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A facile precipitation approach has been developed to prepare cobalt/coal-based activated carbon
composites as an electrode material for supercapacitors. The existence of coal-based activated carbon
facilitates the dispersion of Co particles. The electrochemical performance of Co/coal-based activated
carbon composites had been characterized by cyclic voltammetry, galvanostatic charge/discharge tests
and electrochemical impedance spectroscopy. The specific capacitance of the as—prepared composite
material approaches 615 F g at a current density of 2 A g*. And the composite electrode delivers an
excellent rate capacity of 495 F g* even at a current density as high as 20 A g*. The impressive
performance could be ascribed to the synergistic effect of the combination of the pseudocapacitive
cobalt nanoparticles and the coal-based activated carbon matrix.
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1. INTRODUCTION

Supercapacitors, as excellent electrochemical power sources, have attracted intensive attention
due to their high charge/discharge rate, long cyclic life and low environmental pollution, and they have
been extensively applied in electric vehicles (EV), hybrid electric vehicles (HEV), portable electronics
and aerospace over the last few years [1-3]. Nevertheless, compared to rechargeable batteries, their
relatively low energy density falls short of satisfying the ever—increasing demands for power sources
[4-6]. Therefore, progressive effort has been devoted to obtaining high energy density supercapacitors,
without impairing their cyclic life and power density [7-12].
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One promising strategy is the preparation of faradic pseudocapacitors, which contains a
capacitor-type electrode and a battery—type electrode. In the pseudocapacitors design, the capacitor—
type electrode could share the high charge/discharge currents during cycling, retaining the high rate
capability and long cyclic life of the supercapacitors, while the faradic electrode significantly boosts
the specific capacitance of the system, providing large energy density [13]. Within the supercapacitors,
electrode materials play a significant role in the performance of the electrodes, which have become an
important factor for advancing the investigation of asymmetric supercapacitors. As a consequence,
various transition metal oxides, conductive polymer materials, transition metal, metal sulfides and
metal hydroxides have been extensively explored to improve the energy density of supercapacitors
[14-18]. Among those appealing electrode materials, transition metal cobalt (Co) has attracted
extensive attention due to its unique physical and chemical properties, such as good stability in the air,
facile preparation and high electrochemical activity, which enable Co much potential in the utilizations
of asymmetric supercapacitors [19].

However, the practical implementation of pure Co electrode is hampered by the agglomeration
of the active material, stemming from its large surface energy and small size. The effect inevitably
causes low specific capacitance and inferior rate capability of the electrode [19]. One efficient
approach to circumvent the problems is the preparation of Co/C hybrid materials, such as Co/graphite
composites, Co/graphene nanocomposites, etcetera [19-22]. For instance, Barakat et al. have prepared
Cd—-doped Co nanoparticles encapsulated in graphite, which have shown good stability as a
supercapacitor [21]. In general, the combination of carbon and Co improves the electrochemical
performance of Co electrode effectively [19-22]. However, as a promising electrode material for
supercapacitors, it is highly desired to explore other variety of carbon materials to improve the
electrochemical properties of Co electrode.

In this work, to expand the application of coal-based activated carbon and the extent of Co—
based composites as electrode materials for supercapacitors, we therefore put forward an easy and
cost—effective precipitation approach to prepare Co/coal-based activated carbon (Co/CAC)
composites. Results suggest that Co nanoparticles are well dispersed on the surface of recyclable,
abundant, non-toxic and easily prepared coal-based activated carbon (CAC), which restrains the
agglomeration of Co nanoparticles efficiently. Compared with pure Co and bare CAC, the composites
exhibit enhanced capacitance, which could be ascribed to the synergistic effect of the combination of
Co nanoparticles and the coal-based activated carbon.

2. EXPERIMENTAL

2.1 Synthesis of Co/CAC composite materials

CAC was prepared by physical activation method. Firstly, coal-blending of Shan Dong Coal
(SDC, 40%), Yong Cheng Coal (YCC, 40%) and Tai Xi Coal (TXC, 20%) was pulverized to powder
(around 0.074 mm in diameter) and mixed adequately. Subsequently, the mixture was re—agglomerated
into coal briquettes under 150 MPa and crushed into desired size (3-5 mm). The obtained briquettes
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were then subjected to carbonization at 650 °C for 30 min and activation at 880 °C for 230 min with
the amount of 1.0 mL H,O/(h g char) in a pipe furnace. After cooling to room temperature, the
activated products were crushed to desired size to obtain CAC.

