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Cu?* ions inducing the growth of porous Coz0,
nanospheres as high-capacity supercapacitors

4449 Rongmei Liu,*® Zixiang Jiang,? Qi Liu,® Xiandong Zhu® and Weiye Chen?

In this study, porous CozO4 nanospheres were controllably synthesized by applying metal Cu®* ions as

structure-inducing agents. The growth of the CosO4 nanostructures was induced by the metal ions without

the addition of any surfactants. The porous CozO, nanospheres were composed of nanosheets. When
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used as electrode materials in a supercapacitor, the porous CosO,4 nanospheres exhibited a much better
capacity of 246.7 F g™ than commercial CozO4 powder at a current density of 0.5 A g%, maintaining 86%
of the initial capacity at a current density of 1 A g* after 500 cycles. Such high performance can be attrib-

uted to the desirable morphology. The results manifest that porous CozO4 nanospheres composed of

www.rsc.org/crystengcomm

Introduction

Cobalt oxide, as an important transition metal oxide, has
been widely studied and used in many fields such as gas
sensors,"* heterogeneous catalysis,”® lithium-ion batte-
ries,”® supercapacitors”*" and magnetic materials'®> due to
its conspicuous physico-chemical properties and low cost. As
an electrode material for supercapacitors, cobalt oxide has
been thought to be one of the most promising electrode
materials for next-generation high-performance super-
capacitors due to its high theoretical specific capacitance,
good electrochemical reversibility, and low cost.”* Nanosized
cobalt oxide has attracted great interest due to the significant
nano-effects different from those of bulk materials. Diverse
shapes and morphologies of cobalt oxide nanomaterials such
as wires,"* rods,"” tubes,'® polyhedra,'” sheets,® flowers'®
and spheres™ were successfully synthesized. Among these
shapes, nanomaterials with porous or hollow structures have
received much attention because of their high surface area,
fast ion transfer and many exposed centers, which show
great application potential in batteries, absorbents, catalysts,
etc. Up to now, many methods have been used to fabricate
hollow Co;0, structures such as the complex precursor-
calcination method,*”*' template-based chemical vapor
deposition,”>  solvothermal treatment,® micro-emulsion
method®* and so on. Among these methods, the complex
precursor-calcination method is the most used method.
For example, Du et al. first prepared one-dimensional cobalt
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nanosheets are promising electrode materials for supercapacitors.

acetate hydroxide (Cos(OH),(CH3COO)s-2H,0) prisms as the
precursor, and then through thermal decomposition synthe-
sized hollow Co;0, nanoboxes.?® Shi et al obtained one-
dimensional Co;04 nanotubes by thermal decomposition of a
Co(m) complex with strong intermolecular hydrogen bonding
precursors.'®

Metal ions have been demonstrated to control the shape
and morphology of nanomaterials.>> We have used different
metal ions as structure-inducing agents to synthesize
differently-shaped o-Fe,O; nanocrystals.>® In this paper, we
provided a new method for the controllable synthesis of
porous and hollow Co;0, nanospheres by using metal Cu**
ions as structure-inducing agents and ammonium solution as
the alkali source through hydrothermal reaction. The porous
Co3;0, nanospheres were composed of nanosheets. In the
electrochemical measurements, the porous Co;0, nano-
spheres exhibited a much better capacity of 246.7 F g”* than
commercial Co;0, powder at a current density of 0.5 A g,
maintaining 86% of the initial capacity at a current density
of 1 A g* after 500 cycles. Such high performance can be
attributed to the desirable exposed facet and morphology.
The results manifest that porous Co;O, nanospheres com-
posed of nanosheets are promising electrode materials for
supercapacitors.

Experimental section
Preparation of porous Co;O, nanospheres

In a typical procedure, the starting solution was prepared by
mixing 0.199 g of copper acetate (analytically pure) in 10 mL
of 0.2 M CoSO, solution under magnetic stirring. Then 1 mL
of ammonia solution (25%, analytically pure) was added.
After 10 min of stirring, the mixture was transferred to and
sealed in a 50 mL Teflon-lined autoclave, kept at 160 °C for
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12 h, and finally cooled to room temperature. The precipitate
was collected by centrifugation (10000 rpm, 1 min), washed
alternately with deionized water and ethanol, and dried in air
under ambient conditions.

Characterization

Scanning electron microscopy (SEM) characterization was
performed on a Hitachi S-4800 at 5 kV. Transmission electron
microscopy (TEM) images were obtained using a JEOL JEM-
2100 transmission electron microscope operating at 200 kV.
Powder X-ray diffraction (XRD) patterns were collected using
a Bruker D8 ADVANCE diffractometer with Cu K, radiation
(% = 1.5418 A). X-ray photoelectron spectra (XPS) were collected
using an ESCALab MKII X-ray photoelectron spectrometer
with non-monochromatized Al Ko X-ray as the excitation
source. The binding energies were corrected for specimen
charging by calibrating the C1s peak to 284.6 eV.

