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Abstract 

Today, all-solid-state batteries(ASSBs) with solid electrolytes(SEs) are receiving a lot of 

attention as next-generation batteries. Solid electrolytes are chemically more stable than liquid 

electrolytes, can have higher energy densities, and can operate over a wide temperature range. 

In particular, sulfide-based solids electrolytes have the advantage of having good mechanical 

properties and high ionic conductivity, but they have the problem that unwanted side reactions 

may occur at the interface between the solid electrolyte and the electrode, which may 

deteriorate battery performance. 

In this work, to reduce the interfacial resistance, LiTaO3 coating material was simply 

mixed with the solid electrolyte to measure the effect of suppressing side reactions. To 

synthesize the solid electrolyte Li5.3PS4.3Cl1.7 and the mixing material LiTaO3, high-energy ball 

milling and wet milling methods were used, respectively. The structural characteristics of the 

prepared solid electrolytes were studied by powder X-ray diffraction. The LiTaO3 mixed solid 

electrolyte based ASSB showed a high discharge capacity of 177.3mAh/g in the initial cycle, 

whereas the bare solid electrolyte (Li5.3PS4.3Cl1.7) based ASSB showed a discharge capacity of 

159.1mAh/g. To understand the side reactions, electrochemical impedance spectroscopy (EIS) 

analysis was performed after galvanostatic charging-discharging cycles. The EIS analysis 

confirmed that the side reaction between a solid electrolyte and a cathode has been effectively 

suppressed in LiTaO3 mixed solid electrolyte based ASSBs. 

Second, we prepared Li5.3PS4.3Cl1.7 mixed with InF3. We also confirm the structural 

properties using powder X-ray diffraction (XRD). Through the XRD pattern, it was observed 

that the argyrodite structure was maintained and only the intensity of the peak corresponding 

to InF3 increased. The optimized solid electrolyte based ASSB showed a higher initial discharge 



 

- 5 - 

 

capacity of 172.8mAh/g and a coulombic efficiency of 78.54%, and the capacity retention rate 

was also measured to be better than bare solid electrolyte (Li5.3PS4.3Cl1.7) based ASSB. 
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Chapter 1. Introduction 

1-1. Lithium ion secondary batteries 

Lithium secondary batteries are used in various fields such as electric vehicles as well as 

small electronic devices such as mobile phones, tablets, and laptops. In particular, as carbon 

neutral policies are implemented globally, the importance of batteries is growing. However, 

liquid electrolyte, one of the components of lithium secondary batteries, uses organic solvents, 

so there are risks of corrosion, temperature vulnerability, leakage, and explosion. In fact, 

explosion accidents due to battery thermal runaway are occurring in many electric vehicles and 

smartphones. To solve this problem, researchers are trying to develop materials that are safer 

than existing liquid electrolytes.  

1-1-1. Composition of lithium ion batteries 

A lithium secondary battery consists of a cathode, anode, separator, and electrolyte. In 

general, the conventional cathode materials involving intercalation and extraction of lithium 

ions with 1-D olivine (LiFePO4), 2-D layered (LiCoO2), and 3-D spinel (LiMn2O4) structures 

as shown in Figure 1.1. Typically, LiCoO2 have been used due to its working voltage (3.0-4.5V 

vs. Li/Li+) and good cycle life (>500 cycles). The properties of various cathode materials used 

in lithium-ion batteries are shown in Table 1.1. Representative anode materials include graphite, 

silicon, and lithium metal. Graphite has a low theoretical specific capacity of 372 mAh g-1. 

Silicon theoretically has a specific capacity of 4200 mAg-1, but undergoes significant volume 

expansion through repeated charging and discharging processes, causing cracks to form on the 

surface. Li metal has the advantage of having a theoretical specific capacity of 3860 mAh g-1 

and the lowest electrochemical potential of -3.040 V compared to a standard hydrogen 

electrode. The separator prevents internal short circuit between the anode and cathode and 

allows only ions to pass through. The materials of the separator are mainly porous polyethylene 

and polypropylene. Organic liquid electrolyte materials such as ethylene carbonate-dimethyl 

carbonate (EC-DMC) with lithium salts are used due to their high ionic conductivity and 

stability over a wide range of voltage windows (0-4.5 V vs. Li/Li+). 
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1-1-2. Principle of lithium ion batteries 

The operating principle of a lithium secondary battery is shown in Figure 1.2. A secondary 

battery refers to a battery that can be charged and discharged and used repeatedly. For example, 

the cathode and anode are oxidized and reduced respectively during the charging step. The 

chemical reaction during charging and discharging can be expressed by the following equation: 

 

Cathode:                 LiCoO2 ↔ Li1-xCoO2 + xLi + xe-                (1.1) 

Anode:                    C6 + xLi + xe- ↔ LixC6                      (1.2) 

Overall:                LiCoO2 + C6 ↔ Li1-xCoO2 + LixC6                (1.3) 

 

Lithium ions move from the cathode to the anode through the electrolyte when charging, and 

the direction is reversed when discharging. To balance the charge, the direction of electron 

movement is the same as that of lithium ions, and electrons move through the external 

conductor rather than through the electrolyte. Electrons travel through an external circuit 

connected to the current collector. Chemical energy generated by a chemical reaction can be 

converted into electrical energy and stored according to the Nernst equation. 

∆𝐺 = −𝑛𝐹𝐸                         (1.4) 

G is the Gibbs energy, n is the number of electrons required for the reaction, F is the Faraday 

constant, and E is the electric potential. From the above equation, we can see that the greater 

the chemical potential difference between the cathode and anode, the greater the potential and 

energy. The electric potential proportional to the chemical energy is called to the open circuit 

voltage (OCV) and is determined within the band gap of the electrolyte, which is determined 

by the difference in energy between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) of the electrolyte as shown in Figure 1.3 [1-3].    

1-1-3. Properties and limitation of organic liquid electrolyte 

Commercially used organic liquid electrolytes usually consist of 1M LiFP6 mixed with two 

or more carbonate-based materials and ethyl carbonate (EC)/dimethyl carbonate (DMC) in a 
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1:1 ratio. General organic solvent electrolytes have superior dielectric constant and 

electrochemical stability compared to aqueous electrolytes, so they have been applied to many 

lithium batteries. In order to apply electrolytes to large-scale energy devices, several conditions 

must be met [4]. 

 

1) Maintain SEI during charging and discharging 

2) A Li+ ion conductivity σ > 10ିସ𝑆/𝑐𝑚 

3) An electronic conductivity σ < 10ିଵ𝑆/𝑐𝑚 

4) A transference number 𝜎/𝜎௧௧ ≈ 1, where 𝜎௧௧  includes conductivities 

     by other ions in the electrolyte 

5) Chemical stability over wide temperature ranges 

 

Organic liquid electrolytes have the disadvantages of low transition number, chemical 

stability, and electrochemical stability. In general, lithium salt electrolytes have poor high-

speed performance due to low lithium ion mobility, and have limitations in output due to 

problems such as solvation and dissociation [1]. However, the most important issues to address 

are safety and liquid leakage issues related to thermal stability. Organic electrolytes have 

another problem called temperature vulnerability, so they can decompose at high temperatures. 

As lithium batteries expand, not only does the internal pressure increase, but there is also a risk 

of explosion when the cathode and anode meet, causing an internal short circuit. To solve this 

problem, various types of electrolytes have been developed, such as gel electrolytes and solid 

electrolytes that do not leak and have excellent thermal and electrochemical stability. 

 

 

 

 



 

- 14 - 

 

 

 

Figure 1.1. Crystal structures of the three lithium-insertion compounds in which the Li+  

ions are mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine) 

frameworks. 
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Figure 1.2. Illustration of operating principle of lithium secondary battery system. 
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Figure 1.3. Schematic open-circuit energy diagram of a lithium cell. 
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1-2. All-solid-state lithium ion batteries  

Lithium-ion batteries are widely used not only in small electronic devices such as 

smartphones and tablets, but also in large devices such as electric vehicles and ESS [5]. 

Conventional organic liquid electrolytes commonly used in lithium-ion batteries have various 

problems such as leakage, temperature vulnerability, and corrosion, which poses safety 

problems [6]. Therefore, attempts are being made to solve existing problems by replacing liquid 

electrolytes with solid electrolytes. Applying a solid electrolyte to a battery not only ensures 

stability but also ensures high performance and high energy density of the battery [7]. 

Additionally, solid electrolytes have received much attention due to their potential for superior 

ionic conductivity and high lithium transfer numbers (∼1) compared to aprotic electrolytes 

(0.2–0.5) [8, 9]. Among these advantages, solid electrolytes for large electrical devices have 

been intensively studied due to their attractive safety advantages such as electrochemical and 

thermal stability [1, 2]. Solid electrolytes are largely divided into inorganic materials and 

polymers. Polyelectrolytes have good flexibility and can be used in flexible batteries or devices. 

However, poor mechanical properties and low ionic conductivity preclude these electrolytes 

from practical applications. Therefore, research on inorganic solid electrolytes is actively 

underway. 

 

1-2-1. Inorganic/ceramic solid electrolyte 

Inorganic solid electrolytes have advantages such as strong mechanical strength and 

excellent ionic conductivity compared to polymer electrolytes. Representative types include 

perovskite, anti-perovskite, LISICON type, NASICON type, argyrodite, and garnet [10].  

