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bstract

A novel CuO negative electrode with network-like architectures was fabricated on copper substrate by a simple solution-immersion step and
ubsequent heat treatment, which avoids the use of binder and conducting agent that necessary to the conventional electrode-preparation process.

he as-prepared CuO electrodes exhibit not only high reversible capacity but also long cycling life, high rate capability in Li ion batteries. The

esult of this approach creates a new and attractive negative electrode with good electrochemical performance, which is simple, mild conditions,
ow cost, and easy control. It also opens a pathway for the application of other nanostructured materials of transition metal oxides in lithium ion
atteries.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries are widely used in portable electronics
nd electric vehicles due to their high energy density, long cycle
ife, and no memory effect. Graphitic carbon such as mesocar-
on microbeads (MCMB), natural graphite is the conventional
lectrode materials used in lithium ion batteries [1–3]. However,
imited capacity and poor rate performance of carbonaceous
lectrodes had stimulated researchers to explore alternative elec-
rode materials with high capacity and good rate capability
4,5]. Fortunately, nanomaterials of transition-metal oxides con-
er them these desirable properties and make them valuable
hoice for material chemists [6–8].

Recently, nanoscale CuO with different dimensions and mor-
hologies had been exploited for lithium ion electrode materials
9,10], and they exhibited much higher capacity than graphite.
owever, such a high capacity can only be achieved with the
elp of additives such as electronic conducting agent (often car-

on black) and polymer binder, in which mixtures of CuO and
lectronic conducting agent were embedded in polymer binder
11]. As a result, the kinetic process of this complex electrode,
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uch as efficient transport for both electrons and lithium ions, is
imited by polymer binder. Moreover, the electrochemical per-
ormance of the electrode is strongly dependent on fabrication
rocedures [12,13].

Recently, many efforts have been devoted to the fabrication of
ne-dimensional CuO nanomaterials such as nanowires [14,15],
anoribbons [16,17], nanoneedles [18], nanofibers [19,20],
anorods [21], and nanotubes [22] on copper substrates owing
o their unique structures, intriguing properties, and potential
pplications. Nevertheless, these nanostructured CuO films have
arely been investigated as electrode of lithium ion batteries.

Inspired by this finding, we present here a new CuO-based
egative electrode for lithium ion batteries, in which CuO
anofibers with network-like architectures directly grow on cop-
er substrate through a simple solution-immersion step and
ubsequent heat treatment at low temperature. The first advan-
age of this electrode lies in that it avoids the tedious fabrication
rocedures of conventional electrodes (such as the use of poly-
eric binder and conducting agent). This change allows not only

etter electric contact between the current collector and active

aterials but also high energy density of the electrode. More-

ver, the nanostructures of the CuO films can be controlled by
mmersion conditions. As a result, fast transport of lithium ions
nd rapid electronic kinetics are possible in the resulted CuO

mailto:panqm@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.02.008


wer S

e
e
a
i

2

w
o
c
o
t
a
c
d
t
s
t
a
r
w

a

L
s
C
s
w
m
a
p
p
p

P
H
C

2

v
d

F
d

H. Wang et al. / Journal of Po

lectrodes. In this study, we report that this new carbon-free
lectrode shows high reversible capacity, good rate performance
nd long cycling life, which is an attractive electrode in lithium
on batteries.

. Experimental

The construction of CuO nanofibers on a copper surface
as carried out by a simple chemical route involving an
xidation–dehydration process [23], as indicated below. First,
opper plates (2 cm × 2 cm) were washed with 1.0 M HCl aque-
us solution for 15 min and subsequently with deionized water
o remove impurities. The washed copper plates were immedi-
tely immersed into 20 ml of 0.25 M NaOH aqueous solution
ontaining 9 mM (50 mg) K2S2O8 and 17 mM (0.1 g) sodium
odecylsulfate (SDS) at room temperature for different duration
ime. After reaction, the copper plates were taken out from the
olution and rinsed with deionized water and dried in air. Then
he copper plates were heated at 120 ◦C for 1 h and at 180 ◦C for
nother 2 h under N2 atmosphere. After the furnace cooled to

oom temperature, copper foils with black film on their surface
as obtained.
The obtained CuO films were cut into 1 cm2 circle plates

s the negative electrodes, then dried in vacuum and weighed.

t
a
a
c

ig. 1. Scanning electron microscopy images of the copper foils immersion in 0.25 M
) 24 h. (b and c) are images at higher magnifications.
ources 167 (2007) 206–211 207

ithium foil was used as the counter electrode. The electrolyte
olutions were 1.0 M LiPF6 in EC/DMC (1:1 by volume).
oin cells were assembled in glovebox under argon atmo-

phere. The electrochemical performance of the CuO electrodes
ere evaluated by galvanostatic discharge/charge measure-
ent using a computer-controlled battery tester between 0.010

nd 3.0 V. Cyclic voltammograms (CVs) were recorded on
otentiostat CHI 604 at a scan rate of 0.5 mV s−1. All the
otentials indicated here were refereed to the Li/Li+ electrode
otential.

