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Needle-like CoO nanowires grown on carbon cloth have
been successfully fabricated by a controllable hydrothermal
method followed via annealing process. The as-fabricated
nanostructure showed enhanced specific capacitances and
excellent cycling stability in supercapacitors.

With increasing energy demand on energy-storage devices,
supercapacitors (SCs) are considered as one of the most
promising power devices because of the superior operating
lifetimes, better safety, and faster charge discharge capability.'
Many transition metal oxides and hydroxides have been chosen
as electrode materials to increase the storage performance of
pseudocapacitors, such as Ru0,? NiO,> Co0,,* MnO,,’
Ni(OH),,* Co(OH),,” and so on. Among these materials, cobalt
oxides are cheap materials with high theoretical capacitances,
which have attracted immense attention during the past few
decades.® Especially, cobalt monoxide (CoO), with a higher
theoretical capacitances than cobalt oxide (Co3;04), is an
promising candidate for pseudocapacitor electrode materials.’
However, the poor electrical/ionic conductivity of CoO caused
the low specific capacitance, which hinders the future
applications in SCs. Thus, to improve the electrochemical
performances for CoO in SCs is still a sophisticated challenge.
SCs with high energy density require that the electrode
materials must possess sufficient surface electro-active species
and facilitate the transition of electrons for Faradaic redox
reactions.'® Due to the good electron transportation capability,
high surface-to-volume ratio, and relatively lower volume
expansion-contraction during the charge discharge process
compared with the bulk materials, one-dimensional (1D)
nanostructures have been widely selected as efficient nano-
structure for the electrochemical electrodes.'® However, for
CoO materials, although the 1D CoO is selected as enhanced
electrode materials, the experimental capacitated ability is still
low in comparison with Co;0,.!! Recently, in order to further
increase the transition of electrons, well-designed 1D nanoarrays
of metal oxides directly grown on conductive substrates were
used as binder-free electrodes for SCs. For example, Guan et al.
have reported a high specific capacitance of well-aligned CoO
nanowire array freely standing on Ni foam substrate.'
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However, Xing et al. successfully demonstrated that using
nickel foam as current collector can bring about substantial
errors to the specific capacitance values of electrode
materials."”? Rakhi et al. have reported the synthesis of self-
organization Co;0,4 nanowires on carbon fiber paper and planar
graphitized carbon paper, respectively.'* In comparison, self-
organization Coz0O4 nanowires grown on carbon fiber paper
showed better electrochemical performance than that grown on
planar graphitized carbon paper. Compared with planar
substrate, carbon fiber paper (CFP) or carbon cloth (CC) with a
network structure has large surface area, high porosity and good
electric conductivity. Furthermore, it can be used in harsh
environments such as folding/twisting conditions."”” So, well
designed 1D CoO nanostructure on CC seems a promising
candidate for enhanced electrode materials in SCs.

In current work, needle-like CoO nanowires grown on CC
was fabricated via a controllable hydrothermal method
followed by thermal treatment. The as-fabricated hierarchical
structures were used as binder-free electrode for SCs, which
exhibited the highest specific capacitance compared with Co;0,
nanowires/CC, CoO nanosheets/CC, and nanowire-assembled
CoO microspheres. The synthetic process is illustrated in
Scheme S1 (ESIt). Firstly, the CC was vertically inserted into
mixed solution of Co(NO3),-6H,0, NH,F and urea. After the
hydrothermal process, well defined needle-like precursor
indexed as Co(COs3)(5(OH)-0.11H,O (JCPDS 48-0083) can be
easily grown on the highly flexible CC (see Fig. S1, ESI{).
Finally, the precursor was completely converted into cobalt
oxides (CoO and Co;0,) supported on the CC by heat treatment
at 450 °C in high-purity Ar gas ambient and/or at 350 °C in air
for 2 h, respectively. More importantly, as-transformed cobalt
oxides could retain the original morphological features.

Fig. 1A shows the X-ray diffraction (XRD) pattern of as-
prepared needle-like CoO nanowires/CC product obtained by
calcination of needle-like precursor on CC at 450 °C for 2 h
under argon flow. The peaks at about 24° and 44° are attributed
to the CC substrate.'® Other diffraction peaks can be readily
indexed as a cubic structure with lattice constant a =0.426 nm,
in good agreement with the standard data for CoO (JCPDS 43-
1004). Fig. 1B depicts the low-magnification scanning electron
microscopy (SEM) image of as-prepared product, revealing the
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ordered woven structure of the CC templates kept unchanged
after the deposition process (see Fig. S2, ESI{). The high-
magnification SEM image shown in Fig. 1C clearly reveals that
each carbon fiber is covered with numerous highly ordered
CoO nanowires. Further magnified SEM image is displayed in
Fig. 1D, which confirms abundant CoO nanowires, grown tidily
on the surface of the carbon fibers, possesses a regular needle-
like shape. The needle-like objects have an average bottom
diameter of about 50 nm and tip diameter of approximate 20
nm, whereas a length up to 5 um. Fig. 2E depicts a typical
transmission electron microscopy (TEM) image of an
individual CoO nanowire, which indicates that needle-like CoO
nanowire is composed of many pore structures due to the
pyrolysis and dehydration during calcination. In the inset, the
corresponding selected area electron diffraction (SAED) pattern
can be well indexed to cubic CoO, revealing a polycrystalline
nature of the needle-like CoO nanowire. The high-resolution
TEM (HRTEM) image of an individual CoO nanowire, as
shown in Fig. 1F, demonstrates the interlayer spacing is
measured to be 0.245 nm, which agrees well with the separation
between (111) lattice planes of cubic CoO.
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Fig. 1 (A) XRD pattern of as-prepared product obtained by calcination
of the precursor on CC at 450 °C for 2 h under argon flow. (B-D) SEM
images of as-prepared needle-like CoO nanowires/CC product. The
inset in (E) shows an SAED pattern taken on the individual CoO
nanowire.

