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Abstract: Activated carbon (AC) with a very high specific surface area of >3000 m2 g−1 and a number
of course particles (average size: 75 µm) was pulverized by means of planetary ball milling under
different conditions to find its greatest performances as the active material of an electric double-layer
capacitor (EDLC) using a nonaqueous electrolyte. The variations in textural properties and particle
morphology of the AC during the ball milling were investigated. The electrochemical performance
(specific capacitance, rate and cyclic stabilities, and Ragone plot, both from gravimetric and volumetric
viewpoints) was also evaluated for the ACs milled with different particle size distributions. A trade-off

relation between the pulverization and the porosity maintenance of the AC was observed within the
limited milling time. However, prolonged milling led to a degeneration of pores within the AC and a
saturation of pulverization degree. The appropriate milling time provided the AC a high volumetric
specific capacitance, as well as the greatest maintenance of both the gravimetric and volumetric
specific capacitance. A high volumetric energy density of 6.6 Wh L−1 was attained at the high-power
density of 1 kW L−1, which was a 35% increment compared with the nonmilled AC. The electrode
densification (decreased interparticle gap) and the enhanced ion-transportation within the AC pores,
which were attributed to the pulverization, were responsible for those excellent performances. It was
also shown that excessive milling could degrade the EDLC performances because of the lowered
micro- and meso-porosity and the excessive electrode densification to restrict the ion-transportation
within the pores.

Keywords: activated carbon; ball milling; electric double-layer capacitor; supercapacitor; electrode;
specific capacitance; energy density; power density

1. Introduction

Electric double-layer capacitors (EDLCs) are energy storage devices that have been applied to
various energy storage sectors such as automobiles, power leveling for renewable energies, and portable
electronic devices [1–3]. The advantages of EDLCs are high-power density and long cycle-life, when they
were compared to secondary batteries. The charge–discharge processes with high-power density are
based on a principle of physical adsorption and desorption of electrolytic ions onto the electrode, so as
to allow the formation and release of the electric double-layer. Activated carbons (ACs) are mainly
employed as the active materials of EDLC electrodes due to their high specific surface area, excellent
cost-performance, and large-scale productivity [4]. The specific surface area of the active materials is
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closely related to the formation area of the electric double-layer. Highly porous carbons, whose specific
surface areas are >3000 m2 g−1, have been produced from various precursors and via novel chemical
activation techniques [5–9]. ACs with a high specific surface area are very effective in increasing
the gravimetric energy and power density of EDLC electrodes. ACs with a specific surface area of
>3000 m2 g−1 are now available on the market and can be employed as the electrode active material.
Those provided a very high gravimetric specific capacitance of 209–575 F g−1 under the use of aqueous
electrolytes [6,10,11] and that of 144–338 F g−1 under the use of nonaqueous electrolytes [5,12,13].
Microporous ACs with a narrow width of <2 nm can produce a wide electric double-layer and thus
give the electrode a high specific capacitance [14–17]. In addition to the specific surface area, the pore
size distribution of ACs is also an important factor determining the capacitive and resistive behaviors
of EDLCs.

The EDLC electrodes have been chiefly prepared in two ways. One is to coat a slurry comprising
active material, conductive agent, and binder onto an Al foil used as the current collector [18–20].
The other is to knead the mixture composed of active materials, conductive agent, and binder, and
then to mold it into a sheet. The sheet is pressed and attached with the mesh-like current collector or is
adhered with a foil-like current collector [21–23]. The particle size of AC used as the active material can
be industrially recommended to be in the range of 4–8 µm [24]. A correlation between the particle size
of the AC active material and the charge–discharge performance of EDLC has been explored. It was
demonstrated that, for the EDLC electrodes, an increase in the AC particle size led to a decrease in
the specific capacitance and an increase in the equivalent series resistance (ESR) [19]. The ESR of the
electrode is chiefly attributed to the electrolyte, the contact, and the intrinsic resistance. The contact
resistance is related to the contact degree between the AC particles, and that between the particles and
the current collector. The intrinsic resistance is dependent on the conductivity of AC particles, which
have a relation with their graphitization degree and their porosity. The specific surface area of the used
AC and the exposure degree of pore-walls that allow access of the electrolytic ions so as to form an
electric double-layer, are decisive factors of the specific capacitance of EDLC electrode. The exposure
degree of pore-walls is affected by the affinity of AC particles with the binder, and the level of binder
added in the electrode. The AC particle size and its size uniformity have been known to participate in
the ESR [21–23,25]. The role of AC particle size on the diffusivity of ions in the EDLC electrodes has
been also investigated, suggesting that smaller AC particles facilitated ion-transportation in the EDLC
electrodes [26].

