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Electric double-layer capacitors (EDLCs) are electrochemical devices that have received
much attention in recent years because of their outstanding properties of long cycle lifetime and
high sustained power density. lonic liquid (IL) is considered to be promising electrolyte for
EDLCs. Many researchers have been trying to prepare IL as solution electrolytes in the EDLCs
due to their excellent properties, for example, near-zero vapor pressure, high thermal stability
and non-flammability. However, the liquid leakage and safety issue are considered for IL
electrolytes in the EDLCs system. Hence, non-aqueous electrolyte is more interesting for
EDLCs. The various gel-electrolyte including IL have been prepare.

Regarding the requirement of sustainable development and non-renewable resources
depletion, application of natural polymers has attracted significant attention. The development of
biomass for polymer electrolytes has been widely studied in these recent year such as chitosan,
alginate, bacterial cellulose, gelatin, carrageen, agar, starch, natural rubber, pectin, or
polysaccharide of gar gum.

In this research, we focus on preparation and characterization of novel electrolytes from
natural polymers including IL of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBFj4) for
use as non-aqueous electrolytes in EDLC. The new electrolytes in this research were successfully

prepared from 3 systems; (i) bacterial cellulose coated with alternating layers of



chitosan/alginate, (ii) chitosan thin-film and (iii) gelatin nanofiber electrospinning. Moreover,
there obtained samples were fabricated in EDLC test cell for electrochemical properties
measurement by charge—discharge performance, discharge capacitance and alternative

impedance for application test.

[XEDOEEF]

In chapter 1, general introduction and background describing about EDLC and IL
including the brief detail of natural polymers which was used for preparing nonaqueous
electrolyte in this research; bacterial cellulose, chitosan, alginate and gelatin.

In chapter 2, A novel gel electrolyte has been prepared using bacterial cellulose (BC)
coated with chitosan (CTS) and alginate (Alg) layers, which contain 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF4). The inoculated BC was oxidized and coated
with alternating layers of CTS and Alg via ionic crosslinking to produce the gel electrolytes. The
CTS content of the obtained gel electrolytes linearly increased with an increase in the number of
CTS and Alg layers on the BC fibers. The results imply that the CTS and Alg layers successfully
bound onto each fiber of BC, which was consistent with FTIR measurements. Based on a
structural analysis, the fabricated gel electrolytes had a nanofibrous structure with a fiber
diameter range of approximately 78.6-99.0 nm, a high thermal stability, and a significantly
improved tensile strength compared to gel electrolytes of only CTS or Alg. In addition, the
EDLC:s test cell with a gel electrolyte of BC coated with 15 layers of CTS and Alg containing
EMImBF4 showed a high discharge capacitance, implying that the high affinity of this gel
electrolyte for the activated-carbon electrode leads to reduced electrode/electrolyte interfacial
resistance, which shows the potential of this approach compared with liquid-phase EMImBFj4 to
obtain high-performance, safety-oriented EDLCs.

In chapter 3, A novel thin-film electrolyte (TFE) based on chitosan (CS) with EMImBF4
was prepared by a new procedure. In this system, EMImBF4 plays important roles as both a
dissolving solution and a charge carrier for EDLC application. Through analysis and
characterization of the obtained products, the CS-TEFs showed a surface without separation of
phase between CS and EMImBFa. The FT-IR spectra revealed peaks which are characteristic of
CS including EMImBF; that confirm an effective introduction of EMImBFj4 into the CS matrix.
The thermograms and tensile testing results indicated that these CS-TEFs had high thermal



stabilities with good tensile strength, which is a favorable property for solid-electrolyte to be
used in EDLCs. Moreover, the EDLCs test cell with CS-TFE with a calculated dry thin-film
content of 80 wt% EMImBF4 showed a comparable IR drop and higher discharge capacitance
than a liquid-phase EMImBF; system and also showed low electrode/electrolyte interfacial
resistance. Consequently, this novel CS-TFE is suitable for high-performance EDLCs and
improves the safety of such devices.

In chapter 4, A novel nanofibrous gel electrolyte was prepared via gelatin electrospinning
to be used as a nonaqueous electrolyte in EDLCs. An electrospinning technique with a 25 wt%
gelatin solution was used to produce gelatin electrospun (GES) electrolytes. A structural analysis
of the GES products showed a clearly nanofibrous structure having fiber diameters in the range
of approximately 306.2—428.4 nm, high thermal stability, high tensile strength, and resistance to
damage upon immersion in EMImBF4. After testing a range of spinning times, GES electrolytes
that were electrospun with 25 min of spinning time (GES-25) were used to fabricate EDLC test
cells with EMImBF4. These test cells were compared with test cells using gelatin films
containing EMImBF4 and with testing cells using pure EMImBF4 with a separator as the
electrolyte. The test cell with the GES-25/EMImBF4 gel electrolyte showed a similar IR drop
and discharge capacitance as the liquid-EMImBF, test cell. However, the electronic contact
resistance in activated carbon electrode at the electrode/electrolyte interface was significantly
better in the GES-25/EMImBF; test cell compared with the test cell with the gelatin
film/EMImBF;4 electrolytes. The results demonstrate that this novel nonaqueous gel electrolyte

can be used for solid-stage electrolyte in EDLCs to improve the safety of such devices.
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Chapter 1
General Introduction



1.1. Scope of this research

Electronic technologies combined with the demand of high energy and power storage
devices are manufactured in compact and handy-to-use way without dropping their performance.
Electrochemical double layer capacitors (EDLCs) can be functional and meet the requirements.
It’s a good alternative to any applications that requires energy storage because of the advantages;
charging efficiency, fast response, long life time, and wide operating temperature range [1-5].

Ionic liquid (IL) is considered to be promising electrolyte for EDLCs. Many researchers
have been trying to prepare IL as solution electrolytes in the EDLCs [6—11] due to their excellent
properties, for example, near-zero vapor pressure, high thermal stability and non-flammability
[12—-14]. However, the liquid leakage and safety issue are considered for IL electrolytes in the
EDLCs system. Hence, non-aqueous electrolyte is more interesting for EDLCs. The various gel-
electrolyte including IL have been prepare [15-22].

Regarding the requirement of sustainable development and non-renewable resources
depletion, application of natural polymers has attracted significant attention. The development of
biomass for polymer electrolytes has been widely studied in these recent year such as chitosan
[23-25], alginate [25-28], cellulose [29], carrageen [30-33], agar [34, 35], starch [36-38],
natural rubber [39-40], pectin [41], and polysaccharide of gar gum [42].

In this research, we focus on preparation and characterization of novel electrolytes from
natural polymers including IL of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4) for
use as non-aqueous electrolytes in EDLC. The new electrolytes in this research were prepared
from 3 systems; (i) bacterial cellulose coated with alternating layers of chitosan/alginate, (ii)
chitosan thin-film and (iii) gelatin nanofiber electrospinning. Moreover, the obtained samples
were fabricated in EDLC test cell for electrochemical properties measurement by the charge—

discharge performance, discharge capacitance and alternative impedance for application test.



1.2.  Electrochemical double layer capacitor (EDLC)

1.2.1. Briefoverview of EDLC

Electrochemical double layer capacitors (EDLCs), alternatively know as super capacitors
or ultracapacitors, represent a class of energy storage devices that are capable of storing
electrical energy converted from sustainable sources. They are distinguished from other energy
storage devices by a number of unique characteristics. For example, they can achieve much
higher power densities than rechargeable batteries, and they have higher energy densities
compared to conventional dielectric capacitors [1-5]. The Ragone plot [43] as shown in Fig. 1
shows the comparison of different storage technologies and Table 1 shows the properties

comparison of EDLC, capacitor and batteries [44].
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Fig. 1 Plots of gravimetric power density vs. gravimetric energy density (Ragone plot) of
various energy storage devices. Values are normalized to the total weight of the device. Dotted

lines represent the time needed to fully charge or discharge a device [43].



Table 1 Properties comparison of EDLC, capacitor and batteries [44].

Parameter EDLC Capacitors Batteries
Energy Storage W-Sec of energy W-Sec of energy W-Hr of energy
voltage across voltage across
Charge Method current and voltage
terminals terminals
o rapid discharge,
rapid discharge, _
) ) ) linear or constant voltage over
Power Delivered linear or exponential _ _ _
exponential voltage long time period
voltage decay
decay

Charge/Discharge

_ msec to sec psec to msec 1 to 10 hrs
Time
Form Factor small small to large large
Weight 12¢g 1 gto10 kg 1 gto>10 kg
Energy Density 1 to 5 Wh/kg 0.01 to 0.05 Wh/kg 8 to 600 Wh/kg
Power Density High, >4000W/kg High, >5000W/kg | Low, 1003000 W/kg
Operating Voltage 2.3-2.8 V/cell 6-800 V/cell 1.2-4.2 V/cell
Lifetime >100k cycles >100k cycles 150 to 1500 cycles
Operating Temp -40 to 85 °C -20 to 100 °C -20 to 65 °C

Moreover, the basic schematics comparison of EDLC and lithium ion battery is shown in
Fig. 2. Batteries store charge through the conversion of electrical energy onto chemical energy.
Rechargeable secondary batteries use reactions that are reversible (e.g. lithium ion intercalation
into graphite) [45—46]. In contrast to batteries, charge storage in supercapacitors is non-faradaic
and occurs by the physical adsorption and desorption of ions inside the carbon electrode pores
when an external voltage is applied. As electronic charge accumulates in an electrode, it is
balanced at the interface by an equal and opposite ionic charge in the electrolyte [47] which is
the mechanism of ion absorption and desorption to the electrical double layer contributes to the
charge and discharge of EDLC is shown in Fig. 3. The physical mechanism of charge storage

gives rise to fast charge and discharge times and long cycle lives, characteristic properties that

make supercapacitors attractive devices to complement batteries.




(@) (b)
Fig. 2 Basic schematics of (a) EDLC and (b) lithium ion battery [46].

EDLC principle Charging state  Discharging state

Negative Positive
electrode electrode
Activated
carbon
® Hole
@ Electrons
@ Plus 1on .
@Minus ion Aluminum

foil

Separator

Fig. 3 EDLC principle and charge-discharge mechanism.

1.2.2. EDLC construction

A wide variety of EDLC materials and processes for cell construction currently

exist. The Schematic view of a supercapacitor is shown in Fig. 4.
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Fig. 4 Schematic view of EDLC including electrode materials, electrolytes and separator [47].

1.2.2.1.  Electrode materials

Porous carbon electrode materials are generally used as electrode material. It
was prepared by the heat treatment and subsequent chemical activation of organic materials, such
as coconut shells and wood [47], whereas a related class of materials, carbide-derived carbons
(CDCs), are obtained from metal carbides by extracting the metal atoms [48]. Moreover, more
exotic materials e.g. carbon nanotubes and graphenes are also being developed for supercapacitor
application. However, porous carbon electrodes can take a number of manufactured forms such
as foams, fibers, and nanotubes and it is still an attractive option because of its low cost,

availability, and long history ofuse [1].

1.2.2.2.  Electrolytes

There are currently 3 types of electrolyte in widely use in EDLC; organic
solvents, aqueous and ionic liquid (IL). The most commonly electrolytes used in the commercial
devices are comprised of salts dissolved in organic solvents (e.g., tetracthylammonium
tetrafluoroborate in acetonitrile solvent, NEts—BF4/CAN) due to the organic solvents provide a
good balance of relatively large maximum operating voltages about 2.5 V and high ionic

conductivities about 20-60 mS/cm. Aqueous electrolytes have a lower breakdown voltage,



typically about 1 V, but have better conductivity than organic electrolytes. Moreover, IL are very
interesting for alternatively electrolytes because of high operating voltages (about 4 V) [49-51].
The capacitance of an EDLC is greatly influenced by the choice of electrolyte.
The ability to store charge is dependent on the accessibility of the ions to the porous surface-
area, so ion size and pore size must be optimal. The best pore size distribution in the electrode
depends upon the size of the ions in the electrolyte, so both electrode and electrolyte must be

chosen together [1].
1.2.2.3.  Separator

The separator prevents the occurrence of electrical contact between the two
electrodes, but it is ion-permeable, allowing ionic charge transfer to take place. For best EDLC
performance the separator should have a high electrical resistance, a high ionic conductance, and
a low thickness [1]. Polymer or paper separators are widely used for organic electrolytes, while

ceramic or glass fiber separators are often used with aqueous and IL electrolytes.
1.2.2.4.  Application and type of EDLC

Regarding high energy and power density of EDLC, some new applications of
EDLC are being developed at an increasing rate such as memory back-up, electric vehicles,
portable power supplies, electrochemical actuators and adjustable-speed drives.

