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devices.

supercapacitors, HPCs with high specific surface area of 2227 m“ g
265Fg'at0.05Ag 1,221 Fg ' at 20A g™, and superior cycle stability with 91.1% capacitance reten-
tion at 5A g~ ! after 10,000 cycles in 6 M KOH electrolyte. This facile strategy to prepare massive HPCs
from cheap petroleum asphalt can provide high performance electrode materials for energy storage

In this paper, 3D interconnected honeycomb-like hierarchical porous carbons (HPCs) are prepared from
petroleum asphalt via in-situ KOH activation in a molten salt medium. As symmetry two electrodes for

2 g1 show high rate performance, i.e.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The increasing consumption of fossil fuels has caused serious
concerns about the fast depletion of existing fossil fuel reserves
and the associated alarming greenhouse gas emissions and pollu-
tions. It is urgent to find renewable environmental friendly energy
devices [1,2]. Correspondingly, supercapacitors as a tradition
energy storage device, also known as electrochemical double layer
capacitors (EDLCs) attract tremendous attention due to its high
power density, long cycle life and short charged-discharged time
[3-5]. As we know, the electrochemical performance of superca-
pacitors mainly depends on the electrode material [6]. Carbona-
ceous materials [7], transition-metal oxides [8-14], conducting
polymers are the main electrode materials of energy devices. In
the past decades, carbon-based materials have attracted great
attention because of their stable chemical properties and better
cycle stabilities [15,16]. Various nanostructured carbon material
such as carbon nanotubes/nanorods [17-19], carbon dots [20],
nanofibers, graphene [7,21], nanosheets [22], nanospheres [23],
and nanocages [24-26] have been investigated. However, each
type of carbon materials has its own benefits and drawbacks. Car-
bon nanotubes possess excellent electrical conductivity and have a
large ionic accessible surface area which ensuring an outstanding
rate performance, however, their specific capacitances are rather
limited owing to that the structure of interior tube can’t expose
the active sites completely. Graphene as a single layer of carbon
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atoms has attracted considerable interests because of its large the-
oretical surface area and excellent electrical conductivity, never-
theless, its specific capacitance is still far below the theoretical
value as a result of the irreversible agglomeration. It is well known
that 3D hierarchical porous carbon nanostructures not only pro-
vide a continuous electron pathway to ensure good electrical con-
tact, but also facilitate ion transport via shorten ion diffusion
distance [27,28]. Furthermore, it was reported that the pore size
less than 1 nm would lead to anomalous increase in carbon capac-
itance [29-32], it is urgent to find out new ways for preparing
microporous 3D hierarchical porous carbons [33]. Up to now, great
efforts have been devoted to preparing porous carbon by template
approaches [34-37], during which various soft templates and hard
templates have been employed. Unfortunately, most templates
can't dissolve in water, thus acid must be used to remove the tem-
plate, resulting time consuming and pollution. Moreover, the size
and morphology of the porous carbon are limited by the template.
In a word, the shortcomings of the template mentioned above limit
its commercial application [38].

As a byproduct of petroleum refinery, petroleum asphalt has
been mostly used for road construction and burned as fuel.
Although petroleum asphalt has been reported to prepare carbon
materials for water purification [39], gas adsorption, energy stor-
age and conversion [40,41], How to fulfill the high-value utilization
of petroleum asphalt with large amount of polycyclic aromatic
hydrocarbons is still a big challenge. Tour et al. used the asphalt
with KOH activation prepare ultrahigh surface area porous carbon
as anode of lithium ion batteries shows high coulomb efficiency,
areal capacity and high discharging/charging rate [42]. Song et al.
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used mesophase pitch and nano-CaCOs; as templates synthesis
mesoporous soft carbon as anode of sodium ion batteries indicat-
ing its excellent rate capability and cycling performance [43]. All
of them demonstrated petroleum asphalt is an excellent raw mate-
rial in energy storage.

Herein, we designed in-situ KOH activation coupled with mol-
ten salt to synthesize 3D interconnected honeycomb-like hierar-
chical porous carbons for supercapacitors. Molten salt (mole ratio
of NaCl to KCI is 0.5/0.5) was used as separator for aromatic
domains of petroleum asphalt, which facilitate the sufficient con-
tact between KOH and asphalt, thus microporous carbons with
high surface area were obtained. The effects of the calcination tem-
perature and the ratio of molten to asphalt on the electrochemical
performance of as-made HPCs were investigated. To our best
knowledge, there was no work on metal chlorides as medium com-
bined with KOH activation to prepare electrodes for supercapaci-
tors has been reported.

