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1. Abstract 

The relevance of the work 

The 2019 Nobel Prize in Chemistry for the creation of lithium-ion batteries was undoubtedly 

recognition of the great importance of electrochemical energy and solid-state chemistry as the most 

important areas of modern scientific and technological progress. In this regard, scientific research on 

the development of new materials for secondary power supplies is relevant and practically significant. 

One of the promising commercially available energy sources is lithium-ion batteries (LIB) due to their 

high specific energy density (240-270 Wh/kg) and power density (200-500 W/kg), long service life 

and stability during cycling. At the same time, a number of critical industrial, transportation, medical, 

telecommunications, information and engineering applications require achieving even higher 

performance. The possibility of significantly improving the main specific characteristics, as well as 

reducing costs, associated with the development of new electrode materials, as well as the use of new 

generations of materials based on solid-state electrolytes, which make it possible to achieve significant 

gains and improvements in specific energy, power and safety of devices today. 

Li1+xAlxTi2-x(PO4)3 phase family solid-state electrolyte with NASICON structure has high ionic 

conductivity (up to 10-3 S/cm for monocrystal) at room temperature, low cost due to the absence of 

rare and trace elements in the compound, chemical stability in air, a wide window of operating voltage 

(2.8-4.8V relative to Li+/Li), high mechanical strength (elastic modulus ~ 150 GPa), no toxic, high 

thermal stability up to ~ 1300ºС. Methods for obtaining solid-state electrolytes based on LATP are 

divided into methods using solid state chemistry method, glass crystallization method, “soft chemistry” 

andchemical homogenization. Solid-state electrolyte ceramic samples have lower lithium-ion 

conductivity compared to the single crystal due to the negative contribution of grain boundaries and 

the presence of defects such as cracks and pores. Moreover, some types of defects in the ceramic 

electrolyte are sources of mechanical microstresses, which can lead to the formation of lithium 

protrusions during the electrochemical cycling of the battery and the risk of short circuit due to 

mechanical destruction of the electrolyte. 

The relevance of the work is related to the development of new generations of materials for 

lithium-ion batteries with solid-state electrolytes, characterized by improved performance 

characteristics and safety. The feasibility of developing such materials is confirmed by the Decree of 
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the President of Russia on the establishment of the State Program of the Russian Federation “Energy 

Development” and corresponds to the priority direction of the development of science, technology and 

engineering in the Russian Federation: Energy efficiency, energy saving, nuclear energy. 

 

Therefore, the goal of the work is the development of efficient approaches for obtaining ceramic 

solid-state electrolytes based on Li1+xAlxTi2-x(PO4)3 phase composition with specified functional 

characteristics for solid-state secondary power supplies. 

To achieve this goal, the following tasks were solved: 

1. The use of numerical simulation by the phase field method, 2D and 3D visualization of the 

propagation process of dendritic structures of metallic lithium during battery charging to 

assess the complex of required physicochemical and morphological properties of the solid-

state electrolyte. 

2. Development of novel methods for the synthesis of powdered precursors for the fabrication of 

Li1+xAlxTi2-x(PO4)3 phase solid-state electrolytes with improved characteristics. 

3. Analysis of the influence of the background of obtaining precursors, molding features, 

temperature and time processing conditions on the sintering processes and the microstructure 

of Li1+xAlxTi2-x(PO4)3 phase solid-state electrolyte samples. 

4. Development of effective methods for the fabrication of high-density Li1+xAlxTi2-x(PO4)3 

ceramic materials with controllable geometric dimensions, granulometric composition and 

pore structure features for use as solid-state electrolytes. 

5. Carrying out electrochemical testing and analysis of correlations of composition - structure - 

properties to select the most effective methods for creating solid-state electrolytes for 

secondary power supply; assembly and testing of prototypes of solid-state lithium batteries. 

 

Objects: 

1. Li1+xAlxTi2-x(PO4)3 solid-state electrolyte powdered precursors obtained by the solid-state 

method, the molten salt quenching method and synthesis using polymerized matrices. 

2. Li1+xAlxTi2-x(PO4)3 ceramic materials with specified geometric dimensions, controlled 

granulometric composition, features of the pore structure depending on the morphology and 
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phase (crystalline/amorphous) composition of the powder precursors and the approach to their 

formation and sintering conditions. 

 

The scientific novelty of the work  

1. For the first time, with the help of the phase field simulation method, the initial stages and 

processes in the dynamics of the formation of lithium protrusions in the solid-state electrolyte 

were visualized depending on the grain size, their mechanical properties and pore morphology, 

which made it possible to predict the optimal properties of ceramics to reduce the negative 

consequences of the growth of dendritic structures of metallic lithium. 

2. The synthesis was optimized using polymerized matrices, which made it possible to obtain 

Li1.3Al0.3Ti1.7(PO4)3 phase particles with NASICON structure with a controlled average grain 

size in the range of 25-600 nm. 

3. The optimal sintering conditions for Li1+xAlxTi2-x(PO4)3 have been established for the first 

time, which make it possible to minimize the contribution of abnormal grain growth (AGG) 

and achieve effective compaction during heat treatment and achieve a relative density of 

96.3±0.2% and an elastic modulus of 125±5 GPa. 

4. For the first time, an approach has been proposed to improve the complex of functional 

properties of Li1+xAlxTi2-x(PO4)3 phase solid-state electrolyte ceramics through the use of 

powdered precursors with a bimodal particle size distribution, as well as amorphous (glassy) 

components. 

5. The relationship has been established between a number of parameters for obtaining ceramics 

and the electrochemical characteristics of the samples, in particular, ionic conductivity values 

up to (8±0.2)×10-4 S/cm have been achieved. It has been shown that the increase of relative 

density and ionic conductivity of ceramics led to a decrease in overvoltage values during the 

electrochemical deposition process of lithium, which makes it possible to obtain prototypes 

of lithium-ion secondary power supplies with improved characteristics. 

 

The practical significance of the work 

The results of the work are of great practical importance for the development and implementation 

of original approaches to obtain highly efficient lithium-conductive solid-state electrolyte for 
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secondary power supplies. In particular, it has been demonstrated that the transition to a bimodal size 

distribution in an ensemble of ~ 600 nm submicron Li1.3Al0.3Ti1.7(PO4)3 particles with a fraction of 10 

wt.% nano particles (~ 60 nm) makes it possible to obtain the ceramic solid-state electrolyte with 

improved values of relative density 96±1%, ionic conductivity (5.9±0.2)×10-4 S/cm and elastic 

modulus 119±9 GPa. A method for preparing the ceramic solid-state electrolyte using multi-component 

precursors based on crystal phase and the glass phase powders of Li1.3Al0.3Ti1.7(PO4)3 has been 

proposed. The approach used makes it possible to avoid the process of abnormal grain growth during 

sintering process and, as a result, to improve the functional properties of the solid-state electrolyte, 

including increasing the ionic conductivity up to (7.8±0.2)×10-4 S/cm, relative density up to 95.1±0.3% 

and elastic modulus up to 120±8 GPa. The optimal weight ratio of the crystalline and glass phases was 

established as 95:5 in the frame of this study. Based on dilatometry data, a two-step sintering mode 

(570℃, 6h; 900℃, 6h) of composites based on Li1.3Al0.3Ti1.7(PO4)3 was developed, which allows 

achieving maximum ionic conductivity values (8±0.2)×10-4 S/cm, relative density 96.3±0.2% and 

elastic modulus 125±5 GPa. Approaches have been developed to molding synthesized powders in the 

form of the solid-state electrolyte membrane with thickness down to 60 μm thick, which made it 

possible to assemble working prototypes of solid-state power supply with high performance 

characteristics. 

The developed approaches to the production of such ceramic materials have a wide range of 

applications for use in electric vehicles, the aerospace industry, etc. In this regard, the results of the 

work may be in demand in the Russian companies GAZ, Roscosmos, Norilsk Nickel, Rosatom, as well 

as in foreign specialized companies. 

 

Points for defense 

1. Results of numerical modeling by the phase field method, 2D and 3D visualization of the 

propagation process of dendritic structures of metallic lithium and establishing optimal 

physic-chemical and morphological properties of the solid-state electrolyte to reduce the 

negative consequences of the lithium protrusions growth. 

2. Results and techniques for the practical use of new methods for the synthesis of powdered 

precursors to obtain Li1+xAlxTi2-x(PO4)3 solid-state electrolyte with improved characteristics. 

3. Selection suggestions for the efficient routes of the precursors preparation, molding modes, 
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temperature-time processing conditions for obtaining Li1+xAlxTi2-x(PO4)3 phase solid-state 

electrolyte samples with the optimized microstructure and high values of ionic conductivity. 

4. Original methods for producing high-density Li1+xAlxTi2-x(PO4)3 ceramic materials with 

controllable geometric dimensions, granulometric composition, specified parameters of the 

pore structure for use as solid-state electrolytes. 

5. Correlations composition - structure - properties based on a large number of samples, which 

made it possible to propose the effective methods to fabricate solid-state electrolytes for 

secondary power supply. 

6. Results of testing the electrochemical properties of solid-state electrolyte and prototypes of 

solid-state lithium batteries based on them. 

 

Reliability of experimental results is confirmed by using an integrated approach depend on 

complementary physic-chemical methods, the reproducibility of the results obtained, as well as their 

agreement with literature data. To determine the phase composition and crystal structure - X-ray phase 

analysis (XRD), morphology - scanning electron microscopy (SEM), mechanical properties - 

nanoindentation and transport characteristics - impedance spectroscopy of the synthesized materials 

were used.  

 

Main results of the PhD thesis work are presented in 5 Q1 scientific publications, indexed in 

the Web of Science, Scopus databases, and recommended for defense in the dissertation council of 

Moscow State University in the specialty 01.04.15 - Solid state chemistry. 

 

Approbation of the work was presented at the following Russian and international conferences: 

XVIIIth conference of the European ceramic society (Lyon, France, 2023), XXXIII Mendeleev 

competition for chemistry students (Ivanovo, Russia, 2023), 65th All-Russian scientific conference in 

MIPT in honor of the 115th anniversary L.D. Landau (Moscow, Russia, 2023), International scientific 

conference of students, graduate students and young scientists “Lomonosov-2023” (Moscow, Russia, 

2023). 

 

Personal contribution of the author. The work of this PhD thesis is based on the results of 
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scientific research conducted directly by the author in the period from 2019 to 2023 in the division of 

Nanomaterials at Faculty of Materials Science of Lomonosov Moscow State University. The author 

analyzed the literature in detail, synthesized the samples and characterized them by various physic-

chemical methods to establish the morphology, phase composition, relative density, ionic conductivity, 

elastic modulus and electrochemical characteristics. A mathematical model of solid-state electrolyte 

degradation was also developed, which the author carried out using Matlab and Comsol Multiphysics 

software. The results obtained were analyzed and interpreted in detail. Part of the instrumental studies 

was carried out in collaboration with senior researcher Evdokimov P.V. (TGA-DSC, dilatometry, SEM 

at Moscow State University), Dr. Liu YY. (SEM at MIPT), engineer Filippova T.V. (XRD at Moscow 

State University) and Ph.D. student Wang XY. (mechanical characteristics at Xi'an Jiaotong University 

in China).  

 

Volume and structure of work 

The PhD thesis consists of an abstract, literature review, experimental part, results and their 

discussion, conclusion, list of references and supporting information. The work is presented on 234 

pages, contains 148 figures, 24 tables and 210 references to literary sources. 
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2. Literature review 

The literature review consists of three parts. The first part introduces the development history of 

lithium battery, discusses the advantages, current issues and development direction of each component 

in lithium battery, and points out the future direction of the development from liquid electrolyte to 

solid-state electrolyte. The second part introduces the main types of solid-state electrolytes that have 

been explored so far and their corresponding advantages and obstacles, and introduces various 

parameters for evaluating the reliability of solid-state electrolytes. In the third section, the various 

synthesis and sintering approaches of the promising NASICON system solid-state electrolyte, as well 

as the characterization and developing strategies of solid-state electrolyte design to suppress lithium 

filament penetration are introduced. 

2.1. The development history and working principle of lithium battery 

2.1.1. History of lithium battery 

Since the era of traditional farming, human beings have relied on natural energy such as wind and 

water to carry out various social activities to create and promote social progress and development. 

After the Industrial Revolution in the 18th century, the utilization of electric energy, nuclear energy 

and light energy greatly stimulated the development of high-tech science and technology, resulting in 

unprecedented economic productivity. With the rapid increase of the earth's population and the 

industrialization of developing countries, the demand for energy has reached an unprecedented level 

[1-2]. 

As the core support for energy development, energy storage technology is the key technology to 

promote the transformation of main energy from traditional energy sources such as fossil fuels to new 

renewable energy sources such as wind energy, solar energy, and geothermal energy. Among them, 

although the installed cost of electrochemical energy storage technology is high, its efficiency in 

energy storage and release is higher, so it has wider application prospects. It is important to note that 

in the field of "green" energy, chemical current sources (CPS) are necessary to equalize the load in 

electrical networks, regulate the frequency and provide consumers with renewable energy at times of 

power generation failures when using wind, solar or wave power plants [3]. 
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Looking through all metal elements, lithium has the lightest molar mass (7 g/mol) and the lowest 

electrode potential (-3.04 V relative to standard hydrogen electrode), and theoretically has the largest 

energy density [3]. Therefore, lithium naturally attracts the attention of researchers in battery structure 

design. However, lithium metal is not compatible with water-based electrolytes, so the introduction of 

non-aqueous electrolytes becomes very critical. 

The beginning of lithium-ion battery research began in 1962 with the proposal of non-aqueous 

electrolyte. Embedded compounds (fluorocarbon) were first introduced into lithium-ion battery design 

in 1970 [4]. In 1976, lithium-ion batteries composed of composite metal oxides appeared [5]. The 

success of these lithium-ion batteries made the research on lithium-ion battery systems enter a fiery 

peak at that time, and the scientific community began to gradually turn to the issue of improving the 

reversibility of battery reactions. In addition, Armand etc. found some molecules or ions that can be 

embedded in layered disulfides, and studied the reaction of alkali metals embedded in the graphite 

lattice [6]. At the same time, another the most significant problem in lithium batteries, lithium dendrites, 

began to emerge. During the experiment, the uneven surface of the lithium metal anode led to uneven 

lithium deposition rate and triggered the emergence of lithium dendrites. 

These lithium dendrites continued to grow and eventually pierced the polymer separator, causing 

an internal short circuit, thus posing a greater safety hazard. At the same time, lithium dendrites also 

lead to the generation of "dead lithium", which greatly reduces the actual battery charge and discharge 

capacity. In 1983, the solid electrolyte interlayer (SEI) model was first proposed, which was proved to 

directly affect the cycling and reversible performance of lithium batteries [7]. 

Since then, the improvement of the interface properties between the electrode and the electrolyte 

has become the focus of research, but various improvement routes have no obvious effect. A series of 

explosions and fires caused by metal lithium anode secondary batteries in the 1980s and 1990s had an 

extremely bad impact on the field. The stagnation of industrialization and the withdrawal of funds 

directly led to most research institutions to stop the development of lithium metal anode batteries. 

In those difficult years, the remaining researchers decided to abandon lithium metal and choose 

other intercalated compounds as anode, that is both anode and cathode use active materials that can 

de-intercalate lithium ions. However, there were still three issues to be overcome:  

(1) Finding the suitable lithium intercalation material for the cathode;  

(2) Finding the suitable lithium intercalation material for the anode; 
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(3) Finding the suitable liquid electrolyte that can maintain the stability of the interface layer 

during the charge-discharge process. 

As early as 1980, Goodenough etc. proposed the possibility of lithium cobaltate and lithium 

nickelate being used in high voltage lithium-ion batteries, but it was generally believed that organic 

liquid electrolytes cannot maintain stability at high working voltage, so this work does not cause 

enough attention [8]. But after a few years, discovery and exploration of high voltage carbonate liquid 

electrolyte, which made lithium cobaltate, the preferred cathode material for Li-ion batteries 

commercially available. At the same time, Akira etc. applied for the first lithium-ion battery model 

patent with lithium cobaltate as the cathode and graphite material as the anode [9]. This patent was 

also adopted by Sony and produced the world's first commercial lithium-ion battery. Goodenough was 

awarded the Nobel Prize in Chemistry on October 9, 2019, for his work on lithium-ion batteries, along 

with M. Stanley Whittingham and Akira Yoshino. Since then, the research work of lithium-ion batteries 

has entered a period of rapid development, and has completely occupied the consumer electronics 

market in just a few decades. In the 21st century, CATL, ATL and BYD from China have made 

breakthroughs in the field of lithium iron phosphate and NCM cathodes after lots of technical research 

and development and accumulation, accounting for more than 60% of the installed capacity in the 

power battery field. With the development of the times, the safety problems of batteries have been 

raised again, and the idea of using solid electrolytes instead of liquid electrolytes has gradually become 

popular [10-11]. 

2.1.2. Working principle of lithium-ion battery 

The charging and discharging process of lithium ions batteries is essentially the process of 

insertion and extraction of lithium ions. Lithium ions continuously reciprocate in the anode and 

cathode materials for the intercalation/deintercalation process, so they are vividly called "rocking chair 

batteries" [12]. 
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Figure. 2.1. Scheme of charge and discharge of the lithium-ion battery. 

 

Redox processes in traditional commercial lithium cobalt oxide (cathode active material)/graphite 

(anode active material) battery are described below as an example: 

Discharge process: 

The cobalt element of the cathode is reduced, and the lithium intercalation reaction occurs: 

𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− → 𝐿𝑖𝐶𝑜𝑂2 (1) 

The graphite anode is oxidized, and the de-lithiation reaction occurs: 

𝐿𝑖𝑥𝐶6 → 𝑥𝐿𝑖+ + 𝐶6 + 𝑥𝑒− (2) 

Total battery reaction is: 

𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6 → 𝐶6 + 𝐿𝑖𝐶𝑜𝑂2 (3) 

Charge process: 

The cobalt element of the cathode is oxidized, and the de-lithiation reaction occurs: 

𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− (4) 

The graphite anode is reduced, and the lithium intercalation reaction occurs: 

𝑥𝐿𝑖+ + 𝐶6 + 𝑥𝑒− → 𝐿𝑖𝑥𝐶6 (5) 

Total battery reaction is: 

𝐶6 + 𝐿𝑖𝐶𝑜𝑂2 → 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6 (6) 
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2.1.3. Research status of liquid electrolyte lithium battery 

In order to ensure the smooth progress of the charging and discharging process, the basic 

components of the lithium battery are indispensable: the cathode, the anode, the electrolyte and the 

separator. 

2.1.3.1. Cathode material 

The cathode material accounts for about 40% of the lithium battery cost. In order to obtain high 

electrochemical performance, the cathode material needs to correspond several conditions [13]:  

1. High discharge voltage (as large a voltage difference as possible from the anode material), 

which is beneficial to the design of high energy density batteries;  

2. High electron and lithium-ion conductivity, which is the key factor for the efficient charge 

transport of the battery; 

3. Ability to high intercalation capacity for lithium ions ensuring high specific capacity 

characteristics of the battery 

4. High crystal structural stability, avoiding the structure collapses and deforms during the 

intercalation and deintercalation of lithium ions for high reversibility and long cycle life of 

the battery; 

5. The simple cost-effective process for the preparation of cathode material; 

At present, the research on cathode materials mainly focuses on lithium transition metal oxides, 

such as spinel oxide LiMn2O4 [14-15], layered metal oxide LiCoO2 [16-17] or polyanionic oxide 

LiFePO4 [18-19] et al. Each structure of the cathode material has its own unique advantages or values, 

so the methods for improving and modifying them are also very different. For example, LiCoO2 as the 

most common cathode material, has excellent electrochemical properties, but its crystal structure is 

prone to change after multiple charge-discharge cycles. Surface modification of LiCoO2 by doping 

Al2O3 or MgO can effectively improve the stability of the material and the cycle life of the battery [20-

21]; For the LiNi0.5Mn0.5O2 cathode material, although its overcharge resistance is good and the price 

is low, but its properties are greatly affected by temperature, especially the low temperature stability is 

poor. Use small amount of cobalt doping (from 5%) can improve the oxidation state electronic structure 

of oxygen and transition metal elements to improve its rate performance [22]; For the currently popular 
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LiFePO4 material, the research mainly focuses on how to improve the electrical conductivity of 

materials, such as the use of conductive carbon materials for surface coating and element doping 

substitution when synthesis the materials [23-27]. 

2.1.3.2. Anode materials 

In recent decades, even though more and more new anode material for lithium battery have been 

reported, but few of them can actually be commercialized. At present, the anode materials are still 

mainly natural graphite materials and artificial graphite materials. For the ideal anode material of 

lithium ions battery, it needs to meet [28]:  

1. Low lithium intercalation potential, as close as possible to the redox potential of lithium metal;  

2. High specific energy density per unit weight; 

3. High electronic conductivity; 

4. Low lithium-ion diffusion resistance inside the crystal structure; 

5. Low cost and high lithiophilicity. 

Similar to cathode materials, different structural properties of anode materials also endow the 

materials with different performance characteristics. Even if the crystal structure of the material is the 

same, different preparation and synthesis methods, doping processes, etc. will lead to different 

microstructures of the materials, resulting in large performance differences. For the most widely used 

graphite anode material at present, although it has high capacity (theoretical capacity is 372 mAh/g) 

and low lithium intercalation potential (< 0.01-0.2 V vs. Li/Li+), it is prone to various side reactions 

with the normal organic liquid electrolyte (such as 1M LiPF6 in EC). Therefore, the current commercial 

graphite anode material should be modified, such as surface coating or surface oxidation [29-30]. Cui 

et al. pretreated the graphite anode material with lithium sulfate on the surface, thicker solid electrolyte 

interface layer (SEI) formed on the electrode surface, thereby greatly improving the charge-discharge 

efficiency [31].  

Silicon material (4200 mAh/g, < 0.4 V vs. Li/Li+) is considered to be one of the most promising 

anode materials for lithium battery at present, but due to its large volumetric strain (up to 300%) during 

charging and discharging, it is easy to induce cause pulverization of the entire material, lithium ions 

will lose due to the SEI continually to crack, generate and consume, resulting in lower efficiency and 
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cycle stability. To solve this problem, the commonly used modification methods are designing porous 

structure, surface carbon coating, alloy composite and other techniques to improve its cycle stability 

[32-35]. 

2.1.3.3. Liquid electrolytes and additives 

The liquid electrolyte can connect the anode and the cathode inside the battery, which has a great 

influence on the performance of lithium battery. To achieve high performance of lithium battery, the 

electrolyte should meet the following requirements [36]:  

1. High ionic conductivity, > 10-3 S/cm;  

2. Wider electrochemical window range, which can ensure the stability when using high-voltage 

cathode or low-voltage anode materials; 

3. Good compatibility with cathode, anode, electrode current collectors and separators, and will 

not cause chemical, thermochemical reactions damage to battery performance; 

4. Environmentally friendly and high safety (nonflammable and nontoxic). 

At present, the most common electrolyte is organic liquid electrolyte, which is mainly composed 

of lithium salt, organic solvent and additives. Compared with aqueous electrolytes, organic electrolytes 

have higher tolerable voltages. Although its electrochemical performance is excellent, its liquid 

properties make it still a big safety hazard in real application. For example, the endless explosion of 

mobile phones in recent years is caused by the short circuit of the cathode and anode inside the battery, 

and the thermal decomposition of the liquid electrolyte to generate gas. Therefore, the characteristic 

of the electrolyte plays an important role in ensuring the safety of lithium battery.  

The role of electrolyte additives should not be ignored. For example, adding stabilizing additives 

can maintain the chemical and electrochemical stability of the electrolyte and improve the anti-

decomposition ability of the electrolyte; adding flame retardant additives can improve the thermal 

stability of the electrolyte, which can greatly improve the safety performance of the battery under 

thermal-runaway conditions, prevent accidents as much as possible. Overall, the role of additives is to 

further improve the performance of the entire liquid electrolyte system, making it as close as possible 

to the requirements of the “ideal” electrolyte [37-38]. Till now the implementation of these kind of 

additives into the industry is inhibited by high price.  
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In addition, the in-depth understanding of the surface reaction mechanism between the electrolyte 

and the electrode, especially the formation and growth of the SEI layer, have a significant impact on 

the entire battery system. 

2.1.3.4. Separator 

The separator can protect from the direct contact between the cathode and anode and ensure the 

smooth migration of lithium ions. Therefore, the structural characteristics of the separator will directly 

affect the key performance of the battery. The next generation separator needs to have high 

compatibility with electrode materials in terms of mechanical properties and electrochemical stability. 

Specifically [39]:  

1. Insulates electronic conductivity while ensuring high ionic conductivity;  

2. High chemical and electrochemical stability; 

3. High mechanical strength, bending resistance, folding resistance and puncture resistance 

under the condition of keeping the thickness as low as possible (< 25 μm to be compatible 

with commercial separator); 

4. High thermal stability, small thermal shrinkage deformation. 

Polyolefin-based film is currently the most widely used and most deeply researched lithium-ion 

separator material, such as polyethylene (PE) and polypropylene (PP), etc. Despite the widely crazing 

technology is mature and the cost is low, its poor thermal stability (shrinkage at temperature > 90°C) 

and liquid absorption limits its development in the field of high-power batteries or high-temperature 

batteries. At present, the modification of polyolefin-based separators mainly focuses on how to 

improve their lyophilic properties and high temperature resistance. Common modification methods 

such as surface coating with polymer resin, plasma irradiation grafting lyophilic monomers, etc. can 

significantly improve its lyophilic properties [40-42]. Although the liquid absorption performance can 

be significantly improved by the modification technology, the matrix structure is still polymer-based 

polyethylene in essence, and its thermal stability is poor and has not been significantly improved. 

Therefore, the organic-inorganic composite separator has become the focus of research. Organic-

inorganic composite separators are often made of polyethylene separators or non-woven fabrics, and 

are prepared from inorganic ceramic particles with high thermal stability through different membrane-



21 
 

forming methods, such as coating [43], electrospinning [44], molded and sintered at high temperature 

[45] and so on. The biggest problem of this type of composite separator is that the bonding force 

between the polymer and the ceramic particles is poor and easy to fall off. A common modification 

idea for this is to reasonably adjust the ratio of each component or optimize interfacial contact using 

advanced fabrication processes [46]. The focus of future research may be on the interface problem 

between the polymer and the ceramic particles and the optimization of the structure design, the research 

on the ion transport mechanism and kinetics in the composite separator is also beneficial to further 

improve the overall performance of the battery. 

2.1.4. Chapter conclusion 

On the whole, lithium batteries have a long history of development and play an important role in 

human production and life. The rapid development of science and technology and the huge changes in 

life patterns have put forward higher requirements for the performance of lithium batteries. Whether it 

is the material structure optimization of each component or the design of new battery assembly 

technology, it is ultimately hoped to achieve high safety, high energy density (> 400 Wh/kg) and high 

cycle stability (> 3000 cycles) of lithium batteries. Throughout the entire development process, solid-

state lithium batteries are the promising candidate, and developing strategies of various components, 

including electrolyte, anode/electrolyte interface, and cathode design is the important roadmap to foster 

the practical application of the next generation batteries with improved performance and safety issues 

[47]. 
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Figure. 2.2. Schematic illustration of the classifications of prevailing Li-ion batteries. Three types of batteries 

can be classified based on the amount of liquid and percentage of solid-state electrolyte (SSE) in the assembled 

batteries. 

2.2. Transition from liquid to solid state electrolytes in lithium battery technology 

2.2.1. The advantages of solid-state lithium battery 

The best commercially available lithium-ion batteries (LIB) demonstrate specific energy ~ 250-

270 Wh/kg. High speed development of portable electronics and electric vehicles requires 

improvement of specific battery characteristics and as a result, optimization of materials and cell 

design to achieve specific energy > 400 Wh/kg [48-50].    
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Figure. 2.3. Comparison of specific power and capacity for different types of batteries. 

 

 

Figure. 2.4. (a) Milestones of reversible battery chemistries developed since 1800s until today. (b) Energy 

density variation of a battery by varying the capacity of cathode (dark and blue curve) and anode (red curve). The 

effect of voltage increase on the energy density is highlighted by the blue (4.5 V) and dark (4.0 V) curves. (c) The 

approximate reversible capacities and working voltage windows of the commercialized and intensively investigated 

intercalation cathode materials. The gravimetric energy density is calculated merely based on cathode materials. (d) 
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Schematic illustration of electrolyte working mechanisms in LIBs. 

 

Thus, modern liquid electrolytes with high ionic conductivity (10-2-10-3 S/cm) have a narrow 

potential stability window (< 4.0 V) and a low lithium-ion transfer number (~ 0.5-0.6). Also, organic 

electrolytes have a number of environmental disadvantages, such as toxicity and flammability. 

Moreover, they are not thermally stable at temperatures above 100ºС. One of the solutions to these 

obstacles is the use of solid-state electrolytes (SSE). 

Compared with traditional lithium batteries, all components of solid-state batteries are solid, such 

as anode, cathode and electrolyte materials. In addition, the solid-state electrolyte not only play the 

role of conducting ions, but also can separate the anode and cathode as a separator. Therefore, the 

structure of the solid-state lithium battery is simpler, which can effectively save the preparation cost 

and widen the structural design direction of the irregular battery. In addition, solid-state lithium 

batteries have the following advantages: 

1. High safety.  

The solid-state electrolyte is more stable in a wide temperature range (up to 500°C), 

generally non-volatile, non-flammable [47, 51]. Its implementation into battery doesn’t 

require the cooling system of the battery pack in comparison with batteries with traditional 

organic liquid electrolytes. 

2. High energy density. 

It is widely known that the performance of commercial lithium-ion batteries has basically 

reached the upper limit. It is necessary to develop high specific energy cathode materials and 

anode materials for next generation lithium batteries. For cathode materials, the development 

technical barriers are higher to break through the currently commonly used structural system; 

lithium metal anode has ultrahigh theoretical specific capacity (3860 mAh/g) and the lowest 

reduction potential (-3.04 V vs standard hydrogen electrode), however it was put aside by 

researchers due to battery safety accidents in the early years. In recent years due to its 

promising properties, the research on lithium metal anode has returned to the research focus. 

Of course, the biggest problem is the side reaction between lithium metal and the liquid 

electrolyte [52]. In addition, lithium dendrites are also an important reason to limit the 

development of lithium metal anode [53-55]. Excellent mechanical stability of solid-state 
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electrolytes to hinder the growth of lithium dendrites. From this point of view, solid-state 

lithium batteries can replace the currently available material systems to develop lithium 

batteries with better performance [56-57]. 

2.2.2. Major classifications of solid-state electrolyte 

Ionic conductivity is a key property for solid-state electrolyte. However, for practical application 

in electrochemical energy storage and conversion systems, other basic properties are also important. 

The main properties required for solid-state electrolytes are: high ionic conductivity (> 10-4 S/cm), 

high electronic resistance (< 10-9 S/cm), high ionic selectivity, wide electrochemical stability range, 

good chemical compatibility with other components, excellent thermal stability, excellent mechanical 

properties, simple fabrication processes, low cost and environmental friendliness. Much progress has 

been made in improving the properties mentioned above, both with inorganic and organic (polymer) 

solid-state electrolyte materials. 

2.2.2.1. Polymer-based solid-state electrolyte 

The lithium conduction mechanism of polymer solid-state electrolytes is quite different from that 

of electrolytes. Lithium ions usually migrate in the amorphous region of polymers, including the ion 

migration formed by the local movement of lithium ions with the polymer molecular segments, and 

the ion migration formed by lithium ions within or between polymer chains. Therefore, reducing the 

glass transition temperature of the polymer, expanding the amorphous region (plasticizing), etc., are 

the main methods to optimize the performance of polymer-based solid-state electrolyte. Also, polymer-

based solid-state electrolytes generally require the incorporation of lithium salts to obtain Li-ion 

conductivity. 

The most promising polymer-based solid-state electrolytes are polyesters (a typical example is 

polyethylene oxide), polysiloxane, polycarbonates, polyacrylonitrile, polyvinylidene fluoride (and its 

copolymer with hexafluoropropylene), polymethyl methacrylate (plexiglass), and some polyionic 

liquids containing lithium salts and in the gel state (ionic gel). It is also worth noting that polymer-

based solid-state electrolytes have a lower density, better physical contact with the electrode surface 

and easier to use technologically in comparison with ceramic solid-state electrolytes [58-60]. 
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Figure. 2.5. Mechanism of ion transport in polymer-based solid-state electrolyte. 

 

Polyethylene oxide (PEO) is the most well-studied polymer-based solid-state electrolyte [61]. Its 

dielectric constant is relatively high (amorphous state corresponds to a dielectric constant of 8), which 

can fully dissolve lithium salts; it has good physical contact properties with electrodes. However, at 

room temperature, the degree of crystallization is high and the ionic conductivity is low (10-8-10-6 S/cm, 

the standard commercial liquid electrolyte as a reference is in the order of 10-3-10-2 S/cm). Therefore, 

various treatment methods such as blending, block, grafting, adding plasticizers, adding fillers, etc. are 

needed to use. After effective treatment, the ionic conductivity of PEO SSE can reach the order of 10-

4 S/cm at room temperature [62-63]. 

 

Figure. 2.6. The fabrication process of the hybrid (PVDF-HFP/PEO/LAGP/Ionic liquid) solid-state electrolyte. 

 

Compared with polyethylene oxide, polysiloxane (PS) has better thermal stability (> 300-400°C), 

more flexible chain segment (determined by silicon-oxygen-silicon bond), lower glass transition 

temperature (~ -120°C) and stronger resistance to cathodic oxidation (> 4.2 V). However, its inherent 



27 
 

polarity is weak (dielectric constant 2.3-2.8), which makes the ability to dissolve lithium salts poor, 

which affects the conductivity of lithium ions. After grafting and block modification of polysiloxane 

(such as with polyethylene oxide block), its room temperature ionic conductivity can also reach the 

order of 10-4 S/cm [64]. 

Polycarbonate (PC) contains strongly polar carbonate groups, has high dielectric constant (2.8-

3.8) and good segment flexibility, the room temperature ionic conductivity could achieve 10-5-10-4 

S/cm. However, it is difficult to manufacture on a large scale due to low stability. Therefore, it is 

difficult to become the first choice for polymer-based solid-state electrolytes [65]. 

In addition to being used as a binder for lithium battery electrode materials, polyvinylidene 

fluoride (PVDF) can also be used as a polymer-based solid-state electrolyte. PVDF and their 

copolymers (such as PVDF-HFP) have high dielectric constant (~ 8.4), good chemical stability (1.5-

4.2 V) but low ionic conductivity (< 10-6 S/cm), and their high crystallinity require effective 

modification for future application [66].  

The purpose of filling the conventional polymer-based solid-state electrolyte matrix with 

inorganic fillers includes reducing crystallinity, forming Li-ion transport channels (at the interface 

between filler and matrix), and improving mechanical properties. Commonly used inorganic fillers 

include silicon dioxide, titanium dioxide, zirconium dioxide, barium titanate, and inorganic solid-state 

electrolyte powders, which can be either 0-dimensional materials (powders) or 1-dimensional materials 

(fibers). The uniform and stable dispersion of inorganic fillers in electrolytes and the exploration of 

suitable dosages are important subdivisions of polymer-based solid-state electrolyte scientific research, 

engineering and commercial applications [67]. 