 

1-2-2. Properties of inorganic/ceramic solid electrolyte 

Before commercialization, the inorganic solid electrolytes meet the following requirements: 

1) Strong mechanical strength  

2) Chemical stability from thermal decomposition [11] and flammable [12] 
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3) High ionic conductivity due to high lithium transference number (~1) 

       compared to aprotic electrolytes (0.2-0.5) [8] 

4) Stable electrochemical stability window [13] 

5) Excellent compatibility with lithium metal batteries due to Li dendrite               

suppression properties suppression properties [14] 

6) Eco-friendly comparing with organic carbonate base electrolytes 

 

Inorganic electrolytes almost satisfy mechanical strength, chemical stability, non-

flammability, Li dendrite suppression, and eco-friendliness. In particular, the improved 

stability and safety of inorganic solid electrolytes can easily and simply provide new designs 

for all-solid-state battery cells. Moreover, the solid electrolytes have high lithium transference 

number (σ/σ௧௧), which reduces the effect of concentration polarization by precipitation 

of dissolved salts in the anode and depletion at the cathode [8], compared to liquid electrolytes 

containing aprotic and lithium salt ions , because they operate only by Li+ migration. As a 

result, the lifespan and safety of lithium-ion batteries are improved [10]. The electrochemical 

stability range of many inorganic electrolytes is known to be stable and wide. Most oxide 

electrolytes showed stable cathode stability across the cathode voltage range (5–9 V vs. Li+/Li) 

and, unlike liquid organic electrolytes, did not induce autolysis during charging and 

discharging. As a result, the solid electrolyte can suppress repetition of SEI formation and Li+ 

consumption, ultimately extending the lifespan of the lithium secondary battery. 

 

1-2-3. Li+ diffusion mechanism of inorganic/ceramic solid electrolyte 

Inorganic solid electrolytes are composed of mobile ions such as Li+, as well as non-metallic 

ligands and central metals that constitute the polyhedron (4, 6, 8, and 12-fold coordination) 

forming the framework of the crystal structures. Polyhedrons are ordered regularly by sharing 

such as corner or edge sharing, and form the Li+ tunnels called bottlenecks with interstitials 

between large anions and vacancy from incomplete crystallinity of the solid material due to 
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thermodynamic stabilization [8, 15]. In the solid electrolytes, the lithium ions are diffused by 

migration through bottlenecks of the crystal structure, whereas liquid electrolytes involve the 

movement of solvated lithium ions in a solvent medium [8]. The migration divided into 

Schottky migration and Frenkel migration. In the case of Schottky migration, lithium ions move 

randomly to vacancies. In contrast, Frenkel migration occurs when lithium ions diffuse directly 

into the interstitial between the anions and the exchange interstitial sites [10]. When comparing 

the activation energy of migration, the Frenkel migration mechanism requires lower activation 

energy than Schottky migration. As a result, the Li+
 conductivity depends on the size and 

number of bottlenecks [16]. Interstitial and vacancy sites depend on the lattice parameters of 

the unit cell in structures with Li+ concentrations. Also, the parameters are changed by the 

valence and size of the mobile ion [8]. For example, the repulsion between the same charge 

ions increases with increasing ion size and creates a larger bottleneck size and interstitial. For 

the ionic valence effect, the ionic conductivity decreases with increasing valence because the 

electrostatic interaction between the mobile ion and the counter-charged ion increases and ionic 

diffusion decreases. 

 

1-3. Inorganic electrolyte 

 

1-3-1. Oxide solid electrolyte 

Oxide-based solid electrolytes for all-solid-state batteries have low ionic conductivity, 

however, good chemical and mechanical stability, and in particular, many studies have been 

conducted due to their stability in the atmosphere. Most oxide-based solid electrolytes 

produced have focused on using NASICON, perovskite, garnet, and LISICON structures. 

NASICON-like structures are generally known as a rhombohedral unit cell and R3𝑐 with a 

few monoclinic and orthorhombic phases [17]. Representatively, L1+6xM4+2−xM′3+x(PO4)3 

phosphates (L = Li or Na and M =Ti, Ge, Sn, Hf, or Zr and M′ = Cr, Al, Ga, Sc, Y, In, or La) 

are composed with MO6 octahedra connected by corner sharing with PO4 tetrahedral to form 

3D interconnected channels and two types of interstitial positions where mobile cations are 

distributed [18]. The M1 sites which are 6-fold coordination located between two MO6 

octahedral while M2 sites that are 8-fold coordinated and located between two columns of MO6 

octahedral [19]. The lithium ions diffuse from on site to another through bottlenecks. However, 
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the NASICON electrolytes containing Ti are unstable with Li metal at low potentials [20]. 

Perovskite materials having chemical formula ABO3 is well known as the representative 

cubic phase with space group 𝑃𝑚3𝑚 . Among the structural materials, lithium-lanthanum-

titanates, Li3xLa2/(3-x)TiO3 (LLTO), is representative material due to its high ionic conductivity 

at room temperature (10-3 S/cm) [10]. The A site cations, which were Li+ and La3+ in the cubic 

α-phase, were randomly distributed, while the A sites of the ordered β-LLTO had a doubled 

perovskite structure, with an alternating arrangement of La+ rich and Li vacancy rich layers 

along the c axis [21]. Not only high ionic conductivity, the materials have many advantages 

such as stability in air and moisture, wide stability temperature window (to 1600K), good 

electrochemical stability (>8V). However, the materials have difficult to applied to commercial 

solid battery system because of its unsuitable for use with lithium and graphite negative 

electrodes [3, 10], high temperature sintering for synthesis and lower ionic conductivity than 

single crystal due to blocking grain boundaries [22].  

The garnets exhibit a general chemical formula of A3B2(XO4)3 (A = Ca, Mg, Y, La or rare 

earth; B = Al, Fe, Ga, Ge, Mn, Ni or X = Si, Ge, Al) where A, B and C are eight, six and four 

oxygen coordinated cation sites, which crystalize in a face centered cubic structure with the 

space group 𝐼𝑎3𝑑 [23]. Because the garnet electrolytes high Li+ concentration 5~7 Li atoms 

per formula unit and can accommodate excess Li+ at octahedral sites than that of number of 

lithium at the tetrahedral sites [23], the ionic conductivity of the electrolytes can be controlled 

by increasing Li concentration. For example, Li5La3M2O12 have low ionic conductivity of 10-6 

S/cm at room temperature. However, the low conductivity can be improved by substituting La 

and M sites with cations in an oxidation state higher or lower than La3+ and M5+ controlling the 

content of substitution elements such as Li6.6La3Zr1.6Sb0.4O12 (7.7 x 10-4 S/cm) and 

Li6.2La3Zr1.2Sb0.8O12 (4.5 x 10-4 S/cm) [24, 25]. Also, ionic conductivity of the garnet 

electrolytes can be improved by controlling shape control. For example, the particle shape of 

Li7La3Zr2O12 changes by contents of substitution element (Ga), and can be more dense pellets 

with same pressure [26]. As the results, the interface resistance by grain boundary was reduced. 

Although garnet electrolytes have high lithium concentration and ionic conductivity, the 

materials couldn`t be commercialized because of their unstable reactivity with cathode 

materials at the positive voltage window [27]. 

The crystal structure of LISICON-like compounds is related to the γ-Li3PO4 structure with 



 

- 21 - 

 

orthorhombic unit cell and pnma space group, where all cations are tetrahedral coordinated [10, 

28]. The oxide LISICON-like materials such as Li14ZnGe4O16 showed low ionic conductivity 

(~10-7 S/cm) at room temperature by trapping of the mobile Li+ ions by the immobile sublattice 

at lower temperatures via the formation of defect complexes [20]. And the LISICON structures 

such as Li3xLa2/3-xTiO3 and Li3/8Sr7/16Zr1/4Ta3/4O3, have low contact with Li metal due to the 

reduction of Ti and Ta ions. 

Recently, thio-LISICON, which has been changed from O2- to S2- have been studied for high 

lithium ion conductivity at room temperature [10]. Many thio materials such as Li10MP2S12 

(M= Si, Ge, and Sn), Li11Si2PS12 showed high ionic conductivity [29-31]. Especially, 

Li10GeP2S12 showed highest lithium ion conductivity (~10-2 S/cm) at 27℃ [29] among current 

ceramic electrolytes [10]. As the radius of S2- is higher than O2-, this substitution can 

significantly enlarge the size of Li+ transport bottlenecks. Also, S2- has better polarization 

capability than O2-. Consequently, the interaction between skeleton and Li+ ion is weaker and 

make the mobility of Li+ [32]. The thio-LISICON materials also have favorable advantage, 

which is reduction of grain boundary resistance by simple cold-press of electrolytes powders 

because of its good ductility compare with hard oxide materials [20]. 
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Figure 1.4. Schematic structure of LISICON-like. 
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1-3-2. Sulfide solid electrolyte 

Sulfide-based solid electrolytes have small grain boundaries and good ductility, making them 

easy to process. However, because sulfide-based solid electrolytes react with moisture in the 

atmosphere and generate hydrogen sulfide gas, which is toxic to the human body, all processes 

must be performed in an environment where moisture is blocked. Nevertheless, sulfide-based 

solid electrolytes have higher ionic conductivity than oxide-based electrolytes because the 

polarization of sulfur ions is greater than that of oxygen ions, their electronegativity is low, and 

their binding force with lithium ions is low [33, 34]. The ionic radius of S2- is larger than that 

of O2-, so the ion transport channel is larger and the ion mobility is also greater [35]. 

Representative sulfide-based solid electrolytes currently being studied include thio-LISICON, 

Li2S-P2S5 (LPS), and Li-argyrodite. 

 

1-3-2-1. Thio-LISICON 

Thio-LISICON materials such as Li3.25Ge0.25P0.75S4 and Li10GeP2S12 have a wide 

electrochemical stability range from 0 V to 4 V compared to Li/Li+ [36]. However, in the case 

of sulfide-based solid electrolytes, many results have been described showing that the 

electrochemical window is narrow and that they react with the cathode and anode [20, 31, 37, 

38]. Because S2- is larger and less electronegative than O2-, the chemical interactions in the 

crystal structure of thio materials are weak. As a result, materials composed of S2-anions have 

similar stability of less than 25 meV per atom and exhibit unstable characteristics compared to 

oxide materials. In LGPS systems, Li10GeP2S12 electrolyte has received much attention due to 

its extremely high ionic conductivity of more than 10-2 S/cm. However, the amount of Ge 

existing in nature is limited, so research on replacing Ge with other elements is ongoing. In 

fact, most thio materials decompose by reacting with anode and cathode materials containing 

Li metal [38, 39]. Additionally, it is a material that is difficult to synthesize in the general 

atmosphere because it is very sensitive to air and moisture. 

