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a  b  s  t  r  a  c  t

Co3O4 nanowires  were  synthesized  from  the decomposition  of  CoC2O4·2H2O  nanowires  which  were
obtained  through  a polyvinyl  alcohol  (PVA)-assisted  solution-based  precipitation  process.  And  the  for-
mation  mechanism  of CoC2O4·2H2O  nanowires  was discussed.  The  Co3O4 nanowires  had  diameters  in  the
range  of  30–60  nm  and  lengths  of  several  micrometers,  inheriting  the  morphology  of  the  CoC2O4·2H2O
nanowires.  The  Co3O4 nanowires  as  an  anode  material  in  lithium-ion  batteries  exhibited  a  stable  spe-
eywords:
o3O4 nanowires
igh capacity
ood capacity retention
node materials
ithium-ion batteries

cific  discharge/charge  capacity  of 611  mAh/g  and  598  mAh/g  after  fifty  cycles  at  a current  density  of
0.11  A/g,  which  were  much  higher  than  that  of  commercial  Co3O4 nanoparticles.  In  addition,  the charge
capacity  of  the  as-synthesized  Co3O4 nanowires  was  more  than  two  times  higher  than  that  of  the  com-
mercial  Co3O4 nanoparticles  at a current  density  of 1.1 A/g.  These  results  indicate  that  the  as-prepared
Co3O4 nanowires  have  potential  to  be  a  promising  candidate  as high  capacity  anode  material  in  the next
generation  lithium-ion  batteries.
. Introduction

Rechargeable lithium-ion batteries have been widely used as
he state-of-the-art and dominant power source for portable elec-
ronic devices [1].  The electrode materials play a vital role both in
he currently used lithium-ion batteries and the next generation
ithium-ion batteries developing for the practical applications in
ybrid electric vehicles (HEVs) and electric vehicles (EVs). Great
fforts have been made to develop alternative anode materials
or lithium-ion batteries with improved electrochemical properties
2–4]. The employment of nanosized and nanostructured materials
rovides new opportunities for rechargeable lithium-ion batter-

es with higher energy density and better cycling stability [5–9].
pecially, one-dimensional (1D) nanostructured transition metal
xides have received much attention since they can provide short
athways and high kinetics for lithium ion insertion/extraction
10,11]. Hence, it is anticipated that the 1D nanostructured elec-
rode materials would exhibit higher reactivity, which would no
oubt enhance the electrochemical performances of the electrode
aterials.
Co3O4, which can deliver as high as three times the capac-

ty of graphite (theoretical capacity of 372 mAh/g), has been

eported to be a promising anode material for the next gener-
tion lithium-ion batteries [12–16].  Until now, several methods
ave been developed to prepare 1D nanostructured Co3O4, includ-
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ing hydrothermal approach [17–19],  template method [20–22],
microemulsion-based route [23,24],  and electrospinning strategy
[25]. However, these available methods have great difficulties to
produce 1D nanostructured Co3O4 in large-scale.

In this study, we  present a facile method to synthesize Co3O4
nanowires from decomposition of CoC2O4·2H2O nanowires. The
electrochemical properties of the as-obtained Co3O4 nanowires
were evaluated. This strategy showed us a facile procedure for real-
izing large-scale production of Co3O4 nanowires with improved
electrochemical performance. For the purpose of comparison, a
commercial Co3O4 was investigated in this study as well.

2. Experimental

2.1. Synthesis of CoC2O4·2H2O and Co3O4 nanowires

All of the chemicals were analytical grade and used without further purification.
The Co3O4 nanowires were synthesized from the decomposition of CoC2O4·2H2O
nanowires. The CoC2O4·2H2O precursors were firstly prepared through a solution-
based direct precipitation process using polyvinyl alcohol (PVA, with the degree of
polymerization DP = 1750 ± 50) as surfactant. In a typical procedure, 15 g of 33.3 wt%
CoSO4·7H2O aqueous solution was firstly mixed with 30 g of PVA aqueous solution
under stirring at room temperature. The concentrations of PVA aqueous solution
were set at 0 wt%, 0.2 wt%  and 1.0 wt%, respectively. And then, 11.2 g of 20 wt%
H2C2O4·2H2O aqueous solution was introduced into the above solution. Pink precip-
itates appeared immediately. After stirring for 5 min, the as-prepared CoC2O4·2H2O
precipitate was centrifugalized and washed for several times with deionized water,
and  dried in vacuum. Finally, the CoC2O4·2H2O precursors were calcined at 600 ◦C
for 2 h in air to obtain Co3O4 nanowires.
2.2. Characterizations

