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A series of cobalt oxide/multi-walled carbon nanotube (Co3 O4/MWCNT) composites are successfully syn-
thesized by a facile chemical co-precipitation method followed by a simple thermal treatment process.
The morphology and structure of as-obtained composites are characterized by X-ray diffraction, scanning
electron microscopy, and N,-adsorption/desorption measurements, and the electrochemical proper-
ties are investigated by cyclic voltammetry (CV), galvanostatic charge/discharge and electrochemical
impedance spectroscopy (EIS). For all Co304/MWCNT composites, MWCNTs are well dispersed in the

Ic(zjr/g:)[:crlls;notube loosely packed Co304 nanoparticles. Among them, the Co304-5%MWCNT composite exhibits the highest
Cobalt oxide specific surface area of 137 m? g~! and a mesoporous structure with a narrow distribution of pore size
Composite from 2 to 10 nm. Because of the synergistic effects coming from Co304 nanoparticles and MWCNTSs, the

electrochemical performances of pure Co304 material are significantly improved after adding MWCNTSs.
The Co304-5%MWCNT composite shows the largest specific capacitance of 418 Fg~! at a current density
0f0.625A g~ in 2 M KOH electrolyte. Furthermore, this composite exhibits good cycling stability and life-
time. Therefore, based on the above investigation, such Co304/MWCNT composite could be a potential

Supercapacitor

candidate for supercapacitors.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In response to the fossil fuel energy depletion and global warm-
ing issues, energy storage becomes a great challenge to the major
world powers and scientific community [1,2]. With the urgent need
for hybrid electric vehicle-based green transportation, high power
and high energy storage devices have received much attention. In
this regard, supercapacitor that possesses a higher power density
than batteries and a higher energy density than conventional capac-
itors is probably one of the most efficient energy storage devices
[3-5].

Recently, considerable attention has been paid to develop
two different types of supercapacitors, including electrochemical
double-layer capacitors (EDLCs), based on carbon materials with
a high surface area and faradaic pseudocapacitors based on metal
oxides or conducting polymers with several oxidations [6,7]. For the
electrodes with the same active area, the faradic pseudocapacitors
have higher energy density while the electric double-layer capac-
itors have higher power density. Because the performance of the
supercapacitor devices strongly depends on the physicochemical
properties of the electrode materials, an active electrode material
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with high specific capacitance and excellent rate capability is indis-
pensable for the development of supercapacitors with both high
power density and high energy density [8,9].

Cobalt oxides as typical transition metal oxides, with the con-
sideration of low cost, natural abundance and environment safety,
have been reported to be promising electrode materials for pseu-
docapacitors [10-12]. Cobalt oxides can interact with ions not only
at the surface, but also throughout the bulk as well [2]. However,
when a thick-and-compact cobalt oxide film is used for electrode
fabrication, the charge-transfer-reaction kinetics is limited tremen-
dously due to its poor electronic conductivity and difficulty in the
penetration of electrolyte into it [13]. It would result in a relatively
low specific capacitance and an ineffective utilization for cobalt
oxide supercapacitors. Therefore, for a cobalt oxide electrode, the
key strategy is to enhance its conductivity and increase its specific
surface area, so that both the energy density and power density
could be both improved remarkably [14].

On the other hand, among various carbonaceous electrode
materials, such as mesoporous carbon [15], activated carbon [16],
carbon fibers [17], carbon nanotube (CNT)[18,19] and newly devel-
oped graphene [20-22], CNT has won the privileged part of research
and development as the electrode material for EDLC. It is owing to
its unique one-dimensional mesoporous structure, highly acces-
sible surface area, good electrical conductivity and high chemical
stability [23]. However, the drawback of relatively low energy
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density restricts the development of CNT-based EDLCs. Therefore,
much effort has been paid to use CNTs as additives and/or the sub-
strates for depositing active metal oxides in order to develop metal
oxide/CNT composite supercapacitors with high power density and
high energy density [24-26].

