composite materials, they can shorten 

the transmission distance of lithium ions and decrease the impedance of the cathode; 

furthermore, high-aspect-ratio ( >104) CNTs or carbon nanowires can be used to 

prepare self-supporting composite electrodes.34-36 Furthermore, the three-dimensional 

structures built using CNTs or carbon nanowires can provide ample space for sulfur 

loading. Two main methods are typically used to prepare CNT/carbon nanowire–sulfur 

composite electrodes. (1) First, a flexible CNT/carbon nanowire structure is prepared, 

and then sulfur is directly infiltrated into the structure using chemical or physical 

methods to obtain composite cathodes. (2) The CNTs/carbon nanowires are combined 



12 

 

with sulfur and then are assembled into composite cathodes with different 

morphologies.37, 38 However, during the early research stages on the use of CNTs and 

carbon nanofibers as lithium–sulfur battery cathode carriers, it was determined that it 

was difficult to coat sulfur uniformly on the surface of one-dimensional carbon 

materials when preparing composite cathodes via high-temperature melting; 

furthermore, the electrochemical performance of the prepared cathodes was poor.39-41 

Even if sulfur was uniformly coated on the surface of CNTs or carbon nanowires, the 

electrochemical performance of the prepared cathodes was still limited because sulfur 

was be exposed to the outside environment and the dissolution and shuttle of lithium 

polysulfide could not be effectively avoided. This reduced the utilization of active 

materials and ultimately affected battery cycle performance. 

To solve the aforementioned problems, researchers have used metastable small-

molecule sulfur (i.e., S2, S3, and S4 (S2-4)) to prepare CNT–sulfur composite cathodes, 

and utilized the enclosed space of CNTs nanotube to load S2-4. This increased electrode 

conductivity and also prevented the formation of mesophase lithium polysulfide 

because small-molecule sulfur reacted with lithium to form Li2S. Guo et al.42 prepared 

disordered CNTs using the anodic aluminum oxide (AAO) template synthesis method. 

The effect of different heat treatment temperatures on sulfur-loaded CNTs was studied, 

and the results indicated that high temperature (500 ℃) could cause sulfur vapor (S6 or 

S2) to enter the CNTs; furthermore, because chemical bonds could be formed between 

sulfur and carbon, the active material would not be easily lost during charge–discharge. 

The lithium–sulfur battery assembled using the aforementioned composite electrode 

presented excellent performance. The CNT–S2-4 composite electrode prepared by Xin 

et al.31 presented a single discharge plateau (at approximately 1.9 V) at a current density 

of 5 C and a discharge specific capacity as high as 1670 mAh/g (Figure 1.4). Moreover, 
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after 200 charge–discharge cycles, the battery still maintained a capacity of 800 mAh/g. 

 

1.4.2 Liquid lithium–sulfur battery electrolytes 

 

Lithium–sulfur battery electrolytes are different from those of conventional lithium-

ion batteries. Most lithium-ion battery electrolytes are carbonate-based; however, ester-

based electrolytes cannot be used for conventional lithium–sulfur batteries. Yim et al.43 

reported that lithium polysulfide, an intermediate product of sulfur discharge, 

underwent nucleophilic substitution with ester electrolytes, which led to the irreversible 

consumption of the active material (Figure 1.5). Therefore sulfur-containing cathodes 

would fail to work in ester liquid electrolytes. Once the formation of polysulfides can 

be effectively controlled in cathode systems by using sulfur–polyacrylonitrile (S–PAN) 

or short-chain small-molecule sulfur as the cathode, ester electrolytes can still be used 

to achieve the normal battery operation.31, 44 However, in most lithium–sulfur battery 

systems, the production of lithium polysulfide is inevitable. Therefore, ester-based 

organic liquid electrolytes have been replaced with ether-based electrolytes, such as 

1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL). Moreover, mixed solvents are 

widely used in lithium–sulfur batteries. The main components of lithium–sulfur battery 

electrolytes are organic solvents, lithium salts, and functional additives. Therefore, to 

optimize lithium–sulfur battery electrolytes the solvent-to-lithium salt-to-additives 

ratio should be selectively adjusted. Because the electrolyte comes in contact with both 

the cathode and anode, optimizing electrolyte composition can simultaneously improve 

the function and efficiency of cathodes and anodes of lithium–sulfur batteries.  

The partial dissolution and conversion of polysulfides in electrolytes is the basis for 

achieving high sulfur utilization. However, excessive dissolution of polysulfides can 

cause significant redistribution and active material shuttling, which decrease battery 
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stability. For lithium–sulfur batteries, the electrolyte system should present high ionic 

conductivity; however, polysulfide dissolution is facilitated as the ionic conductivity of 

the electrolyte increases. Carbone et al.45 studied the effects of ether electrolytes with 

different chain lengths on the performance of lithium–sulfur batteries and reported that 

the longer the solvent chain, the more difficult the dissolution of polysulfides. Moreover, 

the shuttle effect was suppressed when electrolytes with long solvent chains were used. 

Furthermore, conductivity decreased as solvent chain length increased and the sulfur 

utilization rate of lithium–sulfur batteries decreased. Therefore, to construct performant 

batteries, the solvent should present adequate ionic conductivity and the excessive 

dissolution of polysulfides should be inhibited. Gu et al.46 used 1,3-(1,1,2,2-

tetrafluoroethoxy)propane, a fluorinated diether (FDE), as the electrolyte cosolvent for 

lithium–sulfur batteries, and selected the appropriate The components of viscosity and 

ionic conductivity greatly improve the performance of lithium–sulfur batteries. In the 

absence of LiNO3 additives, when electrolytes with FDE volume fractions higher than 

70% were used, the coulombic efficiency of lithium–sulfur batteries reached 99% and 

the capacity reached 700 mAh/g after 200 cycles. Azimi et al.47 used 1,1,2,2-

tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) as the electrolyte for lithium–

sulfur batteries. Lithium polysulfide is used in this type of electrolyte. The solubility 

has been greatly reduced, so the performance of lithium–sulfur batteries has also been 

improved. Cuisiner et al.48 used a combination of (ACN)2-LiTFSI (ACN and LiTSFi 

denote acetonitrile and lithium bis(trifluoromethanesulfonyl)imide, respectively) and 

hydrofluoroether as lithium–sulfur battery electrolyte (Figure 1.6). The composition of 

this electrolyte was stable in the presence of lithium metal, controlled the dissolution 

of lithium polysulfide, and regulated the deposition of Li2S. The reversible capacity of 

lithium–sulfur batteries featuring this electrolyte reached 1300-1400 mAh/g. The 
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performance of lithium–sulfur batteries can also be improved by adjusting the 

electrolyte composition to increase salt concentration in the electrolyte. A very high salt 

concentration can present a similar effect with the common ion and can inhibit the 

excessive dissolution and diffusion of polysulfides. Because the fraction of salt in the 

electrolyte exceeded that of the solvent, this type of electrolyte has been termed "solvent 

in salt".49 Lithium–sulfur batteries featuring this type of electrolyte can reach extremely 

high coulombic efficiency in the absence of LiNO3, which confirms that polysulfide 

shuttling is greatly suppressed. Moreover, high salt concentrations facilitate the 

formation of a stable protective layer on the surface of lithium metal. 

The self-discharge behavior of lithium–sulfur batteries is noticeable because both 

sulfur and polysulfide are soluble in organic electrolytes, and the different states of the 

cathode also represent different states of charge (SOC). Long-chain polysulfides 

present strong dissolving ability during mid-discharge. Once in the SOC state that is 

not fully charged, it is easy to cause the irreversible loss of polysulfide redistribution 

and migration to the anode.50 Therefore, battery electrolyte design is extremely 

important for solving such problems in practice. Wang et al.51 used PP13TFSI ionic 

liquid to improve the performance of lithium–sulfur battery electrolytes by inhibiting 

the dissolution of lithium polysulfide. When the electrolyte contained 0.2 M LiNO3, 

100% SOC lithium–sulfur batteries was stored. Moreover, no capacity loss was 

observed after two days, whereas the capacity loss of common ether electrolytes 

reached 40%. 
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1.4.3 Anode materials for liquid lithium–sulfur batteries 

 

Lithium metal is the most popular anode material for liquid lithium–sulfur batteries, 

and the use of lithium metal is an important prerequisite for ensuring the high energy 

density of lithium–sulfur batteries. Lithium metal presents the highest negative 

potential (−3.04 V vs. H+/H2), low density (0.53 g/cm3), and extremely high theoretical 

specific capacity (3860 mAh/g). When lithium metal is used as the anode, no additional 

materials, such as conductive agents, binders, and conductive current collectors are 

required. Therefore, lithium metal can achieve a higher specific capacity than 

traditional anodes, such as silicon carbon and graphite anodes, which directly increases 

the actual energy density of batteries. However, lithium metal is active and difficult to 

store. Moreover, when lithium metal is used as the anode in batteries featuring organic 

electrolytes, it will directly react with electrolyte components to form an unstable SEI.52 

The unstable SEI induces changes in the ion concentration on the surface of lithium 

metal, which lead to the uneven deposition of lithium metal and the formation of lithium 

dendrites.53 Because lithium dendrites grow quickly, they can pierce the separator, 

which short circuits the battery and poses a high safety hazard.54 The unstable SEI 

undergoes continuous fragmentation, dissolution, and regeneration during long battery 

cycles, and that consumes the lithium metal anode and electrolyte components and 

causes the gradual breakdown of lithium metal. Furthermore, the lithium metal anode 

causes a large volume expansion during dissolution and deposition. These processes 

pulverize lithium metal and cause it to partly lose its current collecting ability, which 

leads to a rapid battery capacity loss. The polysulfide at the sulfur cathode of lithium–

sulfur batteries is extremely corrosive and migrates to the surface of lithium metal 

where it causes corrosion (shuttle effect). Therefore, to produce lithium–sulfur batteries 

with high specific energy, the problem of lithium metal anodes must be properly solved.  
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To date, the studies on lithium metal anodes have focused on the following three 

aspects. (1) In situ protecting lithium metal using electrolyte additives or by changing 

the electrolyte composition to form stable SEI films on the surface of lithium metal 

during charge–discharge.55 (2) Designing lithium metal framework structures. A high 

current density tends to amplify the local difference of the lithium metal surface and 

produce an uneven ion flow, which eventually produces lithium dendrites.56 Therefore, 

reducing the local current density by using a material with a high specific surface area 

as the lithium metal framework can decrease the volume expansion of lithium metal 

during dissolution–deposition and also decrease the local current density and suppress 

the uneven ion flow. (3) Ex situ protecting lithium metal by growing a protective layer 

on its surface before cycling. This protective layer should possess a certain ionic 

conductivity, high mechanical strength, and dense morphology, good for lithium metal 

and electrolyte liquid composition is relatively stable and other characteristics.57  
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1.5 Solid-state lithium–sulfur batteries 

 

1.5.1 Cathode materials for all-solid-state lithium–sulfur batteries 

 

Currently, the most commonly used cathode materials for sulfide solid-state batteries 

are transition metal oxides, such as LiCoO2, LiNi1/3Co1/3Mn1/3O2, and LiMn2O4, and 

sulfur-based materials, such as sulfur, Li2S, and metal sulfides. 

Layered LiCoO2 was first commercialized as cathode materials for liquid batteries. 

However, LiCoO2 presents a low specific capacity and poor multiplicative performance. 

Moreover, a space charge layer forms between LiCoO2 and sulfide solid electrolytes; 

therefore, the interfacial impedance is large, which greatly limits its use for solid-state 

batteries. Ohta et al.58 have developed a new LiCoO2 cathode for liquid batteries by 

coating the LiCoO2 surface with a layer of LiNbO3. This can effectively inhibit the 

formation of the space charge layer and increase battery power density. Sakuda et al.59 

reported that the electrochemistry of LiCoO2 can be improved by coating its surface 

with an electronic conducting layer (NiS or CoS), Woo et al.60 indicated that the 

interfacial impedance between the cathode and the solid electrolyte can be decreased 

via the atomic deposition of Al2O3 layers on the LiCoO2 cathode. 

LiNi1/3Co1/3Mn1/3O2, which was first reported by Ohzuku and Makimura,61 presents 

the highest theoretical capacity of all Li–Ni–Co–Mn cathode materials and excellent 

cycling performance. Kitaura et al.62 reported a sulfide solid-state battery with 

LiNi1/3Co1/3Mn1/3O2 and Li10GeP2S12 as the cathode and electrolyte, respectively, which 

exhibited excellent charge–discharge performance. Recently, Iwasaki et al.63 coated 

LiNi1/3Co1/3Mn1/3O2 with a LiNbO2 layer to reduce the cathode–electrolyte interface 

impedance and further improve the electrochemical performance of the all-solid-state 

battery. 
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LiMn2O4 is another important cathode material with spinel structure. Despite its low 

discharge capacity, its reversible performance is good. Batteries featuring sulfide, 

LiMn2O4, and indium as the solid electrolyte, cathode, and anode, respectively, present 

better charge–discharge performance; however, their interfacial impedance is high, and 

can be decreased via cladding and other methods, which improve battery cycling and 

rate performance. 

Sulfur presents a high theoretical energy density (2600 Wh/kg) and is one of the most 

promising cathode materials for lithium–sulfur batteries. However, when sulfur is used 

as the cathode, it reacts with the electrolyte. This causes a shuttle effect and leads to the 

consumption of the active substances, which results in poor cycling performance. 

Replacing liquid electrolytes with solid electrolytes can completely prevent sulfur 

dissolution in electrolytes.64 However, the ionic and electronic insulating properties of 

sulfur are major drawbacks for the development of sulfur cathodes. The electronic and 

ionic conductivity of sulfur can be improved by homogeneously mixing electronic and 

ionic conductor additives with sulfur.65 Nagao et al.66 prepared cathodes by 

homogeneously mixing sulfur with conductive carbon black. Moreover, they used 

sulfide solid electrolytes, and the all-solid-state batteries featuring composite cathodes 

exhibited excellent cycling and rate performance. Recently, Yao et al.67 addressed the 

stress changes caused by the volume expansion of sulfur cathodes during charge–

discharge. They prepared a battery with excellent performance by introducing a 

graphene oxide skeleton into the cathode (Figure 1.7). 

Because Li2S presents a theoretical capacity of 1168 mAh/g and does not undergo 

volume expansion during charge–discharge, it is a promising cathode candidate. 

However, similar to sulfur cathodes, Li2S cathodes present low ionic and electronic 

conductivities. Han et al.68 used a bottom-up method to prepare a battery featuring Li2S, 
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Li6PS5Cl, and polyvinylpyrrolidone as the active material, electrolyte, and carbon 

precursor of the cathode material (Figure 1.8). Nagao et al69 studied the effect of Li2S 

particle size on the electrochemical performance of all-solid-state batteries and 

determined that decreasing cathode particle size can effectively improve the reversible 

and rate performances of batteries. 

Recently, metal sulfides have received increasing attention owing to their high 

electrochemical activity, excellent electronic conductivity, and remarkable theoretical 

capacity. The interface between the sulfide cathode and the sulfide solid electrolyte is 

stable and presents low resistance and excellent electrochemical properties.70 For 

example, TiS2 nanoparticles and Li2S–P2S5 were used as the composite cathode and 

solid electrolyte, respectively, to obtain an amorphous Li–Ti–P–S phase, and the 

prepared solid-state battery presented excellent electrochemical performance.71 Chen et 

al72 prepared a battery featuring a composite cathode comprising MoS2, conductive 

carbon black, and Li6PS5Br, and the battery can be stabilized charge and discharge at 

0.2 C for 700 cycles. Recently, Yao et al.73 used the solution method to prepare Co9O8 

nanoparticles coated with Li7P3Sn solid electrolyte and utilized them to assemble a 

battery with excellent electrochemical properties. The battery was cycled at 1.27 

mA/cm2 for 1000 cycles and still maintained a discharge capacity of approximately 421 

mAh/g. 

 

1.5.2 Solid-state electrolytes for all-solid-state lithium–sulfur 

batteries 

 

Solid-state batteries present significant advantages compared with traditional 

batteries which feature liquid electrolytes, particularly in terms of safety. (1) Solid-state 

batteries do not use organic liquid electrolytes; therefore, there are no hidden dangers, 
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such as leakage and combustion. (2) The electrochemical window of solid electrolytes 

used for solid-state batteries is wide; moreover, the electrolytes are stable, which helps 

to improve battery energy density. (3) Solid-state battery electrolytes present a certain 

strength. The formation of lithium dendrites at the lithium metal anode can be prevented 

using ether electrolytes. The ether electrolytes used for traditional lithium–sulfur 

batteries are unstable in the presence of lithium metal and present extremely low flash 

points; moreover, the shuttling of the sulfur intermediate discharge products in ether 

electrolytes cannot be completely prevented. These problems can be solved using solid 

electrolytes; therefore, the solidification of lithium–sulfur batteries can increase their 

application potential. 