 

1-3-2-2. Li2S-P2S5 

Li2S-P2S5 based glass-ceramics are of special interest due to their high ionic conductivity up 

to 1.7 x 10-2 S/cm at room temperature and their wide electrochemical window [40-44]. The 

Li2S-P2S5 electrolyte is a metastable glass-ceramics with a (100-x)Li2S-xP2S5 composition. 
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This metastable phase is formed through partial crystallization by heat treatment after 

formation of the glass electrolyte. According to each composition ratio, these metastable phases 

such as Li7P3S11, β-Li3PS4, and thio-LISICON analog showed higher lithium ion conductivity 

than Li4P2S6 which is the stable crystalline phase. Among them, Li7P3S11 (LPS) glass-ceramic 

can be easily synthesized by methods such as ball milling and solution techniques that allow 

other components to be mixed with the LPS [45, 46]. The Li7P3S11 electrolyte which has a 

composition ratio of Li2S and P2S5 of 7:3 reduced the interfacial resistance through hot press 

and exhibited lithium ion conductivity of 10-2 S/cm. Moreover, the powder obtained after heat 

treatment can be easily applied to the fabrication of electrolytes for bulk type ASSLBs [47]. 

However, since the LPS electrolyte is very unstable, it reacts with the lithium anode and 

decomposes, and the interfacial resistance with lithium metal is large. Due to the reaction 

characteristics between LPS and Li metal, low coulombic efficiency and capacity degradation 

in all-solid-state batteries are caused, which limits the application of all-solid-state batteries 

[45]. 

 

1-3-2-3. Argyrodite 

Argyrodite is a type of chalcogenide structure related to Ag8GeS6 minerals containing 

various fast Ag+ or Cu+ ion conductors, such as A7PS5X (A = Ag+, Cu+). Recently, Deiseroth 

et al. synthesized the analogue cubic Li+ argyrodite with the formula Li6PS5X (X=Cl, Br, I) 

and Li7PS6. Li-argyrodite electrolyte is a lithium conductor with a structure similar to Ag8GeS6, 

which has a mineral argyrodite structure. Lithium argyrodite electrolyte has a structure in 

which silver ions in the mineral argyrodite structure are replaced with lithium ions because the 

atomic radii of silver and lithium ions are similar and have the same coordination number. ion 

diffusion proceeds through randomly generated specific atomic positions [48, 49]. 
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Figure 1.5. Crystal structure of argyrodite-type Li6PS5X. 
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Chapter 2. LiTaO3 mixing effects to suppress side reactions at the 

LiNi0.8Co0.1Mn0.1O2 cathode and Li5.3PS4.3Cl1.7 solid 

electrolyte of all-solid-state lithium batteries 

 

2-1. Introduction 

In the modern world, lithium-ion batteries (LIB) have come to be widely used in everything 

from portable electronic devices to electric vehicles and energy storage systems. In particular, 

as carbon neutral policies continue to be implemented globally, demand for lithium secondary 

batteries has been rapidly increasing worldwide [1–3]. A liquid electrolyte is the type that is 

currently most often applied to lithium secondary batteries. As a liquid electrolyte is an organic 

solvent, it is flammable and highly reactive, which means there are various stability issues such 

as corrosion and temperature vulnerability must be resolved [4–7]. In this respect, solid 

electrolytes are advantageous in terms of battery performance such as safety, high energy 

density, high output, and long life, and they are also advantageous in terms of the fact that they 

involve a simplified manufacturing process, larger/compact batteries, and lower cost, which 

has led to solid electrolytes being researched and developed as next-generation secondary 

batteries [8–12]. Among the various types of solid electrolytes, the one that has attracted the 

most attention is the sulfide-based solid electrolyte.  

Sulfide-based solid electrolytes have emerged as the most suitable option to replace liquid 

electrolytes because they show high ionic conductivity and good mechanical deformability [13, 

14]. A representative sulfide-based solid electrolyte that exhibits particular high ionic 

conductivity is Li6PS5X (X=Cl, Br, I) [15, 16]. Kraft et al. studied how ionic conductivity 

changes when halogen anions are changed in a sulfide-based solid electrolyte [17]. They found 

that increasing the halide content from Li6PS5Cl to Li5.5PS4.5Cl1.5 generated more Li+ vacancies 

and increased Cl-/S2- site disorder, which can in turn increase ionic conductivity [18, 19]. 

However, most thiophosphate solid electrolytes exhibit low thermodynamic stability and a 

narrow electrochemical stability window. This becomes a problem at an interface with high-

voltage cathode active materials such as LiNi1−x−yCoxMnyO2 (NCM) during battery assembly 

[20–23].  
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Coating an electrochemically stable material on the surface of cathode has been used as a 

method to suppress the side reactions occurring at interface between the solid electrolyte and 

the cathode [24–36]. Surface coating can significantly increase the capacity of an ASSB 

cathode [37]. Representative coating materials for this purpose include LiNbO3 and LiTaO3 

[29–32]. Suitable coating materials for ASSB must have certain properties such as high ionic 

conductivity, low electronic conductivity, and low reactivity with sulfide electrolytes. When 

using the same coating amount and method, the effect of LiTaO3 coating was similar to or 

superior to that of LiNbO3 coating [37]. However, for effective suppression, the thickness of 

the coating film must be thin and uniform. An expensive ethoxide series must typically be used 

as a starting material to achieve uniform thinness [34–36]. Therefore, there have been a number 

of attempts to improve performance through the use of simple mixing [38, 39].  

In the current study, LiTaO3 coating material was simply mixed with Li5.3PS4.3Cl1.7 with 

the aim of suppressing side reactions. To synthesize the solid electrolyte Li5.3PS4.3Cl1.7 and the 

mixing material LiTaO3, high-energy ball milling and wet milling methods were used, 

respectively. The ionic conductivity of the optimized composition was 5.32mS/cm at room 

temperature, and it showed a high critical current density of 0.65mA/cm2 in DC cycling 

experiments with lithium metal. Further, when a solid electrolyte containing LiTaO3 was used 

to create the cathode composite to construct the cell, it achieved a higher discharge capacity of 

177.3mAh/g compared to when the cathode composite without LiTaO3 was used. 

 

2-2. Experimental 

2-2-1. Synthesis of LiTaO3 nanoparticles 

First, LiTaO3 nanoparticles were manufactured by wet milling method. Li2CO3 (99.0%, 

Sigma) and Ta2O5 (99%, Sigma) were used as starting materials, mixed at a 1:1 molar ratio, 

and hand-grinded for 15 minutes using a mortar [40]. The mixed precursor was transferred to 

a zirconia ball milling container and ethanol was added as mixing solvent. The ball milling 

process was carried out at a rotation speed of 300 rpm for 20 h (condition: 30 min run and 10 

min rest). After ball milling process, the samples were dried in an oven at 60℃ for more than 
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3 hours. The dried product was then ground again for 15 minutes, sintered at 900℃ for 2 hours 

with the increasing heating rate of 2℃ min-1, and lastly grinded again for 15 minutes to 

produce the final LiTaO3 nanoparticles. 

2-2-2. preparation of (100-x)Li5.3PS4.3Cl1.7 : xLiTaO3 (x = 0, 2, 4, 6, and 8) 

To synthesize Li5.3PS4.3Cl1.7, Li2S (99.98%, Sigma), P2S5 (99%, Sigma), and LiCl (99.9%, 

Sigma) were used as the starting precursors. To begin, the above precursors were weighed 

according to the stoichiometric ratio of the Li5.3PS4.3Cl1.7 composition and uniformly grinded 

using a hand grinding process for 30 minutes in argon atmosphere. Next, the mixed powder 

was transferred to a zirconium jar that was then sealed, and a high energy ball milling process 

was performed at a speed of 500 rpm for 8 hours. After ball milling, the powder was pelletized 

at 20kN, sintered at 500℃ for 15 hours with an increasing heating rate of 2℃ min-1, followed 

by hand grinding for 30 minutes to obtain the final solid electrolyte. Li5.3PS4.3Cl1.7 and LiTaO3 

were then mixed through simple hand grinding for 15 minutes. LiTaO3 was mixed in the solid 

electrolyte at ratios of 2, 4, 6, and 8 mol%. For comparison, Li5.3PS4.3Cl1.7 without LiTaO3 was 

also prepared. This synthesized pristine solid electrolyte, Li5.3PS4.3Cl1.7, was named LPSCl, 

and the solid electrolytes prepared by mixing LiTaO3 were named in ascending order of mixing 

ratio as 98LPSCl-2LTaO, 96LPSCl-4LTaO, 94LPSCl-6LTaO, and 92LPSCl-8LTaO, 

respectively. 

2-2-3. Characterization and electrochemical performance measurements 

Electrochemical Impedance Spectroscopy (EIS) was used to both determine the ionic 

conductivity of the synthesized solid electrolyte and analyze the resistance factor of ASSB. To 

determine the ionic conductivity of the synthesized solid electrolyte, solid electrolyte powder 

(250 mg) was placed in a mold with a diameter of 10 mm and then pressed at 20kN to pelletize 

it. At this point, indium foil was attached to both sides of the pellet to create an In/SE/In 

symmetrical cell. Using Biologic (Sp-300), alternating current (AC) was applied in the 

frequency range from 7 MHz to 1 Hz at an amplitude of 50 mV, and ionic conductivity was 

measured at room temperature (RT). Using the same method, EIS was measured from 30°C to 

110°C at 10°C intervals to obtain the activation energy. To analyze the resistance factor of 
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ASSB, while again using Biologic (Sp-300), alternating current (AC) was applied in the 

frequency range from 7 MHz to 0.01 Hz at an amplitude of 50 mV. 

Cyclic voltammetry (CV) was performed to evaluate the electrochemical stability window 

of the solid electrolyte. Solid electrolyte powder (200 mg) was placed in a mold with a diameter 

of 16 mm, and a Li/SE/SUS asymmetric 2032-type coin cell was constructed. The cell was 

lastly scanned at a rate of 1 mV/s from –0.5 V to 5.0 V at room temperature using a 

potentiostat/galvanostatic system (SP-300, BioLogic). 

