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Abstract. The pollution from acid treatment process in the preparation process of hierarchical porous

carbons is a substantial challenge for industrial application of supercapacitors (SCs), which necessitates the
development of green alternative technologies. In this work, S-doped hierarchical porous carbons (S-HPCs)
are prepared from cheap coal tar pitch by a less harmful in situ KHCOs activation strategy. The sample

obtained at 800°C (S-HPCsoo) possesses 3D framework structure with hierarchical pores, large specific
surface area (1485 m? g'!) and O, S-containing functional groups. Due to these synergistic characteristics, S-
HPCsoo as supercapacitor electrode exhibits high specific capacitance of 246 F g' at 0.1 A g with a
capacitance retention of 68.3% at 40 A g”! and excellent cycle stability with 96.7% capacitance retention after
10,000 charge-discharge cycles. This work provides an environmentally friendly approach to prepare

advanced carbon-based electrode materials from industrial by-products for energy storage devices.

1 Introduction

Owing to the exhaustion of fossil fuels and the worsening
environmental pollution, stable and renewable energy
sources are highly desired in recent years [1]. Therefore,
electrochemical energy storage (EES) devices which can
efficiently utilize clean resources attract the researchers’
attention. Supercapacitors (SCs) have been widely studied
as a typical EES device due to their rapid charge-discharge
rate, high power density and long cycle life [2-4].
According to the energy storage mechanism, SCs can be
divided into electric double layer capacitors (EDLCs) and
pseudocapacitors [5]. EDLCs and pseudocapacitors store
energy through reversible ion adsorption and fast redox

reactions at the surface of electrode materials, respectively.

Therefore, electrode materials play a vital role in the
performance of SCs. Carbon materials are considered as
the most promising electrode materials in virtue of their
good electrical conductivity and high specific surface area
[6]. However, pure carbon electrode materials still have
great limitations in terms of electrochemical performance.
Structural optimization and surface modification of pure
carbon materials suit the remedy to the case.

In order to achieve high performance carbon electrode
materials, an effective method is to design hierarchical
porous carbons (HPCs) with micro-, meso- and
macropores. Micropores can provide a large number of
active sites for reversible ion adsorption [7]. Mesopores
act as electrolyte container which is conducive to the
spread and transmission of ions [8]. Macropores can be
used as ion-buffering reservoirs which are benefit to mass
transport of ions [9]. In addition, heteroatom doping (such
as N, P, S and B) which can improve wettability and
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increase pseudocapacitance of HPCs is another efficient
method to enhance electrochemical performance of
electrode materials [10-12]. Generally, HPCs can be
prepared by using hard template such as SiO,, nano-CuO,
nano-ZnO and nano-Fe;O; [13]. However, the using of
corrosive HF or volatile HCI is inevitable to remove hard
templates, which results in environmental pollution.
Therefore, the exploitation of a more environmentally
friendly method is still a ‘must-do’ agenda for pushing
commercialization of SCs.

Coal tar pitch (CTP) is a residue fraction from the
distillation of coal tar, which possesses various kinds of
polycyclic aromatic hydrocarbons with viscous and
thermoplastic characteristics [14]. In this work, we report
an eco-friendly method to prepare S-doped hierarchical
porous carbons (S-HPCs) from CTP. The sample obtained
at 800°C (S-HPCsg) featuring three-dimensional (3D)
structure is composed of interconnected carbon capsules
and sheets with abundant active sites for fast ion
adsorption. Moreover, S-doped can further improve the
electrical conductivity and boost the surface wettability of
S-HPCgpo.  Benefiting  from  such  constructive
characteristics, S-HPCggo as the electrode material for SC
exhibits high specific capacitance, good rate capability
and superior cycle stability.

2 Materials and Methods

2.1 Preparation of samples

CTP was obtained from Maanshan Iron & Steel Co. Ltd.
(China), and other chemicals were received from Aladdin
Co. In a typical case, 2 g CTP, 12 g KHCOs and 2.5 g
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Na;SO,4 were mixed with continuously stirring for 30 min.
Then, the resulting mixture was heated in a horizontal
tubular furnace. In 20 mL min' N, atmosphere, the
mixture was firstly heated to 150°C at 5°C min! for 30
min, followed by being heated to X°C (X stands for 750,
800 and 850) at 5°C min™' for 1 h. After cooling down
naturally, the as-prepared samples were purified merely by
distilled water washing and dried at 100°C overnight. The
final products were denoted as S-HPCx. HPCsoo without
adding Na,SO,4 was prepared by the similar procedure as
control.

