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Abstract 
 

Materials and Structural Engineering of 

Separator and Composite Electrolyte 

for Electrochemical Energy Storage Applications 

 

Ahn, Yong-keon 

Program in Nanoscience and Technology 

The Graudate School 

Seoul National University 

 
Energy storage technology and its applications are regarded as the key strategic 

components for the green and sustainable energy system. Due to the intermittency of 

renewable energy sources such as wind and solar power, the importance of energy storing 

techniques have been increased to overcome the restriction of unlimited energy sources in 

use. Furthermore, these storage devices have significant potential to reduce the 

burdensome of environmental issues. The energy storage industries and market have been 

rapidly flourishing every day. 

Representative energy storage devices are well known as batteries and supercapacitors. 

These two types of applications are distinguished from their charge/discharge 
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mechanisms and electrochemical performances. First, the rechargeable batteries, 

particularly the lithium secondary batteries, exhibit high energy density so that they are 

regarded as dominant storage devices for providing continuous power. Another type of 

application is called as supercapacitor (SC) or electrical double layer capacitor (EDLC), 

which shows to great power density and superior cycle life. Pulse powering system in 

tram and hybrid bus is a prime example of where SCs are used. Despite the remarkable 

advantages and usage, LIBs and SCs have faced to several challenges. To overcome the 

challenges and bring about the substantial improvement in performance, we have been 

focusing on separator and electrolyte. 

In the lithium ion battery system, the poly-olefin (polyethylene, polypropylene, 

polystyrene, or derivative blends) based separators are being commercially used, due to 

several attractive advantages such as low cost production, electrochemical stability, and 

suitable mechanical strength. However, severe drawbacks, which are weak thermal 

stability, inferior electrolyte wettability, and pore irregularity, lead to serious problems in 

operation of the LIBs. Consequently, the model study of separator with regard to 

structural and intrinsic properties is necessary, in order to ensure safety of the LIBs. 

Thus, we introduced an ideal AAO separator structure for the LIB system. The 

electrochemical performances of lithium ion batteries tend to depend on the structural 

properties of the separator. The porous framework and vertically straight channels with 

extremely low tortuosity allow for improved battery efficiency, better conductivity, higher 

discharging capacity, and superior rate retention capability. Through electrochemical 

experiments and computer aid simulation, highly ordered hexagonal pore arrays were 

found to effectively migrate lithium ions and evenly distribute the current density. 

The second strategy for enhanced energy density in SCs is the material engineering for 



iii 

 

electrolytes. From the relationship between the energy density and operating voltage, we 

suggest a solid-state composite electrolyte with the wide electrochemical stability window, 

in order to boost up the voltage range. In this project, we introduced the composite 

electrolyte of cross-linked polymer (c-P4VPh) and ionic liquid (EMITFSI). The 

composite electrolytes are highly ionic conductive solid states due to the rigid framework 

of c-P4VPh and high ionic conductivity from large contents of EMITFSI over 60 wt%. 

The IL-CPs are thermally stable over 300 °C and electrochemically stable over 7 V since 

there are hydrogen bonds between c-P4VPh and EMITFSI. We also introduced all-solid 

state SCs which operate at 4 V and have high energy density without sacrificing power 

density. 
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Chapter 1. 

 

Introduction 

 

1.1. Background on the Energy storage and conversion devices 

 

The energy storage and conversion devices can be categorized by energy storage 

mechanisms, which are electrochemical and electrostatic mechanism, respectively. The 

former represents the batteries, in particular the lithium secondary batteries such as 

lithium-ion and beyond, and the latter exemplifies the supercapacitors, which does not 

involve chemical reactions during the charging and discharging processes. Since, these 

devices have been extensively developed by the invention of the carbonaceous active 

materials for electrodes. However, from the different discharge characteristics, the 

devices have been applied with different purposes and applications. 

First of all, the batteries, so that the lithium-ion batteries (LIBs), have been widely used 

as power sources for electronic portable devices, such as mobiles, laptops, cameras, 

wireless ear-sets, and so on. Due to the fact that the LIBs exhibit the high energy density, 

in other words, the battery supplies the energy for a long time with slow and steady [1-5]. 

With the point of view, the LIBs play a role of continuous power supplier in energy-

driven operating system. 
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 While the supercapacitors (SCs) exhibits high power and low energy densities, these 

appliances take charge of backup power, peak power, instantaneous power compensation, 

and auxiliary power units [6-7]. SCs can be divided into two types by the 

charge/discharge reaction mechanisms: electric double layer capacitors (EDLCs) which 

contain solely the electrostatic forces for storage of charges, and pseudo capacitors (PCs) 

involving the charge transfer reaction at the interfaces of electrolyte/electrode surfaces. 

In this dissertation, we are mainly focusing on the fundamentals LIBs and EDLCs, and 

the designed separators and composite electrolytes will be addressed for the enhancement 

of electrochemical characteristics. To begin with, this chapter offers the general 

introduction to the energy storage and conversion devices and the research themes.  

 

 

1.2. Research objectives and dissertation outline 

 

 This study is aiming at significant enhancement in electrochemical performances of LIB 

and EDLC. In order to achieve the objectives, we established several stratagems for each 

electrochemical device of LIB and EDLC. For the effective LIB system, we set out to 

improve on material engineering of separator. Since, the commercially available 

separators are based on polyolefin materials and their chemically derivatives. These 

materials have been exposing serious weaknesses which are directly linked with cell 

performance, for example, thermal weakness and irregular pore structure result in electric 

short-circuiting by thermal shrinkage at high temperature and fading in reversible 

capacity [13-17]. Herein, we introduced the nano-porous anodic aluminum oxide (AAO) 
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membrane used as separator in LIB system; the AAO is prepared by conventional 

anodization process and exhibits regular pore size and hexagonal packing array [8-12]. It 

is expected that the distinctive structural properties of the inorganic based AAO separator 

could bring a significant improvement in electrochemical performances of lithium ion 

batteries. Second strategy for EDLCs is to achieve advancement in specific energy 

density via widening electrochemical stability of composite electrolyte [18]. In the 

following chapter, we will figure out several methods for enhancement of energy density 

for EDLCs, we set out to develop the quasi-solid state composite electrolyte with wide 

range of operating voltages in this project.  

 This dissertation contains five chapters, the fundamentals and general introduction to 

electrochemical energy storage devices are provided in chapter 2. Also, the construction 

and basic elements in LIBs and EDLCs will be revised with regard to the roles for each 

part, advantages and limitations, and research rationale behind this thesis. 

 In the third chapter, we proposed improvement measure for safety and electrochemical 

capabilities on the lithium secondary batteries. For the sake of contrast to polyolefin 

based separator, the porous anodic aluminum oxide (AAO) is introduced for a 

rechargeable lithium ion battery system. The porous AAO gives rise to an ideal structure 

for battery separators such as highly ordered pore array, appropriate porosity (67.4 %), 

extremely low tortuosity, and thermal durability. The prepared AAO separator has 

average pore sizes of 75 nm and thickness of 54 micrometers, which leads to enhanced 

ionic conductivity (2.196 mS cm-1), discharging capacity at high current rates (20.13 mAh 

g-1 at 10 C), and capacity retention (82.9 %). Moreover, the computer simulation 

(COMSOL) model shows that the ideal AAO separator structure induces stable LIB 

operation in wide ranges of the current rate, due to effective suppression of Li dendrite 
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formation. AAO separator has a strong potential in massive energy storage systems such 

as energy storage systems (EES) and electric vehicles (EVs). 

 In chapter 4, a solid-like composite electrolyte for supercapacitors (or electrical double 

layer capacitors) was suggested to meet the requirements for enhancement of wide 

electrochemical stability window. In this study, 4 V-operated all solid symmetrical 

supercapacitors that employ mixtures of various weight composition with cross-linked 

poly-4-vninyphenol (c-P4VPh) and 1-ethyl-3-methyl imidazoium 

bis(trifluoromethylsulfonyl)imide (EMITFSI) electrolytes have been demonstrated and 

characterized. The values at 1:3, 1:3.5, 1:4 and 1:4.5 (in the ratio of c-P4VPh:EMITFSI) 

offer free-standing membranes with high ionic conductivity. In the case of 1:3.5, the best 

specific capacitance (172.44 F/g in single-electrode) and energy density (72.23 Wh/Kg) 

were obtained at symmetrical cells based on porous carbon electrodes. Every prepared 

EDLC was reliable over 1000 cycles in the range of 0-4 V. They also have excellent 

flexibility and maintain capacitance after completing the bending test of thousand times. 

 Finally, both research scopes and remarkable results are summarized in the fifth chapter. 

Moreover, the further research themes related to separators and composite electrolytes for 

various electrochemical energy storage applications are described. 
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Chapter 2. 

Fundamentals and Literature Review 

 

2.1. Electrochemical energy storage devices:  

Lithium-Ion Batteries (LIBs) and Supercapacitors (SCs) 

  

 In this chapter, we will revise the two representative electrochemical energy storage 

devices, which are the lithium-ion batteries (LIBs) and supercapacitors (SCs). The former, 

the LIBs are concerned as a renewable and sustainable energy source, because these 

devices run clean and without any pollutants such as fumed gases, dust, and organic 

particles. Another advantageous point is, the battery is highly efficient system which has 

about 99 percent charging/discharging efficiency, in other words, the high coulombic 

efficiency (CE), and it makes more strong potential for the use of stable power supply. 

Therefore, the LIBs become the powerful candidate for stable energy delivering system, 

and the market places are rapidly expanding all over the world [1-5]. In the following 

subsections, we will take a look at how the LIBs work and what the distinctive 

advantages are in the LIB system. 

 The latter, SCs are one of the main electrochemical energy storage systems as the 

lithium secondary batteries are considered. Distinctive features compared to LIBs, 

hereafter we mainly concern on electrical double-layer capacitors (EDLCs), EDLCs are 

able to deliver the higher power density of 15 kW/kg and the lower energy density of 5 
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Wh/kg in comparison with that of LIBs. The differences in power and energy density 

between LIBs and EDLCs are visualized in the Ragone plot in figure 2.1. In practice, the 

EDLCs have been applied to high power pulse systems on that account, such as heavy 

equipment, acceleration system of vehicles, and emergency systems. Furthermore, the 

EDLCs have excellent merits of quick charging time, and long cycle life. 

 Hereafter, we will take a look at the mechanisms of each energy storage device and the 

relative preliminary studies. 
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2.1.1. Mechanisms of electrochemical energy storage devices 

 

 In this section, the charge/discharge mechanisms and brief construction of the lithium-

ion battery (LIB) and supercapacitor (SC) will be addressed as a general introduction. 

And the separator for LIBs and electrolyte for SCs are intensively revised for the main 

objective of this dissertation.  

 

 2.1.1.1. Lithium-Ion Batteries 

 

First, a typical LIB is made up of four elements; cathode, anode, separator, and 

electrolyte as seen on the figure 2.1. The anode is a negative electrode where oxidation 

process occurs during the discharging step. Sometimes it is called as fuel electrode, due to 

the role of continuous electron sources. Next, the cathode is a positive electrode, in which 

the reduction takes place in the discharging process. In order to enhance the 

electrochemical capabilities of the LIBs, the development of the cathode active materials 

is very important. Consequently, the researches on the cathode materials have been 

actively conducted of the structural and material properties engineering. The electrolyte is 

the ion transporting media, and placed between the cathode and anode. It can be 

departmentalized by the material phase state as liquid, or solid-state. The liquid 

electrolyte is represented by organic solvents such as linear or cyclic carbonate-based 

solvents, where inorganic salt dissolved (various lithium salts). Aqueous electrolytes had 

been used in primary batteries, however, these aqueous based electrolyte are not 

facilitated in LIB systems due to the low decomposition voltages. Last but not least, the 

separator plays a primary role in LIBs to prevent electrical short-circuiting between the 
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cathode and anode. Additionally, it retains electrolytes in the porous matrix for the ion 

transportation medium. 

The operation mechanisms of the LIBs are well-known for the “rocking-chair system” 

(Figure 2.2, it describes the intercalation reaction of the lithium ions between anode and 

cathode materials [6-9]. Thus, it makes the distinctive advantage of the LIBs from the 

other electrochemical devices that the LIBs have rechargeable property. It means that 

reversible reaction occurs indefinitely during the cell operation. Furthermore, the lithium 

is the lightest metal and the least dense solid element which belonging to the alkali metal 

in the periodic table. Thus, the Li has high reactivity and flammable likewise the other 

alkali metals. The Li distributes the largest specific energy per unit weight because of the 

greatest electrochemical potential [10].  
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Figure 2.1. Schematic diagram of the various types and elements of the LIBs 

 constructions; (a) cylindrical, (b) coin or button cell, (c) prismatic, and (d) thin 

 and flat. In the figures, the carbon denotes an anode, and the lithium 

 manganese oxide (Li1+xMn2O4, LMO) is used as a cathode material.  

Images adopted from [11]. 
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Figure 2.2. Schematic diagram of the rocking chair principle of lithium secondary 

 batteries. Image adopted from [12]. 
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Figure 2.3. Schematic illustration of charge/discharge principle in lithium ion battery. 

