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a  b  s  t  r  a  c  t

A  simple  solution  route  is used  to  synthesize  ultrafine  Cu(OH)2 nanowires  by  restraining  the  morphology
transformation  of  early  formed  1D  nanostructure.  The  obtained  ultrafine  nanowires  can  be well  preserved
at  a  low  temperature  structure  transformation  in  solid  state.  As  anode  material  for  lithium-ion  batteries,
the  ultrafine  CuO  nanowires  exhibit  high  reversible  capacity,  superior  cycling  performance  and  improved
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rate  capability.  The  improved  electrochemical  properties  of CuO  nanowires  are  ascribed  to  their  ultrafine
size which  lead  to  the  reduced  over-potential,  extra  reversible  reactions  at low  potentials  and  improved
interface  performance  between  the  electrode  and  electrolyte.

© 2011 Elsevier B.V. All rights reserved.
ithium-ion battery

. Introduction

Lithium-ion batteries (LIBs) are widely used in portable elec-
ronic equipments. Now, they are becoming a good choice for
lectric vehicles and hybrid electrical vehicles, but their perfor-
ance still lies behind the increasing demands of the consumer.

t’s necessary to explore new electrode materials or design novel
anostructures of electrode materials to meet these demands
1–6]. Recently, nano-sized transition metal oxides (MO, where

 is Fe, Co, Ni, and Cu) have been widely investigated as
romising anodes for LIBs since they were first reported by Taras-
on et al. [2].  Among them, copper oxide (CuO) has attracted
uch attention due to its high theoretical capacity (670 mAh  g−1),

on-toxic, low cost and facile synthesis. However, the severe vol-
me expansion/contraction during lithiation/delithiation causes
he pulverization of electrodes and leads to rapid deterioration
n capacity. To overcome this intrinsical drawback, an effective
pproach is adopted to fabricate CuO/C nano-composites [7–13].
he carbon materials used in composites can not only improve
he electronic conductivity but also prevent the breakdown of

lectrode materials during Li+ insertion and extraction [8].  Nev-
rtheless, this strategy usually sacrifices the reversible capacity of
uO due to the introduction of carbon. Moreover, the reliable and
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facile synthesis is still a challenge for well-designed CuO/C nano-
composites.

Because the electrochemical properties of CuO can be greatly
affected by morphologies, intensive research has focused on the
controlled synthesis of various CuO nanostructures over the past
several years [14–23].  Improved cycling performance has been
obtained in most of them. However, it is still a great challenge to
achieve high rate capability in pure CuO nanostructures. In gen-
eral, it is well accepted that a smaller size of CuO can lead to
higher capacity and higher rate capability. This reduces the over-
potential and allows faster reaction kinetics at the electrode surface
[5].  Therefore, the synthesis of CuO nanostructures with ultrafine
size is a promising approach to obtain improved rate capability in
pure CuO nanostructures.

Polycrystalline CuO nanowires with tens of nanometers in diam-
eter have been investigated by others as anode materials for LIBs,
which exhibited superior cycling performance [15]. In this paper,
we focused on the controlled synthesis of uniform CuO nanowires
with ultrafine size and good dispersion by a simple solution route
[24–28], and investigated their lithium storage capacity, rate capa-
bility as well as cycling performance for LIB anode materials.

2. Experimental

In a typical experiment, 0.2 mol NaOH was  dissolved in 100 ml distilled water

and 1 mmol  CuCl2·2H2O was dissolved in 10 ml  distilled water. Then, the CuCl2
solution was dropwise added into the NaOH solution under magnetic stirring at
20 ◦C. After reaction for 20 min, the mixed solution turned turbid. The blue products
were harvested by high-speed centrifugation and thoroughly washed with distilled
water and ethanol. The obtained blue precipitates were dried in oven for 2 h at 60 ◦C.

dx.doi.org/10.1016/j.jallcom.2011.07.109
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD pattern of ultrafine Cu(OH)2 nanowires.

inally, the dried powders were heat-treated in a furnace for 2 h at 150 ◦C. In addi-
ion,  the turbid solution mentioned above was heat-treated in water bath at 75 ◦C
or  15 min. The black precipitates were harvested and dried.

The structure and morphology of the products were characterized by X-ray
iffraction (XRD, Bruke D8-Advance, Cu-K� , � = 0.15406 nm), field emission scan-
ing electron microscope (FESEM, JEOL JSM-7100F) and transmission electron
icroscopy (TEM, JEOL JEM-2100).