Scanning electron microscopy (SEM) images were acquired with a Hitachi S-
4800 field emission scanning electron microscope. The samples were coated with a

dx.doi.org/10.1016/j.jallcom.2012.01.047
http://www.sciencedirect.com/science/journal/09258388
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Based on the SEM results, we  can speculate that the PVA plays
an important role in the nucleation and growing process to con-
trol the size and orientation of the CoC2O4·2H2O, and that the PVA
Fig. 1. SEM images of CoC2O4·2H2O precursors synthesized with various PVA aq

hin  layer of platinum before the SEM examination. X-ray diffraction (XRD) patterns
ere obtained on a D8-Advance (Bruker AXS, Germany) powder diffractometer with
u  K� radiation (� = 1.54178 Å), operating at a voltage of 40 kV and scanning from 10◦

o 70◦ . X-ray photoelectron spectra (XPS) were collected on a Kratos AXIS ULTRADLD

-ray photoelectron spectrometer. Transmission electron microscopy (TEM) exper-
ments were performed on an FEI Tecnai G2 F20 transmission electron microscopy
t  an accelerating voltage of 200 kV. The Brunauer–Emmett–Teller (BET) tests were
etermined via a Micromeritics ASAP-2020M nitrogen adsorption apparatus. Pore
ize distribution plots were obtained by the Barrett-Joyner-Halenda (BJH) method.

The electrochemical performances were evaluated with a standard CR2032 coin
ell  using lithium metal as counter and reference electrodes, Celgard 2600 as the sep-
rator, and 1 M LiPF6 (dissolved in ethylene carbonate and dimethyl carbonate with

 1:1 volume ratio) as the electrolyte. The working electrodes were fabricated by
ixing Co3O4 nanowires (80 wt%), Super P (15 wt%) and poly(vinylidene fluoride)

5 wt%) in N-methyl-2-pyrrolidone to form uniform slurry. The obtained slurry was
pread on Cu foil, dried in vacuum and pressed to obtain the working electrode. The
oading density of the electrode is about 3 mg  cm−2. And the morphology of Co3O4

anowires can be maintained after electrode preparation. Cells were galvanostati-
ally cycled at room temperature using a LAND-CT2001A battery test system (Jinnuo

uhan Corp., China) within the voltage range of 0.01 and 3.0 V (vs. Li+/Li). Cyclic
oltammetry measurements were performed on an Autolab PGSTAT302N electro-
hemical workstation (Metrohm, Switzerland) at 0.1 mV/s in the voltage range of
.01–3.0 V.

. Results and discussion
The SEM images of CoC2O4·2H2O precursors, synthesized with
arious PVA aqueous solution concentrations, were shown in Fig. 1.
ith the increasing of PVA concentration, the morphology of

oC2O4·2H2O was gradually converted to the nanowires. In the
 solution concentrations: (a and b) 0 wt%, (c and d) 0.2 wt%, and (e and f) 1 wt%.

case of 1.0 wt%  PVA concentration, the as-obtained CoC2O4·2H2O
precursor exhibited the morphology of nanowires with smooth sur-
face and having the diameter range of 50–100 nm and the length of
several micrometers (Fig. 1e and f). It is worth stating that the mor-
phology of CoC2O4·2H2O slightly changed with further increasing
PVA concentration.
Fig. 2. XRD patterns of the as-synthesized (a) CoC2O4·2H2O nanowires, (b) Co3O4

nanowires and (c) the commercial Co3O4 nanoparticles.
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pattern of a nanograin in the Co3O4 nanowires (the insert in Fig. 5b)
Fig. 3. XPS pattern of the as-prepared Co3O4 nanowires.

