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Abstract
Young Jun Lim
School of Energy and Chemical Engineering, UNIST
Advisor — Youngsik Kim

Demand for energy storage systems in mobile device, electric vehicles (EVs), large scale energy
storage systems (ESSs), and other areas continues to grow. The Li-ion batteries (LIBs) have a high
energy density among currently commercialized secondary batteries and have been continuously
studied and applied to various fields. However, the demand for lithium-ion batteries continues to
increase, while global supplies to lithium sources are limited. The research on next-generation materials
that can replace lithium is underway. Na have good advantage for Na-ion batteries (NIBs) because of
their abundance and low-cost effect. To emphasize these advantages of Na based chemical engineering,
further study on electrode materials, electrolytes, and electrode-electrolyte interactions is required. In
the case of the existing battery system, an organic liquid electrolyte is used, which always causes a
problem of safety. Currently researched NIBs have several issues regarding their organic liquid
electrolytes, including flammability and potential safety hazards in large-scale applications. In view of
this safety issue, Na-ion solid-state battery systems that do not use organic liquid electrolytes are
considered to be a suitable solution, and making solid electrolytes is important in the future of batteries.

In general, the solid electrolytes used to develop Na-ion solid state battery systems are based on
inorganic solid materials; particularly, oxide-based materials that have high ionic conductivity and are
electrochemically and thermally stable are being studied. Na3;Zr.Si>PO,2 (Na super ionic conductor,
NASICON) solid electrolytes are the most promising oxide-based Na-ion conducting material, with a
high ionic conductivity of over 10* S/cm at room temperature and stable air and moisture. NASICON
ceramics are electrochemically stable up to 7 V, making it suitable for use in high voltage batteries.
Owing to its stability advantages, efforts have been made to use NASICON in solid-state NIB systems.
However, there remains a critical problem in the resistance between solid particle interfaces caused by
the fragile and rigid nature of the oxide material itself, regardless of how high the pressure of the solid
electrolyte powder is, making it difficult to utilize in a solid-state battery system.

There have been numerous studies on composite electrolytes with polymer materials with the aim to
counteract the solid-solid interface resistance of these oxide-based solid particles. Polymer materials
have flexible physical properties and are therefore suitable to compensate for the disadvantages of
oxide-based solid ceramic electrolytes. In most of the studies that use Na-ion conducting ceramics, a
composite electrolyte was prepared with the aim that the ceramic powder would fill the role of ion
transport in the polymer electrolyte. If ion transfer through the ceramic is confirmed, it is possible to

increase the ceramic ratio and expect a thermally and electrochemically stable composite. However, if



there is no ion transfer through the ceramic, the ionic conductivity decreases as the proportion of
ceramics increases. According to a recent report, the ion conductivity in the abovementioned composite
electrolyte exists primarily through the polymer electrolyte, and the ceramics contribution is negligible.
Therefore, the ceramic is used only as a filler of the polymer electrolyte, and as the ratio of the polymer
electrolyte is still high, the thermal and electrochemical instability characteristics of the polymer remain.

The influence of the solid electrolyte is not readily seen when the oxide ceramic is in a powder state.
Therefore, more research is required surrounding methods that aim to increase the ceramic proportion
and enable ion transport through ceramics. In particular, for ion conduction through ceramics, the ion
transport channel of the oxide-based solid electrolyte must be formed separately in the composite
electrolyte.

In this study, we propose a top-down method of combining a polymer with a ceramic in which an ion
transfer channel has been previously formed. This allows for the main ion transport channel to pass
through the ceramic while the polymer material can be used to improve the physical properties of the
solid electrolyte. Moreover, since the proportion of ceramic in the composite electrolyte occupies more
than 50 wt%, a thermally and electrochemically stable solid electrolyte can be produced.

To confirm the possibility of a top-down composite electrolyte, we used a method of partially
sintering a high porosity ceramic solid electrolyte and filling its internal pores with a polymer material
to increase the physical strength. A NASICON ceramic solid electrolyte was used as the oxide-based
solid electrolyte, and epoxy-NASICON solid electrolyte pellets were prepared by filling the internal
pores with an epoxy-resin polymer material, thereby confirming the possibility of using the electrolyte
in an NIB. Through this method, the physical properties are expected to increase in strength owing to
the use of epoxy-resin polymer materials, while the ion conduction effect can be transferred through the
sintered NASICON solid ceramic to create a high stable solid ceramic electrolyte. As a result, the ionic
conductivity becomes 1.45 x 10 S/cm, the thermal and electrochemical stability of NASICON is
maintained, and the physical strength is enhanced by approximately 2 times more than that of the bare
NASICON pellet. In addition, cell performance stability of 20 cycles were confirmed in a half-cell with
a NazV2(POs); (NVP) cathode and Na metal. After confirming the composite possibility of the sintered
oxide-based solid electrolyte and the polymer material through the existing ceramic pellet form, a
thinner and more flexible film-type solid electrolyte was intended to be produced. To this end, the
existing ceramic solid electrolyte sintering was sintered in a specific pattern to form an ion transfer
channel and to have physical strength. Currently, the method of sintering by simply compressing the
powder has a characteristic that the ion transfer channel of the ceramic after sintering is random and
still breaks easily. If it can be made into a specific shape, the ion transport channel can be optimized,
and a ceramic solid electrolyte can be produced in a form that is not easily broken physically. Patterned

sintering can be easily accomplished by impregnating a ceramic solid electrolyte solution using a



template with a specific shape, followed by sintering. Thus, a solid electrolyte membrane in the form
of a thinner and more flexible film was made by combining a ceramic solid electrolyte patterned with
a specific shape and a polymer material. The final solid electrolyte film shows an ionic conductivity of
1.04 x 10* S/cm and shows stable characteristics of 20 cycles in a Na3V(PO4); cathode and Na metal
half-cell test. This method will suggest a new direction to the existing method for producing a composite
electrolyte using an oxide-based solid electrolyte. It is expected that composite solid electrolytes may
be applied to various battery systems by combining the oxide-based solid electrolyte and the polymer

material.



WUMisT
ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY



Contents

Abstract

List of Figures

III. Results and Discussion ---------

--iv

List of Tables viii
I. Introduction and Background 1
1.1. Basic principle of Li ion and Na-ion battery system 1

1.2. Current safety issue of organic liquid electrolyte 4

1.3. All-solid-state battery system for Na-ion batteries -4

2.3.1 Solid electrolyte for all-solid-state batteries 4

2.3.2 Properties of Oxide ceramic solid electrolytes 4

2.3.3 Current research trend of Oxide ceramic solid electrolyte 7

II. Experimental ----- -=-= -=-= 16
2.1. Preparation of materials 16

2.2. Preparation of solid electrolytes and electrodes 17

2.3. Material characterization e 17

19

3.1. Epoxy-NASICON solid electrolyte pellet after sintering process 19

3.1.1. Ceramic based solid composite electrolyte with Epoxy polymer infiltration- 19

3.1.2. Mechanical enhancement and thickness control of ceramic pellet ------------ 32

3.1.3. Electrochemical characterization 41

3.2. Patterned sintering oxide ceramic for the thin and flexible solid electrolyte--------------- 49

3.2.1. Ceramic sintered as specific pattern with sacrificial template ----------------- 49

3.2.2. Mechanical properties of patterned ceramic based solid electrolyte ---------- 59

3.2.3. Electrochemical characterization 68

IV. Conclusion ---- --- 75
V. References ---- e - 77



List of Figures

Figure 1. Schematic image of Na-ion battery and material of each cathode, anode, and electrolyte parts.

Copyright 2017, Chemical Society Reviews.?

Figure 2. Concept image of all solid-state battery. Each of the cathode and anode parts contains solid

electrolyte particles.

Figure 3. The trend of research results of composite electrolytes using oxide-based solid electrolytes to

date. Copyright 2020, Advanced Scienece!®”
Figure 4. Illustrative analysis of ion transfer characteristics according to the ratio of ceramics in a
composite electrolyte using an oxide-based solid electrolyte. Copyright 2019, ACS Applied Energy

Materials!®¥!

Figure 5. Comparison data of ion transfer scheme and actual ion conductivity in ceramic-polymer

composite electrolyte using NASICON solid electrolyte.

Figure 6. (a) [onic conductivity measured by EIS analysis of NASICON powder. (b) lonic conductivity
measured by NASISON in sintered pellet state through EIS analysis.

Figure 7. Scheme image for Na ion transfer in powder and sintered states.

Figure 8. Schematic image of the entire experimental process of Epoxy-NASICON pellet synthesis.

Figure 9. (a) Cross-section SEM image of porous NASICON pellet and (b) EDS result data. (¢) Cross-
section SEM image of Epoxy-NASICON pellet and (d) EDS result data.

Figure 10. Porosity investigation result of NASICON pellet according to actual final sintering

temperature.

Figure 11. (a) XRD result data of prepared NASICON powder and ICSD reference data peak. (b) XRD
peak change of NASICON pellet according to the final sintering temperature.

Figure 12. (a)and (b) shows EDS mapping result for each element of porous NASICON pellet. (¢) and



(d) shows same as Epoxy-NASICON pellet.

Figure 13. Ionic conductivity result through EIS measurement analysis of Porous NASICON pellets.

Figure 14. Ionic conductivity result through EIS measurement analysis of Epoxy-NASICON pellets.

Figure 15. Measurement principle and calculation formula of actual bending strength test.

Figure 16. Results of bending strength test for each sample of Bare NASICON pellet, Epoxy-
NASICON pellet and Epoxy polymer.

Figure 17. Breaking load graph of NASICON pellet and Epoxy-NASICON pellet by calculation

formula.

Figure 18. Graph of change in measured resistance value according to the thickness of the actual solid

electrolyte pellet. The measurement area is equal to 0.50 cm?.

Figure 19. Comparison picture of the difference between the thicknesses of solid electrolytes that can

be manufactured.

