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a b s t r a c t

Various CuO nanostructures with different morphologies, such as nanosheets, nanowires and nano-

bundles have been synthesized via a composite-hydroxide-mediated approach. The morphologies can

be easily tailored by adjusting the concentration of precursor and the possible morphology transforma-

tion process is proposed. Scanning electron microscopy, X-ray diffraction and galvanostatical charge–

discharge test are employed to characterize the morphology, structure and electrochemical properties

of the CuO nanostructures, respectively. It is found that different morphologies of CuO result in

different electrochemical performances. Compared to others, CuO nanosheets exhibit not only high

reversible capacity but also good cycling stability. The improved electrochemical performance is

attributed to the novel 3D hierarchical nanostructure, which could relieve the stress caused by the

drastic volume change and ensure good capacity retention.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

As an important p-type semiconductor with a narrow band gap of
1.2 eV, cupric oxide (CuO) has been extensively studied owing to its
potential applications in sensors, high critical temperature super-
conductors, field emission emitters, catalysts, etc. [1–8]. Also, CuO is a
promising anode material for lithium ion batteries [9,10], which
attracts considerable attention due to its advantages of high theoretic
capacity (670 mAh g�1), non-toxic, low cost and easy synthesis.
However, the intrinsical drawback of poor cycle performance restricts
the practical application of CuO anode in lithium ion batteries
[11–13]. It is well accepted that the morphology and size of CuO
are important factors, which can greatly affect the electrochemical
properties [14,15]. Hence, in the past few years, intensive research
has focused on the shape control of CuO nanostructures to enhance
the cyclability of CuO electrodes. For instance, Chen et al. reported the
hydrothermal synthesis of dandelion-like CuO microspheres, and
found that dandelion-like CuO electrodes delivered a reversible
capacity more than 600 mAh g�1 up to 50 cycles [16]. Song et al.
employed Cu2O nanocubes as precursors to synthesize urchin-like
CuO, which demonstrated an electrochemical capacity more than
560 mAh g�1 during 50 cycles [17]. Sheaf-like CuO, which exhibits a
ll rights reserved.
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high rate capacity, was synthesized by Pan et al. [18]. Sun et al.
demonstrated that CuO nanoribbons array electrode could deliver a
reversible capacity as high as 608 mAh g�1 up to 275th cycle [19].

To date, various CuO nanostructures with improved electro-
chemical properties have been successfully synthesized. How-
ever, there should be still much space for progress with regard to
the development of CuO anode materials, particularly in terms of
novel morphology and controlled synthesis. The development of
an economic pathway for controlled synthesis of CuO with
different morphologies is critical for obtaining the optimal prop-
erties with respect to their potential applications. In the present
work, we present the controlled synthesis of CuO nanostructures
via a so-called composite-hydroxide-mediated approach [20]. The
CuO with different morphologies such as nanosheets, nanowires
and nanobundles is obtained. This approach consists of advan-
tages of large-scale, easy control and without using any surfactant
or template, which shows a perspective for controllable produc-
tion of CuO nanostructures. The reaction processes and possible
morphology transformation mechanism are discussed. In addi-
tion, as anode material for lithium ion batteries, the morphology-
dependent electrochemical performances are also investigated.
2. Experimental

In a typical process, an amount of 20 g of mixed hydroxides
(NaOH:KOH¼51.5:48.5) was added into a Teflon vessel. The
vessel was put in a furnace and heated up to 200 1C. After the
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hydroxides were totally molten, 0.34 g CuCl2 �2H2O was added
and the mixture was stirred by a Teflon bar until a uniform blue
precursor was obtained. After that, the vessel was taken out and
cooled to room temperature. A certain amount of the blue
precursor was dissolved in various volumes of deionized water.
After aging for several hours, the product was filtered and washed
thoroughly by deionized water to remove residual hydroxides.

The crystal structures of the as-synthesized products were
inspected by powder X-ray diffraction (Bruke D8-Advance) with
Cu-Ka radiation (l¼0.15406 nm). The morphology and represen-
tative size of the products were observed with a field-emission
scanning electron microscope (JEOS JSM-7000F).

Electrochemical performance of CuO nanostructures was
investigated with two-electrode Swagelok cells. The working
electrodes were prepared as follows: the mixture consisting of
CuO, carbon black and binder polyvinylidene fluoride (PVDF) at a
mass ratio of 80:10:10 was dispersed in N-methyl pyrrolidinone
(NMP). Then, the slurry was coated uniformly onto a copper foil
with a diameter of 10 mm and dried in vacuum at 100 1C. Test
cells were assembled in argon filled glove box. Metallic lithium
foil was used as counter electrode. The electrolyte was made of
1 M LiPF6 dissolved in the mixture of ethylene carbonate (EC) and
diethylene carbonate (DEC) with the volume ratio of 1:1. The
galvanostatical charge and discharge tests were carried out on a
battery testing system (Arbin BT2000) in the voltage range of
0.01 V–3.0 V (vs. Li/Liþ). Cyclic voltammograms were performed
on Ametek VMC-4 electrochemical testing system between 3.0 V
and 0 V at a scan rate of 0.5 mV s�1.
3. Results and discussion