2. Experimental
2.1. Preparation of HPCs

Petroleum asphalt was obtained from Sinopec Group (7.1 wt%
saturates, 24.9 wt% aromatics, 46.1 wt% resins and 18.0 wt%
asphaltenes). The elemental analysis shows that it has 89.33 wt%
of carbon, 2.32 wt% of hydrogen, 2.67 wt% of sulfur, and 5.68 wt%
of oxygen, sodium chloride and potassium chloride were bought
from Aladdin Ltd (>99.5%). KOH was purchased from Sinopharm
Ltd (>85.0%). All other chemicals were of analytical grade (AR)
and used without any further purification process. 0.5 g petroleum
asphalt dissolved in toluene and ultrasonic treated for 10 min, 10 g
melt salt (mole ratio of NaCl to KCl is 0.5/0.5) and 1.5 g KOH were
firstly grounded in an agate mortar for 20 min, then added to the
obtained asphalt solution. The resulting solution was sufficiently
stirred and evaporated at 90 °C to remove toluene. Subsequently,
the mixture was transferred to a corundum boat in a horizontal
tube oven and heated to 800 °C at 5°C min~! and held at 800 °C
for 120 min under N, atmosphere, then cooled to room tempera-
ture and washed with deionized water. Finally, HPCs were
obtained after drying in an oven at 60 °C for 24 h. The prepared
HPCs were also named as HPC_t, In order to illustrate the role of
KOH, the MSz_1 detailed preparation process was similar to HPC,.
1 without the addition of KOH, where Z and T represent the mass
of melt salt to asphalt and carbonization temperature, respectively.

2.2. Characterization

The morphology and microstructure of the prepared HPCs were
characterized by field emission scanning electron microscopy
(SEM, Hitachi S-4800 Japan), Transmission electron microscopy
(TEM, JEM-2100UHR, Japan), and X-ray diffraction (XRD X'Pert
PRO MPD, Holland). FTIR spectra of powder samples with KBr as
the compressed slices were recorded (FT-IR, Nicolet6700). The
Raman spectroscopy (Renishaw RM2000) was studied by X-ray
photoelectron spectroscopy (XPS, Thermol Scientific Escalab
250XI). Thermogravimetry (TG, Shimadzu TA-60Ws) was recorded
on Thermal Analyzer at a heating rate of 10 °C min~! in nitrogen
from room temperature to 1000 °C. The pore structure was deter-
mined by nitrogen adsorption-desorption isotherms on a sorp-
tometer (Micromeritics, ASAP 2020, America), while the BET
surface area was obtained by BET (Brunauer-Emmett-Teller) equa-
tion, the total pore volume (V,) was obtained under a relative pres-
sure (P/Py) of 0.99. The mesopore size distribution was calculated
by using the adsorption branch of the Barrett-Joyner-Halenda
(BJH) method, and the micropore size distribution was estimated

by the Horvanth-Kawazoe (HK) method. The micropore volume
(Vimic) was obtained by using the t-plot method. The average pore
diameter (Dqp) of HPCs was calculated by the equation of D,p =
4Vt/SBET-

2.3. Preparation and electrochemical measurements of HPCs electrodes

As obtained HPCs have high conductivity, no carbon black was
needed to make electrode slurry, which was fabricated by mixing
HPCs and polytetrafluoroethylene (PTFE) with a weight ratio of
9:1. Then, the mixture was rolled into thin film and further cut into
round films (12 mm in diameter). The each round film with 3 mg
cm 2 of mass loadings were dried in vacuum oven at 120 °C for 2 h,
and then pressed onto nickel foams for fabricating supercapacitors
electrodes, and finally soaked in 6 M KOH electrolyte under vac-
uum for 60 min. A button-type supercapacitor was assembled by
two similar electrodes and separated by a piece of polypropylene
membrane. The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were conducted on
CHI760E electrochemical workstation (Chenhua, Shanghai, China).
The galvanostatic charge-discharge (GCD) measurements and cycle
life tests were conducted on a supercapacitance test system (SCTs,
Arbin Instruments, USA). The specific capacitance of the working
electrodes was calculated from the galvanostatic discharge process
via the following equation:

4

= AV
mie

C (1)
where I (A) stands for the discharge current, m (g) represents for the
total mass of the active material in two-electrode cell, AV (V) and
At (s) are the discharge voltage and the discharge time in the dis-
charge process.