Figure 20. (a) Strength change scheme according to mixing of NASICON solid electrolyte and Epoxy

polymer. (b) Changes in intensity are expected according to the rule of mixture.

Figure 21. TGA analysis result for each NASICON, Epoxy-NASICON and Epoxy polymer sample.
Figure 22. Measurement of electrochemical stability through CV analysis of Epoxy-NASICON sample.
Figure 23. Coin cell manufacturing scheme using solid electrolyte image.

Figure 24. (a) Charge/discharge performance of Na/Epoxy-NASICON/Na3V2(PO4)3 half-cell. Cell
test performed at 0.1 C-rate and room-temperature. (b) Cycle performance data of Na/Epoxy-

NASICON/Na3V2(P0O4)3 half-cell.

Figure 25. Bipolar stacking scheme image using solid electrolyte pellet. Cell performed at 0.1C rate

and room temperature and checked the coin cell of 7V class up to 10 cycles.

Vi



Figure 26. Suggest research directions for solid electrolytes in the future.

Figure 27. Various models of the rule of mixture and predicted values for lower bound calculation. It

is possible to predict changes in physical properties of materials that are aligned.

Figure 28. Schematic image of patterned ceramic solid electrolyte sintering method using template

Figure 29. Actual appearance of each carbon template sample.

Figure 30. TGA/DSC result data of each carbon template sample from 25°C to 900°C.

Figure 31. Heating step of carbon templated NASICON ceramic.

Figure 32. Variation by temperature of the carbon template sample impregnated with the actual ceramic

precursor solution.

Figure 33. Comparison of the actual shape of each carbon template and the shape of the ceramic

remaining after the final sintering.

Figure 34. SEM image and thickness of a single strand of carbon fiber. SEM image of the ceramic solid

electrolyte finally sintered using the carbon fiber.

Figure 35. Patterned ceramic sintered at a concentration of 0.3 M ceramic precursor. After the final

sintering, it can be confirmed that the ceramic inner density is low.

Figure 36. Patterned ceramic sintered at a ceramic precursor concentration of 1 M. After the final

sintering, it is possible to check the high internal density of the ceramic.

Figure 37. Cross-section SEM image of the final sintered NASICON ceramic using wizmac template.

The sintering of ceramics capable of ion transfer in a zigzag shape.

Figure 38. Epoxy-NASICON SEM cross-section image with Epoxy polymer added to patterned
sintered NASICON ceramics and EDS analysis results.

Vii



Figure 39. Cross-sectional SEM image of Epoxy-NASICON solid electrolyte. Ion transfer channel

through ceramic can be checked.

Figure 40. Testing the bending properties using an acrylic cylinder. Experiments with cylinders 5 to 1

cm in diameter.

Figure 41. TGA analysis results of basic NASICON ceramic, epoxy polymer, and patterned sintered
epoxy-NASICON samples.

Figure 42. Electrochemical stability analysis through LSV test of each sample.

Figure 43. The appearance of the patterned sintered epoxy-NASICON sample and the result of ion

conductivity measurement through EIS analysis.

Figure 44. Measurement of ion conductivity through analysis of solid electrolyte and EIS by applying
UV curing ETPTA polymer to patterned sintered NASICON.

Figure 45. Na / NVP half cell performance and cycle graph made using patterned sintered NASICON
solid electrolyte.

viii



List of Tables

Table 1. Summary of research results and characteristics of composite electrolytes using oxide-based

solid electrolytes to date.

Table 2. Comparison of resistance according to the actual ionic conductivity and thickness ratio of

commercialized liquid electrolyte and solid electrolyte pellets

Table 3. Measurement specification and result of actual bending strength for each solid electrolyte pellet

sample



I. Introduction

1.1 Basic principle of Li ion and Na-ion battery system

In modern society, the importance of energy storage devices continues to be important. With the
popularization of mobile devices, the expansion of use of electric vehicles(EVS), and the need for a
large-scale energy storage system(ESSs), the demand for various energy storage devices is increasing.
As the demand for eco-friendly energy increases, the demand for a large-scale energy storage system
for storing electric power from unstable power generation systems such as solar energy, wind energy,
and tidal energy is increasing. Research into rechargeable batteries that can meet this has been ongoing
for a long time. Among them, among the battery systems that are commercially available and have great
potential for future use, there is a Li-ion batteries(LIBs) system. LIBs with high energy and power
densities have been commercialized since 1990s and have been applied to small portable devices.* The
development of LiCoOy, a layered cathode material, and the initial LIBs system using graphite anodes
have contributed greatly to commercialization of LIBs.>’ Through continuous research and
development, the current LIBs has an energy density of 250 Wkgcen?, and is being developed to have a
higher energy density and stability in order to use the LIBs system as an EVs and a ESSs in the future.

Lithium, the main element in LIBs, not evenly distributed on the earth. As a consequence the Andean

states were called the ‘new Middle-East’.® However, the price of Li has skyrocketed due to the recent
increase in demand for large-scale ESS and mobile devices and various energy storage devices.
According to estimates, in 2008, worldwide Li consumption amounted to 21,280 tons, which is
estimated to be consumed within 65 years by current resources,® 1° rendering implementation of the
above-mentioned applications difficult and very expensive. Sodium, by contrast, is the fourth largest
element on the planet and is evenly distributed.!* With abundant resources, much cheaper sodium
carbonate can be produced, which is the driving force for SIB to replace LIB.*> 13 SIB is a sufficiently
attractive system because of the recent demand to replace lithium in high-capacity energy systems.'*
SIB started at the same time in the 1970s and 1980s, when the initial L1B was studied, but it fell behind
in the field of research due to the rapid development and commercialization of LIB research.'*
20 Moreover, at that time, it was difficult to see the original performance of the battery because there
were not enough facilities and materials to handle sodium. In the 1980s, a small number of US and
Japanese companies produced SIB using sodium-lead alloy materials and P2-type NayCoO, materials.
This SIB showed characteristics of more than 300 cycles in the initial stage, but at that time, it did not
attract attention because it showed discharge contact voltage of 3.0V or less compared to the average
voltage of the carbon / LiCoO2 cell, 3.7 V.%

The battery components and the SIBs and LIB’s electrical storage system are the same except for their
ion carriers. Since the intercalation chemistry of sodium and lithium is very similar, similar compounds

can be used for SIB and LIB, respectively. However, the biggest difference is that Na(1.02 A) and

1



Li(0.76 A) ions are different in size, which affects the mobility of the ions and the stability of the
interface formation.? In addition, sodium has a heavier weight than lithium(23 g mol™* compared to 6.9
gmol™) and has a high standard electrode potential(—2.71 V vs. SHE as compared to —3.02 V vs. SHE
for lithium), which has disadvantages in terms of energy density. The weight of cyclable Li or Na is,
however, a small fraction of the component mass, and the capacity is primarily determined by the
characteristics of the host structures that serve as electrodes. Therefore, in principle, the transition from
LIBs to SIBs should have no effect on energy density.*2 Furthermore, Li cannot be used as a current
collector because it causes an alloy reaction with aluminum below 0.1 V vs. Li/Li*, but aluminum can
be used for sodium cells. Therefore, SIB can replace the copper used in the cathode portion with

aluminum, leading to price competitiveness.
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Figure 1. Schematic image of Na-ion battery and material of each cathode, anode, and electrolyte parts.
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1.2. Current safety issue of organic liquid electrolyte

The SIB system is basically like the LIB system. Even in the SIB system, the electrolyte uses an
existing organic liquid electrolyte. The organic liquid electrolyte is used by dissolving Na salts such as
NaPFg, NaClO4, and NaTFSI in organic solvents such as ethylene carbonate(EC), propylene
carbonate(PC), dimethyl carbonate(DMC), and diethyleneglycol dimethylether(DEGDME). In
electrolytes using these solvents, there is always a problem with thermal stability. Organic solvents can
become fuel at the time of ignition and are particularly susceptible to high current, overcharge,
overheating or damage to the battery. In addition, there is a phenomenon in which oxygen gas is emitted
when reacting with a positive electrode material. As heat is produced faster than it can be dissipated,
this condition is subject to thermal runaway, contributing to the cell bursting and combustion on air
interaction with oxygen, and eventually to fire and explosion. The low viscosity organic solvents most
widely found in LIBs or SIBs also have rather high vapor pressures, producing flame-retardant vapors
upon elevated temperatures.?® The problem of thermal safety of the organic liquid electrolyte is an issue
that is always discussed in order to use the LIB and SIB system as an EVs or ESSs in the future. Specific
techniques for addressing safety issues were examined for organic electrolyte, including the use of
voltage of temperature-sensitive separators and overload security additives Research on new electrolyte

systems that are essentially non-flammable must be actively conducted.

1.3. All-solid-state battery system for Na-ion batteries

2.3.1 Solid electrolyte for all-solid-state batteries

From this point of view, it is ideal to use a new material to replace the existing liquid electrolyte in
order to create an ultimately stable battery system and the solid electrolytes(SEs) material is the most
representative material to replace the existing organic liquid electrolyte. All-solid-state batteries(ASSBs)
employing nonflammable SEs have attracted great attention as promising alternative to conventional
SIBs owing to their ultimate safety and potential to surpass the energy density of SIBs by stacking
bipolar electrodes and minimizing inactive components in the battery pack.?* % The SEs are included
in both the anode and cathode layers as well as the electrolyte layer, as shown in the figure image, to
help ions move well throughout the cell. SEs are largely divided into a polymer electrolyte and an
inorganic solid electrolyte. Most polymer electrolytes are mixed Li and Na salt with polymer chains
such as polyethylene oxide(PEQ) and polyacrylonitrile(PAN) and have been studied in a variety of
ways because they are physically flexible and competitive in price. However, due to the nature of the
polymer material, the ion conductivity is low at room temperature, and at a high temperature of 100
degrees or higher, the polymer material ignites making it difficult to use.?® Electrochemical stability is

also difficult to use above 4V, so it is necessary to compensate for the disadvantages.



