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Microporous carbon/graphene composites (MPC/Gs) are prepared for the first time directly from coal tar pitch
and graphene oxide by KOH activation. MPC/Gs are characterized by scanning electron microscopy, transmission
electron microscopy, X-ray diffraction, and nitrogen adsorption-desorption techniques. The electrochemical
properties of MPC/G composites are examined by cyclic voltammetry, galvanostatic charge-discharge and elec-
trochemical impedance spectroscopy. MPC/G1¢_».24 made with the mass ratio of coal tar pitch, graphene oxide
and KOH at 10/2/24 possesses both high surface area and good electrochemical performance. When evaluated
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CO}:;Vtar pitch as electrodes of supercapacitors, MPC/G1q_»-24 exhibits high specific capacitance (278 Fg~'at0.05A g™ "),
Graphene good rate performance (218 Fg~' at 20 A g~ ') and excellent cycle stability (93% capacitance retention after
Composite 10,000 cycles). This work paves a facile method to produce composite materials, which is believed to be of inter-
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1. Introduction

Inrecent years, the development of new energy vehicles are sharply
promoted by energy crisis, and thus accelerate the development of the
energy storage devices such as fuel cells, lithium-ion batteries, and
supercapacitors [1]. Supercapacitor, also known as electrochemical ca-
pacitor [2], is a capacitor which stores charges via either ion adsorption
at the interface of electrode and electrolyte or fast surface redox reac-
tion. Recently, supercapacitor has received great attention because of
its long cycle life and high power density [3-7], and being used to com-
plement or partially replace batteries in various energy storage applica-
tions [8]. The electrode materials are known as the key components
determining their capacitance performance, and porous carbons are
the most reported electrode materials for supercapacitors owing to
their high surface area, good chemical stability and low cost [9-12].
Unfortunately, conventional porous carbon, especially microporous
carbon suffers from poor rate performance at high rate, which limits
its wide applications. Graphene, a two-dimensional (2D) monolayer of
sp>-hybridized carbon atoms, has attracted enormous attention for
various applications, owing to its distinctive chemical and physical
properties [13-15]. Compared with traditional porous carbon materials,
graphene features with high electrical conductivity [16]. Yet, the
restacking and aggregation during electrode manufacturing is easy to
occur in graphene, which results in the decreases both in surface area

* Corresponding authors.
E-mail addresses: agdxjhe@126.com (X. He), wumb@upc.edu.cn (M. Wu).

http://dx.doi.org/10.1016/j.diamond.2016.04.005
0925-9635/© 2016 Elsevier B.V. All rights reserved.

available and the supercapacitive performance. Various carbon-based
materials have been discovered and investigated intensively as the
electrode materials to improve the electrochemical performance of
supercapacitors [17-21]. The diversity of structures and bonding
schemes of carbon materials provide versatility in properties and appli-
cations. There is no doubt that composite of different carbon materials
would extend the diversity of carbon-based materials, featuring with
integrated properties inherited from the constituent structures.
Compared to the single component, composite materials such as
graphene/carbon nanotubes [4,17], graphene/activated carbon [19]
and carbon nanotubes/activated carbon [22], have shown improved
electric or thermal properties, due to the synergistic effects from dif-
ferent carbon components. However, the single component in the
composite is usually synthesized separately, followed by being mixed
[22], i.e. the single component in the composite are mainly connected
via physical contact, which not only increase the production cost of
composite materials but also reduce the performance of the composite
materials.

