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Approx. 800 words 

Solid electrolytes (SEs) play a critical role in all-solid-state lithium-ion batteries 

(ASSLIBs) by acting as both electron separators and ion conductors. One promising method for 

SE synthesis is liquid-phase synthesis, which offers scalability and energy efficiency. However, 

impurities and the complexity of SEs prepared through this method have posed challenges, 

making liquid electrolytes indispensable in many cases. 

In a study aimed at addressing these challenges, highly conducting lithium-ion solid 

electrolytes based on a 100Li3PS4-50LiI-xLi3PO4 composition (0 ≤ x ≤ 20 mol%) were 

successfully synthesized using liquid-phase synthesis with ethyl propionate as the reaction 

medium. Interestingly, the addition of Li3PO4 into the Li3PS4-LiI structure, up to x = 20, did not 

result in noticeable segregated peaks in the X-ray diffraction patterns. 

Further analysis using 31P NMR revealed the formation of PO2S2
- and POS3

3- units, 

indicating that Li3PO4 reacted with the Li2S-P2S5 system to form Li3PO4-xSx. Among the 

synthesized electrolytes, the one with x = 10 exhibited the highest room temperature conductivity 

of approximately 8.5 × 10−4 Scm−1. 

Moreover, the study also addressed the issue of Li3PO4 impurity formation during the 

synthesis of Li6PS5Cl argyrodite SEs using liquid-phase synthesis. By replacing hydroxide-based 

solvents with thiol-based solvents, Li3PO4 was successfully eliminated from the Li6PS5Cl SEs. 

This modification resulted in the Li6PS5Cl SEs achieving the highest ionic conductivity value (>2 

mS·cm−1) ever reported through liquid-phase synthesis. Importantly, the absence of Li3PO4 in the 

argyrodite SE led to significantly increased capacity and remarkable stability. 
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To further enhance the stability of the Li6PS5Cl argyrodite SE, the study explored oxygen 

doping by synthesizing Li6PS5−2.5xO2.5xCl (x = 0, 0.05, and 0.10) solid electrolytes using 

liquid-phase synthesis. The solid electrolyte with x = 0.05 exhibited high ionic conductivity along 

with improved electrochemical stability against lithium metal and oxide cathodes. Argyrodites 

with x = 0.05 and x = 0.10 demonstrated superior capacity retention and higher Coulomb 

efficiency compared to x = 0. Moreover, the solid electrolytes exhibited enhanced stability during 

Li symmetrical cell measurements. 

Overall, this work provides valuable insights into achieving high-performance ASSLIBs 

through liquid-phase synthesis. By carefully controlling the composition and synthesis conditions, 

such as introducing Li3PO4 or oxygen doping, it is possible to optimize the conductivity and 

stability of the solid electrolyte systems, paving the way for the development of advanced 

all-solid-state lithium-ion batteries. 

In addition to addressing stability challenges in sulfide-based solid electrolytes, oxygen 

substitution offers several notable advantages for the performance and functionality of these 

materials in ASSLIBs. 

The incorporation of Li3PO4 into the Li3PS4-LiI system and P2O5 into Li6PS5Cl lead to the 

formation of oxysulfide units. These oxysulfide compounds play a crucial role in enhancing the 

electrochemical stability of the solid electrolyte, particularly at the interface. The presence of the 

oxysulfide units helps to minimize unwanted reactions and side effects, improving the overall 

stability and performance of the solid electrolyte. This finding highlights the potential of 

incorporating Li3PO4 and P2O5 as strategies to enhance the electrochemical stability of solid 

electrolytes, making them promising candidates for advanced energy storage applications. 

In summary, oxygen substitution in sulfide-based solid electrolytes provides numerous 

benefits for all-solid-state lithium-ion batteries. It enhances Li-ion conductivity, improves 

electrochemical stability, expands the electrochemical window, promotes compatibility with oxide 

cathodes, and allows for precise control over doping levels. These advantages contribute to the 

development of high-performance ASSLIBs with improved energy storage capacity, longer cycle 

life, and enhanced overall battery performance. 
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Chapter 1 

General Introduction 

 

1.1 Background 

Electricity plays a vital role in sustaining the modern human lifestyle, driven by 

advancements in science, technology, and population growth. Currently, the majority of 

electrical energy is generated from fossil fuels, predominantly coal, which emits 

approximately 1000 g of lifecycle CO2 per unit.[1] This emission contributes to 

environmental pollution and global warming concerns. To combat greenhouse gas 

emissions, there is a global need to transition to a sustainable energy system that promotes 

the use of renewable energy technologies.[2] One proposed solution is the 

implementation of a smart grid, which integrates a significant amount of renewable 

energy resources. Renewable energy sources such as solar, wind, hydroelectric power, 

geothermal energy, solar heat, and biomass offer great potential due to their abundance 

and availability.[3] In 2016, these renewable sources accounted for approximately 5% of 

global electricity production, and it is projected to increase to over 10% by 2040.[4] 

However, one of the challenges associated with renewable energy sources is their 

intermittent nature, necessitating advanced electrical energy storage technologies. Over 

the past decade, advancements in hybrid electric vehicles, plug-in hybrid electric vehicles, 

and purely electric vehicles have contributed to a reduced reliance on fossil fuels.[5] 

Lithium-ion batteries (LIBs) have emerged as the preferred choice for the next generation 

of hybrid electric vehicles and plug-in hybrids. The widespread adoption of LIBs in 

electric vehicles has the potential to significantly reduce greenhouse gas emissions and 

dependence on fossil fuels. 

 

1.2 Lithium-Ion Batteries 

LIBs have garnered significant attention as a key technology for energy storage 

in various applications. They have witnessed remarkable advancements and are 

considered the battery of choice for powering the next generation of hybrid electric 
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vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), and purely electric vehicles 

(EVs).[6, 7] LIBs offer several advantages that make them highly desirable. Firstly, they 

exhibit a high energy density, allowing for a greater storage capacity of electrical energy 

compared to other battery technologies. This is crucial for maximizing the driving range 

and overall performance of electric vehicles. Additionally, LIBs have a relatively long 

cycle life, meaning they can endure numerous charge and discharge cycles without 

significant degradation.[8] This durability is essential for ensuring the longevity and 

reliability of the batteries, especially in demanding automotive applications. Moreover, 

LIBs have a high power density, enabling them to deliver rapid bursts of energy when 

needed, such as during acceleration or regenerative braking in electric vehicles.[8] This 

characteristic contributes to the overall responsiveness and performance of the vehicle. 

The development and commercialization of LIBs have been driven by continuous 

research and technological advancements. Efforts have focused on improving their energy 

density, safety features, charging times, and cost-effectiveness. Researchers are 

constantly exploring new electrode materials, electrolyte compositions, and battery 

designs to enhance the performance and sustainability of LIBs. As the demand for electric 

vehicles continues to grow, the development of efficient, safe, and affordable LIBs 

remains a crucial area of research and innovation.[9] Overall, lithium-ion batteries have 

revolutionized the field of energy storage and play a vital role in advancing sustainable 

transportation and clean energy initiatives. 

In general, Li-ion batteries can be described as energy storage systems that depend 

on the insertion reactions occurring at both electrodes, with lithium ions serving as the 

charge carriers.[10] Within the Li-ion battery family, various cell chemistries exist, each 

with its own characteristics. The majority of Li-ion batteries utilize a negative electrode 

primarily composed of carbon (e.g., graphite) or lithium titanate (Li4Ti5O12). However, 

there are ongoing developments with novel materials such as Li metal and Li(Si) alloys. 

The choice of electrode materials determines the composition of the electrolyte, which 

typically consists of a combination of lithium salts (e.g., LiPF6) and an organic solvent 

(e.g., diethyl carbonate) to facilitate ion transfer. To enable the passage of lithium ions 

between the electrodes while preventing internal short circuits, a separating membrane is 

utilized. [11] The kinetics of redox processes in Li-ion batteries are influenced by the 

nature of the electrodes and their surface area. Furthermore, the cell voltage is determined 
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by the difference between the equilibrium potential of the cathode and anode. This cell 

voltage, denoted as ΔE, can be expressed using the equation (1.2.1) as follows: 

 

∆𝐸 = ∆ϕcathode − ∆ϕanode                      (1.2.1) 

 

The potentials at equilibrium of the cathode and anode are denoted as ∆ϕcathode and 

∆ϕanode, respectively. The resulting equation (1.2.1) can be expressed in the form of 

equation (1.2.2) using the Nernst equation. 

 

∆𝐸 = ∆ϕcathode − ∆ϕanode = ∆𝐸o −
𝑅𝑇

𝑛𝐹
ln

𝑎𝑅𝑒𝑑1

𝑠 𝑎𝑂𝑥2

𝑡

𝑎𝑅𝑒𝑑2

𝑞
𝑎𝑂𝑥1

𝑝                     (1.2.2) 

(𝑝Ox1 + 𝑞Red1 → 𝑠Red2 + 𝑡Ox2) 

 

The Faraday constant, denoted as F, represents the charge carried by one mole of 

electrons and is equal to 96485 C mol−1. The standard potential is represented by Eo. R 

corresponds to the gas constant, while T represents the temperature. The variable n 

indicates the number of electrons involved in the redox reaction between the electrodes, 

and a represents the activity of the redox couples. The redox couples are categorized into 

two pairs: Ox1 and Red1, which belong to the stronger couple with a higher potential, and 

Ox2 and Red2, which belong to the weaker couple with a lower potential. The electrolyte 

facilitates ion conduction between the electrodes in Li-ion batteries. In the case of LIBs, 

Li ions, as mobile species, move towards regions of opposite charge under the influence 

of the electric field generated between the cathode and anode. Commonly, the electrolyte 

in LIBs is composed of a solution of a Li+ salt in a mixture of polar aprotic organic 

solvents. The schematic illustration of Li-ion batteries using liquid electrolyte is shown 

in Figure 1.1. A separating membrane is used to allow lithium ions to pass between the 

electrodes while preventing an internal short circuit. As depicted, electrons flow from the 

negative electrode to the positive electrode, while simultaneously Li+ ions migrate from 

the negative electrode through the electrolyte to the positive electrode. This movement of 

Li+ ions ensures the maintenance of electroneutrality within the battery system. When the 
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system is operated in charge mode, which refers to its functioning as an electrolytic device, 

the direction of both electron current and Li+ ion flow is reversed. In this mode, electrons 

flow from the positive electrode to the negative electrode, and Li+ ions move from the 

positive electrode through the electrolyte to the negative electrode. This reversal of 

electron current and Li+ ion flow allows for the recharging or replenishing of the battery's 

energy storage capacity. The wide range of materials available for the positive and 

negative electrode materials, electrolyte, and separator in Li-ion batteries offers numerous 

choices for battery design. However, the selection of these materials is influenced by the 

technological limitations imposed by their specific functions within the battery system. 

For the positive and negative electrode materials, factors such as energy storage capacity, 

stability, cycling performance, and cost are crucial considerations. Different materials 

offer varying trade-offs in these properties, requiring careful evaluation and selection 

based on the specific requirements of the battery application. Similarly, the electrolyte 

composition is critical for efficient ion conduction, safety, and stability. The choice of 

electrolyte materials must strike a balance between these factors to ensure optimal battery 

performance and longevity. The separator, which physically separates the electrodes to 

prevent short circuits, must exhibit appropriate mechanical strength, ionic conductivity, 

and resistance to degradation. The selection of separator materials is vital for maintaining 

the overall safety and reliability of the battery system. Ultimately, the technological 

limitations associated with the different materials used in Li-ion batteries arise from the 

need to fulfill specific functions while considering factors such as performance, cost, 

safety, and environmental impact. Extensive research and development efforts continue 

to address these limitations and advance the performance and capabilities of Li-ion 

battery materials. [12-14] Nevertheless, the safety concerns related to the utilization of 

flammable organic liquid electrolytes in conventional LIBs pose significant challenges. 

Issues such as leakage and the risk of ignition are prevalent, raising concerns about the 

reliability of these batteries. These safety concerns continue to impede the widespread 

adoption of LIBs in the market for both electronic devices and EVs. 
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Figure 1.1. The schematic illustration of Li-ion batteries using liquid electrolyte. [86] 
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1.3 All-Solid-State Lithium-Ion Batteries. 

All-solid-state lithium-ion batteries (ASSLiBs) are a type of rechargeable battery 

that utilize solid-state electrolytes instead of the traditional liquid or gel electrolytes found 

in conventional lithium-ion batteries (LIBs).[15] In ASSLiBs, both the positive and 

negative electrodes, as well as the electrolyte, are composed of solid materials. The 

illustration of ASSLiBS is depicted in Figure 1.2. 

The solid-state electrolyte in ASSLiBs acts as a medium for the transport of 

lithium ions between the electrodes. It offers several advantages over liquid electrolytes, 

including improved safety, higher thermal stability, and the elimination of leakage and 

flammability concerns associated with liquid electrolytes. Additionally, solid-state 

electrolytes can exhibit higher ionic conductivity, enabling faster ion transport within the 

battery, which can lead to improved power density and charging/discharging rates. 

ASSLiBs also have the potential for increased energy density compared to 

conventional LIBs. This is due to the ability to utilize lithium metal anodes, which have 

higher energy storage capacity compared to graphite-based anodes commonly used in 

LIBs. The use of lithium metal anodes, combined with the inherent stability and low 

reactivity of solid-state electrolytes, can enable the development of batteries with higher 

energy density and longer-lasting performance. 

However, there are some challenges associated with ASSLiBs that need to be 

addressed for their widespread commercialization. These challenges include optimizing 

the ionic conductivity of solid-state electrolytes, ensuring good interfacial compatibility 

between the electrolyte and electrode materials, and minimizing the formation of 

interfacial resistance, which can hinder battery performance. 

Research and development efforts are actively underway to overcome these 

challenges and advance the technology of all-solid-state lithium-ion batteries. ASSLiBs 

hold great promise for next-generation energy storage systems, offering enhanced safety, 

improved energy density, and the potential for transformative advancements in portable 

electronics, electric vehicles, and grid-scale energy storage. 

While all-solid-state lithium-ion batteries (ASSLiBs) offer numerous advantages, 

there are still several challenges and limitations that need to be addressed before their 
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widespread commercialization. Some of the main problems associated with ASSLiBs 

include: 

1. Limited ionic conductivity: Solid-state electrolytes typically have lower ionic 

conductivity compared to liquid electrolytes used in conventional LIBs. This can 

result in higher resistance and lower battery performance, particularly at high current 

rates. Improving the ionic conductivity of solid-state electrolytes is crucial for 

enhancing the overall performance of ASSLiBs.[16] 

2. Interface compatibility and stability: The interfaces between the solid-state electrolyte 

and electrode materials need to be stable and compatible to ensure efficient ion 

transport and prevent degradation over cycling. Interfacial reactions and the formation 

of high resistance layers can hinder battery performance and lifespan.[17] 

3. Cost and scalability: The fabrication processes for ASSLiBs often involve complex 

and expensive manufacturing techniques, such as vacuum deposition or high-

temperature sintering. Finding cost-effective and scalable manufacturing methods for 

solid-state electrolytes and electrode materials is necessary for large-scale production 

and commercial viability.[17] 

4. Mechanical stress and cycling stability: Solid-state electrolytes and electrode 

materials can experience mechanical stress during cycling due to volume changes and 

differences in thermal expansion coefficients. This stress can lead to material 

degradation, cracks, and reduced cycling stability. Developing mechanically robust 

and durable components is essential for long-term battery performance.[18] 

5. Lithium dendrite growth: The use of lithium metal anodes in ASSLiBs can lead to the 

formation of lithium dendrites, which are needle-like structures that can penetrate the 

electrolyte and cause short circuits or even safety hazards. Effectively suppressing 

lithium dendrite formation and preventing electrode degradation is a critical challenge 

for ASSLiBs.[19] 

Researchers and scientists are actively working on addressing these challenges 

through advancements in solid-state electrolyte materials, interface engineering, cell 

design, and manufacturing techniques. Overcoming these problems will be instrumental 

in realizing the full potential of ASSLiBs and enabling their widespread adoption as a 

safe, high-performance energy storage solution. 



8 

 

  

Figure 1.2. Schematic illustration of an all-solid-state lithium-ion battery 
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1.4 Solid Electrolytes 

A solid electrolyte (SE) is a type of electrolyte material that is in a solid state, as 

opposed to liquid or gel electrolytes found in traditional batteries. SEs play a crucial role 

in various types of solid-state batteries, including all-solid-state lithium-ion batteries 

(ASSLiBs). The primary function of a solid electrolyte is to facilitate the transport of ions 

between the cathode and anode in a battery. In the case of lithium-ion batteries, the SE 

allows for the movement of lithium ions during the charging and discharging processes. 

The ionic conductivity of the SE is a key factor that determines the overall performance 

of the battery, as higher conductivity enables faster ion transport and better battery 

efficiency. SE materials can be classified into different categories, including ceramic, 

polymer, and composite electrolytes. Ceramic electrolytes, such as lithium garnets (e.g., 

Li7La3Zr2O12 or LLZO) are known for their stability, while sulfide-based materials (e.g., 

Li10GeP2S12 or LGPS) for its high ionic conductivity.[20-22] Polymer electrolytes, on the 

other hand, offer flexibility and easier processing but may have lower ionic conductivity 

compared to ceramics. Composite electrolytes combine the advantages of both ceramic 

and polymer materials, aiming to achieve a balance between ionic conductivity, 

mechanical strength, and stability. Developing SEs with high ionic conductivity, excellent 

stability, good mechanical properties, and compatibility with electrode materials is crucial 

for the performance and commercialization of solid-state batteries. Researchers are 

actively working on improving the conductivity and stability of SEs through material 

optimization, interface engineering, and advanced manufacturing techniques. The use of 

solid electrolytes in batteries, particularly in ASSLiBs, offers several advantages over 

liquid electrolytes, including enhanced safety, improved thermal stability, elimination of 

leakage, and potential for higher energy density.[23] However, challenges such as 

optimizing ionic conductivity, ensuring good interfacial compatibility, and controlling 

interfacial resistance still need to be addressed for the widespread adoption of SE-based 

solid-state batteries. 
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1.4.1 Defect Chemistry in Solid Electrolyte 

To achieve effective design of fast ion conductors, it is crucial to have a thorough 

understanding of defect chemistry. At finite temperatures, crystalline solids inherently 

contain various types of defects, ranging from point defects and extrinsic impurities to 

grain boundaries. It is important to note that no material can exist in a perfectly crystalline 

form. Defects in crystalline materials play a significant role in determining the ion 

transport properties. Point defects, such as vacancies (missing atoms) and interstitials 

(additional atoms), can create pathways for ion migration. Extrinsic impurities, which are 

atoms or ions of different species incorporated into the crystal lattice, can also affect the 

defect chemistry and ion conductivity. Additionally, grain boundaries, which are 

interfaces between adjacent crystalline regions with different orientations, can influence 

the overall ion transport behavior. By understanding the nature and behavior of these 

defects, researchers can manipulate and optimize the structure and composition of 

materials to enhance their ion conductivity. [24-27] Schottky and Frenkel defects are two 

types of point defects that occur in crystalline materials (Figure 1.3). [28] 

1. Schottky Defect (also known as Scotty Defect): A Schottky defect is a type of 

point defect in which an equal number of cations and anions are missing from 

their regular lattice sites within a crystal structure. This defect typically occurs in 

ionic compounds, such as metal halides or alkali metal compounds, where cations 

and anions are held together by strong electrostatic forces. The absence of these 

ions creates vacancies, resulting in a charge-neutral defect. Schottky defects can 

contribute to the electrical conductivity of ionic materials and are associated with 

high-temperature stability. 

2. Frenkel Defect: A Frenkel defect is a type of point defect in which an ion is 

displaced from its lattice site and occupies an interstitial position within the crystal 

lattice. The displaced ion creates a vacancy at its original site. Frenkel defects 

commonly occur in materials with a large size difference between cations and 

anions, such as metal oxides or semiconductors. Frenkel defects do not affect the 

overall charge neutrality of the crystal, but they can influence various material 

properties, including electrical conductivity, optical behavior, and diffusion of 

species. 
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Both Schottky and Frenkel defects are important in understanding the behavior 

and properties of crystalline materials. These defects can affect the material's electrical 

and optical properties, as well as its ability to transport ions or participate in chemical 

reactions. By studying and controlling these defects, researchers can manipulate the 

properties of materials for specific applications, such as designing solid-state electrolytes 

for batteries or optimizing the performance of semiconductor devices. In the case of 

Frenkel defect, the equilibrium constant, KS, is represented using concentrations rather 

than activities, as shown in the following expression: 

 

𝐾S = (
𝑛cv

𝑁
) (

𝑛av

𝑁
) = exp [

−∆𝐺S

𝑘B𝑇
]                       (1.4.1.1) 

 

In the given expression, ncv represents the number of cation vacancies, nav 

represents the number of anion vacancies per unit volume, N represents the number of 

cation or anion sites per unit volume in the crystal, ΔGS represents the molar Gibbs energy 

of formation of the Schottky defects, kB denotes Boltzmann's constant, and T represents 

the absolute temperature. Since the crystal maintains electroneutrality, the ncv is equal to 

the number of anion vacancies nav. Therefore, the total number of Schottky defects present 

in the crystal, denoted as nS, can be expressed as the sum of cation vacancies and anion 

vacancies: 

 

𝑛cv = 𝑛av = 𝑛s = 𝑁exp [
−∆𝐺S

2𝑅𝑇
]                          (1.4.1.2) 

 

In many cases, ΔGS is replaced by the enthalpy of Schottky defect formation, ΔHS. 

The Gibbs free energy, which is a measure of the system's total energy available to do 

work, is defined as follows: 

 

𝐺 = 𝐻 − 𝑇𝑆                                                                            (1.4.1.3) 

 

The equilibrium constant of the Schottky defect is given by the expression, where 

H is the standard enthalpy and S is the entropy: 
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𝐾S = exp [
∆𝑆S

𝑘B
] exp [

−∆𝐻S

𝑘B𝑇
]                      (1.4.1.4) 

 

This equation indicates that as the temperature in the system increases, the thermal 

equilibrium concentration rises rapidly beyond a certain temperature. This phenomenon 

holds true for the Frenkel defect as well. 

 

1.4.2 Electronic Conductivity 

In solid electrolytes, where ions serve as charge carriers, the application of a 

voltage [V] (V) results in a current [I] (A) flowing through the sample. In this context, 

solid electrolytes obey Ohm's law, which states that the current is directly proportional to 

the voltage, and the proportionality constant is the resistance of the electrolyte. 

 

R

V
I =      (1.4.2.1) 

 

After that, if the solid electrolyte has a cylindrical shape with a cross-sectional 

area [A](m2) and a length [L](m), its electrical resistance [R](Ω) can be determined using 

the following equation. This equation is analogous to the resistance calculation for metal 

wires and similar conductive materials.  

 

A

L
R =      (1.4.2.2) 

 

Here, [   ] (Ωm) represents the resistivity. By rewriting equation (2.2) for 

resistivity and taking the reciprocal, the equation can be expressed as follows: 

 

RA

L
==




1
     (1.4.2.3) 
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Then, [  ] (S cm-1) represents a material-specific value known as electrical 

conductivity. To determine the electrical conductivity of the sample using this equation, 

it is crucial to accurately measure the cross-sectional area, thickness, and electrical 

resistance of the sample. These parameters are essential for calculating the conductivity 

of the solid electrolyte. 