The inorganic solid electrolyte is further divided into a sulfide-based solid electrolyte and an oxide-
based solid electrolyte. The sulfide-based solid electrolyte has a high ionic conductivity comparable to
that of a conventional liquid electrolyte, and thus was expected as a substitute material. In 2011, it was
demonstrated that LiioGeP2Si2 (LGPS) has an ionic conductivity of 1.2 x 1072 Scm 1.2’ In 2016,
Lig54Si1.74P1.44S117Clos surpassed this mark with a 25 x 1072 Scm™ionic conductivity and
incorporation of the sulfide in an all solid-state battery.?® After the first development of cubic
NasPS; with a relatively high Na ion conductivity of over 107#Scm™in 2012%, researches for
developing new Na-ion-conductive sulfides have rapidly increased among the sodium ion-conducting
solid electrolyte. In 2016, a good Na-ion conductivity of 1x10°Scm™*was achieved in
Na2.0375PS3.9375Clo.0625>° With sodium vacancies and sodium antimony sulfide, NazShS,*-%, Additionally,
some other sulfides including Na:1Sn,PS:2** % and NasSbSes*® shows ionic conductivity higher than
10%S cm ! at 25 °C. Characterizing the mechanical stability of sulfide glasses and crystalline materials
in LIBs and SIBs is critical in assessing their viability as solid electrolytes. Significant mechanical
stresses develop in the solid electrolyte during the operation of a solid-state battery due to 1) Volume
change of electrode material during charge / discharge and 2) Surface side reactions as the cycle
progresses.®” 3 This results in poor interfacial contact cause local electrochemical polarization due to
the structural heterogeneity of the electrode material and poor electrochemical efficiency. Having a
relatively low elastic modulus can reduce interfacial resistance by simply cold pressing. In the battery
system using the existing liquid electrolyte, the liquid can penetrate sufficiently into the pores inside
the electrode, but the solid-state battery needs an additional method to sufficiently contact the electrode
and the electrolyte. Anode and cathode active materials are usually ball-milled with conductive additive
and sulfide solid electrolyte, respectively, to ensure enough electronic and ionic conductivity in the
composites before to pressing into electrode pellets. The sulfide-based solid electrolyte basically has a
“soft” characteristic, and thus, it exhibits good contact with only physical pressing. The remaining
disadvantages of sulfide-based solid electrolytes are low electrochemical stability and instability to
moisture. The low electrochemical stability of sulfide-based solid electrolytes has also been reported
experimentally, especially when it encounters lithium metal or high voltage positive electrode
materials. In addition, it reacts with moisture in the air to hydrolysis and emit toxic gas, H»S, which

must be handled in an inert gas atmosphere and makes it difficult to use in normal situations.*
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2.3.2 Properties of Oxide ceramic solid electrolytes

In contrast to sulfide-based solid electrolytes, oxide-based solid electrolytes have highly stable
electrochemical, thermal, and chemical properties.*’ In practice, the oxide-based solid electrolyte is
stable in air and electrochemically does not decompose to more than 7V, and is a ceramic material that
is stable up to 1000 degrees. Among the oxide-based solid electrolytes in the early model, LiPON is
stable solid electrolyte to Li metal*!, and it is a promising candidate for ASSBs due to its electrochemical
stability.*> However, the ionic conductivity of LiPON is around 10°S cm™ and this conductivity is
very low compared to the liquid electrolyte used in conventional lithium ion batteries. The oxide-based
solid electrolytes containing Ti, such as LisLawsxTiOz(LLTO) and LiizAlosTi17(PO4)3(LATP), show
high Li* ion conductivity.**** Researchers have suggested that trivalent cations such as AI**, Sc®*, Ga**,
Fe**, In® and Cr® replacing partial Ti** cations in Lii+xRxTi>—x(POs)s can increase conductivity where
Li13AlosTii7(PO4)s (LATP) can increase ionic conductivity by 7 x 104 S cm™. In addition, the ion
radius of M** cations will affect the LiM,(PO4)s (M = Ge, Hf, or Zr) lattice constants as well to further
affect to the tunnel size through which Li* can pass.” And LisLasZr.O1, (LLZO) is one of the new
materials by Weppner et al. This has ionic conductivity of 103 S cm™and is not react by Li metal
anode*® 47, LLZO has a crystal garnet structure and has 3-dimensional Li* ion conduction way. Among

the sodium ion conductive oxide-based solid electrolytes, historically B-Alumina electrolyte is the first
fast ion conductor used in industrial Na-S and Na-metal chloride batteries.*® 4° B"-alumina single

crystal is stated to have an unusually high ionic conductivity of 1 S/cm at 300 °C, 4 times higher than
that of its polycrystalline phase (0.22-0.35S/cm at 300 °C, but only 2.0x1073S/cm at room
temperature).>® NASICON(NA Super lon CONductor) is one of the most popular oxide-based solid
electrolytes, and has a 3D structure suitable for Na ion transfer, which goes beyond B-Alumina
electrolyte. The solid covalent structure of NASICON is of considerable functional value and
demonstrates good thermal and chemical stability.5>®* Goodenough and Hong reported a solid solution
between NaZr,P3;012 and NasZr,Siz012 as the first NAISCON compound(Nay«Zr2SixP3-xO12 (0< x <3,
abbreviated as NZSP).>* % The word NASICON refers to a substance with the following crystal
structure with a general composition formula of AMP3;01,, where the A site can be occupied by
monovalent cations (e.g. Li*, Na*, K*), divalent cations (e.g. Mg?*, Ca?*, Ba?*, Cu?*, Co?"), trivalent
cations (e.g. AI¥*, Y**) and tetravalent cations (e.g. Ge**; Zr**; Hf**); and the M sites can be occupied
by divalent cations (e.g. Cd*, Mn#", Co?*, Ni?*, Zn?*), trivalent cations (e.g. AlI¥*, Ga*, Y**), tetravalent
cations (e.g. Ti**; Si**; Zr**) and pentavalent cations (e.g. V°*; Nb®"; Sb®*).%® For NASICON-type
NasZr,Si,PO1> compound, the ionic conductivity shows 6.7x107*S/cm at room temperature and
0.2 S/cm at 300 °C.>* % The ionic conductivity at room temperature up to 1072 S/cm was observed in
the doped-NZSP and NHSP conductors.>" %



As such, the oxide-based solid electrolyte material itself exhibits high ionic conductivity but is difficult
to use due to its high grain boundary resistance.**%° As the grain boundary became the biggest problem
in ion transfer, it became a major obstacle to the production of a solid state battery using an oxide-based
solid electrolyte. The sulfide-based solid electrolyte was able to transfer ions by simply applying
pressure due to its relatively soft properties.®® Grain boundary resistance is often marginal®! and can
only be detected when the conductivity exceeds 102 S cm™ to have a very low impedance response
from bulk.5? However, in case of a powder state oxide-based solid electrolyte, no matter how high the
pressure is applied to create contact between particles, the interfacial resistance cannot be reduced as
much as a sulfide-based material. Interfacial resistance between solid particle is not important for
connecting the particles in solid electrolyte based on sulfide, while high grain boundary resistance is a
critical problem in oxide-based systems. As a result, although the oxide-based solid electrolyte has an
ion conductivity of 10 or more, it is difficult to make a bulk-type solid-state battery. An oxide-based
solid electrolyte which is exceptionally used in solid-state batteries of bulk-type is an oxide-based
material despite having an ionic conductivity as low as 10 S cm™. As described above, since the
polymer solid electrolyte, sulfide-based solid electrolyte, and oxide-based solid electrolyte have distinct
advantages and disadvantages, research and development are continuously conducted in each field.

2.3.3 Current research trend of Oxide ceramic solid electrolyte
Our research group has continued to conduct research and development to replace liquid electrolytes
by utilizing oxide-based solid electrolytes. As mentioned earlier, the oxide-based solid electrolyte is a
very stable material, but due to the brittle nature of the material itself, it has difficulty in application in
commercial battery system due to its high grain boundary resistance. Various methods have been
devised to solve this interfacial resistance problem, but the current research trend is not only to use one
substance of an oxide-based solid electrolyte, but also to mix and use a liquid electrolyte or a polymer
electrolyte with an oxide-based solid electrolyte. This mixed solid electrolyte is called a solid composite
electrolytes(SCEs), and various solid electrolyte materials, polymer materials, and liquid electrolytes
are mixed to find optimal conditions.®*"° In general, liquid or polymer electrolyte materials have more
flexible properties than oxide-based solid electrolytes, so when used together, it was expected that
interface resistance of existing oxide-based solid electrolytes could be reduced due to sufficient contact
with the surface of solid electrolytes. The ionic conductivity is mainly determined by the transfer
mechanism. In the oxide-based solid electrolyte itself,”> 72 ion transport can move rapidly through
vacancies or interstitial ions, but in the polymer matrix, ions move while repeating breaks/formation
conditions through an electric field.”" In the early model of the composite electrolyte, the proportion
of the oxide-based solid electrolyte was mixed only by about 10 ~ 20wt% to see the effect of the ceramic

filler. The ceramic process functions as plasticizer, which decrease the crystallinity of polymers and



enhances the amorphous shape and thus boosts the mobility of Li ions.” 7" Additionally, the acidic
groups on the ceramic surface have high affinity with anions, which tends to dissociate lithium salts,
contributing to enhanced free Li ion concentration.”®® However, since polymer electrolyte’s inherent
low ionic conductivity restricts the great enhancement of the overall ionic conductivity of SCEs. The
ionic conductivity of SCEs is therefore not appropriate for functional use in all-slid-state batteries at
room temperature. The ionic conductivity of SCEs recorded in previous work is summarized in Figure
3. It could be found that the ionic conductivity of most as-prepared samples in temperatures varying
from 20 to 40 °C is lower than 10* S cm™, while that of other samples could exceed the order of 10~

