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a b s t r a c t

Three-dimensional (3D) dendrite-shaped CuO hollow micro/nanostructures have been prepared via a

Kirkendall-effect-based approach for the first time and have been demonstrated as a high-performance

anode material for lithium-ion batteries. The as-prepared hollow structures were investigated by

scanning electron microscopy, transmission electron microscopy, X-ray diffraction, and electrochemical

properties. A CuO hollow structure composed of nanocubes outside and a dense film inside was selected

as a typical example of the optimized design; it exhibited significantly improved cyclability at a current

rate of 0.5 C, with the average Coulombic efficiency of �97.0% and 57.9% retention of the discharge

capacity of the second cycle after 50 cycles. The correlation between the structure features of the

hollow CuO and their electrochemical behavior was discussed in detail. Smaller size of primary

structure and larger internal space of electrode materials are crucial to better electrochemical

performance. This work represents that Kirkendall effect is a promising method to fabricate excellent

hollow electrode materials for Li-ion batteries.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Due to their high surface area, low material density, and
surface permeability [1], hollow structures with nanometer to
micrometer dimensions have emerged as intriguing architectures
for applications in catalysis, drug delivery, nanoelectronics, and
sensor systems [1–4]. With regard to metal and metal oxides
hollow structures, palladium nanotube, Co3O4 hollow micro-
spheres, and copper oxide hollow microfibers have also been
synthesized by various methods, including template-sacrificial
strategies, nanoscale acid etching, and Kirkendall effect [5–7].
Among them, the merits of the Kirkendall-effect-based method
are obvious, that is, it is template-free and needs no layered
materials, while being capable of producing both binary and
ternary and even more complicated systems [8].

Copper oxide with nanometer-scale dimension and morpho-
logical specificity is an advanced material with potential for
diverse applications [9–11]. Over the past years, many efforts
have been directed toward the fabrication of nanostructured CuO
to improve its performance in currently existing applications.
Among these CuO nanostructures, 1D nanomaterials have been
largely prepared through various routes [12–14]. However,
synthesizing 2D and 3D structures of CuO nanomaterials has
ll rights reserved.
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been an active research field [15,16]. Up to now, very few
publications on the fabrication of 2D and 3D CuO hollow
structures without the assistance of templates has been reported
[17]. In recent years, CuO among transition-metal oxides, which
have become promising candidates for anode materials of Li-ion
batteries due to their huge specific capacity [18,19], is of
particular interest for its inexpensiveness and nontoxicity. The
electrochemical process of the CuO electrode is expected to evolve
the following reaction:

CuOþ2Liþ þ2e�2CuþLi2O

with a total associated capacity of 670 mA h g�1 based on a
maximum uptake of 2 Li per CuO [20]. Many efforts toward
enabling CuO and CuO-based composites with diverse morphol-
ogies to improve the electrochemical capability of Li-ion batteries
should be demonstrated (see Table S1 in the Supporting
Information) [17,21–25].

Herein, novel dendrite-shaped CuO hollow micro/nanostructures
have been successfully fabricated through a template-free Kirken-
dall-effect-based approach from dendritic Cu precursors prepared
simply at room temperature. A CuO hollow microstructure
composed of nanocubes outside and a dense film inside was
selected as a typical example of the optimized design; it exhibited
enhanced cyclability at a current rate of 0.5 C as a anode material for
lithium-ion battery, with the average Coulombic efficiency of
�97.0% and 57.9% retention of the discharge capacity of the second
cycle after 50 cycles. To the best of our knowledge, this is the first
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time to investigate the electrochemical reaction of lithium with
hollow active materials synthesized through Kirkendall effect, which
is confirmed to be a promising method to prepare excellent hollow
electrode materials for Li-ion batteries.
Fig. 1. The XRD patterns of (a) Cu precursors and (b) as-prepared products at 200–