 

1.4.3 Ionic Conductivity 

In the case of measuring the resistance of an electron conductor, such as a metal, 

electrons can flow not only through the sample but also through the external circuit and 

the measuring instrument. Therefore, the resistance value can be determined by 

measuring the current against the applied voltage, following Ohm's law. However, when 

measuring the electrical resistance in an ion conductor, such as an electrolyte, ions can 

only flow within the sample. In the presence of a DC voltage, as depicted in Figure 1.3a, 

ions become biased, leading to accumulation and depletion near the electrode interface, 

causing polarization. This polarization generates a counteracting force against the applied 

electric field, preventing the movement of ions and resulting in no current flow. To 

measure the conductivity of ions accurately, as illustrated in Figure 1.3b, an alternating 

voltage is applied. This helps mitigate the effects of polarization, allowing for the 

measurement of resistance. The temperature dependence of the tracer diffusion 

coefficient or diffusivity, DT, is commonly described by the Arrhenius relation. 

 

𝐷𝑇 = 𝐷0exp (−
𝐸a

𝑘B𝑇
)                       (1.4.3.1) 

In the given equation, D0 represents the pre-exponential factor, and Ea is the 

activation energy for ion migration. From a microscopic perspective, the tracer diffusion 

coefficient, DT, can be defined by the Einstein-Smoluchowski relation. [29, 30] 

 

𝐷𝑇 = lim
𝑡→∞

〈𝑟2(𝑡)〉

2𝑑𝑡
                    (1.4.3.2) 

 

In this context, [r2](t) represents the mean square displacement of the particles 

after time t, and d is the dimensionality of the diffusion. In a solid electrolyte, a mobile 
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cation moves between stable sites through interconnected diffusion channels within the 

crystal structure. These channels provide a minimum potential landscape for ion 

migration. If the mean jump time is shorter than the mean relaxation time τ, the cation 

will undergo elementary jumps with an average jump length denoted as a0. Based on these 

microscopic quantities, a diffusion coefficient Duc for uncorrelated jumps can be 

expressed as follows: 

 

𝐷uc =
𝑎0

2

2𝑑𝜏
                                (1.4.3.3) 

 

If the mobile ions hop in three dimensions with a jump vibrational frequency of 

v0 (where v0 is the reciprocal of the mean jump time, τ), Equation 1.4.3.1 can be 

transformed into: 

 

𝐷T =
𝑎0

2𝑣0

6
exp (−

𝐸a

𝑘B𝑇
)                         (1.4.3.4) 

 

The ionic conductivity can be determined based on the Nernst-Einstein 

relationship, utilizing 

 

𝜎 =
𝑛𝑞2

𝑘B𝑇
𝐷𝜎                      (1.4.3.5) 

 

n represents the total density of charge carriers, and q is the charge of the mobile 

ion. The diffusion coefficient Dσ, obtained from conductivity measurements using the 

Nernst-Einstein relationship (Equation 1.4.3.5), is related to the tracer diffusion 

coefficient DT by: 

 

𝐷𝑇 = 𝐻𝑅𝐷𝜎                                                      (1.4.3.6) 
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Considering a geometrical factor z that takes into account the potential cross-

correlation in diffusion, including the Haven ratio HR (which represents the ratio between 

the tracer and charge diffusion coefficients), the ionic conductivity, σ, in solids can be 

expressed as follows: 

 

𝜎 =
𝑛𝑞2𝑎0

2𝑣0𝑧

6𝑘B𝑇
exp (−

𝐸a

𝑘B𝑇
) =

𝜎0

𝑇
exp (−

𝐸a

𝑘B𝑇
)           (1.4.3.7) 

 

In the given equation, σ0 represents the pre-exponential factor for ion diffusion. 

The activation energy, Ea, is the sum of the enthalpy required to create defects and 

overcome the energy barrier for ion migration. However, in heavily defective materials, 

the enthalpy for defect formation is often neglected. The design of ion conductors has 

primarily relied on the ion conduction mechanism described in Equation (1.4.3.7). 

Increasing the pre-exponential factor and decreasing the activation energy for ion 

transport contribute to the enhancement of ionic conductivity. 

 

1.4.4 Ions Movement Within the Crystal Lattice. 

In crystalline materials, ion conduction typically occurs through specific pathways 

within the crystal lattice. The ions, often cations, migrate through the crystal structure by 

hopping between vacant lattice sites. This migration can be facilitated by the presence of 

defects such as vacancies or interstitial sites, which provide diffusion paths for the ions. 

The ion conduction mechanism in crystalline materials can be influenced by several 

factors. One important factor is the coordination environment of the ions within the 

crystal lattice. The arrangement of neighboring atoms or ions around each lattice site 

affects the ease with which ions can move through the lattice. The crystal structure of 

materials containing anionic sublattices with body-centered cubic (BCC)-like 

frameworks promotes the diffusion of Li-ions by reducing the activation barrier compared 

to other anionic frameworks.[31] Additionally, the energy barriers associated with ion 

migration play a crucial role. The activation energy required for ions to overcome these 
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barriers determines the speed at which ion conduction can occur. Factors such as 

temperature and crystal structure influence the magnitude of these energy barriers. The 

presence of mobile charge carriers and their concentration also affects ion conduction. In 

some cases, the presence of additional mobile ions, such as dopants or impurities, can 

enhance the overall ionic conductivity of the material. Overall, the ion conduction 

mechanism in crystalline materials involves the movement of ions through specific 

diffusion pathways within the crystal lattice, facilitated by defects and influenced by 

factors such as coordination environment, energy barriers, and mobile charge carriers. 

Understanding and controlling these mechanisms are essential for the design and 

optimization of materials with high ionic conductivity. Argyrodite-type solid electrolytes 

(SEs) are known for their exceptional ionic conductivities, reaching values as high as 24 

mS cm−1 at room temperature, making them highly promising for various 

applications.[32] The ion diffusion in these materials follows the concerted migration 

mechanism, where the movement of mobile ions is influenced by Coulombic interactions 

with neighboring ions which illustrated in Figure 1.4. This interaction results in a 

redistribution of mobile ions at high-energy interstitial sites, creating a relatively flat 

energy landscape with a low activation barrier for ion migration.[33] 
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Figure 1.3. Idealized representations of intrinsic point defects in an ionic crystal; (a) 

Schottky defect, (b) Frenkel defect. 
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Figure 1.4. Proposed ion migration mechanism of (a) traditional vacancy Li ion diffusion 

and (b) concerted Li ion migration with a flatter energy landscape induced by the 

Coulombic interactions between the mobile ions.[87] 
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1.5 Oxide-based Solid Electrolytes 

Oxide-based solid electrolytes are a type of solid-state electrolyte commonly used 

in solid-state batteries. They are composed of oxide materials that exhibit high ionic 

conductivity and can serve as an effective medium for the transport of ions.[34, 35] The 

garnet-type solid electrolytes (SEs), such as Li7La3Zr2O12 (LLZO), are known for their 

excellent chemical stability against lithium metal. This means that they are less prone to 

chemical reactions or degradation when in contact with lithium metal compared to oxide-

based SEs like LATP (Li1.7Al0.3Ti1.7(PO4)3) and LAGP (Li1.5Al0.5Ge1.5(PO4)3), which 

belong to the NASICON-type structure.[36] While oxide-based SEs like LAGP may 

exhibit comparable ionic conductivity to LLZO, they can experience mechanical and 

thermal failures due to the chemical reactions that occur between the SE material and the 

lithium metal electrode. These reactions can lead to the formation of unwanted 

compounds or interfaces, which can compromise the stability and overall performance of 

the solid electrolyte.[37] It is worth noting that the chemical stability of a solid electrolyte 

is an important consideration for its practical application in solid-state batteries. The 

ability to maintain stable interfaces with lithium metal electrodes is crucial for achieving 

long-term stability and high-performance battery systems.[36-38] Oxide-based solid 

electrolytes are generally considered stable against lithium metal due to several factors: 

1. Chemical Inertness: Oxide materials have a high chemical stability, meaning they 

are less reactive towards lithium metal. They have a low tendency to undergo 

chemical reactions with lithium, reducing the likelihood of unwanted side 

reactions or degradation.[35-39] 

2. Passivation Layer Formation: When an oxide-based solid electrolyte comes into 

contact with lithium metal, a thin and stable passivation layer can form on the 

surface of the electrolyte. This passivation layer acts as a barrier, preventing 

further reactions between the electrolyte and lithium metal. It effectively isolates 

the solid electrolyte from direct contact with the lithium, enhancing its stability. 

[35-39] 

3. Electrochemical Compatibility: Oxide materials can have a wide electrochemical 

stability window, meaning they can withstand a range of potential differences 
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without undergoing chemical breakdown. This is particularly important when in 

contact with reactive metals like lithium. The stable electrochemical behavior of 

oxides helps maintain the integrity of the solid electrolyte and prevents excessive 

chemical reactions. [35-39] 

Overall, the combination of chemical inertness, passivation layer formation, and 

electrochemical compatibility makes oxide-based solid electrolytes more stable against 

lithium metal. This stability is crucial for the reliable operation and long-term 

performance of solid-state batteries. [35-39]  

While oxide-based solid electrolytes offer several advantages, they also face 

certain challenges and limitations. Some of the problems associated with oxide-based 

solid electrolytes include: 

1. Low Ionic Conductivity: Many oxide-based solid electrolytes exhibit relatively 

low ionic conductivity compared to other types of electrolytes, such as sulfides or 

polymer electrolytes. The lower conductivity limits the rate at which ions can 

move within the electrolyte, affecting the overall performance and power output 

of solid-state batteries.[40-42] 

2. Brittle Nature: Oxide materials tend to be inherently brittle, making them 

susceptible to mechanical failure under stress or strain. This brittleness can lead 

to issues such as cracking, delamination, or reduced structural integrity, especially 

in large-scale battery applications or during thermal cycling.[40-42] 

3. Limited Stability at High Temperatures: Some oxide-based electrolytes may 

experience stability issues at elevated temperatures. They can undergo chemical 

reactions or phase transitions that compromise their structural integrity or lead to 

degradation over time. This limits their suitability for high-temperature 

applications or imposes constraints on the operating temperature range of solid-

state batteries.[40-42] 

4. Interface Compatibility: Achieving good interface compatibility between oxide-

based electrolytes and electrode materials can be challenging. The differences in 

materials properties, thermal expansion coefficients, and reactivity can result in 



21 

 

interfacial impedance, hindered ion transfer, or even chemical reactions at the 

interfaces. These issues can negatively impact the overall battery performance and 

cycling stability.[40-42] 

5. Synthesis Complexity: Some oxide-based solid electrolytes require complex 

synthesis methods, such as high-temperature sintering or specialized fabrication 

techniques. These processes can be time-consuming, energy-intensive, and may 

require stringent control of the stoichiometry and purity of the materials.[40-42] 

Research efforts are focused on addressing these challenges through material 

optimization, doping strategies, interface engineering, and advanced synthesis techniques. 

By overcoming these problems, oxide-based solid electrolytes can potentially become 

more practical and widely adopted in solid-state battery technologies.[42] 

 

1.6 Sulfide-based Solid Electrolytes 

Sulfide-based solid electrolytes are a class of materials that have gained 

significant attention in the development of solid-state batteries. These electrolytes are 

composed primarily of sulfur and other elements such as lithium, sodium, or phosphorus. 

Sulfide-based electrolytes offer several advantages for solid-state battery applications. 

One of the key advantages of sulfide-based electrolytes is their high ionic conductivity. 

Sulfide materials have inherently high mobility of sulfide ions, allowing for efficient ion 

transport within the electrolyte. This high ionic conductivity enables faster charging and 

discharging rates, leading to improved battery performance. [43]  

Inorganic glass materials are known for their unique amorphous structure, which 

is distinct from the regular crystalline arrangement of atoms found in crystalline materials. 

This amorphous structure provides several advantages for ionic conductivity.[44] One of 

the primary reasons why inorganic glass materials exhibit higher ionic conductivity 

compared to their crystalline counterparts is their open structure. In glass materials, the 

arrangement of atoms is disordered, resulting in a network of interconnected voids and 

open spaces. This open structure creates pathways for ions to move more freely within 

the material, facilitating their transport. Additionally, inorganic glass materials possess a 
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larger free volume compared to crystalline materials. The free volume refers to the empty 

spaces between atoms or molecules in a material.[45] In glasses, the presence of larger 

free volume allows for more mobility of ions, as they have greater space to move and 

diffuse. This enhanced ion mobility contributes to higher ionic conductivity. Furthermore, 

the absence of long-range order in glass materials eliminates barriers and defects 

associated with crystal grain boundaries. In crystalline materials, grain boundaries can 

impede ion diffusion due to the mismatch in crystal structure between adjacent grains. In 

contrast, the amorphous nature of glass materials ensures a more continuous and 

unobstructed ion conduction path.[44-45] The 75Li2S·25P2S5 glass was reported in other 

studies to have similar ionic conductivities, in the range of 10−4 S cm−1.[46] In the LPS 

(lithium phosphorus sulfide) glass system, various sulfide crystals have been discovered, 

including Li2P2S6, Li7P3S11, Li3PS4, Li7PS6, and Li4P2S6. [47-51] The specific crystal 

phase formed depends on the composition of the glass and the conditions of the heat 

treatment. Crystallization of glass typically results in a decrease in ionic conduction. This 

is attributed to the formation of individual crystals within the glass, which generally have 

lower ionic conductivity compared to the amorphous glass phase. For example, the 

formation of Li4P2S6 crystals, which have a conductivity of around 10-7 S cm-1, can 

significantly reduce the overall ionic conductivity of a glass composition like 

67Li2S·33P2S5.[47, 52] However, in the binary xLi2S·(100 – x)P2S5 system, where x is 

equal to or greater than 70, the glass materials exhibit a unique behavior. At high 

temperatures, super-ionic metastable crystalline phases precipitate within the glass, 

resulting in higher ionic conductivity compared to the original glass phase. The ionic 

conductivity of the glass ceramics formed from this system varies depending on the 

composition, as different crystalline phases can crystallize from the starting glass. Overall, 

the presence of crystalline phases in sulfide glass materials can have a significant impact 

on their ionic conductivity. The type and composition of the crystals formed during the 

crystallization process determine whether the resulting material exhibits higher or lower 

ionic conductivity compared to the original glass phase.[52] 

Thio-LISICON (Lithium SuperIonic CONductor) structures have been identified 

in several systems, including Li2S–GeS2, Li2S–GeS2–ZnS, and Li2S–GeS2–Ga2S3. These 

compounds exhibit a specific structural arrangement: sulfur atoms are arranged in a 
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hexagonal close packing configuration, heavy metal cations occupy tetrahedral sites, and 

lithium atoms are found in disordered octahedral sites.[53] Six materials have been 

discovered to possess this thio-LISICON structure: Li2GeS3, Li4GeS4, Li2ZnGeS4, 

Li4−2xZnxGeS4, Li5GaS4, and Li4+x+y(Ge1−y−xGax)S4. The unique arrangement of atoms in 

these thio-LISICON materials contributes to their superionic conductivity. This structure 

allows for the efficient movement of lithium ions within the crystal lattice, enabling high 

ionic conductivity. These materials hold promise for applications in advanced energy 

storage devices, such as solid-state batteries. Li10GeP2S12 (LGPS) is a solid electrolyte 

material that has attracted significant attention due to its exceptional ionic conductivity. 

It exhibits an impressive ionic conductivity of 1.2 × 10−2 S cm−1 at room temperature, 

which is comparable to or even higher than that of liquid electrolytes.[54] This property 

makes LGPS a highly promising candidate for solid-state battery applications. One 

notable advantage of LGPS is its excellent conductivity at lower temperatures as well. It 

maintains a high conductivity even in sub-zero conditions, with values of 1.0 × 10−3 S 

cm−1 at -30 °C and 4.0 × 10−4 S cm−1 at -45 °C.[54] This wide temperature range of high 

ionic conductivity further enhances its suitability for various battery systems, including 

those requiring operation in extreme temperature environments. The remarkable 

conductivity of LGPS can be attributed to its unique crystal structure, which provides 

favorable pathways for lithium-ion migration. The presence of lithium vacancies within 

the crystal lattice facilitates the movement of lithium ions, contributing to its superior 

ionic conductivity. The high room temperature conductivity and exceptional low-

temperature performance of LGPS make it a highly promising solid electrolyte material 

for next-generation energy storage devices, offering the potential for enhanced safety, 

stability, and overall battery performance.[54] The high cost associated with the 

utilization of Ge metal in LGPS material presents a significant drawback, which has 

constrained the practical application of LGPS.[55] On the other hand, 

Li9.54Si1.74P1.44S11.7Cl0.3 exhibits an outstanding Li ion conductivity, surpassing any 

previously reported values, with a conductivity of 2.5 × 10−2 S cm−1 at room temperature. 

A promising group of solid electrolytes for solid-state batteries is the lithium 

argyrodite family of sulfide electrolytes, specifically Li6PS5X (X = Cl, Br). These 

materials are appealing due to their low cost and high Li+ conductivity at room 
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temperature, surpassing 10-3 S cm-1.[57] The initial discovery of an argyrodite-type ion 

conductor was Ag8GeS6, which demonstrated high Ag+ ionic conductivity and 

mobility.[58] By substituting Ag+ with other cations like Cu+, and replacing Ge and S 

with P and halogens, fast ion conductors for Ag+ or Cu+ such as A7PS5X (A = Ag+, Cu+; 

X = Cl, Br) can be obtained while maintaining the argyrodite structure.[57, 58] The 

similarity in ionic radii between Cu+ and Li+ enables the potential substitution of Cu+ by 

Li+ ions in the argyrodite structure, resulting in lithium argyrodites. Deiseroth et al. 

reported the cubic lithium argyrodites with formulas Li7PS6 and Li6PS5X (X = Cl, Br, 

I).[57] 

Sulfide-based solid electrolytes offer several advantages in the context of solid-

state batteries and ion conduction:[55-57, 59] 

1. High ionic conductivity: Sulfide-based solid electrolytes often exhibit high ionic 

conductivity, enabling efficient ion transport within the electrolyte material. This 

high conductivity facilitates fast charge/discharge rates and promotes overall 

battery performance. 

2. Wide electrochemical stability window: Sulfide-based electrolytes typically have 

a wide electrochemical stability window, allowing them to operate at higher 

voltages without undergoing significant degradation or side reactions. This 

expands the range of potential battery chemistries and improves the overall 

stability and safety of the battery system. 

3. Good compatibility with lithium metal: Sulfide-based solid electrolytes generally 

exhibit good compatibility with lithium metal, reducing the likelihood of 

detrimental reactions such as lithium dendrite formation. This compatibility 

enhances the stability and lifespan of the battery, making it a desirable choice for 

next-generation lithium batteries. 

4. Solid-state nature: Sulfide-based electrolytes are solid-state materials, offering 

advantages such as improved safety (eliminating the risk of liquid electrolyte 

leakage or flammability) and enhanced stability at high temperatures. Solid-state 

electrolytes can also enable the use of higher energy density electrode materials, 

such as lithium metal or high-voltage cathodes. 
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5. Potential for cost-effectiveness: Sulfide-based materials can often be synthesized 

from relatively abundant and low-cost elements, making them potentially more 

cost-effective compared to other solid electrolyte materials based on rare or 

expensive elements. This cost advantage can contribute to the commercial 

viability and widespread adoption of solid-state battery technology. 

Overall, the advantages of sulfide-based solid electrolytes make them promising 

candidates for high-performance, safe, and reliable solid-state battery systems. 

Sulfide-based solid electrolytes also have some disadvantages that need to be 

considered in their application: 

1. Chemical reactivity: Sulfide materials can be chemically reactive, particularly 

with moisture or oxygen. Exposure to these elements can lead to degradation or 

decomposition of the electrolyte, compromising its performance and stability. 

Proper encapsulation or protection measures are required to mitigate this issue. 

2. Mechanical stability: Some sulfide-based electrolytes may have poor mechanical 

stability, leading to issues such as cracking, fragmentation, or loss of contact 

within the solid electrolyte layer. Mechanical instability can result from volume 

changes during cycling or stress from electrode-material expansion and 

contraction, affecting the long-term performance and durability of the battery. 

3. Interface compatibility: Sulfide-based electrolytes may have challenges in 

achieving good interface compatibility with electrode materials. For example, the 

formation of an interfacial layer or side reactions between the electrolyte and 

electrode can hinder ion transport and degrade battery performance over time. 

Interface engineering strategies are necessary to address these compatibility issues. 

4. Processing complexity: The synthesis and processing of sulfide-based solid 

electrolytes can be more complex compared to other types of electrolytes. 

Specialized techniques and conditions are often required to achieve desired 

material properties, homogeneity, and structural stability. This complexity can 

impact the scalability and cost-effectiveness of manufacturing processes. 
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5. Environmental considerations: Sulfide-based materials may contain elements that 

raise environmental concerns. For example, some sulfide compounds may include 

heavy metals or other toxic elements. Proper handling, disposal, and recycling 

methods are necessary to ensure environmental sustainability and minimize 

potential hazards associated with these materials.  

6. Chemical reactivity: While sulfide-based electrolytes can exhibit good 

electrochemical stability, they may still be susceptible to reactions with certain 

electrode materials or specific operating conditions. For example, at high 

potentials, sulfide electrolytes could react with lithium metal or undergo undesired 

chemical transformations. Proper electrode-electrolyte compatibility and 

optimization of cell design are necessary to ensure long-term stability. 

It's important to note that ongoing research and development efforts are focused 

on addressing these disadvantages and optimizing the performance of sulfide-based solid 

electrolytes for practical applications in solid-state batteries. 

 

1.7 Oxysulfide-based Solid Electrolyte 

Oxysulfide solid electrolytes are a class of materials that combine both oxygen 

and sulfur elements in their composition and exhibit ion-conducting properties. These 

materials have attracted significant attention as potential candidates for solid electrolytes 

in various electrochemical devices, including solid-state batteries. The oxysulfide solid 

electrolytes typically consist of a combination of metal cations, oxygen anions, and sulfur 

anions. The presence of both oxygen and sulfur in the crystal lattice provides unique 

properties and advantages for ion transport. The oxygen ions (O2-) and sulfur ions (S2-) 

contribute to the ionic conduction within the material, enabling the transport of charge 

carriers such as lithium ions (Li+) or other metal ions. In recent studies, the introduction 

of oxygen doping has shown to enhance the stability of argyrodite-type solid electrolytes. 

