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Chapter 1 Introduction

1.1 Research Background

With the increasing global demand for safer and more efficient energy storage solutions, all-
solid-state lithium batteries have emerged as a research hotspot due to their potential for high safety
and energy density. This battery technology is particularly suitable for electric vehicles and
portable electronic devices, with commercialization anticipation in the coming years. Compared
to traditional lithium-ion batteries, all-solid-state lithium batteries offer higher energy density and
enhanced safety, especially in terms of mitigating safety risks associated with liquid electrolytes.
Consequently, all-solid-state lithium batteries have become a critical direction for future energy
storage technology.'®

All-solid-state lithium batteries effectively address the safety issues of flammability and leakage
associated with liquid electrolytes by replacing traditional liquid electrolytes with solid-state
electrolytes. Solid-state electrolytes also have a wider electrochemical stability window, allowing
them to pair with high-energy-density cathode and anode materials, thus further enhancing the
battery’s energy density. However, despite the unparalleled safety and performance advantages of
all-solid-state lithium batteries in theory, their commercial application still faces numerous
technical challenges. These challenges mainly include the ionic conductivity of the electrolyte,
interfacial stability between the electrolyte and electrode materials, and the optimization of
manufacturing costs.”°

Firstly, the performance of all-solid-state lithium batteries is highly dependent on the ionic
conductivity of the solid electrolyte. Compared to liquid electrolytes, solid electrolytes typically

exhibit lower ionic conductivity. Enhancing ionic conductivity while ensuring material stability is



one of the key factors for the commercialization of all-solid-state lithium batteries. In addition, the
interface contact between the solid electrolyte and electrode materials is another major bottleneck
affecting the performance of all-solid-state batteries. In these batteries, the interfacial resistance
between the electrolyte and electrode is usually high, which can lead to increased internal
polarization and, consequently, affect the rate capability and cycle life of the battery. Particularly
during charge and discharge cycles, the volume changes of electrode materials can easily cause
poor interface contact or even interfacial fractures, severely impacting the stability and lifespan of
the battery.!!

Secondly, the manufacturing process of all-solid-state lithium batteries is more intricate and
challenging compared to traditional lithium-ion batteries due to the high requirements for materials
and environmental conditions. In particular, during the preparation of solid electrolyte materials
and cell assembly, strict environmental control is required to prevent moisture or oxidation of
materials. The preparation methods for solid electrolyte materials, such as ball milling, liquid-
phase methods, and solid-state reactions, significantly influence their microstructure and ionic
conductivity. Historically, melting starting materials to form glass was also extensively studied.
Additionally, achieving a compact and stable interface between the solid electrolyte and electrode
materials remains a technical challenge. Developing efficient manufacturing processes and
equipment is crucial for reducing the production costs of all-solid-state lithium batteries and
enabling large-scale production.*®

Currently, research on all-solid-state lithium batteries primarily focuses on the following areas:
developing novel solid electrolyte materials with high ionic conductivity and a wide
electrochemical stability window; optimizing the interface between the electrolyte and high-

energy-density electrode materials to reduce interfacial impedance and enhance interface stability;



and improving battery assembly processes to increase overall performance and manufacturing
efficiency. Continuous innovation and breakthroughs in these areas are expected to significantly
enhance the overall performance of all-solid-state lithium batteries, promoting their application in
electric vehicles, portable electronic devices, and stationary energy storage systems.

In summary, the development of all-solid-state lithium battery technology is not only crucial for
addressing current energy storage challenges but also represents a vital step in advancing the future
energy revolution. Research into the key materials, interface optimization, and manufacturing
technologies for all-solid-state lithium batteries provides a robust scientific foundation for
achieving safer and more efficient energy storage systems. This study, based on these backgrounds,
explored the key materials for high-performance all-solid-state lithium batteries and assess their

feasibility for practical applications, thereby offering innovative solutions for future energy storage.



1.2 Introduction to All-Solid-State Lithium Batteries

1.2.1 Advantages of All-Solid-State Lithium Batteries

All-solid-state lithium batteries are an electrochemical energy storage system that utilizes solid
electrolytes in place of traditional liquid electrolytes, offering significant advantages over
conventional lithium-ion batteries in terms of safety, energy density, and cycle life. A key
characteristic of all-solid-state lithium batteries is the use of solid electrolytes, which provide
excellent mechanical stability and high electrochemical stability.'? Conventional lithium-ion
batteries use flammable organic liquid electrolytes, which can leak and ignite if the battery is
physically damaged or experiences an internal short circuit, creating potential safety hazards. In
contrast, all-solid-state batteries utilize non-flammable solid electrolytes, effectively mitigating
these risks and significantly enhancing battery safety. Additionally, all-solid-state lithium batteries
offer an advantage in energy density, particularly when lithium metal is used as the anode material.
Lithium metal has a theoretically specific capacity of up to 3860 mAh/g, approximately ten times
that of traditional graphite anodes, giving all-solid-state lithium batteries exceptionally high energy
density. Furthermore, the wide electrochemical stability window of solid electrolyte materials
allows them to pair well with high-voltage cathode materials, further increasing the battery’s
energy output.

Currently, research on all-solid-state lithium batteries focuses primarily on the development and
improvement of solid electrolyte materials, which are mainly categorized into inorganic and
polymer electrolytes. Inorganic electrolytes include oxides, sulfides, and halides. Sulfide
electrolytes have gained considerable attention due to their high ionic conductivity and favorable
mechanical properties, while oxide electrolytes are known for their excellent chemical stability,

although their ionic conductivity is relatively low. Polymer electrolytes, on the other hand, offer

6



good flexibility and processability, but their ionic conductivity is generally low at room
temperature, limiting their application in high-performance batteries.

In addition to the development of solid electrolyte materials, interface optimization is another
critical area of research in all-solid-state lithium batteries. The high interfacial resistance between
the electrolyte and the electrode is primarily caused by poor physical contact, mismatched
mechanical properties, interfacial chemical reactions, and limited ionic transport. These issues
result in increased internal polarization, thereby affecting the battery’s rate performance and
cycling stability. Particularly during charge and discharge cycles, electrode materials undergo
volume changes, which may result in poor contact or even fractures at the electrolyte-electrode
interface. Therefore, improving interfacial compatibility and stability between electrolyte and
electrode materials is crucial for achieving high-performance all-solid-state lithium batteries.
Many current studies focus on reducing interfacial impedance and enhancing interface stability
through methods such as interface modification and the introduction of intermediate layers to
improve the overall performance of all-solid-state lithium batteries.*®

In addition, the manufacturing process of all-solid-state lithium batteries is another critical factor
impacting their commercialization. Compared to traditional lithium-ion batteries, the
manufacturing of all-solid-state batteries requires more stringent processes and environmental
conditions. For instance, solid electrolyte materials must be prepared and processed in strictly
anhydrous and oxygen-free environments, particularly for sulfide electrolytes, as exposure to air
can degrade their performance or even release harmful gases. The manufacturing process involves
complex steps such as high-temperature sintering and vacuum drying, requiring precise control of
parameters like temperature and pressure to ensure material purity and performance. With

advancements in materials science and manufacturing technology, these challenges are gradually



being addressed, leading to reduced production costs, improved efficiency, and accelerated
commercialization of all-solid-state lithium batteries.

In summary, all-solid-state lithium batteries, with their superior safety, high energy density, and
long cycle life, are strong candidates for next-generation energy storage systems. Although
technical challenges remain in material development, interface optimization, and manufacturing
processes, ongoing research and technological breakthroughs are steadily improving the
performance of all-solid-state lithium batteries, bringing them closer to the goal of large-scale
commercial applications. This study explored the preparation of novel solid electrolyte materials
and their applications in all-solid-state lithium batteries, based on the current state of all-solid-state
lithium battery technology, aiming to provide innovative solutions for the development of high-

performance batteries in the future.

1.2.2 Current Research Status of All-Solid-State Lithium Batteries

Driven by the advantages of solid-state lithium batteries, global research institutions and well-
known companies are accelerating their research and commercialization efforts. 4 Toyota is
working with companies like Idemitsu to develop high-performance solid electrolytes and other
key materials, aiming to overcome current technical bottlenecks, increase energy density, and
reduce production costs, with plans to achieve commercialization of solid-state batteries between
2027 and 2028.%° In November 2024, QuantumScape and PowerCo, a subsidiary of Volkswagen
Group, reached a key agreement aimed at accelerating the commercialization of QuantumScape's
solid-state lithium metal battery technology. Under this agreement, the two parties will collaborate
to manufacture battery cells based on QuantumScape's technology and establish a large-scale team
to jointly develop production processes. This agreement is a significant part of QuantumScape's

commercialization strategy, showcasing QuantumScape's cutting-edge technology and PowerCo's
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global industrialization capabilities, while significantly reducing the time and difficulty of scaling
production to market through a capital-light business model. ‘¢ Through these continuous efforts,
the global battery industry is gradually pushing solid-state battery technology from laboratory
research to large-scale production, meeting the growing demand for high-performance battery
technology in the global electric vehicle market.

