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Carbon nanoﬁber (CNF)/Co3O4 nanopyramid coreeshell nanowires (NWs) are synthesized using an
electrospinning method followed by reduction and hydrothermal treatment in order to improve the
capacity, cycle stability, and high-rate capability of the electrodes in Li ion batteries (LIBs). The
morphology, crystal structure, and chemical states of all samples are investigated by means of ﬁeld
emission scanning electron microscopy, transmission electron microscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, and thermogravimetric analysis. For comparison, conventional CNFs, octahedral Co3O4, and Co3O4/CNF composite electrodes are prepared. LIB cells fabricate with the CNF/Co3O4
nanopyramid coreeshell NWs exhibit superb discharge capacity (1173 mAh g1 at the 1st cycle), cycle
stability (795 mAh g1 at 50 cycles), high initial Coulombic efﬁciency (84.8%), and high-rate capability
(570 mAh g1 at a current density of 700 mA g1) as compared to the conventional CNF, octahedral
Co3O4, and Co3O4/CNF composite electrodes. The performance improvement is owing to the introduction
of one-dimensional CNFs relative to efﬁcient electron transport in the core region, extensive utilization of
Co3O4 nanopyramids with high capacity grown closely on the CNFs in the shell region, and the network
structures of the electrode relative to the improvement of Li ion diffusion.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Li-ion batteries (LIBs), which are widely applied for portable
electronics and potential energy systems such as mobile phones,
tablet PCs, robotics, and electric vehicles, have generated considerable interest because of advantages such as their high energy
density, good cycling performance, lack of memory effects, and low
toxicity [1e6]. In general, LIBs are composed of an anode, a cathode,
an electrolyte, and a separator. Among these components in LIBs,
development of an anode material will be one of the important core
technologies to improve the electrochemical performance of LIBs.
Until now, various anode materials such as carbon-based materials
[i.e., graphite, graphene, carbon nanotubes (CNTs), and carbon
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nanoﬁbers (CNFs)], metal-based or Si-based materials (i.e., LiAl,
LiSn, SnCo, SnNi, LiSi, and SiTi), and oxide materials (i.e., Co3O4,
Fe2O3, SiO, and NiO) have been actively studied [7]. In particular,
anodes that include transition metal oxides (i.e., Co3O4, SnO2, TiO2,
Fe2O3, CuO, and MnO2) have received considerable attention
because they facilitate the fabrication of high-performance LIBs
[8e13]. Most of all, cobalt oxide (Co3O4) is an excellent candidate
for LIB electrodes because of its high theoretical capacity
(890 mAh g1) [14]. However, in spite of its high capacity, researchers have demonstrated that Co3O4 electrodes possess poor
cycle stability and poor high rate performance because of their
large volume change, signiﬁcant aggregation, and low electrical
conductivity during the charge/discharge process [15]. To solve
these problems, many different strategies have been tried [16e25].
One of these was to develop a composite electrode consisting of
Co3O4 and carbon-based materials, i.e., Co3O4/graphite, Co3O4/
graphene, and Co3O4/CNT composites. These materials could not
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only effectively prevent the volume change and aggregation found
with Co3O4 electrodes but also enhance the electrical conductivity
of the electrode [25e29]. For example, Wang et al. synthesized
Co3O4 electrodes supported on graphite by a solvothermal method,
and they reported a reversible discharge capacity of 632 mAh g1
obtained after 100 cycles at a current density of 200 mA g1 and
high rate performance [28]. Zhou et al. synthesized octahedral
Co3O4 threaded by CNTs by using a hydrothermal method. Zhou
et al. synthesized octahedral Co3O4 threaded by CNTs by using a
hydrothermal method. They synthesized the sparse octahedral
Co3O4 with the empty surface on CNTs; this indicates the utilization
deﬁciency of CNTs having a large surface area. Thus, they displayed
a reversible discharge capacity of 720 mAh g1 after 100 cycles, as
well as a Coulombic efﬁciency of 76.3% at a current density of
100 mA g1 [29]. Hence, development of advanced combination
structures consisting of transition metal oxides relative to high
capacity and carbon-based materials relative to high electrical
conductivity will be a key technology for fabricating highperformance LIBs. However, the synthesis of CNF/Co3O4 nanopyramid coreeshell NWs using CoO seed-loaded CNFs, which could
be useful in high-performance LIBs, has not yet been studied.
Therefore, we synthesized a novel anode structure of CNF/Co3O4
nanopyramid coreeshell nanowires (NWs) using electrospinning,
followed by reduction and hydrothermal treatment, and the relationship between the structural properties of the samples and their
electrochemical performance is elucidated. CNFs were used in the
core region because of their low cost, large surface area-to-volume
ratio (462 m2 g1), excellent electrical conductivity (102 S cm1),
and superior physical and chemical stability, as well as to their onedimensional (1-D) nanostructures [30e36].
2. Experimental
2.1. Chemicals
Polyacrylonitrile (PAN, Mw ¼ 150,000), N,N-Dimethylformamide
(DMF), cobalt nitrate (Co(NO3)2$6H2O), and hexadecyltrimethylammonium bromide (CTAB) were purchased from SigmaeAldrich. All chemicals were used without further puriﬁcation.
2.2. Synthesis of CNF/Co3O4 nanopyramid coreeshell NWs
CNF/Co3O4 nanopyramid coreeshell NWs were synthesized
using electrospinning, reduction, and hydrothermal methods in
sequence. First, CNFs as the core support of the NWs were prepared
using an electrospinning method. In order to synthesize CNFs, 10 wt
% PAN was dissolved in DMF with vigorous stirring for 5 h.
Aluminum foil, used as the collector, was vertically placed 15 cm
from the 23-gage needle. The working voltage of the power supply
was ﬁxed at ~13 kV with a feed rate of 0.03 mL h1 to collect the
PAN nanoﬁbres (NFs). The prepared PAN NFs were stabilized at
280  C for 2 h in air and carbonized at 800  C for 2 h in nitrogen
atmosphere. Secondly, CNFs, used to form functional groups such as
eCOOH, eOH, and >C]O, were prepared using an acid treatment
comprising a mixed solution of HF and HNO3 [1:1 (v/v)] for 5 h. As a
result, the functional groups on the CNFs are possible to the loading
of metal and/or oxide nanoparticles supported on CNFs [37e39].
The functionalized CNFs were washed several times with deionized (DI) water and then dried in an oven at 80  C in air. To
carry out the reduction, the functionalized CNFs were dispersed in
DI water with cobalt nitrate for 1 h. A concentrated NaBH4 solution
(100 mg mL1) was used as a reducing agent to make CoO seedloaded CNFs (referred to hereafter as CoO seeds/CNFs). Finally, in
order to synthesize CNF/Co3O4 nanopyramid coreeshell NWs, CoO
seeds/CNFs, cobalt nitrate, and CTAB were dispersed in a mixed
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solution of methanol and DI water with vigorous stirring for 2 h.
CTAB as a cationic surfactant help the formation of Co3O4 nanopyramids from Co2þ during a hydrothermal reaction. The solution
was then transferred into 80 mL Teﬂon-lined stainless steel autoclaves. A hydrothermal reaction was performed at 180  C for 24 h.
The samples were washed several times with DI water and dried at
80  C. The resultant CNF/Co3O4 nanopyramid coreeshell NWs
(~0.2 g) were then heated at 250  C for 5 h in air and calcined at
400  C for 2 h in argon atmosphere in order to improve the crystallinity of the Co3O4 nanopyramids. For comparison, only octahedral Co3O4 were prepared using the above-mentioned
hydrothermal method. CoO seeds/CNFs were prepared using electrospinning followed by reduction. Co3O4/CNF composites were
also prepared using electrospinning followed by a hydrothermal
treatment except a reduction method. We thus synthesized ﬁve
different types of the samples: octahedral Co3O4, conventional
CNFs, CoO seeds/CNFs, Co3O4/CNF composites, and CNF/Co3O4
nanopyramid coreeshell NWs.
2.3. Characterization
The structural and morphological properties of the samples
were investigated using ﬁeld emission scanning electron microscopy (FESEM; Hitachi S-4800) and transmission electron microscopy (MULTI/TEM; Tecnai G2, KBSI Gwangju Center). The
crystallinities and crystal structures of the samples were characterized by X-ray diffractometry (XRD, Rigaku D/Max 2500 V) with
Cu Ka radiation in the range from 10 to 90 with a step size of
0.02 . The chemical bonding states of the samples were measured
using X-ray photoelectron spectroscopy (XPS) analyses by a
photoelectron spectrometer (ESCALAB 250) with an Al Ka X-ray
source under a base pressure of 267 nPa. The contents of the
samples were examined by thermogravimetric analysis (TGA-50,
Shimadzu) from 100 to 800  C at a heating rate of 10  C min1 in air
atmosphere.
2.4. Electrochemical characterization
The electrochemical performance of the samples was evaluated
using Li coin cells (CR2032, Hohsen Corporation) composed of the
prepared samples as the anode, Li metal foil (Honjo Chemical,
99.8%) as the cathode, a porous polypropylene membrane (Celgard
2400) as the separator, and a 1.0 M LiPF6 solution in a mixture of
ethylene carbonateedimethyl carbonate (1:1) as an electrolyte. For
the anode, slurries consisting of the active materials (80 wt%),
Ketjen black (10 wt%) as a conducting material (Alfa Aesar), and
poly(vinylidene diﬂuoride) (10 wt%) as a binder (Alfa Aesar) in an
N-methyl-2-pyrrolidinone solvent (NMP, Aldrich) were coated on a
Cu foil substrate (Nippon Foil, 18 mm). The resultant electrodes were
dried in a convection oven at 100  C for 12 h. The Li coin cells were
assembled in a high-purity argon-ﬁlled glove box (<5 ppm, H2O
and O2). The cyclic voltammetry (CV) measurements were carried
out using a potentiostat/galvanostat (Autolab PGSTAT302N,
FRA32M) in the potential range of 0.0e3.0 V (versus Li/Liþ) at a scan
rate of 0.1 mV s1. The galvanostatic chargeedischarge tests were
performed using a WMPG 3000 battery cycler system (WonATech
Corp., Korea) in the potential range of 0.0e3.0 V (versus Li/Liþ) at
25  C in an incubator. The cycle number dependence of the LIB cells
was investigated for up to 50 cycles at a current density of
100 mA g1. The rate performance of the LIB cells was investigated
at current densities of 100, 300, 500, 700, and 100 mA g1. The
electrochemical impedance spectroscopy (EIS) measurements were
measured by fresh cells in a frequency range of 100 kHz to 10 mHz
at an AC signal of 5 mV.
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Fig. 1. Schematic illustration of the synthetic steps for (a) the CNFs using electrospinning, (b) functionalized CNFs using acid treatment, (c) CoO seeds/CNFs using reduction, and (d)
CNF/Co3O4 nanopyramid coreeshell NWs by a hydrothermal method.

