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Abstract: This study used a physical activation method to prepare asphalt-pitch-derived activated
carbon (Pitch AC) for an electric double-layer capacitor (EDLC) electrode. X-ray diffraction analysis
and Raman spectroscopy were used to estimate the change in the crystal structure of Pitch AC with
activation time. In addition, the textural properties of Pitch AC were studied by Brunauer-Emmett-
Teller (BET), Dubinin-Radushkevich (DR) and non-localized density functional theory (NLDFT)
equations with Nj /77K isotherm adsorption-desorption curves. The electrochemical performance
of the Pitch AC was analyzed using a coin-type EDLC with 1 M SBPBF,/PC via galvanostatic
charge/discharge, cyclic voltammetry and electrochemical impedance spectroscopy. The specific
surface area and total pore volume were 990-2040 m? /g and 0.42-1.51 cm3/g, respectively. The
pore characteristics of the Pitch AC varied according to the activation time and changed from
a microporous structure to a micro-mesoporous structure as the activation time increased. The
electrochemical performance analysis also found that the specific capacity was increased from
43.6 F/g to 84.5 F/g at 0.1 A/g as activation time increased. In particular, Pitch AC-9 exhibited
the best electrochemical performance (rectangular CV curve, reversible GCD, lowest ion charge
transfer resistance and Warburg impedance). In addition, Pitch AC-9 was confirmed to have a specific
capacitance similar to commercial activated carbon for EDLC (YP-50F). Therefore, it was considered
that Pitch AC could replace commercial activated carbon for EDLC because it has excellent pore
characteristics and electrochemical performance despite being manufactured through a very low-cost
precursor and a simple process (physical activation method).

Keywords: asphalt pitch; activated carbon; physical activation; pore characteristics; EDLC

1. Introduction

Electric double-layer capacitors (EDLC) have an energy storage mechanism involv-
ing a surface charge adsorption reaction (non-Faradic process) and have been the most
attention-grabbing energy storage devices in recent years, along with Li-ion batteries [1-3].
EDLCs have been primarily used in portable electronics and power backup applications
(Uninterruptible Power) owing to their high output characteristics [4]. However, in recent
years, the demand for and importance of EDLCs has increased because of the rapid devel-
opment of industries that require high-power-density characteristics, such as robotics [5,6],
renewable energy [7,8] and eco-friendly automobiles [9,10].
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The active electrode material for EDLC requires a high specific surface area and
good electrical conductivity to store large amounts of ions; therefore, activated carbon
is commonly used [11,12]. Currently, activated carbon for EDLC is manufactured by
the steam activation method using a coconut-shell precursor for high energy density. In
addition, coconut-derived activated carbon has microporous characteristics and is easy
to process owing to its high hardness; therefore, it is used in various industries, such as
water purification [13,14] and air filtration (including VOC abatement) [15,16]. Recently, as
environmental pollution has accelerated, the demand for health-improving products, such
as air and water purifiers, has increased; thus, the demand for coconut-derived activated
carbon is also increasing. However, coconut shells are only produced in subtropical climates
with high levels of sunlight. As a result, there is a shortage of activated carbon, which is
increasing in use.

In the past, research on activated carbon has focused on developing biomass-derived
activated carbon to replace coconut shell-derived activated carbon. As a result, vari-
ous biomass precursors, such as husks [17], bamboo [18], kenaf [19], wood tar [20] and
chitin [21], have been manufactured as activated carbon for EDLC [22,23]. However, most
biomass precursors have the disadvantages of a limited growth rate and limited growing
area. In addition, biomass requires an extra stabilization process in order to develop the
cellulose structure into a carbon crystal structure [18,19], and it has a high ash content [24].

Asphalt pitch is a by-product of the petroleum industry and has a high carbonization
yield owing to its low ash content and developed polycrystalline (aromatic) structure [25].
In particular, asphalt pitch is a by-product of the petroleum industry, so the precursor price
is very low. Furthermore, unlike biomass, it is less affected by climate or the environment,
so it provides a stable and smooth supply as an activated carbon precursor.

Production of activated carbon is divided into physical and chemical activation meth-
ods [26-28]. Generally, pitch has a more developed crystalline structure than biomass
because of its polycrystalline structure. Therefore, pitch-derived activated carbon is pre-
pared using chemical activation methods to destroy sp2 hybridized carbon bonds and
develop them into pores [29]. The chemical activation method can convert highly crys-
talline precursors into activated carbon with a high specific surface area, owing to its higher
activation energy than the physical activation method. However, activated carbon pro-
duction costs increase because of chemical activation agents (KOH, H3POy, ZnCl,, among
others). In addition, chemical activation presents challenges, such as equipment corrosion
and wastewater generation, making it difficult to apply it in industry. In other words,
even if activated carbon is manufactured from low priced asphalt pitch by the chemical
activation method, it would be uneconomical and difficult to apply in industry. Therefore,
research is needed to prepare activated carbon for EDLC through physical activation using
asphalt pitch to achieve high economic efficiency.

This study prepared asphalt-pitch-derived activated carbon (Pitch AC) with excellent
pore characteristics to replace commercial coconut-shell-derived activated carbon (YP-50F)
in EDLC. Asphalt pitch, a by-product of the oil refining industry, was selected as the acti-
vated carbon precursor because of its low precursor price. In addition, the steam activation
method was selected as the activation method for manufacturing Pitch AC with high eco-
nomic efficiency and excellent pore characteristics. Finally, the electrochemical performance
of the pitch AC was evaluated based on its pore characteristics after manufacturing a
CR2032 type EDLC with a 1 M SBPBF,/PC electrolyte.

