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ABSTRACT: A pyrene dimer (PYD) is synthesized by electrochemical oxidation
via homocoupling of pyrene (PY) inside the pores of MgO-templated mesoporous
carbons without any metal catalysts or organic solvents. The resulting MgO-C/
PYD hybrids can be used as high-performance aqueous electrochemical capacitor
electrodes due to the reversible redox property of PYD and large contact area
between the hybridized PYD and conductive carbon surfaces, which enable rapid
charge transfer at the large contact interface. In our previous study, PY was
considered to polymerize through electrochemical oxidation, and activated carbon
with the pore sizes of ∼4 nm was used as a porous carbon substrate. In this study,
the MgO-templated carbons have the average pore sizes of 5, 10, and 30 nm, and
their large mesopore volumes can accommodate a large amount of PYD for enhancing the capacitance. To develop high-
performance electrochemical capacitors, the dependence of the capacitance enhancement and the capacitance retention on the
amount of PY and the pore sizes of MgO-templated carbons are studied. It is found that mesopores are necessary for fast charging/
discharging, but the capacitance retention and capacitance enhancement decrease with increasing the mesopore sizes and the
amount of PY due to the decreased utilization ratio of PY.

1. INTRODUCTION
Porous carbons, as represented by activated carbon (AC), are
industrially mass-produced materials and have been applied to
purification and separation technologies due to their strong
adsorption capability and large surface area. In addition, since
porous carbons have chemical stability and high electrical
conductivity, they have been also used as electrode materials
for electric double-layer capacitors (EDLCs)1,2 and fuel cells.3,4

EDLCs are electrical energy storage devices using the electric
double layer (EDL) during charging and discharging.5 The
formation of the EDL is a physical process and does not
involve chemical reactions. Such a physical process is regarded
as proceeding more rapidly than chemical reactions and is not
accompanied by the degradation of electrode materials and
electrolytes.2,6 Therefore, EDLCs have superior power
densities and cycle lifetimes than those of secondary batteries
such as lithium-ion batteries. However, one of the biggest
drawbacks of EDLCs is their small energy densities in
comparison with those of secondary batteries.

The hybrids of porous carbons and redox-active materials
are categorized into electrochemical capacitors and have higher
energy densities than those of EDLCs due to the high energy
density characteristics of redox-active materials.7−9 Metal
oxides,10−12 conductive polymers,13−15 and redox-active
organic compounds16,17 are representative redox-active materi-
als, and they are hybridized as particles, films, and fibers

because most of them have poor electrical conductivities. The
hybridization allows the redox-active materials with charge
transfer at the contact interface between redox-active materials
and conductive carbon surfaces. Therefore, the way of
hybridization decides not only the energy densities of the
hybrids but also their power densities. We have recently
reported the hybridization of porous carbons with redox-active
materials for enhancing the energy and power densities of the
hybrids.18−23 In this method, redox-active materials are
hybridized inside the pores of porous carbons, and the
resulting large contact areas between redox-active materials
and conductive carbon surfaces enable rapid charge transfer at
the contact interface. Moreover, the volumetric energy density,
which is a more practical index than the gravimetric one for the
application of electrical energy storage devices, can be
effectively enhanced by the hybridization because the hybrid-
ization is not associated with the volume expansion of porous
carbon particles. The power densities of the hybrids are higher
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than those of the porous carbons that are used as EDLC
electrodes. Therefore, the hybrids are used as asymmetrical
electrochemical capacitor electrodes by combining with
appropriate counterpart electrodes to balance the power
densities of anodes and cathodes. Among the redox-active
materials examined, a conductive polymer precursor, pyrene
(PY), shows enhanced volumetric capacitances with retaining a
high power density up to 10 A g−1 upon polarization within the
pores of AC.24 The AC had not only micropores but also a
large fraction of mesopores with the sizes of up to 4 nm to
accommodate a large amount of PY. Our subsequent concern
is how much the volumetric capacitance can be enhanced with
retaining a high power density by using PY and mesoporous
carbons because mesoporous carbons have a large amount of a
pore volume to further enhance the volumetric capacitance
toward future electronic devices and others. In addition,
although the redox-active properties were thought to be
derived from polypyrene25 in our previous study, the
characterization of the causative redox-active materials is
necessary for revealing the correlation with the electrochemical
capacitor performances.

Here, we demonstrate the metal-free homocoupling of PY to
a PY dimer (PYD) via the electrochemical oxidation of PY
inside the pores of MgO-templated mesoporous carbons
(MgO-Cs).26,27 The advantages of the use of MgO to prepare
mesoporous carbons lie in the chemical stability and the
resistances to reduction and formation of carbides during the
carbonization process to synthesize mesoporous carbons.
Moreover, MgO is relatively inexpensive and industrially
readily available because the resources of MgO are readily
available. Furthermore, MgO is easily removed by diluted HCl,
and MgO-templated carbons are therefore capable of mass
production. PY is not polymerized inside the pores of porous
carbons due to the pore constraint but undergoes homocou-
pling, irrespective of the absence of any metal catalysts or
organic solvents. The homocoupling requires the conductive
carbon surface and would be achieved by the pore confinement
because the intermediate radical cation is unstable and
intrinsically repels each other.28 MgO-Cs have a large amount
of pore volumes (∼1.95 cm3 g−1) and can accommodate a
large amount of PY. We discuss the effects of the amount of PY
and the pore size of MgO-Cs on the volumetric capacitance
enhancement and rate capability. The resulting MgO-C/PYD
hybrids show an increasing volumetric capacitance up to six
times higher than those of the pristine MgO-Cs with increasing
PY contents. In addition, they balance high rate capability up
to a high current density of 10 A g−1 and long cycle lifetimes.

