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3D Hierarchical Co 3 O 4  Twin-Spheres with an Urchin-
Like Structure: Large-Scale Synthesis, Multistep-Splitting 
Growth, and Electrochemical Pseudocapacitors
 Novel, 3D hierarchical Co 3 O 4  twin-spheres with an urchin-like structure are 
produced successfully on the large scale for the fi rst time by a solvothermal 
synthesis of cobalt carbonate hydroxide hydrate, Co(CO 3 ) 0.5 (OH) · 0.11H 2 O, 
and its subsequent calcination. The morphology of the precursor, which dom-
inates the structure of the fi nal product, evolves from nanorods to sheaf-like 
bundles, to fl ower-like structures, to dumbbell-like particles, and eventually 
to twin-spheres, accompanying a prolonged reaction time. A multistep-
splitting growth mechanism is proposed to understand the formation of the 
3D hierarchical twin-spheres of the precursor, based on the time effect on 
the morphologies of the precursor. The 3D hierarchical Co 3 O 4  twin-spheres 
are further used as electrode materials to fabricate supercapacitors with high 
specifi c capacitances of 781, 754, 700, 670, and 611 F g  − 1  at current densities 
of 0.5, 1, 2, 4, and 8 A g  − 1 , respectively. The devices also show high charge-
discharge reversibility with an effi ciency of 97.8% after cycling 1000 times at a 
current density of 4 A g  − 1 . 
  1. Introduction 

 Due to the fact that the functionalities of materials can be 
tuned effi ciently through manipulating their structures, diverse 
strategies have been developed successfully to produce mate-
rials with well-defi ned structures. In order to improve further 
the performances of energy storage devices such as supercapac-
itors, it is highly desirable to fabricate materials with not only a 
large specifi c-surface area for high activity, but also a stable 3D 
hierarchical structure with excellent ability for electron trans-
portation and negligible ion-diffusion time. [  1–6  ]  These two cru-
cial characters of electrode materials, however, often confl ict 
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to some extent and consequently cannot 
always be satisfi ed at the same time. Exten-
sive research concerned with improving 
the performance of supercapacitors have 
therefore concentrated on optimizing the 
microstructures of electrode materials, 
especially 3D hierarchical structures, to 
take the advantages both of the high sta-
bility of bulk materials and the activity of 
nanosized materials. [  3  ,  7–21  ]  Li recharge-
able batteries [  12  ,  22  ]  and supercapacitors [  19  ]  
with improved performances have been 
designed and fabricated to tackle the 
globally emerging challenges in energy 
security in recent years. 

 As novel energy storage devices devel-
oped from Leyden Jar invented in 1745, 
supercapacitors have been paid less atten-
tion than batteries until recent years, 
because of a further understanding of 
the mechanism of their excellent specifi c 
capacitances, and the fabrication of novel electrode materials 
with tunable compositions and microstructures. [  3  ,  7–21  ]  Hydrous 
RuO 2  supercapacitors, [  20  ,  21  ,  23  ]  for instance, exhibit high specifi c 
capacitances, as high as 1580 F g  − 1 , while their practical appli-
cations are limited due to their high cost. Low-cost transition 
metal oxide materials including Fe 2 O 3 , [  24  ]  MnO 2 , [  14  ,  25–27  ]  WO 3 /
MoO 3 , [  15  ,  28  ]  Co 3 O 4 , [  29–54  ]  and their composites [  7  ,  8  ,  16  ,  17  ]  have thus 
been investigated extensively in recent years to explore alterna-
tive and effective pathways to access electrode materials with 
controlled nanostructures and construct novel energy-storage 
devices with excellent performances. 