2.2 Characterization

Field emission scanning electron microscopy (FESEM,
NanoSEM430, USA) and transmission electron
microscopy (TEM, JEOL-2100, Japan) were employed to
investigate the morphology of HPCs. Energy dispersive
spectroscopy (EDS) was used to test surface elements.
Nitrogen adsorption-desorption isotherms were conducted
at -196°C on an Autosorb-IQ system (Quantachrome,
USA). The specific surface area (Sger) was calculated by
the Brunauer-Emmett-Teller (BET) method. The pore
diameter was analysed from the adsorption branches of the
isotherms using the density functional theory (DFT)
method. Raman spectroscopy (RamHR800) was used to
examine the defect degree of the samples. X-ray
photoelectron spectroscopy (XPS, ThermoESCALAB250)
was used to measure the contents of elements and
functionalities.

2.3 Electrochemical measurement

Firstly, HPCs (90 wt%) and polytetrafluoroethylene
(10 wt%) were mixed together in deionized water.
Secondly, the mixture was rolled and then made into
circular films with diameter of 12 mm. Thirdly, the as-
prepared films were dried at 110 °C for 2 h in vacuum
oven, followed by being pressed onto nickel foams to
obtain the electrodes. Before being assembled in
supercapacitors, the electrodes were soaked in 6 M KOH
electrolyte for 2 h under vacuum. Finally, the immersed
electrodes were assembled into a symmetrical button
supercapacitor.

The cyclic voltammetry (CV) test was carried out on a
CHI760E electrochemical workstation (Shanghai, China)
and the galvanostatic charge-discharge (GCD)
measurement was performed on a supercapacitance test
system (SCTs, Arbin Instruments, USA). The
electrochemical impedance spectroscopy (EIS) test was
carried out on a Solartron impedance analyzer (Solartron
Analytical, SI1260, UK). The specific capacitance (C, F g’
1) of HPC electrodes was calculated from the GCD curves
by the following Equation (1).

C=414t/(m4aV) €]

Where [ (A), AV (V), At (s) and m (g) signifies the
discharge current, the discharge voltage after the IR drop,
the discharge time and total mass of active materials,
respectively. The energy density (£, Wh kg™!) and average
power density (P, W kg') of HPC electrodes were
calculated via Equation (2) and Equation (3), respectively.

E=Crr8.8 2)

P =E/t 3)

Where V (V), 4t (h) stands for the discharge voltage
after the IR drop and the discharge time, respectively.

3 Results & Discussion

The nitrogen adsorption-desorption isotherms of four
HPC samples are shown in Fig. la. All the nitrogen
adsorption-desorption isotherms of the HPCs exhibit
strong adsorption at P/Py< 0.01, small hysteresis loops at
0.4 < P/Pp < 0.9 and little tail at P/Py > 0.9, which

suggests the existence of a large number of micropores, a
moderate number of mesopores and a small number of
macropores [15]. It is well known that macropores,
mesopores and micropores avail for ion-buffering, ion
transport and ion adsorption, respectively [16]. Fig. 1b
indicates that the pore size of HPCs is mainly concentrated
in 0.5~4 nm. With the increasing of temperature, the Sggr
of S-HPCs first raised from 1199 m? g'! to 1485 m? g,
and then fell to 1257 m? g, while the average pore
diameter (Dgp) increased from 2.53 nm to 2.86 nm (Table
1). The reason for such changes of Sger and Dy, is that the
strong activation of KHCOj lead to the collapse of some
micropores and mesopores under high temperature
conditions. In addition, the Sprr of S-HPCggo (1485 m? g
1) is much higher than HPCggo (998 m? g!) (Table 1),
which demonstrates that Na,SO4 can be used as an
auxiliary activator and the doping of S is in favour of the
formation of edge defects. The foregoing results suggest
that the pore structure parameters of HPCs can be tuned
by changing the activation temperature and introducing S
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Figl. (a) Nitrogen adsorption-desorption isotherms; (b) pore

size distribution of HPCs.

Tablel. Pore structure parameters of HPCs.
Samples Dap SBET Vi Vmic
(m)  (m*gh) (em’gh)  (em’g)
S-
HPCrso 2.53 1199 0.76 0.33
S-
HPCsoo 2.64 1485 0.98 0.45
S- 0.35
HPCsso 2.86 1257 0.90
HPCsoo 2.52 998 0.63 0.29

The FESEM images in Fig. 2a-e show that the 3D
framework structure of HPCgyp and S-HPCsgo are
consisted of interconnected carbon sheets and capsules
with opened pores. The EDS mapping images of HPCsoo
(Fig. 2f) display a relatively homogeneous distribution of
C, O and N elements. The reason for the existence of N
element is that there is a small amount of N-containing
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substance in CTP. The TEM images further prove that
there are interconnected carbon sheets and capsules with
large pores in S-HPCjso structure (Fig. 3a, b, d, ). Besides,
the HRTEM images show that S-HPCggy possesses local
graphitization stripes. The EDS mapping images of S-
HPCgo display a relatively homogeneous distribution of
C, O, N and S elements (Fig. 1g), which confirms that S
atom was .sallggggfully d(lpec'l in S-HPCgoo.
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Fig2. FESEM images of (a-¢) HPCgoo and (d, €) S-HPCsoo; (f)
EDS mapping images of HPCsoo.
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Fig3. TEM images of (a-f) S-HPCsoo; (g) EDS mapping images
of S-HPCsoo.

