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Coal tar pitch (CTP) with a great deal of polynuclear aromatic structural units is a potential precursor
for preparing porous carbon. In this paper, CTP was selected as raw material, and oxygen-rich
hierarchical porous carbon (OHPC) was prepared successfully by facile one-step KOH activation,
which was attributed to the H,O oxidation during this process. The oxygen content in hierarchical
porous carbon was well above the oxygen content in CTP. Besides, possible oxidation mechanism was
proposed. The influence of activation temperature and activation ratio (mkon/mctp) On the pore
structure of OHPC was also investigated, and the largest specific surface area reached 2342 m* g™.
When OHPC was applied to electric double layer capacitor in the two electrode system, it shows good
electrochemical performance. Its specific capacitance and energy density could reach 308 F g™ and
8.31 Wh kg™ in 6 M KOH solution, respectively. Meanwhile, the capacitance retention of OHPCs was
up to 95.4% at 2 A g™ after 10000 cycles. This paper not only provides a simple method of oxygen
doping for porous carbon, but also achieve the green and high value-added utilization of CTP.

Keywords: Coal tar pitch; Oxygen-rich hierarchical porous carbon; Steam oxidation; Electric double
layer capacitor

1. INTRODUCTION

With the increase in demand for energy storage, the development and utilization of clean and
renewable energy are the problem to be solved urgently [1]. Electric double layer capacitor (EDLC)
has caused widely attention owing to their advantages of high power density, low pollution, excellent
cycle stability and friendly environment [2-5]. The electrochemical performance of EDLCs strongly
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depend on the physicochemical properties of the electrode materials [6, 7]. Porous carbon (PC)
materials as the most general electrode materials for EDLCs include activated carbons [8], porous
carbon nanotubes [9], carbon sphere and carbon nanofibers [10, 11]. Additionally, PCs have the
features of high specific surface area (SSA), low cost, good chemical stability, abundant raw material
and superior electrical conductivity [12, 13], but ordinary PCs have the disadvantages of low energy
density and poor rate performance. Meanwhile, hierarchical porous carbon (HPC), which has rational
pore size distribution (PSD), attracts extensive attention as an ideal carbon-based electrode material for
EDLC [2]. Micropores are major contributors for SSA and specific capacitance because of its abundant
active site of adsorption, and mesopores promote the diffusion of electrolyte ions as transmission
channel; besides, macropores act as ion-buffering to ensure that there are electrolyte ions to enter the
electrode material rapidly [14]. Geng [15] prepared two-dimensional hierarchical porous carbon sheets
by using nano-MgO sheet as template with KOH activation, and its specific capacitance could reach
290 F g* with 6 M KOH solution as electrolyte. Han [16] used a simple and efficient hydrothermal
treatment to prepare hierarchical porous carbon hollow-spheres with superior specific capacitance of
270 F g™ in 6 M KOH solution.

Moreover, the energy density of hierarchical porous carbons (HPCs) can be increased by
doping heteroatoms. Oxygen as a common heteroatom can improve the surface wettability and
generate pseudocapacitance [17, 18]. Feng used oxygen-rich materials (waste dragon fruit skin,
Momordica grosvenori skin and Firmiana catkins) to prepare activated carbon. Three kinds of as-
prepared activated carbons resulted in capacitances of 286.9 F g, 238.7 F g and 226.6 Fg* at 0.5 A
g™ [19]. Hsieh oxidized polyacrylonitrile-based activated carbon fabric at 250 °C under an oxygen
atmosphere. Due to the treatment, the overall specific capacitance showed an increase up to 25% (e.qg.,
from 120 to 150 F g™ at 0.5 mA cm™) [20]. The university method of oxygen doping is H,O,/HNO;
oxidation or the utilization of carbon source with rich oxygen [19, 21, 22], which are relatively
complicated, costly and dangerous. Hence, it is necessary to find a simple doping method.

Coal tar pitch (CTP) is a residue from coal tar, occupying about 45-50% of the total coal tar
[23, 24]. CTP mainly contains plenty of polycyclic aromatic hydrocarbons and heterocyclic
compounds [15], so that CTP is an ideal low cost carbon precursor based on their rich carbon content
and good cost-efficiency. Furthermore, it can prepare carbon materials with different structures [25-
27]. However, its chemical and physical properties can influence their transformation to carbons. The
thermal properties of CTP are varied in a wide range and unstable [28, 29]. Therefore, it is interesting
and promising to use CTP to prepare OHPC by simple KOH activation [30].