 Because of the relatively low environmental footprint, low-
cost, and the high specifi c capacitance of 3560 F g  − 1  in theory, 
cobalt cobaltite (Co 3 O 4 ) is one of the promising materials for 
the design and fabrication of supercapacitors. [  29–54  ]  Based on 
the mechanism that dictates the performance of supercapac-
itors, it is critical to control the structures of electrode materials 
to improve the kinetics of electron transportion and ion diffu-
sion. [  1  ,  3–6  ]  Co 3 O 4  nanocrystals with diverse structures including 
ultralayered structures, [  37  ,  55  ]  nanosheets, [  30  ]  nanowires, [  33  ,  49  ]  
nanoparticles, [  29  ]  and nanotubes [  45  ]  have been synthesized 
successfully and utilized as building blocks to construct 
supercapacitors recently. However, it is still rare to fi nd reports 
concerned with the growth and energy storage functionalities 
of 3D hierarchical Co 3 O 4  nanostructures. 
m Adv. Funct. Mater. 2012, 22, 4052–4059
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    Figure  2 .     a) Low-magnifi cation FE-SEM image of 3D hierarchical Co 3 O 4  
twin-spheres after annealing at 300  ° C for 2 h. The inset shows the corre-
sponding XRD pattern of the materials. b–d) High-magnifi cation FE-SEM 
images of the 3D hierarchical Co 3 O 4  twin-spheres.  
 Herein, we report the large-scale synthesis and excellent elec-
trochemical performances of 3D hierarchical Co 3 O 4  twin-spheres 
with an urchin-like structure, for the fi rst time. The novel 3D 
nanoarchitectures were produced by calcining the precursor, 
cobalt carbonate hydroxide hydrate, Co(CO 3 ) 0.5 (OH) · 0.11H 2 O, 
with a 3D hierarchical twin-spherical structure, synthesized by 
a solvothermal method. The as-prepared twin-spheres are com-
posed of 1D Co 3 O 4  nanochains with a granular structure, gen-
erated by the oxidation and decomposition of single-crystalline 
nanoneedles of the precursor. Moreover, based on the effect 
of the reaction time on the morphology of the precursor, a 
multistep-splitting growth mechanism is proposed to under-
stand the formation of the 3D hierarchical nanostructures. The 
electrochemical performances of the 3D hierarchical Co 3 O 4  
twin-spheres were further investigated carefully. It was found 
that supercapacitors constructed with the materials exhibited 
high specifi c capacitances of 781, 754, 700, 670, and 611 F g  − 1  
at current densities of 0.5, 1, 2, 4, and 8 A g  − 1 , respectively. The 
devices also showed a high reversibility with an effi ciency of 
97.8% after cycling 1000 times at a current density of 4 A g  − 1 . 
The excellent electrochemical performances of the supercapac-
itors can be attributed to the novel 3D hierarchical structure of 
the Co 3 O 4  twin-spheres.   

 2. Results and Discussion 

 The red powders of the precursor were characterized using 
X-ray diffraction (XRD) to verify their structure. All of the 
diffraction peaks, as shown in  Figure    1  a, could be indexed 
© 2012 WILEY-VCH Verlag Gm

    Figure  1 .     a) XRD pattern of cobalt carbonate hydroxide hydrate. 
b) FE-SEM image of the precusor. c) TEM image of the nanoneedles disas-
sembled from the precusor by ultrasound treatment. The inset shows 
a low-magnifi cation TEM image of one twin-sphere of the precursor. 
d) HR-TEM image and SAED pattern (inset) from one of the precursor 
nanoneedles.  
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as orthorhombic cobalt carbonate hydroxide hydrate, 
Co(CO 3 ) 0.5 (OH) · 0.11H 2 O (JCPDS card No. 48-0083). The mor-
phology of the precursor could be revealed by fi eld-emission 
scanning electron microscopy (FE-SEM) (Figure  1 b) and trans-
mission electron microscopy (TEM) (inset in Figure  1 c) obser-
vations. We successfully obtained 3D hierarchical twin-spheres 
with an urchin-like structure with diameters ranging from 10 
to 15  μ m. The TEM image shown in Figure  1 c shows segments 
disassembled from the 3D hierarchical twin-spheres by ultra-
sonic treatment. Precursor nanoneedles, with a smooth surface 
and a plate-like shape, and with a width of 5–150 nm were gen-
erated. The high-resolution TEM (HR-TEM) image (Figure  1 d) 
of the segments shows fringes perpendicular to the axis of 
the nanoneedle, which clearly indicates the single-crystalline 
nature of the precursor nanoneedles. The measured lattice 
spacing of 0.293 nm corresponds to the interlayer spacing of 
the (300) planes of the Co(CO 3 ) 0.5 (OH) · 0.11H 2 O. The results 
indicate that 1D nanoneedles grew along the [100] direction. 
In addition, the corresponding, well-ordered dot pattern of the 
selected-area electron diffraction (SAED) (insert in Figure  1 d) 
again shows the single-crystalline nature of the orthorhombic 
Co(CO 3 ) 0.5 (OH) · 0.11H 2 O nanoneedles.    

