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由煤沥青高效制备高性能超级电容器用多孔炭
何孝军1,摇 李晓静1,摇 王晓婷1,摇 赵摇 楠1,摇 余谟鑫1,摇 吴明铂2

(1. 安徽工业大学 化学与化工学院,安徽省煤的洁净转化和利用重点实验室,安徽 马鞍山 243002;
2. 中国石油大学 重质油国家重点实验室,山东 青岛 266580)

摘摇 要:摇 在较低氢氧化钾用量的条件下,采用一步微波辅助 KOH 活化法由煤沥青成功制备出多孔炭材料。 在 KOH /沥青质

量比为 2 颐1,采用 30 min 微波辅助 KOH 活化所得多孔炭(PC2鄄M)的比表面积达 1 786 m2 / g。 在 KOH、K2SO4、Na2SO4、Li2SO4

水性电解液及四乙基四氟化硼酸铵盐 /碳酸丙烯酯有机电解液中,研究了 PC2鄄M电极的电化学性能。 在 6 mol / L KOH 水性电

解液中,在 0. 1 A / g 的电流密度下,多孔炭电极的比容达 267 F / g;在 0. 5 mol / L K2SO4 中性电解液中,多孔炭电容器的能量密

度高达 12. 0 Wh / kg,对应的功率密度为 1 318 W/ kg。 因此,一步微波辅助氢氧化钾活化煤沥青是一种简单、高效且低能耗的

制备超级电容器用高性能多孔炭的方法。
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Abstract: 摇 Porous carbons (PCs) for supercapacitors were prepared from coal tar pitch by a one鄄step microwave鄄assisted KOH ac鄄
tivation with low KOH consumption. The surface area of the PC (PC2鄄M) made at a KOH / pitch mass ratio of 2 with microwave
heating for 30 min reaches 1 786 m2 / g. The electrochemical performance of the PC electrode for supercapacitors was evaluated in
different electrolytes including KOH, K2SO4, Na2SO4, Li2SO4 in water, and tetraethylammoniatetra fluoroborate in propylene car鄄
bonate. The supercapacitors have a high specific capacitance of 267 F / g in 6 mol / L KOH aqueous electrolyte at 0. 1 A / g and a high
energy density of 12. 0 Wh / kg at 1 318 W/ kg in a 0. 5 mol / L K2SO4 neutral electrolyte. The one鄄step microwave鄄assisted KOH ac鄄
tivation is a simple, efficient and low energy鄄consumption approach for the preparation of high performance PCs for supercapacitors.
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1摇 Introduction
Supercapacitors with a high power density and an

excellent cycling stability are the crucial alternatives in
energy storage devices that can meet the fast鄄growing
energy demands and ever鄄increasing environmental
concerns[1,2] . Porous carbons (PCs) have been used
as electrode materials of supercapacitors owing to their

high surface area and good conductivity[3,4] . Usually,
PCs with high surface areas are made by potassium
hydroxide ( KOH ) activation through an external
heating source such as electric furnace[5,6] . However,
in the external heating mode, thermal energy is firstly
supplied to the surface of granular raw material and
then transferred to the inside part by heat conduction.
Therefore, it is difficult to achieve a uniform tempera鄄
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ture within granular reactant by the conventional heat鄄
ing method. Besides, the preparation of PCs with an
extremely high surface area by KOH activation usual鄄
ly involves a high KOH consumption and a long acti鄄
vation time, which results in a high energy consump鄄
tion and a high production cost of PCs. Moreover,
the excess surface area of PCs may be profitless for
supercapacitors[7] . Consequently, it is urgent to de鄄
velop an effective technique to produce PCs at both
low energy and KOH consumptions from the view鄄
point of economic, environmental and societal issues.

Microwave鄄assisted activation has many advanta鄄
ges over the conventional activation in terms of the
quick and uniform heating feature, and the low ener鄄
gy consumption[8], of which energy is supplied to the
whole granular materials by producing a high鄄frequen鄄
cy energy at molecular level based on the intermolecu鄄
lar friction, resulting in a uniform and rapid tempera鄄
ture rise of the bulk granular raw materials. Previous鄄
ly, we found that PCs with a high surface area could
be made from petroleum coke by microwave鄄assisted
KOH activation at KOH / coke mass ratio of 5 / 1, in
which KOH consumption was high and needed to be
further reduced[9] . As such, one of the key challen鄄
ges is how to efficiently produce PCs with a desired
pore structure for supercapacitors at both a low KOH
consumption and energy consumption. As a by鄄prod鄄
uct of the coking process in coal industry, coal tar
pitch with a high content of carbonaceous polycyclic
aromatics but a low ash content becomes an attractive
carbon precursor for the preparation of PCs with a
high carbon yield[10] .