EDLC are divided into the following categories, according to their shape and
construction. Examples of EDLC type are shown in Fig. 5 and summary of structures and shape,

capacitance and main applications of EDLC are shown in Table 2.

.«5‘“‘“’;‘; U

Coin type Laminated type Cylindrical type

Fig. 5 type of EDLC [52]



Table 2 Summary of structures and shape, capacitance and main applications of EDLC [52].

Structures and shape Capacitance Main applications
_ Ultra-low Clock and memory backup in various electronic
Chip type _
capacitance, 0.1 F | devices
_ and less Standby power for home appliances and A/V
Coin type _
equipment
Low capacitance, | Battery load leveling in mobile devices, high-
Laminated type 0.1tolF brightness LED flash assist current, momentary
power loss protection, energy harvesting
o Medium Road marking studs, LED signs, drive power for
Cylindrical type _
capacitance, compact motors in toys
Modules 1to 100 F
(large number of Energy regeneration in industrial equipment and
interconnected High capacitance, | automobiles, UPS equipment, emergency power
cylindrical or 100 F and above | supply for wind power generation control
rectangular cells)

1.3. Ionic liquid (IL)

Ionic Liquids (ILs) are room-temperature molten salts mostly composed of organic
cations and (in)organic anions, which is in liquid state below 100 °C with nearly unlimited
structural diversity and physicochemical variations through appropriate selection and
modification of the cations and anions [53]. Information about IL can be found in the literature
with a lot of key word such as room temperature molten salt, low-temperature molten salt,
ambient-temperature molten salt, liquid organic salt or simple ionic liquid [3].

Due to the advantage of IL as nonflammability, nonvolatility and high thermal stability
compare with conventional organic liquid electrolytes. IL have been extensively investigated as
potential electrolytes for various electrochemical devices; rechargeable lithium cells [54, 55],
solar cells [56—58], actuators [59] involved EDLC [6—11]. At first, many researchers focused on
1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF3), structure is shown in Fig. 6, as

8




electrolytes for EDLC because it has a relatively low viscosity and high ionic conductivity [8, 9].
Then, there has been extensive synthesis of different families of IL composed of different anions

and cations as shows in Fig. 7.
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Fig. 6 Structure of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBFy)
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Fig. 7 Structures of some cations and anions of IL. commonly used in electrochemistry [60]

1.4. Natural polymers

The natural polymers were used as raw material for preparation of nonaqueous electrolyte
in this research; bacterial cellulose, chitosan, alginate and gelatin. A brief detail of them are

being discussed in this section:



1.4.1. Bacterial cellulose

Bacterial cellulose (BC) is a natural pure cellulose aggregate, which consists of
random assembled nanofibrils less than 100 nm [61-63], produced by strains of the gram-
negative bacteria species such as Acetobacter, Azotobacter, Rhizobium, Pseudomonas,
Salmonella, Alcaligenes, and gram-positive bacteria species such as Sarcina ventriculi [64]. The
molecular formula of BC (CsH10Os)n, having a B-1,4 linkage between two glucose molecules
(structure is shown in Fig. 8), is the same as that of plant cellulose but their physical and
chemical features are different. Compared to plant cellulose, BC is more promising in the
applications of engineered polymer nanocomposites, functional membranes, tissue engineering
and electronic devices due to its unique structural advantages such as high degree of
polymerization, high crystallinity and well-defined high surface area nanofibrillar network [65].
In addition, BC also displays wunique physico-chemical properties including good

biocompatibility, high water absorption capacities and high tensile strength [66].

OH OH
0 0
HO O \HO O
OH OH

n

Fig. 8 Structures of cellulose

1.4.2. Chitosan

Chitosan, a cationic biopolymer, is the derivative of chitin. It is natural abundant
resource second to cellulose [67, 68] present in outer shell of crustacean, exoskeleton of insect,
and cell walls of some fungi [69—74]. Chitosan is a linear co-polymer composed of B(1—4)
glucosamine and N-acetyl glucosamine residues (structure is shown in Fig. 9) [75]. It is produced
in the process of either the chemical or enzymatic deacetylation of chitin [76]. The number of
aliphatic amino groups is described by the degree of deacetylation (DDA). The higher the

number is, the more free amino residues are present in the polymer chain [77]. Due to its reactive

10



amino groups, chitosan has many commercial applications; biomedical, pharmaceutical and

OH
HO 0
NH3 /n

Fig. 9 Structures of chitosan

electrical applications [23-25, 78].

1.4.3. Alginate

Alginate is an anionic polysaccharide produced from marine brown algae and is
partly responsible for the flexibility of seaweed. Commercial alginates are extracted from three
species of brown algae are Laminaria hyperborean, Ascophyllum nodosum, and Macrocystis
pyrifera; in which alginate comprises up to 40% of the dry weight. It is a linear polymer
composed of (1 — 4)-linked D-mannuronic acid (M) and L-guluronic acid (G) units arranged
either in homo- or hetero-polymeric form (structure is shown in Fig. 10 and 11) [79, 80]. The
alginate properties depend on the proportion and sequence of M and G, and polymer chain length
[80, 81]. Alginate exists as a mixed salt of various cations found in the seawater such as Mg**,
Sr**, Ba®', and Na*. The most important property of alginates is their ability to form gels by
reaction with divalent cations such as Ca®’. Alginate beads can be prepared by extruding a
solution of sodium alginate containing the desired protein, as droplets, in to a divalent cross-

linking solution such as Ca*", Sr**, or Ba®* [81].

Fig. 10 Structures of alginate
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Fig. 11 Structures of G, M unit and alternating block in alginate [80].

1.4.4. Gelatin

Gelatin is a natural polymer and a fibrous protein that is present in the skin and
bones of animals. It is a protein derived from the chemical degradation of collagen, with average
molecular weights from 65,000 to 300,000 g/mol, depending on the grade of hydrolysis. Gelatin
contains mainly glycine, proline and 4-hydroxyproline (for pigskin gelatin 33%, 13% and 9%,
respectively) which structure is shown in Fig. 12 [82]. Gelatin is a biocompatible protein, and
when it enters living body, shows low anti-genecity and very high bio-absorptivity. It is an
important product, which has many applications in the food industry, particularly as a gelling

agent, stabiliser and thickener, as well as in the medical and cosmetic industries [83].
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1.5. Content of this thesis

This thesis is composed of five chapters shown below;

Chapter 1 is a general introduction and background.

Chapter 2 presents preparation and characterization of gel electrolyte with bacterial
cellulose coated with alternating layer of chitosan and alginate. The inoculated bacterial cellulose
was oxidized and coated with alternating layers of chitosan and alginate via ionic crosslinking to
produce the gel electrolytes.

Chapter 3 presents preparation and characterization of thin-film electrolyte from
chitosan. A novel thin-film electrolyte was prepared for chitosan with ionic liquid of EMImBF4
by a new procedure. In this system, EMImBF,4 plays important roles as both a dissolving solution
and a charge carrier for EDLC application.

Chapter 4 describes about preparation and characterization of electrospun gelatin
nanofiber electrolyte. A novel nanofibrous gel electrolyte was prepared via gelatin
electrospinning. An electrospinning technique with a 25 wt% gelatin solution was used to
produce gelatin electrospun electrolytes by difference spinning time.

Chapter 5 is the conclusion of this thesis. The approach to fabricate nonaqueous

electrolytes for use in EDLC are summarized.
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Chapter 2
Preparation and Characterization of Gel Electrolyte with Bacterial

Cellulose Coated with Alternating Layers of Chitosan and Alginate
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2.1. Introduction

With advances in electronic technologies, there is a demand for high-energy power-
storage devices to be manufactured in a compact and handy-to-use way without a reduction in
their performance. Electric double-layer capacitors (EDLCs), also known as supercapacitors, can
be functional and meet the abovementioned requirements. The energy storage mechanism of
EDLCs arises from non-faradic phenomena between two non-faradic electrodes and an
electrolyte at their interfaces [1-3]. This can provide a higher sustained power density and longer
charge—discharge cycle (>100,000 cycles) as compared with rechargeable battery systems [4, 5].

Owing to their excellent properties such as near-zero vapor pressure, high thermal
stability, and non-flammability, ionic liquids (ILs), which have been widely promoted as green
solvents [6—8], are being studied as electrolytes for EDLCs [9—14]. However, the liquid leakage
and lack of safety associated with IL electrolytes in the EDLCs system must be considered.
Hence, non-aqueous electrolytes are more promising for EDLCs. The various gel electrolytes,
including IL-based electrolytes, have been prepared [15-22].

Considering depletion of nonrenewable resources, sustainable development and
application of biodegradable polymers have attracted significant attention. In recent years,
biomass such as carrageen [23-26], agar [27, 28], starch [29-31], and guar gum polysaccharide
[32] have been developed for gel-polymer electrolytes. In addition, previous studies have
reported successful preparation of gel electrolytes from chitosan (CTS) [33-35] and alginate
(Alg) [35-38], including high-performance ILs for use in EDLCs. However, the low tensile
strength of these gel electrolytes may be attributed to the properties of the materials used.

Bacterial cellulose (BC), which is natural polymer nanofiber, displays unique physical
and chemical properties such as good biocompatibility, high water absorption capacity, high
crystallinity, highly fibrous networks, and a high tensile strength and modulus [39, 40].
Therefore, if BC is used as the scaffold for CTS and Alg as a gel electrolyte, it is possible to
efficiently combine both the higher tensile strength and the electrochemical properties of these
materials.

In this chapter, a novel gel electrolyte was successfully prepared using BC coated with

alternating layers of CTS and Alg including 1-ethyl-3-methylimidazolium tetrafluoroborate
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(EMImBF4) for the use in EDLCs. The characterization of the gel electrolyte and its

electrochemical properties were discussed.

2.2. Materials and methods

2.2.1. Materials

Gluconacetobacter xylinus ATCC 53582 was purchased from Summit Pharmaceuticals
International Corporation (Japan). Chitosan (FL-80, Mw 90,000, degree of deacetylation (DDA):
89.7%) and sodium Alg (viscosity: 80-120 mPa s for 10 g/L at 20 °C) were supplied from Koyo
Chemical Co., Ltd (Japan) and KIMICA corporation (Japan), respectively. 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF4, 99.0%) was purchased from Toyo Gosei Co.,
Ltd (Japan). Activated carbon (YP-50F), acetylene black (HS-100), sodium carboxymethyl
cellulose (WS-C), and styrene-butadiene rubber (TRD2001) were purchased from Kuraray Co.,
Ltd (Japan), Denka company Ltd (Japan), DKS Co., Ltd (Japan), and JSR corporation (Japan),
respectively. Other reagents were purchased from Wako Pure Chemical Company (Japan) and

used without further purification.