The most important part of solid-state batteries is the solid electrolyte. Solid 

electrolytes can be divided into several categories, including organic polymer, oxide 

solid, sulfide solid, nitrogen oxide, and hydride electrolytes. Polymer electrolytes 

consist of long-chain organic substances, whereas the other types of solid electrolytes 

are inorganic substances. Several of the aforementioned electrolyte types are described 

below. Because the solid electrolytes used in solid-state batteries are different, the 

design concepts of the corresponding batteries are also different. 

Organic polymeric solid electrolytes are a class of polymeric matrices dissolved with 

lithium salts that present lithium-ion conductivity. The lithium salts are dissociated in 

the polymer matrices and lithium ions move between specific polymer chain segments, 

which confer ion transport ability to the electrolytes. To date, polyethylene oxide (PEO), 

polyvinylidene fluoride (PVDF), and PAN have been studied and used as polymer 

matrices, and most current polymer electrolytes comprise PEO matrices.74, 75 However, 

polymers are more crystalline at room temperature and the free movement of the chain 

segments is very limited; therefore, the ionic conductivity of polymer solid electrolytes 
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is typically 10−6 S/cm or lower. As the temperature increases, the fraction of amorphous 

phase of polymers and the number of polymer chain segments that can move freely 

increase. Typically, the number of free polymer chain segments and the movement 

ability of polymers greatly increase only when the temperature is above the glass 

transition temperature of polymers, and that is when the ionic conductivity of polymer 

electrolytes can meet the requirements for solid-state batteries. The operating 

temperatures of most of the current battery systems featuring polymer electrolytes are 

much higher than room temperature; therefore, polymer electrolytes cannot fully meet 

the practical application requirements.76 The organic polymer electrolytes in lithium-

ion polymer electrolyte systems are classified as solid or gel polymer electrolytes (SPE 

or GPE, respectively) because the polymer matrix can be partially filled with organic 

liquid plasticizers. The addition of plasticizers to polymer electrolytes greatly increases 

ionic conductivity and improves the interfacial contact properties; however, because 

plasticizers are liquid, these electrolytes cannot be strictly considered solid electrolytes. 

The advantages and disadvantages of organic polymer electrolytes are noticeable. They 

can be cast to form films, can be subjected to the roll-to-roll process used during battery 

manufacturing, present great potential for mass production, and are flexible enough to 

allow their use in wearable devices. Conversely their room-temperature ionic 

conductivity is low, it needed to provide the appropriate operating temperature; 

moreover, because of their low strength, they can be affected by problems such as 

lithium dendrites. 

Oxide electrolytes are currently the mainstream solid-state electrolytes; furthermore, 

oxide solid electrolytes have been studied in depth and are used for several types of 

applications. Oxide electrolytes present several specific structures as follows: lithium 

super ionic conductor (LISICON), sodium super ionic conductor (NASICON), calcite, 
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anti-calcite, and garnet.77 Oxide electrolytes present several noticeable advantages. The 

preparation conditions of oxide solid electrolytes are not strict and no special 

atmosphere is needed to protect them; moreover, oxide electrolytes can be sintered 

densely to increase their strength. Most lithium ions are fixed in crystal lattices via Li–

O bonds. Therefore, the intrinsic ionic conductivity of solid electrolytes with this type 

of structure is very low, and the Li–O bonds partially break only when the temperature 

is sufficiently high. Owing to the high lattice stability of these structures, they can 

remain stable at high temperatures, and therefore, are suitable as solid electrolytes for 

high-temperature batteries. The room-temperature ionic conductivity of oxide 

electrolytes is only 10−7 S/cm, which is much lower than the conductivity required for 

room-temperature batteries. 

NASICON electrolytes is a collective term used to designate solid electrolytes with 

the crystal structure of Na1+xZr2P3−xSixO12, which are used as sodium ion conductors. 

NASICON electrolytes present three-dimensional ion channels, which are 

advantageous compared with the two-dimensional ion channels of LISICON 

electrolytes. By replacing all sodium ions in NASICON electrolytes with lithium ions, 

they can be used as solid-state lithium ion electrolytes. By adjusting the composition 

and element proportion in NASICON solid electrolytes, the lithium-ion channels can 

be adjusted to obtain solid-state lithium-ion electrolytes with NASICON structure that 

meet the requirements of solid-state batteries.78, 79 Aluminum doping can be used to 

obtain excellent NASICON-structured lithium-ion conductors, namely 

Li1+xAlxTi2−x(PO4)3 (LATP) and Li1+xAlxGe2−x(PO4)3 (LAGP). By modifying the 

sintering method, the room-temperature ionic conductivity of these electrolytes can be 

increased to 10−4-10−3 S/cm, which can meet the requirements for room-temperature 

batteries.77 The preparation of lithium-ion conductors is simple and proceeds with high 
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efficiency. However the titanium and germanium ions in their composition are unstable 

in the presence of lithium metal and undergo reduction reactions with lithium metal, 

which result in interfacial side reactions and even the decomposition of the electrolyte. 

Therefore, the direct application of these electrolytes for lithium metal solid-state 

batteries is limited.80 

Lithium-ion conductors with calcite structure consist mainly of Li3xLa2/3-xTiO3 

(LLTO)-type electrolytes. The general formula of calcite is ABO3, and the A-positions 

are jointly occupied by lithium and lanthanum. Lanthanum can significantly increase 

the vacancy concentration at the A-positions; therefore, LLTO electrolytes present very 

high bulk phase conductivity. The grain boundary resistance of LLTO electrolytes is 

extremely high, and that causes a decrease in the overall conductivity of the electrolyte. 

In addition, LATP electrolytes are similar to NASICON electrolytes, and the instability 

of titanium ions in the presence of lithium metal limits their use.  

Lu et al.81 developed lithium-rich anti-perovskite (LiRAP) electrolytes. These 

electrolytes, which are difficult to synthesize, consist mainly of Li3OX (X = F, Cl, Br, 

I, etc.) species and present the highest lithium concentration of all lithium-ion 

electrolytes (10−3 S/cm). According to the theoretical calculations performed for 

Li3OCl,81 the binding energy of the LiCl Schottky defects is low; moreover, the ion 

transport mode of LixOCl1−x electrolytes consists of defective and lithium-ion hopping 

conduction. However, LiRAP electrolytes are stable in the presence of lithium metal 

and present high ionic conductivity; therefore, they present good potential for further 

development. 

The original structure of garnet electrolytes conforms to the general formula of 

garnet-type ceramics (A3B2C3O12; Figure 1.9).82 The introduction of high-valent ions in 

the garnet structure can increase the lithium vacancy concentration inside crystals, 



25 

 

which boosts the mobility of lithium ions in the ceramic lattice. Li5La3Ta2O12 and 

Li3La2Nb2O12 were designed by Thaangadurai et al.83 who added pentavalent cations 

into the ceramic lattice, which increased the conductivity of the ceramics to 10−6 S/cm. 

The most popular garnet-type of lithium-ion electrolyte (Li7La3Zr2O12) with a very high 

ionic conductivity (3 × 10−4 S/cm) was designed by Murugan et al.84 Garnet electrolytes 

are more stable than other solid electrolytes in the presence of lithium metal; this is an 

advantage that renders them attractive to solid-state battery researchers. The studies on 

LLZO electrolytes mainly focused on elemental doping, sintered second phase,85 and 

optimized ceramic sintering process and mechanism,86-88 and have laid an excellent 

foundation for their practical applications. In the presence of water, the lithium in LLZO 

electrolytes reacts with the hydrogen ions in water; this causes the surface of the 

electrolyte to lose its lithium-ion conductivity. Furthermore, lithium hydroxide, the 

reaction product, further reacts with CO2 in the air to form inert lithium carbonate, 

which is not conducive to the interface modification of solid-state batteries.89 

Sulfide electrolytes can be considered an extension of oxide solid electrolytes. 

Oxygen and sulfur are homologues; however, the ionic radius of sulfur is larger than 

that of oxygen, which facilitates the expansion of the ion channel size inside the lattice. 

In addition, because the relatively weak electronegativity of sulfur weakens the binding 

forces on lithium ions, the mobility of lithium ions in sulfide electrolytes is unrestricted. 

Similarly, the weak bonding forces within the lattice render sulfide electrolytes soft and 

facilitate their processing. Currently, the main types of sulfide electrolytes are 

phosphorus-sulfur (thio-super ionic conductor thio-LISICON) and silver germanite 

sulfide (argyrodite-type) electrolytes.90 Li3PS4 and Li7P3S11 were first reported by 

Tachez et al.91 and Yamane et al.,92 respectively. The room-temperature ionic 

conductivity of Li7P3S11 can reach 3.2 × 10−3 S/cm. Sulfide electrolytes can be prepared 
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using solid-phase ball-milling93 and liquid phase synthesis.94, 95 In 2011, Kamaya et al.96 

reported a major breakthrough in sulfide electrolyte research by synthesizing the 

Li10GeP2S12 electrolyte (Figure 1.10). The room-temperature ionic conductivity of 

Li10GeP2S12 can reach 1.2 × 10−2 S/cm, which is much higher than those of liquid 

electrolytes. In 2016, Kato et al.97 designed the Li9.54Si1.74P1.44S11.7Cl0.3 sulfide 

electrolyte (Figure 1.11) with a very high room temperature ionic conductivity (2.5 × 

10−2 S/cm) and the Li9.6P3S12 sulfide electrolyte, which is stable in the presence of 

lithium metal. The ionic conductivity and mechanical strength of sulfide electrolytes 

are higher and lower, respectively, than those of oxide electrolytes, which helps to 

achieve good interfacial contact. However, sulfide electrolytes are extremely sensitive 

to water. Furthermore the raw materials required to prepare sulfide electrolytes are 

expensive and preparation conditions are very strict and include an inert atmosphere. 

Therefore, the process cost of sulfide electrolytes is high; furthermore, it is currently 

difficult to produce and use sulfide electrolytes on a large-scale. 

 

1.5.3 Anode materials for all-solid-state lithium−sulfur batteries 

 

The most commonly used anode materials for sulfide solid-state lithium–sulfur 

batteries include lithium metal, lithium alloys, and graphite. Lithium metal, which 

presents a very high theoretical capacity of 3860 mAh/g and the lowest chemical 

potential, is an ideal anode material. However, because lithium metal is very active, the 

formation of lithium dendrites at the anode is likely to affect battery performance. 

Numerous studies on liquid battery systems have focused on the modification of the 

lithium metal anode; however, researchers have not completely solved the safety of 

lithium anodes yet. The chemical stability at the lithium metal anode–solid electrolyte 

interface is relatively low, and side reactions occur very easily. However, this problem 
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can be solved by doping the solid electrolyte to improve stability at the interface. For 

example, doping P2O5 in the Li2S–P2S5 solid electrolyte greatly improved the 

electrochemical stability at the interface,98 and therefore, improved the electrochemical 

performance of the battery. Sun et al.99 reported that oxygen atom doping in Li10GeP2S12 

increased the ionic conductivity of the electrolyte and improved the chemical and 

electrochemical stability of the electrolyte. Kato et al.100 coated a gold film at the 

lithium metal–solid electrolyte interface (Figure 1.12), and that improved interfacial 

stability and the utilization of lithium metal. 

Lithium alloys are common anode materials for sulfide all-solid-state lithium–sulfur 

batteries. Because of the instability at the lithium metal–solid electrolyte interface, 

lithium alloys, such as Li–In,101 Li–Al,102 and Li–Si,103 are often used to replace lithium 

metal and improve interface stability. The most commonly used lithium alloys are Li–

In alloys, because in these alloys, lithium voltage is constant and stable104 (0.62 V vs. 

Li/Li+). Nagata et al.105 used a Li–In alloy and sulfur as the anode and cathode, 

respectively, to construct a cell, which presented a discharge capacity of 1550 mAh/g 

during the first discharge cycle and excellent cycling performance during subsequent 

cycles. The use of lithium alloys as anodes for solid-state batteries is a very effective 

method for hindering the formation of lithium dendrites and improve stability at the 

anode–electrolyte interface. 

Graphite anodes have also been successfully used for commercial liquid batteries, 

owing to their very low lithium de-embedding voltage plateau (0.2 V vs. Li/Li+) and 

high theoretical capacity (372 mAh/g).106, 107 Graphite is unstable in the presence of 

some sulfide electrolytes and the can easily undergo reduction, which results in large 

irreversible capacities. Takada et al.108 added LiI into the electrolyte of a lithium–sulfur 

battery and formed a LiI-rich SEI film between the lithium metal anode and electrolyte. 
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This improved interfacial stability, and LiCoO2 matching preparation of the whole 

battery shows excellent reversible charge–discharge performance to improve the cycle 

stability of the entire battery. 
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1.6 Objective 

 

The rapid development of the electric vehicle industry puts forward higher and higher 

requirements for the energy density of batteries, and the development of high specific 

energy cathode materials is the key to improving battery energy density. Lithium-sulfur 

batteries have received extensive attention from researchers due to their ultra-high 

theoretical specific capacity and specific energy. 

However, the reaction mechanism of sulfur cathode in lithium-sulfur battery is still 

unclear. Especially, how the polysulfide changes during discharge process at different 

type of electrolyte system and how size of carbon-support cathode influence the 

reaction pathway is still unclear, this research used XAFS measurements to reveal the 

reaction of sulfur cathode in different system, and our research will helpful for 

researcher to know how the reaction pathway change in different electrolyte and help 

them to control the reaction pathway by modify electrolyte in both liquid electrolyte 

and solid-state electrolyte. 

Meanwhile, in all-solid-state lithium sulfur battery, the insulating sulfur and lithium 

sulfide also limit the utilization of active materials and energy density of battery. This 

research trying to synthesize the novel cathode materials with high electronic and ionic 

conductivity to improve the performance of all-solid-sate lithium sulfur battery, and the 

reaction mechanism were also studied by XAFS measurements, these works may 

helpful for provide the novel strategy and method for developing the newly high energy 

density all-solid-state battery. 
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1.7 Thesis outline 

 

This thesis consists of six chapters, which report the reaction mechanisms of cathode 

materials for liquid and all-solid-state lithium sulfur batteries during charge–discharge 

and provide new insight into the design of cathode materials for lithium–sulfur batteries. 

Chapter 1 briefly outlines the research background and fundamental principle of 

lithium-ion and lithium–sulfur batteries. Liquid and all-solid-state lithium sulfur 

batteries are introduced, and the cathode materials, electrolytes, and anode materials of 

the two types of batteries are discussed in detail.  

Chapter 2 describes the changes in electronic structure of sulfur cathodes in 

conventional liquid, concentrated liquid, and solid-state electrolytes observed using X-

ray absorption spectroscopy (XAS). In particular, the operando XAS technique was 

used to examine the changes in electronic structure of sulfur cathodes in conventional 

and concentrated liquid electrolytes. Moreover, the formation of and changes in 

polysulfide species during the first discharge process in a sulfur-based all-solid-state-

battery were investigated using XAS for the first time.  

Chapter 3 focuses on clarifying the reaction mechanism of microporous carbon-

supported sulfur cathodes using operando soft XAS. The size of the sulfur fragments 

in microporous carbon supports was smaller than that of sulfur in conventional cathodes. 

The changes in polysulfides species during discharge were investigated. It was 

determined that the narrow pores of microporous carbon prevented the dissolution of 

polysulfides and affected the reaction mechanism of sulfur cathodes. 

Chapter 4 addresses the development of novel Li2S–V2S3–LiI-based electrode active 

materials with excellent electronic and ionic conductivity. All-solid-state lithium sulfur 

battery featuring Li2S, V2S3, and LiI composite electrode layers were fabricated and 
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characterized to demonstrate their advantages as all-solid-state lithium sulfur battery 

cathode materials with high electronic and ionic conductivity.  

Chapter 5 describes the successful synthesis of Li3CuS2 as a new type of all solid-

state lithium sulfur battery cathode material. Furthermore, XAS was used to elucidate 

the reaction mechanism of Li3CuS2 during charging. These findings could facilitate the 

design of new types of cathode materials for all-solid-state lithium sulfur batteries. 