2. EXPERIMENTAL SECTION
2.1. Synthesis. Three kinds of MgO-templated carbons

(MgO-Cs; TOYO TANSO) with the average pore sizes of 5,
10, and 30 nm (CNovel MH, MJ(4)010, and MJ(4)030,
respectively; TOYO TANSO) are denoted MgO-C (5), MgO-
C (10), and MgO-C (30), respectively. MgO-C was dried at
150 °C (ramp rate: 5 °C min−1) for 1 h under vacuum. The
weight of the dried MgO-C was measured and mixed with PY
(PY; FUJIFILM Wako Pure Chemical Corp.) at the MgO-C/
PY weight ratios of 7:3 and 1:1; i.e., the weight percentages of
PY in the mixtures are 30 and 50 wt %, respectively. The
mixture was introduced in a glass ampoule, and the ampoule
was sealed under vacuum. Adsorption was performed at 150
°C for 24 and 48 h for 30 and 50 wt % of PY in the mixtures,
respectively. The resulting MgO-C/PY samples are denoted

MgO-C (X)/PY (Y), where X and Y represent the average pore
size of MgO-C in nanometers and the weight percent of PY in
the samples, respectively.
2.2. Measurements and Electrochemical Procedures.

A nitrogen adsorption/desorption measurement was per-
formed at −196 °C with ASAP 2020 (Micromeritics). MgO-
Cs were previously dried at 150 °C for 1 h to remove the
adsorbed water from MgO-C. The Brunauer−Emmett−Teller
(BET) specific surface areas of the MgO-Cs were calculated
using the adsorption isotherms in a P/P0 range from 0.05 to
0.20. The total pore volume was determined from the
adsorption amount of nitrogen at P/P0 of 0.96. The micropore
volume was estimated by the Dubinin−Radushkevich method,
and the mesopore volume was calculated by subtracting the
micropore volume from the total pore volume. Transmission
electron microscopy (TEM) observation and energy-dispersive
X-ray spectroscopy (EDS) analysis were performed using JEM-
2100Plus (JEOL) equipped with a Noran System 7 EDL
system with a scanning device comprised of bright-field (BF)
and annular dark-field (ADF) detectors. The accelerating
voltage was 200 kV, and a Mo grid was used for the TEM
observation. Scanning electron microscopy (SEM) observation
was conducted with Superscan SS-550 (Shimadzu) at an
accelerating voltage of 15 kV. Electrochemical measurements
were conducted at 25 °C with a three-electrode beaker cell
using 1 M aqueous H2SO4 and Ag/AgCl (sat. KCl) reference
electrode. The details of the electrode preparation and cell
assembly are described in the Supporting Information.24

Briefly, the MgO-C or MgO-C/PY sample was mixed with
polytetrafluoroethylene (PTFE) and carbon black (CB) at a
MgO-C/PTFE/CB weight ratio of 18:1:1 for preparing a
working electrode. The resulting mixture was shaped into a 12
mm square sheet containing 8.5 mg of MgO-C and
sandwiched by stainless mesh (100 mesh) under precisely
controlled conditions (30 MPa, 150 s) with a Compact Table-
Top Universal/Tensile Tester (EZ-LX, Shimadzu). A counter
electrode was prepared by using activated carbon (AC;
MSC30, Kansai Coke and Chemicals Co., Ltd.) in the same
manner as that used to prepare the working electrode. To
measure the electrode density, the mixture of the sample,
PTFE, and CB prepared for the working electrode was pressed
into the pellet with a diameter of 13 mm under the same
conditions as those used for preparing the working electrode
(i.e., 30 MPa, 150 s). The electrode density was calculated
from the weight and thickness of the pellet, which were
precisely measured by microbalance (XPR2V, Mettler Toledo)
and micrometer (DIGIMICRO, MF-501, Nikon), respectively.
The theoretical electrode density (ρtheo g cm−3) was calculated
from the following equation:24

= +i
k
jjj y

{
zzzY
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100

0.1theo
MgO C
ex

where ρMgO − C
ex (g cm−3) is the experimental electrode density

of the corresponding pristine MgO-C and Y is the weight
percentage of PY in the MgO-C/PY samples (vide supra).

Cyclic voltammetry (CV), impedance analysis, and galvano-
static charge/discharge analysis (GC) were done using the
apparatuses described previously.22 The homocoupling of PY
in the MgO-C/PY samples was performed by CV at a sweep
rate of 5 mV s−1 between −0.1 and 1.2 V (vs Ag/AgCl). The
resulting MgO-C/pyrene dimer (PYD) hybrids are denoted
MgO-C (X)/PYD (Y). Electrochemical capacitor perform-
ances of the MgO-C/PYD hybrids were first examined by CV
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at 1 mV s−1 between −0.1 and 0.8 V. Subsequently, an
impedance spectrum was collected at an anodic peak top
potential with a potential amplitude of 10 mV in a frequency
range of 10−2 to 105 Hz. GC was conducted in a potential
range of −0.1 to 0.8 V. The gravimetric capacitance (Cg F g−1)
was calculated according to the following equation:

=C
I t

m Vg

where I (A) is the current, Δt (s) is the time from −0.1 to 0.8
V, m is the weight (g) of MgO-C and PY in the working
electrode, and ΔV (V) is fixed to 0.9 V irrespective of the
current density. The volumetric capacitance (CV F cm−3) was
calculated, assuming that PYD was hybridized inside the pores
of MgO-C without the volume expansion of MgO-C particles,
using the following equation:22,23
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The volumetric current (IV A cm−3) was calculated in a
similar manner for calculating the volumetric capacitance, as
shown in the following equation:

=I
I

Y
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100V
g MgO C
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Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) analysis was performed
on an AXIMA Assurance (Shimadzu) with a nitrogen laser
(337 nm) without a matrix. After the electrochemical
oxidation, the MgO-C/PYD hybrid was removed from a
current collector by ultrasonication in 100 mL of deionized
water and further washed thoroughly with stirring at 25 °C for
24 h. The aqueous solution was filtered, and the MgO-C/PYD
hybrid was dried under vacuum at room temperature
overnight. The dried sample was again stirred in 4 mL of
dichloromethane at 25 °C for 24 h to extract PYD. The
solution was filtered and the filtrate was analyzed without any
matrices or ionization reagents.