Herein, a facile method is reported for the first time for the syn-
thesis of microporous carbon/graphene composites (MPC/Gs) di-
rectly from coal tar pitch (CTP) and graphene oxide (GO) by KOH
activation to realize the bonding of the two components in the compos-
ite. GO is coated with microporous carbon derived from the liquefied
and activated CTP uniformly, which not only prevent the restacking of
GO but also improve the utilization of GO and the stability of the
composite. The aim of this work is to introduce a facile method for
the production of low-cost composite electrode materials for high-
performance supercapacitors.
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2. Experimental
2.1. Synthesis of MPC/G composite

GO used here was prepared from natural graphite by the modified
Hummers method as described elsewhere [23,24]. The synthesis of
MPC/G composite was performed by KOH activation as follows. Firstly,
1 g of GO powder was added into 200 mL of N,N-dimethyl formamide
(DMF) and dispersed under ultra-sonication for 60 min. Secondly, 5 g
CTP was added into the homogeneous GO suspension (5 mg mL™!)
and sonicated for 60 min. After that, the solid carbon precursor was ob-
tained by stirring using magnetic stirrer, followed by drying the pasty
solid at 383 K for 12 h. Subsequently, the carbon precursor was mixed
with 12 g KOH in solid state and heated in a tube furnace at a heating
rate of 5 K min~"' to 1073 K and kept for 1 h by electric heating under
nitrogen atmosphere (99.999%, 60 mL min™~'). After cooling down to
room temperature, the resultant sample was washed by 2 M HCl solu-
tion and distilled water thoroughly to remove the ions. The as-made
MPC/G composite is termed as MPC/Gy.y.,, where the subscript x-y-z
refers to the mass ratio of CTP, GO and KOH. For comparison, GO was ac-
tivated by using KOH as activation agent in a tube furnace at a heating
rate of 5 K min~! to 873 K and kept for 1 h by electric heating under
nitrogen atmosphere, of which the low temperature is used to activate
GO in order to get high carbon yield. Before test and characterization,
the as-made MPC/G composite was ground to a fine powder with a par-
ticle size below 44 pm.

2.2. Characterization of MPC/G composite

The pore structure of the as-made MPC/G composite was analyzed
by nitrogen adsorption-desorption isotherms at 77 K (ASAP2010). The
BET surface area (Sggr) of MPC/G composite was calculated by the BET
(Brunauer-Emmett-Teller) equation. The pore size distribution of
MPC/G composite was calculated by the density functional theory
(DFT) method. The total pore volume (V;) was obtained at a relative
pressure of 0.99. The micropore volume (V) of MPC/G composite
was estimated by using the t-plot method. The mesopore volume
(Vimeso) Was calculated from the difference of V; and V.. The average
pore size (D,p) of MPC/G composite was obtained by the equation of
Dgp = 4V,/Sger. The morphology and microstructure of MPC/G compos-
ite were investigated by using filed emission scanning electron micros-
copy (FESEM, Nanosem 430) with energy dispersive spectrum (EDS),
transmission electron microscopy (TEM, JEOL-2100), and X-ray diffrac-
tion (XRD, Philips X, pert Prosuper, Cu Ko, Radiation). The chemical
bonding states of carbon, oxygen and nitrogen elements in MPC/G com-
posite were analyzed by X-ray photoelectron spectroscopy (XPS, Ther-
mo ESCALAB250, USA). The Raman spectra of MPC/G composite were
recorded on a Raman spectroscopy (JYLab-Ram HR800, excited by a
532 nm laser).

2.3. Preparation and electrochemical test of MPC/G composite electrodes

The electrode slurry was fabricated by mixing MPC/G composite,
carbon black with a BET surface area of 550 m? g~ ' and
poly(tetrafluoroethylene) at a mass ratio of 83:12:5 in ethanol until
slurry formed. The resultant slurry was rolled into thin film (ca. 5 pm
in thickness) and dried at 383 K for 2 h under vacuum before being coat-
ed onto the nickel foam at 15 MPa for 10 s. Before the electrochemical
test, the electrodes was soaked overnight in 6 M KOH aqueous electro-
lyte, 1 M Et4NBF, organic electrolyte, 1-butyl-3-methylimidazolium
hexafluorophosphate (BMIMPFg) ionic liquid electrolyte, respectively
[25]. Button-type supercapacitor was assembled with two similar car-
bon electrodes (4 mg cm™2) separated by polypropylene membrane.

