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HIGHLIGHTS

GRAPHICAL ABSTRACT

o Nanorod-assembled cobalt precursor
has been successfully grown on the
surface of carbon microspheres.

e Multi-shelled interior structures
within the microspheres are created
during the carbon microspheres
removal process.

o The as-prepared multi-shelled Co304
hollow microspheres exhibit excel-
lent rate capability for £
supercapacitors.
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In this work, we report a novel strategy for the controlled synthesis of nanorod assembled multi-shelled
cobalt oxide (Co304) hollow microspheres (HSs). The Co,CO3(OH), NRs are first vertically grown on the
carbon microspheres (CS) to form the core-shelled composites by a low-temperature solution route. The
multi-shelled hollow interiors within the Co304 microspheres are unconventionally obtained by
annealing the as-prepared core—shell structured CS@Co,CO3(OH); composite in air. When evaluated for

supercapacitive performance, the multi-shelled Co304 hollow microspheres exhibit high capacitance of
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394.4 and 360 F g~ ! at the current densities of 2 A g~! and 10 A g, respectively. The superior elec-
trochemical performance can be attributed to the multi-shelled hollow structures, which facilitate the
electrolyte penetration and provide more active sites for the electrochemical reactions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hollow micro-/nanostructures with controllable complex
structures have attracted extensive attention in recent years
because of their promising properties in many fields, such as drug
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delivery [1,2], gas sensors [3,4] and energy storage and conversion
[5,6]. In particular, the complex hollow structures such as multi-
shelled hollow structures and yolk-shelled structures have stimu-
lated researchers' great interest, as these complex structures can
offer new avenues to tailor the properties for different applications
[7—9]. Although template-free routes have been more frequently
reported for the preparation of hollow particles [9—11], templating
against colloidal particles is still the most effective and general
method for the preparation of hollow particles with controllable
size distribution and morphology [12,13]. Monodisperse polymer
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latex [14,15], carbon [16,17] and silica spheres are the common hard
colloidal templates [8] owing to their availability in a wide range of
sizes. The two issues should be addressed before obtaining hollow
structured materials with high quality: 1) the uniform coating of
desired materials (or their precursors) on the surface of templates
and 2) the maintenances of their structural integrities after
removing templates. Moreover, constructing hollow particles with
complex architectures, such as multi-shell or yolk-shell structures
by a simple templating process still remains a big challenge.

Cobalt oxide (Co304) is selected for study because of its high
theoretical capacity, good chemical and thermal stability, and low
cost as compared to the state-of-the-art supercapacitor materials,
such as ruthenium dioxide [18—20]. However, their large applica-
tions are limited by their fairly low electronic conductivity and
large volume changes during the redox reaction process. Recently,
porous and hollow structured Co304 materials have drawn partic-
ular interest in energy storage applications because of their struc-
tural advantages for facile ions transportation and good cycling
stability [18,21]. Template-free strategies have been more
commonly employed for the synthesis of Co304 hollow micro-
spheres. It is still a big challenge to accurate control their interior
structures, in particular for the construction of complex interior
structures. Templating against colloidal particles usually get uni-
form Co304 hollow structures, but the as-prepared structures are
usually of a single shell [22,23]. More recently, Wang and his co-
workers reported the accurate synthesis of multishelled Co304
hollow microspheres using carbonaceous microspheres as sacrifi-
cial templates by controlling the size and diffusion rate of the hy-
drated metal cations and the ion-absorption capability of carbon
microspheres [24]. The as-prepared multi-shelled microspheres are
all of smooth surface, but no further work is reported on the en-
gineering the exterior shell structures. It is expected the volumetric
energy density of the multi-shelled Co304 is higher than the single-
shell structured Co304 microspheres, because of the further usage
of the empty space within the hollow microspheres. Therefore, it
would be interesting to obtain hollow microspheres with both
complex exterior and interior structures.

Herein, we report the success formation of nanorod-assembled,
multi-shelled Co304 hollow microspheres by first fabricating the
carbon microspheres@Co,CO3(OH), (CS@Co—P) core—shell com-
posite microspheres, with a subsequent calcination process. The
resulting rattle-type Co304 hollow microspheres exhibit a high
specific capacitance of 394 F g~ ! at the current density of 2 A g™/,
with good rate capability and high specific capacitance.