In order to obtain the desired particle size, or desired particle size distribution of ACs, a ball
milling technique has been well employed. It has been shown that the porous structure and surface
morphology of ACs can vary during the balling milling process [27–34]. The electrodes using nanoscale
carbide-derived AC powders displayed an excellent electrical contact between the particles across
the electrode and facilitated ion-movement within the pores, maintaining the specific capacitance of
the electrode even at high current densities [35]. The AC processed by the prolonged ball milling
decreased the specific capacitance due to particle agglomeration [34]. The presence of submicron sized
particles in discrete AC particle clusters led to performance and cycle stability degradation of the
electrodes [21]. In the abovementioned studies, the specific surface areas of the used ACs were in
the range of 880–2200 m2 g−1. Increasing the gravimetric energy and power densities of the EDLC
electrode requires highly porous ACs. However, there are few reports on the optimization of the
particle size of ACs with a very high specific surface area (~3000 m2 g−1), which are intended for use in
the fabrication of high-performance EDLC electrodes. The effects of the pulverization degree of ACs
with such high specific surface area on their EDLC performances have not been explored so far.

In the present study, the EDLC performances of ACs with specific surface areas of around
3000 m2 g−1 were examined under the use of a nonaqueous electrolyte, which has been a mainstream
electrolyte for high-performance commercial EDLCs. We investigated the variation in the textural
properties and the particle morphology of the highly porous ACs during planetary ball milling.
The charge–discharge performances (specific capacitance, rate and cyclic stabilities, and Ragone plot,
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from the viewpoints of both the gravimetric and volumetric performances) of EDLCs using the AC
active materials of various particle sizes were evaluated. In order to achieve the greatest gravimetric or
volumetric EDLC performance, the ball milling process was optimized for the highly porous ACs.

2. Materials and Methods

2.1. Ball Milling and Materials Characterization

Maxsorb (Kansai Coke and Chemicals Co., Ltd., Amagasaki, Japan), which was manufactured
from petroleum coke by means of KOH activation [36], was used as the AC active material. For the
ball milling process, planetary ball milling equipment (P-6, Fritch Japan Co., Ltd., Yokohama, Japan),
a zirconia bowl with an 80 mL-milling space, and two types of zirconia balls (φ10.0 or φ19.5 mm) were
employed. In air atmosphere, one gram of the sample AC was pulverized for 10, 90, and 120 min using
the five φ19.5 mm balls at a rotation speed of 400 rpm. The ACs, pulverized for 10, 90, and 120 min,
were termed AC10, AC90, and AC120, respectively. The AC milled for 10 min using the thirteen φ10.0
mm balls (φ19.5 mm balls were not mixed) at the similar rotation speed was also prepared to realize
the particle size between those of AC0 and AC10, which was termed ACS10. The AC sample which
was not milled was termed AC0.

Crystalline structures of the ACs were analyzed using an X-ray diffractometer (RINT-2020V,
Rigaku Corp., Askishima, Japan) with Cu-Kα radiation (wavelength: 0.15418 nm), providing X-ray
diffraction (XRD) patterns of the ACs. The disorder degree of graphene structures of the ACs was
also evaluated using a microscopic Raman spectrometer (LabRAM HR Evolution, Horiba Ltd., Kyoto,
Japan). The Raman spectra were acquired using a laser of 633 nm wave length. The degree of graphene
disorder of ACs was quantified by the peak intensity ratio of the G-band (ca. 1580 cm−1) and D-band
(ca. 1360 cm−1), which was defined as Id/Ig. The D-band and G-band corresponded to the in-plane
vibrations of sp2 bonded carbon structures with structural defects and the in-plane vibrations of sp2

bonded graphene carbon structures, respectively [37–39]. Thus, Id/Ig is an indication of the disorder
degree of graphene sheets.

