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Abstract 

 

All-solid-state batteries (ASSBs), have taken global attention instead of typical liquid 

electrolytes. ASSBs have the potential for higher energy densities and safety than 

conventional lithium-ion batteries. Solid polymer electrolytes (SPEs) are one of 

electrolyte materials for ASSBs, which consist of polar polymers and metal salts, have 

greater safety and manufacturing workability. In the past several decades, SPEs have been 

mainly studied on polyether-based electrolytes such as poly(ethylene oxide) (PEO)-based 

electrolytes, due to its good ion-conductive behavior and high solubility for many kinds 

of metal salts. However, those polyether-based SPEs have effectively defects on the 

electrochemical properties for application towards rechargeable batteries. 

In this dissertation, we focused on polycarbonate-based electrolytes such as poly(ethylene 

carbonate) (PEC). Because of not only its ion-conductive continuously increase with 

increasing salt concentration, but also the excellent cation (Li+) transport abilities. These 

properties have never presented in polyether-based electrolytes. Moreover, PEC-based 

electrolytes demonstrate a high oxidation stability and a prevention effect of metal 

corrosion reaction in the highly concentrated electrolytes. Additionally, polycarbonate 

materials are very worth noting even from an environmentally friendly point of view. PEC 

can be synthesized from carbon dioxide (CO2) gas as monomer and biodegradable, low 

toxicity and so on. However, the ionic conductivity at room temperature and poor thermal 

and mechanical properties of PEC-based electrolytes are still needed to be improved for 

application of high performance batteries. 

For solving above issues, composite polymer electrolytes (CPEs) of PEC-based 
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electrolytes have been studied in the present study. PEC and poly(trimethylene carbonate) 

(PTMC) blend electrolytes were developed and their thermal, ion-conductive and 

electrochemical properties were investigated. The ionic conductivity of PEC and PTMC 

blend electrolytes increased with increasing Li salt concentration and PEC content. 

Moreover, blend electrolytes revealed better thermal properties and stable 

electrochemical abilities with Li anode than that of PEC and PTMC original electrolytes. 

The effect of the blended electrolytes also appeared in battery test results. In addition, 

ion-conductive and mechanical properties of PEC-based electrolytes reinforced by silica 

nanofiber were analyzed and the fiber size effect on electrolytes was also demonstrated. 

According to these findings, it can be suggested that compounding of the electrolyte is an 

effective method for development of more excellent electrolytes for batteries. We also 

believe that the present study will contribute to real or practical application of ASSBs 

with polymer electrolytes in the future. 
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1-1 Lithium-ion rechargeable batteries 

 

The globally and rapidly increasing demand for energy results in challenges concerning not 

only the resources but also the conversion and storage of electrical energy. Along with the 

demand of society and the development of science and technology, the discovery of new energy 

resources and development of the utilization of renewable energies are greatly boosted. Various 

types of systems have applied depending on the required capacity and power values, like 

hydropower plants, wind power plants, and electrochemical energy-storage devices.[1,2] In 

particular batteries, many different types of energy-storage devices have researched, for 

example fuel cells,[3,4] supercapacitors,[5,6] and lithium batteries.[7,8]  

Lithium-ion batteries (LIBs), simply known as lithium batteries, also the currently most 

common battery systems are based on the Li-ion technology. This technology was first 

proposed by M. S. Whittingham in 1976, and commercialized by SONY in 1990.[9] In the 

 

 
 

Figure 1-1. Gravimetric and volumetric energy densities of different rechargeable battery systems.[7] 
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current era of LIBs, there is an ever-growing demand for even higher densities to power mobile 

IT devices with increased power consumption and to extend the driving range of electric 

vehicles.[10,11] Furthermore, Li-ion technology represents the best investigated, and the most 

popular battery system today, due to its uniquely high power density (Figure 1-1).  

Figure 1-2 shows a typical configuration of LIB. They are mainly consisted of two electrodes, 

anode and cathode, immersed in a liquid-type electrolyte and separated by a polymer membrane 

in order to protect cells from short-circuit. Anode and cathode are made of materials that have 

low and high electrochemical redox potentials, respectively. The difference between these two 

redox potentials is the electromotive force. In a charged state, the anode contains a high 

concentration of intercalated lithium while the cathode is depleted of lithium. During the 

discharge, a lithium ion leaves the anode and migrates through the electrolyte to the cathode 

while its associated electron is collected by the current collector to be used to power an electric 

device. The respective equations for the materials are as follows: 

 

 
Figure 1-2. Typical configuration of lithium-ion battery (LIB) (during discharge). 

e- e-
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Anode: 

LixC           xLi+ + xe- + C                       (1-1) 

Cathode: 

Li1-xCoO2 + xLi+ + xe-           LiCoO2               (1-2) 

 

For the cathode materials, rock salt-type metal oxides which can encapsulate lithium ions in a 

lattice structure, such as LiCoO2, LiMn2O4, and LiFePO4 are commonly used[12,13]. While the 

most used anode is definitely graphite due to its excellent features, such as flat and low working 

potential vs. lithium, low cost and good cycle life.[14,15] However, graphite only allows the 

insertion of one Li-ion with six carbon atoms, with a resulting stoichiometry of LiC6 and 

therefore an equivalent reversible capacity of 372 mAh g−1. In addition, the diffusion rate of 

lithium into carbon materials is between 10−12 and 10−6 cm2 s−1 (graphite is between 10−9 and 

10−7 cm2 s−1), which results in batteries having a low power density.[16,17] Therefore, there is an 

urgent need to replace graphite anodes to materials with higher capacity, energy and power 

density. Even though lithium metal retains one of the highest capacity (3860 mAh g−1) among 

anode materials, safety issues hinder the use of lithium as an anode material in secondary 

batteries. In fact, the short circuit caused by lithium dendrites formation in between lithium 

anode and cathode is actually the most issue for the lithium metal batteries.[7,18,19] 

 
 

Figure 1-3. Typical composition of organic solution-based electrolyte. ethylene carbonate (EC), 
dimethyl carbonate (DMC). 
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On the other hand, electrolytes are playing ion conductors to compensate the current, in between 

the two electrodes but is an insulator to electrons. The electrolyte of the commercially available 

lithium ion battery is mainly liquid type. The most common type of liquid electrolyte is shown 

in Figure 1-3, which is a mixture of carbonate solvents and a lithium salt, such as LiPF6. The 

use of this electrolyte composition is due to a favorable ion-conductive performance and a high 

electrochemical stability to tolerate the high voltage operation of LIBs. However, this kind of 

volatile and flammable organic liquid type electrolyte solutions are heavy and pose a safety 

concerns, including fires or explosions.  

 

 

Figure 1-4. Three representative commercial cell structures. (a) cylindrical-type cell, (b) prismatic-type 

cell, (c) pouch-type cell. The pouch dimensions are denoted, along with the internal configuration for 

anode-separator-cathode stacks.[8] 

 

Figure 1-4 shows typical configurations of lithium-ion batteries which are currently available. 

The use of volatile and flammable organic solution-based electrolytes necessitates secure 

chassis to avoid fires or explosions. Additionally, there is a safety valve, in case of thermal 

runaways and resulting gas evolutions. The use of the flammable organic solutions causes not 

only safety concerns, but also such issues as decrease in energy density and high production 

cost because of the complexity of the battery structure. 
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1-2 Current status of solid-state electrolytes for lithium- ion batteries 

 

Recently, all-solid-state batteries (ASSBs) have taken worldwide interesting not only in 

business but also in researches due to their better safety, higher power and energy density, as 

well as wider operating temperature energy storage as compared to conventional lithium-ion 

batteries.[20–22] Normally, conventional LIBs use liquid electrolytes, are based on organic 

solvents, which are intrinsically volatile and highly flammable. In contrast, solid electrolytes 

are usually able to withstand high temperatures (>80°C). Several challenges related to 

solidifying batteries still remain to be addressed from fundamental understanding before the 

technology will be ready for widespread commercialisation. 

The key point of ASSBs is the solid electrolyte, and it can be mainly classified into two types, 

which are inorganic ceramic and organic polymer electrolytes. The difference in electrical, 

electrochemical and mechanical properties of solid electrolytes is the key to the ASSBs 

challenge compared to the typical liquid electrolytes. At room temperature, the Li-ion 

conductivity of a solid electrolyte is typically at least two or three orders of magnitude lower 

than the Li-ion conductivity of a liquid electrolyte, especially in the case of solid polymers 

(Figure 1-5). This can result from the solid electrolyte’s intrinsic properties or from existing 

grain boundaries. However, the conductivities of some sulfide-based electrolytes like 

Li10GeP2S12 (LGPS), Li7P3S11 and Li6PS5X (X = Cl, Br, I) are comparable to or even higher 

than those of liquid electrolytes.[23–25] It seems widely accepted and reported that the 

electrochemical oxidation potentials of solid electrolytes are superior to those of liquid 

electrolytes. Solid electrolytes may be stable above 5.0 V vs. Li/Li
+
. In the case of liquid 

electrolytes, it has been shown that decomposition occurs above 4.0 V vs. Li/Li
+
.[26] In fact, 

recent results from density functional theory (DFT) computations on the thermodynamic 

stability of various solid electrolytes hint that above 4.0 V vs. Li/Li
+ 

most solid electrolytes can 
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be oxidised and decomposed into different phases.[27–29] 

 

 

 

Figure 1-5. Thermal evolution of ionic conductivity of the new Li10GeP2S12 phase, together with those 

of other lithium solid electrolytes, organic liquid electrolytes, polymer electrolytes, ionic liquids and gel 

electrolytes. The new Li10GeP2S12 exhibits the highest lithium ionic conductivity (12 mS cm-1 at 27 oC) 

of the solid lithium conducting membranes of inorganic, polymer or composite systems.[23] 

 

Relatively speaking, ASSBs are believed to be the future battery system compared to liquid-

electrolyte Li batteries, because it is safer, and to have longer cycle life, higher energy density, 

less requirements on packaging and state-of-charge monitoring circuits.[30] With respect to this, 

there is a growing interest in ASSBs R&D. It is expected that ASSBs should be used widely in 

large electrical power storage systems such as electrical vehicles as well as electronic devices 

due to their high energy density and safety. 
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1-2-1 Inorganic ceramic-based electrolytes for all-solid-state batteries 

 

The solid electrolyte was firstly introduced by Bates et al. with lithium-phosphorous-oxynitride 

(LiPON).[31] They incorporated N2 to form LiPON, an amorphous analog to the lithium super 

ionic conductor (LiSICON), by radio frequency magnetron sputtering of lithium silicates, 

phosphates, or phosphosilicates.[32] Thin-film batteries with Li anodes and LiPON separators 

demonstrated thousands of cycles.[30,33] However, the mechanical stability of bulk-type batteries 

based on this electrolyte material design seemed to be insufficient. The low conductivity of 

LiPON at room temperature (2×10−6 S cm−1) could also prevent the further development of 

batteries with thick LiPON membranes.[32] Thereafter, inorganic ceramic-based electrolytes for 

solid-state batteries were further expended. For example, lithium ion conducting sulfide glasses 

such as Li2S-GeS2, Li2SP2S5, Li2S-B2S3, and Li2S-SiS2 systems were reported to exhibit 

electrical conductivities higher than 10−4 S cm−1 at room temperature and wide electrochemical 

window.[34,35] Moreover, thio-LiSICON-based electrolytes have conductivity of 3.2×10−3 S 

cm−1 and low activation energy at room-temperature.[36,37] However, their ionic conductivity 

still lower than that of liquid-type electrolytes. Table 1-1 summarizes ionic conductivity of 

some ceramic-based inorganic electrolytes. 

Table 1-1. Various ceramic-based inorganic electrolytes and their conductivity. 

Electrolytes 
Ionic conductivity 

(S/cm) 
Temperature 

(K) 
ref 

LISICON-

like 

Li10GeP2S12 1.20 × 10-2 300 [23] 

Li3.25Ge0.25P0.75S4 2.20 × 10-3 298 [34] 

Li3.4Si0.4P0.6S4 6.40 × 10-4 300 [38] 

perovskite Li0.34La0.51TiO2.94 1.00 × 10-3 300 [39] 

Li0.06La0.66Ti0.93Al0.06O3 1.68 × 10-6 300 [40] 

NASICON Li1.3Al0.3Ti1.7(PO4)3 3.00 × 10-3 298 [41] 

garnet Li7La3Zr2O12 2.00 × 10-6 300 [42] 
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In 2011, Kanno et al.[23] reported an elemental substitution that the conductivity of Li3PS4 

crystal could be significantly increased by incorporating phosphorus and germanium into 

Li3PS4 crystal, the resultant Li3.25P0.75Ge0.25S4 crystal exhibited a high conductivity of 2.2×10−3 

S cm−1 at room temperature. They also reported that Li10GeP2S12 with a new three-dimensional 

framework structure, which exhibited an extremely high lithium ionic conductivity of 12 mS 

cm−1 at room temperature. Figure 1-5 shows the thermal evolution of the ionic conductivity of 

the new Li10GeP2S12 phase in comparison with other electrolytes used in practical batteries. 

This solid-state electrolyte was claimed to have many advantages in term of fabrication, safety 

and electrochemical properties. 

Figure 1-6 shows the crystal structure of Li10GeP2S12. The framework is composed of (Ge0.5P0.5) 

S4 terahedra and LiS6 octahedra, which are connected to LiS6 octahedra by a common corner 

(Figure 1-6b). LiS4 tetrahedra at the 16h and 8f sites share a common edge, forming a 1D 

conducting pathway along the c axis. As observed, the content of germanium in Li-Ge-P-S 

electrolyte materials tended to be reduced at low potentials.[43] Moreover, sulfide in the 

materials easily reacted with the moisture in the atmosphere, producing fateful and harmful H2S 

gas. Recently, Sahu et al.[44] reported that the solid electrolyte with a composition of 

Li3.833Sn0.833As0.166S4 showed a high ionic conductivity of 1.39 mS cm−1 at 25 °C. Soft acids of 

As5+ and Sn4+ were used to form a stable compound against hydrolysis and oxidation.  

However, extreme manufacturing process and inferior cycle performance induced by the 

problems on the interface between electrode and electrolyte materials is one of the major 

drawbacks that needs to be overcome for the successful commercialization of secondary Li 

batteries.[23,24,45] 
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Figure 1-6. Crystal structure of Li10GeP2S12. (a) The framework structure and lithium ions that 

participate in ionic conduction. (b) Framework structure of Li10GeP2S12. One-dimensional (1D) chains 

formed by LiS6 octahedra and (Ge0.5P0.5) S4 tetrahedra, which are connected by a common edge. These 

chains are connected by a common corner with PS4 tetrahedra. (c) Conduction pathways of lithium ions. 

Zigzag conduction pathways along the c axis are indicated. Lithium ions in the LiS4 tetrahedra (16h site) 

and LiS4 tetrahedra (8f site) participate in ionic conduction. Thermal ellipsoids are drawn with a 30% 

probability. The anisotropic character of the thermal vibration of lithium ions in three tetrahedral sites 

gives rise to 1D conduction pathways.[23] 
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1-2-2 Organic polymer-based electrolytes for all-solid-state batteries 

 

Compared to both inorganic solid electrolytes and liquid ones, organic polymer-based solid 

polymer electrolytes (SPEs), in general, have better flexibility in packaging and higher safety, 

which have been one kind of the most promising candidate electrolytes for all-solid-state 

lithium batteries including Li-ion, Li-sulfur and Li-air ones.[46] In fact, polymers may also act 

as hosts for ions. The studies of SPEs started from the exploration of polyethylene oxide (PEO) 

incorporating with lithium salts, and observed that lithium salts could be dissolved by the 

polymer solvents to form cations and anions in a SPE system.[47] The ions can move in the space 

provided by the free volume of the polymer host, and conductivity is thus possible above the 

glass transition temperature (Tg) of the polymer where the polymer molecules are free to move. 

The ionic conductivity displays a diffusive liquid-like behavior in the solid electrolyte. 

Moreover, the number of free Li+ cations and their moving ability of the chains would 

significantly affect the Li+ transportability within SPE; in turn affect the battery's performance. 

Since lithium ion transportability in SPE at room temperature is lower than that in liquid 

electrolyte, even lower than that in inorganic solid electrolyte (Figure 1-5). Although SPEs 

usually show low ionic conductivity at room temperature which is not suitable for practical 

applications, they have been widely and continuously studied as an ionic conductor for one of 

potential electrolyte materials of all-solid-state batteries.[48,49]  

Additionally, SPEs have industrially unignorable attractive properties we have mentioned 

above such as excellent flexibilities in packaging and safeties (Figure 1-7), which are the 

performances of other types of electrolyte cannot satisfy. Table 1-2 compares basic 

characteristics of liquid electrolyte, inorganic conductor and SPE. Conductivity of SPE is 

mostly very low at this point. This is basically due to a strong correlation between ionic 

conduction and sluggish segmental motion (micro-Brownian motion) of polymer chains. In 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=A%E6%98%AF%E5%85%B6%E4%BB%96%E7%A7%8D%E7%B1%BB%E7%9A%84%E7%94%B5%E8%A7%A3%E8%B4%A8%E6%89%80%E6%97%A0%E6%B3%95%E6%BB%A1%E8%B6%B3%E7%9A%84%E6%80%A7%E8%83%BD
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contrast, some of the inorganic conductors even surpass that of a conventional liquid electrolyte 

in ionic conductivity and mechanical strength is very high because the materials are made of 

hard metal oxides. However, flexibility and processability are limited because of the brittle 

nature. For similar reason, a good contact between the ionic conductor and electrode is difficult 

to construct. Narrow electrochemical stability window and poor compatibility with electrode 

materials also remain challenges.  