Among solid electrolytes, Sulfide electrolytes exhibit excellent ionic conductivity and
interfacial properties, but their environmental stability issues still need to be addressed through
coating techniques and anhydrous processes. Oxide electrolytes are well-known for their chemical
stability, but their relatively low ionic conductivity presents a significant limitation. Techniques
such as doping and grain boundary optimization are being widely applied to enhance their
conductivity while retaining their inherent stability. Polymer electrolytes, with their flexibility and
processability, hold advantages in certain applications, but their insufficient ionic conductivity at
room temperature limits their broader use. Developing inorganic-polymer composite electrolytes
or hybrid electrolytes has emerged as a key direction for improving performance. At the same time,
interfacial resistance remains a critical challenge for all types of solid electrolytes. To address this
issue, researchers are focusing on strategies such as introducing functionalized interlayers,
optimizing the mechanical properties of electrolytes, and applying novel interfacial modification
techniques. These approaches have proven effective in enhancing interfacial stability, reducing
resistance, and improving the cycling performance and rate capabilities of batteries.

In terms of battery improvement, researchers are continuously exploring new strategies to
enhance the energy density and cycle life of all-solid-state lithium batteries. For instance,
optimizing the stacking of electrode materials and current distribution within the battery can

effectively reduce internal polarization. Additionally, advancements in modular approaches are



rapidly providing more efficient solutions for electric vehicles and other high-energy-demand
applications.

The market potential and application fields of all-solid-state lithium batteries are extensive.
From electric vehicles to portable electronic devices and large-scale energy storage systems, all-
solid-state lithium batteries are expected to provide more efficient and safer energy storage
solutions for these fields. As technology matures and production costs decrease, all-solid-state
batteries are likely to achieve widespread commercialization within the next decade. Particularly
in the electric vehicle sector, all-solid-state batteries are expected to significantly enhance driving
range and safety. Furthermore, portable electronics, as well as residential and industrial energy
storage systems, benefit from the high energy density and long cycle life offered by all-solid-state
batteries.

In conclusion, although research and development of all-solid-state lithium batteries still face
numerous technical challenges, their remarkable advantages in safety, energy density, and
environmental adaptability make them a crucial direction for future energy storage technology.
With the combined efforts of global research institutions, commercial companies, and startups, the
performance of all-solid-state batteries is steadily improving, and the goal of large-scale
commercialization is coming closer. As research progresses and breakthroughs are achieved, all-
solid-state lithium batteries are poised to become a key driving force in the modern energy

revolution, offering robust solutions to global energy challenges.
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1.3 Introduction to Solid Electrolyte Materials

As discussed in the previous section, solid electrolyte materials are a core component of all-
solid-state lithium batteries. They primarily serve as the conductive medium for lithium ions while
isolating the cathode and anode to prevent short internal circuits. To build on the earlier discussion,
this section further elaborates on the diverse types of solid electrolyte materials, including
inorganic solid electrolytes (such as oxides and sulfides), polymer electrolytes, and inorganic-
organic composite/hybrid electrolytes. Each material offers unique characteristics and advantages,
contributing indispensably to the advancement of all-solid-state lithium batteries.

Inorganic solid electrolytes are mainly classified into oxide electrolytes, sulfide electrolytes, and
halide electrolytes. Among them, oxide solid electrolytes exhibit excellent chemical stability and
a wide electrochemical stability window, effectively preventing irreversible reactions with lithium
metal anodes, thus demonstrating exceptionally high safety. Common oxide electrolytes include
perovskite-structured LisxLaz;sxTiOs (LLTO) and cubic-structured LizLaszZr2012 (LLZO). While
these materials perform well in terms of chemical stability, their ionic conductivity is relatively
low, particularly at room temperature, making it difficult to reach the conductivity levels of liquid
electrolytes. Therefore, improving the room-temperature conductivity of oxide electrolytes is one
of the current research focuses.®

Sulfide solid electrolytes, due to their high ionic conductivity and good mechanical flexibility,
have become a key focus in all-solid-state lithium battery research. Typical sulfide electrolytes
include LiwoGeP2S12 (LGPS) and LigPSsX (X = ClI, Br, I). The ionic conductivity of these sulfide
electrolytes at room temperature can reach between 102 S cm™ and 102 S cm, which is
comparable to or even exceeds the level of traditional liquid electrolytes. Additionally, sulfide

electrolytes exhibit low interfacial resistance and are compatible with both lithium metal anodes
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and high-voltage cathodes. However, sulfide electrolytes are extremely sensitive to moisture,
prone to hydrolysis that generates toxic hydrogen sulfide (H2S), which restricts their operational
conditions in practical production and application. Therefore, enhancing the environmental
stability of sulfide electrolytes is crucial for their large-scale application.*®

Polymer solid electrolytes have garnered attention due to their good processability and
mechanical flexibility. Common polymer electrolytes, such as polyethylene oxide (PEO)-based
electrolytes, typically enhance their ionic conductivity by doping lithium salts into the polymer
matrix. These electrolytes are flexible and can be easily prepared in thin-film form, enabling good
electrode-electrolyte interface contact and reducing interfacial resistance. However, the ionic
conductivity of polymer electrolytes at room temperature is relatively low, generally below 10° S
cm*, which limits their application in high-energy-density batteries. To address this, researchers
are exploring methods such as incorporating nanofillers, creating composites, and crosslinking to
improve the room-temperature conductivity and mechanical strength of polymer electrolytes.?

Inorganic-organic composite electrolytes aim to combine the high ionic conductivity of
inorganic electrolytes with the high flexibility of polymer electrolytes. These composite materials
are typically prepared through physical methods, such as dispersing inorganic nanoparticles within
a polymer matrix or coating polymer layers onto the surfaces of inorganic materials. This approach
significantly enhances the overall performance of the electrolyte, achieving a balance between
ionic conductivity, interfacial compatibility, and mechanical properties. Additionally, another
important class of materials related to composite electrolytes is inorganic-organic hybrid
electrolytes, which are integrated at the molecular or nanoscale through chemical methods, often
involving the formation of chemical bonds. This chemical integration further improves interfacial

stability and overall performance. Although composite and hybrid electrolytes share some
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similarities in their objectives and structures, they differ significantly in their preparation methods
and material characteristics. In recent years, both types of materials have emerged as critical
research focuses in all-solid-state lithium batteries due to their potential for high performance and
broad application prospects.?

In addition to material types, the ionic conduction mechanism of solid electrolytes is also a key
research focus. In solid electrolytes, lithium ions typically conduct through vacancies or interstitial
sites within the lattice. For crystalline electrolytes, ion conduction mainly relies on defects and
channels within the lattice structure, while in amorphous or glassy electrolytes, ions diffuse
through the disordered structure of the amorphous network. Therefore, optimizing the structure of
solid electrolytes to enhance defect density and connectivity of conduction pathways is an effective
approach to improving ionic conductivity.

In the study of solid electrolytes, there is often a trade-off between ionic conductivity and
chemical stability. Highly conductive materials are often chemically less stable—for instance,
sulfide electrolytes are sensitive to moisture and air—while materials with high chemical stability,
such as certain oxide electrolytes, often exhibit suboptimal ionic conductivity. Balancing these two
properties is a core challenge in solid electrolyte research. Additionally, the mechanical properties
of solid electrolytes are crucial, as the electrolyte in all-solid-state batteries must not only have
good ionic conductivity but also withstand electrode volume changes during charge and discharge
cycles without cracking.

Significant progress has already been made in the research of solid electrolyte materials. For
example, methods such as doping, compositing, and lattice design have allowed researchers to
improve the ionic conductivity and chemical stability of various solid electrolytes. Moreover, the

emergence of novel electrolyte materials, such as perovskite-structured oxides, superionic sulfides,
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and new composite electrolytes, has opened up new possibilities for the development of all-solid-
state lithium batteries. In the future, with deeper understanding of solid electrolyte materials and
the continuous emergence of new materials and techniques, breakthroughs in energy density,
safety, and cycle life of all-solid-state lithium batteries are expected.

In summary, solid electrolyte materials are at the core of all-solid-state lithium battery
technology, directly determining the overall performance and commercialization prospects of the
battery. Through the development and improvement of various types of solid electrolytes—
including oxides, sulfides, polymers, and inorganic-organic composites—researchers continue to
explore ways to enhance ionic conductivity, chemical stability, and mechanical properties, thereby
laying a solid foundation for the practical application of all-solid-state lithium batteries. This study
focused on novel sulfide-based solid electrolytes, exploring their applications in all-solid-state

lithium batteries and their potential for enhancing overall battery performance.
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1.4 Development History and Challenges of Sulfide Solid Electrolytes

Sulfide solid electrolytes have played a significant role in the development of all-solid-state
lithium batteries, with research dating back to the 1980s. Initially, researchers attempted to mix
Li>S and P,Ss, resulting in a sulfide solid electrolyte with an amorphous, glassy structure and an
ionic conductivity of approximately 10* S cm™.22 These early studies laid the foundation for solid
electrolytes. However, due to the dominance of liquid electrolytes in the market, attributed to their
higher conductivity and lower cost, research on sulfide electrolytes experienced a period of
stagnation.

It was not until the early 2000s, with the growing demand for high-safety, high-energy-density
batteries, that research on sulfide solid electrolytes regained attention. In 2001, the thio-LISICON
(thio-Lithium Superionic Conductor) structure Li2S-P2Ss binary sulfide solid electrolyte material
was introduced, marking the beginning of a significant surge in the development of high-
conductivity sulfide solid electrolytes.?® In 2005, a 70Li,S-30P2Ss glass-ceramic electrolyte was
reported, 2 and in 2007, a high-temperature conducting phase of the Li»S-P2Ss system, LizP3S11,
was introduced. 2 Both exhibited conductivities reaching 10° S cm™. Subsequently, the
argyrodite-type electrolyte system (LigPSsX, X = F, Cl, Br, 1) demonstrated high ionic
conductivities in the range of 1-10 mS cm™, as reported by Hans-Jorg Deiseroth and colleagues in
2008. 26 In 2011, Li10GeP2S12 (LGPS) was developed, achieving an ionic conductivity of 12 mS
cm™ at room temperature, far surpassing most liquid electrolytes available at the time. 2’ This
breakthrough brought sulfide solid electrolytes back into the spotlight, establishing them as a key
focus in all-solid-state lithium battery research.