The capacitance of PC electrodes in supercapaci鄄
tors depends on the specific surface area, pore size
distribution, surface functional groups, conductive
properties of PCs, and the properties of the electro鄄
lyte. Aqueous ( basic and neutral) electrolyte[11鄄13]

and organic electrolyte[14] as well as ionic liquids[15,16]
are the main electrolytes used for supercapacitors.
Basic and neutral electrolytes are often used owing to
their high conductivities and low corrosivities. As for
organic electrolytes, they are also welcome because
they enable supercapacitors to be operated even at a
high voltage of 2. 7 V. The electrochemical properties
of PC electrodes are decided not only by the exposed
surface area, but also by the matching degree between
the pore size of PCs and the size of electrolyte ions.
The pores in PCs need to be optimized because the
pores that are too large or too small would either re鄄
duce the density of electrode materials or keep out the
electrolyte ions. Besides, different electrolytes endow
PC electrodes different capacitances and energy densi鄄
ties. Based on above considerations, it is necessary to

seek the most favorable electrolyte for selected PC e鄄
lectrode to obtain a high energy density for superca鄄
pacitors.

Herein, we report a simple yet efficient method
to make PCs with well鄄developed micropores and me鄄
sopores from coal tar pitch by a one鄄step microwave鄄
assisted KOH activation. The reductions in activation
time and KOH dose due to a selective heating of
granular raw materials by the microwave鄄assisted
activation lead to an obvious decrease of energy
consumption and an increase of the ratio of perform鄄
ance to cost of PCs. The effects of KOH / pitch mass
ratio, activation method and electrolyte types inclu鄄
ding 6 mol / L KOH, 0. 5 mol / L K2SO4, 0. 5 mol / L
Na2SO4, 0. 5 mol / L Li2SO4 aqueous solutions and
1 mol / L tetraethylammonia tetrafluoroborate
( Et4NBF4 ) in propylene carbonate on the electro鄄
chemical performance of PCs for supercapacitors have
been addressed in details.

2摇 Experimental
摇 摇 A commercial coal tar pitch with a softening
point of 383 K (Maanshan Ion & Steel Co. Ltd. )
was used as carbon precursor, and its proximate anal鄄
ysis and elemental analysis could be found else鄄
where[17] .

For a typical run, the mixture of coal tar pitch
with particle size smaller than 100 滋m and KOH at
different mass ratios was ground and physically mixed
in solid state. The pulverized mixture was transferred
to a corundum crucible placed in a quartz protector
and then heated for 30 min in a nitrogen flow of
80 mL / min at a continuous microwave output power
of 600 W in a microwave reactor (LWMC鄄205, Nan鄄
jing Robiot Co. , Ltd, China) . The temperature of
the reactants in corundum crucible was measured by
an armor type thermocouple. The obtained samples in
the crucible were washed with 0. 5 mol / L HCl solu鄄
tion and distilled water, and dried at 383 K for 24 h
to obtain the PCs. As鄄made PCs are nominated as
PCx鄄M, where x stands for the mass ratio of KOH to
pitch, and M stands for the microwave鄄assisted acti鄄
vation.

For comparison, PC was made from the same
mixture of KOH and coal tar pitch by a conventional
activation in a nitrogen flow of 80 mL / min at
5 K / min to 1 183 K, i. e. the same temperature as
that of PC2鄄M . The PC made by the conventional acti鄄
vation is nominated as PCx鄄C, where the subscript C
stands for the conventional activation. In addition,
PCx鄄p鄄C was also made from the mixture of KOH and
coal tar pitch at 5 K / min to 1 183 K and then held for
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1 h in the nitrogen flow by the conventional activa鄄
tion, where the subscript p stands for the sample be鄄
ing pressed into a monolith (20 mm in diameter,
5 mm in height) under 15. 0 MPa for 10 s. There was
no difference between the morphology of PCx鄄C and
PCx鄄p鄄C before and after KOH activation. The PCx鄄p鄄C is
not monolith.

The pore structure of PCs was studied by nitro鄄
gen adsorption鄄desorption isotherms using
ASAP2010. The surface area ( SBET) was calculated
by Brunauer鄄Emmett鄄Teller (BET) equation in a rel鄄
ative pressure range from 0. 05 to 0. 24. The pore size
distribution was calculated via the density functional
theory (DFT) model assuming a slit pore geometry.
The total pore volume (V t) was obtained at a relative
pressure of 0. 99. The micropore volume (Vmic) was
estimated by the t鄄plot method. The mesopore volume
(Vmeso) was calculated from the difference between V t

and Vmic . The average pore size (Dap) was obtained
according to Dap = 4V t / SBET . The chemical states and
the surface chemical composition of carbon, oxygen
and nitrogen elements in PCs were characterized by
X鄄ray photoelectron spectroscopy (XPS, Thermo ES鄄
CALAB250, USA) [18] . The binding energy was cal鄄
ibrated according to the main C1s peak at 284. 6 eV.
The peaks were deconvoluted by means of a standard
Casa XPS soft ware (product of Casa XPS Soft ware
Ltd. , U. S. A) after background subtraction. The
contents of oxygen鄄containing functional groups in
PCs were also determined via Boehm titration[19] .