Next, DC analysis was conducted at room temperature to confirm the powder’s compatibility 

with lithium metal. To this end, solid electrolyte powder (200 mg) was placed in a mold with 

a diameter of 16 mm and then pressed at 20kN to pelletize it. Li foil was attached to both sides 

of the pressed powder, and it was pressed again at 10kN to construct a Li/SE/Li coin cell. The 

critical current density of the cell was confirmed using a battery tester (Maccor, Thermotech 

Korea). The current density was increased by a step size of 0.05 mA/cm2 from 0.05 mA/cm2 to 

0.80 mA/cm2. 

ASSB was made using the synthesized solid electrolyte, and its charge/discharge 

performance was tested. The cathode composite was prepared by mixing uncoated 

NCM811:solid electrolyte:VGNF in a respective ratio of 70:27:3 using a vortex mixer. In this 

assembly process, solid electrolyte powder (200 mg) was placed in a 16 mm diameter mold 

and pressed at 40kN to pelletize, after which 5.5 mg of cathode composite was evenly dispersed 

on the surface of the solid electrolyte pellet. Next, indium foil and a spacer were placed on top 

of the surface and cathode composite and pressed with 40kN, after which Li and a spacer were 

placed on the other side before pressing again with 7kN.At this point, the pellet was finally 

assembled in a 2032-type coin cell. The charge-discharge cycling tests were then analyzed at 

voltages ranging from 2.6-4.3 V (vs. Li/Li+) with a current rate of 0.1C at 25℃ using the 

WonAtech WBCS 3000 battery test equipment. 
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2-3. Results and discussion  

2-3-1. Structural characterization and morphology analysis of LiTaO3 mixed with 

Li5.3PS4.3Cl1.7 solid electrolyte 

X-ray diffraction (XRD) was used to confirm the crystal structure of the solid electrolyte 

and the mixing of LiTaO3 into the solid electrolyte. The XRD pattern of synthesized (100-

x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8) is shown in Figure 2.1. Solid electrolytes of all 

compositions exhibit an argyrodite-type crystalline phase of cubic phase Li7PS6 (JCPDS-34-

0688) with space group F̅43m [41–43]. The main diffraction peaks at 2θ = 15.4°, 17.8°, 25.4°, 

29.8°, 31.2°, 39.7°, 44.9°, 47.7°, and 52.3° can be indexed to (111), (200), (220), (311), (222), 

(331), (422), (511), and (440) planes, respectively. The XRD pattern of synthesized LiTaO3 is 

shown in Figure 2.2. Its XRD pattern is identical to that previously reported [44]. Through the 

XRD graph, there is no change in the argyrodite structure even when LiTaO3 is introduced in 

solid electrolyte. When LiTaO3 is mixed to x=2, the main peak of LiTaO3 begins to appear 

separately from the peak corresponding to the argyrodite structure. Even if the mole fraction 

of LiTaO3 increases, only the peak intensity of LiTaO3 increases. This indicates that LiTaO3 

was not doped into the structure and only a simple mixing effect was achieved. 
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Figure 2.1. Powder X-ray diffraction patterns of (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 

4, 6, and 8) solid electrolytes. 

  



 

- 38 - 

 

 

 

 

 

 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

In
te

n
si

ty
 (

a.
u

)

 

2q (deg.)

(1
 1

 6
)

(1
 2

 2
)

(0
 2

 4
)

(2
 0

 2
)(1

 1
 0

)
(1

 0
 4

)

(0
 1

 2
)

 

Figure 2.2. Powder X-ray diffraction patterns of synthesized LiTaO3. 
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Figure 2.3 and Figure 2.4 show the SEM image and EDS mapping elemental distribution of 

the synthesized LiTaO3 and solid electrolyte, respectively. Most LiTaO3 particles are spherical 

and hundreds of nanometers in size. The distribution of Ta and O elements was mapped using 

EDS elemental analysis. The fact that the distribution forms of the two elements are consistent 

supports that LiTaO3 was well synthesized. Meanwhile, the particle shape of Li5.3PS4.3Cl1.7 is 

irregular and ranges in size from 1 to several micrometers. The consistent distribution patterns 

of P, S, and Cl elements support the fact that the solid electrolyte was well synthesized. The 

SEM image of the solid electrolyte mixed with LiTaO3 in Li5.3PS4.3Cl1.7 is shown in Figure 

2.5(a-e). Unlike pristine Li5.3PS4.3Cl1.7, it is observed that starting from x=2, small-sized 

LiTaO3 particles are physically attached to the large-sized solid electrolyte surface. As the 

LiTaO3 mole fraction increases, more LiTaO3 tends to be observed on the surface of the solid 

electrolyte.  Another important thing to note is that as the mixing ratio of LiTaO3 increases, 

the degree of particle aggregation increases. This physical property affects the contact between 

particles and ion conduction. Figure 2.5(f) shows the EDS mapping image of the 94LPSCl-

6LTaO composition. All elements are distributed uniformly without segregation or aggregation, 

suggesting that successful mixing of LiTaO3 on Li5.3PS4.3Cl1.7.  
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Figure 2.3. FE-SEM images and EDS mapping of LiTaO3. 

 

 

Figure 2.4. FE-SEM images and EDS mapping of Li5.3PS4.3Cl1.7. 
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Figure 2.5. FE-SEM images of (a) pristine LPSCl, (b) 98LPSCl-2LTaO, (c) 96LPSCl-
4LTaO, (d) 94LPSCl-6LTaO, (e) 92LPSCl-8LTaO, and (f) EDS analysis of 
94LPSCl-6LTaO composition and their individual elemental mapping. 
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2-3-2. Electrochemical performance  

Electrochemical Impedance Spectroscopy (EIS) was performed on all prepared solid 

electrolytes. The Nyquist plot of EIS performed at room temperature is shown in Figure 2.6. 

The ionic conductivity calculated from the measured resistance values is listed in Table 2.1, 

and the ionic conductivity is lower when LiTaO3 is mixed than when pristine LPSCl is used 

(6.95mS/cm). This is because LiTaO3, known to have an ionic conductivity of 10-7S/cm, was 

simply mixed without changing the lattice structure [45]. 98LPSCl-2LTaO, 96LPSCl-4LTaO, 

and 94LPSCl-6LTaO have lower ionic conductivities than pristine LPSCl, but all three 

compositions show similar ionic conductivities (5.32~5.73mS/cm). 92LPSCl-8LTaO shows a 

sharply reduced ionic conductivity (4.29mS/cm). We believe that this is due to poor contact 

between the solid electrolytes due to agglomeration of particles in 92LPSCl-8LTaO. 

In addition, temperature-dependent ionic conductivity analysis was performed on all solid 

electrolyte compositions to observe the activation energy according to LiTaO3 mixing. The 

results are shown in Figure 2.7 and Table 2.2. The activation energy tendency of the solid 

electrolyte after mixing LiTaO3 is similar to the ionic conductivity tendency. The activation 

energy of 98LPSCl-2LTaO, 96LPSCl-4LTaO, and 94LPSCl-6LTaO is slightly lower than that 

of pristine LPSCl, but is similar to each other, and the activation energy increases sharply in 

92LPSCl-8LTaO. This seems to have contributed to the sharply reduced ionic conductivity. 

This is because mixing too much LiTaO3 acts as a resistance. 

A lower activation energy means that a lower potential energy barrier is required for ions to 

jump to adjacent lattice sites, resulting in more active lithium-ion jumps. Mixing LiTaO3, which 

has relatively low ionic conductivity, with Li5.3PS4.3Cl1.7, which has high ionic conductivity, is 

somewhat disadvantageous in terms of ionic conductivity and activation energy. However, this 

value is not unreasonable for application to batteries, and we focus on advances in the interface 

between the solid electrolyte and the cathode. 
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Figure 2.6. Nyquist plots of (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8) solid 

electrolytes at room temperature. 

 

Table 2.1. The ionic conductivity of the (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 

8) at room temperature. 

Solid electrolyte Resistance (Ω) Ionic conductivity (S cm-1) 

Li5.3PS4.3Cl1.7 (x = 0) 37.6 6.95ⅹ10-3 

98LPSCl-2LTaO (x = 2) 45.8 5.42ⅹ10-3 

96LPSCl-4LTaO (x = 4) 44.0 5.73ⅹ10-3 

94LPSCl-6LTaO (x = 6) 44.5 5.32ⅹ10-3 

92LPSCl-8LTaO (x = 8) 53.8 4.29ⅹ10-3 
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Figure 2.7. Arrhenius ionic conductivity plots from 298K to 383K of (100-x)Li5.3PS4.3Cl1.7 

– xLiTaO3 (x=0, 2, 4, 6, and 8) solid electrolytes. 

 

Table 2.2. The activation energy of the (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8). 

Solid electrolyte Activation Energy(Ea) 

Li5.3PS4.3Cl1.7 (x = 0) 0.290 eV 

98LPSCl-2LTaO (x = 2) 0.306 eV 

96LPSCl-4LTaO (x = 4) 0.301 eV 

94LPSCl-6LTaO (x = 6) 0.297 eV 

92LPSCl-8LTaO (x = 8) 0.321 eV 
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Cyclic voltammetry (CV) was performed to evaluate the electrochemical stability window 

of the solid electrolyte. The CV data of the fabricated Li/SE/SUS asymmetric 2032 type coin 

cell is shown in Figure 2.8. For all compositions, the CV graph has a similar shape. As a result 

of investigating all samples from -0.5V to 5V (vs Li/Li+), Peaks occurring due to lithium 

deposition (Li+ + e- → Li) and dissolution (Li → Li+ + e-) are observed around -0.5V and 0.5V. 

Afterwards, it shows stable electrochemical stability without any large side reaction peaks up 

to the 5V range. 

When argygodite-based solid electrolyte is in direct contact with lithium, the interfacial 

reaction proceeds slowly but clearly [46]. In the CV graph of pristine LPSCl, the curve is not 

smooth even after 1V, but the solid electrolyte mixed with LiTaO3 is smoother than pristine 

LPSCl. Additionally, as the mixing ratio of LiTaO3 increases, the intensity of the redox peak 

generated by lithium tends to increase. It seems to be reasonable that mixing LiTaO3 into the 

solid electrolyte helps improve electrochemical performance at the interface with lithium. 

