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While activated carbons are used as electrode materials in commercial supercapacitors, they are not stable under high

voltage operation especially at a positive-electrode side, and this limits the working voltage of supercapacitors within

about 2.8 V in organic electrolyte. Thus, revealing the specific carbon chemical structures causing the corrosion is of great

significance to come up with ideas of avoiding the corrosion reactions and eventually to achieve high energy density by

expanding the working voltage. In this work, a variety of carbon materials are analyzed with many characterization

techniques such as X-ray diffraction, Raman spectroscopy, N. adsorption, magnetic susceptibility measurement, and

temperature programmed desorption up to 1800 °C, to find out the origin of corrosion reactions in an organic electrolyte.

While carbon crystallinity and porosity are not directly related to the positive-electrode corrosion, a good correlation is

found between the corrosion charge and the amounts of carbon edge sites terminated by H and oxygen-functional groups

which are decomposed and release CO. It is thus concluded that the H-terminated edge sites, phenol, ether and carbonyl

groups are electroactive sites for the

Introduction

Electric double layer capacitors, also called supercapacitors, are
energy storage devices known for their excellent power
performance,11  but their energy density needs further
improvement to meet the recent market demands. According to
the formula, E = CV?/2, increasing working voltage (V) rather than
capacitance (C) is more effective to improve the energy density (E)
of supercapacitors. Moreover, the increase of working voltage is
important from the practical point of view for reducing the number
of cell stacking in a large module to output high voltage (300-500 V)
especially for automobile application. It is well known that the
stability potential window of an electrolyte medium governs the
working voltage of supercapacitors, and thus, propylene carbonate
(PC) or acetonitrile is used for commercial supercapacitors from
their wider stability potential windows than that of water and
relatively low viscosities over a wide temperature range.
Nevertheless, it is difficult to increase the working voltage over 2.7—
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carbon materials used in the positive electrode of supercapacitor.

2.8 V, because of the outbreak of many problems such as
capacitance drop,?15 increase of resistance,® and gas evolution.!”
19

There are two major methods to expand the working voltage of
symmetric supercapacitors: (1) the development of stable
electrolytes such as ionic liquids?® and (2) the development of
stable carbon materials. The former has been intensively
investigated, whereas very stable electrolytes are too expensive for
practical applications. On the other hand, the latter has been less
studied because it is very difficult to fabricate an appropriate
carbon structure that is excellent in every aspect (surface area,
electric conductivity, and electrochemical stability). Some limited
examples are single-walled carbon nanotubes?! and graphene
mesosponge,?? both of which endure 4 V as a working voltage in

8 Nanopores Nitrogen adsorption/desorption
s
e XRD

Crystallini Raman speetroscopy

e I l-()’ dil —> O, H0 1 100 ~ 400°C
g H ®IPD
| | (8] —> CO, H,0 : 600 ~ 700°C
(T H
?’L&KH

| > H,:700~ 1700°C
H 11 -

= - Y (zig-zag and armehair types)
* Singlet carbyne L—Y_J
* Singlet carbene i i ) e
Doublet/triplet radicals . Magnetic susceptibility
Unmeasurable
Fig. 1 Illustration of the structure of activated carbon and the techniques used in
this work for the characterization of the corresponding specific structures.
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symmetrical cells even using a conventional organic electrolyte
(EtaNBF4/PC). The key structural feature in these carbon materials is
a very small amount of carbon edge sites which may be the origin of
the oxidation reactions when a high voltage is applied. However,
like the stable electrolytes, the real application of these carbon
materials is also hindered by the high production costs. A more
practical solution could be the chemical conversion of such
corrosion sites into stable forms in conventional electrode materials
(activated carbons). In order to realize this idea, it is first necessary
to identify the corrosion sites which would exist in carbon edge
sites. However, as shown in Fig. 1, there are a variety of chemical
forms in carbon edge sites, and this makes it difficult to clarify the
detailed mechanism of carbon corrosion in supercapacitors. Thus,
there has been only a limited number of literature which
investigated the carbon corrosion in supercapacitors using organic
electrolytes which are practically used.

