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Carbon and graphene-based materials often show some amount of pseudocapacitance due to their
oxygen-functional groups. However, such pseudocapacitance is generally negligible in organic electro-
lytes and has not attracted much attention. In this work, we report a large pseudocapacitance of zeolite-
templated carbon (ZTC) based on the oxygen-functional groups in 1 M tetraethylammonium tetra-
fluoroborate dissolved in propylene carbonate (Et4NBF4/PC). Due to its significant amount of active edge
sites, a large amount of redox-active oxygen functional groups are introduced into ZTC, and ZTC shows a
high specific capacitance (330 F g�1). Experimental results suggest that the pseudocapacitance could be
based on the formation of anion and cation radicals of quinones and ethers, respectively. Moreover, ZTC
shows pseudocapacitance also in 1M lithium hexafluorophosphate dissolved with a mixture of ethylene
carbonate and diethyl carbonate (LiPF6/ECþDEC) which is used for lithium-ion batteries and lithium-ion
capacitors.

& 2015 Published by Elsevier B.V.
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
1. Introduction

Towards the development of high-energy pseudocapacitors
and hybrid capacitors, various types of redox-based active mate-
rials have been investigated, e.g. conductive polymer [1,2], organic
compounds [3–7], and metal oxides [8,9]. The conductivities of
these active materials are generally not sufficient, and therefore,
they are usually mixed with conductive additives. However, this
results in low mass-fraction of the redox-active materials. In
addition, the redox active materials are generally not durable for
long-term use, and most of them are redox-active only in aqueous
electrolytes, which further limits their applications. It would be
ideal if conductive carbon materials themselves could exhibit a
large pseudocapacitance, especially in organic electrolytes having
a wide potential window (ca. 3V).

We have recently reported that zeolite-templated carbon (ZTC),
an ordered microporous carbon prepared by using zeolite as a hard
template [10,11], has a very large amount of active edge sites,
namely ca. 10 times larger than the amount of ordinary activated
carbons. Moreover, such edge sites can be easily functionalized by
: þ81 22 217 5626.
ishihara).

, et al., (2015), http://dx.doi
a large amount of quinone groups in H2SO4 electrolyte [12,13]. The
quinone groups give rise to high pseudocapacitance (ca. 500 F g�1)
with reasonably high rate capability and good cyclability [13]. In
this work, we report the introduction of redox-active oxygen
functional groups to ZTC in tetraethylammonium tetrafluoroborate
dissolved in propylene carbonate (Et4NBF4/PC). The edge sites of
ZTC are so active that the functional groups are easily introduced
even within a potential range which is too narrow for general
carbon materials to be electrochemically-reacted. The oxygen
functional groups thus introduced in ZTC show a large pseudoca-
pacitance at two different potentials in the organic electrolyte. We
then try to understand the origin of the pseudocapacitance.
Moreover, we examine the behavior of ZTC in lithium hexa-
fluorophosphate dissolved with a mixture of ethylene carbonate
and diethyl carbonate (LiPF6/ECþDEC) to see if ZTC exhibits
pseudocapacitance in the different type of organic electrolyte.
89
90
91
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2. Experimental

ZTC was prepared using the method reported elsewhere [14].
ZTC is characterized by a very large BET surface area of 3600 m2 g�1

as well as by ordered micropores with a uniform size of 1.2 nm.
93
94
95
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Fig. 1. Q2CV patterns of (a) ZTC, (b) MSC30, and (c) YP-50F, measured in 1 M
Et4NBF4/PC at 25 °C. A scan rate is 1 mV s�1. The 1st and the 4th CV patterns
measured in a potential range from �1.5 to 1.0 V are expressed by black and red
lines, respectively, while the 1st CV pattern measured in a potential range from
�1.5 to 0.5 V is expressed by a blue line. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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A three-electrode cell was constructed inside a glove box (Ar
atmosphere). An electrode sheet for a working electrode was pre-
pared by mixing ZTC, PTFE, and carbon black with the weight ratio
of 90:5:5. About 10 mg of the electrode sheet was sandwiched by a
Pt mesh to form the working electrode. Using the same manner, a
counter electrode was also prepared, but an activated carbon fiber
(Unitika, A20) was used instead of ZTC. The working electrode was
isolated from a counter electrode by a cellulose separator. A refer-
ence electrode consisted of Ag/AgClO4. The electrochemical char-
acterization was carried out using the three-electrode cell with 1 M
Et4NBF4/PC at 25 °C, in a fixed potential range from �1.5 to 1.0 V to
clarify the mechanisms of electrochemical oxidation of ZTC and the
appearance of pseudocapacitance. For comparison, two types of
commercial activated carbons (Kansai Coke and Chemicals Co., Ltd.,
MSC30; Kuraray Chemical Co., Ltd., YP-50F) were used as reference.
MSC30 is a KOH-activated carbon having a large BET surface area of
2680 m2 g�1. YP-50F is a steam-activated carbon which is indeed
used as an electrode material of commercial electric double-layer
capacitors. YP-50F has a BET surface area of 1700 m2 g�1, and is
highly durable for long-term use.