 

 
Figure 1-7. Schematic image of conceptual thin and flat polymer-based battery.[7] 

 

Table 1-2. Comparison of inorganic solid ion-conductor and solid polymer electrolyte (SPE).  

Electrolyte  Ionic 
conductivity 

Electrode 
interface 

Electrochemic
al stability 

Mechanical 
strength 

Flexibility/ 
Processability 

Liquid-type Medium Low Low Low Low 

Inorganic-type High Low Low High Low 

Polymer-type Low Medium Medium Medium High 

 

During a long decades, precious metal inorganic materials were commonly used as the cathode 

active materials, such as LiCoO2, LiMn2O4, and LiFePO4. The largest natural resources of these 

metals are located in politically unstable regions, and the substitution with renewable resources 

is impossible. Recently, organic materials which redox-active polymers as cathode active 

material has attracted much attention owing to their high theoretical gravimetric capacities and 
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resource renewability, especially for carbonyl compounds.[50–52] One of the most advantages of 

organic carbonyl compound is their high theoretical gravimetric capacities, such as 446 mAh 

g-1 for quinone.[53] Unfortunately, organic materials with low molecular weight usually exhibite 

poor cyclability because of their high solubility in aprotic electrolyte.[53,54] To overcome this 

issue, SPEs can be suitable, which enable the fabrication of solid-state batteries with lithium 

anode and organic cathode with high capacity. J. Chen et al.[55] have reported an all-solid-state 

organic battery which combined pillar[5] quinone (P5Q) as organic cathode material with SPE 

and Li metal as anode electrode. As shown in Figure 1-8, this all-solid-state organic battery 

exhibit a very stable cycle performance and high capacities (keeping in more than 446 mAh g

－1) than that of liquid one. This suggest that SPE and organic cathode combined a novel all-

solid-state organic battery can be expected for the future electronic storage devices. 

 

 

 

Figure 1-8. Electrochemical performance of the all-solid-state cell with P5Q cathode and PMA/PEG-

SiO2 GPE: typical discharge-charge profiles of (a) with GPE at 0.2C rate, (b) with 1 M LiPF6 EC:DMC 

(1:1 in volume); GPE used cell (c) rate capability and (d) the cycling performance between 1.8 and 

3.3 V at 0.2C rate.[55]  
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1-3 Solid polymer electrolytes 

1-3-1 Fundamentals of solid polymer electrolytes 

 

Solid polymer electrolytes (SPEs) are solid ion-conductive materials mainly consisting of polar 

polymers and metal (lithium) salts. The study of SPE has its roots in early reports of relatively 

fast ionic conductions in complexes of poly(ethylene oxide) (PEO) and alkali metal salts, such 

as KSCN and NaSCN by Wright et al.[56,57] in the early 1970s (Figure 1-9). The polymer/salt 

complex showed an ionic conductivity of the order of 10－2 S cm－1 at elevated temperature 

above the melting point (Tm) of PEO chain, and of 10－7 S cm－1 near the ambient temperature. 

The drop at Tm suggested an ionic conduction in amorphous region. Later, study of this kind of 

material as conceptual solid electrolyte for lithium rechargeable batteries has become popular, 

since Armand[58] first suggested the potential usage. Since then, most studies have been directed 

to polymer/lithium salt complexes using polyethers like PEO or poly(propylene oxide) (PPO) 

as the host polymer matrix. 

PEO-based electrolytes are the most attractive SPEs owing to their property of excellent 

solubility for lithium salts. The EO units have a high donor number for Li+, and also high chain 

flexibility for promoting rapid ion transport. Figure 1-10 shows the proposed ion transport 

mechanism in the PEO matrix, which demonstrates that lithium ions are coordinated by the 

ether oxygen atoms on a segmental PEO chain in a similar way to their complexation by organic 

carbonates. With the processes of breaking/forming lithium-oxygen (Li-O) bonds, ion transport 

occurs by intrachain or interchain hopping in the PEO-based electrolyte.[59,60] Accompanied by 

the gradual replacement of the ligands for the solvation of Li+, the continuous segmental 

rearrangement results in a long-range displacement of lithium ions. Polymers which have low 

glass transition temperature (Tg) are suitable for SPE in general, because the low Tg that reflects 

more active segmental motion of polymer chains is favorable for a fast ionic transport.  
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Figure 1-9. (a) Typical SPE polymer hosts. PEO: poly(ethylene oxide); PPO: poly(propylene oxide). 
(b) Temperature dependence of ionic conductivity for PEO/KSCN (○) and NH4SCN electrolytes (●). 
[53] 

 

 

 
 

Figure 1-10. Schematic image of the ionic conduction in polyether-based SPE.[61] 
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Several ion-conductive characteristics of the polyether electrolytes, which originate from a tight 

coordination between ether oxygen atoms and lithium ions, have hampered their practical use. 

Addition of salt slows the segmental motion, and causes the glass transition temperature (Tg) to 

increase, as a result of a physical cross-linking effect of the ether/Li+ coordination. The salt 

concentration in which the conductivity is high is quite low, and it is impossible to increase the 

conductivity by simply increasing the salt concentration. Very low lithium transference number 

(t+) against the transport of anions, which is due to the selective coordination to Li ions, is also 

a significant challenge. Highly crystalline nature also hinders the improvement of conductivity, 

because ionic conduction mainly occurs in an amorphous domain. Additionally, both ether 

solvents and polyethers are not suitable for lithium batteries operating at a high voltage (> 4 V 

vs. Li/Li+), because ether chain is prone to an oxidation which results from an extraction of lone 

pairs of oxygen atoms. An alternative material-development strategy is therefore necessary. 

Lithium polymer batteries have never reached the stage of large-scale commercial production. 

The challenging and critical issue with SPE is to improve the ionic conductivity, interfacial 

contacts between electrodes and electrolytes, and electrochemical stability window. 

Nonetheless, the ionic conductivity is a key property of the electrolyte for LIBs, and it 

represents the ion transition character of the electrolyte. The basic requirement of a suitable 

electrolyte for LIBs is high ionic conductivity. For improvement of conductivity of SPE, 

numbers of works have been done, Table 1-3 summarizes some of researches about SPEs. 
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Table 1-3. Conductivities of some solvent-free polymer complexes. 

Polymer system 
Polymer host Li salt 

Temp  

(oC) 

Conductivity 

(S/cm) 
Ref 

Linear Poly(ethylene oxide) 

(PEO) 

LiClO4 20 1.00 × 10-8 [62] 

LiTFSI 60 1.30 × 10-4 [63] 

Poly(oxymethylene-

oligo-oxyethylene) 

(POO) 

LiClO4 25 6.00 × 10-6 [64] 

Poly(propylene oxide) 

(PPO) 
LiClO4 20 1.00 × 10-8 [65] 

Poly(dimethyl siloxane) 

(DMS) 
LiClO4 20 1.00 × 10-4 [66] 

Branched (PEO-PPO-PEO)-SC, 

(SC= siloxane 

crosslinked) 

LiClO4 20 1-5 × 10-5 [67] 

Poly(dimethyl siloxane-

co-ethylene oxide) 

(PDMS-PEO) 

LiClO4 25 2.60 × 10-4 [66] 

poly(ethylene oxideco-2-

(2-methoxyethoxy)ethyl 

glycidyl ether) (PEO-

PMEEGE) 

LITFSI 60 1.50 × 10-3 [68] 

Polyethylene-b-PEO 

(PE-PEO) 
LiClO4 25 1.00 × 10-5 [69] 

Plasticizer added 
PEC-PEG LiTf 40 1.00 × 10-4 [70] 

PEC-PEGDME LiTFSI  3.60 × 10-4 [63] 

Polymer in-salt 
Poly(propylene oxide) 

(PPO) 

LiClO4-LiBr-

AlCl3 
20 2.00 × 10-2 [71] 
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1-3-2 Ion-transport mechanism of solid polymer electrolytes 

 

Like electrolyte solutions, SPEs are also ionic conductors that transport electricity as ions in the 

electrolytes. However, the ion transport in the SPEs is actually not that easy and simple. For the 

development solid polymer electrolyte, fundamental understanding of ion-conductive 

mechanism is essential. It is widely accepted that the ionic conduction in polymer electrolytes 

occurs cooperatively with micro-Brownian motion of polymer chains, as shown in Figure 1-10. 

The reason is that the temperature dependence of ionic conductivity σ for solid polymer 

electrolytes often follows the equations 
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which are analogous to Williams-Landel-Ferry (WLF) and Vogel-Tammann-Fulcher (VTF) 

equation, respectively. These are equations that represent the temperature dependence of the 

structural relaxation time τ of polymer chains, based on the free volume theory. 

Figure 1-11 shows an example WLF plot of ionic conductivity for cross-linked PEO network 

polymer prepared by dissolving various alkali metal salts.[72] The temperature dependences of 

all electrolytes mostly follow the same master curve, where Ts=Tg+50, C1=4.6, and C2=95.6, 

which are similar to the universal values for amorphous polymers.  

Ionic conductivity of materials can be connected with the mobility of the carrier ions μ by  
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 iii qn                                                             (1-5) 

where μi, ni, and qi are the mobility of the carrier ions, the number density of the carrier ions, 

and the charge of the ion i, respectively. The mobility μ of the ion can be correlated with 

diffusion coefficient D by Nernst-Einstein relationship  

μ = Dq/kT                                                               (1-6) 

where k is Boltzmann’s constant. The correlation between D and viscosity η is given by Stokes-

Einstein relationship  

D = kT/6πrη                                                             (1-7) 

where r is Stokes radius which represents the hydrodynamic radius of the ion. For rubbery 

polymer materials, the viscosity η can be defined as a value which is proportional to the inverse 

of relaxation time τ of the segmental motion.  

 1                                                                 (1-8) 

The above theories indicate that the temperature dependence of conductivity is largely 

controlled by the structural relaxation time τ of the polymer chains, and the temperature 

dependence of ion mobility μ follows the WLF and VTF equation. The above observations 

indicate that the time scale of the structural relaxation time of polymer chains and mobility of 

the ions are correlated. This correlation is expected to mostly govern the ionic conduction in an 

amorphous domain of polyether. 

In accordance with the theory, the simplest way to improve the conductivity is as follows. 

1. Increase the number of carrier ions. 

2. Enhance the segmental motion of polymer chains (without deterioration of mechanical 
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strength). 

3. Reduce the crystallinity if the polymer is semi-crystalline. 

So far efforts to improve the ion-conductive performance of SPE have been directed mostly to 

development of highly dissociating salts, optimization of polyether structure, and exploration 

of non-polyether structures suitable for SPE use. In the following section efforts which have 

been made so far to seek improvement of ion-conductive performance will be briefly reviewed. 

 
 

 
Figure 1-11. WLF plots of ionic conductivity for PEO-alkali metal salt complexes using a reference 
temperature T0 (= Tg + 50). [72] 
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1-3-3 Polycarbonate-based electrolytes 

 

In the past few decades, SPEs have mainly been studied on polyether-based system due to its 

good ion-conductive behavior and high solubility for many kinds of metal salts.[56,73–75] 

However, the ionic conductivity at room temperature and poor cation (Li+) transference number 

of PEO-based electrolytes are still considered to be issue that should be solved (Figure 1-

12).[73,76–78] Thus, a new ion transfer mechanism of polymer is strongly required.  

 

Figure 1-12. Roadmap for the development of Li-ion conducting electrolytes for rechargeable lithium 

and Li-ion batteries, including liquid electrolytes, gel polymer electrolytes, ceramic electrolytes, solid 

polymer electrolytes and single lithium-ion conducting solid polymer electrolytes. The requirements of 

total ionic conductivity (σ) and individual Li+ conductivity (σLi+) for battery operation are shown as gray 

and pink dashed lines, respectively.[78] 

 

Recently, some reports of relatively high performances of polycarbonate/ester electrolytes 

invoke interests. Although carbonate-based organic solutions are predominantly used in 

commercially available lithium-ion batteries, researches of polycarbonate-based electrolytes 
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are rare. In the early researches, Smith et al.[79,80] have reported preparation of poly(trimethylene 

carbonate) (PTMC)-based electrolytes. Electrolytes containing various lithium salts, such as 

LiCF3SO3, LiClO4, and LiBF4, showed conductivity of the order of 10-6 to 10-4 S cm-1 at 

elevated temperatures (ca. 70-80 oC). Brandell et al.[81,82] took over the research of PTMC and 

its derivatives recently. In their report, a PTMC/LiTFSI electrolyte shows a conductivity of the 

order of 10-7 S cm-1 at 60 oC.  

Tominaga et al.[83–85] have recently studied electrolytes based on poly(ethylene carbonate) 

(PEC) and achieved impressive results. Poly(alkylene carbonate)s are generated from 

copolymerization of CO2 with epoxides (Scheme 1-1). This copolymerization method was first 

discovered by Inoue and co-workers in the late 1960s,[86] and has become popular in polymer 

chemistry[87] because large portion of polymer chain is derived from CO2. Despite interesting 

features (e.g. biodegradability) so far no practical application has yet been established. 

Furthermore, this polycarbonate-based electrolytes demonstrate an unusual ion-conductive 

behavior.[85] The PEC system showed a continuous increase in conductivity and decrease in 

glass transition temperature (Tg) with increasing salt concentration (Figure 1-13) and has very 

high lithium transference number (t+) (Table 1-4). The resulting conductivity of a highly 

concentrated PEC/LiFSI 80 wt% electrolyte is of the order of 10－4 S cm－1 at 40 oC, which is 

comparable to that of PEO electrolytes at elevated temperature. 

 

 

 Scheme 1-1. Synthesis of poly(alkylene carbonate)s by CO2/epoxide alternating copolymerization. 
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Figure 1-13. Unusual salt concentration dependence of ionic conductivity and glass transition 

temperature (Tg) of poly(ethylene carbonate) (PEC) electrolytes.[85]  

 

 

 

Table 1-4. High lithium transference number (t+) of poly(ethylene carbonate) (PEC) electrolytes in 
comparison with conventional PEO electrolyte.[85,88] 

 

Electrolyte t+ 

PEC/LiTFSI (100 mol%) 0.71 (80 oC) 

PEC/LiFSI (188 mol%) 0.54 (60 oC) 

PEO/LiFSI (5 mol%) 0.16 (80 oC) 
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Moreover, the electrochemical stability and aluminum collector corrosion of PEC-based 

electrolytes are greatly improved upon increase in salt concentration. Tominaga et al.[89] have 

reported that the anodic oxidation stability and aluminum corrosion reaction were significantly 

improved with increasing salt concentration, and those properties stable up to more than 5 V at 

very concentrated region (Figure 1-14). In the highly concentrated PEC-based electrolytes, 

larger number of the electron ion pairs of the polar groups are stabilized by the coordination to 

Li+, which makes the solvent less prone to oxidation and prevent a dissolution of Al3+ (or Al-

anion complex). These behaviors are likely to be compatible with high voltage (4–5 V) lithium 

batteries and similar properties have been reported in several liquid concentrated 

electrolytes.[90,91] Therefore, the concentrated polycarbonate-based SPEs can be suggested to 

one of the potential electrolyte materials for future high energy density all-solid-state lithium 

batteries. 

 

 

Figure 1-14. (a) linear sweep voltammograms of stainless steel working electrode and (b) cyclic 

voltammograms (2nd cycle) of Al working electrode using PEC/LiTFSI electrolytes with various salt 

concentrations at 30 8C and a scan rate of 5 mV s-1.[89] 

 

High performance at ambient temperature and rate capability of lithium polymer batteries using 

polycarbonate/ester-based electrolytes, which appears to be better than that of polyether-based 
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batteries, have been reported recently. For instance, Mindemark et al.[92] reported an ambient 

temperature operation of LiFePO4/Li cell using poly(trimethylene carbonate-co-ε-

caprolactone) (poly(TMC-co-CL)) (Figure 1-15). Tominaga et al.[93] also demonstrated an 

operation of LiFePO4/Li polymer battery using a composite membrane of concentrated 

PEC/LiFSI electrolyte and polyimide matrix substrate at 30 oC. High compatibility of 

polycarbonate electrolytes with cathode materials with relatively high operating voltage (> 4 V 

vs. Li/Li+) has been reported by Cui et al.[94] A LiFe0.2Mn0.8PO4/Li cell using a cellulose-

supported polymer electrolyte based on poly(propylene carbonate) (PPC) delivered a specific 

capacity of around 120 mAh g-1 at 20 oC at a current rate of 0.5 C. A compatibility of an 

electrolyte comprising poly(vinylene carbonate) (PVCA) polymerized in situ and lithium 

difluoro(oxalate)borate (LiDFOB) with LiCoO2 cathode was also confirmed by the same 

group.[95] More examples of polymer structures and properties of the carbonate included SPEs 

are listed in Table 1-5. 

 

Figure 1-15. Charge/discharge capacities and coulombic efficiencies for a LiFePO4/SPE/Li cell with 
the electrolyte based on poly(TMC-co-CL) cycled at room temperature (left) and initial charge/discharge 
voltage curves of the cells cycled at different temperatures and C-rates (right).[92] 
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Table 1-5. Examples of carbonate included polymers used in SPEs. 