2.2.2.2. Inorganic solid-state electrolyte 

The lithium conduction mechanism of inorganic solid electrolytes is quite different from that of 

liquid electrolytes and polymer-based solid-state electrolytes. From the perspective of optimizing ionic 

conductivity, it is necessary to find inorganic solid-state electrolyte with suitable basic element 

composition and crystal structure, and analyze its lithium conduction mechanism (crystalline or 

amorphous state, grain lithium transport or grain boundary lithium transport, etc.). Inorganic solid-

state electrolytes can be divided into oxides (perovskite, sodium superionic conductor, garnet, 
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amorphous LiPON, etc.), sulfide (crystalline lithium superionic conductor, amorphous sulfides, etc.), 

halides, etc. The lithium conduction mechanism of inorganic solid-state electrolytes is usually the 

transition of lithium ions between lattices framed by anions, so the defects and mismatches caused by 

appropriate element doping have a significant impact on the ionic conductivity. In addition to the bulk 

ionic conductivity, the interface contact between the electrode and the inorganic solid-state electrolyte 

is also very important [68-71]. 

 

Figure. 2.7. Schematic diagram of various mechanisms of Li+ transport in inorganic solid-state electrolyte. (a) 

Typical point defects, (b) Vacancy diffusion mechanism, (c) direct interstitial mechanism, (d) interstitial knock-off 

mechanism, and (e) direct exchange and ring mechanism. 

 

2.2.2.2.1. NASICON solid-state electrolyte 

NASICON type solid electrolyte, the full name of Sodium superionic conductor, is an important 

member of the inorganic solid-state electrolyte family. The general structural formula of NASICON-

type solid electrolyte can be expressed as AM2(PO4)3, where A= Li or Na, M= Ge, Ti, Zr, etc. Its basic 

skeleton structure is represented as M2P3O12, that is, 2 MO6 octahedrons and 3 PO4 tetrahedra are 

connected to form a structural unit. In the framework structure, alkali metals occupy two structural 

sites, M1 and M2, and lithium ions are transported from M1 to M2 through the structural network 

formed by the MO6 and PO4 frameworks during transport [72-73]. The representative structure is 
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shown in Figure. 2.8. 

 

Figure. 2.8. Crystal structure of NASICON. 

 

In addition, since adjacent MO6 octahedra are separated by corner-sharing apex-connected PO4, 

the electron orbital overlap and delocalization on the -M-O-M- transport chain is difficult to achieve, 

so the electronic conductivity of the NASICON structure is generally low (< 10-6 S/cm). At the same 

time, the rigid skeleton structure of NASICON makes it more easily to change the structure by doping 

with multiple elements. In recent years, a series of other crystal structures derived from the parent 

crystal structure LiTi2(PO4)3 or LiGe2(PO4)3 have also become the focus of research. For example, 

partial replacement of Ti4+ or Ge4+ with heterovalent doping elements such as Al3+, Ga3+, Fe3+, etc., 

has gradually developed into a unique NASICON structure category with high ionic conductivity into 

2 orders of magnitude from 10-6-10-4 S/cm [73-74]. 

2.2.2.2.2. Garnet solid-state electrolyte 

The general crystal structure of the garnet-type solid electrolyte can be expressed as A3B2(XO4)3, 

where A, B, and X are 8-coordination, 6-coordination, and 4-coordination structures, respectively 

(Figure. 2.9) [75-77]. 
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Figure. 2.9. Crystal structure of garnet solid-state electrolyte LLZO (Li7La3Zr2O12).  

 

In 2003, Thangadurai et al. reported for the first time a garnet-structured solid-state electrolyte 

Li5La3M2O12(LLMO) (M= Nb, Ta) with an ionic conductivity of about 10-6 S/cm at room temperature. 

To increase the concentration of lithium ions, heterovalent doping of this structure was studied, which 

significantly improved the ionic conductivity. Thus, according to the change of lithium content in each 

structural unit, garnet-structured solid-state electrolyte can be divided into Li-3 series, Li3Ln3Te2O12 

(Ln= Y, Pr, Nd, etc.), Li-5 series, Li5La3M3O12 (M= Nb, Ta, Sn, etc.), Li-6 series, Li6ALa2M2O12 (A= 

Ca, Sr, Ba, etc., M= Nb, Ta, etc.),  Li-7 series, Li7La3M2O12 (M= Zr, Sn, Hf, etc.). 

The ionic conductivity of garnet-type solid electrolytes is determined by several factors, including 

Li-ion concentration, Li-ion coordination environment, grain structure and grain boundary structure. 

For example, high Li-ion concentration is beneficial to improve the ionic conductivity, so the ionic 

conductivity gradually increases from Li-3 to Li-7 series; the lithium ion in the tetrahedral center (Li-

3 series) has a weak Li-ion transport ability, and the lithium ion in the octahedral center (Li-5 to Li-7 

series) has a strong Li-ion transport ability, so the number of lithium ions occupying the octahedral 

center directly affects the final Li-ion conductivity. In addition, there are two substructures in the Li-7 

series, the cubic phase Li7La3M2O12 (M= Zr, Sn, Hf, etc.), and the arrangement of Li-ion is relatively 

disordered; The tetragonal phase Li7La3M2O12 (M= Zr, Sn, Hf, etc.), and the Li-ions are arranged in 

an orderly manner. Generally, the conductivity of cubic phase is 1-2 orders of magnitude higher than 

that of tetragonal phase, so it is often necessary to try various methods to stabilize the cubic phase. 

When Al3+ is doped, it generally enters the tetrahedral center, so doping Al3+ is an effective method to 

stabilize the cubic phase. In addition, the co-doping of Al3+ and Mg2+ is beneficial to improve the 
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environmental stability of the material, resulting in a significant reduction in the interfacial resistance 

with the Li anode. After elements doping modification, the ionic conductivity of the garnet solid-state 

electrolyte system can reach 10-4-10-3 S/cm at room temperature [75, 78-79]. 

2.2.2.2.3. LISICON solid-state electrolyte 

LISCON (lithium superionic conductor) type solid-state electrolyte has γ-Li3PO4 structure. The 

original LISCON solid state electrolyte, Li14ZnGe4O16 was first reported by Hong et al., with 10-7 S/cm 

ionic conductivity at room temperature and 0.125 S/cm at 300°C. 

In the Li14ZnGe4O16, Ge, Zn, and Li occupy tetrahedral sites, and excess Li occupies octahedral 

interstitial sites, and the octahedron is coplanarly connected to the adjacent tetrahedron. A three-

dimensional Li-ion transport channel can be formed inside the basic framework structure 

[Li11ZnGe4O16]
3-, which is more favorable for Li-ion transport when there are vacancies in the center 

of the octahedron. Since all LISCON solid-state electrolytes have the sameγ-Li3PO4 structure, various 

derivative structures can be formed by changing the chemical composition. The most typical example, 

Li14ZnGe4O16 can be regarded as the solid solution of Li4GeO4 and Zn2GeO4. When Li4XO4 (X= Si, 

Ge, Ti, etc.) and Li3YO4 (Y= P, As, V, etc.) are combined, other series of LISCON solid-state 

electrolytes can be formed, which can be expressed as Li3+xXxY1-xO4. In this series, Li3.5Si0.5P0.5O4 has 

relatively high ionic conductivity up to 3×10-6 S/cm at room temperature [80-82]. 

However, the ionic conductivity of these materials at room temperature is really low (less than 

10-6 S/cm). Replaced oxygen with sulfur and zinc with phosphorus, and obtained Li4GeS4-Li3PS4 

(LGPS) based materials have been studied in the literatures. LGPS solid-state electrolyte and their 

derivatives have very high room temperature ionic conductivities, and Li10GeP2S12 even reaches the 

order of 10-2 S/cm, which is the closest solid-state electrolyte system to commercial production today. 

However, the poor stability of LGPS due to hydrolysis in the air, passivation of the cathode, and 

continuous side reactions to the lithium anode limit its practical application [83]. 
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Figure. 2.10. (a) Crystal structure of LISCON. Red and yellow highlight Li+ involved in ionic conduction; (b) 

Crystal structure of Li10GeP2S12; (c) Conduction pathways of Li-ions. 

 

The ionic conductivity of Argyrodite-structured solid-state electrolyte Li7PS6 is low, but the ionic 

conductivity is greatly improved to 10-2 S/cm after optimizing the composition to Li7P3S11. After 

replacing part of sulfur with halogen to form Li6PS5X (X is a halogen ion, especially chlorine has the 

best effect, followed by bromine) solid-state electrolyte, the defects in the material system increase, 

and the ionic conductivity can be improved to 10-3 S/cm. After silicon, germanium and other elements 

replace part of phosphorus (at the same time, due to the consideration of ion size, halogen iodine with 

a large radius is used to match it), the ionic conductivity will be improved to a certain extent, such as 

Li9.54Si1.74P1.44S11.7Cl0.3 could also reach 10-3 S/cm level. However, the sensitivity to water and oxygen 

and the narrow operating voltage range also limited the application of this type of solid-state electrolyte 

[84]. 
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Figure. 2.11. (a) Crystal structure of Li6PS5X (X= Cl, Br, I). (b) Polyhedral containing Li+, through which Li-

ions are transported. 

2.2.2.2.4. Perovskite solid-state electrolyte 

The general structure of perovskite solid-state electrolyte is ABO3. Schematic representation of 

crystal structure is shown in Figure. 2.12. The perovskite electrolyte can be represented as a framework 

formed by BO6 octahedra, and the A-site exists in the center of 12 O atoms composed of 8 BO6 

octahedra. 

 

Figure. 2.12. Schematic representation of the perovskite structure LLTO solid-state electrolyte. 

 

The perovskite structure has a high tolerance to the valence state and radius of A-site and B-site 

elements, so diversified and multifunctional perovskite functional materials can be developed. Brous 

etc. synthesized the perovskite-structured Li0.5La0.5TiO3 (LLTO) for the first time by co-substituting 

the alkaline ions at the A-site with trivalent rare La3+ and monovalent alkaline cations (Li+, Na+, K+). 

Inaguma etc. synthesized Li3xLa2/3-x□1/3-2xTiO3 (□ is vacancy) series of solid electrolytes by regulating 

the substitution content of lithium ions, and the bulk ionic conductivity at room temperature up to 10-

4-10-3 S/cm, thus attracting extensive attention to Li3xLa2/3-xTiO3. Due to the asymmetric distribution 
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of La atoms, alternating formation of La-rich and La-poor layers, the perovskite structure electrolyte 

comparison is influenced by the lattice unit cell parameters and the relative Li-ion concentration. For 

Li-poor orthorhombic LLTO, high La-site occupancy and low vacancy lead to hindered Li-ion 

transportation; while Li-rich tetragonal LLTO often has higher ionic conductivity. When the occupancy 

of La element in Li-rich LLTO is low, the activation energy of Li-ions migration on the [001] direction 

is significantly reduced, resulting in a three-dimensional Li-ion transport channel. Meanwhile, the 

temperature-variable ionic conductivity data demonstrate that under high temperature conditions, the 

lattice distortion inside the crystal may change the Li-ion transport channel from two-dimensional to 

three-dimensional, and finally increase its overall Li-ion ionic conductivity [85-87].  

2.2.2.3. Other typical solid-state electrolytes 

In addition to solid-state electrolytes with typical structures, various new solid-state electrolytes 

have also received extensive attention. 

The general structure of the anti-perovskite solid-state electrolyte can be expressed as Li3OX. 

Due to the abundant lithium content in its general chemical formula, the anti-perovskite Li3OX is also 

called lithium-rich anti-perovskite (LiRAP), large amount of lithium ions guarantees high ionic 

mobility, which facilitates high ionic conductivity. Since the perovskite or anti-perovskite structure has 

a large tolerance to the atomic radius and valence, the properties of solid electrolytes can be changed 

by manipulating the chemical composition, such as Li2(OH)0.9F0.1Cl with the room temperature 

conductivity up to 10-3-10-2 S/cm, and it also has wide electrochemical stability window range. It is 

reported that the sintering preparation process and the intrinsic structure of the material are the key 

factors affecting the Li-ion ionic conductivity, indicating the changes in the microstructure, such as 

vacancy formation, local distortion., the local order-disorder transition will have a huge impact on the 

final ionic conductivity [88-90].  
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Figure. 2.13. Development of Li+/Na+ conducive anti-perovskite solid-state electrolytes versus year. 

 

Another typical solid-state electrolyte, LiPON is also the focus of research and plays a crucial 

role in thin-film batteries. LiPON can be prepared by magnetron sputtering Li3PO4 target in N2 

atmosphere. Recently, some literatures have showed Li3.6PO3.4N0.6 solid-state electrolyte by 

mechanical synthesis method, and its room temperature conductivity can reach 3.0×10-7 S/cm [91-94]. 

Since the thickness of the prepared solid-state electrolyte film is only few hundred nanometers, its low 

ionic conductivity is not a major problem. Thin-film batteries based on LiPON solid state electrolytes 

have been commercialized in some special fields, such as miniature medical devices or microelectronic 

components. However, it is precisely because the small size of the thin-film battery will limit its 

capacity that the application in the field of energy storage or power vehicles with high energy density 
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is still a problem. Nonetheless, the compatibility of LiPON solid state electrolyte with Li metal anode 

and the interfacial stability with most high-voltage cathodes materials make it an ideal buffer interlayer 

that can be used in all-solid-state batteries together with other solid-state electrolyte. 

The binary sulfide system Li2S-MxSy is another important amorphous sulfide electrolyte, and its 

ionic conductivity can generally be as high as 10-4-10-3 S/cm. Compared with oxide amorphous solid-

state electrolytes, sulfide systems often have higher ionic conductivity due to their easily polarizable 

property and weaker interaction between S atoms and Li atoms. In addition, its higher mechanical 

softness and lower interfacial resistance make amorphous sulfide electrolytes more promising for 

planned production and use in the field of all-solid-state batteries system [95-97].  

2.2.3. Comparison between different solid-state electrolytes 

2.2.3.1. Comparison of ionic conductivity 

After analyzing the basic performance characteristics of solid-state electrolytes, we compared and 

analyzed the key indicators of solid-state electrolytes that affect the process of industrialization. Some 

sulfide solid-state electrolytes are comparable to liquid electrolytes in terms of bulk ionic conductivity. 

However, if the bulk phase, grain boundary and electrolyte/electrode interface impedance are 

considered comprehensively. The overall impedance of solid-state electrolytes is 2-3 orders of 

magnitude greater than that of liquid electrolytes [47, 98]. 

 

Figure. 2.14. Ionic conductivity of the main solid-state electrolyte system. 
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2.2.3.2. Chemical and electrochemical stability 

In terms of chemical stability, the intrinsic electrochemical windows of most solid-state 

electrolytes are not satisfactory, or they are easily oxidized by high-voltage cathode, or easily reduced 

by lithium metal anode, or both. 

 

Figure. 2.15. Comparison of electrochemical stability windows of different solid-state electrolytes. 

 

After considering the kinetic stability, the practical electrochemical window of the solid-state 

electrolyte is broadened to a certain extent (the formation of lithium ion conductive and electronically 

insulating nanolayers on the surface of the cathode and anode can correspond to kinetic stability); 
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Solid-state electrolytes corresponding to strong central ions, and solid-state electrolytes in which 

metals corresponding to central ions can be alloyed with lithium are generally not resistant to reduction 

by lithium metal. Most polymer solid-state electrolytes are passivated to lithium metal but unstable at 

high voltage, and some systems such as polynitrile are stable at high voltage but unstable to lithium 

metal anode [100-101]. 

 

Figure. 2.16. Schematic illustration of the method for expanding the electrochemical window of solid-state 

electrolytes. 

 

The thermal stability of solid-state electrolytes is better than that of liquid electrolytes, especially 

oxide systems. Excellent thermal stability also improves overall battery safety [47, 102]. 
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Figure. 2.17. Comparison of onset temperature of exothermal behaviors for different solid-state electrolytes. 

 

The physical contact ability between the polymer-based solid-state electrolyte and the electrode 

is good, and the overall contact ability of the inorganic solid electrolyte is average. On the cathode side, 

commonly used solutions include oxide sintering, sulfide high pressure, etc.; on the anode side, 

solutions include surface-modified solid-state electrolytes, etc. In addition, lithium dendrites may still 

be generated on the anode side during battery cycling, which imposes requirements on the hardness, 

thickness, density, and current density of the solid-state electrolyte to varying degrees. At the same 

time, considering the reduction resistance of the solid-state electrolyte, the physical contact ability with 

lithium, the electrochemical stability during cycling, and the generation and development of lithium 

dendrites, the corresponding scientific exploration is still ongoing. 

2.2.3.3. Mechanical stability 

Although the electrochemical characteristic of solid-state electrolytes is the main aspect of 

materials development, the mechanical properties are also an important factor for their practical 

application. During the charge-discharge process of the battery, along with the insertion and de-

insertion of Li-ions, the electrode material usually undergoes volume changes. Based on the 

characteristics of solid-state electrolytes, volumetric changes in electrode materials can lead to stress 

changes during electrochemical cycling, leading to potential mechanical instability and resulting 

mechanical failure. 

There are mainly two reasons for the volume change of electrode materials, volume change based 

on stoichiometry (the effect of insertion and de-insertion of Li-ions on the lattice constant) and volume 

change based on phase transition. A typical example is the common LixMn2O4 cathode material. The 

data in the references show that the volume change of this cathode material mainly has three stages: 

1. When x<0.7, with the insertion of Li-ions, the lattice parameters (c) are almost unchanged. 

2. When 0.7<x<1.0, with the insertion of Li-ions, the lattice parameters (c) have increased (~ 

1.2%) 

3. When 1.0<x, with the insertion of Li-ions, the electrode material undergoes a transformation 

from a cubic phase to a tetragonal phase, resulting in a significant lattice parameter change (c) 
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(~ 12.3%), equivalent to a volume change of about ~ 6.5%. 

It is in marked contrast to the Li4Ti5O12 anode material, which exhibits a maximum volume 

change of about ~ 0.3% during cycling. Based on common sense, since the internal size and space of 

the assembled battery are fixed, the volume change of the electrode material is a direct manifestation 

of the stress load (from Mpa to GPa level) on the solid-state electrolyte during cycling. Therefore, 

solid-state electrolytes should have certain mechanical properties. 

 

Table. 2.1. Brief collection of mechanical properties of solid-state electrolytes. 

 

According to the Monroe’s linear elasticity theory the shear modulus of the electrolyte needs to 

be two times higher than the Li metal, which is related to the elastic modulus. For the ceramic materials 
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used as solid-state electrolyte, hardness and fracture toughness are also key properties for application, 

as they describe the ability of the material to resist penetration of the lithium dendrites and the fracture. 

In addition, as the ceramics that are brittle possess an inherent scatter in fracture stresses, the fracture 

reliability analysis is important for ceramic electrolytes to understand the brittleness property. Thus, 

the mechanical properties, like elastic modulus, hardness and fracture toughness, of the electrolyte 

materials are essential to be investigated for further battery cell design. Some investigations on the 

mechanical properties other than the electro-chemical properties of the electrolytes have been reported, 

as listed in Table. 2.1. In addition, the comprehensive mechanical properties of solid-state electrolytes 

are also affected by a series of external factors, such as the relative density after sintering, the second 

phase, and the relative grain size, etc. This is also a problem that should be explored in detail before 

the practical application of solid-state electrolytes [103]. 

2.2.4. The effect of scale on the transfer of lithium ions 

 

Figure. 2.18. Multiscale ion transport and major associated techniques. 

 

The migration of Li-ions in solid-state batteries is a multiscale process, encompassing multiple 

scales from the atomic to the device scale [70, 99]. 

1. Atomic scale 

At the atomic scale, ions diffuse through solids along specific migration paths. These 

sites and their energies are mainly determined by the local ionic coordination environment. In 

crystalline compounds, these sites are usually octahedral or tetrahedral sites. The mobility of 
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ions in the material is therefore related to the sites defined by the anionic framework and the 

interconnections between sites. This is the underlying route for regulating the bulk ionic 

conductivity of solid-state electrolytes by chemical doping. 

2. Nano, Micro and Mesoscopic scales 

Compositional and structural inhomogeneities at the nano- and micro-scale often 

determine macroscopic ionic conductivity, whether beneficial or detrimental. For example, 

the grain boundaries are significantly different in structure and chemical composition from 

bulk grains. Grain boundaries are generally believed to increase the resistance for ions 

migration. Therefore, the ionic conductivity of materials can be increased by adjusting the 

concentration of grain boundaries. Glass-ceramic ionic conductors originate from the 

controlled crystallization process of the amorphous phase. In some solid-state electrolytes, the 

glass-ceramic phase can stabilize some metastable crystal structures and increase their ionic 

conductivity by several orders of magnitude, such as Li7P3S11. Recent studies have shown that 

ion conductors previously thought to be amorphous may be nano-crystallites embedded in an 

amorphous matrix, such as Li3PS4. These nanocrystalline materials also may enhance ion 

transport through surface conduction mechanisms. 

Another source of impedance in solid-state batteries is insufficient physical contact 

between electrodes and electrolytes. There must be intimate contact between the 

polycrystalline material and the solid particles in the composite electrode to ensure efficient 

ion transport. The existence of holes and voids means tortuous paths of ion transport and non-

uniform current density. These factors cause an observe increase in impedance at the 

macroscopic scale. Therefore, the densification of polycrystalline solid-state electrolytes is 

very important, but the mechanical properties and processing properties of the materials are 

also should be considered. 

3. Macro scale 

The ionic conductivity of solid-state electrolytes is usually obtained by measuring 

impedance spectroscopy on macroscopic samples (electrolyte tablets etc.). Impedance 

spectroscopy is sensitive to structural features at all scales previously mentioned and can show 

total ionic conductivity. Point contacts, grain boundaries, amorphous phases, pores, voids, 

cracks and impurity parts can be resolved by fitting the total spectrum, but the fitting of the 
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impedance spectrum is usually based on empirical assumptions based on the observed 

capacitance. 

4. Device scale 

The impedance of the device includes not only the impedance of the material, but also 

the impedance of the interface phase that may be formed. Macroscopically high ionic 

conductivity solid-state electrolytes and high-performance electrodes do not necessarily 

combine to produce high-performance solid-state batteries. The solid-state electrolyte may 

decompose upon contact with the electrode material, creating an ion-blocked interlayer. So, 

for composite electrodes system, special 3D structural engineering must be performed to 

ensure adequate contact between the solid-state electrolyte and the electrode, at the same time, 

appropriate pressure is also an indispensable factor. 

2.2.5. Chapter conclusion 

In the table, we once again summarize the advantages and disadvantages of various mainstream 

solid-state electrolytes [104]. 

 

Table. 2.2. Summary of solid-state electrolyte materials for lithium battery. 
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The NASICON solid-state electrolyte, based on its high ionic conductivity (higher than 10-4 S/cm) 

at room temperature, low cost (no rare elements), stable in air and water, and wide electrochemical 

window (2.8-4.8V vs Li/Li+), makes it as one of the important options for large-scale 

commercialization solid-state electrolyte batteries. Therefore, follow chapter is devoted to discusses 

the current literature about the synthesis, sintering, characterization and electrochemical testing of 

solid-state electrolytes based on the NASICON system. 

2.3. Preparation of Li1+xAlxTi2-x(PO4)3 conductive solid-state electrolyte ceramic with 

NASICON structure 

Approaches to the preparation of Li1+xAlxTi2-x(PO4)3 solid-state electrolytes can be divided into 

solid state and wet-chemical methods. Solid methods include solid state reaction, melt-quenching and 

vacuum deposition. Wet methods include sol-gel, co-precipitation and self-assembly (through 

dissolution or evaporation). After that, ordinary sintering in muffle furnace or fast sintering can be used 
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to densify the solid-state electrolyte tablets or membrane prepared by the pressing method, casting 

method and spraying method, then obtain a solid-state electrolyte ceramic with certain ionic 

conductivity, density and mechanical strength. 

2.3.1. Synthesis of precursor powders 

2.3.1.1. Solid method 

2.3.1.1.1. Solid-state reaction method 

The general flow of the method is as follows: precursors are mixed and milled by wet ball milling 

method, followed by calcination and sintering at high temperatures (700-1200°C) and long holding 

times (~10 hours). The resulting samples usually have a highly crystalline structure, large grains 

(>5~10 μm), fewer grain boundaries, high ionic conductivity (bulk ionic conductivity >10-3 S/cm, 

total ionic conductivity >10-4 S/cm) and high relative density. However, the loss of lithium during 

prolonged heat treatment and the formation of side phases are the main disadvantages of this approach, 

which affect the Li-ion conductivity. Sintering parameters, such as temperature and time, affect the 

phase, relative density, and ionic conductivity and mechanical properties of the final product [105-

106]. 

2.3.1.1.2. Melt-quenching method 

The conventional melt-quenching method usually requires heating the inorganic salt mixture to a 

molten state at high temperatures (>1250-1450°C), and then quenching it onto a pre-heated metal plate 

(~ 500°C). Crushing the glass and reheating amorphous glass again for crystallization. In the synthesis 

of solid-state electrolytes by this method, the density, ionic conductivity, and phase purity are affected 

by three main factors: the composition of precursors, sintering methods, and temperatures [107-109]. 
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Figure. 2.19. Schematic diagrams of solid methods to the synthesis of NASICON solid-state electrolyte: (a) 

solid-state reaction method; (b) melt-quenching method. 

 

2.3.1.2. Wet-chemical methods 

Wet-chemical methods in comparison with solid-state reaction method and melt-quenching 

method, require lower heat treatment temperatures and allow better control of particle size and 

morphology in solid-state electrolytes. Liquid method includes sol-gel, co-precipitation, and chemical 

vapor deposition (CVD). 

2.3.1.2.1. Sol-gel method 

Sol-gel synthesis of solid-state electrolytes proceed through intermediate stages of formation of a 

colloidal solution and further cross-linking followed by annealing (Figure. 2.20). The sol-gel method 

makes it possible to obtain nanoparticles (down to 100-50 nm) and as a result, solid-state electrolyte 

at lower annealing temperatures and shorter time compared to solid-state reaction method and the 

melt-quenching method. In addition, the sol-gel method allows the synthesis of solid-state electrolytes 

on an industrial scale [110-112]. 
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Figure. 2.20. Schematic representation of the sol-gel process for the synthesis of solid-state electrolyte. 

 

For example, in literature [113] the process of obtaining solid-state electrolyte Li1.5Al0.5Ti1.5(PO4)3 

by the sol-gel method in a large volume (up to 1 kg) with high ionic conductivity 6.9×10-4 S/cm and 

relative density 95% has been demonstrated. In the process of sol-gel synthesis, the composition and 

purity of precursors, the choice of solvent, and the programs of heat treatment have a decisive effect 

on the final crystal structure, composition, and conductivity of the resulting solid-state electrolytes 

[113-115]. In literature [116], the influence of the air atmosphere during synthesis heat treatment of 

Li1.4Al0.4Ti1.6(PO4)3 prepared by the sol-gel method with the addition of citric acid was studied. It is 

shown that two-stage heat treatment (dry gel is first annealed in argon and then in air) yields a 

nanoscale fraction of LATP (40 nm) with less aggregation than that of LATP obtained by the traditional 

sol-gel method, which makes it possible to achieve high ionic conductivity (5.9×10-4 S/cm) and a 

relative density of 97% [117].  

2.3.1.2.2. Co-precipitation method 

The co-precipitation method consists in dissolving several precursors (salts) in an aqueous 

solution, followed by precipitation while maintaining the optimal pH value. After co-precipitation or 

freeze-drying, the obtained powders are annealed to obtain fine powders. Co-precipitation is suitable 

for large-scale production of the material, however, the presence of by-products in the final material is 

the main disadvantage of this method. It was shown in literature that the sintering temperature and 

holding time affect the phase purity and ionic conductivity of the resulting LATP products [118]. A 
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sample prepared at 900°C for 6 hours showed a maximum relative density of 97% and a high ionic 

conductivity of 1.83×10-3 S/cm. 

2.3.1.2.3. Chemical vapor deposition method 

Vapor deposition methods using targets to provide the assembly of solid-state electrolyte films. 

The CVD process uses the precursor vapor to initiate a chemical reaction or the decomposition of the 

precursor in the vapor phase to deposit thin films. The chemical process in a CVD reactor can be 

activated thermally, plasma or optically [119-120]. The advantage of CVD is that the kinetic energy of 

the deposited particles is generally lower than that of PLD or magnetron sputter deposition, which 

improves film quality. Although this method can be used to prepare solid-state electrolyte films with a 

thickness of micron or even nanometer, the high cost of equipment and reagents and energy 

consumption limit the large-scale application of this method. 

2.3.2. Sintering of solid-state electrolyte ceramic 

The sintering process of the solid-state electrolyte is affected by the sintering method, sintering 

temperature and holding time. And then affect the overall performance of the final solid-state 

electrolyte ceramics. 

2.3.2.1. Traditional sintering method 

Generally, the sintering process of solid electrolytes is usually carried out in a tube or box muffle 

furnace. The solid electrolyte powder pressed into a sheet or spherical shape using a steel mold is 

placed on an alumina or magnesium oxide plate, heated to the sintering temperature of the solid-state 

electrolyte at a corresponding heating rate and kept for a certain period of time to complete the 

densification process of the solid-state electrolyte tablet. 

With precise control of temperature and sintering time, Li1.5Al0.5Ti1.5(PO4)3 show ionic 

conductivity at room temperature of 4.22×10-4 S/cm after heating at 825°C for 8 h and 5.08×10-4 S/cm 

S/cm after heating at 850°C for 12 h [121]. For the sol-gel method, there is information on the synthesis 

of LATP solid electrolytes at various sintering temperatures (700-900°C). It was found that the best 

ionic conductivity (6.0×10-4 S/cm) and the highest density (95%) were obtained after sintering at 
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850°C. 

 

Figure. 2.21. Dependence of ionic conductivity on sintering temperatures (a, c) and composition (b, d) for LATP 

and LAGP synthesized by different methods. 

2.3.2.2. Cold sintering method 

A recently developed approach, cold sintering, can densify ceramics near 200°C by incorporating 

a transient solvent phase and uniaxial pressure into the process [122]. As a consequence, LATP solid 

state electrolyte can be sintered at a temperature that is an order of magnitude lower than through 

conventional means. Cold sintering of ceramic electrolytes requires the application of a small amount 

of solvent, high pressure, and modest temperatures to leverage a dissolution-precipitation process that 

reduces sintering temperatures, nevertheless, this process can lead to amorphous grain boundaries that 

are detrimental to ionic conduction. The addition of second phase sintering aids can effectively 

alleviate this problem, such as LiTFSI, lithium borate, lithium metaborate, boron oxide [123]. 

Although densification of LAGP and LAGP composites is achieved at 120°C to relative densities 

of 85% using water as a transient solvent. Cold sintered solid electrolytes have low ionic conductivities 

of about 10-6 S/cm at room temperature. Given that cold sintered electrolytes show the same crystal 
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structure within grains, it is speculated that a key challenge lies in amorphous, low-conductivity grain 

boundaries that may be a result of incongruent dissolution in water of the constituent elements. 

 

Figure. 2.22. Schematic diagrams of cold sintering method to produce composite electrolytes comprised of solid-

state electrolyte ceramics and Li salts. Processing temperature of 130°C. 

2.3.2.3. Fast sintering methods 

To reduce lithium losses during synthesis heating treatment of solid-state electrolytes, several 

fast-sintering methods have been developed: SPS (spark plasma sintering) [124-126], FAST (field 

assisted sintering technique) [121, 127] and microwave sintering (MW) method [128-129].  

The SPS method uses resistive heating at a high rate with the flow of electric current (>100℃/min) 

[130-131]. In the FAST method, voltage is applied to the sample during sintering, realization of 

sintering based on the resistance heating effect of the material. During sintering with the help of 

microwave, electromagnetic energy directly penetrates into the sample and is converted into heat 

through molecular interactions, which leads to rapid volume heating [132]. In the literature [128, 133], 

LATP ceramic tablets were obtained by microwave sintering method from amorphous LATP precursor 

powders in 10 minutes. There were no side phases in the obtained LATP sample, the tablet had a high 

relative density (88%) and a high ionic conductivity of 3.5×10-4 S/cm. Despite their instrumental 

complexity, these methods exhibit high synthesis rates while providing precise phase control. In 

addition, high heating rates, local heating at grain boundaries, or increased diffusion by applying an 

external electric field improve the conductive properties of the obtained solid-state electrolytes. 

One of the new methods for obtaining ceramic materials with the possibility of preserving volatile 

elements and the single-phase of ceramic sample is Ultrafast high-temperature sintering (UHS) method 

[134]. This method consists in using joule heating of the carbon material. A high direct current (>20A) 

is passed through a narrow strip of carbon felt. A sample (one or more) is inserted inside this strip. 
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Heating (105 K/min) to the processing temperature (which in this method is much higher than the 

classical sintering temperature) occurs from a few milliseconds to tens of seconds. The sintering itself 

takes place over a period of several seconds. The advantage of the method is, firstly, in an extremely 

short sintering time (<1 min), secondly, in the ability to simultaneously sinter a large number of 

samples, which is limited only by the size of the felt and the power of the source, and, thirdly, the 

ability to sinter samples of complex shape, since no pressure is applied in UHS. In this case, carbon 

acts as a miniaturized furnace, the rapid heating of which allows materials to be sintered under 

nonequilibrium conditions. The small size and high heat capacity of such a "furnace", in turn, allows 

to quickly dissipate heat and cool the reaction area, thereby quickly quenching the sample without 

excess of heat [135-139]. 

2.3.3. Chapter conclusion 

Active research efforts to synthesize high-quality Li1+xAlxTi2-x(PO4)3 solid-state electrolyte 

powders with pure phase through various methods have been proposed. By adjusting various 

parameters in the synthesis process (such as concentration of precursors, temperature, time, etc.), the 

crystallinity, the micromorphology as well as content of Li in the final product can be adjusted for 

obtaining high relative density and high ionic conductivity ceramic solid-state electrolyte. 

2.4. Mechanisms of growth of lithium filaments in solid-state electrolyte ceramic 

Solid-state electrolytes were considered a potential solution to the problem of protrusion growth 

in them due to their high mechanical strength. According to the Monroe and Newman model, filaments 

growth can be suppressed if the shear modulus of the solid-state electrolyte is 1-2 times higher than 

that of Li metal (4.8 GPa) [140]. The following common inorganic solid-state electrolytes have 

excellent mechanical properties: Li7La3Zr2O12 with an elastic modulus of 100 GPa [141], 

Li1.3Al0.3Ti1.7(PO4)3 with a high elastic modulus of 125 GPa, etc [142]. 

Despite the fact that a significant increase in the ionic conductivity of solid-state electrolytes has 

now been achieved, the suppression of the growth of lithium protrusions and the formation of cracks 

remains two major interrelated problems. Corresponding problems in the form of a short circuit and 

poor cycling prevent large-scale commercialization of lithium-conductive ceramics [143-144]. 
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It has been established that lithium protrusions and cracks in solid-state electrolytes originate at 

the lithium metal anode/solid-state electrolyte interface, mainly inside the initial defects, such as open 

pores, voids, cracks, and grain boundaries [145-146]. At a current density above the critical value, the 

driving force for the growth of lithium filaments exceeds the mechanical resistance force of the solid-

state electrolyte material. General, the growth of filaments leads to the propagation of cracks inside 

the solid-state electrolyte (Figure. 2.23), and the newly formed crack provides free space for further 

growth of filaments, which ultimately leads to a short circuit [147]. 

