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Abstract

With the rapid development of society and industry, the demand for unprece-
dented energy is increasing. In order to supply energy to meet the demand, various
types of energy supply methods have been studied. First, energy storage system (ESS)
is a charge / discharge type energy supply device, which is usually applied to a field
requiring a large amount of energy. A supercapacitor is a representative ESS. In the
ion solution electrolyte in the supercapacitor, an electric double layer is formed by
charging and energy is stored. Next, the self-generated energy supply device is ap-
plied to a field that has relatively little energy but requires continuous energy supply.
An ionic thermocell is a typical self-generated energy supply device. Thermoelectric
is generated due to a difference in ion concentration at both electrodes according to
a temperature gradient. However, the ion solvent electrolyte applied to these devices
has issues in evaporation and chemical stability. Therefore, ionic liquids that have
chemical stability and very low vapor pressure are being evaluated as next-genera-

tion materials.

Here, we demonstrate that ionic liquids are promising materials to be introduced
into electrolytes of supercapacitors and thermocells. Particularly, it is possible to dra-
matically control the ionic conductivity at their melting point by preparing electro-
lytes through phase-transitional ionic liquids. These electrolytes make it possible to
design energy supply devices that show new functions or improved performance.
Two energy supply devices with a phase-transitional ionic liquid electrolyte were

explored; phase-transitional supercapacitor and thermocell
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In first part, selective operation supercapacitors were demonstrated by intro-
ducing phase-transitional ionogel as electrolyte into supercapacitor. Supercapacitors
with excellent physical stability was manufactured through gelation of ionic liquid.
The phase transitional characteristic of the ionic liquid made them possible to selec-
tively operate by distinguishing the operating mode and storage mode. Furthermore,
they showed long-term energy storage by effectively suppressing the self-discharge
of the supercapacitor in the storage mode. The selective operating supercapacitor is
expected to expand their used in environments with high temperatures or large tem-

perature variation such as a desert or space industry.

In second part, the high seebeck coefficient of the ionic thermocell was demon-
strated through the phase transitional ionic liquid. The mechanism of a thermoelec-
tric phenomenon due to the phase difference occurring at both electrode was intro-
duced. It was shown that the seebeck coefficient could change or obtain a high value
depending on the phase difference. Furthermore, it was demonstrated that the See-
beck coefficient was significantly improved by the phase difference in all phase tran-
sitional ionic liquids. It is expected that the enhanced thermogalvanic cell due to the
phase difference has advanced the commercialization of the thermoelectric device
by proposing a novel mechanism for the study of thermoelectric effect improvement,

which is still in early stage.
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Chapter 1. Introduction

1.1 Study Background

1.1.1 Supercapacitor

An Energy Storage System (ESS) is defined as a device capable of storing en-
ergy and power. A supercapacitor is one of the ESS that bridge the gap of energy and
power between batteries and conventional capacitors [1]. Supercapacitors (SCs) can
handle very high current rates, and are characterized by very high power density and
long cycle lifetime [2, 3]. Consisting of two porous electrodes, separator and ionic
solvent electrolyte, SCs store charge by electrostatic adsorption of electrolyte ions
onto the surface of the oppositely charged electrodes [4] (Figure 1.1). The surface

capacitance of capacitor is described by following formula:
C=-=4 €))

where C is the capacitance, ¢ is the permittivity, A is the electrode surface area
and d is the thickness. In the case of SCs, high capacitance is derived due to the
large surface area of the porous electrode and the thin thickness of electric double
layer. In order to manufacture SCs with better performance, it is important to
properly select each component of SCs. Among them, electrolyte is key to designing
safe and high performance SCs. In order to meet the required functions and perfor-

mance, various types of electrolytes have been studied [5].



1.1.2 Thermocell

As the Internet of Things (IoT) market continues to grow, a suitable type of
energy supply is required. In order to be applied to IoT, a relatively small, but a self-
generated energy supply device is needed. A thermocell is one of self-generated en-
ergy supply devices, and generates electricity through a temperature gradient be-
tween electrodes. A thermogalvanic cell is a type of thermocell in which thermal
energy is converted into electrical energy via a redox process occurring at the elec-
trodes and ions in the ion solvent electrolyte [6] (Figure 1.2). This is a thermody-
namically driven process, based upon the entropy difference of the redox couple. As
shown by the equation (2), a temperature gradient (AT') across two electrodes gener-
ates a potential difference (AV) due to the entropy difference, and this is quantified

as the Seebeck coefficient (S) [7].

AV

S=E

2

However, the redox based thermocell has a relatively low Seebeck coefficient.
Therefore, studies have been conducted to improve the Seebeck coefficient by vari-
ous methods such as crystallization [8, 9] and synergistic thermodiffusion and ther-

mogalvanic effects [10] .

1.1.3 Ionic liquid



Appropriate selection of ion solvent electrolyte is essential to fabricate devices
with desired functions and performance. However, conventional ion solvent electro-
lytes have problems with solvent evaporation and chemical stability. An ionic liquid
(IL) represents a compound composed of ions having a melting point of less than
100°C [11], and is attracting attention as an alternative to the existing solvent. Addi-
tionally, ILs are characterized by very low vapor pressure, high thermal stability,
high ionic conductivity and electrochemical stability [12]. These features make ILs
suitable to be used as an electrolyte in energy supply devices such as supercapacitor
[13], battery [14] and thermocell [15]. Especially, ionic liquids that have a melting
point at room temperature have a characteristic of undergoing phase transition at
their melting point. The phase change allows us to control the movement of ions
dramatically beyond the temperature-driven method. By applying them to a device
that operates through the flow of ions, it is possible to develop into a device with
enhanced performance or versatility. Therefore, our research contributes to the de-

velopment of new methods to meet the increasing demand for energy supply devices.

1.1.4 Goals and outline of this dissertation

Purpose of this dissertation is to demonstrate that phase-transitional ionic lig-
uids are promising materials to be introduced into electrolytes of energy supply de-

vices. This dissertation is composed of two parts.



In Chapter 2, a supercapacitor was fabricated based on the phase transitional
ionogel. When the temperature is elevated from 25 °C to 45 °C, resistivity of the gel
is decreased from 2318.4 kQ-cm to 43.2 Q-cm. At the same time, the capacitance is
boosted from 0.02 to 37.35 F g! and this change was repeatable. The phase transition
can switch the SCs from ‘operating mode’ to ‘storage mode’ when the temperature
drops. A degree of self-discharge is greatly suppressed in the storage mode, storaging

89.51 % of charges after 24 hours in self-discharge tests.

