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We developed a facile synthetic route of porous cobalt oxide (Co30,4) nanorods via a microemulsion-
based method in combination with subsequent calcination process. The porous structure was formed by
controlled decomposition of the microemulsion-synthesized precursor CoC,0, nanorods without
destruction of the original morphology. The as-prepared Cos30, nanorods, consisting of small
nanoparticles with diameter of 80-150nm, had an average diameter of 200nm and a length of
3-5um. The morphology and structure of synthesized samples were characterized by transmission
electron microscopy and scanning electron microscopy. The phase and composition were investigated
by X-ray powder diffraction and X-ray photoelectron spectroscopy. The optical property of Co304
nanorods was investigated. Moreover, the porous Co304 nanorods exhibited high electrochemical
performance when applied as cathode materials for lithium-ion batteries, which gives them good
potential applications.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

As one of the most intriguing magnetic p-type semiconductors,
Co304 of spinel structure is also known as a promising material
that has applications in many fields, such as heterogeneous
catalysts, solid-state sensors and electrochemical devices [1-6].
So far, a good many interesting nanostructures of Co30,4, including
nanowires/nanorods [7,8], nanotubes [9,10], nanocubes [11-13],
nanospheres [14-16], nanoplates [17] and nanowalls [18], have
been achieved by different methods. Specially, porous Co304
materials have been reported as one of the cathode materials for
lithium-ion batteries.

Since Poizot et al and Arico et al [19,20] reported on nanosized
transition metal oxides as negtive electrode materials for lithium-
ion batteries, considerable research has been focused on Co304
nanostructures in the past decade due to their high electro-
chemical performance. In particular, one dimension (1D) nanos-
tructured materials have attracted a great deal of interest in the
investigation of cathode materials for lithium-ion batteries due to
their high surface area and short path length for Li* transport. For
example, Liu et al reported the large-scale synthesis of Co304
nanowires by hydrothermal method and Li et al fabricated
mesoporous Co304 nanowire (NW) arrays and applied them to
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lithium-ion batteries with the discharge capacity of about 1440
and 1150mAhg~'. [21,22]. More recently, Du et al synthesized the
porous Co304 nanotube derived from Co4(CO);, clusters on carbon
nanotubes templates, which showed higher performance as
lithium-ion battery electrodes with the discharge capacity of
about 1918 mAhg~! [23]. Therefore, it is reasonable to believe
that 1D porous Co304 materials with higher surfaces may exhibit
more potential applications in high-performance lithium-ion
battery electrodes than amorphous bulk Co30,.

In this study, we report a simple approach for the synthesis of
Co304 nanorods via a microemulsion-based method in combina-
tion with calcination at 450 °C for 3 h. The porous structure was
formed by controlled decomposition of the microemulsion-
synthesized precursor CoC,04 nanorods. The mechanism for the
formation of Co304 nanorods was discussed. Additionally, the as-
prepared Cosz04 nanorods have been used as cathode materials for
lithium-ion batteries, which exhibit good cycle life and a high
total discharge capacity of about 1171 mAhg~!, which is much
higher than the theoretical capacity of bulk Co304.

2. Experimental section
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), cyclohexane,
n-pentanol, CoCl,-6H,0 and H,C,04 purchased from Beijing


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.08.033
mailto:wangeb889@nenu.edu.cn
mailto:wangenbo@public.cc.jl.cn
mailto:wangenbo@public.cc.jl.cn

3178 R. Xu et al. / Journal of Solid State Chemistry 182 (2009) 3177-3182

Chemicals Co. Ltd. were of analytical grade and used as received
without further purification.

2.2. Synthesis

There are various methods to synthesize porous cobalt oxides
[24-28]. In this paper, a quaternary microemulsion, CTAB/water/
cyclohexane/n-pentanol, was selected for this study. As a typical
synthesis, the microemulsion was prepared by dissolving CTAB
(2g) in 50mL of cyclohexane and 2.0mL of n-pentanol. The
resulting solution was stirred for 30min until it became
transparent. Subsequently, 3.0ml of 0.8M H,C,0, aqueous
solution was added into the above solution and the mixture was
stirred for another 1h. Then, 1.0ml of 0.05M CoCl, aqueous
solution was added in a dropwise manner to the above micro-
emulsion and stirred for 24 h. The pink solid CoC,04 product was
collected by centrifugation. Finally, the precursor CoC,04 was
dried in an oven at 80 °C overnight and then calcined at 450 °C for
3 h, leading to the formation of the final Co30,4 nanorods.