2. Materials and Methods
2.1. Sample Preparation

The Korea Petroleum Industries Company provided asphalt pitch manufactured from
vacuum residue, which was used as a precursor for activated carbon in this study. The
asphalt pitch was crushed to a particle size of less than 250 um. Then, it was placed in
an alumina boat and stabilized in a custom-made cylindrical tubular furnace (SIC heater:
80 x 800 mm). The asphalt pitch was heated to 270 °C at a 0.2 °C/min rate under air
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atmosphere and held at stabilization temperature for 2 h. After stabilization, the gas
flow was switched to an N, atmosphere (99.999%), and the stabilized asphalt pitch was
carbonized for 1 h after heating up to 700 °C at a 10.0 °C /min rate. The stabilization and
carbonization yields of the asphalt pitch were 102% and 67%, respectively.

Carbonized asphalt pitch (3 g) was placed in an alumina boat and inserted into a
self-made cylindrical tubular furnace (SIC heater, 120 x 670 mm). Then, it was heated to
900 °C under an N, atmosphere at a rate of 10.0 °C /min. After reaching the activation
temperature, the gas flow was switched to steam (flow rate of 0.5 mL/min) and activated
for 60-120 min. The sample names of the asphalt pitch-derived activated carbon were
labeled based on the regulation of the Pitch-activated carbon activation time (Pitch AC-6, 7,
8,9 and 12). In addition, pitch AC was compared with commercial steam-activated coconut
shell-based activated carbon (YP-50F, Kuraray Chemical Corporation, Tokyo, Japan).

2.2. Characterization

The change in the nanocrystal structure of the Pitch AC was analyzed by X-ray
diffraction (XRD) spectroscopy (MiniFlex 600, Rigaku, Japan) and Raman spectroscopy
(Raman spectroscope, HEDA, NOST, KOREA). The XRD curve was measured using CuKo
(1.5406 A) in the 10-60° range at 2° /min. To observe the change in the crystal structure of
the Pitch AC, according to the activation time, the XRD curve was fitted through Gaussian
calculations, and the central diffraction angle and full width at half maximum (FWHM)
of each crystalline peak were calculated. In addition, the interplanar distances (dgg, and
djq;) of the Pitch AC were calculated using the Bragg equation (Equation (1)). Furthermore,
crystal size (La) and crystal height (Lc) were calculated from the XRD pattern using the
Scherrer equation (Equation (2)) [30].

A

d(A) ~ 2sind @
o KA
L(A) ~ Bcosh 2)

where A indicates the wavelength of the applied X-ray (1.5406 A), B indicates the FWHM,
6 indicates the center diffraction angles and K indicates the constant lattice Lc (0.91) and La
(1.84). Raman spectrum was measured using green raiser wavelength (532 nm) and x100
magnification in the 8002000 cm ! range. The Raman spectra were normalized based on
the G peak and then fitted using Gaussian calculations to four peaks (G1, G2, D1 and D2)
with an r-squared value of 0.999 or greater [31].

Textural properties of Pitch AC were measured after 12 h of drying at 300 °C under
0.133 Pa residual pressure using an isotherm gas adsorption analyzer (BELSORP-max,
BEL Japan, Osaka, Japan). The specific surface area was calculated from the isotherm
adsorption-desorption curves using the Brunauer-Emmett-Teller (BET) equation [32]. The
micropore volume was calculated using the Dubinin-Radushkevich (DR) equation [33].
Moreover, pore size distribution (PSD) was calculated using the non-localized density
functional theory (NLDFT) [34].

The morphologies and chemical composition of the Pitch AC were observed by field-
emission scanning electron microscopy (FE-SEM, ZEISS sigma500, ZEISS, Jena, Germany)
and energy dispersive X-ray spectrometer (EDX, XFlash 6-60, BRUKER, Billerica, MA,
USA), respectively. Before imaging their surfaces, the prepared Pitch AC and YP-50F were
coated with platinum to minimize the charging effects that occur during SEM analysis. The
SEM-EDX analysis was performed under the conditions of 5.0 x 107> Pa of pressure and
5 kV of accelerating voltage.

2.3. Electrochemical Tests

The EDLC electrode was manufactured as a slurry that included activated carbon
(85 wt%), a binder (7.5 wt%) and a conductive material (7.5 wt%). The binders used
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were carboxymethylcellulose (CMC; Dai-Inci Kogyo Seiyaku Co., Ltd., Kyoto, Japan),
styrene-butadiene rubber (SBR; BM400B; Zeon, Japan) and polytetrafluoroethylene (PTFE;
9002-84-0; Sigma Aldrich, St. Louis, MO, USA). In addition, carbon black (Super P, Timcal
Ltd., Bodio, Switzerland) was used as the conductive material.

The slurry, consisting of activated carbon, a conductive agent and a binder, was coated
on an aluminum foil to a thickness of 0.152 mm using a laboratory-scale doctor blade
coater. The coated electrode was dried at 100 °C for 24 h and then pressed using a heat-roll
press until the electrode thickness was 0.13 mm (about 85% of the coating thickness). For
the EDLC, a punched electrode (12 mm in diameter), 1 M spirobipyrrolidinium tetraflu-
oroborate (SBPBF,) in propylene carbonate (PC) and a cellulose-based separator (NKK,
Kawasaki, Japan) were assembled according to the CR2032 standard.

The electrochemical performance of EDLCs were tested in symmetrical two-electrode
systems with 1M SBPBF,;/PC. The galvanostatic charge-discharge (GCD) test was per-
formed using a MACCOR 4300 battery tester (Maccor Inc., Tulsa, OK, USA). The cycle
voltammetry (CV) and impedance measurements were performed using a VSP electro-
chemical workstation (Bio-Logic Science Instruments, Grenoble, France). The GCD was
measured with a current density of 0.1-10.0 A/g at a voltage between 0.1-2.5 V. CV was
measured at a scan rate of 5400 mV and a 0.1-2.5 V voltage range, and the impedance was
measured within the 10-300 MHz frequency range. The test was performed 10 times to
ensure the reliability of the analysis, and the 10th dataset was used. The specific capacitance
(F/g) of the symmetric electrodes was calculated using Equation (3), the discharge curve of
the GCD.