The N2 adsorption–desorption isotherms of the ACs were measured using a gas adsorption
analyzer (Autosorb-3B, Quantachrome Instruments Inc., Boynton Beach, FL, USA) at −196 ◦C.
Approximately 30 mg of powdered AC was degassed under a vacuum at 200 ◦C for >8 h prior
to the isotherm measurement. The Brunauer–Emmett–Teller (BET) theory was used to calculate the
specific surface area (SBET) of the AC samples using the adsorption isotherm at a relative pressure
of 0.05–0.10. The total pore volume (Vtotal) of the sample was determined by measuring the volume
of nitrogen absorbed at the relative pressure of 0.99. The quenched solid density functional theory
(QSDFT) was used to obtain the pore size distribution [40,41], with aid from the proprietary software
(ASiQwin, version 1.11, Quantachrome Instruments Inc., Boynton Beach, FL, USA). Based on the pore
size distributions, the volumes of the micro-pores (Vmicro) and meso-pores (Vmeso) were calculated.

The particle size distribution of the produced AC powder was analyzed using a laser diffraction
particle size analyzer (SALD-200V, Shimadzu Corp., Kyoto, Japan). The average particle diameter and
the cumulative 25%, 50% (median value), and 75% particle diameters, were acquired and were defined
as Dave, D25, D50, and D75, respectively.

2.2. Electrochemical Characterization

AC as the active material, acetylene black (Denka Black, Denka Kagaku Co., Ltd., Tokyo, Japan)
as the conductive agent, and polytetrafluoroethylene (Polyflon D210-C, Daikin Industries, Ltd., Osaka,
Japan) as the binder were mixed in a mass ratio of 8:1:1 by a mortar and pestle, with added ethanol.
The mixture was pressed into a sheet, then it was punched out into disks of φ12 mm. The mass
of AC in the electrode and the electrode thickness were measured, providing the AC bulk density.
The morphology of electrodes was microscopically observed using a scanning electron microscope
(VE-8800, Keyence Corp., Osaka, Japan).
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The meso- and macro-porosity, and interparticle porosity of the prepared EDLC electrodes were
evaluated using a mercury porosimeter (PASCAL 140 and 240, Thermo Fisher Scientific KK, Tokyo,
Japan). For each AC sample, four pieces of the same type of electrode, which were previously degassed
in a vacuum at 140 ◦C for >6 h were subjected to a mercury intrusion and extrusion sequence. This
sequence was performed in the low-pressure range (0.2–400 kPa) using PASCAL 140 and in the
high-pressure range (up to 200 MPa) using PASCAL 240, providing the mercury intrusion volume
at different equilibrated mercury pressures. The cumulative pore volumes of EDLC electrodes were
calculated using the Washburn equation [42] with aid from a software installed in the above mercury
porosimeter, where the shape of pores were assumed to be a cylinder.

The disk was pressed onto a φ15 mm Al mesh at a pressure of 0.5 MPa using a perpendicular press.
The disk attached with an Al mesh was employed as the electrode. The electrodes were dried under a
vacuum at 140 ◦C for >6 h prior to the cell assembly. A two-electrode cell made from Al (HS cell, Hohsen
Corp., Osaka, Japan) was assembled in a glove box (GBJF080R, Glovebox Japan Inc., Inagi, Japan)
filled with argon gas. The cell was constituted from two identical electrodes, a φ23 mm paper-based
separator (TF4050, Nippon Kodoshi Corp., Kochi, Japan), and 1 mL electrolyte. The electrolyte was
tetraethylammonium tetrafluoroborate at 1 mol L−1 dispersed in propylene carbonate (TEA·BF4/PC,
Kishida Chemical Co., Ltd., Osaka, Japan).

The current passing through the electrodes under voltage application across the cell terminals was
evaluated by cyclic voltammetry (CV). CV was performed at the scan rates of 1, 10, and 100 mV s−1

using an electrochemical measurement system (HZ5000, Hokuto Denko Corp., Tokyo, Japan) at the
cell voltage range of 0–2.5 V. The specific capacitance of the AC during the CV measurement (CCV) was
calculated from Equation (1).

CCV (F g−1) =
4ICV

mVS
(1)

where m (g) is the total mass of AC incorporated in both the positive and negative electrodes, ICV (A) is
the current measured at different applied voltages, and VS (V s−1) is the voltage scan rate.

A battery charge–discharge system (HJ1005SD8, Hokuto Denko Corp., Tokyo, Japan) was used
to perform the galvanostatic charge–discharge (GCD) tests for the EDLC cells, during which the cell
voltage was increased to 2.5 V for the charge process and was decreased to 0 V for the discharge process
at different current densities of 0.1–100 mA cm−2. Table 1 shows the detailed conditions in the GCD
rate tests. The charge–discharge performances at different current densities were evaluated at the
specified cycle numbers. The gravimetric specific capacitance of the AC in the GCD tests (CGCD) was
calculated using Equation (2).