The supercapacitor was evaluated by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) on an electro-
chemical workstation (CH Instrument, Shanghai, China). The gravimetric

capacitance of MPC/G composite electrodes (C, F g~ ') was calculated
from the CV curves according to Eq. (1).
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where V; and V, (V) are the lower and upper limits of potential in a cy-
clic potential sweep, respectively; AV =V, — V, is the voltage window;

is the scan rate (V s~ '); i(V) is the current as the function of voltage,
and m is the mass (g) of active material in single electrode.

The galvanostatic charge/discharge was determined on the
supercapacitance test system (SCTs, Arbin Instruments, USA). The cut
off charge voltage for the supercapacitor in 6 M KOH aqueous was set
at —0.9 ~ 0.1 V. The gravimetric capacitance of the MPC/G composite
electrode (C, F g~!') was also calculated from the discharge curve
according to Eq. (2).
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where [ is the discharge current (A), AV is the discharge voltage
between the At period, and m is the mass (g) of the active materials
in single electrode.

The electrochemical impedance spectroscopy (EIS) measurements
were performed with amplitude of 5 mV over the frequency range
from 100 kHz to 0.001 Hz using an electrochemical workstation (CH
Instrument, Shanghai, China). The gravimetric capacitance of MPC/G
composite electrodes (C, F g~ !) was also obtained according to Eq. (3).

4
== 2nmfZ, ®)
where f is the frequency (Hz), m is the mass (g) of the active material in
single electrode, and Z;,,, is the imaginary impedance.

The energy density (E, W h kg~ !) and average power density (P,
W kg~ 1) of supercapacitors were calculated according to Eqgs. (4) and

(5).
1
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where C is the capacitance of the two-electrode supercapacitor (F), and
V is the usable voltage after the IR drop (V), and A, is the time (h) for
the discharge.

3. Results and discussion
3.1. The structure of MPC/G composite

Fig. 1a is the FESEM image of GO, showing the thick sheets in GO.
After being activated by KOH at 873 K for 1 h, the as-made activated
graphene (MPC/Gog_12.24) in Fig. 1b shows very thin sheet-like structure.
Yet, the yield of MPC/Gq_12-24 is only 27.1%, indicating it is an uneco-
nomic production process for the direct activation of GO because of
the high cost of GO. As shown in Fig. 1¢c, MPC/G13.9.24 features solid par-
ticles with many smooth walls. With the addition of GO, the morpholo-
gy of MPC/G composite was transformed into big interconnected porous
solid particles (Fig. 1d and e), which might be ascribed to the connection
function of GO. Fig. 1f shows that thin graphene sheets are incorporated
into MPCs. The graphene sheets in Fig. 1f are bonded in the MPC/G com-
posites, which not only prevent the restacking of single graphene sheet
and improve the utilization of expensive graphene, but also decrease
the production cost of the composite materials. The closely combined
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Fig. 1. FESEM images of: (a) GO; (b) MPC/Gg_12-24; (€) MPC/G12.9.24; (d) MPC/G10.224;
(e) MPC/Gg_4.24; (f) TEM image of MPC/G10-.24.

