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Graphene-based active carbons (G-ACs) with a high specific surface area and high conductivity are promising electrode
materials for high-performance supercapacitors. Typically, however, syntheses of the G-ACs call for expensive raw materials
and are cumbersome. Here, the G-ACs are obtained by direct chemical activation of petroleum asphalt. The highest specific
surface area of the prepared G-ACs is 3505 mz/g and the corresponding conductivity is 32 S/m. Electrodes fabricated using the
as-prepared G-ACs, i.e., without any conductive additives, demonstrate high specific capacitance and high rate performance. The
specific capacitances of optimized G-ACs, as measured in a 1 mol/L TEABF,/AN electrolyte and the neat ionic liquid
EMIMBF,, are 155 and 176 F/g at 1 A/g, providing the high energy density of 39.2 and 74.9 W h/kg, respectively. In addition,
the G-ACs exhibited excellent rate capability with a negligible capacitance decay from 0.5 to 10 A/g in both 1 mol/L TEABF,/
AN and neat EMIMBF, electrolytes. Furthermore, the optimized G-AC has a high energy density (68.5 W h/kg) at a relatively

high power density (8501 W/kg), indicating that it holds potential for application in green energy storage.
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1 Introduction

Among various energy storage devices, carbon-based su-
percapacitors are receiving considerable attention due to
their rapid power delivery and excellent cycling stability [1—
4]. However, their low energy density related to the relatively
low surface area of commercial active carbon electrodes used
in them precludes a broader use of these devices in various
types of electrical appliances [5,6]. Some progress has been
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made toward optimization of the storage capability of acti-
vated carbon materials for high energy density super-
capacitors [7—10]. It is therefore desirable to design and
synthesize advanced carbon materials with high electrical
conductivity, high specific surface area (SSA), and appro-
priate porosity [11].

Graphene-based active carbons (G-ACs), a type of porous
carbon materials mainly consisting of graphene sheets in a
few nanometers, have both high electrical conductivity of
crystalline sp2 carbon materials and high SSA of amorphous
carbon materials. Therefore, G-ACs are considered
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promising electrode materials for supercapacitors [12—16].
They are usually synthesized from relatively high-cost gra-
phene oxide (GO) or GO/carbon precursor composites (with
the GO content of around 1%-7%) [17—19]. However, syn-
thetic strategies for this type of G-ACs are technically quite
complex and include, e.g., hydrothermal and activation
processes. Therefore, there is a call for devising more facile
and feasible methods for the preparation of G-ACs with high
SSA and high conductivity from inexpensive starting mate-
rials [20-23].

Petroleum asphalt is a byproduct of the distillation of crude
oil. It is inexpensive and broadly available. It consists of a
mixture of a number of chemicals, with polycyclic aromatic
hydrocarbons (PAHs) being its major components. These
PAHs can be thought of as graphene fragments with func-
tional groups [24-26]. The following two extremes may
occur as a result of high-temperature treatment of the PAHs.
(1) They covalently bonded via functional groups at the
edges, which results in three-dimensional graphene net-
works. It also is possible to obtain a conductive graphene-
like material by splicing PAH fragments into large area
graphene sheets. (2) If the PAHs are stacked not through the
edges but through n-m stacking, a graphite-like structure is
obtained [27]. As a result, the cost of starting materials re-
quired for graphene-based carbon electrode materials can be
greatly reduced. On the other hand, a typical synthesis of G-
ACs usually consists of two main steps, i.e., hydrothermal
processing and activation. If the preparation process can be
simplified into a single-step process, the energy consumption
for the synthesis of graphene-based carbons will be greatly
reduced as well.

Based on the above analysis, we tried to obtain G-ACs
with high SSA and high electrical conductivity by direct
chemical activation of petroleum asphalt. For G-ACs pre-
pared by this method, the highest SSA was 3505 m’/ g and the
conductivity was 32 S/m. The best values for the specific
capacitances of our G-ACs in 1 mol/L tetracthylammonium
tetrafluoroborate in acetonitrile (TEABF,/AN) and the neat
ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMIMBF,) were 155 and 176 F/g at 1 A/g, respectively. In
addition, our G-ACs, which had no added conductive ma-
terials, exhibited excellent rate capability with a negligible
capacitance decay, from 0.5 to 10 A/g, in the 1 mol/L
TEABF,/AN and neat EMIMBF, electrolytes. Furthermore,
the optimized G-AC had a high energy density (68.5 W h/kg)
at a relatively high power density (8501 W/kg), indicating its
potential use in green energy applications.