Therefore, cobalt oxide/CNT composites with highly conduc-
tive CNT compound and highly pseudocapacitive cobalt oxide
compound, are of great interest when each constituent compo-
nent provides specific functions for high performance applications.
However, to date few reports cover the cobalt oxides-CNT com-
posites for supercapacitor. Shan et al. synthesized MWCNTs/Co304
composite as the electrode material for supercapacitor and the spe-
cific capacitance reached up to 201Fg~! [27]. The dissatisfactory
capacitance limits its practical application in supercapacitors as
well. These have motivated us to explore the fabrication of cobalt
oxide/CNT composites with further improved capacitive perfor-
mance and to study the electrochemical mechanism.

In this paper, a series of Co304/MWCNT composites were syn-
thesized by a facile chemical co-precipitation method followed by a
simple thermal treatment process. The physical and electrochem-
ical characteristics of as-prepared composites were investigated.
The results show that the electrochemical properties of pure Co304
material were significantly improved after adding MWCNTs due to
the synergistic effects coming from Co3 04 nanoparticles and MWC-
NTs. The maximum specific capacitance of 418 Fg~! was obtained
for the Co304-5%MWCNT composite in 2M KOH electrolyte and
this composite exhibited good cycling stability after running 2000
cycles.

2. Experimental
2.1. Synthesis of Co304/MWCNT composites

MW(CNTs (purity, 95>%; diameter, 10-20 nm; specific surface
area, 200m2 g~ 1) were purchased from Chengdu Organic Chemi-
cas Co., Ltd., China. All of the other chemicals were of analytical
grade and used without further purification. A typical experimental
procedure was described as followed. Firstly, MWCNTs were acid-
treated with concentrated nitric acid at 140°C for 15h according
to the procedure described in the literature [28]. Then the treated
MWCNTs were rinsed with distilled water and dried at 60°C for
24 h. Secondly, 20 mg of MWCNTs was subsequently dispersed into
each 50 ml of CoCl,-6H,0 aqueous solution with different molar
concentrations (0.14, 0.082, 0.057 and 0.024 M) by stirring and
ultrasonic treatment. The pH value of each mixed solution was
adjusted to 9 by adding 5wt.% NH3-H,O drop-by-drop at room
temperature. The resulting suspensions were kept stirring at this
temperature for 3 h. After that, the as-obtained solids were filtered,
washed with distilled water several times and dried in air at 80°C.
Finally, the dried solids were placed in a muffle furnace and cal-
cined at 250°C in air for 6h with a heating rate of 2°Cmin~!, to
obtain a series of Co304/MWCNT composites with different con-
tents of MWCNTSs. The samples were denoted as Co304-x%MWCNT
(x is the weight percent of MWCNTS).

2.2. Structural characterization

The morphology and microstructure of the obtained products
investigated using a field emission scanning electron microscope
(FESEM, JSM-6701F). Crystallite structures were determined by a
XRD (X’ Pert Pro, Philips) using Cu Ka radiation from 5° to 80°
angles. Nitrogen adsorption-desorption isotherm measurements
were performed on a Micrometitics ASAP 2020 volumetric adsorp-
tion analyzer at 77 K. The Brunauer-Emmett-Teller (BET) method
was utilized to calculate the specific surface area of each sample and
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Fig. 1. The XRD patterns of the Co304/MWCNT composites with different MWCNT
contents.

the pore-size distribution was derived from the adsorption branch
of the corresponding isotherm using the Barrett-Joyner-Halenda
(BJH) method. The total pore volume was estimated from the
amount adsorbed at a relative pressure of P/Py =0.99.

2.3. Electrode preparation and electrochemical measurements

The working electrodes were prepared according to the method
reported in the literature [29]. 80 wt.% of Co304/MWCNT pow-
der was mixed with 7.5wt% of acetylene black (>99.9%) and
7.5wt.% of conducting graphite in an agate mortar until a homo-
geneous black powder was obtained. To this mixture, 5wt.% of
poly(tetrafluoroethylene) was added with a few drops of ethanol.
After briefly allowing the solvent to evaporate, the resulting paste
was pressed at 10 MPa to nickel gauze with a nickel wire for an
electric connection. The electrode assembly was dried for 16 h at
80°C in air. Each Co304/MWCNT electrode contained about 8 mg
of electroactive material and had a geometric surface area of about
1cm?.