Various approaches have been explored, including the incorporation of ZnO into Li6PS5Br, 

partial substitution of Li2O into Li6PS5Cl or Li6PS5Br, P2O5 into Li5.5PS4.5Cl1.5, Li3PO4 

into Li6PS5Cl, SnO2 into Li6PS5I, and Li3PO4 into mixed halide Li6PS5–xOxCl0.5Br0.5. [60-
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66] These oxygen-doped or substitution strategies have demonstrated significant 

improvements in stability, particularly when in contact with lithium metal anodes and 

oxide cathodes. The combination of oxide and sulfide materials offers a promising 

solution for achieving excellent solid electrolytes for Advanced Solid-State Lithium 

Batteries (ASSLiBs). By combining the electrochemical stability provided by oxide 

materials with the high electroconductivity and favorable mechanical properties of sulfide 

materials, these hybrid electrolytes hold great potential for enabling high-performance 

battery systems. The synergistic effects of both components create a solid electrolyte that 

exhibits enhanced stability, efficient ion conduction, and improved overall performance 

in advanced lithium battery applications. [67-69] 

 

1.8 Synthesize of Sulfide-based Solid Electrolyte 

Due to their high reactivity in humid air, sulfides are typically prepared under inert 

atmospheres. The most commonly used methods for synthesizing sulfide solid-state 

electrolytes are melt-quenching and ball-milling. These techniques involve high-

temperature treatment or prolonged mechanical mixing. However, wet chemical 

processes have been developed as an alternative and offer significant advantages for 

scaling up production compared to traditional methods.[55] 

 

1.8.1 Melt Quench 

Melt quenching is a commonly employed technique for producing sulfide glass 

materials. In this method, the initial ingredients, such as Li2S and P2S5, are placed in a 

quartz tube and melted at temperatures ranging from 900 to 1100 °C.[69, 70] The molten 

mixture is then rapidly cooled either by immersion in ice water or by using a twin roller 

quenching machine. To prevent the loss of P2S5 due to its high vapor pressure, the melting 

reaction is typically conducted in sealed tubes. One strategy to enhance Li ion 

conductivity is by increasing the concentration of Li ions, which has been found to be 

effective across various sulfide systems. Another approach involves blending oxide 

powder with sulfide glass, known as the "mixed anion effect." This mixing technique has 
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been observed to improve both the conductivity and stability of the resulting mixture in 

certain systems.[71, 72] 

 

1.8.2 Ball Milling 

Ball-milling has emerged as a preferred method for producing finely mixed 

powders due to its effectiveness and convenience compared to melt-quenching. It 

operates based on the principles of impact and attrition, allowing for efficient 

pulverization, amorphization, and mixing of materials. Unlike melt-quenching, ball-

milling occurs at room temperature. The process does not involve local melting but 

instead relies on solid-state inter-diffusion reactions facilitated by point and lattice defects 

induced by plastic deformation. This solid-state approach enables the amorphization 

process during ball-milling.[45, 73] In the Li2S-P2S5-GeS2 ternary system, ball-milling 

allows for the formation of amorphous samples over a wider range compared to other 

methods. The mechanical mixing and grinding action of ball-milling promote the 

disruption of crystal structures, leading to the formation of amorphous phases. As a result, 

a larger region of amorphous samples can be achieved through ball-milling in this ternary 

system.[74] Ball-milling offers a wide range of possibilities for the preparation of new 

amorphous glassy materials. It is a versatile method that can be used to produce most 

sulfide glass conductors. By carefully controlling the mixing and subsequent annealing 

steps, it is also possible to obtain crystalline phases in the material. This flexibility in 

processing enables the synthesis of a variety of sulfide-based materials with tailored 

properties for solid-state electrolyte applications.[75] 

 

1.8.3 Liquid Phase Synthesis or Wet Chemical Reactions 

Although solid electrolytes prepared through melt-quenching and ball-milling 

demonstrate high ionic conductivity, these conventional methods are time-consuming, 

energy-intensive, and challenging to scale up. In contrast, the use of liquid-based methods 

for solid electrolyte preparation offers several advantages. Wet chemical reactions or 

liquid phase synthesis enable shorter reaction times and the production of homogeneous 

materials. Additionally, this method facilitates the formation of intimate electrode-

electrolyte interfaces, leading to improved overall performance in solid-state electrolyte 
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applications.[76-78] Due to the high reactivity of sulfide solid electrolyte (SE) precursors, 

wet-chemical reactions are typically limited to nonpolar solvents and less polar aprotic 

solvents. This is because these solvents offer better stability and compatibility with the 

reactive sulfide materials. The choice of solvent plays a crucial role in ensuring successful 

synthesis and preventing unwanted side reactions. By using appropriate solvents, the wet-

chemical approach can still be effectively utilized for the preparation of sulfide SEs while 

mitigating reactivity issues.[79, 80] 

At room temperature, Li3PS4 exists in the γ phase, which is not highly ionically 

conductive. However, it undergoes a phase transition to the β phase at around 200 °C, 

which exhibits excellent ionic conductivity. The β-Li3PS4 phase is metastable and is 

conventionally prepared through a solid-state reaction between Li2S and P2S5 at high 

temperatures. This reaction allows for the formation of the desired β phase with its 

enhanced ionic conductivity. The high-temperature solid-state synthesis method is 

commonly employed to produce β-Li3PS4, enabling the material to exhibit its desirable 

conductivity properties. After the synthesis of Li3PS4·THF powder, the material 

undergoes a transformation when the THF (tetrahydrofuran) solvent is removed at a 

temperature of 140 °C. This removal process leads to the development of a nanoporous 

structure within the material. The resulting Li3PS4 material exhibits a high surface area of 

15.6 m2 g−1, indicating a large accessible area for electrochemical reactions. The average 

pore size in this nanoporous structure is measured to be approximately 28 nm, suggesting 

the presence of interconnected pores within the material. This nanoporous structure 

enhances the material's properties and provides additional pathways for ionic transport 

and electrolyte-electrode interactions.[81] The presence of a nanoporous structure in the 

Li3PS4 material induces a high surface energy, leading to a chemical lattice distortion. 

This distortion has an effect on the phase transition behavior of the material. Specifically, 

it causes a downward shift in the temperature at which the transition from the γ phase to 

the β phase occurs. As a result, the metastable β phase is stabilized over a wider 

temperature range than in non-nanoporous structures. This stabilization of the β phase at 

lower temperatures expands the operating temperature range for the material, making it 

more suitable for various applications requiring solid-state electrolytes.[81] Additionally, 

the dissociation of THF and the formation of the nanoporous structure introduce lattice 

defects on the surface of the Li3PS4 material. These defects create a space-charge region 
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within the material, which plays a crucial role in enhancing the ionic conductivity. As a 

result of this enhanced conductivity, the Li3PS4·THF material exhibits a high ionic 

conductivity of 1.6 × 10−4 S cm−1 at 25 °C.[81] In contrast, when ethyl acetate is employed 

as the reaction medium, the precursor material undergoes crystallization at a lower 

temperature of 160 °C, resulting in the formation of the β-Li3PS4 phase. This crystalline 

phase exhibits a high ionic conductivity of 3.3 × 10−4 S cm−1 at room temperature. [82] 

In a previous study conducted by our group, Li3PS4 was synthesized using a shaking 

method with ethyl propionate as the reaction medium. Interestingly, the resulting product 

exhibited a thio-LISICON III structure, deviating from the typical β- or γ-Li3PS4 phases. 

Despite the structural difference, this material demonstrated a considerable conductivity 

of 2.0 × 10−4 S cm−1 at room temperature. This finding highlights the versatility of 

synthesis methods and their influence on the resulting crystal structure and conductivity 

properties of sulfide-based solid electrolytes.[83] 

Xu et al. conducted a study on the wet synthesis of metastable glass ceramic 

Li7P3S11 and investigated the influence of different solvents on its electrochemical 

behavior. They examined the effects of using THF (tetrahydrofuran), acetonitrile (ACN), 

and a mixed solution of THF and ACN. The results showed that ACN facilitated the 

formation of pure phase Li7P3S11, indicating a favorable synthesis outcome. In contrast, 

the use of THF led to the nucleation of a side phase known as Li4P2S6.[84] This was 

evident from the Raman spectra, which showed a distinct peak corresponding to the 

P2S6
4− vibration in the Li4P2S6 phase. Due to the difficulty in removing THF molecules 

during the evaporation process, they tended to accumulate at the grain boundaries of the 

Li7P3S11 sample. This accumulation of THF hindered the migration of lithium ions, which 

is essential for efficient ion conductivity. As a result, the sample prepared with THF 

exhibited more cracks and holes, which in turn reduced the energy barrier for the 

nucleation of the side phase (Li4P2S6).[84] In the study conducted by Yao et al., they 

employed (ACN) as a solvent to synthesize Li7P3S11. The resulting Li7P3S11 material 

exhibited a room temperature conductivity of 1.5 × 10−3 S cm−1.[78] Additionally, 

Li7P3S11 can be synthesized using a single solvent, namely 1,2-dimethoxyethane (DME), 

and the resulting material exhibits an ionic conductivity of 2.5 × 10−4 S cm−1 after 

undergoing heat treatment. The variation in ionic conductivity observed among materials 

prepared using different methods could be attributed to differences in crystallinity and the 
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presence of amorphous impurities. These factors can influence the mobility of ions and 

affect the overall conductivity of the Li7P3S11 solid electrolyte.[85] 

 

1.9 Objectives 

In this doctoral thesis, the author focuses on addressing several key challenges for 

the commercialization of all-solid-state Li-ion batteries (ASSLiBs). The specific areas of 

study include: 

 

(a)  Liquid-phase synthesis of sulfide solid electrolytes: The thesis investigates 

the development of a liquid-phase synthesis method for sulfide-based solid 

electrolytes. This approach aims to enable more efficient and scalable 

production of these electrolyte materials, which is crucial for large-scale 

manufacturing of ASSLiBs. 

 

(b)  Solvent selection for pure product formation: The thesis explores the selection 

of appropriate solvents to ensure the formation of pure and high-quality 

sulfide-based solid electrolytes. Contamination or impurities in the electrolyte 

materials can significantly affect their electrochemical performance and 

stability, so careful solvent selection is essential. 

 

(c)  Development of oxygen doping in sulfide-based solid electrolytes: Another 

significant aspect of the thesis is the investigation of oxygen doping in 

sulfide-based solid electrolytes. This research seeks to enhance the 

electrochemical stability and compatibility of the electrolyte materials with 

lithium metal and oxide cathodes. Oxygen doping has shown promise in 

improving the overall performance and stability of ASSLiBs. 

 

Overall, this doctoral thesis aims to contribute to the advancement of ASSLiBs by 

addressing critical issues related to the synthesis, purity, and performance of sulfide-based 

solid electrolytes, as well as exploring the potential benefits of oxygen doping in these 

materials. 
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1.10 Outline 

The thesis is organized into five chapters, with Chapter 1 serving as the 

introduction. Chapters 2 to 5 form the main body of the thesis and follow a consistent 

structure. Each chapter begins with an introduction, followed by sections on experimental 

methods, results and discussion, and concludes with a summary of the findings. 

In chapter 2, electrochemical properties characterization and examination of 

100Li3PS4-50LiI-xLi3PS4 solid electrolyte by the liquid phase shaking method were 

conducted. The main experimental technique employed in this study was used to evaluate 

the electrochemical properties of the solid electrolyte under different conditions. The 

effects of concentration and heat treatment temperature on the electrolyte were 

investigated using this technique. The results obtained from this experimental approach 

were analyzed and discussed in detail in the chapter. 

In chapter 3, the focus was on the liquid phase synthesis of Li6PS5Cl argyrodite 

solid electrolyte. The choice of solvent was carefully considered to ensure the production 

of pure argyrodite solid electrolyte. The mechanism of oxide side reactions was 

thoroughly analyzed and investigated. The chapter also delved into the exploration of the 

optimum heat treatment temperature and time in order to achieve the best electrochemical 

performance of Li6PS5Cl argyrodite solid electrolytes. The experimental procedures, 

results, and discussions regarding these aspects were presented in detail in this chapter. 

In chapter 4, the primary focus was on controlling the amount of oxygen doping 

in pure Li6PS5Cl argyrodite solid electrolyte. The purpose of this investigation was to 

determine the optimal amount of oxygen doping that could further enhance the 

electrochemical performance of the pure argyrodite material. The chapter detailed the 

experimental methods employed to introduce controlled amounts of oxygen, as well as 

the characterization techniques used to assess the resulting electrochemical properties. 

The findings and discussions presented in this chapter shed light on the impact of oxygen 

doping on the overall performance of Li6PS5Cl argyrodite solid electrolytes. 

In chapter 5, the thesis culminated with a comprehensive conclusion that 

encompassed the collective findings and insights obtained from the various studies 

conducted throughout the research. This chapter provided a concise summary of the main 

results and outcomes of the experimental investigations discussed in the preceding 
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chapters. It also highlighted the key implications and contributions of the research in the 

field of solid electrolytes. Additionally, the chapter discussed potential avenues for future 

work, identifying areas that could be explored to further advance the understanding and 

application of the studied materials. Overall, chapter 5 served as a final reflection on the 

research conducted in the thesis and offered valuable insights for future research 

endeavors. 
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Chapter 2 

Preparation of 100Li3PS4-50LiI-xLi3PO4 Solid 

Electrolytes by Liquid Phase Shaking 

 

2.1 Background 

This chapter focuses on enhancing the ionic conductivity of the solid electrolyte 

by investigating the incorporation of Li3PO4 oxide material into the sulfide-based solid 

electrolyte composed of Li2S-P2S5-LiI. The addition of Li3PO4 aims to not only increase 

the ionic conductivity but also enhance stability against lithium metal. Therefore, the 

shaking time for this experiment was modified to 3 hours. The primary objective of this 

study was to determine the optimal concentration of Li3PO4 addition and heat treatment 

temperature to achieve the highest possible ionic conductivity. This was accomplished 

through XRD measurement, Raman spectra analysis, and impedance analysis. Once the 

highest ionic conductivity was identified, further examination of the structure and 

electrochemical properties was conducted using techniques such as voltammogram (CV), 

DC polarization, and 31P solid MAS-NMR. Additionally, all samples were prepared 

within a glove box under controlled conditions, including an Ar atmosphere with a dew 

point of -90 °C and room temperature. 

 

2.2 Introduction 

The increasing popularity of portable devices like cellular phones, cameras, and 

personal computers has led to a rise in the demand for power sources and energy storage. 

Lithium-ion batteries have become a preferred choice due to their lightweight nature, high 

operating voltage, impressive energy density, and long-lasting performance throughout 

multiple charge-discharge cycles.[1] Lithium-ion batteries are not only used in portable 

devices but also in larger energy storage systems such as electric vehicles and stationary 
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batteries. However, as the size of these systems increases, the demand for higher energy 

storage capacity also rises. Scaling up the battery size, though, comes with potential safety 

concerns related to leakage and the risk of ignition, particularly when using organic liquid 

electrolytes.[2] Lithium-metal and lithium-sulfur batteries are considered promising 

energy storage systems due to their significantly higher energy densities compared to 

traditional lithium-ion batteries. In fact, the energy densities of lithium-metal and lithium-

sulfur batteries can be two to three times greater than those of conventional lithium-ion 

batteries.[3, 4] Despite their high energy density, lithium-metal batteries pose safety 

concerns due to issues such as the formation of lithium dendrites. These dendrites can 

grow and penetrate the separator, leading to the potential for short circuits and 

compromising the battery's safety.[5] 

In recent decades, all-solid-state lithium-ion batteries (ASSLIBs) have garnered 

considerable attention from researchers. These batteries are considered the potential next-

generation energy storage technology, offering several advantages including enhanced 

safety, extended cycle life, and increased energy density. These benefits are primarily 

attributed to the utilization of solid electrolytes (SEs) instead of liquid electrolytes. 

Therefore, extensive research on high-performance ionic solid electrolytes is crucial to 

further enhance the electrochemical performance of ASSLIBs.[6] Recently, the 

Li10GeP2S12 (LGPS) sulfide-based solid electrolyte has been shown to exhibit a high ionic 

conductivity exceeding 10-2 S cm-1 at room temperature. This recent development has 

garnered significant attention and holds promise for the advancement of solid-state 

lithium-ion batteries and other energy storage technologies.[7] Despite its impressive 

ionic conductivity, the use of germanium in the LGPS sulfide-based solid electrolyte 

poses challenges for commercialization due to its high cost. Additionally, there have been 

reports suggesting that LGPS may exhibit instability when in contact with lithium metal. 

These factors present obstacles that need to be addressed before LGPS-based electrolytes 

can be widely adopted in practical applications.[8] Furthermore, a recent study 

highlighted the potential of an oxide-based solid electrolyte, Li6.75La3Zr1.75Ta0.25O12, 

which demonstrated relatively high lithium ion conductivity at room temperature, 

measuring approximately 8.7 × 10-4 S cm-1.[9] 
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Although previous studies have explored the addition of Li3PO4 to sulfide-based 

solid electrolytes using planetary ball-milling or melt-quenching methods, there is still 

limited information regarding the reaction between Li3PO4 and P2S5 in an organic 

medium. To address this knowledge gap, this study successfully prepared a solid 

electrolyte (SE) precursor of 100Li3PS4-50LiI-xLi3PO4 using a liquid-phase shaking 

method with ethyl propionate. The objective was to incorporate an oxide-based Li3PO4 

into a sulfide-based Li3PS4-LiI system, ensuring the absence of any residual raw materials 

after heat treatment at temperatures up to 170 °C. The concentration of Li3PO4 addition 

and the heat treatment temperature were thoroughly investigated to determine the optimal 

conditions for achieving the highest lithium ion (Li+) conductivity. Remarkably, it was 

discovered that samples with a 10 mol% addition of Li3PO4 and heat treatment at 130 °C 

exhibited a notably high Li+ conductivity of 8.5 × 10-4 S cm-1. These samples also 

demonstrated remarkable stability against lithium metal, even after undergoing more than 

650 cycles of polarization. Additionally, they maintained an energy density of 0.3 mA cm-

2 without experiencing any short-circuiting issues. 

 

2.3 Experimental Method 

Figure 2.1 illustrates the flowchart detailing the preparation of the 100Li3PS4-

50LiI-xLi3PO4 (LPSOI) solid electrolyte using the liquid-phase shaking method. The 

shaking process was conducted for a duration of 3 hours, with a shaking frequency of 

1500 rpm and an amplitude of 1 cm, all performed under an argon (Ar) atmosphere. The 

reagents, including Li2S, P2S5, and LiI, were weighed in a molar ratio of 3:1:1 (Li2S: 

0.3827 g, P2S5: 0.6173 g, LiI: 0.3717 g), resulting in the formation of 2Li3PS4-LiI 

(Li7P2S8I). The desired amount of Li3PO4 was added based on the molar ratio of Li3PS4. 

For simplicity, 2Li3PS4-LiI was referred to as 100Li3PS4-50LiI. All the reagents were 

mixed together in a 45 ml centrifuge tube made of polypropylene (Labcon) along with 10 

mL of ethyl propionate (EP) and 150 zirconia balls (4 mm diameter, approximately 33 g). 

The mixture was then subjected to shaking at 1500 rpm for 3 hours under an Ar 

atmosphere. The resulting suspension was dried at room temperature and subsequently at 

50 °C for 1 hour using a rotary vacuum pump. Figure 2.2 depicts the as-retrieved 
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suspension of the LPSOI solid electrolyte. The obtained powders were further heat-

treated in a stepwise manner, starting from 70 °C for 1 hour, followed by 130 °C, 150 °C, 

and 170 °C for 2 hours each. All the processes were carried out under a dry Ar atmosphere. 

Figure 2.3 presents the as-retrieved powder of the LPSOI solid electrolyte.  

To investigate the crystal structure of the retrieved sample, X-ray diffraction 

(XRD) analysis was conducted using an Ultima IV X-ray diffractometer from Rigaku. 

The characterization process was carried out with a special holder that was sealed within 

an argon (Ar)-filled glove box. This precautionary measure was taken to prevent exposure 

of the samples to air humidity, ensuring the integrity of the samples during the XRD 

characterization. 

Raman spectroscopy analysis was performed on the sample using an NRS-3100 

Raman spectrometer from Jasco. The sample was sealed inside an argon (Ar)-filled glove 

box during the analysis to prevent any exposure to external air. This precautionary 

measure ensured the preservation of the sample's properties and minimized any potential 

interference during the Raman spectroscopy characterization. 

Solid-state 31P magic-angle-spinning proton nuclear magnetic resonance (31P-

MAS-NMR) was employed using an Avance III 400 NMR spectrometer from Bruker. The 

measurements were conducted at room temperature using the typical single pulse 

sequence, while the spinning rate was set to 5 kHz. Prior to the 31P-MAS-NMR analysis, 

the powdered sample was securely sealed inside a mas-rotor made of zirconia within an 

argon (Ar)-filled glove box. This precautionary step was taken to prevent any exposure 

to air humidity, ensuring the integrity of the sample during the 31P-MAS-NMR 

characterization. Figure 2.4 provides a schematic illustration and outlines the conditions 

for the MAS-NMR measurements. 

The temperature dependence of the ionic conductivity of the retrieved sample was 

investigated using alternating-current impedance spectroscopy. A Solartron SI 1260 

impedance analyzer was utilized for this purpose. The measurements were carried out 

under a dry argon (Ar) flow, with a frequency range from 1 MHz to 10 Hz. The samples 

for impedance measurement were prepared by uniaxial pressing, where each sample 

weighed approximately 80 mg. The pressed samples were shaped into pellets with a 
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diameter of approximately 1 cm, applying a pressure of 255 MPa at room temperature. 

To facilitate the impedance measurements, the prepared pellets were placed in a holder 

made of Polyether ether ketone (PEEK). The holder was equipped with two blocking 

electrodes made from stainless steel (SUS). The entire setup, including the sample holder 

and electrodes, was then placed in a glass tube for the temperature-dependence 

measurements. A continuous flow of Ar gas was maintained during the measurements. 

The temperature was gradually increased starting from room temperature, with various 

incremental steps, until reaching 130 °C. The sample was allowed to equilibrate at each 

temperature for 1 hour before the impedance measurement was performed. Figure 2.5 

provides a schematic diagram illustrating the setup of the impedance analyzer used in the 

study. 

Cyclic voltammetry measurements were conducted using a Solartron SI 1287 

potentiostat. The cell used for the measurements was prepared by attaching a lithium sheet 

(Li) with a diameter of 9 mm and a thickness of 0.1 mm to one side of the pelletized solid 

electrolyte (SE). The SE was sandwiched between stainless steel (SUS) electrodes. The 

pellets for the SE were prepared by uniaxial pressing, with each sample weighing 

approximately 80 mg. The pressing process resulted in pellets with a diameter of 

approximately 1 cm, applying a pressure of 255 MPa at room temperature. The assembled 

cell configuration was as follows: SUS | Li | SE | SUS. The cell was subjected to cyclic 

voltammetry measurements at a scan speed of 5 mV/s, with a voltage range of -0.3 to 10 

V. This allowed for the observation of the voltage-current characteristics during the cyclic 

voltammetry test. Figure 2.6 provides a schematic diagram illustrating the setup and 

conditions for the cyclic voltammetry test. 

A DC polarization test was conducted on the solid electrolyte (SE) using lithium 

metal sheets as nonblocking electrodes. The SE was sandwiched between stainless steel 

(SUS) electrodes. The SE itself was pelletized with a diameter of 1 cm, utilizing uniaxial 

cold pressing at a pressure of 255 MPa. To perform the polarization test, lithium metal 

sheets (Li) with a diameter of approximately 8 mm and a thickness of approximately 0.1 

mm were used as the electrode material. The lithium metal sheets were placed on both 

sides of the pelletized SE, forming a sandwich configuration with the SE in the middle. 

