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Introduction

ABSTRACT

High-surface area-activated carbons (ACs) are successfully prepared by coal-tar
pitch (CTP)/sawdust (SD) co-carbonization followed by simple KOH activation.
The ACs inherit the tubular morphology of the biomass and possess a hierar-
chical porous structure, a high specific surface area of 2224 m*/g, and a con-
siderable amount of oxygen-containing species on the surface. The AC obtained
from the co-carbonization of 67 % CITP and 33 % SD has a 25 wt% higher
oxygen content than the AC (0.17 wt%) from 100 % CTP, and has a 27.50 wt%
higher carbon yield than the AC (14.42 wt%) from SD. As an electrode material
for supercapacitors, the prepared electrode from 67 % CTP and 33 % SD exhibits
a favorable specific capacitance of 251 F/g at a current density of 0.5 A/g in
6 mol/L KOH electrolyte. The electrode also demonstrates excellent cycling
stability with a retention rate of 93 % over 7000 cycles at 2 A/g and a favorable
rate capability with a retention rate of 74 % when the current density increases
from 0.5 to 5 A/g. Therefore, the ACs obtained by co-carbonizing CTP and SD
have high potential as electrode materials. This route not only enhances the
benefit from agricultural wastes, but also reduces the cost of producing elec-
trode materials for supercapacitors.

Having the most considerable potential as electro-
chemical energy storage systems, supercapacitors

Energy production and utilization are critical to rapid
economic development in both the past and the
future [1-3]. Given the increasing energy storage
requirements of the electrically driven modern world,
supercapacitors have received increasing attention
and have been used in a wide range of applications,
such as portable electronics and electric vehicles [4].
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demonstrate a higher power density and longer cycle
life than batteries and a greater energy density than
conventional capacitors [5]. Supercapacitors can be
classified into two types according to their charge
storage mechanisms. The energy storage mechanisms
of electrical double-layer capacitor originate from the
separation of charges at the interface among the
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electrode, electrolyte, and pseudocapacitor, which
stores energy through reversible faradic redox reac-
tions of electroactive species on the surface of the
electrode [6]. The performance of supercapacitors
significantly depends on the utilized electrode
materials. Compared with other electrode materials,
porous carbon materials, such as activated carbons
[7], activated graphene [8], carbon nanotube [9],
nano-onions [10], nanorods [11], carbon aerogel [12],
and carbon nanocages [13], have been investigated
extensively because of their satisfactory acid and
alkali resistance, high specific capacitance, and high
charge—discharge cycling stability. Scholars mostly
argue that the hierarchical porosity of carbon facili-
tates the transfer of ions and electrons as well as the
formation of an electrical double-layer structure [14].
The high graphitization degree of carbon materials
likewise enhances the transfer of electrons. The
methods for doping carbon materials with nitrogen,
oxygen, or sulfur-containing compounds have also
been explored to improve the surface wettability of
carbon materials and to facilitate the access of elec-
trolyte [15, 16]. However, the artificial introduction of
these polar heteroatoms inevitably increases the cost
of the final materials. The content of these heteroa-
toms in carbon materials can be increased with low
cost by using the properties of the raw materials than
the aforementioned doping methods. Accordingly,
we select the mixture of coal-tar pitch (CTP) and
sawdust (SD) as the precursor of carbon materials.
CTP, which mainly contains polycyclic aromatic
hydrocarbons, is a byproduct of the coking process of
the coal industry. During carbonization, the graphi-
tized structures that increase the conductivity of CTP
are more easily formed than biomass. The car-
bonization yield contains significant proportions
(50-60 %) of CTP [17]. SD contains a significant
amount of microtubular bundles and a high oxygen
content of approximately 47 wt%. The oxygen con-
tent of the resultant carbon material is significantly
higher than that of CTP and biomass microtubular
structures, thereby allowing the resultant carbon
materials from SD to facilitate ion transportation [18].
Therefore, this study attempts for the first time to
combine the advantages of CTP and SD by their co-
carbonization to improve the electrochemical perfor-
mance of the produced carbon materials. Experi-
mental results show that the oxygen content of the
resultant carbon material can reach 25 wt%, and the
microtubular structure remains evident. After