In recent years, significant progress has also been made in the further development of sulfide-

based solid electrolytes. For example, the material Ligs4Si174P1.44S117Clos has demonstrated an
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ionic conductivity as high as 20 mS cm, one of the highest conductivities reported to date among
sulfide-based electrolytes.?® In addition, single crystals of LiioGeP2S12 have achieved conductivity
as high as 27 mS cm™ along the [001] direction, demonstrating the exceptionally high ion
migration capability of sulfide materials in specific orientations.?°

However, sulfide electrolytes also face numerous challenges. Firstly, they are highly sensitive
to moisture, easily reacting with water to produce toxic hydrogen sulfide (H2S), which poses safety
risks in terms of material preparation, storage, and processing. Secondly, irreversible chemical
reactions may occur when sulfide electrolytes are in contact with electrode materials, leading to
interface degradation. This is especially problematic with lithium metal or silicon anodes, as their
significant volume changes during charge and discharge cycles can cause stress concentration,
leading to cracks in the sulfide electrolyte. In addition, while sulfide electrolytes are relatively soft
and can partially alleviate stress caused by electrode volume changes, their mechanical strength
remains insufficient. Under prolonged cycling or concentrated stress, they may develop cracks,
disrupting interfacial contact and affecting the cycle life of the battery.

To address these issues, researchers have proposed various improvement strategies. For example,
protective layers can be introduced between the electrolyte and electrodes, chemical modifications
can be applied to the electrolyte, or new composite electrolytes can be developed to enhance
interfacial stability. Nanostructuring the material, adding flexible components, or using inorganic-
organic composites/hybrids have been explored as effective strategies to improve the mechanical
performance of sulfide electrolytes. Additionally, doping with elements such as germanium (Ge),
tin (Sn), and indium (In) can not only improve ionic conductivity but also enhance the chemical
stability (reducing sensitivity to moisture and air), structural stability (minimizing cracks and

structural damage), and interfacial stability (reducing interfacial reactions and impedance
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formation). Additionally, replacing some anions in the sulfide electrolyte with fluorine, chlorine,
bromine, or iodine can effectively tune the crystal structure and ion migration pathways, thereby
enhancing overall material performance.

In addition to advancements in materials and synthesis methods, the application of sulfide
electrolytes in battery design has made significant progress. To address the mechanical stress
caused by electrode volume changes during cycling, researchers have proposed the introduction
of flexible interlayers between the electrolyte and electrode. This approach effectively mitigates
mechanical stress and significantly enhances interfacial stability and cycle life of the battery. *°
Meanwhile, to resolve the inherent mechanical brittleness of sulfide electrolytes, researchers have
developed composite materials based on polymer matrices and flexible fillers. For instance, by
embedding polymer components into sulfide electrolytes, flexible solid electrolyte films can be
fabricated to improve material flexibility and adaptability during charge-discharge cycles. This
design greatly enhances the stability of the electrolyte-electrode interface and demonstrates
outstanding performance in improving the cycling stability of all-solid-state lithium batteries.>!

The industrialization of sulfide solid electrolytes also faces challenges. Although considerable
progress has been made in fundamental research, there remains a significant gap between
laboratory-scale studies and large-scale industrial production. Firstly, the synthesis of high-purity
sulfide electrolytes is complex and costly, which limits the economic feasibility of large-scale
applications. Secondly, the environmental sensitivity of sulfide materials during battery assembly
necessitates handling in an anhydrous, oxygen-free environment, which adds further complexity
and cost to production.

To address these challenges, research is focusing on developing more cost-effective synthesis

methods. For example, liquid-phase synthesis combined with rapid solidification techniques can
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reduce costs while maintaining material performance. Researchers are also exploring automation
and modular production methods to enhance efficiency and consistency in manufacturing, thus
lowering the barriers and costs associated with industrialization. These efforts aim to gradually
bridge the gap between fundamental research on sulfide solid electrolytes and commercial-scale
production.

In terms of applications, the potential use of sulfide solid electrolytes extends beyond lithium-
ion batteries. In emerging energy storage systems such as sodium-ion batteries and magnesium-
ion batteries, sulfide electrolytes also show promising application prospects. Especially in sodium-
ion batteries, the high ionic conductivity and low interfacial resistance of sulfide electrolytes make
them strong candidates to replace conventional liquid electrolytes. Additionally, sulfide
electrolytes are well-suited for flexible and micro-battery applications, offering improved safety
and longer cycle life for these novel energy storage devices.

In summary, sulfide solid electrolytes show great potential in all-solid-state lithium batteries due
to their high ionic conductivity and good interfacial compatibility. However, challenges such as
poor air stability, complex interfacial reactions, and weak mechanical properties remain significant
barriers to their commercialization. Future research needs to focus on further optimizing the
stability and mechanical performance of these materials and developing cost-effective, high-
performance synthesis methods to promote the widespread application of sulfide solid electrolytes
in all-solid-state batteries. Additionally, more innovative strategies in practical battery design are
required to enhance the overall performance and safety of batteries, thereby accelerating the

commercialization of all-solid-state lithium batteries.
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1.5 Research Motivation and Content of This Study

In the development of all-solid-state batteries, improving energy density and safety has always
been a core goal, especially with the growing demand for high-performance applications such as
electric vehicles. Developing new, efficient electrolytes has become a major research direction. As
a key component, solid electrolytes not only have a decisive impact on the overall battery
performance but are also crucial for their long-term stability and safety. In recent years, sulfide-
based solid electrolytes have received widespread attention due to their high ionic conductivity;
however, when combined with high-capacity silicon anodes, the severe volume changes of silicon
during charge and discharge often lead to interfacial cracking, affecting the cycle stability and
lifespan of the battery. Therefore, developing solid electrolytes with high flexibility that can
effectively accommodate electrode volume changes is key to advancing all-solid-state battery
technology.

Based on this, the present study proposes developing a novel organic-inorganic hybrid solid
electrolyte by introducing organic cations into sulfide-based electrolytes, aiming to enhance their
flexibility and adaptability to accommodate the volume changes of silicon anodes during charge
and discharge. The core of this strategy lies in the inclusion of organic cations, which enhances
the mechanical flexibility of the electrolyte, enabling it to better adapt to electrode volume changes
and effectively reduce interfacial stress. To prepare the solid electrolyte materials, the ball milling
method was chosen primarily due to its ability to significantly reduce particle size, thereby
increasing the interfacial contact between electrolyte and electrode materials and enhancing ionic
conductivity. Compared to the liquid-phase method, which typically results in lower ionic
conductivity and involves more complex handling, ball milling provides a more efficient and

practical approach for achieving high-performance solid electrolytes. This approach is expected to
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improve not only the energy density and cycle stability of all-solid-state batteries but also
significantly enhance their overall safety.

Previous studies have shown that introducing tetraethylammonium iodide (TEAI) and
tetramethylammonium iodide (TMAI) into Agl-Csl glass systems can significantly enhance ionic
conductivity at room temperature, providing important theoretical and practical insights for this
research. 3 Based on this, | hypothesize that incorporating tetraalkylammonium ions into sulfide-
based electrolytes can create efficient lithium-ion conduction pathways within the glass matrix and
improve the mechanical flexibility of the electrolyte. Due to their larger size and low charge
density, tetraalkylammonium ions can create a more open structure in the electrolyte, facilitating
the migration of free lithium ions.

This study prepared a series of organic-inorganic hybrid sulfide solid electrolytes to explore
their potential in enhancing the performance of all-solid-state batteries. Specifically, |
systematically investigated the structure, ionic conductivity, and performance in battery assembly
of the (1-x) LizP2Sgl - x (TMAI, TEAI, TPAI, and TBAI) (x =0, 0.05, 0.1, and 0.2) (molar ratio)
series. By introducing different types of tetraalkylammonium ions, | aim to significantly improve
the mechanical flexibility and morphological adaptability of the electrolyte while maintaining high
ionic conductivity.

The prepared electrolytes were thoroughly analyzed using various characterization techniques,
including:

o X-ray Diffraction (XRD): To determine the crystal phase structure of the samples,

confirming the crystallinity and phase purity of the materials.
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e Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS): To
observe the microstructure and elemental distribution of the samples, assessing material
uniformity and structural features.

o Electrochemical Impedance Spectroscopy (EIS) and DC Polarization Tests: To measure
the ionic conductivity and electrochemical stability of the electrolyte.

e Thermogravimetric-Differential Thermal Analysis (TG-DTA): To evaluate the thermal
stability of the materials, identifying decomposition temperatures and phase transitions.

o Indentation Testing: To assess the mechanical properties of the materials and verify their
ability to accommodate the volume changes of silicon electrodes.

o Assembly and Testing of All-Solid-State Batteries: The prepared electrolytes were
assembled with silicon anode materials into all-solid-state batteries. To mitigate moisture
sensitivity issues in both the electrolyte and electrode materials, the assembly process was
conducted in a dry argon environment. The assembled all-solid-state batteries underwent
charge-discharge cycling tests under constant current conditions to evaluate their cycling
performance and capacity retention.