The prepared cells were then subjected to cycling at a charge-discharge rate of ± 0.3 
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mA/cm². This process was facilitated using a charge-discharge device (BTS-2004H, 

Nagano) under a dry argon (Ar) atmosphere at room temperature. Figure 2.7 provides a 

schematic diagram illustrating the setup and conditions for the DC polarization test. 
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Figure 2.1. Flow chart of the preparation of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) 

solid electrolyte with liquid phase shaking method. 
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Figure 2.2. Photograph of the as-retrieved 100Li3PS4-50LiI-xLi3PO4 (x=mol%) 

precursor prepared after shaking process for 3 h. 

Figure 2.3. Photograph of the as-retrieved powder of 100Li3PS4-50LiI-xLi3PO4 

(x=mol%) solid electrolyte. 



50 

 

  

Figure 2.4. Schematic illustration of MAS-NMR measurement 

 

Figure 2.5. Schematic diagram of cell for ionic conductivity measurement. 
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Figure 2.6. Schematic diagram of cell for cyclic voltammogram test. 

Figure 2.7. Schematic diagram of cell for DC polarization test. 
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2.4 Experimental Results and Discussion 

Figure 2.8 displays the XRD patterns of the 100Li3PS4-50LiI-xLi3PO4 solid 

electrolyte samples after heat treatment at 130 °C, with different concentrations of Li3PO4 

added (0 ≤ x ≤ 25). The XRD patterns include the starting materials as the reference. 

Similarly, Figure 2.9 and Figure 2.10 depict the XRD patterns of the 100Li3PS4-50LiI-

xLi3PO4 samples with the same varying concentrations but heat treated at 150 °C and 

170 °C, respectively. In all three sets of samples with different heat treatment 

temperatures, the XRD patterns do not show peaks corresponding to the starting materials 

up to x = 20. However, at x = 25, peaks attributed to Li3PO4 are observed, indicating the 

successful incorporation of Li3PO4 into Li2S-P2S5-LiI up to a concentration of 20. 

Regardless of the heat treatment temperature and Li3PO4 concentration, a consistent 

structure is observed in all samples, characterized by peaks from Li7P2S8I, thio-LISICON 

II, and Li4PS4I. Previous research by Phuc et al. [10] suggests that a short-duration liquid-

phase process (less than 6 hours) can lead to the formation of an thio-LISICON II in 

Li7P2S8I. The peaks corresponding to these thio-LISICON II become more distinct after 

the addition of Li3PO4 and an increase in heat treatment temperature. These thio-

LISICON II and Li4PS4I bear resemblance to the glass-ceramic structure of Li7P2S8I 

described by Choi et al. [11]. The shaking process using ethyl propionate as a medium 

successfully facilitated the reaction between the Li3PS4 precursor, LiI, and Li3PO4. 

Figure 2.11 presents the Raman spectra of the samples obtained with varying 

concentrations of Li3PO4 after heat treatment at 130 °C. In the spectra of the SEs for all 

Li3PO4 concentrations (0 ≤ x ≤ 25), no distinct signals are observed except for the peak 

of PS4
3- at 417 cm-1.[12-14] The absence of a PO4

3- peak in all prepared samples suggests 

that either the added PO4
3- reacted with PS4

3- or that the Li3PO4 particles were covered by 

the Li3PS4-LiI solid electrolyte. It is important to note that Raman spectroscopy provides 

information primarily on the surface of particles, which explains why the PO4
3- peak is 

not observed. 

The temperature dependence of the ionic conductivities for the samples subjected 

to heat treatment at 130, 150, and 170 °C for 2 hours is illustrated in Figure 2.12, 2.13, 

and 2.14, respectively. The relationship between composition and ionic conductivity at 



53 

 

room temperature is depicted in Figure 2.15. The measured ionic conductivities of the 

100Li3PS4-50LiI-xLi3PO4 solid electrolytes, obtained for various Li3PO4 concentrations 

(0 ≤ x ≤ 25) and heat treatment temperatures (130, 150, 170 °C), are summarized in Table 

2.1. When the Li7P2S8I sample (x = 0) was heat treated at different temperatures (130, 

150, and 170 °C), the resulting ionic conductivities at room temperature were measured 

as 6.9×10−4, 7.8×10−4, and 7.3×10−4 S cm−1, respectively. Without the addition of Li3PO4, 

the x=0 sample exhibited high conductivity, with the optimum heat treatment at 150 °C. 

This can be attributed to a well-balanced intensity comparison between the glass and 

crystal phases, resulting in the formation of a glass-ceramic phase [15]. After 

incorporating Li3PO4, the 100Li3PS4-50LiI-xLi3PO4 solid electrolyte, heat treated at 

130 °C for 2 hours, showed an increase in ionic conductivity at room temperature. The 

highest ionic conductivity was observed for x = 10, reaching 8.5×10−4 S cm−1, which 

gradually decreased to 5.4×10−4 S cm−1 as x increased. The lowest ionic conductivity was 

observed for x = 25, likely due to the presence of residual Li3PO4, which has low ionic 

conductivity. For the sample heat treated at 150 °C for 2 hours, a decrease in ionic 

conductivity at room temperature was observed starting from x = 8, followed by a gradual 

increase up to x = 15, and then a gradual decrease again. The highest ionic conductivity 

was measured for x = 0, with a value of 7.8 × 10-4 S cm-1, while the lowest conductivity 

was observed for x = 25, measuring 5.5 × 10-4 S cm-1. When the 100Li3PS4-50LiI-xLi3PO4 

solid electrolyte was heat treated at 170 °C, lower conductivity was observed compared 

to the heat treatment at 150 °C. The highest ionic conductivity was measured for x = 0, 

with a value of 7.3 × 10-4 S cm-1, while x = 20 exhibited the lowest conductivity, 

measuring 5 × 10-4 S cm-1. The addition of Li3PO4 and heat treatment at temperatures 

≥150 °C did not lead to any significant electrochemical improvement in the Li3PS4-LiI 

system. This could be attributed to the poor diffusion of Li3PO4 at these higher 

temperatures with the growth of the Li4PS4I crystal phase which reduces the ionic 

conductivity. Based on the analysis of the ionic conductivity data, it can be concluded that 

the optimal condition for 100Li3PS4-50LiI-xLi3PO4 solid electrolytes is a heat treatment 

at 130 °C for 2 hours with a Li3PO4 concentration of x = 10 mol%, which exhibited the 

highest ionic conductivity of 8.5 × 10-4 S cm-1. 
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Figure 2.16 presents the 31P MAS-NMR spectra of 100Li3PS4-50LiI-xLi3PO4 

samples at x = 0 and x = 10, obtained after heat treatment at 130 °C. In both spectra, the 

peak observed at 86.6 ppm can be attributed to the presence of PS4
3− [16]. This 

observation is consistent with the Raman spectra, which also indicated the existence of 

this ion in the prepared solid electrolyte. The chemical shift at 65 ppm can be assigned to 

PO2S2
3− [17, 18], while the peaks at 95 and 75 ppm originate from P2S7

4- and POS2
- 

species, respectively [18]. Additionally, a small shoulder around 6 ppm suggests the 

presence of PO4
3− from x=10. The detection of PO2S2

3− indicates that a reaction occurred 

between the added Li3PO4 and the PS4
3− ions in the sample or the P2S5 raw material. This 

finding is intriguing as it suggests that the incorporation of Li3PO4 into sulfide-based solid 

electrolytes took place during either the planetary ball-milling process or the high-

temperature solid-state synthesis. However, the addition of Li3PO4 also caused a 

transformation of the PS4
3− tetrahedral structure into POS2

− in samples with x = 10 

compared to the intrinsic sample. This observation suggests the formation of PO2S2
3− and 

POS3
3− species. Furthermore, the intensity of the P2S7

4- peak decreased upon the addition 

of Li3PO4, indicating that a portion of the phosphorus atoms bonded with both oxygen 

and sulfur atoms. The reduction in the intensity of the Li7P2S8I peak in the XRD patterns 

compared to that of thio-LISICON II further supports the structural changes occurring in 

the prepared samples, involving the P2S7
4- and PS4

3- tetrahedral. Combining the XRD and 

31P-MAS-NMR results, it can be concluded that the addition of Li3PO4 promotes the 

formation of thio-LISICON II structure in the solid electrolyte. 

Figure 2.17(a) depicts the cyclic voltammogram of the obtained SE using a 

Li|100Li3PS4-50LiI-0Li3PO4|SUS cell, where Li and SUS served as the reference and 

counter electrode, respectively. Similarly, Figure 2.18(a) shows the cyclic voltammogram 

of the SE using a Li|100Li3PS4-50LiI-10Li3PO4|SUS cell. Both SEs were subjected to 

heat treatment at 130 °C. In both cases (x = 0 and x = 10), no peaks were observed in the 

voltage range of 10 V to −0.3 V, except for the peaks corresponding to the anodic and 

cathodic reactions of Li. This indicates that the systems at x = 0 and x = 10 have a wide 

electrochemical window and remain stable at 0 V versus Li/Li+. To further examine the 

behavior at lower voltages, magnified views of the voltage range were observed for x = 

0 and x = 10, as shown in Figure 2.17(b) and 2.18(b), respectively. From these magnified 
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views, it can be observed that there is a reduction in current at 1.5 V for both x = 0 and x 

= 10. This reduction gradually diminishes after the second and third cycles for x = 0, 

while for x = 10, the reduction in current is minimal after the third cycle. According to a 

study by Yamamoto et al. [19], the reduction in current at 1.5 V during cycling is attributed 

to the formation of a solid electrolyte interface (SEI) between the SE and Li during the 

initial scan. Once the SEI is fully formed, the reduction in current diminishes, indicating 

the stability of the SEI against Li. The absence of this reduction after the third cycle at x 

= 10 suggests that the addition of Li3PO4 to Li3PS4-LiI results in the formation of a more 

stable compound against Li, enhancing its stability during cycling. The incorporation of 

oxysulfide units from the PO2S2
3- and POS3

3- species has been proven to increase the 

electrochemical stability of the solid electrolyte with x = 10. This finding suggests that 

the presence of these oxysulfide units contributes to the enhanced stability of the solid 

electrolyte, which is crucial for the performance and longevity of solid-state batteries. 

Long-term DC polarization cycling testing was conducted on the obtained SEs 

with x = 0 and x = 10. A constant current density of 0.3 mA cm−2 was applied at room 

temperature for 2 hours per cycle. Figure 2.19 illustrates the results of these tests. For the 

cell using x = 0, the initial voltage at 0 hours of operation was 35 mV. As the current was 

applied, the voltage gradually increased over the course of more than 1200 hours of 

measurements, reaching 47 mV. This indicates that the SE with x = 0 experienced a 

voltage increase of up to 34% during the testing period. On the other hand, the cell using 

x = 10 started with an initial voltage of 29 mV at 0 hours. After more than 1350 hours of 

measurement, the voltage decreased slightly to 33 mV. In other words, there was a voltage 

increase of up to 13% during the testing period. The presence of oxysulfide species, 

specifically the PO2S2
3- and POS3

3- units, has been found to enhance the stability of the 

solid electrolyte against lithium metal. This improvement in stability is crucial for the 

practical application of solid-state batteries, as it helps to mitigate issues such as dendrite 

formation and electrolyte decomposition, which can lead to short circuits and reduced 

battery performance. By incorporating oxysulfide units, the solid electrolyte demonstrates 

enhanced compatibility with lithium metal, thereby improving the overall stability and 

safety of the battery system.These results demonstrate that the addition of Li3PO4 has a 

significant positive effect on enhancing the stability of the SE against Li metal. 
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Figure 2.8. XRD patterns of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) solid electrolytes 

heat treated at 130 °C for 2 h. 
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Figure 2.9. XRD patterns of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) solid electrolytes 

heat treated at 150 °C for 2 h. 
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  Figure 2.10. XRD patterns of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) solid electrolytes 

heat treated at 170 °C for 2 h. 
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Figure 2.11. Raman spectra of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) solid electrolytes after 

heat treated at 170 oC for 2 h. 
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Figure 2.12. Temperature dependence of ionic conductivity of 100Li3PS4-50LiI-

xLi3PO4 (x=mol%) heat treated at 130 °C 
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Figure 2.13. Temperature dependence of ionic conductivity of 100Li3PS4-50LiI-

xLi3PO4 (x=mol%) heat treated at 150 °C 
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Figure 2.14. Temperature dependence of ionic conductivity of 100Li3PS4-50LiI-

xLi3PO4 (x=mol%) heat treated at 170 °C 
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Figure 2.15. Composition dependence of ionic conductivity at room temperature of 

100Li3PS4-50LiI-xLi3PO4 (x=mol%) with different heat treatment conditions 
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x (mol 

weight %) 

Heat 

Treatment 

( oC) 
25 (S cm-1) 

0 

130 6.9 x 10-4 

150 7.8 x 10-4 

170 7.3 x 10-4 

8 

130 7.9 x 10-4 

150 7.0 x 10-4 

170 5.7 x 10-4 

10 

130 8.5 x 10-4 

150 7.5 x 10-4 

170 6.6 x 10-4 

12 

130 5.3 x 10-4 

150 6.5 x 10-4 

170 5.5 x 10-4 

15 

130 7.1 x 10-4 

150 7.65 x 10-4 

170 6.1 x 10-4 

20 

130 6.3 x 10-4 

150 5.7 x 10-4 

170 5 x 10-4 

25 

130 5.4 x 10-4 

150 5.5 x 10-4 

170 5.28 x 10-4 

Table 2.1. Ionic conductivity at room temperature of 100Li3PS4-50LiI-xLi3PO4 

(x=mol%) with different kind of Li3PO4 concentration and heat treatment temperature 
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Figure 2.16. 31P MAS-NMR of 100Li3PS4-50LiI-xLi3PO4 (x=mol%) solid 

electrolytes heat treated at 130 °C. 
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Figure 2.17. (a) Cyclic voltammogram of Li| 100Li3PS4-50LiI-0Li3PO4 (x=mol%) 

heat treated at 130 °C |SUS at a scan rate of 5 mV s−1
 (b) magnified voltage scale 

(a) 

(b) 
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Figure 2.18. (a) Cyclic voltammogram of Li| 100Li3PS4-50LiI-10Li3PO4 (x=mol%) heat 

treated at 130 °C |SUS at a scan rate of 5 mV s−1
 (b) magnified voltage scale 

(a) 

(b) 
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2.5 Conclusions 

The 100Li3PS4-50LiI-xLi3PO4 SE was successfully synthesized using a low-

pressure heat treatment process with ethyl propionate as the solvent. The reaction between 

Li3PS4 and Li3PO4 was confirmed by analyzing the 31P MAS-NMR data, which revealed 

the presence of PO2S2
3- and POS3

3- ions. The addition of Li3PO4 resulted in significant 

improvements in both the ionic conductivity and stability of the SE against Li metal when 

compared to the SE without Li3PO4. Among the prepared SEs, the sample 100Li3PS4-

50LiI-10Li3PO4, which was heat treated at 130 °C for 2 hours, exhibited a high ionic 

conductivity at room temperature, measuring 8.5 × 10−4 S cm−1. The addition of Li3PO4 

into the Li3PS4-LiI system has been shown to improve the electrochemical stability of the 

solid electrolyte. This improvement can be attributed to the presence of oxysulfide 

compounds, specifically the PO2S2
3- and POS3

3- units. These oxysulfide species 

contribute to enhancing the stability of the solid electrolyte by forming a more favorable 

electrochemical interface with lithium metal. The incorporation of Li3PO4 not only 

increases the ionic conductivity but also helps to suppress detrimental reactions between 

the electrolyte and lithium metal, thereby improving the overall electrochemical stability 

of the solid electrolyte in all-solid-state lithium-ion batteries. This finding demonstrates 

the effectiveness of incorporating Li3PO4 in enhancing the electrochemical performance 

of the SE. 
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Chapter 3 

Liquid Phase Synthesis of Pure Argyrodite Solid 

Electrolyte 

 

3.1 Background 

In Chapter 2, the addition of Li3PO4 into the Li7P2S8I solid electrolytes (SEs) 

system was discussed as a potential method to improve its performance. However, it 

should be noted that despite the addition of Li3PO4, the achieved ionic conductivity in the 

100Li3PS4-50LiI-10Li3PO4 SE was still relatively low. Arising from its exceptional ionic 

conductivity comparable to liquid electrolytes, there is potential in enhancing the appeal 

of argyrodite by introducing oxygen into the system. However, the high crystallinity 

phase of argyrodite poses a challenge for the introduction of oxygen. The process of 

oxygen doping typically requires high-energy mechanical ball milling, which contradicts 

our goal of achieving mass production of sulfide solid electrolytes. SEs play a crucial role 

as both electron separators and ion conductors in all-solid-state lithium-ion batteries. 

Liquid phase synthesis is considered a promising method for synthesizing SEs due to its 

scalability and lower energy consumption. However, the complexity of SEs prepared by 

liquid phase synthesis often leads to issues such as impurity formation, which makes 

liquid electrolytes indispensable. This study aims to investigate and address the 

production of Li3PO4 oxide impurity during the preparation of Li6PS5Cl argyrodite 

through a chemical approach. The approach involves replacing the hydroxide-based 

solvent with a thiol-based solvent during the liquid phase synthesis process. By 

implementing this modification, the study aims to overcome the challenges associated 

with impurity formation and improve the overall quality of the synthesized SEs. 

Consequently, by successfully eliminating Li3PO4 oxide impurities from the Li6PS5Cl 

SEs in this study, a remarkable achievement was made in terms of the SEs' ionic 

conductivity. The Li6PS5Cl SEs synthesized through liquid-phase synthesis exhibited the 

highest ionic conductivity value (> 2 mS cm-1) ever reported. This breakthrough 

highlights the significant impact of removing Li3PO4 impurities on enhancing the 
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conductivity of the SEs. Moreover, the absence of Li3PO4 impurities in the argyrodite SEs 

had a profound effect on the cell's capacity and stability. The removal of Li3PO4 led to a 

substantial increase in the cell's capacity, allowing for greater energy storage. Additionally, 

the SEs demonstrated remarkable stability, indicating their potential for long-term and 

reliable battery performance. This finding further emphasizes the importance of 

addressing impurity issues, such as Li3PO4, in the synthesis of argyrodite SEs to unlock 

their full potential in battery applications. 

 

3.2 Introduction 

Rechargeable all-solid-state Li-ion batteries (ASSLiBs) using non-flammable 

inorganic solid electrolytes (SEs) show potential for improved safety and increasing 

power density in comparison with commercialized Li-ion batteries.[1] The development 

of ASSLiBs has been limited by the poor physical contact between the SE and active 

material and the lack of SE with ionic conductivities at room temperature. Among the 

inorganic solid electrolytes, sulfide SEs show excellent mechanical properties and 

relatively high ionic conductivities.[2,3] One of the most promising materials classes is 

argyrodite-type Li6PS5X (X = Cl, Br, and I).[4–9] Argyrodite-type Li6PS5I substituted by 

Ge4+ show a high ionic conductivity of 18 mS cm−1 at room temperature, which is 

comparable to the current liquid organic electrolyte.[10] Argyrodite-type Li5.3PS4.3Cl1.7 

was recently found to show a very high ionic conductivity of over 10 mS cm−1 at room 

temperature.[11] Given the lower cost of chloride-based argyrodite-type SE than 

argyrodite-type SEs with other halide ions, industrial and fundamental battery 

applications mainly concentrate on this compound.[12] 

The commercialization of sulfide-based ASSLiBs requires the development of 

large-scale manufacturing technologies for SEs.[13] SE synthesis methods can be broadly 

classified into high-energy mechanical ball milling and liquid-phase synthesis. However, 

the high-energy mechanical ball milling process poses challenges for scaling up due to its 

high energy consumption. In contrast, liquid-phase synthesis is more suitable for large-

scale manufacturing due to its lower cost and higher scalability.[14–16] The choice of 

organic solvents in liquid-phase synthesis plays a crucial role in the solubility and 

reactivity of lithium thiophosphates.[17,18] 
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In the synthesis of argyrodite-type Li6PS5Cl SEs, various solvents such as ethyl 

diamine, anisole, and ethanol (EtOH) have been employed.[19–24] Ethanol, with its high 

dielectric constant and low boiling point, facilitates the dissolution of argyrodite-type SE 

precursors. However, the use of ethanol can have detrimental effects, leading to the 

formation of Li3PO4 and enhancing the decomposition kinetics of the anion unit in the 

precursor solution. [18,24–26] Even when a combination of tetrahydrofuran (THF) and 

EtOH is used, Li3PO4 can still form in the argyrodite-type Li6PS5Cl SEs. [24,26] This 

indicates that Li3PO4 is produced through an anionic ring-opening reaction of THF during 

the wet chemical synthesis process. 

Considering these factors, the use of chloride ions, which exhibit stronger 

nucleophilicity in protic polar solvents compared to bromide and iodide ions, is not 

preferred for the liquid-phase synthesis of argyrodite-type SEs without impurities such as 

Li3PO4. However, if Li6PS5Cl argyrodite can be synthesized without Li3PO4 impurities in 

the liquid-phase synthesis by using LiCl, it can be adapted to synthesize Li-argyrodite 

with various compositions. Additionally, in non-protic polar solvents such as acetonitrile, 

acetone, DMF, and DMSO, lithium cations can be stabilized, while anions are weakly 

stabilized. The negatively polarized oxygen atoms in these solvents can protrude outside 

the molecules, allowing them to approach and stabilize lithium cations. 

In this study, we present a novel wet chemical reaction mechanism for eliminating 

the impurity of Li3PO4 in chloride-based argyrodite Li6PS5Cl using acetonitrile (ACN) 

and 1-propanethiol (PTH) solvents. The choice of ACN as the organic solvent was 

motivated by its high dielectric constant, which resulted in significant reactivity in the 

Li2S-P2S5 system. [17] By utilizing PTH as a solvent, the oxygen ion source from ethanol 

(EtOH) was effectively excluded, as depicted in Figure 3.1a and 3.1b. PTH, with its low 

boiling point, could be easily removed during the evaporation process. X-ray diffraction 

(XRD) analysis confirmed the absence of crystalline Li3PO4 when using ACN and PTH 

solvents in the Li6PS5Cl crystal structure. This exclusion of Li3PO4 impurities had a 

notable impact on the ionic conductivity and stability against lithium metal, as observed 

through direct current (DC) polarization measurements. The battery performance 

exhibited significant improvement, including high capacity retention after multiple cycles, 

resulting from the elimination of Li3PO4 impurities in the Li6PS5Cl argyrodite crystal 

structure. 
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Figure 3.1. Stoichiometry of Li6PS5Cl. The illustration comparison reaction between 

Li6PS5Cl by liquid-phase synthesis using a Tetrahydrofuran (THF) with Ethanol (EtOH) and b 

Acetonitrile (ACN) with 1-Propanethiol (PTH). 
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3.3 Experimental Method 

3.3.1 Liquid Phase Synthesis 

Reagent for synthesis grade of Li2S (99.9%, Mitsuwa), P2S5 (99%, Merck), and 

LiCl (99.0%, Sigma-Aldrich) was used as raw materials with the total stoichiometry ratio 

of 5:1:2 to create Li6PS5Cl. The solution procedure was first separated into two solutions. 