oncentration in the system has a strong influence on the morphol-
gy of CoC2O4·2H2O. It has been previously reported that PVA is an
ffective surfactant for preparing 1D nanomaterials because the OH
igands on the PVA chains can chelate with metal cations leading to
he anisotropic growth of a solid material [26–29].  Herein, similar
rinciples can be applied to explain the formation of CoC2O4·2H2O
anowires using PVA-assisted solution-based precipitation pro-
ess. In the precursor solution, cobalt ions were firstly adsorbed
nto PVA chains and formed Co2+–PVA complex with OH ligands.
fter corresponding amount of H2C2O4·2H2O aqueous solution
as introduced into the precursor solution, the Co2+–PVA was

mmediately transformed into CoC2O4·2H2O–PVA complex, which
as confirmed by the rapid formation of pink color precipitation.

inally, CoC2O4·2H2O seeds grew up to form 1D nanostructures
ith the confinement of the PVA carbon backbone grids. In addi-

ion, the CoC2O4·2H2O crystal nucleus could be adjusted by the
ize of grids formed with PVA chains controlled by the PVA
oncentration in the aqueous solution, so the CoC2O4·2H2O could

e obtained with different diameters and lengths, as shown in
ig. 1c and e. There is no denying the fact that PVA has virtual roles
n both the confinement of the growth units’ diameter and length

Fig. 4. SEM images of (a and b) the Co3O4 nanowires an
mpounds 521 (2012) 95– 100 97

and the 1D orientation growth of CoC2O4·2H2O nanowires during
the nucleation and growing process.

Fig. 2 showed the XRD patterns of the as-synthesized
CoC2O4·2H2O nanowires, the Co3O4 nanowires and the commer-
cial Co3O4. All diffraction peaks in Fig. 2a can be indexed to the
orthorhombic phase of CoC2O4·2H2O (JCPDS No. 25-0250). After the
heat-treatment at 600 ◦C for 2 h in air, the CoC2O4·2H2O nanowires
were turned into cubic structure corresponding to Co3O4 phase
(JCPDS No. 42-1467) (Fig. 2b). No diffraction peaks due to impure
phases were observed, indicating that the highly pure samples
were obtained. The commercial Co3O4 (Fig. 2c) has the same crystal
structure as that of the Co3O4 nanowires. Moreover, XPS measure-
ment further confirmed the formation of Co3O4 nanowires. It can be
seen in Fig. 3that the main Co 2p photoelectron peaks are located
at 779.3 and 794.5 eV with shake-up satellite peaks at 789.5 and
804.5 eV, corresponding to the characteristic peaks of Co3O4 [30].

The SEM images of the Co3O4 nanowires, prepared by the heat-
treatment of CoC2O4·2H2O nanowires, was shown in Fig. 4a and b. It
can be seen that the as-obtained Co3O4 maintained the morphology
of the CoC2O4·2H2O precursor and showed a 1D nanowire char-
acteristic (Fig. 4a). However, the surface of the Co3O4 nanowires
became rough and displayed a loose structure consisting of inter-
connected nanoparticles, as shown in Fig. 4b. Different from the
Co3O4 nanowires, the commercial Co3O4 showed a micro–nano
structure (Fig. 4c) and had a spherical morphology with parti-
cle sizes in the range of 1–2 �m.  These micro-spherical particles
were composed of primary nanoparticles with average grain-size
of about 30 nm (Fig. 4d).