2.2.2. Preparation of gel electrolytes of bacterial cellulose coated with alternating layers

of CTS and Alg

2.2.2.1.  Preparation of BC gel

The starting culture of Gluconacetobacter xylinus was inoculated at 30 °C
for 7 days with 1 mL of Gluconacetobacter xylinus in 200 mL of Hestrin—Schramm (HS)
medium containing 2% D-glucose, 0.5% yeast extract, 0.5% peptone, 0.115% sodium hydrogen
phosphate, and 0.27% citric acid in deionized (DI) water (w/v) [41, 42]. The HS medium was
sterilized at 121 °C for 15 min before use [43]. After the incubation period, BC was cultured at
room temperature for 3 days by adding 1 mL of starter culture in 20 mL of HS medium.
Subsequently, the obtained BC gel was washed with DI water to remove the HS medium and

was treated in a 0.5 M sodium hydroxide (NaOH) solution at 90 °C for 1 h to eliminate bacterial
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cells [40]. Then, the treated BC gel was washed with DI water until the pH of the filtrate was

neutral before using the gel in future processes.

2.2.2.2.  Preparation of BC coated with altemating layers of CTS and Alg

The BC nanofiber was oxidized with potassium periodate (KIO4) before
coating it with CTS and Alg. The BC was submerged in 400 mL of a 1-mg/mL KIO4 solution
and was stirred at 60 °C for 1 h [44]. The oxidized BC was then washed with DI water several
times to remove the KIO4; then, it was soaked in DI water overnight at room temperature before
coating with CTS and Alg in the next step. The oxidized BC was coated with layer-by-layer of
CTS and Alg as follows: The CTS and Alg solutions were prepared with a concentration of 0.1%
(w/v). The CTS solution was prepared by adding 0.4 g of CTS powder to a 2% (v/v) aqueous
acetic acid and completing the volume to 400 mL and by subsequent stirring at 60 °C for 1 h.
Meanwhile, the Alg solution was prepared by adding 0.4 g of Alg powder to DI water and
completing the volume to 400 mL and by subsequent stirring at 60 °C for 1 h. Subsequently, the
oxidized BC was submerged in 400 mL of the 0.1% (w/v) CTS solution and was stirred at 60 °C
for 1 h to coat it with a layer of CTS. Then, the CTS-coated oxidized BC was submerged in 400
mL of the0.1% (w/v) Alg solution and was stirred at 60 °C for 1 h to coat it with a layer of Alg.
Accordingly, the sample was coated with additional CTS layers alternated with Alg layers.

The coated sample was washed in 400 mL of DI water in an ultrasonic
machine twice before repeated CTS or Alg coatings. A schematic of the coating method is shown
in Fig. 1, and the number of coating layers of the samples are shown in Table 1. After coating,
the sample thickness was reduced via pressing with a 2-kg load for 2 h; then, it was soaked in
400 mL of methanol for 3 days; the methanol bath was changed every day. The sample thus

obtained was used in the subsequent steps.
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Fig. 1 A schematic diagram of the CTS/Alg coating method

Table 1 A number of the coating layer of the samples

Sample name Number of layer
CTS Alg
BC 0 0
BC(CTS/Alg)s 5 5
BC(CTS/Alg)1o 10 10
BC(CTS/Alg)1s 15 15

2.2.3. Characterization of gel electrolyte

2.2.3.1.  Fourier transform infrared spectroscopy (FTIR)

FTIR (FTIR; 670-IR, VARIAN Inc., USA) was used for identification of

the functional groups in the obtained samples.
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2.2.3.2. Determination of CTS content

The CTS content in the obtained samples was determined via the Kjeldahl
method [45, 46]. The sample was dried at 50 °C overnight; then, it was vacuum dried at room
temperature overnight before analysis. First, the digestion process was performed as follows:
Approximately 100 mg of the sample was digested with 10 mL of concentrated sulfuric acid in
the presence of 3 g of catalyst (9:1 ratio of potassium sulfate:copper sulfate) and 5 mL of 35%
(v/v) hydrogen peroxide in a digestion tube at 420 °C until the digested solution became
transparent. The digested solution was then cooled to room temperature, and distillation and
titration were performed as follows: The digestion tube with the digestion solution was attached
to the distillation unit and 30% (w/v) of NaOH solution was added to the digestion solution until
the solution turned black. Steam distillation was performed for approximately 15 min. The
distilled ammonia was received into DI water (30 mL) containing 2-4 mL of 0.05 M
hydrochloric acid (HCI) in the Erlenmeyer flask. A few drops of the indicator (a 0.05% (w/v)
methyl red-methylene blue ethanol solution) were added to the solution before titrating the
solution with a standardized 0.01 M NaOH solution. The CTS content (%) was determined using

equations (1) and (2):

DDA 100-DDA

Mers =Mgin W + M ionac T (1

CTScontent (%) = Mg (CHCIVHC;V — Craonxaon) %100
(2)

where Mcrs is the average molecular weight of a sugar unit of CTS and Magieny and Mgienac are
the molecular weights of a glucosamine unit and an N-acetyl-glucosamine unit, respectively. C
(g/1000 mL) and V (mL) denote the concentrations and volumes of HCl and NaOH, respectively.
W (g) is the total weight of the tested sample.

2.2.33. Scanning electron microscopy (SEM)

SEM (JSM6700, JEOL, Japan) was used for analyzing the morphology of

the obtained samples and observed at an accelerating voltage of 5 kV with 20 k magnification.
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The diameter-size distribution of the BC nanofibers was analyzed using image visualization

software with the SEM images.

2.2.34. Porosity

Porosity of the sample was determined using liquid displacement
according to previous literature [47]. Ethanol was used as the displacing liquid. The sample
dimensions were measured using a vernier caliper, and the volume was calculated. The sample
was freeze-dried and soaked in ethanol for 24 h to allow the ethanol to penetrate into the pores of
the sample. The weight of the sample before and after soaking in ethanol was measured. The

porosity (%) of the sample was determined using equation (3)

(W, =W)

Porosity (%) = x100 3)

ethanol
where Wy (g) is the weight of the dry sample, W (g) is the weight of the wet sample after soaking
in ethanol, petanol (0.789 g/cm?) is the density of ethanol, and ¥ (cm?) is the volume of the

sample.

2.2.3.5. Thermogravimetric analysis (TGA)

A thermogravimetric/differential ~ thermal analyzer (EXSTAR
TG/DTA6200, SII, Japan) was used to analyze the thermal properties of the obtained samples.
All samples were vacuum dried at room temperature for 2 days before analysis. The samples
were measured at a heating rate of 20 °C/min in the range of 25 °C—600 °C in a nitrogen

atmosphere.

2.2.3.6.  Determination of mechanical properties

The mechanical properties of the obtained samples were determined
using a universal testing machine (STA-1150, A&D Company, Ltd, Japan) equipped with a 50-N

load cell at a constant speed of 10 mm/min in ambient conditions. The sample was cut to a size
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of 30 mm in length and 5 mm in width, was mounted in tensile grips before the analysis, and was
measured more than 10 times. Tensile parameters, including tensile strength and elongation at

break, were determined from the stress—strain curves obtained from the force—distance data.

2.2.4. Fabrication of EDLCs cells

The BC, BC/(CTS/Alg)s, BC/(CTS/Alg)10 and BC/(CTS/Alg)1s samples were cut
into 16-mm diameter disks and immersed in EMImBF4. The immersed samples were then
vacuumed under 0.3 Pa at room temperature for 48 h to remove impurities such as methanol and
moisture. The thicknesses of the obtained gel electrolytes were approximately 100 um.

An activated-carbon composite electrode for a test cell was prepared via the
following process. Activated carbon, acetylene black (as a conductive additive), 1.2% (w/w)
sodium carboxymethyl cellulose (as a dispersant), and 48% (w/w) styrene-butadiene rubber (as a
binder) were homogeneously dispersed in DI water with a weight ratio of 90:5:3:2. The obtained
electrode slurry was cast onto an etched aluminum current collector and dried, and the obtained
composite electrode sheet was cut into 12-mm diameter disks.

A pair of activated-carbon electrodes was immersed in EMImBF; for 10 min
under a vacuum before assembling the test cells. Two-electrode coin cells were assembled using
this pair of electrodes and a gel electrolyte (one of the samples described previously) for
electrochemical measurements. A test cell containing EMImBF4 as a liquid electrolyte with a
cellulose separator (TF4035, Nippon Kodoshi Corporation, Japan) was also fabricated for

comparison. All assembly procedures were conducted in an argon-filled glove box.

2.2.5. Electrochemical measurement

The performances of these EDLC test cells were measured using a battery charge—
discharge apparatus (HJ1001 SMS8, Hokuto Denko Corporation, Japan). The charge—discharge
tests were conducted with a voltage range of 0-2.5 V at several current densities in the range of
2.5-100 mA/cm2. The discharge-rate performance of the EDLCs at various discharge current

densities was also estimated after applying a constant-current charge up to 2.5 V. The discharge
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capacitance of a single electrode in the present EDLC symmetrical cells was determined using
equation (4):
Ixt

T VI @

where C (F/g) is the discharge capacitance, / (A) is the discharge current, # (s) is the discharge
time, V' (V) is the operating voltage, and W (g) is the mass loading of activated carbon at a single
electrode [35-38]. Alternative current (AC) impedance of the test cells was measured using a
potentiogalvanostat (SI 1287 type, Solartron Analytical, UK) and frequency response analyzer
(ST 1260 type, Solartron Analytical, UK). The AC amplitude was 10 mVp-0 and the frequency

range was 500 kHz—10 mHz. All of the electrochemical measurements were carried out at 25 °C.
2.3.  Results and discussion
2.3.1. Characterization of gel electrolyte
2.3.1.1.  Determination of CTS content
After coating with alternating layers of CTS and Alg, the CTS content (%)
in the BC of several samples is shown in Fig. 2. The results show that the CTS content linearly
increased (R? = 0.999) when the number of CTS layers on the BC increased, implying that the

layers of CTS and Alg bound to each fiber of BC. A schematic of the coating process is shown in
Fig. 3.
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23.1.2.  FTIR

The FTIR spectra of BC and BC coated with alternating layers of CTS and

Alg are shown in Fig. 4. All samples showed absorption peaks in the region 3600 to 3000 cm ',

which correspond to the stretching vibrations of O—H groups and peaks at approximately 2900

cm!

, which are induced by the stretching vibration of CH,. The various peaks in the 1450 to
1200 cm™! region are due to the stretching of C—H and the peak in the region about 1060 and
1035 cm ™! are due to the stretching of C—O—C. These absorption peaks are characteristic of BC,
while the absorption peak at 1640 cm™
absorbed in the material [48, 49].

Owing to the small percentage of CTS and Alg on the BC fiber, the FTIR

is related to the H-O-H bending vibration of water

spectrum of BC coated alternating layers of CTS and Alg is very similar to that of the BC.
However, the most obvious difference between their FTIR spectra is the slight shift of the broad
peak for the O—H and N-H groups of BC/(CTS/Alg)s, BC/(CTS/Alg)10, and BC/(CTS/Alg)15
compared with the peaks seen in normal BC in the ranges of 3370 to 3400, and 3430 to 3457

cm!