450 1C for 0.5 h.
2. Experimental section

Dendrite-shaped CuO hollow structures composed of nano-
cubes were synthesized by a two-step method using the copper
chloride dihydrate (CuCl2 �2H2O), acetic acid (HAc; CH3COOH)
and aluminum (Al) foils, all purchased from Shanghai Chemical
Reagent Co., Ltd. Prior to the synthesis, Al foils were carefully
cleaned with absolute alcohol and distilled water, respectively, for
several times. In the first step, 1.02 g of CuCl2 �2H2O was dissolved
in 200 mL distilled water, and magnetically stirred to become
settled. Two milliliters acetic acid was added into the previous
aqueous solution drop by drop under stirring. The cleaned Al foil
was then immersed into the beaker with the as-prepared mixture
solution for 4 h at room temperature. After reaction, Al foil and the
reaction solution were removed and the red precursors formed
loosely on the surface of Al foil were filtered and rinsed
thoroughly with distilled water, then dried in vacuum drying
oven at ambient temperature for further reaction. In the second
step, samples were prepared by varying the thermal temperature
and time. Those samples obtained at 200, 250, 350, 450 1C for
0.25 h were denoted as S200-1, S250-1, S350-1, and S450-1,
respectively. The ones prepared at 200, 250, 350, 450 1C for 0.5 h
were named as S200-2, S250-2, S350-2, and S450-2, respectively.
In each case, all other experimental conditions were held
constant.

The dendrite-shaped CuO hollow structures were character-
ized by field-emission scanning electron microscopy (FE-SEM;
JEOL-JSM-6700F) operated at an acceleration voltage of 5 kV and
high-resolution TEM (HR-TEM, JEOL JEM-2010FEF, 200 kV) for
morphology and lattice images. The crystal structure of the
sample was determined by X-ray powder diffraction (XRD) using
Bruker D-8 Avance (Cu Ka irradiation, l=1.54178 Å) at a scanning
rate of 0.061/s in 2y ranging from 201 to 801.

The working electrodes were prepared by casting a slurry
consisting of 55 wt% active material (CuO powders), 25 wt%
carbon black, and 20 wt% polyvinylidene fluoride (PVDF) onto a
copper foil. Coin-type test cells were assembled by using working
electrodes as the anode electrodes (relative to LiCoO2 cathode
electrode), Li foils as both the counter and reference electrodes,
1 M solution of LiPF6 in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (1:1 by weight) as the electrolyte, and
polypropylene foil (Celgard) as the separator. These cells were
assembled in an argon-filled glovebox (Mbraun, Unilab, Germany)
and cycled at different rates between voltage limits of 0.02 and
3 V. The cells were aged for 12 h before measurement. The
charge–discharge cycling were carried out at room temperature
(RT=25 1C) by using BTS Series (Neware Technology Limited
Company).
3. Results and discussion

The XRD analysis shown in Fig. 1a confirms that the dendritic
Cu precursors are pure face-centered cubic Cu metals
(Joint Committee on Powder Diffraction Standards (JCPDS)
No. 85-1326). Moreover, XRD was used to explain the
components of our samples prepared at different temperatures
for 0.5 h. As shown in Fig. 1b, with the increase of temperature
from 200 to 450 1C, diffraction peaks for the monoclinic phase
CuO (JCPDS No. 80-1917) appear and increase their intensity,
while the cubic phase Cu (No. 85-1326) and cubic phase Cu2O
(No. 78-2076) peaks become weaker. The Bragg peaks of the
products obtained at 200 and 250 1C are consistent with those of
the Cu, Cu2O and CuO phase. Instead, there is no hint of Cu and
Cu2O phase but all peaks of the samples can be indexed to the
monoclinic phase CuO while the treatment temperature is up to
350 1C (see Fig. S1 in the Supporting Information). Therefore, the
secondary growth temperature plays an important role in the
crystal phase of the products.