To investigate compatibility with lithium metal, a Li/SE/Li symmetric cell was assembled, 

and the critical current density was measured through DC cycling at 25°C. The data is shown 

in Figure 2.9. Among all solid electrolyte compositions, the x=4, 6 sample showed the highest 

critical current density of 0.65 mA/cm2. At x=8, the critical current density rapidly decreases 

to 0.45mA/cm2, which is lower than that of pristine LPSCl. This seems to be due to the rapidly 

reduced ionic conductivity and higher activation energy barrier in this composition. In this 

respect, electrochemical stability can be improved by mixing an appropriate amount of LiTaO3, 

reducing the amount of irreversible lithium movement, and effectively increasing compatibility 

with Li metal. 
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Figure 2.8. Cyclic voltammetry profiles of (a) pristine LPSCl, (b) 98LPSCl-2LTaO, (c) 

96LPSCl-4LTaO, (d) 94LPSCl-6LTaO, and (e) 92LPSCl-8LTaO at a scan rate of 1 

mV/s at room temperature. 
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Figure 2.9. Critical current density confirmed through DC profile of (a) pristine LPSCl, (b) 

98LPSCl-2LTaO, (c) 96LPSCl-4LTaO, (d) 94LPSCl-6LTaO, and (e) 92LPSCl-

8LTaO at room temperature. 
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Here, we believed that the addition of LiTaO3 could stabilize the interfacial stability between 

the cathode active material and the solid electrolyte during the charge and discharge process. 

To investigate the electrochemical performance of solid electrolyte samples, an ASSB was 

fabricated using composite as the cathode and Li as the anode material. The cathode composite 

for ASSB was a mixture of cathode active material (uncoated NCM811), conductive material 

(VGNF), and solid electrolyte. The initial charge/discharge curve and cycle stability of ASSBs 

manufactured using (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8) solid electrolytes are 

shown in Figure 2.10, and detailed cell performance values are listed in Table 2.3. ASSBs were 

operated at 0.1 c-rate in the 2.6-4.3V voltage range. 

In the case of pristine LPSCl, the initial discharge capacity was measured at 159.1mAh/g, 

the coulombic efficiency was 69.47%, and the capacity retention up to the 50th cycle was 

59.9%. The solid electrolyte mixed with LiTaO3 showed higher initial discharge capacity, 

coulombic efficiency, and capacity retention than Pristine LPSCl in all cases. Until 94LPSCl-

6LTaO, the more LiTaO3 is mixed, the higher the battery performance is. 94LPSCl-6LTaO 

shows an initial discharge capacity of 174.4mAh/g, coulombic efficiency of 75.18%, and 

capacity retention of 74.4%, and shows the highest performance among all compositions.  

However, the 92LPSCl-8LTaO solid electrolyte shows an initial discharge capacity of 

164.4mAh/g, coulombic efficiency of 71.81%, and capacity retention of 71.2%, and battery 

performance deteriorates significantly. It seems that mixing LiTaO3 stabilizes the interface 

between the cathode and the solid electrolyte, which leads to an increase in initial discharge 

capacity. This interface stabilization effect is appropriate up to x=6, but has the opposite effect 

at x=8. 92LPSCl-8LTaO solid electrolyte has low ionic conductivity and high activation energy 

due to increased resistance by agglomeration of particles and too large amounts of LiTaO3. The 

decrease in discharge capacity is consistent with the rapid decrease in critical current density 

in DC profile.  
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Figure 2.10. (a) First cycle of charge-discharge performance and (b) cycle stability of ASSBs 

fabricated using (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8) solid 

electrolyte. 



 

- 50 - 

 

 

 

 

 

 

 

Table 2.3. Discharge capacity values, capacity retention and coulombic efficiency of ASSBs 

fabricated using (100-x)Li5.3PS4.3Cl1.7 – xLiTaO3 (x=0, 2, 4, 6, and 8) solid 

electrolyte. 

 x=0 x=2 x=4 x=6 x=8 

1st cycle Discharge capacity (mAh/g) 159.1 162.7 169.3 174.4 164.4 

11th cycle Discharge capacity (mAh/g) 126.3 134.5 141.4 148.8 137.7 

21th cycle Discharge capacity (mAh/g) 114.4 125.4 131.7 138.8 128.7 

31th cycle Discharge capacity (mAh/g) 105.6 119.3 126.1 134.8 123.4 

41th cycle Discharge capacity (mAh/g) 99.7 115.9 123.4 131.7 120.9 

50th cycle Discharge capacity (mAh/g) 95.3 113.8 119.7 129.8 117.1 

1st – 50th cycle retention (%) 59.9 69.9 70.7 74.4 71.2 

Coulombic efficiency in 1st cycle (%) 69.47 70.85 72.31 75.18 71.81 
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Therefore, we chose 94LPSCl-6LTaO as the solid electrolyte with the optimal composition. 

To elucidate the effect of LiTaO3 mixing on electrochemical performance, four types of cells 

(Cell 1, 2, 3, and Ref) with different cathode composites and solid electrolytes were prepared, 

as shown in Figure 2.11. For all ASSBs made, Li was used as the anode. 

The cathode composite used in Cell 1 was made by mixing uncoated NCM811, VGNF and 

LPSCl. LPSCl was applied to the solid electrolyte layer. So, Cell 1 is the same as the ASSB 

made with solid electrolyte of x=0 composition shown in Figure 2.10 and Table 2.3. The 

cathode composite used in Cell 3 was made by mixing uncoated NCM811, VGNF and LPSCl. 

94LPSCl-6LTaO was applied to the solid electrolyte layer. So, Cell 3 is the same as ASSB made 

with solid electrolyte of x=6 composition shown in Figure 2.10 and Table 2.3. 

The cathode composite used in Cell 2 was made by mixing uncoated NCM811, VGNF and 

94LPSCl-6LTaO. Additionally, 94LPSCl-6LTaO was applied to the solid electrolyte layer. Cell 

2 was produced to determine the effect when LiTaO3 is not simply mixed in the solid electrolyte 

layer but also included in the cathode composite. The cathode composite used in Cell Ref was 

made by mixing LiNbO3 coated NCM811, VGNF and LPSCl. LPSCl was applied to the solid 

electrolyte layer. Cell Ref does not use any LiTaO3, and was created to compare the simple 

mixing of LiTaO3 with the coating method (previously used to suppress side reactions between 

the cathode and the solid electrolyte). 
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Figure 2.11. Schematic diagrams of (a) Cell 1, (b) Cell 2, (c) Cell 3, and (d) Cell Ref. 
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Figure 2.12 shows the cycle stability of the ASSB operated at 0.1 c-rate in the voltage range 

from 2.6-4.3 V (vs. Li/Li+). Detailed data on this are given in Table 2.4. In the case of Cell 1 

and Cell Ref, LiTaO3 was not mixed at all. In the initial cycle, the discharge capacities of Cell 

1 and Cell Ref were 159.1mAh/g and 156.6mAh/g, respectively, while the respective 

coulombic efficiencies were 69.47% and 73.74%. When LiNbO3 is coated on the cathode active 

material, the initial discharge capacity decreases, but the coulombic efficiency increases. If 

charge movement occurs due to an unwanted side reaction at the interface between the 

electrode and the solid electrolyte in the first charge/discharge cycle, it can be expressed as an 

increase in charge capacity. In other words, the coulombic efficiency decreases. Therefore, the 

results can be interpreted to mean that the LiNbO3 coating film contributes to reducing the 

degree of side reactions by covering the gap between the electrochemical stability windows of 

the solid electrolyte and NCM811. However, the LiNbO3 coating film itself became a barrier 

to the movement of lithium ions, which caused the discharge capacity to decrease slightly. 

In the case of Cell 3, LiTaO3 was mixed only in the solid electrolyte layer. The initial 

discharge capacity was 174.4mAh/g, which was a significant increase compared to Cell 1 

without any LiTaO3 mixed in. It also showed a higher capacity retention rate and higher 

Coulombic efficiency than Cell 1. Therefore, mixing LiTaO3, like coating LiNbO3, stabilizes 

the interface between the cathode and the solid electrolyte. 

In the case of Cell 2, LiTaO3 was mixed not only in the solid electrolyte but also in the 

cathode composite. Compared to Cell 3, it can be observed from the results that the initial 

discharge capacity and retention rate are improved when LiTaO3 is mixed into the cathode 

composite. Comparing Cell 2 and Cell Ref, Cell 2 has slightly higher Coulombic efficiency 

and clearly superior initial discharge capacity. Meanwhile, Cell Ref shows excellent 

performance in terms of capacity retention. 

The method of both simply mixing LiTaO3 into the solid electrolyte and coating LiNbO3 on 

the cathode active material stabilizes the interface between the solid electrolyte and the cathode 

while also improving battery performance. Compared to the coating method, the simple mixing 

method is expected to be more conducive to the intercalation of lithium ions into the electrode 

structure. Comparing Cell 2 and Cell Ref, despite Cell 2's low retention rate, it shows a higher 

discharge capacity than Cell Ref, even at the 50th cycle, due to its high initial discharge capacity. 
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Figure 2.12. Cycle stability of Cell 1, 2, 3, and Ref. 

 

Table 2.4. Discharge capacity values, capacity retentions, and Coulombic efficiencies of 

Cells 1, 2, 3, and Ref. 