To begin, we mixed a 3:1 molar ratio of Li2S and P2S5 in 10 ml of THF (anhydrous, 99.9%, 

Sigma-Aldrich) or ACN (super dehydrated, 99.8%, Fujifilm), and then stirred for 12 h at 

room temperature or 75 °C, respectively, to form a suspension. Next, the mixture of Li2S 

and LiCl with a molar ratio of 2:2 was stirred in 10 ml of EtOH (Super Dehydrated, 99.5%, 

Fujifilm) at 50 °C or PTH (98%, Tokyo Chemical Industry) at room temperature for 12 h. 

3A molecular sieves was added into THF and PTH prior to use in purpose to dehydrate 

the remaining water content. 100 grams of 3A molecular sieves (around 11.36% of THF’s 

mass) were added into 1 L of THF with a density of 880 gram·L-1. The same amount was 

added into the PTH solvent (880 gram·L-1) or 12.20% of PTH’s mass. 3 A molecular sieve 

was dried at 220 °C for 18 hours to remove the remaining humidity or water vapor inside 

the molecular sieves before being poured into each solvent. The resultant suspension and 

solution were mixed then stirred for 12 h at room temperature (for the ACN + PTH case, 

50 °C). The resulting solution evaporated at 80 °C for 12 h under low pressure with a 

diaphragm pump (Buchi V-100 Vacuum Pump). The evaporated precursor was pelletized 

for 127 MPa at uniaxial press before the heat treatment process. Argyrodite pellet was 

heat-treated at various temperatures of 550 °C and 600 °C for 2 and 10 h under an Ar flow. 

Figure 3.2 illustrates the liquid-phase synthesis process for ACN + PTH solvents. All 

processes were performed under a dry Ar atmosphere. 

 

3.3.2 Mechanical Ball Milling Synthesis 

Mechanical BM was used to produce Li6PS5Cl and compared with liquid-phase 

synthesis. Reagents of Li2S, P2S5, and LiCl were mixed and ground together in an agate 

mortar for around 15 min. The mixed powder was inserted into a 45 ml zirconia pot and 

15 zirconia balls (ø = 10 mm). The prepared sample was then milled at the rotation of 600 

rpm for 20 h using a planetary BM apparatus (Pulverisette 7, Fritsch Co., Ltd.). Thereon, 

the pulverized powder was then pressed for 127 MPa at uniaxial press before the heat 
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treatment process at 550 °C and 600 °C for 2 and 10 h. All processes were performed 

under a dry Ar atmosphere. 

 

3.3.3 Material Characterization 

The crystal structures of the retrieved samples were investigated using XRD 

(XRD; SmartLab, Rigaku) with an airtight holder to prevent the samples from being 

exposed to air humidity. The local structure was investigated using Raman spectroscopy 

(NRS-4500, Jasco) with the samples sealed inside an Ar-filled glove box. Solid-state 31P 

magic-angle-spinning NMR (31P-MAS-NMR, Avance III 400, Bruker) was performed 

using the typical single pulse sequence with a spinning rate of 6 kHz. Liquid proton 1H 

NMR was measured by solving the samples with dimethyl sulfoxide-d6 (DMSO) using 

Avance III 400, Bruker. Scanning electron microscope-energy dispersive X-ray 

spectroscopy (SEM-EDX) images mapping was achieved using Hitachi-S4800 and 

ULTIM MAX, Oxford Instrument as for the EDX instrument. Thermogravimetry 

differential thermal analysis TG–DTA (EVO II, Rigaku) was performed under Ar flow 

with a temperature increase of 5 °C·min−1 inside glovebox with Ar and dry atmosphere. 

 

3.3.4 Electrochemical Performance Measurement 

The temperature dependence of the ionic conductivity of the retrieved sample was 

investigated using alternating-current impedance spectroscopy (SI 1260, Solartron) from 

10 MHz to 1 Hz under dry Ar flow. The samples for impedance measurements were 

prepared by uniaxial pressing around 80 mg of sample powder into pellets (approximately 

10 mm in diameter) under a pressure of 255 MPa for 10 minutes at room temperature. 

The thickness of the argyrodite SE pellets were approximately reach 0.60 mm. The 

prepared pellets were placed in a holder made from polyether ether ketone (PEEK) with 

two blocking electrodes made from stainless steel (SUS). The temperature was increased 

gradually in a controlled fashion, from room temperature to 150 °C at various increments 

and held at each temperature for 1 h before the impedance measurement. Electrical 

conductivity was determined by the DC polarization measurements on the pellets with 

applied voltages of 0.1, 0.15, 0.2, 0.25, and 0.3 V for 30 min each at room temperature. 

Lithium metal stability measurement using DC polarization tests by using lithium foils as 
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nonblocking electrodes on both sides of the pelletized SE, then sandwiching them 

between SUS. The prepared symmetric cells were then cycled at ±0.1 mA∙cm−2 and ±0.2 

mA∙cm−2 using a charge-discharge device (BTS-2004H, Nagano) under a dry Ar 

atmosphere at room temperature. Battery performance for charge and discharge curves 

were conducted using Li–In alloy as the negative electrode, Li6PS5ClACN + PTH as the 

electrolyte layer, and TiS2-Li6PS5Cl composite as the positive electrode. The positive 

electrodes were fabricated by mixing TiS2 and SE (Li6PS5Cl) with the weight ratio of 1:1 

on agate mortar with a grind duration of about 15 min. Firstly, SE for about 80 mg was 

pressed and pelletized at low press into PEEK (inner diameter of 10 mm) with two 

blocking SUS electrodes. After that, positive electrode powder was kept (~10 mg) at one 

side of the pelletized SE, then pressed together at 255 MPa uniaxial pressure at room 

temperature. After Li–In foil was attached to the other side of the pellet sandwich, it was 

pressed again at 127 MPa uniaxial pressure at room temperature. The cells were cycled 

using a charge-discharge device (BST-2004H, Nagano) with voltages cutoff in the range 

of 1.0 to 2.4 V vs. Li–In at 0.1C. All preparations were conducted inside a dry Ar-filled 

glovebox. 
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3.4 Result and Discussions 

3.4.1 Characterization and ionic conductivity measurement. 

Figure 3.3 presents the commonly used mechanism of the Li3PO4 formation by 

omitting the argyrodite structure. The Li6PS5Cl using THF and EtOH was argyrodite-type 

structure (Figure 3.4). The sample formed the impurity of Li3PO4 oxide and the remaining 

of the Li2S and LiCl as starting materials. The Li3PO4 oxide could be produced by the 

nucleophilic reaction between anion O− in the hydroxide from ethanol (OH−Li+) and P2S5, 

which was created by the reaction of EtOH and LiCl,[27] previously matching other’s 

reported results.[24, 26] This finding suggests that the ethanol solvent gave rise to the 

oxidation whose reaction changes the hydroxyl bond (–OH) into a thiol bond (–SH). The 

solvent was replaced with the 1-propanethiol (PTH) in this study. The XRD of the 

Li6PS5Cl using the mixed solvent of THF and PTH showed argyrodite-type structure with 

some residual raw material of Li2S and LiCl and producing the same Li3PO4 crystalline. 

This structural property is a crystalline structure comparable to that of argyrodite SE 

which uses THF and EtOH-mixed solvents although the solvent system of THF and PTH 

(Figure 3.1a) involves no hydroxyl bond. This result indicates that the oxidation 

formation still occurs via the anionic ring-opening reaction of THF, and the nucleophilic 

attack from thiorate anion ─S− of PTH is stronger than that from ─O− anions of EtOH. 

The anion of Li─X− may play an important role in THF ring-opening. This was proven 

from the synthesis of β-Li3PS4 using only THF as the solvent and resulted in no Li3PO4 

oxidation formation.[28, 29] In contrast, the XRD pattern for the sample using the mixed 

solvent of ACN and PTH showed argyrodite crystalline and a small amount of Li2S and 

LiCl without Li3PO4 crystalline (Figure 3.4), which results in the excluding of Li3PO4 

from Li6PS5Cl argyrodite SE due to no oxygen source from the system. However, the 

synthetic mechanism of this oxide was not confirmed in detail. Therefore, we carried out 

the 1H NMR spectroscopic studies of Li3PO4 oxide formation. 

According to this mechanism, as shown in Figure 3.3, the EtOH+THF mixed 

solutions with LiCl in the presence of Li2S were evaporated at 80 °C and examined the 

1H NMR spectra of resulting reaction mixture in DMSO-d6, as compared without P2S5 

and evaporation. TG-DTA curves of Li6PS5Cl precursor prepared using EtOH and THF 

solvents after evaporated at 80 °C are presented in Figure 3.5, showing an endothermic 
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peak at 113 °C and a weight loss of around 14%. This behavior indicates the evaporation 

of EtOH+THF solvents. Thus, the remaining solvent in the reaction mixture should 

remain even after the evaporation at 80 °C. As the results of Figure 3.6, the NMR 

spectrum of EtOH+THF mixed solution with LiCl and Li2S at room temperature resulted 

in no reaction and interaction. However, after the temperature was promoted from the 

evaporation process (80 °C), the chemical shift of methylene protons of THF at 3.63 ppm 

to the low magnetic field was at 3.77 ppm and showed a broad peak at 2.66 ppm, assigned 

to the hydroxy group (-OH) in the terminal group of ring-opened THF.[30] This data 

implies the evidence of oxidation from the ring-opening of THF by the negative charge 

of oxygen (─O-) in ethanol, probably leading to the weak interaction between H+ of EtOH 

and Cl- of LiCl could be occurred with heating as a driving force. This case was similar 

to the previous report when THF was stirred with halogen CuBr at 60 °C for 24 h, a 

nucleophilic reaction happened creating a ring opening of THF.[31] The NMR results 

revealed that the ethanol solvent gave rise to the oxidation. 

To investigate the reformation of the ─O^- anion through the anionic ring-opening 

reaction of THF and the stronger nucleophilic attack of thiolate anion ─S- from PTH 

compared to ─O- anions from EtOH, PTH was utilized under the same EtOH+THF 

conditions. Figure 3.7 illustrates the NMR results of Li6PS5Cl in mixed solvents of PTH 

and THF after evaporation at 80 °C, along with the PTH+THF mixed solvents in the 

presence of LiCl and Li2S. In the PTH solvent with LiCl at room temperature, the 

chemical shift of the ethylene protons neighboring the thiol (-SH) was observed to shift 

to a higher magnetic field, from 2.47 to 2.43 ppm. Conversely, in the PTH+THF mixed 

solution with LiCl and Li2S, the chemical shift of the SH group in the PTH solvent 

experienced a larger shift from 1.87 to 2.04 ppm. This can be attributed to a stronger 

interaction between S-H+…Cl-Li+ and the oxygen in the THF ring. Furthermore, NMR 

spectra were obtained from Li6PS5Cl argyrodite prepared with PTH+THF, and the heat 

was applied during the evaporation process at 80 °C. The methylene peak of THF slightly 

shifted to a lower magnetic field, and a broad peak of OH around 2.7 ppm was observed 

from the terminal group of the ring-opened THF. These observations closely resemble the 

ring-opened THF in Li6PS5Cl argyrodite synthesized using EtOH+THF. 

Li6PS5Cl/SEACN+PTH exhibited sharper and smaller particles compared to 

Li6PS5Cl/SETHF+EtOH, as evidenced by SEM images (refer to Figure 3.8). Raman 
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spectroscopy confirmed the presence of the PS4
3- anions structural unit (see Figure 3.9). 

Li6PS5Cl/SEACN+PTH and Li6PS5Cl/SEBM displayed a broad PS4
3- peak at 420 cm-1. In 

contrast, Li6PS5Cl/SETHF+EtOH exhibited the PS4
3- peak at a lower wave number of 416 

cm-1. This indicates that the incorporation of oxygen ions in the argyrodite system leads 

to modifications in the P-S bond. The higher electronegativity of oxygen compared to 

lithium and sulfur results in lattice distortion/disorder, thereby influencing the strength of 

the PS bond [32]. 

The Nyquist plots of electrochemical impedance at room temperature and the 

temperature dependence of ionic conductivity are depicted in Figure 3.10 and Figure 3.11, 

respectively, for Li6PS5Cl/SETHF + EtOH and Li6PS5Cl/SEACN + PTH. These samples 

displayed ionic conductivities of 1.57 and 1.68 mS·cm−1 at room temperature (25 °C), 

respectively. It should be noted that the ionic conductivity of Li3PO4 is reported to be in 

the range of 10-7 to 10-6 S·cm−1, which is significantly lower compared to the conductivity 

of argyrodite (10-3 to 10-2 S·cm−1).[33] Figure 3.12 illustrates the activation energy, 

showing that Li6PS5Cl/SEACN + PTH with the mixed solvents exhibits a lower activation 

energy of 28.0 kJ·mol−1, whereas Li6PS5Cl/SETHF + EtOH has a higher activation energy of 

32.0 kJ·mol−1. This finding demonstrates that by increasing the ionic conductivity of 

Li6PS5Cl/SE argyrodite without the presence of Li3PO4 oxidation, the liquid-phase 

synthesis technique can be effectively employed. The presence of even a small amount of 

Li3PO4 impurity in the solid electrolyte can significantly impede Li-ion transport and lead 

to an increased activation energy. 
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Figure 3.4. XRD patterns of Li6PS5Cl prepared by liquid-phase synthesis with THF + 

EtOH, THF + PTH, and ACN + PTH as the solvent. All the samples were dried at 

80 °C for overnight then heat treated at 600 °C for 2 h. 
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Figure 3.5. TG-DTA curves of Li6PS5Cl prepared by liquid phase synthesis using EtOH and 

THF solvents after evaporated at 80 °C for 12 hours. 
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Figure 3.6. 1H NMR spectra of Li6PS5Cl and Li2S-LiCl with THF + EtOH 
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   Figure 3.7. 1H NMR spectra of Li6PS5Cl and Li2S-LiCl with ACN + PTH 
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Figure 3.8. Morphology of Li6PS5ClEtOH+THF and Li6PS5ClACN+PTH. SEM images of 

Li6PS5Cl with THF + EtOH and ACN + PTH as the solvents after the heat treatment 

process 
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Figure 3.9. Raman spectra patterns of Li6PS5Cl with THF + EtOH and ACN + PTH 

as the solvents and Li6PS5Cl prepared by ball milling 
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Figure 3.10. Nyquist plots of electrochemical impedance from Li6PS5ClEtOH+THF 

and Li6PS5ClACN+PTH after heat treated at 600 °C for 2 h. 
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Figure 3.11. Temperature dependence of ionic conductivity from Li6PS5ClEtOH+THF 

and Li6PS5ClACN+PTH after heat treated at 600 °C for 2 h. 
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Figure 3.12. Ionic conductivity and activation energy at 25 °C of Li6PS5ClEtOH+THF 

and Li6PS5ClACN+PTH after heat treated at 600 °C for 2 h. 
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3.4.2 Heat Treatment Optimization 

At room temperature, Li6PS5Cl/SE600/ACN + PTH/2h without Li3PO4 phase has ionic 

conductivity almost the same as Li6PS5Cl/SE600/THF + EtOH/2h with Li3PO4 phase. The heat 

treatment temperature and time were optimized to improve the ionic conductivity further.             

To determine the optimal heat treatment condition for achieving the high ionic 

conductivity, we measured the TG-DTA from Li6PS5Cl/SEACN + PTH (Figure 3.13). There 

are two endothermic peaks at 100 and 185 °C along with the weight decrement of 2% and 

then 14%, respectively. The endothermic peak at 100 °C indicates the evaporation of the 

remaining PTH solvent followed by the crystallization of Li3PS4 and probably 

evaporation of the remaining ACN at 185 °C.[34-36] Starting at 630 °C, there is a small 

endothermic peak which indicates the release of sulfur content. An exothermic peak at 

693 °C signed the argyrodite start to partially decompose until began to fully decompose 

at 761 °C. This is similar to Li6PS5Cl/SETHF + EtOH (Figure 3.5) which has a small 

exothermic peak at 659 °C which is the same indication of sulfur releasement. Moreover, 

Li6PS5Cl/SETHF + EtOH began to full degradation at 722 °C. Furthermore, we will focus on 

the heat treatment time of 10 hours long, according to literature reported by Yu et al. that 

550 °C for 10 hours is the optimum heat treatment condition for the argyrodite 

system.[37] Temperature higher than 550 °C will increase the amount of LiCl residual 

and the precipitation of Li2S which indicate the degradation, while prolonging the heat 

treatment time above 10 hours might evaporate the lithium content.[37, 38] This analysis 

is also supported by the TG-DTA result in Figure 3.14 from Li6PS5Cl/SEBM shows a slight 

exothermic at 600 °C attributed to the degradation of argyrodite into LiCl with the weight 

decrement around 2-3%. The releasement of sulfur was signed at 625 °C with a small 

endothermic peak which is similar to other argyrodite that was prepared with liquid phase 

synthesis. The second exothermic peak at 675 °C indicates the argyrodite starts to 

partially decompose and is followed to start fully decompose at 781 °C along with the 

45% weight reduction. Figure 3.15 shows the XRD patterns of Li6PS5Cl/SEACN + PTH/10h 

and Li6PS5Cl/SETHF + EtOH/10h heat treatment at 550 °C and 600 °C. Li6PS5Cl/SE550/THF + 

EtOH/10h showed the peaks corresponding to Li2S and LiCl of the starting materials, 

oxidation of Li3PO4, and the main peak of argyrodite. The peak intensities of residual and 

oxide increased after the heat treatment temperature at 600 °C for the same amount of 
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time, which indicates that the argyrodite phase starts to degrade at this temperature. The 

intensity of the Li3PO4 oxide increased at 600 °C. This observation indicates that a higher 

heat temperature encourages Li3PO4 development. Li6PS5Cl/SE600/ACN + PTH/10h involved 

the degradation of the Li6PS5Cl phase with Li2S and LiCl as the starting material. On the 

other hand, Li6PS5Cl/SE550/ACN + PTH/10h formed a crystalline of argyrodite with almost an 

unnoticeable peak of Li2S. 

The Li6PS5Cl with BM technique was used as a reference structure. As shown in 

Figure 3.16, the XRD patterns of Li6PS5Cl/SE550/BM/10h and Li6PS5Cl/SE600/BM/10h showed 

a crystalline phase of argyrodite-type structure without residual material and, of course, 

oxidation. There is an obvious peak of Li2S remaining in the Li6PS5Cl/SEBM as-

synthesized by BM’s method. This suggests that the heat treatment process is necessary 

to obtain an argyrodite crystalline phase with high purity. To study further the local 

structure of the argyrodite SE, we examined a solid 31P MAS-NMR measurement for 

Li6PS5Cl/SEACN + PTH, Li6PS5Cl/SETHF + EtOH, and Li6PS5Cl/SEBM. In Figure 3.17, the 31P 

MAS-NMR spectroscopy of the Li6PS5Cl/SEBM displays the peak at 88 ppm belonging 

to PS4
3− anion and the inevitable spinning sidebands. Li6PS5Cl with the mixed solvent of 

THF and EtOH contains not only the anion of PS4
3− at 88 ppm, but also the chemical shift 

of PO4
3− anion at 10 ppm.[39] This finding proved that EtOH and the oxygen release from 

the THF ring-opening effect promote the formation of Li3PO4 oxide. The argyrodite with 

the ACN and PTH mixed solvent involved no oxides, such as Li3PO4, as shown in 31P 

MAS-NMR spectroscopy. Our study demonstrated that Li6PS5Cl prepared by the liquid-

phase method using ACN + PTH have a crystalline and local structure similar to Li6PS5Cl 

using the BM method, that is highly pure crystal phase without oxides. This led to the 

study of the industrial-scale production of Li6PS5Cl using the liquid-phase synthesis 

method. 

Investigation of heat treatment condition impact on ionic conductivity for each 

Li6PS5Cl/SETHF + EtOH and Li6PS5Cl/SEACN + PTH sample was conducted by using 

electrochemical impedance spectroscopy. Figure 3.18 shows the Nyquist plots of 

electrochemical impedance for Li6PS5Cl/SETHF + EtOH and Li6PS5Cl/SEACN + PTH heat-

treated at 550 °C and 600 °C for 10 h, respectively, along with a graph for the temperature 

dependence of ionic conductivity and the relation with the activation energy from it at 

Figure 3.19. The ionic conductivity for Li6PS5Cl/SE550/THF + EtOH/10h was 1.80 mS∙cm−1 at 
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room temperature with an activation energy of 28.3 kJ·mol−1, whereas the ionic 

conductivity of Li6PS5Cl/SE600/THF + EtOH/10h decreased to 1.47 mS·cm−1 with an activation 

energy of 30.1 kJ·mol−1. The decrement of the ionic conductivity and the increment of 

the activation energy was relevant for the XRD patterns result shown in Figure 3.15, in 

which Li6PS5Cl/SE600/THF + EtOH partially decomposed into Li2S and LiCl. The higher 

temperature at 600 °C induces a higher crystallinity of Li3PO4 in Li6PS5Cl, which 

becomes a factor for decreasing the ionic conductivity at room temperature from the 

Li6PS5Cl/SE550/THF + EtOH sample. In comparison, Li6PS5Cl/SE600/ACN + PTH/10h exhibited 

ionic conductivity of 2.13 mS∙cm−1 at room temperature and activation energy of 25.2 

kJ·mol−1. Alternatively, the ionic conductivity of Li6PS5Cl/SE550/ACN + PTH/10h increased to 

2.75 mS∙cm−1 and the activation energy reduce to 24.8 kJ·mol−1. When the heat treatment 

temperature was increased to 600 °C, the Li2S crystalline phase was still present, with a 

minor amount of LiCl crystalline phase appearing as an impurity, whereas the LiCl 

crystalline phase was not sighted at 550 °C. Li6PS5Cl/SEACN + PTH without Li3PO4 

impurity may cause the degradation of Li2S and LiCl formation for higher temperature 

heat treatment. The degrading crystalline phase from the Li6PS5Cl/SEACN + PTH sample 

caused a decrease in ionic conductivity. Longer periods of heat treatment is beneficial for 

achieving the highly crystallized argyrodite-type phase. Taking this into consideration, 

the heat treatment temperature at 550 °C for 10 h was the optimum for argyrodite in this 

study as we stated in the previous section.[37] 

For the basic comparison, the ionic conductivity of argyrodites (Li6PS5Cl/SE550/BM 

and Li6PS5Cl/SE600/BM) was prepared with the ball milling method and heat treatment at 

550 °C and 600 °C were examined. From Figure 20, 21, and 22, the Nyquist plot of 

electrochemical impedance, the temperature dependence of ionic conductivity, and heat 

treatment temperature dependence of activation energy from both samples was confirmed. 

The ionic conductivity at room temperature of Li6PS5Cl/SE550/BM/10h were 2.90 mS·cm−1 

with an activation energy of 29.0 kJ·mol−1, while the ionic conductivity of 

Li6PS5Cl/600/BM/10h at room temperature decreased to 2.20 mS·cm−1 and the activation 

energy was increased to 30.6 kJ·mol−1. The decrease in ionic conductivity resulted from 

the degradation of the argyrodite crystalline phase. This is also the same as the 

explanation from argyrodite that prepared with liquid phase synthesis, the increment of 

heat treatment temperature > 550 °C will resulting the degradation of LiCl and 
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precipitation of Li2S.[37] After measuring the ionic conductivity of Li6PS5Cl/SEBM, the 

ionic conductivity at room temperature and the activation energy from both 

Li6PS5Cl/SEBM and Li6PS5Cl/SEACN + PTH liquid-phase synthesis method were compared. 