By developing a novel organic-inorganic hybrid sulfide solid electrolyte and systematically
studying its physical and electrochemical properties, this study aims to provide an innovative

solution for improving the energy density, cycle life, and safety of all-solid-state batteries.
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Chapter 2 Experimental Section

2.1 Experimental Materials and Sample Preparation

A series of sulfide solid electrolyte samples, specifically (1-x) LizP2Sgl - X (TMAI, TEAI, TPAI,
TBAI) with x =0, 0.05, 0.1, and 0.2 (molar ratio), were synthesized in this study. All raw materials
were of high-purity chemical grade to ensure reliability and reproducibility of results. The raw
materials included lithium sulfide (Li.S, Mitsuwa Chemical, 99.9%), phosphorus pentasulfide
(P2Ss, Aldrich, 99%), lithium iodide (Lil, Sigma Aldrich, 99.9%), tetramethylammonium iodide
(TMAI, Sigma Aldrich, 99%), tetraethylammonium iodide (TEAI, Sigma Aldrich, 98%),
tripropylammonium iodide (TPAI, Tokyo Chemical Industry, >98%), and tetrabutylammonium
iodide (TBAI, Tokyo Chemical Industry, >98%).

Each raw material was weighed according to predetermined molar ratios to ensure strict
stoichiometric control. Individual raw materials were manually ground for 15 minutes to increase
surface area and improve reaction kinetics. The pre-ground raw materials were then mixed and
placed in a 45 mL zirconia milling jar, with 90 grams of 4 mm zirconia balls as the grinding
medium. The mixture was ball-milled in a high-energy planetary ball mill at 510 rpm for 24 hours
to ensure thorough mixing and promote solid-state reactions. The entire ball-milling process was
conducted under an inert argon atmosphere to prevent the sample from exposure to moisture and

oxygen, avoiding irreversible oxidation or hydrolysis reactions.
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2.2 Structural Characterization

The structure of the samples was characterized using X-ray diffraction (XRD) and Raman
spectroscopy to confirm phase composition, crystal structure, and the effects of doping on the
microstructure. XRD measurements were conducted with a Rigaku Miniflex 600 X-ray
diffractometer using Cu Ka radiation over a range of 10° to 40° (20) with a step size of 0.02°,
using Si powder as an internal reference.

Raman spectra were obtained with a Horiba XploRA Raman microscope, using an excitation
wavelength of 532 nm, with a measurement range from 200 to 4000 cm™' and a spectral resolution
of 1 cm™. Raman analysis provided additional insights into the effects of different dopants on

chemical bonding and local structural properties.

2.3 Electrochemical Performance Testing

The ionic conductivity of the pressed samples was measured to evaluate their potential in solid-
state batteries. 100 mg of the solid electrolyte powder was pressed at 360 MPa for 5 minutes at
room temperature, forming a 10 mm diameter pellet. For ionic conductivity measurements, two 10
mm diameter stainless steel (SS) plates were used as current collectors, and electrochemical
impedance spectroscopy (EIS) was conducted with a Solartron SI 1260 impedance analyzer over
a frequency range of 1 MHz to 1 Hz with a 10 mV amplitude. A 65 MPa pressure was applied on
both sides of the sample during measurement to simulate the working conditions within solid-state
batteries.

Electronic conductivity was assessed by DC polarization measurements. Multiple voltages (0.1
V,-01V,02V,-02V,03YV,-0.3 V) were applied to the SUS/(1-x) Li7P2Sgl - x TMAI (x = 0,

0.2)/SUS cell, recording the current response to evaluate the electrolyte’s electronic insulation
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properties. The sample preparation and equipment used for this test were identical to those for

ionic conductivity measurements to ensure consistency.

2.4 Thermal Stability Characterization

The thermal stability of the samples was assessed using thermogravimetric-differential thermal
analysis (TG-DTA) on a Thermo plus EV02 analyzer under an argon atmosphere with a heating
rate of 10°C per minute. This test measured the thermogravimetric and thermal difference signals
of the samples to determine their decomposition and crystallization temperatures, providing

insights into the materials' stability at elevated temperatures.

2.5 Indentation Testing

To assess the mechanical properties, especially flexibility and deformation resistance,
indentation testing was performed. Samples for indentation were prepared in an argon-filled glove
box and pressed at 330 MPa for 10 minutes, forming a 10 mm diameter pellet with a thickness of
approximately 1.5 mm. Samples were fixed on a superhard alloy sample holder and immersed in
KF-968-100CS silicone oil (New Japan Chemical Co., Ltd.) to minimize friction during
indentation.

Indentation testing was conducted on an RTF-1250 materials tester (A&D Systems) outside the
glove box. The maximum load was set to 50 N, ensuring sufficient indentation depth without
exceeding one-tenth of the sample thickness. The spherical indenter had a radius of ®12 mm or
®1.2 mm, with an indentation speed of 0.03 mm/min. The load-depth (P-h) curve was recorded,
and the elastic modulus was calculated according to standard procedures to evaluate mechanical

performance and deformation resistance.
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2.6 SEM-EDS Analysis

The morphology and elemental distribution of the samples were analyzed using scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS). A JSM-IT500 SEM with
an attached EDS spectrometer and a 532 nm laser was used to capture images of the morphology
and elemental distribution of sulfide solid electrolyte particles. Samples were placed in a glove
box under a nitrogen atmosphere at a dew point of -20°C before SEM observation to avoid

moisture exposure.

2.7 Assembly and Testing of All-Solid-State Batteries

The prepared solid electrolytes were assembled with silicon anode materials into all-solid-state
batteries to evaluate their electrochemical performance and cycling stability. The composite anode
was prepared by mixing conductive silicon (ELKEM), (1-x) LizP2Sgl - x TMAI (x = 0, 0.05, 0.1,
0.2), and acetylene black (AB) in a weight ratio of 60:40:6. Amorphous 75Li2S-25P,Ss (mol%)
and Li-In alloy were used as separator and counter electrode, respectively. The electrolyte powder
(100 mg) was pressed under 360 MPa for 5 minutes, followed by pressing lithium foil on both
sides of the electrolyte pellet at 100 MPa for 2 minutes to ensure good contact between electrodes
and electrolytes.

The charge-discharge tests were conducted at a constant current (CC) mode using a Scribner
Associates 580 battery testing system at 25°C. The initial discharge cycle was conducted at a low
current of C/30 to ensure full electrode activation, with subsequent cycles at 0.1C. The cutoff
voltage at room temperature was set between -0.62 and 0.88 V. The specific battery configuration

is illustrated in Figure 2.1.
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Figure 2.1. Battery Configuration

Through the above series of precise preparation and characterization steps, we systematically
evaluated the structure, thermal properties, electrochemical performance, and mechanical
properties of the developed organic-inorganic hybrid sulfide solid electrolyte. These experimental
data provide a scientific basis for further improving the performance of all-solid-state lithium
batteries and lay a foundation for exploring the feasibility of novel solid electrolyte materials in

practical battery applications.
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Chapter 3 Preparation and Evaluation of (1-x) Li-P.SsI - x TMAI (x =0, 0.05,

0.1, 0.2) Inorganic-Organic Hybrid Electrolytes

3.1 Introduction

All-solid-state lithium batteries have attracted widespread attention in recent years due to their
advantages in safety, energy density, and power density. In the development of all-solid-state
batteries, sulfide-based solid electrolytes have become a key research focus due to their high ionic
conductivity and good deformability.33-3 As early as the early 2020s, sulfide solid electrolytes
were applied in all-solid-state battery research for electric vehicles because these electrolyte
particles can be pressed together, facilitating ion transport across grain boundaries.? 3 However,
how to further enhance their energy density remains an unresolved issue. To achieve high energy
density, researchers have explored all-solid-state batteries using high-capacity anode materials
such as lithium metal and silicon. Nonetheless, the stability of solid electrolytes with lithium metal
remains a key challenge.®® 3% Sulfide solid electrolytes containing Lil (such as LisPSal, LisP>Ssl,
and Lil-Li>S-P-Ss glass and glass-ceramics) have become a research focus for lithium metal anode-
based all-solid-state batteries due to their interfacial stability with lithium metal and their ability
to effectively suppress lithium dendrite formation.4%-4¢

Using silicon as the anode material in all-solid-state lithium batteries, with its high theoretical
capacity (>4200 mAh g), is expected to further enhance the energy density of the batteries.*’
However, the significant volume expansion and contraction of silicon during charge and discharge
lead to structural degradation of the electrode and electrolyte, severely affecting cycling

performance.*’ Therefore, developing a sulfide glass or crystalline electrolyte that can mitigate
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electrode cracking caused by silicon’s volume changes is key to achieving high-energy-density
all-solid-state batteries.

In recent years, introducing new components into electrolyte materials has proven to be an
effective approach for developing novel sulfide glass electrolytes.*®*° By adding various
components, researchers have successfully designed novel electrolyte systems, with doping and
substitution strategies significantly enhancing sulfide conductivity to the range of 1073 - 102 S

_1 27,28
cm™l. o

Research by J. Kawamura et al. has shown that introducing organic cations, such as
tetraethylammonium iodide (TEAI) and tetramethylammonium iodide (TMAI), into Agl-Csl glass
can create highly conductive systems.®? Studies have found that the Agl-TMAI system achieves
an ionic conductivity of up to 102 S cm™ at room temperature. This is because
tetraalkylammonium ions do not significantly attract surrounding silver cations, thereby forming
pathways in the glass matrix that facilitate silver ion conduction. This finding offers a new
approach for developing highly conductive inorganic-organic hybrid solid electrolytes.