graphene and microporous carbon is expected to increase the electron
conduction and improve the supercapacitive performance. The pore
structure characteristics of MPC/G composites were studied by nitrogen
adsorption-desorption technique. The adsorption-desorption isotherms
of the MPC/G composites are shown in Fig. 2a and b, respectively to
show the difference between them clearly. The nitrogen adsorption-
desorption isotherms of MPC/G1q.2-24 composite in Fig. 2a are typical
IV type isotherms with strong N, adsorption at low pressure and a
loop at relative pressure of 0.5-1.0, indicating the presence of micropore
and some mesopore [1,3]. Fig. 2c is the pore size distribution of the MPC/
G composites. The micropores and mesopores of MPC/Gg_2-24, MPC/Gg.
3.24 and MPC/Gg_4.04 are in the range of 0.5-2.5 nm, which are
wider than those of MPC/G15..24. The pore structure parameters of the
MPC/G composites are summarized in Table 1. The V; of MPC/G compos-
ite rises from 0.83 cm® g~ (MPC/G11.124) to 1.11 cm® g~ (MPC/G0.2-
»4), then drops to 0.82 cm® g~ ! (MPC/Gg_4.54) With the increase of GO
mass from 1 to 4 g corresponding to the decrease of CTP mass from 11
to 8 g in the reactants with the other conditions remaining unchanged.
The SBET of MPC/G10_2_24 and MPC/G9_3,24 reaches 2164 and
2233 m? g~ !, respectively, which is bigger than that of porous carbon re-
ported in our previous work [25]. The V; and Sggr of the MPC/G composite
are higher than those of MPC/G1¢.9.24 and MPC/Gg_12.24 made with the
absence of CTP or GO, indicating the synergistic effect between CTP and
GO used for the synthesis of composite. Besides, the yield of MPC/Gg_12-
2415 27.1%, which is only about 50% of that of MPC/G composite, meaning
high synthesis efficiency of MPC/G composite from CTP and GO. The mi-
cropore percentage of MPC/Gy1-1-24, MPC/G10.2-24, MPC/Gg_3.24, MPC/Gg_
424 Tanges from 81.98% to 88.35%, belonging to microporous carbons
[25]. The above results show that the pore structure parameters can be
adjusted by changing the mass of carbon precursors in the reactants.
The crystal structure of the MPC/G composites was characterized by
XRD and the results are depicted in Fig. 3a. The XRD pattern exhibits
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Fig. 2. (a, b) Nitrogen adsorption-desorption isotherms; (c) pore size distribution of MPC/
G composites.

Table 1

The pore structure parameters of the MPC/G composites.
MPC/G samples D, (nm)  Sger (m?g™")  Vi(em®g™!) Vi (am®g™")
MPC/G12-0-24 1.79 1436 0.64 0.61
MPC/G11.1-24 1.87 1772 0.83 0.72
MPC/G10.2-24 2.04 2164 1.11 0.91
MPC/Gg-324 1.85 2233 1.03 091
MPC/Gg.4.24 1.88 1749 0.82 0.72
MPC/Go-12-24 2.66 130 0.09 0.05
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Fig. 3. (a) XRD patterns of MPC/G composites; (b) Raman spectrum of MPC/G;¢.5.24 cOmposite, inset is the magnified 2D peak; (c) XPS spectra of MPC/G composites; (d) O1s spectra of

MPC/G10-2-24 cOmMposite.

weak 002 diffraction peaks at 26 =~ 25°, which can be partly assigned to
the graphene crystallite structure in MPC/G composites. In addition, the
100 diffraction peaks can be observed at 26 ~ 43°, suggesting that
the carbon materials possess a few graphitic frameworks due to the
reduction of GO into graphene. The Raman spectra in the range of
1200-2800 cm™ ! was analyzed to further study the structure of MPC/
G1o-2-24, and the result are presented in Fig. 3b. It can be clearly seen
that the obtained samples exhibit three featured bands, a D-band
(1327 cm™ 1) associated with structural defects and partially disordered
structures in carbon materials; a G-band (1585 cm™!) related to the E,,
vibration mode of 2D graphite; and a 2D-band (2750 cm™ ), the charac-
teristic band of graphite carbon materials [26]. The magnified 2D peak
is shown as an inset in Fig. 3b, which is ascribed to the existence of
graphene in the composites. It was reported that carbon monoxide
was formed during the KOH activation [27], which may reduce
GO into graphene sheets. The intensity ratio of the D-band to G-band
(In/Ig) depends on the type of graphitic materials and reflects the crys-
tallinity of these materials. As shown in Fig. 3b, the value of Ip/I¢ is 1.25,
indicating that MPC/G1¢_»-24 belongs to amorphous material. This result
is consistent with the above XRD results. Fig. 3c presents the XPS spectra
of the MPC/G composites. Only the C1s and O1s peaks are found in the

XPS spectra, indicating that no impurities are found in the MPC/G com-
posites. The O1s peaks was deconvoluted into oxygen double bonded to
carbon (C=0) (531.9 eV), oxygen single bonded to carbon in C—0
(533.4 eV), and oxygen in hydroxyl (OH), as shown in Fig. 3d. The con-
tents of C and O elements in the MPC/G composites are shown in
Table 2. The XPS results show that the oxygen-containing groups in-
cluding C=0, C—O0 and OH. Some oxygen-containing functional groups
are expected to improve the wettability between electrode materials
and electrolytes, depending on their hydrophilic nature, and prevent
aggregation of adjacent graphene sheets [28].