 Figure 2   presents FE-SEM images and the XRD pattern 
of the fi nal Co 3 O 4  products prepared by annealing the pre-
cursor at 300  ° C for 2 h. The XRD pattern of the as-prepared 
sample (inset in Figure  2 a) consists of seven diffraction peaks 
attributed to the (111), (220), (311), (222), (400), (422), (511), 
and (440) planes of the cubic Co 3 O 4  phase (JCPDS card No. 
42-1467), respectively. There were no diffraction peaks from any 
other impurities, which indicates the high purity of the cobalt 
cobaltite products. The low-magnifi cation FE-SEM image of 
the as-prepared sample (Figure  2 a)  shows that the fi nal prod-
ucts inherited the 3D hierarchical structure of the precursor. 
3D Co 3 O 4  twin-spheres with an urchin-like structure, with dia-
meters ranging from 10 to 15  μ m, were successfully produced 
on a large scale. The high-magnifi cation FE-SEM images of the 
as-prepared materials (Figure  2 b–d) show that the hierarchical 
4053wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  3 .     a,b) TEM images of the 3D hierarchical Co 3 O 4  twin-spheres 
after annealing at 300  ° C for 2 h. c,d) HR-TEM image (c) and SAED pat-
tern (d) of Co 3 O 4  nanochains consisting of Co 3 O 4  nanoparticles.  
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    Figure  4 .     Typical nitrogen-adsorption-desorption isotherm and pore-size-
distribution curve (inset) of the 3D hierarchical Co 3 O 4  twin-spheres.  
Co 3 O 4  twin-spheres were composed of 1D nanochains with 
rough surfaces, which grew radically to form urchin-like struc-
tures from their centers. The Co 3 O 4  nanochains were produced 
from the oxidation and decomposition of the single-crystalline 
nanoneedles of the precursor, which induced the formation of 
the granular structure. The hierarchical Co 3 O 4  twin-spheres 
with their urchin-like structure may offer not only 3D networks 
for electron transportation, but also spaces critical for ion dif-
fusion, which dominate the energy-storage performance of 
supercapacitors.  

 The structures of the Co 3 O 4  twin-spheres were further charac-
terized by TEM and SAED.  Figure    3  a presents a TEM image of 
two Co 3 O 4  twin-spheres at low magnifi cation to show the whole 
view of the 3D hierarchical structure. The enlarged TEM image 
of one such sphere, as shown in Figure  3 b, further confi rms 
that the 3D hierarchical nanostructures were composed of 1D 
nanochains consisting of nanoparticles with diameter ranging 
from 5–30 nm. The nanoparticles were fused together to form 
1D nanochains. The crystal structure of the materials was fur-
ther characterized by HR-TEM observations (Figure  3 c). The 
 d -spacings of approximately 0.46 nm correspond to the (111) 
planes of cubic Co 3 O 4 , while the lattices as shown in Figure  3 c 
were oriented to different directions randomly. These results 
indicate the high crystallinity of the nanoparticles and the poly-
crystalline feature of the nanochains, in contrast to the single-
crystalline structure of the precursor nanoneedles. The SAED 
pattern (Figure  3 d) of the twin-spheres further confi rms their 
polycrystalline feature. The six most-distinct concentric diffrac-
tion rings from the center could be assigned to the (111), (220), 
(311), (400), (511), and (440) planes of cubic Co 3 O 4 , which 
agrees well with the results obtained from the XRD pattern 
(inset in Figure  2 a).  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
 The porous structure of the 3D hierarchical Co 3 O 4  nano-
architectures was further evaluated by Brunauer–Emmett-Teller 
(BET) N 2 -adsorption-desorption analysis.  Figure    4   shows the 
adsorption-desorption isotherm and the corresponding Barrett-
Joyner-Halenda (BJH) pore-size-distribution plot (inset in 
Figure  4 ) of the 3D hierarchical twin-spheres. According to the 
International Union of Pure and Applied Chemistry (IUPAC) 
classifi cation, the loop observed was ascribed as a type-H3 
loop, indicating the existence of abundant pores 2 to 50 nm in 
dia meter. While the size and shape of the pores were not uni-
form, most of them were around 6.30 nm in diameter (pore 
volume: 0.19 cm 3  g  − 1 ) and the average pore diameter was 
approximately 16.72 nm. The BET surface area of the material 
was 22.99 m 2  g  − 1 .  