Azais et al. have reported that the major reason for the
capacitance drop and resistance increase is the decomposition of
electrolyte on the carbon surface, resulting in the deposition of
solid products which block part of porosity, and they have found
that surface functionalities affect the deposition.12 The formation of
such solid products has also been reported in PC by Ishimoto et al.Z3
Moreover, they have concluded that oxygen-functional groups of
activated carbon are decomposed by a trace amount of water
(contained as impurity) in a lower potential region because CO, and
CO evolutions were observed by gas chromatography. While these
works aimed to reveal “what happens” (generation of solid
deposition and gas evolution) upon the supercapacitor corrosion,
the relation between carbon structure and supercapacitor
degradation has rarely been examined thus far. Cazorla-Amoros et
al. have reported that the stability of activated carbon electrode is
improved by removing most of oxygen functional groups.?* It is
further reported by Yang et al. that the presence of many functional
groups like carboxyl, lactone and phenol groups led to high gas
evolution.> These studies suggest that undesirable effects are
caused by oxygen-functional groups. However, it is still difficult to
understand the comprehensive relationship between carbon
structures and supercapacitor degradation, because only limited
types of carbon materials have been examined with limited
characterization techniques.

In this work, the carbon structural properties and corrosion
behaviours of a variety of carbon materials are systematically
investigated to identify the common carbon corrosion sites in a
positive electrode. Nine kinds of very different carbon materials
with a variety of micro/meso/macroporosities are used (Table 1),
including three activated carbons, four carbon blacks, reduced
graphene oxide (rGO) and zeolite-templated carbon (ZTC).2® The
characterization techniques used in this paper are summarized in
Fig. 1. Nanoporous structure of carbon is characterized by nitrogen
adsorption/desorption. The crystallinity of carbon is analysed by X-
ray diffraction (XRD) and Raman spectroscopy. The properties of
edge sites are characterized by two methods. The first method is
magnetic susceptibility measurement which can detect triplet
carbenes?’ and o-radicals (doublet) which possibly exist as dangling
bonds, and also m-radicals at H-terminated zigzag edge sites.2® Such
radical sites may be highly reactive. In addition to these species, the
presence of singlet carbyne and singlet carbene is theoretically

2| J. Name., 2012, 00, 1-3

predicted,”” but they cannot be detected by the, \magngtic
susceptibility measurement, and are not coHsidEtéa3 PGS LWEEK
The second method is a special temperature programmed
desorption (TPD) which allows the detection of all edge sites that
are terminated with H or oxygen-functional groups by the
quantitative measurement of H,, H,0O, CO, and CO; gas evolutions
up to as high a temperature as 1800 °C.2° Note that conventional
TPD is operated up to 1000 °C, which is not high enough to desorb
all H atoms from edge sites as Ha. Unlike surface analysis such as X-
ray photoelectron spectroscopy (XPS), TPD allows bulk analysis, and
is more capable for quantitative measurement. By comparing the
aforementioned carbon properties with the electric charges
associated with carbon corrosion, we try to seek out the factors
affecting electrochemical degradation at a relatively early stage of
corrosion process.

Table 1 A list of nine carbon materials used in this work.

Abbreviation Remarks
AAC An anthracite-derived activated carbon (3650 m? g=1)3°
AACH2 Prepared by H-treatment (850 °C for 1h) of AAC?*
YPSOF A coconut-shell-derived steam-activated carbon
(Kuraray Chemical Co., Ltd.)
BP Carbon black (BLACK PEALS 2000; Cabot Co., Ltd)
DB Carbon black (Denka Black; Denka Co., Ltd)
XC72 Carbon black (VULCAN XC72; Cabot Co., Ltd)
KB Carbon black (Ketjen Black EC-300J; Lion Specialty
Chemicals., Ltd)
rGO Reduced graphene oxide (Aldrich Co., Inc.)
Zeolite-template carbon prepared by our group (3598
ZTC mZ g71)26

Results and discussion
Cyclic voltammetry

Fig. 2a shows the CV results on YP50F (an activated carbon used for
commercial supercapacitors) when stepwise expanding the upper
limit potential from 0.5 V to 1.9 V. In each potential range, the
anodic current, which is increased by corrosion reactions, reaches
the maximum at the upper limit potential. Previously, we have
reported that the first stage of corrosion occurs even at 1.0 V (vs.
Ag/AgClO,), involving the oxidation of carbon edge sites by
propylene carbonate.?¢ Ishimoto et al. have reported that oxygen-
functional groups of the carbon electrode are decomposed by a
trace amount of H,O to generate CO and CO; gases above 1.2 V.23
Furthermore, propylene carbonate is decomposed and polymerized
above 1.65 V.23 In Fig. 2a, the maximum anodic current gradually
increased from 0.5 to 2.1 V, corresponding to the evolution of the
prior mentioned corrosion modes. Above 1.7 V, current density
decreases, suggesting the decrease of carbon surface area as well
as the loss of electric double layer capacitance, because of the
polymer deposition.