Chapter 6 presents the conclusions of this study and future prospects for lithium–

sulfur batteries. 
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Figure 1.1. Schematic of a lithium ion battery. 
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Figure 1.2. Voltage profiles of a Li–S cell.  
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Figure 1.3. TEM image and elemental maps of a CMK-3/S-155 composite particle and 

schematic diagrams of the structure and redox processes.  
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Figure 1.4. Structural characterization of S/(CNT@MPC) before and after 200 cycles 

at 0.1 C. 
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Figure 1.5. Plausible mechanism for EC and EMC decomposition by polysulfide. 
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Figure 1.6. Concept of a nonsolvent for polysulphides in a Li–S battery.  
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Figure 1.7. Cyclic voltammogram of the amorphous rGO@S-40 composite. 
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Figure 1.8. Schematic illustration of the bottom-up synthesis of the mixed conducting 

Li2S nanocomposite. 
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Figure 1.9. (a) Crystal structure of cubic Li7La3Zr2O12. (b) Coordination polyhedral 

around the Li1 and Li2 sites. 
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Figure 1.10. Crystal structure of Li10GeP2S12. 
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Figure 1.11. Crystal structure of Li9.54Si1.74P1.44S11.7Cl0.3. 
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Figure 1.12. Cross-sectional SEM image of the interface between Au thin films and 

Li2S-P2S5 solid electrolytes. 
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Chapter 2 Comparison of sulfur cathode reactions between 

concentrated liquid electrolyte system and solid-state 

electrolyte system by soft X-ray absorption spectroscopy 
Sulfur is one of the promising next-generation cathode materials because of its low 

cost and high theoretical gravimetric capacity. However, the reaction mechanism of the 

sulfur cathode is largely influenced by the electrolyte and the intermediate sulfur 

species during first discharge process has not been quantitatively explored in different 

electrolytes. In this study, we elucidated the reaction mechanism of sulfide cathodes by 

using three different electrolyte systems, viz., a conventional liquid electrolyte (LiPF6/ 

ethylene carbonate (EC): ethylene-methyl carbonate (EMC)), a concentrated liquid 

electrolyte (lithium bis(trifluorosulfonyl)amide (LiTFSA)/tetraglyme (G4): 1,1,2,2-

tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (HFE)), and a solid-state electrolyte 

(Li3PS4). Soft X-ray absorption spectroscopy was used to examine the reaction 

mechanism of the sulfur cathode in the liquid and solid-state electrolytes during the first 

discharge process. In the conventional electrolyte, the sulfur cathode was reduced to 

long-chain polysulfide (S6
2-) during the first discharge process and the polysulfide 

subsequently dissolved into the electrolyte. In the concentrated electrolyte, the sulfur 

cathode was reduced to mid-chain polysulfide (S4
2-) at the initial stage of the first 

discharge process, and then reduced to short-chain polysulfide (S2
2-) and Li2S followed 

by the formation of long-chain polysulfide (S6
2-). In the solid-state electrolyte, the sulfur 

cathode was reduced to long-chain polysulfide (S6
2-) at the initial stage of the first 

discharge process and was gradually reduced to mid-chain polysulfide (S4
2-), short-

chain polysulfide (S2
2-), and Li2S. The differences in these reaction pathways govern 

electrochemical properties such as the difference in discharge voltage.  
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2.1 Introduction 

Sulfur is an attractive cathode material having a high theoretical specific capacity of 

1672 mAh/g; the other advantages of sulfur include high abundance, environmental 

friendliness, and low cost.1-4 Therefore, lithium–sulfur batteries are among the most 

competitive next-generation electrochemical energy storage devices.5-8 However, the 

sulfur-based cathode has a major disadvantage of poor cyclability because the 

polysulfide generated during the discharge/charge processes, dissolves in the 

conventional liquid electrolyte, which is essentially an ether/ether mixed solvent.9 

To solve the problem caused by the high solubility of the polysulfide in the 

conventional liquid electrolyte, two methods have been proposed by researchers— one 

involves the use of concentrated liquid electrolytes10-15 and the other involves the use 

of solid-state electrolytes.16-19 In the concentrated liquid electrolyte, the solubility of the 

polysulfide is significantly low due to the lack of free solvents in the bulk electrolyte, 

and this suppresses the dissolution of the polysulfide.10, 11 Similarly, polysulfide 

dissolution cannot occur in solid-state electrolytes. Although these approaches are 

effective in suppressing polysulfide dissolution, the sulfur cathode in the two systems 

shows differences in the electrochemical behavior, especially in the first discharge 

curve. In the concentrated liquid electrolyte system, the sulfur cathode shows two 

potential plateaus during the discharge process, similar to the conventional liquid 

electrolytes, although the potentials of the plateau region are different.10-12 On the other 

hand, in the solid-state electrolyte system, the sulfur cathode shows a single plateau 

during the first discharge.17-23 To understand the difference in the electrochemical 

behavior of sulfur cathodes caused by the difference in the electrolyte, it is necessary 

to understand the reaction mechanism of the sulfur electrode. 
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Many spectroscopic techniques such as NMR,24 Raman spectroscopy,25 UV-vis 

spectroscopy,26-28 and X-ray absorption spectroscopy (XAS)29, 30 have been used to 

investigate the reaction mechanism in various conventional liquid electrolytes. The 

results of UV-vis spectroscopy and/or XAS measurements show that the sulfur cathode 

is reduced to short-chain polysulfide and Li2S via long-chain or middle-chain 

polysulfide with disproportionation reaction during the discharge process in 

conventional liquid electrolyte.28, 29 There are some qualitative reports on the use of an 

acetonitrile (ACN)-based solvate electrolyte mixed with 1,1,2,2-tetrafluoroethyl 

2,2,3,3-tetrafluoropropyl ether (TTE) (1:1 by volume) as a concentrated liquid 

electrolyte system,13 but quantitative studies on the reaction mechanism have not been 

conducted. Moreover, for the solid-state electrolyte system, there is an example where 

Takeuchi and co-workers established the final product of the reaction in the Li2S system 

by XAS;31 however, the reaction mechanism of the sulfur cathode has not been clearly 

established. 

In the present study, electronic structure changes of the sulfur cathode in the 

conventional liquid electrolyte, a concentrated liquid electrolyte, and a solid-state 

electrolyte were examined by XAS analysis. In particular, we applied the operando 

XAS technique to examine the electronic structure changes of the sulfur cathode in the 

conventional electrolyte and the concentrated liquid electrolyte because polysulfides 

have solubility and the sulfur cathode during the discharge process is in a non-

equilibrium state.32-34 Moreover, the formation of and changes in the polysulfide 

species during the first discharge process in a sulfur-based all-solid-battery were 

investigated by XAS for the first time.  
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2.2 Experimental Section 

2.2.1 Sample preparation 

A sulfur/CNovel composite was prepared by mixing sulfur and mesoporous carbon 

(CNovel®, Toyo tanso) in a weight ratio of sulfur:CNovel = 65:35. The mixture of sulfur 

and the CNovel was heated to 155°C for 5 h to allow diffusion of the melted sulfur into 

the pores of the CNovel. Li3PS4 glass powder was prepared by ball milling following a 

previously reported procedure; typically, Li2S (Aldrich, 99.9%) and P2S5 (Aldrich, 

99%) powder in 3:1 mol ratio were mixed with ZrO2 balls for 30 h at 370 rpm.35  

2.2.2 Characterization 
The surface morphologies of the CNovel and sulfur/CNovel composites were 

analyzed by transmission electron microscopy (TEM, JEOL JEM-2100F) and scanning 

electron microscopy (SEM, SU-1500, HITACHI). The amount of sulfur in the 

sulfur/CNovel composite was examined by thermogravimetric analysis (TGA, DTG-

60AH, Shimadzu) under Ar atmosphere at a heating rate of 5 C min-1. The 

sulfur/CNovel composite prepared by mixing sulfur and the CNovel was characterized 

by TGA, as shown in Figure 2.1. The results indicated a weight loss of ~65% above 

350 ℃, implying that the sulfur content in the composite was about 65%.  

The structure of the prepared Li3PS4 powder was examined by X-ray diffraction 

(XRD) with an X-ray diffractometer (Cu Kα, Ultima IV; Rigaku Corp.). The ionic 

conductivity of the prepared Li3PS4 was measured by electrochemical impedance 

spectroscopy (EIS) using a Solartron Modulab ECS. The AC amplitude was 20 mV, 

with the applied frequency ranging from 1 MHz to 10 Hz at 25℃.  
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2.2.3 Electrochemistry performance in liquid lithium sulfur battery 

 

Electrochemical performances of the sulfur/CNovel composite were investigated in 

a liquid electrolyte and solid-state electrolyte using a two-electrode cell. The 

sulfur/CNovel composite cathode for the liquid electrolyte systems was prepared by 

mixing the sulfur/CNovel composite, acetylene black, carboxymethyl cellulose, and 

styrene–butadiene rubber in a weight ratio of 90:5:3:2, respectively, and was supported 

by a carbon paper. Li metal foil was used as the counter electrode. 1 M LiPF6/ ethylene 

carbonate (EC):ethylene-methyl carbonate (EMC) (3:7 vol%) as the conventional 

electrolyte and lithium bis(trifluorosulfonyl)amide (LiTFSA):tetraglyme (G4): 1,1,2,2-

tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (HFE) (10:8:40 mol%) as the 

concentrated liquid electrolyte were used in a glass fiber membrane separator. The two-

electrode cells were assembled in a glove box filled with Ar. A typical charge-discharge 

cycling test was carried out at a current density of 0.1 C (1 C= 1672 mAh/g) with the 

cut off voltages of 1.0 V for the discharge and 3.0 V for the charge process at 25 °C. 

The prepared Li3PS4 powder showed some broad patterns in XRD, which matches 

with the pattern reported in a previous study35 (Figure 2.2). Moreover, the ionic 

conductivity showed a value (2.09 × 10-4 S/cm at 25 °C) similar to that reported in a 

previous study35 (Figure 2.3). These results indicate that the prepared Li3PS4 glass can 

be used to measure the electrochemical performance of the sulfur/CNovel composites. 

The sulfur/CNovel composite cathode for the solid-state electrolyte system was 

prepared via ball milling technique by mixing the sulfur/CNovel and Li3PS4 in a weight 

ratio of 6:4 at 300 rpm for 15 min with a ZrO2 ball. The prepared Li3PS4 glass was used 

as a solid electrolyte (SE) layer. The obtained sulfur composite cathode and the SE layer 

were placed in a polycarbonate tube (diameter of 10 mm) and pressed together under a 
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pressure of 360 MPa. A Li–In alloy19, 36 was placed on the surface of the SE layer of the 

bilayer pellet to function as an anode. Two stainless steel rods were set on the cathode 

and anode sides by applying a pressure of 120 MPa, and they functioned as current 

collectors. The three-layered pellet was finally interposed between two stainless-steel 

rods that served as current collectors. The entire cell preparation processes were carried 

out in a dry Ar filled glove box. Electrochemical tests were conducted at a current 

density of 0.25 mA/cm2 with cutoff voltages of 0.5 V (1.12 V vs. Li)37 for discharge 

and 3.0 V (3.62 V vs Li) for charge at 25 °C. 

2.2.4 X-ray Absorption Spectroscopy 

operando XAS measurement was performed to understand the electronic structure of 

sulfur compounds in a non-equilibrium state in both the conventional liquid and the 

concentrated liquid electrolyte. In the liquid electrolytes, operando XAS spectra of S 

K-edge for the sulfur/CNovel composite cathode were measured with the partial 

fluorescence yield (PFY) mode at the beamline of the SPring-8 synchrotron radiation 

facility (BL27SU) in Hyogo, Japan. A home-made cell was constructed following a 

previously reported procedure and used for the operando XAS32 measurement. To 

construct the cell, the sulfur/CNovel composite material was mounted on a polyimide 

film to serve as the working electrode. 1 M LiPF6/EC: EMC (3: 7 vol%) or LiTFSA/G4: 

HFE (10:8:40 mol%) was used as the liquid electrolyte, lithium foil was used as the 

counter electrode, and the glass fiber membrane was used as the separator in the cell. 

The operando cell was assembled in an Ar filled glovebox and transferred into a 

vacuum chamber, and the XAS measurements were carried out under galvanostatic 

discharge process at a current density of 0.1 C (1 C= 1672 mAh/g). 

In the solid-state electrolyte system, ex situ XAS spectra of S K-edge for sulfur 
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cathode were measured with the total electron yield (TEY) mode at the beamline of the 

SPring-8 synchrotron radiation facility (BL27SU) in Hyogo, Japan. The electrodes for 

the ex situ XAS measurement were constructed following the procedure for electrode 

construction for the galvanostatic discharge measurements. After the discharge 

measurements, the cells were dissembled in an Ar-filled glove box. The prepared 

electrodes were transferred to the vacuum chamber without air exposure. 
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2.3 Result and discussion  

The TEM image of mesoporous carbon and SEM image of sulfur/CNovel composite 

are shown in Figures 2.4a and 2.4b, respectively. However, the TEM image of the 

sulfur/CNovel composite could not be recorded because the sample was damaged by 

the electron beam irradiation. The pore size of the CNovel obtained from TEM images 

was 5-10 nm, and the particle size of the sulfur/CNovel observed in SEM images was 

30-100 µm. Next, the electrochemical performance of the sulfur/CNovel cathode was 

examined in different electrolyte systems. Figure 2.4c shows the first charge-discharge 

profiles of the sulfur/CNovel cathode in the LiPF6/EC: EMC conventional electrolyte, 

LiTFSA/G4: HFE concentrated liquid electrolyte, and Li3PS4 solid electrolyte. The 

results demonstrate that the sulfur/CNovel cathode showed different electrochemical 

performance in different electrolytes. In the conventional liquid electrolyte, the 

sulfur/CNovel cathode material showed a discharge capacity of 319 mAh/g, with a 

plateau at 2.4 V, and without any charge capacity. This behavior was similar to previous 

reports,38 as the nucleophilic sulfide anions can react with the carbonate solvent. In the 

concentrated liquid electrolyte, the sulfur/CNovel cathode material showed two 

plateaus at 2.2 V and 1.8 V with a capacity of 935 mAh/g during the discharge process, 

and a charge capacity of 692 mAh/g, which was in good agreement with our previous 

report.11 In the solid electrolyte, the sulfur/CNovel cathode material showed a discharge 

capacity of 1211 mAh/g with a plateau at 1.8 V and a charge capacity of 602 mAh/g. 

The single discharge plateau for sulfur/CNovel in the all-solid-state battery was 

indicative of the typical electrochemical performance for all-solid-state lithium sulfur 

batteries.19 One of the reasons of the irreversible capacity during first cycling could be 

caused by the decomposition of the Li3PS4 as discussed later. After the first cycling, the 

sulfur/CNovel cathode material shows keep the capacity in the LiTFSA/G4: HFE 
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concentrated liquid electrolyte, and Li3PS4 solid electrolyte (Figure 2.5). 

To further investigate the difference in the electrochemical performance of the 

sulfur/CNovel composite cathode, XAS measurements were conducted in the 

conventional liquid electrolyte, concentrated liquid electrolyte, and solid electrolyte. 

The results of S K-edge XANES in the conventional liquid electrolyte, concentrated 

liquid electrolyte, and solid electrolyte are shown in Figures 2.6a-c, respectively.  

For all the sulfur/CNovel composites, before the discharge process, an absorption 

peak appeared at 2471.8 eV, which could be attributed to the electron transition from S 

1s to S–S π*39 state of elemental sulfur.39 In the conventional liquid electrolyte, 

although a new shoulder peak attributed to linear polysulfide appeared at 2470 eV,39 

peaks attributed to Li2S did not appear at 2472.8 eV and 2475.2 eV39 during the 

discharge process. This result indicates that linear polysulfide was formed whereas Li2S 

was not formed during first discharge process in the conventional liquid electrolyte. In 

the concentrated liquid electrolyte, a new peak attributed to linear polysulfide appeared 

at 2470 eV39 at the early stage of the discharge process. In the subsequent discharge 

process, new two peaks attributed to Li2S gradually appeared at 2472.8 eV and 2475.2 

eV,39 and the peak intensity increased as the discharge reaction proceeded in the forward 

direction. This result indicates that sulfur was transformed to Li2S via linear polysulfide 

during first discharge process in the concentrated liquid electrolyte. In the Li3PS4 solid 

electrolyte, a new peak attributed to linear polysulfide appeared at 2470 eV39 at the 

initial and middle stages of the discharge process. At the final stage of the discharge 

process, new two peaks attributed to Li2S appeared at 2472.8 eV and 2475.2 eV. In 

addition, an absorption peak at 2471 eV appeared during the final discharge process. 