CGCD (F g−1) =
4Q

mV′
(2)

where Q (C) is the charge released during the discharge process and V’ (V) is the maximum cell voltage
(2.5 V) subtracted by the IR drop observed at the switching from charge to discharge processes. The
IR drop is the voltage drop caused by the internal resistance, which can be represented by ESR. The
relationship between the current density and the ESR at the switching of charge to discharge was also
obtained for all types of ACs. The volumetric specific capacitance (F cm−3) was also calculated based
on the AC bulk density in the electrode. The charge or discharge specific capacity of the AC was also
defined to be a time-integral of the current divided by m, providing the specific capacity−cell voltage
profile of the AC. The Ragone plot was created by calculating the energy density of the electrode,
E (Wh kg−1), and power density of the electrode, P (W kg−1), from the GCD test results using Equations
(3) and (4), respectively.

E (Wh kg−1) =
1000W

m
(3)

P (W kg−1) =
1000V′I

m
(4)
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where W (Wh) is the energy released from the cell during the discharge process, and I (A) is the
discharge current. Using the AC bulk density in the electrode, the volumetric energy density and
volumetric power density, in respective units of Wh L−1 and W L−1, were also calculated.

Table 1. Conditions for the galvanostatic charge–discharge (GCD) rate tests.

Sequence Current Density 1

(mA cm−2)
Number of Cycles Cycle Selected for the

Performance Evaluation

1 0.1 2 Second
2 0.2 2 Second
3 0.5 2 Second
4 1.0 5 Third
5 2.0 5 Third
6 5.0 5 Third
7 10 11 Sixth
8 20 11 Sixth
9 50 11 Sixth
10 100 25 Thirteenth

1 Electrode area is 1.13 cm2 (φ12 mm).

For the evaluation of electrode cycle stability, following the GCD rate test, the EDLC cell was
charged and discharged 2000 times at the constant current density of 10 mA cm−2 under the similar
cell voltage range. The gravimetric specific capacitance of the electrode was measured as a function of
the number of cycles. All measurements and analyses were performed at 25 ◦C.

3. Results and Discussion

3.1. Material Properties of the Milled ACs

The ACs with different particle sizes were produced by changing the ball milling process. XRD
patterns and Raman spectra for the milled ACs were obtained and are shown in Figure 1. In the
XRD patterns, all ACs exhibited two gentle humps at the 2θ values of ca. 23 and 43◦. These patterns
are characteristic of turbostratic carbons, meaning that these lack correspondence between graphene
planes [43]. Only a tiny peak (marked by an inverted triangle) was observed in the XRD pattern of
AC120 at 30◦, which was confirmed to be caused by the debris of zirconia balls and bowl used for the
AC milling [44]. It was clearly indicated that carbon structures of all the ACs were turbostratic, and
the milling process had little impact on those carbon structures. The Raman spectra of all the ACs
displayed the D-band and G-band peaks resulting from carbonaceous structures. The Id/Ig values of
AC0, AC10, ACS10, and AC90 were similar; while that of AC120 was slightly lower than the others.
The lowering of Id/Ig indicates that AC120 alleviated the disorder of graphene sheets. From both the
results of X-ray diffractometry and Raman spectroscopy, it was shown that, when the ball milling time
was limited to within 120 min, the structural changes of the AC during the ball milling were minor.

Figure 2 shows the nitrogen adsorption–desorption isotherms at the temperature of −196 ◦C. All of
the nitrogen adsorption isotherms exhibited a slightly hysteretic behavior at the relative pressure of
0.2–0.8. These can be categorized into an IUPAC type I (b) isotherm, suggesting pore size distributions
over a broader range including wider micropores and possibly narrow meso-pores (<∼2.5 nm) [45].
It was found that, over the entire range of relative pressures, the adsorption quantity decreased with
the milling time. All of the ACs allowed a development of pores that were 0.6–1.0 and 1.2–3.0 nm.
The peaks of pore width for the ACs subjected to the ball milling shifted to the smaller side. Table 2
shows the textural properties of the ACs based on the above isotherms and pore size distributions. All
of the textural parameters decreased with the milling time. The SBET and Vtotal of the nonmilled AC
(AC0) were measured to be 3198 m2 g−1 and 1.78 cm3 g−1, respectively. The SBET of AC90 and AC120
were 2755 and 2448 m2 g−1, respectively, indicating that the ball milling for 90 or 120 min induced
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surface area decrements of 13.9% and 23.5%, respectively. The ratio of Vmicro to Vtatal and that of Vmeso
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Figure 2. Nitrogen adsorption–desorption isotherms of the milled ACs at −196 ◦C and their pore size
distributions. (a) Nitrogen adsorption–desorption isotherms; (b) pore size distributions.