Building on the above approach, this chapter develops an inorganic-organic hybrid solid
electrolyte by introducing organic materials into an inorganic sulfide electrolyte. A novel glass
solid electrolyte, [N(CHs)s]I  (TMAI)-Lil-Li>S-P.Ss, was  prepared by doping
tetramethylammonium iodide into a sulfide-based solid electrolyte. Figure 3.1 shows the structural
model of the electrolyte, where the larger volume of organic cations provides pathways for lithium-
ion conduction. Wu et al. previously synthesized Li;P2Ssl glass-ceramics with enhanced ionic
conductivity by incorporating Lil into LisPS4 in a 2:1 molar ratio through mechanical milling,
demonstrating improved dendrite suppression and electrochemical stability.*? Therefore, in this

study, I prepared the inorganic-organic hybrid electrolyte (1-x) Li-P2SsI - x TMAI (x =0, 0.05, 0.1,
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0.2, molar ratio) by doping TMAI into Li7P>S:I through mechanical milling. Experimental results
showed that with increasing amounts of TMAI doping, the conductivity of the samples remained
stable. The main reason for selecting the LisP.Ssl system is its high ionic conductivity and
amorphous structure. Unlike crystalline materials such as LisPSe, this amorphous structure
facilitates doping and offers greater design flexibility.>* Additionally, compared to amorphous
LisPS4, Li7P2Ssl contains a Lil component, which greatly enhances its stability with lithium metal.
| hypothesize that introducing TMAI not only improves the flexibility of the sulfide electrolyte but
also significantly enhances its fracture toughness and plasticity. These improvements enable the
electrolyte to effectively absorb and withstand various physical stress encountered during battery
operation, including compression, tension, or torsion. More importantly, the enhanced mechanical
properties strengthen the electrolyte’s stability, allowing it to resist deformation over multiple
charge-discharge cycles without fracturing. This robust mechanical stability is crucial for
preventing internal structural damage, thereby ensuring stable performance and improved safety

throughout the battery's lifecycle.
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alkylammonium

Figure 3.1. Structure diagram of electrolyte
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3.2 Results and Discussion

XRD patterns of the prepared samples are shown in Figure 3.2. The XRD patterns of the
samples show halo with Si added as the angle reference, and thus the prepared materials were
found to be amorphous. The SEM-EDS images of (1-x) LizP2Sgl - x TMAI (x = 0, 0.2) samples
(Figure 3.3) showed no significant difference before and after TMAI doping, and P, S, and | are

homogenously distributed, meaning that no aggregation of TMAI was found. The particle size was

about 1 pm.

Si

Intensity(a.u.)

x =0.05

}
fL

o s ” x=0

10 15 20 25 30 35 40
20 / deg.

Figure 3.2. XRD patterns of the obtained (1-x) LizP2Ssl - x TMAI (x =0, 0.05, 0.1, 0.2)

samples. Si was added as the angle reference.
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Figure 3.3. The SEM-EDS images of (1-x) LizP2Sgl - x TMAI (x = 0, 0.2) after ball milling.
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The Nyquist plots of the samples at room temperature are shown in Figure 3.4(a), and the ionic
conductivity of the prepared samples are shown in Table 3.1. The temperature dependence of the
ionic conductivity of these samples are shown in Figure 3.4(b), and the activation energy (Ea.)
was calculated from the slope of this temperature dependence. The specific values are shown in
Table 3.2. The composition dependence of the activation energy and conductivity are plotted in
Figure 3.5.

As shown in Figure 3.4 and Table 3.1, the total ionic conductivity of the undoped sample was
3.8 x 10* S cm™ at room temperature, and the doping of TMAI is found to have no significant
decrease in total conductivity, which remains at the same level as before the doping. At the same
time, as the TMAI doping content increased, the bulk conductivity slightly increased, which
demonstrated that the doping of TMAI does facilitate the conduction of lithium ions. However,
the total ion conductivity decreased because the TMAI doping affects the interfacial contact and
increases the grain boundary resistance. As shown in Figure 3.5, the activation energies do not
differ much by the addition of TMAI and are relatively low.

In addition, the electronic conductivity of both x = 0 and x = 0.2 samples were measured to be
approximately 2.0x10 7 S cm™ as shown in Figure 3.6, indicating that the TMAI doping does not
change the electronic conductivity of the Li7P2Ssl. Meanwhile, both the Li / Li7P2Ssl / Li
symmetrical cell (x=0) and the Li/ (1-x) Li7P2Sgl -xXTMAI (x=0.2) /Li symmetrical cell can realize

stable lithium plating/stripping for about 60 h at room temperature (Figure 3.7).
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Figure 3.4. (a) The Nyquist plots of (1-x) LizP.Sgl - x TMAI (x = 0, 0.05, 0.1, 0.2).

(b) Arrhenius plots of (1-x) Li7P2Ssl - x TMAI (x =0, 0.05, 0.1, 0.2).

Table 3.1. Comparison of ionic conductivity of samples.

36

Bulk Conductivity / S

Sample om-L Total Conductivity /S cm™
Li7P2Sgl 25°C 5.0x107* 3.8x10°*
0.95 Li7P2Ssl - 0.05 TMAI 25°C 6.3x107* 4.2x1074
0.9 LizP.Sgl - 0.1TMAI 25°C 7.3x107* 3.5x107*
0.8 LizP.Sgl - 0.2 TMAI 25°C 7.8x107* 3.0x10°*
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Table 3.2. Activation energy of samples.

Sample Activation Energy / kJ mol™
Li7P2Ssl 13.0
0.95 Li7P2Ssl - 0.05 TMAI 14.9
0.9 Li7P2Sgl - 0.1 TMAI 12.9
0.8 Li7P2Sgl - 0.2 TMAI 12.4
2 20
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Figure 3.5. Activation energy and Arrhenius plots trend of (1-x) LizP2Sgl - x TMAI (x = 0, 0.05,

0.1,0.2)
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Figure 3.6. Direct-current polarization curves of SUS / (1-x) Li7P>SsI-xTMALI (x = 0, 0.2) /SUS

cells.
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Figure 3.7. Cycling performances of Li / (1-x) Li7P2Sgl -xXTMAI / Li symmetrical cells of x =0

and x = (0.2 samples.
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All samples were heat treated at 120°C for 2 hours to check their thermal stability. XRD results
are shown in Figure 3.8. It was found that the samples (x = 0, 0.05, 0.1) remained in their original
amorphous state with no crystallization, whereas the sample of x = 0.2 showed some peaks which
were assigned as Li7P2Sgl °2 and TMAI phase. The observation of TMAI peak after heat treatment
indicates that the TMAI was dispersed in the particles after ball milling, but then phase separation
occurred after heating at 120°C for 2h.

The TG-DTA curves of the samples are shown in Figure 3.9(a). The small exothermic peaks
are observed in all samples, and these peaks are assigned to the crystallization from the amorphous
state. The crystallization temperatures for all samples are between approximately 150-200°C.
Figure 3.9(b) shows the composition dependence of the crystallization temperature. This figure
reveals that the crystallization temperature slightly decreases with an increase in TMAI doping
amount, showing that TMA cations are homogenously distributed in the glassy matrix. The
decrease in crystallization temperature can be because the large molecules of TMAI make the
structure lose, molecular movement becomes easier, and the viscosity is reduced, which indicates

that nucleation can be accelerated by the addition of TMAL.
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Figure 3.8. XRD patterns of heat-treated (1-x) LizP>Sgl - x TMAI (x = 0, 0.05, 0.1, 0.2) and
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Figure 3.9. (a) TG-DTA plots of all samples.

(b) Crystallization temperature trends for all samples.
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3.3 Chapter Conclusion

In this section, the influence of TMAI doping on the ionic and electronic conductivity of (1-x)
Li-P.SsI - x TMAI electrolytes was studied. The results show that while TMAI doping slightly
increased the bulk conductivity, the overall ionic conductivity remained stable with no significant
decrease. However, the doping slightly increased the grain boundary resistance, leading to a minor
reduction in total ionic conductivity. Importantly, the TMAI doping did not impact the electronic
conductivity of the electrolyte, ensuring its suitability for lithium-ion conduction without
compromising electronic insulation.

The symmetric cells demonstrated stable lithium plating/stripping performance, confirming that
the (1-x) Li-P2Ssl - X TMAI electrolytes can maintain good interfacial stability with lithium metal
over extended cycles. These findings indicate that TMAI-doped LisP.Ssl electrolytes have
promising properties for practical application in high-energy-density solid-state lithium batteries,
balancing high ionic conductivity with mechanical stability and interfacial compatibility.