In this work, we measured the CV patterns of nine kinds of
carbon materials with the upper limit potential from 0.5V to 1.9 V.
For each potential range, the irreversible electric charge (Qi) is
calculated by subtracting the total charge during a negative-
direction scan above an open circuit potential from the one during a
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Fig. 2 (a) CV scans at different potential ranges on YP50F. Only the 1% scan
results are shown. Insets explain the degradation modes reported in literature. (b)
An example of calculating the Qir of YP5OF. (¢) The change of Oir depending on
the upper limit potential for nine carbon materials.

positive-direction scan to extract the net corrosion charge
associated with electrochemical oxidation apart from the effect of
electric double layer capacitance (Fig. 2b). The change of Qi with
the upper limit potential of CV for all the samples is summarized in
Fig. 2c. It is found in YP50F that the change of Q; is in agreement
with the change of the maximum anodic current seen in Fig. 2a. In
other words, Qi also reflects the above corrosion modes. Thus, in
this work we use Qi to quantify the positive-electrode degradation
of supercapacitor. From the potential at which Q. rapidly increases
as well as the intensity of Qy, the stability of a carbon sample can be
roughly grasped: the onset potential for the Qi rise becomes higher
and Qir becomes smaller when the carbon sample is more stable. In
this work, we focus on the initial carbon degradation occurred at
1.0 V, and use Qi (unless otherwise noted, Qi is the value at 1.0 V)
as an indicator of corrosion. Among all the carbons, ZTC shows the
highest Qir, while XC72 the lowest. Hereafter, we try to find the
factor(s) which dominates the stability of carbon against positive-
electrode corrosion.

Nanoporosity

Generally, nanoporosity affects heterogeneous reactions. Pore size,
shape, and dimension govern the mass transportation, and surface
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Fig. 3 (a) N2 adsorption-desorption isotherms of carbon samples. Adsorption and
desorption data are shown by solid and blank symbols, respectively. (b) The plot
of Oir against specific surface area (SBer).
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area correlates with the number of reaction sites. In\this,wark we
use a very small scan speed (1 mV s71) forQV, IandIWE WifflSion<
limited process for the corrosion reactions can be avoided, as is
shown later. Thus, we focus only on the effect of surface area.

Fig. 3a shows nitrogen adsorption-desorption isotherms of the
samples. ZTC and YP50F show typical type-l isotherms,3! and they
are microporous materials. AAC shows gradual N, uptake at P/Py =
0.01-0.3, indicating the presence of relatively small (2-3 nm)
mesopores. AACH2 shows only slight decrease of N, adsorption
amount compared to that of AAC, and it is thus found that the H;
treatment at 850 °C does not significantly change the nanoporosity,
while the surface functional groups are greatly changed. BP, KB, DB
and rGO show the feature of a type-IV isotherm with slight
hysteresis, indicating the presence of some amount of mesopores.
XC72 shows a type-ll isotherm, showing its poor
micro/mesoporosity. Some carbon blacks show a large uptake
above P/Py = 0.9, corresponding to the capillary condensation of N3
in large mesopores/macropores existing at the inter-spaces of
carbon nanospheres. The textural properties of the carbon samples
are summarized in Supplementary Table S1 and Fig. S1.

Fig. 3b shows Q;r of each carbon, plotted against specific surface
area (BET surface area, Sger, is used). Although ZTC (3598 m2 g1),
AAC (3650 m2 g™1) and AACH2 (3318 m?2 g1) have similar specific
surface areas, their Q;r values are very much different. Also for the
other samples, almost no correlation can be found between Q;- and
Seer. Thus, specific surface area is not responsible for the early-stage
degradation, and this is consistent with the conclusion reported by
Xu et al.3?2 These results can be ascribed to the non-uniform
distribution of reaction sites in carbon materials, because of the
intrinsic anisotropy of a graphene sheet which is the minimal
structural unit as shown in Fig. 1. Considering that the basal planes
should be more stable than the edge planes, it is deduced that
carbon corrosion sites exist only at the carbon edge planes.
Crystallinity

Generally, highly crystalline graphite is very stable against corrosion,
while low-crystalline activated carbons are not. This is because the
amount of edge sites tends to decrease with increasing carbon
crystallinity.22 We thus investigate the effect of crystallinity degree
on the electrode corrosion by using XRD and Raman spectroscopy.