Fig. 2a, b show the scanning electron microscopy (SEM) images of
dendritic Cu precursors before further growth, and Fig. 2c, d show
the morphology of the as-prepared CuO hollow architectures on
heating primary Cu at 350 1C for 0.25 h. The Cu dendrites are
3–10mm long and the diameter of the ‘‘branches’’ is approximately
160–170 nm. It can be seen that the CuO products have dendrite-
shaped architectures, preserving their precursor morphology. The
structural details are revealed in high-magnification SEM image
(Fig. 2d). It can be observed that the internal diameter of the hollow
branches is �400 nm and the thickness of the tubes is �350 nm.
Fig. 2e displays a broken CuO dendrite, indicating that these
dendrite-shaped CuO hollow structures are composed of cubic
CuO nanoparticles outside and a dense film inside.

In order to confirm the hollow micro/nanostructure and
discuss it in detail, we used transmission electron microscopy
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Fig. 2. FESEM images of Cu dendrites at (a) low magnification and (b) high magnification and typical CuO hollow strctures at (c) low magnification and (d, e) high

magnification.

Fig. 3. TEM images of the products prepared at 350 1C for 5 min (a), 15 min (b), and 40 min (c).
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(TEM) to investigate the samples prepared at 350 1C for 5, 15,
40 min in Fig. 3. TEM image of a dendrite-shaped Cu precursor is
shown in Fig. S2. At first O2 in the atmosphere can selectively
nucleated at the external surfaces of the Cu dendrite, resulting in
the formation of partial core–shell intermediate product (Fig. 3a).
Subsequently, when the heating time is prolonged to 15 min,
the hollow can be obtained obviously (Fig. 3b). Nevertheless,
after thermal treatment in air for 40 min, CuO hollow
structure becomes solid (Fig. 3c). Moreover, the selective
area electronic diffraction (SAED) images (inset of Fig. 3) show
that the crystallinity of the products increases with heating time.
The sample obtained for 5 and 15 min is polycrystalline but the
one attained for 40 min is monocrystalline.

A modified electroless deposition mechanism can be used to
explain the growth of Cu dendrites [26]. In the initial stage of the
growth process, Cu2 + ions combine with the Ac� to form Cu(Ac)2,
a well-known rather weak electrolyte, in solution. Al metal loses
electrons rapidly at first, according to the contrast of the cell
potentials. Following this, Cu2 + ions released slowly from Cu(Ac)2

accept the electrons donated by the Al foil and dendritic Cu nano-
and microstructures generate. The release and diffusion of Cu2 +

were too fast with the absence of HAc, and not beneficial to the
nucleation and growth of dendritic Cu, which can be proved by
our control experiments shown in Fig. S3.

Based on the features in the shape evolution process, the
formation of dendrite-shaped CuO hollow structures is believed to
be the results of Kirkendall effect, the basis of which is void
formation caused by the difference in diffusion rates between two
species [8,27]. The growth process for the hollow structures is
schematically illustrated in Fig. 4. The formed Cu dendrites (a) are
annealed in air at 250–450 1C, causing an interfacial solid-state
reaction and non-equilibrium diffusion. The initial stage is O
atoms in the air were adsorbed onto the surface of the dendritic
precursors, and subsequent a combination reaction would occur
in which the Cu is oxidized, and the copper diffuse outward to
form a thin layer of CuO [28]. The Kirkendall effect involves
disparate rates of transport for Cu and O atoms through the CuO
barrier layer [29]. The net outward flow of copper core through
the CuO shell led to the generation of small Kirkendall voids (b)
[30]. The second stage is an increase of the gaps contributed by
further surface diffusion of the core material along the pore
surface (c). In this stage, voids began to develop and merge due to
the high defect content and surface energy associated with the
pore surface favor the nucleation of voids there. Finally, the
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Fig. 4. Schematic illustration of the growth of typical dendrite-shaped CuO hollow architectures.

Fig. 5. FESEM images of the samples S250-1 (a, b), S250-2 (c), S350-2 (d), S450-1 (e), and S450-2 (f). The insets show the high-magnification pictures of the corresponding

images.
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material exchange can proceed thoroughly via gaps evaporation
at high temperature. The existence of the CuO shell would
condense to form hollow structures with similar morphology of
the precursors (d) [30]. We speculate that after copper was
oxidized completely, a similar sintering process happens. Voids
would overflow time-dependently through diffusion induced by
high temperature to cause the shrinkage and crystallization of the
hollow. With the heating time increasing, the hollow structure
could change into be solid and monocrystalline (Fig. 3c) [29].