The electrodes were made by mixing PCs
(87% ), carbon black (5% ) with a BET surface
area of 550 m2 / g and polytetrafluoroethylene (8% ),
and then pressed at 15. 0 MPa for 10 s followed by dr鄄
ying at 383 K for 1 h under vacuum condition. A but鄄
ton鄄type supercapacitor was assembled with two simi鄄
lar carbon electrodes separated by a separator. The
mass loading of the electrode material was about
9 mg / cm2 . For 6 mol / L KOH, 0. 5 mol / L K2SO4,
0. 5 mol / L Na2 SO4 and 0. 5 mol / L Li2 SO4 electro鄄
lytes, the separator was polypropylene membrane and
the current collector was nickel foam. For 1 mol / L
Et4 NBF4 organic electrolyte, the separator was
TF4050 and the current collector was aluminum foil.
The electrochemical performance of supercapacitors in
a two鄄electrode configuration was evaluated by cyclic
voltammetry at scan rates from 2 to 50 mV / s at a

voltage window ranging from 1 to 1. 6 V in neutral e鄄
lectrolytes. The electrochemical impedance spectra
were obtained on a CHI760C electrochemical worksta鄄
tion ( CH Instrument, Shanghai, China ) . The
charge / discharge performance of supercapacitors was
carried out on a CT2001A cell tester (Wuhan, Land
Electronic Co. Ltd. ) and a supercapacitor test system
(SCTs, Arbin Instruments, USA) . The maximum
voltages for supercapacitors in 6 mol / L KOH,
0. 5 mol / L neutral electrolytes, and 1 mol / L Et4
NBF4 organic electrolyte were 1. 0, 1. 6, and 2. 7 V,
respectively. The specific capacitance of the PC elec鄄
trodes (C, in F / g) was calculated from the slope of
the discharge curve according to Eq. (1) .

C= 2I

m 驻V
驻t

(1)

Where I is the discharge current (A), 驻V
驻t (V / s) is

the slope obtained by fitting a straight line to the dis鄄
charge voltage, and m is the mass (g) of active ma鄄
terial in single electrode.

The energy density (E, in Wh / kg) and average
power density (P, in W / kg) of supercapacitors were
calculated according to Eq. (2) and (3) .

E= 1
2伊4伊3. 6CV

2 (2)

P= E
驻td

(3)

Where V is the usable voltage after IR drop (V), and
驻td is the discharge time (h) .

3 摇 Results and discussion
摇 摇 Fig. 1a shows the nitrogen adsorption鄄desorption
isotherms of the PCs made by the microwave鄄assisted
activation and the conventional activation. The ad鄄
sorption of PC0. 43鄄M reaches saturation at low pressure,
indicative of microporous character as evidenced by a
Type I isotherm according to the IUPAC classifica鄄
tion. The adsorption volume of PCs increases signifi鄄
cantly with the KOH / pitch mass ratio from 0. 43 to 2
for the microwave鄄assisted activation, and from 0. 86
to 2 for the conventional activation due to more pores
produced by the deep activations with the increasing
of KOH / pitch mass ratio.
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Fig. 1摇 (a) Nitrogen adsorption鄄desorption isotherms of the PCs and (b) pore size distributions of PCs.

摇 摇 Fig. 1b shows the pore size distributions of the
PCs, which indicates a negligible amount of macro鄄
pores. The pore structure parameters of the PCs made
by the microwave鄄assisted activation and the conven鄄
tional activation are presented in Table 1. Both SBET

of PC2鄄C(1 769 m2 / g) and PC2鄄p鄄C(1 760 m2 / g) made
from coal tar pitch are much bigger than that of the
PC (905 m2 / g) made from an isotropic petroleum

pitch by the conventional KOH activation at a KOH /
pitch mass ratio of 2[20] . The high SBET and V t values
of the PC2鄄M, PC2鄄C and PC2鄄p鄄C in Table 1 reveal that
the PCs with well鄄developed pores can be successfully
prepared at a KOH / pitch mass ratio of as low as 2 by
the conventional activation at 1 183 K and even by the
microwave鄄assisted activation in a short heating time
of 30 min.