Fig. 1 displays the SEM images of the samples obtained by
dissolving 0.2 g precursor in different volumes of 1 ml, 2 ml, 5 ml
and 20 ml H2O. The as-synthesized product obtained in 1 ml
water reveals 3D hierarchical, flower-like morphology, which is
randomly assembled by extremely thin nanosheets (Fig. 1a). The
single nanosheet is spontaneously convolute, with the thickness
likely less than 30 nm. When the volume of water is increased up
to 5 ml, the morphology of 1D nanostructure is obtained. The
major produces are nanowires (Fig. 1c), which are about 50 nm in
diameter and several micrometers in length. Further increasing
the water volume up to 20 ml, the nanobundles (Fig. 1d)
Fig. 1. SEM images of as-synthesized nanostructures obtained by dissolving 0.2 g

precursor in different volumes of water: (a) 1 ml, (b) 2 ml, (c) 5 ml and (d) 20 ml.
constructed by nanorods instead of single nanowires are formed.
Besides, the morphology of the coexistence of nanosheets and
nanowires is obtained in 2 ml water (Fig. 1b). It is reasonable for
the result of competition balance between the formation of
nanosheet and nanowire.

Fig. 2 shows the XRD patterns of as-synthesized samples
obtained in different volumes of water. The XRD pattern of
nanosheets is revealed in Fig. 2A, which indicates that all the
diffraction peaks can be indexed as monoclinic CuO (JCPDS 05-
0661) with lattice constants a¼4.688 Å, b¼3.423 Å and
c¼5.132 Å. No other peaks for impurities are observed, which
shows the good phase purity. The curves in Fig. 2C and D, which
are similar, show the XRD patterns of nanowires and nanobun-
dles, respectively. All the diffraction peaks correspond well with
orthorhombic Cu(OH)2 (JCPDS 13-0420). When 2 ml water is
used, the XRD result (Fig. 2B) indicates that the CuO is dominant
while a trace of Cu(OH)2 is also found. In summary, Table 1
describes the correlation between the morphology, composition
and the volume of water. CuO nanosheet is obtained in low
volume of water. When the volume of water is increased, there is
a trend for the formation of 1D Cu(OH)2 nanostructures. Specially,
the coexistence of CuO and Cu(OH)2 nanostructures is obtained
when 2 ml water is used.

Schematic illustration of the possible morphology transforma-
tion mechanism is presented in Fig. 3. Firstly, the cuprate
precursor is obtained in molten hydroxides via the following
reaction [21]:

Cu2þ
þ4OH�-[Cu(OH)4]2� (1)

When the precursor is dissolved in water, precipitates are formed
possibly due to the decomposition of cuprate and subsequent
Fig. 2. XRD patterns of the samples obtained in different volumes of water.

Table 1
Summary of relationship between the morphology, composition and the volume

of water.

Sample Precursor
(g)

H2O
(ml)

Aging time
(h)

Morphology Composition

A 0.2 1 6 nanosheet CuO
B 0.2 2 6 nanosheet and

nanowire
CuO and
Cu(OH)2

C 0.2 5 6 nanowire Cu(OH)2

D 0.2 20 6 nanobundle Cu(OH)2



Fig. 3. Schematic illustration for the growth mechanism of CuO and Cu(OH)2

nanostructures.
Fig. 4. First three CV curves for CuO nanosheet.
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dehydration. The possible reactions involved in reaction process can
be described as follows:

[Cu(OH)4]2�-Cu(OH)2kþ2OH� (2)

Cu(OH)2-CuOþH2O (3)

Obviously, the concentration and pH value will affect the mor-
phology transformation mechanism in aqueous solution. In this work,
excessive hydroxides are used both as solvent and reactant. Actually,
there are little hydroxides that would react with CuCl2 �2H2O and
most of the precursor consists of hydroxides. When 0.2 g precursor is
dissolved in 1 ml, 2 ml, 5 ml and 20 ml, the pH value could be
estimated to be 14.6, 14.3, 14 and 13.3, respectively. Finally, different
concentrations of [Cu(OH)4]2� and pH value result in the formation of
various nanostructures. In fact, equation (3) occurs only in highly
basic condition [22]. For the section of step a, high precursor
concentration and large pH value are obtained when 0.2 g precursor
is dissolved in 1 ml water. The CuO nanosheets are obtained due to
the dehydration of Cu(OH)2 and further aggregation. However, when
0.2 g precursor is dissolved in 5 ml water, Only Cu(OH)2 can be
obtained because the reaction (3) is restrained. Cu(OH)2 is a layered
material and easily forms 1D nanostructures with the orthorhombic
phase due to the selective aggregation and assembly along the [1 0 0]
direction [23,24]. Therefore, Cu(OH)2 nanowires are formed as
showed in step b. On the other hand, the further increase of water
results in low basic condition (step c). A large drive force for reaction
(2) is obtained and more nuclears are formed. The more nuclears as
well as the lower concentration of [Cu(OH)4]2� limit the growth of
Cu(OH)2 and result in the formation of nanorods. Finally, Cu(OH)2

nanorods tend to form nanobundles, which should be ascribed to the
decrease of surface energy.