 Cell 1 Cell 2 Cell 3 Cell Ref 

Solid electrolyte for cathode composite LPSCl 94LPSCl-

6LTaO 

LPSCl LPSCl 

Solid electrolyte LPSCl 94LPSCl-

6LTaO 

94LPSCl-

6LTaO 

LPSCl 

Active material coating - - - LiNbO3 

1st cycle discharge capacity (mAh/g) 159.1 177.3 174.4 156.6 

21th cycle discharge capacity (mAh/g) 114.4 145.4 138.8 142.4 

50th cycle discharge capacity (mAh/g) 95.3 135.3 129.8 133.9 

1st – 50th cycle retention (%) 59.9 76.3 74.4 85.5 

Coulombic efficiency in 1st cycle (%) 69.47 74.31 75.18 73.74 
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Figure 2.13 shows the EIS spectra before and after charge/discharge tests for Cells 1, 2, and 

3, which are ASSBs made of different cathode composites and solid electrolytes. Alternating 

current (AC) was applied in the frequency range of 7MHz to 0.01Hz at an amplitude of 50 mV. 

The equivalent circuits were used for fitting the ASSBs. Before cycling, the horizontal intercept 

in the high frequency region of the Nyquist plot is due to the bulk resistance (R1) of the solid 

electrolyte itself. Afterwards, the charge transferring resistance (R2), which appears as a 

Randles circuit, was included in the equivalent circuit and fitted. After cycling, an additional 

semicircle with a larger diameter appears. This is due to side reactions that occur during 

repeated charging and discharging. CEI (Cathode Electrolyte Interphase) layer resistance (R3) 

caused by side reactions was additionally applied to the equivalent circuit for fitting. Before 

cycling, as shown in Table 2.5, R1 was measured as 11.38Ω, 15.25Ω, and 15.11Ω for Cells 1, 

2, and 3, respectively. 

As mentioned in the previous section, pristine LPSCl has an ionic conductivity of 

6.95mS/cm, which is about 1.3 times higher than the ionic conductivity of 94LPSCl-6LTaO, 

which is 5.32mS/cm. Cell 1, which uses a solid electrolyte with high ionic conductivity, shows 

the lowest R1 value, and Cell 2 and Cell 3, which use a solid electrolyte with low ionic 

conductivity, show higher R1 values. Since the same solid electrolyte was applied, the R1 

values of Cell 2 and Cell 3 are similar. R2 is also due to the ionic conductivity of the solid 

electrolyte. R2 refers to the resistance in the process of transferring charge from the solid 

electrolyte layer to the electrode interface. The lowest resistance of R2 was measured in Cell 1 

as 11.95Ω, which is the case without LiTaO3 in both the solid electrolyte and the cathode 

composite.  

In Cell 3, where LiTaO3 was mixed only in the solid electrolyte layer, higher values of 

17.60Ω were measured as R2. In the case of Cell 2, 94LPSCl-6LTaO, which has lower ionic 

conductivity, is mixed not only in the solid electrolyte but also in the cathode composite. The 

highest R2 value was measured at 19.70Ω. The resistance value of each cell after cycling is 

shown in Table 2.6. After repeated charging and discharging, the resistance of the layer created 

through side reactions was denoted as R3. The R3 values for Cells 1, 2, and 3 were measured 

to be 2797.4Ω, 1009.0Ω, and 1545.2Ω, respectively. These results are consistent with the trends 

in initial discharge capacity and retention rate shown by each ASSB. In other words, mixing 

LiTaO3 in the solid electrolyte can stabilize the interface between the cathode and the solid 
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electrolyte, suppress side reactions, and ultimately lead to better battery performance. 

Moreover, when LiTaO3 not only exists at the interface between the solid electrolyte and the 

cathode, but is also mixed inside the cathode active material itself, this interfacial stabilization 

effect becomes much greater, thereby more effectively suppressing the creation of layers due 

to side reactions. 
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Figure 2.13. Nyquist plots of Cell 1, 2, and 3 (a) before and (b) after cycling. 

 

Table 2.5. Impedance fitting data from the Cell 1, 2, and 3 before cycling. 

 Cell 1 Cell 2 Cell 3 

R1 (Ω) 11.38 15.25 15.11 

R2 (Ω) 11.95 19.70 17.60 

 

Table 2.6. Impedance fitting data from the Cell 1, 2, and 3 after cycling. 

 Cell 1 Cell 2 Cell 3 

R1 (Ω) 17.3 13.8 13.9 

R2 (Ω) 4.1 11.54 6.1 

R3 (Ω) 2797.4 1009.0 1545.2 
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2-3-3. Interfacial analysis  

We measured XPS to analyze the interface between solid electrolyte and cathode. For this, 

coin cells that had been charged and discharged for up to 50 cycles were disassembled, and 

then cathode composite was collected. Figure 2.14 shows XPS graphs containing information 

about which element bonding exists on the surface at the interface. In Figure 2.14(a, c), the 

main peak (orange color) corresponding to PS4
3- occurring in the region from 161.5 eV to 162.5 

eV was observed. This peak appears because the solid electrolyte structurally has a PS4
3- bond. 

The peak (sky color) that occurs at a higher bonding energy is due to S-S bonding and appears 

due to reduction and decomposition of the solid electrolyte. On the other hand, the peak (purple 

color) occurring at low bonding energy is caused by Li2S transition metal sulfates and occurs 

as a side reaction at the interface between the solid electrolyte and the cathode. In Figure 2.14 

(b, d), the peak due to PS4
3- in the region from 131.5 eV to 132.5 eV is indicated in orange 

color. The peak (green color) occurring in the high binding energy region is caused by transition 

metal phosphates and appears due to a side reaction at the interface between the solid 

electrolyte and the cathode. The peak (yellow color) occurring in the lower bonding energy 

region is caused by reduced phosphorus species and is a peak generated by the reduction 

decomposition reaction of the solid electrolyte [38]. ASSB (Cell 2) containing LiTaO3 in the 

solid electrolyte and cathode composite showed that the peak sum (light red) line in XPS 

corresponding to the S 2p component had a shoulder peak. This shows that deconvolution of 

the peak can reduce the peak intensity of other internal elements. Cell 2 has a clearly lower 

intensity of the purple peak than that of ASSB (Cell 1), which does not contain LiTaO3. This 

suggests that the solid electrolyte-cathode side reaction caused by Li2S transition metal sulfates 

was suppressed because of LiTaO3. In Figure 2.14(b, d), comparing the XPS data 

corresponding to the P 2p component of Cell 1 and Cell 2, a large difference is observed in the 

raw peak (light gray color) line. When LiTaO3 was not contained, the peak was very messy. 

This means that the interface between the solid electrolyte and the cathode is much more 

chemically/electrochemically unstable. Figure 2.14(d) shows that the intensity of the peaks 

caused by transition metal phosphates and the peaks caused by reduced phosphorus species are 

reduced. In other words, mixing LiTaO3 with a solid electrolyte and cathode composite can 

improve the chemical/electrochemical stability at the interface, suppressing the reductive 

decomposition reaction of the solid electrolyte and reducing side reactions with the cathode. 
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Figure 2.14. S 2p(a, c) and P 2p(b, d) XPS analysis on cathode composite of (a, b) Cell 1 

and (c, d) Cell 2 after 50 cycles. 
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2-4. Conclusion 

To improve the electrochemical performance of ASSB, LPSCl and LiTaO3 were synthesized 

using a high-energy ball milling method and a wet milling method, respectively, and then 

simply mixed. It was confirmed through XRD that LiTaO3 was simply mixed—and not 

doped—in the LPSCl solid electrolyte. After mixing LiTaO3 with the LPSCl solid electrolyte, 

the ionic conductivity decreased slightly. The 94LPSCl-6LTaO solid electrolyte showed an 

ionic conductivity of 5.32mS/cm at room temperature, but it also showed a slight increase in 

critical current density to 0.65mA/cm2. The electrochemical stability of solid electrolytes 

toward lithium metal was also studied through cyclic voltammetry and DC polarization 

techniques. Moreover, an ASSB made of non-coated NCM811/94LPSCl-6LTaO/Li was found 

to achieve excellent cycle performance with a higher specific capacity (174.4mAh/g) and 

retention (74.4%) than the corresponding values of an ASSB made of non-coated 

NCM811/LPSCl/Li. The ASSB made of 94LPSCl-6LTaO mixed non-coated 

NCM811/94LPSCl-6LTaO/Li achieved a specific capacity of 177.3mAh/g and a higher 

retention of 76.3%. The result of impedance analysis showed that, when LiTaO3 was simply 

mixed in both the solid electrolyte layer and the cathode composite, the resistance due to CEI 

was measured as 1009.0Ω. This represented a decrease of about 64% compared to the case 

where LiTaO3 was not mixed in at all, and a decrease of about 35% compared to the case where 

LiTaO3 was mixed only in the solid electrolyte layer. These high specific capacity values and 

excellent cycling performance are attributed to the improved stability between the solid 

electrolyte and the cathode material during the electrochemical reaction. 
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Chapter 3. The improvement of electrochemical performance by 

mixing InF3 in Li5.3PS4.3Cl1.7 solid electrolyte 

 

3-1. Introduction 

Conventional lithium secondary batteries have made use of liquid electrolytes. All-solid-

state batteries (ASSB), attracting attention as next-generation batteries, replace liquid 

electrolytes with solid electrolytes and have high energy density and high safety. In addition, 

as expected it is currently receiving much attention in electric vehicles [1–4]. The disadvantage 

of solid electrolytes was their low ionic conductivity. However, new compositions or methods 

such as doping, have achieved high ionic conductivity comparable to liquid electrolytes at room 

temperature. Another problem with solid electrolytes is the stability of the interface with the 

electrode [5]. The solid electrolyte can also act as a separator and has higher mechanical 

strength than existing polymer separators. Therefore, there have been attempts to apply lithium 

metal as an anode [6–8]. 

Since lithium, metal has a small atomic weight and a shallow standard electrode potential, 

when applied as an anode in a battery, the specific capacity is very high at about 3860mAh/g, 

and high energy density can be obtained [9]. However, the lithium metal grows into irreversible 

dendrites with repeated charging and discharging, causing internal short circuits and battery 

stability problems. Additionally, a side reaction occurs when the solid electrolyte reduces 

through lithium. As SEI (Solid Electrolyte Interphase) is created, the resistance at the interface 

gradually increases, deteriorating battery performance [10]. Even in the case of Li6PS5Cl, a 

sulfide-based solid electrolyte that is relatively chemically/ electrochemically stable and has 

high ionic conductivity, the interfacial reaction proceeds slowly and clearly when in direct 

contact with a lithium anode [11]. 