activation, the prepared carbon material with well-
developed microporosity possesses a high specific
surface area (2224 m?/g) and a high micropore vol-
ume (88.17 vol.%). The as-prepared electrode exhibits
an excellent cycling stability with a retention rate of
93 % after 7000 cycles and a favorable rate capability.
The low raw material cost, easy preparation, and
favorable electrochemical performance of the pre-
pared carbon material demonstrate its potential as a
favorable electrode material for supercapacitors.
These findings provide a promising route for
enhancing the added value of CTP and SD.

Experimental
Preparation of activated carbon materials

Figure 1 shows the schematic preparation and the
three-electrode measuring equipment of tubular
activated carbons. CTP (softening point of 120 °C)
and SD from processed poplar wood were ground
and screened through a 100-mesh sieve (149 um)
before use. These materials were mixed at different
mass ratios (i.e., 0:10, 3:10, 5:10, and 7:10 for mgp:-
mcrp) in a motor stirrer at 150 °C and then cooled
down to room temperature. Subsequently, the mix-
ture was placed in a tube furnace and heated to
500 °C at a rate of (10 °C/min) under N, atmosphere
(50 mL/min), and this temperature was maintained
for 2 h. The co-carbonization products were ground
into powder and mixed with KOH powder at a mass
ratio of 1:3 (co-carbonization products: KOH pow-
der). Afterward, the products were heated to 800 °C,
and this temperature was maintained for 2 h. After

Sawdust

Coal-tar pitch

°  Oxygen-containing species

© Tubular structure

Figure 1 Schematic preparation and the three-electrode measur-
ing equipment of tubular activated carbons.
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Figure 2 FESEM images of
resultant carbon materials:

a AC-SD-0, b AC-SD-0.3,
¢ AC-SD-0.5, and d AC-SD—
0.7.

cooling, the activated carbon materials were neu-
tralized with H,SO, solution (1 mol/L) and washed
with distilled water repeatedly until the pH of the
filtrate reached 7. The cleaned samples were dried at
110 °C for 12 h. The resultant activated carbon
materials were denoted by AC-SD-x, where x is the
mass ratio of SD:CTP.

Characterization methods

The morphology of the AC was characterized via a
field emission scanning electron microscopy (FESEM)
(JEOL.JSM-7001F). The pore distributions were mea-
sured using a Micromeritics ASAP 2020 analyzer,
and the specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) plot of the nitrogen
adsorption isotherm. The micropore volumes (Vo)
and total volumes (V) were estimated using the
t-plot method. XPS was conducted using a Thermo
ESCALAB 250 spectrometer with an Al Ko radiation
source to analyze the chemical bonding state and
composition of the samples. The crystalline structures
were determined using an X-ray diffractometer
(D/max-2500) with a Cu Ko radiation source and a
scanning angle range of 5°-80°. Electrochemical
analysis was performed using a CHI660D electro-
chemical workstation that could perform CV, GCD,
and EIS. The CV measurements were obtained at
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sweep rates of 10, 20, 40, 60, 80, and 100 mV/s in the
potential range from -1 to 0 V. The GCD measure-
ments were conducted at scan rates of 0.5, 1, 2, 3, 4,
and 5 A/g in the potential range from -1 to 0 V. The
EIS measurements were performed with an ampli-
tude of 5 mV over a frequency range of 107>-10° Hz.

The specific capacitance (C in F/g) of a single
electrode was obtained from the discharge curve as
follows:

C=(I-AH/(m-AV), (1)

where I (A), At (s), AV (V), and m (g) denote the
current density, discharge time, voltage change dur-
ing discharge, and mass of activated carbon in the
working electrode, respectively.