In this study, CTP was selected as the precursor to prepare OHPC through simple one-step
KOH activation, and the oxygen content in OHPC was significantly increased. The obtained OHPCs
possess high SSA, abundant pore structures and superior electrochemical performance. It not only
realized efficient oxygen doping, but also achieved green and high value-added utilization of CTP.

2. MATERIALS AND METHODS

2.1. Materials
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CTP obtained from Shandong Energy Zaozhuang Mining Group Co. Ltd. was used as raw

material, and other reagents are analytical purity and no other treatments are carried out.
2.2. Preparation of OHPC

The experiment used a simple one-step activation method. CTP was impregnated in KOH
solution with the different activation ratios (mxon/Mcte, 1, 2, 3 and 4). The mixtures were dried at 100
°C for 8 h, and transferred into a tube furnace. Then, the samples were heat-treated at different
activation temperatures (600, 700, 800 and 900 °C) for 1 h under Ar atmosphere. After activation, the
as-prepared crude OHPCs were washed by 2 M HCI and deionized water until the solution showed
neutrality. The samples were dried in vacuum oven at 150 °C for 3 h. The as-prepared OHPC was
named OHPC-y-x, where y stood for activation temperature and x stood for activation ratio

(Mkon/McTp).

2.3. Characterization

CTP and OHPC were ground and sieved below 200 meshes in order to characterize the sample.
In addition, the characterization methods include thermogravimetric analysis (TGA, Mettler-
Toledo TGA/DSCL analyzer), elemental analysis (Vario MACRO Cube elemental analyzer), field emi
ssion scanning electron microscopy (FESEM, Merlin Zeiss), X-
ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi), and N, adsorption-
desorption test (Gold APP V-
sorb 4800TP surface area and pore size analyzer). Additionally, Brunauer-Emmett-
Teller (BET) equation was used to calculate the specific surface area (SSA). The t-
plot method was used to obtain the micropore surface area (Smicro) and micropore volumes (Vmicro) and
the surface areas and pore volumes of the mesoporous were analyzed according to the Barrette-
Joynere-Halenda (BJH) method.

2.4. Electrochemical Measurements

85 wt% of OHPC, 10 wt% of acetylene black and 5 wt% of polytetrafluoroethylene were
mixed and grinded for preparing electrodes, and then the mixture was pressed onto nickel foam with a
diameter of 13 mm. Two electrodes were assembled in a CR2032 coin cell with 6 M KOH as
electrolyte. Galvanostatic charge-discharge (GCD), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were tested for investigating electrochemical performance. The
characterization of electrode materials was accomplished in the two electrode system. The GCD
measurements were carried out at different current densities within the potential window between 0
and 0.9 V through a NEWARE CT-3008-5 V 50 mA-164 battery testing system. The CV and EIS
measurements were performed on an lviumstat Vertex electrochemical workstation. CV was measured
in a voltage window between 0 and 0.9 V at different potential scan rates. EIS was accomplished by a
frequency range from 10° Hz to 10 Hz at open circuit voltage with 10 mV amplitude.

The specific capacitance (Cq) was calculated on the basis of the Eq. 1:
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where | (A), AV (V), At (s) and m (g) is the discharge current, voltage change, discharge time
and the mass of active material on a single electrode, respectively.

The energy and power densities of EDLC systems were calculated via the following Egs. :
_ CxAV?x1000

E= e @
p= EXZTOO (3)
where E (Wh kg™?) is energy density, P (W kg™) is power density, AV (V) is the voltage change
and At (s) is the discharge time.