3. Results and discussion
Fig. 1 shows the ideal schematic of the synthetic steps for CNF/
Co3O4 nanopyramids coreeshell NWs. As shown in Fig. 1a, the CNF
was prepared using an electrospinning method with a PAN solution
[30e35]. The resultant CNFs were then subjected to an acid treatment, which formed functional groups in order to strongly attach
CoO seeds on the CNFs (Fig. 1b). CoO seeds/CNFs were then synthesized using a reduction method with cobalt nitrate (Fig. 1c). The
CoO seeds attached on the CNFs were used as nucleation sites to
form the Co3O4 nanopyramids during the hydrothermal reaction.
Finally, CNF/Co3O4 nanopyramid coreeshell NWs were synthesized
using a hydrothermal method (Fig. 1d).
Fig. 2aee show FESEM images of octahedral Co3O4, conventional
CNFs, CoO seeds/CNFs, Co3O4/CNF composites, and CNF/Co3O4
nanopyramid coreeshell NWs. The octahedral Co3O4, with diameters in the range of 0.8e1.2 mm, were formed using only the
hydrothermal treatment method. The octahedral shape of Co3O4
particles is readily synthesized, as reported previously [29,40]. As
shown in Fig. 2b, the conventional CNFs, with diameters in the
range of 208e224 nm, exhibited smooth surfaces and uniform
morphology. Fig. 2c shows the CoO seeds/CNFs used for the formation of Co3O4 nanopyramids on the CNFs. They are similar to the