On the other hand, the precursor could also be transformed
into spinel Co3;0, at a temperature as low as 350 °C in air for 2
h, which would endow their potential application in various
fields (see Fig. S3, ESI{). More importantly, as-transformed
Co30, could retain the original morphological features, in good
agreement with the structure for needle-like CoO nanowires
supported on the CC, as shown in Fig. A and B. It is well

2| J. Name., 2012, 00, 1-3

Journal Name

known that the morphology and size of the products strongly
depend on the synthetic parameters. In particular, lamellar
precursor could be prepared with the absence of NH4F during
the hydrothermal process, which could be more readily calcined
into CoO at 450 °C for 2 h under argon flow (see Fig. S3, ESIt).
Fig. 2A and B depicts typical SEM images of the CoO product
obtained by calcination of lamellar precursor under argon flow.
It is clearly seen that the lamellar structures aligned on CC are
obvious. The 2D objects were crystallized into well-shaped and
rectangular nanosheets of 5 x 2.5 um2. Furthermore, CoO
microspheres could be obtained without the substrate of CC
during the synthetic process (see Fig. S3, ESIT). As is shown in
Fig. 2E and F, the needle-like nanowire with mean diameters of
about 50 nm and length about 10 pm assembled and formed
hierarchical CoO microspheres, longer than that of needle-like
CoO nanowires/CC product. The average diameter of CoO
microspheres was estimated to be about 20 pm.

Fig. 2 (A, B) SEM images of needle-like Co;04 nanowires/CC product
calcined at 350 °C in air. (C, D) SEM images of rectangular CoO
nanosheets/CC product obtained with the absence of NH4F during the
hydrothermal process and then calcined at 450 °C under argon flow. (E,
F) SEM images of nanowire-assembled CoO microspheres obtained
without the substrate of CC calcined at 450 °C under argon flow.

To evaluate the electrochemical performance of as-obtained
products, cycle voltammetry (CV) and galvanostatic charge-
discharge (CD) measurements were carried out in 2 M KOH
aqueous electrolyte using a three electrodes system at room
temperature. The needle-like CoO nanowires/CC product was
directly used as electrode. For comparison purpose, Co030,
nanowires/CC electrode, CoO nanosheets/CC electrode, and
needle-like nanowire-assembled CoO microspheres electrode
made by the traditional slurry-coating technique were also
evaluated (see detailed experimental processes, ESIt). Fig. 3A
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exhibits the typical CV curves of the above electrodes in a
potential range of -0.2 to 0.5 V (vs Ag/AgCl) at a scan rate of
20 mV s'. The needle-like CoO nanowires/CC electrode has
the largest CV area compared with other electrodes, which
suggests that the needle-like CoO nanowires/CC electrode has
the highest specific capacitance among these electrodes. Fig.
3B displays the galvanostatic charge—discharge curves of the
above electrodes measured in the potential range between 0 and
0.45 V at a current density of 1 A g”'. The specific capacitance
could be calculated from the galvanostatic charge-discharge
curves using the equation: C = JA#/mAV, where I is charge-
discharge current, At is the time for a full discharge, m indicates
the mass of the active material, and AV represents the voltage
change after a full discharge.'” The specific capacitances are
approximate 311.8, 135.1, 135.1, and 97.17 F g1 for needle-
like CoO nanowires/CC, Co03;0; nanowires/CC, CoO
nanosheets/CC, and nanowire-assembled CoO microspheres
electrodes, respectively. Needle-like CoO nanowires/CC
electrode possesses the highest specific capacitance, agreeing
well with the CV profiles. Compared with Co3;0,, it probably
originates from the fact that CoO has a higher theoretic
capacitance. In addition, the specific capacitances of needle-like
CoO nanowire/CC electrode are superior to those of rectangular
CoO nanosheets/CC electrode, which are directly related with
the nanowires with prominent capillary pathways and good
electron transportation capability.'® Furthermore, the needle-
like CoO nanowires supported on the CC also exhibited
enhanced specific capacitance than the nanowire-assembled
CoO microspheres, which is attributed to that the CoO
nanowires directly grown on the CC with robust adhesion
ensure intimate contacts and effective electron transport
between the CC and the every nanowire. Besides, loose textures
of substrates and large open spaces between neighboring
nanowires making more active material exposed to the
electrolyte that allow the electrolyte to easily contact with the

CoO nanocrystals, providing hierarchical pathways for

effective ion transport. % 13
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Fig. 3 (A) CV curves of CoO nanowires/CC, CoO nanosheets/CC,
CoO microspheres, and Co304 nanowires/CC electrodes at the same
scan rate of 20 mV s'. (B) Galvanostatic charge—discharge curves of
CoO nanowires/CC, CoO nanosheets/CC, CoO microspheres, and
C030, nanowires/CC electrodes at the same current density of 1 A g'.