, respectively. The increase in the CTS content on the BC fiber after coating with alternating
layers of CTS and Alg indicates that an increased amount of amine groups or nitrogen atoms
from the CTS layer were incorporated into the BC matrix and they interacted with the O—H
group in the BC fiber [50]. Moreover, the peak at approximately 1420 cm ™! in the coated BC was
stronger with a higher intensity than the same peak seen in BC because of the additional
vibration from the NH3" group of CTS interacting with the COO™ group of Alg [51]. Further, the
peak at 1736 cm™! was not found in the spectrum of the coated BC because there were no non-
ionized COOH groups. These spectra confirmed that the carboxylate groups of sodium Alg were
dissociated to COO™, which formed complexes with the protonated amino groups of CTS via

electrostatic interactions [52]. This result supports the measured CTS content results, which

showed that CTS and Alg layers successfully bound on the BC fiber.
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Fig. 4 Fourier transform infrared spectroscopy spectra of (a) BC, (b) BC/(CTS/Alg)s,
(c) BC/(CTS/Alg)10, and (d) BC/(CTS/Alg)1s

23.13. SEM

SEM images and the measured diameter-size distribution from the SEM
images of BC and coated BC are shown in Fig. 5. SEM images of BC (Fig. 5(a)) revealed a
nanofibrous structure with an average fiber diameter of 76.8 nm, which is similar to the diameter
reported in previous studies of BC [53, 54]. The diameter sizes of coated BC samples,
BC/)CTS/Alg(s, BC/)CTS/Alg(1o, and BC/)CTS/Alg)is were 78.1, 96.3, and 99.0 nm,
respectively. The diameter size increased with an increase in the number of coating layers of
CTS and Alg bound on each fiber of BC, which is consistent with the results of the CTS content

and FTIR characterization.
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Fig. 5 Scanning electron microscopy images and the measured diameter-size distribution of

(a) BC, (b) BC/(CTS/Alg)s, (¢) BC/(CTS/Alg) 10, and (d) BC/(CTS/Alg):s
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2.3.14. Porosity

The porosity at swelling stage of BC, BC/)CTS/Alg(s, BC/)CTS/Alg(o,
and BC/)CTS/Alg)1s were 93.5, 89.9, 88.1, and 83.3%, respectively. The porosity of the obtained
samples decreased with an increase in the number of coating layers of CTS and Alg onto the BC
fiber. This result suggests that the porosity of the BC gel decreased with the increase of the

diameters of BC fibers which were obtained from the SEM observation.

23.15. TGA

The TGA and differential TGA (DTGA) curves of BC, coated BC, CTS
powder, and sodium Alg powder are shown in Fig. 6. The CTS and sodium Alg powder had
degradation temperatures at 305 °C and 240 °C due to the decomposition of CTS [55] and
sodium Alg [56], respectively. BC and coated BC demonstrated a weight loss due to evaporation
of the volatile content between 30 °C—130 °C; the amount of this evaporated volatile content
increased in the coated BC compared to BC. The BC sample showed mere one step of
degradation at approximately 360 °C owing to the dehydration and the decomposition of
cellulose molecules [57, 58]. The coated BC showed two steps of degradation; the first
degradation step occurred in the range of 180 °C-270 °C, which is in the same range as that of
the degradation of sodium Alg and CTS, and it is therefore possible that this observation is due
to the complex degradation process of Alg and CTS; the second step of degradation occurred in
the range of 360 °C-380 °C, which is similar to the degradation observed in BC due to
dehydration and decomposition of cellulose molecules. Therefore, the results further
demonstrated that the process of coating layers of CTS and Alg on the BC fiber was successful.

In addition, all obtained samples of coated BC showed high thermal
stability; therefore, this material has potential to be used as gel electrolyte in EDLCs at high

operating temperatures.
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33



2.3.1.6.  Mechanical properties

The mechanical properties of BC and coated BC are shown in Table 2.
The CTS and Alg gel electrolytes for EDLCs were prepared for comparison of their mechanical
properties [33—38]. The mechanical properties of all samples were measured at the water
swelling stage. Results showed that the BC had tensile strength as high as 5.4 N, and its tensile
strength increased with an increase in the number of CTS/Alg coating layers, which was possibly
caused by the increasing fiber—fiber interaction within the sample. Considering the increase in
fiber size that was observed with the increase in the number of CTS/Alg layers as seen in the
SEM images, a decrease in the distance between fibers in a sample may cause the observed
increase in the fiber—fiber interactions. Moreover, the tensile strengths of all gel electrolyte
samples made with BC and coated BC were significantly higher than those of the gel electrolyte
made with CTS/Alg. It should be noted that BC is used as a scaffold for the CTS and the Alg
layers to improve the tensile strength of the resulting gel electrolyte.
On the contrary, the elongation at break was consistent in both the BC
and the coated BC with an average elongation of approximately 42%, which is lower than that of
the gel electrolyte made from CTS and Alg and which likely arises from the fibrous structure of

the material.

Table 2 Tensile strength and elongation at break of various samples

Sample Tensile strength (N) | Elongation at break (%)
BC 538+ 1.09 42.21+592
BC(CTS/Alg)s 448 £0.40 52.85+8.07
BC(CTS/Alg)10 5.52+0.86 33.38+4.75
BC(CTS/Alg)1s 8.96 +2.28 39.47+5.43
CTS gel 0.47 £ 0.06 72.05+8.70
Alg gel 0.01 £0.00 38.63 £5.67
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2.3.2. Electrochemical results

The charge—discharge curves of the EDLC test cells assembled with either the
liquid-phase EMImBF4 or the BC gel electrolyte with EMImBF4 (BC/EMImBF4) collected at
current densities of 2.5 and 50 mA/cm? are shown in Fig. 7(a) and 7(b), respectively. During the
2.5-mA/cm? charge—discharge cycle, both cells showed ideal triangular charge—discharge voltage
profiles, like those of typical EDLCs. On the contrary, in the charge—discharge curves measured
at 50 mA/cm?, the test cell with the BC/EMImBF4 gel electrolyte showed a significantly larger
IR drop than the test cell with liquid-phase EMImBF4 as twice time. This result indicates that the
BC/EMImBF4 gel electrolyte had a higher resistance than that of the EMImBF..

To improve the rate of poor performance of the BC gel electrolyte system, the 5-
, 10-, and 15-layers of the CTS and Alg coated BC gel electrolytes, including EMImBF4
(BC/(CTS/Alg)ssEMImBF4, BC/(CTS/Alg)io/EMImBFs, and BC/(CTS/Alg)is’/EMImBF,,
respectively) were prepared as gel electrolytes, which had ionic functional groups with a good
affinity for ionic liquids. The electrochemical performance of the electrolyte was investigated.
The charge—discharge curves of the EDLC test cells assembled with the liquid-phase EMImBF,,
BC/EMImBF,, BC/(CTS/Alg)s/EMImBF,4, BC/(CTS/Alg)1o/EMImBF,, or
BC/(CTS/Alg);s/EMImBF4 collected at high current densities of 100 mA/cm? are shown in Fig.
6(c). The results showed that the EDLC test cells containing BC gel electrolytes with smaller
numbers of CTS/Alg layers had poor electrochemical performances. The test cell with
BC/EMImBF4, BC/(CTS/Alg)s/EMImBFs, and BC/(CTS/Alg)io/EMImBF4 gel electrolyte
systems showed a large IR drop than the liquid-phase EMImBF4 system, while the test cells with
the BC/(CTS/Alg)1s’EMImBF;4 gel electrolyte showed an improved small IR drop, similar to that
observed in the liquid-phase EMImBF4 system.
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Fig. 7 Charge—discharge curves of the EDLC test cells assembled with the liquid-phase
EMImBF; or the obtained gel electrolytes, collected at current densities of (a) 2.5, (b) 50 and (c)
100 mA/cm?

In addition, the discharge capacitances of the test cells assembled with the
liquid-phase EMImBF4 and various gel electrolytes as a function of the applied current density
(2.5-100 mA/cm? are shown in Fig. 8. The test cells with BC/EMImBFy,
BC/(CTS/Alg)ssEMImBF4, and BC/(CTS/Alg)io/EMImBF4 gel electrolyte showed lower
discharge capacitance retention than the liquid-phase EMImBF4 system, and their difference
became more significant with an increase in current density, while the test cells with the
BC/(CTS/Alg)i1s/EMImBF; gel electrolyte showed a relatively higher discharge capacitance than
the test cells with the liquid-phase EMImBF4 system across the entire current density range. The

calculated capacitance retentions from the initial current density of 2.5 to 100 mA/cm? of the test
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cells with the Iliquid-phase EMImBFs, BC/EMImBFs, BC/(CTS/Alg)ssEMImBF4,
BC/(CTS/Alg)1o/EMImBF4, and BC/(CTS/Alg)is/EMImBF,4 gel electrolyte were 59.6%, 45.4%,
51.2%, 55.7%, and 60.7%, respectively. The results showed that the calculated capacitance
retentions of the test cell with the BC/(CTS/Alg)is/EMImBF4 system were slightly higher than
liquid-phase EMImBF4 system and were also comparable with the test cell using gel electrolyte
from CTS or Alg, as shown in a previous report [34, 38], which significantly improved the
tensile strength. As a result, it should be noted that the BC/(CTS/Alg)is/EMImBF4 was suitable

and necessary to guarantee excellent electrochemical performance of the EDLC cells.
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Fig. 8 Discharge capacitances of the EDLC test cells assembled with the liquid-phase EMImBF4
or the obtained gel electrolytes

To investigate the role of the Alg and CTS coating on BC fiber, AC impedance
was measured on the test cells. The Nyquist plots of the test cells assembled with the liquid-
phase EMImBF4, BC/EMImBF4, and BC/(CTS/Alg)i1s/EMImBF, gel electrolytes are shown in
Fig. 9. The thicknesses of all gel electrolytes were larger than those of the separator in the liquid-
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phase EMImBF, system. Nevertheless, the resistances of the electrolyte bulk, which correspond
to the distance from the origin to the first intercept on the real axis, were similar for all the tested
electrolyte systems (~1 Q cm?). Therefore, it can be concluded that the differences in rate
performance do not arise from the bulk properties or thickness of the gel electrolytes.
Conversely, there are considerable differences in the magnitudes of the semicircular components,
which represent the contact resistance between an electrode and electrolyte [38, 59]; the
observed semicircle of the test cell with BC/EMImBF4 was larger than that of the test cell with
liquid-phase EMImBF4 by about two times, which proves the BC fiber was in poor contact with
the activated carbon that lead to a large IR drop as showed in charge-discharge measurements;
whereas the BC/(CTS/Alg)is/EMImBF4 gel electrolyte system showed a slightly smaller
semicircle than that of the liquid-phase EMImBF4 system due to the present surface modification
of the BC fibers, which was achieved by coating with CTS and Alg layers that would facilitate

better contact at the gel electrolyte/electrode interface and would accelerate ion transfer between

them.
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Fig. 9 Nyquist plots obtained using AC impedance measurements of the EDLC test cells
assembled with the liquid-phase EMImBF4, BC/EMImBF4, or BC/(CTS/Alg)i1s/EMImBF4 gel
electrolyte

2.4. Conclusions

In this study, a novel gel electrolyte was successfully prepared using BC coated with
alternating layers of CTS and Alg for employing it as both an electrolyte and a separator in solid-
state EDLCs. These gel electrolytes were produced via inoculation of the BC, oxidation in a
KIO4 solution, and coating with CTS layers alternated with Alg layers. Through analysis and
characterization of the gel electrolytes, the CTS content linearly increased (R? = 0.999) when the
number of CTS layers on the BC increased, suggesting that the layers of CTS and Alg
successfully bound onto each BC fiber. The FTIR spectra of the coated BC showed a stronger
peak at 1420 cm' than unmodified BC due to the vibration of NH3* groups from CTS
interacting with the COO™ groups of Alg. Morphological analysis from SEM images of the
obtained gel electrolyte revealed a nanofibrous structure with diameter sizes of 76.8, 78.1, 96.3,
and 99.0 nm , and the porosity were 93.5, 89.9, 88.1, and 83.3 % for the BC, BC/)CTS/Alg(s,
BC/)CTS/Alg(10, and BC/)CTS/Alg)1s samples, respectively. The TGA and DTGA results
revealed that the all obtained gel electrolytes had high thermal stabilities; the tensile
measurement result showed very high tensile strengths in the coated BC samples as compared
with the gel electrolytes made from raw CTS or Alg.