Electrochemical properties of CuO electrodes were tested using two-electrode
wagelok cells with lithium metal as the counter and reference electrodes. The
orking electrodes consisted of 70 wt.% active materials (CuO), 20 wt.% conduc-

ive material (acetylene black), and 10 wt.% binder (polyvinylidene fluoride, PVDF).
he  electrolyte was  1 M LiPF6 in a mixture of 50 vol.% ethylene carbonate (EC) and
0 vol.% diethylene carbonate (DEC). Test cells were assembled in argon filled glove
ox.  The galvanostatical charge–discharge measurement was carried out by using
n  Arbin BT2000 battery testing system in the voltage range of 0.02–3.0 V (vs. Li/Li+).
he cyclic voltammograms (CV) were tested on Ametek VMC-4 electrochemical
esting system at a scan rate of 0.2 mV  s−1 between 0 V and 3.0 V (vs. Li/Li+).

. Results and discussion

The XRD pattern of the sample prepared by using 1 mmol

uCl2·2H2O and the reaction time of 20 min  (see Section 2) is
hown in Fig. 1. All the diffraction peaks are well consistent
ith the orthorhombic Cu(OH)2 (JCPDS No. 13-0420). The rela-

ively broad diffraction peaks indicate the small crystallite size

Fig. 2. SEM image (a) and TEM image (b) of ultrafine Cu(OH)2 nanowires. 
pounds 509 (2011) 9798– 9803 9799

for the sample. Fig. 2a and b presents the typical SEM and TEM
images of as-prepared Cu(OH)2 nanostructure, which show the
uniform ultrafine nanowires with about 5 nm (the inset HRTEM of
Fig. 2b) in diameter and several hundreds nanometers in length. The
nanowires exhibit good dispersion in spite of a slight aggregation
due to their high surface energy.

The reactions occurred in the solution of NaOH and CuCl2 can
be summarized as Eqs. (1) and (2).  In highly basic solution, Cu2+

prefers square planar coordination by OH− to form [Cu(OH)4]2−

instead of Cu(OH)2 precipitates. The nucleation of Cu(OH)2 should
start from localized regions with relatively high concentrations of
[Cu(OH)4]2−. Once the nucleus are formed, 1D Cu(OH)2 nanostruc-
ture are easily formed because the growth along [1 0 0] direction is
much faster than other directions [24,29]. Whereas, the 1D Cu(OH)2
nanostructures are unstable in basic solution, which can transform
to 2D nanostructures through the coordination of OH− to dz

2 of
Cu2+ and further transform to 3D nanostructures by weak hydro-
gen bond interactions [29]. In this research, to obtain ultrafine
Cu(OH)2 nanowires, the Cu2+ concentration and reaction time were
strictly controlled to restrain the transformation of 1D nanostruc-
tures formed in early stage. From Fig. 3 we can see clearly that both
prolonging the reaction time and increasing the Cu2+ concentration
can lead to two-dimensional aggregation growth.

Cu2+ + 4OH− → [Cu(OH)4]2− (1)

[Cu(OH)4]2− → Cu(OH)2 ↓ +2OH− (2)

To investigate the electrochemical properties of ultrafine
nanowires as anode materials for LIBs, the as-prepared ultrafine
Cu(OH)2 nanowires should be transformed to CuO structure with-
out obvious morphological changes. Fig. 4a shows the SEM image of
the sample heat-treated at 150 ◦C for 2 h. The morphology of ultra-
fine nanowires is well preserved. XRD pattern (Fig. 4c) shows that
the crystal structure is transformed to monoclinic CuO (JCPDS No.
05-0661). The weak and broad diffraction peaks indicate the fine
grains of CuO. By using the Scherrer’s formula and the full width
at half maximum (FWHM) data of (1̄ 1 1) peak, the mean crystallite
size of CuO nanowires can be calculated to be 3.7 nm.  For com-
parison, the ultrafine Cu(OH)2 nanowires were also heat-treated in
the solution at 75 ◦C for 15 min. Bowknot-like products (Fig. 4b) are

obtained instead of ultrafine nanowires. From XRD pattern (Fig. 4d)
we can see that the products are also monoclinic CuO. As is well
know, Cu(OH)2 is a metastable phase which easily transforms into
more stable CuO in both solid state and solution. Although the

The inset of (b) is the HRTEM image of ultrafine Cu(OH)2 nanowires.
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ig. 3. (a) SEM image of Cu(OH)2 nanostructure prepared by using 1 mmol  CuCl2·2
sing  4 mmol  CuCl2·2H2O and the reaction time of 20 min.

ain feature of two different routes is the formation of square
lanar entities CuO4 giving rise to CuO [28,30],  the morphology
hanges are quite different. There is a little change in solid trans-

ormation but a great change in solution which associated with
he formation of sheet-like structure and further self-assembling
nto bowknot-like architectures through an oriented aggregate

echanism [31].