Images adopted from [13]. 
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2.1.1.2. Supercapacitors 

 

Another type of the electrochemical energy storage device is the electrochemical 

capacitor (EC), or supercapacitor (SC). Distinctive features compared to LIBs, hereafter 

we mainly concern on electrical double-layer capacitors (EDLCs), EDLCs are able to 

deliver the higher power density of 15 kW/kg and the lower energy density of 5 Wh/kg in 

comparison with that of LIBs. The differences in power and energy density between LIBs 

and EDLCs are visualized in the Ragone plot in figure 2.10. In practice, the EDLCs have 

been applied to high power pulse systems on that account, such as heavy equipment, 

acceleration system of vehicles, and emergency systems. Furthermore, the EDLCs have 

excellent merits of quick charging time, and long cycle life. In this section, we will revise 

the operating mechanism and construction of EDLCs and electrochemistry of each 

component. 
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Figure 2.4. The Ragone plot of various energy storage applications. 

Image adopted from [45]. 
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General structure of EDLCs consists of symmetric electrodes, where activated carbons 

are mainly used in practice, and electrolyte as shown in figure 2.5. EDLCs store the 

charges by only electrostatic forces on the high specific surface area of carbonaceous 

electrodes immersed in electrolyte. This is known as electrical double layer described by 

Helmholtz [46], charge separation is driven by polarization at the interface between 

electrode and electrolyte. The electrical double layer can be explained by the double layer 

capacitance model as following equation. 

 

C = 𝜀𝑟𝜀0𝐴
𝑑

     [2.1] 

 

 where εr is the relative dielectric constant of the electrolyte, ε0 denotes the dielectric 

contant in vacuum, d and A are the double layer thickness and the effective surface area at 

interface of electrode/electrolyte, respectively. 

 Other important governing parameters in EDLCs are the maximum power density and 

energy density. The former and latter are expressed as follows: 

 

P = 𝑉𝑚𝑚𝑚
2

(4𝑅)       [2.2] 

 

E = 1
2
𝐶𝑉𝑚𝑚𝑚

2    [2.3] 

 

 where P and E are the maximum delivering power in Watt [W] and the maximum energy 

density in joule [J], Vmax is the maximum cell voltage [V], R denotes the series resistance, 

and C is the capacitance in Farad [F] [47]. 
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 The charging/discharging mechanism can be explained as the voltage is applied to the 

cell, randomly distributed charged ions in electrolyte, negative and positive charges, 

transport to the surface of opposite polarized electrode. Thus, the mechanism is solely 

driven by only physical forces (electrostatic) resulting in highly reversible process. In 

figure 2.5, schematic illustration shows the mechanism of EDLCs briefly. 

More specific material properties for each components and limitations are addressed in 

the appendix part at the end of this dissertation. 
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Figure 2.5. Schematic illustration of charging/discharging mechanism for EDLCs. 

Inserted images adopted from [49]. 
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Figure 2.6. Illustration of various types EDLCs in practice; cylindrical (left) and  

prismatic type (right). Inserted images adopted from [49]  
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2.2. Review of separators for LIBs 

 

2.2.1. Commercially available separators 

  

Separator is one of the main components consisting of LIBs, placed between the anode 

and cathode to avoid physical contact of the electrodes while permitting the lithium 

cations flow. Furthermore, the separators may affect the performance of LIBs, including 

electrochemical capabilities, energy/power density, lifespan, and safety related issues. In 

practice, the poly-olefin based separators have been widely used in LIB system. The 

requirements for use in LIBs are generally mentioned as; chemical stability, thickness, 

porosity, pore size, permeability, mechanical strength, wettability with liquid electrolytes, 

dimensional stability, thermal stability, and processibility. Other critical properties of 

separators might be low resistivity and superior insulating nature, because when the 

separators are applied in the LIB system, separators affect internal resistance due to the 

thickness and structures in limited space [14, 15, 16]. These fundamental aspects of 

separator requirements are listed below in the table 2.5. 

 From the chemical and physical perspectives, the commercially available separators for 

energy storage devices can be divided into several types of molded, woven/non-woven, 

microporous, and laminates [16-18]. In this section, a brief introduction to microporous 

polymer membrane, non-woven fabric mat, and inorganic composite separators will be 

given, and the research theme related fundamentals and development milestones will be 

discussed in the following section.  

Basically, the semi-crystalline polyolefin materials consist of the commercially available 

microporous polymer membrane separators for LIBs. For instance, the polyolefin 
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materials are polyethylene (PE) [19], polypropylene (PP) [20], polystyrene (PS) [21], and 

their blends. In the polyolefin based microporous polymer membranes are divided by 

manufacturing process; dry and wet process [16-18]. These different two methods 

commonly contain the extrusion process to prepare thin polymer films and stretching step 

for porous structure formation. However, the wet process additionally involve the 

extraction of plasticizers and other additives to form pores, while the pore structures are 

formed at stretching step within dry process [16-18]. 

The final products of microporous polymer membrane separators by manufactured dry 

process have slit-pores and straight channels, on the other hand, the interconnected 

spherical and elliptical morphologies are shown in the products from wet process. These 

different pore structures lead to assorted objectives in applications, the dry processed 

separators are suitable for high power density devices due to the straight and open pore 

structures. Meanwhile, interconnected and elliptical pores of complex structures have 

suppressive effects of dendrite formation during the repeated charging/discharging cycles, 

so that these are more appropriate for long lifespan batteries. Consequently, the different 

pore shapes and structures via dry and wet process are shown in figure 2.7, 2.8, and 2.9, 

also the representative commercial products for LIBs are summarized in table 2.2. 
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Table 2.1. Requirements for utilized separator properties in LIB system. 

Data adopted from [18]. 
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Figure 2. 7. An overview of fabrication processes for microporous membranes.  

(a) Dry process and (b) wet process. Image adopted from [18]. 
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Figure 2.8. SEM images of the pore structure in HDPE film by dry process. 

(a) Before and (b) after uniaxial stretching applied. Images adopted from [17]. 
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Figure 2.9. SEM photographs of different morphologies fabricated by  

(a) dry and (b) wet process, respectively. Images edited from [18]. 
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Table 2.2. Representative microporous polyolefin membranes of each manufacturer via dry and wet process. 

        Data adopted from [16]. 
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Another type of separator is called as non-woven fabric mat, whose structure is derived 

from the formation of interconnection with resin bonding and thermoplastic bonding. The 

former needs spray method to spread out adhesive resins onto fiber web (synthetic and 

natural materials), then drying, thermally curing, and pressing steps follow to produce the 

final products. While, in the latter, thermoplastic materials as bonding agents are put into 

base fiber to make blends, then hot pressing applies to finish the preparation. In order to 

minimize the negative effects from the adhesive additives, the thermoplastic bonding 

method is more preferable for the battery separator manufacturing process. 

Fundamentally, the fibril networks as base structure are prepared by several ways; paper-

making [22], spinning jet [23] (or electrospinning of polymer solutions), wet-laid 

technique in wet processes [24], or dry process for melt blowing [25]. In figure 2.10, 

surface images of different structures are shown via wet-laid and electrospinning methods. 
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Figure 2.10. SEM images of the non-woven mats with different microstructures. 

 The processes via (a) wet-laid and (b) electrospinning method. 

Images adopted from [16]. 
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 Lastly, we will consider the type of inorganic composite separator. There are two 

different types separators existed, as mentioned above, inorganic composite separator is 

based on inorganic (ceramic) particles aggregated by a little amount of polymeric binders 

[27-29]. Another is that, composite of ceramic particles with porous polyolefin-based or 

non-woven matrix has been developed. The common advantages of ceramic composite 

separators are addressed as follows. High hydrophilicity and huge surface area give rise 

to superior wettability with all organic liquid electrolytes. In addition, good dielectric 

constant of inorganic materials lead to great wetting phenomena compared to non-polar 

polyolefin-based matrix. Furthermore, extreme thermal stability can be provided into the 

lithium secondary batteries. Meanwhile, the distinct difference is from the battery pack 

design. The aggregated ceramic particles separator, which consists of ceramic particles 

with binder, is not mechanically strong enough, so that there is difficulty remained as 

handling in cell winding and packaging. To overcome this challenge, inorganic particles 

are coated onto the both sides of microporous polymer membrane or non-woven mat. 

This separator was invented by Degussa, as trade name of Separion [26], the significant 

disadvantages of organic material-based separators can be eliminated; thermal shrinkage 

and unable wetting with cyclic carbonate electrolytes. Consequently, the ceramic 

composite separator can take superior flexibility, processibility, and excellent stability. In 

figure 2.11, the structure diagram and SEM images of Separion is shown. 
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Figure 2.11. SEM images of coated ceramic particles and non-woven mat substrate.  

The schematic diagram of structure image is exhibited below. Images adopted from [26]. 

 



- 31 - 

 

 

 

 

Table 2.3. Comparison of various properties of commercially available composite separators. Data adopted from [16].



- 32 - 

 

 2.2.2. Research trends and development in LIB separator 

 

In the lithium secondary batteries, the safety issue is the most important and must be 

considered for the applications of energy storage system. For the safety enhanced LIB, 

the guarantee of separators’ stability is the prerequisite. Even though the commercial 

separators have been developed in terms of functions and structural stabilities, those still 

exhibit the several inherent limitations; poor wettability against the liquid electrolytes, 

and low thermal stability. In order to overcome these weaknesses, numerous efforts have 

been attempted to improve chemical and mechanical properties. 

 

2.2.2.1. Functionalized separators based on polymeric materials 

To enhance the intrinsic properties of the polymeric material separators for better 

battery reliability, various modification methods have been applied, such as coating the 

functional nanoparticles on the surface of polyolefin separators. Also, several studies 

investigating surface modification have been carried out on the improvement of rate 

capability under working conditions. 

According to the previous study of Lee et al., poly(methyl methacrylate) nanoparticle 

(PMMA NPs) array coting on the polyethylene separator can boost up the discharge C-

rate performance due to the extended wettability and facile ionic conduction [30]. Other 

examples of the coating materials for functionalized polyolefin separators are 

polyvinylidene fluoride (PVdF) [31], poly(vinylidene fluoride-co-hexafluoropropylene) 

(PVdF-HFP) [32], poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVdF-CTFE) 
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[33], and poly(ethylene oxide) (PEO) [34]. Those materials can reduce the interfacial 

resistance by increasing electrolyte uptake capability, which leads to enhance 

electrochemical capabilities during the charge/discharge cycles.  

In the figure 2.14, treatments of various polymers for functionalization on the 

commercial polyolefin separators are illustrated. The main purpose of the coated 

separator is to increase the electrolyte uptake via surface modification, resulting in the 

better cell capacities. 
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Figure 2.12. Morphological and wettability characterization of PMMA nanoparticle 

arrays coated PE separator; FE-SEM images of the PMMA NP coated surface (a) and 

cross-section view (b). AFM image of the PMMA NPs topography (c), and liquid 

electrolyte uptake characterization with wetting time of the as-prepared PE, PMMA layer 

coated, and PMMA NP coated separators. Images adopted from [30]. 
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Figure 2.13 Discharge profiles of the (a) pristine PE, (b) PMMA NPs coated, (c) PMMA layer coated separators. Insets describe the 

lithium ion transport through the each separator. Images adopted from [30]. 
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Figure 2.14. SEM images of (A) a closely packed PMMA particles on polyolefin 

separator [31], (B) electrospun PVdF-CTFE fibers on PE separator [32], (C) gafted PEO 

coated on PP separator [34], (D) contact angle measurement with water and electrolyte on 

PEO grafted PP and pristine PP separator, (E) discharge profile of the PEO coated and PP 

separator. (F) Tannic acid treatment on PP separator [35]. 
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Another strategy is applying nanostructured inorganic materials such as metal oxide 

nanoparticles, electrospun inorganic/polymer fibers for introducing the surface 

functionalities. The most common inorganic nanoparticles are silicon oxide (SiO2) [36], 

aluminum oxide (Al2O3) [37, 38], and zirconium oxide (ZrO2) [39]. When those ceramic 

materials applied onto polyolefin based separators improves structural and thermal 

stabilities. In figure 2.15 shows that the low thermal shrinkage was observed after 

applying the inorganic functional coatings. Consequently, the high thermal stability can 

avoid short-circuit problems at elevated temperature, so that it ensures the cell safety and 

reliability. 

Other functionalities are the flame retardant and self-extinguishing separators for 

enhancement of the LIB safety. Kim et al. [41] introduced extinguishing agent of 

1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-phentane (DMTP) onto PE 

separator. As a result, the self-extinguishing DMTP can protect user safety from 

unexpected explosion by thermal runaway [figure 2.17]. Lee et al. [42] suggested 

thermally stable and flame-retardant separator using brominated poly(2,6,-dimethyl-1,4-

phenylene oxide) (BPPO) by dip-coating method. These preparation methods exhibit 

remarkable features in terms of flame retardant and thermal stability. 
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Figure 2.15. Schematic illustration of the Al2O3-cPET coated PE separator. (a) cross-

linked PET used as binder for Al2O3 nanoparticles enhances the thermal stability. (b) 

Digital photographs of the bare PE and Al2O3-cPET coated PE separator before and after 

heat exposure test under convection oven. Images adopted from [38] 
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Figure 2.16. SEM images of various inorganic materials coated surfaces. (A) Al2O3 

coated PE separator, (B) ZrO2 coated PE separator, and (C) Al(OH)3-coated PE separator. 