Polymer salt Tg Tm Conductivity Ref 

 

Poly(ethylene succinate) 

LiBF4 

- - 
1.3×10-7 at 41 oC 

([Li]/[M]=0.5) 
[96] 

−1 - 
3.4×10-6 at 65 oC 

([Li]/[M]=0.33) 
[97] 

LiClO4 −7–−6 100–101 
Ca. 10-5 at 90 oC 

([Li]/[M]=0.12) 
[98] 

 

Poly(ethylene adipate) 

LiCF3SO3 −50 55 
Ca. 10-5 at 60 oC 

([Li]/[M]=0.25) 
[99] 

 

Poly(β-propiolactone) 

LiClO4 −21 74–77 
Ca. 10-2 at 70 oC 

([Li]/[M]=0.1) 
[98] 

 

Poly(ethylene malonate) 

LiCF3SO3 −15 Amor 
4.5×10-5 at 65 oC 

([Li]/[M]=1/8) 
[100] 

 

Poly(trimethylene carbonate) 

(PTMC) 

LiCF3SO3 −18 Amor 
Ca. 10-5 at 85 oC 

([Li]/[M]=1/12) 
[79] 

LiClO4  Amor 
Ca. 10-4 at 85 oC 

([Li]/[M]=0.5) 
[79] 

LiBF4 −16 Amor 
Ca. 10-6 at 75 oC 

([Li]/[M]=0.2) 
[101] 

LiTFSI −15 Amor 
Ca. 10-7 at 60 oC 

([Li]/[M]=1/8) 
[81] 

 

P(TMC-co-caprolactone) 

LiTFSI −57 Amor 
4.1×10−5 at 25 oC 

(36 wt%) 
[92] 

LiTFSI  Amor 4.7×10−4 at 20 oC [102] 
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Poly(ethylene carbonate) (PEC) 

([Li]/[M]=0.8) 

LiTFSI, 

LiBETI, 

LiBF4, 

LiClO4, 

LiCF3SO3 

9 Amor 
5×10−6 at 30 oC 

(80wt% LiTFSI) 
[83] 

LiFSI 13–14 Amor 
1.4×10−4 at 40 oC 

([Li]/[M]=1.88) 
[85] 
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1-4 Concentrated electrolytes 

 

Superconcentrated (or highly concentrated) solutions are receiving intense attention as a new 

class of liquid electrolytes (Figure 1-16). Generally, further increasing salt concentration over 

the conventional 1 mol dm-3 standard results in decreased ionic conductivity and increased 

viscosity, both of which are unfavorable as a battery electrolyte in terms of rate performance. 

Thus, highly concentrated electrolytes have long been outside the research focus in 

rechargeable Li-based batteries. However, various unusual functionalities have recently been 

discovered in the highly concentrated region, which bring about vigorous research worldwide 

on superconcentrated (highly concentrated) electrolytes. Notably, highly concentrated 

electrolytes show high stabilities toward both negative and positive electrodes. Those unusual 

electrochemical stabilities, as well as other unique features, of highly concentrated electrolytes 

may be a clue to a new electrolyte design strategy with an eye to long-desired breakthroughs in 

battery technologies. 

 
Figure 1-16. Typical ionic conductivity curve of aprotic solvent/lithium salt mixture. Highly 

concentrated electrolytes have been outside the research mainstream because of decreased ionic 

conductivity. They have recently received attention because of various unusual functionalities which are 

beneficial for battery applications.[103] 
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A drastic change of interfacial reactions at high concentrations was a major research focus at 

an early stage. Suppression of solvent co-intercalation into a layered ZrS2 electrode in a 

saturated LiAsF6/propylene carbonate (PC) electrolyte was first reported by McKinnon and 

Dahn in 1985 prior to the commercialization of Li-ion batteries in 1991.[104] In 2000’s, Ogumi 

and his co-workers significantly contributed to the development of this research field. They 

reported in 2003 and 2008 that graphite electrodes drastically change their behavior to 

reversibly accommodate Li+ in highly concentrated PC electrolytes, which is impossible in 

corresponding dilute electrolytes due to exfoliation of graphite layers accompanied with solvent 

co-intercalation.[105,106] From 2010, Yamada et al. [90,107–109] extended this approach to various 

aprotic solvents to report general observation of reversible graphite electrode reactions without 

ethylene carbonate (EC) solvent. Moreover, they have discovered that the salt-concentrating 

strategy enable efficient cycling of graphite anode in many solvent species that have been 

considered unsuitable for LIBs use so far.[110–113] Interestingly, fast electrode reactions were 

recently found in particular systems based on lithium LiTFSI (LiTFSA),[90,108] which defies the 

conventional notion of inferior kinetics at high concentrations (Figure 1-17). Ogumi et al. [114] 

also demonstrated in 2008 that the reversibility of Li metal deposition/stripping is significantly 

improved in highly concentrated PC electrolytes. After this path breaking work, highly 

reversible cycling of Li metal electrodes were reported by several groups. In 2013, Suo et al.[91] 

have reported a stable cycling in a concentrated electrolyte of 1,3-dioxolane (DOL):DME (1:1 

by vol.) and LiTFSI. In 2015, Qian et al.[115] have also published a faster cycling in a highly 

concentrated DME/LiFSI electrolyte (Figure 1-18). At a positive electrode side, anti-corrosion 

of Al current collectors at high concentrations was reported by Matsumoto et al.[116] in 2013 

and McOwen et al.[117] in 2014. They explained that dissolution of Al3+ (or Al-anion complex) 

was prevented due to the coordination of the most solvents and Li+, at high concentrations. The 

similar behavior has also confirmed in the concentrated PEC systems (Figure 1-14). 
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Figure 1-17. Raman spectra of acetonitrile (AN)/LiTFSA solutions in (a) 2230–2310 cm−1 (C−N 

stretching mode of AN molecules) and (b) 720–780 cm−1 (S−N stretching, C−S stretching, and CF3 

bending mode of TFSA−). (c) Schematic image of the environment of Li+ in a conventional dilute 

solution (≈1 mol dm−3) and a salt-superconcentrated solution (4.2 mol dm−3).[108] 

 

 
Figure 1-18. (A) SEM images of the morphologies of Li metal after plating on Cu substrates in different 

electrolytes. (a,b) 1 M PC/LiPF6; (c,d) 4 M DME/LiFSI. Scale-bar equals 10 mm. (B) Voltage profiles 

for cells cycled in 1 M DME/LiFSI and in 4 M DME/LiFSI.[115] 

TFSI 
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Furthermore, high oxidation stability of highly concentrated electrolytes is suggested from the 

series of reports. This is presumably due to a plenty of anions which are relatively stable in the 

proximity of the electrodes. Additionally, the solvent molecules, which are basically more prone 

to oxidation, are stabilized, because the electron density is reduced by the coordination to Li+. 

This characteristic may enable aqueous lithium batteries with relatively high operating 

voltage.[118–120] Aqueous battery has greatly higher safety and can eliminate the manufacturing 

process in very strict moisture-free condition. This is likely to reduce the manufacturing cost of 

lithium batteries significantly.[121] As is widely known, however, water is electrochemically 

unstable and is easily electrolyzed by low applied potentials, and energy density which is 

comparable to the current organic solution-based LIBs is difficult to achieve. Suo et al.[118] have 

discovered that the operational potential window of H2O/LiTFSI electrolyte is significantly 

widened when the LiTFSI concentration was increased up to super-high value of 21 M. The 

super-concentrated (water-in-salt) electrolyte is liquid even if the most portion of the solution 

consists of the lithium salt. This extension of electrochemical stability window enabled an 

anode/cathode couple of Mo6S8 and LiMn2O4, resulting in a 2.3 V aqueous battery (Figure 1-

19). Their Raman and 17O NMR spectroscopy indicated that most TFSI− coordinate to Li+, 

which leads to sacrificial reduction of TFSI to form an efficient solid electrolyte interface (SEI) 

on the anode. The reduced number of free solvent also improves the oxidation stability as 

discussed above. Yamada et al.[120] also reported an aqueous battery using H2O/LiTFSI:LiBETI 

highly concentrated electrolyte (hydrate melt electrolyte). In this report, they achieved a larger 

salt content and wider electrochemical stability window by mixing two different imide-type 

salts. So far only a limited number of anode/cathode couples and solvent/lithium salt 

combinations have been reported, and further exploration is strongly desired.  
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Figure 1-19. (a) Electrochemical stability window measured by using cyclic voltammetry (CV) of 

stainless steel electrode in H2O/LiTFSI solutions with different LiTFSI concentrations at a potential scan 

rate of 10 mV s−1
. Magnified figures of the regions near anodic and cathodic extremes are also shown. 

(b) Cycling stability and Coulombic efficiency of full aqueous lithium-ion cells using Mo6S8 and 

LiMn2O4 as anode and cathode materials in 21 M H2O/LiTFSI solution at a current rate of 0.15 C.[118] 
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1-5 Composite polymer electrolytes 

1-5-1 Ceramic-filled polymer electrolytes 

 

Since the report by Weston and Steele in 1982,[122] PEO-based composite polymer electrolytes 

(CPEs) have been widely studied.[123–125] The CPEs composing of a filler and polymer matrix 

could obviously improve the ionic conductivity, mechanical and interfacial properties when 

compared to the bare polymer electrolytes. In 1998, Scrosati et al.[126] added nanometer-sized 

ceramic powders (e.g., SiO2, Al2O3, TiO2, and ZrO2) into PEO electrolytes, leading to an 

increase in the ionic conductivity by 1–2 orders of magnitude (Figure 1-20). Subsequently, 

Bruce[47] investigated the ionic transport in PEO-based SPE with crystalline phase. They found 

that the ions could transport in the crystalline state, which opened a new trend for the research 

of PEO-based SPEs.  

 

 

Figure 1-20. Ionic conductivity of composite PEC/LiClO4 electrolytes containing various particulate 

ceramics as nano-sized filler.[126] 
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Later, Shriver et al.[127] systematically studied the ionic transport mechanism and relaxation 

coupling of the polymer electrolytes, which provided a theoretical basis for the development of 

solid polymer electrolytes. In 2001, Scrosati et al.[128] investigated the surface effect of the 

ceramic filler on P(EO)20 LiSO3CF3 polymer electrolyte. The results demonstrated that the role 

of the filler was not limited to preventing crystallization of the polymer but also promoting 

specific interactions among the surface groups, the PEO segments and the electrolyte ionic 

species. Figure 1-21 shows a schematic image of the surface of the ceramic filler in CPEs. 

Positively charged polar groups on the surface of the ceramic domain, such as OH, interact with 

anions and polar groups of polymer. These interactions facilitate the dissociation of cations 

from anions and polymer chains and reduces the crystallinity of the polymer, and in turn 

increases the cation (Li+) conductivity.  

 

 

Figure 1-21. Schematic image of Lewis acid/base interaction mechanisms in the CPEs. 

 

In addition, Archer et al.[129] in 2014, reported a cross-linked polyethylene/poly(ethylene oxide) 

(PE/PEO) SPE with both high ionic conductivity (1.6 × 10-4 S cm-1 at 25 °C) and mechanical 

property. This cross-linking method effectively could balance the ionic conductivity and 

mechanically rigid that could be used to suppress dendrite growth. In the previous work, the 

CPEs were usually synthesized by mechanically blending ceramic particles with polymers. 
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Recently, Cui et al.[130] prepared a CPE (4.4 × 10-5 S cm-1 at 30 °C) by introducing an in-situ 

hydrolysis method to synthesize ceramic filler directly in solid polymer electrolyte (Figure 1-

22), which suppressed the crystallization of PEO and facilitated polymer segmental motion for 

ionic conduction. Different with the particle ceramic filler, Tominaga et al.[131] have directly 

filled silica nanofibers (SNFs) to the poly(ethylene oxide-co-propylene oxide) (P(EO/PO))-

based electrolyte and improved their both ion-conductive and mechanical properties.  

 

 

 

Figure 1-23. (a) Two possible interaction mechanisms including chemical bonding and mechanical 
wrapping among PEO chains and monodispersed ultrafine SiO2 (MUSiO2). (b) Arrhenius plots of ionic 
conductivity of ceramic-free SPE, PEO-fumed SiO2 CPE, ex situ CPE, and in situ CPE.[130] 
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1-5-2 Polymer blend electrolytes 

 

Among the various approaches, polymer blending is the most feasible technique. Polymer 

blending is a process of mixing at least two polymers with/without any chemical bonding 

between them. A polymer blend is therefore a physical mixture of two or more 

polymers/copolymers. In commercial and industrial applications, polymer blends are viable 

products due to their unique properties that are superior to those of the component polymers. 

Blend is also an effective method for polymer electrolytes. Notably, blend-based polymer 

electrolytes can overcome the serious drawback of preparing electrolytes by nontrivial synthesis 

methods, thus, blending is considered to be an important method to improve the ionic 

conductivities and dimensional stability of polymer electrolytes. The main advantages of 

polymer electrolytes prepared via a blending method are the simplicity of preparation and easy 

control of physical properties by compositional change.  

 

 

Figure 1-24.  Arrhenius plots of lithium ionic conductivity of PMAA-PEO400 or -PEO400E/LiClO4 
hybrid films with different amount of LiClO4. [132] 
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In 1983, Tsuchida et al.[132] prepared a solid polymer electrolyte in a hydrogen-bonding type 

inter-macromolecular complex of PEO-poly(methacrylic acid) (PMAA) matrix. The ionic 

conductivity increased with increase in the content of PEO with an average molecular weight 

of 400. A maximum conductivity of 1.3 × 10-5 S cm-1 at 60 °C was obtained. Rocco et al.[133] 

also prepared a PEO-based electrolyte blended with poly(methyl vinyl ether-maleic acid) 

(PMVE-Mac). The maximum ionic conductivity of the SPE with 7.5 wt% LiClO4 reached 

approximately 10-5 S cm-1 at ambient temperature. Because of the intermolecular hydrogen 

bonds between PEO and PMVE-Mac, the crystallization of PEO was hindered, and the SPE 

system was associated with a greater blend-free volume, mobility and flexibility than in pure 

PEO. Later, the authors synthesized a PEO-based electrolyte blended with poly(bisphenol-A-

co-epichlorohydrin) (PBE) in the presence of LiClO4.[134,135] The miscibility of PEO and PBE 

was attributed to intermolecular hydrogen bonds between the polymers. Fourier transform 

infrared spectroscopy indicated complexation of the Li+ by both PEO and PBE oxygen atoms. 

The SPE showed a high electrochemical stability window (5.5 V). There are also nonpolyether 

blend electrolytes have been studied such as using poly(trimethylene carbonate) (PTMC), 

poly(vinyl alcohol) (PVA), and so on. Table 1-6 summarized various examples of blend 

electrolytes and their ionic conductivity. 
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Table 1-6. Various examples of blend electrolytes and their ionic conductivity. 

Polymer matrix Li salt 
Temp  

(oC) 
Conductivity (S/cm) Ref 

PEO/PMAA LiClO4 60 1.30 × 10-6 [132] 

PEO/MEEP LiBF4 25 4.00 × 10-6 [136] 

PEO/P2VP LiClO4 25 1.00 × 10-5 [137] 

PEO/PES LiClO4 25 3.00 × 10-5 [138] 

PEO/PET LiClO4 25 2.00 × 10-5 [139] 

PEO/PVDF 
LiClO4 30 2.62 × 10-5 [140] 

LiTFSI 30 4.90 × 10-3 [141] 

PEO/PVP Mg(NO3)2 25 5.80 × 10-4 [142] 

PEO/PTMC LiTFSI 25 1.35 × 10-4 [143] 

PEO/PEC LiBF4 25 8.80 × 10-5 [144] 

PVA/PVP NH4SCN 25 6.85 × 10-4 [145] 
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1-6 Objective of the present study 

 

There is increasing worldwide motivation to research and develop all-solid-state batteries in 

order to achieve better safety, higher power and energy density, as well as wider operating 

temperature energy storage as compared to conventional lithium-ion batteries (LIBs). However, 

conventional LIBs normally use liquid electrolytes, are based on organic solvents, which are 

intrinsically volatile and highly flammable. Due to these reasons, there are many battery safety 

accidents have happened. Therefore, we suggest solid polymer electrolytes (SPEs) to replace 

the typical liquid-type electrolytes, because SPEs have better flexibility in packaging and higher 

safety than that of inorganic ceramic-based electrolytes for all-solid-state batteries. Especially 

for using poly(ethylene carbonate) (PEC)-based composite polymer electrolytes (CPEs). 

SPEs are solid ion-conductive materials, which mainly consist of polar polymer and metal (Li, 

Na, Mg and so on) salt. As we mentioned in the introduction, SPEs have been mainly studied 

on polyether-based electrolytes such as poly(ethylene oxide) (PEO)-based electrolytes in the 

past several decades, due to its good ion-conductive behavior and high solubility for many kinds 

of metal salts. However, polyether-based SPEs usually reveal poor electrochemical properties, 

especially very low Li+ transference number (t+), because of the strong segmental motion 

between ether oxygen and Li+. This is a fatal defect as an electrolyte material for LIBs. 

Therefore, an alternative strategy for the material development is required. 