Table 2. Textural properties of the milled ACs.

Sample Name SBET (m2 g−1) V total (cm3 g−1) Vmicro (cm3 g−1) Vmeso (cm3 g−1)

AC0 3198 1.78 1.27 0.38
ACS10 3073 1.73 1.23 0.37
AC10 3041 1.72 1.22 0.37
AC90 2755 1.56 1.09 0.34

AC120 2448 1.36 0.96 0.28

Figure 3 shows the surface morphology of the electrodes using the milled ACs, and their particle
size distributions. With increasing the milling time, the size of AC particles decreased and the gap
between the AC particles at the electrode surfaces decreased. It was observed that dense surface
structures were produced for the electrodes comprising ACs that were subjected to a long milling time
(AC90 and AC120). The particle size distributions suggested that the mode (most frequent) particle
size of AC decreased with the milling time. AC0 was composed of course particles and allowed a
dominant existence of particles at >50 µm in diameter, while AC120 comprised only fine particles
with diameters of <6 µm. It should be noticed that AC90 exhibited two peaks on its particle size
distribution, which were attributed to milled fine particles at <8 µm and residual large particles at
20–30 µm. Particle properties of the milled ACs calculated based on the above distributions are shown
in Table 3. AC0 and ACS10, which were composed of large size particles, did not show coincident
Dave and D50. It was also confirmed that 75% of their particles were within 2 × D50 for AC10, AC90,
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and AC120, indicating that those were sufficiently pulverized rather than AC0 and ACS10. The ACs
pulverized for 150 min using the five φ19.5 mm balls were also prepared and its Dave was measured to
be 3.4 µm. It was suggested that excessive milling induced a particle agglomeration and the milling for
120 min attained the greatest pulverization.
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Table 3. Particle properties of the milled ACs.

Sample Name Dave (µm) D25 (µm) D50 (µm) D75 (µm)

AC0 74.9 42.5 70.7 135.1
ACS10 20.0 10.6 26.1 37.5
AC10 11.6 6.8 11.7 19.7
AC90 3.0 1.9 2.8 4.2

AC120 2.2 1.6 2.4 3.3

3.2. Electrochemical Properties of the Milled ACs

Details of the fabricated electrodes used for EDLC cells are shown in Table 4. The electrodes were
φ12 mm disks incorporating the milled ACs of 10–13 mg, and their thickness ranged from 0.29 to
0.32 mm. The bulk density of AC in the electrode was dependent on the milling time. The higher AC
bulk density was obtainable from the ACs pulverized for a longer time. The markedly high AC bulk
density (0.39 g cm−3) was apparent for the electrode using AC120.

Table 4. Details of the fabricated electrodes (φ12 mm).

Used AC Mass of AC in the
Electrode (mg)

Thickness of the
Electrode (mm)

AC Bulk Density in the
Electrode (g cm−3)

AC0 11.7 0.32 0.32
ACS10 10.8 0.30 0.32
AC10 10.6 0.30 0.31
AC90 12.1 0.31 0.34
AC120 12.9 0.29 0.39

The meso- and macro-porosity, and interparticle porosity of the prepared EDLC electrodes were
evaluated by means of mercury porosimetry. Figure 4 shows the cumulative pore volumes of the
electrodes using the milled ACs. With decreasing the pore diameter, in other words, with increasing
the mercury intrusion pressure, the cumulative volume of mercury intruded into the EDLC electrodes
increased. All the electrodes allowed a linear increase in the cumulative intruded volume up to ~0.4 cm3