Both methods achieved the highest ionic conductivity from this study with heat treatment 

temperature at 550 °C for 10 h. The Nyquist plots of electrochemical impedance, the 

temperature dependence of ionic conductivity, and the comparison of activation energy 

and ionic conductivity were shown in Figure 23, 24, and 25. As previously stated, the 

ionic conductivity of the Li6PS5Cl/SEBM/550/10h was 2.90 mS·cm−1 at room temperature. 

At the same time, Li6PS5Cl/SEACN + PTH/550/10h was 2.75 mS·cm−1 for the ionic conductivity 

at room temperature. The BM method and the subsequent heat treatment allow to create 

a highly pure crystalline phase of argyrodite without any residual trace. Li6PS5Cl/SEBM 

has a higher ionic conductivity at room temperature than Li6PS5Cl/SEACN + PTH, which 

corresponds to the small amount of Li2S residual materials in Li6PS5Cl/SEBM. The SEM 

image of Li6PS5Cl/SEBM itself in Figure 3.26 shows that the morphology of the SE is 

bulkier than Li6PS5Cl/SEACN + PTH (Figure 3.8). However, the activation energy of 

Li6PS5Cl/SEACN + PTH (24.8 kJ·mol−1) has the upper hand due to the lower value of the 

activation energy compared to the Li6PS5Cl/SEBM (29.0 kJ ·mol−1). Furthermore, the 

crystallite size comparison from each Li6PS5Cl/SEBM, Li6PS5Cl/SEACN + PTH, and 

Li6PS5Cl/SETHF + EtOH could be found in supplementary Table 3.1 by using the Debye-

Scherrer equation.[40] The smallest average crystallite size could be get from 

Li6PS5Cl/SETHF + EtOH at 102 nm, then followed by Li6PS5Cl/SEACN + PTH with 136 nm. 

The largest average crystallite size could be attributed to Li6PS5Cl/SEBM which is 139 nm. 

The larger the crystallite size response to higher the ionic conductivity results, however, 

the correlation between crystallite size and conductivity from the argyrodite system 

requires further analysis.[37] Eventually, the ionic conductivity difference at room 

temperature was insignificant and comparable for both Li6PS5Cl/SEBM and 

Li6PS5Cl/SEACN + PTH. 
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Figure 3.13. TG-DTA curves of Li6PS5Cl prepared by liquid phase synthesis using ACN 

and PTH solvents after evaporated at 80 °C for 12 hours. 
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Figure 3.14. TG-DTA curves of Li6PS5Cl prepared by mechanical ball milling at 600 rpm 

for 20 h without the heat treatment process. 
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Figure 3.16. XRD patterns of Li6PS5Cl prepared using mechanical ball milling at 600 

rpm for 20 h. 
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  Figure 3.17. 31P MAS-NMR results from Li6PS5Cl prepared by ball milling and liquid-

phase methods with different types of solvent from THF + EtOH and ACN + PTH after the 

heat treatment processes. 
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Figure 3.18. Nyquist plots of electrochemical impedance at room temperature from 

Li6PS5Cl with THF + EtOH and ACN + PTH as the solvents after dried and heat-treated at 

550 °C and 600 °C for 10 h. 



103 

 

  

F
ig

u
re

 3
.1

9
. 

Io
n
ic

 c
o
n
d
u
ct

iv
it

y
 f

o
r 

L
i 6

P
S

5
C

l 
b
y
 l

iq
u
id

 p
h
as

e 
sy

n
th

es
is

. 
a
 T

em
p
er

at
u
re

 d
ep

en
d

en
ce

 o
f 

io
n
ic

 c
o
n
d
u

ct
iv

it
y
 a

n
d
 b

 h
ea

t 

tr
ea

tm
en

t 
d
ep

en
d
en

ce
 
o

f 
io

n
ic

 
co

n
d
u

ct
iv

it
y
 
w

it
h
 
ac

ti
v
at

io
n
 
en

er
g
y

 
fr

o
m

 
L

i 6
P

S
5
C

l 
p
re

p
ar

ed
 
u
si

n
g
 
li

q
u
id

 
p
h
as

e 
sy

n
th

es
is

 
u
si

n
g

 

A
C

N
+

P
T

H
 a

n
d
 T

H
F

+
E

tO
H

 a
ft

er
 h

ea
t-

tr
ea

te
d
 a

t 
5

5
0
 °

C
 a

n
d
 6

0
0
 °

C
 f

o
r 

1
0
 h

. 



104 

 

 

  

Figure 3.20. Nyquist plots of electrochemical impedance at room temperature from 

Li6PS5Cl/SEBM after heat treated for 10 h. 
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Figure 3.21. Temperature dependence of ionic conductivity from Li6PS5Cl/SEBM after 

heat treated for 10 h. 
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Figure 3.22. Heat treatment temperature dependence of ionic conductivity with 

activation energy from Li6PS5Cl/SEBM after heat treated for 10 h. 
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Figure 3.23. Nyquist plots of electrochemical impedance at room temperature from 

Li6PS5ClBM and Li6PS5ClACN+PTH after heat treated at 550 °C for 10 h. 
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Figure 3.24. Temperature dependence of ionic conductivity from Li6PS5ClBM and 

Li6PS5ClACN+PTH after heat treated at 550 °C for 10 h. 
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Figure 3.25. Heat treatment temperature dependence of ionic conductivity with 

activation energy from Li6PS5ClBM and Li6PS5ClACN+PTH after heat treated at 550 °C 

for 10 h. 
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Figure 3.26. SEM image of Li6PS5Cl prepared using ball milling method at 600 rpm for 20 

h then heat treated at 550 °C for 10 h. 
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Sample K λ 

(nm) 

2θ (°) FWHM 

(°) 

D (nm) Average 

D (nm) 

Ionic 

σ25 (S 

cm-1) 

Electronic 

σ25 (S cm-1) 

Li6PS5Cl/SE 

BM/550/10h 
0.9 

0.154

18 

15.57293 0.0646 124.21609 

139.249 
2.90 × 

10-3 
2.25 × 10-9 

17.9996 0.0581 138.54512 

25.55993 0.0596 136.78411 

30.06754 0.0596 138.12305 

31.43902 0.0599 137.88438 

45.0582 0.0591 145.63848 

47.96085 0.0603 144.30256 

52.52083 0.0597 148.49824 

Li6PS5Cl/SE 

THF+EtOH/550/10h 
0.9 

0.154

18 

15.53828 0.0692 115.95416 

102.774 
1.80 × 

10-3 
7 × 10-7 

17.96439 0.0694 115.98098 

25.51733 0.0732 111.36129 

30.02502 0.0794 103.66894 

31.39374 0.0753 109.67273 

45.00593 0.1041 82.666734 

47.90108 0.0903 96.339173 

52.45381 0.1024 86.550679 

Li6PS5Cl/SE 

ACN+PTH/550/10h 
0.9 

0.154

18 

15.56069 0.0508 157.95752 

136.428 
2.75 × 

10-3 
4.35 × 10-9 

17.98897 0.053 151.87459 

25.55236 0.0576 141.53144 

30.05994 0.0589 139.76209 

31.43036 0.0583 141.66550 

45.05297 0.0716 120.21049 

47.95182 0.0699 124.47982 

52.51225 0.0778 113.94624 

Table 3.1. Crystallite size obtained from XRD data analysis and calculated using Debye-

Scherrer equation, ionic conductivity, and electronic conductivity at room temperature from 

Li6PS5Cl/SEs 
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3.4.3 Lithium Metal Stability and Battery Performance Measurement 

Electrochemical performance measurements from DC polarization galvanostatic 

and battery performance tests were performed to further understand the role of the Li3PO4 

exclusion for the argyrodite Li6PS5Cl/SE. Here we demonstrated the symmetrical lithium 

cell from Li | Li6PS5Cl/SEm | Li (m = BM, THF + EtOH, ACN + PTH) with the current 

density of 0.1 mA·cm−2 for the first 100 cycles (200 h) and increase to 0.2 mA·cm−2 

starting from the 101st cycle at room temperature. Figure 3.27 shows the voltage profiles 

from the lithium metal stability measurement. Li6PS5Cl/SEBM had an initial overpotential 

of 6 mV without detectable overpotential alterations until 10 h. The overpotential was 

suddenly dropped to 0 mV (inset 2 mV from Figure 3.27), which indicates a short circuit 

caused by the lithium dendrite already reaching the opposite side of the electrode. The 

stability was extremely poor despite Li6PS5Cl/SEBM having the highest ionic conductivity 

without any Li3PO4 oxide formation. This result is similar to the sulfide SEs that was 

prepared by mechanical ball milling that was reported by Li Y et.al and Gamo H. et.al.[15, 

41] There are many reasons for the lithium dendrite to grow: low ion transport, high 

electronic conductivity, and poor mechanical property of SEs.[42-44] Electronic 

conductivity for each type SEs are shown in Figure 3.28. Li6PS5Cl/SEBM, Li6PS5Cl/SETHF 

+ EtOH, and Li6PS5Cl/SEACN + PTH exhibited electron conductivities of 2.25 × 10-9 S·cm-1, 7 

× 10-7 S·cm-1, and 4.35 × 10-9 S·cm-1, respectively. Li6PS5Cl/SETHF + EtOH owned the 

highest electronic conductivity among the others, which supports the reason 

Li6PS5Cl/SETHF + EtOH was unstable against lithium metal and the potential was gradually 

increased during lithium metal stability measurement. On contrary, Li6PS5Cl/SEACN + PTH 

has an electron conductivity around 100 times lower than Li6PS5Cl/SETHF + EtOH and 

therefore the increment of the potential is also lower, which makes Li6PS5Cl/SEACN + 

PTH/550/10h has better lithium metal stability compared to Li6PS5Cl/SETHF + EtOH. 

Li6PS5Cl/SEBM has the lowest electron conductivity compared to the other two that were 

prepared with liquid phase synthesis, but the higher crystallinity phase might cause a 

lower contact area between SE and lithium metal electrodes, leading to lower interfacial 

combability.[43] In the case of Li6PS5Cl/SETHF + EtOH, the voltage profile at the initial 

period showed unstable overpotential between 5 and 21 mV in stripping and plating. This 

indicates that the thickness of the Solid Electrolyte Interface (SEI) was different, which 
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may result from the existence of the Li3PO4 crystalline phase that blocks the path for Li+ 

ion movement. Inset 3 in Figure 3.27 shows that after 200 h, the cycling of 

Li6PS5Cl/SETHF + EtOH revealed a violent increment of the overpotential from 21 to 154 

mV (~630% of overpotential increment). Although the SE was not short-circuited, the 

overpotential dramatically increased because of the production of a layer of resistive 

passivation. The overpotential increment got worse when the current density increased to 

0.2 mA·cm−2, where the SE was already broken in this state. My previous report on 

Chapter 2 regarding the addition of oxide compound of Li3PO4 into Li7P2S8I (LPSI) using 

liquid-phase shaking method resulted in magnificent lithium metal stability compared to 

pristine LPSI.[45] This result was not consistent with Li6PS5Cl/SETHF + EtOH, which 

contains Li3PO4.[45] The LPSI doped with Li3PO4 involves an oxysulfide bond 

compound from POxSy, which causes the SE to have high lithium metal stability. In the 

instance of Li6PS5Cl/SETHF + EtOH, Li3PO4 was produced through a nucleophilic reaction 

that did not create chemical bonds with the argyrodite itself, as seen in the 31P MAS-NMR 

result. There is no oxysulfide bond formed, simply the bond between PS4
3− and PO4

3−.[45] 

Li | Li6PS5Cl/SEACN + PTH | Li symmetric cell showed identical overpotential profiles at 6 

mV at the initial stage. The alterations of the overpotential were insignificantly increased 

to 13 mV (~117% of overpotential increment) at the end of the 0.1 mA·cm−2 current 

density (after 200 h). When the measurement continues to a higher current density of 0.2 

mA·cm−2, the overpotential of the symmetric cell using Li6PS5Cl/SEACN + PTH increased 

up to 26 mV. As the measurement continues at 0.2 mA·cm−2 of the current density, the SE 

could maintain its overpotential without any alteration for the next 47 h. The overpotential 

was dropped to 15 mV, which indicates the lithium dendrites have already grown and 

penetrated the interface of Li6PS5Cl/SEACN + PTH. In sum, Li6PS5Cl/SEACN + PTH exhibits 

magnificent lithium metal stability compared to Li6PS5Cl/SETHF + EtOH because of no 

impurity of the Li3PO4 in Li6PS5Cl/SEACN + PTH. 

To understand the efficacy of the argyrodite prepared for this study and the effect 

of the Li3PO4 impurity on it, a Li–In | Li6PS5Cl/SEACN + PTH | TiS2-Li6PS5Cl m (m = THF 

+ EtOH, ACN + PTH) half-cell was assembled then measured, using Li6PS5Cl/SEACN + 

PTH as the electrolyte layer. The use of Li–In alloy as the negative electrode material 

benefits the interface stability and mechanical properties compared to intrinsic Li metal. 

This measurement focuses on Li6PS5Cl performance and the difference between the 
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presence and absence of the Li3PO4 impurity in Li6PS5Cl. Figure 3.29 shows the charge 

and discharge capacity curve cycled under a cycle rate of 0.1 C at room temperature. TiS2-

Li6PS5Cl/SETHF + EtOH composite exhibited the initial discharge capacity at 197.68 

mAh·g−1 and initial charge capacity of 182.8 mAh·g−1, while TiS2-Li6PS5Cl/SEACN + PTH 

composite exhibited the initial discharge and charge capacity at 222.4 and 221.7 mAh·g−1, 

respectively. The discharge and charge capacity from the TiS2-Li6PS5Cl/SEACN + PTH 

composite was superior to the TiS2-Li6PS5Cl/SETHF + EtOH composite, which can be 

explained by the existence of insulating Li3PO4 in the SEs. Figure 3.13 and 14 show the 

cycling performance and Coulombic efficiency from both samples up to 30 cycles. TiS2-

Li6PS5Cl/SETHF + EtOH composite showed the discharge capacity of only 87 mAh·g−1 with 

the Coulombic efficiency at 98.4% at the 30th cycle. This implies a discharge capacity 

retention rate of around 44% from the beginning to the 30th cycle. In contrast, the TiS2-

Li6PS5Cl/SEACN + PTH composite discharge capacity at the 30th cycle reached 148.7 

mAh·g−1 with the Coulombic efficiency of 95%. It had a higher capacity retention rate of 

approximately 67% compared to the TiS2-Li6PS5Cl/SETHF + EtOH composite. The presence 

of the Li3PO4 results in lower contact between the electrode and SE and hinders the path 

of the Li+ ions. As a result, the TiS2-Li6PS5Cl/SETHF + EtOH composite containing Li3PO4 

showed a lower initial discharge capacity and lower capacity retention rate than TiS2-

Li6PS5Cl/SEACN + PTH composite. In contrast, the Coulombic efficiency of TiS2-

Li6PS5Cl/SEACN + PTH composite (95%) is lower than that of TiS2-Li6PS5Cl/SETHF + EtOH 

composite (98.4%). This phenomenon may be described by the decomposition reaction 

at the interface between TiS2 and SEs. TiS2 has the electrochemical window range at 0.9-

2.8 V while Li6PS5Cl argyrodite stable electrochemical operating window at 1.70-2.01 

V.[46, 47] The great difference between electrochemical window between TiS2 and Li6PS5Cl 

may cause decomposition reaction in the interface between them. We believe that TiS2-

Li6PS5Cl/SEACN + PTH composite involves intimate contact at the interface due to the 

absence of Li3PO4, which causes a severe decomposition reaction.[48] SEM-EDX 

mapping from the positive active material composites with the corresponding Ti, Cl, S, 

and P elements from both TiS2-Li6PS5Cl/SETHF + EtOH composite (Figure 3.32a, b, c, d, and 

e) and TiS2-Li6PS5Cl/SEACN + PTH composite (Figure 3.33a, b, c, d, and E) were determined. 

The absence of the sulfur and titanium elements was observed in part of the TiS2-

Li6PS5Cl/SETHF + EtOH composite particles, whereas the phosphorus element was slightly 
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concentrated in that region shown in Figure 3.32b and d. This experimental result 

indicates that this region was the existence of the Li3PO4, which was consistent with the 

XRD and NMR results. The agglomeration of the Li3PO4 from the SEM-EDX mapping 

also corresponds to the unidentical overpotential profile from TiS2-Li6PS5Cl/SETHF + EtOH 

using the galvanostatic DC polarization measurement. The distribution of the chlorine 

element originating from the argyrodite phase was homogeneous. SEM-EDX mapping of 

TiS2-Li6PS5Cl/SEACN + PTH composite showed particle morphology with no concentrated 

phosphorus element and sulfur atom, indicating the absence of a Li3PO4 phase from the 

composite structure and the SE. Our discovery on the mechanism and exclusion of Li3PO4 

from Li6PS5Cl/SE argyrodite systems prepared using liquid-phase synthesis will 

significantly contribute to fundamental scientific research from the chemical aspect of the 

ASSLiBs development. Therefore, we believe this finding will pave the way for the future 

engineering of energy storage devices. 
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Figure 3.28. Electronic conductivity of Li6PS5Cl SEs. Current versus applied voltage of a 

Li6PS5Cl/SEBM, b Li6PS5Cl/SEACN+PTH, and c Li6PS5Cl/SETHF+EtOH after heat treated at 

550 °C for 10h  
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Figure 3.29. Charge and discharge capacity curve for Li-In | Li6PS5Cl ACN + PTH | 

TiS2-Li6PS5Cl m (m = THF + EtOH, ACN + PTH) at room temperature with 0.1C rate 
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Figure 3.30. Cycling performance of half cells of Li–In | Li6PS5ClACN + PTH | TiS2-

Li6PS5Cl THF + EtOH cycled at 30 °C under 0.1C cycle rate in the voltage range of 

3.0–2.4 V vs. Li–In. 
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Figure 3.31. Cycling performance of half cells of Li–In | Li6PS5Cl ACN + PTH | TiS2-

Li6PS5Cl ACN + PTH cycled at 30 °C under 0.1C cycle rate in the voltage range of 3.0–

2.4 V vs. Li–In. 
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Figure 3.32. SEM-EDX mappings from (a)TiS2-Li6PS5Cl THF + EtOH composite of 

(b)Ti, (c)Cl, (d)S, and (e)P elements for the selected regions 
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Figure 3.33. SEM-EDX mappings from (a)TiS2-Li6PS5Cl ACN + PTH composite of 

(b)Ti, (c)Cl, (d)S, and (e)P elements for the selected region 
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3.5 Conclusions 

In summary, I demonstrated promising solvents and methods for the scalable 

liquid phase synthesis of Li6PS5Cl argyrodite solid electrolyte with no impurity of Li3PO4 

impurity was formed on the structure, showing the enhanced ionic conductivity, Li metal 

anode stability, and battery cycle performance. The hydroxyl bond from the EtOH and 

anionic reaction from THF’s ring-opening effect from Li-X− nucleophilic attack were 

successfully excluded by using ACN and PTH as the solvents. The use of ACN and PTH 

allows to synthesize Li6PS5Cl argyrodite without any Li3PO4 impurity, which is observed 

from the XRD and the 31PMAS-NMR results. The ionic conductivity of Li6PS5Cl without 

Li3PO4 increased from that of the sample with Li3PO4 because of the absence of the huge 

resistance from Li3PO4. Moreover, Li6PS5Cl without Li3PO4 showed a better Li dendrite 

growth suppression compared with Li6PS5Cl containing Li3PO4 impurity. Our synthetic 

method of Li- argyrodite designed by understanding chemistry declared a best condition 

in the liquid phase synthesis. Therefore, it would be adaptable to the liquid-phase 

synthesis of sulfur-containing Li-argyrodite of various compositions due to higher 

nucleophilicity of LiCl than that of lithium bromide (LiBr) and lithium iodide (LiI). 

Regarding the battery performance, we found the increment of the charge and discharge 

capacity and more stable cycle performance owned to Li6PS5Cl without any Li3PO4 

impurity on it. The high Li-anode stability and the improved battery cycle performance 

from the Li6PS5Cl could happen due to no other than the exclusion of the impurity Li3PO4 

which resulting higher ionic conductivity. The design of the chemical factor’s solvent 

selection for the preferable liquid phase synthesis without any impurity could discover a 

feasible path for applicable high electrochemical performance battery with high stability 

against either Li-anode or cathode with the possibility of mass production. 
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Chapter 4 

Oxygen-doped Argyrodite Solid Electrolyte by Liquid 

Phase Synthesis 

 

4.1 Background 

After successfully synthesizing pure argyrodite through a liquid phase synthesis 

method in Chapter 3, the focus of the research will now shift towards controllable oxygen 

doping of Li6PS5Cl argyrodite SEs. The objective is to introduce controlled amounts of 

oxygen into the argyrodite structure to investigate its effects on the electrochemical 

performance and stability of the solid electrolyte. By exploring the possibilities of oxygen 

doping, we aim to further improve the properties of the argyrodite SEs and pave the way 

for their application in advanced energy storage devices. 

The background for exploring oxygen doping in solid electrolytes stems from the 

aim to enhance the electrochemical performance and stability of sulfide-based solid 

electrolytes. Oxygen doping involves intentionally introducing oxygen atoms into the 

crystal structure of sulfide-based solid electrolytes, such as argyrodite. This addition can 

improve the stability of the solid electrolyte interface (SEI), enhance chemical and 

electrochemical stability, and potentially enhance ion conductivity. By incorporating 

oxygen, researchers aim to overcome the challenges of sulfide-based solid electrolytes, 

such as poor stability and limited ion conductivity, and develop solid electrolytes with 

improved performance, stability, and compatibility with electrode materials. The ultimate 

goal is to advance the practical applications of all-solid-state Li-ion batteries in various 

industries. 

The argyrodite solid electrolyte Li6PS5Cl is one of the promising candidates due 

to its high Li-ion conductivity for the application of all-solid-state lithium-ion batteries 

(ASSLIBs). Unfortunately, Li6PS5Cl argyrodite exhibits low stability against lithium 

metal anodes and oxide cathodes. One way to improve stability is by oxygen doping into 
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Li6PS5Cl argyrodite. In this work, Li6PS5−2.5xO2.5xCl (x = 0, 0.05, and 0.10) solid 

electrolytes with oxygen doping were successfully synthesized using liquid-phase 

synthesis for the first time. Therefore, the solid electrolyte with x = 0.05 exhibits high 

ionic conductivity with enhanced electrochemical stability against lithium metal and 

oxide cathodes. Argyrodites with x = 0.05 and x = 0.10 show superior capacity retention 

and higher Coulomb efficiency compared to x = 0. Moreover, the solid electrolytes also 

demonstrate better stability during Li symmetrical cell measurements. This experiment 

provides a controllable amount of oxygen doping into the Li6PS5Cl argyrodite solid 

electrolyte system in order to achieve high performance of ASSLIBs through liquid-phase 

synthesis. 