Based on the current research findings, the effects of other dopants (TEAI, TPAI, TBAI) on the
performance of (1-x) LisP2Ssl electrolytes were further studied in the next section. The specific
impacts of these dopants on electrolyte structural stability, ionic conductivity, and thermal

properties were discussed.
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Chapter 4 Preparation and Evaluation of (1-x) Li-P.SsI - x (TMAI, TEAI,

TPAIL TBAI) (x =0, 0.05, 0.1, 0.2) Inorganic-Organic Hybrid Electrolytes

4.1 Introduction

As a core component of electric vehicles and portable electronic devices, solid electrolytes must
exhibit excellent ionic conductivity and sufficient mechanical stability to withstand the physical
stresses encountered during battery operation.>*>® During the charge and discharge processes,
lithium dendrites may form on the anode and penetrate the solid electrolyte, leading to risks of
short circuits, overheating, or even explosions. 1! Therefore, electrolytes are required to have high
fracture toughness and ductility, as well as good deformation recovery capability, moderate
deformation resistance, and low hardness. These properties work together to effectively prevent
crack formation and propagation, thereby avoiding lithium dendrite penetration. Additionally,
maintaining good contact between the electrolyte and electrodes is essential for efficient ion
transport. Under stress, deformation or fracture of the electrolyte can lead to poor contact, affecting
battery performance and reducing battery lifespan.® For example, silicon-based anode materials,
though possessing high theoretical energy density, undergo significant volume expansion during
charge and discharge cycles, which can damage the electrode structure and shorten battery life.5®-
59

In Chapter 3, I found that introducing tetramethylammonium iodide (TMAI) into the Li7P2Ssl
sulfide solid electrolyte lowered the glass transition temperature without compromising
conductivity, suggesting a reduction in material viscosity, which facilitates improved flexibility
and processability. ®© Sulfide-based solid electrolytes offer significant advantages in ionic

conductivity and mechanical performance compared to conventional oxide-based solid
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electrolytes, particularly due to their lower elastic modulus, which allows better accommodation
of volume changes during charge-discharge cycles. This reduces the risk of material fracture from
stress concentration, enhancing the operational stability and safety of the battery. 262 This chapter
continues to develop innovative, softer inorganic-organic hybrid sulfide electrolytes.

This chapter explores the effects of incorporating various organic components, such as
tetraethylammonium iodide (TEAI), tripropylammonium iodide (TPAI), and tetrabutylammonium
iodide (TBAI), into the LisP2Ssl electrolyte. Multiple characterization techniques were employed
to analyze these novel inorganic-organic hybrid sulfide electrolytes, including X-ray diffraction
(XRD) for examining the crystalline structure of materials, differential thermal analysis (DTA) to
assess thermal stability, and ionic conductivity measurements to determine electrochemical
performance. Through this systematic investigation, the aim is to overcome the limitations of
traditional sulfide electrolytes in mechanical stability, thereby developing new electrolyte

materials with superior mechanical and electrochemical properties.

4.2 Results and Discussion

As illustrated in Figure 4.1, the molecular structures of these doping agents show a progressive
increase in the length of the alkyl chains, ranging from four methyl groups in TMAI to four butyl
groups in TBAI, presenting incremental structural characteristics. The molecular structure of each
doping agent includes alkyl chains of varying lengths, which are expected to influence the capacity

of the electrolyte and improve its physical and chemical properties.
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Subsequently, the electrolytes were prepared by mixing LixS, P»Ss, and Lil with different
proportions of the doping agents TMAI, TEAI, TPAI, and TBAI using mechanical ball milling.
Figure 4.2 shows the XRD patterns of the TMAI, TEAI, TPAI, and TBAI samples at different
concentrations (x =0, 0.05, 0.1, and 0.2). XRD analysis revealed that after the ball-milling process,

all samples showed halos and largely preserved an amorphous configuration, with Si added as the

angle reference.
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Figure 4.1. Structural Formula of TMAI, TEAI TPAI TBAI
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Figure 4.2. XRD Patterns of (1-x) LisP2SsI - x (TMAL TEAL TPAIL TBAI) (x =0, 0.05, 0.1,
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Figure 4.3 shows the DTA curves of the sulfide solid electrolytes at different doping levels (x =
0, 0.05, 0.1, and 0.2). In the TMAI, TEAI, TPAI, and TBALI series, all samples exhibited an
exothermic peak during the heating process, indicating crystallization. Table 4.1 lists the
crystallization temperatures according to the dopant type.

In all series, the crystallization temperature decreases with increasing doping levels, which may
be related to the alkyl chain length and structure of the doping agents. Our previous studies have
shown that TMALI series after being treated at 120°C for 2 hours, the samples with x = 0.2 not only
exhibited the known phases of Li7P>Ssl and TMALI but also showed some unknown diffraction
peaks. '® These unknown peaks may indicate the formation of new phase structures under specific
conditions, providing preliminary evidence of the hybrid characteristics of the material. I assume
that the crystallization behavior in other systems should be like that of the TMAI system. The
variation in crystallization temperature with composition suggests that the resulting electrolyte is
not merely a mixture of sulfide solid electrolyte and tetraalkylammonium iodide, but a hybrid

material with a dispersion of tetraalkylammonium iodide at the molecular level.
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Table 4.1. Crystallization temperature by dopant types (°C).

Samples TMAI TEAI TPAI TBAI
x=0 195 195 195 195
x=0.05 172 184 151 148
x=01 167 148 144 145
x=0.2 154 137 139 142
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The Arrhenius plots (Figure 4.4) reveal the impact of different doping levels on the ionic
conductivity of the sulfide solid electrolytes. The effects of different doping concentrations on the
ionic conductivity (log o) and activation energy (Ea) of sulfide solid electrolytes are depicted in
Figure 4.5.

As shown in Table 4.2 and Figure 4.5, the ionic conductivity decreases with increasing doping
concentration for the TMAI, TEAI, TPAI, and TBAI series. The TEAI series shows a relatively
smaller decrease in conductivity at x=0.05, with a more significant drop at x=0.1 and x=0.2. The
TPAI series exhibited a pronounced decrease in conductivity as the doping concentration increased.
For example, at x=0.1, the ionic conductivity of TPAI drops to 1.6x10* S cm™, and decreases to
7.8x107° S cm™! at x=0.2. The TBAI series exhibited a significant reduction in conductivity at a
lower doping level (x=0.05) and a corresponding increase in the activation energy, indicating that
even a small amount of the long-chain dopant significantly affected the ion transport capabilities
of the electrolyte. As the doping concentration increased to x=0.2, the ionic conductivity decreased
further, and the activation energy continued to increase.

These results were further validated using Raman spectroscopy (Figure 4.6). The Raman spectra
show that both the pure and TMAI-doped samples have peaks in the 400-500 cm™" %* % region,
indicating the presence of only PS4’ units. However, the TMAI-doped sample also exhibits
additional C-H bond peaks in the high-frequency region of 2800-3000 cm™,  confirming the
incorporation of organic components.

In this study, from TMAI to TBAI, the increase in the length of the alkyl chain of the dopants
had complex and varied effects on the ionic conductivity. As the alkyl chain length increased, there
was a consistent trend of decreasing ionic conductivity and a corresponding increase in activation

energy. Particularly in TBAI, although longer alkyl chains impede lithium-ion conduction by
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increasing the volume occupied by non-conductive molecular parts, the looser structural
arrangement seems to enhance lithium-ion migration efficiency by increasing the number of ion
channels. Notably, this effect is especially pronounced at higher doping concentrations in TBAI
(such as 0.1, 0.2), resulting in a slightly higher conductivity at these levels compared to TPAI
Although long-chain dopants may negatively affect the ion transport capabilities of electrolytes,

they demonstrate potential advantages in terms of mechanical strength and long-term stability.
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Table 4.2. Room temperature ionic conductivity (S cm™) for (1-x) Li7P2Ssl - x (TMAI TEAI,

TPAIL TBAI) (x = 0, 0.05, 0.1, 0.2)

Samples TMAI TEAI TPAI TBAI
4 4 4 4

x=0 3.8x10 3.8x10 3.8x10 3.8x10
4 4 4 4

x=0.05 4.2x10 3.7x10 3.8x10 1.6x10
4 4 4 4

x=0.1 3.5x10 2.8x10 1.6x10 1.8x10
4 4 5 4

x=0.2 3.0x10 2.0x10 7.8%10 1.1x10
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4.3 Chapter Conclusion

This chapter systematically examined the effects of four tetraalkylammonium iodide dopants
(TMALI TEAI, TPAI, and TBAI) on the structure and electrochemical performance of Li>S-P-Ss-
Lil-based solid electrolytes, with increasing alkyl chain lengths in the dopants. Results indicate
that these dopants influence crystallization behavior and ionic conductivity. XRD patterns
confirmed a mostly amorphous structure, while DTA analysis showed decreasing crystallization
temperatures with higher doping levels, enhancing amorphous characteristics conducive to ion
conductivity.

lonic conductivity measurements revealed an overall decrease in conductivity with increased
doping, with varying impacts across different dopants. Notably, the TBAI series exhibited
nonlinear behavior, where longer alkyl chains initially hindered ion transport but improved at
higher levels. Raman spectroscopy results supported these findings, showing the presence of both
inorganic and organic units, emphasizing the composite nature of the electrolyte.

The interplay between alkyl chain length and electrolyte performance suggests the potential of
these doped electrolytes in conjunction with silicon and lithium metal electrodes. These dopants’
unique structures and ion pathways may improve compatibility with silicon electrodes. The
enhanced amorphous structure and tailored conductivity may alleviate these issues, boosting
battery stability and efficiency.