Meanwhile, indium is a metal that easily forms an alloy with lithium, and the redox level 

of the alloy formation reaction is 0.6V. Therefore, using indium metal as an anode can suppress 

battery performance degradation by reducing the thermodynamic driving force that causes a 

reduction of the sulfide solid electrolyte [12, 13]. Another way to stabilize the interface between 
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lithium and solid electrolyte is to create an interphase at the interface. Materials that can cover 

both the electrochemical stability window of lithium and solid electrolyte should chose as an 

interphase, and have a wide band gap and low electronic conductivity. If a material with high 

electronic conductivity forms as an interphase, the reduction/decomposition reaction of the 

solid electrolyte continues, causing the SEI layer to become thicker and the battery 

performance to deteriorate [14]. LiF crystal material has some fascinating physical properties 

such as high mechanical strength, low solubility, wide band gap (effectively prevents electron 

tunneling), and a high voltage window (up to 6.4 V vs Li/Li+), all of which suggest that LiF 

can be used as a suitable component for SEI [15–17].  

In this study, we attempt to stabilize the lithium anode interface by mixing InF3 with 

LI5.3PS4.3Cl1.7 sulfide-based solid electrolyte. InF3 is expected to react with Li anode to create 

artificial SEI made of LiF and Li-In alloy [15]. To synthesize the solid electrolyte Li5.3PS4.3Cl1.7, 

high-energy ball milling utilized. Hand grinding was performed to simply mix InF3 with the 

solid electrolyte. Powder X-ray diffraction (XRD) was used to confirm the composition of InF3. 

The ionic conductivity of the optimized composition was 5.46mS/cm at room temperature. The 

optimized electrolyte showed a high initial discharge capacity of 172.8mAh/g and excellent 

retention. 
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3-2. Experimental 

3-2-1. Preparation of Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 0, 1, 2, 3, and 4) 

Li2S (99.98%, Sigma), P2S5 (99%, Sigma) and LiCl (99.9%, Sigma) were used as a starting 

precursor to synthesize Li5.3PS4.3Cl1.7. The above precursors weigh the stoichiometric ratio of 

the Li5.3PS4.3Cl1.7 and grind uniformly using a hand-grinding process for 30 minutes in an argon 

atmosphere. Afterwards, the mixed powder is transferred to a zirconium jar, sealed, and 

subjected to high-energy ball milling at a speed of 500 rpm for 8 hours. After ball milling, the 

powder is pelletized at 20kN and sintered at 500℃ for 15 hours with an increasing heating rate 

of 2℃ min-1, followed by hand grinding for 30 minutes to obtain the final solid electrolyte. 

Li5.3PS4.3Cl1.7 and InF3 are mixed through simple hand grinding for 15 minutes. InF3 was mixed 

in the solid electrolyte at a ratio of 1, 2, 3, and 4wt%. To comparison, we also prepared 

Li5.3PS4.3Cl1.7 without InF3. Synthesized pristine solid electrolyte, Li5.3PS4.3Cl1.7 named as 

LPSCl, and solid electrolytes prepared by mixing InF3 named in the order as 99LPSCl-1InF, 

98LPSCl-2InF, 97LPSCl-3InF and 96LPSCl-4InF. 

 

3-2-2. Characterization and electrochemical performance measurements 

Electrochemical Impedance Spectroscopy (EIS) determines the synthesized solid 

electrolyte’s ionic conductivity and analyzes the resistance factor of ASSB. To determine the 

ionic conductivity of the synthesized solid electrolyte, Solid electrolyte powder (250 mg) was 

placed in a mold with a diameter of 10 mm and pressed at 20kN to pelletize it. Indium foil was 

attached to both sides of the pellet to create an In/SE/In symmetrical cell. We used Biologic 

(Sp-300) to apply alternating current (AC) at amplitude of 50mV in the frequency range of 

7MHz to 1Hz, and ionic conductivity at room temperature (RT) using this method. Additionally, 

we measured EIS by applying the same process from 30°C to 110°C at 10°C intervals to obtain 

activation energy.  

Cyclic voltammetry (CV) determines the electrochemical stability window of the solid 

electrolyte. To create the Li/SE/SUS asymmetric 2032-type coin cell, a mold with a 16mm 

diameter was filled with 200mg of Solid electrolyte powder. At room temperature, the cell was 
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scanned at a rate of 1 mV/s, starting from –0.5 V to 5.0 V. The experiment used a potentiostat/ 

galvanostatic system (SP-300, BioLogic). 

ASSB was made using the synthesized solid electrolyte, and charge/discharge performance 

was tested. Using a vortex mixer, the cathode composite was prepared by mixing uncoated 

NCM811: solid electrolyte: VGNF = 70: 27: 3 ratio. During the assembly process, solid 

electrolyte powder (200 mg) was placed in a 16 mm diameter mold and pressed at 40kN to 

pelletize. Then, 5.5 mg of cathode composite disperses evenly on the surface of the solid 

electrolyte pellet. Afterward, put indium foil, spacer, and press with 40kN, then put Li and 

spacer on the other side and press with 7kN. The last step involved assembling the pellet inside 

a coin cell of the 2032 type. The charge-discharge cycling tests were analyzed at voltage ranges 

from 2.6-4.3 V (vs. Li/Li+) with a current rate of 0.1C at 25℃ using the WonAtech WBCS 

3000 battery test equipment. 

 

3-3. Results and discussion  

3-3-1. Structural characterization of InF3 mixed Li5.3PS4.3Cl1.7 solid electrolyte 

X-ray diffraction (XRD) confirms the solid electrolyte and the mixing of InF3 into the solid 

electrolyte. Figure 3.1 shows the XRD pattern of synthesized Li5.3PS4.3Cl1.7 mixed xwt% InF3 

(x = 0, 1, 2, 3, and 4). Solid electrolytes of all compositions exhibit an argyrodite-type 

crystalline phase of cubic phase Li7PS6 (JCPDS-34-0688) with space group F̅43m [18–20]. The 

prominent diffraction peaks at 2θ = 15.4°, 17.8°, 25.4°, 29.8°, 31.2°, 39.7°, 44.9°, 47.7°, and 

52.3° can be indexed to (111), (200), (220), (311), (222), (331), (422), (511), and (440) planes, 

respectively. The introduction of InF3 in the solid electrolyte did not cause any change in the 

argyrodite structure, as shown in the XRD graph. When InF3 mixes to x=1, the prominent peak 

of InF3 appears separately from the peak corresponding to the argyrodite structure. Even if the 

mole fraction of InF3 increases, only the peak intensity of InF3 increases. This indicates that 

InF3 was not doped into the structure, resulting in a simple mixing effect. 
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Figure 3.1. (a) Powder X-ray diffraction patterns of Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 

0, 1, 2, 3, and 4) solid electrolytes and (b) XRD with enlarged InF3 peak area. 

 

 

 

 

 

10 20 30 40 50 60 70 80

In
te

n
si

ty
 (

a.
u

)

·

 

2q (deg.)

 
·

Li5.3PS4.3Cl1.7 added 2wt% InF3

Li5.3PS4.3Cl1.7 added 4wt% InF3

 

·

·

··

· InF3

Li5.3PS4.3Cl1.7 added 3wt% InF3

Li5.3PS4.3Cl1.7 added 1wt% InF3

 

·

Li5.3PS4.3Cl1.7

 

 

(a)

15 20

(b)

·

2q (deg.)

·

·

·

··

·

 



 

- 70 - 

 

Figure 3.2 shows the FE-SEM images and elemental distribution of the synthesized solid 

electrolytes by EDS analysis. The particle shape of Li5.3PS4.3Cl1.7 is irregular and the size 

ranges from 1 to several micrometers. EDS analysis of each solid electrolyte confirmed that 

each element distributes evenly within the particles. The consistent distribution patterns of P, 

S, Cl, In, and F elements support the solid electrolyte was well synthesized. As additional 

grinding was performed for InF3 mixing, which confirms that the particles were broken and 

separated compared to pristine LPSCl. It confirms that there was no particle size or morphology 

change as the amount of InF3 mixing increased. 
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Figure 3.2. FE-SEM images and EDS mappings of (a) pristine LPSCl, (b) 99LPSCl-1InF, (c) 
98LPSCl-2InF, (d) 97LPSCl-3InF, and (e) 96LPSCl-4InF. 
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3-3-2. Electrochemical performance  

Electrochemical Impedance Spectroscopy (EIS) was performed on the prepared solid 

electrolytes. The Nyquist plot of EIS performed at room temperature is shown in Figure 3.3(a), 

and the ionic conductivity calculated from the measured resistance values is shown in Figure 

3.3(b). The ionic conductivity is lower when InF3 is mixed than when pristine LPSCl is used 

(6.66mS/cm). This is because InF3 has lower ionic conductivity than the solid electrolyte, thus 

acting as a resistance. The ionic conductivity decreases as the InF3 includes the solid electrolyte 

more. 

In addition, temperature-dependent analysis on ionic conductivity was performed for all 

solid electrolyte compositions to observe the activation energy according to InF3 mixing. 

Figure 3.4 shows the results. As InF3 is mixed, the activation energy of the solid electrolyte 

gradually increases. This is the same as the tendency of ionic conductivity, and it is also because 

the ionic conductivity of InF3 itself is relatively lower than that of the solid electrolyte. 

Lower activation energy means a lower potential energy barrier is required for ions to jump 

to adjacent lattice sites, resulting in more active lithium-ion jumps. Mixing InF3 is 

disadvantageous in terms of ionic conductivity and activation energy. However, this value is 

not unreasonable for application to batteries, and we focus on advances in the interface between 

the solid electrolyte and the Li-metal anode. 
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Figure 3.3. (a) Nyquist plots and (b) Ionic conductivity trend of Li5.3PS4.3Cl1.7 mixed xwt% 

InF3 (x = 0, 1, 2, 3, and 4) solid electrolytes at room temperature 

 

 

Figure 3.4. (a) Arrhenius ionic conductivity plots from 298K to 383K and (b) calculated 

activation energy trend of Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 0, 1, 2, 3, and 

4) solid electrolytes. 
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To evaluate the solid electrolyte’s electrochemical stability window, cyclic voltammetry (CV) 

was performed. Figure 3.5 shows the CV data of the fabricated Li/SE/SUS asymmetric 2032 

type coin cell. 