By the electrochemical oxidation [13], quinone-functionalized
ZTC was also prepared and characterized to elucidate the effect of
quinone-type oxygen functional groups (see Supporting informa-
tion about the details of this experiment).

In order to understand the effect of the electrochemical oxi-
dation on the carbon surface chemistry, some of electrode sheets
before and after the electrochemical characterizations were ana-
lyzed by temperature-programmed desorption (TPD) [15] and FT-
IR (Shimadzu, FTIR-8900) [13]. For these analyses, the electrode
sheet taken out from the current collector was washed by acetone
with sonication for 30 min. Then, the washed sample was sepa-
rated from the acetone by filtration. The sonication and filtration
were repeated twice and the sample was finally dried at 80 °C
under reduced pressure for 6 h.

The stable potential range of ZTC was also examined by the
following method. First, cyclic voltammetry (CV) was performed
for 4 cycles in a narrow potential range of �1.5 to 0.5 V (vs
Ag/AgClO4). Then, galvanostatic charge/discharge cycling (GC) was
conducted at several different current densities. Next, the upper
limit potential was increased stepwise from 0.5 to 1.3 V, and the
set of CV and GC was repeated at each of the potential ranges.
Similar potential expansion towards negative potential region was
done in the same manner but the upper limit potential was fixed
at 0.5 V and the lower limit potential was expanded stepwise from
�1.5 to �2.3 V. The stable potential range of ZTC was determined
from the change of the specific capacitance or color change of the
electrolyte. Then, the electrochemical performance of ZTC was
examined in the stable potential range (�2.0 to 1.0 V) determined
by the above experiment.

A set of electrochemical measurements was made also in 1 M
LiPF6/ECþDEC. In this case, stainless mesh was used instead of Pt
mesh, and Li foil was used as both reference and counter electrodes.
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3. Results and discussion

3.1. Pseudocapacitance of ZTC in 1 M Et4NBF4/PC

Fig. 1a shows cyclic voltammograms of ZTC in 1 M Et4NBF4/PC.
The black and red lines corresponds to the 1st and the 4th scans
measured in �1.5 to 1.0 V, respectively. At the initial positive-
direction scan (black line), a large anodic current is observed above
0.5 V, and subsequently a redox peak appears around 0.4 V. We have
recently reported very similar results of ZTC in an aqueous electro-
lyte (1 M H2SO4) [13], i.e., ZTC is intensively oxidized at the first
positive-direction scan and a large amount of quinone-type groups
Please cite this article as: K. Nueangnoraj, et al., (2015), http://dx.do
are introduced, which gives rise to a large pseudocapacitance. For
reference, the 1st scan (blue line) measured in �1.5 V to 0.5 V is also
shown in Fig. 1a. It is noteworthy that the blue line shows almost no
reduction peak around 0.4 V (indicated by an arrow). Fig. 1a thus
indicates that the redox active species are generated during the
initial positive-direction scan above 0.5 V. Additionally, another
broad and weak redox peak can be observed at a negative potential
around �0.6 V in the 4th scan (red line), though this peak is very
weak at the 1st negative-direction scan (black line). The corre-
sponding redox active species seems to be different from the origin
of the pseudocapacitance around 0.4 V, and they are gradually
introduced into ZTC during the four CV cycles.

The aforementioned behavior of ZTC is totally different from
those of the commercial activated carbons (Fig. 1b and c), whose
voltammograms exhibit a typical rectangular shape based on
electric double layer capacitance regardless of the number of cycle.
i.org/10.1016/j.ensm.2015.08.003i
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Table 1
Amounts of CO, CO2, and H2O evolutions and total oxygen content of the pristine
ZTC electrode and the one polarized in �1.5 to 1.0 V.