To determine optimized reaction conditions for the best
dendrite-shaped CuO hollow morphologies, various comparative
experiments have been performed. Fig. 5 shows the FESEM
images of S250-1, S250-2, S350-2, S450-1, and S450-2. The
cube-like morphologies are barely discernible on the exterior
surface of the hollow dendrites for the sample S250-1 (Fig. 5a, b).
With increasing the reaction time to 0.5 h at 250 1C, these cube-
like nanoparticles become distinctive (Fig. 5c), but the cubic
nanostructures blurs with a further increase in the reaction
temperature or time (Fig. 5d–f). These cubic nanoparticles are
started to adhere and assemble each other at higher temperature
and longer reaction time (inset of Fig. 5e, f). This is consistent with
the results of TEM. Therefore, it can be inferred that 350 1C and
0.25 h are the best reaction temperature and time to obtain the
best dendrite-shaped structures composed of well-defined cube
nanoparticles outside and a dense film inside (Fig. 2e).

The CuO electrodes were examined with Li ion insertion and
extraction to demonstrate their electrochemical performance in
energy storage. The assembled cell was cycled between 0.02 and
3 V at room temperature. The electrochemical performance of the
sample S350-1 electrode was investigated by galvanostatic
discharge–charge measurements at a current rate of 0.5 C
(C was defined as 2 Li+ per hour; 670 mA h g�1). As illustrated
in Fig. 6a, the first discharge capacity is high, that is
1503.9 mA h g�1, greater than the theoretical value. On the one
hand, the extra capacity is attributed to the formation of a
surface–electrolyte interphase (SEI) film due to electrolyte
decomposition [31]. The low reversible capacity of carbon black
contained in active materials, on the other hand, should not be
neglected, because in our experiments, the active materials
contain 25% carbon black, the first Coulombic efficiency of
which is only about 26.7%. Fortunately, the contribution of
carbon black towards the capacity of Li-ion battery becomes
smaller and smaller along with the number of cycles increasing
since the capacity of carbon black decreases very sharply during
charge/discharge process [32]. Furthermore, we can observe a flat
plateau near 1.05 V in the discharge curve, whereas there is only a
subtle plateau near 2.5 V for Li release from the crystal lattice of
CuO [20,33]. More details can be observed in the differential
capacity plot (DCP, the inset of Fig. 6a). The peak at 0.35 V in the
discharge curve can be ascribed to the formation of SEI.
For conversion reactions of transition-metal oxides electrodes,
the formation of SEI has been suggested upon discharge at low
potentials [34]. Other peaks at 0.75 and 1.05 V in the discharge
curve correspond to the multistep electrochemical Li reaction
process or additional sites for Li uptake due to the formation of
the imperfection of highly organized nanotextured CuO lattice
with polycrystalline structure, which facilitates the transport of
lithium in surface defects and in bulk materials [33]. In the charge
curve, a peak centered at 2.5 V corresponds to a strong
polarization [20,33]. From Fig. 6b, the second discharge and
charge capacities are determined as 514.3 and 469.1 mA h g�1,
respectively. In addition, the CuO (S350-1) electrode is able to
keep its discharge capacity at 481.7 mA h g�1 after 10 cycles and
437.4 mA h g�1 after 20 cycles, indicating a higher reversible
capacity than traditional graphitic carbon. Fig. 6c shows the
electrochemical response of sample S350-1 on cycling at a current
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Fig. 6. (a) First and (b) 2nd, 10th, and 20th discharge/charge voltage profile of S350-1 cycled at a rate of 0.5 C. (c) Variation in discharge/charge capacity versus cycle

number for S350-1 at different rates of 0.5 and 1 C. (d) Cycle life of the samples S250-1, S350-1, and S450-1 at a rate of 0.5 C. The inset shows the initial differential capacity

plot of S350-1 at a rate of 0.5 C.