For all compositions, the CV graph has a similar shape. As a result of investigating all 

samples from -0.5V to 5V (vs Li/Li+), Peaks occurring due to lithium deposition (Li+ + e- → 

Li) and dissolution (Li → Li+ + e-) observe around -0.5V and 0.5V. Afterwards, it shows stable 

electrochemical stability without significant side reaction peaks up to the 5V range. 

As mentioned in the previous section, Indium is a metal that easily forms an alloy with 

Lithium, and its redox potential occurs at 0.6V. In the case of the CV graph of pristine LPSCl, 

the lithium oxidation peak that occurs around 0.5V rises upward and then falls relatively 

quickly. However, when InF3 is mixed in a solid electrolyte, especially in the case of x=3, the 

peak slowly falls to the 2V range. This is a peak that occurs when Li-In alloy forms. 

When argyrodite-based solid electrolyte is in direct contact with lithium, the interfacial 

reaction proceeds slowly but clearly [21]. In the CV graph of pristine LPSCl, the curve is not 

smooth even after 1V, but the solid electrolyte mixed with InF3 is smoother than pristine LPSCl. 

Additionally, as the mixing ratio of InF3 increases, the intensity of the redox peak generated by 

lithium tends to increase. It is reasonable that mixing InF3 into the solid electrolyte helps 

improve electrochemical performance at the interface with lithium. 
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Figure 3.5. Cyclic voltammetry profiles of solid electrolytes at a scan rate of 1 mV/s at room 

temperature. 
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We believed that mixing InF3 would cause the 3Li + InF3 → 3LiF + In reaction at the 

interface between the Li anode and the solid electrolyte during the charge and discharge process 

to form SEI containing LiF. Because LiF has low electronic conductivity, it can effectively 

inhibit Li dendrite growth. To investigate the electrochemical performance of solid electrolyte 

samples, we fabricate all ASSBs using the composite as the cathode and Li as the anode 

material. The cathode composite for ASSB is a mixture of cathode active material (LiNbO3 

coated NCM811), a conductive material (VGNF) and LPSCl. The initial charge-discharge 

curve and cycle stability of ASSB fabricated using Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 0, 1, 

2, 3, and 4) solid electrolyte are shown in Figure 3.6, and detailed cell performance values are 

given in Table 3.1. The ASSBs operate with a voltage range of 2.6-4.3V at 0.1c-rate.  

In the case of pristine LPSCl, the initial discharge capacity determines 156.6mAh/g, the 

coulombic efficiency was 73.74%, and the capacity retention rate was 85.50% up to the 50th 

cycle. In all cases, the solid electrolyte mixed with InF3 showed higher initial discharge capacity, 

coulombic efficiency, and capacity retention rate than pristine LPSCl. The greater the amount 

of InF3 mixed up to 97LPSCl-3InF, the higher the retention rate and coulombic efficiency. 

97LPSCl-3InF showed an initial discharge capacity of 172.8mAh/g, coulombic efficiency of 

78.54%, and capacity retention rate of 93.58%, showing the highest coulombic efficiency and 

retention rate among all compositions. If charge movement occurs due to an unwanted side 

reaction at the interface between the electrode and the solid electrolyte in the first 

charge/discharge cycle, it can be expressed as an increase in charge capacity. In other words, 

the coulombic efficiency decreases. Therefore, it can be interpreted that the mixing of InF3 

contributes to reducing the degree of side reactions by covering the gap between the 

electrochemical stability window of the solid electrolyte and lihium metal, and we believe that 

LiF, which has a wide electrochemical stability window, would have played that role.  

However, the performance of the 96LPSCl-4InF solid electrolyte decreased overall in all 

aspects, with an initial discharge capacity of 171.9mAh/g, coulombic efficiency of 77.64%, 

and capacity retention rate of 91.39%. This interface stabilizing effect is appropriate up to x=3, 

but has the opposite effect at x=4. 96LPSCl-4InF solid electrolyte has low ionic conductivity 

and high activation energy due to excessive InF3. Mixing an appropriate amount of InF3 into 

the solid electrolyte stabilizes the interface between Li metal and the solid electrolyte 

sufficiently to overcome the adverse effects of low ionic conductivity.  
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Figure 3.6. (a) First cycle of charge-discharge performance and (b) cycle stability of ASSBs 

fabricated using Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 0, 1, 2, 3, and 4) solid 

electrolytes. 
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Table 3.1. Discharge capacity values, capacity retention, and coulombic efficiency of ASSBs 

fabricated using Li5.3PS4.3Cl1.7 mixed xwt% InF3 (x = 0, 1, 2, 3, and 4) solid 

electrolytes. 

 X=0 X=1 X=2 X=3 X=4 

1st cycle Discharge capacity (mAh/g) 156.6 164.2 176.7 172.8 171.9 

11th cycle Discharge capacity (mAh/g) 146.8 154.3 169.4 169.3 165.5 

21th cycle Discharge capacity (mAh/g) 142.4 149.9 166.0 167.0 162.3 

31th cycle Discharge capacity (mAh/g) 139.2 147.8 163.4 165.0 160.0 

41th cycle Discharge capacity (mAh/g) 136.3 145.9 162.1 163.5 158.6 

50th cycle Discharge capacity (mAh/g) 133.9 143.5 160.3 161.7 157.1 

1st – 50th cycle retention (%) 85.50 87.39 90.72 93.58 91.39 

Coulombic efficiency in 1st cycle (%) 73.74 74.42 77.49 78.54 77.64 
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3-4. Conclusion 

An attempt was made to mix InF3 with LPSCl solid electrolyte to reduce electrochemical 

instability between the Li metal anode and solid electrolyte and suppress lithium dentrite 

growth. LPSCl synthesis through high-energy ball milling and InF3 was mixed by hand 

grinding. The 97LPSCl-3InF solid electrolyte showed an ionic conductivity of 5.46mS/cm at 

room temperature. The electrochemical stability of solid electrolytes toward lithium metal was 

studied using cyclic voltammetry. In the CV graph, 97LPSCl-3InF solid electrolyte has a 

lithium oxide peak with greater intensity than pristine LPSCl, and the peak size slowly 

decreases to the 2V range. This is an effect of the Li-In alloy formation peak occurring at 0.6V. 

Furthermore, the ASSB made with LiNbO3 coated NCM811/97PSCl-3InF/Li showed a higher 

specific capacity of 172.8mAh/g than the ASSB made with LiNbO3 coated NCM811/LPSCl/Li, 

and had an excellent retention rate of 93.58% until the 50th cycle. We believe that the highest 

coulombic efficiency of 78.54% shown by ASSB with 97LPSCl-3InF solid electrolyte is the 

result of suppressing side reactions occurring between the anode and solid electrolyte by 

forming LiF, which has a wide electrochemical stability window in the SEI. 
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Chapter 4. Summary 

Two experiments were conducted with the purpose of improving the interfacial stability 

between the solid electrolyte and the anode and cathode electrodes.  

First, in order to stabilize the interface between the solid electrolyte and the cathode, 

LiTaO3 was simply mixed with LPSCl. When LiTaO3 was mixed with LPSCl solid electrolyte, 

ionic conductivity slightly decreased. The 94LPSCl-6LTaO solid electrolyte showed an ionic 

conductivity of 5.32mS/cm at room temperature, but the critical current density in DC 

polarization technology was 0.65mA/cm2, which was slightly higher than that of pristine 

LPSCl. ASSB made from non-coated NCM811/94LPSCl-6LTaO/Li achieved excellent cycle 

performance with higher specific capacity (174.4mAh/g) and retention rate of 74.4% than 

ASSB made from non-coated NCM811/LPSCl/Li. The ASSB fabricated from 94LPSCl-6LTaO 

mixed non-coated NCM811/94LPSCl-6LTaO/Li achieved a specific capacity of 177.3mAh/g 

and a higher retention rate of 76.3%. As a result of impedance analysis, when LiTaO3 was 

simply mixed in both the solid electrolyte layer and the cathode composite, the resistance due 

to CEI was measured to be 1009.0Ω. This is a result of a decrease of about 64% compared to 

the case of not mixing LiTaO3 at all, and a decrease of about 35% compared to the case of 

mixing LiTaO3 only in the solid electrolyte layer. We conclude that these high specific capacity 

values and excellent cycling performance are due to the improved stability between the solid 

electrolyte and the cathode during the electrochemical reaction due to the simple mixing of 

LiTaO3. 

Second, InF3 was simply mixed with LPSCl to stabilize the interface between the solid 

electrolyte and Li anode and suppress lithium dentrite growth. When InF3 was mixed with 

LPSCl solid electrolyte, ionic conductivity decreased slightly. The 97LPSCl-3InF solid 

electrolyte showed an ionic conductivity of 5.46mS/cm at room temperature. In the Cyclic 

Voltammetry, the 97LPSCl-3InF solid electrolyte has a lithium oxide peak with greater 

intensity than the original LPSCl, and the peak size gradually decreases to the 2V range. This 

is an effect of the Li-In alloy formation peak occurring at 0.6V. Furthermore, the ASSB made 

with LiNbO3 coated NCM811/97PSCl-3InF/Li showed a higher specific capacity of 

172.8mAh/g than the ASSB made with LiNbO3 coated NCM811/LPSCl/Li, and had an 

excellent retention rate of 93.58% until the 50th cycle. We believe that the highest coulombic 
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efficiency of 78.54% shown by ASSB with 97LPSCl-3InF solid electrolyte is the result of 

suppressing side reactions occurring between the anode and solid electrolyte by forming LiF, 

which has a wide electrochemical stability window in the SEI. Simple mixing of InF3 can help 

stabilize the interface between Li anode and solid electrolyte.  
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