The contact angle measurement and heat exposure test of bare PE and ceramic coated PE 

separators. After inorganic material coated PE separator shows the higher wettability with 

the electrolyte and thermal stability. (E) The AC impedance test shows that ceramic-

grafted PE separator lower charge transfer resistance due to the good electrolyte affinity. 

Images adopted from [40] 
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Figure 2.17. Images of dip-coated DMTP microcapsules onto PE separator. (a) Schematic 

illustration of DMTP coating on PE separator. Digital and SEM images of pristine PE 

separator (b and d), and microcapsules embedded PE separator (c and e). Fire retardancy 

test of electrolyte (1.15 M LiPF6 with EC/EMC), electrolyte with PMMA membrane, and 

DMTP involved electrolyte (f). Images adopted from [41]. 
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Figure 2.18. SEM images of (a) conventional PP/PE/PP tri-layer separator and (b) BPPO 

introduced separator. Timeline photographs of pristine separator (c) and BPPO coated 

separator (d) during the flammability test. Images adopted from [42]. 
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2.2.2.2. Unconventional separators 

 The conventional polyolefin based separators have exposed severe limitations in terms 

of thermal stability, low electrolyte uptake, and weak reliability. Recently, advanced 

separators based on other polymers and inorganic materials have been reported, such as 

glass fiber mats (GFM) [43], nanoporous Al2O3 [44] and TiO2 [45]. The former, GFM has 

distinctive advantages, such as low production cost, high porosity, thermal stability, and 

simple manufacture process, and so on. Wu et al. [43] reported the composite of polymer 

electrolyte with GFM for lithium ion batteries. GFM is considered as impertinent 

materials for LIB separator due to the poor mechanical strength. However, the composite 

of PVdF/GFM separator exhibits proper mechanical strength, because the PVdF supports 

the structure maintenance of GFM matrix. By virtue of its attractive merits, PVdF/GFM 

has high electrochemical stability, good ionic conductivity, and great thermal stability 

when the composite is applied in LIB system [figure 2.19]. 

Beside composite separators, there are some unique nanostructured inorganic separators. 

Wang et al. [43] introduced the through-hole anodic aluminum oxide (AAO) membrane 

as a separator for LIBs. The uniform pore size and high porosity of AAO exhibits better 

cycling stability, rate capability and wide temperature performance than commercial 

polyolefin separators [figure 2.20].  
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Figure 2.19. Digital images of flame retadancy test of pristine PP separator (a and b) 

and composite of PVdF/GFM separator (c and d). SEM images of PVdF/GFM composite 

(e) cross-sectional view and (f) top-view. Images adopted from [43]. 
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Figure 2.20. SEM images of anodic aluminum oxide (AAO) separator (a) top view and 

(b) cross-section view. Well-ordered nanopore arrays have pore diameter of 80 nm, and 

about 72 % porosity. Initial voltage profiles of the LiFePO4/graphite battery (c). Images 

adopted from [44]. 
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 2.3. Review of electrolytes for EDLCs 

 

 The electrolyte plays a crucial role in EDLCs, where it is allowed the randomly 

distributed anions and cations traveling to the electrode surfaces. Also, the 

electrochemical performances of EDLC depend on the physical properties of electrolyte 

media. Energy storage capability of EDLCs can be expressed as follows: 

 

E = 1
2
𝐶𝑉2     [2.4] 

 

 Where E is energy density, C expresses capacitance, and V is operating voltage. From 

the equation 2.4, it can be noticed that the characteristics of electrolyte materials become 

a prior consideration parameter, in order to design the enhanced EDLCs. Two major 

criteria for electrolytes are the electrochemical stability window and the ionic 

conductivity. The former is very important to maximize the energy density, while the 

second impacts on the power density of the supercapacitors. Other important material 

properties are transition temperatures; such as boiling, flash, melting point, and glass 

transition temperature, wettability, solubility, viscosity, dielectric constant for dissociation 

of charged ions, and so on. The electrolyte for EDLC system can be divided into three 

groups of conventional aqueous, organic, and ionic liquid electrolytes.  

 

 2.3.1. General properties of electrolytes for EDLCs 

 

 Firstly, the aqueous electrolyte contains acid, alkaline, and neural solution, for example, 

sulfuric acid (H2SO4) [59], potassium hydroxide (KOH) [60], and potassium chloride 
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(KCl) [61]. Those various solutions take advantages, such as cost-effective, good ionic 

conductivity (maximum 700 mS/cm for H2SO4), high solubility, leading to lowering 

resistance, great power capability. However, the low electrochemical stability window of 

water, 1.23 V, limits narrow range of operating potential resulting in restriction of energy 

density [57, 58], as it can be seen in equation 2.4. 

 

 Next, the non-aqueous type electrolyte is organic electrolyte, where water is replaced by 

organic solvents, such as aprotic, ester-based, carbonate, and so on. These electrolytes 

exhibit the higher operation voltages than that of aqueous electrolytes, so that the higher 

energy density can be achieved due to the wider electrochemical stability up to 2.7 V. 

However, recent research trends rely on development of organic electrolytes by control 

proportion of solvent mixtures, in order to boost up the energy density of EDLCs. In table 

2.8, material properties of the commonly used organic solvents are summarized [62]. The 

most commonly used organic solvents in supercapacitor system are propylene carbonate 

(PC) and acetonitrile (AN). The PC has wide electrochemical stability window and 

resistance against hydrolysis. However, there are some disadvantages that it shows high 

viscosity, phase transition with varying temperature range [63]. Commonly applied salts 

in organic electrolytes are quaternary ammonium salts, such as tetraethylammonium 

tetrafluoroborate (TEA-BF4), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-

BF4), tetramethylene-pyrrolidinium tetrafluoroborate (TMPY-BF4), 1-ethyl-1-

methylpyrrolidinium tetrafluoroborate (MEPY-BF4), triethylmethylpyrrolidinium 

tetrafluoroborate (TEMA-BF4) [64]. In figure 2.21, the ionic conductivity graph is 

illustrated versus concentration of these most common quaternary ammonium salts. 
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Table 2.4. Physical properties of commonly used organic electrolytes.  

Data adopted from [65]. 
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Figure 2.21. Ionic conductivity versus salt concentration of most commonly used 

quaternary ammonium salts in PC at room temperature. Images adopted from [64]. 
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 Finally, ionic liquids (IL), referred as molten salt due to the low melting points (room-

temperature ionic liquid, RTIL), composes only cations and anions like liquid. The RTILs 

are classified as three types; aprotic, protic, and zwitterionic [66]. Each type of RTILs is 

suitable for different energy storage system; a brief diagram of construction is illustrated 

in figure 2.22. RTILs have been drawn great interest, because of the unique properties. 

Significant advantages of ILs are excellent stability of chemical and electrochemical, 

great thermal stability, non-volatile, and regarded as green solvent [65]. However, there 

are some limitations, which are the lower ionic conductivity at room temperature than 

that of organic electrolytes, and reducing power densities. The most frequently employed 

combinations  of imidazolium, pyrrolidium, ammonium, sulfonium, phosphonium 

cations, and tetrafluoroborate (BF4
-), hexafluorophosphate (PF6

-), 

bis(trifluoromethanesulfonyl)imide (TFSI-), dicyanamide(DCA-) anions [62]. In general, 

the imidazolium containing ILs exhibits high ionic conductivity and the pyrrolidinium-

based ILs have wider electrochemical stability, when those are employed in 

supercapacitor system [66]. 
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Figure 2.22. Different types of room-temperature ionic liquids. Image adopted from [66]. 
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Figure 2.23. The most frequently employed cations and anions of ILs for supercapacitor. 

          Image adopted from [62]. 
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2.3.2. Research trends of ILs-based electrolytes for EDLCs 

 As mentioned above, ILs have desired electrochemically advantages and material 

properties compared to aqueous and organic solvents (figure 2.24 and 2.25) [67, 68]. 

However, there are some major challenges in developing ILs for EDLCs. Although the 

most extensively studied IL of [EMIM] [BF4] has relatively high ionic conductivity, it 

faces to critical challenge that it has narrow electrochemical stability window. To 

overcome this limitation, there are several suggestions to develop ILs-based electrolyte 

system. 

 2.3.2.1. Mixtures and composites of IL with organic electrolytes 

 One of the critical limitations in IL based electrolyte systems is low ionic conductivity 

with varying operation temperature due to the phase change. The most extensively 

studied ILs have relatively higher melting points over 0 ℃, this limits cell performance 

at low operative temperature. Another disadvantage of ILs is comparatively high viscosity 

resulting in low ionic conductivity. Suggested solution is to make mixture system in order 

to widen operative temperature range and to enhance ionic conductivity. For instance, Lin 

et al. [69] reported the IL mixtures of propylpiperidinium bis(fluorosulfonyl)imide 

([PIP13][FSI]) and N-butyl-N-methylpyrrrolidinium bis(fluorosulfonyl)imide 

([PYR14][FSI]) exhibits extended operative temperature range from -80 to 100 ℃. When 

the ILs are mixed with organic solvents, enhanced ionic conductivity at low temperatures 

can be realized due to the reduced viscosity. Ruiz et al. [70] reported that the mixture of 

ILs and organic solvent could enhance the ionic conductivity in wide operative 

temperature range. Also, the solvent mixtures retain a wide electrochemical stability 

window in the range from 4 to 6 V.  
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Figiure 2.24. Ragone plot of different ILs employed supercapacitors at 2.7 and 3.2 V 

operation voltages. Image adopted from [67]. 
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Figure 2.25. Ragone plot of EDLCs with IL and mixture of organic solvent based 

electrolytes. Image adopted from [68]. 
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Figure 2.26. Thermal properties of the mixture of [PIP13][FSI] and [PYR14][FSI]. (A) 

DSC curve of different cation containing ILs and its mixture. (B) Conductivity versus 

temperature graph. Images adopted from [69]. 
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Figure 2.27. Arrhenius plots of viscosity and conductivity for the pure IL and mixtures of 

IL-solvents. (1) Pristine IL of [PYR14][TFSI], (2) [PYR14][TFSI]-ACN, (3) [PYR14][TFSI] 

-BuCN, (4) [PYR14][TFSI]-PhCN, (5) [PYR14][TFSI]-BnCN. Images adopted from [70]. 
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Table 2.5. Physical properties of [PYR14][TFSI] IL and mixtures. Data adopted from [70].
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2.3.2.2. Solid-state IL electrolytes for EDLCs 

  

Identifying the wide electrochemical stability and great thermal stability of ILs, many 

researchers have put into development in the complex of ionic liquid-gel polymer 

electrolytes as known as ionogels. The solid state of ionogels have been concerned as 

promising state-of-art electrolytes, these composite electrolytes can offer high mechanical 

strength, leakage-free and safety-reinforced ion conducting media, and flexibility. The 

main criteria of solid-state IL-GPEs depend on the intrinsic properties of the IL and 

polymer host. The most commonly employed polymer hosts are poly(vinyl alcohol) (PVA) 

[71], poly(acrylic acid) (PAA) [72], poly(ethylene oxide) (PEO) [73], 

poly(methylmethacrylate) (PMMA) [74], poly(vinylidene fluoride-co-

hexafluoropropylene) (PVdF-HFP) [75], and so on. In this dissertation, the quasi solid-

state IL-cP4VPh composite electrolyte is suggested for high operative voltage with 

improved energy density.  
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Chapter 3. 

 

Nano-porous Anodic Aluminum Oxide separator for  

Enhanced Electrochemical Capabilities of Lithium Ion Battery 

 

 

 

In this study, a novel inorganic separator, porous anodic aluminum oxide (AAO) is 

introduced for a rechargeable lithium ion battery system. The porous AAO gives rise to 

an ideal structure for battery separators such as highly ordered pore array, appropriate 

porosity (67.4 %), extremely low tortuosity, and thermal durability. The prepared AAO 

separator has average pore sizes of 75 nm and thickness of 54 micrometers, which leads 

to enhanced ionic conductivity (2.196 mS cm-1), discharging capacity at high current 

rates (20.13 mAh g-1 at 10 C), and capacity retention (82.9 %). Moreover, the computer 

simulation (COMSOL) model shows that the ideal AAO separator structure induces 

stable LIB operation in wide ranges of the current rate, due to effective suppression of 

Li dendrite formation. AAO separator has a strong potential in massive energy storage 

systems such as energy storage systems (EES) and electric vehicles (EVs). 
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 3.1. Introduction 

  

 Greenhouse gas emission and fossil fuel shortage are growing environmental concerns 

where energy storage devices are essentially required for efficient energy consumption [1-

5]. In particular, Lithium Ion Batteries (LIBs) have flourished due to the needs for huge 

energy storage systems (ESS) and electric vehicles (EVs) where LIBs are utilized as basic 

units6-9. Consequently, LIB development has been on the rise, especially for improving 

electrochemical performance with high energy and power densities and long life cycles.  

Recently, considerable amount of research has been conducted on battery electrodes [1, 

6, 9, 10] and electrolytes [11]. LIBs were found to have high energy density and power 

capability [12]. However, safety issues [13] regarding thermal stability and short-

circuiting by the Lithium dendrites may be overlooked. A stable operation at high current 

density is much more significant in massive energy storage systems, so safety is a critical 

issue. 