Polarization potential
(V)

Amount of gas evolution (μ
mol g�1)

Total oxygen con-
tent (wt%)

CO CO2 H2O

Pristine 1624 173 1095 4.9
�1.5 to 1.0 3939 1039 3007 14.4
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Thus, the anodic process seen in ZTC would be due to the unique
structure of this carbon. It should be noted that Pt, the present
current collector, can catalyze the anodic decomposition of PC
solvent at a high potential [16]. Fig. 1b and c, however, indicates
that such Pt-catalyzed PC decomposition does not occur in the
activated carbons at the present potential range. In addition, we
have proved that ZTC is also free from such a problem by a sepa-
rated experiment (Supporting information, Fig. S1).

To investigate the origin of the pseudocapacitance, ZTC after
the polarization was subjected to the TPD analysis. During the
heating in a TPD run, oxygen functional groups are decomposed to
CO and CO2 gases at different temperatures, depending on their
types. It is generally accepted that the decomposition of ethers,
phenols, and quinone-type carbonyls results in the desorption of
CO, carboxylic groups and lactones give CO2, and acid anhydrides
produce both CO and CO2 (molar ratio 1:1) [17–19]. The resulting
CO and CO2 desorption profiles are shown in Fig. 2, and their
amounts are summarized in Table 1 together with the total oxygen
content. It is found that the amounts of CO and CO2 desorption
from ZTC increase upon the positive polarization up to 1.0 V,
indicating that oxygen functional groups are indeed introduced
into ZTC by the electrochemical oxidation in 1 M Et4NBF4/PC. In
Fig. 2, major enhancement can be seen in the CO evolution around
400–1000 °C. Since CO2 evolution is not similarly increased, the
large CO evolution in the oxidized ZTC would be mainly derived
from ethers, phenols, and/or quinone groups [17–19]. Conse-
quently, one or some of these groups may contribute to the
pseudocapacitance. Though a trace amount of H2O (o30 ppm) is
contained in the electrolyte solution, we have confirmed that the
origin of the oxygen-functional groups is not H2O, but PC, by a
separated experiment (Supporting information, S3). It has been
reported that the present solvent (PC) reacts with many com-
pounds, such as phenol and tiophenol, to form CO2 and
Fig. 2. CO and CO2 TPD patterns of electrode sheets including ZTC

Please cite this article as: K. Nueangnoraj, et al., (2015), http://dx.doi
hydroxyalkyl derivaties including oxygen derived from PC [16,20]
at a high potential and the direct reaction of PC with activated
carbons is also possible [20]. Since the edge sites of ZTC are elec-
trochemically more active than those of conventional porous car-
bons [12,13], it is likely that only ZTC can react with PC as shown
in Fig. 1 and a large amount of ethers, phenols, and/or quinone
groups are introduced as a result.

Since the present electrolyte includes not only oxygen but also
nitrogen and boron, it is necessary to consider the possibility of
the introduction of other functional groups including these het-
eroatoms which also exhibit pseudocapacitance [21–23]. However,
we have confirmed that functional groups containing nitrogen or
boron are not introduced into ZTC by the present polarization
condition (see Supporting information, Fig. S4).

3.2. Redox reaction in the negative potential range

The next question is which type of oxygen functional group may
be responsible for the observed pseudocapacitance. We have
recently reported that ZTC can be easily electro-oxidized in H2SO4,
and a large amount of quinone groups can be introduced into ZTC
with a high selectivity [13]. Quinones are generally known as redox-
active functional groups, which can exhibit pseudocapacitance in
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132, (a) before and (b) after polarization between �1.5 and 1.0 V.
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organic electrolytes [24,25]. Thus, we prepared the quinone-func-
tionalized ZTC, and examined its electrochemical response in 1 M
Et4NBF4/PC. The quinone-functionalized ZTC indeed exhibits a cou-
ple of intense peaks in a negative potential range (Fig. 3). Quinone
groups would therefore correspond to the pseudocapacitance in the
negative potential range. The redox potential of quinones in organic
molecules varies with the molecular structure and/or with the
adjacent functional groups, both of which affect the electron affinity
of quinones [25,26]. But, most of the observed potentials stay within
the range of the broad peak in Fig. 3.

3.3. Redox reaction in the positive potential range

Most of edge sites of the quinone-functionalized ZTC are
occupied by quinone groups, and therefore, this sample is not
severely oxidized in the initial positive-direction scan (Supporting
information, Fig. S4). Besides, the quinone-functionalized ZTC does
not show pseudocapacitance in the positive potential range
(Fig. 3). Consequently, the origin of the pseudocapacitance cannot
be ascribed to quinones, but it may be ethers and/or phenols. In
addition, ethers and/or phenols should be introduced at the initial
anodic oxidation above 0.5 V.