The energy density (E, Wh kg™ !) and average power density (P,
W kg~!) of the supercapacitors were calculated based on the fol-
lowing equations:
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where V (V) represents the working voltage (excluding IR drop), and
t (h) stands for the discharge time.

3. Results and discussion

Fig. 1 illustrates the formation process of the HPCs. The mixture
of asphalt KOH and salt was calcination under N, atmosphere at
heating rate of 5°C min~!, the asphalt melts as the temperature
rises up to around 200 °C while the salt still keeps solid state
(see Fig. S2a in Supplementary materials), which makes sure the
salt and KOH can be wrapped by asphalt. As the temperature
increases, light constituent of petroleum asphalt volatilize, poly-
cyclic aromatic hydrocarbons gradually polymerize, the salt melts
and form a liquid media when heated up to 657 °C. The crystalliza-
tion of molten salts pushed carbon out, therefore, carbon product
and molten salts showed two separated phases. Meanwhile, hold
this temperature for 2 h and the asphalt is activated by wrapped
KOH under high temperature [44,45], forming honeycomb-like
macropores after the salt removal. In this process, Many microp-
ores can be formed across the walls due to KOH activation [46].

The comparative tests are investigated for evaluate the effect of
the calcination temperature to the pore structure of as-made HPCs.
Fig. 2a and b show the SEM images of HPCyq_ggo, Which are com-
posed of numerous interconnected and honeycomb-like porous
carbons. The interconnected 3D porous carbon nanostructures
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Fig. 2. (a) SEM images of HPCyq_ggo, (b), FESEM of HPCy_g00, (€) and (f) TEM image of HPCyq_ggo.

not only provide a continuous electron pathway to ensure good
electrical conductivity, but also facilitate ionic transport by short-
ening diffusion pathways. Fig. 3a shows that the HPCs activated
at 700 °C is underdeveloped activation, due to the K,CO3 formation
from carbon with KOH uncompleted decomposition. As the tem-
perature increases to 900 °C, lots of micropores are damaged by
over activated, forming macropores (see Fig. 3b). More detailed
morphologies of HPCs can be found in TEM image. The sheet-like

nanostructure of HPCyo.goo can be observed clearly in the TEM
image in Fig. 2c and d. The curved structure and nearly transparent
to electron beams due to their ultrathin nature. Different from the
HPC,¢.700 and HPCyg.999 (Fig. 3c and d), the mesopores can be
clearly seen in broken HPC;q_ggo (highlighted by a white circle in
Fig. 2c). The interconnected pores and the wrinkle sheet structures
serve as ion-buffering region, which is believed to favor the fast
transport of electrolyte ions, result the high rate performance of
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Fig. 3. (a) SEM image of the HPCyg.700 (b) SEM image of the HPCy.99o (c) TEM image of the HPCy0.799 (d) TEM image of the HPCy_ggo.

HPCs. To further demonstrate the crystallization of HPCs, Fig. S4c
reveals the SAED of HPCyq_ggo, suggesting the mainly amorphous
structure.

The N, adsorption-desorption isotherms are shown in Fig. 4a,
The isotherm of HPC;o.g9o With high N, adsorption at low relative
pressure (P/Py < 0.01) corresponds to the filling of abundant micro-
pores. The isotherms belong to type IV feature with type Hs hys-
teresis in the range of 0.4-1.0, indicating the HPCs existence
hierarchical pore structure. Hierarchical porous structure can
improve the electrochemical performance [22]. Generally, the
macropores act as ion-buffering region to minimize the diffusion
distances, while the mesopores and micropores provide a large
number of accessible surface areas for charge storage. The high Sggt
of HPCs is in favor of enhancing the capacitance of supercapacitors
electrode by providing abundant active sites for the adsorption of
electrolyte ions. The Sger and Vi of HPCyq.ggo are higher, which
are 2102 m? g~! and 0.97 cm® g™, respectively. The high surface
area of obtained HPCs can be ascribed to its ample pores and its
3D interconnected porous network, which can effectively prevent
the agglomeration of graphene-like layers. It is noted that the Sggr
of HPCyg_g00 is even larger than that of HPCyg_gqo (see Table 1), this
small increase ascribes to the mesopores formed from the collapse
of micropores due to the over activation by KOH, which can also be
seen from their pore size distribution in Fig. 4b. It was easily found
out that the pore structure of HPCs can be effectively tuned by alter
the heat treatment temperature. Additionally, the ratio of microp-
ore volume to total pore volume of HPCyq_goo reaches as high as
92%, it is believed that the high surface area together with high
micropore content endowed HPC,q_goo excellent capacitance per-
formance [31,47]. To explain the function of KOH, the electrochem-
ical performance of MS;,g.go0 Was conducted and the capacitance
performances at different current densities was show in Fig. S3a,
the barren capacitance was due to undeveloped pore structure

and lower specific surface area (only 10.8 m? g}, Fig. S3b supple-
mentary materials).