Table 1摇 Pore structure parameters of the PCs with different methods and at different conditions.
Porous carbons Dap(nm) SBET(m2 / g) Smic(m2 / g) Vt(cm3 / g) Vmic(cm3 / g) Vmeso(cm3 / g) Yield (% )

PC0. 86鄄M 1. 94 1132 869 0. 55 0. 40 0. 15 54
PC1. 43鄄M 1. 95 1571 969 0. 76 0. 45 0. 31 53
PC2鄄M 1. 94 1 786 1 026 0. 87 0. 47 0. 40 49
PC2鄄C 1. 94 1 769 1 322 0. 86 0. 62 0. 24 56

PC0. 43鄄p鄄C 1. 68 274 222 0. 12 0. 10 0. 02 65
PC0. 86鄄p鄄C 1. 58 1 213 1 204 0. 48 0. 47 0. 01 61
PC1. 43鄄p鄄C 1. 70 1 522 1 498 0. 65 0. 62 0. 03 56
PC2鄄p鄄C 1. 91 1 760 1 731 0. 84 0. 81 0. 03 54

摇 摇 The temperature variation of the PC samples with
time during the microwave鄄assisted activation and the
conventional activation is shown in Fig. 2.

Fig. 2摇 Temperature variation of the PC samples with time during
the microwave鄄assisted activation and the conventional activation.

摇 摇 The average heating rates of PC2鄄C and PC2鄄p鄄C are
5 K / min, while that of PC2鄄M is as high as 29 K / min.
Correspondingly, the Vmeso of PC2鄄M reaches

0. 40 cm3 / g, which is higher than that of PC2鄄C

(0. 24 cm3 / g) and PC2鄄p鄄C(0. 03 cm3 / g) owing to a
higher heating rate with microwave than that with
conventional heating method. The highest SBET and
Vmeso of the PC2鄄M made at higher heating rate makes
us believe that one鄄step microwave鄄assisted KOH acti鄄
vation technique is a simple, efficient and low ener鄄
gy鄄consumption approach to the preparation of PCs
with a high surface area and mesopore volume.

It is interesting to note that the Vmeso of the PCs
are in the order of PC2鄄p鄄C< PC2鄄C< PC2鄄M . At the same
time, the yields of the PCs made by the same heating
method decrease with increasing KOH / pitch mass ra鄄
tios. A higher KOH / pitch mass ratio leads to both a
higher SBET and V t but a lower yield of the PCs. In
present work, PC2鄄M is selected as the electrode mate鄄
rial for supercapacitors, and its electrochemical per鄄
formance in different electrolytes is investigated be鄄
cause PC2鄄M with the biggest SBET and Vmeso is expected
to show a higher energy density and better rate per鄄
formance for supercapacitors in electrolytes with big鄄
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ger ion sizes.
Fig. 3 presents the XPS spectrum of the PC2鄄M .

The inset in Fig. 3 shows the XPS spectrum of oxy鄄
gen鄄containing functional groups with ignorable nitro鄄

詤詤gen species. C O and C—O are the main oxygen鄄
containing functional groups in PC2鄄M, accounting for
6. 7% and 12. 8% , respectively. If the PC2鄄M is mere鄄
ly composed of C, O and N elements, the total oxy鄄
gen content in the PC2鄄M is 23. 3% . Boehm titration
method is also used to characterize the absolute con鄄
tents of the oxygen鄄containing groups in the PCs since
the contents of the oxygen鄄containing functional
groups obtained from XPS are relative percentages.
Boehm titration results of the oxygen鄄containing func鄄
tional groups in the PCs are shown in Table 2, indica鄄
ting that the contents of carbonylic ( 詤詤C O) and car鄄
boxylic (COOH) groups in the PC2鄄M are only 0. 798
and 0. 117 mmol / g, respectively. The contents of

詤詤C O groups in the other PCs are below
1. 250 mmol / g, which is smaller than that in the acti鄄
vated carbon (ACas鄄prepared ) made by the microwave鄄
assisted KOH activation of petroleum coke[21] . As
shown in Table 2 , the contents of the carboxylic and

carbonylic functional groups in PC0. 86鄄M, PC1. 43鄄M and
PC2鄄M made by the microwave鄄assisted KOH activa鄄
tion all exhibit a maximum with the increase of the
KOH / pitch mass ratio, respectively. The contents of
carboxylic functional groups in PC0. 43鄄p鄄C, PC0. 86鄄p鄄C,
PC1. 43鄄p鄄C and PC2鄄p鄄C increase from 0. 003 to
0. 368 mmol / g with increasing the KOH / pitch mass
ratio. These results show that the amounts of the oxy鄄
gen鄄containing functional groups are affected by both
the KOH / pitch mass ratio and the heating methods.

Fig. 3摇 XPS spectrum of the PC2鄄M .