Recently, Tominaga’s group has introduced polycarbonate-based electrolytes, which exhibit an 

unusual ion-conductive properties compare with the typical polyether-based electrolytes. In the 

case of poy(ethylene carbonate) (PEC)-based electrolytes, the ionic conductivity increases and 

the glass transition temperature (Tg) decreases with increasing salt concentrations. Moreover, 

this PEC-based electrolytes not only have excellent t+ (higher than 0.6), but also show a good 

electrochemical stabilities in the highly concentrated system such as wide electrochemical 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E7%94%B1%E4%BA%8E%E8%BF%99%E4%BA%9B%E6%B6%B2%E6%80%81%E7%94%B5%E8%A7%A3%E6%B6%B2%EF%BC%8C%E7%BB%8F%E5%B8%B8%E4%BC%9A%E5%AF%BC%E8%87%B4%E7%94%B5%E6%B1%A0%E5%AE%89%E5%85%A8%E4%BA%8B%E6%95%85%E7%9A%84%E5%8F%91%E7%94%9F
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E7%94%B1%E4%BA%8E%E8%BF%99%E4%BA%9B%E6%B6%B2%E6%80%81%E7%94%B5%E8%A7%A3%E6%B6%B2%EF%BC%8C%E7%BB%8F%E5%B8%B8%E4%BC%9A%E5%AF%BC%E8%87%B4%E7%94%B5%E6%B1%A0%E5%AE%89%E5%85%A8%E4%BA%8B%E6%95%85%E7%9A%84%E5%8F%91%E7%94%9F
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E7%94%B1%E4%BA%8E%E8%BF%99%E4%BA%9B%E6%B6%B2%E6%80%81%E7%94%B5%E8%A7%A3%E6%B6%B2%EF%BC%8C%E7%BB%8F%E5%B8%B8%E4%BC%9A%E5%AF%BC%E8%87%B4%E7%94%B5%E6%B1%A0%E5%AE%89%E5%85%A8%E4%BA%8B%E6%95%85%E7%9A%84%E5%8F%91%E7%94%9F
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E7%94%B1%E4%BA%8E%E8%BF%99%E4%BA%9B%E6%B6%B2%E6%80%81%E7%94%B5%E8%A7%A3%E6%B6%B2%EF%BC%8C%E7%BB%8F%E5%B8%B8%E4%BC%9A%E5%AF%BC%E8%87%B4%E7%94%B5%E6%B1%A0%E5%AE%89%E5%85%A8%E4%BA%8B%E6%95%85%E7%9A%84%E5%8F%91%E7%94%9F
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window up to 5 V and prevention effect of metal corrosion reaction. Unfortunately, there still 

are drawbacks even with such excellent electrochemical properties. PEC-based electrolytes 

exhibit a very poor thermal and mechanical properties result in easy to decompose at high 

temperature and short circuit during battery test. The ionic conductivity also needed to be 

further improvement for battery application. 

As introduced in the previous section, development of CPE is a good selection for improving 

both ion-conductive and physical properties of the same time such as filled with inorganic fillers 

or in addition of other polymers. In the present study, we demonstrate methods to improve both 

ion-conductive and physical properties, and investigate the battery applications by developing 

composite electrolytes. The followings are outline of this dissertation.  

First, a silica nanofiber (SNF) synthesized by calcination-free process is filled into the PEC-

based electrolytes as inorganic filler and their ion-conductive, thermal and mechanical 

properties are investigated. In addition, the fiber size effects of SNFs in the SPEs are also carried 

out (Chapter 2). Next, a polycarbonate blend electrolytes based on PEC and poly(trimethylene 

carbonate) (PTMC) are developed for improving the ionic conductivity and thermal properties 

of polycarbonate-based electrolytes (Chapter 3). Finally, electrochemical stabilities and battery 

application by using highly concentrated polycarbonate-based composite electrolytes are 

revealed (Chapter 4).  
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2-1 Introduction 

 

Fabrication of nanostructured materials is increasingly important in many scientific fields,[1] 

including electrochemistry and battery research,[2,3] because of their unique properties. 

Electrospinning is a versatile method for fabricating thin polymer fibers having diameter of 

nano- to submicron-size.[4–6] Since the first reports of certain electrospun metal oxides, such as 

α-Al2O3 (Figure 2-1a),[7] TiO2 (Figure 2-1b),[8] and SiO2,[9] a number of ceramic nanofibers 

have been electrospun along with more common polymer fibers.[10] Generally, as-electrospun 

ceramic fibers are composed of the intended ceramic, and also carrier polymers, such as 

polyvinylpyrrolidinone, which are added to adjust the viscosity of the sol-gel precursors, and 

in turn necessitates calcination. Tominaga et al.[11] have reported previously that addition of 

calcination-free silica nanofiber (SNF) to amorphous polyether electrolytes can improve their 

ion-conductive and mechanical properties at room temperature (Figure 2-2). Unfortunately, the 

conductivity is still limited, and it is extremely difficult to enhance the lithium (cation) 

transference number (t+) for polymer electrolytes. The migration of ions in polyether arises 

from the segmental motion of polymer chains in the amorphous region,[12] and a strong 

coordination structure between polyether chains and cations impairs the conductivity. 

 

 

Figure 2-1. SEM images of electrospun (b) α-Al2O3
[18] and (c) TiO2[19] nanofibers. 

(a) (b)
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Tominaga’s group has been focused on a novel candidate using ethylene carbonate-based 

polymers for electrolytes,[13–17] after CO2/epoxide copolymers having glycidylether side groups 

were first reported in 2010.[14] Recently, Tominaga et al.[15] determined that simple 

poly(ethylene carbonate) (PEC)-Li salt mixtures give rise to very different ion-conductive 

behaviors from typical polyether-based electrolytes. In the case of PEC-LiFSI electrolytes, the 

conductivity increases and the glass-transition temperature (Tg) decreases with increasing Li 

salt concentration.[15,16] Furthermore, high tLi+ values, greater than 0.5, and good 

electrochemical stability, are among the advantages of polycarbonate-based electrolytes.[16,18] 

This chapter focuses on SNF as a filler for PEC-based composite electrolytes. In the last three 

decades it has been found that the addition of inorganic fillers can improve electrochemical and 

mechanical properties of SPEs, because they have high aspect ratios and large surface areas. In 

addition, the functional groups on the surface can give rise to a high dispersion state of fibers 

 

Figure 2-2. (a) Temperature dependence of ionic conductivity for poly(ethylene oxide-co-propylene 

oxide) (P(EO/PO))/LiTFSI 5 mol% electrolyte and 5 wt% composite electrolytes (ncl-SNF: non-

calcined silica nanofiber, cal-SNF: calcined silica nanofiber, partical: SiO2, original: without filler). 

(b) Stress-strain curves of P(EO/PO)/LiTFSI 5 mol% electrolyte and composite electrolytes.[11] 
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in SPE and from efficient ion-conductive paths.[19,20] In this chapter, poly(ethylene carbonate) 

(PEC), lithium bis(trifluoromethanesulfonyl) imide (LiTFSI), and SNFs were used for 

preparing composite polymer electrolytes to improve the electrochemical properties and 

mechanical strength. Three different average diameters of SNFs (300, 700, and 1000 nm) were 

used, and we determined the physicochemical effects of the addition on ion-conductive 

properties. 
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2-2 Experimental 

2-2-1 Preparation of silica nanofibers 

 

A sample of γ-Aminopropyl triethyl silicate (Dow Corning Toray, Japan) and 

Tetraethylorthosilicate (TEOS) oligomer (Colcoat-40) (Colcoat, Japan) were obtained from the 

commercial. Boric acid, citric acid, sodium chloride (NaCl), and methanol (MeOH) were 

purchased from Wako, Japan. These materials were directly used for synthesis without any 

purification. Silica-based sol for using electrospinning was obtained from boric acid, γ-

aminopropyl triethyl silicate and TEOS oligomer with the following composition: boric acid / 

γ-aminopropyl triethylsilicate / TEOS oligomer = 1 / 4 / 8 in weight ratios. The TEOS oligomer 

was added dropwise to being made the boric acid and γ-aminopropyl triethylsilicate mixture 

under stirring and ultrasonication. Then, the reaction mixture was sealed up and left for 2 days, 

before the addition of saturated citric acid aqueous solution. The sol was stirred in air for 30 

min before electrospinning.[21] The electrospinning device was the same as that used in a 

previous study [22]. The spinning solution was contained in a syringe with a stainless steel nozzle. 

The nozzle was connected to a high-voltage regulated DC power supply (HAR-100P0.3, 

 

 

 

Figure 2-3. (a) Photograph and (b) SEM image of non-woven cloth of the silica nanofiber 

(SNF700).[11] 
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Matsusada Precision, Japan). A constant rate of volume flow rate was maintained via a syringe-

type infusion pump (MCIPIII, Minato Concept, Japan). An aluminum plate was used as a 

counter-electrode. The distance between the nozzle tip and the counter-electrode was 10-20 cm, 

the applied voltage was 30 kV, and the flow rate was 20 L/min. Electrospinning was carried 

out at 25 °C and at relative humidity of less than 40%, then the silica nanofiber (SNF) was 

prepared without calcination process. The photogragh and SEM image of the SNF were shown 

in Figure 2-3. Three different SNFs with average diameter of 300, 700 and 1000 nm (SNF300, 

SNF700, and SNF1000) were prepared for this study. 

 

2-2-2 Materials and electrolyte preparation 

 

A commercial poly(ethylene carbonate) (PEC, QPAC®25, Empower Materials, USA, 

Mw=238,000) was precipitated from acetonitrile into methanol for rising, and was dried under 

vacuum at 60 oC for 2 days prior to use. Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI, 

battery grade, Kanto Chemical Co., Japan) was used as received. The chemical structures of 

PEC and LiTFSI are shown in Figure 2-4. Three different diameter size SNFs were cut into 

small pieces, dispersed in ethanol and then filtered and removed all solvent for using. All 

materials were stored in a glovebox filled with dry Ar gas. The PEC-based composite 

 

 

 

Figure 2-4. Chemical structures of poly(ethylene carbonate) (PEC) and LiTFSI. 
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electrolytes were prepared using a simple casting method. PEC, LiTFSI, and SNFs were mixed 

in acetonitrile (99 %, Kanto Chemical Co., Japan) at room temperature for 24 hours. Then, the 

composite solvents were casted onto Teflon® dishes, and dried under vacuum at 60 oC for 48 

hours. The relative concentration of LiTFSI to PEC mixture, which corresponds to the molar 

ratio of ethylene carbonate (EC) unit to Li+ ion ([EC]/[Li+] = a × 100 mol%). SNFs were added 

in a mass ratio of the total electrolyte amount from 1-10 wt%. 

 

2-2-3 Characterizations 

Morphological and physicochemical characterizations 

 

The morphology of the cross section of composite electrolytes was observed using a scanning 

electron microscope (SEM, JCM-5700, JEOL, Japan) operated at 10 kV. Prior to the SEM 

measurement, all samples were etched and sputtered by Au using an ion coater (Eiko 

Engineering, Co., Ltd.) on the surface. Differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) were performed by using DSC7020 (Hitachi High-Tech Co., 

Japan) and TG/DTA7200 (Hitachi High-Tech Co., Japan) for measurements of the thermal 

properties and thermal degradation of the electrolyte films. All samples of DSC and TGA were 

made in a dry Ar-filled globe box using Al pans and measured under dry N2.The second heating 

of DSC was from -100 oC to 100 oC at a scan rate of 10 oC min-1. The TGA samples were heated 

from room temperature to 500 oC at a scan rate of 10 oC min-1. Tensile tests for electrolytes were 

performed by using a small-sized tensile tester OZ502 system (Sentec Co., Japan). Test samples 

were cut in of width 5 mm and length 10 mm. Sample preparation and test processes were all 

carried out in a dry N2 filled glove box and measured at an elongation rate of 10 mm min-1 at 

room temperature.  
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Ion-conductive and electrochemical measurements 

 

Ionic conductivity of the electrolytes were determined by electrochemical impedance 

spectroscopy (EIS) with a potentiostat/galvanostat SP-150 (Bio-Logic Instrument co., France). 

The conductivity cells consisted of two stainless steel blocking electrodes which sandwiched 

the 9 mm diameter of electrolyte. A perforated Teflon® film was used as spacer to fix the 

distance between the two electrodes and the active area between electrolyte and electrode. All 

cells were measured from 100 to 30 °C in the frequency range of 100 Hz to 1 MHz. The ionic 

conductivity (σ) was given by the following Eq. (2-1); 

 

σ = l/AR                               (2-1) 

 

where l is the distance between the two electrodes, A is the active area between electrolyte and 

electrode, and R is the bulk resistance of the electrolyte. The thickness and the area of the circle-

shaped hole of the spacer used were assigned as l and A, respectively. 

Lithium transference number (t+) of the electrolytes were evaluated according to a Bruce-

Vincent-Evans method[23] combining EIS and chronoamperometry for symmetric Li/Li cells by 

using a VersaSTAT4 (Princeton Applied Research). The t+ was estimated by the following Eq. 

(2-2); 

 

)-(Δ
)-(Δ

=
SSSS0

00SS
+Li IRVI

IRVI
t

             (2-2) 

 

where ∆V (10 mV in this study) is the DC voltage applied to the cell, I0 and ISS are the initial 

current and steady-state current, and R0 and RSS are the Li/electrolyte interphase resistances 

before and after the polarization. Oxidative electrochemical stabilities of the electrolytes were 

evaluated by linear sweep voltammetry (LSV) by using a VersaSTAT4 at 80 oC and a scan rate 

of 0.5 mV s−1. Two electrode cells were assembled using stainless steel plates as working 
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electrodes and the Li metals attached to the stainless steel plate as both counter and reference 

electrodes. All processed of sample preparations and measurements were done in the strictly 

controlled galovebox filled with dry Ar gas. 

 

FT-IR spectroscopy 

 

FT-IR spectroscopy used to identify the interaction between the components of mixtures and 

analyse the complexity and chemical interaction. The electrolyte samples cut by a small peace 

and used for the measurement. FT-IR spectra were acquired in an attenuated total reflection 

(ATR) unit (ZnSe lens) with a FT-IR spectrometer (FT/IR-4100, JASCO Co.,). The spectra were 

recorded from 400 to 4000 cm−1 with a resolution of 4 cm−1 under dry N2 gas at room 

temperature. 
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2-3 Results and discussion 

2-3-1 Morphology of silica nanofiber filled composite electrolytes 

 

Figure 2-5 shows photographs of original PEC-LiTFSI 100 mol% electrolyte and SNF700 5 wt% 

filled composite electrolyte. All electrolyte samples were obtained as highly homogeneous and 

free-standing films. The SNF filled electrolytes became opaque due to the addition of fiber, but 

the composite films gained flexibility. Figure 2-6 shows cross-section SEM images of the 

original PEC electrolyte and the SNF composites. Based on the SEM images, we confirm that 

SNFs with different diameter exhibit good dispersion in the PEC/LiTFSI electrolytes. In 

previous study[11] the characteristics of the non-calcined silica nanofiber (SNF) were 

investigated using 29Si cross-polarization/magic angle spinning (CP/MAS) and 11B MAS NMR, 

X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). The SNF contains the 

elements Si, O, and B, and has many polar functional groups on its surface, i.e., silanol (Si-OH) 

and γ-aminopropyl (Si-(CH2)3-NH2). In accordance with the XRD study, the SNF is composed 

of an amorphous silica. It is probable that the calcination-free procedure allows the fiber to 

retain the surface groups and the non-crystalline state. These polar functional groups may play 

important role in the dispersion of SNFs. Indeed, the SNF system had superior dispersibility 

than the other composites with particle SiO2 and calcined SNF.[11] Similar studies have been 

done previously. Izutsu and Gojny have reported that amino groups on the carbon nanotubes 

surface improved the dispersibility in the polymer matrix.[24,25] Therefore, the calcination-free 

process for fiber preparation can increase the functional groups on the fiber surface and led to 

compatibility with polymer electrolytes. 
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Figure 2-5. Photograph of (a) original PEC-LiTFSI 100 mol% electrolyte and (b) PEC-LiTFSI 
100 mol% with SNF700 5 wt% composite electrolyte. 

 

 

 

 
Figure 2-6. Cross-section SEM images of (a) PEC/LiTFSI 100 mol% (b) PEC/LiTFSI 100 
mol% + SNF300, (c) PEC/LiTFSI 100 mol% + SNF700, (d) PEC/LiTFSI 100 mol% + SNF1000 
composite electrolytes (SNF content: 5 wt%). 
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2-3-2 Thermal properties 

 

The thermal degradation behavior of the SNF composite electrolytes measured by TGA is 

shown Figure 2-7. Table 2-1 sets out values of the weight-loss temperature (Td5). The first valley 

is derived from the decomposition of PEC and the second valley shows decomposition of salt. 

The value of Td5 for PEC/LiTFSI 100 mol% was the lowest observed, at 167 oC. However, it is 

clearly observed that the addition of SNF delays the decomposition of PEC, which means the 

thermal stability for all composite electrolytes were improved. This is in good agreement with 

the observation reported previously in a similar study on polymer electrolytes filled with 

clay.[26] It is obvious that the value of Td5 increases with decreasing diameter of the SNFs. For 

the PEC-LiTFSI 100 mol%-SNF300 composite electrolyte, Td5 is above 200 oC, with an increase 

of approximately 40 oC over the value for the original PEC-LiTFSI electrolyte. The SNF have 

many Si-OH and γ-aminopropyl groups on the surface, and these polar groups can interact with 

polymer chains and ions that may improvement in segmental motion of polymer chains which 

is the effect of Lewis acid-base interactions. Additionally, the thinner fiber have more number 

of fibers in the unit area which means the thinner fiber have bigger specific surface area and 

more polar groups on the surface, lead to more interactions with polymers. This may be the 

reason of improving the values of Td5 of composite electrolytes filled with the thinner SNFs and 

in turn to increase the ionic conductivity. 
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Figure 2-7. TGA curves of the original PEC-LiTFSI 100 mol% electrolyte and composite 
electrolyte (SNF content: 5 wt%). 
 