Table 2

Contents of C and O elements in the MPC/G composites.
MPC/G samples Cls (%) O1s (%) Ols

C=0 (%) C-0 (%) O-H (%)

MPC/G11-1.24 84 16 6.1 71 2.8
MPC/G10-2-24 79 21 2.3 9.6 9.1
MPC/Gg_3.24 74 26 1.5 83 16.2
MPC/Gg_4-24 82 18 7.3 8.4 2.3
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Fig. 4. (a) CV curves of MPC/G0.5-24 electrode; (b) CV curves of MPC/G electrodes at 200 mV s~ ! in 6 M KOH aqueous electrolyte; (c) the charge-discharge curves of the MPC/G electrodes;
(d) variation of the specific capacitance of the MPC/G electrode with the current densities; (e) capacitance retention of MPC/G1-2.24 electrode vs. cycle number; (f) Ragone plots of MPC/G

capacitors.

3.2. Electrochemical performance of MPC/G composite

Fig. 4a shows the CV curves of MPC/G1¢_.24 composite at scan rates
from 2 to 200 mV s~ ! in 6 M KOH aqueous electrolyte. The symmetric
rectangular shape of CV curves is indicative of the typical capacitive
behavior, implying quick ion diffusion and good charge propagation to
micropores at low scan rate [29]. The symmetric rectangular shape of
CV curves indicates the good rate capability of MPC/G1¢_2-24 at high
discharge current density. The rectangular-shaped CV curves gradually
collapse with increasing scan rate owing to diffusion limitation of
electrolyte ions at high scan rate. The CV curves of the four MPC/G elec-
trodes at 200 mV s~ ' are shown in Fig. 4b, indicating the good diffusion
rate of ions at high scan rate. For an ideal EDLC, the kinetic process of ion
transfer is not limited, and it will be a rectangular-shaped curve of cur-
rent (or converted specific capacitance) versus potential (or voltage) if
the responding current keeps a constant at a certain scan rate in the

CV measurements. The rectangular degree of the CV curves reflects
the ion diffusion rate within the pores of electrodes. The higher the
rectangular degree is, the bigger the ion diffusion rate will be [30].

The gavanostatic charge/discharge test can be used to accurately
determine the specific capacitance of electrode materials for surper-
capacitors. Fig. 4c presents the typical charge/discharge curves of
MPC/G electrodes at a current density of 2 A g~ . Fig. 4d shows the
variation of the specific capacitance of MPC/G electrodes vs. the dis-
charge current density in 6 M KOH aqueous electrolyte. It can be found
that the specific capacitance decreases slowly with the increase of cur-
rent density from 0.05 A g~ " to 20 A g~ !, which is due to diffusion lim-
itation of electrolyte ions at high current density [31]. The MPC/G10.2-24
electrode shows the biggest specific capacitance (278 F g~! at
0.05 A g~ 1) among the MPC/G electrodes tested. When the discharge
current density is increased to 20 A g~ !, the capacitance of the
MPC/G1g.2.24 composite remains 218 F g~! showing high
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Fig. 5. (a) Nyquist plots of MPC/G composite electrodes; (b) specific capacitance of MPC/G composite electrodes at different frequencies.