To investigate the electrochemical properties of CuO nanostruc-
tures, CuO nanowires and nanobundles are obtained by
heat-treating Cu(OH)2 nanowires and nanobundles at 200 1C,
respectively, while the as-prepared CuO nanosheets are used with-
out further treatment. It is found that the morphologies of CuO
nanowires and nanobundles are preserved after the heat treatment
(Fig. 5 inset). The electrochemical reactions are investigated by
cyclic voltammograms. Typically, Fig. 4 shows the CV curves of the
CuO nanosheet at a scan rate of 0.5 mV s�1. During the first cathodic
scan, three peaks near 2.0 V, 0.9 V and 0.6 V could be observed.
Compared to the initial cycle, a decrease of peak intensity and a shift
of the potential to the positive direction are revealed in the
subsequent cycles. These cathodic peaks correspond to a multistep
electrochemical reaction, which is generally attributed to the solid–
solution mechanism with formation of intermediate phase, the
reductive reaction from CuO to Cu2O and further decomposition to
Cu and Li2O [25,26]. Moreover, the cathodic peak at about 2.0 V is
also ascribed to the formation of SEI during the first discharge
process, the decomposition of electrolyte and the reactions of the
adsorbed impurities on active material surfaces [27,28]. These
reactions are usually irreversible and the peak near 2.0 V is absent
in the subsequent cycles. In the anodic scans, one peak in the range
of 2.3 V–2.7 V is recorded, which are ascribed to the partial forma-
tion of Cu2O and the oxidation of Cu2O to CuO.

Fig. 5 displays the first two discharge–charge curves and cycle
performances for CuO nanosheets, nanowires and nanobundles.
All the three electrodes exhibit similar discharge–charge beha-
viors and the discharge–charge plateaus are all corresponding
well with the cathodic and anodic peaks in Fig. 4. However, the
specific capacities of the three electrodes are different from each
other. The CuO nanosheet, nanowire and nanobundle morphology
exhibit first discharge capacity of 1198 mAh g�1, 1031 mAh g�1

and 967 mAh g�1, and first charge capacity of 752 mAh g�1,
670 mAh g�1 and 671 mAh g�1, respectively. Both the reversible
capacities and irreversible capacities of nanosheet are higher than
other two nanostructures. The differences can be attributed to the
different morphologies of CuO, which greatly affect the surface
areas of the electrodes. Usually, Li-driven formation of nanoscale
Cu dispersed into Li2O matrix goes with the reduction of electro-
lyte and the formation of SEI films in the first discharge process. It
is irreversible and results in the decrease of capacity and low
coulombic efficiency [29–31]. Hence, CuO nanosheet with 3D
hierarchical morphology accommodates more surface areas for
SEI films and shows the largest specific capacity and limited
initial coulombic efficiency in the first cycle.

The cycle performances of CuO with different morphologies
are shown in Fig. 5d. Obviously, the CuO nanosheet reveals higher
reversible capacities and better capacity retention than those of
CuO nanowires and nanobundles. A slow capacity fading could be
found and a stable reversible capacity of more than 420 mAh g�1

is achieved after 40 cycles. For CuO nanowires and nanobundles,
the reversible capacity is only 275 and 177 mAh g�1 after 40
cycles, respectively. As compared to the reported CuO nanowires,
nanorods and many other 1D nanostructures [19,32], the as-
synthesized CuO nanowires and nanobundles exhibit the poor
cycle performance. The rapid loss of capacity may be due to the
severe volume expansion and contraction during the lithiation/
delithiation processes, which results in poor electrical contact and
rapid deterioration in capacity. However, the CuO nanosheets
exhibit the improved cycle performance. The hierarchical



Fig. 5. First two discharge–charge curves for CuO nanostructures: (a) nanosheet, (b) nanowire, (c) nanobundle and (d) cycle performance of CuO nanostructures.
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morphology of CuO nanosheet can relieve the stress associated
with the drastic volume change and reduce the capacity fade.
Hence, the morphology of CuO electrodes can greatly affect their
electrochemical properties. The obtained CuO nanosheet shows
good cycle stability, which is comparable to those of reported CuO
nanostructures [14,15,33].
4. Conclusions

In summary, various CuO nanostructures with different
morphologies, such as nanosheets, nanowires and nanobundles
were synthesized via a composite-hydroxide-mediated route. The
composition and the morphology can be easily tailored by
adjusting the concentration and the pH value. As anode materials
for lithium ion batteries, CuO nanosheets delivered a high
reversible capacity of more than 420 mAh g�1 and a slow capa-
city fading up to 40 cycles, which showed better electrochemical
performance than CuO nanowires and nanobundles.
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