3. RESULTS AND DISCUSSION
In this study, we examined three kinds of MgO-templated
carbons (MgO-Cs) with the average pore sizes of 5, 10, and 30
nm (Figure S1), which are denoted MgO-C (5), MgO-C (10),
and MgO-C (30), respectively. Their Brunauer−Emmett−
Teller (BET) specific surface areas and pore volumes are
summarized in Table 1. The MgO-Cs show increasing surface
areas with decreasing average pore sizes because their
micropore volumes, which have a large contribution to surface
areas, increase with decreasing average pore sizes (Figure S1).

We have previously reported that pyrene (PY) was adsorbed in
both micropores and mesopores, irrespective of the amount of
PY.28 Therefore, all MgO-Cs can adsorb a large amount of PY
due to their large total pore volumes.

PY was adsorbed on MgO-C in the gas phase, and the MgO-
C/PY samples are denoted MgO-C (X)/PY (Y), where X and
Y represent the average pore size of MgO-C and the weight
percent of PY in the samples, respectively. The weight
percentages of PY in the samples are 30 and 50 wt % because
a large amount of PY incurs decreases in the utilization ratio of
PY and the rate capability (vide inf ra), which were observed in
our previous study using the activated carbon with the pore
sizes of ∼4 nm.24 Since the amount of the adsorbed PY is less
than the saturation amount of MgO-Cs, there are few PY
molecules on the particle surface of MgO-Cs, which were
confirmed by the structural characterization and density
measurement (for details, see Section S4 in the Supporting
Information). Figure 1a shows the voltammograms of MgO-C
(10)/PY (50) for the homocoupling of PY. CV was performed
at 5 mV s−1 in a potential range of −0.1 to 1.2 V (vs Ag/AgCl)
using an aqueous 1 M H2SO4 electrolyte. The potential
window is rather wide for aqueous electrolytes because PY is
not oxidized in 1 M H2SO4 below 0.9 V (vs Ag/AgCl),24 which
was confirmed from the voltammograms of the MgO-C/PY
samples collected between −0.1 and 0.8 V (Figure S4). As
shown in the figure, irreversible large anodic current is
observed above 0.9 V at the first cycle, and subsequently, a
cathodic peak emerges between 0.1 and 0.6 V in the reversed
scan. This cathodic peak is paired with the anodic peak
observed in the following cycle, indicating that PY was
converted to a redox-active material. The peak current of the
redox couple slightly increases, which is associated with the
peak broadening (Figure 1a, inset), with increasing the cycle
number. Meanwhile, the irreversible anodic current gradually
decreases with increasing the cycle number. This is the typical
voltammogram of the homocoupling of PY in the pores of all
the MgO-Cs. The irreversible anodic current is attributed to
the electrochemical oxidation of PY, while the reversible peak
current is derived from the reversible redox reaction of PYD.
CV was repeated until the voltammogram did not show any
increase and decrease in the reversible and irreversible current,
respectively. The homocoupling using CV has an advantage to
visualize the progress of the homocoupling. The samples after
the homocoupling are denoted MgO-C (X)/PYD (Y).

The formation of PYD was confirmed by MALDI-TOF-MS
analysis. PYD was extracted by dichloromethane, and the
extract was analyzed by MALDI-TOF-MS (see Section S5 for
additional details). Figure 1b shows the MALDI-TOF-MS
spectra of PY, PTFE, MgO-C (5)/PYD (30), and MgO-C
(30)/PYD (50). PTFE was used to prepare the electrode and
was not dissolved in dichloromethane. Therefore, the super-
natant was analyzed and showed a peak at m/z of 234,
probably derived from impurity. PY shows a peak at m/z of
202 corresponding to the molecular weight of PY. Meanwhile,
MgO-C (5)/PYD (30) and MgO-C (30)/PYD (50) show a
peak at m/z of 402 corresponding to the molecular weight of
PYD. PY is known to be oxidized via electrochemical and
photoionization methods,25,28 and the resulting radical cation
is unstable in comparison with those of larger aromatic
hydrocarbons than PY due to the small charge delocalization
region.28 The formation mechanism of PYD is considered to
be the same as the initial stage of the polymer formation, i.e.,
electrochemical oxidation.25 Radical cations should repel each

Table 1. BET Specific Surface Areas (BET SSAs) and Pore
Volumes of MgO-Cs

samples
BET SSAa
(m2 g−1)

Vtotal
b

(cm3 g−1)
Vmicro

c

(cm3 g−1)
Vmeso

d

(cm3 g−1)

MgO-C (5) 1530 1.81 0.55 1.26
MgO-C (10) 1100 1.95 0.41 1.54
MgO-C (30) 630 1.67 0.24 1.43

aCalculated using the adsorption isotherm at P/P0 = 0.05−0.20.
bCalculated from the adsorption amount of N2 at P/P0 = 0.96.
cCalculated by the Dubinin−Radushkevich method. dCalculated by
the equation: Vmeso = Vtotal − Vmicro.
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other, but the formation of PYD upon polarization indicates
that constrained pores enable the homocoupling of PY via
radical cation intermediates, leaving two protons from ipso
carbon atoms. The pore confinement would suppress further
elongation of the PY unit. As shown in Figure 1a, many of the
PY molecules would be dimerized at the first cycle and the
remaining PY molecules gradually dimerized at the following
cycles, which can be confirmed as a gradual increase in the
current at the redox peak maxima and peak broadening.