 

 

Figure. 2.23. Deformation of solid-state electrolyte during discharge process. (a) Graph of the maximum normal 

strain during the cyclic discharge-charge process; Strain distribution observed in the same sample after (b)1st, (c) 

2nd, (d) 3rd, (e) 10th, (f) 11th, (g) 12th, (h) 13th and (i) 14th cycles. 

 

According to the literature, two mechanisms for the formation of lithium filaments in solid-state 

electrolytes can be distinguished: (1) crack growth from the surface of solid-state electrolyte/ lithium 

metal anode and (2) volumetric deposition of lithium inside the solid-state electrolyte as a result of its 

electronic conductivity at the grain boundaries. 
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Figure. 2.24. Mechanisms of formation and growth of lithium filaments in solid-state electrolytes: (a) formation 

of lithium filaments from surface defect; (b) formation of lithium filaments in the voids inside of the solid-state 

electrolyte. 

 

(1) Formation of filaments from the surface defect of solid-state electrolyte 

The growth of lithium filaments starts from a surface (interface of solid-state 

electrolyte/lithium metal anode) defect when the applied current density reaches a critical 

value [148]. This phenomenon strongly depends on the properties of solid-state electrolytes, 

since during battery charging, lithium will penetrate into defective areas (mainly grain 

boundaries, voids as a result of incomplete electrolyte-electrode contact) and create stresses 

at the crack tip, which will lead to crack propagation. Thus, the growth of protrusions in this 

model is controlled by such factors as the defectiveness of the solid-state electrolyte and the 

kinetics of filament growth, which in turn depends on the surface morphology, the size of 

defects, and the relative density of the electrolyte material. 

(2) Formation of filaments inside of solid-state electrolyte. 

Relatively recently, a new theory was presented, which suggests that the reason for the 

formation of lithium filaments is the reduction of lithium ions in the voids of solid-state 

electrolyte [56, 149]. This process is caused by the electronic conductivity of local grain 

boundaries in the ceramics. This model is confirmed by the results of theoretical simulation, 

according to which the deposition of lithium and further growth of filaments preferably occur 
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at the boundaries of solid-state electrolyte bulks. Thus, in the presented mechanism, the main 

factor affecting the growth of lithium filaments is the bulk and boundary electronic 

conductivity of solid-state electrolyte. 

 

According to the mechanism presented above, the main factors that must be taken into account to 

suppress the formation and growth of lithium filaments in solid-state electrolyte are: 

(1) Surface contact between solid-state electrolyte and lithium metal anode 

The surface contact of the solid-state electrolyte and lithium metal anode is due to the 

physical contact and chemical stability of the battery components (electrolyte, electrodes) 

upon contact. The physical interaction is determined by plasticity, pressure and roughness, 

which depend on the property of ceramic, lithium metal and testing conditions. Perfect contact 

of interface is almost impossible to achieve as a result of the microscopic voids on surface. 

These defects lead to point contact, resulting in the formation of regions with a higher current 

density and, as a consequence, the longitudinal growth of lithium protrusions. On the other 

hand, the chemical stability of the materials used is determined by chemical reactions between 

solid-state electrolyte and lithium metal, which cause volume changes and reaction by-product 

[150]. Thus, the mixed conductivity of (ionic and electronic) surface layer is the result of the 

destruction of the solid-state electrolyte and the degradation of the cell. 

(2) Properties of solid-state electrolyte 

The kinetics of Li-ion transfer and the mechanism of formation of lithium filaments are 

significantly affected by such characteristics of ceramics as relative density, ionic conductivity, 

mechanical strength, and crack resistance, etc. It is known that there is a higher concentration 

of Li-ions at the grain boundaries, which contributes to the propagation of lithium protrusions 

along the grain boundaries. Thus, according to the results obtained, the ionic conductivity and 

strength of the solid-state electrolyte determine the distribution of mechanical stress on the 

surface of the contact and the local rate of electrochemical deposition of lithium. For example, 

the solid-state electrolyte with low ionic conductivity contributes to an increase in the point 

voltage at the interface. This value affects both the kinetics of electrochemical reactions and 

the possibility of deformation of the solid-state electrolyte at the point of contact with the 

anode. On the other hand, solid-state electrolyte with high mechanical strength and crack 
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resistance will reduce the stress concentration. 

(3) External conditions 

Temperature, and external pressure also influence the formation and growth of lithium 

protrusions through the solid-state electrolyte. They are important factors as a result of its 

influence on the elasticity and ductility of the lithium metal anode. Changes in the lithium 

microstructure, which depend on the deformation of the metal anode, have a significant effect 

on the growth of dendrites [151]. Based on the above theoretical models, various strategies 

have been developed in the literature to regulate the growth of lithium filaments through 

interface design, such as solid-state electrolyte modification, and environmental optimization. 

For example, interface design by coating lithium metal anode or solid-state electrolyte with 

gold, aluminum, silicon, or LiF, etc. Improvements in interfacial stability are also being 

developed as a result of the use of a functional layer between the solid-state electrolyte and 

the lithium metal anode [152]. 

The contribution of defects to the process of lithium protrusion growth and crack formation has 

been demonstrated by in-situ and ex-situ studies (Figure. 2.25) [148, 153]. 

 

 

Figure. 2.25. Methods for studying the growth of lithium filaments (green indicates the advantages of the method, 
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blue indicates the disadvantages). 

 

According to in-situ scanning electron microscopy (SEM), it was found that the deposited Li 

grows along the grain boundaries and causes cracks in the Li2S-P2S2 solid-state electrolyte [154], also 

in polycrystalline Li6.25La3Al0.25Zr2O12 Li protrusions also predominantly grow along grain boundaries 

[155]. Using the focused ion beam in dual beam configuration with scanning electron microscope 

(FIB-SEM), it was found that the loss of surface contact caused by the volume change of the electrode 

and electrolyte leads to a decrease in the battery capacity during operation, which is a possible cause 

of poor cycling [156]. Using operando optical microscopy, it was shown that filaments formed in 

Li7La3Zr2O12 have different types or morphologies: straight, branching, exfoliating, and diffuse [157]. 

Using an atomic force microscope, the mechanical stress caused by the growth of lithium whiskers had 

been quantitatively measured at a certain applied voltage [158]. Using X-ray computed tomography 

scan (CT), the growth of lithium filaments was also observed only along the crack region [147, 159]. 

The above experimental results demonstrate the phenomena of lithium filament growth and crack 

propagation within solid-state electrolytes and thus form a basic representation of this process. 

However, a more detailed theoretical understanding of the mechanisms requires additional systematic 

experimental and theoretical studies.  

The formation and growth rate of lithium filaments in solid-state electrolytes were theoretically 

studied by studying the dependence of their growth on the electrochemical potential [160]. The 

influence of solid-state electrolyte bending on the cell potential and lithium capacity was studied in an 

electrochemical-mechanical model [161]. The coupled multi-physics field model has shown that 

excess surface electrons significantly affect the site of Li nucleation within the grain boundaries of 

polycrystalline Li7La3Zr2O12 [162-165].      

By numerical simulation of the microstructure of the solid-state electrolyte, the properties of this 

material were studied, as well as the influence of operating conditions, including temperature and 

external pressure. It was found that the pressure in battery system and the electrochemical properties 

of the electrolyte can affect surface deposition and mechanical stability. 

All presented numerical simulation models provide a partial understanding of surface hindrances 

and lithium protrusion growth. However, the currently available modeling works do not take into 

account both electrochemical and mechanical aspects, moreover, these models do not provide insight 
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into the dynamics of destruction of the solid-state electrolyte during charging and discharging. 

So far, in the literatures that has been published, there are 4 main routes for suppressing the growth 

of lithium protrusions in solid-state electrolytes: 

(1) Modification of the electrode structure and current collector to relieve stress during lithium 

deposition [166]. 

(2) Interfacial modification to improve the contact between the solid-state electrolyte and the 

electrode, especially lithium metal anode [167]. 

(3) Improving the mechanical properties of solid-state electrolytes by increasing their relative 

density to suppress filament growth and improve battery performance [168]. 

(4) Preservation of residual stresses on the surface or inside the solid-state electrolyte or the 

application of pressure to the battery system during operation [153, 169]. 

2.5. Conclusion from the literature review 

Utilization of solid-state electrolytes (SSEs) is deemed to one of the most promising approaches 

to suppress Li metal dendrite growth and ensure the safety of LMBs, of which the NASICON type 

solid-state electrolytes with high mechanical strength, high ionic conductivity, electrochemical 

stability and wide electrochemical window have been extensively developed in solid-state Li metal 

batteries. Particularly, Li1+xAlxTi2−x(PO4)3 (LATP, x=0.3-0.5), a typical NASICON-type SSE, 

possesses high ionic conductivity (~10-5-10-4 S/cm) and excellent stability at an environment with 

water and oxygen, which is very promising for high performance solid-state batteries. However, it is 

still a big challenge to obtain high-quality SSE membranes after sintering, which seems to be one of 

the primary issues to realize the commercial application of all-solid-state batteries. Moreover, the 

improper sintering programs would cause a large number of defects (voids and cracks) inside the SSE 

tablets and the second phase induced by incomplete reaction or overheating, which will seriously affect 

the relative density, ionic conductivity and mechanical strength of the SSE tablets. Despite being far 

from commercialization, many efforts have been paid for achieving promising results from the benefits 

of special sintering approaches lowering energy consumption during compaction of ceramic. Another 

favorable large-scale approach is based on utilizing sintering additives to enhance densification of 

electro-ceramic at relatively low temperatures by liquid phase assisted sintering. However, the small 
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amount of foreign additives (< wt.10%) added and the uniformity of mixing need to be strictly 

controlled for making suitable ceramics, otherwise it will have a negative impact on the relative density, 

ionic conductivity and the overall strength of the SSE conductive ceramics due to the local variation 

of composition with the secondary amorphous or crystalline phase emerging at grain boundaries. 

Therefore, the issue of high-quality of precursor powders of the LATP solid-state electrolyte with 

controllable composition, shape and size produced by reproducible and scalable synthetic approaches 

to obtain highly conductive and dense solid-state electrolyte still remain a big challenge, which plagues 

the scientific research field and the industry. 
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3. Experimental part 

3.1. Reagents and materials used in experiments 

In order to synthesize Li1.3Al0.3Ti1.7(PO4)3 solid-state electrolyte ceramic materials by solid state 

reaction method and molten salt quenching method, the following reagents are used: The lithium 

carbonate (Li2CO3, 99.5%, Macklin Biochemical Co., Ltd., China), aluminum oxide (Al2O3, 99.5%, 

Baikowski Co., Ltd., France), titanium oxide (TiO2, 99.999%, Merck & Co., Germany), and 

ammonium dihydrogen phosphate (NH4H2PO4, 99.5%, Macklin Biochemical Co., Ltd., China). 

In order to synthesize Li1.3Al0.3Ti1.7(PO4)3 solid-state electrolyte ceramic materials using 

polymerized matrices, the following reagents are used: Titanium(IV) butoxide (Ti(OC4H9)4, 99.5%, 

Merck & Co., Germany), lithium nitrate (LiNO3, 99.5%, Macklin Biochemical Co., Ltd., China), 

aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 99.5%, Macklin Biochemical Co., Ltd., China), 

ammonium dihydrogen phosphate (NH4H2PO4, 99.5%, Macklin Biochemical Co., Ltd., China), 

hydrogen peroxide (H2O2, 37%, Chimmed, Russia), acrylamide (CH2=CHC(O)NH2, 99.5%, Macklin 

Biochemical Co., Ltd., China) and N,N’-methylenebisacrylamide (CH2[NHC(O)CH=CH2]2, 99.5%, 

Macklin Biochemical Co., Ltd., China). 

Zirconia (ZrO2, 99%, MITR, China) milling jars and yttrium-doped zirconia milling balls (ZrO2: 

94.8%; Y2O3: 5.2%, MITR, China) were used to process the powders. The solid-state electrolyte green 

body tablets are placed on magnesium oxide (MgO, 99%, Purshee, China) and alumina plates (Al2O3, 

99%, Purshee, China) for sintering. High-purity platinum target (Pt, 99.99%, Sberbank, Russia). is 

used to prepare sputtering layers on the solid-state electrolyte surface for subsequent ionic conductivity 

measurements and battery testing. 

In order to test the electrochemical performance of the solid-state electrolyte in battery, the 

following reagents are used: Lithium nickel manganese cobalt oxides (LiNixMnyCo1-x-yO2, 99.95%, 

BTR New Materials Group Co., Ltd., China), Lithium iron phosphate (LiFePO4, BTR New Materials 

Group Co., Ltd., China), Polyvinylidene fluoride (-(C2H2F2)n-, Arkema S.A., France), Lithium metal 

(Li, 99.95%, Zhongneng Lithium Industry Co., Ltd., China), Super-P (C, 99.95%, TIMCAL, China), 

Aluminum foil (Al, 99.99%, Xfeile New Material Co., Ltd., China), Copper foil (Al, 99.99%, Yili 

Copper Industry Co., Ltd., China), N-Methyl-2-pyrrolidone (C5H9NO, A.R., Macklin Biochemical Co., 
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Ltd., China), Celgard@2450 separator ((C3H6)n, 99%, Celgard, China), fluoroethylene carbonate 

(C3H3FO3, 99.95%, DUODUO, China), Dimethoxyethane (C4H10O2, 99.95%, DUODUO, China), 

Lithium bis(trifluoromethanesulfonyl)imide (LiN(CF3SO2)2, 99.95%, DUODUO, China). 

3.2. Research methods 

3.2.1. Phase analysis 

The analysis of the crystal structure of the obtained samples was carried out on Dmax-2500 X-

ray diffractometer (Rigaku Co., Ltd., Japan) with CuKα radiation (λ = 1.54178Å), at a voltage of 50 

kV and current of 250 mA in the angle range 2θ = 10-60° with a speed of 2°/min. The resulting spectra 

were processed using the WinXPOW (STOE & Cie GmbH., Germany) program, which allows profile 

analysis, phase search using the PDF2 library, the size of the coherent scattering region (CSR), and the 

indexing of crystal chemical cells. Analysis of the obtained spectra was carried out by the corundum 

number method (RIR), which is equal to the ratio of the maximum phase lines for a mixture of the 

studied phase and corundum in a mass ratio of 1:1. For most compounds, these values are presented in 

the database. However, for the LATP phase of interest to us, the corundum number has not been 

determined, therefore, in this work, it was obtained from a mixture of pure LATP phase and Al2O3 in 

equal mass fractions according to the following formula: 

𝑅𝐼𝑅𝐿𝐴𝑇𝑃 =
𝐼𝐿𝐴𝑇𝑃

100%

𝐼𝐶𝑜𝑟𝑢𝑛𝑑𝑢𝑚
113  (1) 

Next, the X-ray patterns of the powders were indexed using the Pseudo-Voigt profile function to 

determine the integrated intensities. Then the mass fraction of the components in the mixture is 

determined by the following formula: 

𝜔𝑎 =

𝐼𝑎
𝑚𝑎𝑥

𝑅𝐼𝑅𝑎

∑
𝐼𝑖
𝑚𝑎𝑥

𝑅𝐼𝑅𝑖

𝑛
𝑖=1

 (2) 

where Ia
max and RIRa are the intensity of the maximum line and the corundum number of the 

determined phase a, Ii
max and RIRi are the intensity of the maximum line and the corundum number of 

any phase in the mixture, where i is its number, n is the total number of phases in the mixture. As a 

result, XRD made it possible to determine the qualitative phase composition, as well as the volume 

and parameters of the unit cell.  
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Another method for qualitative analysis of the phase composition was Raman spectroscopy using 

an Enspectr R532 spectrometer with a laser wavelength of 532 nm. The measurement was carried out 

at a laser power of 4 mW and an objective magnification x20. The results obtained were analyzed by 

comparing them with the spectra of pure phases. The Raman spectrum for LATP is known in the 

literature and has been analyzed in detail (Figure. 3.1). At Raman shifts in the range of 850-1130 cm-

1, the observation of maxima, which is typical attributed to the stretching of the P-O bonds. Bending 

of these bonds also could be observed at lower shifts ~ 400-680 cm-1. Also, the LATP spectrum is 

always characterized by the presence of a number of maxima at 200-400 cm-1, which is attributed to 

the vibration of the Ti4+ and PO4
3- bonds etc [177]. It should be noted that the highest peaks (Figure. 

3.1) always consist of three components: A (969 cm-1), B (989 cm-1) and C (1007 cm-1), the intensity 

of which and half-width are redistributed during doping of Al into the crystal structure of LATP. The 

literature also describes in detail the Raman spectra for the main foreign phases obtained during the 

synthesis, such as AlPO4, TiO2, LiTiPO5, Li3PO4, etc. However, Raman spectroscopy does not allow 

quantitatively determining the phase composition, since some substances are not Raman-active, and 

for most substances, proportionality factors between concentration and final intensity are not 

determined, which requires additional analytical studies for quantitative analysis [180, 186]. 

 

Figure. 3.1. Theoretical description of the Raman spectrum for LATP. 

3.2.2. Microstructure analysis 

The particle size of precursors, LATP powders, as well as the microstructure of SSE tablet (grain 
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size, pores, cracks etc.) were determined by scanning electron microscopy (SEM) using a Supra 50 VP 

LEO electron microscope using SE2 detector and accelerating voltage range 5-10 kV. However, 

JEOL's JSM-6340F and Gemini SEM 500 were also used to obtain higher resolution micrographs of 

nanoparticles.  

Sample preparation of ceramic for SEM was carried out according to the following method: 

ceramic tablet after sintering was divided into two parts and the longitudinal section was polished using 

SiC sandpaper from 800 to 5000 mesh step by step. Then the polished samples were immersed in 

ethanol followed by ultrasonic cleaning and then dried in air. Next, reheat process was carried out at 

800°C for 30 min to reveal the microstructure. 

Scanning electron microscope (SEM) images can also be used for particle or grain size analysis. 

The Origin software (OriginLab Co., Ltd., USA) was used to statistically process all the obtained data 

and construct particle size distribution histograms. Statistical analysis of the images was carried out 

using the ImageJ. To determine the average grain size, at least 3 SEM images and at least 200 grains 

per image were used. We equivalently convert polygonal grains into circles with similar areas, and use 

the diameter of the equivalent circle as the characteristic size of the grain. The Boltzmann function and 

the log-normal function were used to fit the particle size distribution data and the aggregate particle 

size data to obtain a cumulative particle size curve and function equation.  

�̃� =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑖=1  (3) 

�̃� is the average particle size (1.225 times the average diameter of the equivalent circle), n is the 

number of measured particles. 

�̃� = √
∑ (�̃�−𝑥𝑖)2𝑛

𝑖=1

𝑛(𝑛−1)
 (4) 

�̃� is the standard deviation of a normal distribution. The distribution function of the powder size 

distribution is as follows: 

𝑝(𝑥) =
1

�̃�√2π
. exp [−

(𝑥−�̃�)2

2�̃�2 ] (5) 

The particle size of the powders was also determined by dynamic light scattering (DLS) using 

Zetasizer Nano ZS equipment (Malvern Instruments Ltd., UK). During sample preparation, LATP 

powders (RI=1.6; α=0.01) were dispersed in ethyl alcohol (viscosity 1.04 Pa·s, RI=1.36 at T=25°C) 

and diluted to an almost transparent solution with concentration ~ 5·10-3 mg/ml. Next, using Zetasizer 

software, the particle size distribution was obtained. 
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The size of the nanoparticles was analyzed using the XRD method. For particles with a size of 

less than 200 nm, the Scherrer formula is fulfilled, which relates the broadening of the peaks in the X-

ray diffraction pattern to the size of the ceramic: 

𝑑 =
𝜆

𝛽𝑐𝑜𝑠𝜃
 (6) 

where λ is the wavelength of X-ray radiation (for CuKα λ=1.5406Å), β is the half-width of the 

selected maximum, cosθ is the cosine of the angle at which the maximum is located. In this work, the 

size of LATP particles was determined from the broadening of the line with Miller indices, which 

corresponds to the angle 2θ = 24.492°.  

3.2.3. Thermal analysis 

To determine the characteristic temperatures during heat treatment, the obtained samples were 

analyzed thermally by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

in the temperature range from 30°C to 1000°C and a heating rate of 10°C/min using Netzsch STA 409 

PC Luxx (Erich NETZSCH GmbH & Co. Holding KG, Germany). TG and DSC were also used to 

study the thermal stability and composition of the titanium (IV) peroxo complex and other precursors. 

The linear shrinkage of the pressed samples was measured under the appropriate thermal 

conditions at a heating rate of 2°C/min in a DIL 402 Expedis Classic horizontal dilatometer (Erich 

NETZSCH GmbH & Co. Holding KG, Germany). To analyze the behavior, the powder under study 

was preliminarily pressed into cylindrical tablets with 9 mm diameter and 2 mm thickness and placed 

in the device. 

3.2.4. Determination of relative densities of prepared samples 

In order to accurately measure the relative density of the SSE tablets after sintering, we polished 

the surface of the sintered tablet to mirror (using 300mesh, 800mesh, 2000 mesh, 4000mesh SiC 

sandpaper step by step), and used ultrasonic cleaning in alcohol solution, and then dry under 60℃ for 

all night. Weigh and measure the diameter and thickness of completely dry LATP SSE tablet and 

calculate the density based on these data. The density of green body skips the polishing and clearing 

process, and directly measures the diameter, thickness and weight after drying. Then the geometric 
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density value was obtained according to the following formula: 

𝜌𝑔𝑒𝑜𝑚 =
𝑚

𝜋𝑟2ℎ
 (7) 

where m is the mass of the tablet, r and h are the radius and thickness, respectively. 

Calculate X-ray density from XRD data, determine unit cell volume and its mass. Afterwards, the 

relative density is obtained as the ratio of the geometric density to the theoretical density: 

𝜌𝑟𝑒𝑙 =
𝜌𝑔𝑒𝑜𝑚

𝜌𝑥𝑟𝑑
 (8) 

where 𝜌𝑟𝑒𝑙 and 𝜌𝑥𝑟𝑑 are the relative and X-ray densities, respectively. 

The geometric porosity was calculated as the relative difference between the X-ray and geometric 

densities: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝜌𝑔𝑒𝑜𝑚

𝜌𝑥𝑟𝑑
× 100% (9) 

3.2.5. Electrochemical study of solid-state electrolytes 

Before determining ionic conductivity, the required sample preparation of ceramic tablets was to 

create good ohmic contacts between samples and current collectors. Thin layer of platinum (30 nm) 

on both sides was deposited on the tablet bases using Quorum Q150T ES magnetron sputter (Quorum 

Technologies Co., Ltd., Great Britain) to achieve this goal. Then the samples were clamped between 

the current collector, ionic conductivity was measured on Autolab M204 potentiostat (Metrohm AG 

Inc., Switzerland) by impedance spectroscopy at frequencies in the range from 1 MHz to 0.1 Hz.  

In an alternating current circuit, the impedance will be represented by two components that can 

be represented in a complex notation: 

Z = 𝑅𝑒𝑍 − 𝑖𝐼𝑚𝑍 = 𝑍0𝑐𝑜𝑠𝜑 − 𝑖𝑍0𝑠𝑖𝑛𝜑 (10) 

where ReZ=Z0cosϕ and ImZ=Z0sinϕ are active and reactive resistance, Z0 is the impedance 

amplitude, ϕ is the phase shift. In this case, active resistance corresponds to power losses due to thermal 

processes, while reactive resistance corresponds to inductive and capacitive ones. However, in the 

experiment, when changing the frequency of the alternating current, we measure the data array of the 

amplitude of the impedance Z0, which is equal to the ratio of the voltage and current amplitudes, the 
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phase shift ϕ and the frequency ω. Further, according to the formulas presented above, the dependence 

of the imaginary part of the impedance on the real part (Nyquist coordinates) is constructed, which is 

called the impedance spectroscopy (Figure. 3.2) [187]. 

 

Figure. 3.2. Impedance spectroscopy of solid-state electrolyte. 

According to the literature, for solid-state electrolytes, the defining points on the impedance 

spectroscopy are: 

1) Z1 is the initial point of the hodograph at ImZ=0 (or its approximate continuation up to the 

intersection with the ReZ axis). This value is the active resistance corresponding to the intra-

grain conductivity, which is calculated as a result by the following formula: 

𝜎𝑔𝑟𝑎𝑖𝑛 =
ℎ

𝜋𝑟2∙𝑍1
 (11) 

where ℎ and 𝑟 are the height and radius of the SSE tablet. 

2) Z2 is the intersection of the arc (or its continuation) with the ReZ axis. This value is also the 

total resistance, which is contributed by both the conductivity inside the grain and the grain 

boundary conductivity, which is determined by a similar formula: 

 𝜎𝑡𝑜𝑡𝑎𝑙 =
ℎ

𝜋𝑟2∙𝑍2
 (12) 

It is also worth noting that a further increase in the impedance is associated with a voltage 

drop across the contacts 

The cycling performance of battery (MTI EQ-PSC) with LATP ceramic tablets was studied using 

the Neware battery testing system. Li||LATP||Li symmetric cells was test at a current density of 0.1 

mA/cm2 with a stripping/plating period of 1 h at 25℃. The cycling performance of Li||LATP||NCM111 
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full cell was test at a current density of 0.1 mA/cm2 at 25℃. 

        

Figure. 3.3. (a) MTI EQ-PSC; (b) Neware battery testing system. 

3.2.6. Study of mechanical characteristics of solid-state electrolytes 

The elastic modulus of solid-state electrolyte materials can be evaluated by indentation 

experiments. The elastic modulus and hardness of the material were obtained by the Oliver-Pharr 

method. The slope of the curve when the load is unloaded indicates is the stiffness (S) of the material 

and is usually affected by the testing machine itself and the test material. The elastic modulus E of the 

test material is calculated by the following equation: 

 𝐸 =
1

2
×

𝑑𝐹

𝑑ℎ
× √

𝜋

𝐴
 (13) 

F is the load, h is the displacement, and A is the contact area. The subsequent measurement of the 

elastic modulus was completed using the NanoScan-4D and MX-0580 mechanical testing equipment. 

3.3. Research methodologies 

This section is devoted to the development of methods for the synthesis and analysis of the studied 

connections. In this work, we tried to synthesize Li1.3Al0.3Ti1.7(PO4)3 solid-state electrolyte using 

classic solid-state methods and also developed a new, polymerized matrices-based method for the 

synthesis of Li1.3Al0.3Ti1.7(PO4)3 solid-state electrolyte powders with ultrafine controllability. We 

discussed in detail the effects of temperature, time and initial powder particle size on the solid-state 

electrolyte sintering process, laying the foundation for battery testing and mass production of solid-

state electrolytes. At the same time, through the use of bimodal system and the introduction of glass 

additives, combined with a specially designed sintering procedure, the various indicators of LATP 
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solid-state electrolyte ceramics are maximized. 

3.3.1. Synthesis of LATP powders 

Li1.3Al0.3Ti1.7(PO4)3 powders were synthesized by the conventional solid-state reaction, molten 

salt quenching method and wet-chemical method. Thermal behavior of precursors in the solid-state 

reaction and molten salt quenching method for the synthesis of LATP have been investigated using 

thermal analysis (Figure 3.4). 

 

Figure. 3.4. Results of TG and DSC for precursors in the solid-state reaction, molten salt quenching method for 

the synthesis of LATP. 

 

As a result of TG and DSC curves, complete thermal decomposition of precursors occurs at ~ 

450°C, after which the solid-state reaction will take place. However, large particles, which are 

characteristic of solid-state synthesis, require a sufficiently high energy for diffusion, so the 

temperature of solid-state synthesis is usually more than 700°C [72, 170].  

3.3.1.1. Solid state reaction method 

Ball milling method was used to process the synthesized powders. All the powders were 

preliminarily ground in an agate mortar before ball milling until there were no significant large blocks. 
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Here we use ball milling balls with a diameter of 4.5-5.0 mm (5 times the mass of all powders in total), 

and acetone is used as a solvent (15 ml of acetone was added for every 10 g of powder). The starting 

speed was 250 rpm, the rotation speed was 500 r/min, and the time was 45 mins. Then the mixed 

powder after drying was heated in the platinum crucible at 700-1200°C for 10 h. Li1.3Al0.3Ti1.7(PO4)3 

powders were synthesized according to the following core reaction [171]: 

0.65 𝐿𝑖2𝐶𝑂3 + 0.15 𝐴𝑙2𝑂3 + 1.7 𝑇𝑖𝑂2 + 3 𝑁𝐻4𝐻2𝑃𝑂4 →  𝐿𝑖1.3𝐴𝑙0.3𝑇𝑖1.7(𝑃𝑂4)3 + 0.65 𝐶𝑂2 +

3 𝑁𝐻3 + 4.5 𝐻2𝑂 (14) 

Finally, we used the wet ball milling method to control the particle size. Here we used ball milling 

balls with diameters of 1.0-1.2 mm and 2.0-2.2 mm (weight fraction of 50%:50%), the total amount of 

ball milling balls is 10 times the mass of the powder, and acetone was used as a solvent (15ml of 

acetone is added for every 10 g of powder). The revolution speed was 350 r/min, and the rotation speed 

was 700 r/min. Setting time was 2.5 h., Dynamic light scattering (DLS) method has been applied to 

estimate the particle size. with followed SEM images to determine the particle size of LATP powder. 

18,000-mesh nylon filter was used to remove unground large particles and ball milling balls, with 

followed washing product with acetone and drying in an oven to obtain LATP powder. 

3.3.1.2. Molten salt quenching method 

3.3.1.2.1. Synthesis of 13Li2O-3Al2O3-34TiO2-30P2O5 glass 

All the powders were preliminarily ground in an agate mortar before ball milling until there were 

no significant large blocks. Here we use ball milling balls with a diameter of 4.5-5.0 mm (5 times the 

mass of all powders in total), and acetone is used as a solvent (15 ml of acetone is added for every 10 

g of powder). The starting speed is 250 rpm, the rotation speed is 500 rpm, and the time is 45 mins. 

The mixture was placed in a magnesium oxide crucible and heated to 700°C and kept for 4 h to remove 

volatile components. Then the mixture was heated to 1450°C and hold for 2 h to melt and homogenize 

the mixture. Next, the melt was poured onto a stainless plate and cooled down in air to room 

temperature. The resulting glass sample is shown in Figure. 3.5 [107, 172-173]. 
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Figure. 3.5. (a-b) Photos of quenching method; (c) photo of LATP glass. 

 

In order to obtain nanoscale glass powder, the obtained glass was first broken with a hammer, and 

then ground by wet ball milling method for 5 h, 4 h and 2 h using yttrium-doped zirconia milling balls 

with a diameter of 12 mm, 4.5-5.0 mm and 2.0-2.2 mm (10 times the mass of all powders in total), and 

acetone was used as a solvent (15ml of acetone is added for every 10 g of powder), respectively. 

Dynamic light scattering (DLS) method was applied to estimate the particle size after each step of 

milling and use SEM images to confirm the particle size of glass powder when all steps are finished. 

18,000-mesh nylon filter was used to remove unground large particles and ball milling balls, with 

followed washing product with acetone and drying in an oven to obtain LATP glass powder. 

3.3.1.2.2. Crystallization of LATP glass 

The obtained glass was annealed at 500°C for 2 hours to relieve thermal stress, and then cooled 

with the furnace. After crushing and ball milling, here we used ball milling balls with a diameter of 

2.0-2.2 mm (10 times the mass of the powder in total), and acetone is used as a solvent (15 ml of 

acetone is added for every 10 g of powder), the revolution speed is 300 rpm, the rotation speed is 600 

rpm, and the time is 1.5h, the powder was kept at 800°C for 4 h to obtain the final powder (the heating 

rate is 2°C/min). Finally, we used the wet ball milling method to control the particle size of the 

synthesized LATP powder till ~600nm. We use ball milling balls with diameters of 1.0-1.2mm and 2.0-

2.2mm (mass ratio is 50%:50%), the total amount of ball milling balls is 10 times the mass of the 

powder, and acetone is used as a solvent (15 ml of acetone is added for every 10 g of powder). The 

revolution speed is 350 rpm, and the rotation speed is 700 rpm. Dynamic light scattering (DLS) method 

was applied to estimate the particle size after each step of milling and use SEM images to confirm the 
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particle size of glass powder when all steps are finished. 18,000-mesh nylon filter was used to remove 

unground large particles and ball milling balls, with followed washing product with acetone and drying 

in an oven to obtain LATP powder [107, 172-173]. 

3.3.1.3. Synthesis using polymerized matrices 

3.3.1.3.1. Homogenization of inorganic precursors for LATP in polymer matrix 

Required reagents were used as ion precursors in a molar ratio of Li: Al: Ti: P = 1.3: 0.3: 1.7: 3. 

Firstly, Ti(OC4H9)4 was dissolved in a solution of nitric acid (8 M) and the equal volume of H2O2 to 

form Ti-based complex, and then other salts were added with a stoichiometric molar ratios of the 

components of Li1.3Al0.3Ti1.7(PO4)3.  

According to the literatures, citric acid is most often used as a complexing agent of Ti4+ ions to 

obtain LATP using sol-gel method. However, the addition of phosphate ions to this solution leads to 

the formation of a grey gel-like precipitate (Figure. 3.6a, right), the mechanism of formation of which 

is clearly not known. To prevent side reactions of co-precipitation and redistribution of precursors, 

which do not allow to obtain samples of sufficient high phase purity, hydrogen peroxide in an acidic 

medium was tested as a complexing agent for Ti (IV).  

The resulting titanium peroxo complex has a characteristic bright scarlet color and remains stable 

even after the addition of PO4
3- ions (Figure. 3.6a, left). The composition of this complex to determine 

the optimal ratio of Ti4+ ions and hydrogen peroxide was studied by spectrophotometry. The results of 

all procedures used (Figure. 3.6b-e) under conditions of a strongly acidic (pH=1) synthesis medium 

corresponded to a coordination number equal to one, which corresponds to the chemical formula 

[TiO2(H2O)4](NO3)2 and is confirmed by literature. This chemical transformation after the dissolution 

of titanium n-butoxide can be represented by the following reaction: 

𝑇𝑖(𝑂𝐶4𝐻9)4 + 2 𝐻𝑁𝑂3 +  𝐻2𝑂 →  𝑇𝑖𝑂(𝑁𝑂3)2 + 4 𝐶4𝐻9𝑂𝐻  (15) 

𝑇𝑖𝑂(𝑁𝑂3)2 + 3 𝐻2𝑂 + 𝐻2𝑂2 → [𝑇𝑖𝑂2(𝐻2𝑂)4](𝑁𝑂3)2  (16) 

The resulting molar ratio of reagents Ti(C4H9O)4:H2O2=1:1 was determined using 

spectrophotometric study using a UVmini-1240 spectrometer, Shimadzu (Japan) by a number of 

methods and this ratio was further used to optimize the polymerized matrices method for obtaining 

LATP. The maximum optical density was observed at a wavelength of λ ~ 420 nm. The stoichiometry 



71 
 

and stability of the titanium (IV) peroxo complex was determined using spectrophotometric 

approaches through: 1) Isomolar series method, 2) Asmus straight-line method and 3) Harvey-Manning 

slope ratio method, respectively [174-177]. 25 ml of solutions of hydrogen peroxide and Ti4+ with a 

concentration of 0.01 M in 8 M nitric acid have been prepared (Table. 3.1) for each method (details 

are presented in SI). To establish equilibrium, optical measurements were carried out after 2 hours 

mixing of precursors. The reference solution was 8M nitric acid. Also, the isomolar series method 

(Figure. 3.6b) made it possible to determine the stability constant for the resulting Ti (IV) peroxo 

complex, which was β=7.2×106 and characterizes it as highly stable. 