conventional CNFs in that they have smooth surfaces and uniform
morphology, implying that the CoO seeds were uniformly loaded
onto the surfaces of the CNFs without aggregation of the CoO seeds.
Fig. 2d shows FESEM images of the Co3O4/CNF composites, which
are composed of octahedral Co3O4 and CNFs. It is noted that the
CNFs penetrated into the octahedral Co3O4. Finally, Fig. 2e shows
FESEM images of CNF/Co3O4 nanopyramid coreeshell NWs synthesized by the hydrothermal treatment method with CoO seeds/
CNFs; their diameter is in the range of 478e549 nm. The Co3O4
nanopyramids were uniformly grown on the CNF surfaces, with no
empty surfaces or aggregation of Co3O4 nanopyramids. The insets
of Fig. 2d and e shows low-magniﬁcation FESEM images conﬁrming
the uniform formation of the Co3O4/CNF composites and CNF/
Co3O4 nanopyramid coreeshell NWs. Moreover, the diameter of the
Co3O4 nanopyramids on the CNFs (193e245 nm) is lower than that
of the octahedral Co3O4 and the Co3O4/CNF composites because
CoO seeds on the CNFs provide many nucleation sites for the crystal
growth of Co3O4. To clearly examine the morphological properties
of the CNF/Co3O4 nanopyramid coreeshell NWs, the cross-sectional
FESEM images are shown in Fig. 2f. The interface between the CNFs
(core region) and the Co3O4 nanopyramids (shell region) is closely
connected with no empty space, which can contribute to improved
electron transfer in the electrode for LIBs. The SEM results indicate