Electrodes and electrolytes are important in material selection as well as interfacial [14] 

and structural engineering due to LIB safety and stability. The safety issues are directly 

linked to the separator in the LIB system, because lithium cation transportation occurs in 

the separator and electrolyte complex. The separator plays a primary role in LIBs to 

prevent electrical short-circuiting between the cathode and anode. Additionally, it retains 

electrolytes in the porous matrix for the ion transportation medium [15]. The 

commercialized separators are mostly poly-olefins, such as polyethylene (PE), 

polypropylene (PP), polystyrene (PS), or their blend types (e.g., PE-PP, PS-PP, PET-PP, 

etc.). Those materials are advantageous for the mechanical and structural properties, 

electrochemical stability, and low cost production. Nevertheless, the commercialized 
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separators have crucial weaknesses of low thermal stability [16-19], inferior wettability 

[18], and unfavourable complex structure [20] for ion transportation. Most poly-olefin 

separators begin to shrink above 120 ℃ [19, 21], so they are likely to show thermal 

runaway, which causes critical failures such as fire explosion.  

Here in, we introduce the anodic aluminum oxide (AAO) as a new material for a 

separator in LIBs. It provides a homogeneous interfacial reaction between the electrolyte 

and electrode, which can lead to long-term stability, high rate capacity, and increased 

safety. The AAO has an advantageous distinct nano-pore structure from its self-ordering 

ability, which can be enumerated as a highly ordered hexagonal pore array with extremely 

narrow pore size distribution [22-24]. Furthermore, the AAO has proper material 

properties like superior wettability, excellent thermal stability, chemical resistance, 

mechanical strength, and high porosity [25, 26]. With regard to the mechanical strength of 

the AAO, one of the suitable methods for suppressing Lithium dendrite growth is through 

physical and electrochemical stabilization. We believe that the AAO can exhibit better 

electrochemical properties than commercialized polyolefin separators. 

 

3.2. Fabrication of AAO separator and characterization 

 

The AAO separators were fabricated by a two-step anodization method as shown in Fig. 

3.1. Highly pure aluminum (Al) plates (99.999 %, 0.55mm thick, purchased from Good 

fellow, Ltd.) were prepared as 2 cm X 7.5 cm specimens then degreased, which cleaned 

the Al surface with acetone and ethanol. Afterwards, the specimens were electropolished 

at constant 20 V in 0 ℃ in a perchloric acid and ethanol mixture (1:4, v/v) for 6 to 8 min 

to make smooth surfaces and remove impurities like native oxides and dust. When the Al 
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samples had “mirror-like” surfaces, anodization was carried out in 0.3 M oxalic acid 

solution by applying 40 V at 15 ℃ for 12 hours. Before conducting the 2nd anodization 

step, the alumina layer was etched away by chromium (Ⅵ) oxide solution immersion at 

65 ℃ for 5 hours. The anodic aluminum oxide layer with highly ordered pore array was 

grown along the pretextured nanopits during the second anodization step. Furthermore, 

the aluminum substrate was removed by immersing in a mixed solution of 0.3 M CuCl2 

and hydrochloric acid at a volume ratio of 1:1. The bottom AAO barrier layer was 

removed by floating on the 5 wt% H3PO4 solution surface for 60 min at the final stage. To 

evaluate the structural and morphological features, manufactured samples were 

characterized by a scanning electron microscopy (Hitachi, S-4800). 

The morphological and physical characteristics of the AAO separator were studied by 

utilizing a scanning electron microscopy (SEM). As-prepared AAO separator with 

perpendicular through-hole structure has an average pore size of 75 nm and thickness of 

54 micron. Figure 3.3 shows that the fabricated AAO separator has (a) uniform pore size 

and hexagonal packed array, (b) completely open-hole structures of the barrier layer at the 

bottom, and (c) a straight channel with low AAO structure tortuosity. These properties 

can lead to moderate stripping and plating reactions on Li metal surface, and improve the 

electrochemical performance of the lithium ion battery due to the surface smoothing 

effects on the Li metal electrode [27]. Thus, this unique hexagonal pore array and 

cylindrical structure can provide significant advantages for LIBs.  

Computer-aid simulation modelling was carried out to provide support for the AAO 

structure properties (Fig. 3.3 (d)). When the electric field is applied on the top and bottom 

of the AAO separator with the electrolyte system, the current pathways do not locally 

concenter while PP shows irregular concentration (Fig. 3.5). This means Li cations can 
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transport at a flat rate and evenly exist at the interface between the separator pores and the 

electrode surfaces. It also causes uniform diffuse distribution at the interface where 

electrochemical redox reactions occur. Consequently, those effects can minimize charge 

transfer resistance in the LIBs due to relatively increased Li ion concentration at the 

electrode surface [26, 27]. The LIB capacity is advanced via the homogeneous interfacial 

reactions when the AAO separator is employed with significant structural features. 

Moreover, the structural advantages of the AAO imply that the Li metal can be utilized as 

an ideal anode (the highest theoretical capacity of 3400 mAh g-1) without any engineering 

to suppress the Li dendrite growth [28-32]. Bazabt et al. [33] currently reported the 

suppression effects of lithium dendrite formation from adopting AAO separator (pore size 

under 200 nm) for Li metal batteries (Li-O2, Li-S, etc.). According to the results, the 

mossy lithium formation can be obstructed by nanoporous AAO separator, while the 

growth of lithium dendrite penetrates and leads to short-circuit (figure 3.6). Therefore, the 

cell operation conducts below limiting current, the use of AAO separator can be a 

possible option for enhancement of safety. 

Intrinsic properties of the anodic alumina are evaluated with regard to the important 

prerequisites for battery separators like porosity, electrolyte uptake, wettability, and 

thermal stability. The porosity and electrolyte uptake are very important parameters for 

the LIB separator, because these properties can determine the effectiveness of the ion 

transport medium. High pore densities per unit area can sufficiently hold the electrolyte, 

so the electrolyte is prevented from diffusing out quickly. The porosity and electrolyte 

uptake of the PP and AAO separator are defined by the weight change between dry and 

wet separators in the following equations: 

 



- 71 - 

 

Porosity (%) = �𝑊𝑓−𝑊𝑖

𝜌𝑙𝑖𝑙𝑉𝑖
� × 100      [3.1] 

 

where Wi and Wf denote the separator weights before and after immersion in n-butanol, 

respectively, ρliq is the n-butanol density, and Vi is the separator volume.  

 

Electrolyte uptake (%) = 𝑊𝑤𝑤𝑤−𝑊𝑑𝑟𝑑

𝑊𝑑𝑟𝑑
× 100     [3.2] 

 

where Wdry and Wwet represent the weights of the membrane before and after the 

commercial liquid electrolyte absorption, which is 1M LiPF6 in ethylene 

carbonate/dimethyl carbonate at a weight ratio of 1/1 (PANAX ETEC). 

 The porosity of the AAO membrane is calculated to be 67.4 %, which shows that the 

AAO separator has more porous structures than PP (about 55% [34], Celgard 2500). Even 

though AAO has higher porosity, the Electrolyte uptakes of the PP membrane was 204.87 

wt% and the AAO was 171.79 wt%. Therefore, the porous separators are fully wetted in 

the free volume of the pore structure when considering the density of the samples and 

organic electrolytes [26]. 

To characterize the PP and AAO separator wettability (Fig. 3.8. (a)), the contact angles 

of each separator are measured with the same electrolyte used in uptake ability 

measurement (1M LiPF6 in ethylene carbonate/dimethyl carbonate at a weight ratio of 

1/1). As seen in Figure 3.8. (b) and (c), the polyolefin separator has a contact angle of 72°, 

which is higher than that of AAO (23°). Thus, the AAO membrane can instantly infiltrate 

the organic electrolyte into free pore volumes due to the hydrophilicity, capillary force, 

and close polarity with liquid electrolyte [26]. This attractive intrinsic property of Al2O3 
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also works well with previous reports that aluminum oxide can increase wettability, 

resulting in higher discharging capacity when using additional agents for the surface 

engineering of separator or gel polymer electrolytes [35-37]. 

Thermal stability is also one of the major criteria in choosing a suitable candidate for the 

separator. To evaluate the thermal resistance, the AAO and PP membranes are placed in a 

convection oven at 120 ℃ for 30 min. Polypropylene based separators begin to shrink 

above 120 ℃. Thermal shrinkage is calculated by the following equation 3.3: 

 

Shrinkage (%) = �𝐴𝑖−𝐴𝑓�
𝐴𝑖

 × 100      [3.3] 

 

where Ai and Af represent the areas before and after the membrane thermal shrinkage 

test, respectively. The dimensional PP change is about 23 % (Figure 3.8 (d) and (e)), but 

the AAO separator does not show any contractions (Figure 3.8 (f) and (g)). The PP 

separator did not recover to the initial structure after cooling at room temperature. 

Therefore, the AAO is stable for LIB operation at wide temperature ranges. 
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Figure 3.1. Schematic diagram of anodic aluminum oxide preparation steps.  

(a) Bare aluminum (Al, purity of 99.999%, Good Fellow) specimen,  

(b) after electropolished aluminum substrate, 

(c) non-uniform pore array of the AAO layer was formed after 1st anodization 

(d) chemically etched aluminum substrate  

(immersed in 0.3 M chromium oxide solution), 

(e) hexagonal pore array of the AAO layer after 2nd anodization process.
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Figure 3.2. Schematic diagram of AAO structure and anodization condition (upper). 

Different pore sizes induced by various electrolytes for anodic process (down) (a) 0.3 M sulfuric acid at 25 V (b) 0.3 M oxalic acid at 40 V 

(c) 0.1 M phosphoric acid at 190 V.
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Figure 3.3. SEM characterization images of the AAO membrane (a) front, (b) bottom, 

and (c) cross-section. The modelling of the current passages in the porous AAO filled 

with organic electrolyte (1M LiPF6 in EC/DMC in the weight ratio of 1/1) is simulated 

by finite element method (FEM) with COMSOL multiphysics. Red lines denote the 

current density in the AAO with the liquid electrolyte system. 
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Figure 3.4. Modelling of current density distribution in the porous poly propylene 
separator (Celgard 2500) with liquid electrolyte (1M LiPF6 in ethylene 
carbonate/dimethyl carbonate with the weight ratio of 1/1), simulated by finite element 
method (FEM, COMSOL multiphysics). The red lines denotes the current pathways, 
when the voltage is applied along each axis, e.g., x-axis (a and b), y-axis (c and d), 
respectively.   
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Figure 3.5. Experimental apparatus for measurement of AAO mechanical strength using 

hydraulic pump press machine. (a) hydraulic pump press machine for the measurement of 

force durability. When (b) 20 MPa pressure applied onto our AAO separator in between 

stainless steel plates, (c) after pressure test AAO separator does not show any cracks. 
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Figure 3.6. Demonstration of the lithium electrodeposition by using AAO separator. (a) 

Schematic illustration of the cell structure, where PVDF was employed as spacer between 

the lithium metal and AAO. (b) Voltage versus capacity graph denotes the lithium evenly 

deposits under theoretical capacity of the lower compartment at 10 mA/cm. (c and d) 

SEM images show the suppression effects of mossy lithium deposition under limiting 

current. (d and f) SEM images of the anode-side and (g and h) the cathode-side. The 

lithium dendrite easily penetrates over limiting current condition. 
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Figure 3.7. Measurement of AAO separator mechanical strength using hydraulic pump 

press machine. (a) Before pressure test of AAO membrane image and (b) after test under 

20 MPa pressure (12 tonne-force). Prepare AAO separator can endure over 41.70 kPa, 

this result indicates that AAO separator is possibly used in stacked-battery for huge 

energy storage system. 
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Figure 3.8. (a) Optical photographs of the 19 mm diameter PP and AAO separator as the 

final products. (b, c) The contact angles of the PP membrane (72°) and the AAO (23°). 

Before and after heat instability tests of PP (d, e) and AAO (f, g). The PP separator 

displayed dimensional shrinkage about 23 % while the AAO had no changes. 
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3.3. Electrochemical characterization of AAO separator 

 

 To characterize the electrochemical properties of the AAO separator, CR-2032 coin cells 

were assembled for specific purposes. Stainless steel disks were used as electrodes and 

liquid electrolytes (1 M LiPF6 in EC/DMC, the volume ratio of 1/1) for the ionic 

conductivity measurements. The AC impedance spectroscopy was used (CHI660E, CH 

Instrument) from 1 HZ to 1 MHz at room temperature with 5 mV amplitude to calculate 

the ionic conductivity (σ) in equation 3.4. 

 

Ionic conductivity (σ) = 𝐿
𝑅𝑏𝐴

     [3.4] 

 

 where L is the thickness of the separator, A is the contact area in between the separator 

and the stainless steel (SUS) electrode, and Rb is the bulk resistance. 