Scm™.
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Figure 3. The trend of research results of composite electrolytes using oxide-based solid electrolytes
to date. Copyright 2020, Advanced Scienece®’
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To overcome this, there have been studies to highlight the advantages of oxide-based solid electrolytes
by reducing the proportion of polymer electrolytes and increasing the proportion of ceramics in SCEs.
It was expected that the oxide-based solid electrolyte would not only stop with the effect of a ceramic
filler, but rather, ions would pass through the ceramic solid electrolyte. Tracking the path of movement
of Li or Na in the SCE is important to increase the ion transport mechanism and design the SCE structure
in the future.® The ion transport pathway of SCE is largely composed of a polymer phase, a ceramic
phase, and an interface between polymer and ceramic. Identifying the regulated pathway during ion
migration is still not obvious. Hu and co-workers® tracked lithium ion transport pathways in 50wt%
LLZO-P(EO)1s/LiCIO; electrolyte using selective isotope labeling and high-resolution solid-state Li
NMR. In the LLZO-P(EO):s/LiTFSI method, Zheng and Hu® have examined the impact of ceramic
solid electrolyte concentration on Li ion transport pathways. It is observed that the principal ion transfer
pathway changes from polymer to ceramic phase with the change in the fraction of the LLZO group. Li
NMR was seen to move through Li NMR, but the problem is that the ionic conductivity is too low when
it is passed through ceramic phase. As mentioned earlier, it is difficult to transfer ions due to large
interfacial resistance with only the oxide-based solid electrolyte powder. This shows the same problem
as the proportion of ceramics in SCEs increases. When the ionic conductivity was measured while
gradually increasing the proportion of the ceramic solid electrolyte in the SCEs through actual
experiments, it was confirmed that as the proportion of the ceramic increased, the ionic conductivity
gradually decreased, especially when it was 50wt% or more, there was a sharp drop in ion conductivity.
In the Figure 4, there are experiments on actual Li ion conducting SCEs using LLZO solid electrolyte.®*
The results of the Na ion conducting SCEs experiment using NASICON solid electrolyte can be also
confirmed by experiment in Figure 5. Similar experimental results can be confirmed for both Li and Na
ceramics. Both results show a decrease in ion conductivity as the proportion of the ceramic solid

electrolyte increases.
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Component ratio Thermal

SE film Conductivity (S/cm) Thickness (um) (Ceramic : Polymer) stability Ref
o LIx 107®RT) N/A 15Wt% : 85wt% VA Physica B. 2011, 1706-1712

SiO;EI;)f;II:(])Zp(;:v der 1.0 x 10%RT) N/A 10wt% : 90wt% N/A J. Materials Chemistry 4. 2013, 1, 8348

Sigt:gﬂtgigﬂ_ 1.0 x 10 (40°C) ~200 10Wt% : 90Wt% <150°C J. Power Sources. 2014, 248, 695-702

Tig]jg;ljlzscll?v::er 2.6x 10* (60°C) 180-200 Swt% : 95wt% N/A J. Power Sources. 2015, 278, 375

NAlgfé)(—)bliIﬂﬁ'fvlvfder 4.4 105 (RT) 200-400 40WE% - 60W% < 150°C J. Mater. Clrerii.;g.zgﬂlﬁ. 4, 15823-
Na;f;?g{;ifssig’()u 6.0 x 107 (30°C) 200-300 S0wt% : S0wt% <237°C J. Power Sources. 2017, 372, 270-275

1;];:(())2_ 1::5:3:/ 1.6 x 10* (60°C) N/A Swit% : 95wt% N/A Materials Letters. 2019, 236, 13-15

NaSZl;; fg;ggﬁ';’;:v der 2.1x 10° (RT) ~100 25W1% : 75wWt% NA ACS Materials. Lett, 2019, 1, 1, 132-138

Table 1. Summary of research results and characteristics of composite electrolytes using oxide-based

solid electrolytes to date.
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As a result, the combination of the oxide-based solid electrolyte powder and the polymer electrolyte
has a limitation in increasing the ratio of the oxide-based solid electrolyte. Thus, to see the ion transfer
effect through the oxide-based solid electrolyte, it is necessary to remove the interface resistance
through sintering in the conventional manner. However, this also must solve the problems of brittle
characteristics and thick form, which are disadvantages of the oxide-based solid electrolyte after
sintering. Accordingly, recently, a method of sintering a ceramic solid electrolyte to secure an ion
transfer channel of a ceramic first, and then compounding it with a polymer electrolyte material to have
physical properties in a film form has been studied. Yang co-workers® € reported an ice-templating
method to fabricate PEO-based composite electrolyte with vertically aligned and connected LATP
nanoparticles.. As such, the recent SCE issue is progressing toward sintering the oxide-based solid
electrolyte in a form optimized for ion transport, forming a solid electrolyte ion transport channel, and
then proceeding with polymer complexation. So far, most of the research has been conducted in the
field of Li-ion batteries, so many studies have not been made in the field of Na-ion batteries. In the field
of Na-ion batteries, SCEs research are still stuck on how to mix ceramic powder and polymer electrolyte.
As motivated by issues, in this study, a composite electrolyte in a Na ion battery using an oxide-based
solid electrolyte was conducted. To confirm the possibility of ion conduction of ceramic solid electrolyte,
a method of intentionally sintering a ceramic solid electrolyte with a high porosity and filling internal
pores with a polymer material to increase physical strength was used. In this way, the physical properties
can be expected to increase in strength due to the use of polymer materials, while the ion conduction
effect can be transferred through the sintered solid ceramic to create a high stability solid ceramic
electrolyte. As the oxide-based solid electrolyte, Na;Zr>Si,PO12 (NASICON) solid electrolyte was used,
and epoxy-NASICON solid electrolyte pellets were prepared by filling the internal pores with Epoxy-
resin polymer material®’, and the possibility of using the electrolyte in Na-ion battery was confirmed.
As such, it is expected that the composite of polymers and ceramics may have strengths exceeding the
limits of conventional oxide solid electrolytes and may be made into thin electrolytes having thinner
films.

Moreover, sintered to have a specific pattern of Na ionic solid electrolyte, it has a faster ionic
conductivity and has a higher physical strength and flexibility. To sinter the ceramic in a specific pattern,
the NASICON precursor solution was made into a complete solution, impregnated with a template of a
specific shape, and then the template was sintered. In this way, the physical properties can be enhanced
by combining the polymer material with the sintered ceramic in a specific shape. The resulting patterned
sintered SCEs have an ionic conductivity of 10* Sem™ and have flexible properties under 200um
thickness. Cell characteristics were also confirmed using Na3;V2(PO4); cathode and Na metal, and cell
characteristics of 7V class or higher were also confirmed through bipolar stacking to confirm the

possibility of utilization as a solid electrolyte.
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I1. Experimental

2.1. Preparation of materials

To synthesis of NaszZr;Si.PO1, NASICON powder, using a solid state reaction with a stoichiometric
mixture of sodium phosphate dodecahydrate(Na,PO4-12H,0, Sigma), silicon dioxide(SiO,, Sigma),
zirconium dioxide(ZrO,, Sigma). The mixture of precursors was ball-milled, subjected to 1% calcination
at 400°C for 5 hours, and then 2" calcination at 1050°C for 12 hours. After that, intermediate ball-
milling, then sintered at 1190°C for 10 hours. The resultant NASICON powder was ground well,
affording an average particle size of 2~3um. For the sintered pellet, pressed NASICON powder at
300Mpa pressured die. The powder is cold pressed to form pellets and then sintered. First, sintering at
400°C for 4 hours, 800 degrees for 4 hours, and then at 1100°C for 10 hours. By controlling the final
sintering temperature, the porosity of the pellets can be controlled. Although the NASICON crystal
phase appears at a 1000°C-sintering temperature, the pores are too large without sintering, and the
sintering is completed from 1100°C or higher to secure the ceramic ion transfer passage. Finally, from
1260°C or more, the pores are reduced to less than 1% and sintered to a perfect crystal state.

The NASICON solution used to make a template was prepared as follows. Each precursor was prepared
as sodium hydroxide(NaOH, Sigma), Zirconium(IV) propoxide(Zr(OCsHv)s, 70wt% solution in 1-
propanol, Sigma), Tetraethyl orthosilicate(Si(OC:Hs)s, Sigma), trimethyl phosphate((CHsO)PO,
Sigma). Each precursor is dissolved in ethanol according to stoichiometry. In the case of the existing
water-soluble precursor solution, a white condensate remains when all precursors are mixed. The
NASICON powder was made using the condensate, but all precursors were completely dissolved in the
ethanol-based solution.

To synthesis of NaszV2(PO4)s (NVP) cathode material, vanadium(V) oxide (V20s, Sigma), sodium
phosphate monobasic (NaH.PO., Sigma), oxalic acid dihydrate (C,H.04-2H,0, Sigma) were purchased
from Sigma-Aldrich. All materials were used as received. Here V,0s, C2H,0,-2H,0, NaH,PO, were
stoichiometric mixed at ethanol by planetary ball-mill in a grinding jar at 300 rpm for 15 h. The mixture
turned from yellow to light green at the end of the process, indicating the completion of the reduction
V> to V¥ by oxalic acid. After evaporating away, the ethanol, a uniform green fine powder was
obtained. NasV2(PO4); was synthesized by decomposing the above powder at 350 °C in N for 5 h. After
a thorough grinding operation, the powder was pressed into a tablet and sintered at 750 °C for another
10 h in N2 to obtain NasV2(PO4)s.