Fig. 2. SEM images of (a) octahedral Co3O4, (b) conventional CNFs, (c) CoO seeds/CNFs, (d) Co3O4/CNF composites, and (e) CNF/Co3O4 nanopyramid coreeshell NWs. (f) A crosssectional SEM image obtained from CNF/Co3O4 nanopyramid coreeshell NWs (Fig. 2e).
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that the Co3O4 nanopyramids were grown on CoO seeds on the
CNFs, resulting in the successful formation of CNF/Co3O4 nanopyramid coreeshell NWs.
Fig. 3aed show TEM images and high-resolution TEM images
(shown in the insets) of conventional CNFs, CoO seeds/CNFs, Co3O4/
CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs. The
conventional CNFs, shown in Fig. 3a, exhibit a uniform contrast
because there is only one phase in the CNFs. However, the CoO
seeds/CNFs exhibited relatively dark, nano-sized spots (~36 nm in
size) on the CNF surfaces, implying the formation of CoO seeds on
the CNFs via reduction (Fig. 3b). Fig. 3c shows TEM images of the
Co3O4/CNF composites, which have a hybrid structure consisting of
octahedral Co3O4 (Fig. 3c, inset) and CNFs. However, the Co3O4/CNF
composites do not form to Co3O4 nanopyramids because of the
absence of the cobalt seeds to act as nucleation sites on the CNFs.
Fig. 3d shows TEM images of the CNF/Co3O4 nanopyramid coreeshell NWs, where Co3O4 nanopyramids are homogeneously formed
on the CNFs with no empty spaces on the CNF surface. A highresolution TEM image of the Co3O4 nanopyramids, shown in the
inset of Fig. 3d, shows that the microstructure of the individual
grains is clearly crystallized. Furthermore, the spacing of the lattice
planes in the Co3O4 nanopyramids was observed to be ~ 0.242 nm,
which corresponds to the (311) lattice plane of spinel Co3O4
(Fig. 3e). The inset of Fig. 3e shows the selected area electron
diffraction (SAED) pattern of the CNF/Co3O4 nanopyramid coreeshell NWs, which displays clear rectangular reﬂection spots, indicating that Co3O4 is a cubic structure with adequate crystallinity.
Fig. 4a shows powder XRD data of the samples in order to
investigate their crystallinities and crystalline phases. The reference bulk reﬂection of a pure Co3O4 phase is shown at the bottom of
Fig. 4a. For the CNFs, only one broad diffraction peak, which corresponds to the (002) plane of the graphitic layer, is observed at
approximately 2q ¼ 25 [41]. For CoO seeds/CNFs, a broad diffraction peak with no other diffraction peaks is observed because of the
nano-sized scale and the small number of CoO seeds. The main
characteristic diffraction peaks of the Co3O4/CNF composites and
CNF/Co3O4 nanopyramid coreeshell NWs are observed at 19.0 ,
31.2 , 36.8 , 44.8 , 59.4 , and 65.2 , which corresponds to the (111),
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(220), (311), (400), (511), and (440) planes, respectively. The XRD
data are in good agreement with that of the Co3O4 phase with a
cubic structure (space group Fd3 m[227]; JCPDS card No. 781970).
In particular, the oxygen source for forming the Co3O4 phase
resulted from the hydrothermal reaction and heat treatment at
250  C in air. Furthermore, broad full width at half-maximum
(FWHM) of the diffraction peaks for the CNF/Co3O4 nanopyramid
coreeshell NWs is because of the reduced size of the Co3O4 nanopyramids as compared to the octahedral Co3O4 and the Co3O4/CNF
composites. The reduced size of the Co3O4 nanopyramids is owing
to the increased number of nucleation sites provided by the formation of CoO seeds. These results are in good agreement with the
SEM and TEM results. Furthermore, to investigate the chemical
bonding states of the samples, Fig. 4b shows the XPS spectra
analyzed using the Co 2p band shape. The Co 2p XPS spectral peaks
of the octahedral Co3O4, Co3O4/CNFs, and CNF/Co3O4 nanopyramid
coreeshell NWs exhibit two different signals at ~780.0 eV and
~795.0 eV, corresponding to the Co 2p3/2 and Co 2p1/2 photoelectrons, respectively, of the Co3O4 phase [42]. Also, the spin-energy
separation of ~15 eV indicates a standard Co3O4 XPS spectra [43].
However, as compared to the above-mentioned three samples, the
Co 2p3/2 and Co 2p1/2 photoelectrons for CoO seeds/CNFs are
slightly shifted to higher binding energies of ~780.5 eV and
~795.7 eV, respectively, corresponding to the CoO phase [44]. The
reason for the dominant form of the CoO phase is because of the
restricted oxidation during the reduction process [45]. Owing to
existence of CoO seeds relative to the nucleation sites, the Co3O4
nanopyramids could be uniformly and densely grown on the CoO
seeds/CNFs using the hydrothermal method. This strategy has not
been reported hitherto. Thus, the introduction of CoO seed-loaded
CNFs can synthesize the different advanced structure compared to
the previous works [21,22]. The contents and thermal stability of
the samples were examined by TGA analysis, as shown in Fig. 4c.
The conventional CNFs reached a weight loss of 100% up to 800  C,
implying the presence of pure carbon materials without impurities.
However, the CoO seeds/CNFs exhibited a weight loss of 93.9%
owing to the existence of CoO seeds on the CNFs. Furthermore, the
initial weight loss of CoO seeds/CNFs started at approximately