PYD has redox-active characteristics and undergoes the
reversible redox reaction inside the pores of MgO-C. This was

validated by synthesizing PYD via the Suzuki−Miyaura
homocoupling of 1-pyreneboronic acid using a Pd catalyst29

and hybridizing PYD with MgO-C (5). The Suzuki−Miyaura
homocoupling used in this study was the most simplified
method among the reported methods to synthesize PYD but
requires 1-pyreneboronic acid, Pd(PPh3)4, Na2CO3, and
organic solvents. After the reaction, PYD must be removed
from the solvent and purified through several processes.
Moreover, PYD cannot be hybridized in the gas phase because
PYD has a large molecular weight and does not readily
vaporize. PYD was therefore adsorbed on MgO-C (5) through

Figure 1. (a) Voltammograms of homocoupling for MgO-C (10)/PY (50) using an aqueous 1 M H2SO4 electrolyte performed at 5 mV s−1 in a
potential range of −0.1 to 1.2 V (vs Ag/AgCl). (b) MALDI-TOF-MS spectra of PY, PTFE, MgO-C (5)/PYD (30), and MgO-C (30)/PYD (50).

Figure 2. (a−g) SEM images of the electrodes of (a) MgO-C (5), (b) MgO-C (10), (c), MgO-C (30), (d) MgO-C (5)/PYD (50), (e) MgO-C
(10)/PYD (50), (f) MgO-C (30)/PYD (50), and (g) MgO-C (30)/PYD (30). (h−m) TEM images of the electrodes of (h,i) MgO-C (5)/PYD
(50), (j,k) MgO-C (10)/PYD (50), and (l,m) MgO-C (30)/PYD (50). (n) The EDS spectrum of the needle-shaped particles in MgO-C (30)/
PYD (50). The inset shows the scanning transmission electron microscopy (STEM) image and the EDS mapping of carbon for the needle-shaped
particle. All electrodes contain CB and PTFE.
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liquid-phase adsorption. In the liquid-phase adsorption, MgO-
C (5) and PYD were mixed together at a MgO-C (5)/PYD
weight ratio of 7:3, which is the same as the weight ratio of
MgO-C (5) and PY in MgO-C (5)/PY (30). The mixture was
stirred in dichloromethane for 24 h, followed by evaporation of
the solvent (for details, see Section S8 in the Supporting
Information). However, not all PYD was adsorbed inside the
pores of MgO-C (5) in the resulting hybrid, MgO-C (5)/PYD
(30)-L (Figure S8a). The voltammogram of MgO-C (5)/PYD
(30)-L shows the same redox behavior as that of MgO-C (5)/
PYD (30) (Figure S8b). On the other hand, the present
hybridization method can use PY and does not need any metal
catalysts, organic solvents, or purification processes, which is
advantageous in terms of the feasibility and sustainable
development in the application to the electrode preparation.

Figure 2a−g shows the SEM images of the electrodes of the
pristine MgO-Cs and the MgO-C/PYD hybrids, which contain
CB and binder (i.e., PTFE). As shown in Figure 2a−c, all the
MgO-Cs show polydispersity of the particle sizes. The primary
particle sizes of the MgO-Cs (Figure S2) are much smaller
than those of the particles in the SEM images, and the particles
in Figure 2a−c are the secondary ones. By comparing with the
SEM images of the pristine MgO-Cs, MgO-C (5)/PYD (50)
and MgO-C (10)/PYD (50) do not show any difference in the
morphology of the MgO-C particles, irrespective of a high
PYD content (Figure 2d,e). On the other hand, MgO-C (30)/
PYD (50) contains some needle-shaped particles, as indicated
by arrows in the SEM image (Figure 2f). Since the needle-
shaped particles were not confirmed by the SEM observations
of any pristine MgO-Cs (Figure 2a−c), they are considered to
be PYD deposited outside the MgO-C particles. Probably, the
repulsion between radical cations surpassed the homocoupling
of PY inside the large mesopores, leading to the desorption of
radical cations, because PY forms large agglomerates inside the
mesopores of MgO-C (30) (Figure S3). However, the

stabilization of radical cations with counter anions (i.e.,
SO4

2−) and solvent molecules outside the mesopores would
have led to the formation of PYD on the particle surface of
MgO-C (30). The careful SEM observation of MgO-C (30)/
PYD (50) confirmed that the amount of the needle-shaped
PYD is not so large as to increase the electrode volume. We
then conducted the SEM observation of MgO-C (30)/PYD
(30), and no needle-shaped particles were observed in the
samples (Figure 2g). Therefore, with the exception of MgO-C
(30)/PYD (50), the hybridized PYD exists inside the pores of
the MgO-Cs and therefore has a large contact area with
conductive carbon surfaces. This is important to balance the
volumetric capacitance enhancement and high power density
as electrochemical capacitor electrodes. Figure 2h−m shows
the TEM images of MgO-C (5)/PYD (50), MgO-C (10)/
PYD (50), and MgO-C (30)/PYD (50) hybrids. By comparing
with the TEM images of the pristine MgO-Cs (Figure S2), a
difference in the structure of MgO-C particles is not observed
in the TEM images between the pristine MgO-Cs and the
MgO-C/PYD hybrids and any crystalline particles are not
observed, suggesting that PYD did not form the crystalline
structure inside the pores of MgO-Cs. The amorphous
structure of PYD was confirmed from the XRD patterns of
the MgO-C/PYD hybrids, which do not show distinct peaks
derived from PY or PYD (Figure S6). The needle-like particles
were analyzed by EDS, as shown in Figure 2n. The main
component of the needle-shaped particle was carbon, but
oxygen, silicone, and molybdenum were detected in the EDS
spectrum. However, they were also detected in the EDS
spectrum of a molybdenum grid used for the TEM observation
(Figure S7c), and these elements are derived from the
molybdenum grid. Moreover, an X-ray photoelectron spec-
troscopy analysis of the PY used in this study did not detect
silicone and molybdenum (Figure S7a,b); the needle-shaped