_2iNAt
7 mAv

®)

where 7 indicates discharge current (A), At indicates discharge time (s), m indicates an
electrode mass and Av indicates voltage.

3. Results and Discussions
3.1. X-ray Diffraction Analysis

X-ray diffraction (XRD) is a useful analytical method for observing the crystal structure
of carbon materials. This study used XRD to investigate the crystal structure characteristics
concerning the activation time. Figure 1 shows the XRD pattern of the Pitch AC.

1(002)

Intensity

10 20 30 40 50 60
2 theta (0)

Figure 1. X-ray diffraction of pitch-derived activated carbons as a function of various activation conditions.

It is generally known that, as the crystal structure of carbon materials develops, the
C(002) peak becomes sharper, and the diffraction angle is close to 26.5° [35]. However, as
shown in Figure 1, the XRD curves of Pitch AC were observed to have a very broad shape.
In other words, the crystal structure of Pitch AC was confirmed to be isotropic rather than
anisotropic. As the activation time increased, the intensity of the XRD curve decreased
because of increased burn-off. Additionally, the shape of the XRD curve changed from
sharp to broad. In particular, the XRD pattern of Pitch AC-12 showed ash peaks other than
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the C(002) and C(10l) peaks. The ash content relatively increased with increase in burn-off
and was the highest for Pitch AC-12.

Table 1 and Figure 2 show the interplanar distance (dgoz, dig;), crystal height (La) and
crystal size (La) calculated using Bragg’s and Scherrer’s equations. The interplanar distance
changes, and the AC pitch crystal size were more significant for C(10/) than for C (002)
because, in the crystal structure of activated carbon, the layers of the C (002) plane consist
of strongly hybridized sp? bonds, and the vertical 7t bond on the C(002) plane results in a
weak interlayer bond. Therefore, the oxidation reaction of activated carbon occurred at the
crystal edge rather than at the basal plane via physical activation. As a result, a significant
change was observed in C(10/) compared to C(002).

Table 1. Structural parameters of pitch-derived activated carbons as a function of various activa-
tion conditions.

002 Peak 10l Peak
Sample " " Burn Off (%)
20 FWHM doo2 L. (A) 20 FWHM dyo; La (A)
As-received 23.05 8.06 3.86 10.06 434 5.99 2.08 29.17 0
Pitch AC-6 23.26 8.7 3.82 9.32 43.52 4.46 2.08 39.2 38
Pitch AC-7 23.48 8.47 3.79 9.58 43.52 4.14 2.08 42.25 55.7
Pitch AC-8 23.41 8.5 3.8 9.54 43.45 4.1 2.08 42.59 62.7
Pitch AC-9 23.48 8.4 3.79 9.66 43.52 4.01 2.08 43.59 78.3
Pitch AC-12 23.24 9.12 3.82 8.89 43.39 4.03 2.08 43.34 94
40 (a) 60 (b)
—a— dooz +LC
—o— dm/ AofLa
394 45 . . °
//’ -
2 . -
oo 381 -\__//. < 304 o —
g a°
5] ~
o A
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’ e —— ¢ ¢ & o —° - ===
2.0 T T T T 0 T T T T T
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Burn-off (%) Burn-off (%)

Figure 2. Structural characteristics of the pitch-derived activated carbons as a function of the various
activation time; (a) structure parameters and (b) interplanar distance.

The crystal structure oxidation of Pitch AC was divided into three stages according
to the changed behavior of dg;: initial-stage activation (<burn-off 55%), middle-stage
activation (burn-off 55%-burn-off 90%) and final-stage activation (>burn-off 90%). Figure 2a
shows that djp; was maintained without a significant change, regardless of the burn-off.
However, dgg, decreased from 3.86 A to 3.79 A in the initial-stage activation. It was
maintained in the middle-stage activation. After the final stage of activation, dgg, increased
to 3.82 A.

In Figure 2b, Lc shows a slight decrease with increasing burn-off time. In contrast,
La linearly increased from 29.17 A to 42.25 A at initial activation (<burn-off 55%); the
increasing rate decreased significantly from middle-stage activation. In other words, dggp
and La exhibited opposite behaviors. The XRD results showed changes in the crystal
structure of the activated carbon as statistical data. The oxidation of the amorphous and
crystal edges affects the interplanar distance and crystal size change of activated carbon
by physical activation [36,37]. In addition, amorphous preferential oxidation occurs more
often than at crystal edges [36,37]. Accordingly, by the physical activation mechanism, the
oxidation reaction of the Pitch AC was dominant in the amorphous phase at the initial
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activation stage; thus, dog, decreased owing to the decrease in the distance between the
crystallites. On the other hand, La increased owing to the relative increase in the crystallite

ratio due to the oxidation of the amorphous phase.

During the middle-stage activation, dyg; and La were maintained without significant
changes, even when the burn-off increased. It was confirmed that the Pitch AC oxidation
reaction occurred simultaneously at the amorphous and crystalline edges. This result is due
to the simultaneous oxidation of the amorphous and crystalline edges during middle-stage
activation. Carbon domains composed of crystalline and amorphous phases are oxidized
from the outside by the diffusion of an activation agent (Steam, H,O) [38]. During this
process, the crystal edge of the outer domain and the amorphous structure of the new
inner domain were simultaneously oxidized. In other words, based on statistical changes,
changes in dggp and La were not observed because the amorphous and crystal edges were

simultaneously oxidized.