 

Figure. 3.6. (a) Comparison of the stability of solutions of peroxo (left) and citrate (right) Ti(IV) complexes after 

the addition of phosphate ions. Spectrophotometric study of titanium peroxo complex Ti4+ by methods: (b) isomolar 

series; (c) direct line of Asmus; (d) series of equilibrium shift for metal; and (e) series of equilibrium shift for ligand 

in the Harvey-Manning slope ratio method. 

 

After all precursors for LATP were mixed, the mixture was thoroughly dried before heating in the 

muffle furnace. The composition and thermal stability of the Ti (IV) peroxo complex after its drying 

from solution has not presented in literature before. The [TiO2(H2O)4](NO3)2 complex with the optimal 

ratio of reagents was gradually dried at a temperature of 60°C with constant stirring. As a result, light 

yellow powder (Figure. 3.7a) [181] was obtained, the thermal stability of which was studied by various 
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physical methods of analysis. Thus, the TG data (Figure. 3.7b) correspond to a mass change of 29.5%, 

which occurs at temperatures below 350°C. It should be noted that the solid-state reaction for LATP 

occurs at 500-700°C depending on the particle size, which is preceded by thermal decomposition of 

all precursors. The Ti4+ citrate complex used in the literature is stable at temperatures up to 600°С, 

which prevents the solid-state reaction and is not suitable for the synthesis of LATP nanoparticles, for 

which the synthesis temperature is also ~ 600°С [182]. The selected titanium complex, the temperature 

of complete decomposition of which is ~ 400°C, is suitable for this task. Also, according to the results 

of TG, the molar mass of the powdered complex was 114 g/mol, which corresponds to the formula 

TiO2·H2O2. This titanium peroxo complex has been presented in literatures, describing changes in the 

properties of anatase TiO2 after the addition of hydrogen peroxide [183]. The chemical change of the 

titanium peroxo complex during the drying process corresponds to the following reaction: 

[𝑇𝑖𝑂2(𝐻2𝑂)4](𝑁𝑂3)2 →  𝑇𝑖𝑂2 · 𝐻2𝑂2 + 2 𝐻2𝑂2 ↑ +2 𝐻𝑁𝑂3 ↑  (17)  

The results of DSC also made it possible to study the thermal behavior of this complex in more 

detail. So, in the temperature range up to 200°C, an endothermic process of destruction of bonds in the 

complex occurs. After that, the decomposition reaction of hydrogen peroxide occurs according to the 

following reaction: 

2 𝐻2𝑂2 → 2 𝐻2𝑂 + 𝑂2  (18) 

Also, the resulting solid-state complex TiO2·H2O2 was studied by X-ray phase analysis (Figure. 

3.7c). The obtained data indicate the structure of anatase (comparison card number in the PDF2 library 

21-1272). However, the presence of an additional peak at low diffraction angles of nearly 5° 

(corresponding interlayer distance of ~17.7 Å) that could be partially observed in measured XRD, 

could indicate the formation of a superstructure. In the literatures, the researchers attribute this X-ray 

maximum to the formation of a layered structure, in the interlayer space of which there are H2O2 

molecules [184]. Peak broadening was also used to determine the average particle size, which was ~3 

nm. Some researchers had already mentioned the phenomenon of a significant reduction in the particle 

size of anatase when modified with hydrogen peroxide, which is a good dispersant, reacting with 

titanium (IV) ions, modifying the particles both on the surface and inside [185]. 
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Figure. 3.7. (a) TiO2·H2O powder. Studies of the solid-state Ti (IV) peroxo complex by the following methods: 

(b) TG and DSC; (c) XRD analysis and (d) Raman spectroscopy of the sample. 

 

Another method that indirectly confirms the presence of peroxo groups in the structure of the 

resulting solid-state Ti (IV) complex is Raman spectroscopy (Figure. 3.7d) [178-180]. Thus, in the 

spectrum of TiO2·H2O2, peaks characteristic of anatase are observed: 140 cm-1 (Eg), 510 cm-1 (B1g), 

and 615 cm-1 (Eg). However, the presence of additional maxima at 630 cm-1 (symmetric Ti-O-O- 

vibrations), 920 cm-1 (O-O bond stretching) and 1050 (Ti-OH bond vibrations) indicates the formation 

of a peroxo complex even after solution drying and agrees with literature [186]. 

 

Table. 3.1. Sample preparation conditions for spectrophotometric measurements by various methods. 
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At the next step, this promising peroxo-complex of Ti4+ has been used as precursor for future 

synthesis of LATP. To provide uniform hogenezation of all precursor’s polymer matrix has been tested. 

The resulting mixture was converted into polymerized matrices by copolymerization of acrylamide 

and N,N’-methylenebisacrylamide (Bis-acrylamide) at 60°C. The synthesis of LATP-precursors laced 

with a polymer matrix (Figure. 3.8) was carried out by adding acrylamide monomer and N,N’-

methylenebisacrylamide crosslinker to the reaction in the following mass ratios of monomer to 

titanium (IV) butoxide of 2, 4, 8, 12, and 16, and the amount of acrylamide and N,N'-

methylenebisacrylamide as well as other ingredients are shown in Table. 3.2. 
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Figure. 3.8. Optical photo of the obtained polymer matrix. 

 

Table. 3.2. The amount of acrylamide (AAm) and N,N'-methylenebisacrylamide (Bis-AAm) as well as other 

ingredients for 10 g of LATP. 

 

Note: Ratio is the mass ratio of monomer to titanium (IV) butoxide. 

 

The ratio of acrylamide/ N,N’-methylenebisacrylamide was fixed as 4/1. Other inorganic 

components have been used to preserve a mentioned above molar ratio of LATP. The concentration of 

the reaction mixture was varied and diluted up to 10 times. The polymerized matrices were dried at 

60°C for 24 hours. 

3.3.1.3.2. Thermal treatment of prepared composite for LATP synthesis 

The optimal studied ranges of thermal treatment in the course of synthesis using polymerized 

matrices, as well as the stages of decomposition occurring in this process, were determined by 

thermogravimetry (TG) with differential scanning calorimetry (DSC) using a Netzsch STA 409 PC 

Luxx synchronous thermal analyzer. The temperature was changed from 30°C to 1000°C at a rate of 

10°C/min. TG and DSC were also used to study the thermal stability and composition of the titanium 

(IV) peroxo complex and other precursors.  
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[𝑇𝑖𝑂2(𝐻2𝑂)4](𝑁𝑂3)2 → 𝑇𝑖𝑂2 · 𝐻2𝑂2 + 2 𝐻2𝑂 + 2 𝐻𝑁𝑂3  (19) 

𝑇𝑖𝑂2 · 𝐻2𝑂2 → 2 𝑇𝑖𝑂2 + 2 𝐻2𝑂 +  𝑂2  (20) 

The dried polymer matrix composite was milled into powder at 700 rpm for 30-45 min and heated 

in a muffle furnace in magnesium oxide crucible to synthesize LATP. The synthetic temperature 

program was as follows: heat the polymer matrix precursor to 200°C for 3 h, then heat to 600°C for 3 

h, finally heat to 600-800°C for 5 h for the synthesis of LATP powder. The heating rate was selected 

as 2°C/min. After all the steps, samples were cooled with the furnace. The resulting powders were 

given names reflecting the temperature of synthesis and the relative ratio of monomer to titanium (IV) 

butoxide: 

 

Table. 3.3. LATP sample name list. 

 

3.3.2. Fabrication of ceramic SSEs 

3.3.2.1. Molding of LATP powders 

To form tablets from LATP powders and crushed glass powders, 0.2 g of each sample were 
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pressed using a stainless mold with a diameter of 9 mm (Hench Technology Co., Ltd., China) on a 

laboratory press (Carver Inc., USA) at uniaxial pressure of 150 MPa for 2 minutes. The green body 

tablets after press have a diameter of 9 mm and thickness of ~2 mm. The values of volume change of 

the obtained tablets before and after sintering were determined and the relative densities were 

calculated from the obtained theoretical LATP X-ray density. 

3.3.2.2. Determination of the sintering program of LATP ceramic samples 

In order to determine the optimal sintering program for powder samples of 600nm and 300nm 

size Li1.3Al0.3Ti1.7(PO4)3, (named LATP-1 and LATP-2) heat treatment was carried out in the 

temperature range of 700-1200°С with different duration from 0.5-10 h. Precise characterization of 

samples was treated in the temperature range of 750-1000°С with different durations: 

1) 0.5 hours (samples 750°C-0.5-1, 800°C-0.5-1, 850°C-0.5-1, 900°C-0.5-1, 950°C-0.5-1, 

1000°C-0.5-1, 750°C-0.5-2, 800°C-0.5-2, 850°C-0.5-2, 900°C-0.5-2, 950°C-0.5-2 and 1000°C-0.5-2, 

respectively); 

2) 2 hours (samples 750°C-2-1, 800°C-2-1, 850°C-2-1, 900°C-2-1, 950°C-2-1, 1000°C-2-1, 

750°C-2-2, 800°C-2-2, 850°C-2-2, 900°C-2-2, 950°C-2-2 and 1000°C-2-2, respectively); 

3) 6 hours (samples 750°C-6-1, 800°C-6-1, 850°C-6-1, 900°C-6-1, 950°C-6-1, 1000°C-6-1, 

750°C-6-2, 800°C-6-2, 850°C-6-2, 900°C-6-2, 950°C-6-2 and 1000°C-6-2, respectively); 

4) 10 hours (samples 750°C-10-1, 800°C-10-1, 850°C-10-1, 900°C-10-1, 950°C-10-1, 1000°C-

10-1, 750°C-10-2, 800°C-10-2, 850°C-10-2, 900°C-10-2, 950°C-10-2 and 1000°C-10-2, respectively); 

Sintering was carried out in KSL-1200X-J muffle furnace (MTI, China). The heating rate was 

2°C/min. The study of the microstructure of the obtained samples was carried out using scanning 

electron microscopy. Electrochemical properties were analyzed using impedance spectroscopy. The 

resulting tablets were manually crushed with an agate mortar with pestle and examined by XRD to 

determine the phase composition. The program with the optimal temperature and sintering time was 

determined from the values of the relative density and ionic conductivity obtained in each series of 

experiments. 

3.3.2.3. Study of thermal behavior of LATP glass sample 
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The linear shrinkage of pressed LATP glass samples were measured in isothermal and 

polythermal programs up to 1000°C at a heating rate of 2-5°C/min in a DIL 402 Expedis Classic 

horizontal dilatometer. 

3.3.2.4. Fabrication of SSEs from composite powder system 

3.3.2.4.1. Bimodal powder as precursor for SSE 

Mixed 60nm size and 600nm size LATP powder (hereinafter bimodal powder system) were 

prepared in 0/100, 5/95, 10/90, 15/85, 20/80 and 100/0 various weight fractions, respectively. The 

powders were thoroughly mixed using a planetary milling method. Zirconium dioxide milling balls 

with a diameter of 2.0-2.2 mm (10 times the mass of the powder in total), and acetone is used as a 

solvent (20ml of acetone is added for every 10g of powder). The revolution speed is 200 rpm, the 

rotation speed is 400 rpm, and the time is 1.5 h. Use 18,000-mesh nylon filter to remove ball milling 

balls and dry acetone in an oven. To obtain tablets with different ratios of bimodal powder system, 0.2 

g of each sample were pressed using a stainless mold with a diameter of 9 mm (Hench Technology 

Co., Ltd., China) on a laboratory press (Carver Inc., USA) at uniaxial pressure of 150 MPa for 2 

minutes. Also, after determining the densities of the obtained tablets, the relative densities were 

calculated from the obtained theoretical LATP X-ray density. 

The determination of the optimal sintering program for bimodal powder systems with different 

ratios of components were carried out at 900°C for 6 hours in KSL-1200X-J muffle furnace (MTI, 

China) with a heating rate of 2°C/min.  

According to the data of relative density, microstructure, ionic conductivity and elastic modulus 

obtained from each system, the optimal ratios and sintering program of the bimodal system was 

determined. 

3.3.2.4.2. Composite glass-ceramic powder as precursor for SSE 

Mixture of ~ 60 nm size LATP glass powder and 600nm size LATP powder (hereinafter glass-

ceramic powder system) were prepared in 0/100, 1/99, 3/97, 5/95, 10/90, 15/95 and 20/80 various mass 

ratios, respectively. The powders were thoroughly mixed using a planetary milling method. Zirconium 
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dioxide milling balls with a diameter of 2.0-2.2 mm (10 times the mass of the powder in total), and 

acetone is used as a solvent (20ml of acetone is added for every 10g of powder). The revolution speed 

is 200 rpm, the rotation speed is 400 rpm., and the time is 1.5 h. Use 18,000-mesh nylon filter to 

remove ball milling balls and dry acetone in an oven. To obtain tablets with different ratios of glass-

ceramic powder system, 0.2 g of each sample were pressed using a stainless mold with a diameter of 

9 mm (Hench Technology Co., Ltd., China) on a laboratory press (Carver Inc., USA) at uniaxial 

pressure of 150 MPa for 2 minutes. Also, after determining the densities of the obtained tablets, the 

relative densities were calculated from the obtained theoretical LATP X-ray density. 

The determination of the optimal sintering program for composite glass-ceramic systems with 

different ratios of components was carried out using the methods of 1-step heating treatment method 

and 2-steps heating treatment method. 1-step heat treatment of mixed powders with mass ratios of 

glass-ceramic as 0/100, 1/99, 3/97, 5/95, 10/90, 15/95 and 20/80 was carried out at 900°C for 6 hours 

to achieve compaction of all components in KSL-1200X-J muffle furnace (MTI, China) with a heating 

rate of 2°C/min. In the case of 2-steps method, densification process was carried out at a constant 

temperature of 570°C for 6 hours to achieve glass densification, then sintered at 900°C for 6 hours in 

KSL-1200X-J muffle furnace (MTI, China) with a heating rate of 2°C/min. 

According to the data of relative density, microstructure, ionic conductivity and elastic modulus 

obtained from each system, the optimal ratio of the composite glass-ceramic powder system and the 

sintering program were determined. 

3.3.3. Multiphysics simulation 

3.3.3.1. Software description 

In this PhD thesis, the following software has been used to complete the model construction, 

solution and data analysis. 

1. The physical structure was built using: Python 3, Matlab 2020a, Solidworks 2022, 

AutoCAD2020 and ProE 4.0. 

2. The solution of the model is based on: COMSOL Multiphysics 6.0, SIMULIA Abaqus FEA. 

3. The analysis of the solution results and the drawing of the figures are based on: Python 3, 

Matlab2020a and OriginLab 2021. 
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3.3.3.2. Mathematical model construction 

As aforementioned in the literature review, the failure of solid-state electrolyte with the nucleation 

of Li metal was widely accepted as the electro-chemo-mechanical process, which can be distinguished 

into different electrochemical processes containing mass-transfer, charge-transfer kinetics and 

constitutive damage mechanics.  

Firstly, Butler-Volmer equation coupled with Nernst-Planck equation was yielded to describe the 

electrodeposition of Li metal inside the solid-state electrolytes [188-189]: 

𝑖 = 𝑖0 𝑒𝑥𝑝(
𝛼𝛥𝜇𝑒−

𝑅𝑇
)[𝑒𝑥𝑝(

𝛼𝐹

𝑅𝑇
𝜂) − 𝑒𝑥𝑝( −

𝛽𝐹

𝑅𝑇
𝜂)] (21) 

where 𝑖0 is the exchange current density, 𝛥𝜇𝑒−  is the electrochemical potential change induced by 

the local strain, 𝛼 and 𝛽 are the anodic and cathodic transfer coefficients, and 𝜂 is the overpotential. 

Based on Monroe and Newman’s theory, 𝛥𝜇𝑒−  can be expressed as [140, 190-191]: 

∆μ𝑒− = −
1

2
(�̅�𝐿𝑖 + 𝑡−�̅�𝐿𝑖+) × {−2𝛾κ + 𝑛[τ𝑑

𝐿𝑖 − τ𝑑
𝐿𝐴𝐺𝑃]} +

1

2
(�̅�𝐿𝑖 − 𝑡−�̅�𝐿𝑖+)(∆ 𝑝𝐿𝑖 + ∆𝑝𝐿𝐴𝐺𝑃) (22) 

where �̅�𝑖 is related molar volume, 𝛾 is surface energy, κ is mean curvature, 𝒏 is unite vector 

pointing from Li metal to ceramic SSE with NASICON (LAGP was considered as model SSE), 𝛕𝒅 is 

the deformation stress and 𝑝 is pressure.  

To investigate the effect of grain boundary on the electro-chemo-mechanical failure of solid-state 

electrolyte closer to reality, Voronoi domain 𝐷 ⊂ 𝑅2(𝑅3) is applied to partition a plane with a set of 

random points E={Ai}, and thus 𝐴𝑖 ∈ 𝐷. Hence, the polygon cell can be given as [192-194]: 

𝑧𝑖(𝐴𝑖) = {𝑃 ∈ 𝐷|𝑑(𝑃, 𝐴𝑖) < 𝑑(𝑃, 𝐴𝑗), ∀𝑗 ≠ 𝑖} (23) 

where 𝑑(𝑃𝑖 , 𝑃𝑗) is the Euclidean distance between points 𝑃𝑖 and 𝑃𝑗. The distribution of each 

polygon is spatially random by using repulsion distance.  

We choose elastic modulus as the primary index to evaluate the mechanical properties of solid-

state electrolyte ceramic materials. Here, the grain inside SSE was considered as basic single crystal 

viscoplastic model, which is proposed by Cailletaud et al. Although the grains have some elastic-plastic 

deformation ability in the model setting, due to its huge elastic modulus (> 150 GPa), the impact of 

this deformation ability on the final crack propagation mechanism is almost negligible. The small strain 

in the single crystal system can be described as follow [195-196]: 

�̇�𝑠 = ⌊
|𝜏𝑠−𝑥𝑠|−𝑟𝑠−𝜏0

𝐾
⌋

𝑛

𝑠𝑖𝑔𝑛(𝜏𝑠 − 𝑥𝑠) = �̇�𝑠𝜂𝑠 (24) 

where �̇�𝑠= is viscoplastic shear, 𝜏𝑠= is resolved shear stress, 𝑟𝑠= is the isotropic hardening 

variable, 𝑥𝑠 is the variable about kinematic hardening, the �̇�𝑠 is the accumulated value of �̇�𝑠 and 



81 
 

𝜂𝑠 is the sign of (𝜏𝑠 − 𝑥𝑠). Moreover, the slip rate can be given by the means of 𝜏𝑠, 𝑟𝑠 and 𝑥𝑠. 

Resolved shear stress 𝜏𝑠 and viscoplastic strain rate tensor 𝜀~̇
𝑝 are associated with the orientation 

tensor 𝒎~
𝑠  [197-198]: 

𝜏𝑠 = 𝒎~
𝑠 : 𝒎~;  𝜀~̇

𝑝 = ∑ �̇�𝑠
𝑠 𝒎~

𝑠  (25) 

where orientation tensor 𝒎~
𝑠  can be yielded as the symmetric part of tensorial product of normal 

to the slip plane 𝒏𝑠 and slip direction 𝐈𝑠 of 𝒎~
𝑠 =

1

2
(𝒏𝑠⨂𝐈𝑠 + 𝐈𝑠⨂𝒏𝑠). The state variables 𝜌𝑠 and 

𝛼𝑠 can be used to determine the hardening variables 𝑟𝑠 = 𝑏𝑄 ∑ ℎ𝑠𝑟𝜌𝑟
𝑝  and 𝑥𝑠 = 𝑐(𝜂𝑠 − 𝑑𝑥𝑠)�̇�𝑠, 

where 𝑏, 𝑄 and 𝑐 are material parameters calibrated in the low-viscous system.  

To extend to the system, the cleavage is accepted as a typical failure behavior that appears on the 

plane where the cohesive force is smaller than external loading. The normal stress is assumed as the 

critical variable for cleavage, which can be yielded as 𝜎𝑐𝑙 = 𝒏 ⋅ 𝝈~ ⋅ 𝒏. When the stress reaches the 

threshold 𝑅𝑐𝑙, cleavage failure happens. Therefore, a pseudo-strain is taken into consideration of the 

cleavage opening [199]: 

𝜀~̇
𝑐𝑙 = 〈

𝜎𝑐𝑙−𝑅𝑐𝑙−𝑄(1−exp (−𝑏𝛿𝑐𝑙))

𝐾
〉𝑛 𝒏⨂𝒏. (26) 

Furthermore, the damage of grain boundary is introduced inside the classical crystal plasticity 

model. At initial stage, grain boundary is stiff enough in the normal direction for the grains’ pasting 

without damage. Moreover, only in-plane shear is adopted by grain boundary and thus an anisotropic 

elastic tensor can be given as [200]:  

𝚲≈ = 𝑑𝑖𝑎𝑔(𝐸, 𝜂, 𝜂, 𝜇, 𝜂, 𝜇). (27) 

𝜂 is tiny to bring the effect on the successive process. Owing to the anisotropy considered above, 

based on the introduction of a variable to describe scalar damage (𝐷), the free energy associated with 

the elasticity is modified as [201]: 

𝐺 =
1

2
(1 − 𝐷)𝜺~

𝑒 : 𝚲≈: 𝜺~
𝑒  (28) 

Taking the opposite of the partial derivative of 𝐺 with respect to 𝐷, 
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where 𝐸= is elastic modulus and 𝜇= is displacement. Therefore, a variable about the damage 

stress 𝜎𝑑 can be yielded as: 

𝜎𝑑 = √𝜎𝑛
2 + 𝐸 𝜇⁄ 𝜏2 = (1 − 𝐷)√2𝐸𝑌 (30) 

The flow rules of damage in constitutive equations with the acceptation thermodynamics with 

convex potentials is gained as follow [199-201]: 
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)

𝑟
(1 − 𝐷)−𝑘 (31) 
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where 𝐹𝑑 is the damage potential function and 𝐴 is crack area. 

3.3.3.3. Boundary condition setting 

In the overall model definition, we set the Li metal as an indestructible deformable material with 

a certain elastic modulus and Poisson's ratio. Therefore, along with the deposition of fresh Li at the 

Li/solid-state electrolyte interface, it is also accompanied by the compression and mechanical 

deformation (both elastic deformation and plastic deformation) of Li metal in some inner regions. From 

the perspective of simplifying the model, we did not consider the creep effect of Li metal which will 

be demonstrated in our follow-up work. Because the creep of Li metal mainly acts on the process of 

filling the defect area or extending to the extra space. In the model, we assume that Li metal has 

completely filled the defect area.  

For the multiphysics model used here, the core boundary conditions are set as follows:  

1) Damage-Crack transformation process  

Based on the basic mechanical properties such as the elastic modulus of the material, when 

different finite element divisions of the material are subjected to different stresses, the deformations 

that occur are also different. Therefore, we give here the basic settings based on material damage and 

cracks: 

1. When the stress in the finite element region is less than 20% of the material's intrinsic properties, 

we believe that the deformation occurring at this time is reversible deformation. That is, the stress will 

not cause damage to the material. 

2. When the stress in the finite element region is 20-100% of the material's intrinsic properties, 

we believe that the deformation occurring at this time is irreversible deformation. That is, the stress 

will cause damage to the material. The residual mechanical properties of the material after damage are 

expressed by the above model and normalized to a damage index ranging from 0-1. 

3. The cracks must occur in areas where the material is damaged. Therefore, we gave a damage 

index of 0.8 (80%) as the critical point for artificial calibration. That is, the part in the finite element 

region with a damage degree between 0 and 0.8 is regarded as the initiation area of microcracks. The 

expansion of microcracks is mainly concentrated in the finite element region where the damage index 

is greater than 0.8. 
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2) Electron conduction  

To simplify the model, lithium filament is set as the only electronic conductor and the electronic 

conductivity of the solid electrolyte is not considered. At the same time, there is no breaking Li dendrite 

the failure process of solid electrolyte.  

3) Ionic conduction  

It is assumed that only solid electrolytes with less than 80% of damage degree is capable of ionic 

conductivity. The ionic conductivity of solid electrolyte with a damage degree more than 80%, and 

void region is set as 0.  

4) Electrochemical deposition processes  

The area of electrochemical deposition (circumferential thickening of lithium dendrites) is limited 

to the contact area between lithium dendrites and solid electrolytes with a damage degree of less than 

80%. The deposition process is limited by Fick's law and the B-V equation. 

5) Process of material stress and damage 

The outer boundary of the solid electrolyte is set as free from external forces and can be deformed 

freely. At the same time, lithium metal material is given certain ductility and adhesion and the solid 

electrolyte material is defined as an ideal brittle ceramic material, regardless of the compressibility and 

anisotropy of the material. 
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4. Results and discussion 

Modeling results 

4.1. Numerical simulation by phase-field method to establish the required physic-chemical 

and morphological properties of the solid-state electrolyte 

In theory, due to the weak mechanical properties of lithium metal, the use of solid-state electrolyte 

(SSE) can inhibit the growth of lithium filaments in SSB. But lithium filaments grow along the solid-

state electrolyte grain boundaries and surface and internal defects, which is obstacle issue that has to 

be considered. Tremendous endeavor has been concentrated to monitor the mechanical failure of SE 

using high-tech characterization, e.g., synchrotron X-ray computed tomography, environmental 

transmission electron microscopy, neutron scattering, yet, the evolution of stress field inside SE along 

with the growth of Li metal is arduous to be pictured and analyzed preciously. Thus, the insight into 

the propagation of Li metal and corresponding perturbation on the surrounding stress field is accepted 

as the top priority to reveal the failure process of SSE unambiguously for prolongating the cyclic 

performance of solid-state batteries, which can be regarded the linkage of electrochemical process and 

mechanical process. Multiphysics modeling is a mesoscale simulation method which is applied in the 

PhD work to quantitatively understand the microstructure evolutions. The influence of the microscopic 

morphology and sintering quality of the solid-state electrolyte on the damage of the lithium filament 

to the solid-state electrolyte is explored here 

4.1.1. Influence of morphological features in solid-state electrolyte on damage propagation 

originated from Li filaments formation 

To reveal the role of microstructural features of defects and as a result of Li filaments in SSE on 

its disintegration during propagation of Li filaments, the monocrystal SSE with NASICON structure 

has been considered to simplify time consumption of modeling. 
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4.1.1.1. Shape of defects in Solid-state electrolyte 

 

Figure. 4.1. Schematic images of Li anodes cycled in the liquid (a, b) and solid electrolytes (c, d). 

 

In common liquid electrolyte lithium batteries, as the deposition process proceeds, lithium 

dendrites can have a series of different morphologies from fibrous/filamentous to mossy due to the 

uniform electrical properties and lack of mechanical properties of the liquid electrolyte. However, in 

solid-state electrolyte batteries, the morphology of lithium filaments is affected by the mechanical and 

electrical properties of the SSE, and usually can extend along the grain boundaries or through ceramic 

defects (voids, cracks). In this case, the morphology of lithium filaments is related to the initial defect 

morphology, grain boundary morphology, and subsequent crack morphology. It is also affected by the 

different electronic conductivity and ionic conductivity of grains and grain boundaries. [202]. 
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Figure. 4.2. Evolution of stress distribution around Li filaments inside solid electrolyte. Visualization of von 

Mises stress around Li filaments with geometries of (a) cylinder, (b) elliptical cylinder, (c) triangular prism, and (d) 

cube. The subscript of Arabic numerals represents the key steps with same calculating time, and the subscript of “con” 

means the convergence of calculation (final state). 

 

The geometry of Li filaments in solid electrolyte has been revealed as triangle at the triple junction, 

cylindrical whiskers or dendrites, sheet-like or branch-like, by experimental techniques. It is found that 

the Li filament geometry is shaped by current density, solid electrolyte, and local fields.  

Here, typical geometries for a single Li filament, cylinder, elliptical cylinder, triangular prism, 

and cube, are chosen to investigate the local effect of the geometry on the failure process of solid 

electrolyte in bulk. As seen in the distribution of von Mises stress caused by the growth of Li filament, 

the region surrounding the Li filament shows an obvious stress increase, which is induced by the 

extrusion from the circumferential expansion of Li filament. Along with the growth of Li filament, the 

area with higher stress gradually enlarges. Typically, when the geometry of Li filament is set as the 

cylinder, the high-stress region is relatively uniform compared with that created by Li filaments with 
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other geometries.  

Moreover, the high-stress region will be separated when there is structural fluctuation on edge of 

the Li filaments. Two separated regions show up in parallel with the ellipse axis when the geometry of 

Li filament changes to the elliptical cylinder. Three and four separated regions are seen in parallel with 

the sides of triangle and rectangle when the geometry of Li filament inside solid electrolyte appears as 

triangle prism and cube, respectively.  

It is worth noting that the boundaries that separate the different high-stress regions exhibit relative 

low stress, which can be expected as the region for the release of stress caused by local displacement. 

The great structural fluctuation at the corner of cube or the vertex of elliptical cylinder are responsible 

to the stress concentration. 

In contrast to the subsequent experimental data, when the solid-state electrolyte is sintered at low 

sintering temperature, the direct connection of the grains is not sufficient, so the defects often present 

sharp corners. When the solid-state electrolyte is sintered at an excessively high temperature, the 

abnormally grown grains will cause regional stress concentration and defects, and also present sharp 

corners. Therefore, it is meaningful to explore the optimal sintering program of the solid-state 

electrolyte. Not only can the relative density and mechanical properties of the solid-state electrolyte 

itself be improved, but the round defect boundary can also relieve the stress concentration caused by 

the penetration of lithium filaments. 

4.1.1.2. Number and size of lithium filaments 

 



88 
 

 

Figure. 4.3. Distribution of von Mises stress inside solid electrolyte with multiple Li filaments within equal 

calculation time. Stress field within solid electrolyte caused by growth of (a) 9, (b) 18, (c) 27 and (d) 36 small-size 

Li filaments; (e) 3, (f) 6, (g) 9 and (h) 12 medium-size Li filaments; (i) 1, (j) 2, (k) 3 and (l) 4 large-size Li filaments. 

The integral volume of filaments for (a, e, i), (b, f, j), (c, g, k), (d, h, i) has fixed. 
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Figure. 4.4. Distribution of von Mises stress inside solid electrolyte with multiple Li filaments. (a) Range of von 

Mises stress inside solid electrolyte induced by growth of multiple Li filaments. Total volume of Li filaments with 

various sizes was set as equal and the geometry of Li filaments is fixed as cylinder. S-9, 18, 27, 36 represent Li 

filaments in small size and with number of 9, 18, 27, 36 in the same model volume. M-3, 6, 9, 12 represent Li 

filaments in medium size and with number of 3, 6, 9, 12. L-1, 2, 3, 4 represent Li filaments in large size and with 

number of 1, 2, 3, 4. (b-d) Frequency histogram for distribution of von Mises stress inside solid electrolyte with 

multiple Li filaments in (b) small, (c) medium and (d) large size. 

 

The failure process of a real solid electrolyte will be more complicated and the interplay between 

contiguous Li filaments will influence the local fields. To make our modeling closer to reality, the 

investigation of the failure of solids electrolyte was expanded to a complex model containing multiple 

Li filaments, of which the geometry is selected as cylinder. The size and number of multiple Li 

filaments are varied whereas the total volume of Li filaments in one series with different sizes (such 

as S-9, M-3 and L-1) is fixed. The relative position of Li filaments inside solid electrolyte was 

generated using random function. Combining with the visualization of stress distribution (Figure. 4.3), 

it is found that von Mises stress in solid electrolyte shows two classes of distribution, around the 

isolated Li filaments and linkage between two adjacent Li filaments. When the number of Li filament 

is small, there is only lighter stress surrounding the filaments. With the increasing number of filaments, 

stress filed propagates and integrates as a connected region of higher stress within the solid electrolyte. 

For small-size Li filaments (Figure. 4.3a-d), the mean distance between two filaments is shortened 

with the increase of number, resulting in an integrated stress field covering the adjacent filaments. 

Moreover, the adjacent filaments are linked by the low stress region probably caused by the release of 

stress from local displacement. In contrast, the integrated stress field between adjacent filaments is 

weakened with the enlargement of Li filaments size (Figure. 4.3e-l). 

The von Mises stress decreases with the increase of Li filament size while it increases with the 

rising number of filaments inside solid electrolyte (Figure. 4.4a). Therefore, under the condition of 

same volume of Li inside solid electrolyte, less-and-large Li filaments contribute to lower stress, 

while plenty-and-small Li filaments endow the bulk of solid electrolyte with locally high stress field. 
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4.1.1.3. Effects of voids inside of SSE 

 

Figure. 4.5. Effect of voids on the distribution of von Mises stress inside solid electrolyte at convergence state. 

Distribution of von Mises stress inside solid electrolyte containing 6 grown Li filaments and (a) 4, (b) 8, (c) 12 and 

(d) 16 small-size voids; (e) 2, (f) 4, (g) 6 and (h) 8 medium-size voids; (i) 1, (j) 2, (k) 3 and (l) 4 large-size voids. 

Voids and Li filaments are represented by brown regions and white regions, respectively. (m) Range of von Mises 

stress inside solid electrolyte caused by the voids and the growth of Li filaments. Total volume of voids with different 

size was set as equal. 

 

In a real solid electrolyte pellet, a certain number of internal voids is inevitably formed during the 

sintering process due to the distribution of grain size, relative density change, anisotropic growth of 

grains, etc. In this study, the pre-existing voids in solid electrolyte were considered to visualize the 

damage process and to evaluate the effect of size and number of voids on the failure of solid electrolyte 
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with certain amount of Li filaments inside.  

As shown in Figure. 4.5, the high-stress regions caused by the compression from the growth of 

Li filaments mainly surround the Li filaments, and they can be disturbed by the near stress filed to 

show radial shape. The interior of two high-stress regions between Li filaments presents an under-

stress region, illustrating the stress-releasing for the local displacement. Moreover, the high-stress 

regions tend to connect with each other, and their propagation can bypass the internal voids. Within 

the same damaging time of 2.5 s, the distribution of von Mises stress shows a negligible difference 

with the increased number of voids inside, varying from 4 to 16 (Figure. 4.5a-d). The same tendency 

for the distribution of von Mises stress can be observed inside the bulk of electrolytes with medium-

size and large-size voids. The discreteness for the distribution of von Mises stress is enlarged with 

the increased number of voids. Therefore, the number of internal voids delivers a more significant 

effect on the stress and displacement fields as compared to the size. 