Figure 3. Cyclic voltammograms of the MgO-C/PYD hybrids collected at 1 mV s−1 in a potential range of −0.1 to 0.8 V. The results of the pristine
MgO-Cs are plotted together. (a−c) Voltammograms of the hybrids for (a) MgO-C (5), (b) MgO-C (10), and (c) MgO-C (30). (d) Calculation
of the quantity of currents derived from anodic and cathodic peaks and an irreversible cathodic peak. The insets show the magnified voltammogram
between −0.15 and 0 V in a current range from −0.1 to 0.1 A cm−3.
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particles are not derived from metal impurities in PY but are
derived from PYD.

All electrochemical measurements of the MgO-C/PYD
hybrids were performed without electrolyte exchange or
electrode purification after the electrochemical oxidation
(Figure 1a). Figure 3 shows the results of CV performed
after the electrochemical oxidation. Note that the conditions of
CV in Figure 1 are a wider potential range and a faster sweep
rate than those in Figure 3 to dimerize PY and optimize the
electrochemical capacitor behavior. On the other hand, the
voltammograms in Figure 3a−c were collected at 1 mV s−1 in a
potential range of −0.1 to 0.8 V to study the electrochemical
behaviors of the MgO-C/PYD hybrids. The vertical axes in
Figure 3a−c correspond to the volumetric current because the
volume of MgO-C particles did not expand upon the
adsorption of PY (Table S2) and the morphology of MgO-C
particles did not change after the electrochemical oxidation
(Figure 2). The voltammograms of all pristine MgO-Cs are
characterized by a rectangular shape, typical of the EDL
behavior of porous carbons. Meanwhile, the MgO-C/PYD
hybrids show distinct anodic and cathodic peaks in their
voltammograms. The distinct peak in the voltammogram
suggests that a large contact area between PYD and conductive
carbon surfaces facilitates rapid charge transfer at the contact
interface. The voltammograms of the hybrids are character-
istics of those of battery electrodes,30 but the hybrids are used
as electrochemical capacitor electrodes because the hybrids
show the comparable to or higher charging and discharging
characteristics than those of the corresponding pristine MgO-
Cs (vide inf ra), which are used as EDLC electrodes,26 and their
rate capabilities are not balanced with those of battery
electrodes. The volumetric current between −0.1 and 0 V is
based on the EDL formation, while that between 0 and 0.8 V,
where the anodic and cathodic peaks are observed, is derived
from both the EDL formation and the redox reaction of PYD.
The EDL-derived currents of the MgO-C/PYD hybrids are
almost the same as those of the corresponding pristine MgO-
Cs, as shown in the insets of the voltammograms. This result
indicates that the impregnation of the electrolyte solution was
not disturbed by the hybridized PYD and the remaining pores
of the hybrids were almost fully filled with the electrolyte
solution. Meanwhile, the EDL-derived current of the MgO-C/
PY samples is much lower than that of the MgO-C/PYD
hybrids due to the inadequacy of the electrolyte impregnation
(Figure S4). The reason for the increase in the EDL-derived
current after the electrochemical oxidation is due to the
accelerated impregnation of the electrolyte solution by the high
electric field, which is often observed in the voltammograms
after the electrochemical oxidation.23,24,31 The homocoupling
of PY was performed by the electrochemical oxidation, and the
potential range of the oxidation was between −0.1 and 1.2 V,
which is wider than the potential range of CV in Figure 3 and
Figure S4. At the high potential of ∼1.2 V, ions were strongly
attracted by the high electric field, accelerating the
impregnation of the electrolyte solution into the remaining
pores of the MgO-C/PY samples. Therefore, the redox
reaction of PYD would not be disturbed by the inadequacy
of the electrolyte impregnation.

MgO-C (5)/PYD (50), MgO-C (10)/PYD (50), and MgO-
C (30)/PYD (50) show a particularly distinct irreversible
cathodic peak at 0.2 V, and this peak is not observed for the
hybrids with a low PYD content. This peak is not attributed to
the PYD formed outside the MgO-C particles because the

needle-shaped PYD was observed only in MgO-C (30)/PYD
(50). We thus calculated the quantity of electricity in the
anodic and cathodic peaks by integrating the peak currents
(Figure 3d) and compared the ratio of PY contributing to the
capacitance enhancement to all the adsorbed PY (i.e., the
utilization ratio of PY). Based on the one-electron redox
reaction per unit PY molecule in PYD, the calculated quantity
of electricity exceeded the theoretical value, which was
calculated from the total amount of PY adsorbed on MgO-
Cs. Therefore, we supposed the two-electron redox reaction
per unit PY molecule, and these results are summarized in
Table 2. As shown in the table, the utilization ratio of PY

decreases with increasing both average pore sizes of MgO-Cs
and the PY content. The utilization ratios of PY calculated
from the cathodic peaks are, however, higher than those
calculated from the anodic peaks for all MgO-C/PYD hybrids,
and the difference is significant for the hybrids with a high PY
content. We further calculated the quantity of current for the
irreversible cathodic peak, as shown in Figure 3d, and the
results are provided as the ratio to all the adsorbed PY (in a
parenthesis in Table 2). However, the quantity of current for
the irreversible cathodic peak is very small, and the difference
between the utilization ratios calculated from the anodic and
cathodic peaks cannot be explained only by the irreversible
cathodic peak.