In order to further study the structure of Co3O4 nanowires,
TEM, HRTEM and selected area electron diffraction (SAED) exper-
iments were carried out as well. It is clear to see from the TEM
images (Fig. 5a and b) that the diameter of the Co3O4 nanowires
had decreased to 30–60 nm,  which was  ascribe to the decompo-
sition of the oxalate group in CoC2O4·2H2O precursor. The SAED
presented intense reflection spots of cubic structure Co3O4, which
agreed well with the XRD pattern. The HRTEM image in Fig. 5c
showed the microstructure of the individual grains. The spacing

d (c and d) the commercial Co3O4 nanoparticles.
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Fig. 6. The nitrogen adsorption–desorption isotherms of (a) the as-obtained Co3O4

nanowires and (b) the commercial Co O nanoparticles. The inserts were the corre-
ig. 5. TEM (a and b) and HRTEM (c) images of the Co3O4 nanowires, the insert was
he corresponding SAED pattern.

f the lattice planes in the image were determined as 0.47 nm and
.24 nm,  which were consistent with the standard values for the
1 1 1) and (3 1 1) planes, respectively.

To examine the specific surface area and the pore size distri-
ution, N2 adsorption–desorption isothermal measurements were
erformed. The results were shown in Fig. 6 and the inserts were
he corresponding BJH pore size distribution curves. It can be seen
hat the Co O nanowires possessed bimodal pore size distribu-
3 4
ion of ca. 2.5 nm and 68 nm (the insert in Fig. 6a). The appearance
f small pores were apparently caused by the release of CO2 during
he decomposition of CoC2O4·2H2O [24], and the large ones may  be
3 4

sponding BJH pore size distribution curves.

formed by the aggregation of the nanowires, i.e. the interspaces in
Co3O4 nanowire nanostructures. The similar pore size distribution
style (the insert in Fig. 6b) was observed for the commercial Co3O4
nanoparticles. The porous structure would be of beneficial to the
electrochemical lithium storage. The surface areas estimated from
the BET method are 8.0 m2/g for the Co3O4 nanowires and 34.2 m2/g
for the commercial Co3O4 nanoparticles.

Cyclic voltammetry measurements were performed to elucidate
the electrochemical process of the Co3O4 electrodes at a scan rate
of 0.1 mV/s between 0.01 and 3.0 V, as shown in Fig. 7. For the as-
synthesized Co3O4 nanowires electrode, there is a high-intensity
reduction peak at around 0.95 V during the cathodic process in the
first cycle (Fig. 7a), which can be ascribed to the initial reduction
of Co3O4 to metallic cobalt, accompanying with the electrochemi-
cal formation of amorphous Li2O, as well as a partially irreversible
solid electrolyte interphase (SEI) layer [31,32].  Meanwhile, an oxi-
dation peak at about 2.1 V was recorded during the anodic process,
corresponding to the oxidation of metallic Co to Co3O4 and the
decomposition of Li2O [33,34]. The commercial Co3O4 nanopar-
ticles electrode showed similar cyclic voltammograms in the first
cycle except for one weak shoulder peak at 1.2 V during the cathodic
process (Fig. 7b), which was generally attributed to the reduction
of the Co3O4 to CoO (or LixCo3O4) [33]. From the second cycle, the
reduction peak shifted to a higher potential at about 1.13 V, which
might be related to the pulverization of the Co3O4 [35,36]. It is gen-
erally accepted that the mechanisms for these reactions are the
reversible reactions between Co3O4 and Co/Li2O, and the partial
composition/decomposition of the electrolytical coating on the sur-
face of Co3O4 [37,38]. The overall electrochemical processes can be
expressed as follows:
Co3O4 + 8Li+ + 8e−Discharge
�

Charge
3Co + 4Li2O
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Fig. 7. Cyclic voltammograms of (a) the Co3O4 nanowires and (b) the commerc

The electrochemical performance of the as-synthesized Co3O4
anowires with respect to Li+-ion insertion/extraction was investi-
ated in half cells by galvanostatic charge/discharge testing in the
oltage window of 0.01–3.0 V. Fig. 8 showed the voltage profile,
he cycling behavior and the Coulombic efficiency of the samples
t a constant current density of 0.11 A/g. It can be seen that the
o3O4 nanowire electrode materials exhibited the discharge poten-
ial plateau at around 1.12 V, and delivered an initial discharge
apacity of 1027 mAh/g and charge capacity of 755 mAh/g, with a
oulombic efficiency of 73.5%. A large capacity loss between the 1st
nd 2nd cycles was observed, which was due to the formation of