3. RESULTS AND DISCUSSION

3.1. Structural features

The proximate analysis of CTP is measured under dry base conditions. The contents of ash,
volatile, and fixed carbon are 4.49%, 45.19% and 50.32%, respectively. Fig. 1 shows the TG and
derivative thermogravimetry (DTG) curves of CTP, and moisture and light components are separated
from CTP at the first stage (100-320 °C). The second stage (320-500 °C) corresponds to the cross-
linking of CTP molecules accompanied by cracking side chains and forming free radicals during
pyrolysis process. In the third stage above 500 °C, undecomposed and unstable carbon result the rate of
pyrolysis gradually decreased. It suggests that CTP can decompose from 100 °C to 900 °C and the
compositions and structures of CTP can influence the pyrolysis process [27, 31, 32].
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Figure 1. TG-DTG curves of CTP
The SEM images of OHPC-700-2 under different magnifications are shown in Fig. 2. It is

obvious that the OHPC-700-2 has abundant pore structure with hierarchical porous structure, which is
beneficial to the rapid transfer of electrolyte ions [33].
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Figure 2. SEM images of OHPC-700-2

As illustrated in Figs. 3a and 3c, the N, adsorption-desorption isotherm of OHPC-x-y possesses
the feature of type | isotherm according to IUPAC. It is remarkable that the volume absorbed rose
sharply at low relatively pressure (P/Py, 0.0-0.1), which is due to the existence of abundant micropores.
Moreover, these isotherms show slight upward trend from P/Py = 0.1 to 0.99 resulting from
mesoporous adsorption. These porous carbon materials have interconnected pore structure based on the
H4 hysteresis loop [34, 35]. The SSA of OHPC-x-2 enhances from 907 to 2086 m? g, when
increasing temperature from 600 to 900 °C. The total pore volume can reach 1.2 cm® g™* under 900 °C
(Table 1). However, the micropore surface area of OHPC-x-2 decrease significantly when raising the
activation temperature from 800 °C to 900 °C, indicating that the micropores can be converted into
mesopores at high temperature [36, 37]. For OHPC-700-y, its SSA increases from 642 to 2342 m? g™
with the increase in activation ratio. Besides, its H4 hysteresis loop also becomes more apparent,
suggesting the increase of mesopore ratio [35, 38-40]. This is since it is conducive to the formation of
micropores in the HPCs with the increase of KOH. As shown in Figs. 3b and 3d, the PSD curve of
OHPC-x-y mainly distributed in the range of 0.5-2 nm, which is beneficial to the rapid transfer of ions
[41]. Meanwhile, OHPC-x-y possesses a certain amount of mesopores and macropores (insert of Figs.
3b and 3d), indicating the pore structure of OHPCs is hierarchical porous.
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Figure 3. N, adsorption-desorption isotherms of OHPC-y-2 (a) and OHPC-700-x (c) and PSDs of
OHPC-y-2 (b) and OHPC-700-x (d).

Table 1. Textural parameters of OHPCs.

Yaa SBETb Vtotalc Smicrod Vmicroe Df

Sample (%) (m*g™) (cm®g™) (m*g™) cm’g™) (nm)
OHPC-700-1 554 642 0.3 597 0.2 1.93
OHPC-700-2 44.4 1382 0.7 1299 0.5 1.96
OHPC-700-3 35.4 1673 0.8 1571 0.7 2.02
OHPC-700-4 30.3 2342 1.2 2131 0.9 2.10
OHPC-600-2 47.0 907 0.5 840 0.4 2.12
OHPC-700-2 44.4 1382 0.7 1299 0.5 1.96
OHPC-800-2 35.1 1993 1.0 1855 0.8 2.07
OHPC-900-2 30.9 2086 1.2 1801 0.8 2.24

2 Ya: The yield of activation.

® Sger: Specific surface area from multiple BET method.
° Viotal: Total pore volume at P/Po = 0.99.

% Simicro: Micropore surface area.

®*Vmicro: Micropore volume.

"D: Average pore size.

Furthermore, there are several simultaneous/consecutive reactions in KOH activation process
below 700 °C, as shown in below [42, 43]:

2KOH — K,0 + H,0 4)
H,O0+C — CO+H, (5)
H,O + CO — CO,+ H» (6)
CO,+ Ks0 — K»COs )

KOH dehydrates to K,O at 400 °C (Eq. 4). Then, the reaction of carbon and H,O consumes
carbon with producing CO and H; (Eq. 5) to develop some pores. Subsequently, K,COs is formed (Eq.
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7) by the reaction of K,O and CO, which is produced in the reaction in Eq. 6. Apart from the
production of CO and H,, the reaction between H,O and carbon material will lead to the oxidation of
carbon, so that the oxygen doping can be achieved by one-step KOH activation. Therefore, it is
significant that H,O and CTP will react with each other under a high temperature, leading to the rise in

oxygen content of porous carbon material.
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Figure 4. XPS C 1s (a, c and e) and O 1s (b, d and f) peaks of OHPC-700-2, char and CTP.
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Table 2. Ultimate and XPS analysis of CTP and OHPC-700-2.

