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Chapter 1: General Introduction

Supercapacitor is an energy storage device known for its high power density and long cycling life. While

supercapacitors are used in some electric devices and electric vehicles, the application fields are relatively
limited compared to secondary batteries. To extend supercapacitor applications, it is desired to increase
stability of supercapacitors. By increasing stability, the working voltage of supercapacitors can be increased,
and thus, the energy density is also improved. Moreover, the increase of working voltage is important for
reducing the cell stacking number in large modules to output high voltage. It is generally anticipated that
supercapacitor degradation is caused by the electrolyte decomposition! and carbon corrosion2. Thus,
understanding degradation mechanisms both at electrolyte and carbon sides are crucial. As for the
electrolyte decomposition, previous studies applied very harsh conditions, and it has been still not clear
which component in electrolytes is decomposed at an initial degradation stage. As for the effect of the carbon
side, only limited investigation has been done using limited types of carbon materials, and moreover, there
has been no quantitative discussion regarding the relation between specific carbon structures and the degree
of corrosion reactions. One of the reasons for such a situation is the fact that the structure of carbon
materials is too complex to be characterized, and there was no appropriate method to quantitatively
characterize carbon edge sites. In Chapter 1, the background mentioned above is summarized and the
present state-of-art as well as remaining problems are explained. In Chapter 2, systematic investigation is
performed using advanced analysis techniques and a variety of different carbon materials to figure out the
degradation mechanisms of supercapacitor at a positive potential range. The developed methodology is
applied also to a negative potential range in Chapter 3. In Chapter 4, an intrinsic problem in the
carbon-edge characterization is pointed out, and an alternative method is proposed. Chapter 5 summarizes
this thesis. Through this study, many new findings have been revealed about the degradation mechanisms

of supercapacitors.
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Chapter 2: Degradation in Positive Potential Range

To reveal reactant(s) at the electrolyte side, electrolyte salt (EtsaNBF4) and electrolyte solvents (PC or AN)
were individually mixed with a stable ionic liquid (trimethylpropylammonium bis (trifluoromethanesulfonyl)
imide) which functions as an inert background, and the reactivities of these components were examined by
cyclic voltammetry (CV). As a result, it has been revealed that electrolyte solvents (PC or AN) are more
reactive than salt (EtsNBF4) at the positive potential range.

For the understanding of carbon reaction sites, eleven carbon iz | 1 M Et,NBF,/PC
materials including activated carbons, carbon blacks, reduced & 100 - 7TC
graphene oxide (rGO), zeolite template carbon (ZTC) and graphene ‘Lim 801 R2=0.9715
mesosponge (GMS) were investigated. By using these very O‘;l iz
different carbon materials, a common structural factor(s) affecting e
supercapacitor degradation is discussed. The carbon materials 0y
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Figure 1 Qpos (1.0 V vs. Ag/AgClO4

in 1 M Et<NBF4/PC) versus the sum
of the TPD H2 and CO evolutions.

were characterized by mnitrogen adsorption/desorption, X-ray
diffraction,
measurement and advanced temperature-programmed desorption

(TPD) method. It should be noted that the upper limit temperature

Raman  spectroscopy, magnetic susceptibility

of conventional TPD is no more than 1200 °C, which is not high enough to quantitatively analyze
H-terminated edge sites. The advanced TPD used in this work can reach 1800 °C at which all the carbon
edge sites terminated by O or H can be thermally decomposed and quantitatively detected.? By these
techniques, a full picture of carbon structure can be obtained. The electrochemical degradation on these
carbons was examined with CV by stepwisely expanding its scanning potential range. The degree of the
degradation was quantitatively evaluated by the electric charges (Qrpos) associated with irreversible
degradation reactions during the CV scans at the positive potential range. It is found that carbon porosity,
crystallinity and the number of radicals have almost nothing to do with degradation, while a linear
correlation is found between @Qpes and the amount of Ha (Mi2) and CO (Nco) gases desorbed during TPD

Negative
Range ,PC AN

Reactants:

(Figure 1). Thus, H-terminated edge sites, phenol, ether and
carbonyl are found to be the reaction sites on carbon materials at

the positive potential range.4

Reaction sites:

Chapter 3: Degradation in Negative Potential Range

The methodology developed in Chapter 2 was applied to a negative

Positive

AN Range

potential range. To reveal reactant(s) at the electrolyte side, EuNBF4, PC, or PC

AN was individually mixed with a stable ionic liquid

(1-Butyl-3-methylimidazolium tetrafluoroborate) which functions as an OH  Reaction sites:

H
O < H-edge, phenol,
ether and carbonyl

inert background. The mixture electrolytes thus prepared were characterized

fed o 2 0OH

by CV. Similar to the case of the positive potential range, electrolyte .
Figure 2 Illustration of reactants

solvents (PC or AN) are found to be more reactive than salt (EuUNBF;) at

the negative potential range.
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and reaction sites in negative and
positive potential range, respectively.