 

4.2 Introduction 

The modernization of technology results in an increased demand for power 

sources and energy storage [1]. All-solid-state lithium-ion batteries (ASSLIBs) are 

considered one of the most promising energy storage options due to their low weight 

density, high energy density, and high operating potential, as well as their enhanced safety 

compared to conventional batteries with flammable liquid electrolytes [2–4]. Initially, 

significant research efforts were focused on developing oxide-based materials that can 

conduct lithium ions. However, oxide-based SEs such as Li7La3Zr2O12 (LLZO), 

Li3xLa2/3−xTiO3 (LLTO), Li1.3Al0.3Ti1.7(PO4)3 (LATP), and Li6.25Ga0.25La3Zr2O12 

(LGLZO) exhibit lithium-ion conductivity ranging from 10-3 to 1 mS cm-1, which is 

significantly lower than the lithium-ion conductivity of over 10 mS cm-1 observed in 

organic liquid electrolytes at room temperature, despite their excellent electrochemical 

stability [5–8]. Sulfide-based solid electrolytes have gained attention due to their superior 

ionic conductivity and formability at room temperature [9,10]. One prominent sulfide-

based solid electrolyte is Li9.54Si1.74P1.44S11.7Cl0.3, which demonstrates an ionic 

conductivity of 25 mS cm-1, surpassing that of conventional liquid electrolytes [11,12]. 

Furthermore, Li10GeP2S12 and argyrodite-type solid electrolytes (Li6PS5X, X = Cl, Br, 

and I) have an ionic conductivity in the range of 10-3 to 10-2 S cm-1, comparable to 

conventional liquid electrolytes [13–15]. However, the widespread application of 
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Li10GeP2S12 is still limited due to the high cost of germanium [16]. On the other hand, 

Li6PS5Cl argyrodite solid electrolytes, with similar conductivity to Li10GeP2S12 but 

significantly lower cost, show great potential for commercialization. Argyrodite-type 

sulfides have recently emerged as promising SEs with three favorable pathways for 

lithium-ion migration, allowing contact with inorganic electrodes while maintaining 

rigidity and moderate electrochemical windows [17–19]. 

The term "argyrodite" is derived from the mineral Ag8GeS6, which served as 

inspiration for the discovery of high ionic conductivity in Li6PS5X (X = Cl, Br, and I) by 

Deiseroth et al. This compound exhibited a disordered Li+ content similar to the mobility 

observed in the argyrodite mineral structure [20]. The reported conductivities for 

Li6PS5Cl, Li6PS5Br, and Li6PS5I were initially measured at 1.9 mS cm-1, 0.7 mS cm-1, and 

1.3 × 10-6 S cm-1, respectively [21–23]. Therefore, the low-cost production, high ionic 

conductivity, and favorable mechanical properties of the chloride-based argyrodite solid 

electrolyte make it suitable for use in ASSLiBs. However, it should be noted that 

argyrodite solid electrolytes face challenges related to poor electrochemical interface 

stability with lithium metal anodes and oxide cathodes, especially during high voltage 

charging [24,25]. Additionally, like other sulfide-based solid electrolytes, argyrodite SEs 

are metastable and tend to decompose upon exposure to air, limiting their further 

application. Therefore, the development of promising solid electrolytes requires not only 

high ionic conductivity but also considerations of structural and electrochemical 

stabilities. 

Extensive studies have been conducted to address instability issues through 

techniques such as external surface coating and structural modifications [26–28]. In the 

past decades, structural modifications of solid electrolytes, such as doping or composition 

substitution, have shown promising results due to their simplified methods and wide 

applicability. One of the most promising doping agents is the introduction of oxygen into 

sulfide-based solid electrolytes, as it has the ability to enhance the electrochemical 

stability of solid electrolyte interfaces (SEI) [29–32]. Our research group has successfully 

introduced oxygen doping into sulfide-based solid electrolytes, such as incorporating 

Li3PO4 into Li3PS4, Li3PO4 into Li7P2S8I, and Li4SiO4 into Li7P2S8I, resulting in improved 

stability against lithium metal anode [33–35]. Furthermore, the introduction of oxygen 
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doping into argyrodite has recently been reported to improve stability. Examples include 

the incorporation of ZnO into Li6PS5Br, partial substitution of Li2O into Li6PS5Cl or 

Li6PS5Br, P2O5 into Li5.5PS4.5Cl1.5, Li3PO4 into Li6PS5Cl, SnO2 into Li6PS5I, and Li3PO4 

into mixed halide Li6PS5-xOxCl0.5Br0.5. All of these oxygen-doped or substitution 

argyrodite systems demonstrate significant improvement in stability against lithium metal 

anode and oxide cathode [36–42]. Despite their good performance, all of the reported 

oxygen-doped argyrodites still utilize the mechanical ball milling process as the synthesis 

method. However, scaling up this process for mass production presents challenges due to 

its high energy consumption and the difficulty in controlling the atmosphere due to the 

air sensitivity of sulfides [43]. Conversely, liquid-phase synthesis is more suitable for 

large-scale manufacturing due to its high scalability and low-cost production [44,45]. 

Organic solvents play a crucial role in dissolving and facilitating reactions 

involving lithium thiophosphate. The choice of appropriate organic solvents is important, 

with high polarity and high dielectric constant being favorable for the dissolution of 

argyrodite SEs precursors [46]. Ethanol (EtOH) is widely recognized as an effective 

solvent for dissolving argyrodite due to its high dielectric constant and low boiling point. 

However, the use of EtOH can result in the formation of unwanted Li3PO4, which has low 

ionic conductivity and can hinder the overall ionic conductivity of the argyrodite system 

[47]. Alternatively, high molecular weight solvents like Ethylenediamine (EDA), 

Ethanedithiol (EDT), and their combination have shown promise as dissolution mediums 

for argyrodite systems [48,49]. These solvents offer increased dissolubility of the solute, 

but it is important to consider their higher boiling points, which can make solvent removal 

more challenging and energy-intensive [50,51]. 

In our research, we have successfully used Acetonitrile (ACN) and 1-propanethiol 

(PTH) as solvents for synthesizing Li6PS5Cl argyrodite SEs through liquid-phase 

synthesis. This method has effectively prevented the formation of Li3PO4 and resulted in 

the highest reported ionic conductivity for SEs with the same composition [52]. 

Controlling the amount of oxygen incorporated into the argyrodite structure is crucial for 

oxygen-doping through liquid-phase synthesis. Therefore, selecting a solvent that 

minimizes the formation of oxide impurities is of utmost importance, as it enables precise 

control of the oxygen doping level in argyrodite. 
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In this study, we propose the oxygen doping of P2O5 into the Li6PS5Cl argyrodite 

SEs system using liquid-phase synthesis with a solvent combination of ACN and PTH. 

While previous studies have reported the addition of P2O5 into argyrodite SEs through 

mechanical ball milling, the utilization of an organic solvent medium for synthesis has 

not been explored. Therefore, we have successfully synthesized Li6PS5–2.5xO2.5xCl 

argyrodite SEs using the liquid-phase synthesis method for the first time. X-ray 

diffraction (XRD) measurements confirmed the incorporation of the oxide compound 

P2O5 (x=5) into the argyrodite structure without any residual Li3PO4 impurities. 

Additionally, the composition with x=5 demonstrated the highest stability in terms of 

cycle performance against both the Li metal anode and oxide cathode materials. 

 

4.3 Experimental Method 

4.3.1 Sample Preparation 

The stoichiometry used in this study is expressed as equation 4.3.1.1: 

         5𝐿𝑖2𝑆 + 1 − 𝑥𝑃2𝑆5 + 𝑥𝑃2𝑂5 + 2𝐿𝑖𝐶𝑙 → 2𝐿𝑖5𝑃𝑆5−2.5𝑥𝑂2.5𝑥𝐶𝑙          (4.3.1.1) 

Samples of Li6PS5–2.5xO2.5xCl (x = 0, 0.05, 0.10) were prepared by liquid phase 

synthesis based on the process reported by our group previously.[52] Reagents of 

synthesis-grade Li2S (99.9%, Mitsuwa), P2S5 (99%, Merck), P2O5 (98.5%, Tokyo 

Chemical Industry), and LiCl (99.0%, Sigma-Aldrich) were used as raw materials in the 

synthesis. P2O5 reagent was dried under low pressure using diaphragm pump (Buchi, V-

100) at 200 °C for 24 h prior to use. To initiate the synthesis, we mixed a 3:1-x:x (x = 0, 

0.05, 0.10) molar ratio of Li2S, P2S5, and P2O5 in 10 mL of ACN (super-dehydrated, 

99.8%, Fujifilm) and then stirred the mixture for 12 h at 75 °C to form a suspension. 

Subsequently, Li2S and LiCl were mixed in a molar ratio of 2:2 and stirred in 10 mL of 

PTH (98%, Tokyo Chemical Industry) at 50 °C for 12 h. 3A molecular sieves were added 

into PTH prior to use with the purpose of dehydrating the remaining water content. 100 

grams of 3A molecular sieves, which accounts for 12.20% of the mass of PTH, was added 

to 500 ml of the PTH solvent. The 3A molecular sieves were dried at 220 °C for 18 hours 

to eliminate any remaining humidity or water vapor within the molecular sieves prior to 
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being added to the PTH solvent. The resulting suspension and solution were combined 

and stirred for 12 hours at 50 °C. Subsequently, the stirred mixture was evaporated at 

80 °C for 12 hours under low pressure using a diaphragm pump (Buchi, V-100). The 

obtained precursor was then ground and pelletized at a uniaxial pressure of 127 MPa 

before undergoing the heat treatment process. Li6PS5–2.5xO2.5xCl pellets was heat-treated 

at 550 °C for 10 h under an Ar flow using a glass tube furnace. All processes were 

conducted inside glovebox under a dry Ar atmosphere. 

 

4.3.2 Material Characterization 

The crystal structures of the retrieved samples were analyzed using XRD (XRD; 

SmartLab, Rigaku) with an airtight holder to protect the samples from exposure to air 

humidity. Raman spectra (Laser Raman Spectrometer, Jasco, NRS-4500) was performed 

to investigate the local structure inside a sealed container, which was carried out inside 

an Ar-filled glovebox. Solid-state 31P magic-angle-spinning NMR (31P MAS-NMR, 

Avance III 400, Bruker) analysis was conducted using the typical single-pulse sequence 

with a spinning rate of 6 kHz. Scanning electron microscope-energy dispersive x-ray 

spectroscopy (SEM-EDX) images mapping was achieved using Hitachi-S4800 and 

ULTIM MAX, Oxford Instrument as for the EDX instrument. 

 

4.3.3 Electrochemical Performance Measurement 

The temperature dependence of the ionic conductivity of the retrieved sample was 

investigated using alternating current (AC) impedance spectroscopy (SI 1260, Solartron) 

in the frequency range of 10 MHz to 1 Hz under a dry Ar flow. The samples for impedance 

measurements were prepared by uniaxial pressing approximately 80 mg of the sample 

powder into pellets with a diameter of approximately 10 mm. The pressing was performed 

under a pressure of 255 MPa (uniaxial press) for 10 minutes at room temperature. The 

thickness of the argyrodite SE pellets was approximately 0.60 mm. The prepared pellets 

were placed in a holder made from polyether ether ketone (PEEK), with two blocking 

electrodes made from stainless steel (SUS). The temperature was increased gradually in 
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a controlled manner, starting from room temperature and reaching up to 130 °C, with 

various temperature increments. At each temperature, the samples were held for 1 hour 

(except for 40 and 50 °C, where they were held for 2 hours) before conducting the 

impedance measurement. Cyclic voltammogram (CV) measurements were performed 

using a potentiostat (SI 1287, Solartron). The sample pellets, weighing approximately 80 

mg each, were prepared by applying a pressure of 255 MPa at room temperature to 

uniaxially pressed pellets with a diameter of approximately 1 cm. The cell assembly 

consisted of sandwiching a lithium sheet (Li) with a diameter of 9 mm and a thickness of 

0.1 mm between SUS electrodes and the pelletized solid electrolyte (SE). The resulting 

cell, denoted as Li | SE | SUS, was subjected to measurements with a scan speed of 5 mV 

s−1, covering a voltage range from -0.3 to 10 V vs. Li/Li+. The electrical conductivity was 

determined by performing Direct Current (DC) polarization measurements (SI 1287, 

Solartron) on the pellets. Applied voltages of 0.1, 0.15, 0.2, 0.25, and 0.3 V were used, 

and each voltage was applied for a duration of 30 minutes at room temperature. The 

measurement of lithium metal stability was conducted using DC polarization tests. 

Lithium sheets were used as non-blocking electrodes on both sides of the pelletized solid 

electrolyte, which were then sandwiched between stainless steel (SUS) plates. The 

prepared symmetric cells were cycled at ±0.1 V using a charge-discharge device (BTS 

2004H, Nagano) under a dry Ar atmosphere at room temperature. The battery 

performance analysis for charge and discharge curves was carried out using a Li-In alloy 

as the negative electrode, Li6PS5–2.5xO2.5xCl (where x = 0, 0.05, and 0.10) as the electrolyte 

layer, and a composite consisting of LiNi0.33Mn0.33Co0.33O2 (NMC111), Li6PS5–2.5xO2.5xCl 

(where x = 0, 0.05, and 0.10), and Acetylene black (AB) in a weight ratio of 70:30:3 as 

the positive electrode. The positive electrodes were fabricated by thoroughly 

homogenizing NMC111–Li6PS5–2.5xO2.5xCl–AB using an agate mortar for approximately 

15 minutes. Prior to utilization, the NMC111 was coated with 1 wt% of NB and 

subsequently subjected to a heat treatment at 300 °C for 30 min. 10 mg of the cathode 

composite was deposited onto one side of the pelletized Li6PS5–2.5xO2.5xCl (low pressure) 

inside a PEEK container with an inner diameter of 10 mm, then pressed it together at 255 

MPa uniaxial pressure at room temperature for 10 min. Once the Li−In foil was affixed 

to the opposite side of the pellet sandwich, the assembly underwent another pressing step 

at a uniaxial pressure of 127 MPa at room temperature for 5 min. The cells underwent 
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cycling using a charge-discharge device (BST-2004H, Nagano) with a voltage cutoff 

ranging from 2.0 to 3.8 V vs Li–In at a rate of 0.1C. All preparations were conducted 

within a dry Ar-filled glovebox. 

 

4.4 Result and Discussion 

4.4.1 Structure Analysis of Li6PS5–2.5xO2.5xCl 

Figure 4.1 illustrates the XRD patterns obtained from the liquid phase synthesis 

of Li6PS5–2.5xO2.5xCl (x=0, 0.05, and 0.10) using ACN+PTH as the solvents. A standard 

sample of pure argyrodite (Li6PS5Cl) or undoped argyrodite solid electrolytes (x=0) was 

successfully synthesized, and its structure was confirmed to match the argyrodite 

structure found in ICSD#259200. Only a negligible amount of Li2S was detected. The 

absence of Li3PO4 side reaction formation at x=0 indicates the successful utilization of 

ACN+PTH in synthesizing pure argyrodite.[52] In the case of P2O5-doped argyrodite, 

Li6PS4.875O0.125Cl (x=0.05) exhibits a structure similar to x=0, primarily characterized by 

the argyrodite structure with a small trace of Li2S. However, a small peak corresponding 

to LiCl was observed in the P2O5-doped argyrodite at x=0.05. Figure 4.1 also 

demonstrates that a higher level of P2O5 doping in the argyrodite at x=0.10 maintains a 

similar structure to that observed at x=0.05. However, x=0.10 exhibits a peak 

corresponding to Li3PO4, indicating the occurrence of an oxidation side reaction. The 

smaller size of the oxygen atom and its higher electronegativity compared to sulfur 

contribute to oxygen's tendency to form chemical bonds.[53] Excess amounts of P2O5 can 

induce the oxidation of Li3PO4, which is chemically more stable than Li3PS4. The absence 

of Li3PO4 at x=0.05 indicates the successful partial substitution of sulfur atoms with 

oxygen atoms within the lithium thiophosphate system of argyrodite solid electrolytes. 

Further structural investigations of oxygen substitution into sulfide were 

conducted using Raman spectroscopy, as depicted in Figure 4.2. The spectra of all 

samples (x=0, 0.05, and 0.10) exhibit a weak peak at 570 cm-1, which can be attributed to 

the PS4
3- unit.[54] Pure argyrodite or x=0 indicates the main structural unit of PS4

3- with 

a broad peak observed at 420 cm-1. The PS4
3- peak for x=0.05 then shifts to a lower 

wavenumber at 417 cm-1. Furthermore, for x=0.10, it shifts even lower than x=0.05, 
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reaching 416 cm-1. The higher electronegativity of oxygen relative to lithium and sulfur 

leads to lattice distortion/disorder, resulting in varied P-S bond strengths.[42,53] This 

indicates that the addition of oxygen doping into lithium thiophosphate from argyrodite 

modifies the P–S bond and overlaps the PS4
3- unit with the POS3

3- unit, which aligns 

precisely with a study by Sun et al.[36] 

31P MAS-NMR analysis was conducted to further examine the local structure of 

Li6PS5–2.5xO2.5xCl (x=0, 0.05, and 0.10), as shown in Figure 4.3. For x=0, the spectrum 

exhibits a peak at 88 ppm corresponding to the PS4
3- anion, along with the accompanying 

spinning side-bands. Upon the addition of 5 mol% of P2O5 at x=0.05, the PS4
3- anion 

experiences a chemical shift to a lower value at 87.5 ppm, indicating an interaction 

between the oxygen and the PS4
3- anion. A stronger interaction between oxygen and the 

PS4
3- anion was observed in x=0.10. The PS4

3- anion in x=0.10 shifted to 87.1 ppm, which 

can be attributed to the higher concentration of oxygen derived from P2O5. However, the 

increased amount of oxygen in x=0.10 led to the appearance of the PO4
3- anion at 12 ppm. 

This observation is consistent with the XRD result shown in Figure 4.1, indicating the 

occurrence of oxidation side reactions of Li3PO4. The shift in the 31P MAS-NMR 

chemical shift confirms the substitution of sulfur with oxygen and the alteration of the P–

S bond from the PS4
3- anion to form the POS3

3- anion, which is considered to overlap with 

PS4
3-. This phenomenon is consistent with our previous study. 
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Figure 4.1. XRD patterns of Li6PS5–2.5xO2.5xCl SEs prepared by liquid phase synthesis 

using ACN+PTH as the solvents heat treated at 550 °C for 10 h. 
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Figure 4.2. Raman Spectroscopy of Li6PS5–2.5xO2.5xCl SEs prepared by liquid phase 

synthesis using ACN+PTH as the solvents heat treated at 550 °C for 10 h. 
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Figure 4.3. 31P MAS-NMR patterns of Li6PS5–2.5xO2.5xCl SEs prepared by liquid phase 

synthesis using ACN+PTH as the solvents heat treated at 550 °C for 10 h. 
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4.4.2 Electrochemical Performance of Li6PS5–2.5xO2.5xCl 

Ionic conductivity measurements were performed to investigate the difference in 

the effect of P2O5 dopant on Li6PS5–2.5xO2.5xCl using temperature-dependent AC 

impedance. As shown in Figure 4.4, an increase in P2O5 content resulted in a decrease in 

the ionic conductivity of Li6PS5–2.5xO2.5xCl. For the undoped sample (x=0), the ionic 

conductivity at room temperature was measured at 2.75 mS cm-1. In comparison, for 

x=0.05 and x=0.10, the corresponding ionic conductivities at room temperature were 

found to be 2.63 and 2.57 mS cm-1, respectively. The activation energies for each sample 

were calculated from the corresponding Arrhenius plot of the temperature dependence of 

ionic conductivity, as shown in Figure 4.5. For x=0, x=0.05, and x=0.10, the activation 

energies were determined to be 24.8, 26.5, and 26.3 kJ mol-1, respectively. Pure argyrodite 

exhibits the lowest activation energy, resulting in its highest ionic conductivity. Upon the 

addition of P2O5, the activation energy increases due to the contribution of defect 

interaction from oxygen.[55] However, it is interesting to note that the activation energy 

for x=0.10 (26.3 kJ mol-1) was slightly lower than that for x=0.05 (26.5 kJ mol-1), 

indicating a non-linear relationship with the decrease in ionic conductivity. This could be 

attributed to the partial formation of Li3PO4 from the oxygen present in x=0.10, which 

reduces the defects introduced by single oxygen substitution in the argyrodite single 

crystal phase. Although there is a difference in activation energy between x=0.05 and 

x=0.10, the difference is so small that it can be neglected. Furthermore, the addition of 

P2O5 into the argyrodite structure leads to a reduction in ionic conductivity. 

Cyclic voltammogram (CV) was performed to assess the surface stability of the 

Li6PS5–2.5xO2.5xCl solid electrolytes (SEs) using a Li | Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) 

| SUS cell configuration. In this setup, Li served as the reference electrode, and SUS was 

used as the counter electrode with the range of scan between 10 V to -0.3V, starting from 

initial potential of 2V. Figure 4.6 displays the cyclic voltammetry (CV) results for the x=0 

sample, revealing the reduction (Lithium plating) and oxidation (Lithium dissolution) 

reactions occurring within the potential range of -0.3 V to 0.3 V.[56] In the first cycle, a 

small oxidation peak is observed at 1.7 V, which gradually increases in subsequent cycles, 

covering the potential range of 1.4 V to 3.2 V. This observation indicates the oxidation of 

free S2- ions, leading to the degradation of the interface in the x=0 SEs over 
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cycling.[40,56,57] Furthermore, the CV results for x=0.05 and x=0.10 are shown in 

Figure 4.7 and 4.8, respectively, demonstrating similar oxidation and reduction peaks 

corresponding to lithium dissolution and plating as observed in x=0. However, no 

additional peaks are observed, indicating that both x=0.05 and x=0.10 provide a wide 

electrochemical window and exhibit stability at 0 V versus Li/Li+. This result further 

confirms that oxygen doping improves the electrochemical stability of Li6PS5–2.5xO2.5xCl 

SEs, which is consistent with previous findings reported for other sulfides.[36–

38,40,56,58] 

DC polarization was performed to further investigate the electrochemical stability 

of Li | Li6PS5–2.5xO2.5x | Li symmetric cells against lithium metal. The symmetric cells 

were cycled under constant current density at 0.1 mA cm-2 under room temperature, with 

each charge and discharge cycle lasting 1 h. Figure 4.9 shows the lithium metal stability 

measurement from a lithium symmetrical cell of Li6PS5–2.5xO2.5x (x=0, 0.05, 0.10). At X=0, 

there is a stable potential of 14 mV until the potential profile suddenly drops to 9 mV after 

33 cycles or 66 hours of measurement time, which appears to indicate a short circuit. On 

the other hand, x=0.05 can run for significantly longer, up to 395 hours or approximately 

197 cycles. The initial voltage for x=0.05 is 15 mV, gradually increasing until it reaches 

30 mV at the 197th cycle, and then a short circuit occurs. The increment of potential could 

be degradation of the SEI from x=0.05 which increases the resistance from it. Although 

the potential increment reaches 200% after 197 cycles, the addition of oxygen into 

argyrodite has proven to improve the stability of lithium metal at x=0.05 for 

approximately 5.5 times longer than pure argyrodite (x=0). Furthermore, at x=0.10, there 

is a stable potential profile at 15 mV from the initial stage for 104 hours or 52 cycles until 

a short circuit occurs, indicated by a sudden drop in potential to 7 mV. Compared to x=0, 

x=0.10 has a higher stability because it can keep a longer stability measurement time. 