Table 2摇 Boehm titration results of oxygen鄄containing functional groups (mmol / g) .
Porous carbons Carboxylic Lactonic Phenolic Carbonylic

PC0. 86鄄M 0. 012 0. 164 0. 394 0. 999
PC1. 43鄄M 0. 217 0. 138 0. 260 1. 250
PC2鄄M 0. 117 0. 091 0. 381 0. 798

PC0. 43鄄p鄄C 0. 003 0. 013 0. 078 0. 682
PC0. 86鄄p鄄C 0. 030 0. 007 0. 401 1. 002
PC1. 43鄄p鄄C 0. 142 0. 135 0. 240 0. 996
PC2鄄p鄄C 0. 368 0. 126 0. 337 1. 065

摇 摇 Fig. 4 shows a schematic illustration of the prep鄄
aration of PCs from coal tar pitch by the one鄄step mi鄄
crowave鄄Assisted KOH activation for supercapacitors.

Fig. 4摇 Schematic illustration of the preparation of the
PC from coal tar pitch by the one鄄step microwave鄄assisted

KOH activation for supercapacitors.

摇 摇 This process consists of several simultaneous re鄄
actions. Firstly, coal tar pitch begins to soften at
383 K when the mixture of coal tar pitch and KOH
are heated. Pitch then begins to decompose at elevat鄄
ed temperatures and KOH particles are coated by the
liquefied pitch. Secondly, KOH particles begin to
melt and decompose when the temperature of the mix鄄
ture reaches 653 K, i. e. the melting point of KOH.
The micropores and some mesopores in carbonaceous
materials are then formed due to the activation reac鄄
tions between KOH or K鄄containing compounds and
carbon atoms[5] . Simultaneously, carbon is consumed
step by step with a generation of carbon monoxide.
Finally, the micropores together with mesopores are
left after K鄄containing compounds are dissolved and
washed by 0. 5 mol / L HCl solution and distilled wa鄄
ter. Compared to several hours of heating time in the
conventional activation, the time required in the mi鄄
crowave鄄assisted activation is only 30 min, indicating
an extremely high efficiency of the microwave鄄assis鄄
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ted activation. The high鄄efficient microwave鄄assisted
activation renders the PC a promising electrode mate鄄
rial for supercapacitors.

Fig. 5a shows the cyclic voltammetry curves of
the PC2鄄M electrode at 2 mV / s in alkaline, neutral and
organic electrolytes.

Fig. 5摇 Cyclic voltammetry curves of the PC2鄄M electrode: (a) at 2 mV / s in different electrolytes;
(b) at 50 mV / s in different electrolytes; (c) at 2 mV / s in 0. 5 mol / L K2SO4 electrolyte at different voltage windows.

(d) Specific capacitance of the PCs and energy density of the PC capacitors in 6 mol / L KOH electrolyte vs. specific surface area.
(e) Specific capacitance of the PC electrodes vs. cycle number. ( f) Energy density of the PC capacitors vs. cycle number.

摇 摇 The symmetric rectangular shape of cyclic volta鄄
mmetry curves is indicative of the typical capacitive
behavior, implying a quick ion diffusion and a good
charge propagation to micropores at the low scan rate
in all the electrolytes. The capacitance of the PC2鄄M

electrode is mainly contributed by electric double lay鄄
er capacitance. Fig. 5b is the cyclic voltammetry
curves of the PC2鄄M electrode at 50 mV / s in alkaline,
neutral and organic electrolytes. It is easily seen that
the cyclic voltammetry curve of the PC2鄄M electrode

remains a symmetric rectangular shape in 6 mol / L
KOH electrolyte at the high scan rate, implying a
small equivalent series resistance together with a rapid
ion response and high rate performance[22,23] . The
high rate performance favors a delivery of high energy
density. Unlike the cyclic voltammetry curve of the
PC2鄄M electrode in 6 mol / L KOH electrolyte, a large
deviation from rectangular shape is observed in
0. 5 mol / L Na2SO4 and Li2SO4 neutral electrolytes as
well as 1 mol / L Et4NBF4 organic electrolyte due to a
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charge transfer limitation at the high scan rate. The
reasons for this are as below. On one hand, the sizes
of hydrated cation and anion in 6 mol / L KOH elec鄄
trolyte are 0. 26 and 0. 15 nm, respectively, as shown
in Table 3[24] . The size of hydrated anions in
0. 5 mol / L Li2SO4, Na2SO4 and K2SO4 electrolytes
reaches 0. 53 nm, and the sizes of hydrated cations in
above three electrolytes are 0. 38, 0. 36 and
0. 33 nm, respectively[12] . The sizes of Et4N+ and
BF4