Future studies further combine these doped electrolytes with silicon and lithium metal electrodes
to evaluate their potential to enhance energy density, cycling stability, and mechanical integrity in

all-solid-state lithium batteries.
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Chapter S Assembly and Evaluation of All-Solid-State Batteries

5.1 Introduction

In Chapters 3 and 4, a series of new inorganic-organic hybrid sulfide electrolytes was prepared,
and their performance in all-solid-state lithium batteries was evaluated next. The effectiveness of
the electrolyte layer is crucial in all-solid-state lithium batteries, as it must support efficient lithium
ion conduction and maintain robust contact between the electrolyte and the electrodes. Previously,
various organic cations such as TMAI, TEAI, TPAI, and TBAI were introduced, and the ionic
conductivity and thermal stability of different LizP.Sgl electrolytes were characterized in detail.
This chapter assesses the batteries' performance through testing, focusing on their cycle stability
and capacity retention, as well as their ability to mitigate volume expansion in silicon-based
electrodes during charging and discharging. The assembly and testing of all-solid-state lithium
batteries based on these electrolytes are highlighted.

The electrolyte in all-solid-state batteries not only needs excellent ionic conductivity but also
must accommodate the volume changes of the electrodes during charging and discharging,
especially the notable expansion of silicon electrodes. The developed inorganic-organic hybrid
sulfide electrolytes, by incorporating organic cations of varying molecular sizes, aim to enhance
their compatibility and cycling performance with silicon electrodes. As the molecular weight of
TMAI, TEALI, TPAI, and TBAI increases, the electrolyte structure becomes more porous and less
viscous, potentially enabling better accommodation of volume changes in silicon electrodes, thus
alleviating expansion issues and enhancing cycle stability.

This chapter details the assembly steps of all-solid-state lithium batteries and conducts cycle

performance tests to evaluate their effectiveness in managing the volume expansion of silicon
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electrodes. These experiments aim to further validate the performance of the newly developed
inorganic-organic hybrid sulfide electrolytes in practical battery applications and assess their

potential to advance all-solid-state battery technology.

5.2 Results and Discussion

5.2.1 Battery Results for Li7P2SsI-TMAI

All solid-state lithium batteries using LizP2Sgl-TMAI in the composite Si electrode were
fabricated. The charge-discharge results are shown in Figure 5.1. The first discharge (Li insertion)
was carried out at a low current to completely discharge the battery, which has a capacity of
approximate 3000 mAh g. The first charge (Li de-insertion) was then set to terminate in 2014
mAh g1 to suppress the volume expansion and contraction of the Si. Subsequent discharge charges
were all terminated in 2014 mAh g, LizP,Sgl (x=0) and x= 0.05 samples showed a capacity of
approximately 1200 mAh g? after 10 cycles, while x=0.1 sample showed a capacity of
approximately 1400 mAh g* after 10 cycles, all showing some degree of capacity drop. However,
the x=0.1, 0.2 sample maintained a capacity of 2014 mAh g* after 10 cycles without any drop,
showing the best battery cycling performance in the present study. The addition of TMAI may
change the mechanical properties of the solid electrolyte: TMAI addition should increase the
deformability of the solid electrolyte, and thus the solid electrolyte can suppress the effect of the
change of volume. The lowering of crystallization temperature (Figure 4.3) also supports the
change of mechanical properties. Lowering of the crystallization temperature means lowering in
the glass transition temperature, which should cause the lowering of the viscosity of the glass at
room temperature. Thus, the deformability can be affected by the addition of TMAI, and the

TMAI-doped sample showed better cycle performance. The Nyquist plots of the cells using (1-x)
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Li7P2Sgl - x TMAI (x = 0, 0.2) before and after 10 cycles (Figure 5.2) showed that the x=0.2
sample had a smaller semicircle than the x=0 sample after 10 cycles, meaning that the x=0.2
sample had a smaller interfacial resistance. The smaller interfacial resistance should facilitate high
cycling performance.

The SEM-EDS cross-sectional images of LixSi / 75Li2S-25P,Ss / Li-In cell, in which (1-x)
Li7P2Ssl-xTMAI (x = 0, 0.2) was used in the electrode composite with LixSi, before and after 2
cycles at 0.1C are shown in Figure 5.3 and 5.4. Before cycling, the Si composite electrodes of
both x=0 and x=0.2 samples were approximately 20 pm thick and had a dense structure. After two
cycles, the thickness of the Si composite electrode of the sample with x=0 was about 50 pm, and
that of the sample with x=0.2 was about 20 pm. This means that the TMAI-free Si negative
electrode sample swelled, but the Si negative electrode composite containing TMAI with x=0.2
had almost no expansion. In addition, the structure of Si electrode composite containing TMAI
with x=0.2 remained dense after two cycles, whereas the particles in the TMAI-free Si electrode
composite split apart, and the electrode composite was no longer dense. This means that TMAI
did suppress the volume expansion of Si electrode composite, and the addition of TMAI should

prevent electrode cracking that may happen after cycling.
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Figure 5.1. The charge-discharge curves of LixSi / 75Li.S-25P,Ss / Li-In cells, in which (1-x)

LizP2Sgl-xTMAI (x =0, 0.05, 0.1, 0.2) were used in the LixSi electrode composite.
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Figure 5.3. The cross-sectional observation of (a) SEM and (b) EDS images before cycling of

LixSi - (1-x) Li7P2SsI'xTMAI (x =0, 0.2) / 75L12S-25P>Ss / Li-In cells.
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Figure 5.4. The cross-sectional observation of (a) SEM and (b) EDS images after two cycles of

LixSi - (1-x) LisP2SsI'xTMAI (x = 0, 0.2) / 75Li2S-25P,Ss / Li-In cells.
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5.2.2 Battery Results for Li7P2SsI-TEAI, TPAI, TBAI

Due to the excellent battery performance exhibited by the all-solid-state lithium battery
containing 0.2 molar fraction of TMAI, I decided to further explore the impact of other large
molecular iodide compounds on battery performance. Therefore, I prepared solid-state batteries
containing 0.2 molar fractions of TEAI, TPAI, and TBAI and tested their performance, as shown
in Figure 5.5.

The test results showed that the batteries containing TEAI, TPAI and TBAI performed worse in
cycle performance than those containing TMAI. This phenomenon reveals that battery
performance is influenced not only by the softness of the electrolyte material but also by its
conductivity. A softer electrolyte material can better adapt to the microstructural changes between
electrodes, maintaining good interfacial contact, which is crucial for the long-term cyclic stability
of solid-state batteries. However, if the conductivity of the electrolyte is insufficient, even a high
degree of softness cannot achieve excellent battery performance.

Moreover, both theoretical analysis and experimental data indicate that the ion conduction
mechanism of the electrolyte material significantly affects battery performance. Large molecular
iodides such as TEAI, TPAI, and TBAI might hinder ion migration in the electrolyte layer during
battery cycling due to their larger molecular structure and relatively lower conductivity, thus

affecting the charging and discharging efficiency and cycle life of the battery.
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5.3 Chapter Conclusion

In this chapter, a systematic evaluation was conducted on the performance of various newly
developed inorganic-organic hybrid sulfide electrolytes in all-solid-state lithium batteries. The
results demonstrate that the addition of TMALI significantly enhanced the cyclic stability of the all-
solid-state batteries. Specifically, the sample with x=0.2 TMAI maintained a discharge capacity of
2014 mAh g? after 10 cycles, showing no significant capacity decay. This improvement is
attributed to the enhanced deformability of the solid electrolyte, which effectively mitigated the
volume change of the silicon electrode. SEM-EDS observations further confirmed that the
electrode composites doped with TMAI remained dense after cycling, indicating their
effectiveness in alleviating silicon expansion and preventing electrode cracking.

In contrast, all-solid-state batteries containing 0.2 molar fraction of TEAI, TPAI, and TBAI
exhibited lower cycling performance than those doped with TMAL. This highlights the importance
of electrolyte deformability and ionic conductivity. While increased deformability helps maintain
good interface contact between the electrode and electrolyte, insufficient ionic conductivity still
limits overall battery performance. The larger molecular structures and relatively lower
conductivity of TEAI, TPAI, and TBAI may hinder ion migration, leading to reduced charge-
discharge efficiency and shorter cycle life.

These findings emphasize that the design of effective hybrid sulfide electrolytes must balance
mechanical properties and ionic conductivity to achieve optimal battery performance. This chapter
provides insights into the complex interactions between the electrolyte and the electrode, which

are crucial for ensuring long-term cyclic stability of all-solid-state batteries.
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In the upcoming chapters, the mechanical properties of the synthesized hybrid electrolytes are
further explored, focusing on the impact of different organic cations on the flexibility, elasticity,

and mechanical integrity of the electrolyte layer.
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Chapter 6 Evaluation of Mechanical Characteristics

6.1 Introduction

In the previous chapter, the impact of various organic cations on the electrochemical
performance of mixed sulfide electrolytes was discussed in detail, particularly in terms of
improving the cycling stability of silicon electrodes. The study showed that the introduction of
tetramethylammonium iodide (TMAI) significantly enhanced the deformability of the electrolyte,
effectively mitigating volume expansion and contraction of the silicon electrode, a crucial factor
for achieving long battery cycle life. However, for optimal electrolyte performance, not only high
ionic conductivity is necessary, but also robust mechanical properties are essential to withstand
physical stresses during charging and discharging.

Solid electrolytes must endure complex mechanical stresses during battery operation, including
compression, tension, and shear. Therefore, the mechanical properties of the electrolyte are vital
for its long-term stable operation. This chapter focuses on systematic mechanical performance
tests of previously synthesized mixed sulfide electrolytes to assess how different organic cations
affect their mechanical characteristics.