Epoxy-resin polymer was prepared as follows. Monomer bis (4-glycidyaloxyphenyl) propane and 1,3-
phenylenediamine are dissolved in Tetrahydrofuran (THF) at 1M and stirred for 1 hour to dissolve
completely. Each solution is then mixed at a volume ratio of 2 : 1 and stirred again for 1 hour. The

mixed solution is used as an epoxy-resin polymer solution.
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The ionic liquid electrolyte is prepared by mixing sodium trifluoromethanesulfonic(NaTFSI, sigma-
Aldrich) salt and 1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Py14TFSI, sigma-

Aldrich) ionic liquid at 1M concentration.

2.2. Preparation of solid electrolytes and electrodes
After impregnating the pore NASICON pellet in the epoxy-resin solution, it is maintained in a vacuum
to be absorbed to the internal pores. After repeating the above three times, the NASICON sample
absorbing the epoxy polymer is heat-treated at 150 degrees for 24 hours. After checking the sample, a
brown epoxy-NASICON sample can be obtained.

As the cathode active material for the cell test, NasV2(PO4)3;(NVP) material was used. The cathode
slurry mixes an NVP active material, a super-P conductive agent, an ionic liquid electrolyte, and a
Polyvinylidene fluoride(PVDF) binder at a weight ratio of 70: 10: 10: 10.
In the anode part, UV curing polymer electrolyte layer is made between Na metal and solid electrolyte.
The UV curing polymer electrolyte prepared by mixing Trimethylolpropane ethoxylate
triacrylate(ETPTA, sigma-Aldrich), NaTFSI and Triethylene glycol dimethyl ether (TEGDME, Dae-
jung) at a weight ratio of 45:15:40. Then, drop and mix 2-hydroxy-2-methylpropiophenone as an
initiator before use. The mixed solution is dropped on the surface of the solid electrolyte, and then
covered with a release film made of Polypropylene(PP) and cured by irradiating UV (365 nm) for 15
minutes.
Afterwards, Na metal was placed on the surface of the UV curing polymer electrolyte, and a cell test in
which a Na metal/solid electrolyte/cathode was made was placed in a 2032 coin cell. All steps were
processed in a glove box with less than 10 ppm of both oxygen and moisture. When manufacturing a
bipolar stacked cell, a coin cell was prepared by putting Al foil between the two solid electrolyte cells

as described above.

2.3. Characterization

The NASICON solid electrolyte material characterization has been investigated through X-ra
y diffraction(XRD) studies using a Bruker D8 Advance X-ray diffractometer with a Cu Ka X
-ray source and the measurements were recorded with a 26 range of 10-80°. Scanning electron
microscope (SEM) image and Energy dispersive spectrometer (EDS) of the films were taken
on Verios 460, FEI and XFlash 6130, Bruker operated at accelerating voltage of 10KV.
Thermogravimetric analysis was performed by adjusting the rate of temperature increase as 1 °C/min
from room temperature to 700 degrees in an air atmosphere. The instrument used was a Q500 model
from TA instruments.

The bending strength test was calculated by KS L 1591 three-point strength measurement and was
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measured by the Korea Institute of Ceramic Technology at a measuring speed of 0.5mm / min.

The bending strength test was calculated by KS L 1591 three-point strength measurement, and was

measured by the Korea Institute of Ceramic Technology at a measuring speed of 0.5mm / min.
Electrochemical impedance spectroscopy (EIS) measurements were performed by pt sputtering both

sides of solid electrolyte pellets and electrochemical characterization using sus electrodes. Bio-logic

VSP-300 models were electrochemically tested at a frequency range of 7 MHz to 100 MHz and 10 mV.

Ionic conductivity calculates followed equation.

c=—-X

|~
x|

where o6 is ionic conductivity(S/cm), [ is thickness of sample(cm), A is measuring area(cm) and R is

total resistance(Ohm, ).
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II1. Results and Discussion

3.1. Epoxy-NASICON solid electrolyte pellet after sintering process

3.1.1. Ceramic based composite electrolyte with Epoxy polymerization

Basically, the oxide-based solid electrolyte material has a hard and brittle property. Since the powder
has the same properties, it is difficult to form a perfect contact between powders, even at high pressures.
Due to these problems, it is difficult to expect normal ion conduction when measuring ionic conductivity
in powder state. As shown in Figure 6(a), the ionic conductivity of 107 S / cm is measured when the
powder oxide solid electrolyte pressed at high pressure state about 300Mpa. The NASICON powder
sample was fine grinded as under 1pm particle size and isotactic press in alumina mold state at dry
room. This means that no matter how even the solid electrolyte powder is packed evenly, Na ions do
not pass between the powder and the powder and thus do not exhibit normal ionic conductivity. For this
reason, when the cell assembled using solid electrolyte powder, normal cell operation is difficult due to
poor ion transfer. Here, the most basic way to reduce the resistance between the powders is to sinter at
high temperature. When the same sample is subjected to a high temperature sintering process as it is,
the surface of the solid electrolyte powder melts to each other and the interfacial resistance between the
solid electrolytes is minimized. Therefore, at Figure 6(b), the ionic conductivity of the same sample
after sintering is measured to be 7.8 x 10* S / cm. The expected Na ion transport scheme for each state
is shown in Figure 7. Through this, a high temperature sintering process is essential for using an oxide-
based solid electrolyte.

However, as mentioned above, sintering an oxide-based solid electrolyte still has a hard and brittle
characteristic. Therefore, although it has high ionic conductivity, it is difficult to manufacture a
physically thin film form, so it is not easy to apply practical use at commercial battery system. As can
be seen from the table in Table 2, the overall conductivity of the solid electrolyte is lower than that of
the liquid electrolyte, but the actual Na ion conductivity is similar. In the case of the solid electrolyte,
unlike the liquid electrolyte, since the anion does not move, only Na ions move. This can be confirmed
by Na ion transference number, which is 0.2 ~ 0.3 for most liquid electrolytes, but solid electrolyte has
1 transference number. For this reason, solid electrolytes can be sufficiently used in terms of ionic
conductivity. However, when the actual usable thickness is compared with the separator thickness of
the existing liquid electrolyte, the actual thickness of the solid electrolyte pellet is at least 30 times
thicker than that of commercial separators. Because of this difference in actual use thickness, the actual
resistance value is bound to be greatly different. Therefore, if the oxide-based solid electrolyte can be
manufactured in a higher strength and used in a thin form, it will be enough to replace the organic liquid

electrolyte.
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Figure 7. Scheme image for Na ion transfer in powder and sintered states.
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Total Na* ion Thickness(um) Total resistance(£2)

%alf concentration : IM conductivity(S/cm) conductivity(S/cm) (calculated)
NaPFPC 8.0x10% 5.8x 104 ~25 ~0.21
NaClO,PC 64x103 56x103 ~25 ~0.22
NaCF3S0; TEGDME 1.0x 107 5.0x10* ~25 ~249
NaTDI/PC 40x 1073 6.0x 10% ~23 ~1.03
NaPFEC 68x103 20x103 ~25 ~0.62
NaClO,DMC 5.0x103 1.0x 107 ~25 ~1.24
NaTFSIVEC.DMC 37x10% 74x10% ~25 ~ 1.68
NASICON 7.8x104 7.8x 10+ ~ 900 ~ 230

Table 2. Comparison of resistance according to the actual ionic conductivity and thickness ratio of

commercialized liquid electrolyte and solid electrolyte pellets
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In order to increase the strength of the ceramic pellets, a denser pellet manufacturing method has been
used through a change in the manufacturing process.3%° Higher density of pellets and fewer pores result
in relatively higher strength. But ultimately, the strength of the material nature is limited, so there is a
limit to reducing the thickness to actual use. Therefore, we have been able to increase the physical
strength by incorporating polymer materials of different strengths in addition to ceramic materials.
Figure 8 shows a scheme image for the sintering of ceramics and the process of composite polymeric
materials into the sintered ceramics. Conventional solid ceramic electrolytes in powder form have made
it difficult for Na ions to pass along the ceramic, no matter how physically pressured it is. Even when
the ion conductivity was measured in a state in which a ceramic powder was put in a mold and a pressure
of 300Mpa or more was applied, only about 10”7 S/cm ionic conductivity appeared. After all, the
physical pressure alone cannot exceed the interfacial resistance between the ceramic powders, and it is
necessary to eliminate the interfacial resistance through the sintering process. When a ceramic sample
subjected to pressure is sintered for 10 hours at over 1000 °C in a heat treatment furnace, the surface of
the ceramic powder melts and a channel for Na ions pathway is created. The final sintering temperature
is adjusted to intentionally increase the porosity of ceramic pellet. The pores thus prepared can be
polymerized after filling the polymer material in the monomer state. Impregnating ceramic pellets in a
liquid state monomer to maintain a vacuum state can sufficiently fill the polymer material into the pores
of the ceramic. In this experiment, Epoxy-resin polymer was used to increase the physical strength.
Epoxy-resin is not an ion-conducting polymer material, so it is polished to reveal the surface of the solid
electrolyte after polymerization. The result is a ceramic-polymer composite electrolyte as shown in the
photo.

