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ABSTRACT: Using a simple hydrothermal procedure, cobalt oxide (Co;0,)
with preferred orientation along (220) planes is in situ prepared and coated on
MWCNT. The prepared Co;O,@MWCNT nanocable shows superior
electrochemical performance as cathode material for aqueous supercapacitors
in 0.5 M KOH solution. Its redox peaks retain the well-defined shapes even
when the scan rate increases to 200 mV/s. Its specific capacitance is high, 590
F/g at 15 A/g and 510 F/g even at 100 A/g within the potential range from
—0.2 to 0.58 V (vs SCE). There is no capacitance fading after 2000 full cycles.
This excellent performance is superior to the pristine and the reported Co;0,,
which is ascribed to the unique nanocable structure with orientation.
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B INTRODUCTION

Recently, increasingly serious energy shortages, environmental
pollution from economic development, and the increasing
population have stimulated unremitting research efforts into
renewable energies such as solar and wind energy.1 However,
the supply and demand for these renewable energy sources
fluctuates with time and season. Therefore, the stability of
power supply from these energy sources should be adjusted by
energy storage systems to meet the frequent demanding
changes."” Efficient energy storage systems are urgently needed
to satisfy the needs of modern society and ecological
concerns.”™> Lithium ion batteries and supercapacitors, as
two major devices for electrochemical energy storage, have
provided solutions in alleviating the severe situation.®” In
comparison with lithium ion batteries, supercapacitors or
electrochemical capacitors are superior in such aspects as
high power density, fast charge/discharge processes, excellent
cycling behavior, and environmental friendliness.”

Metal oxides/hydroxides and conducting polymers are well-
explored as electrode materials with high capacitance for
supercapacitors, since their pseudocapacitance is much higher
than that of the traditional electrical double-layer capacitance
ascribed to the reversible faradic redox reactions, which are
fast”~"" Transition metal oxides are widely studied due to
variable oxidation states of metal ions which facilitate redox
transitions and higher charge storage within the potential range
of water decomposition. RuO, has been investigated as a highly
suitable option featuring very good capacitive performance, but
its relatively high cost and environmentally poisonous nature
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have triggered the exploration of lower-cost materials with
comparable/superior performance and environmental afford-
ability."

Among the transition metal oxides, Co;0, is found to be one
of promising alternatives owing to its high theoretical specific
capacitance, good redox performance, controllable size and
shape, and structural identities. As the capacitance is directly
linked to surface properties, its electrochemical performance is
greatly influenced by any change related to the surface
morphology of this electroactive material.">'* In addition,
during the ionic insertion and extraction processes, the particle
aggregation is severe, and volume expansion/contraction is
large. As a result, electrode pulverization and loss of
interparticle contact take place. These result in a large
capacitance loss and poor cycling stability.'>'® A variety of
appealing strategies have been applied to tackle these serious
fading problems, including the preparation of unique nano/
microstructures such as nanotubes,17 nanowires,14 nano-
particles (NPs), nanorods, and octahedral cages. In the
meantime, the synthesis of carbon-based Co;0, nanocompo-
sites seems to be a preferable direction.'>'*™*° To our special
attention, graphene material/metal oxide composites with
diverse morphologies have recently been utilized as advanced
electrode materials for supercapacitors.u’22 Also, research on
carbon nanotubes/metal oxides composites for supercapacitor
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Scheme 1. Illustration of the Preparation Process of the Co;0,@MWCNT Nanocable®

(b) Hydrothermal process
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“(a) Acid treatment: MWCNTs were dispersed in 6 M HNO; for 2 h with sonication to remove the impurities and endow the surface with
hydrophilic groups such as —OH and —COOH. (b) Coating Co;0, on MWCNT: the acid-treated MWCNTSs were immersed into an aqueous
solution of Co(Ac),, and ammonia solution (NH;-H,0, 25%) was dropwise added into the mixture solution. Then, the solution was transferred into
a Teflon-lined stainless steel autoclave and heated at 150 °C for S h. (c) After drying at 80 °C for 12 h, a hybrid of Co;0, crystal coating layer on
MWCNT was obtained and then calcined at 250 °C in air atmosphere for 2 h.

applications have been reported.”* ¢ These composites have
demonstrated significant improvements in electrochemical
properties as compared with the individual constituents.'”'®
However, the problems of rate capability and stable cycling
have not been completely solved.

In this study, we designed a Co;O,@MWCNT nanocable by
using multiwall carbon nanotubes (MWCNTSs) as the core
cable. Its discharge capacitance as a cathode material for
supercapacitors in 0.5 M KOH aqueous solution is 590 F/g at
the current density of 15 A/g. Interestingly, such a unique
Co;0,@MWCNT nanocable presents not only superior rate
performance with the capacitance of 510 F/g at 100 A/g but
also good cycling without any capacitance decay, which has
never been reported before to our best knowledge. Its excellent
electrochemical properties are of great attraction for practical
supercapacitors.