Fig. 3. TEM images of (a) conventional CNFs, (b) CoO seeds/CNFs, (c) Co3O4/CNF composites, and (d) CNF/Co3O4 nanopyramid coreeshell NWs. High-resolution TEM images of the
samples are shown in the inset of Fig. 3aed, (e) A high-resolution TEM image and SAED pattern (inset) obtained from CNF/Co3O4 nanopyramid coreeshell NWs.
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using a potentiostat/galvanostat in the potential range of 0.0e3.0 V
(versus Li/Liþ) at a scan rate of 0.1 mV s1, as shown in Fig. 5. For the
CV curves of the conventional CNFs (Fig. 5a), a broad cathodic peak
in the ﬁrst discharge process of ~1.1 V, which is directly related to
the formation of an irreversible solid electrolyte interface (SEI)
layer on the CNF surface, is observed. The irreversible peak in the
subsequent cycles tends to disappear. On the other hand, the CV
curves of the octahedral Co3O4, Co3O4/CNF composites, and CNF/
Co3O4 nanopyramid coreeshell NWs in the ﬁrst discharge process
(Fig. 5bed, respectively) exhibit cathodic peaks at ~0.85 V. These
peaks can be explained by the SEI layer and the amorphous Li2O
phase formed during the reduction reaction of Co3O4 to metallic Co
[46]. The observed anodic peaks in the ﬁrst charge process at ~2.1 V
for the octahedral Co3O4, Co3O4/CNF composites, and CNF/Co3O4
nanopyramid coreeshell NWs are ascribed to the oxidation (delithiation) reaction of metallic Co to Co3O4 [47]. Thus, the overall
electrochemical conversion reaction of Co3O4 in LIBs can be summarized as follows [49,50]:

Co3 O4 þ 8Liþ þ 8e 44Li2 O þ 3Co

Fig. 4. (a) XRD patterns of the conventional CNFs, CoO seeds/CNFs, Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs. (b) XPS spectra obtained from
Co 2p band shape of the CoO seeds/CNFs, octahedral Co3O4, Co3O4/CNF composites,
and CNF/Co3O4 nanopyramid coreeshell NWs. (c) TGA curves of the conventional
CNFs, CoO seeds/CNFs, Co3O4/CNF composites, CNF/Co3O4 nanopyramid coreeshell
NWs from 100 to 800  C at a heating rate of 10  C min1 in air atmosphere.