 In order to understand the formation of the 3D hierarchical 
twin-spheres of the precursor, the effect of the reaction time on 
its morphology was investigated carefully. The structural evolu-
tion of the precursor is presented in  Figure    5  . It can be clearly 
observed that 1D nanorods (Figure  5 a) could be produced 
after reacting for 2 h. Accompanying prolonging the reaction 
time to 3 h, however, nanowire bundles with sheaf-like struc-
tures (Figure  5 b) could be yielded. The shape of the precursor 
further changed into fl ower-like structures (Figure  5 c) after 
increasing the reaction time to 4 h. It was found that 3D hier-
archical dumbbell-like structures (Figure  5 d) could be obtained 
after prolonging the reaction time to 5 h. The structure of the 
precursor fi nally evolved into 3D hierarchical twin-spheres, as 
shown in Figure  5 e, after reacting for 6 h.  

 It has been found previously that 1D nanorods can grow 
into self-assembled, sheaf-like bundles based on a crystal-
splitting mechanism. [  56–58  ]  Our observations of the effect of 
time on the morphology of the precursor reveal not only its 
fast growth nature, but also complex splitting behaviors of the 
materials. We thus suggest a multistep-splitting mechanism to 
understand the formation of the 3D hierarchical twin-spheres 
with urchin-like structures ( Figure    6  a). 1) After the formation 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4052–4059
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    Figure  5 .     a–e) FE-SEM images of the precursors synthesized at 160  ° C for 2 h (a); 3 h (b); 
4 h (c); 5 h (d) and 6 h (e).  

    Figure  6 .     a) Scheme illustrating the multistep-splitting growth mechanism of the precursor 
with 3D hierarchical structure. b) TEM (b1–b6) and FE-SEM (b7–b9) images of the precusors 
synthesized based on multistep-splitting growth.  
of nuclei in the reaction system, the fast growth of precursor 
yields nanorods as shown in Figure  5 a; 2) due to the subse-
quent splitting, growth can take place at the two heads of the 
nanorods, and branched nanorods as shown in Figure  6 a(G1) 
could be produced in the fi rst generation of crystal splitting 
accompanying the prolonged reaction time. The TEM observa-
tions (Figure  6 b(b1 – b6)) of the precursor, which were collected 
at the early formation stage of the precursor after reacting 
for 2 h, clearly indicate that the branches generated from the 
two ends of the nanorods had already been produced in the 
fi rst generation of the splitting growth. Sheaf-like bundles of 
the precursor (Figure  5 b) could thus be produced in the reac-
tion after prolonging the reaction time to 3 h. 3) The splitting 
growth can further occur not only from the seeded nanorods 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 4052–4059
continually, but also from the freshly gener-
ated tips of the nanoneedles consisting of the 
sheaf-like bundles. The nanorods approxi-
mately 1.5  μ m in length in each generation 
could split into more than two nanoneedles 
with smaller diameters. Precursors with 
a sheaf-like structure could be produced 
in the fi rst or second-generation of split-
ting growth (Figure  6 a(G2)). 4) Because the 
growth could take place at the tips of 
the nanoneedles repeatedly (Figure  6 a(G3)), 
the number of precursor nanoneedles 
increased explosively after their splitting for 
three or more generations. Due to the direc-
tion of the freshly generated nanoneedles 
always relating to and defi nitely deviating 
from the axis of the 1D seeded nanoneedles, 
two hemispheres could be produced eventu-
ally in the multistep-splitting growth from 
nanorod seeds, to form the 3D hierarchical 
dumbbell-like structures, as shown in Figure 
 5 d,e. The multistep-splitting growth could be 
observed directly in the FE-SEM images of 
the precursor, as shown in Figure  6 b(b7–b9). 
The red arrows in Figure  6 b(b8) and Figure 
 6 b(b9) highlight the fi rst-, second-, and third-
generation of the splitting growth (asigned as 
G1, G2, and G3). It could be found that 3D 
hierarchical twin-spheres with a dumbbell-
like structure could be generated after split-
ting for more than three generations (Figure 
 6 a(G3) and Figure  6 b(b9)).  