Figure 9 shows the SEM image of the sintered porous NASICON and Epoxy-NASICON after
polymerization. After ceramic sintering, the NASICON crystals are completely physically attached,
forming ion transport channels. Na* ions can migrate through the ceramic solid electrolyte through the
formed ion transport channels, as shown in the Figure 9(a). By controlling the final temperature, there
is a difference in porosity of the ceramic, which can be confirmed by Figure 10. The crystal phase of
NASICON ceramics starts to appear from 900 degrees, and sintering starts with the ceramic powder.
XRD data confirms the appearance of NASICON crystals phase at Figure 11. From 900°C after
NASICON crystal phase appears, the higher the temperature, the greater the crystallinity and the lower
the internal porosity. The experimentally confirmed part is not fully sintered up to 900°C, so that
NASICON powders do not stick together, but after 1000°C, ceramic crystals stick to each other and
form a length to move ions. From 1200°C or more, there was almost no internal porosity, so we could
not use the method we wanted to use. Finally, we used sintered ceramic at 1100°C. NASICON ceramics
sintered at 1100°C show porosity of about 10%. Figure 10 shows how to calculate the porosity of each

NASICON pellets. When the epoxy polymer is added to the sample, the polymer material is sufficiently
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filled in the internal pores as shown in the Figure 9(c). In the SEM image, it was confirmed that the
empty space between NASICON crystals was filled with a black material. The epoxy polymer seemed
to be filled, and it was identified as a polymer material containing C through EDS analysis Figure 9(b)
and (d). The detailed EDS analysis results for each component can be seen through the Figure 12. If
you compare the components of Na, Si, Zr, P, which are contained in NASICON, and the C components
that are only contained in Epoxy polymers by color, you can see that the Epoxy polymer is definitely
contained in the inner pores. In the same sample, Na ions only move through the connected ceramics,
so adding epoxy polymers does not affect about ion conducting. As a result of measuring ion
conductivity through electrochemical impedance spectroscopy, NASICON ceramics sintered at 1100
degrees showed 1.76 x 10* S cm™! (Figure 13) and 1.45 x 10* S cm™! (Figure 14) after epoxy polymer
treatment. The total resistance is also displayed within the error range, so the ionic conductivity values

seem to be mostly maintained.
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Figure 8. Schematic image of the entire experimental process of Epoxy-NASICON pellet synthesis.
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< Epoxy - NASICON cross-section >

Figure 9. (a) Cross-section SEM image of porous NASICON pellet and (b) EDS result data. (c) Cross-
section SEM image of Epoxy-NASICON pellet and (d) EDS result data.
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Figure 10. Porosity investigations result of NASICON pellet according to actual final sintering

temperature
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Figure 11. (a) XRD result data of prepared NASICON powder and ICSD reference data peak. (b) XRD
peak change of NASICON pellet according to the final sintering temperature.
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Figure 13. lonic conductivity result through EIS measurement analysis of Porous NASICON pellets.
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3.1.2. Mechanical enhancement and thickness control of ceramic pellet

The strength test of the solid electrolyte was conducted by a flexural strength test. Flexural strength,
also known as bending strength, is a method of measuring the force at break by applying a force to a
specific specimen. The flexural strength represents the highest stress experienced within the material at
its moment of yield. It is measured in terms of stress, here given the symbol 6. The scheme image and
calculation formula for the experiment can be confirmed through the Figure 15. In this way, physical
strength measurements of NASICON pellet solid electrolyte and NASICON solid electrolyte treated
with epoxy polymer were performed.

The physical strength of the ceramic samples increased significantly after the epoxy polymer treatment.
As shown in Figure 16, basically, NASICON ceramics have an average bending strength of 15Mpa
even if they are sintered at higher density. Curing only epoxy polymer has an average bending strength
of 150Mpa. Since the internal pores of the ceramic are not closed pores, curing occurs with the epoxy
polymers connected to each other. This can be supported to prevent the ceramic from breaking inside,
the epoxy-NASICON sample after the epoxy treatment can be seen that the average bending strength
increases to 35Mpa. Experimental measurements of each substance can be found in Table 3. If the
current measured bending strength value is calculated as the force that can withstand the actual use size,
it is calculated as Figure 17. When we make the cell in our experiment, it takes about 0.8kgf of force to
make sure that the solid electrolyte was broken after the coin cell is made. When bare NASICON pellets
were used, they were mostly available in thicknesses of 800pm to 900 um. Epoxy-NASICON can be
used for calculations with a thickness of less than 600um and in a real experiment, a 500 pm thick
sample could be used. It is expected to be used more in the future because it can be used in a thinner
state than the existing solid electrolyte with the same physical properties. Based on this, the thickness
of epoxy-NASICON is reduced and the actual resistance is measured. Figure 18 shows that the
resistance decreases in proportion to the thickness. Drawing a trendline based on the actual measured
values results in a minimum thickness of 120um to ensure that the solid electrolyte resists less than
100Q. If you look at the actual solid electrolyte sample through Figure 19, you can see that the existing
800 ~ 900 thickness NASICON sample can be reduced up to 300 thickness. If a solid electrolyte of a
small thickness with the same strength and resistance value can be used, the applicability will increase
in the future. The enhancement of physical property of epoxy-NASICON composite can be predicted
by the rule of mixture formula that can be used to calculate the properties of a mixture of different
physical properties.”! In Figure 20 shows actual strength with the calculated value of the rule of mixture.
The maximum value that can be predicted by a general formula can be obtained by the following
formula.

Ecomposite = [Eepoxy + (1 = f)Enasicon

Where f is the volume fraction of the epoxy polymer, Egp,yx, is the physical property (bending
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strength) of the epoxy polymer, Eyasicon 18 the physical property (bending strength) of NASICON
ceramics, and E omposite 18 the physical property of the epoxy-NASICON composite sample.

Also, the minimum predictable value can be obtained by the following formula.

1—
Ecomposite = ( ! + / )_1
Eepoxy ENASICON

The above expected values can be estimated from the maximum and minimum values according to the
direction of the force applied to the material and can be estimated from the case where there are no
internal pores of the composite material and the seamless connection with each other. In the case of the
current epoxy-NASICON sample, as shown in Figure 20(a), the ceramic electrolyte is sintered, and the
ceramics are seamlessly connected to each other. The inside of this ceramic is filled with epoxy polymer
material without any remaining pores and polymerized without breaks, which appears to be the actual

value close to the expected maximum value.
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Figure 15. Measurement principle and calculation formula of actual bending strength test
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Sample

number Width(mm) Thickness{mm) Breaking load(kgf) Bending strength(MPa)

1 20.86 1.34 1.953 15

2 20.86 1.34 2.087 16

NASICC,)N 3 20.84 1.33 2.134 17
ceramic 4 20.88 1.34 2.123 17
5 20.84 1.34 1.751 14

1 20.83 1.30 3.704 31

2 20.86 1.30 4.816 40

Epoxy-NASICON 3 20.94 1.31 4331 35
4 20.84 1.27 4.817 42

5 20.93 1.32 3.885 31

Table 3. Measurement specification and result of actual bending strength for each solid electrolyte

pellet sample
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3.1.3. Electrochemical characterization

Basically, NASICON ceramics are stable up to 700°C or more and epoxy polymers are stable up to
400°C after curing. This can be seen from the Thermogravimetric analysis(TGA) experiment in Figure
21. Since each material is stable above 400°C, the epoxy-NASICON sample mixed with the two
materials is stable until 400°C. Cyclic voltammetry(CV) was conducted to confirm the electrochemical
stability. In Figure 22, the result of epoxy-NASICON with Na metal showed no side reaction up to 7V
except for plating/stripping of Na metal near OV. It is believed that both NASICON ceramic and epoxy
polymers are electrochemically stable and there are no other chemical reactions in the composite
process.

To confirm the possibility of using an epoxy-NASICON electrolyte for a solid-state battery, a cell test
was also carried out by attaching a positive electrode and a negative electrode, respectively. In fact, all-
solid-state battery cell fabrication has not established an all-solid cell system that can show perfect cell
performances. Since the positive electrode and the negative electrode material are currently used as a
solid active material, the use of an electrolyte as a solid material causes a problem of contact resistance
again. In addition, it is difficult to confirm the good cycle performance because the solid electrolyte is
difficult to compensate for the volume change of the active material generated during charging and
discharging. In this experiment, the cell design was carried out as follows to confirm the only for the
applicability of epoxy-NASICON as a solid electrolyte. The cathode part was made by mixing a 10wt%
of ionic liquid electrolyte within total cathode part in order to reducing interfacial resistance between
cathode active material and solid electrolyte, and the anode part, Na metal, added UV curing polymer
electrolyte layer between the solid electrolyte and the Na metal to minimize contact resistance. Since
there is no liquid electrolyte leaked by the above process, ions move through the channel of the solid
electrolyte during the charge and discharge process. The coin cell fabrication scheme using Epoxy-
NASICON solid electrolyte is shown in Figure 23. As described above, when the half-cell of
Na3V3(POs); cathode material and Na metal was manufactured and charged and discharged at 0.1 C-
rate, the capacity of about 120mAh/g and 20 cycles were stably driven. The charge and discharge graph
can be seen in Figure 24. In addition, if the solid electrolyte is used, there is no leakage of the liquid
electrolyte, so that a bipolar stack can be made in a single cell to produce a high voltage single cell. The
bipolar stacked coin cell experiment result can be seen at Figure 25. In this experiment, a 7V class coin
cell was fabricated by stacking two or more solid electrolyte cells in single coin cell. Through this, it is
possible to confirm cell driving possibility by sufficiently ion-transferring role with epoxy-NASICON
composite electrolyte.

So far, the strength and effect of NASICON solid electrolytes have been confirmed through epoxy
polymer complexation. For the manufacture of thin and strong solid electrolytes, high-strength

polymers such as epoxy were mixed in the pores of ceramics, and the possibility of increasing the
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strength while maintaining the electrochemical properties was confirmed. However, current methods
still have brittle characteristics, and there is a limit to making the thickness below 20 pm, which is the
thickness of the conventional NIBs system. In addition, the presently used epoxy polymer material does
not have an ion conduction effect, so the higher the ratio, the more difficult to expect the ion conductivity.
In order to solve the above problems, additional research and development is required and presenting
way the future aspect about oxide based solid electrolyte at Figure 26. As mentioned at the beginning
of the paper, the sintering process is essential to secure ion transfer paths using ceramic solid electrolytes.
Currently, the sintering process causes NASICON powders to stick randomly and appear only as a solid
pellet. Therefore, further research is needed to sinter the ceramic electrolyte, but to have a specific
pattern to secure the most efficient ion transfer channel and to have physical flexibility. In addition,
Epoxy polymer material used to increase the strength is expected to have a higher ionic conductivity
than if using a polymer electrolyte material having an ion conducting effect. If the above method is used,

it is possible to manufacture a thin film solid electrolyte and to apply it to more fields.
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Figure 21. TGA analysis result for each NASICON, Epoxy-NASICON and Epoxy polymer sample.
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3.2. Patterned sintering oxide ceramic for the thin and flexible solid electrolyte

3.2.1. Ceramic sintered as specific pattern with sacrificial template

The oxide-based solid electrolyte used so far has been used only as a solid pellet-type ceramic. In order
to increase the ionic conductivity of the solid electrolyte, a sintering process is performed. Since this
process is performed at a high temperature, it can be manufactured only in a simple form. As a result,
there were few applications that could be used, and there was not much demand for oxide-based solid
electrolytes. However, recently, as research into making a solid electrolyte by combining an oxide-
based solid electrolyte and a polymer material has progressed, the demand for the oxide-based solid
electrolyte has increased, and at the same time, it has become necessary to manufacture the desired type.
There is a need for a method of sintering ceramics with specific patterns that may have physical
characteristics while forming more direct ion transport channels.