2.3. Characterizations

The powder X-ray diffraction (XRD) data of the as-prepared
samples were collected on a Rigaku D/max-IIB X-ray diffract-
ometer at a scanning rate of 4°/min with 20 ranging from 10° to
90° (CuKo radiation 1=1.5418A). The morphology and micro-
structure of the as-prepared samples were observed by transmis-
sion electron microscopy (TEM) and the selected area electron
diffraction (SAED) using a Hitachi-7500 electron microscope at an
accelerating voltage of 120kV and by scanning electron micro-
scopy (SEM) using JEOL JSM-840 electron microscopes at an
accelerating voltage of 20kV. High-resolution transmission elec-
tron microscopy (HRTEM) image of Co304 nanorods was taken on
a JEOL-2010 transmission electron microscope. Nitrogen (N;)
adsorption-desorption isotherms were measured at liquid nitro-
gen temperature (77 K) using a Nova 1000 analyzer. The sample
was degassed for 6 h at 150 °C before the measurements. Surface
areas were calculated by the Brunauer-Emmett-Teller (BET)
method from the data in the (P/Py) region 0.05-0.35 and pore
sizes by the Barrett-Joyner-Halenda (BJH) method at a relative
pressure of 0.95 (P/Py). X-ray photoelectron spectroscopy (XPS)
and energy-dispersive X-ray (EDX) analyses have been done in
order to obtain information about the chemical composition of
the as-prepared samples. Optical absorption spectrum was
recorded with a 756 CRT UV-vis spectrophotometer.

2.4. Electrochemical properties of Co304 nanorods

The electrochemical performances of Cos04 as a cathode
material were evaluated using two-electrode cells with lithium
metal as the counter and reference electrodes. The working
electrode was composed of 80 wt% the active materials (Co304),
10 wt% the conductive material (acetylene black, ATB) and 10 wt%
binder (polytetrafluoroethylene, PTFE). The coated electrodes
were dried (in vacuum) at 80°C for 1h and cut into a disk with
a surface area of 1.0cm~2. The electrolyte solution was 1M LiPFg
dissolved in a mixture of ethylene carbonate (EC), propylene
carbonate (PC) and diethyl carbonate (DEC) at a volume ratio of
EC/PC/DEC=3:1:1. The cyclic voltammogram (CV) were obtained
at a scan rate of 1 mVs~! in the range of 0.01-3.0V. The electrode
capacity was measured by a galvanostatic discharge-charge
method at a current density of 50mAg~! and a temperature of
20°C on an electrochemical test instrument (CT2001A, Wuhan
Land Electronic Co. Ltd., China).

3. Results and discussion
3.1. Phase and morphology of the synthesized Cos04 nanorods

Fig. 1 shows the XRD patterns of Co304 nanorods and their
precursor. As shown in Fig. 1a, no obvious XRD diffraction peak is
found in the precursor CoC,04 nanorods, indicating that CoC,04
nanorods are amorphous in nature. After calcination at 450 °C for
3 h, the product exhibits sharp diffraction peaks (Fig. 1b). All the
diffraction peaks can be perfectly indexed to the crystalline cubic
phase Cosz04 with a lattice constant of a=8.083 A (JcpDs,
no. 42-1467). No diffraction peaks of other impurities are
detected.

Fig. 2 shows the TEM images of Co304 nanorods and their
precursor CoC;04. As observed in Fig. 2a and b, the precursor
CoC,04 is composed of rod-like nanostructures with smooth
surfaces. The CoC,04 nanorods are around 200nm in diameter
and several of micrometers in length. Fig. 2c and d display
low-magnification and high-magnification TEM images of the
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Fig. 1. The wide-angle XRD patterns of (a) the amorphous precursor composite of
rod-like CoC,04 nanostructures and (b) the synthesized spinel Co304 nanorods.