The electrochemical measurements of each as-prepared elec-
trode were carried out using an electrochemical working station
(CHI660D, Shanghai, China) in a half-cell setup configuration at
room temperature. A platinum gauze electrode and a saturated
calomel electrode served as the counter electrode and the reference
electrode, respectively. The corresponding specific capacitance was
calculated from:

I I

C= {@E/aD < m] = [(AEJAD < m] (Fg™h) M

where [ is the constant discharging current, dE/dt indicates the
slope of the discharge plot of the discharging curves, and m is the
mass of the corresponding electrode material.

3. Results and discussion
3.1. Microstructure characterizations

The XRD patterns of the Co304/MWCNT composites with dif-
ferent MWCNT contents are shown in Fig. 1. For the pure Co30,4
sample, all diffraction peaks were perfectly indexed into the spinel
Co304 crystal (PDF, card no. 42-1467). In comparison, for all
Co304/MWCNT composites, all diffraction peaks were still in good
accordance with the spinel Co304 structure and no obvious peak
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of MWCNTSs was observed in each pattern. Moreover, with increas-
ing MWCNT content, the intensity of all diffraction peaks decreased
gradually, indicating the loosely packed coating of Co304 on MWC-
NTs [27]. This is due to that the MWCNTs with entangled network
and high specific surface area acted as a loose 3-dimensional tem-
plate for growing Co304 crystallites, as a result of the loose packing
of Co304 on MWCNTs.

To further investigate the surface morphology of as-prepared
Co304/MWCNT composites, SEM measurement was employed.
Fig. 2a and b shows the SEM images of pure Co304 powder and
Co304-5%MWCNT composite, respectively. It can be seen that pure
Co304 product was composed of nanoparticles with the sizes of
dozens of nanometers. The composite product showed the simi-
lar grain-like morphology except that scattered MWCNTSs coated
with nanoparticles were observable. It indicated that the MWC-
NTs were well-dispersed into Co304 matrix. Because the electrical
conductivity of the Co304 is very low, the well-dispersed MWC-
NTs in the Co304 matrix would form a three-dimensional network
for electronic transmission, which would improve the connec-
tivity of Co304 particles and the electrical conductivity of the
composite.

The specific surface area and pore-size distribution analy-
ses of the Co304-MWCNT composites were conducted using N,
adsorption and desorption experiments. Fig. 3a and b shows
the N, adsorption-desorption isotherms of pure Co304 and
Co304-5%MWCNT composite, respectively. The corresponding BJH
pore-size distributions are shown in the insets. As seen from Fig. 3,
the existence of the hysteresis loops in both isotherms indicated
the adsorption-desorption characteristic of the porous materials,
especially for the Co304-5%MWCNT sample. Moreover, pure Co304
exhibited a wide mesoporous distribution ranging from 2 nm to
40 nm while the Co304-5%MWCNT composite exhibited a narrow
mesoporous distribution ranging from 2 nm to 10 nm. Table 1 sum-
marizes the textural properties of the samples. It is obvious that
pure Co304 showed a specific surface area of 82 m2 g~! and an aver-
age pore size of 13.8 nm. In comparison, after adding MWCNTSs, the
specific surface areas of the composites increased while the average
pore sizes decreased. Among them, the Co304-5%MWCNT compos-
ite exhibited the highest specific surface area of 137 m2 g and the
lowest average pore size of 6.2 nm.

3.2. Electrochemical test

CV and chronopotentiometry measurements were employed to
evaluate the electrochemical properties and to calculate the specific
capacitances of as-prepared Co304/MWCNTs composites. Fig. 4a
shows the CV curves of pure MWCNT electrode at different scan rate
between —1 and 0V (vs. SCE) in 2 M KOH aqueous electrolyte. It can
be seen that the MWCNT electrode deviated from idealized double-
layer behaviors with a pair of broad, superimposed and reversible
faradaic surface redox reactions, behaving as pseudocapacitance. It
was attributed to redox reactions of the functional groups on MWC-
NTs. Moreover, no obvious distortion in the CV curves was observed
as the sweep rate increased, suggesting a highly reversible system.
These excellent CV shapesrevealed a very rapid current response on
voltage reversal at each end potential [8]. Fig. 4b shows CV curves