Fig. 4. SEM images of ultrafine CuO nanowires (a) and bowknot-like CuO (b); 
nd the reaction time of 3 h; (b) SEM image of Cu(OH)2 nanostructure prepared by

Fig. 5a and b shows the first two  CV curves of ultrafine CuO
nanowires and bowknot-like CuO at a scan rate of 0.2 mV s−1.
Two  kinds of CuO electrodes show similar cathodic and anodic

peaks in whole scan processes, but some differences can also be
found between them. Compared to the bowknot-like CuO, the
cathodic peaks of the ultrafine CuO nanowires locate at relatively
high potentials and anodic peaks locate at relatively low poten-

XRD patterns of ultrafine CuO nanowires (c) and bowknot-like CuO (d).
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Fig. 5. CV curves of ultrafine CuO nanowires (a) and bowknot-like CuO (b); 

ials. The potential difference between the cathodic and anodic
eaks can be considered as the polarization of the electrode. The
educed over-potential in ultrafine CuO nanowires shows faster
eaction kinetics. The large surface areas of ultrafine CuO nanowires
ake the Li+ insertion/extraction take place mostly at the sur-

ace rather than in the bulk, which greatly reduce the Li+ diffusion
istance. Hence, the electrochemical reaction of lithium is easily
chieved in the ultrafine CuO nanowires. Furthermore, a relatively
trong cathodic peak at low potentials near 0 V can be found in
he ultrafine CuO nanowires electrode. The cathodic peak at low
otentials can lead to an extra capacity besides the reversible Li-
riven decomposition of the transition-metal oxide, which should
e associated with the formation of a gel-like film on the sur-
ace of oxides particles. The formation and dissolution of gel-like
lm was proposed as being the result of a catalytically enhanced
lectrolyte reduction [32]. Therefore, the ultrafine CuO nanowires
hould exhibit better catalytic effect and thus achieve a higher
eversible capacity at low potentials. Fig. 5c and d shows the
rst two voltage–capacity curves of ultrafine CuO nanowires and
owknot-like CuO at 0.1 C (1 C = 670 mA  g−1). The discharge capac-

ty of ultrafine CuO nanowires in the second cycle can achieve
90 mAh  g−1, while it is only 660 mAh  g−1 for bowknot-like CuO.
rom black straight line marked in Fig. 5c and d we  can see
hat the capacity difference between two kinds of CuO electrodes
ainly locates blow 0.7 V, which is corresponding well with the CV
esults.

The cycling performances of the two CuO electrodes at 0.1 C are
llustrated in Fig. 6a and b. The discharge capacities at 30th cycle
e–capacity curves of ultrafine CuO nanowires (c) and bowknot-like CuO (d).

are 680 and 470 mAh  g−1, respectively. Increasing the current den-
sity to 0.3 C, the discharge capacity of ultrafine CuO nanowires can
also be maintained at about 660 mAh  g−1 after 70 cycles (Fig. 6c).
Improved cycling performance of CuO nanowires can be attributed
to the ultrafine size and good dispersion which is beneficial for
accommodating the strain associated with the severe volume vari-
ations during Li+ insertion and extraction. Fig. 6d shows the rate
capability of two  kinds of CuO electrodes at different current
densities. Compared with bowknot-like CuO, the ultrafine CuO
nanowires exhibit higher rate performance. It can be observed
that a charge capacity of about 760 mAh  g−1 is obtained at 0.1 C
after 10 cycles, and this value is slowly reduced to 730 mAh  g−1,
680 mAh  g−1, 590 mAh  g−1, 420 mAh  g−1 at 0.2 C, 0.4 C, 0.8 C and
1.6 C, respectively. Furthermore, the charge capacity can return
to the original value and gradually increase after 50 cycles when
the current density turns back to 0.1 C. The improved rate capa-
bility indicates a fast transferring of electrons and Li+ in ultrafine
CuO nanowires because of their large electrode-electrolyte contact
area and shortened Li+ diffusion distance. The gradual increase of
the excess capacity after 50 cycles should be attributed that not
all surface, such as the internal surface between the nanowires,
is covered with polymer layer after several cycles at relatively
rapid charge–discharge process. Shaju et al. [33] have suggested
that the growth of polymer layer on the internal surface is lim-

ited to some extent because of slower mass transport of the
constituents that make up the polymer layer. Therefore, the poly-
mer  layer on internal surface builds-up slowly, over a number of
cycles.
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Fig. 6. (a) Cycling performance of ultrafine CuO nanowires at 0.1 C; (b) cycling performance of bowknot-like CuO at 0.1 C; (c) cycling performance of ultrafine CuO nanowires
at  0.3 C; (d) cycling performances of ultrafine CuO nanowires and bowknot-like CuO at different current densities.
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. Conclusions

The ultrafine CuO nanowires (∼5 nm)  with good dispersion
re successfully synthesized by a simple solution route com-
ined with a heat treatment. Electrochemical studies indicate
hat the obtained ultrafine CuO nanowires exhibit high capac-
ty, superior cycling performance and improved rate capability.
he discharge capacity after 70 cycles can be maintained at about
60 mAh  g−1 at 0.3 C. Therefore, synthesizing nanostructures with
ltrafine size is an effective way to improve the electrochemi-
al properties of CuO and other transition metal oxides anode
aterials.
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