100 nm

Fig. 2. Low-magnification (a) and high-magnification (c¢) TEM images of the
amorphous precursor composite of rod-like CoC;04 nanostructures. Low-magni-
fication (b) and high-magnification (d) TEM images of the prepared Co304
nanorods.
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as-prepared Cos04 nanorods. During the whole calcination
process, it could be seen that the product Cosz04 nanorods
retained its original rod-like morphology of their precursor
CoC,04 In other words, this growth process can be regarded as a
morphologically templated nucleation process [29-31]. The as-
prepared Co304 nanorods with diameter of 150-250nm and
length of 3-5pum are straight (Fig. 2c) with a porous structure
(Fig. 2d). The porous structure is ascribed to the controlled
decomposition of the microemulsion-synthesized precursor
CoC,04 nanorods. More details will be discussed below.

Fig. 3 shows low-magnification and high-magnification SEM
images of the as-prepared Co304. Low-magnification SEM image
(Fig. 3a) shows the overall morphology of Co304 nanorods. It could
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Fig. 3. Morphological and structural characterization of the spinel Co304
nanorods: (a) and (b) SEM images and (c) EDX spectrum.

also be seen that the product retained its original rod-like
morphology of the precursor CoC,04 nanorods through the
whole calcination process. The final Co304 sample is composed
of uniform nanorods with a mean diameter of ~200nm and an
average length of 3-5 um, which indicates that the aspect ratio is
25 or so. High-magnification SEM image (Fig. 3b) shows that the
surfaces of Co304 nanorods are rough and these nanorods are
stacked with smaller nanoparticles with diameter of 80-150 nm.
Furthermore, irregular pores can be observed on the surfaces of
these nanorods. It clearly confirms that the product consisted
of uniform nanorods and the diameter and length of nanorods are
in good agreement with those observed in TEM (Fig. 2c and d).
Fig. 3c shows the EDX spectrum of the product. Co and O signals
come from the as-prepared Co304 nanorods, and the percentages
of Co and O are 56.83% and 43.17%, respectively. Furthermore, the
ratio of Co and O is about 3:3.95 consistent with the theoretical
value of Co30,4. The Pt signal comes from the coating material.

The high-magnification TEM image in Fig. 4a clearly indicates
that Co304 nanorods consist of individual nanocrystals by
bounding with each other. The SAED pattern (insert in Fig. 4a)
shows that Cos04 nanorods behave as a polycrystalline phase.
Fig. 4b shows the HRTEM image of an individual Co30,4 nanorod.
The lattice fringes with a lattice spacing of about 0.463 nm
correspond to the {111} plane of cubic Co304 which are
consistent with the the XRD results.

The gas adsorption-desorption method was also employed to
confirm the porosity of Co304 nanorods. Fig. 5a depicts the N,
adsorption-desorption isotherm of Cos04 nanorods, indicating
the existence of pores on the surface of Co304 nanorods. The BET
surface area is as high as 115.27 m?/g calculated from the data in

Fig. 4. (a) The high-magnification TEM image and SAED pattern (the insert) and
(b) the HRTEM image of as-prepared Co30,4 nanorods.
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Fig. 5. (a) Nitrogen adsorption-desorption isotherms and pore-size distribution
curve (the insert) and (b) the XPS pattern of the as-prepared spinel Co304
nanorods.

the (P/Py) region of 0.05-0.35. The insert in Fig. 5a shows the BJH
pore-size distribution curve of Cosz04 nanorods, exhibiting pore
size focusing in the range of 3.6-5nm. These mesopores should
originate from the interstices among the small spheric
nanoparticles [32], in agreement with the SEM observations of
Cos304 nanorods (Fig. 3a and b).