This peak was attributed to the electronic transition from the S 1s orbital to the 
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antibonding S 3pσ*40 orbital of the Li3PS4 solid electrolyte. This result indicates that 

sulfur was transformed to Li2S via linear polysulfide during first discharge process in 

the Li3PS4 solid electrolyte. 

In order to estimate the amount of the sulfur components during the discharge 

processes, a linear combination fitting (LCF)30 analysis was performed. We used the 

spectra of the elemental sulfur (S8), long-chain polysulfides S6
2-, mid-long chain lithium 

polysulfides S4
2-, short-chain polysulfides S2

2-, and Li2S (Figure 2.7) as reference 

spectra for the LCF analysis. In particular, the Li3PS4 solid electrolyte spectrum was 

added as the reference spectra for the LCF analysis of the sulfur cathode in the Li3PS4 

solid electrolyte. 

In the Li3PS4 solid electrolyte, S8, S6
2-, S4

2-, S2
2- and Li2S were used as the stander 

materials to do the linear combination fitting at first. However, the fitting result can’t 

match well with the XANES spectra data especially for Li1.0S and Li1.2S (Figure 2.8). 

The absorption peak at 2471 eV may correspond to S K-edge of the Li3PS4 (ionic 

conductor in cathode). At this point, Li3PS4 was also used as stander material to do 

linear combination fitting of XANES spectra of each discharge status. As showed in 

Figure 2.9, the LCF result can fit well with the XANES spectra of Li1.0S and Li1.2S, 

which means this method can be employed to analysis the polysulfides species changes 

in all-solid-state battery. 

The obtained LCF results are shown in Figure 2.10 and 2.11. In the conventional 

liquid electrolyte (Figure 2.10a), the amount of S8 decreased, while that of S6
2- 

increased, and short-chain polysulfides S4
2-, S2

2-, and Li2S were not detected during the 

first discharge process. Lithium content (x in LixS) was calculated by the LCF analysis 

and was compared to the lithium content estimated by the discharge capacity (Figure 
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2.10b). The lithium content calculated by the LCF analysis was lower than of the 

lithium content estimated by the electrochemical measurement; this discrepancy arises 

due to the dissolution of polysulfide in the conventional electrolyte.38, 41 

In the concentrated liquid electrolyte (Figure 2.10c), the amount of S8 decreased 

while that of S4
2- increased at the beginning of discharge process. In the middle of the 

discharge process, the amounts of S4
2- and S6

2- further increased, while that of S8 

decreased. However, at the end of the discharge process, the amounts of S4
2- and S6

2- 

decreased, while the amounts of S2
2- and Li2S increased. The lithium content calculated 

by the LCF analysis (Figure 2.10d) increased in the range of x=0–0.4, and the value 

matches well with the value estimated by electrochemical measurement; however, the 

lithium content estimated by LCF analysis remained constant in the range of x=0.6–1.0, 

the value being largely lower than the value estimated by electrochemical measurement. 

Finally, the lithium content rapidly increased at x = 1.2, approaching the value estimated 

by electrochemical measurement. The lithium content was largely lower than the 

theoretical value in the middle stage of discharge, and it rapidly approached the 

theoretical value at the final stage of discharge. This behavior is similar to a previously 

reported phenomenon25 in which the S2- ion exists in a supersaturated state at the middle 

stage of discharge and suddenly precipitates at the electrode as Li2S at the final stage 

of discharge. A similar phenomenon might be observed in the concentrated liquid 

electrolyte because the solubility of short-chain polysulfides is independent of the 

electrolyte concentration.11 

In the Li3PS4 solid electrolyte (Figure 2.10e), the amount of S8 decreased whereas 

that of S6
2- and S2

2- increased at the beginning of the discharge process. In the middle 

of the discharge process, the amount of S4
2- increased, while that of S8 decreased, but 



64 

 

the amounts of S6
2- and S2

2- remained almost constant. However, at the end of the 

discharge process, the amounts of S6
2- and S4

2- decreased, while those of S2
2- and Li2S 

increased. The lithium content calculated by the LCF analysis (Figure 2.10f) increased 

in the range of x=0–1.0, but the value was lower than the value estimated by 

electrochemical measurement. However, the lithium content rapidly increased at the x 

= 1.2, exceeding the value estimated by electrochemical measurement. Although the 

lithium ion content calculated by the LCF analysis was lower than the theoretical value 

in the middle stage of discharge, it was higher than the theoretical value at the final 

stage of discharge. This phenomenon can be attributed to the reaction distribution in the 

composite electrode and the decomposition reaction of Li3PS4 solid electrolyte. In all-

solid-state battery, reaction proceeds from the solid electrolyte side and the reaction 

distribution is generated in the depth direction of the composite electrode because ionic 

conduction is slower than electronic conduction.42 As the XANES spectra obtained with 

the TEY mode include mainly the sulfur cathode at the current collector side, the lithium 

content obtained by the LCF analysis was lower than the theoretical value in the middle 

stage of discharge. At the final stage of discharge, the reaction distribution along the 

depth direction of the composite electrode disappeared, and thus, the lithium content 

obtained by the LCF analysis approached the theoretical value. In addition, the XANES 

spectra contain information about decomposed product of the Li3PS4 solid electrolyte 

at the final stage of discharge. It has been reported that Li3PS4 is reduced to Li2S and 

Li4P2S6 at 2 V (vs. Li+/Li) by theoretical thermodynamics calculations.43 In order to 

examine the reductive decomposition of Li3PS4 electrolyte, the Li3PS4 was kept at the 

potential of 0 V (vs. Li+/Li) and analyzed by using XAS for S and P K-edge (Figure 

2.12). XANES for S K-edge shows peaks attributed to Li2S at 2473 and 2484 eV (Figure 

2.12(a)) and XANES for P K-edge shows a broad peak at lower energy around 2144 eV 
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than the pristine Li3PS4 (Figure 2.12(b)), meaning formation of reduced phosphorus 

species. These XAS results correspond to the theoretical thermodynamics calculations 

in the previous report.43 Therefore, the LCF analysis includes the Li2S formed by the 

decomposition of the Li3PS4, leading to overestimate the lithium content. After first 

discharge process, the decomposed product suppresses further decomposition of Li3PS4 

solid electrolyte, reducing significantly the irreversible capacity (Figure 2.5). The 

disappearance of reaction distribution and the Li2S formation by the decomposition of 

the Li3PS4 could result in the higher lithium content by LCF analysis than the theoretical 

value.  

Furthermore, we propose the reaction mechanisms for the sulfur/CNovel cathode in 

different electrolyte systems based on the results of the LCF analysis.  

In the conventional liquid electrolyte, the sulfur cathode showed a single plateau and 

a poor discharge capacity during the first discharge process. The XAS results showed 

that only the S6
2- content increased but the S8 content decreased during the discharge 

process, and the lithium content calculated by the LCF analysis was lower than of the 

lithium content estimated by the electrochemical result. These results indicate that S8 

was reduced to S6
2- during the discharge process, and S6

2- dissolved in the LiPF6/ EC: 

EMC conventional electrolyte, which was caused by a chemical reaction between S6
2- 

and the carbonate solvent.38, 41 Therefore, the sulfur cathode showed the low capacity, 

as seen in Figure 2.13a. 

In the concentrated liquid electrolyte, the sulfur cathode showed two plateaus at 2.2 

V and 1.8 V (vs. Li+/Li) during the first discharge process. The XAS measurements 

revealed the conversion of S8 to S4
2- at the first plateau, formation of S6

2- at the second 

plateau, and formations of S2
2- and Li2S after the 2nd plateau. This behavior is largely 
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different from the conventional electrolyte, where the sulfur was reduced to S6
2- at the 

initial stage during the first discharge process, as shown in Figure 2.13a. In the 

concentrated liquid electrolyte, however, the formation of S6
2- was slower because of 

the low solubility of polysulfide,11 resulting in the reaction 1/2S8 + 2Li+ + 2e- ⇆ Li2S4. 

In the subsequent discharge process, S6
2- was formed from S4

2- by the following 

reactions S4
2- + 1/4S8 → 2 S3

·- and 2 S3
·- ⇆ S6

2-.28, 30 Finally, S2
2- and Li2S were formed 

at the end of the discharge process. The low solubility of polysulfides in the LiTFSA/G4: 

HFE concentrated liquid electrolyte changed the reaction pathway of the sulfur cathode 

in the first discharge process as shown in Figure 2.13b.  

In the solid electrolyte, the sulfur cathode showed only one discharge plateau around 

1.8 V vs Li. The XAS showed that S8 was reduced to S6
2- and S2

2- at first and then S6
2- 

was gradually converted to S4
2-, S2

2-, and Li2S. In liquid electrolyte, the sulfur cathode 

is reduced to Li2S with disproportionation reaction between polysulfides and sulfur.29, 

30, 44, 45 However, it’s difficult that the polysulfide formed in the discharge process reacts 

with sulfur in the solid electrolyte because the polysulfide does not dissolve in the solid 

electrolyte. Therefore, the sulfur cathode undergoes stepwise reduction to Li2S without 

the disproportionation reaction. Our results show that the reaction pathway of 

polysulfides in the solid electrolyte is significantly different from the liquid electrolyte 

as shown in Figure 2.13c. 
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2.4 Conclusion 
We measured the electrochemical performance of the sulfur cathode in the 

conventional liquid electrolyte, the concentrated liquid electrolyte, and the solid 

electrolyte. In the conventional electrolyte, the sulfur cathode showed low capacity and 

low coulombic efficiency because the long-chain polysulfide (S6
2-) formed in the first 

discharge process subsequently dissolved into the electrolyte (Figure 2.14a). In the 

concentrated electrolyte, the sulfur cathode was reduced to mid-chain polysulfide (S4
2-) 

at the initial stage of the first discharge process (Figure 2.14b), and then reduced to 

short-chain polysulfide (S2
2-) and Li2S followed by the formation of long-chain 

polysulfide (S6
2-). The reaction pathway is largely different from conventional liquid 

electrolytes, which is attributed to the low solubility of polysulfide in the concentrated 

electrolyte. In the Li3PS4 solid electrolyte, the sulfur cathode was reduced to long-chain 

polysulfide (S6
2-) at the initial state of the first discharge process (Figure 2.14c) and 

then subsequently reduced to mid-chain polysulfide (S4
2-), short-chain polysulfide (S2

2-), 

and Li2S in a stepwise manner. The disproportionation reaction cannot occur in the solid 

electrolyte, and hence, the reaction pathway is different from the liquid electrolyte. The 

reaction pathway difference between concentrated electrolyte and solid electrolyte 

should influence the morphology of the final product of Li2S in each electrolyte, leading 

to the difference of the overpotentials during each charge process. This study 

investigates the difference in the reaction pathway of sulfur cathode between the liquid 

and solid electrolyte by using soft X-ray absorption spectroscopy. We believe that these 

pieces of information about sulfur cathode will help to understand the reaction 

mechanisms of sulfur cathode and also to design the sulfur cathode with high 

electrochemical performance. 
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Figure 2.1. Thermo gravimetric analysis curves of sulfur and sulfur/CNovel powder. 
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Figure 2.2. XRD pattern of the prepared Li3PS4. 
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Figure 2.3. (a) Nyquist plots of the prepared Li3PS4 at different temperature, (b) 

Temperature dependence of the ionic conductivity of Li3PS4. 
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Figure 2.4. (a) TEM image of mesoporous carbon of CNovel, (b) SEM image of 

sulfur/CNovel, and (c) first charge and discharge profiles of sulfur/CNovel in LiPF6/EC: 

EMC conventional electrolyte, LiTFSA/G4: HFE concentrated liquid electrolyte and 

Li3PS4 solid electrolyte. 
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Figure 2.5. Cyclability for sulfur/CNovel cathode at (a) in theLiPF6/EC: EMC 

conventional liquid electrolyte, (b) in the LiTFSA/G4: HFE concentrated liquid 

electrolyte, and (c) in the Li3PS4 solid-state electrolyte. 
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Figure 2.6. (a) S K-edge XANES of sulfur/CNovel cathode at different discharge states 

(a) in the LiPF6/EC: EMC conventional liquid electrolyte, (b) in the LiTFSA/G4: HFE 

concentrated liquid electrolyte, and (c) in the Li3PS4 solid-state electrolyte.  
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Figure 2.7. Sulfur K-edge XANES of standard materials S8, S6
2-, S4

2-, S2
2- and Li2S. 
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Figure 2.8. Linear combination fitting result of sulfur K-edge XANES of 

sulfur/CNovel cathode in all solid-state lithium sulfur battery by using stander material 

without Li3PS4 at discharge state of (a) Li1.0S and (b) Li1.0S. 
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Figure 2.9. Linear combination fitting result of sulfur K-edge XANES of 

sulfur/CNovel cathode in all solid-state lithium sulfur battery by using stander material 

with Li3PS4 at discharge state of (a) Li1.0S and (b) Li1.2S. 
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Figure 2.10. Sulfur compound ratio of the sulfur/CNovel cathode during first discharge 

process calculated by the linear combination fitting (LCF) analysis for the XANES 

spectra and lithium composition calculated by the LCF analysis and electrochemical 

capacity; (a), (b) in the LiPF6/EC: EMC conventional liquid electrolyte, (c), (d) in the 

LiTFSA/G4: HFE concentrated liquid electrolyte, (e), (f) in the Li3PS4 solid-state 

electrolyte.  
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Figure 2.11. Linear combination fitting result of sulfur K-edge XANES of 

sulfur/CNovel cathode in LiTFSA/G4: HFE concentrated liquid electrolyte at discharge 

state of Li0.2S. 
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Figure 2.12. X-ray Absorption Near Edge Structure (XANES) for (a) S K-edge and (b) 

P K-edge of the Li3PS4 electrolyte after kept at the potential of 0 V (vs. Li+/Li). The 

XANES spectra of the Li3PS4 sample before and after electrochemical measurement 

were collected with partial fluorescence mode at BL13 in Rits SR, Japan. 
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Figure 2.13. Schematics for proposed mechanism of sulfur/CNovel cathodes in (a) 

LiPF6/EC: EMC conventional liquid electrolyte, (b) LiTFSA/G4: HFE concentrated 

liquid electrolyte, and (c) Li3PS4 solid-state electrolyte. 
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Figure 2.14. Reaction model of sulfur cathodes in (a) conventional electrolyte, (b) 

concentrated electrolyte and (c) solid-state electrolyte. 
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Chapter 3 Reaction mechanism of microporous carbon-

supported sulfur cathodes revealed by operando soft X-ray 

absorption spectroscopy 

Sulfur is a promising material for next-generation cathodes, owing to its high energy 

and low cost. However, sulfur cathodes have the disadvantage of serious cyclability 

issues due to the dissolution of polysulfides that form as an intermediate product during 

discharge/charge cycling. Filling sulfur into the micropores of porous carbon is an 

effective method to suppress its dissolution. Although microporous carbon-supported 

sulfur cathodes show an electrochemical behavior different from that of the 

conventional sulfur ones, the corresponding reaction mechanism is not clearly 

understood. In this study, we focused on clarifying the reaction mechanism of 

microporous carbon-supported sulfur cathodes by operando soft X-ray absorption 

spectroscopy. In the microporous carbon support, sulfur was present as smaller 

fragments compared to conventional sulfur. During the first discharge process, the 

sulfur species in the microporous carbon were initially reduced to S6
2- and S2

2- and then 

to Li2S. The S6
2- and S2

2- species were observed first, with S2
2- being the main 

polysulfide species during the discharge process, while Li2S was produced in the final 

discharge process. The narrow pores of microporous carbon prevent the dissolution of 

polysulfides and influence the reaction mechanism of sulfur cathodes.  
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3.1 Introduction 

 

With the rapid development of electronic equipment and energy-storage 

devices, the demand for high-energy storage systems has become increasingly 

urgent and important. Sulfur cathodes have received much attention because of 

their high theoretical specific capacity (1672 mAh/g), low cost, high availability, 

and environment-friendliness.1-4 Therefore, sulfur cathodes are considered as 

promising components of next-generation energy-storage systems.5-8 However, 

current sulfur cathodes possess many disadvantages that prevent their rapid 

development. One of the most serious disadvantages is the high solubility of 

lithium polysulfides (Li2Sn, n = 4–8) formed during the charging and discharging 

processes.9-11 The dissolution of polysulfides leads to a low coulombic efficiency 

and rapid capacity degradation of batteries.12-14  

Filling sulfur into microporous carbon is a promising method to overcome the 

dissolution problem caused by the high solubility of the polysulfide species in 

liquid electrolytes.15-20 In the microporous carbon-supported sulfur cathode, the 

dissolution of polysulfides is suppressed because the solvent does not come into 

contact with sulfur.21-23 Although this approach is effective in suppressing the 

polysulfide dissolution, the microporous carbon-supported sulfur cathodes show 

an electrochemical behavior different from that of their conventional sulfur 

counterparts, especially in the first discharge process.15, 17 The conventional 

sulfur cathode shows two plateaus at approximately 2.4 and 2.1 V vs. Li/Li+ 

during the first discharge process.11, 16 During the first discharge plateau, the 

cyclic S8 molecules are reduced to long-chain lithium polysulfides (Li2Sn, 4 ≤ n 

< 8) through a disproportionation reaction, and the latter species are further 

reduced to short-chain lithium polysulfides (Li2Sn, 1 < n < 4) and Li2S during the 
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second longer discharge plateau.24-27 In contrast to the conventional sulfur 

cathode, the microporous carbon-supported sulfur cathode shows a single 

discharge plateau (~1.8 V vs. Li/Li+) during the first discharge process.15, 18 To 

design a microporous carbon-supported sulfur cathode with high electrochemical 

performance, it is necessary to understand the reaction mechanism of the 

corresponding electrodes. 