In Chapter 3, a thermogalvanic cell based on chloride redox reaction were
demonstrated. In conventional thermoelectric cells, when a temperature difference
occurs between electrodes, an electric potential is generated by redox reaction of
chloride ions. On the other hand, by using the phase-change ionic liquid, the thermo-
electric cells with different phases have a higher difference in the mobility of chlo-
ride ions induced by the different phases between the cold electrode and the hot elec-
trode, resulting in a high potential. The fabricated galvanic cell reached the Seebeck
coefficient value of 3.33 mV/K, which significantly increased the Seebeck coeffi-

cient compared to homogeneous, only by the phase difference without any addition.
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Chapter 2. Phase-Transitional Ionogel-based Superca-

pacitors for a Selective Operation

2.1 Introduction

With the rapid development of society and the emergence of new industries, the
ever-increasing demand of energy has increased a need for more efficient energy
storage systems. Electric double layer capacitors (EDLCs), also known as superca-
pacitors (SCs), are representative electrochemical energy storage systems that meet
these needs. SCs are electrostatically charged through charge separation at both of
the high-surface area porous electrode/electrolyte interfaces[16]. They can be
charged/discharged in a short period of time and are capable of withstanding a few
thousand cycles[17]. These properties allow SCs to be used in vehicles, portable
electronics and military sectors[18] wherever there is a need to release a large
amount of stored energy in a short time. However, SCs have a very high self-dis-
charge, making them difficult to sustain a state of charge for a long time. Therefore,
various factors have been studied to reduce the self-discharge[19]. One of the main
factors of the self-discharge is movement of ions in the electrolyte. In order to control
ion mobility, electrodes with stronger interactions with ions are developed[20], or
separators[21] and additives[22, 23] were combined with electrolytes to suppress the
movement of the ions. However, the self-discharge of SCs basically occurs because

ions are always activated in the electrolyte. Therefore, it is expected that the self-



discharge of the SCs can be effectively lowered if the movement of ions is deac-

tivated when the SCs are not used.

A phase transition is a method that dramatically changes the flow of ion with
temperature. Since ions are crystallized or decrystallized depending on the phase, the
movement of ions can be easily controlled according to the temperature. One of the
ionic materials that can undergo a phase transition at ambient temperature is an ionic
liquid. lonic liquids (ILs) refer to compounds composed of ions with melting points
below 100°C[11] and some ILs change phase at their melting point. By using a
phase-transitional ionic liquid, it is possible to dramatically change mobility of
ions[24]. Additionally, ILs are characterized by very low vapor pressure, high ther-
mal stability, high ionic conductivity and electrochemical stability[12]. These fea-
tures make ILs suitable to be used as an electrolyte in a SC and various studies have
been conducted based on them[25, 26]. Based on these characteristics, by applying
phase-transitional ILs to SCs as electrolytes, it is expected that the activation degree
of SCs can be controlled according to the temperature. That is, when the temperature
elevated above the melting point, SCs become active and are operated as an energy
source. On the other hand, SCs become inactive state by lowering the temperature to
suppress the movement of ions. In the inactive state, SCs are able to store the energy

for a long time.

Here, we have fabricated phase-transitional ionogel-based supercapacitors for

a selective operation. The electrolyte was made of ionogel using a phase-transitional



ionic liquid as a solvent. Through a gelation, various disadvantages of liquid elec-
trolytes such as electrolyte leakage, corrosion and packaging problems[27] could be
overcome. The ionogel was fabricated from acrylamide (AAm) monomer with
phase-transitional ionic liquid, 1-Ethyl-3-methylimidazolium nitrate
[EMIM]*[NQg], as the ionogel solvent. The fabricated supercapacitor can be acti-
vated by elevating the temperature above the melting temperature, called an ‘Oper-
ating mode’. After operation, the SC can be converted into a ‘Storage mode’ by low-
ering the temperature, where self-discharge is reduced and there is no energy con-
sumption to maintain energy storage. Since the ionogel electrolyte is stable even at
a high temperature and can be selectively activated, we expect that supercapacitors
can be used in environment with high temperatures or with large temperature varia-

tion such as a desert or a space industry.

2.2 Experimental section

2.2.1 Fabrication of SCs.

Carbon electrodes were prepared by coating aluminum foil with a mixture of
activated carbon power (Sigma, C9157), Super P (Wellcos) and Poly(vinylidene flu-
oride) (PVDF, Wellcos , #7300) in a ratio of 8:1:1. lonogel solution was synthesized
by mixing 12 wt% acrylamide (AAm, Sigma, A8887) to provide monomers for the

polymer network, [EMIM]*[NOgz] (lolitec, IL-0005-HP) as the ionogel solvent, 2.5
9



wit% poly(ethylene glycol) diacrylate (PEGDA; Sigma, 455008) as a crosslinker and
0.4 wt% 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959,
Sigma, 410896) as a photoinitiator. The ionogel solution was stirred for one hour at
70 °C to create a homogeneous solution before polymerization. For preparation of
the SCs, electrodes and a 1 mm-thick PDMS (Sylgard 184) mold were attached to
Teflon tape to provide a flexible substrate. Then, the solution was poured into the
PDMS mold and encapsulated with the same substrate. The solution was cured at a

wavelength of 365 nm for one hour to obtain phase-transitional ionogel-based SCs.

2.2.2 Tonogel analysis.

Ionogels were prepared in the same manner without the substrate. The transmit-
tance of each ionogel sample was measured over a wavelength range of 300 to 400
nm using UV-VIS spectroscopy (Agilent Technologies, Cary 60). Differential scan-
ning calorimetry (DSC) was carried out using a TA Instruments Discovery DSC. The
samples were analyzed at a heating rate of 2 °C min’' over a temperature range of -
20 °C to 100 °C. Mechanical tensile tests were performed to measure the mechanical
property of ionogel. A geometry of the sample with 30 mm in length, 10 mm in width
and 2 mm in thickness was used. The specimens were mounted to a tensile machine
(Instron, 3343) and were stretched with a 50 N capacity load cell at a stretch rate of
10 mm s!. The initial length of the specimen between the grips was 5Smm. The fou-
rier-transform infrared spectroscopy (FT-IR) (Thermo Scientific, Nicolet iS 10 Spec-
trometer) was carried out to analysis spectrums of freeze-dried polyacrylamide, pure
[EMIM]'[NO:s] ionic liquid, ionogel at 25 °C and 45 °C with wavenumbers from

10



550 cm! to 4000 cm!. The cross section of a supercapacitor was characterized by a
scanning electron microscope (SEM) (Carl Zeiss, AURIGA) at an accelerating volt-

age of 2 kV.
2.2.3 Characterization of supercapacitor electrochemical properties.

The performance of ionogel-containing SCs that were 18 mm in length, 8 mm
in width and 1mm in thickness was evaluated using a two-electrode system. Electro-
chemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and stability tests
were carried out using a potentiostat/galvanostat (Gamry Reference 600+) with a
two-electrode-system at various temperatures on a hot plate. The EIS test was per-
formed in the frequency range of 0.1 Hz — 1 MHz. The CV test was performed in the
potential range of 0 — 2 V at various scan rates (12.5, 25, 50, 100, 200 mV s?). The
galvanostatic charge/discharge (GCD) curves were measured using the multichannel
electrochemical workstation (ZIVE, MP1) at various current densities of 0.2, 0.5, 1,
2,and 4 A g*tin a potential window of 0 — 2 V. The stability of SCs was measured
by subjecting them to 3000 cyclic charge-discharge cycles in the potential range of

0 -2V ata current density of 0.5 A g to measure capacitance retention.
2.2.4 Self-discharging test.

The supercapacitor was charged to 1.85 V with a current density of 0.02 A g*
and held at this terminal voltage for 2 h at 45 °C to ensure the fully charging. The
open circuit voltage (OCV) was measured for 24 hours in two cases of SC at room

temperature (25 °C) and 45 °C. To demonstrate usability of SCs, they were charged
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to 2 V for 2 hours at 45 °C and solidified by lowering the temperature. After that,
they were connected to LED lights (LUG30243/G-C, 155 Q, ICbanQ). The photos
of the LED light were recorded and the light powers of the LED were measured
using the optical power meter (Newport, 1919-R). LED experiments and measure-

ments were conducted in a dark room.