The cell resistance was evaluated via an AC impedance test conducted by 

electrochemical cells and composed of LiFePO4 (LFP) cathode, drenched separator with 

liquid electrolyte, and 150 µm thick Li foil. The cell assembly was performed under an 

argon atmosphere and the cathode was prepared by coating a Lithium Iron Phosphate 

(LFP, LiFePO4, MTI Korea) slurry containing PVdF (Mw. 540000, Aldrich) binder and 

Super P (Timcal) as a conducting agent (in a weight ratio of 8:1:1) in N-Methyl-2-

pyrrolidone (NMP, Daejung chemical). The slurry was applied on the aluminum substrate 

(15um thick) using a Meyer rod. 
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The full cell consists of the LFP cathode, PP or AAO membrane with liquid electrolyte, 

and Lithium titanate (Li4Ti5O12, LTO, MTI Korea) anode. The LTO anode was fabricated 

by coating 9 um thick copper foil using Mayer rod. The slurry was composed of LTO, 

PVdF, and Super P in a 8:1:1 (w/w/w) ratio. Each slurry was mixed with homogenizer 

(AR 100, Thinky mixer) at 2000 rpm for 5 min. The manufactured full cells were 

subjected to analyze capacity, cycling test, and rate capability by investigating the 

charging-discharging characteristics in a battery cycler system (WBCS 3000L, 

WonATech). 

 As displayed in Figure 3.9 (a), the AAO separator with liquid electrolyte has a higher 

conductivity of 2.196 mS cm-1 than of the PP separator (0.701 mS cm-1). The better ionic 

conductive properties mainly come from the high porosity and uniform distribution of Li 

ions. The ordered porous structure can retain organic electrolytes sufficiently as an 

important prerequisite for the efficient Li ion diffusion. We attempt to introduce the AAO 

separator with outstanding properties into the energy storage system and the 

electrochemical half-cells are evaluated by assembling Lithium Iron Phosphate (LiFePO4, 

LFP) electrodes into working electrode. The Li metal is used as a reference and the 

counter electrode is assembled into coin-cells. From the AC impedance data (Figure 3.9 

(b)), the AAO separator has smaller charge transfer resistance (Rct) of 133.73 Ω and larger 

ionic conductivity (σ) of 1.804x10-2 mS cm-1 than the PP membrane cell (Rct and σ are 

188.41 Ω and 1.000x10-2 mS cm-1, respectively). In order to further investigate the 

electrochemical characteristics with different separators, the cycling performance test is 

conducted as it is seen in Figure 3.9 (c). The cycling properties and coulombic efficiency 

are inspected at a high current rate of 5 C (1.325 mA cm-1) over 120 cycles. After 50 

cycles of charging and discharging, the PP cell capacity rapidly decreased while the AAO 
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was stable. The discharge capacity percentage difference between the first cycle at 5 C 

(10th and 130th cycle in Figure 3.10) and the 120th cycle of the PP and AAO batteries are 

31.80 % (varied from 68.72 mAh g-1 to 46.87 mAh g-1) and 17.34 % (from 83.41 mAh g-1 

to 68.94 mAh g-1), respectively. The columbic efficiency of the AAO and PP cell is about 

100 %.  

 Moreover, the rate capability, capacity retention, and the AC impedance tests are studied 

with a full cell of LFP and Lithium titanate (Li4Ti5O12, LTO) as cathode and anode, 

respectively. The AC impedance analysis was done before and after the rate behavior test 

to determine the ionic conductivity change. As shown on the Nyquist plot (Figure 3.11 a), 

the AAO and PP separator-battery has 4.421x10-2 mS cm-1 and 1.469x10-2 mS cm-1, 

respectively. During the rate capability examination (Figure 3.11 b), the current rate 

increased from 0.2 C to 10 C, with each step reflecting 5 cycles. At the beginning of 0.2 C, 

the AAO shows a higher capacity with 71.4 mAh g-1 rather than 66.4 mAh g-1 given by PP. 

The difference was observed at the current density of 10 C where the AAO is three times 

bigger (20.13 mAh g-1) than the PP capacity (6.52 mAh g-1). The Li ion diffusion in the 

AAO is more efficient than in PP. At the end of the rate capability test, the AAO and PP 

cells recover 82.9 % and 80.8 % of the initial capacity, respectively. This means that the 

electrodes in the AAO separator cell were less damaged than the electrodes in the PP-cell. 

In consideration of our simulation model, regularly-ordered close-packed array of 

nanopores allows even current distribution on the electrode surface, thus AAO used 

electrochemical cells can perform with higher capacity and greater rate capabilities than 

PP membrane employed batteries. Once again, it is confirmed that regular pore arrays and 

cylindrical morphologies are favorable and prerequisites for high current charging-

discharging LIBs. This result matches the Nyquist plot data in Figure 3.12 (a). After the 
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rate behaviour experiment, the AC impedance measurement determines the changes in 

ionic conductivity. The AAO separator employed battery has 3.519x10-2 mS cm-1, which 

shows a slightly reduced, but still much higher value in comparison with the PP separator 

used. Finally, we attempt to figure out the morphology changes after electrochemical test. 

What if the morphology altered by lithium dendrite or side reactions of electrolyte with 

fabricated AAO separator, then the AAO could not be applied the LIB system because the 

situation may threaten user safety. In order to confirm morphological changes before and 

after electrochemical performance, cycled coin cells (LFP/LTO) were disassembled and 

characterized by scanning electron microscopy (SEM, Hitachi S-4800). As it can be 

clearly seen in the figure 3.12, there is no changes of AAO morphology after 120 cycles 

of electrochemical test. 
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Figure 3.9. (a) The Nyquist plot of the half cells with the PP and AAO separator for the 

ionic conductivities. The AAO employed cell performs better over high frequency ranges 

(inset). (b) Internal resistance characterized for the PP and AAO half cell (sandwiched 

between Li metal and Lithium Iron Phosphate, LFP) by the AC impedance analyzer. (c) 

The discharging capacity variation and coulombic efficiency of the AAO and PP cells. 
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Figure 3.10. Discharging capacity variation of the AAO and PP separator employed half-

cell with lithium iron phosphate (LiFePO4, LFP)/Li metal. The current density rate varies 

from 0.2 C to 5C. The initial capacity of the AAO and PP cells are 132 mAh g-1 and 113 

mAh g-1 at 0.2 C, respectively. At 5 C, the discharging capacity of AAO cell fades from 

83.41 mAh g-1 to 68.94 mAh g-1. The PP composed cell, meanwhile, shows large decrease 

in capacity from 68.72 mAh g-1 to 46.87 mAh g-1. 
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cell type separator Area [cm2] 
(𝐴) 

Thickness [m] 
(𝑙) Rct [Ω] 

Calculated Conductivity 
[mS/cm] 

(σ) 

LFP-LTO AAO 1.327 0.0054 96.88 4.421x10-2 
PP 1.327 0.0025 128.97 1.469x10-2 

 

Table 3.1. Calculated ionic conductivity from charge transport resistance analyzed 

by AC Impedance.  
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Figure 3.11. (a) The Nyquist plot shows before and after current rate behavior test of the 

PP and AAO full cell. (b) The rate capability results of the AAO and PP membrane cells 

are also provided. 
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Figure 3.12. SEM images of AAO separator after 130 cycled at current density of 5 C. (a) 

Front side and (b) reverse side of AAO separator. As it can be clearly seen on the images, 

any side reactions and morphology changes by applied electrochemical stress does not 

occur on the AAO surfaces. 
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3.4. Conclusion 

 

In summary, we introduced an ideal AAO separator structure for the Lithium-Ion Battery 

system. The electrochemical performances of lithium ion batteries tend to depend on the 

structural properties of the separator. The porous framework and vertically straight 

channels with extremely low tortuosity allow for improved battery efficiency, better 

conductivity, higher discharging capacity, and superior rate retention capability. Through 

electrochemical experiments and computer aid simulation, highly ordered hexagonal pore 

arrays were found to effectively migrate lithium ions and evenly distribute the current 

density. This can effectively suppress lithium dendrite growth on the lithium metal 

surface. The Li-metal is an ideal anode material due to these powerful capabilities. Lastly, 

we suggest that ‘one-step anodization process’ for mass production. As it can be seen 

below in figure 3.13, the imprint method (or pre-textured) is one of the strongest way for 

efficient production. 
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Figure 3.13. Schematic illustion of roll-to-roll process for AAO mass production. 
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Chapter 4. 

 

Composite Solid Electrolyte of Ionic Liquid in Cross-linked 

Polymer Matrix for Supercapacitors 

 

 

 

4 V-operated all solid symmetrical supercapacitors that employ mixtures of various 

weight composition with cross-linked poly-4-vninyphenol (c-P4VPh) and 1-ethyl-3-

methyl imidazoium bis(trifluoromethylsulfonyl)imide (EMITFSI) electrolytes have been 

demonstrated and characterized. The values at 1:3, 1:3.5, 1:4 and 1:4.5 (in the ratio of c-

P4VPh:EMITFSI) offer free-standing membranes with high ionic conductivity. In the case 

of 1:3.5, the best specific capacitance (172.44 F/g in single-electrode) and energy density 

(72.23 Wh/kg) were obtained at symmetrical cells based on porous carbon electrodes. 

Every prepared EDLC was reliable over 1000 cycles in the range of 0-4 V. They also have 

excellent flexibility and maintain capacitance after completing the bending test of 

thousand times. 
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4.1. Overview 

 

 Many efforts have been made to solve the issues, which are fossil fuel shortage and CO2 

emission regulations, including thorough renewable energy and zero-emission devices. 

One possible solution would be the development of electric vehicles (EVs) although they 

also have some limitations as power sources. Typical Li ion batteries (LIBs) are not 

efficient in power density and life span, so EVs need next generation energy sources with 

high energy densities, power densities, and long life cycles. Supercapacitors (SCs) are 

regarded as excellent energy storage devices due to their high power density and 

permanent life cycles. However, SCs are facing a critical challenge of low energy density 

[1, 2]. Therefore, LIBs and SCs are applied together for the purpose of being 

complementary. The typical case is a wireless detection system that needs two kinds of 

power supply units. One is a continuous power supply for operation and the other is a 

pulse power to transmit data to the control system. Continuous power systems require 

high energy densities while pulse power systems need high power densities. 

Consequently, LIBs are responsible for device operation while SCs are used for data 

transmission. A critical issue in this system is voltage levelling between the LIBs and SCs. 

The operating voltage of LIBs is from 3.5 to 4.0 V, and that of SCs is approximately 

below 2.8 V, thus two or more SCs in series are needed for a wireless detection system. If 

SCs achieve 3.5–4.0 V rated voltage with high energy densities or LIBs achieve high 

power densities, then the power supply unit can be minimized and integrated. LIBs have 

intrinsic limitations in power densities due to their energy storage mechanisms, so SCs 

that show high energy densities and wide operating voltages have been researched 

extensively. 
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 There are two ways to enhance the energy density of SCs: increasing capacitances and 

widening the operating voltages. These methods work because the energy density is 

proportional to the capacitance and operating voltages. Furthermore, a higher operating 

voltage can contribute to the compatibility of LIBs. The active electrode material plays an 

important role in increasing energy densities. For instance, carbonaceous materials like 

graphene and CNTs, pseudo-capacitance materials including metal oxides/hydroxides, 

and conductive polymers have been reported as high capacitance materials [3–11]. 

However, high capacitance materials which are previously reported struggle with 

processability, limiting electrolyte adoption, charging/discharging properties, high cost 

and suitability for commercial production lines. Such boundaries with electrode materials 

motivate the development of electrolytes with high operating voltages for high energy 

densities because the operating voltages for SCs depend on the electrochemical stability 

window of the electrolyte [5]. 

 Ionic liquids (ILs) are promising electrolyte candidates for the enhancement of operating 

voltage. Pure ILs and IL mixtures in organic solvents have been investigated for higher 

operating voltages around 3.0 V. In particular, 1-ethyl-3-methyl imidazolium (EMI) based 

ILs have been studied due to their high ionic conductivities and relatively low viscosities, 

and due to the fact that 1-ethyl-3-methyl imidazolium tetrafluoroborate (EMIBF4) has 

already been commercialized [12–18]. However, these liquid electrolytes need additional 

encapsulation, so SC applied ILs face difficulty in integration and manufacturing flexible 

devices. These drawbacks can be solved by adopting a polymer electrolyte. Common 

polymer matrixes such as PEO, PVdF, and PVA have been suggested to embed ILs [19, 

20], although they show low specific capacitance due to low ionic conductivities. To 

enhance the ionic conductivity, incorporation of ILs into a polymer matrix (polymer + 
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electrolyte (ILs + solvents)), polymerization of a monomer in ILs (as solvent and ionic 

conductor), and polymerization of a polycation or a polyanion (PILs), with polymer 

bearing ILs in their structure, have been studied for the polymer electrolyte [21–24]. The 

specific capacitance and energy densities are not sufficient due to the low IL content to 

maintain the solid state. 

 In this paper, we propose a quasi-solid polymer electrolyte based on a composite cross-

linked poly-4-vinylphenol (c-P4VPh) embedded 1-ethyl-3-methyl imidazolium 

bis(trifluoromethylsulfonyl)imide (EMITFSI), up to 90 wt%. EMITFSI was selected for 

its high ionic conductivity and c-P4VPh was used for its ability to enhance 

electrochemical stability by hydrogen bonding between EMITFSI and c-P4VPh in 

addition to maintaining a quasi-solid state. Also, cross-linked polymers can retain larger 

amounts of ionic liquid than other polymers by swelling. These properties can be 

attributed to the enhancement of the ionic conductivity of the polymer electrolyte system. 