Fig. 4a shows the XRD patterns of the carbon samples. The
crystallinity degree of non-graphite carbon materials can be roughly
estimated from the two broad peaks at around 268 = 26° and 43°,
corresponding to the carbon 002 and 10 peaks, respectively. The 10
peak is derived from the in-plane diffraction of a graphene sheet
(instead of 11 peak, 10 peak is used because the 11 peak is too
small), while the 002 peak is from the ordered stacking of graphene
sheets. The full width at half maximum (FWHM) of an XRD peak, f,
has directly to do with the crystallite size (L), through the following
Scherrer equation:

K2

L= (1)

- Lcos6

where K, A, and & are a shape factor, X-ray wavelength, and the
Bragg angle, respectively. Thus, a sharp 10 peak (small £) means a
large graphene-domain size (a small amount of edge sites), and vice
versa. Accordingly, Qi may increase along with the FWHM of the

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Influence of crystallinity. (a) XRD patterns. (b) The plot of Qi against
FWHM of the carbon 10 peak (the data of ZTC is not shown as it does not
display 10 peak). (¢) Raman spectra which are normalized by the intensity of G-
band. (d) The plot of Oir against In/lc.

carbon 10 peak, fio. However, as shown in Fig. 4b, no clear
correlation can be seen between Qir and fSio. There are two possible
reasons: (1) the carbon 10 peak can reflect only continuously flat
domains. When a continuous graphene sheet is curved, fio
corresponds only to the flat portion rather than the whole
graphene size. Low-crystalline carbons, like activated carbons3? and
ZTC,3* consist of defective and significantly curved graphene sheets,
so that S0 does not necessarily correlate with the amount of edge
sites. (2) Not all edge sites are responsible for the carbon corrosion.
As shown later by the TPD analysis, not only (1) but also (2) is the
case, and consequently, XRD cannot predict the tendency of carbon
corrosion. Note that the FWHM of the carbon 002 peak, foo,, also
has not any correlation with Qi (Supplementary Fig. S2).

Raman spectra of the carbon samples are shown in Fig. 4c. Each
spectrum was deconvoluted into four bands including the graphitic
band (G band), the disorder band (D band), the band ascribed to
amorphous carbon (Am band) and the band ascribed to sp3-bonded
carbon atoms (P band) by using the method reported elsewhere.3>
A typical curve-fitting result of AAC can be found in Supplementary
Fig. S3. The intensity ratios of the D band to the G band (Ip/Is ratios)
are calculated. It is generally anticipated that the carbon
crystallinity degree can be roughly judged by the Ip/Ig ratio or the
FWHM of G band. In Fig. 4d, it is found that there is no correlation
between Qi and Ip/Is ratios. Note that the FWHM of the G-band has
nothing to do with Q;r (Supplementary Fig. S4). The results shown in
Figs. 4b, 4d, S1 and S3 demonstrate that the carbon crystalline
properties analysed by means of XRD and Raman spectroscopy are
not directly related to carbon oxidation in positive electrode. A
more direct investigation on the effect of carbon edge sites on the
electrochemical degradation is necessary.

Carbon edge sites

The results described above illustrate that the amounts of carbon
degradation sites are not correlated with the surface area and
crystallinity of carbon materials. Accordingly, gas adsorption, XRD,
and Raman spectroscopy are useless to predict the electrochemical
stability of carbon materials. The question is how to detect the

4| J. Name., 2012, 00, 1-3
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carbon degradation sites which should exist at carbon edge sites, in
a variety of structures shown in Fig. 1. To answer this question, we
have applied two techniques for the quantitative analyses of
different edge sites.