 

4.1.1.4. Shape of interfacial defects on SSE 

 
Figure. 4.6. Distribution of stress field induced by electrodeposition of Li inside interfacial defect. a-d) 

Visualization of first principal stress and e-h) von Mises stress caused by the electrodeposition of Li at the interface 

of SSEs with (a, e) semi-spherical, (b, f) semi-elliptical, (c, g) pyramidical and (d, h) cubic interfacial defects. The 

results were captured once the electrodeposited Li metal crammed the inner space of interfacial defects. 
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From the visualization of the first principal stress distribution inside the solid-state electrolyte, 

obvious compressive stress region appears above the top of interfacial defect with various shapes due 

to the electrodeposition of Li metal inside the limited inner space of interfacial defects (Figure. 4.6a-

d). All compressive stress spreads inward the solid-state electrolyte with semi-spherical defect in 

water-wave shape due to its isotropic (Figure. 4.6a). Whereas the tensile stress regions cover the side 

of other interfacial defects and the compressive stress spreads inside the bulk in different orientations, 

of which the compressive stress regions are separated into several parts on the top of different 

interfacial defects, such as semi-elliptical (two parts), pyramidic (two parts) and cubic (three parts) 

(Figure. 4.6b-d).  

As shown in Figure. 4.6e-h, the distribution of von Mises stress outside the semi-spherical defect 

shows a circle-shape, while a symmetric and butterfly-shape distribution appears outside the semi-

elliptical and pyramidic defects. Apart from the symmetric regions of stress, a third high-stress region 

is observed on the roof of cubic defect (Figure. 4.6h). Therefore, the high-stress regions generated from 

the compression of electrodeposited Li inside the limited space of interfacial defect is strongly related 

to the fluctuation at the boundary of interfacial defects against the solid-state electrolytes.  

The stress regions of the electrodeposited Li inside the electrolyte with semi-spherical defect in 

X axis is the strongest among others, whereas it exhibits the weakest stress field generated inside 

the solid-state electrolyte. Meanwhile, in the direction along with Y axis, the cubic interfacial defect 

shows the greater stress field inside solid-state electrolyte, which is presented by the highest stress 

and the longer propagation length inside solid-state electrolyte. Therefore, the results indicate that 

the stress inside the solid-state electrolyte induced by the restricted electrodeposition of Li metal is 

strongly correlated to the geometry of interfacial defect, of which the cubic defect can cause the 

strongest stress inside the solid-state electrolyte than among the other defects. 

4.1.1.5. Size of interfacial defects 

The failure process of the SSE was visualized by the relative damage. The relative damage 

correlates with the mechanical strains in the SSE resulting from the formation of lithium protrusions 

and varies from 0 to 1 (Fig. 4.7 a-d). At small stress values, the distortions in the SSE are reversible 
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and the relative damage corresponds to 0. Defects due to microcrack initiation correspond to a relative 

damage of 0 to 0.8. The formation of the crack from the lithium polygon to the edge of the SSE was 

considered as a complete failure. The calculations were stopped at this point. 

 

Figure. 4.7. Effect of size of interfacial defect on the mechanical failure. a-d) Visualization of the corresponding 

damage region inside the solid-state electrolyte with the semi-spherical interface defect in radius of (a) 0.1 μm, (b) 

0.3 μm, (c) 0.4 μm and (d) 0.9 μm. e-h) Generation of crack inside soldi-state electrolyte with the semi-spherical 

interface defect in radius of (e) 0.1 μm, (f) 0.3 μm, (g) 0.4 μm and (h) 0.9 μm. (i) Relationship between relative 

damage and crack during the growth of Li metal anode. j-k) Effect of the size of interfacial defect on the mechanical 

failure of solid-state electrolyte that represented by(j) failure time and damage sum as well as the (k) maximum crack. 

 

To investigate the effect of size of the interfacial defect on the mechanical failure inside the solid-

state electrolyte, the semi-spherical interface defects with different radius ranging from 0.1 μm to 0.9 

μm were exampled to illustrate the mechanical failure during the deposition of Li metal. As the 

consequence of the generated stress field, the morphology of damage region is intimated with the size 

of interfacial defect. When the radius of semi-sphere is smaller than 0.4 μm, flame-like relative damage 
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region is detected above semi-spherical interface defects, of which its height increases along with 

interfacial defect’s larging (Figure. 4.7a-b). While the radius of semi-sphere further increases to 0.4 

μm, a thin-and-long damage region appears with the length of about 8 μm (Figure. 4.7c). Once the 

radius of interfacial defect exceeds 0.4 μm, a distinguished branch emerges on the top of straight 

damage region with the total length of 9 μm at the position of Y=0.6 μm (Figure. 4.7d). Furthermore, 

the cracks are generated the familiar morphologies with the damage region. Slight crack can be 

revealed within the solid-state electrolyte with small-sized semi-spherical interface defects (r<0.4) 

(Figure. 4.7e-f), whereas the cracks change to greater and longer along with the expand of semi-sphere 

(Figure. 4.7g-h).  

The linear relationship with slope of ~0.25 between the crack sum and relative damage sum is 

almost unchangeable with the increase of seme-sphere’s radius from 0.1 to 0.6 μm. Once the radius 

changes to over 0.6 μm, the slopes slightly increase to ~ 0.37, which can be explained that the 

introduction of overlarge interfacial defect can damage the integrity of solid-state electrolyte (Figure. 

4.7i). Eventually, the failure time and corresponding relative damage sum were derived from our 

calculation results to illustrate the effect of size of interfacial defects on the mechanical failure of solid-

state electrolyte. As shown in Figure. 4.7j, the failure time is shortened rapidly from 400 s to 50 s when 

the radius is up from 0.1 μm to 0.4 μm, and change slowly when radius is greater than 0.4 μm. However, 

the change tendency of the relative damage sum is converse to that of failure time. The maximum 

values of crack are concentrated about 6 even with the radius of semi-sphere is smaller (0.1-0.3 μm), 

which is rapidly enlarged to about 40 after the size is greater than 0.4, where 0.4 is the inflection point 

(Figure. 4.7k). To sum up, it takes longer time to cause the mechanical failure of the solid-state 

electrolyte with small size of interfacial defect (≤0.3 μm), while greater failure happens rapidly 

when the radius of semi-spherical interface defect is greater than 0.4 μm. Therefore, the mechanical 

failure occurs whenever interfacial defects are present, of which its degree is governed by size of 

interfacial defect. 

4.1.2. Influence of morphological features in multi-grain solid state electrolyte on damage 

propagation originated from Li filaments formation 

In the previous simulations, in order to more clearly show the influence of the pores inside the 
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solid-state electrolyte and the lithium filaments on the disintegration process, we set the solid-state 

electrolyte material as a homogeneous material as a whole. But in reality, grain boundaries (areas 

affected by grain boundaries, usually 10 nm in width) often have different mechanical properties from 

grain materials. Here, eterostructure model has been developed to discuss the effect of grain boundaries 

on the damage process in solid electrolytes 

In the perspective of materials, grain boundaries and microstructural heterogeneity in 

polycrystalline SSE powerfully affect the bulk properties, especially mechanical properties controlled 

by deformation and fracture caused by the growth of Li metal inside the polycrystalline SSE. Based 

on Hall-Petch relationship, the grain size can be identified as the primary parameter for the failure 

mechanism of polycrystalline materials, who also is controlled by the existence of grain boundary. 

Accordingly, the electro-chemo-machinal failure of SSE during the development of Li filament can be 

associated to the properties of grain size and grain boundary, of which failure process with the effect 

of grain size as well as the boundary are strongly required to be investigated well. To prepare high-

quality solid-state electrolyte ceramics, what size of precursor powder should be selected is a question 

that has not been systematically explored. Currently available commercial NASICON type solid-state 

electrolyte powders usually have only three sizes: ~ 300nm, ~ 600nm, ~ 3-5 μm. But whether these 

three sizes are optimal is an open question.  

Nevertheless, the dynamic evolution of stress field around the Li filaments and corresponding 

damage propagation is hard to be monitored even with the state-of-the-art characterization, which is 

crucial for designing the reinforced SSE. Although the grain boundaries have been taken into the 

theoretical consideration for studying the mechanical failure of SSE using phase-field method via the 

simulation of development of Li metal along grain boundaries and the generated stress, the failure of 

SSE associated with the fracture is still missed. Indeed, the failure of polycrystalline SSE can be 

contemplated as the mechanical results of the dynamic loading from the development of Li metal. 

Herein, the investigation of the propagation of damage originated from Li metal developing inside 

polycrystalline SSE was conducted theoretically based on the combination of electrochemical kinetics 

and the constitutive equations. 
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4.1.2.1. Effect of Grain Size 

 

 

Figure. 4.8. Geometrical model of the polycrystalline SSEs with different grain size. 

 

Firstly, Voronoï tessellation is applied to generate a series of SSE with randomly distributed 

convex polygon grain to evaluate the effect of the growth of Li filament inside the open void on the 

disintegration process of SSE, of which the open void comes from the sintering process and Li filament 

is placed in the center of SSE with the shape of random octagon with size of 1.0 μm (Figure. 4.8). 
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Figure. 4.9. Stress field inside SSE with different grain size. a-d) Visualization of von Mises stress caused by 

the development of Li filament inside the SSEs with different average grain size of (a) 400 nm, (b) 200 nm, (c) 100 

nm and (d) 50 nm at final stage. e-f) Variation of von Mises stress (e) along X axis at Y=5.0 μm and (f) along Y axis 

at X=5.5 μm. The slide width is 1.0 μm. AS is the abbreviation of average size of grain, and the unit is μm. 

 

 

Figure. 4.10. Evolution of stress field along with the development of Li filament. a-e) Visualization of von Mises 

stress inside the SSE with 600nm size at calculation time of (a) 0.2 s (b) 0.4 s (c) 0.6 s, (d) 0.8 s, and (e) 1.0 s. f-j) 

Visualization of von Mises stress inside the SSE with 400 nm size at calculation time of (f) 0.2 s, (g) 0.4 s, (h) 0.6 s, 

(i) 0.8 s, and (j) 1.0 s. k-o) Visualization of von Mises stress inside the SSE with 200 nm size at calculation time of 

(k) 0.2 s, (l) 0.4 s, (m) 0.6 s, (n) 0.8 s, and (o) 1.0 s. p-t) Visualization of von Mises stress inside the SSE with 100 

nm size at calculation time of (p) 0.2 s, (q) 0.4 s, (r) 0.6 s, (s) 0.8 s, and (t) 1.0 s. u-y) Visualization of von Mises 
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stress inside the SSE with 50 nm size at calculation time of (u) 0.2 s, (v) 0.4 s, (w) 0.6 s, (x) 0.8 s, and (y) 1.0 s. 

 

Figure. 4.11. Visualization of von Mises stress caused by the development of Li filament inside the SSE with 

600 nm size at final stage. 
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Figure. 4.12. Variation of von Mises stress along X axis at Y=5.0 μm and Y axis at X=5.5 μm inside SSE with 

(a) 600 nm, (b) 400 nm, (c) 200 nm, (d) 100 nm and (e) 50 nm size. The width of slide is 1.0 μm. 

 

Initially, the stress is concentrated at the interface of Li/SSE with the development of Li filament 

after filling up the open void. Following, the generated stress spreads from the Li/SSE interface to the 

bulk of SSE. Eventually, the developing Li filament is surrounded by the high stress field due to the 

compressive stress from the growth of Li filament, which is separated around the corners of polygon 

cross-section of the Li filament (Figure. 4.11 and Figure. 4.9a-d). The region of the von Mises stress 

surrounding Li filament decreases with decreasing grain size. Specifically, the variations of von Mises 

stress along X-axis and Y-axis were sliced into 1.0-μm slide, showing same trends along with both X 

and Y axis inside the SSE (Figure. 4.9e-f and Figure. 4.12). Whereas, the fluctuation of von Mises 

appears when the grain size is over 0.6 μm, and becomes more visible and frequent with the decrement 

of average size. Moreover, the von Mises stress on the Li/SSE surface with 400 nm, 200 nm, and 100 

nm are greater than that with 600 nm and 50 nm, of which SSE with 200 nm size shows the strongest 

stress. Therefore, the stress near the interface of Li/SSE during the development of Li filament has a 

great impact on the whole SSE, of which the stress generated stress inside the SSE could spread 

forward through the opening and sliding of GB and is controlled by the refinement of grains. 
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Figure. 4.13. Development of damage from the corner of octagon Li filament inside the SSE with average size 

(AS) of (a) 600 nm, (b) 400 nm, (c) 200 nm, (d) 100 nm and (e) 50 nm at calculating beginning of 0.1 s. 

 

 

Figure. 4.14. Max. damage inside the SSE with average size (AS) of 0.6 μm, 0.4 μm, 0.2 μm, 0.1 μm and 0.05 

μm at beginning calculating time of 0.1 s. 

 

 

Figure. 4.15. Damage developing from the corner of octagon Li filament inside the SSE with average size (AS) 

of (a) 0.6 μm, (b) 0.4 μm, (c) 0.2 μm, (d) 0.1 μm and (e) 0.05 μm at calculating time of 0.5 s. 
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Figure 4.16. Total damage inside the SSE with average size (AS) of 0.6 μm, 0.4 μm, 0.2 μm, 0.1 μm and 0.05 

μm at calculating time of 0.5 s. 

 

 

Figure. 4.17. (a) Evolution of total damage inside SSE with different average grain size during the damage 

process. (b) Failure time of SSE with different average grain size during the growth of Li filament. 

 

Following, the damage is visualized inside the SSE with different grain size, which originates at 

the corners of octagon Li filament caused by the opening and sliding of GB under the compressive 

stress (Figure. 4.13). Furthermore, tiny difference of the max. damage inside the SSE with different 

grain size appears at the beginning of damage, and the minimal damage of 0.884 occurs with that of 

AS=0.2 μm (Figure. 4.14). As the growth of Li filament inside the SSE, obvious damage originates 

from the GB at the corners of octagon (Figure. 4.15a-c). Besides, the flocculent-type damage is formed 



102 
 

along the GB and grains toward the SSE when the grain size is excessive refinement (AS=0.1 and 0.05 

μm) (Figure. 4.15d-e). At the intermediate stage of 0.5 s, the total damage increases sharply when the 

flocculent damage appears (Figure. 4.16), indicating that the flocculent damage is more harmful. 

Additionally, when the SSE is overrefined with AS <0.2 μm, the damage rate arises up sharply inside 

the SSE during the damage process, and SSE with AS=0.2 μm takes the longest time of 1.41 s with the 

relatively smaller total damage at the final failure (Figure. 4.17a-b). 

 

 

Figure. 4.18. Flocculent damage inside SSE with different grain size. a-d) Generation of damage inside SSE 

with different grain size of (a) 400 nm, (b) 200 nm, (c) 100 nm and (d) 50 nm. (e) Variation of damage along X axis 

at y=6 μm inside SSE with different grain size. The slide width is 0.2 μm and marked with red square in figures a-d. 

(f) Flocculent coefficient of the total damage inside SSE with different grain size during damage process. (g) 

Flocculent index of damage inside the SSE with different grain size at final stage. 
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Figure. 4.19. Visualization of von Mises stress caused by the infiltration of Li filament inside the SSE with 600 

nm size. 

 

 

Figure. 4.20. Variation of damage along (a) Y axis at x=7 μm and (b) diagonal line y=x in SSE with different 

average grain size in Figure. 3.18. 

 

As shown in Figure. 4.19 and Figure. 4.20a, damage propagates from the corners of octagon Li 

filament though GB inside SSE due to the opening and sliding of the GB when the relative grain size 

is big enough (600 nm and 400 nm), forming the serious thick and giant damage, named as damage 

arms. The damage of grain gradually occurs near the octagon Li filament with middle grain of 200 nm, 

which propagates through the GB and grains away (Figure. 4.18b). Moreover, the damage also appears 

at the non-defected region, which can be explained with the accumulation of opening and sliding of 

the GB. As shown in Figure. 4.18c-d, damage sweeps up both of GB and gains in the SSE with overfine 

grain of 50 nm and 100 nm, forming thick damage arms with tiny-continue-network shape damage 
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like the flocculent with plenty of branched and thin damage whiskers inside the SSE. Especially, the 

damage arms and whiskers are stronger with 50 nm size, which is more conspicuous within the overfine 

grain size of SSE. Along with X and Y axis, the width of damage in the main damage region is greater 

than 0.8, which increase as the grain size decreases (Figure. 4.20a and 4.18e). Simultaneously, the 

fluctuation of damage along selected region increases gradually with the refinement from 0.6 to 0.05 

μm (Figure. 4.20). Furthermore, the reciprocal dispersion coefficient of damage was defined as the 

flocculent index for the damage distribution, which increases with the refinement of grain during the 

damage process (Figure. 4.18f). Not only the increase rate of flocculent index but also the eventual 

value increase with the refinement of grain, where 0.2 μm is proposed as the threshold of AS to 

reinforce SSE (Figure. 4.18g). 

 

 

Figure. 4.21. Generation of damage inside SSE with average grain size of 0.2 μm caused by the development of 

Li filament with size of (a) 1, (b) 2, (c) 3, (d) 5 at final stage. (e) Total damage and corresponding flocculent damage 
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index inside the SSE caused by the development of Li metal with different relative sizes. Relative size of Li metal 

represents the ratio between average size of Li metal to that of grains. 

 

 

Figure. 4.22. Failure time of SSE with average grain size of 0.2 μm caused by the development of Li filament 

with different relative sizes. 

 

Moreover, flocculent damage of SSE is hardly affected by relative size of Li filament inside SSE, 

while the failure time is prolongated obviously with the smaller Li filament (Figure. 4.21-22). Thus, 

the damage behavior of SSE could be controlled by grain size, whereas over-refinement will bring out 

giant damage degree with more harmful flocculent damage. 
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Figure. 4.23. Visualization of crack from the developing Li filament inward SSE with (a) 600 nm (b) 400 nm, 

(c) 200 nm, (d) 100 nm and (e)50 nm size at calculating time of 0.5 s. 

 

 

Figure. 4.24. Total crack and corresponding maximum crack inside the SSE with average size (AS) of 0.6 μm, 

0.4 μm, 0.2 μm, 0.1 μm and 0.05 μm at calculating time of 0.5 s. 

 

 

Figure. 4.25. Disintegration of SSE with different grain size. a-d) Visualization of crack from the developing Li 

filament inward SSE with different grain size of (a) 400 nm, (b) 200 nm, (c) 100 nm and (d) 50 nm at final stage. (e) 

Evolution of crack inside polycrystalline SSE with different grain size during the damage process and corresponding 

(f) total crack at final stage. 
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Figure. 4.26. Visualization of crack from the developing Li filament inward SSE with 600 nm size at final stage. 

 

Same as the origination of damage, the crack is rooted in each tip of octagonal Li filament at 

calculating time of 0.5 s, and SSE with 600 nm and 400 nm size exhibit thick and straight crack. When 

the average grain size is over 200nm, tortuous and interlaced crack show up with smaller max. crack 

(Figure. 4.23-24). At the final stage, massive whiskery cracks are paralleled with the direction of main 

crack from corners of octagonal Li filament (Figure. 4.26 and 4.25a-d). Typically, the main cracks 

inside SSE with overfine grain size of 100 nm and 50 nm are woven by many zigzag whiskers, which 

is consisted with the flocculent damage of SSE (Figure. 4.25c-d). Interestingly, although the 

compression from the growth of Li filament is applied from the center, the cracks actually initiate from 

the surface, and propagate inward SSE (Figure. 4.25b-c), which can be explained by the mechanical 

lever with opposite forces at both ends during the evolution of stress. As shown in Figure 4.25e, the 

cracking rate is slowed down with the refinement of SSE from 600 nm to 200 nm, while that increases 

uncontrollably with accelerated cracking speed overfine grain size (100 nm and 50 nm). Thus, the 

obvious disintegration occurs through the GB with the refinement of average grain size from 600 nm 

to 200 nm, which can smash either GB or overfine SSE (100 nm and 50 nm). Ultimately, the total 

crack generated inside the SSE with overfine average rain size of 100 nm and 50 nm is 4 times greater 

than that in other SSEs (Figure. 4.25f). Thus, the appropriate refinement of grain can retard crack 

during the development of Li filament, while the overrefinement will aggravate the disintegration 

process. 

4.1.2.2. The effect of the relative strength of grain boundaries 

Subsequently, a series of grain boundaries (GB) with different strength, were selected to reveal 

the effect of GB on the damage behavior during the growth of Li filament. 𝝀 has been varied in the 
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experiment from 0.05 to 1, where 𝝀 is elastic modulus ratio between grain boundary and grain. 

 

 

Figure. 4.27. Stress field inside SSE with different strength of grain boundary. a-d) Visualization of von Mises 

stress around Li filament inside SSE with different GB of (a) 𝝀=0.1, (b) 𝝀=0.3, (c) 𝝀=0.8, (d) 𝝀=1.0. (e) Statistical 

distribution of von Mises stress inside SSE with GB of 𝝀=0.1, 𝝀=0.3, 𝝀=0.8 and 𝝀=1.0. (f) Coefficient of dispersion 

of von Mises stress and related maximum inside SSE with different GB with relative strength ranging from 0.05 to 

1.0. 𝝀 represents relative strength, which is considered as the ratio of elastic modulus of boundary to that of grain. (g) 

von Mises stress varied along diagonal line of visualization in a series of SSE with width of 0.1 μm, which marked 

with green. 



109 
 

 

Figure. 4.28. Stress field caused by the development of Li filament inside SSE. Visualization of distribution von 

Mises stress around Li filament inside SSE with different GB of (a) 𝝀=0.05, (b) 𝝀=0.15, (c) 𝝀=0.2, (d) 𝝀=0.25, (e) 

𝝀=0.35, (f) 𝝀=0.4, (g) 𝝀=0.45, (h) 𝝀=0.5, (i) 𝝀=0.55, (j) 𝝀=0.6, (k) 𝝀=0.65, (l) 𝝀=0.7, (m) 𝝀=0.75, (n) 𝝀=0.85, (o) 

𝝀=0.9, and (p) 𝝀=0.95. 

 

 

Figure. 4.29. The average of von Mises stress inside the SSE with different GB ranging from 𝝀=0.05 to 1.0. 
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As shown in Figure. 4.27a, only weak distribution of stress appears around Li filament when 𝝀 is 

lower than 0.1, while the distribution becomes more distinguished with the increment of 𝝀 from 0.1 to 

1, which generates greater compressive stress against the surrounding SSE with the development of Li 

filament (Figure. 4.27b-d and Figure. 4.28). Additionally, the high-stress regions are separated from 

each corner of Li filaments into eight parts (Figure. 4.27b), which also has been cut by the weak GB, 

illustrating that the stress could be dissipated through the opening and sliding of GB. With the 

strengthening of SSE, the distribution of von Mises stress from corner of Li filament and existence of 

GB changes slighter and barely difference appears after 𝝀>0.8 (Figure. 4.27c-d and Figure. 4.28), and 

the stress is stronger and widely distributed in SSE with tough GB due to the stronger interaction 

between different grains with reinforced GB (Figure. 4.27e and Figure. 4.29). Moreover, coefficient of 

dispersion and corresponding max. von Mises stress inside the SSE decrease with the increase of 

strength except for 𝝀=0.3, while the maximum stress is greater than 300 MPa when 𝝀=0.3 due to severe 

collision and compress between grains (Figure. 4.27f). When the strength of grain boundaries is 

relatively low of 𝝀<0.3, the bonding between grains can be expected to be very weak. Thus, greater 

local rotation of grains appears with enhanced local displacement, while damage and opening of grain 

boundaries occur easily at the grain boundaries with weak resistance, leading to the severe collision 

and compress between grains with stronger stress concentration. When 𝝀>0.3, strength of GBs is strong 

enough to realize the lower and more uniform stress due to the suppressed local rotation of grains 

inside SSE. Therefore, 𝝀=0.3 can be predicted as a threshold for tuning the disintegration behavior of 

SSE with the development of Li filament (Figure. 4.27f). As shown in Figure. 4.27g, von Mises stress 

along with diagonal line of SSE increases obviously from edge of SSE to the center Li filament and 

the overall stress grows with the increment of GB’s strength. Meanwhile, the burr-like distribution in 

the edge region gradually disappears, which suggests that the spread of stress along the GB is 

suppressed with the increment of 𝝀. 
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Figure. 4.30. Development of damage from the corner of octagon Li filament inside the SSE with different GB 

of (a) 𝝀=0.05, (b) 𝝀=0.1, (c) 𝝀=0.15, (d) 𝝀=0.2, (e) 𝝀=0.25, (f) 𝝀=0.3, (g) 𝝀=0.35, (h) 𝝀=0.4, (i) 𝝀=0.45, (j) 𝝀=0.5, (k) 

𝝀=0.55, (l) 𝝀=0.6, (m) 𝝀=0.65, (n) 𝝀=0.7, (o) 𝝀=0.75, (p) 𝝀=0.8, (q) 𝝀=0.85, (r) 𝝀=0.9, (s) 𝝀=0.95, and (t) 𝝀=1.0 at 

calculating beginning of 0.3 s. 
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Figure. 4.31. Total damage and corresponding maximum of damage inside the SSE with different GB ranging 

from 𝝀=0.05 to 1.0 at calculating time of 0.3 s. 

 

Similarly, the damage originates from the corners of octagon Li filament, while the flocculent 

damage with net-shape appears around the main damage with weak GB and shift gradually to the 

decreased and concentrated dot-like damage along strengthening GB at the beginning of 0.3 s (Figure. 

4.30-31). 



113 
 

 

Figure. 4.32. Effect of strength of grain boundary on the flocculent damage of SSE. a-d) Damage propagation 

from corners of Li filament inside SSE with different GB of (a) 𝝀=0.1, (b) 𝝀=0.3, (c) 𝝀=0.8, and (d) 𝝀=1.0. e-g) 

Damage varied along with (e) Y axis from 0 to 4.3 μm at X=5.35 μm, (f) along X axis from 0 to 4.5 μm at Y=5.1 μm, 

and (g) along diagonal line axis from 0 to 4.5 μm. The width of slide line is 0.1 μm. (h) Flocculent index of damage 

along axis in SSE with different GB and 𝝀 ranges from 0.05 to 1.0. 
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Figure. 4.33. Damage caused by the development of Li filament inside SSE. Propagation of damage from the 

tips of Li filament inside SSE with different GB of (a) 𝝀=0.05, (b) 𝝀=0.15, (c) 𝝀=0.2, (d) 𝝀=0.25, (e) 𝝀=0.35, (f) 

𝝀=0.4, (g) 𝝀=0.45, (h) 𝝀=0.5, (i) 𝝀=0.55, (j) 𝝀=0.6, (k) 𝝀=0.65, (l) 𝝀=0.7, (m) 𝝀=0.75, (n) 𝝀=0.85, (o) 𝝀=0.9, and (p) 

𝝀=0.95. 
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Figure. 4.34. The variation of damage along with (a) Y axis from 5.7 to 10 μm at X=5.35 μm, (b) X axis from 

6.0 to 10 μm at Y=5.1 μm, and (c) diagonal line axis from 6.0 to 10 μm. The width of slide line is 0.1 μm. 

 

 

Figure. 4.35. The variation of damage along with (a) Y axis at X=5.35 μm, (b) X axis at Y=5.1 μm, and (c) 
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diagonal line axis. The width of slide line is 0.1 μm. With 𝝀 of 0.1, 0.3, 0.8 and 1.0 (from up to down). 

 

 

Figure. 4.36. Failure time of SSE and corresponding total damage in SSE with different GB with relative strength 

ranging from 0.05 to 1.0. 

 

As damage processes, several whisker-like damages with multi-branches are originated at the tip 

of octagon Li filament and develop inward the SSE with 𝝀<0.3, while the whisker-like damage changes 

to be stronger with increment of 𝝀 (Figure. 4.32a-b and Figure. 4.33a-d). As whisker-like damages 

propagate inside the SSE, minor damage diffuses along GB to form flocculent damage due to the 

weeny dislocation of adjacent grains between loose-interaction grains. Moreover, when 𝝀=0.8, 1.0, 

weeny opening of GB is prevented and thus the damage propagates concentratedly from the corners 

of Li filament to the bulk of SSE, forming several straight and giant damage regions (Figure. 4.32c-d 

and Figure. 4.33n-p). Additionally, the variation of damage along Y axis and X axis displays a jagged 

growth when 𝝀 are 0.1 and 0.3, and smooth variation curves increase drastically when 𝝀 is beyond 0.8 

(Figure. 4.32e-f and Figure. 4.34a-b). Along diagonal, the damage appears unevenly with the average 

of ~ 0.4 when 𝝀=0.1 and 0.3, while almost none of damage arises up along non-vertex direction when 

𝝀>0.8 (Figure. 4.32g and Figure. 4.34c). Lower flocculent index of damage especially along diagonal 

line illustrates that flocculent damage appears in the SSE with weak GB and gradually absents with 

the strengthening GB (Figure. 4.35 and Figure. 4.32f). Generally, the total damage of the whole SSE 

ups with the strengthening GB from 𝝀=0.05 to 0.3 and downs from 𝝀=0.3 to 1.0, which holds relatively 

steady after 𝝀=0.8. Furthermore, the failure time of SSE is prolongated with the strengthening GB 

(Figure. 4.36), and the harmful flocculent damage can be suppressed by the strengthening GB in SSE, 

of which 𝝀=0.8 is suggested as the threshold value for the strength of GB. 
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Figure. 4.37. Generation of cracks from the tips of Li filament inside SSE with different GB of (a) 𝝀=0.05, (b) 

𝝀=0.1, (c) 𝝀=0.15, (d) 𝝀=0.2, (e) 𝝀=0.25, (f) 𝝀=0.3, (g) 𝝀=0.35, (h) 𝝀=0.4, (i) 𝝀=0.45, (j) 𝝀=0.5, (k) 𝝀=0.55, (l) 𝝀=0.6, 

(m) 𝝀=0.65, (n) 𝝀=0.7, (o) 𝝀=0.75, (p) 𝝀=0.8, (q) 𝝀=0.85, (r) 𝝀=0.9, (s) 𝝀=0.95, and (t) 𝝀=1.0. 
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Figure. 4.38. Disintegration of SSE with different strength of grain boundary. a-b) Disintegration represented by 

the local displacement of SSE with different GB of (a) 𝝀=0.1, (b) 𝝀=0.3, (c) 𝝀=0.8, and (d) 𝝀=1.0. (e) Local 

displacement varied along diagonal line axis. The width of slide line is 0.1 μm. (f) Sum of local displacement and 

corresponding median inside SSE with different GB ranging from 𝝀=0.05 to 1.0. 
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Figure. 4.39. Disintegration of SSE caused by development of Li filament. Disintegration represented by the 

local displacement of SSE with different GB of (a) 𝝀=0.05, (b) 𝝀=0.15, (c) 𝝀=0.2, (d) 𝝀=0.25, (e) 𝝀=0.35, (f) 𝝀=0.4, 

(g) 𝝀=0.45, (h) 𝝀=0.5, (i) 𝝀=0.55, (j) 𝝀=0.6, (k) 𝝀=0.65, (l) 𝝀=0.7, (m) 𝝀=0.75, (n) 𝝀=0.85, (o) 𝝀=0.9, and (p) 𝝀=0.95. 

 

 

Figure. 4.40. Local displacement inside SSE with different GB with relative strength ranging from 0.05 to 1.0. 
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Almost all the cracks are initiated from the corners of octagonal Li filament, which is composed 

of multiple intertwined whisker-like shapes when the strength of GB is not strong enough (𝝀 ≤0.3). 

Subsequently, the crack gradually changes from loose interwoven shapes to the tight intertwine 

structure with the strengthening GB (0.3<𝝀≤0.8), while the crack becomes thick and big rodlike 

structure inside the SSE (Figure. 4.37). However, from the perspective of the local displacement of 

SSE with different GB, it can be discovered that the aggregates of grains around each side of octagonal 

Li filament have been pull away from the initial position by the opening and sliding of GB. Moreover, 

the SSE with GB over 𝝀=0.3 displays two obvious displaced regions on the two larger sides of octagon, 

which are much greater than that with other regions (Figure. 4.38a-d and Figure. 4.39). The local 

displacement along diagonal line penetrates the larger sides of octagon and increases with the 

strengthening SSE to 𝝀=0.8, while little change occurs when 𝝀 >0.8 (Figure. 4.38e). Variously, the 

displacement degree of SSE is enhanced with the strengthening SSE from 𝝀=0.05 to 0.3 and then keeps 

stable with tough GB after 𝝀 ≥0.3 (Figure. 4.38f and Figure. 4.40). Thus, the disintegration of the 

SSE represented by the local displacement can be governed by the strength of GB, which can be 

prolongated effectively with lowered damage degree via strengthening SSE during the growth of Li 

filament. 

4.1.2.3. Synergistic effects of grain size and relative grain boundary strength 

 

Figure. 4.41. Synergy effect of grain size and boundary strength on the failure of SSE. (a) Total damage and (b) 

failure time of SSE with different grain size and grain boundary with different strength. 
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To illustrate the synergetic effect of grain size and boundary strength on the failure of SSE with 

the development of Li filament, 2D parametric maps of total damage and corresponding failure time 

were drawn with plenty of simulation results ranging from average grain size AS=0.6 to 0.05 and ratio 

“Elastic modulus of grain boundaries to grain” 𝝀=0.05 to 𝝀=1.0. As refinement of the SSE is from 

AS=0.6 to 0.2, the total damage of the whole SSE remains nearly the same, and precipitous growth of 

total damage shows up after average size <0.2 μm, which can be blame to the flocculent damage 

distributed inside the whole SSE (Figure. 4.41a). When we focus on a certain of relative strength, like 

𝝀=0.2, with the refinement of grain from 0.6 to 0.2, the failure time of solid-state electrolyte increase 

from 1.1 to 1.4 sec, illustrating that life has been prolongated 28%. After that, the failure time is 

shortened to 1.4 s and 1.2 s with overfine solid-state electrolyte of AS=0.1 and 0.05. Thus, refinement 

of grain with the certain range of AS=0.2 can postpone the failure of solid-state electrolyte as well, 

while overrefinement of grain can not only bring out severe damage, but also foster the failure of solid-

state electrolyte. Same aforementioned trend appears in solid-state electrolyte with different strength 

of grain boundary (Figure. 4.41b). The total damage with the strengthening of GB gradually decreases 

along the precipitous line of AS=0.1, illustrating, the harmful flocculent damage inside the overfine 

SSE is suppressed noticeably after 𝝀=0.8 and postpone the failure of SSE. Generally, the refinement 

of grain and strengthening of GB can be proposed as the effective perspective to improve the lifespan 

of SSE with the growth of Li filament. The refinement of grain can slightly prolongate the failure time 

with relative low damage degree, whereas harmful flocculent damage with great damage level will be 

brought out with the over-refinement. The strengthening of GB can crucially postpone the failure of 

SSE and tune the threshold for the appearance of harmful flocculent damage. Comprehensively, 

the refinement for grain size of ≥ 0.2 μm with the strengthening for GB to ≥ 0.8 times of grain are 

posted out as the optimized basic parameter for fraction of NASICON-based SSE for high-

performance solid-state batteries. 