340  C because of the relatively low thermal stability of the functional groups on the CNF surface as compared to the conventional
CNFs. In addition, the Co3O4/CNF composites and CNF/Co3O4
nanopyramid coreeshell NWs exhibited similar weight losses of
21.6% and 21.2%, which implies that although the two samples had
the same weight ratio of CNFs and Co3O4, they had different
morphologies.
To examine oxidationreduction and reversibility of the electrodes, cyclic voltammetry (CV) measurements were performed

(1)

In the case of the second and third discharge processes, the
cathodic peaks of octahedral Co3O4, Co3O4/CNF composites, and
CNF/Co3O4 nanopyramid coreeshell NWs are shifted to the higher
potential of 0.93 V, 0.94 V, and 1 V, respectively, because of the
irreversible processes relative to the formation of an SEI layer and
an amorphous Li2O phase in the ﬁrst discharge cycle [48]. In
particular, for CV curves of the CNF/Co3O4 nanopyramid coreeshell NWs (Fig. 5d), there are almost no differences in the CV
curves between the second and third cycles as compared to the
other samples, which indicates their excellent reversible capacity.
That is, voltage interval of 1.1 V between the anodic and cathodic
peaks in the second cycle of the CNF/Co3O4 nanopyramid coreeshell NWs is the lowest value compared to those of octahedral
Co3O4 (1.3 V) and Co3O4/CNF composites (1.2 V), which implies the
reduced polarization of the electrodes. This phenomenon can be
attributed to the improved electrical contact during Li-ion transfer
because of the uniform and dense growth of Co3O4 nanopyramids
on CNFs [26].
Fig. 6aed show the galvanostatic chargedischarge curves of
the cells fabricated with the conventional CNFs, octahedral Co3O4,
Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell
NWs, respectively, measured at a current density of 100 mA g1 in
the voltage range of 0.0e3.0 V for the 1st, 2nd, 3rd, 10th, 30th, and
50th cycles. The conventional CNFs (Fig. 6a) show an inclined curve
without the formation of a voltage plateau during the discharge
process, indicating the typical discharge behavior of carbon-based
materials [51]. However, the cells fabricated with octahedral
Co3O4, Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs (Fig. 6bed, respectively) exhibit clear voltage plateaus
at ~1.0 V in the ﬁrst discharge curves. This phenomenon can be
explained by the formation of amorphous Li2O phases during the
reduction reaction of Co3O4 to metallic Co. After reaching the
plateau, the potential continuously drops to 0 V. In addition, the
three samples (Fig. 6bed, respectively) displayed two voltage plateaus of ~2.1 V in the ﬁrst charge curves, corresponding to the
reversible oxidation of metallic Co to Co3O4. During the ﬁrst cycle,
the speciﬁc charge and discharge capacities were respectively 313
and 571 mAh g1 for the conventional CNFs, 720 and 1034 mAh g1
for the octahedral Co3O4, 762 and 1040 mAh g1 for the Co3O4/CNF
composites, and 995 and 1173 mAh g1 for the CNF/Co3O4 nanopyramid coreeshell NWs. The initial large capacity loss during the
ﬁrst charge and discharge process occurred because of the formation of a SEI layer during the ﬁrst discharge process. In particular,
the conventional CNFs in our study (Fig. 6a) exhibited a capacity
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Fig. 5. CV curves of (a) the conventional CNFs, (b) octahedral Co3O4, (c) Co3O4/CNF composites, and (d) CNF/Co3O4 nanopyramid coreeshell NWs measured using a potentiostat/
galvanostat in the potential range of 0.0e3.0 V (versus Li/Liþ) at a scan rate of 0.1 mV s1.

similar to that found in previously reported studies [31,32]. For
the octahedral Co3O4 electrodes, as the cycle number increased up
to 50 cycles, their discharge capacity dramatically decreased, which
is well known from previously reported studies [8,25,28,29].