The first method is the magnetic susceptibility measurement
which can determine the spin density (Nspin) in carbon materials.
Spins exist at triplet carbenes,?’ o-radicals (doublet), and -
radicals?® (the H-terminated zigzag edge sites). Although the
amount of such radical species is relatively small compared with the
entire amount of H-terminated edge sites (Supplementary Table S2),
the radical sites may be highly reactive and thus it is necessary to
examine their effect on electrochemical reactions. However, as Fig.
5 shows, no clear correlation can be found between Qi and the spin
density, indicating that radicals existing in carbon materials are not
the origin of the carbon corrosion in positive electrode.

Thus, we applied the advanced TPD technique?® which can detect
the entire edge sites terminated by hydrogen or oxygen-functional
groups, by desorbing them as CO, CO,, H,0 and H.. Fig. 6 shows the
gas evolution patterns (TPD patterns) for all the samples. As is
found from Fig. 6a, ZTC, AAC, YP50F, DB and rGO show relatively
intense CO evolution, demonstrating the presence of acid
anhydrides, ethers, phenols and carbonyl groups in their carbon
frameworks.3¢ In Fig. 6b, rGO, AAC, and ZTC show a broad peak of
CO, at the range of 200 °C to 900 °C, and this is ascribed to the
decomposition of carboxylic acids, acid anhydrides, and lactones.
BP shows a sharp peak at 700 °C, probably corresponding to
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Fig. 6 Evolution of (a) CO, (b) CO2, (¢) H2O and (d) Hz> during the TPD
measurement.
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lactones.3¢ Unlike CO and CO; evolutions, the origin of H,0
evolution (Fig. 6¢) has not been clearly assigned in literature, and
there are several possibilities: (1) dehydration of neighbouring
carboxyl groups, (2) dehydration of neighbouring hydroxyl groups
and (3) desorption of water adsorbed in carbon pores. The H,0
evolutions of rGO and AAC show some overlapping with the CO,
evolutions, while H,O evolution of ZTC overlaps with its CO
evolution. Thus, the effect of (1) is significant in rGO and AAC,
whereas (2) may be dominant in ZTC. The release of H, (Fig. 6d)
takes place in the range of about 700 to 1600 °C. ZTC shows the
largest release amount of H,, demonstrating the existence of a large
amount of H-terminated edge sites.

From Fig. 6, the effect of H, treatment on AAC can be clearly seen.
CO, CO,, and H,0 evolutions are remarkably decreased in AACH2,
while H; evolution is increased, indicating that most of the oxygen-
functional groups were replaced with H-terminated edge sites.
Additionally, the porosity is not greatly changed by the H,
treatment (Fig. 3a). Thus, the effect of different chemical forms of
carbon edge sites can be discussed by comparing AAC and AACH2.

Figs. 7a-d show the plot of Qi against the total evolution
amounts of CO, CO,, H,0, and H,, respectively. As mentioned in the
introduction, the undesirable effects caused by oxygen-functional
groups have been reported in literature,> whereas no correlation
was found between Qi and the amounts of CO, CO, or H,0
evolutions in the present data (Fig. 7a-c) using a variety of different
carbon materials. Indeed, AAC and AACH2 show almost the same
Qir despite their very different amount of oxygen-functional groups.
On the other hand, a good correlation can be found between Qi
and H, evolution amount (Fig. 7d). This suggests that the
irreversible faradic reactions at 1.0 V start mainly at the hydrogen
terminated edge sites of carbon materials in supercapacitors using
the organic electrolyte (EtsNBF4/PC). To the best of our knowledge,
no one has found such a good correlation between the carbon
degradation and the amount of H-terminated edge sites among
very different carbon materials thus far. Moreover, the linear
relation in Fig. 7d suggests that the oxidation reactions detected in

7TC o
R?=0.2916

0 -+ XCTT T T
0 0.5 1 15 2 25

Desorbed CO / mmol gt Desorbed CO, / mmol g'!

e 1GO

04 06 08
Desorbed H,0 / mmol g
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Fig. 7 The plot of Qi against the total amounts of (a) CO, (b) COz, (¢) H20, and
(d) Hz evolutions. The calculation method of R? is shown in the Supplementary
Information.