Preparation of the electrodes

A typical three-electrode system that comprises a
working electrode, a platinum plate (2 x 2 cm?) as a
counter electrode, and a saturated calomel electrode
as a reference electrode was used for measuring the
electrochemical performance of the working elec-
trode. The working electrode was prepared by mix-
ing the AC powders with polytetrafluoroethylene
binder and acetylene black at a mass ratio of 8:1:1
(AC:polytetrafluoroethylene binder:acetylene black).
Nickel foam with a 1.6 mm thickness and 12 mm
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Figure 3 a Nitrogen adsorption and desorption isotherms and b pore size distributions of AC-SD-0, AC-SD-0.3, AC-SD-0.5, and AC—

SD-0.7.

diameter was used as the current collector of the
supercapacitor electrode. The mixture was then
coated on the nickel foam substrate and pressed for
3 min at 10 MPa. The electrode was dried in an oven
at 60 °C for 2 h. The electrochemical performance of
the prepared electrode was investigated using a
three-electrode experimental cell in a KOH solution
(6 mol/L) with a CHI660D electrochemical
workstation.

Results and discussion

Structural and morphological
characterization

The porous structure of the prepared carbon materi-
als was confirmed via FESEM. Figure 2a shows that
the AC-SD-0 sample has a highly disordered pore
network, whose morphology is similar to that
observed among most ACs from CTP [19]. In this
case, the migration speed of ion through the micro-
pores becomes a rate-determining step, and the car-
bon materials exhibit a low specific capacitance [20].
As shown in Fig. 2b—d, the carbon materials inherit
the pristine microtubules of SD upon its addition,
thereby resulting in a tubular porous structure that
provides a better channel for ion transfer than a
microporous structure, which subsequently improves
the specific capacitance of the electrode materials.
The morphology of the microtubules varies as the
proportion of SD increases further. The microtubules
of AC-SD-0.3 (Fig. 2b) are smaller than those of AC-

SD-0.5 (Fig. 2c) because of the relatively high pro-
portion of CTP, which adheres to the wall of the
pristine microtubules of SD to a certain extent. A
higher proportion of CTP can help form a layer of
carbonized thin film on the surface of the interior of
microtubules, which can weaken the reaction of KOH
to microtubules because the reaction activity of car-
bonization matters from SD to KOH is higher than
that of CTP. Given its higher proportion of SD, AC-
SD-0.7 provides more microtubules than AC-SD-0.3
and AC-SD-0.5, which suggests that additional
molten KOH may move into their interior and react,
thereby creating an irregular tubular channel on the
surface of holes [21]. Some corrosion reactions
between the carbon matrix and KOH may occur as
follows [22]:

6KOH + 2C < 2K + 3H, + 2K,COs3 (2)
2KOH < K,O + H,0 (3)
C+ H,O -~ H, +CO 4)
C + K;0 < 2K + CO (5)

A uniform microtubule structure is observed only
in AC-SD-0.5 because of the appropriate ratio
between CTP and SD. Given that the main compo-
nents of CTP, such as polyaromatic hydrocarbon, are
more stable than polysaccharide in biomass, such as
SD, the proportions of both raw materials need to be
controlled to improve the electrochemical properties
of the ACs.

The isotherms of N, adsorption and desorption
provide additional details on the specific surface area
and pore structure of the produced samples (Fig. 3a,
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Table 1 Porosity

characteristics and carbon Samples SRET Vi V mic Vi Vi Pore width Carbon yield

yield of the ACs Mg (emYg)  (m'g) (n) (W1%)
AC-SD-0 1435 0.7938 0.6562 0.8267 2.21 32.45
AC-SD-0.3 1510 0.7823 0.7053 0.9016 2.07 29.03
AC-SD-0.5 2224 1.1538 1.0173 0.8817 2.08 27.50
AC-SD-0.7 1414 0.7499 0.6650 0.8868 2.12 23.73

b). Figure 3a shows that the isotherms of all samples
exhibit a typical isotherm curve according to the
IUPAC classification. The quantity of adsorbed N
rapidly approaches saturation level at a relative
pressure below 0.05 and demonstrates a slightly
upward slope in the medium relative pressure
region. These results indicate the presence of a con-
siderable number of micropores and a moderate
number of mesopores, which characterize microp-
orous materials [23]. An indistinct hysteresis loop
also appears, to reflect the capillary condensation in
the mesopores and this loop results from the collapse
of the micropores during KOH activation [24]. AC-
SD-0.5 has a wider knee and a higher N, adsorption
capacity than the other three samples, thereby indi-
cating the highly developed micropores of this
sample.