Finally, in the final-stage activation, dgp; was increased to 3.82 A with increasing burn-
off. Pitch AC-12 exhibited a 94% burn-off. In other words, the amorphous and crystal edges
of Pitch AC were mainly oxidized during the long activation time. Only dgg, increased,
owing to the skeleton forming the remaining pore structure.

3.2. Raman Spectroscopy Analysis

Raman spectroscopy is frequently used to study individual changes in the crystal
structure of porous carbon materials. Figure 3a shows the Raman spectra of Pitch AC. The

Raman spectrum of Pitch AC showed two characteristic peaks at 1590 cm ! and 1330 cm™

1

assigned to the G-band (sp? hybridized graphitic lattice vibration mode, amorphous car-
bon or small crystallites) and D-band (disordered graphitic lattice or defects/disorder),
respectively. The valley between the G- and D-bands gradually deepened with activation
time until 80 min (Pitch AC-8). In Figure 2, until 55% burn-off, it was confirmed that the
oxidation of Pitch AC occurred predominantly in the amorphous phase. In other words,
until 55% burn-off, the amorphous phase was continuously oxidized, and as a result, the G-

and D-bands changed narrowly.

Intensity

itch AC-12
Pitch AC-9
[ Pitch AC-8

| | Pitch AC-7

| ) Pitch AC-6
: : As-received

2000

1800 1600 1400 1200 1000 800
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Figure 3. (a) Raman spectra of pitch-derived activated carbons as a function of various activation

conditions, (b) band parameters derived from raw spectra decompositions.

The first-order Raman spectral bands were deconvoluted into four Lorenz sub-bands
(G1, G2, D1 and D2). Figure 4 shows the results of the peak fitting of the Raman spectra
to observe the changes in the crystalline structure according to the activation time. For
example, G1 is the in-plane bond-stretching motion of pairs of sp? hybridized carbon atoms;
D1 indicates disorder and edges in crystallite; G2 indicates amorphous carbon; and D2
indicates a disordered graphitic lattice [31].

As shown in Figure 3b, the FWHM of G1 did not significantly change, but the FWHM
of D1 decreased from an activation time of 80 min. The physical activation method involves
a pore development mechanism in which amorphous activated carbon is preferentially
oxidized, followed by oxidation of the disordered graphitic lattice or crystal edge [36-38].
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Therefore, by the physical activation mechanism, G1 did not change because the basal
plane of the crystallite was not oxidized by steam, even when 94% was burned off. In
addition, the FWHM of D1 decreased due to the oxidation of the disorders and edges in
the crystallite after an activation time of 80 min (middle-stage activation). However, unlike
G1 and D1, the FWHM of G2 and D2 decreased until Pitch AC-8 and then significantly
increased at Pitch AC-12. As shown in Figure 2a, Pitch AC-12 was confirmed to leave only
the skeleton of the pore structure (increase in dgpp) owing to the longest activation time.
In other words, the FWHM of G2 and D2 decreased owing to the continuous oxidation
of the amorphous and disordered graphitic lattices. However, when the activation time
was increased to 120 min, the FWHM of G2 and D2 significantly increased because most
amorphous and disordered graphitic lattices were oxidized, and only approximately 6% of
the carbon skeleton remained.

3.0
— ID/IG
244 Im/ IGI
v Icz/ IGI
\\ IDZ/IDI

Peak ratio

100

Burn-oft (%)

Figure 4. Raman spectra peak intensity ratio in the pitch-derived activated carbons as a function of
the various activation time.

Figure 4 presents the change in the intensity ratio of the deconvoluted Raman peak as
a function of activation time. Initially, Ip/Ig and Ip1 /I increased linearly with increasing
activation time. Then, however, I, /1g1 was constantly decreased with increasing activation
time. These results indicate that the amorphous structure (G2) of Pitch AC is preferentially
oxidized compared to the in-plane bond stretching motion of the pairs of sp? hybridized
carbon atoms (G1) structures, disorders and edges in crystallite (D1).

As mentioned earlier, the physical activation method involves a pore development
mechanism based on the crystal structure oxidation of the activated carbon. For example,
in Figure 2b, the La of Pitch AC increased with the activation time due to the amorphous
phase’s constant oxidation. In other words, Iy /Ig; decreases with increasing activation
time because of the constant oxidation of the amorphous phase. However, as the activation
time increased, the amount of exposed crystal edges increased as the amorphous phase was
oxidized, and it was considered that Ip/Ig and Ip; /Ig1 increased because of the relative
increase in the crystal edge content.

Finally, Ip, /Ip; exhibited a significant decrease up to a 55% burn-off, after which it
tended to remain constant. As shown in Figure 2a, dggp was significantly decreased to a
55% burn-off and then increased to 94%, owing to the oxidation of edges in the crystal
grain. Accordingly, Ipy /Ip; decreased to a 55% burn-off due to amorphous and disordered
graphitic lattice oxidation and was then considered to be constant, owing to the oxidation
of edges in crystal grain.

As a result, it was confirmed that the oxidation reaction of Pitch AC by the steam
activation method mainly occurred in the amorphous and disordered graphitic lattice, and
the oxidation of edges in crystal grain occurred with increased activation time.
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3.3. N»/77K Isotherm Adsorption-Desorption Analysis

N, /77K isotherm adsorption-desorption analysis is a very useful method for analyzing
the pore characteristics of activated carbon. In this study, N, /77K isotherm adsorption-
desorption analysis was used to analyze the change in the pore characteristics of Pitch AC
with activation time.