 The crystal splitting is generally associ-
ated with fast crystal growth and could be 
dramatically affected by the reaction para-
meters, such as the medium and the reac-
tant. It was found that no precursor was 
yielded in the experiments without adding 
glucose into the system as a control. The 
results indicate that glucose also plays an 
important role in the formation of pre-
cursor in the reaction. We therefore inves-
tigated the effect of the amount of glucose 
on the formaion of the 3D hierarchical 
nanoarchitecture. While we lost the control 
to some extent in the hierarchical structure of the precursor, 
the 3D hierarchical dumbbells were yielded after adding 
10 times more glucose (0.28 mmol) into the reaction. How-
ever, the morphology of the precursor changed dramatically 
into large spheres with a smooth surface, after adding an 
excessive amount of glucose (0.56 mmol and 5.6 mmol) into 
the reaction. It is not clear why there were no 3D hierarchical 
nanostructures produced after adding more glucose into the 
reaction. The glucose may act not only as a reactant to gen-
erate carbonate groups reacting with Co 2 +   ions to form the 
precursor ( Equation 1 ), but also as a surfactant to modify the 
surface of the precursor. The excessive glucose in the system 
could inhibit the anisotropic growth of precursor along its 
[100] direction.
4055wileyonlinelibrary.comeim
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    Figure  7 .     Cyclic voltammograms of the 3D hierarchical Co 3 O 4  twin-spheres 
in KOH electrolyte at various scan rates of 5, 10, 20, and 50 mV s  − 1 .  
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12Co2+ + C6H12O6 + 7O2 + 11.32H2O

→ 12Co (CO3)0.5 (OH) · 0.11H2O + 2OH+
  (1)    

 Due to the 3D hierarchical nanoarchitectures generally pos-
sessing the advantages both of nanostructured and bulk mate-
rials, the as-prepared Co 3 O 4  twin-spheres could be promising 
candidates for designing novel devices such as supercapac-
itors. We thus fabricated supercapacitors using the materials 
as building blocks to construct electrodes for storing energy. 
 Figure    7   shows cyclic voltammograms (CVs) of the 3D hier-
archical Co 3 O 4  twin-spheres recorded at different scan rates 
between 5 and 50 mV s  − 1  in KOH solution. All of the curves 
show obvious pseudocapacitance features with a similar line-
type. [  35  ,  40  ,  42  ]  Two pairs of redox peaks were observed at a scan 
rate of 5 mV s  − 1 , which correspond to the conversion between 
different cobalt oxidation states, according to  Equation 2  and 
 Equation 3 .

  Co3O4 + OH− + H2O ⇔ 3CoOOH + e−
  (2)   

 CoOOH + OH− ⇔ CoO2 + H2O + e−
  (3)    

 Accompanying the increase of the scan rate, the peak cur-
rents were also increased, which suggests the good reversibility 
of the fast charge-discharge response of the materials.   

 Figure 8  a shows the charge and discharge curves of the 
pseudocapacitors made with as-prepared materials, measured 
at different discharge current densities within the potential 
window of –0.05–0.35 V in KOH solution. The specifi c capaci-
tances of the materials evaluated from the discharge curves 
were 781, 754, 700, 670, and 611 F g  − 1  at current densities 
of 0.5, 1, 2, 4, and 8 A g  − 1 , respectively (Figure  8 b). Com-
pared with the specifi c capacitances of Co 3 O 4  nanowires, the 
capacitance values of the 3D hierarchical Co 3 O 4  twin-spheres 
are much higher. [  33  ,  49  ]  They are also comparable to those of 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
supercapacitors constructed with ultralayered Co 3 O 4  mate-
rials. [  37  ]  The excellent performances of the devices can be attrib-
uted to the unique 3D hierarchical structure of the materials. 
The capacitance decrease corresponding to the increase of the 
discharge current density likely resulted from the increase of 
the potential drop due to the resistance of the nanoneedles and 
the relatively insuffi cient Faradic redox reaction of the active 
material under higher discharge current densities. Impor-
tantly, compared with a specifi c capacitance of 781 F g  − 1  at 
0.5 A g  − 1 , the value of 611 F g  − 1  at 8 A g  − 1  only decreased 21.7% 
(Figure  8 b). Compared with the performance of ultralayered 
materials, [  37  ,  55  ]  the lower fading rate in the capacitance of the 
novel 3D hierarchical Co 3 O 4  twin-spheres at high galvanostatic 
current density indicates that the materials allowed for the 
redox reaction taking place rapidly at high current densities, 
which can be attributed to the high ion permeability in the 3D 
hierarchical structure.  