2 Materials and methods

2.1 Materials synthesis

Elemental analysis, softening point and thermogravimetric
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analysis of the petroleum asphalt were listed in Table S1 and
Figure S1. Petroleum asphalt (3 g) and KOH were separately
ground into powder and then mixed at different mass ratios.
The asphalt/KOH mixtures in different proportions were
placed in a horizontal tube furnace and heated to 400°C for
1 h at a rate of 5°C/min and then kept at 900°C for 1 h under
high purity Ar. The product was allowed to cool to room
temperature and then washed repeatedly with boiling 0.1 mol/L
HCI and water until the pH value decreased to ~7. The final
products were obtained after vacuum drying at 120°C for
24 h; they were denoted by G-ACn, i.e., G-ACl1, G-AC2,
G-AC3, and G-AC4, where n is the mass ratio of KOH to
petroleum asphalt.

2.2 Characterization

Scanning electron microscopy (SEM) studies were per-
formed on a Nova Nano 230 instrument operated at 10 kV,
and tunneling electron microscopy (TEM) was performed on
a JEOL TEM-2100 instrument operated at a voltage of
200 kV. Powder X-ray diffraction (XRD) analysis using Cu
Ko radiation was carried out on a Rigaku D/Max-2500 dif-
fractometer. Nitrogen adsorption-desorption analysis (at
77 K) was performed on a Micromeritics ASAP 2020 ap-
paratus. The Brunauer-Emmett-Teller (BET) method was
used to calculate the surface area (the range of relative
pressure p/p, spanned 0.05 to 0.3), and the pore size dis-
tribution (PSD) was analyzed by a non-local density func-
tional theory (NL-DFT) method. Raman spectra were
acquired with a LabRAM HR Raman spectrometer using a
514.5 nm laser for spectral excitation. Lorentzian fitting was
carried out to obtain the positions and widths of the D and G
bands in the Raman spectra. According to the Raman spectra,
the size of the graphene domains La (nm) can be estimated
using the equation La=(2.4x10"")A*(Iy/I;)”", where 4 is the
laser energy in nanometers, and 7, and /; are the intensities
of the D and G bands, respectively. Samples for conductivity
measurements were prepared as follows: the G-ACs were
mixed with 1 wt% polytetrafluoroethylene (PTFE, DuPont)
and rolled into 100 pm thick films, then cut into 3 cmx1 cm
strips, and their resistance R was measured. Conductivity 4 of
the sample strips was calculated according to the formula:
L

R (H
where L is the length of a strip, W and d are its width and
thickness, respectively.

1 =
L=

2.3 Fabrication of supercapacitors and their electro-
chemical characterization

G-AC and PTFE were combined at a mass ratio of 9:1,
thoroughly mixed, and then rolled into sheets with a thick-
ness of ~100 um (mass loading ~3.1 mg/cmz). To fabricate
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electrodes, the sheets were punched into discs with a dia-
meter of 12 mm and the discs were hot pressed onto the
aluminum foil with a conductive carbon layer. The prepared
electrodes were assembled into symmetrical capacitors
which were filled with commercially available electrolytes:
1 mol/L tetraethylammonium tetrafluoroborate in acetoni-
trile (TEABF,/AN, BASF) and the neat ionic liquid 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBE,). These
capacitors were used in electrochemical tests.

Charge and discharge measurements were carried out
using a LAND CT2001A test system (Wuhan LAND Elec-
tronics. Ltd.). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements were per-
formed using an Autolab system (Metrohm). The CV mea-
surements were performed in the potential ranges spanning 0
to either 2.7 or 3.5 V, with the scanning rate being 50, 100, or
200 mV/s. The EIS measurements were carried out in the
frequency range of 0.01 Hz to 100 kHz at an AC amplitude
of 10 mV.

Real capacitance C' and imaginary capacitance C'' were
calculated from the following two equations:

__z
onfizf @
_Z

onfizf ®)

where Z' and Z" are the real and the imaginary parts of
impedance Z, and f'is the frequency (Hz).

The energy density values £ (W h/kg) and the (average)
power density P (W/kg) of the symmetric supercapacitors
were calculated according to egs. (4) and (5), respectively:

E=CJV?/8, (4)
P=E/At, (5)

where V and Af are the voltage and discharge time, respec-
tively.