The electrode materials for supercapacitors ideally
must have a hierarchical porous structure that con-
tains micropores (<2 nm) for enhancing charge stor-
age, mesopores (2-50 nm) for facilitating ion transfer,
and macropores (=50 nm) for providing ion-buffer-
ing reservoirs [25]. Figure 3b illustrates the AC pore
size distributions obtained using the Horvath-
Kawazoe and Barrett-Joyner-Halenda methods.
Table 1 summarizes the porosity characteristics and
carbon yields of the ACs. AC-SD-0.5 has the highest
specific surface area (2224 m?/g) and pore volume
(1.1538 cm®/g) among all samples under the same
operating conditions, which indicates that the com-
position of the AC precursor significantly affects the
porosity characteristics. A significantly high or low
proportion of SD in the mixture is unfavorable for
increasing the specific surface area of carbon mate-
rials. Another criterion for the assessment for elec-
trode materials is the cost, which is related to the
carbon yield of its precursor. Although the carbon
yield decreases continuously as SD increases, the
carbon yield from the CTP/SD precursor remains
significantly higher than those from cocoa pod husk
[26], straw pulping [27], and other biomass.
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Table 2 Results of the elemental analyses on the precursors and
typical AC

Precursor/sample Elemental (wt%)

C H N S Ouitr
CTP 93.48 4.79 1.0 0.56 0.17
SD 46.32 5.94 0.35 0.11 47
AC-SD-0.5 73.10 1.06 0.28 0.31 25

Table 2 presents the results of the elemental anal-
yses on the precursors and AC-SD-0.5. The oxygen
content of AC-SD-0.5 reaches 25 wt%, which is much
higher than that of AC-SD-0 (0.17 wt%). These
results indicate that adding the raw material SD can
increase the oxygen content in carbon materials.
Recent studies show that the existence of heteroatom
oxygen in the carbon skeleton has multiple roles in
the electrochemical performance of carbon materials
[28]. The distribution of oxygen-containing species on
the surface of carbon materials is further observed via
X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 4a, b. Both AC-SD-0 and AC-SD-0.5 present the
binding energy peaks of oxygen atoms at approxi-
mately 533.4, 532.2, and 531.3 eV, which correspond
to the -OH, C=0, and C-O groups [29], respectively.
Table 3 lists the oxygen contents on the surfaces of
the two AC samples (i.e., AC-S5D-0 and AC-SD-0.5).
The oxygen content demonstrates an approximately
twofold increase from 9.78 % for AC-SD-0 to 19.40 %
for AC-SD-0.5, with the addition of SD. The oxygen
functionalities contribute to pseudocapacitance
through the quinone/hydroquinone redox pair [30].
The oxygen contents on the surface and in the body
also significantly differ, with the latter being higher
than the former. This phenomenon may be ascribed
to the surface energy of carbon. Some errors may
result from the use of the subtraction method in the
calculation, which means that some non-oxygen-
containing components have also been considered.
The deconvolution of the Cls XPS spectrum of AC-
SD-0 and AC-SD-0.5 (Fig. 4c, d) reveals three peaks
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Figure 4 XPS spectra of the O1 s region for a AC-SD-0, b AC-SD-0.5 and the CI s region for ¢ AC-SD-0, d AC-SD-0.5.

Table 3 XPS analyses of AC-SD-0 and AC-SD-0.5

Samples XPS analysis (atom %)

C N 0]
AC-SD-0 88.48 1.74 9.78
AC-SD-0.5 78.91 1.69 19.40

at 284.6, 286.4, and 289.0 1 eV, which belong to the
C =C, C-O, and O-C-O groups, respectively [31].
This finding confirms the presence of activated car-
bon in the samples. The other two peaks at 292.9 and
295.7 eV are related to the formation of K 2p° and K
2p' hybridized bonds, respectively.