The surface functional groups are very important to the electro-
chemical performance [48,49]. So the FT-IR spectra were also
recorded in Fig. S1, the Asp means petroleum asphalt raw materi-
als, the FI-IR of HPCs shows absorption bands at 1396 cm™!, 1574
cm~!, 2924 cm™!, 3390 cm~! which are ascribed to C—0, C=C,
C—H, O—H stretching vibrations respectively. To further detect
the surface feature, the Fig. 4c shows the XPS result of HPCs. Sim-
ilar to the XRD data, no impurities are observed the XPS spectra of
HPCs, indicating the complete removal of molten salt and KOH via
washing. The high-resolution O1s spectra of HPCyq_ggo (525-545
eV) are presented in Fig. 4d. Three fitted peaks correspond to
C=0 (531.9eV), O—H (534.0eV) and C - 0O (533.4eV) [50-52],
respectively. These functional groups are able to enhance the wet-
tability of HPCyq_ggo in aqueous electrolytes [38]. XPS result vali-
dates the low oxygen content of HPCs (see Table 2), which
indicates the minimal pseudocapacitance on the surface of the
electrode. After carbonation process, the oxygen content of the
HPCs is less than petroleum asphalt and decreased with the calci-
nation temperature. Fig. 4e displays the Raman spectra of HPCs, D-
band at ~1320cm™! and G-band at ~ 1590 cm™! are displayed.
The intense D-band is ascribed to the partial defects owing to
abundant pores generated from the KOH activation. Here, Ip/Ig
stands for the defect extent of the HPCs, and the values are 0.84
0.86 and 0.93 respectively, which increase with temperature
because the defects generated from the KOH activation. The XRD
patterns of HPCs are also given in Fig. 4f, two weak and broad
peaks at 23.4° and 43.5° correspond to the 002 and 101 planes of
graphite, revealing the amorphous characteristics usually given
by KOH activation. To further demonstrate the amorphous struc-
ture, the (002) peak of HPCyq_goo is weaker and broader than others,
suggesting its more disordered structure [53]. The hazy dispersing
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Fig. 4. (a) N, adsorption-desorption isotherms of HPCs (b) Pore size distributions of HPCs (c) Full XPS spectra of HPCs (d) O1s spectrum of HPCy¢_ggo (e) Raman spectra of

HPCs (f) XRD spectra of HPCs.

Table 1

The pore structure parameters of HPCs.
Samples D,p nm Sgerm2g ! Smic m? g~ Veem? g! Vinic cm® g~ Vinic/Ve %
HPC30-700 1.90 1869 1793 0.89 0.81 91
HPC30-300 1.83 2102 2055 0.97 0.89 92
HPCy0_900 2.56 2227 1741 1.43 1.11 78

Table 2

Contents of carbon and oxygen elements in HPCs.
Samples Cls (%) O1s (%) O1ls

C=0 (%) C—0 (%) O—H (%)