Furthermore, the charge and discharge capacities of the Co3O4/CNF
composite electrode (Fig. 6c) were 263 and 264 mAh g1, respectively, after 50 cycles. This result indicates an improved capacity
owing to the hybrid structures consisting of octahedral Co3O4 and

Fig. 6. Galvanostatic chargeedischarge curves of the LIB cells fabricated with (a) the conventional CNFs, (b) octahedral Co3O4, (c) Co3O4/CNF composites, and (d) CNF/Co3O4
nanopyramid coreeshell NWs, which measured at a current density of 100 mA g1 in the potential range of 0.0e3.0 V for 1st, 2nd, 3rd, 10th, 30th and 50th cycles.
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Fig. 7. (a) The cycling number dependence of the conventional CNFs, octahedral Co3O4, CNFs, Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs up to 50th cycles
at a current density of 100 mA g1. (b) The rate performance of the conventional CNFs, octahedral Co3O4, Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs
obtained from current densities of 100, 300, 500, 700, and 100 mA g1. (c) Nyquist plots of the Co3O4, Co3O4/CNF composites, and CNF/Co3O4 nanopyramid coreeshell NWs in the
frequency range of 100 kHz to 10 mHz before the chargeedischarge tests. (d) Ideal schematic illustration of the overall conversion reaction for the transfer of Li ions and electrons in
CNF/Co3O4 nanopyramid coreeshell NWs.

CNFs as compared to the octahedral Co3O4 and the conventional
CNF electrodes. In particular, the CNF/Co3O4 nanopyramid coreeshell NWs (Fig. 6d) exhibited superb charge and discharge capacities of 790 and 795 mAh g1, respectively, after 50 cycles, resulting
in high-performance LIBs.
Fig. 7a shows the cycle number dependence of the chargedischarge capacities of LIB cells fabricated with all the samples.
For the conventional CNF electrodes after one cycle, a low reversible capacity of 258 mAh g1 remained almost constant up to
50 cycles. For the octahedral Co3O4 and Co3O4/CNF composite
electrodes, the reversible capacities decreased continuously up to
50 cycles. However, for the CNF/Co3O4 nanopyramid coreeshell
NWs, their reversible capacities decreased slowly up to 5 cycles,
and then remained almost constant at ~795 mAh g1 up to 50 cycles. Furthermore, the initial Coulombic efﬁciency of the conventional CNFs, octahedral Co3O4, Co3O4/CNF composites, and CNF/
Co3O4 nanopyramid coreeshell NWs was 54.8, 69.6, 73.2, and
84.8%, respectively. This implies that the CNF/Co3O4 nanopyramid
coreeshell NWs displayed excellent reversible capacity as
compared to the other samples. Table 1 summarizes the charge
capacity, discharge capacity, the initial Coulombic efﬁciency, and
reversible capacity of all the samples measured at a current density
of 100 mA g1.

Fig. 7b shows the rate performance of all the samples obtained
from current densities of 100, 300, 500, 700, and 100 mA g1. The
octahedral Co3O4 and Co3O4/CNF composites exhibited serious
degradation of the reversible capacity with different current densities, indicating the poor high-rate capability of the electrodes.
However, the CNF/Co3O4 nanopyramid coreeshell NWs maintained
the best high-rate capability for reversible capacity. That is, their
reversible capacities remained almost constant up to a high current
density of 700 mA g1 and then recovered to a high reversible
capacity of 798 mAh g1 when the current density decreased again
to 100 mA g1. Therefore, the CNF/Co3O4 nanopyramid coreeshell
NWs revealed a superb high-rate capability as compared to the
other samples. As a result, the reversible capacity of the CNF/Co3O4
nanopyramid coreeshell NWs was in line with other reports on
Co3O4-based electrodes. However, after 50 cycles the coreeshell
NW electrode showed better cycle stability and excellent high-rate
capability compared to the previously reported results due to the
introduction of one-dimensional CNFs relative to efﬁcient electron
transport in the core region and high utilization of Co3O4 nanopyramids with high capacity grown closely and densely on the CNFs
in the shell region [20,23,27e29,50].
Electrochemical impedance spectroscopy (EIS) measurements
were carried out in order to determine the behavior for Li ion