Figure 5 shows the two broad peaks at approxi-
mately 23.8° and 44.6° in the XRD patterns, and these
peaks can be attributed to the (002) and (100)
diffraction peaks, respectively. The peak of AC-SD-
0.5 has a slightly higher intensity than those of the
other samples, thereby indicating its enhanced
graphitization degree. This enhancement improves

— AC-SD-0

—— AC-SD-0.3
— AC-SD-0.5
—— AC-SD-0.7

(100)

Intensity (a.u.)

40 50 60 70 80

20 (degree)

10 ‘ 20 30
Figure 5 XRD patterns of AC-SD-0, AC-SD-0.3, AC-SD-0.5,

and AC-SD-0.7.

both the rate of electron transfer and the chemical
performance of the carbon materials. These results
are consistent with the FESEM results.
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Figure 6 Electrochemical performances of the prepared AC
electrodes: a CV curves of AC-SD-0, AC-SD-0.3, AC-SD-
0.5, and AC-SD-0.7 at a scan rate of 10 mV/s; b CV curves of
AC-SD-0.5 at scan rates ranging from 10 to 100 mV/s; ¢ GCD
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Electrochemical characterization

Figure 6a shows the cyclic voltammetry (CV) curves
of the four AC samples at a scan rate of 10 mV/s. All
curves exhibit a quasi-rectangular shape without
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evident oxidation/reduction peaks, which reflects the
characteristic of an electrical double-layer capacitor.
This result is consistent with those produced by using
tobacco rods as precursors [32]. The CV curve of AC-
SD-0 has the smallest area among all CV curves of
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Table 4 Specific capacitance of the four AC samples at different
current densities

Samples Specific capacitance (F/g)

05A/g 1A/lg 2A/g 3Alg 4Alg 5A/g
AC-SD-0 156 142 132 125 119 111
AC-SD-0.3 239 214 200 191 182 176
AC-SD-0.5 251 225 211 199 194 186
AC-SD-0.7 245 221 206 195 184 183

the AC samples because of the slow ionic transport
rate in the micropores [33], which suggests the low
specific capacitance of AC-SD-0. By contrast, the CV
curve of AC-SD-0.5 has the largest area that can be
ascribed to the desirable porous structure and large
specific surface area of this sample, which in turn can
be attributed to the moderate addition of SD. Fig-
ure 6b shows the CV curves of AC-SD-0.5 at scan
rates that range from 10 to 100 mV/s. As the scan rate
increases, the profile deviates severely from the
rectangular shape. This phenomenon is mainly
attributed to the existence of numerous micropores in
AC-SD-0.5, in which the electrolyte ion has a slow
migration speed. Therefore, the current takes a long
time to reach a stable value. However, the curves of
AC-SD-0.5 have a quasi-rectangular shape with no
obvious distortions and are symmetrical even at a
high sweep rate of 100 mV /s, which indicates that
this AC sample still belongs to the electrical double-
layer capacitor type.

Figure 6c shows the galvanostatic charge/dis-
charge (GCD) curves. The charge and discharge
branches are not completely symmetrical even if the
entire shape is nearly linear, which suggests the
existence of a low pseudocapacitance except for the
typical electrical double-layer capacity. A comparison
between the charge/discharge times of the AC sam-
ples reveals that the charge/discharge times of AC-
SD-0.5 become longer than that of AC-SD-0 after SD
is added to CTP. The GCD curves of AC-SD-0.5 are
investigated at current densities that range from 0.5
to 5 A/g as shown in Fig. 6d. All curves of AC-SD-
0.5 at various current densities are quasi-triangular
and symmetrical, which suggests excellent capacitive
behavior and electrochemical reversibility. These
findings are consistent with the CV results. The curve
straightens as the current density increases and such
change is driven by the presence of less active sites

that contact the electrolyte at a high current density
such that fewer heteroatoms are involved in the
reaction. Nevertheless, a minimal difference still
exists. For example, the voltage values deviate from
the straight line when the charge approaches the
equilibrium at the beginning of the discharge process.
This result may be attributed to the low pseudoca-
pacitance that results from the oxygen-containing
species.