Electrochemical measurements

In the electrochemical experiments, we used the traditional
three-electrode system. The working electrode was prepared
by mixing 80 wt% electroactive material (Co3;0,), 15 wt%
acetylene black, and 5 wt% polytetrafluoroethylene. This mix-
ture was then pressed onto the foamed nickel electrode and
dried at 60 °C for 12 h. The electrolyte used was 1 M KOH
aqueous solution. The capacitive performance of the samples
was evaluated on a CHI 660e electrochemical workstation.
Cyclic voltammetry and chronopotentiometry were performed
in a three-electrode cell where Pt wire served as the counter
electrode and a standard calomel electrode (SCE) as the refer-
ence electrode.

Results and discussion

The porous nanospheres were prepared by hydrothermally
treating a mixture of CoSO, and ammonium solution with
the metal salt CuAc,. Fig. 1 presents the XRD pattern of the
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Fig. 1 XRD pattern of the obtained sample.
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as-prepared sample controlled by Cu**. Almost all of the dif-
fraction peaks can be indexed to the cubic phase of Co;0,
(JCPDS 73-1701), indicating that relatively pure Co;O, prod-
ucts were obtained under synthetic conditions. Since the syn-
thesis system has Cu, XPS measurements were also used to
identify the Cu content. Fig. 2a demonstrates the presence of
Co, Cu and O. The high resolution XPS spectrum in Fig. 2b
shows the binding energies of Cu2p;, and Cu2p,,, corre-
sponding to 933 eV and 953 eV with weak intensities. Fig. 2¢
shows the binding energies of Co2pz, and Co2py,
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Fig. 2 (a) XPS spectrum, (b) Cu 2p spectrum, and (c) Co 2p spectrum
of the obtained sample.
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corresponding to 778 eV and 793 eV with strong intensities.
The Cu/Co atomic ratio obtained by XPS is very small and the
XPS results indicate that the Co;O, product controlled by
Cu** is relatively pure C030,.

Fig. 3a shows a representative large area SEM image of the
obtained Co30,, displaying that the majority of the sample is
monodisperse spherical nanocrystals with an average diame-
ter of about 400 nm. From the high-magnification SEM
images shown in Fig. 3b and c, it can be seen that these
nanospheres are composed of nanosheets with a thickness of
several nanometers. Fig. 3d-f show the TEM images and
HRTEM image of the sample, verifying that the obtained
sample is monodisperse, spherical and porous. Fig. 3f also
confirms that these nanospheres are composed of nano-
sheets with a thickness of several nanometers. The HRTEM
image shown in Fig. 3f inset displays one type of facet with a
crystal plane spacing of about 2.43 A, corresponding to the
(311) facet of the cubic phase of C030,.

The addition of CuAc, in the reaction system is undoubt-
edly the major reason for the formation of Co;O, nano-
spheres. Without the addition of CuAc,, when the mixture of
CoSO, and ammonium solution was hydrothermally treated,
as shown in Fig. 4, only Co;0, microflowers with a much
larger size (5 um) and irregular Co;0, nanoparticles were
obtained. With the addition of Cu®**, CuCo,0, tends to form
under alkali conditions. However, Cu®>" can react easily with
NH;-H,O to form a [Cu(NH;),]*" complex and dissolve into
the solution, so under the synthetic conditions with NH;
‘H,0, we can only get Co;0, as the product. In the reaction
system, metal ions act as the structure and surface directors.
They would be adsorbed on the Co;0, surface and induce
the Co;0, nanoparticles to grow into nanocrystals. In order

Fig. 3 (a—c) SEM images and (d-f) TEM images (inset in f: HRTEM
image) of the porous Coz04 hanospheres.
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Fig. 4 (a, b) SEM images of the sample synthesized without Cu?* ions.

to prove our assumption that the metal ions are the structure
and surface directors rather than Ac’, CuCl, and CuSO, were
used respectively as additives to replace CuAc,. As shown in
Fig. 5, all the obtained products are Co;O, nanocrystals with
a spherical morphology, confirming that the existence of
Cu*" is the main reason for the growth of Co;0, nanocrystals.

In order to further confirm that Cu®" is the main reason
for the growth of Co;0, nanocrystals, we added the metal
salts CoSO, to the mixture of CuAc, and ammonium solution
and treated the mixture under hydrothermal conditions. The
results are shown in Fig. 6. Fig. 6a-c show the SEM images of
the obtained product, displaying that the majority of the
sample is also monodisperse spherical nanocrystals with an
average diameter of about 400 nm, which is almost the same
as the typical sample with a different reaction order. Fig. 6d
gives the XRD pattern of the product and all the diffraction
peaks can be indexed to the cubic phase of Co;0, (JCPDS 73-
1701), indicating that Co;O, products can also be obtained
under these conditions.