Table 1
Summary of charge capacity, discharge capacity, the initial Coulombic efﬁciency, and reversible capacity for the conventional CNFs, octahedral Co3O4, Co3O4/CNF composites,
and CNF/Co3O4 nanopyramid coreshell NWs measured at a current density of 100 mA g1.
Samples

Charge capacity at the
ﬁrst cycle (mAh g1)

Discharge capacity at the
ﬁrst cycle (mAh g1)

Initial coulombic
efﬁciency (%)

Reversible capacity up to
50 cycles(mAh g1)

Conventional CNFs
Octahedral Co3O4
Co3O4/CNF composites
CNF/Co3O4 nanopyramid coreeshell NWs

313
720
762
995

571
1034
1040
1173

54.8
69.6
73.2
84.8

256
71
264
795

G.-H. An, H.-J. Ahn / Journal of Power Sources 272 (2014) 828e836

transfer. Fig. 7c shows the Nyquist plots of the electrodes in the
frequency range of 100 kHz to 10 mHz before the chargedischarge
tests. The semicircle in the medium-frequency range is attributed
to the charge transfer impedance (Rct) at the electrode/electrolyte
interface, and the inclined line corresponds to the Li ion diffusion
process in the electrodes, which is called the Warburg impedance.
As shown in Fig. 7c, the CNF/Co3O4 nanopyramid coreeshell NWs
displays a much smaller semicircle than the octahedral Co3O4 and
Co3O4/CNF composite electrodes, implying that the CNFs combined
closely with the Co3O4 nanopyramids enhanced the electrical
conductivity of the electrode [25,26,52]. Also, the CNF/Co3O4
nanopyramid coreeshell NWs and Co3O4/CNF composite electrodes exhibit lower Warburg impedance than the octahedral
Co3O4; this indicates excellent Li ion diffusion because of the
network structure that provides increased contact area between
the electrolyte and the electrode.
Fig. 7d shows the ideal schematic illustration of the electrodes
fabricated with CNF/Co3O4 nanopyramid coreeshell NWs. As
shown in the cross-sectional illustration, CNF/Co3O4 nanopyramids
coreeshell NWs provide efﬁcient electron transport because of the
very close connection between the Co3O4 nanopyramids and the
CNFs (Fig. 7d, left). In addition, the network structures (Fig. 7d,
right) of the electrodes improved Li ion diffusion during the cycle
process because of the increased contact area between the electrolyte and electrode [53,54].
Therefore, in this study, the superb electrochemical performance, including chargedischarge capacity, cycle stability, the
initial Coulombic efﬁciency, and high-rate capability, for CNF/Co3O4
nanopyramid coreeshell NWs is successfully demonstrated. There
are three reasons for the performance improvement: (I) introduction of 1-D CNFs relative to efﬁcient electron transport in the core
region, (II) high utilization of high capacity Co3O4 nanopyramids
grown closely and densely on CNFs in the shell region, and (III) the
network structures of the CNF/Co3O4 coreeshell electrodes relative
to the improvement of the Li ion diffusion. These results indicate
that electrodes fabricated with CNF/Co3O4 nanopyramid coreeshell
NWs are excellent candidates as anode materials for highperformance LIBs.
4. Conclusions
CNF/Co3O4 nanopyramid coreeshell NWs were successfully
synthesized using an electrospinning method followed by reduction and hydrothermal treatment. Co3O4 nanopyramids were
grown closely and densely using CoO seeds on the CNFs. For
comparison, conventional CNFs, octahedral Co3O4, and Co3O4/CNF
composite electrodes were prepared. The electrode fabricated with
CNF/Co3O4 nanopyramid coreeshell NWs exhibited superb
discharge capacity (1173 mAh g1) after the ﬁrst cycle and cycle
stability (795 mAh g1) after 50 cycles, high initial Coulombic efﬁciency (84.8%), and excellent high-rate capability (570 mAh g1 at
700 mA g1) as compared with conventional CNFs, octahedral
Co3O4, and Co3O4/CNF composite electrodes. The superb electrochemical performance is because of the synergistic effect of 1-D
CNFs relative to efﬁcient electron transport in the core region, high
utilization of high capacity Co3O4 nanopyramids in the shell region,
and the geometric network structures of the electrodes relative to
the improvement of the Li ion diffusion.
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