In the case of P4VPh, thermal cross linking occurs at a relatively low temperature 

(100 °C). All things considered, we chose P4VPh as a polymer matrix. 
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4.2. Experimental methodologies and Characterization of 

intrinsic properties of the ionic liquid-crosslinked polymer (IL-CP)  

 

 

IL-CPs were prepared by in situ thermal cross-linking of P4VPh (average Mw 25000, 

Aldrich) with 4,4-hexafluoroisopropylidene diphthalic anhydride (HAD) (99%, Aldrich) 

at a weight ratio of 9:1 in the presence of EMITFSI (≥98%, Aldrich). The weight ratio of 

EMITFSI varied from 1 to 9 based on the total mass of P4VPh and 6-HAD. The term IL-

CPX, where X is the weight ratio of EMITFSI against c-P4VPh, will be used in this paper 

and SCs applying IL-CPX will be referred to as IL-CPX SC. Designed ratio of P4VPh, 6-

HAD and EMITFSI was dissolved in N-methyl-2-pyrrolidone (NMP) at 50 wt%. The 

mixed solution was cast on an aramid fibre mat as supporting substrate (50 μm thick, 

Mitsubishi paper mill) and a coupling reaction was performed at 120 °C for 24 h. After 

cross-linking, prepared IL-CPs are stored in an Argon filled glovebox over 1 h.  

In figure 4.2 shows the prepared IL-CP chemical structures. Blue is c-P4VPh, red is 

EMITFSI, and black is the cross linker of HDA. After thermal cross-linking, a covalent 

bond is generated between P4VPh and HDA, and a hydrogen bond (dashed line) is 

generated between hydroxyl groups in the cross-linked P4VPh and oxygen and nitrogen 

of EMITFSI [25]. Their structures are confirmed using ATR-FTIR spectroscopy in the 

range of 4000–500 cm−1 as described in Fig. 4.3 (a). The absorption peaks located in the 

range of 875–671 cm−1 denote the C–H deformation vibration and in-plane C–C for 

P4VPh, HDA, and EMITFSI. Other peaks that appear in the range of 1570–1511 cm−1 and 

at 1348 cm−1 denote N=C–N stretching vibration and S=O stretching vibration from 
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imidazolium, respectively [25,26]. Bands for the –OH group appear in the range of 3480–

3270 cm−1 and are residual hydroxyl groups after thermal cross-linking between P4VPh 

and HAD [25]. The residual hydroxyl group of c-P4VPh and IL-CPs were observed at 

3270 cm−1 and 3480 cm−1, respectively (see Figure 4.4). Moreover, the –OH group band 

of IL-CPs shifts to higher wavenumbers according to the EMITFSI content. These results 

show the hydrogen bonding formed between EMITFSI and c-P4VPh where the hydrogen 

donor is c-P4VPh and the acceptor is the N and O atoms of EMITFSI. A higher EMITFSI 

concentration gives rise to more hydrogen bonding, so peaks of the hydroxyl group were 

shifted to a higher wavenumber. Rest of absorption bands are explained in Table 4.1 [38, 

39]. Figure 4.3 (b) shows thermal stability, and thermal decomposition temperatures were 

analysed from the cross-point of the tangent line to the decrement starting portion and 

baseline (initial flat section) in the TGA graph by extrapolation. All the prepared IL-CPs 

were thermally stable over 300 °C and exceeded the current operating temperature (85 °C) 

for SCs. This means that IL-CPs can enhance the thermal stability of SCs. The first 

pyrolysis occurred in the range of 320–325 °C and the second pyrolysis appeared around 

430–435 °C. Considering the thermal decomposition temperature and weight ratio of c-

P4VPh and EMITFSI, the first thermal decomposition was affected by c-P4VPh, and the 

second was derived from EMITFSI as described in figure 4.5. Although c-P4VPh is 

thermally degraded at 236.3 °C, IL-CPs were thermally stable up to 320 °C. The 

hydrogen bonding between EMITFSI and c-P4VPh increased the thermal degradation 

temperature of IL-CPs. 

  



- 101 - 

 

 

 

 

 

Figure 4.1. Fabrication procedure of the ionic liquid-crosslinked polymer (IL-CP) 

composite.  

 

  



- 102 - 

 

 

 

 

 

 

Figure 4.2. Schematic illustration of IL-CPs chemical structure. Blue is c-P4VPh, red is 

EMITFSI, and black is the cross linker (4,4-hexafluoroisopropylidene diphthalic 

anhydride, HDA). After thermal cross-linking, a covalent bond is generated between 

P4VPh and HDA, and a hydrogen bond (dashed line) is generated between hydroxyl 

groups in the cross-linked P4VPh and oxygen, nitrogen of EMITFSI. 
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Figure 4.3. (a) ATR-IR spectroscopy for EMITFSI and IL-CPs, (b) TGA for IL-CPs, (c) 

Ionic conductivity of IP-CPs in SUS/SUS cell (CR 2032), and (d) LSV for EMITFSI and 

IL-CPs in SUS/SUS cell (CR 2032). 

  



- 104 - 

 

 

 

 

 

 

Table 4.1. Absorption peaks table of ATR FT-IR. 
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Figure 4.4. ATR-IR spectroscopy for cross-linked poly-4-vinylphenol 
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Figure 4.5. TGA analysis for EMITFSI and P4VPh 
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The electrochemical properties of IL-CPs were evaluated by EIS and LSV (CHI660E, 

CH Instrument) in a 2032 coin cell with a SUS electrode. The test was conducted from 

0.1 HZ to 1 MHz in an incubator (25 °C) with 5 mV AC amplitude. Symmetrical cells 

were manufactured with a PC electrode in a 2032 coin cell. The PC electrode was 

prepared by the Meyer rod coating method with a PC (surface area ~ 2000 m2 g-1, KJCC) 

slurry including carbon black (Super P®, Timcal) as a conductive agent, styrene-

butadiene rubber (SBR, JSR TRD102A, JSR Corporation) as a binder and carboxy 

methyl cellulose (CMC, CELLOCEN WS-C, Dai-Ichi Kogyo Seiyaku) as the viscosity 

agent in NMP (PC:Super P®:SBR:CMC = 75:15:5:5, in weight ratio). The slurry was 

mixed with a planetary centrifugal mixer (AR 100, Thinky mixer) at 2000 rpm 

(revolution to rotation ratio = 1:2.5) for 10 min. After mixing, the slurry was coated on Al 

foil (15 μm thick, MTI Korea). The TFSI anion from EMITFSI leads to the corrosion of 

the Al foil.33,34 However, the prepared IL-CPs do not damage Al foil up to 5.2 V as 

described in Figure 4.6. 

A flexible test was performed with a PC electrode in a PU cell. The PC electrode has the 

same composition as the symmetrical cell. Symmetrical cells and flexible cells were 

characterized by capacitance, internal resistance, cyclability, specific energy density and 

specific power density through the charging–discharging properties and cyclic 

voltammograms in a battery cycler system (WBCS 3000L, WonATech). 

Figure 4.3 (c) shows the ionic conductivities of IL-CPs at various compositions. The test 

was performed with a stainless steel (SUS)/IL-CPs/SUS cell using electrochemical 

impedance spectroscopy (EIS) as demonstrated in Figure 4.6. From this method, we can 

calculate the ionic conductivity of IL-CPs by following equation 4.1. 
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σ = 𝑙
𝑅𝑏×𝐴

     [4.1] 

 

where l and A are thickness and area of IL-CPs, respectively, and Rb is bulk resistance of 

IL-CPs denoted by the intercept on the X-axis. The ionic conductivity was increased 

according to amount of EMITFSI whose values range from 5.8 X 10-7 S cm-1 at low ILs 

content (IL-CP1) to 2.6 X 10-3 S cm-1 at high ILs content (IL-CP9). This confirms that 

EMITFSI is dominant factor affecting ionic conductivity. Generally, ionic conductivity is 

linearly proportional to ion concentration [27]. However, the prepared IL-CPs is 

exponentially proportional to the EMITFSI concentration, and these results related to 

phase of IL-CPs. Ionic conductivity increased linearly in similar phases at range of 1:1-

1:2.5, 1:3-1:4.5 and 1:5-1:9 for c-P4VPh to EMITFSI. Solid phases are maintained up to 1: 

4.5 (c-P4VPh:EMITFSI). Hard films were observed from IL-CP1 to IL-CP2.5, soft films 

were manufactured from IL-CP3 to IL-CP3.5 and gel-like films were prepared at IL-CP4 

and IL-CP4.5. After 1:5 (c-P4VPh:EMITFSI), IL-CPs existed as fluid. In this study, IL-

CP3, ILCP3.5, IL-CP4 and IL-CP4.5 were intensively studied because IL-CPs maintained 

free-standing films with reasonable ionic conductivities. 

 To analyse the electrochemical stability window of IL-CPs, a linear sweep voltammetry 

(LSV) was carried out from -5 V to 5 V with SUS/IL-CPs/SUS at a scan rate of 10 mV/s. 

Figure 2 (d) shows the electrochemical stability of IL-CPs and EMITFSI. In the case of 

IL-CP3, electrochemical stability window had the highest value with 7.468 V. IL-CP3.5, 

IL-CP4 and IL-CP4.5 were electrochemically stable at 7.295 V, 6.774 V and 6.706 V, 

respectively. These values are higher than the electrochemical stability window of 

EMITFSI (6.192 V) at about 0.51-1.27 V. The reason for the wider stability window is 
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physical interaction between c-P4VPh and EMITFSI by hydrogen bonding as described in 

Figure 4.1 [28, 29].  

 The electrochemical behaviors of all-solid state SCs composed with prepared IL-CPs  

and porous carbon (PC) electrode were analyzed by symmetrical cell types and 

characterized by EIS, chronopotentiometry (galvanostatic charge discharge method, CD), 

and cyclic voltammetry (CV). 

Figure 4.6 (a) shows the operating voltage range of SCs without IL-CPs and PC 

electrode decomposition. The stability limits can be calculated by faradaic fraction using 

equation 4.2 from cyclo-voltammogram with 1 mV s-1. 

 

Faradaic fraction =  𝑄𝑚
𝑄𝑐
− 1     [4.2] 

 

Where Qa and Qc represent the anodic and cathodic current, respectively [30]. IL-CP3 

and IL-CP3.5 have the safe potential region of 4.4-4.5 V while IL-CP4 SC and IL-CP4.5 

SC were electrochemically stable up to 3.9-4V. IL-CPs show superior stabilities than 

EMITFSI (less than 3.5 V).  For scan rate of 50 mV s-1, they show similar tendencies 

with 1 mV s-1. 

 The Nyquist plots analyzed from 0.1 Hz to 1 MHz, and results are shown in Figure 

4.6 (b). The intersection of a semicircle with the X-axis correspond to the interfacial 

resistance ( ctR ) between the PC electrode and IL-CPs electrolytes by charge 

transportation [31]. The linear line at low frequency regions are related to the capacitive 
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effect by ion diffusion [5]. The thickness and area of all IL-CPs SCs are the same (50 μm 

and 1.327cm2). bR  is decreased with increasing EMITFSI ratio. Rbs are 14.240 Ω, 9.762 

Ω, 6.600 Ω and 5.758 Ω for IL-CP3 SC, IL-CP3.5 SC, IL-CP4 SC and IL-CP4.5 SC 

respectively. These results agree with ionic conductivity of IL-CPs as described in Figure 

4.3 (c). The charge transfer conductivity ( ctσ ) is calculated from ctR  (semicircle at high 

frequency ranges). IL-CP3 SC shows the lowest value with 0.138 mS cm-1 while the  IL-

CP3.5 SC, IL-CP4 SC and IL-4.5 SC show similar value, from 0.220 mS cm-1 to 0.270 

mS cm-1. The similarity of ctσ  means that IL-CP3.5 SC, IL-CP4 SC and IL-4.5 SC have 

comparable specific capacitances. bR and ctσ are summarized in Figure 4.6 (c). The 

specific capacitance ( symC ) and internal resistance ( iR ) were analysed by CD with 

different current densities (from 0.5 mA cm-2 to 10 mA cm-2). 

In figure 4.7 (a) displays the voltage profile of SCs against a specific time with 1 mA 

cm-2 and SCs are charged from 0 V to 4 V. symC  is evaluated from the discharging 

region with equation 4.3 and every tested SCs showed high coulombic efficiency over 

95%.  

cVm

tJ
symC

∆×

∆×
=       [4.3] 

J  is current density and m  is the active mass of both PC electrode, cV∆  is 

discharging voltage including ohmic drop and t∆  is discharging time. Most research 

expresses capacitance in the form of a single electrode capacitance ( sC ) in half-cell; 

however solid type electrolytes have difficulty with analysing the half-cell performances 

due to practical issues that typical reference electrode cannot be positioned in solid state 
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electrolyte. Therefore, the specific capacitance, symC , means a symmetrical full-cell 

capacitance in this work. sC  and symC  have a relationship like equation 4.3 [32]. 

 

symC

cVm

tJ

cV
m

tJ

cV
m

tJsC 4

1

4

1

2

1

2

11
=

∆×

∆××
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∆×
+

∆×

∆×
=























     [4.4] 

 

where sC  is inversely proportional to the current density because of limitation in ion 

diffusion in the electrolyte at higher current density [28]. IL-CP3 SC shows the lowest 

value at 144.92 F/g while IL-CP3.5 SC, IL-CP4 SC and IL-CP4.5 SC show similar 

capacitances (172.45 F/g – 169.01 F/g) at 1.0 mA cm-2 as predicted through Nyquist plots.  