To further confirm the conclusion, the XPS of Co304 nanorods
has also been measured. The Co 2p XPS spectrum (Fig. 5b) shows
two major peaks with binding energy (BE) values at 794.6 and
779.5 eV, corresponding to the Co 2pq/; and Co 2ps,, spin-orbit
peaks of the Cos304 phase, respectively [33]. A satellite peak at
789.4 eV, about 9.9 eV higher than the position of the main peak of
Co 2p3/2, is clearly detected in the spectrum. It is a typical satellite
peak of the Cos04 phase [34]. Thus, the results of XPS are
consistent with those observed in the XRD and the EDX.

3.2. Growth mechanism of the nanostructured Coz04 nanorods

As a polar surfactant, CTAB dissolve with their polar groups at
the hydrocarbon-water interface of the micelle. Hence, they
decrease the surface charge density of ionic micelles and thereby
promote the formation of micellar geometries with lower mean
curvature like rods [35]. The microemulsion-based method has
recently been widely used to fabricate a large amount of 1D
nanostructures with well-controlled morphology and size [36,37].
In our experiment, a similar method is used to prepare Co304
nanorods in combination with subsequent calcination. The
procedure for the synthesis of Co304 nanorods is illustrated in
Scheme 1. The formation of Co304 nanorods may result from the
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Scheme 1. The schematic diagram for the growth process of Co304 nanorods.

transformation of a lamellar precursor directed by the surfactant
templates [30]. The microemulsion system is a critical selection
for the directional growth and alignment of Co304 nanorods.

The possible formation mechanism can be understood as
following, similar to the preparation of BaF, nanofibers and NiO
[38,39]. After mixing the two microemulsion solutions containing
CoCl, and H,C,04, the precursor CoC,04 nuclei were formed by
the precipitation of Co?* cations with C,03 anions. During
the nucleation process, the surfactant molecules on surfaces of
the cylindrical droplet are adsorbed onto the surface planes of
the formed CoC,04 nuclei, resulting in the 1D growth of the
homogeneous precursor composites of rod-like CoC,0, nanos-
tructure. As a consequence, the dryness and subsequent calcina-
tion lead to the formation of porous Cos04 nanorods. In our
experiment, only ionic surfactants (CTAB) are utilized to generate
the microemulsion. Hence, CTAB is indispensable for the growth
of Co304 nanorods, which plays dual roles. On the one hand, CTAB
serves as an emulsifier for the generation of 1D amorphous
precursor composites. On the other hand, CTAB serves as a low-
temperature organic molten-salt medium for the directional
alignment during the early stage of calcination. The two-step
reaction process can be described as follows:

Co** (aq)+C,0%~ (aq)—CoC;04 (s) (1)
3C0C;04 (5)+20; (g)— Co304 (s)+6CO; (g) (2)

Figs. 2 and 3 indicate that Co304 nanorods are transformed
from the amorphous precursor nanorods without destruction of
the original morphology through the whole calcination progress.
The growth of crystalline Co304 nanorods is largely guided along
the axial direction of the amorphous precursor CoC,04 nanorods.
To some extent, this growth process can be viewed as a
morphologically templated nucleation process [30]. However,
the nanostructural change is initiated by the coalescence of
crystalline nanoparticles generated by the continuous decom-
position of CoC,04 at a relatively high temperature within the
rods. During aggregation progress, the crystalline lattice planes
may perfectly aligned or dislocated at the contact areas between
the adjacent particles that generate the defects (Fig. 4a) in the
finally formed crystal [31]. It is clear that the “oriented
attachment” could play a role in the growth of crystalline
nanorods during calcination. Therefore, the formation of nanorods
is also possible through a directional coalescence process.

3.3. Optical absorption of Co304 nanorods

Fig. 6a shows the optical absorption spectrum of Co304
nanorods. Absorptions I (A=760nm) and II (1<500nm) are
associated with ligand-metal charge transfer of O(—II)— Co(II)
and O( —1II)— Co(III), respectively [40]. The absorption band gap Eg
can be obtained by the following equation:

(athv)? = B(hv — Eg) 3)
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Fig. 6. (a) Optical absorption spectrum and (b) (athv)2~hv curve for the as-
synthesized Co304 nanorods.

where « is the absorption coefficient, hv is the photo energy, B is a
constant relative to the material, and the exponent n can take
different values depending on the types of electronic transitions in
the k-space. Fig. 6b gives the (athv)? versus hv curve. As can be
seen, the two optical band gaps of Coz0,4 nanorods are 1.53 (Egy)
and 2.02 eV (Eg,), which are in good agreement with the Co304
band structure [41]. This suggests that the as-prepared Co304
nanorods are semiconducting with direct transitions at these
energies. Eg; is associated with the onset of O(—II)— Co(III)
excitations. Eg, is attributed to interband transition and regarded
as the “true” energy gap.