3 Results and discussion

The preparation process of G-AC from petroleum asphalt is

schematized in Figure 1. During the high temperature acti-
vation process, parts of petroleum asphalt were converted

Petroleum asphalt (PA)

Regular arrangement

Figure 1 A diagram showing the carbonization/activation of G-AC materials.
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into three-dimensional graphene networks via covalently
bonding of PAH functional groups at the edges. And the
other parts of petroleum asphalt were transformed into gra-
phite-like materials through n-n stacking of PAH fragments
[27]. At the same time, the resulting composite material in-
teracts with potassium hydroxide to give porous graphene-
based carbon materials [28-30].

Our G-ACs were denoted by G-ACn, where n is the mass
ratio of KOH to petroleum asphalt. SEM images of G-ACn
are shown in Figure S2. It can be observed that the activated
sample has a rough surface with porous morphology. G-AC3
(Figure 1(a) and (b)) has a pore size of ~200 nm. The pores
were likely to have formed as a result of both self-assembly
and activation of PAHs in the asphalts during high-tem-
perature treatment. High-resolution TEM images of G-AC3
(Figure 2(c) and (d)) show that this sample consists of dis-
order networks of nanometer-sized graphene sheets with
defects and folds [17]. They also show that G-AC3 has
hierarchical porous structures, indicating that it may exhibit
good performance in supercapacitors.

The specific defect structure of, and stacking order in, G-
ACs can be characterized by Raman spectroscopy and XRD.
In the spectra in Figure 3(a), the peaks at ~1320 cm’' (D-
band) are assigned to defective graphitic or disordered car-
bon structures. The peaks near 1580 cm ' (referred to as the
G-band) are assigned to the E,, phonon of sp2 carbon atoms
[26]. The average size La (the in-plane size) of graphene
domains was roughly estimated from the integral intensity
ratio I/l of the D to G bands in the Raman spectrum [17]. It
is worth noting that La of G-AC3 was estimated to be
6.6 nm, a value close to that of G-AC materials prepared
using relatively expensive GO composites as starting mate-
rials (~6.6 nm), but much smaller than that for products
derived from pure GO (11.9 nm) or commercial active car-
bon YP50 (10.7 nm) [17]. Figure 3(b) shows the XRD pat-
terns of our G-AC1, G-AC2, G-AC3, and G-AC4 porous
carbon materials. All of the samples exhibit an extremely
weak and very broad (002) peak in the range of 15°-25°,
which suggests a more disordered structure with almost no
stacking graphene domains [31]. The diffraction peak at
26.5° is the peak of graphite-like substances (002), which is
the product of partial graphitization of asphalt at high tem-
peratures [32]. X-ray photoelectron spectroscopy analysis

Graphene-based active carbon
(G-AC)
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Figure 2 (a), (b) SEM images of G-AC3; (c) low- and (d) high-resolution TEM images of G-AC3.
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Figure 3 (Color online) (a) Raman and (b) XRD spectra of G-ACn. (c) N, adsorption-desorption isotherms of G-ACn; (d) pore size distribution (PSD)
calculated from the adsorption isotherms using a DFT method; (e) effective SSA of G-ACn when using TEABF, and EMIMBF, as electrolytes for

supercapacitors.

further indicated the presence of a significant fraction of sp2
carbons and a high C/O ratio (Figure S3).

The SSA and pore volume distribution of prepared mate-
rials were obtained from their N, adsorption/desorption
isotherms. As can be observed in Figure 3(c), the experi-
mental isotherms for our G-ACn samples can be classified as
type IV isotherms, which are markedly different from those
for YP50 (a type of commercial active carbon), which gives
type I isotherms (Figure S4(a)). All our products have a large
BET SSA, in excess of 2135 m2/g (Table 1). The highest

BET SSA was obtained for G-AC3, 3505 m’/ g, a value much
higher than that of YP50 (1676 m*/g).

