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Electric Double-Layer Capacitor (EDLC) has been recognized as an efficient energy storage
device based on the electric double-layer formation at the electrode/electrolyte interface. Its
energy storage mechanism leads to unique properties of EDLC such as higher energy density
than conventional capacitors, much higher power density than commeon secondary (rechargeable)
batteries, and extremely longer cycle life (~100,000 cycles). However, specific energy (Wh kg™')
or energy density (Wh m™) of EDLC is generally much lower than those of rechargeable
batteries in which faradaic processes are utilized. In order to increase the storable electric energy,
enhancing the specific capacitance and/or extending the operation cell voltage are practically
efficient to realize higher-performance EDLCs.

Typical EDLC cells are constructed by activated carbon (AC) as the main active electrode
materials due to their high specific surface area (~2000 m? g''), and organic electrolyte solutions,
eg., tetracthylammonium tetrafluoroborate (TEABF4) dissolved in propylene carbonate (PC)
with around 1 mol dm™ concentration. Activated carbon for the electrode material has a complex
pore structure on the surface, and there are many non-contributed parts to the capacitance.
Furthermore, for such the electrode/electrolyte system, cycling stability becomes lowered when
the cycles are done under higher voltage than ca. 2,7 V, especially under elevated temperature
conditions.

In this work, to increase the energy density (or specific energy) of EDLC, carbon materials
with controlled nano-structures have been prepared, in which efficient capacitance enhancement
would be expected, and the degradation phenomena under the high-voltage cycling were
examined from the viewpoints of both contributions of nano-structure of electrode material and
the electrolyte components.

Chapter 1 describes the general introduction including the motivation of the work.



In Chapter 2, porous carbon with a uniform nano-structure was newly prepared, and then made
composites with fibrous nano-carbons with highly conductive networks to obtain higher
capacitance and power performances. The uniform pore structure created by a soft-template
method can be reproduced on the nano-carbon substrate by choosing such preparation conditions
as carbonization atmosphere, composition ratio, and the substrate carbon, The capacitor
performance of the cell using VGCF/MC electrodes in a symmetric configuration depended
much on the pore structure of the composite; that is, the composite having mesopores of ca, 3.8
nm diameter provides similar double-layer capacitance as the electrode consisting of smooth

surface CNT.
In chapter 3, influences of the surface structure of carbon material on the degradation

behavior of EDLC were investigated. Amorphous fibrous nano-carbon (BCNF) with
specific surface area of 28 m? g and oxygen-containing functional groups was prepared
from biomass cellulose. The influence of the graphitic structure of the carbon on the aging
process was examined by comparing the aging behavior of the cell consisting of BCNF with
that observed in the cell using VGCF. Amorphous BCNF provided similar capacitance per
unit surface area to VGCEF, regardless the different surface structure. On accelerating aging
test using constant voltage (3.5 V) floating at higher temperature, BCNF showed significant
degradation in the cell capacitance due to decreasing the effective surface area accompanied
by the deposition of decomposed product. In contrast, the VGCF electrode provided the
capacitance increase with aging because of the increase in the surface area by an etching
effect.

In chapter 4, influences of the pore structure of high surface area carbon electrode were
focused on the aging behavior of EDLC, especially on the capacitance and rate capability.
Carbon materials having different nano-structures were obtained by simple carbonization of
o~cyclodextrin with different heating conditions: CyDC10 (heating rate; 10 K min™) had
larger particle size with significant ratio of micropore portion and CyDC50 (heating rate; 50
K min™") had smaller particle size with higher ratio of mesopore volume. The rate capability
of the double-layer capacitance depended on the nano-structures of the o-cyclodextrin-
derived carbons. The accelerated aging tests using server cycling conditions showed that
CyDC50 having higher mesopore volume ratio leads to significant degradation in the cell
capacitance, compared with that of CyDC10. The AC impedance results after the
accelerated aging tests suggested that the differences in the decomposition process of the
electrolyte components were responsible for such degradation processes.

Chapter 5 describes influences of the electrolyte solution components on the degradation
behavior of EDLCs, which were examined under high-temperature and high-voltage
conditions. With respect to the electrolyte solvents, AN, PC and EC+DMC (1:1 by volume)
mixture were compared each other. The cell using AN solvent showed significant
degradation at the positive electrode side. On the other hand, the carbonate-based cells (PC
and EC+DMC) revealed the degradation degraded at the negative electrode side. Effects of
the electrolytic salts on the degradation of the EDLC performance were also estimated. The
cell using LiBF4, in which lower rest potentials for charging were observed, showed faster



degradation reaction than the cell using TEABF, salt.

Conclusion of the work is described in Chapter 6. Nano-structure of the carbon materials
affected not only the main performances, but also the degradation processes (aging
behavior) of EDLC devices. The electrolyte components also influenced the degradation
behavior, and the carbonate-based cells could be expected for designing the much stable
cells under the high-voltage and high-temperature by using the electrolyte salts with proper
interactions with the carbon surface.
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