2.3 Results and Discussion

2.3.1 Phase-transitional characteristics of the ionogel

The characteristics of the synthesized ionogel electrolyte for the phase-transitional
SCs are illustrated in Figure 2.1a. Acrylamide monomers became polyacrylamide
and formed a 3-D matrix in the ionic liquid through chemical crosslinking with
PEGDA when induced by the photo-initiator. Below the melting point, the ionic lig-
uid ions are crystallized. Therefore, the movement of ions is suppressed. When the
temperature is raised above the melting point of the ionic liquid, the ionic liquid ions
are decrystallized, allowing the ions to move freely. The structural formulas of the
phase-transitional ionic liquid, [EMIM]*[NOs], polyacrylamide (PAAm) and
PEGDA constituting the ionogel electrolyte are shown in Figure 2.1b. All compo-
nents are miscible with the ionic liquid to form a homogeneous solution. DSC meas-
urements were carried out to investigate the phase transition temperature of pure

[EMIM]*[NQOgs]" IL and [EMIM]*[NOs] / PAAm ionogel. (Figure 2.2a). The DSC
12



results show that the melting point of the ionic liquid is 44.7 °C, while that of the
ionogel is 44.8 °C. To observe the crystallization — decrystallization change of ionic
liquid according to the phase, X-ray Diffraction (XRD) analysis was conducted (Fig-
ure 2.2b). The data exhibits a clear difference in crystallinity at 25 °C and 45 °C. To
precisely observe changes in transparency in the visible region, the transmittance of
the 1 mm-thick ionogel was measured in the wavelength range of 400 to 800 nm
using spectroscopy (Figure 2.3a). According to the transmittance spectra, the crys-
tallized ionogel shows very low transmittance of less than 10%, while the decrystal-
lized ionogel shows high transmittance of more than 90%. Below the melting point,
a phase-transitional ionic liquid is known to form a crystal lattice[24]. Therefore, the
difference in transmittance is the result of crystallized — decrystallized motion of
ionogel as the phase transition depending on the temperature. In order to compare
the state of the ionogel at different temperatures, an ionogel sample with a size of
10 X 10 X 2 mm?® was prepared (Figure 2.3b). At room temperature (25 °C), the
ionogel was crystallized and appeared to be rigid and opaque, while the decrystal-
lized ionogel at 45 °C exhibited transparent and flexible. To analyze the chemical
compositions of ionogel, we have carried out the fourier-transform infrared spectros-
copy (FT-IR) of polyacrylamide, pure [EMIM]*[NQs]", ionic liquid at 25 °C, ionogel
at 25 °C and 45 °C (Figure 2.4). In the spectrum of ionogel, adsorption peaks located
at 3387 cm* and 1683 cm™ were assigned to the N-H stretching and C=0 stretching
on polyacrylamide. The yellow and green regions (3140 ~ 3055 cm™ and 2971 ~
2883 cm™) are assigned to the sp? C-H stretching and sp® C-H stretching, respectively.

The peak located at 1332 cm™ are attributed to the N=0 stretching of nitrate ion. The
13



bands located at 1575cm™, 1635 cm™ and 1172 cm™ are assigned to C=N stretching
vibration, C=C stretching and C-N stretching vibration of the imidazole ring, respec-
tively[28]. The peak near 1172 cm™ of polyacrylamide is attributed to the C-O stretch
of the PEGDA crosslinker. It is confirmed that peaks of ionogel at 25 °C is similar
to ionic liquid at 25 °C, while ionogel at 45 °C is similar to polyacrylamide in yellow
and green regions. To investigate the mechanical properties of the ionogel, stress-
strain tensile tests were carried out. Figure 2.5a shows the stress-strain curves of
ionogel according to temperature. The crystallized ionogel exhibits rigid physical
properties by showing an elastic modulus value of 40.8 MPa and an elongation of
15 %, whereas decrystallized ionogel exhibits soft physical properties by showing
an elastic modulus value of 26.9 kPa and an elongation of 272%. The tensile cyclic
stress-strain curve of ionogel up to the strain of 100 % at 45°C shows little physical
deformation during 500 cycles, demonstrating high robustness (Figure 2.5b). Fur-
thermore, by applying various sequential mechanical deformations to the ionogel, it
was verified that the ionogel is sufficiently robust (Figure 2.5c-h). Since polymers
usually undergo rapid degradation, changes in electrochemical performance accord-
ing to phase transition were considered[29, 30]. During the phase transition, negli-
gible volume change was observed (Figure 2.6a). Moreover, the uniform distribution
of ionic liquid ions did not change during repeated phase transitions (Figure 2.6b).
Therefore, the electrochemical performance degradation of the electrolyte during
phase transition caused by the volume change and ion distribution change did not

occur.
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Figure 2.1 Phase transition of [EMIM]'[NOs]" / PAAm ionogel. (a) Schematic illus-
tration of phase transition of [EMIM]'[NO;] IL in a PAAm network. The ion move-
ment is suppressed or activated based on temperature-triggered phase transformation
of ionic liquid (IL) in the ionogel. (b) Structural formulas of phase-transitional IL
([EMIM]'[NO3]), and monomer (PAAm) and crosslinker (PEGDA) miscible with

the IL.

15



...
=

_

o)

— 0} ——Ilonogel — Pure lonic liquid - —_ ]
3 St — 45T —25T |
5 | ]

4 <
2 =
° @ L
L .20
= 2 8.
[F] E YT |
I_3_

0 25 50 75 100 20 30 40 50 60

Temperature (TC) 2 8 (Degrees)

Figure 2.2 (a) Differential scanning calorimetry (DSC) curves of pure
[EMIM]'[NOs] IL and [EMIM][NOs] / PAAm ionogel. (b) X-ray diffraction (XRD)
patterns of [EMIM][NO3] ionic liquid at 25 °C and 45 °C. Peaks in the XRD pattern
indicate that the ionic liquid form crystal lattices at 25 °C, while peaks are not ob-

served at 45 °C due to decrystallization of the ionic liquid.
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Figure 2.6 (a) Decrystallized ionogel at 45 °C And crystallized ionogel at 25 °C. The
volume change during the phase transition does not occur. (b) Photographs of iono-
gel after 50 cycles of repeated crystallization-decrystallization. A geometry of the
ionogel with 20 mm in length, 20 mm in width and 0.5 mm in thickness was fabri-
cated. Any optical scattering caused by phase separation was not observed in the gel
during 50 cycles.
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2.3.2 Selective operation of SCs in operating mode and storage mode.

We synthesized phase-transitional SCs based on the [EMIM][NOs] ionogel
electrolyte with carbon electrodes. The SCs fabrication process is illustrated in Fig-
ure 2.7. SCs were composed of Teflon tape as a flexible and moisture proofing sub-
strate, aluminum foil as a current collector, carbon electrodes, PDMS mold and iono-
gel electrolyte. The PDMS mold served as a framework for fabrication of bulky iono-
gel and prevented substrate separation when the SCs were bent. When manufacturing
the ionogel electrolyte, in-situ polymerization was performed to ensure perfect bond-
ing between the electrode and the surface of the electrolyte[31] so that the bonding
surface did not deviate during phase transition or bending. Figure 2.8a shows cross-
sectional SEM images of the electrolyte/electrode surface. The image of the carbon
electrode without ionogel revealed a highly porous carbon surface. When the ionogel
electrolyte was added, a strongly bonded surface of ionogel and carbon electrode
was observed. To observe the porous polymer network, the ionic liquid of the ionogel
was replaced with deionized water for 3 days and freeze dried. Then, SEM images
of the cross section of the dried ionogel were taken (Figure 2.8b). We classified SCs
into an Operating Mode of Supercapacitor (SCowm) and Storage Mode of Supercapac-
itor (SCsm) according to the phase of the ionogel electrolyte. Figure 2.9a,b show the
Nyquist plots for SCom and SCsm. The plots reveal a semicircle at high frequencies,
a non-vertical line at intermediate frequencies and a sloping line at low frequencies.