- in 1 mol / L Et4NBF4 organic electrolyte are the
biggest ones among the five electrolytes, reaching
0. 68 and 0. 48 nm, respectively[25] . On the other
hand, the conductivity of 6 mol / L KOH electrolyte
reaches 550 mS / cm, while it is only 60 mS / cm for
0. 5 mol / L Na2SO4 electrolyte and 14. 5 mS / cm for
1 mol / L Et4NBF4 organic electrolyte[26] . Conse鄄
quently, the poor rate performance of the PC2鄄M elec鄄
trode in 0. 5 mol / L Na2SO4 and 0. 5 mol / L Li2SO4

neutral electrolytes as well as 1 mol / L Et4NBF4 or鄄
ganic electrolyte mainly results from both their big hy鄄
drated ion sizes and lower conductivities. The inset in
Fig. 5b is the electrochemical impedance spectra of

the PC2鄄M electrode in 6 mol / L KOH aqueous electro鄄
lyte, 0. 5 mol / L K2SO4 neutral electrolyte and
1 mol / L Et4NBF4 organic electrolyte. At the high鄄to鄄
medium frequency, the PC2鄄M electrode in 1 mol / L
Et4NBF4 organic electrolyte exhibits an obvious de鄄
pressed semicircle, showing a big charge transfer re鄄
sistance of PC2鄄M electrode due to the big hydrated ion
size and the low conductivity of 1 mol / L Et4NBF4 or鄄
ganic electrolyte. The smaller is the diameter of the
semicircle, the lower is the charge transfer resist鄄
ance[12] . The small charge transfer resistance of the
PC2鄄M electrode in both 6 mol / L KOH aqueous elec鄄
trolyte and 0. 5 mol / L K2 SO4 neutral electrolyte can
be ascribed to both a good matching of the size of mi鄄
cropores with that of small hydrated ions and a low
density of surface functional groups in the PC2鄄M . At
low frequency range, the curves of the PC2鄄M elec鄄
trode in both KOH electrolyte and K2SO4 electrolyte
are nearly vertical to the Z1 axis, demonstrating the
good capacitive behavior of the PC2鄄M electrode owing
to the well鄄developed micropores and mesopores in
the PC2鄄M .

Table 3摇 The sizes (nm) and conductivities (mS / cm) of electrolyte ions.
Electrolyte types 1 mol / L Et4NBF4 6 mol / L KOH 0. 5 mol / L K2SO4 0. 5 mol / L Na2SO4 0. 5 mol / L Li2SO4

Hydrated cation size 0. 68 0. 26 0. 33 0. 36 0. 38
Hydrated anion size 0. 48 0. 15 0. 53 0. 53 0. 53

Conductivity 14. 5 550 - 60 -

摇 摇 Fig. 5c presents the cyclic voltammetry curves of
the PC2鄄M electrode in 0. 5 mol / L K2SO4 neutral elec鄄
trolyte at different voltage windows from 0鄄1 V to 0鄄
1. 6 V. The inset in Fig. 5c is the galvanostatic
charge / discharge curves of a selected PC2鄄M electrode
in 0. 5 mol / L K2SO4 electrolyte, which shows that
the PC2鄄M capacitor can be charged and discharged be鄄
tween 0 and 1. 6 V in 0. 5 mol / L K2SO4 neutral elec鄄
trolyte at a current density of 0. 05 A / g. At the volt鄄
age employed in the present work, the rectangular
shapes of cyclic voltammetry curves and the symmet鄄
ric characteristics of the charge / discharge curves dem鄄
onstrate good capacitive behavior of the PC2鄄M elec鄄
trode in 0. 5 mol / L K2SO4 electrolyte at the 0鄄1. 6 V
voltage window owing to both a small hydrated cation
size and a good conductivity of the K2SO4 electro鄄
lyte[12] .

Fig. 5d shows the variations of specific capaci鄄
tance of the PCs and energy density of the PC capaci鄄
tors in 6 mol / L KOH electrolyte with the specific sur鄄
face area of PCs. It is interesting to note that both the
specific capacitance of the PCs and the energy density
of the PC capacitors increase with increasing surface
area when the specific surface area of PCs is smaller

than 1 500 m2 / g. The specific surface area of the
PCs made at KOH / pitch mass ratio of 2 by the micro鄄
wave鄄assisted activation and the conventional activa鄄
tion ranges from 1 700 to 1 800 m2 / g, their specific
capacitances are from 260 to 296 F / g and their energy
density from 8. 9 to 10. 1 Wh / kg at 0. 1 A / g. Both
the specific capacitance and energy density of the PCs
are obviously bigger than those of commercial carbons
(ACCommercial) [21] . It isn爷 t necessary to further seek
high surface area and specific capacitance of the PCs
at the cost of consuming more KOH from the view鄄
point of economic, environmental and societal issues.
Fig. 5e and f show that both the specific capacitance
of the PC electrodes and energy density of the PC su鄄
percapacitors have high retentions after 1000 charge鄄
discharge cycles, e. g. both the retentions are bigger
than 91. 1% , showing a high cycle stability of the PC
electrodes in 6 mol / L KOH electrolyte compared with
our previous work[9] .