Various spectroscopic techniques such as X-ray photoemission spectroscopy 

(XPS)28 and X-ray absorption spectroscopy29 (XAS) have been employed to 

investigate the reaction mechanism of microporous carbon-supported sulfur 

cathodes. Helen et al. showed that on the surface and subsurface for the 

microporous carbon-supported sulfur cathode during first discharge by XPS, 

long-chain polysulfide could not be detected and only Li2S2 and Li2S could be 

detected.28 They proposed a direct transformation from sulfur to Li2S2/Li2S 

during first discharge in the system.28 On the other hand, Dominko et al. observed 

that a mixture of long chain polysulfide (S8
2- and S6

2-) and a mixture of short 

chain polysulfides (S4
2- and S2

2-) by operando XAS and suggested the 

transformation from the long-chain polysulfide to short-chain polysulfides and 

Li2S.29 However, thus far, no quantitative studies of the reaction mechanism have 

been reported. In this study, the reaction pathway of the microporous-supported 

sulfur cathodes was examined by the operando XAS analysis, which is a 

powerful technique to quantitatively evaluate the sulfur species formed during 

discharge/charge processes.30, 31 
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3.2 Experimental Section 

3.2.1 Materials 

A microporous carbon-supported cathode was prepared using the procedure 

reported previously.32 After mixing sulfur (Wako Co.) and microporous carbon 

(Toyobo Co.), the mixture was heated to 155 °C for approximately 5 h to allow 

sulfur to diffuse into the microporous carbon. Finally, the temperature was 

increased to 300 °C and maintained for 2 h to sublime the extra sulfur on the 

outer surface of the microporous carbon. Sulfur, Li2S6, Na2S4, Na2S2 and Li2S 

were used for the references of XAS. Li2S6 was synthesized through the 

previously reported procedure.26 Stoichiometric ratio of sulfur and 1 M lithium 

triethylborohydride / tetrahydrofuran (3:1mol%) was stirred for 1 hour and then 

the solvent was removed under vacuum inside Ar-filled glovebox. Na2S4 and 

Na2S2 were purchased from Dojindo Molecular Technologies Inc. Sulfur and 

Li2S were purchased from Aldrich Co. 

3.2.2 Characterizations 

The particle morphology of the microporous carbon was observed by 

transmission electron microscopy (TEM, JEM-2100F, JEOL) and scanning 

electron microscopy (SEM, SU-1500, Hitachi). The amount of sulfur in the 

microporous carbon was determined by thermogravimetric analysis (TGA) 

(DTG-60AH, Shimadzu) under an Ar atmosphere at a heating rate of 5 °C/min. 

N2 adsorption and desorption isotherms were measured at -196 °C using 

Autosorbμ-iQ (Quantachrome). 

3.2.3 Electrochemical testing 

The electrochemical performance of the microporous carbon-supported sulfur 

cathode was examined using a two-electrode cell. A composite cathode was 

prepared by mixing the microporous carbon-supported sulfur cathode, acetylene 
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black, and alginic acid binder in 90:5:5 weight ratio, supported by carbon paper. 

Li foil was used as the counter electrode. 1 M lithium bis(trifluorosulfonyl)amide 

(LiTFSA) / fluoroethylene carbonate (FEC):1,1,2,2-tetrafluoroethyl-2,2,3,3 

tetrafluoropropyl ether (hydrofluoroether, HFE), in which the ratio of FEC to 

HFE was 1:1 vol% and the quantity of the electrolyte was 700 μL, was used as 

the electrolyte in a glass fiber membrane separator. The two-electrode cells were 

assembled in a glovebox filled with Ar. Galvanostatic charge/discharge 

measurements were carried out at a current density of 0.1 C (1 C = 1672 mAh/g) 

with cut-off voltages of 1.0 V for the discharge and 3.0 V for the charge process 

at 25 °C. 

3.2.4 XAFS measurements 

S K-edge operando XAS spectra of the microporous carbon-supported sulfur 

cathode were observed in the partial fluorescence yield (PFY) mode at the 

BL27SU beamline of the SPring-8 synchrotron radiation facility at Hyogo, Japan. 

A homemade cell33 was used for the operando XAS. The microporous carbon-

supported sulfur cathode composite material was mounted on a polyimide film 

to serve as the working electrode. LiTFSA/FEC:HFE was used in a glass fiber 

membrane as the electrolyte solution, and Li foil was used as the counter 

electrode. The operando cell was assembled in an argon-filled glovebox and 

transferred into a chamber for the XAS measurements under ultrahigh vacuum. 

The operando XAS measurements were performed under galvanostatic 

discharge at 0.1 C. 
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3.3 Result and discussion 

 

The SEM and TEM images of microporous carbon are shown in Figure 3.1 (a) and 

(b), respectively. The SEM image showed the particle size was 1-2 µm and the TEM 

image showed that the microporous carbon has amorphous structure with pore of ~ 1 

nm. The polar size distribution of the microporous carbon support was also confirmed 

by N2 adsorption measurements, as shown in Figure 3.2, which showed a pore size of 

~ 1 nm. The TGA (Figure 3.3) showed a weight loss of approximately 24% at ~ 450 °C 

for the microporous carbon-supported sulfur, indicating that the sulfur content was ~ 

24%. 

The microporous carbon-supported sulfur cathode showed a discharge capacity of 

2380 mAh/g, with a long single plateau at a voltage of ~ 1.4 V in the first discharge 

process and a charge capacity of 900 mAh/g (Figure. 3.4a). After the first 

discharge/charge cycle, the microporous carbon-supported sulfur cathode showed a 

different discharge curve, with a reversible capacity of 900 mAh/g and a high 

coulombic efficiency (Figure. 3.4b). A large irreversible discharge capacity, exceeding 

the theoretical capacity of sulfur (1672 mAh/g), was also observed in previous reports.17, 

21, 28, 32, 34 This phenomenon is due to the formation of a solid electrolyte interphase 

(SEI) layer on the electrode composite.23, 35 

To examine the electronic structure of the pristine microporous-supported sulfur 

cathode, we performed ex situ S K-edge XAS measurements for the microporous 

carbon-supported sulfur and ring-like sulfur cathodes. The S K-edge XANES and 

EXAFS results are presented in Figure. 3.5a and 3.5b, respectively. The two sulfur 

samples showed an absorption feature at 2471.8 eV, which was attributed to the S 1s to 

S–S π*36 state transition of elemental sulfur (Figure. 3.5a). However, the absorption 
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peak intensity of the microporous carbon-supported sulfur cathode was lower than that 

of conventional sulfur, indicating that the transition from S 1s to S–S π* was reduced 

in the former sample. In the Fourier-transformed EXAFS spectra (Figure. 3.5b), the 

intensity of the peak at 1.6 Å, attributed to the S–S bonds, was lower for the 

microporous carbon-supported sulfur cathode than that for the conventional sulfur 

sample. This result indicates a decrease in the coordination number of S–S bonds in the 

microporous carbon-supported sulfur sample compared to that in conventional sulfur. 

Since sulfur in microporous carbons has been reported by X-ray photo emission 

spectroscopy17 and electron energy loss spectroscopy21 to be present in a chain rather 

than a ring structure, the present XAS results imply that sulfur changed from a ring to 

a chain structure after melting into the microporous carbon. 

Operando XAS measurements were conducted to examine the electrochemical 

structural changes of the microporous carbon-supported sulfur cathode (Figure. 3.6a). 

Before the discharge process, absorption peaks were observed at 2472 and 2480 eV. 

The peak at 2472 eV is attributed to sulfur, as observed in Figure. 3.5, whereas that at 

2480 eV corresponds to the sulfur component of the LiTFSA compound in the 

electrolyte.25, 37 During the discharge process, an absorption peak attributed to linear 

polysulfides appeared at 2470 eV;36 then, two new peaks attributed to Li2S were 

observed at 2472.8 and 2475.2 eV. 

Linear combination fitting (LCF)26 was performed to estimate the ratio of the sulfur 

components during the discharge process (Figure. 3.6b). The spectra of pristine 

microporous carbon-supported sulfur S8, long-chain polysulfides S6
2-, medium/long-

chain lithium polysulfides S4
2-, short-chain polysulfides S2

2-, and Li2S were used as 

references for the LCF analysis. The obtained fitting results were shown in Figure. 3.7. 

Although these references were not exactly corresponding to polysulfide species 
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forming during discharge process, they are useful to discuss the ratio change of 

polysulfide species.25, 26 The polysulfide species S6
2- and S2

2- were formed in the initial 

stage, with a corresponding decrease in the amount of S8 species, whereas in the 

intermediate stage, the amounts of S2
2- and Li2S increased and those of S8 and S6

2- 

decreased. In the final stage, the analysis showed an increase in the Li2S amount and a 

decrease in the amounts of S8 and S2
2-. Unreacted S8 and S2

2- species were present even 

in the discharge state, that is, above the theoretical capacity of sulfur (1672 mAh/g). 

The lithium content calculated by the LCF analysis (Figure. 3.6c) increased in the x 

range of 0–3.0, but its value was lesser than that estimated by electrochemical 

measurements, and it was lesser than 2.0 even in the final discharge state (x = 3.0). 

These results indicate the decomposition of the electrolyte and the presence of 

unreacted sulfur species. It has been reported that the FEC solvent undergoes 

decomposition at 1.5 V35 on the surface of the microporous carbon. In the microporous 

carbon-supported sulfur cathode, lithium-ion transport to the sulfur is sluggish 

compared to conventional sulfur cathode because the electrolyte cannot enter the 

micropores.17 Therefore, lithium-ion conduction becomes the rate-limiting step, and the 

sulfur species located deep inside the micropores remain unreacted. A similar reaction 

distribution was observed in all-solid-state battery systems,38 in which the reaction 

proceeds from the solid electrolyte side because ionic conduction is slower than 

electronic conduction. 

The reaction mechanism of the microporous carbon-supported sulfur cathode during 

discharge is illustrated in Figure. 3.8. In the initial stage, sulfur forms chain structures 

inside the micropores. In the intermediate stage of discharge, S6
2- and S2

2- polysulfides 

are formed because the solvent cannot enter the micropores, and these polysulfides do 

not dissolve in the liquid electrolyte. In the final discharge process, Li2S is the main 
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sulfide species, with residual amounts of S2
2- and long-chain S8 species inside the 

micropores. 

The microporous carbon can prevent the dissolution of polysulfides in the liquid 

electrolyte, resulting in a change in the sulfur cathode reaction pathway. This change 

leads to a single plateau at approximately 1.4 V during the first discharge, as observed 

in the solid electrolyte. 

3.4 Conclusions 

In this study, the reaction mechanism of the sulfur cathode in the microporous 

carbon during discharge was observed by operando XAS. The sulfur cathode was 

reduced to long-chain (S6
2-) and short-chain (S2

2-) polysulfide species during the 

initial discharge, while the short-chain S2
2- units were the main polysulfide 

species in the subsequent discharge; large amounts of Li2S were formed during 

the final discharge. The reaction mechanism of the microporous carbon-

supported sulfur cathode is different from that of a conventional sulfur cathode, 

as the microporous carbon support prevents the dissolution of polysulfides. This 

study elucidated the reaction mechanism of sulfur cathodes in microporous 

carbon by operando soft XAS. We believe that our results can provide further 

insights into the deeper understanding of the behavior of sulfur in carbon-

supported cathodes, and it will be helpful for designing new cathodes with high 

performance. 
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Figure 3.1. (a) SEM and (b) TEM images of microporous carbon.  

  



96 

 

 

Figure 3.2. Pore size distribution of the microporous carbon obtained by N2 adsorption 

isotherm measurement at -196 °C. 
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Figure 3.3. Thermogravimetric analysis curves of sulfur and microporous carbon-

supported sulfur under an Ar atmosphere at a heating rate of 5 C/min. 
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Figure 3.4. Charge/discharge profile (a) and cycle performance (b) of the microporous 

carbon-supported sulfur cathode. 
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Figure 3.5. (a) S K-edge XANES profiles and (b) S K-edge Fourier-transformed 

EXAFS profiles obtained from XAS measurements for sulfur and microporous carbon-

supported sulfur cathodes.  
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Figure 3.6. (a) Sulfur K-edge XANES spectra obtained from the operando XAS 

measurements of the microporous carbon-supported sulfur cathode. (b) Sulfur 

compound ratio of the microporous carbon-supported sulfur cathode during the first 

discharge, calculated by the linear combination fitting (LCF) analysis of XANES 

spectra. (c) Lithium compositions calculated from the LCF analysis and 

electrochemical capacity data. 
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Figure 3.7. Linear combination fitting result of sulfur K-edge XANES of microporous 

carbon-supported sulfur cathode at discharge state of Li0.4S, Li0.8S, Li1.2S and Li1.6S. 
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Figure 3.8. Reaction model for the microporous carbon-supported sulfur cathodes.  
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Chapter 4 Li2S-V2S3-LiI as electrode active materials with 

high ionic and electronic conductivities for all-solid-state Li-

S batteries 

Composite electrodes consisting of active materials, carbon, solid electrolytes (SEs), 

and binders are widely used for all-solid-state lithium batteries to achieve a more 

efficient reaction site and improve storage capacity for practical use. The fraction of 

active material in all-solid-state batteries is small because the amount of added SE 

required to form a ion conduction pathway in composite electrodes is large. This leads 

to a decrease in pack density of the active material, which, subsequently, reduces the 

energy density of the battery. The Li2S–V2S3–LiI electrode active materials doped with 

different LiI amounts developed in this study presented a high charge-discharge 

capacity in the absence of an SE and carbon in the electrode. Moreover, the Li2S–V2S3–

LiI electrode active materials presented high electronic conductivity, and their ionic 

conductivity increased with increasing LiI doping amount. The optimized 90 mol% 

(0.75Li2S–0.25V2S3)–10 mol% LiI cathode presented the highest discharge capacity of 

526 mAh g-1 of all cathodes in this study. The reaction mechanism of the electrode 

active materials was elucidated using a combination of analytical methods, such as 

electrochemical measurements, soft X-ray absorption spectroscopy(XAS) of the V L-

edge and S K-edge, and X-ray computed tomography (CT). Potential step 
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measurements revealed that LiI doping amounts above 10 mol% largely increased the 

ionic conductivity of the Li2S–V2S3–LiI cathodes during charging. The soft XAS results 

indicated that hole formed in the S-3p orbital during the entire charge process and in 

the V-3d orbital in the potential range of 0-1.5 V after the first charge cycle. The X-ray 

CT results demonstrated that LiI rich domain formed from the Li2S–V2S3–LiI cathode 

during charging because the lithium content of the cathode material changed. These 

results indicated that self-forming LiI rich domain served as an ionic conduction 

pathway in the cathode matrix during the first charge cycle and improved the 

electrochemical performance of the cathode materials. 
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4.1 Introduction 

All-solid-state lithium-ion secondary batteries using sulfide solid electrolytes (SEs) 

are very safe because liquid leakage is eliminated; moreover, they have possibility to 

present high charge–discharge rates.1-6 Several oxides and sulfides have been studied 

as cathode active materials for all-solid-state lithium-ion secondary batteries.7-15 

Among them, transition metal sulfides, such as SeS,15 FeS,14 CuS,16 Li2S-Cu,13 and 

Li2TiS3
17

 have attracted increasing attention as cathode materials because of their high 

capacity and low reactivity with sulfide SEs.17-20 In addition, these cathode materials 

present higher electronic conductivity than sulfur and Li2S; moreover, they do not 

require a large amount of carbon as conductive material for composite electrodes, which 

results in a high weight energy density.  