Fig. S5 shows FT-IR spectra of ZTC before and after the polar-
ization up to 0.7 V. Ethers, phenols, and quinones generally give IR
absorption bands at 1000–1300, 3200–3400 and 1600–1900 cm�1

due to C–O, O–H and C¼O stretching modes, respectively [27,28].
By the polarization up to 0.7 V, a new peak appears in the region of
the C–O stretching, suggesting that the redox peak at 0.4 V
(Figs. 1a and 3) corresponds to ethers.

To our best knowledge, a furan ring is the only ether-type group
which shows reversible redox reaction in this positive potential
range [29]. We thus propose a possible redox reaction scheme of ZTC
in 1 M Et4NBF4/PC, as shown in Fig. 4. ZTC is first electrochemically
oxidized above 0.4 V (Fig. 1a) with PC, and furan-type ethers are
introduced as a result. By the following cycles, in addition to the
ethers, redox-active quinones are slowly introduced in ZTC. The
. 3. Cyclic voltammograms (fourth scan) of the pristine ZTC (black lines) and the
inone-functionalized ZTC (red lines), measured in 1 M Et4NBF4/PC up to 0.5 V
lid lines), and 1.0 V (dotted lines). A scan rate is 1 mV s�1. (For interpretation of
e references to color in this figure legend, the reader is referred to the web
rsion of this article.)

Fig. 4. A possible redox-reaction scheme of oxy
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former is reversibly oxidized/reduced by the formation of its cation
radical [29], and thus shows pseudocapacitance around 0.4 V.
The latter is also reversibly oxidized/reduced by the formation of its
anion radical [31], and shows pseudocapacitance around �0.6 V.

3.4. Stable potential range of ZTC in 1 M Et4NBF4/PC

Fig. 5 shows the change of capacitance of ZTC and MSC30,
when the upper (Fig. 5a) or lower (Fig. 5b) limit potential is
expanded to a positive or negative direction, respectively. Electric
double-layer capacitance is generally independent of an operating
potential. Therefore, in Fig. 5a, MSC30 keeps a constant capaci-
tance (ca. 180 F g�1) up to 1.6 V. At a very high potential of 1.8 V,
the capacitance is decreased due to the decomposition of elec-
trolyte and the subsequent formation of polymer-like solids which
cause the pore blocking [20]. This is a typical result in general
porous carbons. By contrast, ZTC shows capacitance enhancement
with increasing the upper limit potential up to 1.0 V, due to the
development of pseudocapacitance. However, the capacitance
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Fig. 5. Capacitance versus (a) lower or (b) upper potential range of GC measure-
ment (0.1 A g�1) in 1 M Et4NBF4/PC for ZTC and MSC30. The potential range was
expanded stepwise from 0.5 V to more positive range in the case of (a), and from
�1.5 V to more negative range in the case of (b).
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Fig. 6. (a) Capacitance versus current density for ZTC and MSC30, measured
between �2.0 and 1.0 V in 1 M Et4NBF4/PC. (b) Durability test of ZTC upon 2000
charge/discharge cycles, measured at 1 A g�1 in 1 M Et4NBF4/PC.

Fig. 7. CV patterns (fourth cycle) of (a) ZTC, (b) MSC30, and (c) YP-50F, measured in
1 M LiPF6/ECþDEC. Scan rate is 1 mV s�1.
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declines above 1.1 V, suggesting the formation of polymer-like
solids and the subsequent occurrence of pore-blocking. Thus, we
conclude that the upper limit of the stable potential range of ZTC
in 1 M Et4NBF4/PC is 1.0 V.

In the negative potential region (Fig. 5b), the capacitance of
MSC30 is stable (ca. 200 F g�1) down to �2.4 V. On the other
hand, ZTC shows capacitance increase down to �2.2 V, followed
by a decline at �2.3 V. It should be noted that the color of the
electrolyte was however turned into right brown at �2.2 V, indi-
cating the degradation of the electrolyte already at this potential.
Therefore, we concluded that the lower limit of the stable poten-
tial range of ZTC is �2.0 V.