Next, we analyzed the PSD of these materials. As shown in
Figure 3(d) and Table 1, the majority of pores in our G-ACn
materials are mesopores in the range of 2 to 7 nm; they also
have micropores with a size <1 nm. The structure of this
material is markedly different from the PSD of commercial
YP50. Our G-ACn materials are mainly mesoporous, while
the indicated commercial material is mainly microporous
(Figure S4(b)). If the pore size of electrode material is too
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Table 1 SSA, pore size, and conductivity of G-ACn and YP50?
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Sample BET SSA (mz/g) Pore volume (cm3/g) Average pore size (nm) Conductivity (S/m)
G-ACl 2135 0.30 2.73 15
G-AC2 2817 0.29 2.59 18
G-AC3 3505 1.21 2.39 32
G-AC4 2759 1.81 2.73 29
JIFSSOO* 1676 0.11 1.88 250

a) YP50* is the mixture of 90% YP50 and 10% conductive carbon black.

small, the relatively large electrolyte will not be able to ac-
cess them [33]. The relatively high concentration of meso-
pores indicates that G-ACn has a larger effective SSA (E-
SSA) available for the electrolyte ions. Figure 3(e) shows
detailed E-SSAs for each of the G-AC samples, which were
calculated for the positive ions TEA" and EMIM " with a size
of ~0.61 and ~0.76 nm, respectively, which corresponds to
using TEABF, and EMIMBF, as the electrolyte for super-
capacitors [ 18], respectively. As a result, apart from the fact
that our G-ACr has ultrahigh total SSA, their E-SSA for the
considered electrolyte ions is much higher in comparison
with that of the commercial active carbon.

In striving to fabricate advanced materials for super-
capacitors, apart from the requirement of high SSA and
proper PSD, the conductivity of the material must be con-
sidered. Our G-ACrn materials have not only pore structures
adequate for the transfer and adsorption of electrolyte ions,
but they also show high electrical conductivity. In particular,
G-AC3 has a conductivity of 32 S/m, which is higher than
that of YP50 with 10% of added carbon black (20 S/m). It is
therefore possible to fabricate a capacitor with excellent
performance using G-AC3 without any conductive additives
(such as carbon black).

In view of the high porosity and conductivity of the G-ACn
materials, we used them without the addition of carbon
black, a conductive additive, as the active electrode materials
in supercapacitors. Figure 4 shows the electrochemical per-
formance of supercapacitors fabricated using the G-ACn as
the electrode material and 1 mol/L TEABF,AN as the
electrolyte. All the devices displayed high specific capaci-
tance (Figure 4(a)). Excellent results were obtained for a G-
AC3-based supercapacitor, which had a specific capacitance
of 155 F/g (much higher than that of YP50 with ~100 F/g at
1 A/g, Figure S5) and an energy density of 39.2 W h/kg at a
current density of 1 A/g. Results of CV characterization of
G-AC3 are presented in Figure 4(b). CV curves with a
characteristic rectangular shape were recorded in the poten-
tial range of 0 to 2.7 V at a scan rate of 50, 100, 200, and
500 mV/s. The charge-discharge curves (Figure 4(c)) re-
corded at different current densities are quite symmetric and
linear, which points to the effective formation of an elec-
trochemical double layer (EDL). The specific capacitance of

G-AC3 calculated from the discharge curves was 154, 155,
159, 153, and 154 F/g at current densities of 0.5, 1, 2, 5, and
10 A/g, respectively. More importantly, G-AC3 exhibits
excellent rate capability and columbic efficiency (Figure 4
(d)). We attributed this superior rate capability to its high
SSA, proper PSD, and high conductivity, which makes the
interior surfaces of the electrode material more accessible to
electrolyte ions and leads to an increase in the specific ca-
pacitance.

Figure 4(e) shows a Nyquist plot of G-AC3 recorded in the
frequency range of 0.01 Hz to 100 kHz. The inset is an en-
larged view of the high-frequency region. The Nyquist plot
features an almost vertical line in the low-frequency region,
which indicates a nearly ideal capacitive behavior. The fre-
quency-dependent real and imaginary capacitances of G-
AC3 are shown in Figure 4(f) and (g). The imaginary ca-
pacitance reaches its maximum value at a frequency of
0.95 Hz. The response time of the G-AC3 device was cal-
culated to be only 1.05 s (zp=1/fy), which is shorter than for
several other high-performance carbon-based capacitor ma-
terials reported previously; more specifically, for an alginate-
based porous carbon and a frame-filling structural porous
carbon the values were 2.4 and 5.34 s, respectively, in the
same organic electrolyte [34,35]. Our G-AC3 material has a
suitable pore structure and high electrical conductivity,
which accounts for its high ion and electron transport rates,
as indicated by its relatively small 7, and a fast frequency
response. At a current density of 1 A/g the specific capaci-
tance was maintained 92% of the initial value after 10000
cycles, indicating that the supercapacitor has good cycling
stability (Figure 4(h)).