For the understanding of carbon reaction sites, eight different carbon materials including activated carbons, carbon blacks,
ZTC and GMS were investigated. The carbon properties were characterized by nitrogen adsorption/desorption and TPD. The
total surface area determined by the nitrogen adsorption measurement was divided into basal-plane surface area (Shasa) and
edge-plane surface area (Seqee) by using the results of these two techniques. The electrochemical degradation on these carbons
was quantitatively evaluated by the electric charges (Qineg) associated with irreversible degradation reactions during CV scans
at the negative potential range. Unlike the case of the positive potential range, it is found that Qi-neg has no correlation with the
amount of carbon edge sites. Interestingly, a linear correlation is found between Qjneg and Seasatl. Thus, the experimental results
suggest that carbon degradation mainly occurs on carbon basal plane at the negative potential range (Figure 2). The reaction

mechanism was further supported by a theoretical calculation.

(a) Generation of new H-edge sites
. ;N g co ;N g , ,
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Figure 3 The scheme of the edge-structure transformation during TPD
investigated previously (Chapter — measurement. (a) Conventional carbon. (b) Carbon pre-treated by D20
for exchanging H in —-OH and —COOH with D.

functional groups on carbons

2). Thus, a commercial activated
carbon YP50F was chemically oxidized by nitric acid to introduce a large amount of oxygen functional groups. Also, the
types of oxygen-functional groups were controlled by a post heat-treatment. In these oxygen-rich carbon materials, the
amount of H-terminated edge sites is overestimated by the TPD technique because carboxyl and phenol can be thermally
decomposed as CO» or CO gases but leave new H-terminated edge sites during the measurement. The newly generated
H-terminated edge sites cannot be distinguished from the original H-terminated edge sites by TPD and cause overestimation
(Figure 3a). In order to precisely characterize the H-terminated edge sites, these carbons were immersed in deuterium water
to exchange the H atoms of carboxyl or phenol groups with D atoms. By this procedure, the newly formed D-terminated
edge sites due to the decomposition of oxygen functional groups can be distinguished from the original H-terminated edge
sites and therefore the overestimation can be avoided (Figure 3b). It is found that at 1.3 V vs. Ag/AgClOs, these
intentionally modified carbon materials matches the previous conclusion on various carbons very well, further proving that
H-terminated edge sites, phenol, ether and carbonyl are active sites at positive potential range. However, at 1.0 V vs.
Ag/AgClOs, Oipos 1s more related to H-terminated edge sites, which suggests that some parts of phenol, ether or carbonyl
are not reactive at lower potential range. Thus it is concluded that H-terminated edge sites are more reactive than oxygen

functional groups at lower potential range.
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Chapter 5: Conclusions and Perspectives for Further Research

This thesis systematically investigated the electrochemical degradation mechanism of supercapacitors with organic
electrolytes of EuNBF4/PC or EuNBF#/AN. In Chapter 2, the origin of degradation in positive potential range has been
explored. The reactants in the electrolyte are found to be electrolyte solvents (PC or AN) rather than salt (Et4NBF4). The
reaction sites on carbon materials are confirmed as H-terminated edge sites, phenol, ether and carbonyl on carbon edges, and
carbon porosity, crystallinity or radicals do not have any correlation with electrochemical degradation. In Chapter 3, the
degradation mechanism in negative potential range has been examined. Similar to the case of the positive potential range,
electrolyte solvents (PC or AN) are found to be more reactive than salt (EtsNBF;) at the negative potential range. However, the
degradation reactions mainly occur at the carbon basal planes rather than the edge sites, which makes a striking contrast to the
positive potential case. In Chapter 4, the reactivities of carbon edge sites at positive potential range have been investigated. It is
found that H-terminated edge sites are more reactive than oxygen functional groups at lower potential range. This work
demonstrates that a combination of CV and TPD is useful for a molecular understanding of electrochemical process, which

is also promising for studying supercapacitors using aqueous or ionic liquid electrolyte.
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