This journal is © The Royal Society of Chemistry 20xx

Journal of-Materials/Chemistry A

this work are not governed by diffusion (despite, thee lange
difference in nanoporosity among the satRples).0IUESEREHIEA
reactions. As the reaction time is the same for all samples (because
the CV scan speed is the same), the amount of irreversible charge
(Qir) can be regarded as a kind of reaction rate. Thus, Fig. 7d
indicates that the reaction rate is proportional to the concentration
of H-terminated edge sites. In other words, the reaction rate for the
corrosion is the first order with respect to H-terminated edge sites.

Although a good correlation can be found in Fig. 7d, some of the
samples (AAC, rGO, and DB) show upward deviation from the
approximate line, indicating the presence of corrosion sites other
than H-terminated edge sites. Such sites may be specific types of
oxygen-functional groups. To obtain a better correlation, the
coefficient of determination (R2?) for the relation between Q; and
the sum of the H-terminated edge sites (calculated by multiplying
the entire H, evolution amount by 2) and the partial gas (CO, CO,,
or H,0) evolution up to a certain temperature in each TPD
experiment was plotted against the temperature in Fig. 8a.
Interestingly, R? becomes very high (~0.99) when CO evolution
amount is included at the range wider than 800 °C. This results
implies that the CO-yielding functional groups are more likely to be
responsible for the electrochemical degradations than CO,- or H,0-
yielding functional groups. Fig. 8b shows the result of plotting Qi
against the sum of the amount of H-terminated edge sites (2 X H,)
and CO evolution. The R? reaches 0.9869, showing an excellent
correlation between these two parameters. The obtained result
suggests that the corrosion sites are not only H-terminated edge
sites but also CO-yielding oxygen-functional groups, i.e., hydroxyl
groups, ethers and carbonyls.3’

In order to confirm the above conclusions, the change of the TPD
gas evolution in YP50F was examined before and after a single CV
scan in the potential range of —0.5 to 1.0 V, and the result is shown
in Table 2. As expected, H, and CO evolutions are decreased upon
the CV scan, indicating the consumption of these edge sites by the
electrochemical oxidation. The Qi of this CV cycle is 54.8 C g4,
corresponding to 568 pumol g1 of electrons. The decrease of H,
evolution is 255 umol g1 (Table 2), corresponding to 510 umol g*
of H-terminated edge sites. Together with the decrease of CO
evolution (84 umol g), it is estimated that 594 umol g™! of edge
sites are reacted. This agrees very well with the value of the
consumed electron (568 umol g), strongly supporting the
aforementioned conclusions about the origin of the electrochemical
oxidation. Also, the finding that the number of the reacted sites
(594 umol g1) revealed from Table 2 is very close to the number of

(a) 1
pate

565 R?= 0.9869

~
o 0.98

0.97

Y Xt72
200 500 800 1100 1400 1700

x -1

Temperature / °C 2 X H,+CO/mmol g

Fig. 8 (a) R? for the relation between Qi and the sum of the entire H-edge sites

and the partial gas (CO, CO2, and H20) evolution up to a certain temperature in

the TPD experiment. (b) Oir versus the sum of the entire H-edge sites and the
total CO evolution up to 1800 °C.
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the consumed electron (568 umol g™1) suggests that the corrosion
reaction is based on one-electron oxidation. It is also found that the
ratio of the reacted sites are 17% for H-terminated edge sites and
11% for CO-yielding sites. Table 2 shows that the amount of CO,-
yielding oxygen functional groups remains almost the same before
and after CV. Together with the fact that no new gas desorption
peaks can be observed in the TPD run after CV, it is deduced that
the oxidation products do not remain on the surface of carbon
electrode, but may be resolved as gases during the CV
measurement.

Table 2 The total gas evolutions during TPD measurement, before and after
electrochemical oxidation of YP50F by a CV scan.

Hz (umol H20 (umol CO (umol COz (umol g%)
gl gl g7
Before CV 1464 216 756 86
After CV 1209 247 672 92

Dependence on potential

While the above discussion is based on Qi at 1.0 V, the relation
between Q;; at different potentials and carbon edge sites is
discussed here. Fig. 9a shows the R? values for the relations
between Qirxv (x = 0.5 to 1.7) and TPD gas evolutions of H,, CO, CO,,
H,0, or H-terminated edge sites + CO. Since the measurement of
ZTC was possible only up to 1.3 V because of its high reactivity, the
data of ZTC is excluded in Fig. 9. While CO, CO,, and H,0 show very
low R? values which are mostly below 0, H, shows a good
correlation with Qi.xv in the potential range of 0.9 to 1.6 V. At the
same potential range, the correlation of H + CO is further better,
demonstrating that the electrochemical oxidation of H-terminated

edge sites and CO-yielding sites occurs in this potential range (as Fig.