 

To sum up, for the investigation of the failure behavior of SSE during the growth of Li filament, 

the polycrystalline SSE is geometrically tessellated via Voronoï method under the dynamic stress based 

on Butler-Volmer electrochemical kinetics, where the grain size and the strength at GB have been taken 

into consideration. It’s noticeably that the compressive stress appears on the interface of Li/SSE during 

the enlargement of Li filament, of which the stress near the interface spreads outward to the bulk of 
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SSE via the opening and sliding of GB. As the consequence, the damage originated from the corners-

sharp edges of Li filament propagates along the GBs, which spreads spontaneously inside the bulk of 

SSE. The extraordinary damage induced by flocculent damage appears gradually with the refinement 

of grain to overfine size, which can be reshaped to giant damages with GB’s strengthening. 

Additionally, the total damage of SSE is slowed down with longer duration through strengthening GB. 

Therefore, suitable refinement of grain and strengthening of GB can avoid the harmful flocculent 

damage and prolong the expectation of SSE. 

 

Experimental results 

4.2. Study of Li1+xAlxTi2-x(PO4)3 powders synthesized by different methods 

Analysis the quantitative phase composition of LATP powders is important for selecting the 

optimal synthesis and sintering conditions, analyzing the ionic conductivity and relative density of 

ceramics, and its further commercialization. 

4.2.1. Solid state reaction method 

To determine the optimal conditions for solid-state reaction method, precursor powders obtained 

after grinding and homogenization by ball milling method were subjected to heat treatment in the range 

from 700°C to 1200°C for 10 hours then examined by XRD (Figure. 4.42). 
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Figure. 4.42. X-ray diffraction patterns of LATP powders obtained by the solid-state reaction method at various 

synthesis temperatures. 

 

The diffraction patterns of the samples demonstrate a set of reflections indicating the preparation 

of a substance with the NASICON structure. As a result, all powders are characterized by the content 

of a small amount of AlPO4 (less than 5 wt.%) (Table. 4.1). The increase in the amount of side phases 

at low temperature (LATP synthesized at ≤700℃) in the literature is explained by the incompleteness 

of the solid-state reaction due to the low diffusion rate. In connection with the above, the optimal 

temperature for solid-state reaction method is 800°C, which is characterized by the minimum amount 

of AlPO4 (~ 1 wt%) in the sample (Table. 4.1) and lower energy consumption. Therefore, it was chosen 

for further study of sintering behavior of powders. 

 

Table.4.1. Results of phase analysis of the composition in LATP powders obtained by solid-state reaction method. 

Samples Synthesis 

temperature, °С 

Impurities Mass ratio of 

impurities, % 

LATP-700  700 AlPO4 ~ 3 

LATP-800 800 AlPO4 ~ 1 

LATP-900 900 AlPO4 ~ 1 

LATP-1000 1000 AlPO4 ~ 1 

LATP-1100 1100 AlPO4 ~ 1 

LATP-1200 1200 AlPO4 ~ 1 

 

It should be noted that the positions of the diffraction peaks of the LATP sample on the diffraction 
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pattern have different degrees of shift towards larger angles compared to LTP. According to the Wulf-

Bragg law, a shift in the position of the diffraction reflection towards large angles means compression 

of the crystal lattice and a decrease in the interplanar spacing. This indicates that the lattice parameters 

of LATP have changed compared to LTP. Partial substitution of basic Ti4+ cations (ionic radius in the 

6th coordination environment 0.605 Å) by cations with a smaller Al3+ radius (ionic radius in the 6th 

coordination environment 0.535 Å) leads to a decrease in the lattice parameters. 

The powders obtained by the solid-state reaction method were examined by the SEM to study the 

microstructure (Figure. 4.43). As a result, the particles of the optimal sample (LATP-800) have a 

distorted cubic shape, the average size of which is about ~ 570 nm. It should be noted that the results 

obtained are consistent with the literature. 

 

 

Figure. 4.43. SEM images of LATP sample obtained by the solid-state reaction method synthesized at 800°C for 

10 h. 

4.2.2. Molten salt quenching method 
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Figure. 4.44. X-ray diffraction patterns of LATP glass and LATP powders obtained by molten salt quenching 

method. 

 

Figure. 4.44 above show X-ray diffraction pattern for glass phase LATP sample. A pronounced 

broad reflex (halo) is observed on the X-ray diffraction pattern and there are no distinct narrow 

diffraction maxima, which confirms the amorphous nature of the glass, which lacks long-range order. 

In Figure. 4.44 below, the X-ray diffraction patterns for LATP sample made by molten salt quenching 

method are shown and standard LiTi2(PO4)3 (LTP) card (PDF #35-0754) from the ICDD database is 

included for comparison. The diffraction pattern for the sample shows a set of reflections indicating 

the preparation of a substance with the NASICON structure. In addition, the (111) maximum at 2θ = 

21.8° corresponds to the presence of the AlPO4 impurity phase (PDF #11-0500). 

4.2.3. Synthesis using polymerized matrices 

4.2.3.1. Morphology of precursor particles in a polymer matrix 

Films obtained after copolymerization and drying, with different concentrations of precursors 

(C(Ti4+) = 0.04-0.4 M), were studied by scanning electron microscopy (SEM) to understand the size 

of LATP precursor-based particles, the degree of its aggregation and the distance between the formed 

aggregates (Figure. 4.45). We measured the particle size in the SEM images, as a result, dilution has 

practically no effect on the average particle size (~ 50 nm), however, it significantly reduces the degree 
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of their aggregation and increases the average distance between particles from ~ 200 nm at a 

concentration of 0.4 M up to ~ 800 nm at 0.04 M. The obtained SEM images allow to conclude that a 

decrease in the concentration of precursors contributes to a more uniform distribution of particles in 

the polymer matrix, which can have a positive effect on the synthesis of nanoparticles. 

 

Figure. 4.45. Changes in the morphology of LATP precursor-based particles in the polymer matrix with the 

decrease of concentration in solutions for the synthesis of LATP. 

 

4.2.3.2. Composition and thermal properties of precursors in polymer matrix 

The phase composition of the precursors distributed in the polymer matrix with different initial 

concentrations was studied by XRD (Figure. 4.46). Thus, the X-ray diffraction patterns of all obtained 

samples have the same maxima, which indicates the absence of the effect of dilution on the final phases 

of the precursors. In this case, the largest peaks correspond to ammonium nitrate, since synthesis using 

polymerized matrices takes place in a strongly acidic HNO3 solution. As a result, AlPO4, LiH2PO4, and 

TiO2 crystallize from the solution in the polymer matrix. However, very low concentrations of 

precursors and the presence of an amorphous halo (polymer matrix) do not allow a more detailed 

qualitative and quantitative analysis by this method. 
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Figure. 4.46. XRD analysis of Composition of precursors with different concentrations in polymer matrix. 

 

Thermogravimetry with differential scanning calorimetry made it possible to study in more detail 

the chemical composition of precursor polymer matrix (Figure. 4.47). The weight loss with a decrease 

in the concentration of precursors increased significantly (from 80.2% at С(Ti4+) = 0.4 М to 96.3% at 

С(Ti4+) = 0.04 М) as a result of an increase in the mass of the polymer relative to inorganic precursors 

for LATP. 
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Figure. 4.47. Results of TG and DSC: (a) for polymer matrix films with 0.4 M concentration of precursors and 

(b) 0.04 M concentration of precursors; c) mixture of precursors without polymer matrix. 

 

After calculations for a concentration of 0.4 M (Figure. 4.47a), the phase composition of the 

precursors corresponded to the following chemical formulas: LiH2PO4·8H2O, AlPO4·3H2O, NH4NO3 

and TiO2·H2O2, and agreed with determined above composition of the peroxo complex of Ti4+ along 

with other chemicals for LATP loaded in the beginning of synthesis.  

For a precursor concentration of 0.04 M (Figure. 4.47b), the chemical composition of crystalline 

hydrates turned out to be increased (LiH2PO4·12H2O) as a result of a significantly larger amount of 

water in the initial solution. It is also worth noting that the data obtained using TG and DSC correspond 

to the XRD results without taking into account the presence of water molecules in the crystal structure. 

This fact can be explained by the formation of a layered superstructure, the diffraction maxima of 

which are observed at small angles, which were not studied in the framework of this work, but were 

presented in the literatures earlier [203]. 

Also, the study of the thermal behavior of the obtained samples made it possible to study the 

processes occurring during the heating process and determine the optimal conditions for synthesis. 
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Mixture of precursors obtained by drying the solution without the polymer matrix was additionally 

studied (Figure. 4.47c). In this case, the chemical composition of the precursors determined by the 

change in mass, only corresponds to the solid-state reaction of precursors. As a result, the complete 

thermal decomposition of all precursors in the mixture occurs at a temperature of ~ 270°C, which is 

much lower than for the solid-state reaction method, the results for which are presented before [204]. 

However, for particles in a polymer matrix, this temperature increases up to 550°C (Figure. 4.47a-

b), which is explained by an additional combustion stage of polyacrylamide, according to literatures, 

active decomposition usually occurs at a temperature of ~ 450°C [205]. At this temperature, the solid-

state reaction between the decomposed precursors can already proceed. In this case, the sintering of 

the obtained particles is prevented by the decomposition of the polymer, accompanied by the release 

of a large number of gases. As a result, synthesis temperatures in the range of 600-800°C is optimal 

for LATP nanoparticles made by synthesis using polymerized matrices. 

4.2.3.3. Phase composition and morphology of LATP particles obtained by the synthesis 

method using polymerized matrices 
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Figure. 4.48. SEM images of LATP powders obtained by synthesis using polymerized matrices at various 

synthesis temperatures and concentrations of organic/inorganic precursors. 

 

The morphology of LATP powders obtained by synthesis using polymerized matrices under 

different conditions (precursor concentration and synthesis temperature) was studied by SEM (Figure. 

4.48). The synthesis temperature and detailed concentration of the samples are marked in the images, 

and the specific values are shown in the experimental part. Statistical analysis was performed on at 

least for 200 particles in SEM images. As a result, the average particle size varied in the range from 
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400 to 30 nm depending on the conditions (Figure. 4.49a). At the same time, for all series of 

concentrations, a similar change in morphology was observed with varying synthesis temperature. 

Thus, regardless of the concentration of precursors, the LATP particles synthesized under 600°C 

always have a nanometer size. Dilution of the solution with inorganic components and synthesized 

under 600°C makes it possible to further reduce the average particle diameter down to ~ 30 nm. It is 

also worth noting that, as a result of such a small size, LATP nanoparticles usually form aggregates of 

~ 100 nm. 

Increasing the synthesis temperature to 700°С leads to coarsening of LATP particles, which is 

especially characteristic of samples with a higher concentration of precursors. Thus, increase synthesis 

temperature from 600°C to 700°C when C(Ti4+) = 0.4 M, the average size of LATP particles also 

increase ~ 2.5 times (from 50 to 120 nm). 

It is also worth noting that for low concentration samples synthesized at 700°C, a porous structure 

is obtained as a result of the onset of sintering processes and the formation of “necks” between particles 

due to their high thermal activity. 800°C synthesis temperature leads to the formation of large particles 

with a size up to ~ 600 nm. Similar to grains in ceramics, which indicates the activation of particle 

sintering processes when synthesize at 800°C. This phenomenon is especially pronounced for samples 

with a low concentration of inorganic precursors in the polymer matrix, since these conditions make it 

possible to obtain the smallest particle size, which have a high thermal activity. As a result of the above, 

the smallest average size (~ 30 nm) was achieved by reducing both the concentration of inorganic 

precursors in polymer matrix down to 10 times and the synthesis temperature to 600°C for 5 h (sample 

LATP-600-10). 
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Figure. 4.49. (a) Effect of synthesis temperature and Ti4+ concentration on the final particle size of LATP; (b) 

SEM image of LATP synthesized at 600°C and C(Ti4+) = 0.04 M (sample LATP-600-10). 

 

However, for a more accurate determination of the size of nanoparticles, a scanning electron 

microscope with a high magnification was also used (Figure. 4.49b). Sample LATP-600-10 

predominantly has particles with an average particle size down to ~ 30 nm, which has not previously 

been presented in the literatures. It also should be noted that the content of particles with a diameter of 

more than 50 nm does not exceed 10%. 

 

 

Figure. 4.50. DLS results for LATP samples obtained at different synthesis temperatures and C(Ti4+) = 0.4 M. 

 

Another method for studying the morphology of LATP nanoparticles was DLS, which made it 

possible to determine the average size of the obtained particles and the distribution width. Thus, the 

synthesis temperature makes it possible to vary the average size of nanoparticles from ~ 30 to 200 nm 

(Figure. 4.50), which corresponds to the SEM images presented above. 

However, the particle size of LATP synthesized at 800°C obtained by DLS is underestimated in 

comparison with the SEM images, since large aggregated particles after partial sintering during 

synthesis quickly settle out of the colloidal solution, which makes it difficult to measure them for a 

correct assessment of the sizes of not only individual particles, as well as distribution. The minimum 

particle size (about 30 nm) also corresponded to the sample obtained by reducing both the synthesis 

temperature and the concentration of inorganic precursors (LATP-600-10). 
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Raman spectroscopy can qualitatively analyze the composition of the synthesized sample powder. 

 

Figure. 4.51. Raman results for LATP samples obtained at different synthesis temperatures and precursor 

concentrations. 

 

As a result, the presence of characteristic maxima of LATP is observed for all samples. Moreover, 

LATP powders obtained at relatively high temperatures and low concentrations of precursors, 

additional peaks appear related to second phases: TiO2 (anatase, 144 cm–1) [206] and LiTiPO5 (780 

cm–1) [110, 207], which corresponds to the XRD results presented above. As the temperature decreases, 

a characteristic maximum of the impurity has a peak at ~750 cm–1, which corresponds to the Ti-O bond 

stretching, which is attributed in the literatures to the Li2TiO3 [208] compound. It is also worth noting 

that the samples obtained at 600°C have wider peaks in the Raman spectrum, which occurs as a result 

of a decrease in the particle size, corresponds to the results obtained by the SEM and DLS [209]. 

XRD results can quantitatively analyze the composition of the synthesized sample powder. 
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Figure. 4.52. XRD results for LATP samples obtained at different synthesis temperatures and precursor 

concentrations. 

 

The average size of nanoparticles was also estimated by XRD from the broadening of the peak 

[113] in the LATP X-ray pattern (Figure. 4.52). The obtained data (Table. 4.2) correspond to the results 

of SEM and DLS. However, at a relatively high synthesis temperature and low concentration of 

inorganic precursors (sample LATP-800-10), the particle diameter is ~ 50 nm, which is much smaller 

than the size presented by other methods. This phenomenon can be explained by the sintering of 

particles during their synthesis process, which leads to the formation of large agglomerates and limits 

the use of the Scherrer equation. Here we calculate the size is not the size of LATP particles, but the 

defect-free region inside the sintered aggregates. In this case, the minimum particle size according to 

XRD data corresponds to a sample of LATP-600-10 (22 nm), obtained by reducing both the 

concentration of precursors and the synthesis temperature, which confirms the results of the methods 

presented above. 

It should be noted that the method for obtaining LATP nanoparticles smaller than 60 nm is not 

presented in any literature. For example, the Pechini sol-gel method and its various modifications 

make it possible to synthesize LATP particles with minimal size of 100 nm, while the co-precipitation 
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method is limited down to 200 nm while developed in this PhD thesis approach results to 

nanoparticles with average size of down to 30 nm. 

 

Table. 4.2. XRD results and calculated size of LATP nanoparticles obtained under different synthesis conditions. 

 

 

According to the XRD results, the qualitative and quantitative composition of LATP powders 

obtained under various synthesis conditions was also established (Figure. 4.52). Thus, the main 

characteristic impurity of powders obtained at 600-700°C is Li2TiO3 (2θ = 23.362°). It should be noted 

that the presence of a sufficiently amount of this phase is also observed for the most successful 

synthesis using polymerized matrices nanoparticles and wet methods presented in the literatures. 

However, the authors did not carry out a more detailed quantitative composition, considering the 

resulting powders to be predominantly single-phase. 

In this work, the content of Li2TiO3 was studied and is ~20 wt.% (Table. 4.2) in samples at 600-

700°C (other phases are less than 1 wt.%), which is a fairly successful result for obtaining LATP 

nanoparticles of such a small size (~ 30 nm). At a higher synthesis temperature, this phase transforms 

into LiTiPO5 (2θ = 27.059°), which is also a characteristic impurity for LATP, but its quantitative value 

does not exceed 10 wt.%. Also, the samples obtained at 800°C are characterized by the presence of 

AlPO4 (2θ = 21.763°) and TiO2 (2θ = 25.281°) (no more than 5 wt.%), which are obtained during the 

evaporation of Li2O and indicate the degradation of the LATP crystal structure at too high synthesis 

temperature [125, 210]. 

Energy Dispersive X-ray spectroscopy (EDX), as one of the elemental analysis methods, was 

used to analyze the samples for comparison with previous data. 
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Figure. 4.53. EDX maps and spectrum for sample LATP-600-10. 

 

EDX results are presented for the sample with the smallest particle size (LATP-600-10) in Figure. 

4.53. The resulting maps show a uniform distribution for oxygen, phosphorus, titanium, and aluminum. 

Lithium cannot be determined by this method due to its low molecular weight. It should be noted that 

the content of other elements was not found. 

4.3. Selection of effective sintering modes for submicron particles of LATP composition 

4.3.1. Study of sintering behavior of submicron size LATP particles 

The indexes of the obtained samples and the corresponding sintering conditions are presented in 

Table. 4.3. The LATP powders synthesized by the classical method, after different time wet ball milling 
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treatment, obtained the average particle size of ~600nm and ~300nm respectively, we named them 

LATP-600nm and LATP-300nm. 

 

Table. 4.3. Indexes of the obtained samples and corresponding sintering conditions. 

 

 

Figure. 4.54. showed the X-ray diffraction patterns of LATP-600nm and LATP-300nm samples 

obtained after sintering at different temperatures for sintering 6 and 10 hours. Characteristic reflections 

corresponding to LiTi2(PO4)3 (PDF#35-0754) were observed from all samples, indicating that the 

original NASICON structure retained after sintering. The presence of impurity phases other than AlPO4 

(PDF #11-0500) present in the original LATP sample was not detected. It is noted that the intensity of 

the maximum corresponding to the AlPO4 phase decreases with increasing temperature and time of 

sintering, which could be associated with the continuation of solid-state reaction.  
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Figure. 4.54. X-ray diffraction patterns of LATP-600nm samples after sintering at different temperatures for 6 h 

(left) and 10 h (right), respectively. 

 

The density after sintering is an important characteristic of the solid-state electrolyte ceramics. 

The closer the real density is to the theoretical X-ray density, the fewer pores are in the ceramic and 

the closer contact between the grains. Thus, a high relative density (ratio of real density to the 

theoretical X-ray density) is a necessary condition for good ionic conductivity in the solid-state 

electrolyte ceramic. 

In Table. 4.4-5 and Figure. 4.55-56 shows the values of relative density before and after sintering 

under different conditions. Green body tablets made by LATP-600nm and LATP-300nm powders, 

sintered at 750°C, 800°C, 850, 900°C, 950°C and 1000°C for 0.5 h, 2 h, 6 h and 10 h. 

 

Table. 4.4. Densities of solid-state electrolyte ceramic made by LATP-600nm powders, then sintered under 

different conditions. 
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Table. 4.5. Densities of solid-state electrolyte ceramic made by LATP-300nm powders, then sintered under 

different conditions. 
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Figure. 4.55. Curves and 2D parametric map of the relative density of SSE ceramic made by LATP-600nm 

powder under different sintering conditions.  

 

 

Figure. 4.56. Curves and 2D parametric map of the relative density of SSE ceramic made by LATP-300nm 

powder under different sintering conditions. 

 

It has been established that for the green body tablet made by LATP-600nm powder, upon 

treatment for 0.5 h, the relative density increases with an increase in the sintering temperature. 

However, during treatment for 2 hours, 6 hours and 10 hours, the relative density of the green tablets 

tends to first increase (up to 950°C) and then decrease (above 950°C) with increasing sintering 

temperature. The maximum relative density (over 94%) of the LATP-600nm SSE ceramic was 

obtained by sintering between 850°C and 950°C for 6-10 h. 

Figure. 4.56 shows similar trend for green body tablets made by LATP-300nm powder. The 

relative density of the samples during treatment for 0.5 h and 2 h increases with an increase in the 

sintering temperature. During treatment for 6 hours and 10 hours, the relative density first increased 

(up to 850°C), and then obviously decreased (above 950°C) with increasing sintering temperature. In 

the temperature range of 850-900°C, SSE tablets after sintering have a high relative density (more than 

93%). This can be interpreted as the smaller particle size of LATP-300nm green body tablet compared 

to LATP-600nm increases the surface energy and reduces the optimum heat treatment temperature. 

The optimal sintering program for LATP-300nm green body tablet is treatment at temperatures from 

850°C to 900°C for 6-10 hours. 
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In the supporting information shows the microstructure and the corresponding particle size 

distribution histograms for the green body tablets made by LATP-600nm and LATP-300nm powders, 

after sintering at different temperatures (750-1000°C) for different time (0.5-10 h), respectively. 

 

 

Figure. 4.57. Curves and 2D parametric map of the average particle size of green body tablets made by LATP-

600nm powder after sintering in different programs. 

 

 

Figure. 4.58. Curves and 2D parametric map of the average particle size of green body tablets made by LATP-

300nm powder after sintering in different programs. 

 

As shown in Figure. 4.57-58, with increasing temperature and sintering time, the average particle 

size of green body tablets made by LATP-600nm and LATP-300nm powders after sintering also grew. 
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It is worth noting that when use some sintering programs, the phenomenon of abnormal grain growth 

(AGG) was also observed. As shown in Figure. 4.59-60, ultra-large grains were formed, which was 

much larger than the size of the grains during their normal growth when sintering (normal grain growth 

- NGG). The formation of large grains is accompanied by the formation of a large number of pores and 

defects in SSE ceramic, which are caused by the destruction of the original structure, such as the faster 

growth rate of AGG grains and the influence of their huge size on surrounding grains, etc. Here we 

only show several images to describe the abnormal grain growth (AGG) behavior that occurs during 

the green body sintering process. 

 
Figure. 4.59. Green body tablets made by LATP-600nm powder, after sintering at different temperatures (850-

950°C) for 6 hours, respectively. 
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For SSE tablets made by LATP-600nm powder, the presence of large grains up to 10 μm and 

defects (pores and microcracks) could be observed in the SEM images, when using the following 

sintering programs: 1000°С for 0.5 h, 950°С for 2 h, 900°С for within 2-10 h. The presence of large 

grains up to 10-20 μm and a large number of defects could be observed in the SEM images, when using 

the following sintering programs: 1000°С for 2 h, 950°С for 6 h, and 950°С for 10 h. The presence of 

ultra-large grains with a size of more than 20 μm and a large number of defects could be observed in 

the SEM images, when using the following sintering programs: 1000°C for 6 h and 1000°C for 10 h. 

This phenomenon was more pronounced for SSE tablets made by LATP-300nm powder, which is 

associated with a smaller average particle size, which increases the surface energy and stimulates 

abnormal grain growth. 

 

 

Figure. 4.60. SEM images of LATP-600nm sample with abnormal grain growth after sintering at 950°C for 6 h. 

 

The SEM picture demonstrates typical abnormal grain growth phenomenon. Sintering of LATP 

green body tablet is a competing process of normal grain growth (NGG) with increased contact 
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between grains and abnormal grain growth (AGG) causing loss of contact between grains. Thus, 

increasing the sintering temperature as much as possible without abnormal grain growth and impurity 

phases to obtain better sintering quality is the challenge for phosphate-based ceramics due to its high 

thermal activity during densification. 

Therefore, it is necessary to find a "balance" by selection of the optimal sintering program, which 

will achieve the most continuous and uniform grain growth, improve the contact between grains, as 

well as to suppress the number and size of large grains. Based on the data obtained, the optimal 

sintering programs, from the point of view of the microstructure, are: 

1) Green body tablet made by LATP-600nm powder, better treated at 900°C for 6 h and 850°C 

for 10 h; 

2) Green body tablet made by LATP-300nm powder, better treated at 850°C for 6 h and 800°C 

for 10 h. 

4.3.2. Study of the SSE ceramic ionic conductivity from different sintering programs 

Figure. 4.61-62 shows the impedance spectra in Nyquist coordinates at room temperature for a 

series of SSE tablets made by LATP-600nm powder after sintering at various temperatures (750-

1000°C) and time (6 and 10 h). R0 and R1 in the equivalent circuit respectively correspond to the grain 

and boundary resistance. 

 

Figure. 4.61. Impedance spectra (in Nyquist coordinates) for SSE tablets made by LATP-600nm powder after 

sintering under different conditions. 
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Figure. 4.62. Impedance spectra (in Nyquist coordinates) for SSE tablets made by LATP-600nm powder after 

sintering under different conditions. 

 

The trend of change and the isolines of the total ionic conductivity are shown in Figure. 4.63-64. 

 

 

Figure. 4.63. Curves and 2D parametric map of the total ionic conductivity of SSE ceramic made by LATP-

600nm powder after sintering in different programs. 
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Figure. 4.64. Curves and 2D parametric map of the total ionic conductivity of SSE ceramic made by LATP-

300nm powder after sintering in different programs. 

 

For all SSE ceramic tablets after sintering, the σg have similar values regardless of the processing 

conditions. A significant change in σgb is associated with improved contact between grains during 

sintering process. Thus, the difference σt of all tablets are mainly related to the change of ionic 

conductivity along the grain boundaries. 

SSE ceramic tablets made by LATP-600nm powder, with an increase in the sintering temperature 

from 750 to 1000°C for a sintering time of 0.5 h, the total ionic conductivity gradually increases, while 

the value of this parameter passes through maximum as the time increases to 2, 6, and 10 h. Thus, the 

SSE ceramic obtained by sintering green body tablet made by LATP-600nm at 900°C for 6 h 

demonstrates the highest total ionic conductivity (4.8±0.5)×10-4 S/cm. From the point of view of 

obtaining a high total ionic conductivity of the SSE ceramic, the optimal program is the sintering green 

body tablet made by LATP-600nm at 900°C for 6-10 h.  

During sintering process of green tablets made by LATP-300nm powder with an increase in the 

sintering temperature, first increase and then decrease in the total ionic conductivity is observed. SSE 

ceramic obtained at 800°C for 10 h and 850°C for 6 h demonstrate high ionic conductivity 

(4.9±0.3)×10-4 S/cm and (4.9±0.5)×10-4 S/cm, respectively. From the point of view of obtaining a high 

total ionic conductivity of the SSE ceramic, the optimal program is the sintering green body tablet 

made by LATP-300nm at 800°C for 10 h or 850°C for 6 h. 

4.3.3. Study of the SSE ceramic elastic modulus from different sintering programs 
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Figure. 4.65. Elastic modulus of LATP SSE obtained from different sintering programs depend on LATP-600nm 

powder. The load is 50mN. 

 

Table. 4.6. Values of LATP SSE elastic modulus (GPa) obtained from different sintering programs depend on 

LATP-600nm powder. 
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In the sintering program of equal sintering time, the elastic modulus of LATP SSE ceramic always 

increases first with the increase of sintering temperature, and then decreases slightly after reaching the 

maximum value at 1000-1100°C. This can be attributed to the lower porosity at higher sintering 

temperature, since porosity reduces the elastic modulus of the material. As a comparison, the elastic 

modulus of the typical impurity phase AlPO4 is about 77 GPa, which is one of the reasons for the 

different elastic modulus of LATP after sintering at different temperatures. 

 

 

Figure. 4.66. 2D parametric maps of LATP SSE ceramic elastic modulus obtained from different sintering 

programs depend on LATP-600nm powder under 50mN loading. 

 

When the loading is set to 50 mN, LATP SSE ceramics with an elastic modulus exceeding 115 

GPa can be obtained after sintering at 900°C for 6-10h, at 1000°C for 4-10h, at 1100°C for 4-10h, and 

at 1200°C for 5-10h. The above sintering programs are the optimal selection interval for obtaining 

LATP SSE ceramics with high mechanical properties. 
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4.3.4. Selection of optimal sintering program for LATP 

In summarizing all the experimental data obtained, key points should be highlighted: 

1. For both 300nm and 600nm LATP powder the sintering temperature should be higher than 

900°C to avoid the second phase of aluminum phosphate. 

2. Focusing on the uniform microstructure (to minimize abnormal grain growth) and as a result 

the highest relative density of LATP ceramic, green body tablet made by LATP-600nm powder should 

be sintered between 850°C and 950°C for 6-10 h; green body tablet made by LATP-300nm powder, 

between 850°C and 900°C for 6-10 h, respectively. 

4. Focusing on the highest total ionic conductivity, green body tablet made by LATP-600nm 

powder, should be treated at 900°C for 6-10 h; green body tablet made by LATP-300nm powder, should 

be treated at 800°C for 10 h or 850°C for 6 h. 

5. Focusing on the highest elastic modulus, green body tablet made by LATP-600nm powder, 

should be treated at 900°C for 6-10h, at 1000°C for 4-10h, at 1100°C for 4-10h, and at 1200°C for 5-

10h. 

Based on our numerical simulations and experimental conclusions, we selected 600nm size LATP 

powder as the basic reference for all subsequent experiments, and selected hold 6 hours under 900°C 

as the standard sintering program. The core parameters under this selection are: relative density 

94.5±0.5%, ionic conductivity (4.8±0.5)×10-4 S/cm, elastic modulus 114±9 GPa under 50 mN stress 

loading. 

4.4. Development of efficient approaches to densify ceramic materials of LATP 

4.4.1. Fabrication of dense LATP ceramic SSE from bimodal powder precursor 

4.4.1.1. Experimental data analysis 

 



151 
 

 

Figure. 4.67. Schematic illustration of pores in green body tablet made by LATP-600nm powder. 

 

Based on discussions and conclusions in previous chapters, LATP-600nm powder was chosen as 

the benchmark system for subsequent tests. But based on the obvious geometric relationship, there are 

a large number of spaces with a size of at least 90nm between the particles of 600nm size in the green 

body tablet (Figure. 4.67). The corresponding density of green body will be shown later. 

 

  

Figure. 4.68. (a) Stress distribution by numerical simulation in green body prepared by steel die. (b) Large 

defects in sintered LATP ceramic caused by stress.  

 

Using a higher tableting pressure (>300 MPa) is an obvious way to increase the relative density 

of the green body tablet. However, based on the friction, the geometric relationship between the LATP 

particles, and the structure of the steel mold, excessive pressure will cause the uneven stress 

distribution in the green body affects the sintering process and produces large cracks (Figure. 4.68).  
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Figure. 4.69. Schematic illustration of fabricate dense LATP SSE ceramic from bimodal powder precursor. 

 

Meanwhile, it seems very difficult to improve and achieve high ionic conductivity and high 

relative density at the same time simply by adjusting the sintering program. Therefore, a certain amount 

of LATP nanoparticles with the size of 60 nm was added into the matrix from the 600 nm size LATP. 

Powders with multimodal distribution of particle sizes are beneficial not only for sintering (Figure. 

4.69) but, rather, to achieve higher green body density after uniaxial compaction in a steel die. In Table. 

4.7, we showed relative density of 60 nm/600 nm LATP bimodal powder systems with mass ratios of 

0%/100%, 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after molding. With the 

introduction of 60nm particles, the relative density of green body gradually increased from 54.5±0.6% 

(only 600 nm particles were used) to 58.5±0.4% (the ratio of 60 nm particles was 15%), then gradually 

decreased and when use 60nm particle, the relative density of green body dropped down to 50.6±0.7%. 

It can be seen that adding an appropriate amount of small particle LATP can effectively improve the 

density of green body, but limited by the agglomeration effect between nanoparticles and the relative 

internal friction caused by an excessive relative surface area. Thus, an excessive admixture of small 

particles reduces the relative density of green body. 

 

Table. 4.7. Relative density of 60 nm/600 nm LATP bimodal powder systems with weight fractions of 0%/100%, 

5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after molding. 
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Figure. 4.70. Cross-section SEM images of LATP SSE ceramics from 60 nm/600 nm bimodal powders with the 

mass ratios of (a) 5%/95%, (b) 10%/90%, (c) 15%/85%, (d) 20%/80%, and (e) 100%/0% after sintering at 900°C for 

6 hours. Defects from the sintering process are marked with yellow circles while the fractures surfaces from 

compaction are marked with red squares. 
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Figure. 4.70a-d show the cross-sectional SEM images of LATP SSE ceramics from 60nm/600nm 

composite powders with the ratio of 5%/95%, 10%/90%, 15%/85%, 20%/80%, which are sintered at 

900°C for 6 h. The cracks in the areas marked with red rectangles mainly come from the fractures 

remaining in the green body due to the large friction force between the particles during the compaction 

(over pressing), and these cracks are retained in the solid-state electrolyte after sintering. The pores 

and defects in the areas marked with yellow circles are likely derived from the sintering process. With 

increasing the proportion of 60 nm powder from 5% to 15%, the cracks and porosity in the cross-

section gradually decrease. However, when the proportion of 60 nm powder increases from 15% to 

20%, the pores in the solid-state electrolyte begin to reappear, resulting in a decrease of density. By 

contrast, a significant number of pores and cracks obviously observed in the cross-section of pellets 

appears inside the solid electrolyte tablet with 100% 60 nm powder after sintering at 900°C for 6 h 

(Figure. 4.70e), which is caused by non-uniform grain growth of highly active nanoparticles during 

sintering. 
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Figure. 4.71. SEM images of grain size distribution of LATP SSE ceramics from 60 nm/600 nm bimodal powder 

systems with the mass ratios of (a) 5%/95%, (b) 10%/90%, (c) 15%/85%, (d) 20%/80%, and (e) 100%/0% after 

sintering at 900°C for 6 h. 

 

A comparison of micro-scale morphology of bimodal SSE is shown in Figure. 4.71. The SEM 

images display the morphology of 60 nm/600 nm LATP bimodal powder systems with different ratio 

of 5%/95%, 10%/90%, 15%/85%, 20%/80% and 100%/0% after sintering at 900°C for 6 h. For 60 

nm/600 nm LATP powder with a ratio of 5%/95%, the insufficient amount of 60nm LATP particles 

can’t completely fill the residual gaps after sintering of 600 nm LATP particles, resulting in obvious 

grain boundary defects and pores (Figure. 4.71a). Additionally, a part of the extra-large grains, 

presented inside the LATP SSE, is due to a high tendency to grain growth inherent to small particles. 
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For comparison, as the proportion of 60 nm LATP particles increases to 10%, the more regular shape 

of cubic grains appears in the solid-state electrolyte (Figure. 4.71b), while more and larger irregular 

grains and defects at grain boundaries are typical for SSEs with the ratios of 15%/85% and 20%/80%, 

of which the defects and pores are derived from the grain growth caused by sintering the excessive 

aggregates of 60 nm LATP. As shown in Figure. 4.71e, more obvious small particle agglomerates are 

observed by fusing with each other and overgrown through the sintering process. 

 

Table. 4.8. Statistics of particle size (μm) distribution of bimodal system LATP after sintering 

 

 

 

Figure. 4.72. Statistical diagram of grain size distribution of LATP SSE ceramic from 60 nm/600 nm composite 

powder systems with the mass ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after sintering at 

900°C for 6 hours. 

