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“Safety” is the most important issue in the development of large sized electrochemical energy storage devices
(EESDs), such as lithium-ion batteries (LIBs), with a high-voltage operation. In general, organic solvents (e.g.,
cyclic and linear carbonate-based solvents and their mixed solvent) are necessary to use as electrolyte solvents for
working LIBs in wider voltage range (~4 V); however, they are highly flammable and explosive at higher
temperatures owing to high volatility of organic solvents. Utilization of a nonflammable electrolyte system is
considered to be one promising approach for establishing a safer battery; in the present stage, however, it is difficult
to balance battery performance and safety in LIB system.

The other approach is a solidification of liquid electrolytes to avoid electrolyte leakage from the LIB cell. Polymer
gel electrolytes, i.e., organic electrolyte solidified using three-dimensional polymer networks, have attracted
attention and widely investigated as a new LIB electrolyte system. In the development of polymer gel electrolytes,
a major problem is the requirement of high polymer content (20~50 wt%) to obtain free-standing gels with enough
mechanical strength for practical use. This leads to reducing the electrolyte content, resulting in the decrease in its
inherent battery performance. Thus, a high toughness gel electrolyte with lower polymer content (in other word,
higher electrolyte content) is needed to realize both high performance and safer LIBs.

It has been established that tetra-arm poly(ethylene glycol) (TetraPEG) hydrogels, which can be prepared by A-
B type cross-end coupling reaction of two TetraPEGs with different polymer ends in water, exhibit high mechanical
properties at low polymer concentration (<5 wt%). This feature originates from “homogeneous polymer network
structure” in the TetraPEG gels, which can be widely applied to various solvents including aqueous and
nonaqueous solvents and ionic liquids.

In this study, novel gel electrolytes by combining homogeneous polymer network with nonflammable electrolyte
were investigated and applied to EESDs electrolyte materials. In Chapter 1, general theory and previous studies in
EESDs [typically LIBs, electric double layer capacitors (EDLCs), and lithium-ion capacitors (LICs)] and the
purpose of this research are described. In Chapter 2, nonflammable gel electrolyte using two key materials:
homogeneous TetraPEG network and fluorinated alkyl-phosphate solvent, has been studied. The resulting
TetraPEG gel showed high mechanical strength (maximum breaking stress: 58.4 kPa even at three-fold elongation)
at low polymer contents (5.6 wt%) and excellent charge/discharge performance for conventional LIB electrodes
(i.e., graphite and LiFePQy electrodes). In Chapter 3, focusing on the role of network homogeneity/inhomogeneity
on electrode reaction, I prepared “defect-controlled TetraPEG gel electrolyte™ in ionic liquid (IL)-based electrolyte
and its electrochemical properties were investigated in detail. Time-resolved UV/Vis spectroscopy revealed that
network defects can be successfully introduced into the TetraPEG network by adjusting the concentration ratio of
two TetraPEG prepolymers. A linear relationship between network defects and electrochemical properties was
found; i.e., Li-ion reactivity (graphite electrode reaction) are gradually enhanced with increasing network defects
in the gels, which is due to improved interfacial resistance on electrode/electrolyte interface. In Chapter 4, a new
in-situ gelation method in the TetraPEG-based gel electrolyte system is proposed. Based on chemical reaction
kinetics, the TetraPEG gelation could be freely controlled in the time-range of seconds to days in nonflammable
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electrolyte solution (ionic liquid) containing a small amount of neutral base catalyst. Based on this finding, “in-
situ gelation method” was established and applied to EDLC system: injecting a prepolymer solution into an
electrochemical coin cell to directly form the TetraPEG gel at complete reaction time. The resulting TetraPEG gel
exhibited high network connectivity (p > 98%) and superior rate performance compared to the TetraPEG gels
prepared by conventional casting method. I thus concluded that “in-situ gelation method” proposed herein is a
promising option to drastically improve electrochemical properties in polymer gel electrolyte system, which is
largely different from the conventional gels prepared from a classical casting method. In Chapter 5, I extend my
study to “highly concentrated electrolyte” (i.e., solvent-in-salt system), which is well known as a novel electrolyte
material for enabling high-rate charge/discharge and high electrochemical stability. The TetraPEG network can be
successfully formed in acetonitrile (AN)-based concentrated electrolyte (Li salt concentration: ci = 4.2 M} to be
nearly ideal polymer network gels with p > 90%, which can be applied to LIC electrolyte materials to exhibit 335
mAh g for graphite anode and 99 F g for activated carbon cathode. This result indicates that the current
TetraPEG gel electrolyte with AN-based concentrated electrolyte is applicable to lithium-ion capacitors (LICs).
Finally, I summarize overall conclusion in Chapter 6, including future works contributing to the development of
safer electrolyte materials for EESDs.
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