The detailed electrochemical performance of needle-like
CoO nanowires/CC electrode was further studied. Fig. 4A
indicates the typical CV curves of the needle-like CoO
nanowires/CC electrode in three electrode configuration at
different scan rates. The well-defined redox peaks within -0.2—
0.5 V appear in all CV curves, which indicates that the
electrochemical capacitance of as-prepared CoO products is
derived from quasi-reversible Faradaic redox reactions.* With
increasing scan rate, the shape of the CV changed. The anodic
and cathodic peak potential shift in more anodic and cathodic
directions, respectively. This slight shift in the peak positions is
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Fig. 4 (A) The CV curves of the needle-like CoO nanowires/CC
product at different scan rates of 5, 10, 20,and 40 mV s '. (B) Charge—
discharge behavior at different current densities. (C) The corresponding
specific capacitance at different current densitie. (D) Specific
capacitance versus cycle number of as-prepared product at a galvanic
charge and discharge current density of 6 A g'. (E) CV curves of the
needle-like CoO nanowires/CC electrodes at a planar state and the
bending state under a scan rate of 20 mV/s, the insets are the pictures of
hybrid electrode under different state. (F) Nyquist plot for the needle-
like CoO nanowires/CC electrodes at a planar state and the bending
state. The inset is an enlarged curve of the high frequency region.

due to the fact that at lower scan rate electrolyte ions are fully
utilized by both outer and inner active sites of the CoO
nanowires/CC electrode, while at higher scan rate only outer
active sites can participate in the redox reactions.'” Fig. 4B
shows the galvanostatic charge-discharge curves of the needle-
like CoO nanowires/CC electrode between 0 and 0.45 V at
various current densities. A symmetric shape during the charge-
discharge process is observed, indicating their good
supercapacitive behaviors. The specific capacitance is shown as
a function of the current density (Fig. 4C). The specific
capacitance of the needle-like CoO nanowires is 311.8, 301.3,
281.2, 263.6, 247.5, and 2329 F g 'at 1, 2, 4, 6, 8, and 10 A
¢ ! current density, respectively. This suggests that about 74.7%
of the specific capacitance at 1 A g 'is still retained when the
discharge current density is increased to 10 A g '. Because a
long cycling performance is one of the most important criteria
for a SCs, the cycling lifetime tests over 1000 cycles for the
needle-like CoO nanowire/CC electrode were carried out at 6 A
g . It is found that the needle-like CoO nanowire/CC electrode
exhibits an excellent long-term electrochemical stability, and
the capacitance loss after 1000 cycles is only 1.7 %, as shown
in Fig. 4D. Besides, the electrochemical properties of needle-
like CoO nanowires/CC product was also studied at the bending
state. Fig. 4E shows the CVs of the flexible supercapacitors
with a planar state and the bending state at a fixed scan rate of
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20 mV/s. Obviously, the CV curves of this flexible electrode
was almost overlapped when testing at a planar state and the
bending state. The electrochemical impedance spectroscopy
(EIS) measurements are employed to further evaluate the
electrochemical properties of needle-like CoO nanowires/CC
electrode at a planar state and the bending state. Fig. 4F shows
the Nyquist plot for the needle-like CoO nanowires/CC
structure at a planar state and the bending state, which consist
of semicircle arcs at high-to middle frequency region and
straight lines at low frequency range. The diameter of
semicircular arc and the slope of the straight lines are nearly the
same, which demonstrated its excellent mechanical stability as
flexible energy storage devices.

In summary, needle-like cobalt oxides nanowires supported
on the CC were successfully prepared by a hydrothermal
method and subsequent post-annealing treatment. The needle-
like CoO nanowires supported on the CC exhibited a specific
capacitance of 311.8 F g' at 1 A g' and an outstanding
specific capability retention of 74.7% with a 10 times current
density increase from 1 to 10 A g '. The excellent long-term
cycle stability over 1000 cycles and no obvious decrease at 6 A
g ' were also achieved. In comparison with Co;0,
nanowires/CC, CoO nanosheets/CC and CoO microspheres,
needle-like CoO nanowires supported on the CC indicates
much enhanced electrochemical performances. This work
provides a promising method to fabricate needle-like CoO
nanowires supported on the CC for the improved
electrochemical performance as attractive electrode materials in
the field of supercapacitors.
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