Compared to the PC2鄄M electrode, the PC2鄄p鄄C

electrode shows a high capacitance and a good cycle
stability in 6 mol / L KOH electrolyte, which might be
ascribed to an obvious longer heating time of the
PC2鄄p鄄C(240 min) in the conventional heating than that
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of the PC2鄄M(only 30 min) in the microwave heating.
As we all know, the long heating time for the elec鄄
trode materials at high temperature will increase the
conductivity of electrode materials, which can im鄄
prove the electrochemical performance of the elec鄄
trode materials for supercapacitors.

Fig. 6a gives the energy densities of the PC2鄄M

capacitor at 0. 05 A / g for the 10 th, 20 th, 40 th, 60 th,
80 th, 100 th, 150 th and 200 th charge鄄discharge cycles in
0. 5 mol / L K2SO4, 0. 5 mol / LM Na2SO4 and
0. 5 mol / L Li2SO4 neutral electrolytes with voltage
windows of 0鄄1. 0 V, 0鄄1. 2 V, 0鄄1. 4 V, 0鄄1. 5 V
and 0鄄1. 6 V. In this work, the energy density of the
capacitor is calculated by Eq. (2) . As for the energy
density of the PC2鄄M capacitor, no obvious fading is
found even at voltage window of 1. 6 V in K2SO4,
Na2SO4, Li2SO4 electrolytes for 200 charge鄄discharge
cycles. Hence, the above results clearly show good
cycle stabilities of the PC2鄄M capacitor in above three
neutral electrolytes. The inset in Fig. 6a is the varia鄄
tion of specific capacitance of the PC2鄄M electrode with
current density in three neutral electrolytes. Obvious鄄
ly, at the same current density, the capacitances of
the PC2鄄M electrode in above three neutral electrolytes
are in the order of Li2SO4< Na2SO4< K2SO4 . Moreo鄄
ver, as the current density increases ( the inset in Fig.
6a), the fading in capacitance of the PC2鄄M electrode
in Li2SO4 aqueous electrolyte is the fastest, while that
in K2SO4 electrolyte is the slowest. This is due to the
different radii, the different charge densities and the
different migration speeds of hydrated Li+, Na+ and
K+ as shown in Table 3[12] . Hydrated K+ can reach
the inner pores of the PC2鄄M more easily than hydrated
Na+and Li+, and the relaxation time for the migration
of hydrated K+ is the shortest since the radius of hy鄄
drated K+ is the smallest while its ionic conductivity is
the highest. Because of above synergistic effects,
K2SO4 electrolyte endows the PC2鄄M with the largest
capacitance at a high current density among the three
neutral electrolytes.

The energy density of the PC2鄄M capacitor increa鄄
ses with the voltage window from 0鄄1 V to 0鄄1. 6 V in
the three neutral electrolytes. At the same time, the
energy densities of the PC2鄄M capacitor are in the order
of Li2 SO4 < Na2 SO4 < K2 SO4 in terms of different
electrolytes, which is in good accordance with the
variation order of capacitance of the PC2鄄M electrode,
as shown in the inset in Fig. 6a. The PC2鄄M capacitors
also show good cycle stabilities in the three neutral
electrolytes at voltage windows up to 1. 6 V. The en鄄
ergy densities of the PC2鄄M capacitor in 0. 5 mol / L
K2SO4, 0. 5 mol / L Na2SO4 and 0. 5 mol / L Li2SO4

electrolytes at voltage window of 0鄄1. 6 V after 200
cycles remain at 13. 9, 13. 3, and 12. 9 Wh / kg, re鄄
spectively. The high energy densities of the PC2鄄M ca鄄
pacitors are mainly caused by its well and balanced
development of micropores and mesopores together
with the high operation voltage of 1. 6 V in the three
neutral electrolytes.

Fig. 6摇 (a) Energy density of the PC2鄄M capacitor vs.
operating voltage window in 0. 5 mol / L K2SO4, 0. 5 mol / L Na2SO4

and 0. 5 mol / L Li2SO4 electrolytes for 200 cycles.
(b) Specific capacitance of the PC2鄄M electrode vs. current density

and (c) energy density of the PC2鄄M capacitors vs.
average power density in different electrolytes.