Table 4 summarizes the capacitance values that are
calculated from the GCD curves at current densities
ranging from 0.5 to 5 A/g for all ACs. The specific
capacitance of AC-SD-0.5 can reach a maximum of
251 F/g and maintain a value as high as 186 F/g
even at a high current loading of 5 A/g. The specific
capacitance values of the ACs with SD are signifi-
cantly higher than those of AS-SD-0 and of other
similar porous carbon electrode materials [31, 34].
This finding may be attributed to the large specific
surface area, well-developed tubular structure, and
multiple oxygen functionalities on the surface of the
carbon materials that are obtained from SD/CTP co-
carbonization, which can be easily realized in
practice.

Figure 6e shows the electrochemical impedance
spectroscopy (EIS) results of the AC electrode mate-
rials. The Nyquist plots can be divided into three
parts, namely, a semicircle in the high frequency, a
line with an approximately 45° slope in the middle
frequency, and a linear region in the low frequency.
The first intersection that points toward the real axis
is called the solution resistance (R,), which includes
the resistance of the electrolyte, the intrinsic resis-
tance of the active material, and the contact resistance
at the interface between the active electrode material
and the current collector [35]. The magnified data in
the high-frequency region of Fig. 6e inset show that
the R, of AC-SD-0, AC-SD-0.3, AC-SD-0.5, and AC-
SD-0.7 are approximately 0.93, 1.04, 0.98, and 0.99 Q,
respectively. Although the R of AC-SD-0.5 is higher
than that of AC-SD-0, this value remains consider-
ably lower than those of other ACs under similar
testing conditions. Such difference may be attributed
not only to the excellent tubular structure of AC-SD-
0.5, which promotes ion transfer, but also to its oxy-
gen-containing components, which improve surface
wettability and electrical conductivity. A nearly ver-
tical line is also produced by the Warburg impe-
dance, thereby indicating the favorable capacitive
performance of AC-SD-0.5.
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Figure 6f shows the cycling stability of AC-SD-0.5
as an electrode material. AC-SD-0.5 demonstrates an
excellent long cycling stability with a 93 % retention
rate and a high specific capacitance of as high as
197 F/g even after exceeding 7000 cycles at 2 A/g,
which indicate that the charge/discharge process is
highly reversible and that AC-SD-0.5 possesses an
excellent long cycling durability.

Conclusions

High-surface area-activated carbons are successfully
prepared via CTP-SD co-carbonization followed by
KOH activation. The oxygen content of carbonizing
67 % CTP and 33 % SD is 25 wt% higher than that
derived by carbonizing CTP alone. The graphitization
degrees and carbon yields of the carbon materials
obtained by co-carbonization also increase relative to
SD-only carbonization. The microtubular structures
of ACs are inherited from the structural characteristic
of SD. Moreover, the diameter of the microtubules
can be adjusted by adjusting the proportion of CTP in
the mixture. Therefore, the AC samples combine the
advantages of CTP and SD. At 800 °C, the typical AC
(i.e., AC-SD-0.5) has a carbon yield of 27.50 %, which
is significantly higher than the carbon yields of other
biomass materials. This AC also has a BET surface
area of 2224 m?/g. As an electrode material for
supercapacitors, AC-SD-0.5 exhibits a high specific
capacitance of 251 F/g at a current density of 0.5 A/
g, a favorable rate capability with a retention of 74 %
at5 A/g, and an excellent cycling stability with 93 %
retention rate over 7000 cycles at 2 A/g in KOH
electrolyte. In terms of its potential practical appli-
cations in supercapacitors, the electrode materials
AC-SD-0.5 posses many advantages, such as low
cost, easy processability into large or small devices,
facile scale-up preparation, and excellent energy
storage performance. Therefore, high-performance
and low-cost electrode materials must be produced
for supercapacitors.
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