For a more detailed characterization of our samples as
electrode materials for high-voltage supercapacitors, we
used neat EMIMBEF, as the electrolyte. As shown in Figure
5(a), G-ACr can display excellent specific capacitance in the
neat EMIMBEF, electrolyte due to its mesoporous structure
and high SSA. In addition, the neat EMIMBF4 electrolyte
favors achieving a high operating voltage (3.5 V), which is
much higher than in aqueous and organic electrolytes. The
high specific capacitance along with the high operating
voltage contributes to the high gravimetric energy density of
our materials. The best result was observed for G-AC3,
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Figure 4 (Color online) Electrochemical characterization of the G-ACn samples in a 1 mol/L TEABF,/AN electrolyte. (a) Specific capacitances of the G-
ACn at different current densities. (b) CV curves of G-AC3 at three different scan rates. (c) Charge/discharge curves of G-AC3 at different currents. (d) Rate
performance using the G-AC3 samples as electrode materials. () Nyquist plots of the G-AC3-based supercapacitors. (f), (g) Frequency response curves of the
real and imaginary capacitances of the G-AC3-based supercapacitors. (h) Cycling life of G-AC3 at a current density of 1 A/g.

which is 176 F/g at 1 A/g, giving an energy density of
74.9 W h/kg, its electrochemical performance in the neat
EMIMBEF, electrolyte is discussed in details below.

CV profiles of G-AC3 (Figure 5(b)) exhibit a characteristic
EDL behavior at scan rates of 50, 100, and 200 mV/s in the
neat EMIMBE, electrolyte. A slight distortion in the curve
shape may be due to the larger viscosity of the neat ionic
liquid [17,36]. All of the charge-discharge curves recorded at
different currents (Figure 5(c)) are fairly symmetric and
linear, a characteristic of the ideal double-layer capacitance
behavior. The specific capacitance of the G-AC3 material
obtained from the discharge curves is 176, 176, 172, 170, and
161 F/g at the current densities of 0.5, 1, 2, 5, and 10 A/g in
the neat EMIMBEF, electrolyte (Figure 5(d)). The excellent
rate performance in the neat EMIMBF, electrolyte resulted
from the three-dimensional structure and high conductivity
of G-AC3 [37]. The Nyquist diagram in Figure 5(e) shows
that the device has a low resistance due to rapid ion diffusion
in channels G-AC3.

The cycling test for the G-AC3 showed ~85% capacity
retention at a current density of 1 A/g after 9000 cycles,
indicating good stability of the electrodes in the neat
EMIMBE, electrolyte (Figure 5(f)). Finally, we calculated
the energy density and power density of the supercapacitors
with the EMIMBF, electrolyte from their electrochemical
parameters. G-AC3 has an energy density of 74.9 W h/kg at
a power output of 448 W/kg, retaining 68.5 W h/kg at
8501 W/kg.

4 Conclusions

Graphene-based active carbon materials were prepared from
petroleum asphalt, a low-cost raw material, through a direct
one-step process. The G-ACs were found to have a high
specific surface area and high conductivity. The highest
specific surface area of the prepared G-ACs was 3505 mz/g
and the corresponding conductivity was 32 S/m. The specific
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Figure 5 (Color online) Electrochemical characterization of the G-ACn samples in neat EMIMBE, electrolyte. (a) Specific capacitances of G-ACn at

different current densities. (b) CV curves of G-AC3 at three different scan rates. (c)

Galvanostatic charge/discharge curves of G-AC3 at different constant

currents. (d) Rate performance of G-AC3. (e) Nyquist plots of the G-AC3-based supercapacitors. (f) Cycle life of G-AC3 at a current density of 1 A/g.

capacitances of optimized G-ACs (G-AC3) in 1 mol/L
TEABF,/AN and neat EMIMBF, were 155 and 176 F/g at

1 A/g, respectively, thus having the high energy density, 39.2 ’
and 74.9 W h/kg, respectively. In addition, the G-ACs ex-
hibited excellent rate capability with negligible capacitance 4
decay from 0.5 to 10 A/g in the 1 mol/L TEABF,/AN elec-
trolyte and the neat EMIMBF, electrolyte. Furthermore, G- 5
AC3 demonstrates an excellent energy density (68.5 W h/kg)
and an ultra-high power density (8501 W/kg). Considering 6

the low cost and abundance of asphalt resource, the scal-
ability of the method, and the excellent electrochemical 7
performance of devices fabricated using the synthesized G-
ACs, these G-ACs are promising for developing cost-effec-
tive supercapacitors.
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