The electrochemical properties of EDLC test cells, which were assembled from the
obtained gel electrolytes and carbon electrodes, were measured in terms of their charge—
discharge characteristics, discharge capacitances, and AC impedance. The test cell with the
BC/)CTS/Alg)is/EMImBF;4 gel electrolyte showed a comparable IR drop to the test cell with
liquid-EMImBF4 at switching point from charge to discharge when tested at a high current
density and a higher discharge capacitance than the test cell with liquid-phase EMImBF, across
the current density range, indicating that the internal resistance of the test cell decreases when the
coated BC was used as the gel electrolyte. Likewise, the AC impedance results seen in the
Nyquist plot of the test cell with BC/)CTS/Alg)is represent the decrease in resistance compared
with the resistance of the test cell with liquid-phase EMImBF4, which verified that the high

affinity of the proposed gel electrolyte for activated-carbon electrodes can reduce the charge-
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transfer resistance at the electrode/electrolyte interface. The device performances demonstrate

that it is possible to design simple high-operating-voltage EDLCs that can replace liquid-based

electrolyte systems, and thus improve the safety of such devices.
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Chapter 3
Preparation and Characterization of Thin-film Electrolyte

from Chitosan.
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3.1. Introduction

Electric double-layer capacitors (EDLCs), also known as super capacitors or
ultracapacitors, are electrochemical devices that have received much attention in recent years
because of their outstanding properties of long cycle lifetime and high sustained power density
[1-3]. Likewise, electrolytes based on natural polymers have been developed vigorously for
electric devices because of their biodegradation properties, low cost, non-toxicity, environmental
friendliness, richness in nature, and capacity to satisfy sustainable biopolymer development.
Many natural polymers have been used as polymer electrolytes, such as alginate [4—6], carrageen
[7, 8], agar [9, 10], starch [11-13], natural rubber [14, 15], pectin [16], cellulose [17], and
chitosan (CS) [18-20], the last of which is one of the most abundant biomaterials.

CS is a cationic biopolymer obtained from either fully or partially deacetylated chitin. As
a natural polymer, CS is a copolymer of D-glucosamine and N-acetyl-D-glucosamine connected
via B (1-4) linkage and is present in crustacean shells, insect exoskeletons, and cell walls of some
fungi [21-26]. CS is often identified by its degree of deacetylation (DDA), namely, the ratio of
D-glucosamine to N-acetyl-D-glucosamine. The DDA is typically in the range of 70%—-100%
and relates to CS properties such as its surface energy, crystallinity and degradation [27, 28].
Because of its excellent biodegradability, biocompatibility, hemostasis, and antimicrobial
activity and the fact that it is easily processed into various forms (e.g., hydrogels, membranes,
scaffolds, beads, sponges, nanofibers, and nanoparticles), CS is extremely valuable for
biomedical and pharmaceutical applications [29]. Furthermore, many studies have reported that
CS is a promising electrolyte for EDLCs in terms of giving their high operating performance
[30-33].

Often referred to as green solvents [34-36], ionic liquids (ILs) are organic salts whose
melting points are near room temperature. One such IL is I-ethyl-3-methylimidazolium
tetrafluoroborate (EMImBF,4). With its high ionic conductivity and low viscosity, EMImBFj is
widely used as an electrolyte in EDLCs [37—42]. In addition, ILs exhibit unique physicochemical
properties such as near-zero vapor pressure, high chemical and thermal stabilities, and the facts
that they remain liquid over a broad temperature range and are good at dissolving a variety of

organic and inorganic compounds [34-36]. As such, ILs have been studied recently for their
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abilities to dissolve native polysaccharides and some natural materials [35, 36, 43—48] including
CS [49-55].

Previously, Yamagata et al. [30, 31] prepared gel electrolytes from CS including ILs via
hydrogel preparation methods for use in EDLCs. Although the method provided gel electrolytes
with high performance despite the use of gel electrolytes, it adversely resulted in low tensile
strength, which is a favorable property for solid-electrolytes to be used in EDLCs. This failed to
approximately control the IL content in the obtained sample. Thus, development on a novel
method to overcome these disadvantages is desirable.

The aim of this chapter is to propose a new method to provide an IL-based thin-film
electrolyte (TFE) with relatively high tensile property and appropriate IL-content. In addition,
the novel CS-TEFs were used as a solid electrolyte for EDLCs to improve their safety and
performance. To the best of our knowledge, this study is the first report on preparation of TFEs
by using CS dissolved in the mixture of EMImBF4 and water (see CS and EMImBFj4 structure in
Fig. 1). EMImBF4 in this system plays important roles as both a dissolving solution and a charge
carrier for EDLC due to high ionic conductivity and low viscosity. The obtained TFE is
characterized, and the electrochemical properties of an EDLC test cell containing the electrolyte

were assessed.

OH F
(@) 0 ® N F-B—F
NH, F
CS EMImBF,

Fig. 1 Structure of (a) CS and (b) EMImBFa.

3.2. Materials and methods

3.2.1. Materials

Chitosan (CS; FM-80, DDA 88.3%, Viscosity 30 mPa S, Mw 24.8x10%) was
supplied by Koyo Chemical Company (Japan), and 1-ethyl-3-methylimidazolium

46



tetrafluoroborate (EMImBF4, 99.0%) was purchased from Toyo Gosei Company (Japan). The
number average molecular weight (Mw) of CS was re-measured by gel permeation

chromatography (GPC) method.

3.2.2. Preparation of CS-TFEs

CS powder was dispersed in a mixture of EMImBF4 and deionized (DI) water in a
glass bottle with different stoichiometric ratios as listed in Table 1, and the calculated EMImBF4
in dry film was calculated according to Eq. (1). The mixture was stirred at 40°C for four days
and then left at room temperature for 10 days. The obtained solution was cast into a frame made
with a glass supporter (thickness; 1200-um) on a Teflon sheet and was soaked in methanol for 3
min. The CS-TFE was then dried at 25°C (room temperature) for 24 h, then the dry sample was

kept in a desiccator filled with silica-gel desiccants before being used in further steps.

Calculated EM Im BF, in dry film [%wt] = & x100, (1)
W+ W,

where W is the weight (in g) of CS and 72 is the weight (in g) of EMImBF..

Table 1. Composition of CS solution for CS-TFEs.

Sample Weight Weight Weight Calculated EMImBF4
of CS [g] of water [g] | of EMImBF4 [g] in dry film [wt%]
CS-BF4-60 0.54 60
CS-BF4-70 0.36 13.64 0.85 70
CS-BF4-80 1.47 80
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3.2.3. Characterization of CS-TFEs

3.2.3.1.  Scanning electron microscopy (SEM)

The structural morphology of each sample was observed using a scanning
electron microscope (SEM; JSM6700, JEOL, Japan) at an accelerating voltage of 5 kV and a
magnification of 5,000.

3.2.3.2.  Fourier transform infrared spectroscopy (FTIR)

The functional groups of each sample were characterized using a Fourier-
transform infrared (FT-IR) spectrometer (FT/IR-4200, JASCO, Japan) via the KBr-pellet method

in the wavenumber range of 4004000 cm .

3.2.3.3. Thermogravimetric analysis (TGA)

The thermal decomposition of each sample was tested under a nitrogen
atmosphere using a thermogravimetric analyzer (TGA; EXSTAR TG/DTA6200, SII, Japan). The
sample was heated from 30°C to 550°C at a heating rate of 20°C/min.

3.2.3.4. Determination of mechanical properties

The mechanical properties of each sample were determined in ambient
conditions using a universal testing machine )STA-1150, A&D Company, Ltd., Japan( equipped
with a 50-N load cell and operating at a constant speed of 10 mm/min. Before the analysis, the
sample was cut to be 30 mm long and 5 mm wide and was mounted in tensile grips spaced 10
mm apart. The measurement was repeated more than 10 times. The tensile parameters of tensile
strength and elongation at break were determined from the stress—strain curves obtained from the

force—distance data.
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3.2.3.5. Determination of EMImBF4 content

The amount of EMImBF4 in an obtained sample was determined as
follows. The sample was weighed, soaked in excess dichloromethane for 24 h to remove
EMImBFj4, dried at 60°C for 24 h, and then weighed again. This procedure was repeated until the
sample weighed the same before and after the EMImBF4-removal step. A percentage of the total
EMImBF4 content was calculated according to Eq. (2).

% EM Im BF, content = M -M, x100, )
Ml

where M is the weight (in mg) of the EMImBF4-bearing sample and M- is the constant weight

(in mg) of the sample after removing EMImBF..

3.2.4. Fabrication of EDLCs cells

Each obtained TFE was cut into a 16-mm-diameter disk and soaked in EMImBF4
under 0.3-Pa vacuum at room temperature for 48 h before being assembled in the EDLC test cell.
The test cell was assembled by sandwiching the TFE between two carbon electrodes in a coin-
cell (CR2032, stainless type, Hohsen Corporation, Japan) in an argon-filled glove box. In
addition, a test cell was assembled with liquid-phase EMImBF4 with a cellulose separator
(TF4035, Nippon Kodoshi Corporation, Japan) for comparison.

The symmetrical carbon electrodes were prepared by coating as follows.
Activated carbon (YP-50F, specific surface area: 1500-1800 m?/g, Kuraray Co., Ltd., Japan),
acetylene black (HS-100, Denka Co., Ltd., Japan) as a conductive additive, 1.2 wt% sodium
carboxymethyl cellulose (WS-C, DKS Co., Ltd., Japan) as a dispersant, and 48 wt% styrene—
butadiene rubber (TRD2001, JSR Corporation, Japan) as a binder were mixed in DI water at a
weight ratio of 90:5:3:2. The mixture was stirred until a homogenous slurry with a smooth
surface was obtained. The obtained electrode slurry was coated on an aluminum current collector
to produce a carbon electrode. The obtained carbon electrode was dried in an oven at 100°C for
10 h to eliminate the solvent and was then cut into a 12-mm-diameter disk before being used in

the next steps.
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3.2.5. Electrochemical measurement

The electrochemical properties of each EDLC test cell were determined in terms
of its charge—discharge performance, discharge capacitance, and alternating-current (AC)
impedance. The charge—discharge performance was measured using a battery charge/discharge
apparatus (HJ1001 SM8, Hokuto Denko Corporation, Japan) at voltages of 0-2.5 V and various
current densities. The discharge rate was estimated at discharge current densities between 2.5—
100 mA/cm?. The discharge capacitance of a single electrode in the symmetrical EDLC cell was
determined using Eq. (3) [30, 31]:

Ixt
Y 3
¢ ((V/Z)XW] ®)

where C is the discharge capacitance, / is the discharge current [A], ¢ is the discharge time [s], V'

is the operating voltage, and W is the total mass of activated carbon in a single electrode [g].

The AC impedance was measured using a potentiogalvanostat (SI 1287, Solartron
Analytical, UK) and a frequency-response analyzer (SI 1260, Solartron Analytical, UK) with an
AC amplitude of 10 mV,o in the frequency range of 500 kHz—10 mHz. All electrochemical

measurements were performed at 25°C.
3.3.  Results and discussion
3.3.1. Preparation of CS-TFEs

CS is difficult to dissolve in commonly used solvents because it has strong
hydrogen bonding and a combination of amorphous and crystalline regions. Therefore, for
preparing the CS electrolytes (CS-gel) in the previous reports, CS powder was dissolved in
aqueous acetic acid and the solution was cast to produce the films, later soaking it in IL [30-31].
In this study, we proposed a new method to prepare CS-TFE. CS was dissolved in a mixture of
EMImBF4 and water that could approximately control IL content in obtained product by one-pot
synthesis, and EMImBF; acts as not only the solvent for the CS but also the charge carrier for the
EDLCs.
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3.3.2. Characterization of CS-TFEs

332.1. SEM

SEM images of the surfaces and cross-sectional areas of the CS-TFE
products are shown in Fig. 2. None of the surfaces show phase separation between the CS and
EMImBF4. By contrast, the surface morphology of the sample was influenced by the amount of
EMImBF; in the dry film. CS-BF4-60 (see Fig. 2(a)) had a grainy structure with unevenly
distributed spots, suggesting that there was insufficient EMImBF4 in the mixture solution to
incorporate it into the CS matrix for complete dissolution. CS-BF4-80 (see Fig. 2(c)) had a rough
surface with a porous structure because of the low wt% of CS and high wt% of EMImBF4 when
the film was prepared. Moreover, the cross-sectional morphology of each sample was considered
and showed that porosity was present throughout. The porosity size increased with the wt% of
EMImBF; in the dry film, which could be related to the amount of CS and EMImBF4 in the

mixture solution before the film was prepared.
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Fig. 2 SEM images of the surface and cross-sectional area of (a) CS-BF4-60, (b) CS-BFs-70, and
(c) CS-BF4-80.