(a) 4 (b) oxidized

05 07 09 11 13 15 17
Potential (V vs. Ag / AgClO,)

Fig. 9 (a) Correlation coefficient (R?) of Qirxv against the amount of released
gases at different potential range. (b) Illustration of electrochemical oxidation of
carbon edge sites.

9b shows).

Dependence on electrolyte

In order to examine the effect of electrolyte on the carbon
corrosion process, another organic electrolyte (1 M Et;NBF; in
acetonitrile) is used. This electrolyte is also used to commercial
supercapacitors and is worth to be investigated. Fig. 10a shows the
correlation between Qi and H, evolution for the carbon samples.
Similarly to the case of EtsNBF4/PC (Fig. 7d), a good correlation can
be found. When Qi is plotted against the sum of the entire H-edge
sites and the total CO evolution up to 1800 °C, a better correlation
is obtained (Fig. 10b), which accords to the result shown in Fig. 8b.

6 | J. Name., 2012, 00, 1-3

This indicates that the edge-induced carbon corrosigp, is, the main
reason for positive electrode degradation 8IS0 iR.1thHe/aEetoniPie
based organic electrolyte.

140 @) 140
120 - (b)
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Fig. 10 (a) The plot of Qir against the amounts of Hz evolution. (b) Qir versus the
sum of the entire H-edge sites and the total CO evolution up to 1800 °C.

Conclusions

The origin of carbon degradation for early-stage electrochemical
oxidation in organic electrolytes (1 M EtNBF4/PC or 1 M
EtsNBFs/acetonitrile) has been investigated. By correlating the
degree of the electrochemical degradation with various carbon
properties, we have found that the causal sites are H-terminated
edge sites and oxygen-functional groups which are decomposed as
CO in a TPD run, regardless of the types of carbon materials. Their
crystallinity, porosity, and the number of radicals do not have any
correlation with the carbon degradation in positive electrode. The
observed good linear relationship between the degree of the
electrochemical corrosion and the amount of such causal sites
indicates that the reaction rate for the corrosion is the first order
with respect to their amount. In addition, the detailed TPD analysis
before and after the electrochemical oxidation through a CV scan
reveals that the corrosion reaction is based on one-electron
oxidation. Thus, we have demonstrated in this study that the
quantitative analysis of carbon edge sites with the high-
temperature TPD up to 1800 °C is an effective tool to judge the
electrochemical stability of carbon materials and to understand the
mechanism of the corrosion reaction for the first time. Moreover,
this study presents the following guideline to achieve high voltage
in supercapacitors: it is important to reduce the causal sites, for
example, by fabricating carbon frameworks free from edge sites like
single-walled carbon nanotubes and graphene mesosponge, or by
chemical conversion of such sites into more stable forms.38 39

Experimental
Carbon materials

Nine kinds of carbon materials were used in this work, including
three kinds of activated carbons, four kinds of carbon blacks, rGO
and ZTC? (Table 1). One of the activated carbons is anthracite-
derived activated carbon (AAC) with an extremely high surface area
(3650 m2 g1).30 Details of the sample preparation can be found in
the Supplementary Information. The second activated carbon was
prepared by H,-treatment (850 °C for 1h) applied to AAC,2* and it is
referred to as AACH2. The third activated carbon is a coconut-shell-
derived steam-activated carbon (YP50F; Kuraray Chemicals Co., Ltd)

This journal is © The Royal Society of Chemistry 20xx
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which is used indeed for commercial supercapacitors. The carbon
blacks are BLACK PEALS 2000 (BP; Cabot Co., Ltd), VULCAN XC72
(XC72; Cabot Co., Ltd), Ketjen Black EC-300J (KB; Lion Specialty
Chemicals., Ltd) and Denka Black (DB; Denka Co., Ltd). These carbon
blacks are high-surface area types which are developed for catalyst
supports or porous conductive additives. rGO has been known for
its potential high surface area (2630 m2 g-1) and high performance
as supercapacitor electrodes.®® ZTC consists of ordered
nanographene framework3* and have ca. 10 times large amount of
edge sites than activated carbons. Accordingly, it can be an extreme
example of an edge-enriched carbon structure. ZTC was prepared
by the method reported elsewhere.26

