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Three dimensional hierarchical pompon-like Co;0, porous
spheres were synthesized by a hydrothermal method. It was
found that crystal-splitting mechanism plays a key role in the
formation of these pompon-like structures. When tested as
anode materials in lithium ion batteries (LIBs), they exerted
higher specific capacity and better cycle performance than
those of Co;0,4 nanoparticles and nanowires.

Lithium-ion batteries (LIBs) have been regarded as an excellent
power source for energy conversion and storage technology due to
their advantages of high energy density, long lifespan, no memory
effect and environmental benignity.' As one of the key components
of LIBs, electrode material dominates the electrochemical properties
and performances of the device. Numerous efforts have been made
to develop new electrode materials with specific morphology and
composition to enhance the properties of the LIBs, such as
nanoparticles,4 nanowires,”” nanosheets,® nanotubes,’ etc.

Recently, the anode electrodes made of transition-metal oxides
have attracted much attention owing to their much higher capacity
than that of graphite (378 mAheg’). Among the transition-metal
oxides, Co30, received special interests for its high theoretical
capacity (890 mAheg™).'” However, the poor cycling stability owing
to the large volume changes during the repeated Li" intercalation/
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deintercalation processes hinders its practical application.'" A variety
of approaches have been tried to prepare nanometer-scale Co;0,
with diverse morphologies to restrain the large volume changes."
Among them, fabrication of Co;0, nanomaterials with three
dimensional (3D) hierarchical structures has been considered as one
of the most promising approaches. Theoretically, the 3D-hierarchical
structures facilitate ion transport by providing large surface area
which enables more accesses for more Li ions, as well as shorten the
diffusion pathway of the Li ions. Furthermore, the large cavities of
the 3D frameworks can alleviate volume strain and stabilize the
structures during the intercalation-deintercalation processes.'!”
However, most of the present 3D hierarchical structures of Co;0,
were multi-step synthesized and costly due to the use of
templates.'”'®

Herein, we report a new approach for preparing Co;0,
nanoparticles, nanowires and 3D pompon-like hierarchical Co;0,
structures in a controlled manner via hydrothermal method. These
structures exhibited different electrochemical performances when
they are used in lithium ion batteries (LIBs), in which 3D hiearchical
structure is better than those nanowires and nanoparticles. In
addition, we also investigated the growth mechanism of 3D
hierarchical Co;0, by controlling the hydrothermal reaction time,
and found that the crystal splitting plays an important role in the
formation of the hierarchical spheres.

The Co;04 was obtained by a hydrothermal method in the
presence of Cobalt nitrate hexahydrate (Co(NOs),*6H,0), urea
(CO(NH,),) and water, followed by a calcination treatment. Fig. 1
shows three kinds of Co30, with different morphologies obtained by
changing the molar ratio (M.R.) of Co(NOj3),*6H,0 and urea. It was
found that the molar ratio, hydrothermal reaction temperature and
the concentration of the Co®" affect the formation of the final Co30,4
structures. By optimizing the hydrothermal reaction conditions, we
obtained the uniform nanoparticles, nanowires and 3D pompon-like
Co050, spheres, respectively (Fig. 1). The 3D pompon-like spheres
with a diameter ranging from 8§ pm to 20 um (Fig. 1c) were
composed of lots of nanowires gathered a ring in the centre and
fanned out to the outside (see ESI, Fig. S1). The pompon-like feature
of the Co30, spheres was also confirmed by TEM. At low
magnification, the TEM image (Fig. 2a) demonstrated that bundles
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Fig. 1 Low-magnification SEM images of three kinds of Co;O, with different
morphologies: a) nanoparticles; b) nanowires; ¢) 3D pompon-like porous spheres.

of nanowires were embodied in the Co3;0, structures. Fig. 2b shows
the HR-TEM observation of the composed nanowires, which clearly
indicates the crystal structure of the materials. The measured lattice
spacings of 0.286 nm and 0.244 nm are in good agreement with the
lattice spacings of the [220] and [311] planes of Co30y,, respectively
(Fig. 2b). In addition, the corresponding SAED pattern (inset in Fig.
2b) shows a polycrystalline nature of the hierarchical structure,
indicating that the nanowires of the pompon-like Co;0, spheres are
randomly orientated.