33.22. FTIR

The FT-IR spectra of EMImBF4, CS powder, and CS-TFE products are
shown in Fig. 3. The adsorption peak for the CS powder is similar to that of the CS-TFE
products at characteristic peaks of CS as follows. The broad band around 3,450 cm™' is due to
the stretching vibrations of the -NH2 and —OH groups. The broad bands at 2,920 and 2,860 cm™'
are due to the asymmetric stretching vibrations of C—H in the sugar residue. The peak around
1,690 cm ™! is due to the stretching of amide I. The peaks at 1,420, 1,380, and 1,320 cm ™' are due
to CH» deformation, -CH3 symmetric deformation, and amide III/CH> wagging, respectively [22,
56, 57]. By contrast, the characteristic peaks of EMImBF4 were observed on the CS-TFE
products only. The new peaks at 3,140 and 2,980 cm™' are due to the aliphatic asymmetric and

symmetric (C—H) stretching vibrations of the imidazolium ring. The new strong peak at 1,570
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cm ' is due to the C=C stretching vibration of the imidazolium ring. The increased adsorption
peak at 1,169 cm™! is due to the C—N stretching vibration of the imidazolium ring; in particular,
the peak at 1,049 cm™! corresponds to the asymmetric vibrations of B—F bond [58—60]. The FT-
IR spectra confirm that EMImBF4 was introduced effectively into the CS-TFE products.

— EMImBF,

CS powder
CS-BF -60

— CS-BF70
— CS-BF-80

%T (a.u.)

1570 cmi* 1049 cm!
:11269 cm’

3146 em!
2980 cm”

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm™)

Fig. 3 FT-IR spectra of EMImBF4, CS powder, and CS-TFE products.

3323. TGA

The TGA and differential TGA (DTGA) curves of EMImBF4, CS powder
and CS-TFEs products are shown in Figs. 4(a) and (b), respectively. The TGA thermograms
show how the sample weight decreased during thermal decomposition, and the DTGA curves
show clearly the maximum decomposition temperature at each step of thermal decomposition.
The CS powder and all of the CS-TFE products lost weight at temperatures of approximately

30°C —130°C because of the evaporation of volatile content. The CS powder showed only one
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thermal degradation step as obtained from the peak in the DTGA curve at 307°C corresponding
to the chemical degradation and deacetylation of CS molecules [61]. By contrast, the CS-TFE
products showed two distinctive thermal degradation stages. The first stage was observed at
around 275°C, which is near the degradation temperature observed for the CS powder and could
be due to CS decomposition. The second-stage degradation temperatures of CS-TFE products
CS-BF4-60, CS-BF4-70, and CS-BF4-80 were 421°C, 423°C, and 437°C, respectively. The
degradation temperature increased with the EMImBF, content in the dry thin film, which is
attributed mainly to the decomposition of EMImBF4 [62, 63]; this can be seen also in the TGA
and DTGA results for pure EMImBF4. Therefore, it was shown that EMImBF4 was incorporated
successfully into the CS-TFEs.

Furthermore, all of the CS-TFE products showed high thermal stability.
Therefore, this novel material has practical potential for use as electrolyte in EDLCs operating at

high temperature.
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Fig. 4 (a) TGA and (b) DTGA curves of EMImBF4, CS powder and CS-TFE products.

3.3.2.4.  Mechanical properties

The tensile strength and elongation at break of the CS-TFE products are

summarized in Table 2. Moreover, CS-gel from previous studies was replicated to compare their
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mechanical properties [30-31]. The tensile strength of a sample is the maximum tensile stress
sustained during tensile testing. The tensile strength decreased with the wt% EMImBF4 in the
dry thin film because of the decrease of the CS mass and the porous structure of the sample.
However, the lowest tensile strength of the thin-film samples (that of CS-BFs-80) was
significantly higher than those of all of CS-gel samples. The elongation at break of the CS-TFE
products slightly improved compare to CS-gel from 33.44% to the range of 35.02%-36.94%.
The experimental results suggest that the CS-TFE product from the new preparation method
exhibited improved tensile properties compared to the CS-gel systems due to the different
preparation method. The viscosity of the cast solution of chitosan was higher in the present

system than that in the CS-gel system, thus more dense film was prepared.

3.3.2.5. Determination of EMImBF4 content

The remaining amount of EMImBF4 incorporated into the CS matrix from
CS-TFE preparation process of CS-BF4-60, CS-BF4-70, and CS-BF4-80 were 48.05%, 53.98%,
and 70.21%, respectively. The EMImBF4 content of the obtained samples increased with the
wt% of EMImBF; in the mixture solution used for film preparation. This result proves that this
new CS-TFE preparation method is able to approximately control IL content in obtained product
by one-pot synthesis. Moreover, the obtained CS-TFE was soaked in EMImBF; solution before
fabrication of the EDLC test cell. The EMImBF4 content of CS-BF4-60, CS-BF4-70, and CS-
BF4-80 were increased to 51.1%, 58.0%, and 78.8%, respectively. The EMImBF4 content of CS-
BF4-80 was significantly increased as compared with those of CS-BF4-60 and CS-BFs-70
because of the broad porous structure of the sample as obtained from the SEM observations: the

film possibly adsorbed more EMImBF; after the sample was soaked in EMImBFa.

3.3.3. Electrochemical results

The obtained CS-TFEs or liquid-phase EMImBF4 with a cellulose separator were
assembled in EDLC test cells as electrolytes to test their electrochemical properties regarding
charge—discharge performance, discharge capacitance, and Nyquist plots obtained by AC

impedance measurements.
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The charge—discharge curves of the EDLC test cells assembled with either liquid-
phase EMImBF; or the obtained CS-TFEs are shown in Figs. 5(a), (b), and (c) for current
densities of 2.5, 50, and 100 mA/cm?, respectively. During the 2.5-mA/cm? charge—discharge
measurements, all test cells showed a perfectly triangular shape that is a typical shape of the
ideal EDLCs. In the charge—discharge curves measured at high current densities of 50 and 100
mA/cm?, rapid voltage drops during switching (known as IR drops and indicated by arrow in Fig.
5(b)) occurred in all the test cells, showing a clearly larger /R drop with higher current density.
However, the IR drop was reduced in the CS-TFEs with higher EMImBF4 content. The CS-BFs-
60 and CS-BF4-70 test cells showed larger /R drops than that of the test cell with liquid-phase
EMImBF4, whereas the CS-BF4-80 test cell showed an /R drop that was comparable with that of
the liquid-phase EMImBF;4 system; that may be because the ionic conductivity and internal

resistance of the test cell were improved by increasing the EMImBF4 content in the TFEs.
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Fig. 5 Charge—discharge curves of the EDLC test cell assembled with liquid-phase EMImBF4 or
the obtained CS-TFEs at current densities of (a) 2.5, (b) 50, and (c) 100 mA/cm?.
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Furthermore, the discharge capacitances of the same EDLC test cells are shown in
Fig. 6 as functions of the applied current density in the range 2.5-100 mA/cm?. At low current
density, the CS-BF4-60 and CS-BF4-70 test cells showed higher discharge capacitances
compared to the liquid-phase EMImBF4 test cell, becoming lower at higher current density. By
contrast, the discharge capacitance of the CS-BF4-80 test cell was higher compared to the liquid-
phase EMImBF;4 system over the entire range of current density. Moreover, the capacitance
retentions of the test cells were calculated for 2.5-100 mA/cm?. Those of the CS-BF4-60, CS-
BF4-70, CS-BF4-80, and liquid-phase EMImBF; test cells were 54%, 59%, 64%, and 64%,
respectively, suggesting that the capacitance retention increased with the EMImBF4 content in
the CS-TFEs in the TFE system; the capacitance retention of the CS-BF4-80 test cell was
comparable to that of the liquid-phase EMImBF4 system. Overall, the charge—discharge
measurements show that CS-BF4-80 is suitable and advantageous as an excellent electrolyte in

EDLC applications.
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Fig. 6 Discharge capacitances of the EDLC test cell assembled with liquid-phase EMImBF4 or
the obtained CS-TFEs.
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To investigate the electrochemical behavior at the electrode/electrolyte interface
in detail, AC impedance measurements were carried out on the EDLC test cells with various
types of electrolyte. Nyquist plots obtained by AC impedance measurements on the EDLC test
cells assembled with liquid-phase EMImBF4 or the obtained CS-TFEs are shown in Fig. 7. All
test cells showed a small semicircle at high frequencies (see inset of Fig. 7), followed by a
transition to linearity at low frequencies, corresponding to a capacitive behavior [64]. Focusing
on the semicircles, which represent the impedance of the parallel resistance and capacitance at
the contact interface between activated carbon and electrolyte [65], the observed semicircles of
the CS-BF4-60 and CS-BF4-70 test cells are larger than that of the test cell with liquid-phase
EMImBF4, whereas that of the test cell with the CS-BF4-80 test cell is slightly smaller. This
shows that the higher EMImBF;4 content in the TFEs improved the affinity between the activated
carbon and TFE, thereby reducing the electronic-contact resistance in the activated-carbon
electrode at the electrode/electrolyte interface. This may be attributed to the relatively high
ionicity of ILs and the highly polarizable substituents of CS such as the R-NH> and R—-OH
groups [31].
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Fig. 7 Nyquist plots obtained by AC impedance measurements of the EDLC test cell assembled
with the liquid-phase EMImBFj4 or the obtained CS-TFEs.

3.4. Conclusions

In this present work, a novel TFE as functionalized solid electrolyte was prepared from
CS with EMImBF4 via a new preparation method. CS powder was dissolved in a mixture of
EMImBF4 and DI water to produce CS-TFEs with different wt% of EMImBF4 in the dry sample
for the first time. In this system, EMImBF4 plays important roles as a solvent and a charge
carrier for EDLC applications. From structural characterizations, all of the obtained CS-TFEs
from the new preparation method showed surfaces with no CS/EMImBF4 phase separation, and
the surface morphologies of the samples changed according to the dry-film wt% of EMImBFa.
The FT-IR spectra of the CS-TFE products showed peaks that were characteristic of both CS and
EMImBF,, indicating that EMImBF4 was incorporated efficiently into the CS matrix. The TGA
and DTGA results revealed that the all of the CS-TFE products had high thermal stability. The
results of tensile testing showed that the obtained samples from the new preparation method had

significant higher tensile strength than that of the CS-gel from previous reports. Furthermore, the
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total EMImBF4 content of the obtained samples (CS-BF4-60, CS-BF;-70, and CS-BF4-80) is
51.1%, 58.0%, and 78.8%, respectively, and could be controlled by the preparation conditions of
the CS solutions.

In addition, the obtained CS-TFEs were fabricated in EDLC test cells to measure their
electrochemical properties in comparison with that of a test cell with a liquid-phase EMImBF4
system. On testing the charge—discharge performance, the CS-BFs-80 test cell exhibited an /R
drop at high current density that was comparable to that of the liquid-phase EMImBF; test cell,
and the former also showed a higher discharge capacitance over the current-density range of 2.5—
100 mA/cm?. Moreover, the results of the AC impedance measurements on the CS-BF4-80 test
cell showed decreased resistance at the electrode/electrolyte interface compared with the liquid-
phase EMImBF; test cell. All of the results regarding electrochemical properties showed the CS-
BF4-80 TFE to be suitable and advantageous as an excellent solid electrolyte in the design of

high-performance EDLCs, as well as for improving the safety of such devices.
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Chapter 4
Preparation and Characterization of Electrospun Gelatin

Nanofiber Electrolyte
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4.1. Introduction

Electric double-layer capacitors (EDLCs) are electrochemical devices that provide a high
sustained power density and a long charge—discharge cycle time [1, 2]. Nonaqueous electrolytes
have been proposed in recent years to satisfy the safety requirements for EDLCs [3—7]. Polymer
electrolytes based on natural polymers such as chitosan [8—10], alginate [11-13], agar [14, 15],
carrageen [16—19], starch [20-22] and bacterial cellulose [23] have been widely studied. In
addition to being abundant, low cost, non-toxic, and environmentally friendly, natural polymers
have been reported to have good physical and mechanical properties and high thermal stabilities.
Gelatin is prepared by the hydrolysis of collagen, which is a natural, triple-helix polymer
obtained from mammalian skin and bones [24, 25]. Gelatin has been widely used as a scaffold
for tissue engineering owing to its excellent biodegradability, biocompatibility, ability to
promote cell adhesion and proliferation, resistance to immunogenicity, among other properties
[26-30]. Moreover, many researches have reported that gelatin has potential to be used as an
electrolyte in many applications such as in dye-sensitized solar cells and electrochromic devices
[31-36].