Sample Ultimate analysis (wt%, daf) XPS analysis (wt%, daf)
C H N S o* Cls O 1s
CTP 88.6 5.9 2.2 2.4 0.9 88.6 6.2
OHPC-700-2 77.9 0.7 1.4 1.1 18.9 69.4 18.0

XPS and ultimate analysis were carried out for investigating the oxygen contents and oxygen
bonding configurations of coke and OHPC-700-2. As shown in Fig. 4a, the high-resolution C 1s
spectrum include four peaks of C-C/C=C (284.8 eV), C-O (286.5 eV), O-C=0 (288.8 eV) and C=0
(289.5 eV) [15, 30]. The four fitted peaks of O 1s XPS spectra are located at 531.5 eV (C=0), 532.4
eV (C-0O-C), 533.5 eV (C-0) and 533.8 eV (0O-C=0) (Fig. 4b), respectively. The deconvoluted O 1s
XPS spectra of char and CTP are composed of 531.9 eV (C=0) and 533.2 eV (C-O) (Figs. 4d and 4f).
In general, there are more oxygen-containing functional groups in OHPC compared with char, and the
oxygen content is obviously enhanced (Table 2). Additionally, the oxygen content of OHPC-700-2 is
higher than that of CTP according to their ultimate and XPS analyses, as listed in Table 2. It illustrates
that oxygen is doped successfully by KOH activation. This is mainly due to steam reacting with
different chemical state carbons during the activation, so that oxygen-containing functional groups are
generated, such as C=0, C-O-C, C-O and O-C=0. The types of oxygen functional groups are changed
obviously in comparison with char and CTP. In addition, the change of oxygen-containing functional
groups in OHPC-700-2 is not caused by the carbonization of CTP, but by the oxidation of steam based
on the XPS results of CTP, Char and OHPC-700-2 (Fig. 4) [44]. After activation, the bonds of C-C and
C=C are converted to O-C=0, C=0 and C-O (Table 3). The possible oxidation process is shown in
Fig. 5.

Table 3. Contents of C1s and O1s of the OHPC-700-2 and char.

sample C 1s (%) 0 1s (%)
C-CIC=C C-O 0-C=0 C=0 aromaticC C=0 C-O-C C-O O-C=0
OHPC-700-2 57.8 205 7.1 46 - 273 330 202 195
Char 815 136 - - 4.9 329 - 671 -

S =
~' o Q‘V ».’“‘ﬂ/\\o

, Steam oxidation

d fw‘%

W

Figure 5. The simple oxidation of steam during KOH activation
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Besides, the oxygen-containing functional groups can generate additional pseudocapacitance

and enhance the wettability of the porous carbon, so that the specific capacitance and energy density of
carbon-based electrode material should be improved [45-47].

3.2. Electrochemical performances
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Figure 6. GClD curves of OHPC-y-2 at 100 mA g™ (a); CV curves of OHPC-y-2 at the scan rate of 5
mV s~ (b).

All the GCD curves of OHPC-y-2 at 100 mA g™ present linearity and symmetry (Fig. 6a),
which may be owing to the presence of pseudocapacitance and the inexistence of obvious ohmic drops
[27, 48]. Moreover, the CV curve of OHPC-700-2 approaches to a quasi-rectangular shape and has the
largest area (Fig. 6b), demonstrating the specific capacitance of OHPC-700-2 is the largest [49, 50].
According to Eq. 1, the specific capacitance of OHPC-600-2, OHPC-700-2, OHPC-800-2 and OHPC-

900-2 is 302, 308, 284 and 194 F g, respectively. Hence, the optional activation temperature is 700
0]
C.
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Figure 7. GCD curves of OHPC-700-x at 50 mA g™ (a); CV curves of OHPC-700-2 at the scan rate of
2 mV s™ (b); Impedance phase angle versus frequency (c); Nyquist plots of OHPC-700-x (d).