 
 
 

 

Table 2-1. Thermal properties PEC-LiTFSI 100 mol% and the SNF composite electrolytes. 

 

 

 

  

Sample Td5 / oC 

PEC/LiTFSI 100 mol% 167 

PEC/LiTFSI 100 mol% + SNF300 5 wt% 205 

PEC/LiTFSI 100 mol% + SNF700 5 wt% 184 

PEC/LiTFSI 100 mol% + SNF1000 5 wt% 180 
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2-3-3 Mechanical properties 

 

To obtain both excellent ion-conductive and mechanical properties for SPEs, many studies have 

been made, mainly on PEO systems.[27,28] It is difficult to achieve both aims simultaneously.[26] 

Figure 2-8 compares the stress-strain curves for the PEC/LiTFSI electrolyte and the SNFs 

composites. The tensile test data are summarized in Table 2-2. All maximum stress and Young’s 

modulus values were improved significantly with the addition of SNFs to the PEC/LiTFSI 

original electrolyte and the maximum stresses are increased with addition of thinner. Even for 

the SNF electrolytes the specimen can extend by more than 200 % from the original length. 

Addition of SNF to the electrolyte is similar to its effect on fiber-reinforced plastics (FRP). Our 

previous study determined that polyether electrolytes filled with calcination-free SNF have 

better mechanical properties, because of moderate interactions between functional groups such 

as Si-OH and γ-aminopropyl on the fiber surface, and polar groups of the polymers.[11] This 

polyether system has good ion-conductive and mechanical properties when thinner SNF was 

used. Furthermore, maximum stress at around 7 MPa in the SNF300 composite is almost the 

same as the value for a typical separator. We expect that these composite membranes will prove 

useful for electrolytes for solid-state batteries. 
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Figure 2-8. Stress-strain curves of PEC-LiTFSI 100 mol% and SNF composite electrolytes at 
room temperature (SNF content: 5 wt%). 
 

 

 

Table 2-2. Mechanical properties of PEC/LiTFSI 100 mol% and the SNF composite electrolytes. 

Sample 
Maximum 

stress/ MPa 
Strain at 

Break 
Young’s 

Modulus / MPa 

PEC/LiTFSI 100 mol% 0.86 15.5 0.08 

PEC/LiTFSI 100 mol% + SNF300 5 wt% 7.28 0.4 4.03 

PEC/LiTFSI 100 mol% + SNF700 5 wt% 5.82 3.2 2.97 

PEC/LiTFSI 100 mol% + SNF1000 5 wt% 5.34 0.5 4.04 
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2-3-4 Ion-conductive and electrochemical properties 

 

Figure 2-9 shows the temperature dependence of ionic conductivity for original PEC-LiTFSI 

100 mol% electrolyte and the SNF composites filled with different diameter displayed in the 

form of Arrhenius plot. For the improvement in the 5 wt% addition of SNFs to PEC-LiTFSI 

electrolyte was suitable except for SNF1000. The conductivity increased with decreasing the 

diameter of SNFs. The highest conductivity values were as high as the order of 10-4 S cm-2 at 

60 oC and 10-6 S cm-2 at 30 oC for a PEC-LiTFSI 100 mol%-SNF300 composite electrolyte. The 

increase in the ionic mobility in the composite is typically due to the Lewis acid-base interaction 

between polar groups on the filler surface and polymer chains and anions,[25] and probably ion-

conductive paths were improved. We may assume that thinner fiber has a large number of 

surface groups if the dispersion state is the same. There should have be more interactions 

between the surface and ions or PEC chains, improving conductivity was improved, in thinner 

SNFs filled composite electrolytes. This means that the SNFs, acting as inorganic fillers, 

improve the conductivity of PEC-based electrolytes as well as the PEO system.[19,20] Addition 

of inorganic fillers to the PEO-based electrolytes is well known to promote salt dissociation and 

reduce Tg, giving rise to very good conductivity and electrochemical stability.[19,29,30]  

 

Figure 2-10 shows polarization curves recorded by chronoamperometries and Nyquist 

impedance plots of symmetric Li/Li cells for t+ measurement of the PEC-LiTFSI 100 mol% 

original electrolyte and the SNF composite electrolytes. It has been known that PEC-based 

electrolytes have high t+ values in high concentrated samples.[16] The results in this study are 

summarized in Table 2-3, in accordance with Eq. 2-1. The result shown in the table shows that 

the t+ of original PEC-LiTFSI 100 mol% electrolyte is estimated to be as high as 0.71. That is 

a value rarely achieved by typical polyether-based electrolytes, e.g. PEO-based ones, where the 

t+ values commonly average around 0.1 to 0.2. Certain single-ion conductors can be 
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exceptions,[31] but these systems only have low conductivities in general. The PEC-LiTFSI 100 

mol%-SNF300 composite electrolyte showed a higher t+ in the value of 0.77 and other composite 

electrolytes were decreased (0.58 and 0.57). This unusually high lithium-ion transport property 

of PEC electrolytes is well accorded with the previous reports of our group. The fast Li-

transport property was also demonstrated by solid-state pulse-field-gradient (pfg)-NMR.[16] 

This property is attributed to a loose coordination structure and a high salt concentration. More 

discussions will be talked in the FT-IR measurement analysis later. We assume that the 

improvement in both conductivity and t+ promoted by the addition of the SNF can be explained 

by the Lewis acid-base interactions between the polar functional groups on the filler surface 

and TFSI anions. The interactions are expected to promote lowering of the ionic coupling, based 

on the model described by Scrosati and co-workers for PEO-ceramic filler (e.g. SiO2, Al2O3, 

TiO2, and ZrO2) composite electrolytes.[32] 

 

 

 

Figure 2-9.  Temperature dependence of the ionic conductivity for PEC-LiTFSI 100 mol% original 
electrolyte and the SNF composite electrolytes (SNF content: 5 wt%). 
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Figure 2-10. DC polarizations and AC impedance measurements of symmetric Li/Li cells with (a) PEC-
LiTFSI 100 mol% (b) PEC-LiTFSI 100 mol%-SNF300, (c) PEC-LiTFSI 100 mol%-SNF700, (d) 
PEC/LiTFSI 100 mol%-SNF1000 composite electrolytes at 60 °C (SNF content: 5 wt%). 
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Table 2-3.  Values of initial and steady state currents (I0, ISS), and interfacial resistances (R0, RSS) of 
symmetric Li/Li cells with the PEC-based electrolytes. Li transference number (t+) is estimated 
according to Eq. 2-2. 

Sample I0 / µA ISS / µA R0 / Ω RSS / Ω t+ 

(a) PEC-LiTFSI 100mol% 8.15 7.06 680.5 640.7 0.71 

(b) PEC-LiTFSI 100mol%-SNF300 5 wt% 2.28 1.89 1390 1380 0.77 

(c) PEC-LiTFSI 100mol%-SNF700 5 wt% 16.0 11.4 287.2 294.5 0.58 

(d) PEC-LiTFSI 100mol%-SNF1000 5 wt% 6.16 4.50 855.7 920.5 0.59 

 

 

 

For high-voltage operations in future Li battery systems, a wide electrochemical window is on 

important electrolyte properties. Figure 2-11 shows linear sweep voltammetry (LSV) of 

stainless steel working electrode in Li cells for original PEC-LiTFSI 100 mol% electrolyte and 

the SNF composite electrolytes at 80 oC measured by using the electrolytes investigated in this 

study. Stable currents were observed in all samples. The electrochemical stability at the anodic 

potential was improved by the addition of SNFs to the SNF-free electrolyte. Croce et al.[33] have 

reported that the addition of inorganic fillers such as ZrO2 to the PEO-based electrolytes 

improves their electrochemical stability. In addition, it have also published by the author’s 

group that the oxidation potential of TFSI anion itself is high and a large amount of anions on 

the proximity of the electrode probably inhibits the oxidative decomposition of PEC. The 

oxidation potential of solvent (PEC in this case) is expected to rise because larger number of 

the electron ion pairs the polar groups are stabilized by the coordination to Li+.[34,35] The fiber 

size effect was also appeared in oxidation stability and the PEC-LiTFSI composite electrolyte 

with SNF300 was electrochemically stable up to 4.7 V vs. Li/Li+. This indicates that the 

composite electrolyte should be useful in high-voltage battery materials. 
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Figure 2-11. LSV measurement of PEC/LiTFSI 100 mol% and the SNF composite electrolytes 
(SNF content: 5 wt%). 
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2-3-5 FT-IR spectroscopy 

 

To study the dissociation state of Li ions in polycarbonate electrolytes, FT-IR measurements for 

polycarbonate-based electrolytes are essential. It has been known that the peak for stretching 

vibrational mode for free C=O and the interacting band (C=O…Li+) appear at approximately 

1740 cm-1 and at 1720 cm-1 respectively.[36] In addition, the author’s group has been published 

that the C=O…Li+ interaction peak shift to lower wavenumbers in the low salt concentration 

regions due to the interaction between C=O and Li+. However, the C=O…Li+ interaction peak 

shift to higher wavenumbers in the high concentration region which is close to the original 

position of the free C=O in the neat PEC. This is because ionic aggregation is easier to occur in 

the highly concentrated electrolyte systems.[35,36] Figure 2-12 shows FT-IR spectra of original 

PEC-LiTFSI 100 mol% electrolyte and the SNF composite electrolytes. The C=O…Li+ 

interaction peak appears clearly at 1725 cm-1 for the SNF-free electrolyte. Compare to the 

original electrolyte, the band shifted slightly to higher wavenumbers with the thinner SNF 

added, which shows similar behavior with increase salt concentration in the PEC-based 

electrolytes.[36] This result indicate that the free C=O groups were increased with the addition 

of SNFs, which also can be considered that the interaction of C=O and Li+ is weakened by the 

addition of SNFs. Interestingly, the C=O…Li+ interaction peak gradually shift to higher 

wavenumbers for adding thinner SNFs, which is due to the stronger Lewis acid-base 

interactions with thinner SNF. Therefore, the number of free Li+ increased in the composites, 

and the value of t+ consequently increased. 
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Figure 2-12. FTIR spectra of original PEC-LiTFSI 100 mol% electrolyte and SNF composite 
electrolytes (SNF content: 5 wt% in the C=O stretching vibration mode). 
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2-4 Conclusions 
 

In this chapter, the silica nanofibers (SNFs) were synthesized by an electrospinning without 

calcination process. Because of the calcination-free procedure allows the fiber to retain many 

polar functional groups on its surface, i.e., silanol (Si-OH) and γ-aminopropyl (Si-(CH2)3-NH2). 

Hence, further performance improvement of electrolyte is expected as compared with 

conventional SNF filling. However, it is in general difficult to achieve both ionic conductivity 

and mechanical strength of polymer electrolytes simultaneously. 

A ternary electrolyte systems were prepared which are including PEC, LiTFSI, and SNF 

(SNF300, SNF700 and SNF1000), and their electrochemical and mechanical properties were 

studied in this chapter. The homogeneous and self-standing electrolyte membranes were 

successfully obtained with a good flexibility. Moreover, it was confirmed by SEM that the three 

different diameters of SNF were uniformly dispersed in the PEC-based electrolytes. For the 

ion-conductive properties, the ionic conductivity and Li transference number (t+) of composite 

electrolytes were improved by just addition 5 wt% of SNF compared with the original PEC-

based electrolyte. Especially, the composite electrolyte with SNF300 achieved a maximum ionic 

conductivity of order of 10-4 S cm-1, the highest t+ value of 0.77 at 60 °C and an excellent 

oxidation stability up to 4.7 V vs. Li/Li+ at 80 °C. Furthermore, the maximum stress and Young’s 

modulus for the electrolyte increased significantly with the addition of SNF300. The 5 % weight-

loss temperature for the composite was approximately 40 oC higher than that for the SNF-free 

electrolyte. Interestingly, the thinner the SNF exhibited the better filler filling effect. In 

conclusion, the addition of thin SNF is an effective method to improve both ion-conductive and 

mechanical properties of PEC electrolytes.  
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3-1 Introduction 

 

Solid polymer electrolytes (SPEs) are of great interest for their possible deployment in next-

generation secondary batteries.[1–3] In the past several decades, many studies of SPE with single 

polymer host have been done by using such as poly(vinyl alcohol), poly(acrylonitrile), and 

poly(urea-sulfonyl imide).[4–7] However, their Li+ transference properties are very poor 

compared to liquid electrolytes, primarily because of the ion-transport mechanism in complex-

formed polymer electrolytes,[8–10] and the ionic conductivities also need to be further improved.  

 

Figure 3-1. Salt concentration dependence of (a) the ionic conductivity and (b) TGA curves for (a-

PEO90 %/p-PTMC10 %)nLiTFSI blend electrolytes.[11] 

 

Therefore, a blend polymer electrolyte was proposed. Polymer blending is a feasible and cost-

effective technique for developing SPEs having excellent properties. It may be possible to use 

blend systems to prepare SPEs, based on previous successes.[12–14] Notably, blend-based 

polymer electrolytes can overcome the serious drawback of preparing electrolytes by nontrivial 

synthesis methods, thus, blending is considered to be an important method to improve the ionic 

conductivities and dimensional stability of polymer electrolytes. The main advantages of 

polymer electrolytes prepared via a blending method are the simplicity of preparation and easy 
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control of physical properties by compositional change. Previously, there are some studies 

reported about PEO combined with polycarbonates, such as PEC, PPC and PTMC.[11,15,16] In 

the case of PEO-PTMC-LiTFSI, the ion-conductive and thermal properties were improved by 

the blending and increasing salt concentrations (Figure 3-1). However, further improvement of 

the electrochemical properties are still necessary. 

 

Figure 3-2. Synthesis of (a) PEC by CO2/epoxide alternating copolymerization and (b) PTMC by radical 

ring-opening. 

 

As mentioned in the previous chapter, polycarbonates have recently been studied as a new class 

of host polymer which has very different ion-conductive properties from typical poly(ethylene 

oxide) (PEO)-based electrolytes. In the case of poly(ethylene carbonate) (PEC), the 

conductivity and Li+ transference number (t+) increases with increasing lithium salt 

concentration.[17] Unfortunately, PEC-based electrolytes have low thermal stability and weak 

mechanical properties.[18] In contrast, poly(trimethylene carbonate) (PTMC)-based electrolytes 

have good electrochemical properties and thermal stability.[19,20] The conductivity and t+ of 

PTMC-based electrolyte are nevertheless lower than for PEC-based electrolytes. The objective 

of the present study is to combine PEC with PTMC so as to prepare polycarbonate-based 

electrolytes having superior ion-conductive properties, thermal stability and mechanical 

properties.  
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3-2 Experimental 

3-2-1 Materials and electrolyte preparation 

 

Poly(ethylene carbonate) (PEC, Empower Materials, Mn=1.0×105, Mw/Mn=2.7 from SEC) was 

precipitated from acetonitrile into methanol, and was dried under vacuum at 60 oC for 24 h prior 

to use. Poly(trimethylene carbonate) (PTMC) was synthesized by a simple ring-opening 

polymerization. Trimethylene carbonate (TMC) and Sn(Oct)2 solution were used as monomer 

and polymerization catalyst. The synthesis was performed in a stain-less still reactor and placed 

in a 130 oC oven for 3 days. The detailed polymerization processes have described in a previous 

paper.[19] PTMC was provided by Prof. Daniel Brandell’s group from Uppsala University, 

Sweden. The chemical structures of PEC, PTMC, LiTFSI, and LiFSI are shown in Figure 3-3. 

Lithium bis(trifluoromethanesulfonyl)imide (Li[N(SO2CF3)2], LiTFSI, battery grade, Purolyte, 

Ferro Corporation) and Lithium bis(fluorosulfonyl)imide (Li[N(SO2F)2], LiFSI, battery grade, 

Kishida Chemical) were used as received. Polymer mixtures and self-standing electrolytes were 

prepared by a casting method, as follows. PEC, PTMC and Li salts were mixed in acetonitrile 

(electrochemical grade) and stirred overnight. The resulting solution were dried in a vacuum 

 

 

 

Figure 3-3. Chemical structures of PEC, PTMC, LiTFSI, and LiFSI. 

Poly(ethylene carbonate) (PEC)

Poly(trimethylene carbonate) (PTMC)

LiTFSI
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oven at 60 oC for 72 hours in order to eliminate all residual solvents. The Li salt concentrations 

of electrolytes were set by the monomer range of Li+ and carbonyl group (C=O) units in the 

polymers (([Li+]/[C=O]) × 100 = a mol%). The LiTFSI concentrations were set in 10, 50 and 

100 mol% and the LiFSI concentrations were flexibly set from 5 to 150 mol%. Furthermore, 

the ratio of PEC and PTMC blend was decided in their molar rate of C=O units and 

distinguished as PECxPTMCy, (x = 9~1 and y = 1~9). 