Gelatin is soluble in lukewarm water and forms a heterogeneous mixture. An important
property of gelatin is its gelation transition under aqueous conditions [37]. Gelatin is also
compatible with electrospinning, which is a simple and cost-effective technique that is widely
used to simply and continuously fabricate nanofibers. Electrospun fibers offer small pores, high
surface area, physical stability, and controllable thickness in the membrane form. Thus,
electrospinning is an attractive option for fabricating gel electrolytes to apply in EDLCs.

In this chapter, we fabricate a novel gel electrolyte from gelatin via an electrospinning
technique. We focus on one potential application of the electrolyte in EDLCs for improved
device safety. The novel gel electrolyte was characterized, and the electrochemical properties of
EDLC test cells assembled with the following electrolytes were compared: gelatin electrospun
(GES) electrolytes soaked in 1-ethyl-3-methylimidazolium (EMImBF4), gelatin films containing
EMImBF4 (GF-BF4), which were further soaked in EMImBF4, and pure EMImBF4 including a

separator.
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4.2. Materials and methods

4.2.1. Materials

Gelatin (JS200, Mw = 100,000, bovine skin type B, Lot No. 120705M), was
purchased in powder form from Koei Chemical Co., Ltd (Japan) and 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF4, 99.0%) was purchased from Toyo Gosei Co.,
Ltd (Japan).

4.2.2. Preparation of GES electrolytes

Gelatin powder was dissolved at 25 wt% in deionized (DI) water and the mixture
was stirred at 50°C until a homogeneous solution was obtained. The solution was left in a water
bath at 50°C for about 1 h to remove entrapped air and was then cooled in an ice bath to induce
gelation. The gelated gelatin was placed in a 5-mL syringe with a metal needle of diameter 1.5
mm, and the syringe was placed in a water bath at 50°C to reverse the gelation; the temperature
of the syringe was thereafter maintained at 45°C—-50°C. A high-voltage power supply of 23 kV
was connected to the syringe needle tip and to a stationary collector covered with aluminum foil.
The tip-to-collector distance was set at 7 cm. The electrospun nanofibers were collected as
randomly overlaid mats on the electrically grounded plate. The spinning time was varied to 5, 10,
15 20, and 25 min. The gelatin electrospun samples were then dried at room temperature for 12 h

before being removed from the aluminum foil for use in further testing.

4.2.3. Preparation of GF-BF4

For comparison with the GES electrolytes, GF-BF4 electrolytes were prepared as
follows. In a glass bottle, gelatin powder was mixed at 30 wt% in DI water with EMImBFj4 at
different concentrations, as listed in Table 1, in a glass bottle. The mixture was stirred at 50°C
until it became a homogeneous solution. Then, the solution was casted on a Teflon sheet with a
135-um leveled supporter. The GF-BF4 electrolytes were dried at 60°C before use in further

testing.
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Table 1 Composition of gelatin solutions for GF-BF4 electrolytes.

wt% of
Weight of Weight of DI Weight of
Sample EMImBF, in
gelatin (g) water (g) EMImBF4 (g)
dry film
GF-BF4-45 1.5 2.3 1.2 45
GF-BF4-50 1.5 2.0 1.5 50
GF-BF4-55 1.5 1.7 1.8 55

4.2.4. Characterization of GES electrolytes

4.2.4.1.  Fourier transform infrared spectroscopy (FTIR)

To identify the function groups present in the obtained samples, they were
ground and mixed thoroughly with potassium bromide and were analyzed using Fourier transfer

infrared spectroscopy (FTIR; 670-IR, VARIAN Inc., USA).

42.4.2. Thermogravimetric analysis (TGA)

A thermo-gravimetric/differential thermal analyzer (TGA/DTG;
EXSTAR TG/DTA6200, SII, Japan) was used to measure the thermal properties of the obtained
samples. All samples were vacuum dried at room temperature for one day before analysis. The
samples were tested at a heating rate of 20°C/min in the range 30°C—500°C under a nitrogen

atmosphere.

4.2.43. Scanning electron microscopy (SEM)

The morphologies of the obtained samples were analyzed via scanning
electron microscopy (SEM; JSM6700, JEOL, Japan) at an accelerating voltage of 5 kV with

500x magnification.
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4.2.44. Membrane thickness and mechanical properties

The thicknesses of the obtained samples were measured by a digital
micrometer (IP65, Mitutoyo, Japan). The mechanical properties of the obtained samples were
analyzed using a universal testing machine (STA-1150, A&D Company, Ltd, Japan) equipped
with a 50-N load cell and elongated at a constant speed of 10 mm/min under ambient conditions.
The test samples were cut to 30 mm in length and 5 mm in width and were mounted in the tensile

grips spaced 10 mm apart before analysis.

42.4.5. Determination of resistance to EMImBF4 damage

The resistance of GES samples to EMImBF4 damage was measured after
immersion in EMImBF4 at room temperature, incubation in a desiccator for 10 days, and
washing with ethanol. The structural morphology of the GES samples was observed using SEM

before and after immersion in EMImBF..

4.2.5. Fabrication of EDLCs cells

Composite carbon electrodes were prepared by mixing activated carbon (YP-50F,
Kuraray Co., Ltd, Japan), acetylene black (HS-100, Denka company Ltd, Japan) as a conductive
additive, 1.2 wt% sodium carboxymethyl cellulose (WS-C, DKS Co., Ltd, Japan) as a dispersant
and 48% wt styrene-butadiene rubber (TRD2001, JSR corporation, Japan) as a binder in DI
water at a ratio of 90:5:3:2 (w/w). The slurry was then cast onto an etched aluminium-foil current
collector and dried, and the obtained composite electrode sheet was cut into 12 mm-diameter
disks. Two carbon electrodes were immersed in EMImBF4 for 10 min under reduced pressure
while the gel electrolyte was soaked in EMImBF4 under a 0.3 Pa vacuum at room temperature
for 48 h. The test cells were then assembled with the prepared carbon electrodes and gel
electrolytes. In addition, test cells were assembled with liquid-phase EMImBF4 and a cellulose
separator (TF4035, Nippon Kodoshi Corporation, Japan) for comparison. The whole assembly

procedure was performed in an argon-filled glove box.
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4.2.6. Electrochemical measurement

The electrochemical properties of EDLC test cells were measured in terms of the
charge—discharge characteristics, discharge capacitance and AC impedance of each test cell. The
performance was measured using a battery charge/discharge apparatus (HJ1001 SM8, Hokuto
Denko Corporation, Japan). The charge—discharge tests were carried out in the voltage range
between 0 and 2.5 V at various densities. The discharge rate was estimated at various discharge
current densities between 2.5 and 100 mA/cm? when a constant current was charged up to 2.5 V.
The discharge capacitance of a single electrode in the EDLC symmetrical cells was determined

using Eq. (1) [8-12]:

C:[(V/sz)th] M

where C is the discharge capacitance, / is the discharge current (A), ¢ is the discharge time (s), V'
is the operating voltage, W is the total mass of activated carbon in a single electrode (g).

AC impedance measurements were taken using a potentiogalvanostat (SI 1287

type, Solartron Analytical, UK) and a frequency-response analyzer (SI 1260 type, Solartron

Analytical, UK) with an AC amplitude of 10 mV,.oin the frequency range of 500 kHz—10 mHz.

All electrochemical measurements were performed at 25°C.
4.3. Results and discussion
4.3.1. Characterization of GES electrolytes
43.1.1. FTIR
The FTIR spectra of gelatin powder and GES fibers fabricated with
spinning times of 5, 10, 15, 20, and 25 min (labeled as GES-5, GES-10, GES-15, GES-20, and

GES-25, respective) are shown in Fig. 1. All samples showed similar absorption peaks. The

characteristic peaks were interpreted as follows: stretching of N-H and hydrogen bonding are
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observed around 3300 cm™' (amide A), stretching of C=0 is observed around 1650 cm™' (amide
I), bending and stretching of N-H is observed at 1540 cm™! (amide II) and stretching of C-N and
bending of N-H are observed at 1240 cm™'. These absorption peaks are characteristic of gelatin
[26], [38] so the presence of these peaks proves that the electrospinning process did not alter the

functional groups of the gelatin.

—— GES-5
W GES-10
GES-15
GES-20
GES-25

Gelatin powder

%T (a.u.)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wave number (cm'l)

Fig. 1 FTIR spectra of gelatin powder and GES products.

43.12. TGA

TGA and DTG thermograms of gelatin powder and the GES products are
shown in Fig. 2. All samples demonstrated an initial weight loss due to evaporation of the
moisture on the surface in the temperature range of 40—130°C. The moisture content of the GES
products was higher than that of the gelatin powder because of the comparatively high surface
area of the GES fibers. The onset of the second weight loss occurred around 200°C and the
maximum weight loss occurred at approximately 330°C due to the degradation of the protein
[39, 40]. These results demonstrate high thermal stability and imply that GES fibers may

potentially be used as gel electrolytes in EDLCs under high-temperature operation.
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Fig. 2 (a) TGA and (b) DTG thermograms of gelatin powder and GES products.

43.13. SEM

SEM images of the GES products as well as the fiber-diameter distribution
measured from the SEM images are shown in Fig. 3. The SEM images revealed a clearly
nanofibrous structure with an average fiber diameter of approximately 306.2-428.4 nm.
Moreover, SEM images of GF-BF4 electrolytes with varying ratios of EMImBF4 are shown in
Fig. 4. The surfaces of all GF-BF4 samples displayed disuniformity and a phase separation
between the gelatin and EMImBF4. This may have arisen from excess EMImBF4 that was not

incorporated into the matrix.

71



Average = 350.2 nm

30
20
10

200 250 300 360 400 450 600
Diameter (nm)

Frequency (%)

Average = 332.1 nm

(d)

Frequency (%)

0
200 280 300 350 400 450 500
Diameter (nm)

Average = 306.1 nm

Frequency (%)
o 3 8 g

Diameter (nm)
(d) 2000X il 4 / Average = 320.1 nm
f 4
F
z
g2
g
&
10
o e —

200 250 300 360 400 450 600
Diameter (nm)

Average = 428.4 nm

Frequency (%)

200 250 300 30 400 450 600
Diameter (nm)

Fig. 3 SEM images with 500 and 2000 magnification and the measured fiber-diameter
distribution of (a) GES-5, (b) GES-10, (¢c) GES-15, (d) GES-20 and (e) GES-25.
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(a)
Fig. 4 SEM images of (a) GF-BF4-45, (b) GF-BF4-50 and (c) GF-BF4-55.

43.14.

products are shown in Table 2. The thicknesses of the membranes were greater with higher
spinning times. This result is consistent with the tensile-strength results: the tensile strength was
greater in membranes fabricated with higher spinning times. On the contrary, the elongation at
break of the GES products showed no tendency to increase or decrease with the spinning time,
exhibiting an average of 13% elongation at break. This may have been due to the fibrous
structure of the samples. Based on these results, the GES-25 sample showed the highest tensile
strength with a thickness, which is suitable for use as a gel electrolyte in EDLCs. Thus, GES-25

(b)

(c)

Membrane thickness and mechanical properties

The thickness, tensile strength, and % elongation at break of the GES

was chosen for the following electrochemical tests.