2. Experimental section
2.1. Materials synthesis

All the solvents and chemicals were of reagent grade and used
without further purification. The cobalt nitrate hexahydrate and
urea were obtained from Shanghai Chemical Reagent Co. The car-
bon spheres were hydrothermally synthesized according to the
method in an early report [25]. To prepare the CS@Co—P core—shell
composite, 50 mg of carbon spheres were dispersed into 100 mL of
the mixed solvent of water and alcohol (1:1, v/v) by ultra-
sonification. Then 1 g of urea and 200 mg of Co(NOs3),-6H,0 were
dissolved successively to get the mixture solution, which was
heated in an oil bath at 80 °C under magnetically stirring for 12 h.
The as-obtained materials were collected by centrifugation and
washed several times by water and alcohol for several times, fol-
lowed by drying in air at 60 °C for 12 h. The hierarchical multi-
shelled Co304 hollow microspheres can be obtained after anneal-
ing the core-shelled CS@Co—P composite in air at 500 °C for 2 h
with a heating ramp rate of 3 °C min~".

2.2. Structural characterization

The crystal structure of the products was determined by powder
X-ray diffraction (XRD, Rigaku D/max2500) using Cu Ko radiation
(A = 1.54178 A). The samples were scanned in the range between
10°and 80°(26) with a step size of 0.02°.The morphologies and
structures of the samples were observed by scanning electron mi-
croscopy (SEM, FEI Nova NanoSEM 230) and transmission electron
microscopy (TEM, JEOL JEM-2100F). The calcination process in air
was studied by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) using a heating rate of 10 °C min~L.

2.3. Electrochemical measurements

The multi-shelled Co304 hollow microspheres, acetylene black
and polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10
were dispersed in an N-methyl-2-pyrrolidone (NMP) solution to
make a slurry which was coated on a piece of clean Ni foam sub-
strate with 1 x 2 cm? in size and dried in a vacuum oven at 90 °C for
12 h. The mass loading is about 1 mg cm~2. The electrochemical
measurements were carried out in a three-electrode system with a
Pt foil counter electrode and an Hg/HgCl reference electrode in 2 M
KOH aqueous solution as the electrolyte. Cyclic voltammetry (CV)
measurements were performed on an electrochemical workstation
(CHIB60C, Shanghai) at various scan rates in the voltage range of
0—0.5 V. The constant current charge—discharge was tested at
different current densities. The specific capacitances were calcu-
lated according to the charge/discharge test and the following
equation:

c—Iat (1)

MAV
where C (F g~1) is the specific capacitance, I (A) represented the
discharge current, At (s) is the discharging time, AV (V) is the
voltage window, and M (g) is the mass of active materials.

3. Results and discussions

The colloidal carbon spheres were first prepared by a hydro-
thermal method using glucose as the carbon source. As shown in
Fig. 1, the carbon spheres are uniform with a mean size of ~1.5 pm.
Because of the large amount of hydrophilic functional groups on the