Various shapes are discussed as a specific pattern. First, after sintering, there is a need for a shape that
can reduce the brittle properties of the ceramic itself. One of the examples is the existing commercially
available Alumina fabric. Alumina fabric is a figure in which Al,O3; ceramic material is pulled out like
a thin thread and woven into a fabric. Individual Al>O3 ceramics are still brittle and hard, but the entire
fabric, woven in thin fabrics, can have flexible characteristics like a regular fabric. It is hard to be
individually broken and easy to break, but if it can be made only in a specific pattern, it can be used in
the form of a sufficiently flexible membrane. It is also important to note that in order to maximize the
ion conducting effect of ceramics, it is necessary to create the most optimal ion transport channel. When
making a film form in combination with a polymer, a method of sintering ceramics in the form of a
mosaic is also considered so that the ceramic ion transport channel is made in the vertical direction of
the film.

It can also be seen indirectly through the rule of mixture model described above that the physical
properties are improved by compounding substances having a specific pattern. In the case of the existing
rule of mixture, it was possible to calculate the physical property change when two substances were
mixed at random. Accordingly, the researchers made a model including the shape, orientation, and
elastic properties of each material in order to make corrections close to the actual model. In the case of
the Halpin-Tsai model, it is calculated on the assumption that the materials to be mixed are perfectly
aligned in one direction. In the case of the Chamis model, the elastic property of the compound to be
compounded is included in the calculation formula to quantify it. There is also a Finite element method
(FEM) that estimates physical properties like real models, including both of the following properties.
When the various models are put together, the minimum intensity value that the mixed object can have
is increased when the materials having a specific direction and shape are also mixed in a calculated
value. (Figure 27) Even through this, if the actual ceramic is used after patterned sintering, an increase

in physical strength can be expected.
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Until now, the sintering method is to compress the ceramic powder under high pressure to form a
pellet, and then to make the ceramic powder surfaces melt at each other at a high temperature of 1000°C
or more. In this process, the void space between the powders is reduced and the ionic conductivity
increases as the contact surface between ceramics increases. At this time, the ceramic crystal phase is
formed more than just the physical bonding of the ceramic powder, so ion transfer through the ceramic
is possible. However, in this way, it is difficult to make ceramics to the desired shape. Since the ceramic
powders were randomly bonded to each other and the pores between the powders were not controllable,
the final sintered form could only be produced in a simple pellet form. Therefore, it is necessary to
devise another method to make the ceramic solid electrolyte sintered to the desired shape.

Recently, among the methods for producing a lithium ion solid electrolyte, various methods of making
an oxide-based solid electrolyte into a specific shape have been studied. Basically, there is a method of
sintering the ceramic internally by making a frame of a specific shape, and there is also a method of
directly creating a desired shape using a 3D printing technique. However, since the sintering process of
the oxide-based solid electrolyte passes a high temperature of 1000°C or more, a method of maintaining
its shape after high temperature sintering is required.

The method used in this study was a method of sintering a solid electrolyte in the shape of a template
using a carbon-based template after preparing a ceramic precursor of a complete solution. The template
contains the liquid phase of ceramic precursor in its shape, and when the temperature is raised to sinter
it, the carbon-based template is thermally decomposed and disappears at a specific temperature.(Figure
28) However, the retained ceramic solution is sintered as it is and retains its template form. If you check
the result after the final sintering, you can see the sintered ceramic as it is in the shape of the template.

There are several types of carbon-based templates used in the experiment. The simplest is carbon cloth,
which is woven into a carbon string and used as a fabric, and carbon felt, which is woven randomly in
the form of a non-woven fabric. A company called Wizmac interwoven a single carbon string into
multiple bundles and made a carbon cloth that weaves the bundles. In this study, carbon string, carbon
cloth, carbon felt and Wizmac cloth were used as templates. Each sample can be confirmed through
Figure 29. Before using each template impregnated with a ceramic precursor solution, it is necessary to
check the temperature at which each sample undergoes pyrolysis. This is important information for
adjusting the sintering temperature and heating step in using each template. As a result of the actual
experiment, the TGA / DSC experiment of the carbon template (Figure 30) confirms the pyrolysis
temperature, and the final pyrolysis temperature is different for each template. In the case of carbon felt,
it is stable even up to 700 °C or more and then decomposed from around 800 °C. On the other hand, in
the case of wizmac cloth, thermal decomposition starts from 500 °C, and if it exceeds 600 °C, all
decomposes and disappears. Since the ceramic must maintain its shape at the temperature at which the

template is thermally decomposed, it is necessary to keep the heating rate at the temperature as slow as
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possible. The following diagram shows the sintering step used in practical application when using the
wizmac carbon template.(Figure 31)

When the carbon-based template is impregnated with an ethanol-based solution, a ceramic precursor
solution, the solution is sufficiently moistened with the template surface. The carbon template must not
be used after removing the coating from the surface-coated template because the solution cannot
penetrate sufficiently if there is a polymer coating on the surface of the material. After drying, the
sufficiently moistened template is placed on the Pt plate and subjected to a heat treatment process
according to the temperature step. If you check the change of the actual sample at each temperature, the
carbon template starts to decompose from around 500 °C, and the white ceramic form remains sintered
as the temperature increases.(Figure 32)

The shape of the ceramic after the final sintering can be confirmed directly by the eye, and it can be
seen from the SEM image that the ceramic is sintered in the shape of the actual template. The carbon
template of one strand is sintered with a thread-shaped ceramic, and the fabric template is sintered with
a fabric-shaped ceramic. Indeed, one strand of ceramic is still brittle and weak. However, if multiple
strands of ceramic are woven in the form of a fabric, the physical properties may be stronger. In addition,
it is possible to add more flexible properties than conventional ceramics, so it can be expected to play

a role as a solid electrolyte.(Figure 33)
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Figure 29. Actual appearance of each carbon template sample.
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Figure 30. TGA/DSC result data of each carbon template sample from 25°C to 900°C.
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Figure 31. Heating step of carbon templated NASICON ceramic.
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Figure 32. Variation by temperature of the carbon template sample impregnated with the actual

ceramic precursor solution.
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remaining after the final sintering
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3.2.2. Mechanical properties of patterned ceramic based solid electrolyte

As described above, the ceramic solid electrolyte sintered in the form of a template has a lot of empty
space inside as shown. Currently, the ceramic is sintered, so the physical strength is weak to use as an
electrolyte, so the interior space is filled with a polymer material to produce a film type. This method
is the same as the method of filling the former Epoxy polymer material into NASICON pellets. The
liquid Epoxy-resin monomer material is impregnated into a patterned sintered ceramic, and then
polymerized by heat. It can be made into a thin film. In the ceramic sintering sample using the Wizmac
template, after adding an epoxy polymer, it comes out to a thickness of about 200um, and it can be
made into a film of 100pm thickness through a surface polishing process.

In the actual Wizmac carbon template, the thickness is about 300 ~ 400 pm. However, if the ceramic
is impregnated and then sintered, the thickness is reduced by roughly half. Not only the thickness is
reduced, but the overall shape shrinks a lot, and the sintering occurs because the template is decomposed
and the place where the template disappears is sintered as the ceramic fills up. The thickness of one
strand of carbon string before sintering was about 10um, but if you check the thickness after sintering,
you can see the shrinkage of 5~6um.(Figure 34) It can be seen that the overall template form was
maintained. According to the experiments to date, the shrinkage rate differs depending on the
concentration of the prepared ceramic precursor solution, and the higher the concentration, the smaller
the shrinkage rate appears to be. And another thing that could be confirmed is that the density of the
final sintered ceramic is also determined according to the difference in the concentration of the ceramic
precursor. In order to find the initial experimental conditions, when the template was impregnated with
a dilute concentration of about 0.3 M, the shape remained after the final sintering, but the density of the
ceramic was low, so that the crumb occurred easily. This can also be seen through the SEM of the Figure
35, where you can see that the ceramic has been sintered, leaving a lot of empty space around the place
where the template was thermally decomposed. Finally, a ceramic precursor solution having a
concentration of 1M was used to increase the sintering density of the ceramic as much as possible. The
higher the ceramic precursor solution concentration, the more the void space inside the sintered ceramic
decreased, and the physical strength also increased a lot.(Figure 36) The reason why the density of the
sintered ceramic is important is that the final ion-transport channel is a ceramic solid electrolyte, so that
the ion transfer effect is deteriorated as the density is low and there are more empty spaces. Since the
physical strength also has a lower density, the strength becomes weaker, so it is necessary to increase
the density of the patterned sintered ceramic by preparing an optimal high concentration solution.