Figure 5 shows the Pitch AC’s N, /77K isotherm adsorption-desorption curves. The
isotherm adsorption-desorption curves of the Pitch AC showed that the amount of N,
adsorption increased with increasing activation time, and the shape of the curve changed
in the order of Type I (a) < Type I (b) < Type II, according to the International Union of
Pure and Applied Chemistry (IUPAC) [39]. The adsorption-desorption curve of Type I
(a) was observed when single-layer adsorption occurred because of the strong interaction
between the pore wall of the activated carbon and the adsorbent (N), and it was mainly
observed on activated carbons with microporous pore characteristics [39]. In addition, the
adsorption-desorption curve of Type I (b) was observed in microporous activated carbon
with a wider pore size distribution [39]. The type II adsorption-desorption curve was
observed for single-layer adsorption and multilayer adsorption between the pore wall and
the adsorbent, which was observed in activated carbon with the simultaneous development
of micropores and mesopores [39]. In other words, the mesopore ratio of the Pitch AC
increased with increasing activation time, and the pore structure of the Pitch AC changed
from microporous to micro-mesoporous.

1500
—a— Pitch AC-6 —e— Pitch AC-7
—a— Pitch AC-8 —&— Pitch AC-9
12004 —v— Pitch AC-12 YP-50F

900 +
600+

300 [ O

Volume adsorbed (cm3/g, STP)

Relative pressure (P/P )

Figure 5. N, /77K isotherm adsorption-desorption curves of pitch-derived activated carbons as a
function of various steam activation conditions.

The shape of the hysteresis loop observed in the N, /77K isotherm adsorption-desorption
curve was classified into six types by IUPAC according to the activated carbon’s pore
shape [39]. The hysteresis of Pitch AC-6-Pitch AC-9 was observed to be H4-type, and
then Pitch AC-12 was observed to be H3-type by IUPAC classification. In addition, the
hysteresis area increased with increasing activation time. Crystal structure analysis (XRD
and Raman analysis) confirmed that the oxidation reaction of Pitch AC by the steam
activation method mainly occurred in the amorphous and disordered graphitic lattice,
and the oxidation of edges in crystal grain occurred with increased activation time. In
particular, Pitch AC-6-Pitch AC-9 developed silt-type micropores upon the oxidation of
amorphous and disordered graphitic lattices, while Pitch AC-12 showed groove pores of a
nonrigid generation formed by flaky particles upon the oxidation of edges in polycrystalline
graphite with increasing activation time. Commercial activated carbon (YP-50F, coconut
shell-derived activated carbon) was confirmed to have a Type I (a) and a hysteresis loop of
H4-type. Therefore, it was considered that YP-50F has microporous pore characteristics
and a slit-type pore structure similar to that of Pitch AC-6-Pitch AC-9.



Minerals 2023, 13, 802

90f19

Table 2 lists the textural properties of the Pitch AC as a function of activation time.
The pore development behavior of activated carbon using the physical activation method
is determined by the oxidation of the crystal structure; therefore, the pore characteristics
and crystal structure are highly correlated [36,37]. Therefore, the textural properties of
Pitch AC were analyzed based on the oxidation behavior of the crystal structure, as shown
in Figures 2 and 3. As shown in Table 2, the specific surface area and total pore volume
were observed to be 990-2040 m? /g and 0.42-1.51 cm3/g, respectively. In addition, the
micropore and mesopore volumes increased with increasing activation time. However,
the rate of increase in the micropore volume gradually decreased, and the increase in
the mesopore volume gradually increased, with the highest rate of increase observed in
Pitch AC-12.

Table 2. Textural properties of the pitch-derived activated carbons as a function of various activa-
tion conditions.

SBET Votal VMicro VMeso RMeso Yield

Sample (m2/g) (mg)  (emdg)  (cm®g) %) %)
Pitch AC-6 990 0.42 0.38 0.04 9.5 62
Pitch AC-7 1340 0.6 0.51 0.09 15 443
Pitch AC-8 1500 0.7 0.53 0.17 24.3 37.3
Pitch AC-9 1820 0.98 0.62 0.36 36.7 21.7

Pitch
AC-12 2040 151 0.67 0.84 55.6 6
YP-50F 1710 0.79 0.62 0.17 21.5 -

As shown in Figures 2 and 4, the oxidation reaction of Pitch AC can be classified
into three steps. In the initial-stage activation (<55% burn-off), the oxidation reaction of
Pitch AC mainly occurred at amorphous phase, and in the middle-stage activation (55%
burn-off-90% burn-off), oxidation of the disordered graphitic lattice occurred in addition
to amorphous oxidation. Finally, oxidation of the edges in the crystal grain occurred in
the final activation stage (>90% burn-off). In a previous study, the micropore and meso-
pore volumes of activated carbon were confirmed to be affected by amorphous oxidation,
disordered graphitics and oxidation of edges in crystal grain [36-38]. In other words, in
the initial stage of activation, the pore characteristics of Pitch AC mainly developed into
micropores by amorphous oxidation, but as the activation time increased, mesopores were
developed by disordered graphitics and oxidation of edges in crystal grain. In addition,
Pitch AC exhibited the highest oxidation of the edges in crystal grain owing to the longest
activation time, resulting in the highest mesopore volume (0.84 cm3/g).