Among them, IL-CP4.5 SC have to show the highest value due to its high conductivity. 

However, capacitances of IL-CPs SCs are observed in order of IL-CP3.5 SC>IL-CP4 

SC>IL-CP4.5 SC> IL-CP3 SC. This tendency is related to the electrochemical stability, 

IL-CP4 and IL-CP4.5 start to be decomposed from 4V due to high EMITFSI contents as 

shown in Figure 4.6 (a). This trend is going to be sure at high current densities as 

described in Figure 4.7 (b), because a higher current density accelerates EMITFSI 

electrolysis. These results about sC  are also confirmed from cyclo-voltammogram as 

seen on figure 4.8. 

 Figure 4.7 (c) appears iR  derived from CD profiles in the figure 4.8 through 

equation (5).  
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J
IRV

iR
×

∆
=

2       [4.5] 

where IRV∆  is ohmic drop in a discharge curve. IL-CP4.5 shows the lowest value at 

every current density. Higher contents of EMITFSI is attributed to a lower iR  value, and 

this trend corresponds to the bR  in Figure 4.6 (c).  

The Ragone plots of all-sold state SCs with IL-CPs are represented in Figure 4 (a) to 

understand their comprehensive characteristics. The specific energy density ( symE ) and 

specific power density ( symP ) were estimated from CD profile in Figure 4.7 (a) through 

equations 4.6 and 4.7. 

 

∫= ft
t Vdt

m
symE

0

1
    [4.6] 

 

t

symE
symP

∆

×
=

3600
     [4.7] 

 

where 0t  and ft  are the discharging start time and discharging finish time, 

respectively. The symE  values are proportional to the discharging area in CD profiles in 

Figure 3 (d). The IL-CP3.5 SC shows the maximum symE  of 72.29 Wh kg-1 and the 

symP  of 1696.56 W kg-1 at 1.0 mA cm-2. The trend of symE  and symP  are IL-CP3.5 

SC>IL-CP4 SC>IL-CP4.5 SC> IL-CP3 SC and IL-CP4.5 SC>IL-CP4 SC> IL-CP3.5> 

IL-CP3 SC, respectively. These results agree with specific capacitances of SCs and ionic 
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conductivities of IL-CPs. Most SCs with solid electrolytes have very low symP  due to 

their low ionic conductivities, which arise from solid state. Meanwhile high symE  is 

achieved due to wide operating voltages that also result from solid state [21-24]. However, 

all solid state SCs with IL-CPs in this study provide extremely high symE  without 

sacrificing  symP  because of high ionic conductivities from EMITFSI and wide rated 

voltages from c-P4VPh. The electrochemical characteristics analysed in this study 

summarized in Table 4.2. 

IL-CP3 SC and IL-CP3.5 exhibit better cyclability than IL-CP4 SC and IL-CP4.5 SC 

as demonstrated in Figure 4.9 (b). The capacitance  retentions of IL-CP3 SC, IL-CP3.5 

SC, IL-CP-4 SC and IL-CP4.5 SC are 88.50%, 85.86%, 76.65% and 70.87%, respectively, 

at 0 V-4 V with 1 mA cm-2. The inferior cycle stability of IL-CP4 SC and IL-CP4.5 SC is 

related to the electrochemical stability as mentioned in Figure 4.6 (a). 

Figure 4.9 (c) and (d) display the flexibility of all-sold state SCs with IL-CPs. Flexible 

cells were also symmetrical type with the PC electrode (1 cm X 5 cm) and they are 

encapsulated by polyurethane (PU). Figure 4.9 (c) is a photograph of a green light-

emitting-diode (LED) powered by one SCs with IL-CP3.5. The green LED lights up 

when loaded voltage is over 2V and the inset image is captured right after charging at 4V. 

The green LED light remained on although SC was folded 145 degrees. The flexibility of 

SCs with IL-CPs in PU was confirmed from these results. Bending test was conducted to 

ensure flexibility of IL-CPs SC by a lab designed bending machine with 2 cm of bending 

radius. All the SCs retained the capacitance over 95.5 % after 1000 cycles bending. 
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Figure 4.6. Electrochemical characterization of various composites of IL-CPs (a) Faradaic fraction for EMITFSI and IL-CPs, (b) AC 

Impedance for IL-CPs, (c) Bulk resistance and charge transfer conductivity of IP-CPs 
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Figure 4.7. Electrochemical characterization of various composites of IL-CPs (a) Galvanostatic charge/discharge profiles of IL-CPs, (b) 

specific capacitance of IL-CPs, (c) internal resistance of IP-CPs.  
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Figure 4.8. Cyclo-voltammograms and full cell capacitance of IC-CPx SCs with porous 

carbon symmetrical full cell (x=3, 3.5, 4 and 4.5) 
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Figure 4.9. (a) Ragone plot of SCs with various IL-CPs, (b) Cycling characteristics of 

SCs with various IL-CPs for 1000 cycles, (c) Photograph of a green light-emitting- diode 

(LED) powered by single SCs with IL-CP3.5, and (d) Flexibility of IL-CPs and bending 

performance of SCs with IL-CPs for 1000 cycles. 
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Table 4.2. Electrochemical characteristics of SCs with IL-CPs 
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Figure 4.10. Galvanostatic charge/discharge profiles of IL-CPx applied symmetric SCs. 

           The number in figures denotes the composition of ILs. 
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Ref. electrolyte 
type polymer ionic 

liquid solvent 
ionic 

conductivity 
[mS cm-1] 

electrode 
material 

rated 
voltage [V] capacitance method 

energy 
density  

[Wh kg-1] 
additives 

[40] B PAN EMIBF4 none 15 AC 3 45 F g-1 CV (5 mV s-1) - sulpholane 

[41] A PVdF-HFP EMTf EC-PC 
 

AC 2 136 F g-1 
Galvanostatic charge/discharge 

(1 mA cm-2) 
18.8 - 

[42] B PVdF-HFP EMITFSI none 1.5 AC 2~4 20 F g-1 
Galvanostatic charge/discharge 

(10 mA cm-2) 
20 zeolite 

[43] B PEO EMTf none 0.1 MWCNT 2 3 F g-1 
Galvanostatic charge/discharge 

(0.2 mA cm-2) 
- - 

[44] B PEO 
EMIHSO

4 
none 1.82 graphite 1.5 2 mF cm-2 CV (1 mV s-1) - silica 

[45] B PEO EMITri none 16.2 AC 3 92 F g-1 
Galvanostatic charge/discharge 

(2 mA cm-2) 
0.01 - 

[46] B PAN 
BMIMTF

SI 
none 2.42 RGO 3 108 F g-1 

Galvanostatic charge/discharge 

(2 mA cm-2) 
30.51 - 

[47] A PVdF-HFP EMITf EC-PC 1 AC 2 167 F g-1 
Galvanostatic charge/discharge 

(1 mA g-1) 
23.1 

lithium 

triflate 

[48] A pDADMATFSI 
PYR14TFS

I 
none 0.5 AC 3.5 100 F g-1 

Galvanostatic charge/discharge 

(1 mA cm-2) 
37 - 

this 

work 
B c-P4VPh ENITFSI none 0.4 porous carbon 4 172 F g-1 

Galvanostatic charge/discharge 

(1 mA cm-2) 
72.29 - 

Table 4.3. Comparison between the reported solid electrolytes and IL-CP4.5 in this work. Abbreviations are listed below: 

EMIBF4 : 1-ethyl-3-methyl-imidazolium tetrafluoroborate 
EMITf : 1-ethyl-3-methyl-imidazolium trifluoromethanesulfonate 
EMIHSO4 : 1-ethyl-3-methylimidazolium hydrogensulfate 
EMITri : 1-ethyl-3-methyl-imidazolium triflate 
PYR14TFSI : N-methyl-N-butylpyrrolidinium bis(trifluoromethanesulfonyl) imide 
pDADMATFSI : poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide 
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4.3. Conclusion 

 In summary, we successfully developed a quasi-solid state electrolyte. Suggested 

electrolytes are newly proposed systems using a cross-linked polymer (c-P4VPh) and an 

ionic liquid (EMITFSI). The composite electrolytes are highly ionic conductive solid 

states due to the rigid framework of c-P4VPh and high ionic conductivity from large 

contents of EMITFSI over 60 wt%. The IL-CPs are thermally stable over 300 °C and 

electrochemically stable over 7 V since there are hydrogen bonds between c-P4VPh and 

EMITFSI. We also introduced all-solid state SCs which operate at 4 V and have high 

energy density without sacrificing power density. When IL-CP3.5 is applied, SCs showed 

the best electrochemical performances, had a capacitance of 172.452 F and an energy 

density of 72.290 W h kg−1. The proposed SCs are flexible devices and they maintained 

initial capacitance after 1000 cycles of bendings. We believe that the 4 V operating all-

solid state SCs developed in this work can provide an evolutionary solution to the power 

system minimization because the developed SCs can be matched one to one with LIBs. 

Also, flexible all-solid state SCs can be applied as power sources for developing flexible 

devices. If another type of material which has a large surface area like CNTs, graphene 

and silicon carbide is applied with IL-CPs together, higher electrochemical performance 

can be expected [3-5, 35-37]. In addition, polymers which can be chemically or 

physically cross-linked have possibilities as polymer matrixes. Ethylene oxide, 

metacrylate and acrylate are candidates for a cross-linked system. Even if polymer 

matrixes are not ionic conductive, they can be applied in this system. Also, other types of 

ionic liquids such as pyrrolidine and piperidine can be potential candidates. 

Therefore, we believe that this study gives a good inspiration to researchers in the 

field of energy storage system.  
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Chapter 5. 

 

Conclusion 

 

In summary, this research has mainly focused on the structural and material 

engineering of separators and composite electrolytes for the enhancement in 

electrochemical performances of energy storage devices. 

First, we have demonstrated the structurally ideal ceramic separator for lithium-ion 

batteries. The anodic aluminum oxide (AAO) is introduced by virtue of its unique 

properties, for example, superior wettability and thermal durability, controllable porosity, 

and extremely low tortuosity. These distinct structural features can influence on the 

electrochemical characteristics of LIBs. Herein, our LIB using AAO separator prepared 

by two-step anodization exhibits the better ionic conductivity (2.196 mS cm-1), higher 

discharging capacity (71.4 mAh g-1 at 0.2C), and low capacity fading at high current 

densities (82.9 %) with compared to commercially available polypropylene separator 

(Celgard 2500). Furthermore, it is confirmed through the computer-aid simulation by 

finite element method (FEM) with COMSOL multiphysics, the regular pore array of 

AAO induces even current distribution on the anode and cathode surface in operation. As 

can be seen above, anodic aluminum oxide separator would be a strong candidate for an 

ideal separator in massive energy storage devices. 

Second, we successfully developed a quasi-solid state electrolyte for supercapacitors. 

Suggested electrolytes are newly proposed systems using a cross-linked polymer (c-
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P4VPh) and an ionic liquid (EMITFSI). The composite electrolytes are highly ionic 

conductive solid states due to the rigid framework of c-P4VPh and high ionic conductivity 

from large contents of EMITFSI over 60 wt%. The IL-CPs are thermally stable over 

300 °C and electrochemically stable over 7 V since there are hydrogen bonds between c-

P4VPh and EMITFSI. We also introduced all-solid state SCs which operate at 4 V and 

have high energy density without sacrificing power density. When IL-CP3.5 is applied, 

SCs showed the best electrochemical performances, had a capacitance of 172.452 F and 

an energy density of 72.290 W h kg−1. The proposed SCs are flexible devices and they 

maintained initial capacitance after 1000 cycles of bendings. We believe that the 4 V 

operating all-solid state SCs developed in this work can provide an evolutionary solution 

to the power system minimization because the developed SCs can be matched one to one 

with LIBs. 
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Appendix. 

 

A. Elements of the LIBs 

 

 As mentioned above, the LIB consists of four main parts; anode, cathode, separator, and 

electrolyte. In this subsection, the commercialized and widely used materials will be 

revised in terms of the each component. 

  

  A.1. Anode materials for LIBs 

 

 The lithium based energy storage devices are classified by the anode materials, which 

are the lithium metal battery (LMB) and lithium ion battery (LIB), respectively. In the 

LIBs, the anode is replaced the lithium metal with the active materials which can 

accommodate the lithium ions in those crystalline structures. The anode materials are 

classified as carbonaceous materials, such as graphitic carbon, graphitizable carbon (also 

referred as soft carbon), and non-graphitized glassy carbon (hard carbon). Those carbon-

based materials for anode contain the intercalation process, and this process is highly 

affected by the morphologies, surface area, and the orientation/crystallinity of the 

crystalline. Currently, the most frequently used active material is graphite. It has a layered 

formation with graphene sheets, which are bonded by van der Waals forces, the Li ions 

can intercalate in the places within the sheets. The lithium intercalation is described as 

below: 

𝐿𝐿𝑚C ↔ 𝑥𝐿𝐿+ + 𝑥𝑒− + 𝐶          [A-1] 
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The capacities of graphite and hard carbon are about 372 mAh/g and 500 mAh/g [1], 

respectively. These Carbon based materials have low redox potential and the great 

stability of structure which come along the superior cycle life.  