 

3-2-2 Characterization 

Thermal characterization 

 

For using LiTFSI electrolyte systems and polymer mixtures, differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA) were carried out using TA Instruments DSC 

Q2000 and Hitachi High-Tech TG/DTA7200 for measurements of the thermal properties and 

thermal degradation of the blend electrolytes. DSC samples were hermetically sealed in Al pans 

under argon. After rapidly heating and cooling, the second heating of DSC was from -80 oC to 

90 oC at a scan rate of 10 oC min-1. The TGA samples were heated from room temperature to 

500 oC at a scan rate of 10 oC min-1. For using LiFSI electrolyte systems, differential scanning 

calorimetry (DSC) was performed by using DSC7020 (Hitachi High-Tech). The sample 

preparation and basic measurement operation are same with above mentioned, but the 

measurement temperature range was changed as from -100 oC to 100 oC. All measurements 

carried out under dry N2. 

 

Ion-conductive measurements 

 

Electrochemical impedance spectroscopy (EIS) was carried out for the ionic conductivities of 

all electrolytes. For the LiTFSI used electrolytes, the EIS measured by using a system equipped 
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with a potentiostat/galvanostat SI 1260 Impedance/Gain-Phase Analyzer (Schlumberger) at a 

frequency range of 1 Hz-10 MHz and an amplitude of 10 mV. Blend electrolytes were cut out 

as 12 mm diameter of circle and sandwiched between stainless steel blocking electrodes and 

sealed in Swagelok-type cells. The cells were heated to 80 oC and kept at 2 hours before 

measurement to ensure good interfacial contacts between electrolyte and electrode. The sample 

was then allowed to cool down and measurements were done from 80 oC to 30 oC with an 

interval of 10 oC, and at 25 oC as well. For the LiFSI used electrolytes, the EIS measured by 

using a potentiostat/galvanostat SP-150 (Bio-Logic Instrument). The conductivity cell 

consisted with two stainless steel (SS) blocking electrodes was used for the 9 mm diameter of 

electrolyte. The perforated Teflon® film was used as spacer. Before starting the measurement, 

the cells were kept at 70 oC for about 2 h to ensure good electrode/electrolyte contact. The EIS 

measurement was performed every 10 °C from 100 to 25 °C with signal amplitude of 10 mV in 

the frequency range 100 mHz to 1 MHz. The cell assembly was carried out in an Ar-filled 

glovebox. The ionic conductivity (σ) was calculated by the Eq. (2-1), which we have introduced 

in the chapter 2. 

 

Electrochemical measurements 

 

DC polarization and AC impedance measurements were carried out using an Impedance 

Analyzer 1280C (Solartron) for symmetric Li|SPE|Li cells at 50 oC to estimate values of Li+ 

transference number (t+) was measured using potentiostatic polarization.[21] The electrolyte 

sample was sandwiched between two SS plates to which a Li foil was attached as a non-

blocking electrode to prepare measurement cells. EIS was carried out before and after the 

chronoamperometry by applying an alternate voltage signal with amplitude of 10 mV in 

frequency range from 100 mHz to 7 MHz. Chronoamperometry was performed by applying to 

the cells a voltage of 10 mV for 480 min. The symmetric cells were assembled and thermally 
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equilibrated for 12 hours at 50 oC in order to improve the interface before measurements. All 

processed of sample preparations and measurements were done in the strictly controlled 

galovebox filled with dry Ar gas. The value of t+ was estimated by the Eq. (2-2), which we have 

introduced in the chapter 2. Since, the Li electrode is non-blocking with respect to Li ions but 

blocking with anions, the current flowing through the cell decreases with time from the initial 

value (I0) and reaches the steady state current (Iss). In other words, both the anion and the cation 

move at the initial stage of the DC polarization, unlike the anion where the cation is always 

supplied, but the anion does not contribute further to the current value once it moved. Therefore, 

only the contribution of the cation in the steady state current. At this time, if there is no change 

in interfacial resistance, the Li ion transport rate can simply be obtained by the ratio of Iss and 

I0. However, when there is a change in the interface resistance, the current value also fluctuates. 

Accordingly, the formula may eliminate the influence of the interface resistance. 

 

FT-IR spectroscopy 

 

FT-IR spectra were acquired in an attenuated total reflection (ATR) unit (ZnSe lens) with a FT-

IR spectrometer (FT/IR-4100, JASCO Co.,). The spectra were recorded from 400 to 4000 cm−1 

with a resolution of 4 cm−1 under dry N2 gas at room temperature. 
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3-3 Results and discussion 

3-3-1 Physicochemical and thermal properties 

 

The chemical structures of PEC and PTMC were showin Figure 3-3. They have a very similar 

chemical structures, and both have the same carbonate unit (O-C(=O)-O) in the main chain. 

Flexible and transparent self-standing membranes were obtained for all PEC and PTMC 

mixtures and their blend electrolytes. The polymer mixture becomes softer and sticky after 

addition of high amount of Li salts. Figure 3-4 shows photographs of PEC6PTMC4 mixture and 

PEC6PTMC4-LiTFSI 100 mol% electrolyte. A small phase separation, based on the appearance 

of the PEC and PTMC mixture has thus been confirmed (Figure 3-4a). This phenomenon 

reminds us that neat PEC and PTMC are basically incompatible, even though they have very 

similar chemical structures. In contrast, the Li salt added PEC6PTMC4-LiTFSI 100 mol% 

electrolyte is showing a homogenious and clear membranse, without any phase separation 

found (Figure 3-4b). The addition of Li salts may be improved the compatability in between 

the both polycarbonates.  

 

Figure 3-4. Photographs of (a) PEC6PTMC4 mixture and (b) PEC6PTMC4-LiTFSI 100 mol% electrolyte. 

 

(a) (b)
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The differential scanning calorimetry (DSC) curves of the second heating runs for neat PEC 

and PTMC, and for PEC-PTMC mixtures, are shown in Figure 3-5a. On the DSC traces of the 

neat PEC and PTMC polymers, a single glass transitions is clearly observed for each polymer 

without any further transition above this temperature, which implies that PEC and PTMC are 

both amorphous polymers. The glass transition temperatures (Tg) for neat PEC and PTMC 

appear around 10 oC and -15 oC, respectively. This is a quite interesting behaviors that they are 

showing completely different glass transition properties, even they have very similar chemical 

structures and only a difference in presence/absence of one methyl group. Moreover, there are 

two transitions were appeared which are at values around -18 oC for PTMC and 20 oC for PEC  

for all PEC and PTMC mixtures (Figure 3-5a). These results also demonstrate that the polymers 

cannot be compatibilized and that phase separation has occurred as shown in the Figure 3-4a. 

On the other hand, the Li salt added blend electrolytes are exhibiting a different thermal 

properties compare with PEC and PTMC mixtures. Figure 3-5b shows DSC curves at the 

second heating scan for PEC, PTMC and PEC6PTMC4 with addition of the LiTFSI, the values 

of Tg are also summarized in Table 3-1. The values of Tg for single PEC and PTMC electrolytes 

with 100 mol% LiTFSI are lower than that of PEC neat polymer, but higher for PTMC. As seen 

in the polymer mixture without the LiTFSI (0 mol%), the glass transitions deriving from PEC 

and PTMC are clearly visible separately. Interestingly, addition of LiTFSI to the blend gives 

rise to changes in the glass transition temperature. These PEC- and PTMC-derived glass 

transitions become weaker relative to the corresponding single polymer systems. Moreover, Tg 

for PTMC converge to the Tg of PEC with further addition of LiTFSI, where 100 mol% LiTFSI 

was added into the PEC6PTMC4 mixture, the two glass transitions from PTMC and PEC 

disappeared and merged into a single curve. The similar behavior has also been observed from 

other blend compositions (Figure 3-6). These results demonstrate that the addition of Li salt can 
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lead PEC and PTMC to be compatible, and the dissolved ions act as physical cross-linkers 

between the two carbonate polymers. 

 

 

 

 
Figure 3-5. DSC traces of (a) neat PEC, PTMC and PECxPTMCy mixtures, and (b) their electrolytes 

(PEC-LiTFSI 100 mol%, PTMC-LiTFSI 100 mol% and PEC6PTMC4-LiTFSI n mol%). 
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Figure 3-6. DSC traces of PECxPTMCy-LiTFSI 100 mol% electrolytes. 
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Table 3-1. DSC results for PEC, PTMC and PEC6PTMC4 electrolytes with LiTFSI. 

Sample 
Tg (oC) 

PEC derived PTMC derived 

PEC-LiTFSI 100 mol% -8 - 

PTMC-LiTFSI 100 mol% - -4 

PEC6PTMC4-LiTFSI 0 mol% -13 22 

PEC6PTMC4-LiTFSI 10 mol% -10 22 

PEC6PTMC4-LiTFSI 50 mol% -8 16 

PEC6PTMC4-LiTFSI 100 mol% -6 
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Furthermore, the LiFSI with PEC, PTMC, and their blend electrolytes were also carried out in 

this study. Because of LiFSI has been intensively investigated as nexst-generation conducting 

salt for Li batteries due to its high ionic conductivity, good chemical stability, and capability of 

forming stable SEI films on various electrodes.[22–24] The dependence on salt concentration of 

Tg for PEC- and PTMC-based electrolytes is shown in Figure 3-7. The ionic conduction and 

glass transition behavior of the PEC-LiFSI electrolytes have been confirmed by our previous 

research,[17] and the same results were also obtained in this study (Figure 3-7a). In the case of 

the PTMC-LiFSI electrolytes, the changes in the Tg value for PTMC electrolytes is different 

from the PEC system in the low salt concentration range. The values of Tg for PEC electrolytes 

basically continues to decrease with increasing salt concentration after the addition of LiFSI, 

but the PTMC system increases Tg with increasing concentration at lower salt concentrations 

below 30 mol% (Figure 3-7b). This behavior of the PTMC system has been reported previously 

[19]. Furthermore, the Tg of the PTMC system decreased with further increasing the salt 

concentration. This is a similar behavior to that observed in the concentrated PEC system 

(Figure 3-7a) in that the Tg decreases by the existence of many aggregated ions without stable 

solvation between polymer chains and Li ions, increasing the conductivity. [25] In addition, 

Figure 3-8 shows DSC curves at the second heating scan for PECxPTMCy with addition of the 

LiFSI 150 mol%. Same with the PECxPTMCy-LiTFSI systems, only one glass transition curve 

was obtained for very concentrated blend electrolytes. According to the results, this can be 

considered that PEC and PTMC are also compatible within the LiFSI. 
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Figure 3-7.  Dependence on salt concentration of glass transition temperature (Tg) for (a) PEC-LiFSI 

and (b) PTMC-LiFSI electrolytes. 

 

 

 

Figure 3-8. DSC curves of PECxPTMCy-LiFSI 150 mol% electrolytes. 
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Furthermore, the thermal stability of these electrolytes were determined by thermogravimetry, 

and the results are shown in Figure 9. The values of 5 wt% weight-loss temperatures are also 

summarized in Table 3-2. The onset temperatures for degradation of PEC-LiTFSI 100 mol% 

and PTMC-LiTFSI 100 mol% are approximately 150 oC and 200 oC, respectively. The first and 

second-stage degradation reactions occurring at around 150-300 oC and 300-400 oC are due to 

the thermal degradation of the polymer and Li salts, respectively. Based on the 

thermogravimetric analysis (TGA) curves, it was observed that the value of Td5 for 

PEC6PTMC4-LiTFSI electrolytes increased slightly with increasing salt concentration. 

Normally, the value of Td5 decreased with increasing salt concentration for polycarbonate based 

SPEs,[19] because polymers become softer and lost their original strong polymer interstructure. 

However, in the case of this study, may be due to the increase in compatibility of PEC and 

PTMC with the addition of LiTFSI, which improves the coordination between the two polymers. 

Moreover, the addition of PTMC improves the Td5 value of blend electrolytes relative to that of 

the PEC-based electrolytes (Figure 3-10 and Table 3-2). 

 

 
 

Figure 3-9. TGA curves of PEC-LiTFSI 100 mol%, PTMC-LiTFSI 100 mol% and PEC6PTMC4-LiTFSI 

electrolytes with different salt concentrations. 
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Figure 3-10. TGA curves of PECxPTMCy-LiTFSI 100 mol% electrolytes. 
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Table 3-2. TGA results of the weight-loss temperatures (Td5) for PEC, PTMC and PEC6PTMC4 

electrolytes with LiTFSI. 

Sample Td5 (oC) 

PEC-LiTFSI 100 mol% 159 

PTMC-LiTFSI 100 mol% 207 

PEC6PTMC4-LiTFSI 10 mol% 160 

PEC6PTMC4-LiTFSI 50 mol% 167 

PEC6PTMC4-LiTFSI 100 mol% 169 

PEC9PTMC1-LiTFSI 100 mol% 164 

PEC8PTMC2-LiTFSI 100 mol% 165 

PEC7PTMC3-LiTFSI 100 mol% 164 

PEC5PTMC5-LiTFSI 100 mol% 179 
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3-3-2 Ion-conductive properties 

 

The ionic conductivity was measured for all PEC and PTMC blend electrolytes with various 

LiTFSI concentrations. All electrolytes showed reasonable variations of conductivity that were 

smooth and essentially non-linear curves with respect to 1/T. This behavior can be seen in the 

typical amorphous polymer electrolyte system. Figure 3-11a shows the temperature dependence 

of the ionic conductivity for PECxPTMCy-LiTFSI 100 mol% electrolytes. The conductivity 

increases with increasing PEC content until the value reaches a maximum and then decreases, 

which is  matching with the previous study.[16] The PEC6PTMC4-LiTFSI 100 mol% electrolyte 

displayed the highest conductivity of all blend electrolytes, the order of conductivity as high as 

10−6 S·cm−1 at 50 °C. For this sample the ionic conductivity is higher than for other blend 

electrolytes at all temperatures (Figure 3-11a). Furthermore, these blend electrolytes reveal 

slightly higher conductivities than those of original PEC- and PTMC-based electrolytes. This 

is probably due to the good combination of the two polymers and LiTFSI.[11,16] The temperature 

dependence of the conductivity for the PEC6PTMC4-LiTFSI electrolytes in different salt 

concentrations are shown in Figure 3-11b. The conductivity of the PEC6PTMC4-LiTFSI 

electrolyte increases with increasing LiTFSI concentration. The concentration increases to 100 

mol%, the conductivity reaches approximately 10−4 S·cm−1 at 80 °C, which is more than one 

order of magnitude greater than the 10 mol% LiTFSI added electrolyte. The PEC and PTMC 

mixtures become compatible and the existence of interactions between host matrix and Li+ upon 

adding LiTFSI can explain the increase in conductivity. This matches the fact that the 

conductivity was improved by the addition of Li salts into the PEO/PTMC blend system.[11]  
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Figure 3-11. Temperature dependence of the ionic conductivity for (a) PEC6PTMC4-LiTFSI electrolytes 

with various salt concentrations, and (b) PEC-, PTMC- and PECxPTMCy-LiTFSI 100 mol% blend 

electrolytes. 
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The electrolytes of polymers with LiFSI were also prepared and their ion-conductive properties 

were investigated as well. The reason for using LiFSI has already been mentioned above. The 

dependence on salt concentration of ionic conductivity for PEC- and PTMC-based electrolytes 

is shown in Figure 3-12. In the present study, the same behavior of the ionic conduction and 

glass transition of PEC-LiFSI electrolytes have obtained with our previous work,[17] and the 

highest conductivity was displayed at 150 mol% salt loading (Figure 3-12a). Similarly, the 

conductivity of the PTMC-LiFSI electrolytes increases with increasing salt concentration 

(Figure 3-12b), but the change is smoother than for the PEC system. We have explained above 

that PEC- and PEMC-based electrolytes have a different glass transition behavior, which is the 

PEC systems show the continuously decreasing Tg values with increasing salt concentration 

(Figure 3-7a); but the PTMC systems increase Tg with increasing concentration at lower salt 

concentrations below 30 mol% (Figure 3-7b). This behavior of the PTMC system has been 

reported previously [19], and this probably directly influences the slower increase in conductivity 

for the PTMC systems at the low concentration area (Figure 3-12b). In addition, the Tg of the 

PTMC system decreased with further increasing the salt concentration. This is a similar 

behavior to that observed in the concentrated PEC system (Figure 3-12a) in that the Tg decreases 

by the existence of many aggregated ions without stable solvation between polymer chains and 

Li ions, increasing the conductivity [25]. 

Figure 3-13 shows the PEC content dependence of the conductivity for PECxPTMCy-LiFSI 150 

mol% blend electrolytes at 50 °C and 25 °C. All of the polymer electrolytes show acceptable 

conductivities of the order of 10−5 S cm−1 at 50 °C and 10−6 S cm−1 at 25 °C. The conductivity 

of the blend electrolytes slightly increases with increasing PEC content and the PEC9PTMC1 

electrolyte exhibits the highest conductivity of all blend electrolytes. This behavior is similar to 

the PEC/PEO blend electrolyte system reported previously.[15] The PEC may play a role for a 

better ion-conductive phase in the blend electrolyte. However, the thermal properties of PEC-
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rich electrolytes such as pure PEC and the PEC9PTMC1 blend electrolyte seem to be unsuitable 

for battery applications.[18,26] Therefore, a PEC6PTMC4 blend electrolyte was chosen for further 

measurements. 

 

Figure 3-12. Dependence on salt concentration of ionic conductivity (σ) for (a) PEC-LiFSI and (b) 

PTMC-LiFSI electrolytes at 50 °C. 

 

 

 

Figure 3-13. PEC content dependence of the ionic conductivity for PECxPTMCy-LiFSI 150 mol% 

electrolytes.  