Characterization

Nitrogen adsorption isotherms of carbon materials were measured
at —196 °C by using BELSORP-mini (MicrotracBEL Corp.). Specific
surface area (Sger) was calculated by using the Brunauer-Emmett-
Teller (BET) method. Pore volume for pores less than 50 nm (Vsonm)
was obtained from the N, adsorption amount at P/Py = 0.96, while
total pore volume including a part of macropores (V) was obtained
from the N, adsorption amount at P/Py = 0.99. Micropore volume
(Vmicro) was calculated by the Dubinin-Radushkevitch method.
Mesopore volume (Vimeso) Was calculated by subtracting Vimicro from
Vsonm. Macropore volume (Vmacro) Was calculated by subtracting
Vsonm from Vi, The carbon crystallinity was characterized by XRD
(Shimadzu XRD-6100, X-ray source Cu Ka, 26 range 2 ~ 50°, scan
speed 0.625° min~1) and also by Raman spectroscopy (JASCO NRS-
3300FL, laser: 532.2 nm). The carbon edge sites were characterized
by magnetic susceptibility measurement and high-sensitivity TPD.2?
Magnetic susceptibility was measured with a superconducting
quantum interference device (SQUID). Curie constant (C) is
calculated according to the Curie-Weiss law:
Xe=C/(T—6) (2)
where Xc is magnetic susceptibility, T is temperature, @is the Curie
temperature. The number of magnetic moment (N) is
approximately calculated by the following equation:
C= Ng?pgs(s+1) 3)

3kp
where g is the Landé g-factor, ug is the Bohr magneton, S is the total
spin quantum number, kg is the Boltzmann constant. There are
three possibilities of radical species at the carbon edge sites: =«
radicals (S = 1/2,)28 o radicals (S = 1/2), and triplet carbene (S = 1).27
By dividing N with sample weight, spin density (Nsin) was obtained.
The TPD measurement was performed on a sample (ca. 1 mg) by
using a home-made high-vacuum apparatus allowing quantitative
detection of gas evolutions such as H,, H,0, CO, and CO;, during a
heating of sample up to 1800 °C with a heating rate of 10 °C min~
129
Electrochemical measurement

Electrochemical measurement was performed in a three-electrode
cell at 25 °C. For activated carbons and ZTC, a carbon sample was
mixed with binder polymer (PTFE; PTFE 6-J, Du Pont-Mitsui
Fluorochemicals Co. Ltd.) and carbon black (Denka black, Denki
Kagaku Kogyo Kabushiki Kaisha) by the ratio of 90:5:5. For carbon
blacks and rGO, a sample was mixed with PTFE by the ratio of 85:15
without additional carbon black, because these samples have
enough high electric conductivity and it was difficult to form a

This journal is © The Royal Society of Chemistry 20xx
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uniform electrode sheet with a small amount of PTFE, The, resulting
mixture was moulded into a square sheet (DB€l:dM2052108Mg),08RY
sandwiched with a Pt mesh, to be a working electrode. An
electrolyte is 1 M EtNBF, in propylene carbonate (PC) or
acetonitrile. An activated carbon fibre (Unitika, A20) was used for a
counter electrode, which was prepared by the same manner for
activated carbon electrodes except its loading amount (ca. 20 mg).
A reference electrode was Ag/AgClO,4. With the three-electrode cell,
cyclic voltammetry (CV) was performed by the following manner.
First, CV scan (1 mV s71) was repeated four times in the potential
range of —0.5 to 0.5 V, and then the upper potential limit was
gradually expanded by 0.1 V up to 2.1 V. At each potential range, CV
scan was repeated four times. The degradation of the carbon
electrode was judged by irreversible charge (Qi [C]), calculated
according to the following equation:

Qir = onsitive - Qnegative (4)

where Qpositive and Qnegative are total charges during the first
positive-direction scan and during the first negative-direction scan,
respectively. Qpositive and Qnegative Were obtained by integrating
CV current with time?% 4! in the potential range between the
open circuit potential (—0.2 to 0 V) to the maximum potential
ata CVscan (x[V]; 0.5<x<1.9).
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