The Raman spectra of HPCs display two strong
characteristic peaks at ca. 1343 cm™ and ca. 1587 cm™,
corresponding to D-band and G-band, respectively (Fig.
4a). The former is related to the defects and disorder
structures, while the latter can be assigned to the graphitic
structures [17]. The peak intensity ratio of the D-band to
G-band (Ip/lg) of S-HPCgo (1.01) is higher than that of S-
HPC750 (0.95), S—HPCgso (0.97) and HPCgoo (0.93), which
confirms that S-HPCjgg possesses the most defects among
the four HPCs. The full XPS survey scan spectrum of S-
HPCjsoo suggests the presence of C (284.6 eV), O (532.1
eV), N (400.0 eV), and S (164.4 eV) (Fig. 4b). The high-
resolution O 1s spectrum of S-HPCgy witnesses three
peaks: O-H (535.5 eV), C-O (532.5 eV) and C=0 (531.2
eV) (Fig. 4c) [18]. In addition, the high-resolution S 2p
spectrum of S-HPCso was fitted into three peaks with the
binding energies of 163.2 eV, 164.9 eV and 168.6 eV,
corresponding to S 2p3., S 2pi1»and SOx, respectively (Fig.
4d) [19]. The doping of these heteroatoms can not only
improve the wettability of S-HPCgg but also provide
additional pseudocapacitance, as a result, remarkably
improve capacity performance.
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Fig4. (a) Raman spectra of HPCs; (b) full XPS, (¢) O 1s and (d)
S 2p spectra of S-HPCsoo.
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Fig5. CV curves of HPC electrodes at (a) 5 mV s and (b) 200
mV s7; (c) GCD curves of HPC electrodes at 0.1 A g™!;
(d) specific capacitance at different current densities.

The electrochemical performance of HPC electrodes
were evaluated in symmetric coin-type SCs using 6 M
KOH aqueous solution as electrolyte. The CV curves of
HPC electrodes show a rectangular shape at a scan rate of
5 mV s!. Fortunately, no obvious distortions are observed
when the scan rate increases to 200 mV s (Fig. 5a, b),
displaying the ideal EDLC behaviour and good rate
performance of HPC electrodes [20]. At the current
density of 0.1 A g’!, all the GCD curves of HPC electrodes
show symmetrical triangles (Fig. 5c), which indicates
ideal EDLC behaviour [21]. Fig. 5d shows that the specific
capacitance of S-HPCgg electrode is always higher than
that of other three HPC electrodes at the same current
density. The specific capacitance of S-HPCsgp is 246 F g'!
at 0.1 A g'! with a capacitance retention of 68.3% at 40 A
g!. The hierarchical porous structure and synergistic
effect of S doping are of great significance for the
improving specific capacitance and rate performance of S-
HPCgoo.

The energy densities of S-HPCggo-based SC are 8.5 and
3.3 Wh kg'! at the power density of 51.6 and 11520.7
W kg'!, respectively (Fig. 6a), which confirms its potential
application. In addition, S-HPCsp-based SC exhibits a
long-term cycle stability, whose capacitance retention
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stabilized at 96.7% even after 10,000 cycles at 5 A g’!
(Fig. 6b). Nyquist plots of HPC electrodes in 6 M KOH
electrolyte are shown in Fig. 6¢c. It can be found that S-
HPCgo electrode presents a straight line paralleling to the
Y axis at low-frequency part, manifesting the ideal EDLC
behaviour [22]. At high frequency region, the small X-
intercept and semicircle demonstrate that S-HPCsgoo
electrode has very low intrinsic ohmic resistance (Rs) and
charge transfer resistance (R.), which further gives rise to
the rapid transmission and diffusion of electrolyte ions.
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Fig6. (a) Ragone plots of HPC-based SCs; (b) capacitance
retention of S-HPCsoo-based SC after 10,000 cycles at 5 A
g’!; (c) Nyquist plots of HPC electrodes and (d)
corresponding Nyquist plots of high frequency region.

4 Conclusions

In summary, simple and eco-friendly in situ KHCOs3
activation strategy is reported in this paper to prepare S-
doped hierarchical porous carbons (S-HPCs) from CTP
for SCs application. Unlike the conventional activation
method, this method avoids the complicated and harmful
acid washing step. The sample obtained at 800°C (S-
HPCsg0) possesses 3D framework structure with
hierarchical pores, large specific surface area and O, S-
containing functional groups. Consequently, S-HPCsgo
electrode for supercapacitor exhibits high specific
capacitance of 246 F g at 0.1 A g'! with a capacitance
retention of 68.3% at 40 A g' and prominent cycle
stability with 96.7% capacitance retention after 10,000
charge-discharge cycles. This work provides an
environmentally friendly approach to prepare advanced
carbon-based electrode materials from CTP for energy
storage devices.
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