-7.0

-6.0

-5.0

-4.0

-3.0

0 20 40 60 80 100

lo
g 
σ

 /
 S

 c
m

-1

PEC contents / mol%

25 oC

50 oC



Chapter 3 

104 
 

3-3-3 Electrochemical properties 

 

It is known that polycarbonate-based electrolytes can exhibit excellent Li-ion transport 

properties such as high Li-ion transference number (t+).[27–29] In this study, the values of t+ for 

PEC, PTMC, and their blend electrolytes were measured, and the t+ value is also given by the 

Eq (2-2) which we have introduced in the chapter 2. Results of t+ measurements are arranged 

in Table 3-1, and chronoamperometry profiles and the Nyquist plots of the impedance spectra 

for all samples are shown in Figure 3-14. All electrolytes exhibited a very high t+ of more than 

0.6, and the value was determined as 0.63 for PEC-LiFSI 150 mol%, 0.61 for PTMC-LiFSI 150 

mol%, and 0.73 for PEC6PTMC4-LiFSI 150 mol%. The excellent t+ for the concentrated PEC-

based electrolytes have been revealed in our previous papers,[17,18,30,31] and the PTMC system 

also has good Li-ion transport properties.[32] Moreover, the blend electrolyte displayed slightly 

higher and stable values of current with the smallest impedance response (Figure 3-14c). This 

implies that there are many mobile Li-ions, and they can move faster and easier in the blend 

electrolyte than in the original polymer electrolytes. These observations suggest that the 

combination of carbonyl group-containing polymers, which separately have good t+, can result 

in an improvement in the Li-ion transport properties.  

Table 3-3. Current (I0, Iss), charge transfer resistance (R0, Rss) and lithium transference numbers (t+) 

data, as determined electrochemically [21] for (a) PEC-LiFSI 150 mol%, (b) PTMC-LiFSI 150 

mol%,R0,Rss and (c) PEC6PTMC4-LiFSI 150 mol% electrolytes at 50 °C. 

Sample I0 /μA Iss / μA R0 /Ω Rss /Ω t+ 

(a) PEC-LiFSI 150 mol% 0.45 0.32 11254 13542 0.63 

(b) PTMC-LiFSI 150 mol% 0.35 0.24 8546 8784 0.61 

(c) PEC6PTMC4-LiFSI 150 mol% 0.50 0.38 8177 9881 0.73 
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Figure 3-14. Chronoamperometry profiles and Nyquist plots of EIS measurements before and after 

polarization related to the calculation of the lithium transference number (t+). Measurements performed 

on Li/Li symmetrical cells using (a) PEC-LiFSI 150 mol%, (b) PTMC-LiFSI 150 mol%, and (c) 

PEC6PTMC4-LiFSI 150 mol% electrolytes at 50 oC. 
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3-3-4 FT-IR spectroscopic study 

 

The formation of complexes between polymer mixtures (PEC and PTMC) and LiTFSI can be 

studied by fourier transform infrared (FT-IR) spectroscopic measurement. For the 

polycarbonate-based electrolytes, interaction is clearly observed between C=O groups and Li+, 

useful information for the ion-conductive behavior. Figure 3-15 shows the FT-IR spectra of the 

C=O stretching vibration region for the pure polymer blend (PEC6PTMC4) and the electrolytes 

containing various concentrations of LiTFSI. It is known that the band of free C=O groups 

appears at around 1740 cm−1, and the band corresponding to C=O groups interacting with Li 

ions (C=O…Li+) shifts to lower wavenumbers around 1720 cm-1.[20, 30-31] The PEC and PTMC 

mixture (0 mol%) clearly showed a strong free C=O band at around 1735 cm-1, and the band 

shifted slightly to lower wavenumber with the addition of LiTFSI. For the blend with higher 

concentration (50 and 100 mol%) of LiTFSI, a new band appeared around 1716-1722 cm−1. 

This new band may be due to interaction between C=O groups and Li+ in both PEC and PTMC 

phases. In fact, the interaction bands for both PEC- and PTMC-LiTFSI 100 mol% were 

observed at 1723 cm−1 and 1717 cm−1, respectively. If there is only one interaction between 

C=O of PEC and Li+, the band should appear only at 1723 cm−1. The band between 1716-1722 

cm−1 of the interacting C=O in the blend electrolytes suggests that a compatible amorphous 

phase of PEC and PTMC was induced by dissolved ions such as Li+. Moreover, this phase may 

provide easier ion pathways. 
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Figure 3-15. FT-IR spectra of polymer electrolytes (PEC-LiTFSI 100 mol%, PTMC-LiTFSI 100 mol% 

and PEC6PTMC4-LiTFSI n mol%) in the stretching vibration region of the free and interacting C=O 

groups. 
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3-4 Conclusions 

 

In this study, a simple blend electrolyte consisting of amorphous PEC and PTMC with LiTFSI 

and LiFSI was prepared and their thermal and ion-conductive properties were analyzed. PEC 

and PTMC are immiscible with each other even though they have similar chemical structures. 

DSC measurements were carried out in order to observe the compatibility of PEC and PTMC 

mixtures, and two glass transition curves delivered from the original polymers were confirmed 

by all polymer mixture compositions. However, PEC and PTMC changed to a miscible system 

upon adding Li salts, the two glass transition curves became weaker, and merged into a single 

curve with further addition of Li salts. Moreover, the ionic conductivity of blend electrolytes 

increase with increasing salt concentration. In case of PEC6PTMC4-LiTFSI 100 mol%, the ionic 

conductivity shows a value as high as 10−6 S·cm−1 at 50 °C. Simultaneously, the value of Td5 

for PEC6PTMC4-LiTFSI electrolyte increased slightly with increasing LiTFSI and PTMC 

contents. It is clear that the interaction between C=O groups and Li+ gives rise to a compatible 

amorphous phase of PEC and PTMC.  

Additionally, PEC and PTMC with LiFSI electrolytes were also prepared and analyzed. Both 

PEC and PTMC single-polymer electrolytes reveal increasing ionic conductivity with 

increasing LiFSI salt concentration. Meanwhile, the glass transition temperature of PTMC-

based electrolytes showed an increase with increasing salt concentration in the low-

concentration regime, but a decrease in the concentrated regime. All of the PEC and PTMC 

blend electrolytes with LiFSI 150 mol%, show higher ionic conductivity than LiTFSI system 

which is the order of 10−5 S cm−1 at 50 °C and the ionic conductivity increases slightly with 

increasing PEC content. The electrochemical investigation revealed t+ values of more than 0.6 

for both PEC and PTMC single-polymer electrolytes, but the PEC6PTMC4-LiFSI 150 mol% 

electrolyte has as high as 0.73 at 50 °C.  
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4-1 Introduction 

 

As mentioned in the chapter 1, solid-state lithium batteries (SSLBs) have attracted a great deal 

of attention, since they are safer, better thermal and electrochemical stabilities than those of 

typical Li batteries using liquid electrolytes.[1–5] Solid electrolyte is obviously a key for 

development of SSLBs, and it mainly can be classified into two types, which are inorganic 

ceramic and organic polymer electrolytes (solid polymer electrolytes (SPEs)). Inorganic 

electrolytes exhibit high ionic conductivity exceeding the order of 10−2 S·cm−1 at ambient 

temperature.[3] However, problems on the interface between electrolyte and electrode and 

complex manufacturing process are big issues for battery application.[6–8] In contrast, SPEs can 

solve these problems because of its flexible properties.[9] Moreover, SPEs have been praised as 

safe electrolytes for application in SSLBs due to their advantages of nonvolatility, no leakage, 

and suppression of Li dendrites.[10–12]  

Recently, polycarbonates such as poly(ethylene carbonate) and poly(trimethylene carbonate), 

are attracting much attentions as new hosts for SPEs because their electrolytes exhibit 

completely different ion-conductive behavior and high cation-conductive properties compared 

with typical polyether-based electrolytes.[13–15] Furthermore, polycarbonate-based electrolytes 

reveal good electrochemical stabilities, such as anodic oxidation stability up to 5 V and 

protecting cathode current collector.[16,17] However, further improvement in the conductivity, 

thermal stability and mechanical properties are still needed for the application of long-term 

stable polymer batteries.  

In the study of the chapter 2, the PEC-based electrolytes filled with silica nanofiber (SNF) have 

investigated for improving electrolyte properties. The ionic conductivity, thermal stability and 

mechanical properties were actually improved by addition of SNFs. Moreover, in the study of 

chapter 3, PEC and PTMC blend electrolyte have investigated and revealed better 
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electrochemical properties and stable thermal properties than their single polymer electrolytes. 

Therefore, the possibility to take advantage of the PEC-based electrolyte filled with SNF and 

PEC/PTMC blend electrolyte for SSLBs were thus considered in this chapter. 

In addition, a suitable Li salt exploration for SPEs is one of important key point. Recently, 

lithium bis(fluorosulfonyl)imide (LiFSI) has been interested as appropriate conducting salt for 

Li+ batteries due to its high ionic conductivity and capability of forming stable solid electrolyte 

interface (SEI) layers on various electrodes.[18,19] The salt was also demonstrated a good 

electrochemical properties in the SPEs.[14,19]. This salt was therefore used and demonstrated 

good electrochemical properties in the SPEs.  

For the cathode active material, LiFePO4 (LFP) was used for the battery preparation in this 

chapter. The choice of LFP as active material comes from its excellent safety and structural 

stability. In addition, LFP is the most popular active material for lithium-ion batteries due to its 

cost effective, environmental benignity, well-defined performance, long-term stability, and 

accepted operating voltage platform.[20,21] On the other hand, LFP delivers a low operating 

voltage (3.2 V) that the load on the electrolytes is relatively lower compared with those other 

active materials. Due to these reasons, LFP is one of the most used active materials for research 

on battery revolution of new electrolyte materials. 
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4-2 Experimental 

4-2-1 Materials and electrolyte preparation 

 

Poly(ethylene carbonate) (PEC; Mw=238,000, QPAC®25) was purchased from Empower 

Materials in USA. Poly(trimethylene carbonate) (PTMC; Mw=300,000) was synthesized by 

ring-opening polymerization by using Sn(Oct)2 as catalyst,[16] was denoted by Prof. Daniel 

Brandell’s group from Uppsala University, Sweden, and lithium bis(fluorosulfonyl)imide, 

(LiFSI; Kishida Chemical) battery grade was used. The chemical structures of PEC, PTMC, 

and LiFSI are presented in Figure 4-1. Anhydrous acetonitrile (electrochemical grade) was 

obtained from Kanto Chemical and used as received. The LiFSI concentration of electrolyte 

was set in 150 mol% and calculated by the monomer range of LiFSI and carbonyl group (C=O) 

units in the polymers (([Li+]/[C=O]) × 100 = a mol%). The silica nanofiber with an average 

diameter of 700 (SNF700) was added in a mass ratio of the total electrolyte amount of 5 wt%. In 

the case of blend electrolytes, the ratio of PEC and PTMC blend was decided in their molar rate 

of C=O units and the PEC6PTMC4 mixture was carried out and analyzed in this chapter. Those 

materials of filler added and blend electrolytes were mixed in acetonitrile for around 8 hours at 

room temperature, electrolyte solutions were dried in a vacuum oven at 60 oC for 72 hours in 

order to eliminate all residual solvents. Then, highly homogeneous and free-standing electrolyte 

films obtained. 

 

 

 

Figure 4-1. Chemical structures of PEC, PTMC, and LiFSI 
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4-2-2 Coin-cell preparation 

 

The commercial LiFePO4 (LFP, Tatung Fine Chemicals Co., Taiwan) as active material, 

poly(vinylidene fluoride) (PVdF, KYNAR 741, ARKEMA Co., France) as binder and acetylene 

black (Denka Black®, Denka Co., Japan) as conductive additive were used for preparing 

cathode. These materials were blended in the weight ratio of 90:6:4% in N-methyl-2-

pyrrolidinone (NMP, > 99.5%, Kanto Chemical Co., Japan). The obtained slurry was casted on 

an overlapped Al current collector using doctor blade, and then dried for 8 hours at 85 oC for 

removing all residual solvents. Finally, the dried Al film cut out as 19 mm diameter Al with 14 

mm circle-shape cathode materials in the center. The schematic image of the cathode electrode 

preparation is shown in Scheme 4-1. The obtained cathode disc was pressed at 3 MPa for several 

seconds before use. 

 

 
 

Scheme 4-1. Schematic image of cathode electrode preparation procedure. 
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A self-designed PTFE mold was used for improving wettability of electrolyte/electrode 

interface, and preparing a homogeneous polymer electrolyte film on the cathode electrode. The 

LFP cathode disc which were mentioned above, was set into the PTFE mold and fixed with 

screws. Then, some amount of electrolyte solutions were casted into the mold (Scheme 4-2a) 

and dried under vacuum at 60 oC for 72 hours as same as the polymer electrolyte preparation 

process. A great homogeneous and easy handled SPE on the cathode with average electrolyte 

thickness of 110 μm was obtained as shown in Scheme 4-2b. A CR2032 coin-type half-cell 

using the electrolyte on the LFP cathode sample was prepared. As shown the structure images 

in the Scheme 4-1c, this coin-cell do not include any separators or spacers. 

 

 
 

Scheme 4-2. Schematic image of coin-cell preparation procedure. (a) images of electrolyte 

solution casting process by using self-designed mold, (b) photograph of dried SPEs on the 

cathode disc, and (c) structure images of coin-cell used in this study. 
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4-2-3 Characterization 

Galvanostatic cycling 

 

Lithium stripping/deposition tests of Li/SPE/Li symmetric cells were performed by using coin-

type cells (CR2032) to investigate the stability at the Li/SPE interface. A cut out polymer 

electrolyte membrane with 16 mm diameter, was simply sandwiched by two piece of circled Li 

foils (d= 15 mm) without separator and sealed by coin-cell. The cell was kept in a thermostat 

which was set at 50 oC, and the measurement was carried out by a HJ1001SM8A battery test 

system (Hokuto Denko). The lithium stripping/deposition galvanostatic cycling measurement 

was performed by applying a constant current of 0.1 mA cm-2 with a step duration of 1 hour 

until 100 cycles. The voltage limit was set at +1 V and -1 V. 

 

Electrochemical impedance spectroscopy (EIS) 

 

The Li/electrolyte interface resistance of original polymer electrolytes upon cell storage were 

analyzed by performing EIS tests on symmetrical Li/SPE/Li coin-type cells. A cut out polymer 

electrolyte membrane was sandwiched by Li foil electrode without separator, and the EIS was 

performed by applying signal amplitude voltage of 30 mV in the frequency range 100 mHz to 

7 MHz using a potentiostat/galvanostat SP-200 (Bio-Logic Instrument) at 50 °C. The stainless 

steel as electrode SS/SPE/SS coin cells were also carried out for the comparative analysis and 

their EIS were also performed in the same measurement condition.  

 

Battery test 

 

The CR2032 coin-type half-cell using LFP as cathode active material was assembled for the 

battery test. The galvanostatic charge-discharge cycling tests were performed using a 
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HJ1001SM8A battery test system at 50 °C. All cells were kept at 50 °C for 12 hours before 

battery tests and electrochemically activated by a galvanostatic cycle rate at C/20, C/10, and 

C/5 (1C = 170 mA h g-1) within a cutoff voltage of 2.5 to 4.0 V.  
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4-3 Results and discussion 

4-3-1 Electrochemical stabilities 

 

Lithium stripping/deposition stability 

 

In Li metal batteries, electrolytes, solvents and salts react with exposed Li during battery cycling, 

resulting in consumption of electrolyte and formation of detrimental degradation layers and Li 

dendrites on the surface of the anode that degrade the batteries.[22–24] The battery performance 

is therefore influenced directly by the interfacial stability between the Li metal anode and the 

electrolyte. A comparison of the electrochemical features for PEC, PTMC, and PEC6PTMC4-

LiFSI 150 mol% in terms of the Li/electrolyte interface stability is shown in Figure 4-2. At 

early stages of cycling for cells with both PEC and PTMC electrolytes, very unstable voltage 

profiles appear with high overpotentials, which means poor interfacial stability between Li 

metal anode and electrolyte (Figure 4-2a and b). However, these voltage profiles became stable 

after cycling more than 10 hours. The polymer in concentrated electrolytes may decompose to 

cyclic carbonate and various other degradation products through the reaction with Li metal 

under continuously applied current during the electrochemical cycling.[23,25] The concentrated 

polycarbonate-based electrolytes have many benefits such as excellent Li-ion transportation, 

wide electrochemical window and corrosion prevention of Al current collector,[14,26,27] but the 

polymer decomposition is one of the issues that need to be resolved. In contrast to both original 

polymer electrolytes, the blend electrolyte shown in Figure 4-2c displayed a stable voltage 

profile, the PEC6PTMC4-LiFSI 150 mol% cell maintains a polarization as low as 5 mV. This 

result clearly demonstrates that the PEC6PTMC4 electrolyte has better interfacial stability 

against the Li anode and a more stable solid electrolyte interphase (SEI) than that of the original 

electrolyte system which can mitigate the degradation upon cycling. 
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Figure 4-2. Lithium stripping/deposition tests for (a) PEC-LiFSI 150 mol%, (b) PTMC-LiFSI 150 mol%, 

and (c) PEC6PTMC4-LiFSI 150 mol% electrolytes in symmetrical Li/Li cells at a constant current of 0.1 

mA cm-2 (voltage limit: +1 V − -1 V; step time 1 hour each). 
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Li/electrolyte interfacial impedance stability  

 

In order to investigate the stability between the Li anode and three kinds of electrolytes, 

impedance analysis was further carried out. Electrolytes aging storage stabilities were analyzed 

before investigate the Li/electrolyte interfacial impedance stabilities. Figure 4-3 shows the 

Nyquist plots related to EIS measurements of cells using PEC, PTMC, and PEC6PTMC4-LiFSI 

150 mol% electrolytes, performed during storage of SS/SPE/SS coin cells at 50 oC. For the 

fresh cells at 0 h, there is only a single semicircle due to the bulk resistance was observed for 

all electrolytes. However, another semicircle at lower frequency due to the interfacial resistance 

between SS electrode and electrolyte is clearly appeared after more than 10 hours for PTMC 

(Figure 4-3b) and PEC6PTMC4 blend electrolytes (Figure 4-3c). In contrast, the interfacial 

resistance derived semicircle is scarcely seen in the PEC electrolyte (Figure 4-3a). It turns out 

that the interfacial semicircle appeared at the PEC6PTMC4 blend electrolyte was derived from 

that of the PTMC system. The reason is not known yet, but it is also can be considered that 

PTMC electrolyte system is easy to make interfacial resistance with SS electrode during the 

storages. In addition, no changes in the bulk resistance for any of the electrolytes have been 

observed with increasing time, which indicates no bulk degradation and reaction occur during 

measurement. 
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Figure 4-3. Nyquist plots related to EIS measurements performed during storage of SS|SPE|SS 

symmetrical cells using (a) PEC-LiFSI 150 mol%, (b) PTMC-LiFSI 150 mol%, and (c) PEC6PTMC4-

LiFSI 150 mol% electrolytes at 50 °C. 