Fig. 1. FESEM images of the carbon microspheres fabricated by hydrothermal method
using glucose as carbon precursor.
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surface and the easy removal via calcinations, these carbon spheres
are very attractive as hard templates for the fabrication of hollow
particles [25,26]. The synthesis of the core—shell structured carbon
spheres@Co,C0O3(0OH), composite spheres and their translation into
multi-shelled Co304 hierarchical hollow microspheres are sche-
matically illustrated in Fig. 2. As indicated by step I in Fig. 2, the
cobalt precursor nanorods are self-assembled on the carbon
spheres during the hydrothermal process to form the core—shell
CS@Co—P composite microspheres. After annealing the CS@Co—P
microsphere composite in air (step II), the multi-shelled Co304
hollow microspheres with vertically grown nanorods can be ob-
tained. The structure of the exterior shell remains intact after cal-
cinations in air. Moreover, the multi-shells within the microspheres
can be interestingly created during this process. The powder X-ray
diffraction (XRD) patterns of the as-prepared precursor and its
calcination product are shown in Fig. 3a. The identified diffraction
peaks of the precursor can be assigned to monoclinic Co,CO3(OH);
(JCPDS no0.48-0083) [27]. The formation of Co,CO3(OH); can be
attributed to the reaction from Co?*, and CO3~ and OH™ from the
hydrolysis of urea. After calcinations at 500 °C for 2 h, the phase
pure Co304 (Fig. 3a) can be obtained, where all the identified peaks
can be assigned to the face centered Co304 (JCPDS file no. 43-1003,
space group: Fd3m(227)) [4]. The phase transitions from CS@Co—P
precursor composite to Co304 hollow microspheres were investi-
gated by TGA and DSC, and the results are shown in Fig. 3b. The
initial weight loss below 220 °C can be mainly attributed to the
evaporation of physical adsorbed water. With the increasing of
temperatures, the fast weight drop and the corresponding broad
exothermal peak between 300 °C and 400 °C on the DSC curve have
been detected, which is related to the decomposition of
Co,C0O3(0OH); and the removal of carbon spheres. A flat plateau after
400 °C on the TGA curve is observed, indicating the complete
removal of carbon spheres and the conversion of Co,CO3(OH); into
Co304.

The morphology and the assembled structures of the CS@Co—P
composites were investigated by FESEM and TEM techniques, and
the results are shown in Fig. 4. As shown in Fig. 4a, the surface of the
carbon microsphere templates are homogeneously covered by
Co,CO3(0OH); NRs to form the uniform core—shell structured
CS@Co—P composite. The high efficiency of growing cobalt pre-
cursor nanorods on the surface of carbon microspheres can be
attributed to the existence of large amount of functional groups on
the carbon spheres. The TEM image (Fig. 4c) shows the spherical
morphology of the CS@Co—P composite, the surface of which is
homogeneously covered by cobalt precursor nanorods. The diffi-
culty of detecting carbon microsphere ‘core’ can be attributed to the
dense stacking of nanorods on carbon microspheres. Fig. 4d dem-
onstrates that the Co,CO3(OH), precursor nanorods in a diameter of
less than 20 nm can grow over 500 nm in length.

The nanorod-assembled multi-shelled Co304 hollow micro-
spheres can be obtained after calcination in air at 500 °C for 2 h.
According to the FESEM images (Fig. 5a, b), the nanorod-assembled
exterior shell structures can be well preserved after annealing in

o— @& —

cS Core-shelled CS@Co-P  Multi-shelled Co;0,

Fig. 2. Schematic illustration of the preparation of core-shelled carbon micro-
spheres@cobalt precursor (CS@Co—P) (step I) and their conversion to the multi-shelled
Co304 hollow spheres (step II).
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Fig. 3. (a) XRD patterns of the precursor (black) and its annealed product (red); (b) TG
and DSC results for the precursor. The temperature ramp rate was 10 °C min~". (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

air. A broken microsphere reveals the hollow interior and the
smaller spheres inside the microsphere, indicating the ball-in-ball
structures (Fig. 5b). The interior structures of the Co3z04 micro-
spheres are further studied by TEM. The low magnification TEM
image (Fig. 5c¢) demonstrates the multi-shell interior structures
within the microspheres, corresponding well with the FESEM result
in Fig. 5b. The typical TEM image of a single microsphere is shown
in Fig. 5d. Triple shells including an exterior shell and two interior
shells are clearly detected for the hollow microspheres. The di-
ameters of the triple shells are about 1.8, 1.0 and 0.5 um, respec-
tively. Moreover, large space between the neighboring shells is
clearly exhibited. Generally, removing the hard template from a
simple core—shell structure usually produce single-shelled hollow
particles [6]. The formation of multi-shell hollow structures from a
simple hard templating process in the present work is therefore
considered quite unusual. We postulate the formation mechanism
as follows: The cobalt species are strongly bonded to the surface of
the carbon spheres because of the existence of abundant functional
groups. During the calcination process, the outer layer of cobalt
precursor crystallizes into the rigid Co304 outer shell, which is
similar to typical template-assisted formation of hollow structures.
It is believed the concentration of cobalt species within the carbon
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Fig. 5. FESEM (a, b) and TEM (c, d) images of the nanorod-assembled multi-shelled Co30,4 hollow microspheres.
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microspheres is much less than the cobalt species on the exterior
surface, so that the materials shrink into multi-shells during the
gradual removal of the carbonaceous species. The multi-shelled
Co304 hollow microspheres with well preserved nanorod-
assembled exterior shell are thus prepared. The carbonaceous mi-
crospheres act as the multiple templates in the formation of multi-
shelled hollow spheres [28]. The similar phenomenon is also re-
ported for double-shelled Fe;O3; and triple-shelled NiO hollow
spheres [17,29].