The X-ray powder diffraction (XRD) pattern shows seven
diffraction peaks, which perfectly matched to the cubic Co;04 (Fig.
2c, Fig. S2). We further evaluated the porous structure of the 3D
pompon-like Co;0,4 by N, physical adsorption instrument based on
BET method. Fig. 2d shows the adsorption-desorption isotherm and
the Barrett-Joyner-Halenda (BJH) pore-size-distribution plot.
According to the [IUPAC classification, the shape of hysteresis loop
was ascribed to Type H3,'®!” meaning the existence of affluent pores

Fig. 3 SEM images of the Co304 precursors synthesized at 1608 for different
hydrothermal reaction time: a) 20 min; b) 40 min; ¢) 1 h; d) >6 h.
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Fig. 2 a) TEM image of the 3D hierarchical pompon-like Co;04; b) HR-TEM
image and SAED pattern (inset) of Co3O4 nanowires at the tip of the 3D pompon-
like spheres; ¢) XRD pattern of 3D pompon-like Co3;04; d) Nitrogen-adsorption-
desorption isotherm and pore-size-distribution curve (inset) of the pompon-like
C0304.
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with diameter ranging from 15 to 25 nm in diameter. The vast
majority of the pores’ sizes were around 17 nm in diameter (pore
volume: 0.245 cm’+g™). The surface area (BET) of the 3D pompon-
like sphere was 29.5 m’sg™".

Formation process of the 3D pompon-like Co30, products was
further investigated at different reaction stages to find a clue for the
possible growth mechanisms. Fig. 3 shows the different
morphologies of the precursor changed over hydrothermal reaction
time. After the initial reaction time most of the nanowire precursors
gathered into dumbbell-shaped hemispheres (Fig. 3b). With
increasing the hydrothermal reaction time to 1 h, more nanowires
were produced with plumper microspheres to form well-organized
flower-like microspheres (Fig. 3c), whose orientations gradually
deviate from those of the initial crystal, indicating these
microspheres may be formed by the splitting crystal growth
mechanism.'****  Finally, these assemblies transformed into
uniform pompon-like Co;0, after continuous hydrothermal reacting
for longer than 6 h (Fig. 3d). The resulting products showed three
remarkable  structural characteristics: unusual pompon-like,
hierarchical and porous. Our results support the idea that both the
assembly of urea and its effects on the crystal splitting play
important roles in the formation of the 3D pompon-like structures, as
reported by Wang, et al,'® small organic molecules as the complex
agents may densely cover the surface of some exposed Co;0, facets,
then regulate the nanocrystal fusion or growth towards some specific
direction. Thus, nanowire bundles with fan-shaped structures were
formed (Fig. 3a). On the other hand, similar to the reported Co;0,
nanowires assembly behaviour,'***? its 1D nanowires precursor can
easily grow into sheaf-like bundles according to a crystal-splitting
mechanism.** In our experiments, the urea act not only as a
reactant to regulate the growth of the nanowire precursor, but also as
a surfactant to bedeck the growth of the nanowire along one
direction and induce them gathered a ring in the centre and fanned
out (Fig. 3b-3d). It is worth noting that the final products show very
high stability, as the calcinations of the structures have no impact on
the morphology of the Co;04 (Fig. S3). The 3D pompon-like
morphologies maintained very well after calcinations.

The electrochemical performances of the three types of calcined
Co30, with different morphologies (nanoparticles, nanowires and 3D
pompon-like Co;0, spheres) were investigated by configuring them
as the CR2032 coin cell in the voltage range between 0.01 and 3.2 V.
Fig. 4a shows the discharge-charge capacities versus voltage of the
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Fig. 4 Electrochemical characterizations: a) Cycling performance of the three
kinds of Co304 at a current density of 50 mAe«g™'; b) First-cycle discharge-charge
curves for the three kinds of Co3;04 materials (3D: 3D pompon-like Co;O4 spheres;
NWs: Nanowires; NPs: Nanoparticles) at a current density of 50 mAsg™'; c) Rate
performance of the three kinds of Co;O4 at different current densities; d)
Schematic illustrations of the lithium ion battery with pompon-like Co3O4 as
anode material.