capacitance retention up to 78.4% and excellent rate performance. The
capacitance of porous carbon reported in our previous workis 171 Fg ™!
in 6 M KOH electrolyte [25]. The excellent performance of MPC/G1¢.2-24
composite is ascribed to its high surface area, well-balanced micropores
and mesopores for ion fast transport and storage, and dispersed
graphene sheets in the composite for good electron conduction. High
capacitance and good rate performance of MPC/G1¢_.24 cOmposite are
consistent with the results obtained from the CV curves. The capaci-
tance of MPC/G1-»-24 composite electrode are higher than those report-
ed in literature [23,32]. Fig. 4e shows the variation of the capacitance
retention of MPC/G19-5-24 With the cycle number. The capacitance re-
tention of MPC/G1g.2-24 is up to 93% after 10,000 cycles, indicating
good cycle stability. Fig. 4f shows the variation of the energy density
of MPC/G capacitors with the average power density. The energy densi-
ty of MPC/G19_2-24 capacitor reaches 9.64 Wh kg~ ' at0.05Ag™ 'in6 M
KOH aqueous electrolyte. When the discharge current density is in-
creased to 20 A g~ !, the energy density retention of MPC/Gyg.2.24 Capac-
itor is as high as 62.5%. Interestingly, the energy density of MPC/G1¢.2-24
capacitor in MIMPFg electrolyte remains at 43 Wh kg~ ! at 3665 W kg™ !,
and 23 Wh kg~ ! at 5467 W kg~ !, which are both bigger that of capacitor
fabricated from mesoporous carbon, e.g. 28 Wh kg~ ! at 1684 W kg™,
and 12 Wh kg~ ! at 2159 W kg~ !, respectively [33].

Fig. 5a gives the Nyquist plots of MPC/G composite electrodes. The
inset in Fig. 5a is the magnified part of Nyquist plots of MPC/G compos-
ite electrodes. The contact resistances of MPC/G composite electrodes
between electrode materials and electrolyte only range from 0.5 Q to
1.65 Q. At low frequency, the short x-intercept and negligible semicircle
of MPC/G1¢-»-24 composite electrode reveal that the MPC/G¢.2-24 COM-
posite electrode has very low internal resistance, charge-discharge
resistance and excellent pore accessibility for the electrolyte ions.
At low frequency, the imaginary part sharply increases and nearly
vertical lines are observed, suggesting the pure capacitive behavior
of the MPC/G composite electrodes [23]. Fig. 5b presents the variations
of the specific capacitance with the frequency for the MPC/G electrode.
Generally, the larger pores (>2 nm) are easier for electrolyte ions to
penetrate at high frequencies, whereas some micropores can only be
penetrated at very low frequency. At low frequency (1 mHz), the capac-
itance of MPC/G1g_5.24 reaches 259 F g~ !, which is higher than that of
CNTs/AC hybrid [34], meaning that the ionic diffusion to the active sur-
face is more efficient in the case of MPC/G;g.2-24 at higher frequencies
due to the excellent architecture of MPC/G1¢.2-24.

4. Conclusions
MPC/G composites for high-performance supercapacitors were

made directly from CTP and GO by KOH activation. The MPC/G com-
posites possess two advantages, e.g. incorporated graphene for high

electron conduction, abundant micropores for ion storage. As the elec-
trodes of supercapacitors, MPC/G1¢.2-24 exhibits high specific capaci-
tance (278 Fg~'at 0.05 A g™ 1), good rate performance (remaining at
218 Fg~'at20 A g™ 1), and excellent cycle stability (with 93% capaci-
tance retention after 10,000 cycles). This work paves a simple method
to produce low-cost composite materials. In addition, the method re-
ported here are believed to be of interest for a wide audience of readers
in the fields of energy conversion and storage.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.diamond.2016.04.005.

Prime novelty statement

For the first time, microporous carbon/graphene composites (MPC/
Gs) with incorporated graphene for high electron conduction and
well-developed micropores for abundant ion adsorption were synthe-
sized directly from coal tar pitch and graphene oxide by KOH activation
method for supercapacitors. The MPC/G composite electrodes exhibit
high specific capacitance, good rate performance and excellent cycle
stability. This work paves a facile method to produce composite mate-
rials, which is believed to be of interest for a wide audience of readers
in the fields of energy conversion and storage.
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