 solid electrolyte interphase layer on the electrode surface during
he 1st discharge process [17,39]. Up to the 50th cycle, the dis-
harge/charge capacity remained about 611 mAh/g and 598 mAh/g,
espectively, which is much higher than that of the commercial
node materials (graphite, 372 mAh/g) and those recently reported
n Refs. [32,37,39,40].  Compared with those of Co3O4 nanowires,
he commercial Co3O4 showed a slightly higher discharge/charge
apacity of about 1137 mAh/g and 881 mAh/g with a Coulom-
ic efficiency of 77.5% for the first cycle. This could originate

rom larger surface area of the commercial Co3O4 nanoparticles,
roviding more sites for lithium ion intercalation/deintercalation.
owever, after fifty cycles, the discharge/charge capacity rapidly

ig. 8. Galvanostatic charge/discharge profiles, cycling performance and the Coulombic
anoparticles electrodes discharged/charged at a constant current density of 0.11 A/g.
3O4 nanoparticles electrodes at a scan rate of 0.1 mV/s between 0.01 and 3.0 V.

degraded to about 145 mAh/g and 140 mAh/g, respectively. Clearly,
the as-synthesized Co3O4 nanowires exhibited much better capac-
ity retention than that of the commercial Co3O4 nanoparticles. The
reason could be that the 1D nanostructure of Co3O4 nanowires facil-
itates the alleviation of the mechanical stress induced by volume
change during repeated charge–discharge cycles [11]. The supe-
rior lithium storage capability of the as-obtained Co3O4 nanowires
shed light on a potential application as an anode material in next
generation lithium-ion batteries with high energy density and long
cycling life.

Fig. 9 showed the rate capabilities of the two anode materi-
als, i.e. the as-synthesized Co3O4 nanowires and the commercial
Co3O4 nanoparticles, under various current densities ranging from
0.22 to 1.1 A/g. As the current density was increased, the dis-
charge/charge capacities of the two  anode materials decreased
evidently and the charge capacities maintained at 64.8% for the as-
synthesized Co3O4 nanowires and 26.6% for the commercial Co3O4
nanoparticles on the basis of the value at 0.22 A/g. In addition, for
the reversible capacity, the charge capacity of the as-synthesized
Co3O4 nanowires was more than two  times higher than that of

the commercial Co3O4 nanoparticles at a current density of 1.1 A/g.
Apparently, the as-synthesized Co3O4 nanowires possessed excel-
lent high-rate capability compared with that of the commercial

 efficiency of (a and b) the Co3O4 nanowires and (c and d) the commercial Co3O4
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ig. 9. Rate capabilities of the as-synthesized Co3O4 nanowires and the commercial
o3O4 nanoparticles electrodes under various current densities.

o3O4 nanoparticles. However, it is worth noting that the rate per-
ormances of the two anode materials need to be further improved
n order to meet the challenge in the new generation lithium-ion
atteries with higher power density. Further works on this issue are
esirable and it is hoped that we would achieve this in the coming
ime.

. Conclusions

We have presented a facile and effective route for synthe-
izing nanostructured Co3O4 nanowires from decomposition of
oC2O4·2H2O, and it can be employed for large-scale production.
he formation mechanism of CoC2O4·2H2O nanowires was pro-
osed. The as-obtained Co3O4 nanowires with diameters in the
ange of 30–60 nm came into the morphology of CoC2O4·2H2O
anowires. The as-synthesized Co3O4 nanowires, employed as the
node material of lithium-ion battery, delivered a discharge/charge
apacity of 611 mAh/g and 598 mAh/g after fifty cycles at a current
ensity of 0.11 A/g, which was much higher than those of com-
ercial Co3O4 nanoparticles. In addition, the as-synthesized Co3O4

anowires possessed excellent high-rate capability compared to
he commercial Co3O4 nanoparticles. The excellent electrochemical
erformances could be attributed to the alleviation of the mechan-

cal stress induced by the volume change during the repeated
ithiation/delithiation processes for the 1D nanostructured feature
f Co3O4 nanowires, which make them promising for applications
equiring batteries with high energy density and long cycling life.
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