Fig. 7a displays the GCD curves of the OHPCs with different activation ratios at 50 mA g™. All
the curves display excellent symmetry, indicating the electrodes prepared from the OHPCs have
typical electric double layer capacitive behavior and good reversibility. The discharge time of OHPC-
700-2 is longer than others, suggesting that the specific capacitance of OHPC-700-2 is the largest [48,
50]. According to Eq. 4, H,O originates from KOH activation at high temperature, and abundant
oxygen-containing functional groups are also developed. Hence, pseudocapacitance would be
generated by according to the following equations [51-53]:

OH'+>C-OHs>C=0+H)0O+¢ (8)
>C=0+es5>C-O 9)

Meanwhile, oxygen-containing functional groups would provide pseudocapacitance in
charge/discharge (the shaded part of Fig. 7b); besides, these groups are propitious to improve the
wettability of carbon-based electrode materials. Additionally, the discharge curve is not a straight line,
which is also caused by the existence of pseudocapacitance (Fig. 7a) [54]. At low frequency, the phase
angles of all OHPCs are close to -90° (Fig. 7c), indicating a capacitive behavior, and reached -45° at
the frequency of 0.021, 0.008, 0.023 and 0.019 Hz (f;) of OHPC-700-1, OHPC-700-2, OHPC-700-3
and OHPC-700-4, respectively. Meanwhile, the corresponding time constant to (to = 1/ fo) are 47, 125,
43 and 52 s, respectively [55]. The Nyquist plots of OHPC-700-x are exhibited in Fig. 7d. All the
OHPC electrodes have similar impedance behaviors. It is obvious that all the curves are approximately
vertical lines at low frequency, which indicates the excellent electrochemical capacitive properties [49,
50]. OHPCs show the slope in the 45° portion of the Nyquist curve, which commonly refers to as
Warburg resistance in the intermediate frequency. Its presence is due to the resistance of ion diffusion
inside the carbon pores [26]. In the high frequency region, the four curves intersection with the real
axis represent equivalent series resistance and they have no obvious difference [56]. This is because all
of the EDLCs use the 6 M KOH as electrolyte and the method of assembly is the same. As shown in
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Fig. 7d, the charge-transfer resistance of OHPC-700-3 is low because the large micropore surface area
is conducive to the transport of electrolyte ions inside the electrode material [57, 58].
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Figure 8. Cycle life of OHPC-700-2 at current density of 2 A g™ (a) and Ragone plot of OHPC-700-2
device at different current density (b).

Cycle life is an important indicator for evaluating EDLC. Fig. 8a displays the cycling
performance and coulomb efficiency of OHPC-700-2 under 2 A g™. The capacitance retention rate
increase in the first 250 cycles due to electrolyte ions need enough time to enter the micropores. Then,
the capacitance retention rate begins to decline, and remains 95.4% after 10000 cycles, suggesting that
OHPC-700-2 has excellent cycling performance and electrochemical stability. In addition, the value of
coulomb efficiency can reach 100% after 15 cycles, illustrating the sample has good electrochemical
reproducibility. The energy density and power density of OHPC-700-2 are calculated by Egs. 2 and 3.

The energy density and power density are 8.31 Wh kg™ and 11.03 W kg™ at 50 mA g* (Fig. 8b),
respectively.
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To compare the performance of the other electrode materials, a summary of performance of
other electrode materials is presented in the Table 4. The OHPC prepared in this work exhibits high
specific capacitance, suggesting that OHPC prepared by one-step KOH activation is a potential
electrode material and show excellent electrochemical performance.

Table 4 Electrode materials for EDLCs.

Raw materials SSA(m°g?) Cg(Fg?) Electrolyte Reference
Lignin and lignite 3311 280 6 M KOH [31]
Glucose 658 270 6 M KOH [16]
HyperCoal 2540 46 6 M KOH [58]
gﬂnchgslm empty  fruit 1704 150 I M H,SO, [39]
Ginkgo shells 1775 178 6 M KOH [59]
CTP 1382 308 6 M KOH Present study

4. CONCLUSIONS

In summary, one-step KOH activation as an effective and simple method was developed to
prepare OHPC from CTP. The as-obtained OHPC possesses abundant oxygen-containing species and
developed pore structure which provides a good channel for the electrolyte ions transport. Based on
these features, OHPC-700-2 displays a high specific capacitance (308 F g™ at 0.05 A g™) and a good
retention rate (72.5%). In addition, it also shows outstanding cycling stability with 95.4% specific
capacitance retention after 10000 cycles. This work shows that OHPC has great potential as an energy
storage device, and it provides a new and simple way for the value-added utilization of CTP.
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