 



Chapter 4 

125 
 

The stability of the Li/electrolyte interface under static condition, that is, chemical stability, is 

also one of important electrolyte properties for using batteries. In case of the Li/SPE/Li cell, the 

bulk and interfacial resistances during storage of PEC, PTMC, and PEC6PTMC4-LiFSI 150 

mol% electrolytes are also investigated without current flowing and the data are summarized in 

Figure 4-4, all corresponding Nyquist plots performed by EIS measurements are shown in 

Figure 4-5. Certain increases in both bulk and interfacial resistances have been observed in all 

electrolytes for first 17 hours. This may indicate that something have been led the electrolyte 

decomposition and increase the bulk resistance of the electrolyte by connecting Li electrode to 

the concentrated electrolytes,[28,29] which mean the instability between Li electrode and 

concentrated electrolytes. As seen in Figure 4-4a, both original electrolytes exhibit a continuous 

increase in the bulk resistance, especially the PEC-based electrolyte reveals a significant 

increase. This may explain that PEC-based concentrated electrolytes have poor chemical 

stability with Li anode than PTMC-based systems. In contrast to both PEC and PTMC original 

electrolytes, the PEC6PTMC4 blend electrolyte has almost constant value after 17 hours. The 

change in the interfacial resistance for all electrolytes is similar with the bulk, and the PEC-

based electrolyte exhibits significant increase in both resistances compared with the other 

systems (Figure 4-4b). This may be due to the poor chemical stability of electrolyte, give rise 

to further instability between electrolyte and Li electrode. On the other hand, the blend 

electrolyte has a relatively stable resistance changes exhibiting the lowest values. It can be 

considered that there may have advantageous interactions in between PEC, PTMC, and Li salt 

to improvement of the properties of polycarbonate blend electrolytes. Therefore, the 

combination of PEC and PTMC could improve the stability of the electrolyte on the Li electrode.  
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Figure 4-4. Changes of (a) bulk resistance and (b) interfacial resistance of Li|SPE|Li cells for PEC-

LiFSI 150 mol% (▲),  PTMC-LiFSI 150 mol% (●), and PEC6PTMC4-LiFSI 150 mol% (◆ ) 

electrolytes at 50 °C. 
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Figure 4-5. Nyquist plots of Li|SPE|Li symmetrical cells using (a) PEC-LiFSI 150 mol%, (b) PTMC-

LiFSI 150 mol%, and (c) PEC6PTMC4-LiFSI 150 mol% electrolytes at 50 oC. EIS performed by 

applying an alternate voltage signal with amplitude of 30 mV within the frequency range from 100 mHz 

to 7 MHz.  
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4-3-2 Battery performance of Li/LiFePO4 cells 

 

Figure 4-6 shows galvanostatic charge-discharge properties of LFP/SPE/Li cells based on PEC, 

PTMC, and PEC6PTMC4-LiFSI 150 mol% electrolytes at 50 oC. The cell with the PEC-based 

electrolyte delivers a discharge capacity of approximately 160 mAh g−1 in the first cycle (Figure 

4-6a). However, a decrease in the capacity was observed, which is mainly due to the degradation 

in the concentrated electrolyte. A similar behavior was also confirmed from the Li/electrolyte 

impedance analysis as shown in Figure 4a. The cell with the PTMC-based electrolyte also 

exhibits a reversible capacity approaching to 140 mAh g−1 at the first cycle and increased a 

while (Figure 4-6b), and the same tendency has observed in a previous work.[30] It have been 

explained above that PTMC-based electrolytes are easier to make interface resistance with 

electrode (Figure 4-6b) and this behavior might be the reason of increasing capacities in the 

first few cycles. However, these data are comparable to those of PEC- and PTMC- based 

electrolytes reported previously.[26,30] In contrast, the cell with the blend electrolyte reveals the 

most stable charge-discharge performance and the initial capacity approached 150 mAh g−1, 

which is 88% of the theoretical value. Indeed, these data are probably due to a combination of 

the formation of a stable Li/electrolyte interface and a good interface with the LFP cathode, 

induced by the blend of PEC and PTMC, as confirmed by the galvanostatic tests in Figure 4-2 

as well as by the EIS in Figure 4-3. Moreover, the extended cycle performance of PEC, PTMC, 

and blend electrolyte cells are shown in Figure 4-7. Both original electrolytes have large 

decreases in the capacity at around 10 cycles and the cells exhibit poor cycle stability. On the 

other hand, the cell with blend electrolyte exhibit better and stable cycle performance compared 

with the both original electrolytes more than 20 cycles. It has been confirmed that the 

combination of PEC and PTMC improved interface between Li electrode and electrolyte, as 

well as stripping/deposition of the original electrolytes. Therefore, the effects of the blend 

electrolyte are also demonstrated at the battery performance.  
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The different polymer composition and salt concentration have also prepared and tested for 

battery cells in this chapter. The galvanostatic charge-discharge curves of LFP/SPE/Li cells 

based on PEC, PTMC, and PEC8PTMC2-LiFSI 127 mol% electrolytes and cycle performance 

of the blend electrolyte cell at 50 oC were shown in Figure 4-8. A similar battery performance 

behaviors with above mentioned electrolytes were obtained. Those cells with the PEC- and 

PTMC-based electrolytes showed very poor charge-discharge curves just in 5 cycles. In the 

case of PEC-based electrolyte, the overcharge and deterioration of cell have happened at the 5th 

cycle. In the case of PTMC-based electrolyte, it unable to maintain the stability of charge-

discharge properties. The cell with the PEC8PTMC2-LiFSI 127 mol% electrolyte delivers a 

discharge capacity of approximately 150 mAh g−1 at the C/20 cycle rate and reveals the most 

stable charge-discharge curves. However, the charge and discharge capacity at C/5 displayed a 

poor behavior, but recovered again at the C/10 cycle rate (Figure 4-8d). This may the rapid ion 

transportation was suppressed due to the low conductivity of the blend electrolyte. These studies 

indicate that polycarbonate blend electrolytes can improvement of defects of single polymer 

electrolytes, whereas the ion-conductive properties still needed to further improve for practical 

realization. 

In addition, the SNF filled in PEC-based composite electrolyte for battery cells have been done 

as well. Figure 4-9 and Figure 4-10 shown galvanostatic charge-discharge properties and cycle 

performance of LFP/SPE/Li cells with PEC-LiFSI 120 mol% and SNF 5 wt% electrolytes at 50 

oC. As results, both original PEC-based electrolyte and SNF composite electrolyte exhibits poor 

charge and discharge properties. In the case of PEC-based electrolyte, the cell shows discharge 

capacity of roughly 140 mAh g−1 at the C/10 cycle rate in the first cycle, and charging and 

discharging were ceased due to the deterioration and decomposition of PEC-based electrolyte 

for only 10 cycles (Figure 4-9a and Figure 4-10a). In the case of the electrolyte filled with SNF, 

the overcharge was appeared from the first charge, but the discharge capacity still shows at 
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around 120 mAh g−1 in the first cycle and decreases for a while (Figure 49b). In general, if 

overcharging occurs, the battery could not work in a while due to the deterioration and 

decomposition of the electrolyte (Figure 4-10b and Figure 4-7a). Nevertheless, the battery cell 

with SNF filled electrolyte was able to go through charging and discharging up to 90 cycles, 

even the cell shows very unstable performance properties during all cycles (Figure 4-10b). In 

the chapter 2, it has been explained that filled with SNF can improve not only the ionic 

conductivity, but also electrochemical stability. These effects of SNF may protect or prevent the 

electrolyte from the complete deterioration and keep the cell working further. However, the 

composite electrolyte filled with SNF still has many problems need to be improved for using in 

all-solid- state batteries, such as dispersibility of SNF in the electrolyte, the best SNF content 

for batteries and so on. 
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Figure 4-6. Galvanostatic charge-discharge curves of LFP|SPE|Li cells: (a) PEC-LiFSI 150 mol%, (b) 

PTMC-LiFSI 150 mol%, and (c) PEC6PTMC4-LiFSI 150 mol% cells at C/10 rate (1 C = 170 mA g−1) 

and 50 °C. 
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Figure 4-7. Galvanostatic charge-discharge cycle performance of LFP|SPE|Li cells: (a) PEC-LiFSI 

150 mol%, (b) PTMC-LiFSI 150 mol%, and (c) PEC6PTMC4-LiFSI 150 mol% cells at C/10 rate (1 C = 

170 mA g−1) and 50 °C. 
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Figure 4-8.  Galvanostatic charge-discharge curves of LFP|SPE|Li cells: (a) PEC-LiFSI 127 mol%, (b) 

PTMC-LiFSI 127 mol%, and (c) PEC8PTMC2-LiFSI 127 mol%, and (d) cycle performance of 

Li|PEC8PTMC2-LiFSI 127 mol%|LFP cells at C/20 rate (1 C = 170 mAh g−1) and 50 °C. 
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Figure 4-9. Galvanostatic charge-discharge curves of LFP|SPE|Li cells: (a) PEC-LiFSI 120 mol%, (b) 

PEC-LiFSI 120 mol%-SNF 5 wt% cells at C/10 rate (1 C = 170 mA g−1) and 50 °C. 
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Figure 4-10. Galvanostatic charge-discharge cycle performance of LFP|SPE|Li cells: (a) PEC-LiFSI 

120 mol%, (b) PEC-LiFSI 120 mol%-SNF 5 wt% cells at C/10 rate (1 C = 170 mA g−1) and 50 °C. 
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4-4 Conclusions 
 

In this chapter, high concentration PEC/PTMC blend electrolyte and PEC-based electrolytes 

filled with SNF were prepared and investigated for all-solid-state LFP/SPE/Li cells. 

Furthermore, highly concentrated polymer electrolytes of PEC, PTMC, and their mixture with 

LiFSI were investigated for Li/electrolyte interfacial and electrochemical stability. The 

PEC6PTMC4-LiFSI 150 mol% electrolyte demonstrated better the Li/electrolyte 

electrochemical and interfacial stability than that of PEC and PTMC single-polymer 

electrolytes. The LFP/SPE/Li cell with PEC and PTMC single-polymer electrolytes showed a 

very poor cycle performance, while the battery cell with PEC6PTMC4-LiFSI 150 mol% 

electrolyte exhibited better cycle stability than others and delivered a reversible charge-

discharge capacity close to 150 mAh g− 1 at 50 °C and C/10 rate, which is 88% of the theoretical 

value (1 C = 170 mA h g-1). On the other hand, the cell for PEC-based electrolyte filled with 

SNF revealed a better cycle life compare with original PEC-based electrolyte, but an extremely 

unstable and poor battery performances.  

The present study also suggests that significant light on the potential of unexplored 

polycarbonate blend for SPE application. It has known that highly concentrated polycarbonate-

based electrolytes exhibit better properties than that of typical electrolytes like higher 

conductivity, excellent t+, better electrochemical stability, and prevention of metal corrosion 

reaction simultaneously. However, there are also side effects due to the high concentration such 

as poor thermal and mechanical properties, deficiency of electrolyte stability and so on. This 

study of polycarbonate blend electrolyte demonstrate higher t+ and better interfacial stabilities 

than that of both PEC- and PTMC-based concentrated electrolytes. Therefore, the PEC and 

PTMC blend electrolyte is more suitable for batteries than that of either original electrolytes. 

In addition, many recent reports have explained that SPEs are the optimal electrolyte for future 

of all-solid-state batteries, such as high capacity organic electrode batteries. The study of this 
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chapter suggests that the highly concentrated polycarbonate blend electrolytes may potentially 

be used for those future battery systems. 
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In the present study, we focused on the ion-conductive behavior and physical properties of solid 

polymer electrolytes (SPEs), especially consisting of poly(ethylene carbonate) (PEC)-based 

composite polymer electrolytes. The CO2/epoxide synthesized PEC electrolytes show unusual 

ion-conductive behaviors, such as an increase in ionic conductivity with increasing salt 

concentration, excellent Li+ transference properties and stable electrochemical properties. 

However, their poor thermal and mechanical properties are drawbacks for battery application 

and the ionic conductivity also needed to be further improved. The silica nanofiber (SNF) filled 

and poly(trimethylene carbonate) added PEC-based CPEs are developed. The study provided 

the results summarized below.  

 

In Chapter 2 “Effect of silica nanofiber addition on poly(ethylene carbonate)-based composite 

electrolytes”, we showed an attempt to enhance the ion-conductive, thermal and mechanical 

properties of a PEC electrolyte by utilizing electrospun silica nanofibers (SNFs) as additives. 

There is a tradeoff relationship between ionic conductivity and mechanical strength, because 

the ionic conduction in polymer is typically based on the segmental motion of polymer chains. 

However, it has well known that the addition of inorganic filler to the SPEs, can improve ion-

conductive and mechanical properties due to the Lewis acid-base interaction between polymer 

chain and functional groups on the surface of inorganic fillers. The resulting PEC-LiTFSI- SNF 

ternary composite is a self-standing membrane with a good handling capability. The results 

demonstrates that the addition of ceramic nanofiber can be an effective way to enhance both 

conductivity and mechanical property of SPEs. Additionally, the thinner SNFs the effective on 

the composite electrolytes. 

 

In Chapter 3 “Characterization and ion-conductive properties of carbonate-based polymer 

blend electrolytes”, we developed a polycarbonate blend electrolyte by using PEC and PTMC. 

Previously, there is no report on CPE systems of combination of both linear polycarbonate. As 
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we showed in the previous chapter, both PEC and PTMC have very similar chemical structures. 

However, they are completely immiscible with each other, but the detail phase separations 

between both polycarbonates are not known yet. Interestingly, PEC and PTMC become 

miscible, even the ionic conductivity was increased with the further addition of Li salts. We 

consider that a compatible amorphous phase of PEC and PTMC is induced by dissolved ions 

such as Li+. Moreover, this phase may provide easier ion pathways. In addition, the Li+ 

transference number (t+) was improved by blending, and the thermal properties of blend 

electrolytes were improved by increasing PTMC contents.  

 

Lastly in Chapter 4 “Electrochemical characterization and battery performance of 

concentrated polycarbonate-based composite electrolytes”, the studies confirmed that the 

highly concentrated blend electrolyte gives rise to favorable electrochemical properties, 

including Li stripping/deposition and Li/electrolyte interfacial stabilities. It has known that 

highly concentrated polycarbonate-based electrolytes exhibit better properties than that of 

typical electrolytes like higher conductivity, high t+, better electrochemical stability, and so on. 

However, there are also side effects due to the high concentration such as poor thermal and 

mechanical properties, deficiency of electrolyte stability and so on. The blending of two 

concentrated polycarbonates improved on Li/electrolyte interfacial compared with both PEC 

and PTMC original electrolytes. So far it also connects to better and stable battery performance 

by using blend electrolytes. The results demonstrate a better promising features suitable for 

lithium-metal battery application. 

 

As conclusion, compounding of the electrolyte is an effective method for development of more 

excellent electrolytes for batteries. We also believe that the present study will contribute to 

realize application of all-solid-state lithium batteries with polymer electrolytes in the future. 

The current research direction of the SPE field, where vast majority is directed to only 



Chapter 5 

145 
 

polyether-type and its derivatives that cannot meet the future requirements of diversification 

and performance improvement of rechargeable battery systems. In contrast, the study of 

polycarbonate-based electrolytes suggested unknown potentials of unexplored polymer 

materials, by breaking the conventional notion about suitable polymer structures for SPE use. 

The polycarbonate-base electrolytes reveal a different ion-conductive and electrochemical 

behavior, such as ion-conductive behaviors dependence on salt concentration and excellent 

electrochemical properties, based on a specific solvation structure. Fortunately, composite 

electrolytes not only can further improve in electrochemical properties of polycarbonate-base 

electrolytes, but also their physical properties as well. Therefore, studies for the future 

perspectives should put more emphasis on take advantage of features and improve drawbacks 

of polycarbonate-based electrolytes. Moreover, it is also necessary to find out good combination 

structures or characters with polycarbonate structures. 
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