3.4. Electrochemical properties of Co304 nanorods

Poizot et al [19] has proposed that the electrochemical reaction
mechanism of lithium with transition metal oxides such as Co304
is a displacive redox reaction, which is different from the classic
mechanism [42]. The electrochemical reaction mechanism of Li

with Co304 nanorods in lithium-ion batteries can be described as
follows:

C030,4+8Li* +8e~ «4Li,0+3Co° (4)
8Li<>8Li*+8e~ (5)
. discharge | 0
C0304+8Lico = 4Li,0+3Co (6)
charge

It is indicated that the electrochemical reaction of Li with
Co30,4 nanorods is involved in the formation and decomposition of
Li,O, accompanying the reduction and oxidation of mental
nanoparticles.

Fig. 7a shows the first three cyclic voltammogram (CV) curves
of the electrodes made from Cos04 nanorods with a scan rate of
1mVs~! at 20°C. As could be seen, during the cathodic
polarization process, there are two reduction peaks that can be
attributed to two complete multistep redox reactions. During the
following anodic polarization process, only one peak is recorded at
about 2.2V corresponding to an oxidation of Co® to Co>*.
Moreover, the intensity and position of peaks remain almost
constant in all the CV cycles, indicating excellent cycle stability of
Co304 nanorods electrode.

Fig. 7b shows the 1st and 10th discharge curves of the
electrodes made from Co304 nanorods at a current density of
50mAg~! and a temperature of 20°C. In both the 1st and 10th
discharge curves, it could be seen that the potential rapidly
dropped and reached a plateau of about 1.1V, and then
continuously decreased to OV. This is similar to the previous
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Fig. 7. Electrochemical properties of the prepared spinel Co;04 nanorods. (a) First
three CV curves of the Co304 nanorod-based negative electrode materials at a scan
rate of 1mVs~! and a temperature of 20 °C, (b) the first and 10th discharge curves
of the Co304 nanorod-based negative electrode materials at a current density of
50mAg~! and a temperature of 20 °C.
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report [43]. In the first discharge curve, the initial capacity is
1171 mAhg~!, which is much larger than the theoretical capacity
of bulk Co304 [44]. From the first cycle, the discharge capacity
gradually decreased in the following cycles. After 10 cycles, the
discharge capacity maintained at about 850mAhg~!, which
exhibited good cyclic life of the porous Co304 nanorods electrode
and it was in good agreement with the CV results. It is reasonable
to conclude that the porous Co304 nanorods, which comprised of
smaller nanoparticles with size of about 80-150 nm, are respon-
sible for the high electrochemical performance.

The superior electrochemical performance of Co30,4 nanorods
electrode may be ascribed to the unique nanostructure of the as-
prepared Cos04 nanorods and smaller particles constructing the
Co304 nanorods. The 1D nanostructure of Co3;04 nanorods can
accommodate and lighten the stress caused by volume change
and suppress the degradation of the electrode during the cycling
process [45]. Moreover, the 1D nanostructure of Co304 nanorods
can also hinder the aggregation of electrode materials, resulting in
participation in the electrochemical reaction of every particle
constituting the Co304 nanorods. All these possibly contribute to
the large lithium storage capacity.

4. Conclusions

In summary, porous Co30,4 nanorods with 200 nm in diameter
and several micrometers in length have been fabricated via a
microemulsion-based method in combination with calcination at
450°C for 3 h. Controlled decomposition of the microemulsion-
synthesized precursor CoC,0,4 nanorods is critical for the forma-
tion of the porous structure. The as-prepared Co304 nanorods
exhibit higher capacity and better cycle life in lithium-ion battery
than bulk Co304.
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