g−1. Above ~0.4 cm3 g−1, the cumulative intruded volume steeply increased with decreasing the pore
diameter. Judging from the surface morphology of the EDLC electrodes, shown in Figure 3, the pore
diameter corresponding to the end of the linear volume increase coincided with the interparticle
distance (gap between AC particles), for instance, 1.5 µm for AC10, 0.7 µm for AC90, and 0.3 µm for
AC120. Thus, it is reasonable to interpret that the variations in the cumulative intruded volume above
0.4 cm3 g−1 indicates the meso- and macro-porosity of the electrodes, which were produced within AC
particles. It was observed that the electrodes using ACS10 and AC10 allowed a greater development
of macro-pores, while that using AC90 possessed a largest volume of meso-pores of 7–50 nm. The
electrodes using AC0 and AC120 exhibited the poorest macro- and meso-porosity. The electrodes using
ACS10 and AC10 had a similar meso- and macro-porosity, although their average particle sizes had a
twofold difference.
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Figure 4. Cumulative pore volumes of the disk EDLC electrodes using the milled ACs, obtained by
mercury intrusion porosimetry.

The cyclic voltammograms converted from the current response during the CV at the scan rates of
1, 10, and 100 mV s−1 are shown in Figure 5, providing the specific capacitance at the varying voltage
cell. The symmetrical curves appeared in all the ACs at the scan rate of 1 mV s−1, meaning that an
electric double-layer without a redox reaction was soundly formed on the electrode. At the scan rate
of 1 mV s−1, AC0 showed the highest gravimetric specific capacitance, and the gravimetric specific
capacitance of the ACs decreased with the milling time. As the voltage scan rate increased, the CV
curves allowed a depressive distortion. The curve distortion of AC90 was found to be most suppressed
at the scan rates of 10 and 100 mV s−1, indicating that the lowest internal resistance was produced in
the AC90 electrode. It should be noticed that, at all the scan rates, the gravimetric specific capacitance
of AC120 was lowest in all the ACs. The highest gravimetric specific capacitance did not appear for the
nonmilled and the most milled ACs at the increased scan rates, suggesting that the degree of milling
had a definite influence on the charge–discharge rate performance of AC.
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(b) 10, and (c) 100 mV s−1.

Figure 6 shows the specific capacity–cell voltage profiles of the ACs under different current
densities during the GCD rate test. The IR drops were observed at the start of charging and discharging.
The IR drops appeared distinctly above the current density of >10 mA cm−2 in all of the samples.
AC120 allowed the largest IR drop, while the other ACs allowed similar levels of IR drops, indicating
that a noticeable ESR was produced within the AC120 electrode. At the lower current density of <1 mA
cm−2, where the IR drop was negligible, a longer milling time led to a decrease in the specific capacity
at the end of the discharge process. Representative ESR values of the milled ACs at the switching of
charge to discharge during the rate GCD tests were calculated and are shown in Table 5. The ESRs
of the milled ACs tended to decrease with the current density. The ESR of AC120 was found to be
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considerably high, while those of the other ACs were comparable regardless of the current density.
The comparable ESR values mean that the charge-storage or charge-release performance of ACs was
mainly governed by their dynamics of double-layer formation and release, and was hardly related to
the electrolyte, contact, and intrinsic resistances.
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Table 5. Equivalent series resistances (ESRs) of the milled ACs at the switching of charge to discharge
during the GCD rate tests. Unit: Ω.

Current Density (mA cm−2) AC0 ACS10 AC10 AC90 AC120

0.1 46.4 47.8 46.1 46.7 141.7
1 19.1 15.3 19.6 15.2 108.0
5 16.4 16.2 16.8 12.7 96.8
10 13.8 14.3 14.1 11.9 73.9
50 13.3 14.0 13.7 12.5 NM 1

100 12.5 13.8 13.5 12.6 NM 1

1 Not measurable.

The gravimetric and volumetric specific capacitances, and the gravimetric and volumetric Ragone
plots for all the ACs are shown in Figure 7. The gravimetric specific capacitances of all the ACs were
maintained up to the current density of 5 mA cm−2. The nonmilled AC (AC0) displayed the highest
gravimetric specific capacitance of 183 F g−1, while the AC subjected to the longest milling (AC120)
had the lowest value (<160 F g−1). At the higher current density (>10 mA cm−2), the ACs allowed a
decline of the gravimetric specific capacitance, where the degree was dependent on the milling time.
AC10 and AC90, which had middle levels of Dave, could retain a high gravimetric specific capacitance.
Under a very high current density (>20 mA cm−2), the gravimetric specific capacitance of AC120 was
measured to be negligible. From the gravimetric Ragone plots, the highest gravimetric energy density
of 39.3 Wh kg−1 was observed on AC0 at the gravimetric power density of 12.0 W kg−1. Except for
AC120, very little difference in gravimetric energy density among the type of ACs was observed at the
lower gravimetric power density (<1000 W kg−1). Under the very high gravimetric power density
(>2000 W kg−1), AC90 displayed the highest gravimetric energy density of all the ACs.