However, x=0.10 is not as stable as x=0.05. This is due to the excess amount of P2O5, 

resulting in the formation of Li3PO4 as an oxidation side product. Li3PO4 separates from 

the argyrodite system and acts as an impurity, compromising the stability of the argyrodite 

system. Li3PO4 itself has an ionic conductivity reported at 10-7 – 10-6 S cm-1, which is 

significantly lower than argyrodite SEs.[59] The low ionic conductivity of Li3PO4 could 

hinder or block the transport of lithium ions.[52] Moreover, the introduction of P2O5 has 

successfully increased the stability of Li metal in Li6PS5–2.5xO2.5xCl by enhancing the 
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redox stability of sulfide electrolytes, mitigating the side reactions at the interface, and 

suppressing Li dendrite growth.[38,60,61] 

To verify the effect of oxygen doping in improving the air stability of Li6PS5–

2.5xO2.5xCl SEs, an analysis of structural changes was performed on the SEs after exposure 

to an air atmosphere with a humidity level of approximately 35% for 10 and 30 minutes. 

The structural change analysis was performed using XRD measurement to analyze the 

crystal structure of the SEs. The XRD results of x=0, x=0.05, and x=0.10 after exposure 

to an air atmosphere for 10 min and 30 min are shown in Figure 4.10 and 4.11, 

respectively. After exposure for 10 min, x=0 exhibits two additional crystal phases of 

Li3PS4 and LiOH. On the other hand, the crystal structures of x=0.05 and x=0.10 remain 

the same as before the exposure, as shown in Figure 4.1. The XRD patterns indicate that 

the undoped argyrodite (x=0) undergoes degradation and becomes unstable after 10 

minutes of exposure to air. On the other hand, the doped argyrodite compositions (x=0.05, 

0.10) remain stable and unaffected by air exposure. Upon extending the exposure time to 

30 minutes, all samples, including x=0, x=0.05, and x=0.10, eventually exhibit the 

degradation phase, characterized by the presence of Li3PS4 and LiOH from the XRD 

result. The hydrolysis mechanism of argyrodite mainly consists of two steps. In the first 

step, Li6PS5Cl degrades into Li3PS4, Li2S, and LiCl. In the second step, these components 

react with H2O, resulting in the formation of Li3PO4, H2S, LiCl, and LiOH as the final 

products.[62,63] The XRD pattern result shows the addition of oxygen was successfully 

increase the stability against air from argyrodite for up to 10 min. The mechanism by 

which H2O is converted into H2S through the penetration of oxygen into the surface of 

sulfur from the argyrodite can be inhibited by the pre-doped oxygen in Li6PS5–2.5xO2.5xCl. 

Hwang et al. reported that the substitution of an oxygen atom at the 4d sites will retain 

crystal cubic symmetry due to the strong electronegativity from the oxygen atom.[64] 

Furthermore, POS3
3- was reported to be the most stable structure on the surface.[64] 

Additionally, Raman spectroscopy and 31P MAS-NMR results confirmed the presence of 

the POS3
3- structure for x=0.05 and x=0.10, as explained in the corresponding study. The 

study further indicated that x=0.05 and x=0.10 compositions are more stable compared to 

x=0. This conclusion was supported by CV measurements, lithium metal stability tests, 

and air exposure stability tests. 
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Figure 4.4. Temperature dependence of ionic conductivity from Li6PS5–2.5xO2.5xCl SEs 

prepared by liquid phase synthesis using ACN+PTH as the solvent then heat treated 

at 550 °C for 10 h. 
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Figure 4.5. Graph of ionic conductivity and activation energy at room temperature of 

Li6PS5–2.5xO2.5xCl SEs prepared by liquid phase synthesis using ACN+PTH as the 

solvent then heat treated at 550 °C for 10 h correspond to Figure 4.4. 
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Figure 4.6. Cyclic voltammogram of Li | Li6PS5–2.5xO2.5xCl x=0 | SUS at room 

temperature with a scan rate of 5 mV s-1. 
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Figure 4.7. Cyclic voltammogram of Li | Li6PS5–2.5xO2.5xCl x=0.05 | SUS at room 

temperature with a scan rate of 5 mV s-1. 
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Figure 4.8. Cyclic voltammogram of Li | Li6PS5–2.5xO2.5xCl x=0.10 | SUS at room 

temperature with a scan rate of 5 mV s-1. 



150 

 

 

F
ig

u
re

 4
.9

. 
G

al
v
an

o
st

at
ic

 D
C

 p
o
la

ri
za

ti
o
n
 o

f 
a 

sy
m

m
et

ri
ca

l 
ce

ll
 f

ro
m

 L
i 

| L
i 6

P
S

5
–
2

.5
x
O

2
.5

x
C

l 
(x

=
0
, 
0
.0

5
, 
0
.1

0
) 

| L
i 

at
 r

o
o
m

 t
em

p
er

at
u
re

, 

w
it

h
 1

 h
 f

o
r 

ea
ch

 c
h
ar

g
e 

an
d
 d

is
ch

ar
g

e.
 



151 

 

  

Figure 4.10. XRD patterns of Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) after being exposed 

to air atmosphere for 10 min with the humidity level approximately at 35%. 
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Figure 4.11. XRD patterns of Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) after being exposed 

to air atmosphere for 30 min with the humidity level approximately at 35%. 
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4.4.3 Battery Cycle Performance of Li6PS5–2.5xO2.5xCl 

In order to comprehensively assess the compatibility of the SEs, Li6PS5–2.5xO2.5xCl 

(x=0, 0.05, 0.10), with an oxide cathode, all-solid-state batteries were constructed. These 

batteries were assembled using NCM111 as the cathode material and Li-In as the anode 

material. Figure 4.12 illustrates the performance of x=0, where an initial charge and 

discharge are observed at 220 and 145 mAh g-1, respectively, with a coulombic efficiency 

of 66%. The charge and discharge capacity then gradually decrease until 100th cycle with 

the charge capacity at 55 mAh g-1 and discharge capacity at 53 mAh g-1 with coulombic 

efficiency at 97%. In comparison to the undoped argyrodite (x=0), x=0.05 exhibits a 

slightly lower initial charge capacity of 208 mAh g-1 but a higher discharge capacity of 

151 mAh g-1 that was shown in Figure 4.13. It also demonstrates a higher coulombic 

efficiency of 73%. Notably, the charge and discharge capacities of x=0.05 remain 

remarkably stable at the 100th cycle, with values of 132 and 129 mAh g-1, respectively, 

and a coulombic efficiency of 98%. Lastly, the battery cycle performance of x=0.10 is 

depicted in Figure 4.14, showing an initial charge capacity of 208 mAh g-1 and discharge 

capacity of 148 mAh g-1, with a coulombic efficiency of 71%. At the 100th cycle, x=0.10 

exhibits a lower capacity stability compared to x=0.05 but still higher than x=0. The 

charge and discharge capacities are 69 mAh g-1 and 67 mAh g-1, respectively, with a 

coulombic efficiency of 97%. The discrepancy in the initial charge capacity between x=0 

and x=0.05 and x=0.10 can be attributed to the superior ionic conductivity of x=0. The 

higher ionic conductivity of x=0 enables more efficient transport of lithium ions within 

the material, leading to a higher initial charge capacity. However, the surface of x=0 

exhibited instability and degradation directly during cycling, leading to a lower initial 

discharge capacity compared to x=0.05 and x=0.10. This observation aligns with the CV 

result shown in Figure 4.6. The presence of oxygen in the SEs of Li6PS5–2.5xO2.5xCl 

contributes to the higher stability and compatibility of x=0.05 and x=0.10 with the oxide 

cathode material. As a result, x=0.05 and x=0.10 demonstrate higher initial discharge 

capacity and capacity stability compared to x=0. The comparison of discharge cycle 

performance and coulombic efficiency was shown in Figure 4.15. The average coulombic 

efficiencies for x=0, x=0.05, and x=0.10 are 96.3%, 97.4%, and 96.6%, respectively. In 

terms of average capacity retention, x=0 exhibits 99%, x=0.05 shows 99.8%, and x=0.10 
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demonstrates 99.2%. Due to the poor surface stability of x=0, it exhibits the lowest 

average coulombic efficiency and lowest capacity retention compared to the other 

compositions. On the other hand, x=0.05 demonstrates the highest average coulombic 

efficiency and highest capacity retention compared to x=0 and x=0.10. This improvement 

can be attributed to the oxygen substitution in the sulfur atom, which enhances the surface 

stability of the material against the oxide cathode.[39,64] In comparison, x=0.10 exhibits 

an average coulombic efficiency and capacity retention that fall between x=0.05 and x=0. 

On one hand, the oxygen substitution in x=0.10 increases the surface stability of Li6PS5–

2.5xO2.5xCl SEs against the oxide cathode, similar to x=0.05. However, the excess oxygen 

in x=0.10 still allows for the formation of Li3PO4 oxide side reactions, which can act as a 

barrier for Li-ion transport. Therefore, x=0.10 shows a lower average coulombic 

efficiency and capacity retention compared to x=0.05 but higher than x=0. 

SEM-EDX measurements were conducted to analyze the elemental composition 

of NMC111 + Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) + AB composites. Figure 4.16 displays 

the SEM-EDX images of x=0, revealing a homogeneous distribution of P, S, and Cl 

elements, which can be attributed to Li6PS5Cl. However, O was only observed in 

conjunction with Ni, Mn, and Co, which are elements present in NMC111. This indicates 

that no oxygen was detected in the argyrodite phase. Figure 4.17 displays the SEM-EDX 

images of x=0.05. In this observed sample, a similar homogeneous distribution of P, S, 

and Cl elements is observed, characteristic of argyrodite SEs. However, in addition to the 

presence of oxygen in conjunction with Ni, Mn, and Cl elements belonging to NMC111, a 

small amount of oxygen is also observed on the surface of the argyrodite phase, indicating 

the presence of oxygen-doped argyrodite. Figure 4.18 displays the SEM-EDX images of 

x=0.10. In this sample, a similar homogeneous distribution of P, S, and Cl elements 

characteristic of argyrodite is observed. A high concentration of oxygen is also found in 

conjunction with Ni, Mn, and Co elements from NMC111. Although a small amount of 

oxygen is observed on the surface of the argyrodite phase, it is challenging to observe 

oxygen more extensively on the argyrodite surface. This could be attributed to the 

possibility that oxygen from x=0.10 has partially separated from the argyrodite, resulting 

in the formation of Li3PO4 impurity. Table 4.1 presents the calculation of the molecular 

weights for each element in the Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) composites. 

Theoretical molecular weight ratios of Ni, Mn, and Co (NMC) with oxygen from NMC111 
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are expected to be 1:2. In the case of x=0, the NMC:O ratio is found to be 1:1.77, which 

is similar to the theoretical ratio of NMC:O from NMC111. This further confirms that x=0 

does not contain oxygen. Furthermore, the NMC:O ratio from x=0.05 is calculated to be 

1:3.05, indicating the presence of oxygen in the Li6PS5–2.5xO2.5xCl SEs with x=0.05. This 

ratio suggests that oxygen is indeed incorporated into the SEs through P2O5 doping, 

confirming the presence of oxygen in x=0.05 SEs. On the other hand, for x=0.10, the 

NMC:O ratio is calculated to be 1:3.27. Although the oxygen content is slightly higher 

than in x=0.05, it is still lower than expected. This discrepancy could be attributed to the 

fact that oxygen from x=0.10 partially separates and forms Li3PO4 oxidation, resulting in 

a lower observed oxygen content in the SEs. 

Figure 4.19 presents a comparison of the rate performance, ranging from 0.1C to 

2C, of Li–In | Li6PS5–2.5xO2.5xCl (x=0, 0.05, x=0.10) | NMC111 at room temperature. For 

x=0, the discharge capacity at 0.1C, 0.2C, 0.4C, 0.5C, 1C, and 2C are measured at 145, 

109, 73, 61, 21, and 2.6 mAh g-1, respectively. After that, the capacity reverses back at 

0.5C to 58 mAh g-1 with a capacity retention of 99.5% at the 35th cycle. The low discharge 

capacity observed for x=0 at the 2C rate performance can be attributed to the degradation 

of the SEI on the surface of x=0 from the first cycle onwards. This degradation negatively 

affects the ion transport and electrochemical performance of the system, resulting in a 

significantly reduced capacity at higher discharge rates. Moving on to the doped 

argyrodite at x=0.05, the discharge capacities at different rates were measured as follows: 

151 mAh g-1 at 0.1C, 140 mAh g-1 at 0.2C, 130 mAh g-1 at 0.4C, 126 mAh g-1 at 0.5C, 

108 mAh g-1 at 1C, and 80 mAh g-1 at 2C. Remarkably, the discharge capacity remained 

high and reversible when cycled back to 0.5C, reaching 125 mAh g-1 with a capacity 

retention of 99.9% at the 35th cycle. This demonstrates the excellent rate performance 

and cycling stability of the doped argyrodite at x=0.05. In comparison, for the doped 

argyrodite at x=0.10, the discharge capacities at various rates were observed as follows: 

148 mAh g-1 at 0.1C, 124 mAh g-1 at 0.2C, 110 mAh g-1 at 0.4C, 103 mAh g-1 at 0.5C, 76 

mAh g-1 at 1C, and 38 mAh g-1 at 2C. After cycling back to 0.5C, the discharge capacity 

recovered to 102.8 mAh g-1, demonstrating a capacity retention of 99.8% at the 35th cycle. 

The presence of Li3PO4 oxide in x=0.10 results in a lower discharge capacity compared 

to x=0.05. However, despite this decrease, the performance of x=0.10 is still better than 

that of the undoped argyrodite (x=0). Overall, the oxygen-doped argyrodite exhibits 
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excellent cycle and rate performance with high reversibility. This can be attributed to the 

electrochemically stable surface provided by the oxysulfide compound present in the 

Li6PS5–2.5xO2.5xCl SEs. The incorporation of oxygen into sulfides helps to suppress the 

chemical diffusion of the cathode/electrolyte, thereby reducing side reactions between the 

oxide cathode and SEI. This improved stability at the interface contributes to the 

enhanced performance and durability of the oxygen-doped argyrodite SEs in all-solid-

state batteries. We believe that this study will significantly expand the application of 

oxysulfide SEs, allowing them to be used more freely with both lithium metal and oxide 

electrodes. These findings have the potential to pave the way for their practical 

implementation on an industrial scale. 
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Figure 4.12. Charge and discharge capacity curves for Li–In | Li6PS5–2.5xO2.5xCl (x=0) 

| NMC111 with at room temperature with 0.1C rate. 
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Figure 4.13. Charge and discharge capacity curves for Li–In | Li6PS5–2.5xO2.5xCl 

(x=0.05) | NMC111 with at room temperature with 0.1C rate. 
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Figure 4.14. Charge and discharge capacity curves for Li–In | Li6PS5–2.5xO2.5xCl 

(x=0.10) | NMC111 with at room temperature with 0.1C rate. 
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Figure 4.16. SEM−EDX mappings from the Li6PS5Cl (x=0) + NMC111 + AB 

composite of Ni, Mn, Co, O, P, S, and Cl elements for the selected regions. 
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Figure 4.17. SEM−EDX mappings from the Li6PS5Cl (x=0.05) + NMC111 + AB 

composite of Ni, Mn, Co, O, P, S, and Cl elements for the selected regions. 
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Figure 4.18. SEM−EDX mappings from the Li6PS5Cl (x=0.10) + NMC111 + AB 

composite of Ni, Mn, Co, O, P, S, and Cl elements for the selected regions. 
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Element 
Atomic Weight (%) 

x=0 x=0.05 x=0.10 

S 32.1 23.94 6.31 

O 27.39 48.69 56.09 

Cl 13.48 3.47 1.46 

P 10.19 6.34 1.69 

Co 5.45 5.29 5.865 

Mn 5.1 5.01 5.34 

Ni 4.89 5.68 5.92 

Total NMC 15.44 15.98 17.125 

NMC:O Ratio 1 : 1.77 1 : 3.05 1 : 3.27 

Table 4.1. Atomic weight ratio corresponding of Li6PS5–2.5xO2.5xCl (x=0, 0.05, 0.10) + 

NMC111 + AB composites corresponding to SEM-EDX measurements from Figure 

4.16, 4.17, and 4.18. 
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Figure 4.19. Cycle and rate performance of Li–In | Li6PS5–2.5xO2.5xCl (x=0, 0.05, 

x=0.10) | NMC111 at room temperature. 
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4.5 Conclusions 

In summary, this study demonstrates the promising potential of oxygen-doped 

argyrodite solid electrolytes (SEs) with delicate electrochemical performance. The 

successful incorporation of oxygen into the argyrodite SEs was achieved through the 

implementation of a liquid phase synthesis method, which holds promise for efficient 

mass production. Li6PS4.875O0.125Cl, or x=0.05, exhibits excellent and remarkable 

electrochemical stability when paired with a lithium metal anode, NMC111 oxide cathode, 

and exposure to air. On the other hand, Li6PS4.75O0.25Cl, or x=0.10, shows improved 

stability compared to x=0, but its performance is compromised by the occurrence of a 

Li3PO4 side reaction. The substitution of oxygen in argyrodite SEs contributes to the 

enhanced stability of the system by incorporating the POS3
3- anion, which helps inhibit 

chemical reactions at the surface of the SEs. This improvement in stability was further 

confirmed through measurements using 31P MAS-NMR and Raman spectroscopy, which 

provided evidence of the presence of POS3
3- in the SEs. Overall, the SEs with x=0.05 

(Li6PS4.875O0.125Cl) demonstrate remarkable stability, high capacity retention, and 

excellent reversibility. The system achieved an impressive capacity retention of 99.8%, 

indicating minimal capacity loss over cycling. In general, the addition of P2O5 to Li6PS5Cl 

can enhance the overall electrochemical stability of the solid electrolyte, particularly on 

its surface. This improvement can be attributed to the formation of oxysulfide compounds, 

specifically the POS3
3- unit. The presence of POS3

3- contributes to the enhancement of 

the electrochemical interface and helps to mitigate undesirable reactions between the 

solid electrolyte and the electrode material, thereby improving the overall stability of the 

solid electrolyte. By incorporating P2O5 into Li6PS5Cl, the solid electrolyte exhibits 

improved performance and increased resistance to degradation, making it a promising 

candidate for various energy storage applications. This highlights the exceptional 

performance and long-term stability of the SEs with this oxygen doping level. 
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Chapter 5 

General Conclusion and Future Works Possibility 

 

This dissertation focused on the synthesis and performance evaluation of two types of 

solid electrolytes: the 100Li3PS4-50LiI-xLi3PO4 SE and the oxygen-doped argyrodite SEs. In 

the first part of the dissertation, the 100Li3PS4-50LiI-xLi3PO4 SE was successfully synthesized 

using a low-pressure heat treatment process with ethyl propionate as the solvent. The addition 

of Li3PO4 resulted in significant improvements in ionic conductivity and stability compared to 

the SE without Li3PO4. The sample 100Li3PS4-50LiI-10Li3PO4, heat treated at 130 °C for 2 

hours, exhibited a high ionic conductivity of 8.5 × 10−4 S cm−1 at room temperature. This 

finding demonstrated the effectiveness of incorporating Li3PO4 in enhancing the 

electrochemical performance of the SE. 

In the second part of this dissertation, the focus was on the scalable liquid phase 

synthesis of oxygen-doped argyrodite solid electrolytes, specifically Li6PS5Cl. The use of ACN 

and PTH as solvents allowed for the synthesis of Li6PS5Cl without any Li3PO4 impurity, 

resulting in enhanced ionic conductivity and improved Li metal anode stability. The absence 

of Li3PO4 impurity in Li6PS5Cl led to better Li dendrite growth suppression and improved 

battery cycle performance. This dissertation also highlighted the importance of solvent 

selection in achieving high electrochemical performance without impurities. 

Additionally, the dissertation investigated the oxygen doping of argyrodite SEs, such 

as Li6PS4.875O0.125Cl (x=0.05) and Li6PS4.75O0.25Cl (x=0.10). Oxygen doping enhanced the 

stability of the SEs by incorporating the POS33- anion, inhibiting chemical reactions at the SE 

surface. Li6PS4.875O0.125Cl demonstrated excellent electrochemical stability, high capacity 

retention, and reversibility, with an impressive capacity retention of 99.8% over cycling. This 

indicated minimal capacity loss and showcased the exceptional long-term stability of the SEs 

with oxygen doping. 

To be exact, the addition of Li3PO4 into the Li3PS4-LiI system and P2O5 into Li6PS5Cl 

results in the formation of oxysulfide units, which play a crucial role in improving the 

electrochemical stability at the interface of the solid electrolyte. Among these oxysulfides, 

POS3
3- stands out as it is theoretically predicted to have the highest stability compared to the 
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others. This enhanced stability of the oxysulfide, particularly POS0
3-, contributes significantly 

to the overall performance and reliability of the solid electrolyte in various electrochemical 

applications. The incorporation of these oxysulfide units opens up new possibilities for the 

design and development of advanced solid-state batteries with improved safety and 

performance characteristics. 

In summary, this dissertation successfully demonstrated the synthesis of enhanced solid 

electrolytes through the incorporation of Li3PO4 and oxygen doping. These electrolytes showed 

improvements in ionic conductivity, stability, compatibility with Li metal anodes, and battery 

cycle performance. The findings presented in this dissertation have significant implications for 

the development of high-performance solid-state batteries with improved electrochemical 

properties and long-term stability. The presence of the oxysulfide structure from the POxSy 

anion contributes to the enhancement of the electrochemical interface of the sulfide solid 

electrolyte. Further research focusing on increasing the intensity of these anions will help to 

further enhance the stability. 

The promising findings from this research open up various possibilities for further 

exploration and development. One potential avenue is to investigate the coating of cathode 

active materials with the oxygen-doped argyrodite solid electrolytes. Coating the cathode 

materials with SEs can improve the surface contact area between the electrodes and electrolytes, 

leading to enhanced ion transport and overall battery performance. This approach could 

contribute to the development of more efficient and stable battery systems. 

Furthermore, exploring the incorporation of other doping materials, such as nitrogen 

sources, into the sulfide-based solid electrolytes is another interesting direction. This could be 

aimed at enhancing the air stability of the electrolytes, as sulfide-based materials can be 

sensitive to moisture and oxygen exposure. By incorporating nitrogen-based dopants, the 

stability of the SEs could be further improved, enabling their use in more demanding 

environments and applications. 

Moreover, the impact of this research extends beyond the field of energy storage. The 

scalability of the liquid phase synthesis method holds significant potential for low-cost 

production of all-solid-state Li-ion batteries with enhanced safety features. This could lead to 

the widespread adoption of ASSLiBs, contributing to the advancement of renewable energy 

technologies, electric vehicles, and portable electronic devices. The societal and environmental 
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benefits of such advancements are substantial, including reduced reliance on fossil fuels, 

decreased greenhouse gas emissions, and improved energy storage solutions. 
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