To improve the energy density of all-solid-state batteries it is important to improve 

the capacity of the active material and the packing density of the active material in the 

composite electrode. Because in the composite electrodes of all-solid-state batteries 

when ordinary transition metal oxides or sulfides are used as active materials, ionic 

rather than electronic conduction is the rate-limiting factor,21 and a large amount of SE 

should be added to the composite electrode to ensure that a sufficient ionic pathway 

exists in the active material.22 The large amount of SE required to form the ionic 
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pathway results in the low weight energy density of the composite electrode. Two 

approaches have been used to reduce the amount of the electrolyte in and improve the 

weight energy density of composite electrodes: (1) improving the ionic conductivity of 

the SE23-25 and (2) controlling the dispersion of the SE in the composite electrode.26, 27 

Several SE with high ionic conductivity, such as Li3PS4,
28 Li3.25Ge0.25P0.75S4,

29 

Li7P3S11,
30 Li10GeP2S12,

31 and Li9.54Si1.74P1.44S11.7Cl0.3
5 have been developed, and 

different techniques have been used to fabricate composite electrodes using a liquid 

phase to control the dispersion state of the SE in the composite electrode.32-36 However, 

these approaches have not allowed to significantly reduce the amount of SE in the 

composite electrode. 

In this study, we demonstrated that Li2S–V2S3–LiI electrode active materials 

presented excellent capacity ionic conductivity and rate performance even when no SE 

was added to the composite electrode. The charge compensation mechanism of Li2S–

V2S3–LiI was analyzed using soft X-ray absorption spectroscopy (XAS). In addition, 

by analyzing the morphology of the electrode material after charging using X-ray 

computed tomography (CT), it was determined that a high ionic conduction phase 

containing LiI with high-rate characteristics was formed in the electrode. This material 

design based on the self-formation of an ion conduction pathway in the composite 

electrode during charging can provide a guideline for designing high-packing-density 
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electrodes for all-solid-state batteries in the future. 

4.2 Experimental Section 

4.2.1 Preparation of samples  

The (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) samples in this study 

were prepared using ball milling. Stoichiometric amounts of Li2S (99% purity, 

Mitsuwa), V2S3 (99% purity, Kojundo), and LiI (99% purity, Aldrich) were hand-mixed 

in a mortar for 30 min, followed by mechanical mixing with ZrO2 balls at 530 rpm for 

80 h. The Li3PS4 glass powder used to fabricate the SE was prepared via ball milling 

using a previously reported procedure, as follows. Li2S (99% purity, Aldrich) and P2S5 

(99% purity, Aldrich) powders with a 3:1 molar ratio were mechanically mixed using 

ZrO2 balls at 370 rpm for 30 h.37 All experiments were performed in a dry Ar-filled 

glovebox.  

4.2.2 Characterization 

The synchrotron X-ray diffraction (XRD) profiles of the as-prepared (100-

x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) cathode materials were obtained at 

the BL5S2 beamline of the Aichi Synchrotron Radiation Center, Japan. The scanning 

electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDX) 

profiles of the as-prepared (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) were 

recorded using a JSM-6610A (JEOL) field-emission scanning electron microscopy 
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device. 

The XAS spectra of the S K-edge and V L-edge of the cathode materials were 

recorded at the BL6N1 beamline of the Aichi Synchrotron Radiation Center, Japan and 

BL27SU beamline of the SPring-8 Synchrotron Radiation Facility, Hyogo, Japan, 

respectively. X-ray CT analysis of the cathode materials was performed using a 

transmission X-ray microscope at the BL20XU beamline of the SPring-8 Synchrotron 

Radiation Facility, Hyogo, Japan. The voxel size of the reconstructed images was 62.4 

nm. XAS and CT analyses were performed after the cells were disassembled in a dry 

Ar-filled glovebox following galvanostatic measurements without exposing the cathode 

materials to air.  

4.2.3 Electrochemistry measurement 

The electrochemical performance of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathode 

materials was analyzed using a two-electrode cell with a SE. The (100-x)(0.75Li2S–

0.25V2S3)–xLiI composites were used as cathode materials without adding conductive 

materials and SE to them, and the prepared Li3PS4 was used as the SE of the cell. The 

(100-x)(0.75Li2S–0.25V2S3)–xLiI cathode and the SE layer were placed in a 

polycarbonate tube with a diameter of 10 mm and were pressed together under a 

pressure of 360 MPa. A Li−In alloy layer11, 38 was placed on the surface of the SE layer 
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of the bilayer pellet and served as the anode. Two stainless-steel rods, which were added 

to the cathode and anode sides by applying a pressure of 120 MPa, were used as current 

collectors. Cell assembly was performed in a dry Ar-filled glovebox. Electrochemical 

tests were performed at a current density of 0.13 mA cm-2 with discharge and charge 

cutoff voltages of 0 and 3.0 V, respectively, at 25 °C. To measure the lithium ion 

diffusion coefficient of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathode materials, we 

used a potential step method. A constant potential of 3.0 V was applied to the cells, and 

the time dependence of the current was monitored using the Solartron Modulab XM 

ECS. The apparent diffusion coefficients of the composites cathode materials were 

calculated using the Cottrell equation: 

𝑖 =
𝑛𝐹𝐴𝐷1/2𝐶

√𝜋𝑡
, 

where i is the current, n is the number of electrons, F is the Faraday constant, A is the 

geometric area, D is the diffusion coefficient, C is the lithium ion concentration, and t 

is the time. The apparent ionic conductivity of the (100-x)(0.75Li2S–0.25V2S3)–xLiI 

composites during the potential step was estimated using the Nernst−Einstein equation: 

𝜎 =
𝐶𝑍2𝐹2𝐷

𝑅𝑇
, 

where 𝜎 is the ionic conductivity, Z is the charge valence, R is the gas constant, and T 

is the absolute temperature. 
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To measure the electronic and ionic conductivities of the (100-x)(0.75Li2S–

0.25V2S3)–xLiI composites, two types of symmetric blocking cells were used, as 

previously reported.39 The ion-blocking cell used for electronic conductivity 

measurements was fabricated by pressing (100-x)(0.75Li2S–0.25V2S3)–xLiI into 

pellets under a pressure of 360 MPa and setting the pellet between two stainless-steel 

current collector plates. The electron-blocking cell used for ionic conductivity 

measurements was fabricated by sandwiching (100-x)(0.75Li2S–0.25V2S3)–xLiI with 

Li3PS4 SE and Li–In alloy (Li–In|SE|(100-x)(0.75Li2S–0.25V2S3)–xLiI|SE|Li–In). The 

alternating current (AC) impedance technique and Solartron Modulab XM ECS were 

used to measure the electronic and ionic conductivities of the (100-x)(0.75Li2S–

0.25V2S3)–xLiI composites. The AC amplitude was 10 mV, and the applied frequency 

ranged between 1 MHz and 0.1 Hz. 
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4.3 Result and discussion 

The crystal structure of the prepared (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, 

and 20) composites was analyzed using synchrotron X-ray diffraction (XRD), and the 

results are presented in Figure 4.1a. The peaks in the XRD profiles of the (100-

x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, and 10) composites were indexed to Li2S and 

V2S3 through Le Bail analysis (Fiugre 4.2). A small additional shoulder peak at 

approximately 10.2°, which was attributed to LiI was observed in the XRD profile of 

80(0.75Li2S–0.25V2S3)–20LiI. The estimated lattice constants of V2S3 in the (100-

x)(0.75Li2S–0.25V2S3)–xLiI composites remained unchanged with increasing LiI 

content from x = 0 to 20 (Figure 4.3). Conversely, the estimated lattice constants of 

Li2S in the (100-x)(0.75Li2S–0.25V2S3)–xLiI composites increased with increasing LiI 

content from x = 0 to 10; however, the lattice constants did not further change with 

increasing LiI content from x = 10 to 20 (Figure 4.1b). The unchanged lattice constant 

of V2S3 with increasing LiI content indicated that I- ions were not doped into V2S3, 

whereas the increase in lattice constant of Li2S indicated that I- ions were doped into 

Li2S because the ionic radius of I- (2.20 Å) was larger than that of S2- (1.84 Å).40 The 

unchanged lattice constant of Li2S with increasing LiI content from x = 10 to x = 20 

indicated that the solid solution amount of I- ions in Li2S reached the solid solubility 

limit at x = 10. The SEM images of the composites revealed that the secondary particles 
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of the prepared (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) composites 

were a few micrometers in size (Figure 4.4). The EDX map of the 90(0.75Li2S–

0.25V2S3)–10LiI composite illustrated that sulfur, vanadium, and iodine were 

uniformly distributed in the composite (Figure 4.5). The ionic conductivities of the 

(100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) composites at 25 °C are 

presented in Figures 4.1c and 4.6. The ionic conductivity of the (100-x)(0.75Li2S–

0.25V2S3)–xLiI composites gradually increased from 9.5 × 10-5 S cm-1 at x = 0 to 8.0 × 

10-4 S cm-1 at x = 10, and remained unchanged when x was further increased from 10 

to 20. The ionic conductivity of the prepared cathode materials was comparable to that 

of other SEs, such as Li3PS4.
37, 41 The unchanged ionic conductivity from x = 10 to x = 

20 should be attributed to solid solution limit of LiI as shown in Figure 4.1a, b. The 

electronic conductivity of the (100-x)(0.75Li2S–0.25V2S3)–xLiI composite at 25 °C 

was higher than 0.1 S cm-1 (Figures 4.1d and 4.7), which was significantly higher than 

the ionic conductivity of the (100-x)(0.75Li2S–0.25V2S3)–xLiI composite. 

The electrochemical performance of the prepared (100-x)(0.75Li2S–0.25V2S3)–xLiI 

cathodes was measured using galvanostatic charge–discharge measurments(Figures 

4.8a and b and S6). The charge–discharge curves of the 100(0.75Li2S–0.25V2S3) and 

90(0.75Li2S–0.25V2S3)–10LiI cathodes during the first and second cycles are presented 

in Figure 4.8a. The discharge capacities of the (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 
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0, 5, 10, and 20) cathodes at different current densities are presented in Figure 4.8b. 

The charge–discharge curves during the first cycle and the discharge capacity during 

cycling at different current densities of the (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 

10, and 20) cathodes are illustrated in Figure 4.9. The charge capacity of the 

100(0.75Li2S–0.25V2S3) cathode during the first charge process was 135 mAh g-1 with 

a plateau at approximately 1.6 V, and the discharge capacity of the 100(0.75Li2S–

0.25V2S3) cathode was 340 mAh g-1 with two plateaus at approximately 1.4 and 0.2 V 

(Figure 4.8a). During the second charge process, the charge capacity of the 

100(0.75Li2S–0.25V2S3) cathode was 298 mAh g-1 with two plateaus at approximately 

0.5 and 1.6 V, which was different from the behavior observed during the first charge. 

During the second discharge, the charge capacity of the 100(0.75Li2S-0.25V2S3) 

cathode was 319 mAh g-1 with two plateaus at approximately 1.4 and 0.2 V, which was 

similar to the behavior observed during the first discharge process (Figure 4.8a). 

Increasing LiI doping from x = 0 to x = 10 improved the electrochemical performance 

of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathodes. During the first charge–discharge 

cycle, the polarization and capacity of the 90(0.75Li2S-0.25V2S3)-10LiI cathode were 

smaller and larger, respectively, than those of the 100(0.75Li2S-0.25V2S3) cathode 

(Figure 4.8a). In the second charge process, 90(0.75Li2S-0.25V2S3)-10LiI cathode 

showed different behavior from first charge process, which is similar to the 
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100(0.75Li2S-0.25V2S3 cathode, and showed smaller polarization and larger capacity 

than the 100(0.75Li2S-0.25V2S3) cathode (Figure 4.8a).  

The discharge capacity retention of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathodes 

at different current densities is illustrated in Figure 4.8b. The discharge capacity of the 

(100-x)(0.75Li2S–0.25V2S3)–xLiI cathodes increased with increasing LiI content from 

x = 0 to x = 10, particularly at higher current densities. Conversely, when the LiI content 

was further increased from x = 10 to x = 20, the discharge capacity decreased. This 

occurred because as the LiI content increased, the contents of Li2S and V2S3 active 

materials decreased. 

The apparent ionic conductivity of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathodes 

was measured using a potential step method combined with the Cottrell and 

Nernst−Einstein equations. The Cottrell plots and apparent ionic conductivities at 25 °C 

are illustrated in Figures 4.10 and 4.8c, respectively. The apparent ionic conductivity of 

the (100-x)(0.75Li2S–0.25V2S3)xLiI (x = 0, 5, 10, and 20) obtained by potential step 

was lower than the ionic conductivity of the pristine (100-x)(0.75Li2S–0.25V2S3)–xLiI 

(x = 0, 5, 10, 20) composites. This was attributed to the lithium concentration during 

the potential step became smaller than that of the pristine state. The apparent ionic 

conductivity increased with the LiI content, especially increased largely above x =10, 

which is different tendency from the ionic conductivity at the pristine state. The 
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materials containing LiI exhibits relatively high apparent ionic conductivity even in the 

charged state with lithium ions extracted, which is the reason why it exhibits high rate-

capability even without adding a solid electrolyte in the composite electrode. The 

question is whether the ion conduction path is formed in the charged state. 

Before discussing the ion conduction path, the charge compensation mechanism of 

this material must be clarified. In this study, we focused on the 90(0.75Li2S–0.25V2S3)–

10LiI cathode, which presented the highest discharge capacity of all of the (100-

x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) cathodes. The electronic structure of 

the pristine 100(0.75Li2S–0.25V2S3) and 90(0.75Li2S–0.25V2S3)–10LiI cathodes was 

examined using XAS of the V L-edge and S K-edge (Figure 4.11). The V L-edge X-ray 

absorption near edge structure (XANES) spectra of the 90(0.75Li2S–0.25V2S3)–10LiI 

and 100(0.75Li2S–0.25V2S3) cathodes were similar, whereas the peak intensity in the 

S K-edge XANES spectrum of the 90(0.75Li2S–0.25V2S3)–10LiI cathode was lower 

than that of the 100(0.75Li2S–0.25V2S3) cathode. These results indicated that electrons 

were doped into the S 3p orbitals.  

Moreover, the changes in the electronic structure of the 100(0.75Li2S–0.25V2S3) and 

90(0.75Li2S–0.25V2S3)–10LiI cathodes during the first charging process were 

examined using XAS of the V L-edge and S K-edge (Figure 4.12). No peak shifts were 

observed in the V L-edge XANES spectra of the 100(0.75Li2S–0.25V2S3) and 
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90(0.75Li2S–0.25V2S3)–10LiI cathodes (Figures 4.11a and c, respectively); however, 

the intensity of the peak at 2470 eV in the S K-edge XANES spectra of the 

100(0.75Li2S–0.25V2S3) and 90(0.75Li2S–0.25V2S3)–10LiI cathodes increased during 

the first charge process (Figures 4.11b and d, respectively). The intensities of the peaks 

in the S K-edge XANES spectrum of the 90(0.75Li2S-0.25V2S3)-10LiI cathode were 

higher than those of the 100(0.75Li2S–0.25V2S3) cathode, which was reflected in the 

charge capacities of these cathodes (Figure 4.8a). These results indicated that charge 

compensation during the first charge process of the 100(0.75Li2S–0.25V2S3) and 

90(0.75Li2S–0.25V2S3)–10LiI cathodes was attributed to sulfur oxidation and not to 

vanadium oxidation. 