The diameter of the semicircle is assigned to the sum of the electrolyte resistance in
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the porous electrode and the electrode resistance[32]. The measured resistivity val-
ues were 2318.4 kQ-cm and 43.2 Q-cm for SCsm and SCow, respectively, for a dif-
ference of about 53,600 times. Peculiarly, SCsm showed a large non-vertical line fol-
lowing the semicircle with a value of 835.2 kQ-cm. This tendency seems to be due
to the large diffuse layer resistance in the solid phase[33]. Due to this dramatic dif-
ference in resistance, the activation-deactivation of the SCs is determined by tem-
perature. The CV curve was derived to evaluate the performance of the phase-tran-
sitional SCs (Figure 2.10a,b). The SCs were measured at various temperatures (25
and 35, 40, 45 and 50 °C) at a scan rate of 50 mV s™'. The CV curves show that SCs
perform very poorly at 25 and 35 °C. They are activated as the temperature ap-
proaches the melting point and become fully operational above the melting point of
41.3 °C. It is also showed that the SCs are very stable at a high temperature of 50 °C.
These results are confirmed by the specific capacitance values at different tempera-
tures. The specific capacitance derived from CV tests using a two-electrode system
is determined by eqn (3); where C,, (F g") is the specific capacitance, m is the
mass of active materials, v is the scan rate, [ is the discharge current and

AV (Vhigh-Viow) is the scanned potential window.

1 Vhigh
Cn = 1av
™ mvAV ‘I‘;low ®)

At 25 and 35 °C, specific capacitances are almost zero (0.02 and 1.04 F g™, respec-

tively). As the temperature is gradually increased, the solid and liquid phases coexist
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at 40 °C, resulting in a specific capacitance of 22.57 F g'!. Finally, the specific ca-
pacitance exceeds 37.35 F g'! above the melting point. To compare the electrochem-
ical performance of the pure ionic liquid electrolyte-based supercapacitor, a similar
supercapacitor, but with an [EMIM]*[NO3] ionic liquid electrolyte was fabricated,
and the electrochemical performance was measured (Figure 2.11a,b). Since the iono-
gel is mostly composed of ionic liquid, ionic liquid based SCs exhibit similar perfor-
mance to ionogel based SCs. To confirm that the activate/deactivate motion of the
SCs is repeatable and evaluate the cycling life, the specific capacitances were meas-
ured by deriving the CV curve 50 cycles at 25 and 45 °C at a scan rate of 50 mV s
Then, the capacitance retention was calculated based on the specific capacitance
value at the first cycle at 45 °C, as shown in Figure 2.12. Active/inactive motions are
clearly observed during several cycles, and capacitance retention was decreased
about 10 % after 45 cycles. Figure 2.13 shows the real-time phase transition of the
SC. The temperature of SCowm at 45 °C was lowered to 25 °C. In the ionogel electro-
lyte of SC, the phase transition began after 1 minute and crystallization was fully

completed after 2.5 minutes.

23



lonogel precursor solution

PDMS spacer
- .

- g

Teflon film

Carbon electrode/
Aluminium current collector

Figure 2.7 Fabrication process of phase-transitional SCs.
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Figure 2.8 (a) SEM images of ionogel/electrodes interface of the SCs. A highly po-
rous surface of the carbon electrode was observed. When the ionogel was polymer-
ized on the carbon electrode, interface of the ionogel and the electrode was robustly
bonded. (b) SEM image of ionogel membrane cross-sections at various magnifica-

tions.
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Figure 2.9 (a) Electrochemical impedance spectroscopy (EIS) curves of a storage
mode of supercapacitor (SCsm) and an operating mode of supercapacitor (SCom).
Resistance of the SCs under ambient temperature of RT was 161 kQ and (b) dramat-

ically decreased up to 3 Q with phase transition of the ionogel at 45 °C
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to 50 °C. (b) Specific capacitance of a supercapacitor at different temperatures. The

operating mode and storage mode was separated by the phase transition.
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Figure 2.13 Real-time phase transition of SC. After lowering the temperature from
45 °C to 25 °C, the phase transition started after 1 min and crystallization was com-

pleted after 2.5 min.
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2.3.3 The capacitive performance of SCs in operating mode.

To measure the capacitive performance of SC, SCom was evaluated at 45 °C. At
this point, the SC was fully operational in the two-electrode configuration. Figure
2.14a shows the CV measurements between 0 and 2 V at various scan rates from 5
to 200 mV s'!. The rectangular shape of the CV curves at all scan rates indicates good
capacitive behavior[34]. At a high scan rate of 200 mV s, the rectangular shape of
the CV curve is slightly distorted because there is insufficient time for interactions
between the electrode and electrolyte[35]. The capacitive performance at different
current densities was further confirmed by the GCD curves (Figure 2.14b). All GCD
curves maintain a nearly symmetrical triangular shape at different current densities
(0.2, 0.5, 1, 2, and 4 A g') in the potential window of 0 — 2 V, indicating a high
degree of reversibility in the charge/discharge process[36]. Based on the GCD meas-
urements, the specific capacitance was calculated according to the current density
(Figure 2.14c). The specific capacitance derived from GCD tests using a two-elec-
trode system is determined by eqn (4); where C,, (F g')is the specific capacitance,
m is the total active materials mass of two electrode, At is the discharge time, [

is the discharge current and AV is the working voltage window.

_ 1At @)

™ mAY

When the current density was 0.2 A g, the capacitance was 25.2 F g, and the
capacitance gradually decreased as the current density increased. Figure 2.15a re-

veals the relationship between the energy density and power density of the SCs
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(Ragone plot). The specific energy density (E, Wh kg™!) and specific power density
(P, W kg!) derived from GCD tests can be determined by eqn (5) and eqn (6); where

Cy, 1isthe specific capacitance, AV is the potential window and At is the discharge

time[37].
= 2 5
2x36 A )
E
P=— 6
A X 3600 (0)

The SCowm exhibited an energy density of 7.77 Wh kg* at a power density of 4000
W kg?. The energy density and power density in this work are comparable to the
performance of previously reported carbon electrode and ionic liquid such as
[Emim]*[OACc][38], [Camim]* [OAc][39], [Emim]*[CI][40], [EMIH]'[SO.][41],
[Pyria]*[Br]T42] and [EMIM]*[BF4] [43] based supercapacitors. The long-term cy-
clic stability of the SCom Was also examined using the cyclic charge-discharge sys-
tem at a current density of 0.5 A s, as shown in Figure 2.15b. The capacitance re-
tention reached 87.5% after 3000 cycles, suggesting good electrochemical stability.
Figure 2.16 shows the curves of SCom at different folding angles (pristine, 45°, 90°,
135°and 0°). The shapes of the CV curve show a negligible amount of change under
all folding angles, indicating that the capacitive property of the SCs is not signifi-
cantly affected by folding stress[44]. This is due to the flexibility of the ionogel. In
addition, since the electrode and electrolyte are combined into one entity through in-

situ polymerization, there is no deviation even when folded.
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Figure 2.14 Electrochemical performance of phase-transitional SCs in operating
mode. (a) Cyclic voltammetry curves of SCowm at different scan rates from 12.5 to
200 mV s, (b) Galvanostatic charge/discharge curves and (c) specific capacitance

at current densities of 0.2, 0.5,1,2,4 A g?
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2.3.4 Self-discharge characteristic of SCs in storage mode.