 A long cycle life of supercapacitors is another crucial 
functionality of the devices, and can determine their prac-
tical applications. We further performed a charge/discharge 
cycling test to examine the long-term cyclability of elec-
trodes made with the 3D hierarchical Co 3 O 4  twin-spheres. 
The galvanostatic charge-discharge curves of the materials, 
as shown in Figure  8 c, indicate that the charge-discharge 
process of the electrode was highly reversible. Figure  8 d 
shows the cycling performance of the 3D hierarchical Co 3 O 4  
twin-spheres at a current density of 4 A g  − 1  within the poten-
tial window of –0.05–0.35 V. After cycling for 200 times, 
there was a very small decrease of the capacitance, which 
could have resulted from the consumption of electrolyte, 
caused by the irreversible reaction between the electrode 
materials and electrolyte. The capacitance of the device kept 
almost constant after that, and retained approximately 97.8% 
of its maximum value, after cycling 1000 times. The results 
indicate that these 3D hierarchical Co 3 O 4  twin-spheres 
are promising candidate for designing high-performance 
supercapacitors. 

 Typical Nyquist plots of the electrodes made with the 3D 
hierarchical Co 3 O 4  twin-spheres before and after charge-
discharge cycling measurements are presented in  Figure    9  . 
From the point intersecting with the real axis in the range of 
high frequency, the internal resistances of the 3D hierarchical 
Co 3 O 4  nanoarchitectures were evaluated to be approximately 
0.7  Ω  and 0.65  Ω , respectively, before and after the charge-
discharge cycling measured in an open-circuit condition. The 
plots measured before and after charge-discharge cycling con-
sisted of semicircles in the high-frequency region and straight 
lines with slopes of 66.8 °  and 58.2 °  in the low-frequency 
region. The semicircle is related to Faradic reactions. A slope 
higher than 45 °  in the electrochemical impedance spectros-
copy (EIS) curve suggests that the Warburg resistance is not 
the determinable factor and the electrode can store charges 
more effi ciently. The results further indicate that the 3D hier-
archical Co 3 O 4  twin-spheres are excellent electrode materials 
for fabricating supercapacitors. In addition, the increase of 
the Warburg resistance after cycling 1000 times can be attrib-
uted to the loss of adhesion of some active material blocking 
the diffusion pathways of ions during the charge-discharge 
process.    
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4052–4059
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    Figure  8 .     a) The charge-discharge curves of the 3D hierarchical Co 3 O 4  twin-spheres measured at different current densities. b) Average specifi c capaci-
tance of the 3D hierarchical Co 3 O 4  twin-spheres at various discharge current densities. c) Galvanostatic charge-discharge curves of the 3D hierarchical 
Co 3 O 4  twin-spheres at a current density of 4 A g  − 1 . d) Average specifi c capacitance versus cycle number of 3D hierarchical Co 3 O 4  twin-spheres at a 
galvanostatic charge and discharge current density of 4 A g  − 1 .  
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    Figure  9 .     Nyquist plots of the 3D hierarchical Co 3 O 4  nanoarchitecture 
electrode before and after charge-discharge cycling.  
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 3. Conclusions 

 In summary, 3D nanoarchitectures– hierarchical Co 3 O 4  twin-
spheres with an urchin-like structure– were synthesized suc-
cessfully for the fi rst time. It was found that the reaction time 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4052–4059
and the glucose reactant could dramatically affect the growth 
of the Co 3 O 4  twin-spheres. A multistep-splitting growth mecha-
nism is proposed to understand the formation of the novel 
3D hierarchical nanoarchitectures. The materials were further 
used as building blocks to construct supercapacitors exhibiting 
high specifi c capacitance and electrochemical stability at high 
current densities. The excellent electrochemical performances 
of the Co 3 O 4  materials could be attributed to their unique 3D 
hierarchical nanostructure, which could signifi cantly increase 
the work stability of the electrodes, as well as the rate for ion 
diffusion and electron transportation in the constructed super-
capacitors. Based on the multistep-splitting growth proposed, a 
new pathway can be opened to construct 3D hierarchical nano-
structures for advanced electrode materials that are highly desir-
able in the design of novel devices, such as supercapacitors, Li 
rechargable batteries and (bio-)chemical sensors with excellent 
performances.   