X-ray CT was used to clarify the ion conduction path during the first charge of 

90(0.75Li2S–0.25V2S3)–10LiI (Figure 4.13). A dark areas of contrast was observed in 

the 3D and cross-sectional views of the 90(0.75Li2S–0.25V2S3)–10LiI cathode before 

charging (Figures 4.13a and c, respectively). The dark area was associated with regions 

of low density and indicated the presence of a void in the 90(0.75Li2S–0.25V2S3)–10LiI 

cathode. The dark areas of contrast (voids) in the 3D and cross-sectional views of the 

90(0.75Li2S–0.25V2S3)–10LiI cathode after charging (Figures 4.13d and f, 

respectively) were smaller than those observed before charging (Figures 4.13a and c, 

respectively); moreover some bright particles with high density were observed in the 
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X-ray CT images of the 90(0.75Li2S–0.25V2S3)–10LiI cathode after charging. The 

decrease in the size of the voids was attributed to the structural change of Li2S during 

charging. Figure 4.13b, e present the results of extracting the bright areas of contrast 

from Figure 4.13a, d and displaying them in three dimensions. A region of high density 

was not observed in the X-ray CT image of the 90(0.75Li2S–0.25V2S3)–10LiI cathode 

before charging (Figure 4.13b). Conversely, the high density area was uniformly 

distributed in the X-ray CT image of the 90(0.75Li2S–0.25V2S3)–10LiI cathode after 

charging (Figure 4.13e). Because vanadium, sulfur, and iodine were uniformly 

dispersed in as-prepared 90(0.75Li2S–0.25V2S3)–10LiI (Figure 4.5), and LiI-doped 

Li2S underwent a structural change during charging (Figure 4.11d), the region of high 

density was attributed to the precipitation of LiI rich domain that was dissolved in Li2S. 

To analyze the charge compensation of the 100(0.75Li2S–0.25V2S3) and 

90(0.75Li2S–0.25V2S3)–10LiI cathodes during the second charge process, the changes 

in electronic structure of these cathodes were examined using XAS of the V L-edge and 

S K-edge (Figures 4.14 and 4.15). The peak top energy of the V L-edge XAS profile of 

the 100(0.75Li2S-0.25V2S3) cathode shifted toward higher energy when the charge 

capacity was lower than 100 mAh g-1 and remained unchanged in the charge capacity 

range of 100-200 mAh g-1. These results indicated that vanadium oxidation occurred 

when the charge capacity during the second charge process was lower than 100 mAh g-
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1. The relative peak areas of the S K-edge XAS profile were estimated by integrating 

the XAS curves in Figures 4.16 and 4.17, and the results are illustrated in Figure 4.14. 

The relative peak area of the S K-edge XAS profile increased when the charge capacity 

increased up to 100 mAh g-1 and further increased when the charge capacity increased 

from 100 to 200 mAh g-1. The increase in relative peak area with increasing charge 

capacity up to 100 mAh g-1 was attributed to the increase in hybridization between the 

S-3p and V-3d orbitals caused by vanadium oxidation,42 and the increase in peak area 

with increasing charge capacity from 100 to 200 mAh g-1 was ascribed to the formation 

of holes in the S-3p orbitals.43 The charge compensation process of the 90(0.75Li2S–

0.25V2S3)–10LiI cathode during the second charge process was similar to that of the 

100(0.75Li2S–0.25V2S3) cathode. The peak top energy of the V L-edge XAS profiles 

shifted toward higher energies at charge capacities of up to 200 mAh g-1 and remained 

unchanged in the charge capacity range of 200-450 mAh g-1. These results indicated 

that during the second charge process, vanadium oxidation occurred at charge capacities 

of up to 200 mAh g-1. The relative peak areas of the S K-edge XAS profiles increased 

at charge capacities of up to 200 mAh g-1 and further increased in the charge capacity 

range of 200-450 mAh g-1. The increase in relative peak area with increasing charge 

capacity up to 200 mAh g-1 was attributed to the increasing hybridization between the 

S-3p and V-3d orbitals caVused by vanadium oxidation,42 and the increase in the 
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relative peak area with increasing charge capacity from 200 to 450 mAh g-1 was 

ascribed to the formation of holes in the S-3p orbitals.43 More holes were formed in the 

90(0.75Li2S–0.25V2S3)–10LiI cathode than in the 100(0.75Li2S–0.25V2S3) cathode, 

and that was reflected in the capacity of the 90(0.75Li2S–0.25V2S3)–10LiI cathode 

being higher than that of the 100(0.75Li2S–0.25V2S3) cathode. 

The ionic conduction mechanism of the Li2S–V2S3–LiI cathode is illustrated in 

Figure 4.18. The changes in lithium composition of the Li2S–V2S3–LiI cathode during 

the first charge process caused the formation of LiI in the cathode matrix. The amount 

of LiI formed in the cathode was sufficient to provide a lithium ion pathway and 

contributed to the high ionic conductivity of the cathode during charge and the high rate 

performance of the cathode. In this study, we demonstrated that the LiI rich domain that 

self-formed during charging served as an ionic conductive pathway in the cathode. This 

material design using a self-forming ionic conduction pathway in the composite 

electrode is a useful strategy for designing high-packing-density electrodes. 

In this study, the electrochemical properties of Li2S–V2S3–LiI cathode materials were 

analyzed, and the reaction mechanism was elucidated using a combination of analytical 

methods, such as electrochemical measurements, soft XAS of the V L-edge and S K-

edge, and X-ray CT. The optimized 90(0.75Li2S–0.25V2S3)–10LiI cathode presented 

the highest charge and discharge capacities of all analyzed cathodes. Potential step 
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measurements revealed that when LiI doping exceeded 10 mol% the ionic conductivity 

of the Li2S–V2S3–LiI cathodes during charging increased significantly. The soft XAS 

results demonstrated that holes formed in the S-3p orbitals during the entire charge 

process, whereas holes formed in the V-3d orbitals only in the potential range of 0-1.5 

V after the first charge process. X-ray CT images of the Li2S–V2S3–LiI cathodes 

revealed that LiI rich domain self-formed from the Li2S–V2S3–LiI cathode materials 

during charging because the lithium composition changed. These results demonstrated 

that self-forming LiI served as an ionic conduction pathway in the cathode matrix 

during the first charge process and improved the electrochemical performance of the 

cathode. We believe that this material design strategy using self-forming ionic 

conduction pathways in composite electrodes is useful for designing high-packing-

density electrodes for all-solid-state batteries. 
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Figure 4.1. (a) X-ray diffraction patterns of (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 

5, 10, and 20) composites, (b) lattice constant of Li2S in (100-x)(0.75Li2S–0.25V2S3)–

xLiI (x = 0, 5, 10, and 20) composites, and (c) and (d) ionic and electronic conductivities, 

respectively, of (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, and 20) composites at 

25 °C. 
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Figure 4.2. XRD pattern and Le Bail analytical fitting profile of (100-x)(0.75Li2S–

0.25V2S3)–xLiI (a) x=0, (b) x=5, (c) x=10, and (d) x=20. 
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Figure 4.3. lattice constant of V2S3 in (100-x)(0.75Li2S–0.25V2S3)–xLiI (x = 0, 5, 10, 

and 20) composites (a) a and b axis (b) c axis. 
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Figure 4.4. SEM images of (a) 100(0.75Li2S–0.25V2S3), (b)95(0.75Li2S–0.25V2S3)–

5LiI, (c) 90(0.75Li2S–0.25V2S3)–10LiI, and (d)80(0.75Li2S–0.25V2S3)–20LiI cathodes. 
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Figure 4.5. SEM-EDX mapping of 90(0.75Li2S–0.25V2S3)–10LiI cathode. 
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Figure 4.6. Nyquist plots of (100-x)(0.75Li2S–0.25V2S3)–xLiI cathode with x = 0, 5, 

10, 20 obtained by using electron-blocking cell at 25°C. 
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Fugure 4.7. Nyquist plots of (100-x)(0.75Li2S–0.25V2S3)–xLiI cathode with x = 0, 5, 

10, 20 obtained by using ion-blocking cell at 25°C. 
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Figure 4.8. (a) Charge–discharge curves of the 100(0.75Li2S–0.25V2S3) and 

90(0.75Li2S–0.25V2S3)–10LiI cathodes during the first and second charge–discharge 

cycles. (b) Discharge capacity of the (100-x)(0.75Li2S–0.25V2S3)–xLiI cathode at 

different current densities. (c) Apparent diffusion coefficient of the (100-x)(0.75Li2S–

0.25V2S3)–xLiI cathode at 25 °C. 
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Figure 4.9. (a) the first charge/discharge curves of (100-x)(0.75Li2S–0.25V2S3)–xLiI 

with x = 0, 5, 10, 20, (b) discharge capacity at different current density of (100-

x)(0.75Li2S–0.25V2S3)–xLiI with x = 0, 5, 10, 20. 
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Figure 4.10. Cottrell plots of 100-x(0.75Li2S–0.25V2S3)–xLiI with X=0, 5, 10, 20. 
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Figure 4.11. (a) V L-edge and (b) S K-edge X-ray absorption near edge structure spectra 

of the 100(0.75Li2S–0.25V2S3) cathode during the first charge process at different 

charge states (pristine, 50 mAh g-1, 100 mAh g-1, and full charge), (c) V L-edge, and (d) 

S K-edge X-ray absorption near edge structure spectra of the 90(0.75Li2S–0.25V2S3)–

10LiI cathode during the first charge process at different charge states (pristine, 50 mAh 

g-1, 100 mAh g-1, 200 mAh g-1, and full charge). 
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Figure 4.12. XANES of (a) V L-edge and (b) S K-edge for 0.75Li2S–0.25V2S3 and 

90(0.75Li2S–0.25V2S3)–10LiI pristine. 
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Figure 4.13. Three-dimensional X-ray computerized tomography images of the 

90(0.75Li2S–0.25V2S5)–10LiI cathode (a) before and (d) after the first charge process. 

3D X-ray computerized tomography images of the high absorption regions of the 

90(0.75Li2S–0.25V2S5)–10LiI cathode including LiI and the phase contrast (b) before 

and (e) after the first charge process. Cross-section images of the interest area in the 3D 

X-ray computerized tomography images of the 90(0.75Li2S–0.25V2S5)–10LiI cathode 

(c) before and (f) after the first charge process. 
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Figure 14. Charge curve (top), peak top energy in the V L-edge X-ray absorption near 

edge structure (XANES) spectra (middle), and relative peak area in the S K-edge 

XANES spectra (bottom) of the (a) 100(0.75Li2S–0.25V2S3) and (b) 90(0.75Li2S–

0.25V2S3)10LiI cathodes during the second charge process. 
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Figure 4.15. XANES for (a) V L-edge, (b) S K-edge of 100(0.75Li2S–0.25V2S3) during 

the second charge process at different state of charge (0 mAh g-1, 50 mAh g-1, 100 mAh 

g-1 and 200 mAh g-1), (c) V L-edge, and (d) S K-edge of 90(0.75Li2S–0.25V2S3)–10LiI 

cathode during the second charge at different state of charge (0 mAh g-1, 50 mAh g-1, 

100 mAh g-1, 200 mAh g-1 and 450 mAh g-1. 
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Figure 4.16. S K-edge XANES and the integration area for the100(0.75Li2S–0.25V2S3) 

cathode during the second charge at (a) 0 mAh g-1, (b) 50 mAh g-1, (c) 100 mAh g-1 and 

(d) 200 mAg g-1. 
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Figure 4.17. S K-edge XANES and the integration area for 90(0.75Li2S–0.25V2S3)–

10LiI cathode during the second charge at (a) 0 mAh g-1, (b) 50 mAh g-1, (c) 100 mAh 

g-1 (d) 200 mAg g-1and (e) 450 mAg g-1. 
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Figure 4.18. Model of self-forming ion conduction pathway in Li2S–V2S3–LiI 

composites. 
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Chapter 5 Electrochemical properties of all-solid-state 

lithium batteries with Li3CuS2 as composite cathode 

materials 

For solid-state lithium sulfur battery, the sufficient electronic and ionic conductivity 

is necessary for cathode electrode. Metal sulfides have shown to improve the 

performance for all-solid-state lithium sulfur battery, owing to the high electronic 

conductivity. In this study, we developed Li3CuS2 as active materials with high 

electronic conductivity. Li3CuS2 was mix with Li3PS4 as composite cathode for all-

solid-state lithium sulfur battery. The 1st charge and discharge capacity of Li3CuS2-

Li3PS4 composite cathode is about 346.86 mAh/g and 347.82 mAh/g. And the reaction 

mechanism of cathode composites was clarified by soft X-ray absorption spectroscopy 

(XAS) of S K-edge, Cu K-edge and L-edge at the different state of charge process. The 

oxidation of S and Cu ion can be found and gradually increase of Cu-S bond was also 

proved by extended X-ray absorption fine structure (EXAFS).  

5.1 Introduction 

Lithium–sulfur batteries are a new generation of lithium secondary batteries. Unlike 

the traditional transition metal oxide lithium-ion batteries, lithium–sulfur batteries 

consist of sulfur / lithium sulfide, lithium metal, and conventional organic ethers as the 

cathode, anode, and electrolyte, respectively. During charge and discharge process, 
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sulfur / lithium sulfide can contribute two electrons S + 2 e- ↔ S2-. Therefore, the 

specific capacity of sulfur and Lithium sulfide cathodes can reach extremely high 

values (1675 mAh/g and 1168 mAh/g, respectively), which exceed those of the current 

lithium-ion battery cathodes.1-5 And sulfur is abundant, inexpensive compared with 

metallic minerals, low-toxic, environmentally friendly, and degradable, it presents great 

potential for large-scale practical applications.6-12 However, when sulfur or lithium 

sulfide are used as the cathode materials in liquid lithium-sulfur battery, the polysulfides 

will be formed during cycling and react with the electrolyte. This causes a shuttle effect 

and leads to the consumption of the active substances, which results in poor cycling 

performance.13-17  

Replacing liquid electrolytes with solid electrolytes can completely prevent 

polysulfides dissolution in electrolytes.18, 19 However, the ionic and electronic 

insulating properties of sulfur and lithium sulfide are major drawbacks for the 

development of sulfur-based cathodes. The electronic and ionic conductivity of sulfur 

and lithium sulfide can be improved by homogeneously mixing electronic and ionic 

conductor additives with sulfur.20 Han et al.21 used a bottom-up method to prepare a 

battery featuring Li2S, Li6PS5Cl, and polyvinylpyrrolidone as the active material, 

electrolyte, and carbon precursor of the cathode material. Nagao et al22 studied the 

effect of Li2S particle size on the electrochemical performance of all-solid-state 

batteries and determined that decreasing cathode particle size can effectively improve 

the reversible and rate performances of batteries. 

Recently, metal sulfides have received increasing attention owing to their high 

electrochemical activity, excellent electronic conductivity, and remarkable theoretical 

capacity. The interface between the sulfide cathode and the sulfide solid electrolyte is 

stable and presents low resistance and excellent electrochemical properties.23 
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In this research, Li3CuS2 active materials were developed as novel materials with 

high electronic by mechanical milling of the mixture of copper, sulfur and lithium 

sulfide powders. The crystal and morphology of Li3CuS2 were investigated, All-solid-

state lithium sulfur battery using Li3CuS2-Li3PS4 as composite electrode layers were 

fabricated and characterized in order to demonstrate their advantage as cathode 

materials in all solid-state lithium sulfur battery.  
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5.2 Experimental Section 

5.2.1 Preparation of samples  

The Li3CuS2 samples in this study were prepared using ball milling. Stoichiometric 

amounts of Li2S (99% purity, Mitsuwa), Cu (99% purity, FujiFilm), and S (99% purity, 

Aldrich) were hand-mixed in a mortar for 30 min, followed by mechanical mixing with 

ZrO2 balls at 390 rpm for 90 h. The Li3PS4 glass powder used to fabricate the SE was 

prepared via ball milling using a previously reported procedure, as follows. Li2S (99% 

purity, Aldrich) and P2S5 (99% purity, Aldrich) powders with a 3:1 molar ratio were 

mechanically mixed using ZrO2 balls at 370 rpm for 30 h. The Li3CuS2-Li3PS4 samples 

were weighted to weight ratio at 70:30 (wt %), then the mixture were mixed with ZrO2 

balls at 160 rpm for 1 h. All these procedures were carried out under a dry Ar 

atmosphere glove box.  