We have explored SCswm that can suppress the movement of ions to reduce the
self-discharge, which is a main drawback of SCs[45]. There are three mechanisms
that describe the self-discharge; ohmic leakage, diffusion-controlled faradaic process
and activation-controlled faradaic process[46, 47]. Among them, the diffusion-con-
trolled faradaic process acted as the main self-discharge factor in our SCs. The dif-
fusion-controlled model is expressed by eqn (7) where m is the diffusion parameter,

the diffusion rate of the ions near the electrode surface[48].
V="V,—-mt )

Diffusion-controlled process is caused by the following mechanism. 1) Impurities
such as Fe?*/Fe®* or O create a shuttle effect[49]. Then, Faradaic reaction occurs by
diffusion of depolarizing impurities into the electrode, causing charge leakage[50].
2) During charging, the local ionic concentration at or near the carbon increases.
After disconnection, some excess ions diffuse to an equilibrium state, reducing the
charge in the carbon[47]. At room temperature, the ionogel electrolyte crystallizes
to inhibit the diffusion of impurities and excess ions. Therefore, the self-discharge
of SCsm can be sufficiently suppressed. Figure 2.17 shows a schematic illustration
of ion diffusion in SCom and SCsm. After discharging, since excess ions and impuri-
ties can move easily in SCowm, diffusion occurs. Therefore, charges are reduced by
faradic reaction by cation impurities at the electrode and diffusion of excess ions. On
the other hand, ions are crystallized and much less diffusion occurs in SCsu. There-

fore, after charging at a high temperature, a supercapacitor is capable of storing
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charge for a long time in room temperature. To verify the effect of phase transition
on self-discharge, the SCs were charged to 1.85 V with a current density of 0.02 A
gt and held at this terminal voltage for 2 h at 45 °C. Under the same conditions, the
GCD curve was derived and it was measured that the energy density value as 22.71
Wh kg (Figure 2.18). Then self-discharge was measured in two cases, SCsm at room
temperature and SCowm at 45 °C, through open circuit voltage (OCV) for 24 hours
(Figure 2.19). In order to minimize the activation-controlled faradaic process, self-
discharge caused by overcharging[51], the voltage was set to 1.85 V based on the
stability window shown in the CV curve. According to the OCV curves, 57.79% of
the initial voltage was maintained at 45 °C after 24 hours, while 89.51% was main-
tained at room temperature. This observation points to the outstanding performance
over the existing ionic liquid-based SCs (Table 2.1). Figure 2.20a shows a fitted
graph to which the diffusion-controlled model is applied. The self-discharge curve
has a linear relationship between V and t*?, and the correlation coefficient R? is more
than 0.99. Furthermore, the diffusion parameter m is 7.16 x 10™* V s2, much
lower than that of the conventional SCs (3 x 1073 ~ 19 x 1073 V sY?)[47]. This
result indicates that the crystallized ionogel electrolyte effectively inhibits the move-
ment of ions and impurities. As a result, self-discharge by diffusion was effectively
suppressed. We represent the effect of ohmic leakage through a fitted graph (Figure
20b,c). Given that the graph is poor fit, it is concluded that ohmic leakage is also not
a major factor. In order to demonstrate the practical usability of the synthesized SCs,
they were connected to LED lights (Figure 21a). Each SC was charged to 2 V for 2

hours at 45 °C and then crystallized by lowering the temperature to room temperature.
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Photographs of the green LED at each time point are presented in Figure 21b, and
the DC light power of green LED output over time is plotted in Figure 21c. The LED
light remained on for more than 3 hours. Since self-discharge was minimized by
controlling the ionic conductivity of the SCs, most of the charging voltage could be

used to turn on the LED.

38



Table 2.1 Self-discharge performance of ionic liquid-based SCs.

Charging Discharging Self-discharge

lonic liquid voltage time rate Ref.
[V] [hours] [%]
[EMIM][AC] 15 3 20 [52]
[BMIM]*[Br] 1.8 5 34.4 [53]
[TEMAJ'[BF.] 2 24 29 [22]
[EMIM]*[BF 4] 3 60 28.9 [48]
This
[EMIM]*[NOs]" 1.85 24 10.49
work
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Figure 2.17 Schematic illustrations of charging and self-discharging processes of

SCsm and SCom. Self-discharge was described with a diffusion-controlled model.
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Figure 2.19 Self-discharging curves of a SC at 45 °C and 25 °C. (c) A self-discharg-
ing curve of a supercapacitor at 25 °C. The curve is fitted by the diffusion-controlled

model. The measured diffusion parameter m is 7.16 x 10™* Vs,
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Figure 2.20 (a) A self-discharging curve of a supercapacitor at 25 °C. The curve is

fitted by the diffusion-controlled model. The measured diffusion parameter m is

7.16 X 10~* V 572 (b) A self-discharging curve of a supercapacitor at room tem-

perature (25 °C) fitted by a ohmic leakage model. (c) A self-discharging curve of a

supercapacitor at 45 °C fitted by a diffusion-controlled model. The measured diffu-

sion parameter m is 2.68 X 1073 V2,
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2.4 Conclusion

In this study, we presented a supercapacitor based on a phase-transitional
ionogel electrolyte for a selective operating/storage mode. To overcome various dis-
advantages of ionic liquid electrolytes such as leakage, corrosion and packaging
problems, a phase-transitional ionic liquid and a polymer were combined using a
photoinitiator to fabricate the ionogel electrolyte. In the ionogel manufacturing pro-
cess, the bonding strength between the electrode and the electrolyte was improved
through in-situ polymerization. By controlling the phase with a change in tempera-
ture, the ionogel can be made to be rigid and opaque below the melting point, where
as it is flexible and transparent above the melting point. The EIS data shows a dra-
matic difference in resistance depending on the phase, indicating the effective con-
trol of ionic conduction. We investigated how the performance of the SCs changes
with temperature. The results of the CV test confirmed that the phase-transitional
SCs are activated/deactivated and show significant differences in capacitance with
changes in temperature. To evaluate the capacitive performance of the SCs, CV and
GCD tests were performed above the melting point in the operating mode. The SCom
showed good capacitive behavior, high reversibility, stability and flexibility. In the
storage mode, it was shown that self-discharge was significantly suppressed through
a diffusion-controlled model. Therefore, it was confirmed that the LED device was
turned on for a long time. We expect that phase-transitional SCs provide a better

development and understanding of an energy storage device in the future.
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Chapter 3. The Enhancement of Ionic Thermoelectric