Co/CAC composites were prepared by a facile precipitation approach. Typically, 400 mg of
citric acid and 40 mg of CAC was added into 50 mL of H,0, respectively, and stirred for 10 minutes
under ultrasound. Subsequently, 400 mg of CoCl,-6H,O was added in the foregoing solution under
ultrasonic stirring. The solution was then transferred into a 250 mL of three—neck flask, and kept for
stirring in an ice-water bath. Thereafter, 50 ml of NaBH, (1600 mg) aqueous solution was added
dropwise to the above solution. The mixture was tempestuously stirred for 2 h in the ice—water bath,
and then filtered and washed with water and ethanol for several times. The resultant products were
dried at 60 °C in vacuum. For comparison, bare Co (Co) was prepared via the same method without
CAC.

2.2 Microstructural Characterizations

The structures and morphologies of the as—prepared samples were characterized by X-ray
diffraction (XRD, Bruker D8 ADVANCE X-ray diffractometer with Cu Ka radiation), scanning
electron microscopy (SEM, FEI Quanta 250 FEG equipped with energy dispersive X—ray spectroscopy
(EDS)) and transmission electron microscopy (TEM, FEI Tecnai G2 F20, 200kV). The content of
CAC in Co/CAC was analyzed by Vario EL cube (Elementar, Germany).

2.3 Electrochemical Characterizations

Electrochemical tests were carried out using a conventional three—electrode cell. The working
electrode was prepared by mixing active material powders with 10 w.t.% of conductive agent
(acetylene black) and 10 w.t.% of binder (polytetrafluorene ethylene). A small quantity of distilled
water was added to form a homogeneous mixture, which was subsequently pressed onto the nickel
foam (10 mmx10 mm) and dried at 60 °C in vacuum. A platinum foil was used as the counter electrode.
An Hg/HgO electrode was acted as the reference electrode. The electrolyte solution was 6 mol L™ KOH
aqueous solution. Cyclic voltammetry measurements were conducted on a CHI 604E electrochemical
workstation (0.1-0.6 V vs. Hg/HgO). Charge/discharge tests were investigated by Neware battery
testing workstation in a voltage window of 0.1-0.5 V (vs. Hg/HgO). Electrochemical impedance
spectroscopy was recorded by CHI 604E electrochemical workstation under following conditions: AC
voltage amplitude of 5 mV, frequency ranges of 10°-10 % Hz.

3. RESULTS AND DISCUSSION

3.1 Characterization of samples

The overall preparation scheme of Co/CAC is depicted in Fig. 1. It is generally known that
CAC exhibits plenty of surface functional groups such as hydroxyl groups, carboxylic group et al.
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[23]. The functional groups of CAC could afford anchor sites, where metal ions could be absorbed
through electrostatic attraction. During the ultrasonic treatment process, Co* ions could be attached to
the functional groups of CAC via electrostatic interaction. Then, the absorbed Co®* ions react with
added NaBHj, to transform into Co nanoparticles, which are firmly anchored on the surface of CAC.
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Figure 1. Schematic illustration for the preparation process of Co/CAC.
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Figure 2. X-ray diffraction patterns of Co, CAC and Co/CAC.

The chemical compositions of CAC, Co and Co/CAC are determined by XRD, as presented in
Fig. 2. The diffraction peak of CAC corresponding to (002) crystalplane of carbon is weak and broad,
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which demonstrates the highly amorphous nature of CAC. It should be noted that during the
preparation process, Co®* was reduced to metallic Co by adding sufficient NaBH,4 [24, 25]. However,
no obvious diffraction peak is observed in the XRD pattern of Co, which indicates that metallic Co is
in the amorphous state. Similar phenomenon has also been observed in Co/CAC composites.
Meanwhile, no obvious diffraction peak assigned to CAC is observed for Co/CAC, suggesting the
homogeneous coating and dispersion of cobalt particles on CAC.

The morphologies of the as—prepared materials have been investigated by SEM (Fig. 3). As
shown in Fig. 3a, Co nanoparticles are aggregated with each other severely, leading to a compact
structure. The SEM image of Co/CAC is displayed in Fig. 3b. It is revealed that a large number of Co
nanoparticles are homogenously dispersed on CAC, which prevents Co particles from aggregation
efficiently. The elemental composition of Co/CAC is further confirmed with EDS (Fig. 3c). The EDS
results displays that Co/CAC consist of Co element, C element and O element, and is in agreement
with the foregoing analysis. The morphology of Co/CAC is also observed by TEM (Fig.3d). The result
suggests that Co nanoparticles are discretely dispersed on the surface of CAC, and most of the particles
are 150-200 nm in diameter. This unique microstructure, Co nanoparticles uniformly distributed on
CAC, will be beneficial for the fast diffusion and migration of the electrolyte ions, and is anticipated to
show superior electrochemical capacitance.
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Figure 3. SEM images of a) Co, b) Co/CAC, c) the corresponding EDS image of b), d) TEM image of
Co/CAC.
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The mass percentage of CAC and Co in Co/CAC composites is analyzed by elemental analysis.
The CAC% of the composites is estimated according to the mass of CO,, deriving from burning
Co/CAC. The result suggests that Co/CAC consist of 71.4 wt.% of Co and 28.6 wt.% of CAC.