Other available materials for anode are alloys and transition metal compounds as listed 

in figure 2.4. The former is that the active material reacts with the lithium, as it is called 

alloy/de-alloy mechanisms as following: 

𝐿𝐿𝑚𝑀 ↔  𝑥𝐿𝐿+ + 𝑥𝑒− + 𝑀     [A-2] 

 The examples of alloying metals are silicon, germanium, silicon monoxide, and tin 

oxide, these alloy materials have higher capacity rather than carbon based anode materials, 

which ranges from 783 mAh/g (tin oxide) to 4200 mAh/g (silicon) [2-4]. However, the 

large volume expansion during the alloying/de-alloying reaction threaten the cycle life of 

the cells is the remaining challenge.  

 The latter, transition metal compounds are classified as insertion reaction (equation 

2.3), or conversion reaction (equation 2.4). For instance, the transition metal compounds 

are metal oxides, phophides, sulphides and nitrides [5, 6]. 

 

𝑀𝑀𝑚 +  𝑦𝐿𝐿+ + 𝑦𝑒−  ↔  𝑀𝑦𝐿𝐿𝑀𝑚             [A-3] 

𝑀𝑚𝑁𝑦 +  𝑧𝐿𝐿+ + 𝑧𝑒−  ↔  𝑥𝑀 + 𝐿𝐿𝑧𝑁𝑦     [A-4] 

( where, M = Fe, Co, Cu, Mn, Ni and N = O, P, S, N ) 

 During the insertion reaction, the crystalline structure of the transition metal compound 

is not changed. However, the conversion reaction includes the decomposition of the metal 

oxide. These transition metal compounds show high reversible capacities as high as 1000 

mAh/g, due to the large amount of electrons participating in the conversion reaction [5, 7-

9].   
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Figure A1. The materials for anode containing reactions of the alloying and conversion. 

The cost of materials in USD/lb in the past 5 years is shown above, and the 

specific capacity (mAh/g) and volumetric capacity (mAh/cm3) of the alloys 

are shown in the table at the bottom. Images adopted from [6] 
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A.2. Cathode materials for LIBs 

 

For the cathode materials, or positive electrode materials, there are some prerequisites 

existed. First, the materials should be able to accommodate the large amount of lithium 

ions by intercalation/de-intercalation process, and remain the unchanged structure during 

the process in order to obtain high capability and reversibility. Also, the active materials 

for cathode have the low resistivity and fast Li ion diffusivity. These cathode materials 

are categorized by its own structures; layered, spinel, and olivine [10-13].  

 The layered structure of the active materials is represented by lithium cobalt oxide 

(LiCoO2, LCO). The LCO structure can be described as chemical formula of LiMO2; it is 

a cubic close packed array of oxygen ions in between cobalt (III) ions. As the lithium ions 

occupies the voids of tetrahedral and octahedral sites within the oxygen ions. Due to the 

anisotropic volume changes during the charge/discharge processes, it could be lower 

lifespan of the cells as regarded as a severe disadvantage. Theoretical capacity of LCO is 

150 mAh/g and full charge voltage of 4.2 V (vs. Li/Li+) [14]. 

 Lithium-manganese oxide (LiMn2O4, LMO) is one of the spinel oxide materials, the 

chemical expression is LiMO2O4 (M=Mn, Ti, V). The LMO has a capacity of 120 mAh/g, 

which is lower than LCO of layered structure, however, the ease of material modification 

and great safety are remarkable merits. Also, the isotropic volume expansion during the 

lithium ion insertion and extraction leads to the stable operation than the layered 

structures of cathode active materials. The usage of potential is 4 V (vs. Li/Li+) [15]. 

 Finally, the olivine structure for cathode material is lithium iron phosphate (LiFePO4, 

LFP), it has some distinctive advantages such as low cost, and abundant sources in nature 

[16]. It is noteworthy that, LFP has great electrochemical capabilities with low resistance, 
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long cycle life, and ease of nano- or micro-structuring. However, the lower potential of 

3.2 V reduces the specific energy density, which is below the specific energy of LMO [17, 

18]. In the table 2.1, the characteristics of the major active materials in LIB system are 

summarized. 
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Table A1. Summary of active material characterisitics in major LIBs.  

Data adopted from [19]. 
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A.3. Electrolytes for LIBs 

 

 The electrolyte takes part in the lithium ion transportation of the lithium ion batteries; it 

contains solvent and molten salt of lithium, in general. When solvent is liquid, the 

electrolyte classifying as a liquid electrolyte. Other types of electrolytes are solid (the 

solvent of inorganic compounds), or polyelectrolytes, and polymer electrolytes. Since, the 

LIBs have operating potential ranges over 3 V, the aqueous electrolyte cannot be used in 

the LIB system due to the that of decomposition voltage. In order to be good electrolytes, 

it obtains a wide electrochemical stability window, excellent chemical stability, good 

ionic conductivity, and cost-effectiveness.  

 

A.3.1. Organic electrolyte 

 

 As we considered above, the organic electrolyte is the same as liquid electrolyte. The 

solvent is derived from organic solvents; the choice of proper solution is the top priority 

because of the highly reactive lithium anode. In the liquid electrolytes, the material and 

physical properties, for example, melting and boiling points, vapor pressure, viscosity, 

and dielectric constants, affect the lithium ion conductivity. To meet the prerequisites, the 

organic solvents are usually used as a mixture; the combination of linear and cyclic 

carbonates for proper matching of dielectric constant and viscosity. Furthermore, the 

selection of the lithium salts also has impact on the electrolyte performances [20]. The 

dissociation degree of lithium salts is influenced by the specific dielectric constant of the 

organic solvent, and the lithium cation conductivity is proportional to the ion mobility 

and the amount of mobile ions [21-23]. In table A2 and A3, the most frequently used 
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organic solvents and lithium salts are listed with regards to the physical properties. 

 

 

 

 

 

Table A2. Summary of physical properties of the organic solvents at room temperature.  

(DN: donor number, AN: acceptor number, Eox: oxidation potential (scan rate of 5 mV/s) 

Data adopted from [24]. 
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Table A3. Ionic conductivities in various solvents at room temperature. 

(1M LiPF6 dissolved in each solvent or mixture)  

Data adopted from [24]. 

  

  



136 

 

 

 

 

 

 

Table A4. Physical characteristics of various lithium salts. 

(Λ0: limiting molar conductivity, Eox: oxidation potential, SCE: saturated calomel 

electrode as reference electrode) Data adopted from [24]. 
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A.3.2. Solid electrolytes 

The solid-state electrolytes have been highly desired, because those can offer great 

advantages in LIB system. Since, the liquid electrolytes exposed some weaknesses, such 

as leakage, decomposition at high temperature, and side reactions. When the solid 

electrolyte is applied, these drawbacks can be eliminated and realize distinctive 

advantages; simplifying cell design, improvement of safety and durability [38]. To begin 

with, the general classes of ceramics and polymer-based electrolytes will be revised. 

 First of all, the ceramic, or inorganic, electrolytes are divided by sulfides, oxides, and 

phosphates [26-30]. The ion conducting mechanism is the movement of ion point defects, 

where the energy, mainly thermal energy, is required to create defects and move the ions 

along the pathways. Thus, the ceramic electrolytes are very suitable for the applications 

operating at high temperature. The main examples of ceramic electrolytes are thio-

LISICON (lithium super ionic conductor) in sulfide crystals, lithium lantan titanates 

(LLTO, perovskite [31, 33, 34] and garnet [32-37] structures) in oxides, and Li1+xAlxGe2-

x(PO4)3 (LAGP) and Li1+xTi2-xAlx(PO4)3 (LTAP) in phosphates based electrolytes [38, 39]. 

 Second, another type of solid electrolyte is polymer based electrolytes, which can be 

split into two groups; solid polymer (solvent-free), and gel polymer (swollen organic 

liquid electrolyte in polymer matrix) electrolyte. These polymer-based electrolytes have 

ease of morphology alternation, processibility, mechanical flexibility, dimensional 

stability, safety, and suppression effect of lithium dendrite formation. In practice, 

polyethylene oxide (PEO) [40] with various lithium salts is representative example of 

solid polymer electrolyte, and the striking examples of gel polymer electrolytes are 

poly(vinylidene fluoride) (PVdF) [41] with liquid electrolyte complex and its derivative 

such as poly(vinylidene fluoride-co-hexfluoropropylene) (PVdF-HFP) [42, 43].  
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A.4. Carbons as active material for EDLCs 

 

 In EDLC systems, the carbonaceous materials have been used as active electrode 

materials. Carbon-based electrodes have been drawn great interests due to its fancy 

advantages of light-weight, good processibility, cost-effective, excellent electric 

conductivity, and high surface area. Thanks to tremendous efforts, various types of 

carbonaceous materials have been developed, in example, chemically modified carbons; 

carbonization, heat treatments or pyrolysis from carbon-rich organic precursors, 

dimensionally modified methods; zero dimension to three-dimension structure. Recently, 

the frequently applied carbon materials are template carbon [44], carbon fabrics [45], 

carbon nanotubes [46] (CNTs, single wall and multiwalled as denoted SWCNT and 

MWCNT, repectively), carbon aerogels [47], carbide-derived [48, 49], and activated 

graphene [50]. 
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국문초록 

 

에너지 저장장치용 분리막 및 복합전해질의 물성과 

구조적 특성이 미치는 영향에 관한 연구 

 

 

안 용 건 

서울대학교 융합과학기술대학원 

 

본 논문에서는 에너지 저장장치에 대한 전반적인 원리 이해를 시작으로, 

대표적인 장치인 리튬이온 전지와 슈퍼커패시터에 적용 가능한 분리막 및 고상 

전해질을 개발, 적용하여 수반하는 전기화학적 특성을 평가 연구를 진행하였다.    

먼저, 리튬이온 전지에 분리막으로 사용되는 폴리올레핀계 주재료들은 본연의 

물질 특성으로 인해 여러 단점들을 노출하였다. 특히 전지의 성능과 직접적 

관련이 있는 유기 용매 전해질과의 비교적 낮은 젖음 특성, 연신 공정을 통한 

기공 크기의 불균일성, 낮은 열적 안정성으로 인한 단락 우려 및 전지 성능의 

저하를 가져올 수 있다. 분리막 기공도 및 기공 크기, 구조체가 갖는 구조적 
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특성 및 물질 본연의 특성이 전지 성능에 미치는 영향을 알아보고자, 양극 

산화 알루미늄의 이상적인 나노 구조를 도입하여 상용화된 고분자 기반 분리막 

적용 시와 비교 분석을 통한 전지의 전기화학적 특성을 평가하였다. 

전면적으로 균일한 기공 크기를 가지며, 기공들이 육각 벌집 구조로 배열되어 

있고, 직선 형태의 채널이 형성된 나노 구조를 갖는 양극 산화 알루미늄을 

분리막으로 적용하였을 때, 전지 작동 시 리튬이온이 최단 거리로 이동할 수 

있도록 하여 효율적인 이온 전도도를 갖게 된다는 이점과 함께, 시뮬레이션을 

통해 양단에 전압차가 형성되어 전류의 분포도를 시각화 한 결과, 구조적 

특성에 의해 전반적으로 고른 분포를 갖는 전류밀도를 보이는 것으로 

확인하였다. 또한 무기 세라믹 물질이 갖는 높은 유전 상수와 뛰어난 젖음 

특성을 통해 양극 산화 알루미늄 분리막이 적용된 전지에서 더 우수한 

전기화학적 평가 결과를 도출할 수 있었다. 또한 리튬 금속을 음극으로 사용한 

반쪽전지에서도 리튬 금속의 수지상 성장이 보이지 않았으며, 기계적 강도와 

나노 기공 구조에 의한 억제 효과로 전지 안정성의 향상을 기대할 수 있다. 

따라서 전지의 성능 향상을 꾀하기 위해 높은 용량을 갖는 전극 활물질 개발 

및 설계가 중요하나, 분리막의 물질적 특성 및 구조적 특성도 전지의 충방전 

용량 및 특성에 영향을 미치므로 전지 설계 및 개발에 있어 중요한 고려 

사항으로 인식 되어야 할 것이다. 

다음으로 슈퍼커패시터에 적용 가능한 고상 복합전해질 개발을 통해 소자의 

작동 전압을 향상시켜 에너지 밀도 증진 효과를 목적으로 연구를 진행하였다. 

현재까지 슈퍼커패시터는 우수한 수명 특성 및 높은 출력 밀도를 갖는 소자로 
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여겨져 왔다. 하지만 비교적 낮은 에너지 밀도로 인하여 충∙방전시간이 매우 

짧아 순간적으로 고출력을 요하는 어플리케이션에 주로 전원 보조 장치로 

사용되어 왔다. 이러한 낮은 에너지 밀도를 극대화 할 수 있도록, 본 

연구에서는 소자의 작동 전압 범위를 높이기 위해 가교 고분자와 이온성 

액체의 복합체를 형성하여 고상의 복합 전해질을 개발하였다. 이온성 액체와 

가교 고분자 간의 수소결합을 유도함으로써 높은 열적 안정성을 가지며, 강한 

결합력을 통해 전해질의 전기화학적 안정성을 높여 소자의 작동 전압을 4 V 

까지 향상 시킬 수 있는 준고상 전해질을 도입할 수 있었다. 슈퍼커패시터에 

적용한 결과 출력 밀도의 저하 없이, 에너지 밀도를 크게 향상 시키는 

전기화학적 평가 결과를 나타내었다. 
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