Seebeck Coefficient by Phase Difference

3.1 Introduction

Since the emergence of the 'Internet of Things (IoT)' concept, which inte-
grates many things and surrounding things into a network, the IoT market is growing
faster than ever before.[54]. At the same time, the growing demand for wireless sen-
sor networks to connect objects increases the need for sustainable energy supply. A
sustainable energy is mainly generated through the surrounding environment such as
piezoelectric[55], triboelectric[56] and thermoelectric effect. Among themThe ther-
moelectric effect is an attractive method for regenerative energy conversion that gen-
erates dislocations in temperature gradients. Moreover, the thermoelectric effect is
evaluated as an eco-friendly energy that utilizes generated body heat or waste heat
energy. The thermoelectric effect is characterized by the Seebeck coefficient, which
is defined as the potential generated under temperature gradient[57]. Conventional
thermoelectric materials are based on bismuth or sulfide alloys, which exhibit the
electronic thermoelectric effect. The Seebeck coefficients of the electronic thermoe-
lectric materials have been reported to be ~uV/K[58]. However, conventional ther-
moelectric materials have limitations to be used in practical applications due to in-

sufficient Seebeck coefficient to operate devices.
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An ionic thermoelectric effect, on the other hand, is generated by the entropy carried
by the ions[59]. The ionic thermoelectric effect shows a much higher Seebeck coef-
ficient compared with electronic thermoelectric effect[60]. The thermogalvanic ef-
fect, one of the ionic thermoelectric mechanisms, harvests the reaction entropy of
the ionic redox couple by maintaining the two electrodes at different tempera-
tures[61]. However, the thermal power is still insufficient to be applied to wireless
devices. Therefore, there have been efforts to increase the thermopower efficiency
of thermogalvanic cells in various ways. For example, Yu, Boyang, et al. achieved a
high Seebeck coefficient of 3.73 mV/K by adding guanidinium cations[62]. The
guanidinium cations induced crystallization and dissolution of redox ions according
to temperature. As a result, the Seebeck coefficient was increased by forming a larger
and persistent ion concentration gradient. In addition, Duan, Jiangjiang, et al. used a
thermo-sensitive nanogels to convert the Seebeck coefficient of thermogalvanic cell
from 0.71 mV/K to -1.91 mV/K[63]. They showed that the nanogels selectively trap
redox ions depending on temperature, causing p-n inversion, and improving thermo-
electricity by connecting the two types in series. However, since the thermogalvanic
effect still has limited methods to increase thermopower performance, it is necessary

to introduce a new mechanism to improve the thermopower.

Here, we introduce the novel mechanism that presents the enhancement of the ionic
thermoelectric effect induced by phase difference between low and high temperature
region. A phase transition is a method that dramatically changes the flow of ion with

temperature[24]. Beyond the effect of the temperature gradient, the large difference
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in ion mobility due to the phase difference increases the difference in the interaction
between the electrode and the ion at two temperatures, maximizing the thermoelec-
tric effect. One of the ionic materials that can undergo a phase transition at ambient
temperature is an ionic liquid[64]. Some ionic liquids have a melting point at ambient
temperature, and are characterized by high thermal and electrochemical stability,
high ionic conductivity and very low vapor pressure[12], making them suitable for
ionic thermoelectric cell. The thermogalvanic cell was manufactured with silver/sil-
ver chloride (Ag/AgCl) electrode as the electrode and phase-transitional IL, 1-Allyl-
3-methylimidazolium chloride ([AMIM]'[CI]"), as the electrolyte. The fabricated
thermogalvanic cell with phase difference, the liquid state at high temperature region
and state solid state at low temperature region, showed enhanced the Seebeck coef-

ficient compared to the thermogalvanic cell with uniform phase state.

3.2 Experimental section

3.2.1 Fabrication of the thermogalvanic cell

Silver/Silver chloride (Ag/AgCl) electrodes are fabricated by immersing Ag
electrodes with a diameter of 0.5 mm in bleach and storing them in a saturated so-
dium chloride (KCI) solution at 40 °C. A cell was manufactured by attaching an
acrylic plate mold to a quartz plate bottom substrate with a size of 60 X 10 X 1 mm.

For the preparation of the thermaogalvanic cell, electrodes were inserted into both
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ends of the empty cell and melted [AMIM]'[CI] electrolyte was added. After prep-
aration, the temperature was lowered below the melting point to solidify the electro-

lyte.

3.2.2 Ionic liquid analysis

Differential scanning calorimetry (DSC) was performed using a TA Instru-
ments Discovery DSC. The samples were analyzed over a temperature range of -
20 °C to 100 °C with a heating rate of 2 °C/min. The transmittance of crystallized
and decrystallized ionic liquid at 30 °C and 60 °C were measured using UV-VIS
spectroscopy (Agilent Technologies, Cary 60) over a wavelength range of 300 to
800 nm. X-ray diffraction (XRD) patterns (BRUKER, DB8-Advance) of
[AMIM]*[CI] ionic liquid were obtained at 30 °C and 60 °C over an angular range

of 10 to 60° with a step size of 0.6°.

3.2.3 Characterization of thermogalvanic cell thermoelectrical properties

The thermoelectric performance of the thermogalvanic cell was evaluated by
applying different temperatures to both ends of the cell. The output voltage of the
thermogalvanic cell was measured using a electrometer (KEITHLEY, 6517B) at sev-
eral temperatures between the two plates. Electrochemical impedance spectroscopy

(EIS) was performed using a potentiostat/galvanostat (Gamry Reference 600+) in
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the frequency range of 0.1 Hz — 1 MHz. For EIS measurement, a cell using a plati-

num plate as an electrode was fabricated in a size of 15 X 10 X 2 mm.

3.3 Results and Discussion

3.3.1 A thermoelectric enhancement mechanism induced by phase difference

In this study, the effect of the phase difference on the improvement of the ionic
thermoelectric effect was confirmed. The thermogalvanic system generates an elec-
tric potential by the redox reaction of the electrolyte according to the temperature
gradient. In general, two types of compounds (Fe(CN)s>, Fe(CN)s*)[9, 65] or other
redox pairs[66, 67] are widely used as electrolytes participating in redox reactions in
thermogalvanic cells. 1-Allyl-3-methlyimidazolium chloride ([AMIM]'[CI]), an
imidazolium-based ionic liquid, was used as the electrolyte for the thermoelectric
cell since the [AMIM]'[CI]" have a moderate melting point (~ 50 °C). In addition,
homemade Ag/AgCl electrodes were used to induce the electrochemical reactions
with the chloride ions. The main driving force for generating the potential from the
temperature difference is the tendency to balance the degree of interaction between
the electrode and electrolyte in the low and high temperature regions. In conventional
thermogalvanic cells that have a homogeneous liquid phase in the low and high re-
gions, the chloride ions in the high temperature regions have higher active mobility

than the chloride ions in the low temperature regions (Figure 3.1). Since the chloride
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ions in the high temperature regions actively interact with the electrode, the oxida-
tion reaction, Ag+Cl(/) 2 AgCl(s) + e, occurs, and chloride ions near the electrode
decrease. On the other hand, the reduction reaction of AgCl(s) + ¢ = Ag + Cl (/)
occurs near the electrode in the low-temperature region, increasing the number of
chloride ions. In redox reactions, potentials are generated through the electron trans-
fer. On the other hand, the thermoelectric effect is enhanced since the interaction
between the electrode and electrolyte is significantly different in the low and high
temperature regions in the phase different thermogalvanic cell (Figure 3.2). The ionic
liquid in the high-temperature region interacts with an electrode like a conventional
thermoelectric cell to cause an oxidation reaction (Ag + CI(/) > AgCl(s) + ¢), but
the interaction between the electrode in the low-temperature region and the chloride
ions is much less. This is a result of the chloride ion being fixed in the lattice struc-
ture of the crystallized ionic liquid, and the mobility is greatly reduced compared to
the mobility in the liquid phase at the same temperature. Thus, a relatively improved
driving force is generated to balance the interaction between the electrolyte and the
electrode in the cold and hot regions. As a result, the mobility difference of ions due
to the phase difference creates a synergistic effect with the mobility difference from

the temperature difference to generate a huge potential.
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Figure 3.1 In conventional thermoelectric cells, when a temperature difference oc-
curs between electrodes, an electric potential is generated through redox reaction of

chloride ions. The mobility of CI- anions steadily increases with increasing temper-

ature.
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Figure 3.2 Different-phase thermoelectric cells result in higher potentials due to the

increased mobility of chloride ions induced by the different phases between the low
and high temperature electrodes. In the solid phase, chloride ion movement is inhib-
ited by the lattice structure, whereas in the liquid ion movement is free. As the phase
changes from solid to liquid, the mobility of chloride ions increases rapidly. As a
result, there is a large difference in the interaction between the chloride ions and the

electrode at both temperatures, which enhances the thermoelectric effect.
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3.3.2 Properties of the ionic liquid in different phases.