 

Moreover, the size distribution of grains inside the electro-ceramic with ratio of 10%/90% is more 

uniform with the average particle size of 600 nm than with the ratio of 5%/95%, 15%/85%, 20%/80% 

and 100%/0% (Figure. 4.72). Meanwhile, the LATP SSE tablet with the ratio of 100%/0% after 

sintering exhibits lower density, and the average size of grains with about 10-fold changes than that 

before sintering, which is caused by the sintering of highly active small particles during sintering along 
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with fundamental feature of LATP consisted in of high mobility of grain boundaries compared to pores. 

The results indicate that the sintering procedure at 900°C for 6 h is not optimal for the tablet containing 

only 60 nm LATP particles. Extensive coarsening of grains and constrained sintering of the composite 

with rigid inclusions of secondary phases cause sintering stress resulting in low relative density. In 

Table. 4.8 statistics of particle size distribution of bimodal system LATP after sintering is given. 

 

 

Figure. 4.73. a-e) SEM images of grain size distribution of LATP SSE ceramics from 60 nm/600 nm bimodal 

powder systems with the weight fractions of (a) 5%/95%, (b) 10%/90%, (c) 15%/85%, (d) 20%/80%, and (e) 100%/0% 

after sintering at 900°C for 6 h. (f) LATP SSE ceramic with typical AGG behavior made by LATP-600nm powder 

and sintered at 950°C for 6h. 
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Figure. 4.73a-e showed SEM images of grain size distribution of LATP SSE ceramics from 60 

nm/600 nm bimodal powder systems with the mass ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, 

and 100%/0% after sintering at 900°C for 6 h. Compared with the LATP SSE ceramic based on only 

LATP-600nm powder in Figure. 4.73f, it is very obvious that with the addition of 60nm size LATP 

nanoparticles, the AGG behavior is significantly suppressed, almost no obvious oversized grains (> 10 

μm) appear. 

 

 

Figure. 4.74. (a) XRD, (b) Nyquist plots, (c) ionic conductivity and relative density of LATP SSE ceramics from 

60 nm/600 nm bimodal powder systems with weight fractions of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 

100%/0% after sintering at 900°C for 6 h. 

 

Table. 4.9. Ionic conductivity (S/cm) and relative density (%) of 60 nm/600 nm LATP bimodal powders with 

mass ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after sintering at 900°C for 6 h. 

60 nm/600 

nm systems 

Bulk ionic 

conductivity 

Boundary ionic 

conductivity 

Total ionic 

conductivity 

Relative density 

% 

0%/100% (3.9±0.2)×10-3 (5.3±0.5)×10-4 (4.6±0.4)×10-4 94±1 
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5%/95% (3.7±0.2)×10-3 (5.5±0.5)×10-4 (4.8±0.5)×10-4 93±1 

10%/90% (3.6±0.2)×10-3 (7.1±0.3)×10-4 (5.9±0.2)×10-4 96±1 

15%/85% (3.4±0.2)×10-3 (7±0.3)×10-4 (5.9±0.3)×10-4 96.4±0.3 

20%/80% (3.4±0.2)×10-3 (6.4±0.2)×10-4 (5.4±0.2)×10-4 95.8±0.4 

100%/0% (1.6±0.1)×10-3 (1.3±0.1)×10-4 (1.2±0.2)×10-4 87.6±0.3 

 

Figure. 4.74a show the XRD of LATP SSE ceramics from 60 nm/600 nm bimodal powder 

systems with mass ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after sintering at 

900°C for 6 hours, of which the secondary phases of aluminum phosphate and lithium pyrophosphate 

appear in the SSE tablets with the ratio of 20%/80% and 100%/0% after sintering and its corresponding 

content increases with the increasing proportion of 60 nm LATP particles. Appearance of the 

secondary phases was also indirectly demonstrated through the morphology changes for these samples 

and agrees with the SEM data. With the help of software “NOVA 2.1”, the complex impedance curves 

of SSE tablets are shown in Figure. 4.74b. All plots have regular semicircle shapes. Figure 4.74c and 

Table. 4.9, SSE tablets with the ratios of 10%/90% and 15%/85% show the much higher total ionic 

conductivity than that with other ratios, which are (5.9±0.2)×10-4 S/cm and (5.9±0.3)×10-4 S/cm, 

respectively, and nearly 30% and 390% higher than only 600 nm powder (4.6±0.3)×10-4 S/cm and 60 

nm powder (1.2±0.2)×10-4 S/cm under the same sintering conditions (Table. 4.9). Decrease in bulk 

ionic conductivity is mainly due to the change of crystal structure (evaporation of Li and precipitation 

of AlPO4), and the degree of the drop of this value directly depends on the amount of admixed 60 nm 

particles. The grain boundary ionic conductivity is mainly affected by the relative density and the 

enrichment with the secondary phase at the grain boundary. According to the results shown, the 

boundary ionic conductivity can be predicted to rise first and then decrease, and reach a minimum 

value for 60nm system. The solid-state electrolyte obtained from bimodal powders containing 60 nm 

particles admixed to 600 nm particles with the ratio of 10-15%/90-85% displayed best key properties 

of SSE. Thus, the densities of LATP tablets with the ratio of 10%/90% and 15%/85% are higher (96±1 

and 96.4±0.3) among all the solid-state electrolyte with other ratios. This is consistent with the SEM 

observation how the grains are interconnected and how pores are distributed in SSE tablets. At the 

same time, we compared our results with published data. Detailed information is presented in Table. 

4.10. All earlier works are devoted to the utilizing additive based on another chemical compound in 

NASICON ceramic. In our view, the weak point of this approach is significant influence of the second 
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phase on the decrease of ionic conductivity of the grain boundary and the overall strength of the SSE. 

The approach developed in our experiment consists in regulating key SSE parameters from the 

perspective of chemical design without using artificial foreign phase additives. In the same time our 

SSE demonstrates a high value of ionic conductivity and relative density at room temperature 

competitive to earlier reported electro-ceramic compacted by utilizing the secondary phase. Based on 

the above results, these values can be efficiently improved by the proposed bimodal ceramic system, 

which is very promising for the solid-state battery. In addition, it could be easily transferred to the 

fabrication of the other SSEs. 

 

Table. 4.10. Comparison with published data. 

LATP 

system 

   Additive Sintering 

method 

Sintering 

temperature 

Ionic Conductivity 

(S/cm) 

Relative 

density (%) 

Li1.3Al0.3Ti1.7(PO4)3 None Normal 1100°C 1.83×10-4 92.8±0.6 

Li1.3Al0.3Ti1.7(PO4)3 None Normal 1080°C 3.8×10-4 ~90 

Li1.3Al0.3Ti1.7(PO4)3 None Normal 900°C (5.9±0.2)×10-4 96±1% (Our) 

Li1.5Al0.5Ti1.5(PO4)3 None Normal 800°C 5.1×10-4 ~97 

Li1.5Al0.5Ti1.5(PO4)3 Li2B4O7 Normal 900°C 6.4×10-4 ~95 

Li1.3Al0.3Ti1.7(PO4)3 LiBF4 Normal 800°C 8.5×10-4 ~98 

Li1.3Al0.3Ti1.7(PO4)3 Li2CO3 Normal 875°C 6.5×10-4 95.3 

Li1.3Al0.3Ti1.7(PO4)3 Li3PO4 Normal 800°C 2.0×10-4 None 

Li1.3Al0.3Ti1.7(PO4)3 Li2CO3 Normal 850°C 3.0×10-4 ~95 

Li1.3Al0.3Ti1.7(PO4)3 Li2O+B2O3 Normal 800°C 1.9×10-4 ~92.5 

 

  

Figure. 4.75. Elastic modulus of LATP SSE ceramics from 60 nm/600 nm bimodal powder systems with mass 

ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after sintering at 900°C for 6 h under 50 mN stress 

loading. 
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Table. 4.11. Values of LATP SSE ceramics elastic modulus (GPa) obtained from 60 nm/600 nm bimodal powder 

systems with mass ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% after sintering at 900°C for 6 h 

under 50 mN stress loading. 

Samples 0%/100% 5%/95% 10%/90% 15%/85% 20%/80% 100%/0% 

Elastic modulus (GPa) 115±11 115±10 119±9 125±13 120±9 107±7 

 

It can be seen that with the introduction of 60nm LATP nanoparticles, the elastic modulus of 

LATP SSE ceramics is greater than that of the 0%/100% standard sample (115±11 GPa), showing a 

trend of first increasing and then slightly decreasing. The maximum value comes from the 15%/85% 

bimodal powder system after sintering at 900°C for 6 h, the elastic modulus of this sample is as high 

as 125±13 GPa, and the 10%/90% and 20%/80% also reach 119±9 GP and 120±9 GPa, respectively. 

These results match the SEM of the microstructure of LATP SSE ceramic and the relative density 

shown before. 

4.4.1.2. Chapter conclusions 

In summary, LATP SSE ceramic derived from bimodal powders containing 60 nm and 600 nm 

particles, have been successfully prepared by one-step isothermal sintering at 900°C for 6 h. SSE 

ceramic obtained from bimodal powders containing 60 nm particles admixed to 600 nm particles with 

the ratio of 10%/90% displays a high ionic conductivity of (5.9±0.2)×10-4 S/cm and relative density of 

96±1% at room temperature. There is no AGG behavior in all bimodal SSE ceramic, and when the 

addition of nanoparticles is 10-20%, the elastic modulus is as high as ~ 120-125 GPa. 

4.4.2. Fabrication of dense LATP SSE ceramic with LATP glass additive 

In the bimodal powder system, the biggest challenge is that the optimal sintering temperature of 

600nm size LATP powder does not match the optimal sintering temperature of 60nm size LATP 

powder. In the previous results, amount of 60nm size LATP powder was controlled and combined with 

long-term wet ball milling to mix the bimodal powder system, try to prevent the 60nm powder from 
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agglomerating in the green body tablet, thereby avoids leaving extra pores in the LATP SSE ceramic 

due to the lower sintering temperature of the nanoparticles. 

 

Figure. 4.76. Schematic illustration of the difference between a) bimodal powder system with LATP ceramic 

nanoparticle and b) composite powder system with LATP glass nanoparticle. 

 

Based on the well-known facts, the amorphous LATP glass will undergo devitrification behavior 

during the heating process. With the continuation of the holding time, the LATP glass will gradually 

transform into LATP ceramics. Therefore, the nano-sized LATP powder was replaced in the bimodal 

system with LATP glass powder to further improve the relative density and other key indicators of 

LATP SSE. 

4.4.2.1. Experimental data analysis of samples using one-step sintering program 

To improve the relative density and ionic conductivity of SSE ceramic, a certain amount of 60nm 

LATP glass powder was mixed with 600nm LATP, of which the composited powder with bimodal 

distribution results to the increase of the green body density after uniaxial compaction in a steel die. 

Therefore, the glass/ceramic LATP composite powder systems have been prepared with weight 

fractions of 0%/100%, 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80%. With the 

addition of LATP glass powder with an average particle size of 60nm, the relative density of the green 

tablets increases from ~ 54.5±0.6% (made by only 600nm LATP powder) to ~ 57.9±0.4% (the addition 

of glass powder is 5%), and then the density dropped to ~ 53.8±0.9% (the addition of glass powder is 

20%), which was lower than that without LATP glass powder (Table. 4.12). 

 

Table. 4.12. Relative density of glass/ceramic LATP composite powder with weight fractions of 0%/100%, 

1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after molding. 
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Glass/Ceramic samples Relative density (%) 

0%/100% 54.5±0.6 

1%/99% 55.9±0.8 

3%/97% 56.4±0.5 

5%/95% 57.4±0.5 

10%/90% 57.9±0.4 

15%/85% 55.3±0.5 

20%/80% 53.8±0.9 
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Figure. 4.77. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with the mass ratios of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 900°C for 

6 hours, marked by 200μm scale. Crack defects (from the sintering process) are marked with red circles. Voids and 

high porosity areas are marked with blue and yellow circles, respectively. 

 

Subsequently, the SSE green body tablets are sintered at 900°C for 6 h, and several obvious micro-

scale coarse defected areas marked by yellow circles and cracks marked by red circles can be detected 

in the sintered LATP SSE with mass ratio of 20%/80% compared to other ratios (Figure. 4.77), which 

is derived from the sintering process. 

 

Figure. 4.78. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with the mass ratios of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 900°C for 

6 hours, marked by 20μm scale (a-f) and 5μm scale (g-l), respectively. Crack defects (from the sintering process) are 

marked with red circles. Voids and high porosity areas are marked with blue and yellow circles, respectively. 

 

Moreover, the small-scale SEM image shows a high-quality SSE ceramic without no obvious 

large-sized voids and crack defects (Figure. 4.78a-f) when the proportion of glass powder is up to 5%. 

As the fraction of glass powder continues to increase from 10% to 20%, micro-crack defects and coarse 

defects inside the SSE increase during the sintering process. For other ratios, some micro-scale areas 
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of high porosity appear inside the SSEs without obvious crack defects. The SSE ceramic with ratio of 

5%/95% displays relatively dense morphology among others SEM images with scale bar of 5μm, while 

many coarse pores and crack defects appears in the SSE ceramic when the addition amount of glass 

powder exceeds 5% (Figure. 4.78g-l). This phenomenon can be explained by the relatively fast heating 

rate, so that the devitrification process of the glass powder has not yet fully proceeded while the powder 

has already entered the sintering process. When the glass powder is added less than 5%, the stress 

caused by the devitrification of the glass powder and its volume change during crystallization is less 

than the impact of the sintering stress in the glass/ceramic composite, thus a relatively dense solid 

electrolyte with almost no cracks and coarse pores can be obtained after sintering. When the amount 

of glass powder is 5-10%, the phase transition stress of glass powder due to crystallization and the 

sintering stress of powder act together to produce micron-sized cracks throughout the SSEs, and the 

coarse pore caused by excessive glass powder can be further reduced with the relative density of SSE 

tablets. When the amount of glass powder is over 10%, the devitrification process seriously affects the 

sintering of powder, and formation of crack defects and the coarse pores can be found everywhere in 

the SSE tablets. It also can be clearly observed that when the glass powder is introduced in an amount 

not exceeding 5%, the arrangement and contacts of the grains are better. As the amount of glass powder 

continues to increase, the quality of the SSE tablet deteriorates, and the appearance of many coarse 

pores and poor grain connections directly affect and reduce the relative density and ionic conductivity 

of the SSE tablets. 
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Figure. 4.79. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with different weight fractions after sintering at 900°C for 6 hours. 

 

Here we choose a relatively flat area with few defects to count the average grain size of different 

composite powder systems with glass additive after sintering and observe the AGG behavior. 

Obviously, with the increase of the relative content of the glass additive, the average grain size after 

sintering is slightly larger than that of the only LATP-600nm benchmark system. When 1% LATP 

glass is added to the composition, the number of defects decreases, the growth of abnormal grains 

stops, and controlled normal grain growth (NGG) proceeds. With the addition of 3-5% LATP glass, 

the densest inter-grain contact is observed in the samples and there are practically no defects. With the 

addition of >5% LATP glass, the number of defects increases and the intergranular contact deteriorates. 

However, abnormal grain growth (AGG) is still not observed in this case. With the addition of 10% 

LATP glass, the number of defects increases even more. The addition of 15% LATP glass leads to the 

formation of many defects and many nanoparticles with a size of about 100 nm formed between large 

grains depend on the crystallization of the LATP glass, which contribute to the loss of contact between 

grain. For samples with a ratio of more than 20% LATP glass, it is almost impossible to find a relatively 

complete area, and large cracks and small defects are everywhere, so we do not show the corresponding 

SEM here. 

The addition of LATP glass to the initial composition ensures controlled normal grain growth 

(NGG) during sintering and obtaining particles of similar size, which is since the process of 

crystallization of glass occupying the space between the initial grains takes time and slows down the 

mass transfer process. However, the excess content of the LATP glass (more than 5 wt.%) leads to its 

crystallization between the initial grains with the formation of many nanoparticles, which destroy the 

overall structure due to the anisotropy of their formation. The addition of 3-5% LATP glass powder is 

the most optimal and provides the most effective contact between grains, while reducing the number 

of defects.  
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Figure. 4.80. (a) XRD patterns with LiTi2(PO4)3 standard card (black color) and (b) corresponding ionic 

conductivity and density of LATP SSE ceramics from glass/ceramic composite powder systems with the weight 

fractions of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80%, after sintering at 900°C for 6 hours. 
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Figure. 4.81. Nyquist plots of LATP SSE ceramics from glass/ceramic composite powder systems with mass 

ratios of 0%/100%, 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 900°C for 6 

hours. 

 

Table. 4.13. Relative density and ionic conductivity of LATP SSE ceramics from glass/ceramic composite 

powder systems with weight fractions of 0%/100%, 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% 

after sintering at 900°C for 6 hours. 

Glass/Ceramics Total ionic conductivity (S/cm) Relative density (%) 

0%/100% (4.6±0.4)×10-4 94±1 

1%/99% (5.0±0.2)×10-4 94.4±0.9 

3%/97% (5.5±0.2)×10-4 94.9±0.5 

5%/95% (7.8±0.2)×10-4 95.1±0.3 

10%/90% (5.4±0.3)×10-4 94.0±0.6 

15%/85% (4.3±0.4)×10-4 93±1 

20%/80% (3.3±0.6)×10-4 92±1 

 

In order to investigate the structure of the LATP SSE tablets during the sintering, X-Ray powder 

diffraction (XRD) was employed in the 2θ ranging from 10° to 60° with a speed of 5°/min. As shown 

in Figure. 4.80a, no glass and foreign phases appear inside SSEs after sintering at 900°C for 6 hours, 

and all the peaks of each LATP SSE ceramics match with that of LiTi2(PO4)3. Additionally, LATP 

SSE ceramic exhibits the highest ionic and relative density of (7.8±0.2)×10-4 S/cm and 95.1±0.3% 

when the amount of glass powder is 5% (Figure. 4.80b, Figure. 4.81 and Table. 4.13), which is only 

based on the program of sintering at 900℃ for 6h.  

4.4.2.2. Study on thermal behavior of LATP glass 

To optimize consolidation processing to produce dense, highly ionic conductive SSE, thermal 

behavior of LATP glass were analyzed. 
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Figure. 4.82. (a) TGA-DSC curves of the LATP glass, (b-f) dilatometry analyzes of LATP glass under different 

heating programs (heat up to 1000°C at a speed of 5°C/min, and then cool at a uniform speed; heat up to 560°C, 

570°C, 580°C, and 590°C at a speed of 3°C/min, and keep a short residence time hold at 500°C then cool down at a 

uniform speed, respectively).  
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Figure. 4.83. The corresponding shrinkage rate and time of the LATP glass green body tablet at different heating 

programs. 

 

As shown in Figure. 4.82a, the TGA-DSC curves of pure LATP glass powder show a small step 

at 535°C, which is assigned to the glass heating transition temperature (Tg). The predominant 

exothermic peak at 639°C is corresponding to the crystallization of the glassy phase (Tc). Some 

crystallization process occurs even before Tc, while the glassy matrix quickly crystallizes once the 

temperature reaches to Tc. Moreover, only one sharp peak at 639.4°C is observed in the TGA-DSC 

curves of LATP glass powder and almost no weight changes during the heating process of the glass 

powder, indicating the formation of a single crystalline phase. Figure. 4.82b-f shows in-situ checking 

processes of volume change of LATP glass during heating. Subsequently, the LATP tablet made by 

100% glass powder was heated to 1000°C at a speed of 5°C/min, and then cool at a uniform speed 

(Figure. 4.82b), of which a rapid densification process (the beginning of viscous flow) occurs at 535°C 

inside the green tablet of glass powder, and corresponds to a shrinkage of -5%, which is observed from 

dilatometer. The maximum shrinkage ratio under this heating program is -24.83% at about 570°C, and 

then the shrinkage ratio begins to decrease with a further increase in temperature, which is associated 

with spontaneous nucleation and anisotropic growth of nanocrystals inside the LATP glass. Due to the 

anisotropic nucleation and growth of nanograins inside the sample, stresses are generated that break 

the initial compaction. 

The results indicate that shrinkage of the LATP glass green body tablet during heating program 

mainly depends on the softening and bonding process of the glass powder. Since the maximum 

shrinkage occurs around 570°C, four different heating programs, such as 560°C, 570°C, 580°C and 
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590°C for holding 343 mins, 240 mins, 186 mins and 20 mins (without the heating time), were 

employed to explore the densification time and shrinkage of LATP glass green body tablets. As shown 

in Figure. 4.82c-g, the LATP glass tablet treated at 570°C for holding 240 mins display the highest 

shrinkage rate of -34.41% than that with other heating programs (-28.26%, -32.61% and -27.68%), 

which means that the program of holding 570 °C for 6 h is enough to realize the maximum densification 

process of green tablets. The results can be explained that the higher holding temperature accelerates 

the softening of the glass powder and the connection process between ceramic particles through glass 

component, while the potential crystallization process could impede the further densification of the 

SSE tablets. 

4.4.2.3. Experimental data analysis of samples using two-steps sintering program 

Consistent with the experiments in the previous chapters, we prepared LATP green body tablets 

from glass/ceramic composite powder systems with mass ratios of 0%/100%, 1%/99%, 3%/97%, 

5%/95%, 10%/90%, 15%/85% and 20%/80%, and measured the relative density after preheating at 

560-590℃ for 6 hours to verify our conjecture. 

 

Table. 4.14. The relative density of LATP green body tablets from glass/ceramic composite powder systems 

with mass ratios of 0%/100%, 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after heating at 

560℃, 570℃, 580℃, 590℃ for 6 hours, respectively. 

Glass/Ceramic 

samples 

Green tablet 

density (%) 

After heat at 

560℃ for 6h 

After heat at 

570℃ for 6h 

After heat at 

580℃ for 6h 

After heat at 

590℃ for 6h 

0%/100% 54.5±0.6 54.6±0.8 54.7±0.7 54.8±0.6 54.7±0.7 

1%/99% 55.9±0.8 56.1±0.6 56.3±0.5 56.4±0.6 56.6±0.7 

3%/97% 56.4±0.5 56.8±0.6 56.9±0.7 57.0±0.8 57.2±0.9 

5%/95% 57.4±0.5 58.2±0.8 58.4±0.6 58.3±0.7 58.3±0.8 

10%/90% 57.9±0.4 58.6±0.7 58.6±0.9 58.5±0.8 58.8±0.7 

15%/85% 55.3±0.5 59.1±0.9 59±1 59.6±0.9 60±1 

20%/80% 53.8±0.9 60±1 60±1 60±2 60±2 
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Figure. 4.84. The increased ratio of LATP green body tablets relative density from glass/ceramic composite 

powder systems with mass ratios of 0%/100%, 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after 

preliminary heating at 560℃, 570℃, 580℃, 590℃ for 6 hours, respectively, compared with green tablets made by 

LATP-600nm powder without this step of heating treatment. 

 

From Figure. 4.84 and Table. 4.14, it is obvious that compared with the green body tablets 

prepared only from LATP-600nm powder without heating treatment, all samples after heating at 560-

590℃ for 6 hours, all the green body tablets have a higher relative density. In the 0%/100% 

glass/ceramic composite powder system, the increase is about 0.1-0.3 %, which is based on the loss of 

moisture absorbed in the powder. The increase in the relative density of the green body tablets in the 

1-20%/99-80% glass/ceramic composite powder systems are mainly due to the softening of the glass 

powder and the connection between glass and crystal powder reduces the relative distance between 

particles, thereby increasing the green body relative density. 
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Figure. 4.85. 2D parametric maps for the ionic conductivity and the relative density of different ratio 

glass/ceramic LATP composite powder sintered at different pretreatment program (560°C for 6 h and 900°C for 6 h; 

570°C for 6 h and 900°C for 6 h; 580°C for 6 h and 900°C for 6 h; 590°C for 6 h and 900°C for 6 h). 

 

Table. 4.15. Ionic conductivity and relative density of glass/ceramic LATP composite powder with mass ratios 

of 0%/100%, 1%/99%, 3%/97%,5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 560°C for 6 h then 

900°C for 6 h. 

Glass/Ceramic Total ionic conductivity (S/cm) Relative density (%) 

0%/100% (4.6±0.3)×10-4 93.4±0.8 

1%/99% (4.9±0.2)×10-4 94.5±0.3 

3%/97% (6.9±0.2)×10-4 94.8±0.3 

5%/95% (7.5±0.2)×10-4 95.4±0.4 

10%/90% (5.1±0.3)×10-4 93.2±0.5 

15%/85% (5±0.4)×10-4 88±2 

20%/80% (3.3±0.6)×10-4 82±2 

 

Table. 4.16. Ionic conductivity and relative density of glass/ceramic LATP composite powder with mass ratios 

of 0%/100%, 1%/99%, 3%/97%,5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 570°C for 6 h then 

900°C for 6 h. 
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Glass/Ceramic Total ionic conductivity (S/cm) Relative density (%) 

0%/100% (4.7±0.3)×10-4 93.5±0.8 

1%/99% (5.2±0.1)×10-4 95.5±0.4 

3%/97% (7.5±0.1)×10-4 96.5±0.3 

5%/95% (8±0.2)×10-4 96.3±0.2 

10%/90% (5.6±0.3)×10-4 94.5±0.8 

15%/85% (5.5±0.4)×10-4 90±2 

20%/80% (3.8±0.6)×10-4 83±2 

 

Table. 4.17. Ionic conductivity and relative density of glass/ceramic LATP composite powder with mass ratios 

of 0%/100%, 1%/99%, 3%/97%,5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 580°C for 6 h then 

900°C for 6 h. 

Glass/Ceramic Total ionic conductivity (S/cm) Relative density (%) 

0%/100% (4.7±0.3)×10-4 93.4±0.7 

1%/99% (5±0.2)×10-4 94.9±0.4 

3%/97% (7.1±0.2×10-4 95.5±0.4 

5%/95% (7.6±0.2)×10-4 95.4±0.3 

10%/90% (5.2±0.3)×10-4 93.6±0.5 

15%/85% (5±0.4)×10-4 89±2 

20%/80% (3.4±0.5)×10-4 82±2 

 

Table. 4.18. Ionic conductivity and relative density of glass/ceramic LATP composite powder with mass ratios 

of 0%/100%, 1%/99%, 3%/97%,5%/95%, 10%/90%, 15%/85% and 20%/80% after sintering at 590°C for 6 h then 

900°C for 6 h. 

Glass/Ceramics Total ionic conductivity (S/cm) Relative density (%) 

0%/100% (4.7±0.3)×10-4 93.6±0.7 

1%/99% (4.8±0.1)×10-4 93.8±0.2 

3%/97% (6.6±0.2)×10-4 94.1±0.2 
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5%/95% (7.2±0.2)×10-4 94.2±0.3 

10%/90% (4.9±0.3)×10-4 91.7±0.9 

15%/85% (4.8±0.4)×10-4 86±2 

20%/80% (3±0.6)×10-4 80±2 

 

Therefore, a new two-step sintering program was proposed to heat the glass/ceramic composite 

SSE green tablets by using a heating rate of 2°C/min to 560°C, 570°C, 580°C and 590°C, respectively. 

After 6 hours of heat preservation, the SSE green tablets were heated to 900°C at a heating rate of 

2°C/min, and then cooled naturally with the furnace after 6 hours of heat preservation. The ionic 

conductivity at room temperature was measured after sputtering 30 nm of platinum on both sides of 

tablet after two-step sintering. As shown in Figure. 4.85 and Table. 4.15-18, the SSE tablets prepared 

by using glass/ceramic powders with the mass ratio of 5% shows the best ionic conductivity and 

relative density than that with other ratios at all different heating programs.  

 

 

Figure. 4.86. Nyquist plots from glass/ceramic powders with the mass ratios of 1%/99%, 3%/97%, 5%/95%, 

10%/90%, 15%/85%, 20%/80%, and 100%/0% after pretreatment at 570°C for 6 hours then sintered at 900 °C for 6 

hours. 

 

Moreover, among all the different heating programs, the SSE tablet prepared by using 

glass/ceramic powders with the mass ratio of 5% shows the best ionic conductivity of (8±0.2)×10-4 

S/m than that with other ratios, while its relative density (96.3±0.2%) is also very high near to the best 
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ratio of 3% (96.5±0.3) after pretreatment at 570°C for 6 hours then sintered at 900°C for 6 hours. This 

can be explained by the fact that the pretreatment temperature of 570°C with duration of 6h for glass 

softening is long enough, so that the 60nm size glass powder could build a three-dimensional 

framework surrounding the 600nm LATP powder in the SSE green tablet (the degree of continuity 

depends on the amount of the added glass powder). Therefore, the addition of LATP glass powder 

additive, combined with a specially designed sintering procedure, helps to obtain LATP tablets with 

higher relative density and ionic conductivity. 
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Figure. 4.87. Large-scale cross-section SEM images of SSE tablets from glass/ceramic powders with the mass 

ratios of (a) 1%/99%, (b) 3%/97%, (c) 5%/95%, (d) 10%/90%, (e) 15%/85% and (f) 20%/80% after pretreatment at 

570°C for 6 hours then sintered at 900°C for 6 hours. Void defects from the sintering process are marked with blue 

circles. 

 

 

Figure. 4.88. Cross-section SEM images of SSE tablets from glass/ceramic powders with the mass ratios 

of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% after pretreatment at 900°C for 6 hours then 

sintered at 900°C for 6 hours, marked by 5μm scale (a-f) and 1μm scale (g-l), respectively. Void defects and 

coarse pores from the sintering process are marked with blue and yellow circles, respectively. 

 

To observe the morphology of the LATP SSE ceramics after two-step sintering program (after 

pretreatment at 570°C for 6 hours then sintered at 900°C for 6 hours), the cross-section SEM images 

of LATP tablets were measured by using glass/ceramic composite powder systems with weight 

fractions of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80%. As shown in Figure. 

4.87 and Figure. 4.88a-f, when the amount of glass powder introduced is less than 10%, there are 

almost no defects except for a small number of small voids in the large and micro-scale cross-section 

SEM images, while many observable void defects and coarse pores appear inside the SSE tablets when 

the amount of glass powder introduced exceeds 10%. Detailly, when the addition of glass powder is 
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less than 10%, the SSE tablets show a higher relative density (Figure. 4.88g-j). Moreover, the SSE 

ceramics display better sintering quality with a relatively uniform size and without obvious large 

number of grain boundary defects when the addition of glass powder is less than 5%. With the 

increasing glass powder to 15%, the average size of grains decreased to nm-scale and SSE tablet shows 

a lower degree of densification (Figure. 4.88k). However, when the added glass powder admixed with 

LATP ceramic particles with the ratio of 20%/80%, the excess of thermally active nano-LATP particles 

formed during crystallization of glass demonstrate extensive coarsening of grains (Figure. 4.88l). 

Constrained sintering of the composite with formed coarse defects results in low relative density. The 

results indicate that the developed sintering procedure is not optimal for the tablet containing more 

than 10% of LATP glass additive.  

 

 

Figure. 4.89. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with different ratio after sintering at 570°C for 6 hours then 900°C for 6 hours. 

 

Here we again choose a relatively flat area with few defects to count the average grain size of 

different composite powder systems with glass additive after 2-steps sintering and observe the AGG 

behavior. Obviously, with the increase of the relative content of the glass additive, no typical AGG 

behavior. The average grain size after sintering is slightly larger than that of the only LATP-600nm 

benchmark system. With an increase in the relative content of the LATP glass, the particle size also 

increased. But the particle size of 2-setps method samples slightly exceeding the particle size of 1-step 
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method with the same ratio of LATP glass additive. The increase in average grain size for 2-steps 

method compared to 1-step method is due to the additional process of glass compaction, the nanograins 

formed as a result of crystallization of the LATP glass have closer contact with the original grains and 

contribute to their growth. All other trends in 2-steps method are like those in 1-step method shown 

before. All in all, the additional glass densification process in the 2-steps method in the first sintering 

stage provides better results compared to 1-step method. 

Additionally, the XRD patterns of the LATP SSE tablets with different ratios of glass/ceramic 

powder treated by two-step sintering program shows the similar trend with that of using common 

sintering program, which matches well with the standard card of LiTi2(PO4)3 as predominant phase 

with neglible amount of AlPO4 without any second phase in all samples after sintering (Figure. 4.90). 

 

 

Figure. 4.90. XRD patterns of LATP SSE ceramics from glass/ceramic composite powder systems with the 

weight fractions of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80%, after pretreatment at 560-590°C 

for 6 hours then sintered at 900°C for 6 hours. 
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Figure. 4.91. Elastic modulus of LATP SSE ceramics from glass/ceramic composite powder systems with the 

weight fractions of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80%, compared with each other after 

pretreatment at 560°C, 570°C, 580°C, 590°C for 6 hours then sintered at 900°C for 6 hours under 50 mN loading, 

respectively.  

In Figure. 4.91, we show that when 0-20% glass powder additives are introduced, the LATP SSE 

ceramics use 1-step method (900℃ for 6 hours) and 2-steps method (wherein the first step is 560℃, 

570℃, 580℃, 590℃ for 6 hours, respectively; the second step is 900℃ for 6 hours) distribution and 

change trend of elastic modulus under 50 mN loads after sintering. It can be clearly observed that in 
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all sintering programs, with the increase of the LATP glass powder, the elastic modulus always 

presents a slight increase at first, and then a relatively obvious decrease. The maximum value of elastic 

modulus comes from LATP SSE ceramics containing 3-10% glass, especially 3-5%. This matches the 

data shown in the SEM, where high relative density and a relatively homogeneous and defect-free 

microstructure are necessary conditions for the LATP SSE ceramic to have a high elastic modulus. 
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Figure. 4.92. Elastic modulus of LATP SSE ceramics after pretreatment at 560°C, 570°C, 580°C, 590°C for 6 

hours then sintered at 900 °C for 6 hours, compared with each other from glass/ceramic composite powder systems 

with the weight fractions of 1%/99%, 3%/97%, 5%/95%, 10%/90%, 15%/85% and 20%/80% under 50 mN loading, 

respectively.  

 

In order to compare the effect of the sintering program on the elastic modulus of the LATP SSE 

ceramic more clearly, we organized the data in another version. In Figure. 4.92, we can clearly see that 

the elastic modulus of the SSE ceramics after sintering without glass powder additives are not affected 

by the sintering program. With the addition of glass powder, the influence of different sintering 

programs on ceramics began to appear. When the addition amount of glass powder is 1%, 3% and 5%, 

the elastic modulus difference of the SSE ceramics using 1-step method and 2-steps method (560℃) 

is small. But there is a significant increase in the elastic modulus of the SSE ceramics by 2-steps 

method (570℃), and a significant stepwise decrease in the elastic modulus for the 2-steps (580℃ and 

590℃) SSE ceramics. When the addition of glass powder is 10%, 15% and 20%, using any 2-steps 

sintering programs will cause a significant decrease in the elastic modulus of the SSE ceramics. These 

conclusions also match the microscopic morphology shown in SEM. Thus, the largest elastic modulus 

derived from LATP SSE ceramics containing 3-5% glass powder additives, processed under the 2-step 

sintering program (570°C), can reach values of 125±4 GPa and 125±5 GPa, respectively, under a load 

of 50 mN. Detailed data are presented in the tables below. 
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Table. 4.19. Values of LATP SSE ceramics elastic modulus (GPa) obtained from glass/ceramic LATP composite 

powder system with mass ratios of 0%/100%, 1%/99%, 3%/97%,5%/95%, 10%/90%, 15%/85% and 20%/80% after 

sintering at different programs under 50 mN loading. 