The electrochemical performance of the as-prepared multi-shell
cobalt oxide (Co304) hollow microspheres as an electrode material
for supercapacitors has been evaluated. Fig. 6a shows the cyclic
voltammetry (CV) curves of the Co304 electrode at the scan rates of
2,5,10 and 50 mV s~ ! respectively, in the voltage window between
0 and 0.5 V. It exhibits a distinct pair of broad redox peaks during
the anodic and cathodic sweeps, which are typical characteristics of
faradic redox reactions in the alkaline electrolyte. The possible
redox reactions are based on Eqgs. (2) and (3) [22]:

COOOH + OH™ + H,0 > 3CoO0H + e~ 2)

CoOOH + OH™ <> Co0, + H,0 + e~ 3)

Fig. 6b shows the galvanostatic charge and discharge curves at
different current densities (2 Ag~,5A¢g ,10Ag 1, 15A g ! and
20 A g~ 1). Two plateaus are well observed on the discharge curves,
which correspond to the two sequential redox reactions as
described by Eqs (2) and (3). Fig. 6¢c shows the rate capability of the
multi-shell Co304 hollow microspheres in the voltage range of
0—0.5 V. High specific capacitances of 394.4, 386, 360, 339, and
319 Fg~! can be delivered at the current densities of 2, 5, 10, 15 and
20 A g~ respectively. Fig. 6d shows the long-term cyclic stability of
the Co304 electrode tested at the current density of 2 A g~'. The
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electrode can retain 92% of its original specific capacitance after
500 cycles. The capacitance is higher than many earlier reports for
nanostructured Co304. For examples, Xia and coworkers reported
the Co3z04 hollow microsphere had the high capacitances of
358 Fg lat2Ag 'and 331 Fg !at 10 Ag ' with the mass loading
of 0.5 mg cm2 in a three-electrode system. [22] The electro-
chemical performances are also superior to the flower-like Co304/C
nanostructures [30] and the mesoporous crater-like Co304 micro-
spheres with a mass loading of 2 mg cm~2 [31]. The results
demonstrate the good advantages of multi-shell Co304 compared
with the microspheres synthesized via template method or other
cobalt—carbon composite materials with different structures. The
superior electrochemical performance can be attributed to the
multi-shelled hollow structures: (1) the smaller thickness of the
interior shells than the exterior shell can enlarge the contact area
between the electrode and electrolyte; (2) and the empty space
between neighboring shells can provide easy electrolyte penetra-
tion path, ensuring the high utilization rate of the active material
and the obtaining of high rate capability.

4. Conclusions

In summary, multi-shelled Co3z04 hollow microspheres are
successfully synthesized with the assistance of carbon colloidal
spheres as hard templates. Carbon spheres@cobalt—precursor
(CS@Co—P) core—shell composite microspheres assembling from
nanorods are facile prepared by a low-temperature hydrolysis
route. The multi-shelled Co304 microspheres with complex in-
teriors can be created after removing the carbon spheres by calci-
nation in air. When evaluated as electrode material for
supercapacitors, the multi-shelled Co304 microspheres exhibit high
specific capacitance and superior rate capability. The remarkable
electrochemical performance could be ascribed to the unique
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Fig. 6. (a) CV curves of Co304 microspheres at different scan rates; (b) charge and discharge curve and (c) corresponding specific capacitances at different discharge currents; (d)

cycling performances of the Co;0,4 microspheres at 2 A g~'.
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multi-shelled structures that facilitate the electrolyte penetration
and provide more reactive sites for faradic reactions.
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