Fig. 2. SEM images of (a) pure Co304 and (b) Co304-5%MWCNT composite. Arrows
show MWCNTs.

of the Co304/MWCNT composites with different MWCNT content
at a scan rate of 10mVs~! between —0.2 and 0.5V (vs. SCE) in 2M
KOH aqueous electrolyte. The voltammetric current responses for
all Co304/MWCNT electrodes were similar to that of pure Co304
electrode. The shapes of the CV curves indicated that their capaci-
tance characteristic was well distinguished from that of the electric
double-layer capacitance. Two quasi-reversible redox reactions

Table 1
Specific surface area, pore volume, pore size and specific capacitance of the Co304/MWCNT composites.
Weight percent of BET specific surface BJH pore volume BJH pore size (nm) Specific
MWCNTSs (wt.%) area(m?g1) (cm3g1) capacitance (Fg1)
0 82 0.35 13.8 263
3 86 0.35 12.9 287
5 137 0.29 6.2 418
7 110 0.41 11.9 315
15 116 0.43 115 285
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Fig. 3. N, adsorption-desorption isotherms of (a) pure Co304 and (b) Co304-
5%MWCNT composite. The inset is the BJH pore-size distribution of the
corresponding material.

occurred during the potential sweep on the Co304/MWCNT elec-
trode [10]:

Co(Il)s + OH™ <> Co(II)(OH),q + e~ Co(II)(OH),q <> Co(IlI)(OH),q + e~ (2)
Co(Ill)s + OH™ <> Co(II1)(OH),q + e~ Co(Il1)(OH )4 <> Co(IV)(OH),q + e~ 3)

Obviously, electrochemical polarization did not appear in all the
CV curves at the two edges of potential window, indicating that a
wide potential window can be chosen for the Co304/MWCNT elec-
trodes in our system. Moreover, it is distinct that, in Fig. 4b, the
Co304-5%MWCNT composite showed the largest CV area among
the composites, indicating the highest specific capacitance. This
is probably due to that the well dispersed MWCNTSs in the Co304
provide a three-dimensional network for electronic transmission,
which would improve the connectivity of Co304 particles, the
electrical conductivity of the composite, and the electrochemical
utilization of the pristine Co304 during the charge/discharge pro-
cess. Fig. 4c shows the CV curves of the Co304-5%MWCNT electrode
at different scan rates. With the increase of the sweep rate, anodic
peak potential and cathodic peak potential shifted to the more
anodic and more cathodic direction, respectively.

Fig. 5a shows the charge/discharge curve of pure MWCNTSs
electrode within a potential window of —1 to OV at a current
density of 0.625Ag~!. It is clear seen that the shape of the
charge-discharge curve was closely linear and showed a typical
triangle symmetrical distribution, indicating a good double layer
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Fig. 4. CV curves of (a) pure MWCNT electrode at different sweep rate, (b)
Co304/MWCNT electrodes with different MWCNT contents at sweep rate of
10mVs~! and (c) Co304-5%MWCNT electrode at different scan rates.

capacitive property. Fig. 5b shows the charge-discharge curves of
the Co304/MWCNT composites with different MWCNT content in
the potential range of —0.2 to 0.4V in 2M KOH at a current den-
sity of 0.625Ag~!. The shape of the charge-discharge curves did
not show the characteristic of pure double-layer capacitor, rather
pseudo-capacitance. It was in agreement with the result derived
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from the CV curves. The value of the specific capacitance for pure
MWCNT and C0304, CO3 04-3%MWCNT, C03 04-5%MWCNT, C03 Og4-
7%MWCNT and Co304-15%MWCNT electrodes was calculated to be
95,263, 287,418,315 and 285F g1, respectively. It is obvious that
the specific capacitance of pure Co304 electrode was significantly
improved by adding MWCNTs, especially for the content of MWCNT
to be 5wt.%. Since the size range of the hydrated ions in the elec-

trolyte is typically 6-7.6 A and the pore size at the range of 8-50 A
is the effective one required to increase either the pseudocapac-
itance or electric double-layer capacitance [30]. We believed that
the high specific surface area and the suitable pore size distribution
of the Co304-5%MWCNT electrode were in favor of the absorption
and the transport of electrolyte ions through the porous channels
within the Co304-MWCNT composite. Therefore, the highest spe-
cific capacitance for the Co304-5%MWCNT electrode was mainly
attributed to the effective pore size distribution and high specific
surface area.