In our previous study, we used AC having both micropores
and mesopores with the sizes of up to 4 nm, and the PY
adsorbed inside the pores of the AC was subject to polarization
under the same conditions used in this study.24 But we did not
calculate the utilization ratio of PY in the study. The weight
percentage of PY in the AC/PY samples ranged from 10% to
the saturation amount (i.e., 60.2%), and all the samples after
the electrochemical oxidation did not show any irreversible
cathodic peaks. We then calculated the utilization ratios of PY
for AC/PY (30%) and AC/PY (50%) after the electrochemical
oxidation, and the results are added in Table 2. Clearly, there is
little difference in the utilization ratios calculated from the
anodic and cathodic peaks for these two hybrids. It is unknown
what is attributed to the irreversible cathodic peak in the
voltammograms, but we presume that some of the irreversible
current may be derived from the desorption of the counter
anions that were incorporated during the homocoupling as a
redox impurity.32 PY originally formed agglomerates consisting
of multiple PY molecules and was oxidized at a high potential
above 0.9 V (vs Ag/AgCl), resulting in the formation of PYD
agglomerates inside the pores of MgO-Cs. At such a high
potential, a large amount of anions must be diffused into the
pores of MgO-Cs. The size of the PYD agglomerates in the

Table 2. Utilization Ratios of PY Calculated from Anodic
and Cathodic Peak Current

PY/30 wt %a PY/50 wt %a

anodic cathodic anodic cathodicb

MgO-C (5) 86 92 69 80 (4)
MgO-C (10) 74 76 60 79 (4)
MgO-C (30) 56 63 53 68 (7)
ACc 85 86 76 76d

aWeight percentage of PY in the MgO-C/PY or AC/PY samples.
bThe values in the parentheses are calculated from the irreversible
cathodic peak. cThe pore sizes of AC are less than 4 nm.24 dNo
irreversible cathodic peak.
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hybrids with a large amount of PY and/or a large average pore
size is considered to be so large as to incorporate the anions.
The fact that the current of the irreversible cathodic peak
gradually decreased during electrochemical measurements
suggests that the incorporated anions were gradually desorbed
from the PYD agglomerates, especially at a low potential of
∼−0.1 V. The difference in the utilization ratio between the
hybrids of AC and MgO-C (5) can be explained by the wide
pore size distribution of MgO-Cs (Figure S1); the AC does not
have the mesopores larger than 4 nm, and the size of PYD
agglomerates was therefore restricted below 4 nm.

Figure 4a−c shows the results of the galvanostatic charge/
discharge (GC) analysis. The capacitance was calculated from
the GC curve of −0.1 to 0.8 V to exclude the effect of the
irreversible cathodic current. Figure 4a,b shows the depend-
ences of the gravimetric and volumetric capacitances on the
current density, respectively. The gravimetric and volumetric
capacitances at 0.05 A g−1 are summarized in Table 3. In
addition, the capacitance retentions based on the capacitances
at 0.05 A g−1 are plotted in Figure 4c, and the capacitance
retentions at 10 A g−1 are added in Table 3. Note that the
capacitance retentions calculated from the gravimetric and
volumetric capacitances become the same value. The
gravimetric capacitances of the pristine MgO-Cs at 0.05 A
g−1 proportionally increase with their BET surface areas, and
they show good capacitance retentions (54−58%) due to the
reduced ion diffusion resistance by mesopores.33,34 As shown
in Figure 4a,b, the dependences of the gravimetric and

volumetric capacitance enhancements on the amount of the
hybridized PYD are clearly different. By comparing with the
results of the pristine MgO-Cs, the volumetric capacitances of
MgO-C (5)/PYD (30), MgO-C (10)/PYD (30), and MgO-C
(30)/PYD (30) show more than a twofold increase (Figure
4b), and their capacitance retentions are enhanced more than
68% (Figure 4c). Since redox-active PYD was introduced
inside the pores of MgO-C without the volume expansion of
the MgO-C particles, the volumetric capacitance is enhanced
by the hybridization of PYD. A further introduction of PYD is
effective for further enhancing the volumetric capacitance,
delivering a fourfold to sixfold increase in comparison with
those of the pristine MgO-Cs over the whole current density
region. The capacitance retentions consequently decrease to
∼53% but are still comparable to those of the pristine MgO-
Cs; i.e., the MgO-C/PYD hybrids can be used as electro-
chemical capacitor electrodes balancing the enhanced volu-
metric capacitance and high capacitance retention. These
results promise a feasibility of the present hybridization of
porous carbons with PYD toward high-performance electro-
chemical capacitor electrodes. As was confirmed in the SEM
image, MgO-C (30)/PYD (50) contains the needle-shaped
PYD on the particle surface of MgO-C. But the effect of the
needle-shaped PYD on the electrochemical capacitor perform-
ance is negligible because the amount of the needle-shaped
PYD is not large (Figure 2f). A relatively low volumetric
capacitance enhancement by hybridizing with PYD is observed
for the hybrids of MgO-C (30), which is ascribed to their low

Figure 4. Results of electrochemical measurements for the MgO-C/PYD hybrids. The results of the pristine MgO-Cs are plotted together. (a,b)
Dependence of (a) gravimetric capacitances and (b) volumetric capacitances on the current density. (c) Capacitance retentions based on the
capacitances at 0.05 A g−1. (d−f) Nyquist plots collected at the anodic peak top potential in Figure 3 for the hybrids of (d) MgO-C (5), (e) MgO-
C (10), and (f) MgO-C (30). The Nyquist plots of the pristine MgO-Cs were collected at 0.5 V.