The phase transitional behavior of [AMIM]'[CI] ionic liquid electrolyte for a
thermogalvanic cell is optically shown in Figure 3.3a. A phase-transitional ionic liq-
uid is known to form a crystal lattice below the melting point[24]. When the temper-
ature of the bottom of the phase transitional ionic liquid, [AMIM]*[CI];, contained
in the vial was raised to 60 °C, a definite phase difference was confirmed. The optical
microscopic pictures showed that the crystal lattice structures were observed as the
ionic liquid in a crystallized state at 30 °C, while a homogenous liquid state was
observed as the ionic liquid was decrystallized at 60 °C. Figure 3.3b shows a chem-
ical structure of the [AMIM]'[CI] crystal. It was reported that the [AMIM][CI] has
crystal structure with space group P21/c (a= 7.931, b=12.836, c=16.452 A, p=
96.22°)[68]. DSC measurements were carried out to investigate the phase transition
temperature of [AMIM]*[CI]" IL (Figure 3.4a). The DSC graph shows that the
[AMIM][CI] IL has the melting point of 53.1 °C. In order to observe the transpar-
ency according to the phase transition in the visible light region, the transmittance of
the IL was measured in the wavelength range of 300 to 800 nm using spectroscopy
(Figure 3.4b). The transmittance spectra show that the transmittance of an decrystal-
lized ionic liquid approaches 100% at a wavelength of 800 nm and then gradually
decreases toward 300 nm at 60 °C. Because the ionic liquid is a yellow transparent
liquid, it shows a similar to the case of the transmittance curve of the yellow filter[69].
On the other hand, the transmittance of the crystallized ionic liquid at 30 °C in the

entire wavelength rage has not been verified. Figure 3.4c shows the XRD patterns of
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crystallized and decrystallized IL. IL at 30°C exhibits an XRD peak due to crystal-
linity, but IL at 60°C does not exhibit a peak. To determine the interaction of ions
with electrodes at each phase, EIS measurement was conducted. In order to form an
electrical double layer (EDL), a cell was fabricated using platinum electrodes and
EIS was measured at 30 °C and 60 °C (Figure 3.5. Figure 3.6a,b show the nyquist
plots of the cell at 30 and 60 °C. The EIS plot represents a semicircle at high fre-
quencies and an oblique line at low frequencies. The diameter of the semicircle is
the sum of the electrolyte resistance and the electrode resistance[32], and resistivity
of 69,970 and 432.13 Q-cm were measured at 30 °C and 60 °C, respectively. The
values of diffusion coefficient (D) , mobility (1) and number density of the charge
carrier of ions (n) near the electrode were obtained by fitting the plot[70]. Table 3.1
shows the parameters derived by nyquist fitting. At 30 and 60 °C, the diffusion co-
efficient and mobility of the ionic liquid were 6776 times and 6198 times different,
respectively. Especially, the number density of the charge carrier of ions was calcu-
lated to be 38.1 times higher at 30 °C than at 60 °C. This is because the density

increased as the volume of ionic liquid decreased during crystallization at 30°C.
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Table 3.1 The values of D, u, n of [AMIM][CI]" IL based electrolyte.

D u N
Temperature

(x10%cm?s) (x10° cm?s/V)  (x10%° cm®)
30 °C 1.89 7.2 337.9
60 °C 12807.2 44626.9 8.86

56



P o .

Figure 3.3 (a) Optical ;nicrographs and picturé of [Amim]*[Cl]' at low and high tem-
peraturesAt 30°C, the ionic liquid exists as a solid and the crystal structure is ob-
served, but at 60°C, since the ionic liquid exists as a liquid, nothing is detected. Scale
bar, 100 um. (b) A chemical structure of the [Amim]‘[Cl] crystal with space group

P21/c (a=7.931, b=12.836, c=16.452 A, = 96.22°)
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Figure 3.4 (a) DSC curve of the [Amim]*[Cl];, heating from -50 to 80 °C. The melt-
ing point of the [Amim]*[CI] is shown as 53.1 °C. (b) Transmittance of [Amim]"[Cl1]
in the visible light region with a wavelength of 300 to 800 nm at both temperatures.
[Amim]"[CI] ionic liquid showed no permeability at 30 °C, while the ionic liquid
shows similar permeability to that of the yellow filter at 60 °C. (c) X-ray diffraction
curve of the [Amim]'[Cl] ionic liquid at 30 and 60 °C. The crystallized [Amim] [Cl]

shows the XRD peaks at 30 °C while the decrystallized [Amim]*[CI]" presents no

XRD peaks at 60 °C.
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Pt electrode

Figure 3.5 The schematic illustration of electrochemical impedance spectroscopy

(EIS) measurements.
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Figure 3.6 The nyquist plots of the thermoelectric cell at (a) 30 and (b) 60 °C. The

inset of the plot shows the equivalent circuit of EIS system.
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3.3.3 Thermoelectric performance of [Amim]"[Cl] based thermogalvanic cell

We synthesized thermogalvanic cells based on the phase transitional ionic lig-
uid electrolyte with Ag/AgCl electrodes. Figure 3.7 is schematic and picture of man-
ufactured thermogalvanic cell. The cell was designed by attaching an acrylic plate
mold to a quartz plate bottom substrate with high thermal conductivity. Then, the
cell fabrication was completed by injecting molten ionic liquid and inserting hand-
made electrodes into both ends. It is confirmed that the IL electrolyte state is clearly
distinguished according to the phase. To verify the effect of the phase difference on
the Seebeeck coefficient, the Seebeck coefficients of the thermogalvanic cell with
different phases were measured (Figure 3.8). Since an [AMIM]*[CI] IL has a melting
point of 53.1 °C, the output voltages of thermogalvanic cells were measured by di-
viding the temperature into three sections according to the phases, solid — solid, solid
— liquid and liquid — liquid. In a homogeneous stat, solid — solid state and liquid —
liquid state, the Seebeck coefficients are 0.83 mV/K and 1.83 mV/K respectively. On
the other hand, in the heterogeneous state, the solid — liquid state, the Seebeck coef-
ficient obtained 3.33 mV/K. This result shows that the Seebeck coefficient increases
as the difference in the interaction between ions and the electrode is maximized in
different phases compared to the homogeneous state. Figure 3.9a shows power-volt-
age-current (P-V-I) characteristics of the phase different thermogalvanic cell. Using
a variable resistor, the OCV was measured by changing the resistance from 100 MQ
to 200 Q in each phase section. The fabricated thermogalvanic cell generated powers