The volumetric specific capacitances of all the ACs were different from the gravimetric ones.
At the lower current density (<10 mA cm−2), AC120 showed the highest volumetric specific capacitance
of 61.7 F cm−3. Sufficiently milled ACs (AC90 and AC120) could also attain a similar level of the
high volumetric specific capacitance. However, under the higher current density (>10 mA cm−2),
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AC0 and AC120 allowed the volumetric specific capacitance to lower. Only AC90 could largely retain
the volumetric specific capacitance. The volumetric Ragone plots indicated that all the ACs showed a
comparable volumetric energy density at the lower volumetric power density (<100 Wh L−1). Among
them, the highest volumetric energy density of 13.0 Wh L−1 was observed for AC120 at the volumetric
power density of 4.3 W L−1. AC90 had the highest ability to keep the volumetric energy density, even
under the higher volumetric power density (>100 W L−1). The appropriate milling process enabled us
to enhance the volumetric energy density from 4.9 (AC0) to 6.6 Wh L−1 (AC90) even under the high
volumetric power density of 1 kW L−1, while the most milled AC (AC120) did not operate at 1 kW
L−1. It is true that the differences between the particle properties of AC90 and AC120 were not as
large (Dave = 3.0 µm for AC90 and Dave = 2.2 µm for AC120). The results regarding the GCD rate tests
revealed that the ball milling process had a large influence on the volumetric performance, rather than
on the gravimetric performance. It was also revealed that excessive milling of the AC active material
can degrade the high-power performance of the EDLC cell.
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Figure 8 shows the cyclic stability of the specific capacitance of the milled ACs at the current
density of 10 mA cm−2 under the cell voltage range of 0–2.5 V. The specific capacitance retentions
of AC0, ACS10, AC10, AC90, and AC120 were 96%, 93%, 96%, 95%, and 93%, respectively, which
guaranteed the initial cycling stability of ACs. Although their long-term stability could not be verified,
the effect of the milling process on the cyclic charge–discharge performance was shown to be minor.
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3.3. Material and Electrochemical Properties of the ACs with Different Particle Sizes

The petroleum coke-based AC with a very high specific surface area (SBET = 3198 m2 g−1) and
with a number of course particles (Dave = 74.9 µm) was pulverized to find its greatest gravimetric or
volumetric EDLC performance. The pulverization was executed by means of planetary ball milling
under different milling times and different types of zirconia balls. Using five φ19.5 mm zirconia balls
at a rotation speed of 400 rpm, finely and uniformly pulverized ACs were produced; Dave = 11.6 µm
for 10 min (AC10), 3.0 µm for 90 min (AC90), and 2.2 µm for 120 min (AC120). Instead of gaining fine
and uniform particles, the AC allowed a decrease in SBET because of the cumulative collisions between
the balls and the particles. X-ray diffractometry and Raman spectroscopy revealed that structural
changes of the AC hardly occurred during the ball milling. Despite the difference in Dave between
the AC90 and AC120 being slight, AC120 displayed a much lower SBET (2448 m2 g−1) than did AC90
(2775 m2 g−1). The pore size distribution analysis verified that pores within the AC degenerated during
the ball milling. A trade-off between the pulverization and the porosity maintenance was apparent up
to the milling time of 90 min. However, this relation was invalid for the longer milling time (120 min).
Under the present ball milling mechanism, the pulverization of particles became saturated, while the
pore degeneration subsequently proceeded with the milling time.