 4. Experimental Section 
 All of the reagents were analytically pure, and were purchased from the 
Shanghai Chemical Industrial Co. Ltd. (Shanghai, China); they were used 
without further purifi cation. 

 Cobalt nitrate hexahydrate (Co(NO 3 ) 2  · 6H 2 O) (1.455 g, 5.00 mmol) 
was dissolved in deionized water (20 mL) and ethylene glycol (C 2 H 6 O 2 ) 
(20 mL) under stirring. The resulting solution was stirred until it became 
transparent. Subsequently, glucose (0.005 g, 0.028 mmol) was added 
4057wileyonlinelibrary.combH & Co. KGaA, Weinheim
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into the solution and the mixture was stirred for another 30 min. The 
whole mixture was then transferred into a polytetrafl uoroethylene 
(PTFE) (Tefl on)-lined autoclave and maintained at 160  ° C for 16 h. After 
cooling to room temperature naturally, the precipitates were collected 
by centrifugation, thoroughly washed with deionized water and ethanol 
5 times each, and dried in an oven at 70  ° C for 12 h to get red powders 
of the precursor. Finally, the samples were calcined in a muffl e furnace 
at 300  ° C for 2 h in air, and then cooled down to room temperature 
naturally. The as-prepared black powders with a yield of 91% were 
collected for characterization and application. 

 The as-prepared precursors and products were characterized by 
powder XRD using a D/max 2550V X-ray diffractometer (Rigaku, Tokyo, 
Japan) with monochromatized Cu K  α   (  λ    =  1.54056 Å; scanning rate: 
0.02 °  s  − 1  in the range of 10–70 ° ) incident radiation and by Fourier 
transform IR (FTIR) spectroscopy (Nicolet Co., USA). The morphologies 
and the structures of all the products were analyzed by FE-SEM 
(JSM-7001F), TEM and SAED (JEM-2100 operated at 200 kV). 

 The electrochemical studies were carried out in a three-electrode 
system with a KOH electrolyte solution (6 mol L  − 1 ). The freshly prepared 
Co 3 O 4  twin-spheres on nickel meshes, a platinum electrode, and a 
saturated calomel electrode (SCE) were used as the working electrode, 
counter electrode, and reference electrode, respectively. The working 
electrode was composed of active Co 3 O 4  materials (80 wt%), conductive 
material (acetylene black, ATB, 10 wt%) and binder (PTFE, 10 wt%). 
The mixture was fi rst coated onto the surface of a piece of nickel foam 
sheet (1 cm  ×  1 cm), and then dried at 100  ° C for 12 h. The sheets 
with active materials were fi nally pressed under 10 MPa to obtain the 
working electrode. The cyclic voltammogram (CV) and electrochemical 
impedance spectroscopy (EIS) were measured with a CHI 660D 
electrochemical workstation. CV tests were done between –0.1 and 0.5 V 
(vs. saturated calomel electrode (SCE)) at scan rates of 5, 10, 20, and 
50 mV s  − 1 , respectively, and the EIS measurements were carried out in 
the frequency range from 0.01 Hz to 100 kHz at an open-circuit potential 
with an ac perturbation of 5 mV. Galvanostatic charge/discharge cycle 
tests were performed on a CT2001A LAND Cell test system. The specifi c 
capacitance of the supercapacitors could be evaluated from the charge/
discharge test together with the following equation:

 Cm = I �t/m�V   (4)   

where  C  m  is the specifi c capacitance of the capacitor (F g  − 1 ),  I  is the 
current of charge/discharge, and  Δ  t  is the discharging time period in 
seconds for the potential change  Δ  V , in volts;  m  is the mass load of the 
active material. All of the electrochemical measurements were carried 
out at room temperature.  
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