By checking the cross-section of the final sintered patterned ceramic solid electrolyte, the ion transfer
channel of the ion ceramic strand can be confirmed.(Figure 37) According to the shape of the currently
used Wizmac carbon template, the ceramic solid electrolyte passage formed in a zigzag fabric form is

not a vertical ion transfer effect, but bypasses it to create a direction through which ions can pass. The
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remaining empty space can be filled with polymeric materials. The Figure 38 of filling the remaining
empty space with Epoxy polymer material in the same way can be confirmed through the figure. EDS
analysis can compare the ceramic material and the polymer material filled in the remaining space by C
material analysis. Then, while maintaining the ion transport channel, the strength can be increased
relatively, and it can be produced in the form of a thin film. Unlike sintering with ceramic powder
before, since the shape of the ceramic can be adjusted, as many ion-transfer channels as desired can be
formed and the rest can be used to enhance physical properties.(Figure 39)

Basically, the brittle nature of ceramics remains, but after polymer treatment, the solid electrolyte film
can be seen to be more flexible than conventional ceramics. The patterned epoxy-NASICON solid
electrolyte after treatment of about 200 pm thick Epoxy polymer can measure bending properties. The
sample sintered with the previous NASICON powder showed the property of breaking immediately
without any bending property, but in the case of the patterned epoxy-NASICON, it was thin enough to
have a bending property. The same sample 4 x 4 cm area, 200 pm thick samples were wrapped in acrylic
cylinders of different diameters, and the bending characteristics were checked while showing resilience.
The actual bending shape from 5cm to 1cm diameter cylinders was compared and can be confirmed
through the Figure 40. It was confirmed that the physical properties of the current Epoxy-NASICON
sample can be sufficiently recovered after bending up to a 2 cm diameter cylinder, and cracking occurs
below. This is a value that approximates the flexibility characteristics of the present oxide-based solid

electrolyte and is expected to be sufficiently utilized in the future.
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< Carbon fiber>

Figure 34. SEM image and thickness of a single strand of carbon fiber. SEM image of the ceramic
solid electrolyte finally sintered using the carbon fiber.
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Figure 35. Patterned ceramic sintered at a concentration of 0.3 M ceramic precursor. After the final

sintering, it can be confirmed that the ceramic inner density is low.
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Figure 36. Patterned ceramic sintered at a ceramic precursor concentration of 1 M. After the final
sintering, it is possible to check the high internal density of the ceramic.
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Figure 37. Cross-section SEM image of the final sintered NASICON ceramic using Wizmac template.
The sintering of ceramics capable of ion transfer in a zigzag shape.
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Figure 38. Epoxy-NASICON SEM cross-section image with Epoxy polymer added to patterned
sintered NASICON ceramics and EDS analysis results.
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Figure 39. Cross-sectional SEM image of Epoxy-NASICON solid electrolyte. lon transfer channel

through ceramic can be checked.
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3.2.3. Electrochemical characterization

The electrochemical properties can be said to be like the previous epoxy-NASICON samples. Basically,
since NASICON and Epoxy polymer materials have not been changed, the original thermal stability
and electrochemical stability are maintained. Figure 41 and Figure 42 shows the results of TGA and
LSV experiments. If you check it through TGA, you can see a stable appearance until epoxy
decomposes at 400 °C. Even when comparing the electrochemical stability through LSV, it is stable up
to 6V. The electrochemical stability of epoxy-NASICON solid electrolytes is higher than that of
existing liquid electrolytes and ionic liquids, which exhibit reactivity at 4.5V and 5.0V. However, the
electrochemical stability is lower than that of the previous Epoxy-NASICON in the form of pellets. It
seems that the characteristics of the polymer appear as the proportion of the ceramic decreases and the
proportion of the polymer increases as the ceramic sintering is patterned.

The results of measuring ion conduction through EIS analysis can be confirmed through the Figure 43.
The ionic conductivity measured through experiments to date is about 10° Scm™. It has a low ionic
conductivity compared to the epoxy-NASICON in the previous pellet state, which is presumed since
there are not many channels through which ions can pass. In addition, it is necessary to study ceramic
sintering conditions and patterns of solid electrolytes that can exhibit optimal ion transport. In the case
of the ceramic template using the present Wizmac carbon template, since the fabric is woven in a zigzag
form, the sintered ceramic is also in a zigzag form. The best form is that the ceramic solid electrolyte is
sintered in the vertical direction of the final solid electrolyte and fills other spaces with the polymer to
enhance the physical properties. In this regard, research directions for future templates are needed.

Other polymer materials may be used in addition to the epoxy polymer. Epoxy polymers are not ion-
conducting polymers, so they only increase their physical properties. However, if an ion-conducting
polymer is used, an additional ion transfer effect can be expected. The polymer material used as a test
is a material that is mixed with Trimethylolpropane ethoxylate triacrylate (ETPTA) polymer and Na
salt and then cured using UV radiation. When the above polymer electrolyte was used alone, it showed
ionic conductivity of about 1.2 x 10° S cm™ at room temperature, but it was expected that it could show
better performance when combined with the aligned ceramic solid electrolyte. Indeed, because of
applying ETPTA UV curing polymer electrolyte to the patterned NASICON solid electrolyte, better ion
conductivity values could be confirmed. If you look at the ion conductivity through EIS measurement
through the Figure 44, you can see that the ion conductivity increased up to 1.0 x 10* S cm™. Physical
properties also have flexible properties and can be used as thin film solid electrolytes. It can be applied
to cell assembly more easily than the existing pellet type solid electrolyte.

It can be applied to cell assembly more easily than the existing pellet type solid electrolyte. The half-
cell using the NVP anode and Na metal, which was previously manufactured, was also applied as a

patterned ceramic solid electrolyte. When the cell performance was viewed with a current value of 0.1
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C-rate at room temperature, it was confirmed that the capacity of 120mAh/g and the stable state of 20
cycles or more were observed. Figure 45 shows the cell performance and cycle data. Through this, it is
confirmed that the cell characteristics can be sufficiently observed even with a solid electrolyte based
on an oxide-based ceramic.

Up to now, the pattern of the oxide-based solid electrolyte was used only as a template in the form of
a usable fabric, but in the future, if a desired type of template is applied, various types of solid
electrolytes may be produced. As mentioned earlier, when a solid electrolyte and a polymer material
are used in combination, a solid electrolyte type capable of showing an optimal ion transfer effect is
required. It is an optimal condition that the solid electrolyte is sintered in the vertical direction of the
film, and the rest of the film is a polymer having good bonding properties, thereby increasing physical
strength. If an ion-conducting polymer material is additionally used, it may have a more efficient ion

conductivity.
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Figure 41. TGA analysis results of basic NASICON ceramic, epoxy polymer, and patterned sintered
epoxy-NASICON samples.
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V. Conclusion

This is the result of research on methods that can be applied to Na-ion battery systems using oxide-
based ceramic solid electrolytes. For Li-ion batteries and Na-ion batteries, stability is a top priority to
meet current high-capacity ESS standards. In the secondary battery system using an existing organic
liquid electrolyte, many studies have been attempted to solve this stability since the issue of instability,
which is easily burned, remains. Among them, a solid electrolyte is being researched as an alternative
material that can replace the existing liquid electrolyte. Among them, an oxide-based solid electrolyte
that is thermally stable in the air is spotlighted as a substitute material. However, the disadvantage of
the oxide-based solid electrolyte is that due to the high interfacial resistance between the solid powders,
it is impossible to expect a normal ion transfer effect through simple physical contact. For this reason,
various studies have been conducted on a method of utilizing an oxide-based solid electrolyte. So far,
the ion conducting effect of the solid electrolyte was expected by mixing the oxide-based solid
electrolyte powder and the polymer electrolyte. At the same time, thermal stability, and electrochemical
stability, which are advantages of the oxide-based solid electrolyte, could be expected. However, in the
composite electrolyte using an oxide-based solid electrolyte powder, the proportion of ceramics has not
exceeded 50% or more. It was confirmed through the oxide-based solid electrolyte that the ion
conducting effect was hardly in the powder state, so that the proportion of the ceramic could not be
increased. This is because the ionic conductivity drops rapidly when the ceramic ratio exceeds 50%.
Therefore, it is difficult to expect thermal stability and electrochemical stability.

Therefore, to transfer ions through an oxide-based solid electrolyte, it is necessary to form an ion
transfer channel through sintering. After the high-temperature sintering process, the ceramic surface
melts and the interface resistance disappears. However, it was difficult to utilize the sintering process
because it was made only in the form of thick and brittle pellets. There is a need for a method to increase
the physical strength after sintering and make it thin.

A method of manufacturing a thin solid electrolyte was devised by filling the internal pores or voids
of the sintered ceramic solid electrolyte with a polymer material capable of increasing physical strength.
It was confirmed that the present pellet-type solid electrolyte was intentionally increased in porosity
and sintered, and the higher the polymer material was filled, the higher the strength. However, this
method is difficult to use in a sufficiently thin form. Additional features are needed because there are
still fragile features. The ceramic solid electrolyte should provide a channel through which ions can be
transferred, and at the same time, reduce physical properties that break. As a solution, a patterned
ceramic solid electrolyte sintering method using a template is proposed. Currently, the possibility of
sintering a ceramic solid electrolyte in the form of a template using a carbon-based fabric type template
was confirmed. Using the solid electrolyte thus prepared, a thermally stable solid electrolyte up to 400 °

C and an electrochemically stable solid electrolyte up to 6V or higher was produced. Using the above
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solid electrolyte, the capacity of 120mAh/g and stable cell performance up to 20 cycles can be seen in
the half cell using NVP anode and Na metal. It is considered that the above research direction is
necessary to utilize the oxide-based solid electrolyte in the future. It has been confirmed that there is no
longer an ion transfer effect with the oxide-based solid electrolyte powder, and after sintering, a specific
type of sintering method is required to supplement physical properties. The sintering method using the
present template is highly likely to be used in the future because various types of ceramics can be
sintered by using a template of a desired shape. Through this, we expect to develop a stable Na-ion

battery market.
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