摇 摇 Fig. 6b displays the specific capacitance of the
PC2鄄M electrode in 6 mol / L KOH electrolyte,
0. 5 mol / L K2SO4 neutral electrolyte and 1 mol / L
Et4NBF4 organic electrolyte. The specific capacitance
of the PC2鄄M electrode in 6 mol / L KOH aqueous elec鄄
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trolyte reaches 267 F / g at 0. 1 A / g, 201 F / g at
10 A / g, and 171 F / g at 20 A / g, a high capacitance
retention up to 64. 0% after a current density increase
by a factor of 200. The specific capacitance of carbon
nanocages synthesized by the in situ MgO template
method with benzene as a precursor via the conven鄄
tional heating reached 178 F / g at 10 A / g in 6 mol / L
KOH electrolyte [22] . It should be noted that coal tar
pitch is much cheaper than benzene. For nitrogen鄄rich
networks, the specific capacitance reached 173 F / g at
10 A / g in 1 mol / L H2SO4 electrolyte[27], while for
hierarchical carbide derived鄄carbon foams[28], it was
175 F / g at 20 A / g. For functionalized 3D hierarchi鄄
cal porous carbon, the specific capacitance reached
192 F / g at 10 A / g in 6 mol / L KOH electrolyte[29] .
The specific capacitance of the PC2鄄M is even higher
than that of coal鄄based graphene sheets ( TX鄄C鄄
GS) [30] and the PC made from a resorcinol / formalde鄄
hyde鄄based organic aquagel[31] . The specific capaci鄄
tance of the PC2鄄M electrode in 0. 5 mol / L K2SO4 neu鄄
tral electrolyte reaches 177 F / g at 0. 1 A / g, and
96 F / g at 20 A / g with a capacitance retention of
54. 2% .

Fig. 6c shows the variation of energy density of
the PC2鄄M capacitors with average power density in
different electrolytes, indicating that the energy densi鄄
ty decreases with the average power density. The en鄄
ergy densities of the PC2鄄M capacitor in 1 mol / L
Et4NBF4 electrolyte and 0. 5 mol / L K2SO4 electrolyte
at 0. 05 A / g reach 16. 4 Wh / kg and 15. 7 Wh / kg,
respectively. At the lowest current density, the ener鄄
gy densities of the PC2鄄M capacitor are in the order of
KOH < K2SO4< Et4NBF4 . The energy density of the
PC2鄄M capacitor in 1 mol / L Et4NBF4 electrolyte drops
rapidly with current density, resulting in a lower ener鄄
gy density than those in both 6 mol / L KOH and 0. 5
mol / L K2SO4 electrolytes at high current densities.

The energy density of the PC2鄄M capacitor in
0. 5 mol / L K2SO4 electrolyte remains at 12. 0 Wh / kg
at an average power density of 1 318 W/ kg, and
9. 3 Wh / kg at 3 908 W/ kg. It remains at
10. 8 Wh / kg at 1 037 W/ kg in 1 mol / L Et4NBF4 or鄄
ganic electrolyte. It was reported that the energy den鄄
sity of supercapacitor made of hierarchical porous ac鄄
tivated carbon reached 10. 1 Wh / kg at a current den鄄
sity of 0. 5 A / g in 2 mol / L KOH electrolyte[32] . For
the 6 mol / L KOH electrolyte, the energy density of
the PC2鄄M capacitor remains at 7. 7 Wh / kg at
1 022 W/ kg, and 6. 1 Wh / kg at 2 424 W/ kg. It was
reported that the energy density of hierarchical PC ca鄄
pacitor remains at 3. 5 Wh / kg at 1 958 W/ kg in
6 mol / L KOH aqueous electrolyte[33], which is much

less than that of the PC2鄄M capacitor.
In all, in view of the high capacitance of PC2鄄M

in 6 mol / L KOH electrolyte and the high energy den鄄
sity in 0. 5 mol / L K2 SO4 electrolyte, the coal tar
pitch鄄derived PC made at a KOH / pitch mass ratio as
low as 2 after microwave heating for 30 min is espe鄄
cially attractive as the electrode material for superca鄄
pacitors.

4摇 Conclusions
摇 摇 PCs for supercapacitors with high energy densi鄄
ties have been made from coal tar pitch by a one鄄step
microwave鄄assisted KOH activation. Both the heating
time and the amount of KOH are reduced effectively.
The SBET of the PC2鄄M made by the microwave鄄assisted
KOH activation for 30 min reaches 1 786 m2 / g, big鄄
ger than that made by the conventional activation in
long activation time. Supercapacitor made from the
PC2鄄M with micropores and mesopores well and bal鄄
anced developed manifests a high capacitance in
6 mol / L KOH aqueous electrolyte and a high energy
density in 0. 5 mol / L K2SO4 neutral electrolyte. The
results show that the one鄄step microwave鄄assisted
KOH activation is a simple, efficient and low energy鄄
consumption approach for the preparation of high per鄄
formance PCs for supercapacitors.
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