To further understand the high rate capability of the
Co304/MWCNT composites, the charge/discharge measurements
at different current densities were recorded. Fig. 5c displays the
charge-discharge curves of the Co304-5%MWCNT composite on
the current density in the range of 0.625-6.25Ag™!. It is clearly
seen that the specific capacitance gradually decreased with the
increase of the current density. Fig. 5d further reveals that the value
of the specific capacitance for each Co304-MWCNT composite was
strongly dependent on the current density. In other words, the spe-
cific capacitance was inversely proportional to the current density.

Moreover, under a relatively large current density of 6.25Ag™1,
nearly 59%, 70% and 75% of the initial value was remained for
pure Co304, Co304-5%MWCNT and pure MWCNT electrode, respec-
tively. It indicates that the Co304-5%MWCNT electrode allowed
rapid ion diffusion and exhibited good electrochemical utilization.
Here, MWCNTSs, as a three-dimensional conducting network, facil-
itated OH~ soaking into Co304 particles and improved the rate
capability of the Co304 particles.

EIS measurements were performed on the pure Co304 and
Co304-5%MWCNT electrode, and the complex plane plots of the
AC impedance spectra are shown in Fig. 6. It is seen that both
impedance spectra were almost similar, composed of one semi-
circle component at high-frequency and followed by a linear
component at the low-frequency. Moreover, a distinct knee in the
frequency was observed in each curve. It should be mentioned that
there were two obvious differences existing between the two spec-
tra. One difference is the internal resistance (R},), which includes
the total resistances of the ionic resistance of electrolyte, intrinsic
resistance of active materials and contact resistance at the active
material/current collector interface. The R, of pure Co304 and
C0304-5%MWCNTs electrodes was 0.87 and 0.71 €2, respectively.
Another difference is that the semicircle, which associates with the
surface properties of porous electrode, corresponds to the pseudo
charge transfer resistance (Rct). The R of the Co304-5%MWCNT
electrode was much smaller than that of the pure Co304 electrode.
Atthe lower frequencies, a straight sloping line represents the diffu-
sive resistance (warburg impedance) of the electrolyte in electrode
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pores and the proton diffusion in host materials. Both the spec-
tra showed higher angles than 45°, indicating the suitability of
the Co304-based materials as the electrode materials for superca-
pacitors [31,32]. Therefore, the EIS data showed that the electrical
conductivity of the Co304 electrode was greatly improved by the
presence of MWCNTs.

The cycle life of the Co304-5%MWCNT electrode was monitored
by a chronopotentiometry measurement at 1.25Ag~! in 2 M KOH.
As shown in Fig. 7, the specific capacitance of the Co304-5%MWCNT
electrode decreased gradually with the increase of the cycle num-
ber. After a continuous 2000 cycling, the value of the specific
capacitance remained 91% of the initial value. The demonstrates
that, within the voltage window —0.2 to 0.4V, the repeating charge
and discharge behavior did not seem to induce significant structural
or micro-structural change of the Co304-5%2MWCNT electrode. The
long-term stability implies that the Co304-5%2MWCNT composite
is an excellent electrode material for supercapacitors.

4. Conclusions

In summary, a series of Co304/MWCNT composites were suc-
cessfully synthesized by a facile chemical co-precipitation method

followed by a simple thermal treatment process. The well dispersed
MWCNTs acted as a loose 3-dimensional template for growing
Co304 crystallites, as a result of the improvement of the connec-
tivity between Co304 particles, the electrical conductivity of the
composite and the electrochemical utilization of the pristine Co304
during the charge/discharge process. Among them, the Co304-
5%MWCNT composite showed the largest specific capacitance and
good cycling stability. Therefore, based on the above investigation,
such Co304-5%MWCNT composite could be a promising candidate
for supercapacitors.
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