B EXPERIMENTAL SECTION

The synthesis of the Co;0,@CNT nanocable (see experimental
details in Supporting Information) is schematically presented in
Scheme 1. Meanwhile, a pristine Co;0, under the same hydrothermal
condition was also prepared as a control.

The prepared Co;0,@MWCNT nanocable or pristine Co;0, was
mixed with acetylene black and poly(tetrafluoroethylene) (PTFE) in a
weight ratio of 8:1:1 with the help of ethanol. After drying, the mixture
was pressed into a film with an active mass loading of ~6 mg/cm?
Next, the film was cut into disks. These disks were pressed onto Ni
grid at a pressure of 10 MPa and then dried at 80 °C overnight to act
as working electrodes.

The cyclic voltammetry (CV) data were collected at different scan
rates on an electrochemical working station CHI440B (Chenhua). A
three-electrode cell consisting of the above working electrode, Ni grid
as the counter electrode, and SCE as the reference electrode was used
to test the charge/discharge behaviors including rate capability and
cycling behavior in 0.5 M KOH aqueous solution on a cell tester
(Land).
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B RESULTS AND DISCUSSION

Scanning electron micrograph (SEM) and transmission
electron micrograph (TEM) of the Co;0,-coated MWCNT
are shown in Figure lab. Clearly, there are no other Co;0,
particles except the nanocables. The core MWCNT is
uniformly coated with Co;0, whose thickness is several
nanometers (inset, Figure 1b). The pristine Co;0, presents as
layered sheets (Figure 1lc). According to the X-ray diffraction
(XRD) patterns of the MWCNT, the pristine Co;0,, and the
Co;0,@MWCNT nanocable shown in Figure 1d, most peaks
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Figure 1. Characterization: (a) FESEM and (b) TEM micrographs of
the prepared Co;0,@MWCNT nanocable; (c) SEM micrograph of
the pristine layered Co;0,; (d) X-ray diffraction patterns of MWCNT,
the pristine Co30,, and the Co;0,@MWCNT nanocable.
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Figure 2. Cyclic voltammetric curves of the prepared materials measured using Ni as the counter electrode and SCE as the reference electrode in 0.5
M KOH aqueous solution: (a) the prepared Co;0,@MWCNT nanocable and the pristine Co;0, at the scan rate of 10 mV/s, (b) the prepared
Co;0,@MWCNT nanocable, and (c) the pristine Co;0, at different scan rates.
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Figure 3. Electrochemical characterization of the prepared pristine Co;0, and the Co;0,@MWCNT nanocable: Charge/discharge curves of (a) the
pristine Co;0, and (b) the nanocable; (c) their capacitance at different current densities; and (d) their cycling behavior.

fit very well except the (220) and (111) planes. In the pristine
Co;0,, the intensity of (311) planes are stronger than that of

the (220) ones, which is similar to the reported Co;0,."* In the
prepared Co;0,@MWCNT nanocables, the intensity of their
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(220) planes is evidently stronger than that of (311) planes.
This suggests that the Co;O,@MWCNT structure has a crystal
orientation along (220) planes. Moreover, MWCNTs consist of
the graphene sheets rolled into concentric cylinders, and the
7—3d orbital interaction makes it possible for the graphene
plane to coordinate with Co atoms. In addition, oxygen can be
compatible with the graphene plane because of the existence of
—OH and —COOH groups on the surface from the acid
treatment. Therefore, Co;0, is orientated and deposited onto
the MWCNTs by using their surface as the templates. This
crystal orientation will play a vital role during the OH™ ion
insertion/extraction process.

The CV curves of the pristine Co;0, and the prepared
Co;0,@MWCNT nanocable in 0.5 M KOH aqueous electro-
lyte are shown in Figure 2. The electrochemical windows are
adjusted according to the locations of the redox couples. It can
be observed that there are two redox couples at different scan
rates from S to 200 mV/s. They are situated at 0.205/0.187 V
and 0.484/0.415 V (vs saturated calomel electrode (SCE)),
respectively, at 10 mV/s, resulting from the reversible
transitions between Co;0, and CoOOH (II/1I1) and between
CoOOH and CoO, (II/IV). The reactions are presented as
egs 1 and 2.%

Co,0, + OH™ + H,0 < 3CoOOH + e~ (1)

)

In the case of the pristine Co;0,, their potential positions are
shifted a little. As to the shift or difference, it is due to their
different crystal orientation since the crystal phase is the
same.'”***” From the comparison of the CV curves, the areas
surrounded by the CV curves at the same scan rates for the
nanocable are dramatically larger than those for the pristine
Co;0,. In the meantime, the MWCNTSs contribute nothing to
the capacitance increase of the nanocable of Co;O, with the
MWCNT, which is also evidenced from the charge—discharge
plot (Figure S1 in the Supporting Information). These results
indicate that a large specific capacitance is associated with the
nanocable and suggest that its capacitance is mainly from the
pseudocapacitance of the electrochemically active Co;0,
instead of double-layer capacitance from the MWCNT. With
the increase of the scan rate, the peak separation increases
owing to the polarization. However, the peaks retain the well-
defined shape even when the scan rate is as hi§h as 200 mV/s.
This is superior to the reported Co;0,.'***~>* This suggests
that the nanocable will present excellent rate performance.