Table 2 Thickness and mechanical properties of GES products.

Sample Thickness (um) | Tensile strength (¢cN) | Elongation at break (%)
GES-5 255+3.8 296+11.6 11.6£3.0
GES-10 348+£5.6 502 +22.5 11.3+45
GES-15 46.1 £6.2 78.2+35.0 145+42
GES-20 724+93 904 +24.5 13.3+4.1
GES-25 764 £8.8 147.3 +33.7 158+3.0
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4.3.1.5. Determination of resistance to EMImBF4 damage

The GES-25 before and after 10 days of immersion in EMImBF4 are
shown in Fig. 5. The results showed that the nanofibers of GES-25 were stable and were not
damaged or deformed after immersion in EMImBF4 at room temperature for 10 days. It should

be noted that the GES nanofibers may potentially act as a host to EMImBF4.

(a) (b)
Fig. 5 SEM images showing the resistance of GES-25 to EMImBF,; damage; GES-25
(a) before immersion in EMImBF4 and (b) after immersion in EMImBFj4 for 10 days.

4.3.2. Electrochemical results

The electrochemical properties of the EDLC test cell with the GES-25 gel
electrolyte were measured and compared with those with GF-BF4 electrolytes (including GF-
BF4-45, GF-BF4-50, and GF-BF4-55) and that with liquid-phase EMImBF4 as the electrolyte.
The gel electrolytes were soaked in EMImBF4before assembling the test cells.

The charge—discharge curves of EDLC test cells assembled with liquid-phase
EMImBF4 and with the GES-25 gel electrolyte including EMImBF4 (GES-25/EMImBF4) were
measured at high current densities of 50 and 100 mA/cm? and are shown in Fig. 6(a) and 6(b),
respectively. Under these high current densities, the test cell with the GES-25/EMImBF4 gel
electrolyte showed an IR drop at the switching point from charge to discharge which was slightly
larger amount of IR drop that of the test cell with liquid-phase EMImBF4 due to the ionic
conductivity of test cell with the GES-25/EMImBF4 lower than that liquid-phase EMImBF4
system. However, the ionic conductivity of test cell with the GES-25/EMImBF4 was showed
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significantly higher than that of conventional gel-electrolytes composed of synthesized polymer
matrix from previous reports [41]. The test cells with GF-BFs which were immersed in
EMImBF; before assembly (GF-BF+/EMImBF4), including GF-BFs-45/EMImBF4, GF-BFs-
50/EMImBF4, and GF-BF4-55/EMImBF,, could not be tested at high current densities owing of

the high internal resistance of these electrolytes.

—— Liquid-phase EMImBF
---- GES-25/EMImBF

3.0 3.0
Current density 50 mA/cm’ Current density 100 mA/cm’

Voltage (V)
Voltage (V)

Time (s) Time (s)
(a) (b)
Fig. 6 Charge—discharge curves of the EDLC test cells with liquid-phase EMImBF4 and with
GES-25/EMImBF; as the electrolytes at current densities of (a) 50 and (b) 100 mA/cm?.

In addition, the discharge capacitances of the same EDLC test cells as a function
of the applied current density in the range of 2.5-100 mA/cm? are shown in Fig. 7. The results
demonstrate that the discharge capacitance retention of the test cell with the GES-25/EMImBF4
gel electrolyte differed only slightly with that of the test cell with the liquid-phase EMImBF4
electrolyte within the entire current-density range. Overall, the charge—discharge measurements
indicate that GES-25/EMImBFs may be more effective as an electrolyte than liquid-phase
EMImBF4 in nonaqueous EDLCs for improving the safety of the devices without reducing the

performance.
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Fig. 7 Discharge capacitances of the EDLC test cells with liquid-phase EMImBF, and with
GES-25/EMImBF; as the electrolytes.

The Nyquist plots of the test cells having liquid-phase EMImBF4 and GES-
25/EMImBF; as electrolytes and those with GF-BF4 (including GF-BF4-45/EMImBF4, GF-BF4-
50/EMImBF4, and GF-BFs-55/EMImBF4) as electrolytes are shown in Fig. 8(a) and 8(b),
respectively. The resistance of the EDLC test cell with the GES-25/EMImBF, gel electrolyte was
slightly higher than that of the test cell with liquid-phase EMImBF,, but this difference was
insignificant. For the test cell with the GES-25/EMImBF; gel electrolyte, the semicircle, which
represents the impedance of parallel resistance and capacitance at a contact interface [42], such
as that of the activated carbon electrode and the electrolyte of the test cell, was larger than the
test cell with the liquid-phase EMImBF4 electrolyte. This result indicates that the obtained GES
gel electrolyte was in poor contact with the activated carbon electrode. Thus, to improve the
contact surface between the GES gel electrolyte and the electrode of activated carbon is an
interesting topic for future research. However, compared with the EDLC test cells with the GF-
BF+/EMImBF, electrolytes, the test cell with the GES-25/EMImBF; electrolyte showed
significantly lower resistance. It should be noted that the electrospinning process with gelatin
significantly improved the affinity between the activated carbon and the gel electrolyte, leading

to a reduction of the electrode/gel electrolyte interface resistance at the electrode/electrolyte
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interface compared with the GF-BF4/EMImBF4. The knowledge gained from this experiment has

a potential to inform future approaches to develop gel electrolytes from gelatin for use in EDLCs.
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Fig. 8 Nyquist plots obtained by AC impedance measurements of EDLC test cells with (a)
liquid-phase EMImBF,4 and with GES-25/EMImBF; as the electrolytes and those with
(b) GF-BF4-45/EMImBF4, GF-BF4-50/EMImBF4 and GF-BFs-55/EMImBF; as the electrolytes.

4.4. Conclusions

In the present study, a novel nonaqueous gel electrolyte was successfully prepared by
electrospinning of gelatin and characterized in the context of its application as both the
electrolyte and the separator for EDLCs. To fabricate the electrolytes, gelatin powder was
dissolved in DI water at 25 wt%. This solution was then electrospun with a range of spinning
times. Based on a structural analysis, the fabricated GES electrolytes had a nanofibrous structure
with fiber diameters in the range of approximately 306.2—428.4 nm. The FTIR spectra of the
GES products revealed peaks which are characteristic of gelatin, indicating that there was no

change in the functional groups due to the electrospinning process. Thermograms of the GES
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products indicated that they had high thermal stabilities, which is a favourable property for gel
electrolytes to be used in EDLCs for high-temperature operation. The thicknesses of the GES
membranes increased with an increase of spinning time. The tensile testing results for the
obtained samples showed that the nanofibrous structure was highly flexible and had a high
tensile strength. Further, there was no change in the structure after immersing it in EMImBF4 for
10 days. Then, the electrochemical properties of GES-25 were characterized in EDLC test cells.
EDLC test cells were assembled with GES (GES-25/EMImBF,), GF-BF4 (including GF-
BF4-45/EMImBF4, GF-BF4-50/EMImBF4, and GF-BF4-55/EMImBF4) and pure EMImBF; as the
electrolytes to measure their electrochemical properties. The test cell with the GES-25/EMImBF4
gel electrolyte exhibited a comparable discharge capacitance to that of the test cell with liquid-
EMImBF4. The GES-25/EMImBF;4 test cell also had a superior electrode/gel electrolyte interface
resistance at the electrode/electrolyte interface compared with the test cells with the GF-
BF+/EMImBF; electrolytes. The electrochemical characteristics suggested that the novel
nonaqueous gel electrolyte of GES nanofibers proposed here can be employed as a useful gel

electrolyte for solid-stage electrolyte in EDLCs, thereby improving the safety of such devices.
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This thesis summarizes the results of preparation and characterization of novel
nonaqueous electrolyte from various natural polymers for use in electric double-layer capacitors
(EDLC). In addition, EDLCs test cell have been fabricated using these new electrolytes for
electrochemical properties measurements; the charge—discharge performance, the discharge
capacitance, and alternating-current impedance, compare to testing cells using pure EMImBF4
with a separator as the electrolyte.

In chapter 1, general introduction and background describing about EDLC and IL
including the brief detail of natural polymers which was used for preparing nonaqueous
electrolyte in this research; bacterial cellulose, chitosan, alginate and gelatin.

In chapter 2, A novel gel electrolyte has been prepared using bacterial cellulose (BC)
coated with chitosan (CTS) and alginate (Alg) layers, which contain 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF4). The inoculated BC was oxidized and coated
with alternating layers of CTS and Alg via ionic crosslinking to produce the gel electrolytes. The
CTS content of the obtained gel electrolytes linearly increased with an increase in the number of
CTS and Alg layers on the BC fibers. The results imply that the CTS and Alg layers successfully
bound onto each fiber of BC, which was consistent with FTIR measurements. Based on a
structural analysis, the fabricated gel electrolytes had a nanofibrous structure with a fiber
diameter range of approximately 78.6-99.0 nm, a high thermal stability, and a significantly
improved tensile strength compared to gel electrolytes of only CTS or Alg. In addition, the
EDLC:s test cell with a gel electrolyte of BC coated with 15 layers of CTS and Alg containing
EMImBF4 showed a high discharge capacitance, implying that the high affinity of this gel
electrolyte for the activated-carbon electrode leads to reduced electrode/electrolyte interfacial
resistance, which shows the potential of this approach compared with liquid-phase EMImBFj4 to
obtain high-performance, safety-oriented EDLCs.

In chapter 3, A novel thin-film electrolyte (TFE) based on chitosan (CS) with EMImBF4
was prepared by a new procedure. In this system, EMImBF4 plays important roles as both a
dissolving solution and a charge carrier for EDLC application. Through analysis and
characterization of the obtained products, the CS-TEFs showed a surface without separation of
phase between CS and EMImBFa. The FT-IR spectra revealed peaks which are characteristic of
CS including EMImBF; that confirm an effective introduction of EMImBFj4 into the CS matrix.
The thermograms and tensile testing results indicated that these CS-TEFs had high thermal
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stabilities with good tensile strength, which is a favorable property for solid-electrolyte to be
used in EDLCs. Moreover, the EDLCs test cell with CS-TFE with a calculated dry thin-film
content of 80 wt% EMImBF4 showed a comparable IR drop and higher discharge capacitance
than a liquid-phase EMImBF; system and also showed low electrode/electrolyte interfacial
resistance. Consequently, this novel CS-TFE is suitable for high-performance EDLCs and
improves the safety of such devices.

In chapter 4, A novel nanofibrous gel electrolyte was prepared via gelatin electrospinning
to be used as a nonaqueous electrolyte in EDLCs. An electrospinning technique with a 25 wt%
gelatin solution was used to produce gelatin electrospun (GES) electrolytes. A structural analysis
of the GES products showed a clearly nanofibrous structure having fiber diameters in the range
of approximately 306.2—428.4 nm, high thermal stability, high tensile strength, and resistance to
damage upon immersion in EMImBF4. After testing a range of spinning times, GES electrolytes
that were electrospun with 25 min of spinning time (GES-25) were used to fabricate EDLC test
cells with EMImBF4. These test cells were compared with test cells using gelatin films
containing EMImBF4 and with testing cells using pure EMImBF4 with a separator as the
electrolyte. The test cell with the GES-25/EMImBF4 gel electrolyte showed a similar IR drop
and discharge capacitance as the liquid-EMImBF, test cell. However, the electronic contact
resistance in activated carbon electrode at the electrode/electrolyte interface was significantly
better in the GES-25/EMImBF; test cell compared with the test cell with the gelatin
film/EMImBF;4 electrolytes. The results demonstrate that this novel nonaqueous gel electrolyte

can be used for solid-stage electrolyte in EDLCs to improve the safety of such devices.
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