3.2 Electrochemical properties of samples

The capacitive performances of the as—prepared samples are initially examined by cyclic
voltammetry (CV) measurements. CV curves of Co, CAC and Co/CAC at a scanning rate of 10 mV s *
are shown in Fig. 4. The CV curve of CAC is close to rectangle, which demonstrates its ideal
capacitive performance. In contrast, both of the CV curves of Co and Co/CAC comprise a pair of
redox peaks, which is related to the following faradaic redox reaction [22], Co + 20H = Co(OH), +
2e . The results suggest that the Co and Co/CAC electrodes display apparent pseudo—capacitive trait,
which is distinct from electric double—layer capacitance. Meanwhile, the enclosed area in the CV curve
of Co is significantly smaller than that of Co/CAC at the same scanning rate, indicating that Co exhibit
lower specific capacitance than Co/CAC. The foregoing CV analysis demonstrates that the well—
organized microstructure of the Co/CAC composites prompts faradaic reaction of metallic Co.
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Figure 4. CV curves of Co, CAC and Co/CAC at a scanning rate of 10 mV s

The charge/discharge behaviors of Co, CAC and Co/CAC are investigated at a current density
of 2 A g in Fig. 5. The results show that the charge/discharge curves of CAC is linear and
symmetrical, demonstrating an ideal capacitance characteristic of CAC. Non-linear charge/discharge
curves are obtained for both the Co and Co/CAC electrodes, indicating typical features of pseudo—
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capacitive materials. Meanwhile, the specific capacitance of Co is obviously increased by the
introduction of CAC. On the one hand, the presence of CAC increases the contact between the
electrolyte and Co nanoparticles. On the other hand, CAC could restrain the agglomeration of the
active materials during the charge/discharge process.
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Figure 5. The galvanostatic charge/discharge curves of Co, CAC and Co/CAC at2 Ag ™.

The comparison of the cycling performance of Co, CAC and Co/CAC is shown in Fig. 6.
Intriguingly, the combination of Co and CAC enhances electrochemical properties of the whole
system. Specific capacitances of the as—prepared materials are calculated according to the equation
[26-28], Cs = I X At/(MX AV ), where Cs, I, At, m, AV are the specific capacitance (F g %), the discharge
current (A), the discharge time (s), the mass of active materials (g), the potential change (V),
respectively. The Co/CAC composite material shows good cyclic performance with a specific
capacitance of 615 F g * after 3000 cycles at 2 A g, giving a 98% capacitance retention rate. The
electrochemical performance of Co/CAC is better than many similar reports [21, 31]. Although the
specific capacity is lower than some reports, the preparation process of Co/CAC is easier. Besides,
Co/CAC was fabricated with CAC as the support, which is much cheaper than similar reports, and
hence facilitating the practical application of the composite material [19, 20, 22]. Comparatively, bare
Co and pure CAC active materials exhibit inferior capacitive performance with specific capacitances
of 300 F g% and 20 F g%, respectively. The results obtained indicate that the composite material
exhibits synergetic effect between Co and CAC. For one thing, Co nanoparticles are homogeneously
dispersed on CAC, facilitating the penetration of the electrolyte. For the other, the introduction of CAC
could prevent the agglomeration of Co particles, and hence enhancing their electrochemical utilization.
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Figure 6. Cycling performances of Co, CAC and Co/CAC at a current density of 2 A g ™.

Rate capability of Co/CAC is displayed to further investigate the capacitive performance of the
composite material. Fig. 7 shows the galvanostatic charge/discharge curves of Co/CAC at various
current densities. The typical shapes of the curves indicate the pseudocapacitance of the electrode,
being coincident with the foregoing CV results. The specific capacitances of Co/CAC at current
densities of 4, 6, 8, 10, 16, 20 A g * are 540, 522, 513, 504, 504, 495 F g *, respectively. The results
show that the specific capacitance of Co/CAC obtained at 20 A g retains 91.7% of the value obtained
at 4 A g'*. The rate capability of the as—prepared Co/CAC is superior to that of many similar reports
[20, 21, 31], which demonstrates the impressive rate performance of the composite material.
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Figure 7. Galvanostatic charge/discharge curves of Co/CAC at different current densities.
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4. CONCLUSIONS

In summary, Co/CAC nanocomposites have been prepared via a facile precipitation process for
supercapacitors. Specific capacitances of Co, CAC and Co/CAC are 300, 20 and 615 F g * after 3000
cycles at 2 A g * respectively, indicating that the combination of pseudocapacitive Co nanoparticles
and CAC matrix results in synergistic performance. In addition, even at a high current density of 20 A
g *, the composite material exhibits an impressive rate capability of 495 F g™*. Importantly, EIS results
demonstrate that the introduction of CAC can not only promote the penetration of the electrolyte, but
also decrease the transfer resistance of the electrode.
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