Figure 6a,b shows the pore size distribution (PSD) curves of pitch AC obtained using
NLDFT and BJH equations, respectively. In Figure 6a, the PSD curves of the Pitch AC show
change from a narrow peak to a broad peak with increasing activation time. Pitches AC-6
and -7 had PSD curves mainly developed with micropores of 1-2 nm pore diameters. As
the activation increased, Pitch AC-8 had a 2-3 nm pore diameter PSD curve of mesopore
with micropores of 1-2 nm pore diameters. Finally, in Pitch AC-9 and -12, the micropore
and mesopore PSD merged, and the development of mesopores with diameters of 3 nm
or more was observed. The increase in the pore volume in activated carbon induced by
physical activation occurs in two ways: pore drilling (which results in a steady increase in
the pore diameter) and pore deepening (which has virtually no effect on the pore diameter).
As can be seen in Table 2, the total pore volume of Pitch AC increased from 0.42 cm3/ gto
1.51 cm3/g with increasing activation time. In addition, as shown in Figure 4, the oxidation
reaction of Pitch AC mainly occurred in the amorphous state, and as the activation time
increased, the oxidation reaction occurred at the disordered graphitic lattice and edges in
crystal grain. In other words, the pores of Pitch AC-6 and Pitch AC-7 were developed by
pore deepening, and as the activation time increased, the pores of Pitch AC-8-Pitch AC-12
were developed by pore drilling. In Figure 6b, Pitch AC-6-Pitch AC-8 were observed to
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develop mesopores with a pore diameter of less than 10 nm. However, as the activation
time increased, the PSD curves of Pitch AC-9 and -12 were expanded to pore diameters
greater than 10 nm. In particular, Pitch AC-12 developed macropores with pore diameters
greater than 50 nm. That is, the change in the PSD curve of the Pitch AC was influenced by
pore deepening in the initial stage of activation; however, as the activation time increased,
the PSD curve was influenced by pore drilling. Therefore, Pitch AC exhibited macropore
development owing to the collapse of micropores and mesopores due to a 94% burn-off.
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Figure 6. Pore size distribution of the pitch-derived activated carbons as a function of various
activation conditions; (a) NLDFT method and (b) BJH equation.

Figure 6a shows that YP-50F has a PSD with less than 2 nm pore diameter. In Figure 6b,
YP-50F is observed to have a PSD very similar to that of Pitch AC-8. However, as shown
in Table 2, the specific surface area of YP-50F was 1710 m? /g, which was higher than that
of Pitch AC-8 (1500 m?/ g). In other words, YP-50F is considered to have microporous
pore characteristics, despite its higher specific surface area than that of Pitch AC-8; this is
because Pitch AC has a crystal structure developed from aromatic polycrystals, whereas
YP-50F has a crystal structure developed from cellulose. Thus, despite having the same
specific surface area, YP-50F and Pitch AC are considered to have different pore properties
because they were prepared using different precursors.

3.4. SEM and EDX Analysis

Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometer (EDX)
were used to observe the morphology and chemical composition, respectively. Figure 7
shows the SEM images of the Pitch AC and YP-50F. The SEM images of the Pitch AC show
that the steam activation process produced extensive very rough and irregular morphology
voids. As mentioned above, the oxidation reaction of pitch AC by steam activation mainly
occurred at amorphous and the edges of crystalline grains, and the mesopore volume
increased as the activation time increased (in Table 2). Also, the hysteresis loop area of
Pitch AC was increased with increasing activation time (in Figure 6). Therefore, as the
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activation time increased, the void of the Pitch AC increased due to the oxidation of grain
edges and the increase in the hysteresis loop area. Pitch AC-12 had the largest void due to
the lowest yield and high mesopore volume. YP-50F has a microporous pore structure than
Pitch AC, so it is decided that smaller voids were observed in the same specific surface area.
The morphology of Pitch AC and YP-50F is considered by the effect of pore development
behavior, according to the difference in the crystal structure of the precursor.

The elemental composition of the sample was measured using the energy dispersive
X-ray (EDX) analysis. Table 3 shows the presence of the main elements of Pitch AC and
YP-50F. The elemental composition of the Pitch AC was observed in the order of C > O
> S. In addition, as the activation time increased, the O elemental of the Pitch AC was
observed to increase, while the S elemental was observed to decrease. The steam activation
has a mechanism in which pores are formed by oxidation of crystals by high-temperature
steam. Therefore, as the activation time increases, the content of element O is determined
to increase due to the formation of oxygen functional groups at the edges of the crystal
grains. On the other hand, it is decided that the content of S element was reduced by the
high-temperature oxidation reaction. In addition, Pitch AC-12 was observed to have Zr
elemental (1.16%) differently from the other Pitch AC. This is considered that the ash content
relatively increased with increase in burn-off. YP-50F has a slightly different elemental
composition (C > O > N) from Pitch AC. This is because the YP-50F was manufactured
with a different precursor (coconut shell) than the Pitch AC [40].

Figure 7. Cont.
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Figure 7. Scanning electron microscopy (SEM) images for (a) Pitch AC-6, (b) Pitch AC-7, (c) Pitch
AC-8, (d) Pitch AC-9, (e) Pitch AC-10 and (f) YP-50F.

Table 3. Elemental composition of the pitch-derived activated carbon from EDX analysis.

Sample C (0] S N Zr Total
(Weight %)  (Weight %)  (Weight %)  (Weight %)  (Weight %)  (Weight %)
Pitch AC-6 88.71 6.38 491 0 0 100
Pitch AC-7 89.11 8.9 1.99 0 0 100
Pitch AC-8 90.65 74 1.95 0 0 100
Pitch AC-9 86.76 12.07 1.17 0 0 100
Pitch AC-12 83.76 14.78 0.3 0 1.16 100
YP-50F 84.51 10.08 0 541 0 100

3.5. Electrochemical Performance

The Pitch AC electrode was prepared using activated carbon with an activation yield
of more than 10% for economic feasibility, and the electrochemical performance of Pitch AC
was analyzed using CV, GCD and impedance analysis. The measurements were performed
in 1 M SBPBF, /PC. Figure 7 shows the GCD curve of the Pitch AC measured at various
current densities (0.1 A/g and 10.0 A/g) in the 0-2.5 voltage range. The GCD curve is the
most commonly used method for analyzing the charge and discharge behaviors of EDLC.
EDLC using activated carbon as the active electrode material is generally charged and
discharged using a non-Faradaic process. Therefore, the GCD curve of an ideal EDLC is
observed to be a reversible isosceles triangle with symmetrical charge-discharge curves.