of 0.35 and 2.42 nW at 0 — 30 °C and 60 — 90 °C, respectively. As the temperature
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changed to 30 — 60 °C, the power significantly increased to 11.8 nW, resulting in
33.7 and 4.8 times improvement in the power output by compared to the homogene-
ous state. Since the fabricated thermogalvanic cell is based on chloride ion and
Ag/AgCl electrode, it could be used until the AgCl of one electrode is completely
used. Therefore, the change of the output voltage was measured at 30 — 60 °C for a
long period of time. As shown in Figure 3.9b, it was demonstrated that the OCV was
stable for more than 50 hours. To evaluate the performance of thermogalvanic cells
according to the length and connection in series, the Seebeck coefficients and OCVs
were measured with increasing the cell length and number of cells. As shown in Fig-
ure 3.10a, the Seebeck coefficient changes were negligible with cell length. Addi-
tionally, the output voltage increased proportionally as the number of cell increased
from 1 to 4 (Figure 3.10b). These results demonstrate the possibility of applying
manufacturedThese results demonstrate the possibility of applying manufactured
cells to devices requiring specific design and performance. cells to devices requiring

specific design and performance.
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[AMIM]*[CI] Ag/AgCl

Figure 3.7 The schematic illustration and picture of thermogalvanic cell. A clearly

distinct phase is observed depending on the temperature.
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Figure 3.8 Seebeck coefficients of [Amim]+[Cl]- according to different phase states.

The solid-solid and liquid-liquid phase thermogalvanic cells exhibit Seebeck coeffi-
cients of 0.83 and 1.83 mV/K, respectively, and the solid-liquid thermogalvanic cells

exhibit improved Seebeck coefficients of 3.33 mV/K.
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3.3.4 Thermoelectric performance of other phase transitional ionic liquids.

We demonstrate the improvement of Seebeck coefficient by phase difference
using [AMIM]'[CI], a chloride-based ionic liquid with a melting point of 53.1 °C.
In order to generalize the Seebeck coefficient enhancement by phase transition, other
ionic liquids based on chloride ions were investigated. We chose 1-(2-hydroxyethyl)-
3-methylimidazolium chloride ([HOEtMIM]'[CI]’), 1-ethyl-3-methylimidazolium
chloride ([EMIM]'[CI]) and tetrabutylammonium chloride (TBAC) as ILs with
melting points of 83, 84, and 70 °C, respectively. Figure 3.12 shows the structural
formulas of the phase-transitional ionic liquids. Then, thermogalvanic cells were
manufactured by the previous method using each IL as electrolye, and the Seebeck
coefficients were calculated for each phase (Figure 3.13). First, the output voltage of
[HOEtMIM]'[CI]" were measured by dividing the phase state into three sections;
solid — solid (40 — 70 °C), solid — liquid (70 — 100 °C) and liquid — liquid (100 —
130 °C). The Seebeck coefficients measured 1.86 mV/K and 2.2 mV/K in the solid
— solid state and the liquid — liquid state, and 2.76 mV/K in the solid — liquid state.
Second, [EMIM]'[CI] IL based cells were evaluated under the same conditions. The
Seebeck coefficients were 1.86 and 2.06 mV/K in the homogeneous state, and 2.96
mV/K in the solid — liquid state. Finally, [EMIM][CI] IL based cells were evaluated
by dividing the phase into three sections; solid — solid (30 — 60 °C), solid — liquid
(60 — 90 °C) and liquid — liquid (90 — 120 °C). In each section, Seebeck coefficients
of 1.67, 2.08 mV/K were measured in homogenous state and 3.8 mV/K were meas-

ured in solid — liquid state. Based on these results, we confirmed that the interactions
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between chloride ions and electrodes at low and high temperatures were significantly
different for all considered ILs in the heterogeneous phase state. Therefore, the ther-
moelectric effect has been greatly enhanced by distinguishing the phases of the cold

and hot regions for all of the considered ILs.
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Figure 3.11 The chemical structures of the phase-transitional ionic liquid;

[HOEtMIM][CI]- , [EMIM]'[CI]- and TBAC.
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3.4 Conclusion

In previous studies, in order to maximize the difference in ion mobility be-
tween cations and anions, the ionic thermoelectric effect was strengthened mainly
through chemical approaches, such as synthesizing composite materials or adding
additives that synergistically induce the thermoelectric effect. Although the perfor-
mance of the ionic thermogalvanic cell has been improved through previous studies,
it is still insufficient to be put into practical use. Therefore, various mechanisms and
methods need to be developed. In this study, we demonstrated a physical strategy
that induces phase differences in low and high temperature areas to improve the ionic
thermoelectric effect without additional components. We confirmed that the thermo-
electric effect was enhanced when solid-liquid phase difference is present in the low
and high temperature regions. Moreover, our method is effectively applied to all
kinds of ionic liquids, greatly improving the thermoelectric effect. Therefore, this
study shows that the thermoelectric effect of various ionic liquids can be strength-
ened by inducing phase differences. In particular, to the best of author’s knowledge,
this is the novel method to improve thermoelectric effect for ionic thermoelectric
materials without any additives. Our strategy is expected to synergize with previous
studies to dramatically improve the thermoelectric effect and ultimately accelerate

the commercialization of thermogalvanic cells.
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Chapter 4. Summary

In this thesis, phase-transitional ionic liquids are introduced into the energy
supply system. Phase transition is a method to dramatically control the movement of
ions with temperature. Therefore, it is possible to fabricate a device with a new func-
tion or an improved performance by applying it to a device whose operating mecha-
nism is ion movement. The contents include (i) selectively operative supercapacci-
tors through phase transition and (ii) strategy to enhance the thermoelectric effect

through novel mechanisms.

In the first part, I have fabricated a supercapactor using a phase transtional ionogel.
By using the in-situ polymerization method, a physically and chemically stable and
flexible supercapacitor was designed. The fabricated supercapacitor is operated only
when the ionogel is activated above the melting point. I distinguish supercapacitors
into the ‘Operating mode’ and ‘Storage mode’ according to phase. It is demonstrated
that the specific capacitance of the active-inactive state changes dramatically, and
the change of specific capacitance is repetitive. Morevoer, the performance of the
supercapacitors in operating mode is evaluated. Finally, it is demonstrated to sup-
press the self-discharge, which is known as a main disadvantage of supercapacitors.
I believe that the alternating mode of supercapacitors opens new possibilities for the

development of supercapacitors as energy storage devices.

In the second part, I proposed a novel mechanism to increase the thermoelectric

effect through phase transition. A thermogalvanic system based on chloride ions is
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introduced using Ag/AgCl electrodes. Cells were fabricated using [AMIM][CI]
electrolyte, and Seebeck coefficients were evaluated in various temperature ranges.
Through OCV measurement, it is verified that the Seebeck coefficient is changed
according to the phase, and in particular, it is significantly enhanced in the solid-
liquid phase. Moreover, I performed the same measurements for other phase transi-
tional ionic liquids containing chloride ions. As a result, it is demonstrated that the
Seebeck coefficient increases dramatically in all ionic liquids in the heterogeneous
state. This study presents new possibility for research and method to enhance the
thermoelectric effect, which are still in the early stages, and I believe that this mech-

anism is a strategy to accelerate the commercialization of thermoelectrics.
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