three kinds of materials at the first cycle. A clear potential plateau
was showed in the discharge curves at about 1.0 V vs Li"/Li. Fig. 4b
is the charge-discharge capacities versus cycle numbers of the three
different morphologies of Co;0y at a current density of 50 mAsg™.
The initial discharge capacities of the three samples are 1552, 1285,
1074 mAheg', respectively, all of them are higher than the
theoretical capacity (890 mAheg™"), which could be attributed to the
formation of a solid electrolyte interface (SEI) and the interaction
with the electrolyte.”*?® It was clearly found that 3D pompon-like
Co0304 showed much better lithium storage capacity and cycling
performance than the other two samples. To investigate the rate
performance of the pompon-like Co;0,, the batteries were cycled at
various current densities of 50, 100, 200, 400 and 1200 mA°g’1 in the
voltage range of 0.01-3.2 V (Fig. 4c). The 3D pompon-like Co;0,
spheres maintained high capacity of 780 mAheg™" when the current
density was increased to 400 mA+g”'. Even at a much larger current
density of 1200 mAe«g’, our products still show a considerable
reversible capacity of 650 mAheg'. Both the rate and cyclic
performance of the 3D pompon-like Co;0, are better than those
Co;0, electrode materials with the structure of nanowires and
nanoparticles. It should be mentioned that the capacities of the 3D
pompon-like Co;0, after the second cycle are still higher than the
theoretical capacity (890 mAheg"') when tested at a lower current
density (50-100 mA-<g"). Besides the redox reaction, the extra
capacity may be ascribed to a thicker SEI film or interfacial lithium
storage mechanisms.? Fig. 4d shows the illustrations of the possible
Li" transfer mode within pompon-like Co;0, anode material.

The excellent electrochemical performance of the 3D pompon-
like Co;0, is believed to originate from its unique structural features.
Firstly, similar to researches on hollow structured anodes, the void
space in our pompon-like spheres can effectively buffer the volume
changes during lithium intercalation-deintercalation, hence alleviate
the pulverization of the electrode and improve the cycling stability.
To check this hypothesis, the electrode at the fully lithiated states
after 30 cycles was separated from the LIB, after washed with large
amount of DMF and full dried in vacuum for more than 24 h, then it
was characterized by SEM. As shown in Fig. 5, the electrode
material maintains the pompon-like shape after 30 cycles; it reveals
excellent structural stability of Co;04, which is one of the main

This journal is © The Royal Society of Chemistry 2014

Fig. 5 a,b) The SEM images of the 3D pompon-like Co30, tested as lithium-ion
batteries anode materials after 30 cycles.

reasons for superior performance of pompon-like structure. However,
it is also worth noting that there is obviously a morphology change
of the bundles of nanowires in the 3D pompon-like structure. The
twisting bundles may due to the volume-changing during the lithium
jons intercalation/deintercalation processes.’*”' Secondly, the
increasing specific capacity for pompon-like sphere Co;0,
electrodes can be ascribed to the reversible growth of a polymeric
gel-like film resulting from kinetically activated electrolyte
degradation.*? The plenty of nanowires in pompon-like sphere and
the high density active interfaces in hierarchical structures can
facilitate the reaction of Li with electrolyte. Fig. S4 shows the
impedance of all three kinds of electrodes before cycling. All of the
impedance spectra have similar characteristics: a depressed
semicircle at high-medium frequency and an inclined line at low
frequency which is in good accordance with previously reported
impedance spectra for Co;04.> The inclined line is attributed to the
lithium diffusion impedance. Moreover, the depressed semicircles
are ascribed to charge impedance.** It indicated that the 3D porous
structure has benefited improving the conductivity of the electrode.
Fig. S5 showed the impedance spectra of three kinds of Co;0, at the
Sth cycle. It is obviously showed that there is another smaller
semicircle in each impedance spectra which is attributed to the
formation of SEI films. It is noteworthy that the smaller semicircle
of the 3D pompon-like Co;04 electrode is larger than the other two
electrodes. This phenomenon is owing to the formation of a much
thicker SEI film which may leads to the capacities of 3D pompon-
like Co;0, higher than theoretical capacity.?” Thirdly, the 3D porous
structures in pompon-like sphere not only render a very short
transport length for Li" during intercalation/deintercalation, but also
bring a 3D transport direction of the lithium, favouring a high rate
performance (Fig. 4d).

In summary, we have successfully demonstrated a new
and effective hydrothermal method to fabricate an ordered
nanostructure of 3D pompon-like hierarchical Co;04. The 3D
structure composed by plenty of nanowires gathered a ring in
the centre and fanned out via a special self-assembly fashion.
Due to the unique structural features, such pompon-like spheres
exhibit superior electrochemical performance when served as
the anode material for LIBs. The unusual 3D hierarchical
structures can not only offer stable structure for the volume
change but also provide a short ion transport pathway during
cycling. The results suggested we can design and fabricate
other transition metal oxide materials with this unique
hierarchical structure, which may further improve their
performance in LIBs, electrochemical capacitors or sensors.
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