Temperature 0%/100% 1%/99% 3%/97% 5%/95% 10%/90% 15%/85% 20%/80% 

900°C 115±11 115±8 117±8 120±8 117±7 115±12 105±13 

560+900°C 113±8 115±7 116±5 121±8 113±10 98±15 87±15 

570+900°C 114±9 120±7 125±4 125±5 116±10 109±12 93±14 

580+900°C 113±8 117±8 120±8 120±6 113±9 103±13 88±15 

590+900°C 114±10 114±9 114±8 115±8 106±11 95±14 83±15 

 

4.4.2.4. Chapter conclusions 

In summary, LATP SSE ceramics were successfully fabricated by adding different amount of 

LATP glass powder into LATP crystal powder, and then treated by improved 2-steps sintering program 

(pretreated at 560-590°C for 6 hours and sintered at 900°C for 6 hours). Moreover, the LATP SSE 

tablet containing 60 nm LATP glass powder and 600 nm LATP crystal powder with the ratio of 5%/95% 

shows the best ionic conductivity of (8±0.2)×10-4 S/m than that with other ratios, while its relative 

density (96.3±0.2)% is also very high near to the best ratio of 3% (96.5±0.3)% after pretreatment at 

570°C for 6 hours then sintered at 900°C for 6 hours and without the typical AGG behavior. 

4.5. Fabrication of LATP SSE membranes 

 

Figure. 4.93. Schematic images of a) tableting method (uneven stress distribution causes potential cracks), b) 

Tape-casting method, c) structure of solid-state pouch cell. 

 

Tape casting is a promising method for the large-scale production of ultrathin freestanding 

ceramic electrolyte films. Easy scale-up fabrication of oxide ceramic electrolyte by tape-casting 
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method for all-solid-state batteries has been successfully demonstrated in the frame of current work. 

 

 

Figure. 4.94. (a) ~60 μm thickness, (b) ~200-220 μm thickness SSE film after sintering. 

 

Figure. 4.95. SEM images of LATP SSE film surface morphology. 

 

Figure. 4.96. SEM images of LATP SSE film cross-section morphology. 

 

After sintering, solid-state electrolyte film with a thickness as low as 60 μm and a maximum size 

of 100×100 μm was obtained, and the edge of the ceramic film was flat, which is suitable for the 
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assembly of all-solid-state electrolyte batteries. Based on our previously explored optimal sintering 

program for LATP, the SEM of the solid-state electrolyte film revealed good sintering quality and 

uniform grain size after sintering. A small number of micron-scale pores in the cross-section come 

from the air bubbles mixed in the slurry mixing process, which remain in the polymer-based precursor 

film after photocuring. Therefore, in the follow-up exploration, how to further improve the relative 

density of the solid-state electrolyte film (~ 92-93%) is the main direction. 

The mechanical properties of LATP films with a thickness of 60 μm have been measured. The 

total measurement area is 80×80 μm, and the area of a single measurement area is 4×4 μm (the small 

square area in Figure. 4.97). 

 

 

Figure. 4.97. 2D parametric maps of: (a) hardness and (b) elastic modulus. 

 

 

Figure. 4.98. Histogram of the distribution of hardness (a) and modulus of elasticity (b) on the sample based on 

the results of processing a series of 441 injections. 
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Non-Gaussian distributions in the values of hardness and modulus of elasticity indicate the effect 

of roughness on the average value of these mechanical characteristics. The hardness of the sample is 

4.6±1.6 GPa, the elastic modulus is 114±31 GPa, and the fracture toughness is 3.2±1.0 Mpa•m0.5. 

4.6. Electrochemical testing of cells using obtained LATP SSE ceramic  

4.6.1. LATP solid-state electrolyte ceramics from bimodal powder precursor 

 

Figure. 4.99. The voltage profiles of the Li||LATP||Li symmetric cells, 60 nm/600 nm bimodal powder with mass 

ratios of 5%/95%, 10%/90%, 15%/85%, 20%/80%, and 100%/0% tested at a current density of 0.1 mA/cm2 with a 
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stripping/plating period of 1 h at room temperature. 

 

The Li||LATP||Li symmetric cell with the ratio of 100%/0% shows extremely unstable voltage 

during the Li plating/stripping. This is attributed to the interface failure caused by the continuous side 

reaction of the solid electrolyte (reduction of tetravalent titanium) with the lithium metal anode during 

cycling. The rough lithium metal/solid electrolyte interface indirectly increases the relative area where 

side reactions occur, and there is a large number of mechanically unstable microstructures on the 

surface of the rough interface extremely proned to fracture during the reaction. The existence of 

internal pores and defects will also relatively reduce the comprehensive mechanical properties of solid 

electrolytes. As the lithium dendrites expand along the surface damage area to the interior of the solid 

electrolyte, the cracks will penetrate each other between the pores and defects, resulting in a violent 

oscillation of the polarization potential. As shown in Figure. 4.99a and Figure. 4.99d, in the 5%/95% 

and 20%/80% systems, the higher relative density and ionic conductivity make the polarization 

potential relatively small, and the initial potentials are 190.2 mV and 208.5 mV respectively. However, 

as the cycling process progresses, the lithium gradually destroyed the electrode/solid-state electrolyte 

interface and extend to the interior of the solid electrolyte with the help of internal cracks and defects, 

which also leads to a continuous increase in its subsequent polarization potential (showing a horn 

shape). In Figure. 4.99b, the Li||LATP||Li symmetric cell with the ratio of 10%/90% demonstrates the 

best cyclic stability with the steady polarization voltage of 121.2 mV than that with other ratios. It 

should be also noted that 150 mV polarization potential recorded for the sample 15%/85% (Fig. 4.99c) 

can be regarded as a promising result. Therefore, improving the ionic conductivity and density of 

ceramic electrolyte is beneficial to maintain the cycling stability of the battery either. 

4.6.2. LATP SSE ceramics from composite powder system with LATP glass additive 
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Figure. 4.100. (a) The voltage profiles of the Li||LATP||Li symmetric cells of LATP SSE tablets from 

glass/ceramic composite powder systems with the different mass ratios after pretreatment at 570°C for 6 hours then 

sintered at 900°C for 6 hours. (b-c) The charge/discharge voltage profiles and cycle performance of 

Li||LATP||NCM111 full cell with the LATP SSE ceramic from glass/ceramic powder system with the mass ratios 

5%/95% after pretreatment at 570°C for 6 hours then sintered at 900°C for 6 hours at a current density of 0.1 mA/cm2. 

 

The Li||LATP||Li symmetric cell using LATP SSE tablet with the mass ratio of 5%/95% exhibits 

the best stable voltages for 300 h than that with other ratios. Moreover, the symmetric cells using LATP 

SSE tablets with the ratio of 1%/99%, 3%/99%, and 10%/90% could display good stable voltages for 

240h, 260h and 200h, respectively, which indicates that the LATP SSE tablets with high relative density 

and ionic conductivity can promote the electrochemical stability during cycling. Moreover, the 

Li||LATP||NCM111 full cell was tested at 0.1 C with the voltage range of 3.0-4.2 V. LATP SSE tablet 

from glass/ceramic powder system with the mass ratios 5%/95% after pretreatment at 570°C for 6 

hours then sintered at 900°C for 6 hours, which exhibits excellent cycling performance over 100 cycles 

with capacity of 100.3 mAh/g (capacity retention of 79.1%). The results can be explained that the 

developed SSE with good mechanical property, high relative density and ionic conductivity are 
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beneficial to maintain the structural stability of the electrolyte, which could mitigate the generation 

and aggravation of the cracks inside the SSE during cycling and could accelerate its development in 

the industrialization of all-state lithium metal battery. 
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5. Conclusions 

1. It was established during modeling by the phase field method and visualization of the 

processes of lithium protrusions formation in the solid-state electrolyte that, with an 

overall fixed porosity, the presence of a large number of smaller diameter pores 

accelerates the process of electrolyte destruction during the growth of lithium protrusions. 

It was revealed that high values of grain boundary destruction energy suppress the 

propagation of lithium protrusions in the solid-state electrolyte, while the grain size factor 

makes a smaller contribution. 

2. An original version method for the synthesis of Li1.3Al0.3Ti1.7(PO4)3 particles with the 

NASICON structure using polymerized matrices has been developed. It has been 

established that the concentration of reagents, as well as the process temperature are the 

main factors allowing to achieve a controlled average particle size in the range from 25 to 

600 nm. The solid-state method makes it possible to obtain Li1.3Al0.3Ti1.7(PO4)3 particles 

with a controlled average size in the range from 300 to 2400 nm. The optimal sintering 

conditions for the resulting powders were determined, including sintering at 800°C and 

900°C for 6 hours, respectively. 

3. It has been demonstrated that the transition from a unimodal distribution of 

Li1.3Al0.3Ti1.7(PO4)3 particles to a bimodal distribution with 10 wt.% nano (~ 60 nm) and 

90 wt.% submicron particles (~ 600 nm) makes it possible to obtain a ceramic solid-state 

electrolyte with improved values of relative density of 96±1%, ionic conductivity of 

(5.9±0.2)×10-4 S/cm and elastic modulus of 119±9 GPa compared to the values of relative 

density of 94±1%, ionic conductivity of (4.8±0.5)×10-4 S/cm and elastic modulus of 114±9 

GPa of ceramics made from the powder precursor without added nanoparticles. 

4. A method for the producing of ceramic solid-state electrolyte using composites based on 

crystalline and glassy phases of the Li1.3Al0.3Ti1.7(PO4)3 has been proposed. This approach 

makes it possible to avoid the process of abnormal grain growth during sintering and 

improve the functional properties of the solid-state electrolyte, including increasing ionic 

conductivity up to (7.8±0.2)×10-4 S/cm, relative density up to 95.1±0.3% and elastic 

modulus up to 120±8 GPa. The optimal mass ratio of the crystalline and glassy phases 
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was established as 95%:5%. Based on the dilatometry data, a 2-steps sintering mode 

(570℃, 6h; 900℃, 6h) of composites based on Li1.3Al0.3Ti1.7(PO4)3 has been developed, 

which allows to achieve maximum ionic conductivity values of (8±0.2)×10-4 S/cm, 

relative density of 96.3±0.2% and elastic modulus of 125±5 GPa. 

5. An approach has been developed to forming synthesized powders in the form of thin 

membranes with the thickness from 60 to 250 µm. The approach is based on thin-film tape 

casting of a photocurable multicomponent polymer mixture containing the target powder 

precursor of Li1.3Al0.3Ti1.7(PO4)3 followed by 2× stage heat treatment to remove polymer 

components and consolidate the ceramics. The proposed concept allows to assemble 

working prototypes of solid-state power supplies with improved specific characteristics 

by reducing the thickness of the solid-state electrolyte. 

6. It has been shown that solid-state electrolytes with both a bimodal particle distribution 

and ceramics obtained using glassy components demonstrate high stability during 

electrochemical cycling of Li||Li1.3Al0.3Ti1.7(PO4)3||Li symmetric cells. The magnitude of 

the overvoltage correlates with the ionic conductivity and relative density and is 121 mV 

for the solid-state electrolyte with bimodal particle distribution, and down to 100 mV for 

the ceramics based on glassy components, respectively. The prototype battery with Li 

metal anode and NCM111 cathode using the developed Li1.3Al0.3Ti1.7(PO4)3 solid-state 

electrolyte demonstrated high performance characteristics: high cyclic stability over 100 

cycles while maintaining a specific capacity of 79.1% (100.3 mAh/g) at the 

discharge/charge rate of 0.1 mA/cm2 in the voltage range of 3.0-4.2 V. 
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Supporting information 

Chapter 1. Study of the chemical composition and stability of the titanium (IV) peroxo 

complex 

The chemical composition and stability constant of the titanium (IV) peroxo complex were 

studied by spectrophotometry using a UVmini-1240 spectrometer, Shimadzu (Japan). The maximum 

optical density was observed at a wavelength of λ ~ 420 nm. To obtain highly reproducible results, the 

determination of the composition was carried out by Isomolar series method, Asmus straight-line 

method and Harvey-Manning slope ratio method, respectively. Study of each method is based on 

various variations in the concentrations and volumes of precursors, which affects the final composition 

and concentration of the complex.  

Thus, the Isomolar series method assumes that only one complex is formed, so the optical density 

of the solution is directly proportional to its concentration according to the Bouguer-Beer-Lambert law: 

𝐴 = 𝐶𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ∙ 𝜀 ∙ 𝑙 

where A is the optical density, Сcomplex is the concentration of the complex, ε is the molar 

coefficient of light absorption, and l is the thickness of the solution layer. Then, at the same 

concentration of precursors (СTi
0=СH2O2

0) and a constant total volume of the solution of their mixture 

(VTi + VH2O2 = const), the maximum of the optical density curve depending on the added volume of 

one of the reagents corresponds to the value that determines the coordination number of the complex: 

𝑛 =
𝐶𝐻2𝑂2

𝑚𝑎𝑥

𝐶𝑇𝑖
𝑚𝑎𝑥 =

𝑉𝐻2𝑂2

𝑚𝑎𝑥

𝑉𝑇𝑖
𝑚𝑎𝑥 

where n is the coordination number, 𝐶𝐻2𝑂2

𝑚𝑎𝑥  and 𝐶𝑇𝑖
𝑚𝑎𝑥  are the concentrations of hydrogen 

peroxide and Ti4+ in the solution corresponding to the maximum optical density, 𝑉𝐻2𝑂2

𝑚𝑎𝑥 and 𝑉𝑇𝑖
𝑚𝑎𝑥 
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are the volumes of added precursors that make up the solution with maximum optical density. Also, 

the Isomolar series method makes it possible to determine the stability constant of a given complex as 

a result of its dissociation. In theory, the maximum optical density of the solution of the complex is 

the point of intersection of two straight lines, which are described by the Bouguer-Lambert-Beer law 

with a decrease in the concentration of the complex in the process of changing the volumes of the 

added precursors. However, the dissociation of the complex also reduces its concentration, which leads 

to the deviation of the A(VH2O2) function from a linear dependence. The difference between the 

theoretical and practical values of the maximum optical density determines the stability constant of the 

complex according to the following formula: 

𝛽 =
(𝐴𝑡ℎ𝑒𝑜

𝑚𝑎𝑥 − 𝐴𝑝𝑟𝑎𝑐
𝑚𝑎𝑥 )(𝐶𝐻2𝑂2

0 ∙ 𝐴𝑡ℎ𝑒𝑜
𝑚𝑎𝑥 − 𝑛𝐶𝑇𝑖

0 ∙ 𝐴𝑝𝑟𝑎𝑐
𝑚𝑎𝑥 )𝑛

𝐴𝑡ℎ𝑒𝑜
𝑚𝑎𝑥 ∙ 𝐴𝑝𝑟𝑎𝑐

𝑚𝑎𝑥 𝑛  

where β is the stability constant, 𝐴𝑡ℎ𝑒𝑜
𝑚𝑎𝑥  and 𝐴𝑝𝑟𝑎𝑐

𝑚𝑎𝑥  are the maximum theoretical and practical 

optical density, respectively, 𝐶𝐻2𝑂2

0  and 𝐶𝑇𝑖
0  are the concentrations of precursors, n is the 

coordination number of the complex. 

Sample preparation (Table. 3.1) for the Isomolar series method consisted in preliminary 

preparation of 25 ml solutions of hydrogen peroxide and Ti4+ with a concentration of 0.01 M in 8 M 

nitric acid, which is required to dissolve titanium (IV) butoxide. Prepare solutions of corresponding 

concentrations in quartz cuvettes, and the solution in each cuvette is 6 ml. To establish equilibrium, 

spectrophotometric measurements were carried out 2 hours after mixing. The reference solution was 

8M nitric acid. 

Another way to study the chemical composition of the titanium (IV) peroxo complex was the 

Asmus straight line method. It is also assumed that there is only one complex. As a result of its 

dissociation, saturation is not achieved at an excessive concentration of the ligand. In this case, the 

following equation is valid: 

1

𝑉𝐻2𝑂2

𝑛 =
𝐵

𝛽
∙

𝑙

𝐴
−

𝐶

𝛽
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where VH2O2 is the volume of the hydrogen peroxide solution, n is the coordination number, A is 

the optical density, l is the thickness of the solution layer, β is the stability constant, B and C are 

constants for a series of experiments. As a result, the plot constructed in the coordinates 1/ 𝑉𝐻2𝑂2

𝑛  

versus l/A will be linear only for n, which truly corresponds to the coordination number of the complex 

under study. In practice, to measure the Asmus straight line, it was necessary to preliminarily prepare 

25 ml of solutions of hydrogen peroxide and Ti4+ with a concentration of 0.01M in 8M nitric acid. 

Then, in volumetric flasks, a series of mixtures of precursors with different excesses of hydrogen 

peroxide was prepared according to Table. 3.1. The volumes of all obtained solutions were adjusted to 

2 ml with 8 M nitric acid to obtain the same concentration of hydrogen peroxide. Optical density 

measurements were taken after 2 hours to establish equilibrium. The reference solution was 8M nitric 

acid. The third spectrophotometric method for determining the coordination composition of the 

titanium (IV) peroxo complex was the Harvey-Manning slope ratio method. It consists in measuring 

two series: equilibrium shift for the metal (СH2O2 = const) and for the ligand (СTi = const). Since the 

dependence of the optical density of the solution on the concentration of the complex is determined by 

the linear Bouguer-Beer-Lambert law, the slope of this straight line shows the rate of change in the 

concentration of the complex when the concentration of only one of the reagents changes. As a result, 

the ratio of the tangents of the inclination angles of both series allows us to determine the coordination 

number: 

𝑛 =
𝑡𝑔𝛼𝑇𝑖

𝑡𝑔𝛼𝐻2𝑂2

 

where 𝑡𝑔𝛼𝑇𝑖  and 𝑡𝑔𝛼𝐻2𝑂2
 are the tangents of the slopes of the straight lines for a series of 

equilibrium shifts for the metal and for the ligand, respectively. 

In practice, it was necessary to preliminarily prepare 25 ml solutions of hydrogen peroxide and 

Ti4+ with a concentration of 0.01M in 8M nitric acid. Mixtures of solutions of precursors with a 

constant concentration of Ti4+ were prepared in volumetric flasks according to Table. 3.1. The volumes 

of the resulting solutions were adjusted to 2 ml with 8 M nitric acid. Spectrophotometric measurements 

were carried out after two hours. Further, the obtained results were approximated by a linear function 

to determine the slope tangents. 
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Chapter 2. Synergistic effect of multiple interfacial defects 

 
Figure. S1. Evolution of stress field inside solid-state electrolyte caused by the interfacial defects. a-c) 

Distribution of first principal stress inside the solid-state electrolyte with 4 interface defects at failure time of (a) 0.5 

s, (b) 2.0 s and (c) 4.0 s. d-f) Distribution of first principal stress inside the solid-state electrolyte with 10 random 

interface defects at failure time of (d) 0.5 s, (e) 2.0 s and (f) 4.0 s. g-h) Variation of first principal stress (g) at the 

interface (marked with red square in Figures 1a-f) and (h) along orientation from the interface to bulk of electrolyte 

during electrodeposition of Li metal. White geometries represent the interface defects. 

 

To discuss the synergy of multi-interfacial defects and the effect of Li metal’s deposition on the 

solid-state electrolyte was investigated with the series time of 0.5 s, 2.0 s and 4.0 s. As shown in Figure. 

S1a-c, the distribution of the first principal stress inside the solid-state electrolyte with four interfacial 

defects mainly comes from the compression of electrodeposition of Li metal against the interfacial 

a b c

d e f

g h

Region II Region II Region II

Region I Region I Region I

Region II

Region I
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defects inward to the bulk of electrolyte, which seriously increases to 5 μm in Y axis when failure time 

is up to 4 s. Moreover, when the random interfacial defects are up to ten, the distribution of the first 

principal stress becomes more serious than that with four interfacial defects at the same time. Solid-

state electrolyte with ten random interfacial defects displays severe stress distribution to 7 μm in Y 

axis when the failure time reaches 4 s. In addition, the variation of the first principal stress in X axis 

was statistically summarized from the marked region with red square in Figure. S1a-f during 

electrodeposition of Li metal. As shown in Figure. S1g, the solid-state electrolyte with different 

interfacial defects in X axis shows much higher positive first principal stress than that with other parts, 

while other parts between the two defects present the lowest negative first principal stress inside the 

electrolyte, which demonstrate that the region above interfacial defects witness compressive stress and 

that between defects witness tensile stress. In comparation, the solid-state electrolyte with ten random 

interfacial defects exhibits similar behavior of the stress, of which the stress is much stronger than that 

with four different interfacial defects. Figure. S1h shows the first principal stress inside the electrolyte 

along orientation from the interface to bulk of electrolyte during electrodeposition of Li metal, which 

demonstrates that the region of the stress with ten random interfacial defects (0 to 7.7 μm) is larger 

than that with four defects (0 to 5.6 μm). The results indicate that the stress inside the electrolyte 

increases significantly with the increase of interfacial defects, which displays a large compressive 

stress around and above the interfacial defects, and a strong tensile stress between any two defects, 

predicting the interfacial failure of the solid-state electrolyte. 
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Figure. S2. Development of damage inside solid-state electrolytes with interfacial defects. a-b) Visualization of 

the damage regions inside the solid-state electrolyte with four interfacial defects at failure time of (a) 3.5 s and (b) 

4.0 s. (c) Development of represented damage regions during the mechanical failure process of solid-state electrolyte 

with four interfacial defects. d-e) Visualization of the damage regions inside the solid-state electrolyte with ten 

random interfacial defects at failure time of (d) 3.5 s and (e) 4.0 s. (f) Development of represented damage regions 

during the mechanical failure process of solid-state electrolyte with ten random interfacial defects. D represents 

damage region and roman numerals represent corresponding numbers of the interfacial defects. White geometries 

represent the interface defects. 

 

As shown in Figure. S2a-b, the solid-state electrolyte with cubic and semi-elliptical interfacial 

defects shows similar damage behavior with clubbed shape from the bottom to the inside electrolyte 

named Dⅰ and Dⅲ, while the region Dⅱ between cubic and semi-elliptical interface defects presents a 

tiny teardrop-shaped damage. Furthermore, Figure. S2c displays the development of represented 

damage regions during the mechanical failure process of solid-state electrolyte with four interface 

defects. It can be obviously found that cubic and semi-elliptical interfacial defects could cause the 

relative damage around 4 μm from the bottom of the electrolyte, whereas damage region between cubic 

and semi-elliptical interfacial defects only reaches 1 μm. In addition, the relative damages inside the 

solid-state electrolyte with cubic and semi-elliptical interfacial defects (around 0.5) are much stronger 
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than that between cubic and semi-elliptical interfacial defects (0.25), indicating that the development 

of relative damage with pyramidal defect Dii between two giant damage regions are suppressed 

obviously. As shown in Figure. S2d-e, the solid-state electrolyte with ten random interface defects 

shows the similar behavior of the development of represented damage regions with that containing 

four interfacial defects during the mechanical failure process, of which the interfacial defects could 

arouse the clubbed damage toward the electrolyte and the region of Dⅵ with small damage is restricted 

by the defects on both sides. Obviously, the damage in the Dⅳ region inside the solid-state electrolyte 

appears at the position without defects above the semi-sphere interfacial defect, indicating that the 

position without defect inside the solid-state electrolyte also can be affected by the damage caused by 

the interface defect to generate the internal damage, which is because the damage that has been formed 

will cause the stress to transfer to other parts of the electrolyte to squeeze around the position without 

defects and form damage. Paying more attention, the development of damage region Dv can be 

recognized in two orthogonal directions, horizontal with interface and vertical to interface, with 

different developing rates. Additionally, the relative damage in the region of Dⅶ reaches 6.9 μm from 

the bottom of the electrolyte, which is much larger than other regions and the damage in Dⅵ between 

the defects on both sides can only increase to 1.2 μm (Figure. S2f). The damage over the defect in the 

region of Dⅳ pops up at 2.5 s and can be attached to the damage caused by the defect from the bottom 

at 4 s. Consequently, the cracks originated from the tips of each interfacial defects grow straightly 

inward solid-state electrolyte from defected interface, which is severer with greater interfacial defects. 

Therefore, we suggest that the damage caused by the electrodeposition of Li metal at the defected 

interface propagates inward the solid-state electrolyte while it can nucleate spontaneously inside the 

solid-state electrolyte as well. And the internal failure can be accepted as the source of the short of 

solid-state electrolyte. 
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Figure S3. Disintegration of solid-state electrolytes caused by the interfacial defects. a-b) Visualization of local 

displacement inside solid-state electrolytes with (a) four interfacial defects and (b) ten random interface defects. c-d) 

Variation of displacement of the interface (marked with yellow rectangles in Figure. S9a-b named as Region I) and 

middle region of solid-state electrolyte (marked with yellow rectangles in Figure. S9a-b named as Region II) of the 

solid-state electrolytes with (c) four interfacial defects and (d) ten random interface defects. Calculation time is 4.5 

s. White geometries represent the interface defects. 

 

Furthermore, the visualization of local displacement inside interfacial-defected solid-state 

electrolytes was carried out to reveal the interfacial disintegration of solid-state electrolytes caused the 

electrodeposition of Li metal at defected interface. As shown in Figure. S3a-b, the center interface 

between two side of defects displays much lower local displacement compared with other parts, 

demonstrating that the edges of the defected interface will be “pushed” out of the integrity of solid-

state electrolyte. When the interfacial defects change to greater, the local displacement inside 

electrolyte in both of X and Y axis is obviously rising, which shows that larger chunks will dissociate 

off. In addition, the local displacements in the Region I and Region II have been statistically counted 

to unburied the disintegration process of the solid-state electrolyte with different defected interface 

and distance to the surface during the electrodeposition of Li metal in Figure. S3c-d. In the Region I 

from 0 to 2 μm in Y axis that is intimate to surface, the solid-state electrolyte with ten random defects 
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shows much higher local displacement (maximum value of 0.8) than that with four interfacial defects 

(maximum value of 0.3). Moreover, the region from 2 μm to 6 μm in X axis shows almost no local 

displacement during the electrodeposition of Li metal, which is caused by the restriction effect. In 

Region II from 4.5 to 5.5 μm in Y axis, the local displacement is relatively low during whole 

disintegration process, of which the solid-state electrolyte with ten random defects exhibits slightly 

higher local displacement than that with four defects. Therefore, the interfacial failure of solid-state 

electrolyte is identified well due to giant difference in the local displacements of the regions near 

surface and inside the solid-state electrolyte. Moreover, the solid-state electrolyte with the defect 

between the two side defects shows very small structural destruction and the solid-state electrolyte 

with more interfacial defects can cause more serious disintegration. 

Chapter 3. Effects of voids inside of SSE (Effect on the longitudinal-section) 

 

Figure. S4. Stress field inside solid-state electrolytes with interfacial and internal defects. a-b) Distribution of 

first principal stress inside the solid-state electrolyte with (a) two, (b) four, (c) six and (d) eight internal voids. e-h) 

Distribution of von Mises stress inside the solid-state electrolyte with (e) two, (f) four, (g) six and (h) eight internal 

voids. White geometries represent the interface defects. Gray circles represent the internal voids. 

 

Besides the interfacial defects, the existence of internal defects inside the solid-state electrolyte, 

voids from sintering, is unavoidable, which are predicted to play a great impact on the structural 
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stability of the electrolyte. Therefore, two, four, six and eight internal voids were introduced into the 

solid-state electrolyte with defected interface to investigate the effect of the internal defects on the 

electrolyte. As shown in Figure. S4a-d, it can be distinguished that the regions surrounding the 

interfacial defects show obvious compressive stress against the solid-state electrolyte during the 

electrodeposition of Li metal processing, which is similar to that without internal voids. Whereas, the 

regions surrounding the internal voids witness different distribution of stress, where he top and bottom 

side of internal voids show compressive stress while the double side of internal voids displays tensile 

stress. In general, with increasing number of the internal voids, the distribution of the first principal 

stress displays obvious concentration of stress from interfacial defects to about 7 μm in Y axis, which 

indicates that the deposition of Li has a significant extrusion on the solid electrolyte below 7 μm in Y 

axis and little effect on the solid electrolyte in the region from 7 to 10 μm in Y axis. Same to the 

distribution of first principal stress inside solid-state electrolyte, considerable stress concentration 

arises inside the region surrounding the interfacial defects. While, compared the negligible stress at 

top and bottom side of internal voids, higher stress distributes at double sides of internal voids (Figure. 

S4e-f). Through the description with the first principal stress and von Mises stress, considerable 

compressive stress and tensile stresses distribute surrounding the interfacial defects and double side 

of internal voids, respectively, demonstrating that the existence of internal voids reforms the spread 

of stress from the electrodeposition of Li metal. 
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Figure. S5. Mechanical failure of solid-state electrolyte with interface and internal defects. a-b) Relative damage 

of solid-state electrolytes with (a) two, (b) four, (c) six and (d) eight internal voids. f-i) Displacement of solid-state 

electrolytes with (f) two, (g) four, (h) six and (i) eight internal voids. (j) The relationship between relative damage 

sum and generated crack inside the solid-state electrolyte with different internal voids. Variation of displacement of 

the interface (marked with yellow rectangular named as Region I) and middle region of solid-state electrolyte (marked 

with yellow rectangular named as Region II) of the solid-state electrolytes. Calculation time is set as 12 s. White 

geometries represent the interface defects. Gray circles represent the internal defects. 

 

As shown in Figure. S5a-d, the relative damage inside interface-defected solid-state electrolyte 

with different amount of internal voids exhibits similar failure process with rod-like shape, which are 

mainly initiated and propagated along the interfacial defects to the inside solid-state electrolyte. 

Specially, the damage developing inward the solid-state electrolytes will cause the generation of 

damage around the internal voids, which are propagating oppositely, named reverse-tearing behavior. 

Some can meet with each other to form a straight damage region from interfacial defect to internal 
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voids, while some develops to form two parallel damage regions. Along with the development of 

damage originated from internal voids to the interface solid-state electrolyte, the damage nucleates at 

the opposite site of internal voids and develops inward the solid-state electrolyte as well. During the 

development of damage inside the solid-state electrolyte from both of interfacial defects and internal 

voids, the perfect region between two damage regions will witness the nucleation of damage. This 

reverse-tearing behavior shifts to more distinguished with the increase of the number of internal voids. 

Eventually, the generation of the rod-like shape inside solid-state electrolyte means that the solid-state 

electrolytes are seriously damaged after the electrodeposition of Li metal inside the interfacial defects. 

Furthermore, with the increasing number of internal defects, the relative damage is aggravated from 4 

μm to 7 μm in Y axis, which mainly focuses around the internal voids below 5 μm in Y axis inside the 

solid-state electrolyte. When the internal voids inside the solid-state electrolyte are over 5 μm in Y 

axis, the process of Li metal’s deposition shows no obvious damage inside the electrolyte. 

Consequently, the crack develops from the tips of interfacial defects and from the opposite side of 

internal voids as well. And the maximum crack inside the interfacial-defected solid-state electrolyte 

grows up slightly from 9.7 to 11.3 μm with the increase of number of internal voids from 2 to 8. 

As mentioned above, the interfacial and internal defects can arouse severe cracks and damages 

inside the solid-state electrolyte during the deposition of Li metal at the same time, which directly 

affect the integrity of the electrolyte structure. As shown in Figure. S5f-i, the similar regions with 

different number of the internal voids show significant displacement in X axis from 0 to 2 μm and 6 

μm to 10 μm, of which the regions inside the solid-state electrolyte have suffered very huge 

displacement and exfoliated from electrolyte. Moreover, the region and degree of displacement have 

been enhanced with the increasing number of the internal voids, which are surrounded by the internal 

voids lower 5 μm in Y axis. The results indicate that the internal voids below 5 μm in Y axis can 

accelerate mechanical failure of solid-state electrolytes during the deposition of Li metal. 

To reveal the effect of interfacial and internal defects inside the solid-state electrolyte on its 

mechanical failure, the relationship between relative damage sum and generated crack inside the solid-

state electrolyte with different internal voids has been summarized with a series of failure time from 0 

to 12 s. As shown in Figure. S5j, the crack sum inside the solid-state electrolyte with different number 

of internal voids shows similar behavior with a sharp upward trend during the deposition of Li metal. 

Moreover, the crack sum inside the solid-state electrolyte with eight voids is largest among that with 
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other number of internal voids. In addition, with the increasing number of internal voids, the solid-

state electrolyte with eight internal voids displays the greatest crack sum during the plating of Li metal. 

Apparently, the local displacement of solid-state electrolyte with different internal voids displays the 

similar behavior in Region I (0 μm to 2 μm in Y axis) and Region II (4.5 μm to 5.5 μm in Y axis), 

which mainly happens at the interface of solid-state electrolyte. And the regions from 2 μm to 6 μm in 

X axis between the both side defects show a very small local displacement, which can be attributed to 

that the damage caused by the defects on both sides can prevent breakage of the medial area between 

them (Figure. S5k). Combining the visualization of local displacement and the development of damage 

inside, it can be distinguished that catastrophically interfacial disintegration of solid-state electrolyte 

with interfacial defects happens during the electrodeposition of Li metal inside the inner space of 

interfacial defect. Moreover, the inside damage with the associated cracks appears as well. 

Chapter 4. SEM images of LATP solid-state electrolyte sintering behavior 
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Figure. S6. SEM images of the microstructure of green body tablets made by LATP-600nm powder after 

sintering at various temperatures for 0.5 h. 
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Figure. S7. SEM images of the microstructure of green body tablets made by LATP-600nm powder after 

sintering at various temperatures for 2 h. 
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Figure. S8. SEM images of the microstructure of green body tablets made by LATP-600nm powder after 

sintering at various temperatures for 6 h. 
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Figure. S9. SEM images of the microstructure of green body tablets made by LATP-600nm powder after 

sintering at various temperatures for 10 h. 
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Figure. S10. SEM images of the microstructure of green body tablets made by LATP-300nm powder after 

sintering at various temperatures for 0.5 h. 
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Figure. S11. SEM images of the microstructure of green body tablets made by LATP-300nm powder after 

sintering at various temperatures for 2 h. 
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Figure. S12. SEM images of the microstructure of green body tablets made by LATP-300nm powder after 

sintering at various temperatures for 6 h. 
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Figure. S13. SEM images of the microstructure of green body tablets made by LATP-300nm powder after 

sintering at various temperatures for 10 h. 

Chapter 5. AGG behavior of LATP ceramic from glass/ceramic composite systems 
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Figure. S14. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with the mass ratios of 1%/99%, 3%/97%, 5%/95%, 10%/90% and 15%/85% after sintering at 900°C for 6 hours (1-

step method), marked by 1-10 μm scale to observe AGG behavior, respectively. 
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Figure. S15. Cross-section SEM images of LATP SSE ceramic from glass/ceramic composite powder systems 

with the mass ratios of 1%/99%, 3%/97%, 5%/95%, 10%/90% and 15%/85% after pretreatment at 570 °C for 6 hours 

then sintered at 900°C for 6 hours (2-steps method), marked by 1-10 μm scale to observe AGG behavior, respectively. 

 