In Figure 8a, the GCD curve of Pitch AC-6 is observed to be irreversible in shape, and
the charge and discharge curves are not symmetrical. The sizes of the solvated electrolyte
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ions in 1 M SBPBF,/PC are 1.35 to 1.40 nm [41]. As shown in Figure 6a, Pitch AC-6 has a
very narrow PSD curve with a pore diameter of 1 nm. In other words, Pitch AC-6 had a
smaller PSD curve than that of the solvated ions. Accordingly, Pitch AC-6 was considered
to have an irreversible GCD curve due to its higher ion charge transfer resistance than the
other samples.
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Figure 8. Charge-discharge curves of the pitch-derived activated carbons at various current densities;
(a)0.1 A/gand (b) 10.0 A/g.

On the other hand, as the activation increased, Pitch AC-7-Pitch AC-9 were confirmed
to have a PSD curve with pore diameters larger than the solvated ion. Therefore, pitch
AC-7-pitch AC-9 had a reduced ion charge transfer resistance due to the PSD curve of a
larger pore diameter than the solvated ions and were considered to have reversible charge
and discharge behavior. In Figure 8b, all GCD curves of the Pitch AC are observed to
have an irreversible shape with charge and discharge curves. In particular, the IR drop
was not observed at 0.1 A/g (except for Pitch AC-6) but at a very large value of 10.0 A/g.
In general, the IR drop in the GCD discharge curve represents a voltage charge arising
from the internal resistance of the electrode (contact resistance between the electrodes and
collectors, electrolyte resistance and distance between electrodes, amongst others) and
ion diffusion resistance in the nanopore. Therefore, it was considered that the irreversible
GCD curve and the large IR-drop observed in Figure 8b were due to the increased ohmic
resistance with increasing current density. However, the size of the IR drop was in the
order of Pitch AC-6 > Pitch AC-7 > Pitch AC-8 > Pitch AC-9. Our previous study confirmed
that the ion diffusion resistance decreased because of the increased mesopore volume [18].
As shown in Table 2, the mesopore volume of Pitch AC increased from 0.04 cm?/g to
0.36 cm?/g with increasing activation time. In other words, the increase in the mesopore
volume positively affected the ion diffusion resistance; therefore, the IR drop decreased as
the activation time increased.

Figure 9 shows the specific capacitance of the Pitch AC calculated from the GCD discharge
curves at various current densities (0.1-10.0 A/g). The specific capacitance of Pitch AC was
observed to be 43.6-84.6 F/g at a current density of 0.1 A/g and 7.5-66.4 F/g at 10.0 A/g.
At 0.1 A/g, the specific capacitance of Pitch AC increased with increasing activation
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time. Especially, Pitch AC-9 was observed to have the largest specific capacitance and
lowest specific capacitance decrease rate. In our previous study, the specific capacitance
of activated carbon at low current densities was confirmed to be affected more by the
micropore volume with pore diameters similar to the size of the solvated ions than by the
specific surface area [18]. Also, the ion diffusion resistance of AC at high current densities
was confirmed to be affected more by the mesopore volume (pore diameter 3-5 nm) [18]. In
Figure 6a, in Pitch AC-9, the micropore and mesopore PSD merged, and the development
of mesopores with a diameter of 3 nm or more was observed. In other words, the specific
capacitance of the Pitch AC increased with activation time, and the specific capacitance
decrease rate of the Pitch AC decreased due to ion diffusion resistance decreasing as the
mesopore volume increased.

120
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Figure 9. The specific capacitance of Pitch AC as a function of discharge current density.

The specific capacitance of the YP-50F was observed to be 87.2 F/g at 0.1 A/g and
63.2 F/g at 10.0 A/g. Especially, YP-50F was observed to have a slightly higher specific
capacitance than Pitch AC-9 at 0.1 A/g, but at 10.0 A/g, approximately 5% lower than
that of Pitch AC-9. In Figure 6a, YP-50F was observed to have mostly PSD with less
than 2 nm pore diameter. In other words, YP-50F has microporous pore structure, it was
observed that the ion diffusion resistance was higher than that of Pitch AC-9. In conclusion,
to achieve high energy and power densities in EDLCs, large micropore and mesopore
volumes are required.

CV is a very useful method for analyzing the charge-discharge characteristics of EDLC
in conjunction with GCD. Figure 9 shows the CV curves of the Pitch AC measured at
various scan rates (5 and 400 mV/s). The CV curve of an ideal EDLC has a rectangular
shape, and the area of the curve represents the specific capacitance of the EDLC.

The CV curve of Pitch AC-6 was observed to be leaf-shaped instead of rectangular,
regardless of the scan rate; this is consistent with previous GCD results. These results can be
attributed to the difficulty of ion transfer in the pores of Pitch AC-6. As shown in Figure 10a,
all CV curves of Pitch AC-7-Pitch AC-9 were rectangular. In particular, the area of the CV
curve increased with increasing activation time. As shown in Table 2, this is because the
specific surface area of the pitch AC increases as the activation time increases; as a result,
more electrolyte ions can be stored. However, as shown in Figure 10b, the CV curves of
pitch AC-7—pitch AC-9 showed a change from rectangular to leaf shapes as the scan rate
increased. The CV curve changed because the ion diffusion resistance increased as the scan
rate increased. However, the CV curve of Pitch AC-9 exhibited less deformation than those
of the other pitch ACs, and a larger area was observed. As mentioned earlier, Pitch AC-9
had the lowest ion-diffusion resistance, owing to its highest mesopore volume (0.36 cm?/g).
Therefore, Pitch AC-9 was considered to have excellent electrochemical performance (e.g.,
rectangular-shaped CV curve, larger CV curve area) despite a high scan rate of 400 mV/s.
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Electrochemical impedance spectroscopy (EIS) is commonly used for analyzing the
impedance of EDLCs. Figure 11 presents the Nyquist plots for the Pitch AC obtained in the
frequency range of 10 MHz to 300 kHz using EIS. Nyquist plots are generally separated into
three types of resistances (bulk solution electrolyte resistance, charge transfer resistance,
and Warburg impedance) [42]. First, the bulk solution electrolyte resistance (Rs) can be
easily verified from the x-intercept at high frequencies. In additions, Rs may vary according
to the electrolyte properties used in the EDLC [42]. In this study, the Rs values of the
samples were the same because all samples were prepared using 1 M SBPBF,/PC.
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Figure 10. Cycle voltammograms of the pitch-derived activated carbons at various scan rates;
(a) 5mV/s and (b) 400 mV/s.