HPCy0-700 96.15 3.85 1.02 1.58 1.25
HPCz0_s00 97.46 2.54 1.34 0.89 0.31
HPCz0-900 98.44 1.56 1.23 0.30 0.03
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diffraction ring in selected area electron diffraction (SAED) pat-
terns verify the amorphous structure of HPC,q_ggo (Fig. S4c, Supple-
mentary materials), which is corresponding to its Raman result.
The prepared HPCs were used as electrode material of superca-
pacitors and their performance was tested in 6 M KOH electrolyte
through two-electrode system. As shown in Fig. 5a, the gravimetric
capacitance of HPC,g_goo reaches 264, 221 Fg~! at 0.05 and 20 A
g~ ! respectively. In comparison with the capacitance performance
shown in Fig. 5a, Fig. S6 shows the galvanostatic charge-discharge
curves at different current densities. All the curves exhibit regular
isosceles triangle, which demonstrates the HPCs belong to double
layer capacitor. It should be noted that the specific capacitance of
HPCy0.300 surpasses those reported in most literatures
[24,33,45,54-58] (see Fig. 5b). Moreover, the rate performance
can reach up to 83.7%, which was high than most literatures. Since
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3D interconnected honeycomb-like hierarchical porous carbons
nanostructures can serve as ion-buffering region at the charge-
discharge process. The CV curves of HPCy_goo under different scan
rates are given in Fig. 5¢c, HPCyg.g00 has the highest capacitance at
the scare rate of 2 mV s~!. The CV curves can still remain the nearly
symmetric rectangular shapes even at the scan rate of 200 mV s .
All the curves exhibit approximately rectangular shapes without
distinct redox peaks, demonstrating the ideal electrical double-
layer capacitance behavior due to the reversible adsorption and
desorption of the electrolyte ions. In addition to the CV test, the
GCD test was also employed to analyze the capacitive behavior
of HPCs electrodes. HPC,q_ggo reveals regular triangle with little
IR drop of 0.009V at 1.2 Ag~! (see Fig. 5d). As we all know that
the CV loop area represents the capacitance of electrode, we can
clearly find that HPCyg.300 possesses the best rectangular shapes
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of specific capacitance HPC,¢_ggo electrode with other electrodes in two-electrode system (e) Nyquist plots of HPCs (inset was the equivalent circuit model) (f) Bode plots of
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and the largest area at the same scan rates (as seen in Fig. S2d Sup-
plementary Materials).

To demonstrate the cyclic stability of HPCs, Fig. S2e (Supple-
mentary Materials) shows superior cyclic stability of HPCyo_goo
electrode. The capacitance of HPCyq.g9o electrode retains 91.1%
after 10,000 cycles at 5Ag~'. The cyclic stability of HPCyg_goo
was high than HPCyg.ggp and HPCyq_gg0, Which was due to the rea-
son that HPCyg.390 has the well-developed interconnected pore
structure and lesser pseudocapacitance. The morphologies of
HPCyq.g00 after life cycle were conducted. Fig. S4a shows that the
3D interconnected honeycomb-like structure was almost
unchanged during long life cycle, more detailed morphologies of
HPCs can be found in TEM image. Fig. S4b reveals the ultrathin
sheet-like structure and crimp structure were served as ion-
buffering region, which is believed to favor the fast transport of
electrolyte ions, result in high rate performance of HPCs. The
energy density of HPCyg_goo Supercapacitors reaches 9.16 Wh kg~!
at 0.05 A g~ ! and remains 5.41 Wh kg~! even the current increase
to 20A g™ ! (see Fig. S2f Supplementary Materials). To estimate
the capacitive behavior of HPCyg.ggo, the Nyquist plot was used
to further analyze the ion diffusion and charge transfer resistance
of the samples in 6 M KOH electrolyte (Fig. 5e). To quantitatively
evaluate the electrode resistance, equivalent circuit model (inset
of Fig. 5e) was set up to fit the impedance, the Rs and Rct show
smaller value with about 0.58 and 0.78 ohm, respectively, which
demonstrates that the interconnected honeycomb-like hierarchical
porous carbons structures are favorable both for electron conduc-
tion and fast ion transport. To further investigate the capacitance
performance of electrode material, the Bode plot was also referred
to explain the electrochemical performance. As shown in Fig. 5d,
HPC,¢_g00 electrode presents phase angle (—88°), such a small devi-
ation to the ideal supercapacitors (—90°) can be explained by the
thin interconnected honeycomb-like structure, which can serve
not only as repository for electrolyte ions, but also as hierarchical
pores, facilitating rapid ion transport during the charge-discharge
processes.

Besides the activation temperature, the ratio of melt salt to
asphalt was also investigated and its effect on the electrochemical
performance of final HPCs was also explored (see Fig. S7 Supple-
mentary material). It was easily found that HPCyq_ggo exhibits the
best electrochemical performance.

4. Conclusions

In summary, a facile and effective strategy was proposed to pre-
pare interconnected honeycomb-like porous carbons for superca-
pacitors. Metal chlorides salts and KOH were used as separator
and dispersive agent for aromatic domains of asphalt and active
agent to create pores. This special interconnected honeycomb-
like porous structure of HPCs provides the highway both for elec-
tronic and ionic transfer, and HPCs display high specific capaci-
tance up to 264Fg~' at 0.05Ag~' in 6 M KOH electrolyte, with
83.7% rate performance of 221 Fg~! at 20Ag™! and super cycle
stability with 91.1% capacitance retention at 5A g~! after 10,000
cycles. In addition to providing promising electrode materials for
supercapacitors, this facile strategy also can make electrode with
high performance for other energy storage devices.
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