Table 3. Gravimetric and Volumetric Capacitances at 0.05 A g−1 and Capacitance Retentions at 0.05 A g−1 Based on the
Capacitances at 10 A g−1 for the MgO-Cs and the MgO-C/PYD Hybrids

MgO-C (5) MgO-C (10) MgO-C (30)

PY (wt %) F g−1a F cm−3a %b F g−1a F cm−3a %b F g−1a F cm−3a %b

0c 262 58 54 207 45 58 132 26 58
30 427 (165) 135 (77) 81 371 (164) 116 (71) 78 281 (149) 80 (54) 68
50 523 (261) 231 (173) 55 504 (297) 221 (176) 55 406 (274) 161 (135) 53

aThe value in the parenthesis is the difference in the capacitance between the MgO-C/PYD hybrid and the corresponding pristine MgO-C.
bCapacitance retention at 10 A g−1 based on the capacitance at 0.05 A g−1. cThe values in the line correspond to the results of the pristine MgO-Cs.
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utilization ratios of PY (Table 2). Meanwhile, the decrease in
the capacitance retention for the hybrids with a high PYD
content can be explained by the increase in the resistances of
charge transfer and ion diffusion necessary for the redox
reaction of PYD inside the PYD-constrained pores (vide inf ra).

The resistance components are comprised of the diffusion
resistance (Rdiff), the charge transfer resistance (Rct), the bulk
solution resistance (Rs), and the interfacial resistances between
the MgO-C particles and between the current collector and the
MgO-C particles (Ri).

35−37 Although the interfacial resistances
between the MgO-C particles depends on the particle size of
MgO-C, the resistance components of Rs and Ri can be
considered to be almost the same values as far as the same
MgO-C is used because all the electrodes were prepared under
the precisely controlled conditions (for details, see the
Experimental Section).24,38 On the other hand, Rdiff and Rct
are influenced by the amount of PYD and the average pore size
of MgO-C. Figure 4d−f shows the Nyquist plots of the MgO-
Cs and the MgO-C/PYD hybrids, which were collected at the
anodic peak top potential. The semicircles in the high-
frequency region corresponds to Rct,

39,40 and the locus in the
low-frequency region is influenced by Rdiff.

41 Despite the
substantial charge transfer of PYD, all the hybrids exhibit
smaller semicircles than those of the corresponding pristine
MgO-Cs. The semicircle of the pristine MgO-C is attributed to
the oxygen-containing functional groups,39 which are mainly
formed during acid etching to remove a template MgO,
whereas their contribution to the pseudocapacitance is small
for their large charge transfer resistance. On the other hand,
the hybridized PYD shows substantial contribution to the
volumetric capacitance enhancement (Figure 4b). However,
the fact that the sizes of the semicircles of all the MgO-C/PYD
hybrids are smaller than those of the corresponding pristine
MgO-Cs indicates that the charge transfer between the
conductive carbon surface and PYD is facilitated by the large
contact area. In addition, ion diffusion is not disturbed for the
hybrids with a moderate amount of PYD, which is confirmed
from the locus in the low-frequency region with displaying
almost a vertical line.42 The decrease of Rct is ascribed to the
displacement of the charge transfer from the oxygen-containing
functional groups to PYD, which can be also confirmed by
comparing the Nyquist plots before and after the homocou-
pling of PY (Figure S5). These results suggest that the Rct
between the carbon surfaces and the hybridized PYD is lower
than that of the oxygen-containing functional groups.

The fact that the capacitance retentions of MgO-C (5)/PYD
(30), MgO-C (10)/PYD (30), and MgO-C (30)/PYD (30)
are higher than those of the corresponding pristine MgO-Cs
indicates that the redox reaction of the hybridized PYD
proceeds faster than the EDL formation. It has been widely
regarded that the EDL capacitance is superior to the
pseudocapacitances in terms of the high power density. Since
most of the redox-active materials have poor electrical
conductivity, they are normally hybridized as micro- or
nanosized structures such as particles and layers. Redox
reactions of redox-active materials accompany the diffusion
of electrons, but the diffusion distance of electrons for such
large structures of redox-active materials must be longer than
that of the PYD hybridized inside the pores of MgO-Cs.
Therefore, the finely dispersed PYD inside the pores of MgO-
Cs undergoes rapid charge transfer at the large contact
interfaces. We have demonstrated the superior power densities
of electrochemical capacitors than those of EDLCs using