20

—=— Pitch AC-6
—e— Pitch AC-7
—a— Pitch AC-8
. —v— Pitch AC-9

-Z" (ohm)

Z' (ohm)
Figure 11. Nyquist plots of the pitch-derived activated carbons as a function of various activation conditions.

Second, the charge transfer resistance (Rct) was observed as a semicircle on the
Nyquist plot in the mid-frequency range. The Rcr is the resistance that occurs when
an electric double layer (EDL) is formed and includes the interface resistance between
the current collector and electrode active material, the interface resistance between the
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electrode active material and electrolyte ions, the electrical conductivity of the electrode,
and the electrolyte ion resistance inside the pores [42]. As shown in Figure 10, the Rct
of Pitch AC-6 did not exhibit a semicircular shape; this is consistent with previous GCD
results. Therefore, it was considered that Pitch AC-6 had a larger ion charge transfer
resistance owing to a pore structure that was unfavorable for EDL formation (PSD of pore
diameter smaller than that of solvated ions). In contrast, Rt of Pitch AC-7-Pitch AC-9 were
observed to exhibit a semicircle shape, and the diameter of the semicircle decreased with
increasing activation time. Furthermore, as shown in Figure 6a, the pore diameter of Pitch
AC increased with increasing activation time. It was considered that the increased pore
diameter positively affects the ion charge transfer resistance, which results in a decrease in
Rer with activation time.

Finally, the Warburg impedance (Ry) was observed as a straight line with a 45°slope
at low frequency. As shown in Figure 10, Ry was observed in the following order: Pitch
AC-6 > Pitch AC-7 > Pitch AC-8 > Pitch AC-9. In our previous study, ion diffusion resistance
was highly correlated with the mesopore volume ratio of activated carbon [18]. Accordingly,
in this study, Ry consistently decreased as the mesopore volume ratio of the Pitch AC
increased from 9.5% to 36.7%.

Table 4 lists the specific surface areas and capacitances of the Pitch AC and biomass-
derived activated carbons for EDLC. As shown in Table 4, Pitch AC-9 prepared by the
physical activation method had a specific surface area similar to that of the biomass-derived
activated carbon prepared by the chemical activation method. Furthermore, Pitch AC-9
was confirmed to have a relatively high specific capacitance (81.8 F/g at 1.0 A/g), owing
to its excellent pore characteristics, even though it was prepared by physical activation.
Moreover, pitch AC had the advantages of low cost and high efficiency because it was
manufactured via physical activation from a relatively inexpensive asphalt pitch.

Table 4. Comparison of the specific capacitance of EDLC using different biomass-derived activated
carbon electrodes with organic electrolyte.

SBET Activation Specific Capacitance Reference
Precursor (m2/g) Agent Electrolyte (Flg) No.
Asphalt pitch 1820 Steam 1 M SBPBF,/PC 81.8at1.0A/g This work
Jujube fruit 1135 NaOH 1M EtyBF4/AN 438at1.0A/g [43]
Miscanthus 3024 KOH 1 M TEABF,/PC 523at1.0A/g [44]
Sweet corn husk 1378 KOH 1 M TEABF,/AN 640at1.0A/g [45]
The bark of
Platanus 1587 ZnO 1 M TEABF;/AN 925at05A/g [46]

4. Conclusions

In this study, asphalt pitch-derived activated carbon (Pitch AC) was prepared via steam
activation to replace coconut-derived activated carbon. The activation time was varied
during the activation step to control the pore size. The specific surface area and mesopore
volume of Pitch AC increased to 990-2040 m? /g and 0.04-0.84 cm3 /g, respectively, with
increased activation time. In particular, the pore characteristics of the Pitch AC developed
from a microporous structure to a micro-mesoporous structure, according to the activation
time. This study showed that asphalt pitch is a suitable precursor for producing activated
carbon because it satisfies the ratio of specific surface area to mesopore volume.

The electrochemical performance of Pitch AC was confirmed to be influenced by its
crystal structure and pore properties of Pitch AC, which changed with activation time.
The micropore and mesopore volumes of the Pitch AC developed with activation time
positively affected the specific capacitance and ion diffusion resistance, respectively. The
micropore and mesopore volumes of the Pitch AC-9 were 0.62 cm?®/g and 0.36 cm?/g,
respectively. The specific surface area and micropore volume of Pitch AC-9 were similar to
those of commercial activated carbon (YP-50F); however, the mesopore volume was two
times higher than that of YP-50F. Accordingly, the specific capacitance of Pitch AC-9 was
similar to that of YP-50F. In addition, the high mesopore volume of Pitch AC-9 lowered the
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ion diffusion resistance, exhibiting the highest output characteristics compared with the
other Pitch AC. As a result, Pitch AC has low cost and high efficiency compared to other
biomass-derived activated carbons prepared by chemical activation. Therefore, Pitch AC is
expected to replace commercial activated carbon in EDLC, owing to its excellent pore and
electrochemical properties.
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