5.2.2 Characterization 

XRD for the as-prepared Li3CuS2 samples was performed by RINT-Ultima III 

(Rigaku) with CuKα radiation. Soft X-ray absorption spectroscopy measurements for 

S K-edge and Cu L-edge were performed at BL27SU at SPring-8, Japan. Hard X-ray 

absorption spectroscopy measurements for Cu K-edge were performed at BL14B2 at 

SPring-8. The particle morphology of the samples was observed by scanning electron 

microscopy ((FE-SEM, JEOL, JSM-6610A).  

5.2.3 Electrochemistry measurement 
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All the solid-state batteries are prepared inside an Ar-filled glove box and tested by all 

solid-state cell. First, the 80 mg Li3PS4 were placed in a polycarbonate tube (diameter 

of 10 mm) and pressed to form the SE (solid electrolyte) layer, and then 4mg cathode 

powder Li3CuS2 or Li3CuS2-Li3PS4 mixture were dispersed on one side of the SE layer 

and pressed at 360 Mpa. Finally, A Li–In alloy was placed on the another of the SE 

layer of the bilayer pellet to function as an anode. The Li3CuS2 cathodes were conducted 

with cut-off voltages of 0.0 V-3.0 V (0.62 V-3.62 V vs. Li) for charge and discharge. 

And the Li3CuS2-Li3PS4 composite cathode were conducted with cut-off voltage of 1.0 

V- 1.9 V (1.62 V-2.52 V vs. Li) for charge and discharge. 

To measure the electronic conductivity and ionic conductivity for Li3CuS2 composite 

two kinds of symmetric cell was used as previous report.24 The ion blocking cell was 

used for measurement of the electronic conductivity. The cell was fabricated by 

pressing the composite sample into pellet under 360 MPa at room temperature. The 

pellet was set between two stainless-steel (SS) plates as current collectors. The electron-

blocking cell was used for the measurement of the ionic conductivities. The cell consists 

of five layers pellet (Li-In/SE/sample/SE/Li-In). The SE layers (Li3PS4) were used as 

electron blocking layers. The AC impedance technique was used to measure the 

electronic conductivity and ionic conductivity by Solartron Modulab ECS. The AC 

amplitude was 10 mV, with the applied frequency ranging from 1 MHz to 10 Hz. 
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For galvanostatic intermittent titration technique (GITT), after each galvanostatic 

step for 30 min at 0.13 mA cm-2, the cell was relaxed at open circuit voltage (OCV) for 

4 h to approach the quasi-equilibrium state. 

The Li+ diffusion coefficients of Li3CuS2 were calculated by potentiostatic 

intermittent titration technique (PITT) measurement. The chronoamperometries was 

tested repeatedly with a potential step of 0.01 V from 1.6 V to 1.9 V by HZ-7000 

(Hokuto Denko). 
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5.3 Result and discussion 

Li3CuS2 was prepared form Li2S, Cu and sulfur by ball milling method. From the 

XRD pattern (Figure 5.1a), the composite showed the single anti-fluorite structure with 

the space group is Fm-3m (as shown in Figure 5.1b). Sulfur atom occupied the 4a site, 

Li atom and copper atom occupied the 8c site, meanwhile the occupation of Li atom 

and copper atom is 0.75 and 0.25 respectively. And SEM images of Li3CuS2 was shown 

in Figure 5.1c, the particle size of samples were about 2 um to 10 um. Typically, the 

EDX mapping of Li3CuS2 were also shown in Figure 1c, sulfur and copper spread 

uniform in cathode composite.  

To study the electronic and ionic conductivity of the Li3CuS2 composites, the ion-

blocking and electron-blocking cells as previous report24 were used to separate the 

electronic conductivity and ionic conductivity. Figure 5.2 and 5.3 show the electronic 

conductivity and ionic conductivity of Li3CuS2 composite. At 25 oC, the electronic 

conductivity and ionic conductivity of Li3CuS2 are 0.14 S cm-1 and 7.96 x 10-5 S cm-1. 

As the Li3CuS2 can show the high electronic conductivity, the pure Li3CuS2 was used 

as the cathode electrode without additive of any electronic and ionic conductor. The 

electrochemical performance of the prepared Li3CuS2 cathode materials were measured 

by galvanostatic charge and discharge measurements at 0.13 mA/cm2 and the results 

were shown in Figure 5.4. The 1st charge and discharge capacity of Li3CuS2 is about 
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45.14 mAh/g and 41.89 mAh/g. And cycle ability of Li3CuS2 was also shown in 

Figure5.4b, the coulombic efficiency for 1st cycling is about 92.78% and after 1st cycle 

the coulombic efficiency is around 100%. Li3CuS2 can show limited charge capacity 

without additive of other electronic and ionic conductor, however the charge capacity 

is much lower than the theoretical charge capacity (542 mAh/g) of Li3CuS2 when 3 Li+ 

can deinserted from Li3CuS2. The reason for poor charge capacity may owning to the 

lower ionic conductivity than electronic conductivity of Li3CuS2, only parts of the 

Li3CuS2 which are in touch with the solid electrolyte can inserted or deinserted the Li+, 

and leading the poor electrochemical performance of Li3CuS2. At this point, the ionic 

conductivity of Li3CuS2 is needed to be improved. 

In order to improve the ionic conductivity of Li3CuS2, Li3PS4 was mix with Li3CuS2 

as cathode composite, the weight ratio of Li3CuS2 and Li3PS4 is 70:30%. The 

electrochemical performance of Li3CuS2-Li3PS4 composite were measured by 

galvanostatic charge and discharge measurements and the result were shown in Figure 

5.5. The 1st charge and discharge capacity of Li3CuS2-Li3PS4 composite cathode at 0.13 

mA/cm2 is about 346.86 mAh/g and 347.82 mAh/g. Rate performances of Li3CuS2-

Li3PS4 at different current density were also shown in Figure 3b. After mixed with 

Li3PS4 the capacity of Li3CuS2 was obviously improved, owing to the construction of 

fine Li+ path between Li3CuS2 and solid electrolyte. 
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Galvanostatic intermittent titration technique (GITT) was used to further understand 

the electrochemical process, as displayed in Figure 5.6. The cell was relaxed at open 

circuit voltage (OCV) for 3 h to approach the quasi-equilibrium state, after each 

galvanostatic charging/discharging stage for 0.5 h at 0.13 mA cm-2. The overpotential 

upon charging and discharge process is small and the OCV values of every 

galvanostatic stages were stabilized as presented in Figure 5.6b, the are no too much 

differences of OCV between the charging and discharging states. The only one charge 

and discharge plateau and low polarization of OCV may suggested two phase 

transformation between charge and discharge process. 

The Li+ diffusion coefficients of Li3CuS2 were also calculated by potentiostatic 

intermittent titration technique (PITT) measurement. The chronoamperometries was 

tested repeatedly with a potential step of 0.01 V. The Li+ diffusion coefficients were 

calculated by PITT results based on the following equation. 

 𝐷𝐿𝑖+ = −
𝑑 ln 𝐼(𝑡)

𝑑𝑡

4𝐿2

𝜋2
 (1) 

Where D is the diffusion coefficient, L (cm) is the diffusion length (thickness of 

cathode), and I(t) (A) is the recorded transient current as a function of time (t), 

respectively. 

The Li+ diffusion coefficient at different potential was shown in figure 5.7a, and it 

was around ~10-11 to ~10-12 cm2 s-1 during the charge process. As the Li+ diffusion 

coefficient is constant, that can explain the steady OCV (figure 5.6) during the charge 

process. And such high diffusion coefficient is comparable with that of typical LiFePO4 

and LiCoO2, indicating a smooth ion diffusion in Li3CuS2. 

The rate-determining step was also discussed by Kolmogorov-Johnson-Mehl-Avrami 

(KJMA) theory. According to KJMA model, the volumetric fraction (V) of product in 

phase-transition mechanism is subjected to the following correlation, 
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 𝑉 = 1 − exp(−𝑘𝑡𝑛) (2) 

where k, t and n are rate constant, time and Avrami exponent, respectively. The 

equation (2) can be rearranged as: 

 ln ln[1/(1 − 𝑉)] = 𝑛 ln 𝑡 + ln 𝑘 (3) 

Therefore, the Avrami exponent n can be obtained by plotting and linear-fitting ln ln 

[1/(1-V)] vs. ln t. The Avrami exponent n is further explained as: 

 𝑛 = 𝑎 + 𝑏𝑐 (4) 

The value of a represents the nucleation rate as a function of time, where a = 0, 0 < 

a < 1, a = 1 and a > 1 refer to zero, decreasing, constant and increasing nucleation rate, 

respectively. The values of b and c describe the phase-growth dimension (b = 1, 2, 3 

for 1D, 2D, 3D growth, respectively) and rate-determining step (c = 1 for phase-

boundary-movement controlled and c = 0.5 for diffusion controlled). The crystalline 

fraction V are evaluated by SOC, which was acquired by integrating the current 

densities upon chronoamperometric process as a function of time.  

The transient current of potential step from 1.71 to 1.72 V (figure 5.7b) exhibited a 

typical nucleation and growth in a two-phase electrochemical reaction. The current 

increasing from point (Ⅰ) to (Ⅱ) represents nucleation process that produce a large 

number of new phase boundaries and reach maximum at point (Ⅱ), and the following 

current decreasing from point (Ⅱ) to (Ⅲ) represents the nuclei growth which lead to the 

merges of phase boundaries. 
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The fitting results of avrami exponent n was 1.028. The n = 1.028 can be explained 

as a = 0.028, b = 1 and c = 1. which could be interpreted as being due to a phase-

boundary-controlled 1D phase transition with decreasing nucleation rate (a = 0.028, b 

= 1, and c = 1). 

Sulfur K-edge XAS of Li3PS4, Li3CuS2 and Li3CuS2-Li3PS4 were performed and 

shown in figure 5.8, and the XAS of Li3CuS2-Li3PS4 is the combine spectroscopy of 

Li3PS4 and Li3CuS2. And XAS were also performed to clarify electronic structure 

changes of Li3CuS2-Li3PS4 (Figure 5.9a) during charge process, during the charge 

process the absorption peak at 2473 eV gradually shift to 2472 eV and the absorption 

peak at 2477 eV gradually shift to high energy, which may owing to the oxidation of 

S2- to sulfur during charge process.25 And the isosbestic point at 2472.6 eV can be 

observed during charge process, this can attribute to the two phase transition during 

charge process. Meanwhile, the absorption peak at 2471 eV which corresponding to S 

K-edge of Li3PS4, the peak intensity was gradually increased during charge process, 

this may corresponding the oxidation of Li3PS4.
26, 27 

Copper L-edge XAS was also performed during 1st charge process of Li3CuS2-

Li3PS4(figure 5.9b),as the peak intensity of peak at 931.8 eV gradually increase during 

chare process, the copper may also be oxidized. And the isosbestic point can be 

observed at 934.5 eV, that may also attribute to the two phase transition during charge 

process. 
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X-ray Absorption Near Edge Structure (XANES) of copper K-edge during charge 

process were shown in Figure 5.10a. The copper K-edge was gradually shift to the 

higher energy, which corresponding to the oxidation of copper during the charge 

process. The copper k-edge of CuS was also shown as the reference in figure 7a and 7b, 

as the copper K-edge XAFS of Li3CuS2 gradually shift to CuS during charge process 

the final product was proposed as the CuS form our XAFS result. 

Meanwhile Extended X-ray Absorption Fine Structure (EXAFS) of copper K-edge 

were also shown in Figure 5.10b. As the peak intensity around 1.8 Å increasing during 

charge process, that may owing to the increasing of Cu-S bond during the delithiation 

process. The reference EXAFS of CuS was also shown in figure 7b, as the EXAFS of 

Li3CuS2 during charge process is gradually fit to CuS, we believe that there are phase 

transition between Li3CuS2 and CuS during the charge process. 

  



159 

 

5.4 Conclusion 

In this work, we successfully synthesized Li3CuS2 as a new type of all solid-state 

lithium sulfur battery cathode material. Furthermore, XAS was used to elucidate the 

reaction mechanism of Li3CuS2 during charging. These findings could facilitate the 

design of new types of cathode materials for all-solid-state lithium sulfur batteries. 
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Figure 5.1. (a) synchrotron XRD of Li3CuS2 (b) crystal structure of Li3CuS2 (c) SEM 

image and EDX mapping for Li3CuS2. 
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Figure 5.2. (a) electronic conductivity of Li3CuS2, (b) ionic conductivity of Li3CuS2. 
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Figure 5.3. Arrhenius plot of (a) electronic conductivity of Li3CuS2, and (b) ionic 

conductivity of Li3CuS2.  
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Figure 5.4 (a) Charge/discharge curves of Li3CuS2 cathode at current density 0.13 mA 

/ cm2, (b) charge and discharge cyclability of Li3CuS2 at 0.13 mA / cm2
. 
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Figure 5.5. (a) Charge/discharge curves of Li3CuS2-Li3PS4 cathode, (b) cyclability of 

Li3CuS2-Li3PS4. 
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Figure 5.6. (a) Galvanostatic intermittent titration technique of Li3CuS2-Li3PS4 during 

charge and discharge process, (b) OCVs after charge and discharge. 
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Figure 5.7 (a) The Li+ diffusion coefficient of Li3CuS2 calculated by PITT results, (b) 

The current response in potential-step chronoamperometry measurement from 1.71 charged to 1.71 

V, (c) KJMA analysis for potential-step chronoamperometry measurement from 1.71 charged to 1.71 

V. 
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Figure 5.8. S K-edge XANES of Li3PS4, Li3CuS2 and Li3CuS2-Li3PS4. 
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Figure 5.9 (a) 1st charge curve of Li3CuS2-Li3PS4, (b) sulfur K-edge XANES of 

Li3CuS2-Li3PS4 cathode during 1st charge, (C) copper L-edge XANES of Li3CuS2-

Li3PS4 cathode during 1st charge. 
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Figure 5.10 (a) XANES of copper k-edge of Li3CuS2-Li3PS4 during charge, (b) EXAFS 

of Li3CuS2-Li3PS4 during charge. 
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Chapter 6 General conclusions 

This thesis consists of six chapters, which report the reaction mechanisms of cathode 

materials for liquid and all-solid-state lithium sulfur batteries during charge–discharge 

and provide new insight into the design of cathode materials for lithium–sulfur batteries. 

Chapter 1 briefly outlines the research background and fundamental principle of 

lithium-ion and lithium–sulfur batteries. Liquid and all-solid-state lithium sulfur 

batteries are introduced, and the cathode materials, electrolytes, and anode materials of 

the two types of batteries are discussed in detail.  

Chapter 2 describes the changes in electronic structure of sulfur cathodes in 

conventional liquid, concentrated liquid, and solid-state electrolytes observed using X-

ray absorption spectroscopy (XAS). And investigates the difference in the reaction 

pathway of sulfur cathode between the liquid and solid electrolyte by using soft X-ray 

absorption spectroscopy. We believe that these pieces of information about sulfur 

cathode will help to understand the reaction mechanisms of sulfur cathode and also to 

design the sulfur cathode with high electrochemical performance. 

Chapter 3 focuses on clarifying the reaction mechanism of microporous carbon-

supported sulfur cathodes using operando soft XAS. It was determined that the narrow 

pores of microporous carbon prevented the dissolution of polysulfides and affected the 

reaction mechanism of sulfur cathodes. Our results can provide further insights into the 

deeper understanding of the behavior of sulfur in carbon-supported cathodes, and it will 

be helpful for designing new cathodes with high performance. 

Chapter 4 addresses the development of novel Li2S–V2S3–LiI-based electrode active 

materials with excellent electronic and ionic conductivity. All-solid-state lithium sulfur 

battery featuring Li2S, V2S3, and LiI composite electrode layers were fabricated and 

characterized to demonstrate their advantages in all-solid-state lithium sulfur battery. 

As no more electronic conductor and ionic conductor (such as carbon and solid-state 
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electrolyte) are need to add into the composite, we believe this research can helpful for 

guiding and designing of new kinds of cathode composite in all solid-state battery. 

Chapter 5 describes the successful synthesis of Li3CuS2 as a new type of all solid-

state lithium sulfur battery cathode material. Furthermore, XAS was used to elucidate 

the reaction mechanism of Li3CuS2 during charging. These findings could facilitate the 

design of new types of cathode materials for all-solid-state lithium sulfur batteries. 

Chapter 6 presents the conclusions of this study and future prospects for lithium–

sulfur batteries. 
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