redox-active organic compounds18,20−22 and redox-active
organometallic complex,23 which were hybridized inside the
pores of porous carbons. That is, the redox reactions of redox-
active materials are not intrinsically inferior to the EDL
formation in terms of the power density. The key to obtain a
high power density using redox-active materials lies in the way
of hybridization, and our hybridization method can balance the
enhancements of both high power density and high volumetric
capacitance. A further introduction of PYD increases Rdiff of
MgO-C (5)/PYD (50), MgO-C (10)/PYD (50), and MgO-C
(30)/PYD (50), which is expressed as a deviation of the locus
in the low-frequency region from a vertical line.43 The resulting
Rct slightly increases but is still lower than those of the pristine
MgO-Cs. This is explained by the enlargement of the PYD
agglomerates inside the pores of MgO-Cs. A large PYD
agglomerate has a long charge transfer distance from the inner
part of the agglomerate to the conductive carbon surface. In
addition, a large amount of PYD also disturbs the ion diffusion
necessary for the redox reaction of the PYD inside the pores.
Consequently, Rct and Rdiff of the hybrids with a high PYD
content increase, and their capacitance retentions become
comparable to those of the pristine MgO-Cs.28 These
phenomena are consistent with the hybrids of all the MgO-
Cs, but the hybrids with a high PYD content still show higher
volumetric capacitances than those of the hybrids with a low
PYD content over the whole current density region. Although
MgO-Cs themselves are used as EDLC electrodes,26 the MgO-
C/PYD hybrids also show the comparable or superior
capacitance retentions to those of the MgO-Cs. Therefore,
the capacitance retentions of the MgO-C/PYD hybrids cannot
be balanced with those of battery electrodes, and the MgO-C/
PYD hybrids are used as electrochemical capacitor electrodes
by combining with appropriate counterpart electrodes with
compatible power densities (i.e., asymmetrical electrochemical
capacitors). Recently, high power density electrodes hybridiz-
ing metal oxides44,45 and conductive polymers46,47 have been
reported, and these hybrid electrodes can be counterpart
electrodes for the MgO-C/PYD hybrids.

The cycle tests of MgO-C (5)/PYD (50), MgO-C (10)/
PYD (50), and MgO-C (30)/PYD (50) were examined at 1 A
g−1 with a cell voltage from 0 to 0.8 V using an asymmetrical
two-electrode cell, where the MgO-C/PYD hybrid and the
corresponding pristine MgO-C were used as a cathode and an
anode, respectively. The mass of the anode was balanced,
considering the gravimetric capacitance of the MgO-C/PYD
hybrid (for details, see the Supporting Information). For
comparison, the cycle tests of the pristine MgO-Cs were
examined using a symmetrical two-electrode cell. As shown in
Figure 5, the capacitance retentions of the pristine MgO-Cs are
more than 97% after 1000 cycles, while MgO-C (5)/PYD
(50), MgO-C (10)/PYD (50), and MgO-C (30)/PYD (50)
show the capacitance retentions of more than 88% after 1000
cycles. The decreases in the capacitance retentions of the
asymmetrical cells are not attributed to the structural
degradation of MgO-C particles because the symmetrical
cells of the pristine MgO-Cs do not show a significant decrease
in the capacitance retention. In addition, the absence of the
structural change of MgO-C particles was confirmed by SEM
and TEM observations (Figure S9). Meanwhile, the
voltammograms of all the cathodes collected after the cycle
test showed a decrease in the peak top current (Figure S10);
the decreases in the capacitance retentions are explained by the
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desorption of PYD from the pores of MgO-Cs during the cycle
test.

The results obtained in this study reveal that the
hybridization of PYD with the MgO-Cs enhances the
volumetric capacitance with retaining the high capacitance
retention and long cycle lifetimes. However, the utilization
ratio of PY decreases with increasing both mesopore sizes and
the amount of PY, resulting in a small volumetric capacitance
enhancement. In our previous work, the AC with micropores
and mesopores of ∼4 nm showed high utilization ratios of PY
compatible with that of MgO-C (5) (Table 2), together with a
high electrochemical capacitor performance. These results
conclude that mesopores are effective to accommodate a large
amount of PYD and balance the volumetric capacitance
enhancement and high capacitance retention, whereas large
mesopores decrease the utilization ratio of PY. In terms of the
practical application of electrochemical capacitors, AC having
not only micropores but also mesopores is an appropriate
candidate for hybridizing PYD via the present method because
AC is a low-cost porous carbon in comparison with other
porous carbons. Moreover, most of ACs have micropores that
effectively increase the surface area, and the electrode densities
of AC are normally higher than those of MgO-Cs due to a
large mesopore fraction of MgO-Cs,52 which are advantageous
to enhance the volumetric capacitance. The pore size of AC
cannot be accurately controlled in a simple way, but AC does
not normally have large mesopores like MgO-C (30).48−50

Large mesopores are disadvantageous for effectively enhancing
the volumetric capacitance, and the AC having not only
micropores but also small mesopores is suitable for hybridizing
PYD toward high-performance electrochemical capacitor
electrodes. The superiority of our hybridization method is
further emphasized by the absence of any metal catalysts,
organic solvents, or the purification of the electrodes and
solvent removal after the homocoupling.

4. CONCLUSIONS
In summary, we have demonstrated the homocoupling of PY
into a dimer inside the pores of MgO-templated mesoporous
carbons with the average pore sizes of 5, 10, and 30 nm
through electrochemical oxidation without any metal catalysts
or organic solvents. PYD was found to undergo reversible
redox reaction and the redox reaction proceeded rapidly inside
the pores due to a large contact area between PYD and
conductive carbon surfaces. The hybridization was not
associated with the volume expansion of mesoporous carbon
particles, thereby enhancing the volumetric capacitance with

retaining a high capacitance up to 10 A g−1. The volumetric
capacitance increased with increasing the amount of PY, but
the utilization ratio of PY and the capacitance retention
decreased with increasing the amount of PY. Therefore,
considering the results of our previous work using the AC with
the pore sizes of ∼4 nm, this study concludes that porous
carbons with not only micropores but also small mesopores of
ca. ∼5 nm are desirable for hybridizing PYD to balance high
volumetric capacitance, high capacitance retention, and long
cycle lifetimes. The resulting porous carbon/PYD hybrids can
be used as high-performance electrochemical capacitor electro-
des toward future electronic devices and others, by combining
with suitable counterpart electrodes to balance their power
densities. This hybridization can be applicable to commercial
AC and is advantageous over other hybridization methods in
terms of feasibility and waste minimization.
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