To gain a deeper understanding of the mechanical behavior of these mixed electrolytes,
systematic studies and comparisons were conducted on four different organic cations (TMAI 0.2,
TEAI 0.2, TPAI 0.2, and TBAI 0.2). The results of the elasticity modulus tests indicated that the
introduction of various organic cations significantly affected the mechanical properties of the
electrolytes. Further testing of the elasticity modulus focuses on understanding how the electrolyte
materials respond under compression or tension, which is crucial for predicting their performance

in actual battery operations.
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These mechanical performance tests aim to determine which organic cation can maximize the
mechanical stability of the electrolyte without significantly reducing its ionic conductivity. This
provides critical experimental evidence and theoretical guidance for optimizing the composition
of the electrolyte, aiding in the development of high-energy-density and long-life solid-state
lithium batteries.

The findings of this chapter serve as a reference for the development of the next generation of
high-performance electrolyte materials. These materials are designed to excel not only in ionic
conductivity but also in mechanical properties, enabling them to accommodate the volume changes
of electrode materials and various stresses during battery operation, thereby ensuring optimal

performance and reliability of solid-state batteries.

6.2 Results and Discussion

The effects of different dopants on the mechanical properties of the sulfide solid electrolyte for
(1-x) LisP2Ssl - x (TMAI, TEAI, TPAI, and TBAI) (x = 0, 0.2) samples were evaluated using
indentation tests. The compositions of the tested samples were Li7P2Sgl (LPSI), TMAI 0.2, TEAI
0.2, TPAI 0.2, and TBAI 0.2. Figure 6.1 shows the P-h curves obtained from 50 repeated
indentation-unloading tests on the surfaces of all the samples using a spherical indenter, where P
is the load applied on the surface of the specimen during the indentation test and / is the indentation

depth based on the initial surface height of the specimen. According to Hertz's theory.5!

P 4E |h

Pm=2Rh 37 (R
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Figure 6.2 showing the Pm-(h/R) '"? Curves for (1-x) Li7P2SsI - x (TMAI, TEAI, TPAI, TBAI) (x
=0, 0.2). According to Hertz's theory, the slope is directly proportional to the elastic modulus. The
specific calculations of the elastic modulus are presented in Table 6.1, where the introduction of
dopants results in changes in the elastic modulus, indicating that the type of dopant has a significant
impact on the mechanical properties of the electrolyte.

In the undoped LPSI sample, the elastic modulus is 21.3 GPa, which is consistent with the results
of previous studies'®. After doping with tetraalkylammonium iodides, the decrease in the elastic
modulus for TMAI 0.2, TEAI 0.2, and TPAI 0.2 were not quite noticeable, remaining largely
consistent with that of undoped LPSI. TBAI 0.2 showed the most significant decrease, with the
elastic modulus dropping to 18.4 GPa, which was the lowest among all samples. The doping of
TBALI 0.2 significantly lowered the elastic modulus, indicating that long-chain dopants increased
the free volume within the glass, loosening the structure, and consequently decreasing the ionic
packing density. However, the TEAI 0.2 sample exhibited the highest elastic modulus of 25.2 GPa
probably because of the long alkyl chains forming physical cross-linking points within the
electrolyte matrix, akin to the network nodes. These cross-linking points improve the structural
integrity of the material, as well as enhance its response to external forces, thereby increasing the
overall stiffness and elastic modulus. Although longer chain structures may increase the free
volume and reduce the elastic modulus, in the case of TEAI, the strengthening effect of physical
cross-linking significantly surpasses the softening effect caused by the increased free volume;
hence, the TEAI-doped samples displayed a higher elastic modulus. Furthermore, all samples
maintained an amorphous state, indicating that doping with tetraalkylammonium iodides did not
alter the primary structure of the glass samples. However, the introduction of larger

tetraalkylammonium cations increases the free volume within the glass structure. This structural
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adjustment allows the material to better accommodate mechanical stresses, such as bending or
stretching; thus, better adapting to external deformation while maintaining its original properties,
making it more suitable for use in battery technology. Furthermore, it is known that the true density
of 70(0.50Li>S-0.50P2Ss)-30Lil is 2.43 g/cm3, which is similar to the density of LiP2Ssl. '® The
densities of TMAI, TEAI, TPAI, and TBAI are 1.84 g/cm?, 1.56 g/cm?, approximately 1.31 g/cm?,
and 1.2 g/cm?, respectively. Based on the doping levels, I estimated the true densities of (1-x)
Li7P2Ssl - x (TMALI, TEAI, TPAI and TBAI) (x =0, 0.2), as shown in Table 6.2. The results show
that the relative densities of all samples are similar, ranging from approximately 80% to 85%, with
porosities of about 20% to 25%. Therefore, the differences in the measured elastic moduli are

mainly due to the intrinsic properties of the materials, rather than variations in porosity.
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Table 6.1. Characteristic Properties of Materials Tested with Indentation

Samples Elastic

Modulus

(GPa)
LPSI 21.3
TMAI 0.2 22.9
TEAI 0.2 25.2
TPAI 0.2 21.8
TBAI 0.2 18.4

Table 6.2. Molded density and relative density of various samples

True density Molded density Relative density
(gem™) (gem™) (%)
LPSI 243 1.98 81
TMAI 0.2 2.31 1.84 80
TEAI 0.2 2.26 1.94 85
TPAI 0.2 2.21 1.88 85
TBAI 0.2 2.19 1.90 86
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6.3 Chapter Conclusion

The indentation tests conducted on the sulfide solid electrolyte samples, specifically (1-x)
Li7P2Ssl-x (TMAI, TEAI, TPAI, TBAI) with x values of 0 and 0.2, highlighted significant impacts
of the dopant type on the mechanical properties of the electrolytes. The tests revealed a distinct
variation in the elastic modulus, which is closely linked to the mechanical integrity of the material
under stress.

TEAI-doped samples displayed the highest elastic modulus at 25.2 GPa, indicating a robust
material capable of withstanding significant mechanical stresses. This enhancement in the elastic
modulus is attributed to the formation of physical cross-links within the electrolyte matrix, which
reinforce the material’s structural rigidity.

On the other hand, TBAI-doped samples showed the lowest elastic modulus, at 18.4 GPa. This
reduction is likely due to the increased free volume from the long alkyl chains of TBAI, which
introduces more flexibility and less packing density within the matrix. This structural relaxation
results in a softer material that may be more susceptible to mechanical deformations under load.

These findings underscore the critical role of dopant selection in tailoring the mechanical
properties of solid electrolytes to withstand the stresses encountered during battery operation.
While higher elasticity can aid in resisting mechanical deformations, the balance between ionic
conductivity and mechanical strength must be carefully managed to optimize battery performance.
The research points to the necessity of engineering solid electrolytes that not only exhibit high
ionic conductivity but also possess the mechanical robustness required for long-term cyclic

stability in battery applications.
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Chapter 7 Conclusions

This study systematically evaluated the mechanical and electrochemical performance of
inorganic-organic hybrid sulfide solid electrolytes based on (1-x) Li7P2Ssl - X (TMAI, TEAI, TPAI,
TBAI) (x = 0, 0.05, 0.1, 0.2), exploring their potential applications in all-solid-state lithium
batteries. Through detailed investigations of various doped samples, the following main

conclusions were drawn:

1. Structural Consistency of Amorphous State: Both the undoped and doped samples were
confirmed to maintain an amorphous structure, indicating that the introduction of
tetraalkylammonium iodides did not disrupt the material's structural characteristics.
Preserving the amorphous structure is crucial for ensuring consistent material performance.
Additionally, the crystallization temperature of the materials decreased slightly with
increasing doping levels, suggesting that the dopant cations are homogeneously distributed
within the amorphous matrix.

2. Influence of Doping on lonic Conductivity: The research showed that the type and
concentration of the dopant had a noticeable impact on the material's ionic conductivity.
Overall, as the doping concentration increased, some samples exhibited a decrease in
conductivity, particularly the TBAI series, which showed more complex nonlinear
behavior.

3. Impact of Doping on Mechanical Properties: The doping of different types of
tetraalkylammonium iodides altered the mechanical properties of the sulfide electrolytes.
Specifically, samples doped with TEAI exhibited the highest elastic modulus (25.2 GPa),

attributed to the formation of physical cross-linking points within the electrolyte matrix
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that enhanced structural integrity and resistance to external forces. Conversely, samples
doped with TBAI showed the lowest elastic modulus (18.4 GPa), as the longer chain
structure increased the material's free volume, leading to a looser structure and reduced
mechanical strength.

4. Improvement in Electrochemical Performance: The introduction of dopants such as
TMAI led to enhancements in the cycle stability and ionic conductivity of all-solid-state
batteries. Notably, samples with a TMAI doping concentration of x=0.2 maintained a high
discharge capacity after 10 charge-discharge cycles. This improvement is attributed to the
doped solid electrolyte materials being better able to accommodate the volume changes of
the electrode materials, thus enhancing the overall stability and electrochemical

performance of the battery.

In summary, this study investigated the effects of tetraalkylammonium iodide doping on the
mechanical and electrochemical properties of sulfide-based solid electrolytes, demonstrating their
potential viability in all-solid-state lithium batteries. The findings contribute valuable insights into
the development of high-performance solid-state batteries and offer a foundation for future

advancements in safer and more efficient energy storage technologies.
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