3.5. Rate capability and cycle stability

The rate capability and cycle stability of ZTC are then examined in
its stable potential range (�2.0 to 1.0 V). By the contribution of
pseudocapacitance, ZTC indeed has a higher specific capacitance
(330 F g�1) than those of YP-50F (120 F g�1) and MSC30 (250 F g�1)
in GC measurement at 50 mA g�1. Fig. 6a shows capacitance
dependence on current density for ZTC and MSC30. Despite the
contribution of pseudocapacitance, ZTC retains a high specific capa-
citance (224 F g�1) at a large current density of 2280 mA g�1, and its
rate performance is as good as that of MSC30. The good rate per-
formance suggests that (1) the framework of ZTC is not severely
destroyed [13], and (2) ZTC is free from pore-blocking by the
deposition of polymer-like layers. Besides, we have proved that
electro-oxidation of ZTC allows the introduction of a large amount of
oxygen-functional groups with retaining its high specific surface area
[12]. In addition, the ZTC retains 94% of its initial capacitance after
2000 cycles of charge/discharge measurements (Fig. 6b). These
results prove that the redox-active functional groups introduced into
ZTC are stable and can repeat the fast redox reactions reversibly
thousands of times in the determined potential range (�2.0 to 1.0 V).

It should be noted that the potential range of ZTC (�2.0 to
1.0 V) is actually narrower than that of MSC30 (�2.4 to 1.6 V), and
ZTC is not advantageous for constructing high-energy symmetric
Please cite this article as: K. Nueangnoraj, et al., (2015), http://dx.doi
capacitor with the current capacitance level (�330 F g�1). Based
on the redox mechanism reported in this work, a further effort is
desired to achieve much larger pseudocapacitance.

3.6. Pseudocapacitance of ZTC in 1 M LiPF6/ECþDEC

Redox-active organic materials (e.g. molecules and polymers)
are expected as a positive electrode of rechargeable batteries
[25,32–35], and a high redox potential is desired to achieve a high
voltage operation of the batteries. Accordingly, the pseudocapa-
citance of ZTC at a positive potential range by furan-type ether is
of interest. Since the proposed redox mechanism (Fig. 4) is based
on the reversible conversion of furan into its cation radical, the
pseudocapacitance can be expected regardless of the type of
anion. We thus examined the electrochemical behavior of ZTC in
LiPF6/ECþDEC, which is a common organic electrolyte for lithium-
ion batteries (LIBs) and lithium-ion capacitors (LICs), and it is
compared with those of MSC30 and YP-50F. For each of these
carbons, four CV scans were measured at first in the range of 3.0 to
4.1 V (vs. Li/Liþ). Then, the upper limit potential was expanded
stepwise by 0.2 V up to 4.7 V with repeating four CV measure-
ments at each of the potential ranges. Fig. 7 shows the fourth CV
patterns at each potential range. Like in the case shown in Fig. 1a,
the capacitance of ZTC is increased upon expanding the upper
.org/10.1016/j.ensm.2015.08.003i
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limit potential, and ZTC finally shows broad peaks in a potential
range around 3.4–4.4 V. Thus, the pseudocapacitance of ZTC
appears in the potential range required for positive electrodes of
LIBs and LICs. On the other hand, the activated carbons (MSC30
and YP-50F) never show such a pseudocapacitance in this poten-
tial range (Fig. 7b and c), and they show almost constant capaci-
tance regardless of the potential range, like the cases in 1 M
Et4NBF4/PC (Fig. 1b and c). The results shown in Fig. 7 again
demonstrate the highly reactive nature of ZTC which is quite
unique compared to general activated carbons, and suggest
the introduction of redox-active functional groups in a variety of
electrolyte solutions.
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4. Conclusion

By using ZTC which can be electrochemically oxidized very
easily in organic electrolytes, the origin of pseudocapacitance of
oxygen-functional groups of carbon was discussed in 1 M
Et4NBF4/PC. The oxidized ZTC shows two different types of redox
reactions in positive and negative potential regions, respectively.
The former reaction could be the formation of the cation radicals of
furan-type ethers, while the latter one is assigned to the anion
radicals of quinone-type functional groups. The pseudocapacitance
shows a good response against current increase, and it is stable at
least for 2000 cycles. Also in 1M LiPF6/ECþDEC, which is a common
electrolyte for LIBs and LICs, ZTC is electrochemically oxidized and
shows a large pseudocapacitance in a positive potential range. Thus,
pseudocapacitance derived from oxygen-functional groups of car-
bon may be useful for electrochemical capacitors, LIBs, and LICs.
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