Fig. 7. Capacity delivered upon cycling at various rates by sample S350-1 cycled

between 0.02 and 3 V.
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rate of 0.5 and 1 C at room temperature. The cell reveals the
reversible capacity of �300 mA h g�1, that is, 57.9% retention of
the discharge capacity of the second cycle after 50 cycles. The
average Coulombic efficiency of 50 cycles is up to �97.0%. At a
rate of 1 C, the electrode is capable of delivering discharge
capacity of 343.9 mA h g�1 after 10 cycles (close to graphite
capacity: 372 mA h g�1). The high capacity and good cyclability of
the CuO electrodes mainly originate from their hollow structure
consisted of nanocubes with structural robustness, such as
alleviating the strains caused by the volume variation, short
diffusion paths both for electrons and lithium ions as well as large
electrode–electrolyte contact area [35,36].

Structure parameters of CuO hollow architectures are very
crucial to the electrochemical behavior. To discuss the influence of
CuO structure on the cell cycling performance, we show in Fig. 6d
the cycling response of S250-1, S350-1, and S450-1 under the
same conditions. The sample S350-1 reveals a better cycling
performance than S250-1 and a higher capacity than S450-1. The
discharge capacity of S250-1 rapidly declines to 386.3 mA h g�1

after 15 cycles, which is significantly poorer than that of S350-1.
Both S450-1 and S350-1 show a decrease in discharge capacity
with time. However, S350-1 displays a higher discharge capacity
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than the sample S450-1. Therefore, from the previous character-
ization of the three samples, to achieve good performance, firstly,
the primary particles that compose hollow dendrite-shaped
structures should be as small as possible, that is, the Kirkendall
effect should be sufficiently strong to minimize the constituent
particles, leading to better contact between CuO and shorter
diffusion length of lithium ions [25], which make an influence on
the higher reversible capacity. Secondly, the hollow dendrites
should have as large space as possible to accommodate the large
volume change, delaying capacity fading [37,38]. The cycling
response at progressively increasing rates of S350-1 shows in
Fig. 7. At rate as high as 2C (1340 mA g�1), the electrode reveals
good cyclability and high Coulombic efficiency. By returning to
the initial rate of 0.2 C, the reversible capacity is about
340 mA h g�1, �54% of the capacity at the 5th cycle.

We also point out that there are several additional advantages
associated with the development of hollow nanostructured
electrodes for Li-ion batteries. Those include, for example, fast
electrolyte diffusion, higher electrode/electrolyte contact area
leading to higher charge/discharge rates, and a structural buffer
for the large volume expansion [39]. Problems still have to be
overcome in terms of initial irreversible capacity. Further work on
optimizing the surface morphology of electrode materials and
using nanostructured current collectors to ensure better cycling
performance is in progress.
4. Conclusion

In summary, dendrite-shaped CuO hollow micro/nanostruc-
tures can be produced in a Kirkendall-effect-based template-free
thermal treatment process. The internal diameter of the hollow
branches is �400 nm and the as-prepared hollow structures are
composed of nanocubes outside and a dense film inside. The
crystalline structure and morphology of the products are highly
dependent upon the treatment temperature and reaction time in
the synthetic process. The fine and polycrystalline CuO hollow
structures as anode materials for lithium-ion batteries exhibit a
high initial discharge capacity of 1503.9 mA h g�1 with the
average Coulombic efficiency of �97.0% for the next 50 cycles
over the potential range 0.02–3.0 V at a current rate of 0.5 C at
room temperature. The electrochemical behavior lies crucially on
the structural parameters of the CuO hollow architectures. The
small primary particles that compose dendrite-shaped CuO and
large space in the hollow structure are expected to improve the
performance of the Li-ion cells. This Kirkendall-effect-based
approach is proved to be an effective method to prepare excellent
hollow electrode materials for Li-ion batteries.
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