The performances of milled ACs as the active materials of EDLC electrodes was explored by
means of GCD rate tests. AC0 and AC120 exhibited the maximum gravimetric and volumetric
specific capacitance, respectively. However, at the higher current density (>10 mA cm−2), both the
ACs allowed noticeable decreases in the specific capacitance. The greatest maintenance of both the
gravimetric and volumetric specific capacitance, as well as the high volumetric specific capacitance,
which was comparable to that of AC120, was observed on AC90. At the high-power density of 1 kW
L−1, the volumetric energy density of the electrode increased from 4.9 (AC0) to 6.6 Wh L−1 (AC90, 35%
increment) by the milling process optimization. It was advocated that the smaller size of AC particles
was responsible for the decrease in the diffusion resistance of ion-transport within the particles [26].
Even if AC90 allowed the decrease in surface area to form an electric double-layer because of the
long-term milling, the electrode densification and the enhanced ion-transportation within the AC
pores led to the excellent rate performances. AC120, which was most finely and uniformly pulverized,
displayed the poorest rate performances out of all the ACs. The difference in statistic parameters of
Dave or D50 between AC90 and AC120 was slight. Based on the percolation theory for carbon particles
in an insulating media, the particle size can have an influence on the electric conductivity of the
composite [46]. However, judging from the slight difference in Dave between AC90 and AC120, and
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the low fraction of insulating polytetrafluoroethylene binder in the electrode (10 mass%), the greater
rate performance of AC90 was not explainable from a percolation theory. It was revealed that AC90
included milled fine particles and residual large particles at 20–30 µm, while AC120 comprised only
fine particles of <6 µm. The much higher electrode bulk density for AC120 (0.39 g cm−3) was clearly
attributed to the more finely and uniformly pulverized particles. For the highly filled EDLC electrodes,
a wide interparticle gap, which is necessary to assist the impregnation of electrolyte into discrete AC
particles, and thus into micro- and meso-pores within the ACs [23,25], was not realized. It was also
demonstrated that the electrode using AC90 attained the greatest meso-porosity of 7–50 nm, which
could offer fluent ion-transportation connected to the higher rate performance.

The results obtained here indicated that, for ACs with a very high specific surface area (~3000 m2

g−1), particle pulverization was still effective for enhancing the volumetric EDLC performances and
the stability against the high current or power density. However, excessive pulverization can rather
degrade the EDLC performances of ACs because of excessive electrode densification, which restricts
the ion-transportation within pores. In addition to the statistic particle size parameters (Dave or
D50), the particle size distribution of AC was also found to be an important factor to determine the
EDLC performances.

4. Conclusions

In the present study, the ball milling process was optimized for AC with a very high surface area
and course particles, as the active material of EDLC cells using a nonaqueous electrolyte, so as to attain
the greatest electrochemical performance. The carbonaceous structure, micro- and meso-porosity, and
particle size distribution of the AC were evaluated as a time function of the planetary ball milling.
The EDLC electrodes comprising the ACs milled under different conditions were evaluated in the
GCD rate and cycle tests, providing their gravimetric and volumetric specific capacitances, Ragone
plots, and cyclic charge–discharge stability. Meso- and macro-porosity, and interparticle porosity of the
EDLC electrodes produced from the milled ACs were also evaluated.

With the development of pulverization, the AC allowed the decrease in SBET, which was closely
related to the area of double-layer formation. The AC milled at 400 rpm for 90 min (AC90) allowed a
decrease in SBET from 3198 to 2775 m2 g−1, and thereby a decrease in the gravimetric specific capacitance
at the lower current density of <10 mA cm−2. However, it exhibited the greatest maintenance of both
the gravimetric and volumetric specific capacitance at the higher current density of >10 mA cm−2.
Even at the high volumetric power density of 1 kW L−1, it showed a noticeable volumetric energy
density of 6.6 Wh L−1, which was 35% higher than that of the untreated AC. A combination of milled
fine particles at <8 µm and residual large particles at 20–30 µm led to the electrode densification
(decreased interparticle gap), and the enhanced ion-transportation within the AC pores.

It was also revealed that excessive pulverization did not enhance either the gravimetric or the
volumetric performances of the AC, in particular at the higher power density. A much higher electrode
bulk density (0.39 g cm−3) was attained by the AC milled for 120 min (AC120), which comprised
only fine particles of <6 µm. However, the lowered micro- and meso-porosity and the excessive
electrode densification restricted the ion-transportation within the pores, leading to degradation of
the high-power performance. Judging from a minor difference in the particle size parameter (Dave or
D50) between AC90 and AC120, the particle size distribution of AC was found to be more important
in tuning the EDLC performances of highly porous ACs. It was confirmed that the appropriate
pulverization of AC particles had potential to enhance the high-power performance of EDLC cells,
both from the gravimetric and volumetric viewpoints.
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