The rate capability and cycling behavior are shown in Figure
3. The specific capacitance is calculated as eq 3.**

C,= It/ (AV-m)

CoOOH + OH™ « CoO, + H,0 + ¢~

)

where C,, is the specific capacitance of the electrode (F/g), I is
the charge/discharge current (A), t is the discharge time (s),
AV is the potential window, and m is the mass of the
electrochemically active Co;0,. Each datum was tested with
five cells, and the average standard deviation is very small
(Table S1 in the Supporting Information). In the case of the
nanocable, the weight amount of Co;O, is 41.88 wt %
examined by thermogravimetric analysis (TG, Figure S2 in the
Supporting Information). Both of them present a discharge
plateau at ~0.4 V (vs SCE) corresponding to the
pseudocapacitance from the redox reactions of Co;0,, which
is similar to the above CV curves. In the case of the pristine
Co;0,, when the current density is as high as 10 A/g, its
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discharge time is less than 10 s. In contrast, the nanocable can
still discharge more than 30 s when the current density is as
high as 15 A/g. The capacitance of the pristine Co;0, is less
than 130 F/g. As to the nanocable, it can be as high as 590 F/g
at 15 A/g, and there is not much capacitance fading; even the
current density is as high as 100 A/g (510 F/g). Also, the
specific capacitance based on the total weight of the CNT/
Co;0, nanocable is 247 F/g at 15 A/g>" The superior
electrochemical performance of the Co;O,@MWCNT nano-
cable is perhaps due to the larger additional amount of
MWCNT compared with other work reported.***° It is well-
known that MWCNT is uniquely advantageous to serve as a
good electronic conductor for the redox reactions to promote
pseudocapacitance.”> >® In the case of this Co;0,@MWCNT
nanocable, this is evidenced from the Nyquist plots (see Figure
S3 in the Supporting Information), which shows much lower
charge-transfer resistance. In addition, the thin Co;O, nano-
shell markedly shortens the reaction distance, which makes the
redox reactions utilized as much as possible even when the
current density is very large. Also, the preferred orientation of
Co;0, along the (220) planes in the prepared Co;0,@
MWCNT nanocable provides more sites vertical to (220)
planes. This indicates that the insertion and extraction of OH™
becomes much easier, which is similar to the promoted
intercalation/deintercalation of Li* ions along preferred
oriented planes in LiMn,0,”>° >* As a result, this evident
excellent rate capability is superior to the reported
Co;0,, 15303342

In the case of the cycling behavior, the pristine Co;0, shows
evident capacitance decay after 1700 cycles. As to the
nanocable, there is no capacitance decay after 2000 full cycles
with high Coulombic efficiency (almost 100%). It is well-
known that during the charge and discharge processes of
Co;0,, there is some volume change leading to strain and
stress, which result in its poor cycling behavior. In the case of
our prepared Co;O,@MWCNT nanocable, the strain and
stress can be buffered due to the thin nanostructure of
C0;0,.>**~* By the way, the flexible MWCNT can also buffer
the possible change. In addition, the Co;0, shell is uniformly
deposited onto the MWOCNT due to the actions of the
hydrophilic groups such as —OH and —COOH from the
pretreatment of MWCNT with nitric acid, and the combination
of Co;0, shell with the MWCNT core is very tight, which also
leads to stable Co3;0, shell structure during the cycling.
Consequently, the Co;O0,@MWCNT nanocable shows supe-
rior cycling performance to the reported Co;0,.'#'9307334>4

B CONCLUSION

In summary, a Co;0,@MWCNT nanocable is in situ prepared
by depositing Co;0, on MWCNT core through a simple
hydrothermal method. The thickness of the Co;O, shell is only
several nanometers. The nanocable retains the well-defined
shapes of the redox reactions in the CV even at the scan rate of
200 mV/s. As a cathode material for supercapacitor in 0.5 M
KOH aqueous solution, it presents excellent rate capability
since it is capable of delivering high specific capacitance of 590
F/g at 15 A/g and still 510 F/g even at 100 A/g. Its cycling
behavior is also very good, with no capacitance decay after 2000
full cycles. Its excellent electrochemical performance, which is
better than the pristine and the reported Co;0,, is due to the
electronic conductive MWCNT core, the thin Co;0, nano-
shell, the stable nanocable structure, and possibly preferred
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orientation of Co;0, crystal. The Co;0,@MWCNT nanocable
is of great promise as cathode for practical supercapacitors.

B ASSOCIATED CONTENT
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Experimental details, charge—discharge plot of the nanocable of
Co;0, with MWCNT, the average standard deviation of
capacitance, TG of the Co;0,@MWCNT nanocable, and
Niquist plots of the pristine Co;0, and the Co;O,@MWCNT
nanocable. This material is available free of charge via the
Internet at http://pubs.acs.org.
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