As known, the properties of nanostructures depend greatly
on the morphology and surface environments. CozO, has
been extensively studied as an electrode material for lithium-
ion batteries and supercapacitors.”" In this paper, we stud-
ied the electrochemical properties of the obtained Coz;0,
nanospheres by applying them as active materials for a super-
capacitor electrode. The measurements were conducted using
cyclic voltammetry (CV) in 1 M KOH electrolyte with a voltage
window of 0-0.5 V and a scanning rate of 2-50 mV s '. The

1.00um

Fig. 5 SEM images of porous CozO4 nanospheres prepared with
different Cu®* ions sources: (a, b) CuCl, and (c, d) CuSO,.
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Fig. 6 (a-c) SEM images and (d) XRD pattern of the product prepared
by adding CoSQO, into CuAc; solution.

obtained CV curves are shown in Fig. 7. The CV curves are
nearly symmetrical and display two pairs of redox peaks. The
broad redox reaction peaks, which come from the redox
processes of Co3;0,/CoOOH/Co0,, are characters of the
electrochemical pseudocapacitors obtained from reversible
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Fig. 7 (a) CV curves of porous CozO,4 nanospheres at a scanning rate
of 2-50 mV s%; (b) CV curves of CozO,4 nanospheres and commercial
Co30;, at a scanning rate of 5 mV s ™%,
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faradaic redox reactions occurring within the electro-active
materials.® As shown in Fig. 7a, when changing the scanning
rate from 2-50 mV s, the shape of the CV curves almost did
not change, maybe because the electrode material is nano-
sized, favors electron transfer and therefore lessens electrode
polarization. Fig. 7b shows the CV curves of Co;O, nano-
spheres and commercial Co;0, at a scanning rate of 5 mV
s . The area under the CV curve of C0;0, nanospheres is
apparently much larger than that of commercial Co30,,
which indicates that Co;0, nanospheres have a higher spe-
cific capacitance than commercial Co;0,. This is reasonable
since the unique and nano structure of CozO, could provide
fast ion and electron transfer and large reaction surface area,
which are beneficial to the electrochemical performance.
Chronopotentiometry measurements confirm these
results. Fig. 8a shows the charge-discharge curves of Co;0,
nanospheres and commercial Co;0, powders obtained in the
potential range of 0-0.45 V in 1 M KOH at a charge-discharge
current of 0.5 A g '. The shapes of the charge-discharge
curves show the characteristics of pseudo-capacitance, which
are consistent with the results of the CV curves. Both samples
present two variation ranges during the charge and discharge
steps. The sloped curve at 0-0.45 V is characteristic of a typi-
cal pseudocapacitance, originating from electrochemical
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Fig. 8 Charge-discharge curves of (a) porous CozO4 nanospheres and
commercial Coz0,4 powders at a charge-discharge current density of
0.5 A g% (b) porous CosO4 nanospheres at different current densities.
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Fig. 9 Cycling properties of porous CozO4 hanospheres and
commercial CozO,4 powders at a current density of 1 A g%,

adsorption-desorption or a redox reaction at the electrode/
electrolyte interface.”® From the sloped curve at a discharge
current of 0.5 A g™, the specific capacitances of Co;0, nano-
spheres and commercial Co;O, powders are calculated to be
246.7 F g ' and 77 F g, respectively. The specific capaci-
tance of Co30, nanospheres is much larger than that of com-
mercial Co;0, powders, confirming the results from the CV
curves. When the discharge current density is 0.5, 1, 2, 5, 10
and 25 A g, the specific capacitance values of the Co;0,
nanospheres were calculated from the discharge curves in
Fig. 8b to be 246.7 F g™*, 213.3 Fg ', 199 F g™', 1744 F g",
151.1 F g ' and 105.6 F g, respectively.

Since a long cycle life is a very important factor of super-
capacitors, a cycle charge/discharge test has also been
conducted to examine the service life of the Co;0, nano-
spheres. Fig. 9 gives the variation of specific capacitance with
cycle number at a current density of 1 A g”* and reveals that
the Co;0,4 nanosphere electrode has good cycle properties as
an excellent electrode material for electrochemical capacitors
and the specific capacitance even grew a little larger in the
first 500 cycles, which might be due to an electrochemical
activation phenomenon.?”*® Clearly, the Co;0, nanosphere
electrode shows better electrochemical capacitance perfor-
mance than the commercial Co;0, electrode. The high porosity
structure of Coz;0, nanospheres minimizes both the ionic and
electronic transportation distances in the cobalt oxide and thus
improves the electrode kinetic performance, which is a crucial
concern for high-power supercapacitor applications.

Conclusions

In summary, we successfully synthesized porous Co;0, nano-
spheres by applying metal Cu®" ions as structure-inducing
agents. The porous Co;0, nanospheres were composed of
nanosheets. In the electrochemical measurement in a three-
electrode system, the porous Co;O, nanospheres exhibited a
much better capacity of 246.7 F g”* than commercial Co;0,
powder at a current density of 0.5 A ¢!, maintaining 86% of

This journal is © The Royal Society of Chemistry 2015
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the initial capacity at a current density of 1 A g™" after 500
cycles. Such high performance can be attributed to the desir-
able morphologies. The results manifest that porous Co;0,
nanospheres composed of nanosheets are promising
electrode materials for supercapacitors in future application.
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