The X-ray diffraction (XRD) analysis was carried out using
hilips PW-1830. Scanning electron microscope (SEM, S-4700,
itachi) was employed to investigate surface morphology of the
uO films.

.1. Determination of the mass of active materials CuO

Before cell-assembly, the obtained CuO films were dried in
acuum and weighed. After discharge–charge test, the cells were
isassembled and the CuO electrodes were peeled, then the elec-

rodes were put into 1.0 M HCl aqueous solution to remove the
ctive CuO. Subsequently, the copper foils were washed in water
nd acetone successively. After dried in vacuum, the resulted
opper foils were weighed. The weight difference of the CuO

NaOH containing 17 mM SDS and 9 mM K2S2O8 for (a and b) 12 h; (c and
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lms before and after washing treatment is considered to the
ass of active materials CuO.

. Results and discussion
The surface morphology of the copper foil after immersion
rocess was investigated by scanning electron microscope, as
hown in Fig. 1. We can see clearly that nanofibers with network-

t
i
n
s

ig. 2. Scanning electron microscopy images of the copper foils after immersion in
.25 M NaOH and 9 mM K2S2O8 for 24 h.
ources 167 (2007) 206–211

ike architectures are observed on the copper surface. The image
t higher magnifications exhibits that the nanofibers, with a
ength of few micrometers and a diameter of few tens nanome-
ers, interweave into network-like architectures. Dependence of

he surface morphology on immersion time was studied to gain
nsight into the formation process of nanofibers. Only a few
anofibers are observed on the copper surface at the beginning of
olution-immersion. Upon increasing the immersion time (e.g.

(a and b) 0.25 M NaOH; (c and d) 0.25 M NaOH and 17 mM SDS; (e and f)
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2 h), the surface coverage of nanofibers becomes denser (Fig. 1a
nd b). Then, a continuous and compact film of interwoven
anofibers distributes on the copper surface when the immersion
ime closes to 24 h (Fig. 1c and d).

Control experiments reveal that appropriate concentrations
f sodium dodecylsulfate (SDS) and potassium persulfate
K2S2O8) have a great influence on the morphologies of the
opper surface after immersion step. In 0.25 M NaOH solu-
ion free of K2S2O8, a large number of aggregates can be
bserved on the copper surface but they do not show network-
ike architectures, as shown in Fig. 2a–d, suggesting K2S2O8
lays an important role in the growth of the nanofibers.
oreover, we also find that in 0.25 M NaOH/9 mM K2S2O8

olutions without SDS, no nanofiber but rather flowerlike
ggregates cover the copper surface, as illustrated in Fig. 2e
nd f.

To investigate the effect of heat treatment on the final surface
orphology of copper samples, SEM images of a copper foil

fter heat treatment at 180 ◦C are displayed in Fig. 3. Compared

ith the images in Fig. 1, the copper sample after heat treatment

xhibits the same network-like morphology as untreated ones.
ere, we can conclude that heat treatment at low temperature of
80 ◦C can avoid the collapse of the fiber morphology.

ig. 3. Scanning electron microscopy images of the copper surface after immer-
ion for 24 h and subsequent heat treatment at 180 ◦C.
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The composition of the resulted sample prepared at 180 ◦C
as examined by XRD, as shown in Fig. 4. For comparison, a
RD pattern of the Cu foil with a cubic-phase was also included.
ll peaks in the pattern are consistent with the JCPDS (5-0661)
ata of the CuO with a monoclinic phase. No peak ascribed to
u(OH)2 or Cu2O is detected in Fig. 4b, except those marked
ith an asterisk from the copper substrate. Based on the XRD
atterns together with the SEM images in Fig. 3, CuO nanofibers
ith network-like architectures were fabricated on copper sur-

ace by a simple solution-immersion step and subsequent heat
reatment.

Electrochemical behaviors of the CuO negative electrode
ere evaluated by cyclic voltammetry and galvanostatic
ischarge–charge measurements. Cyclic voltammograms of the
uO electrodes at a scan rate of 0.5 mV s−1 are depicted in
ig. 5a. In the first scan, three cathodic peaks are observed at
.62, 1.00 and 0.49 V, respectively; on the contrary, only one
nodic peak with a small shoulder is located near 2.58 V. Gener-
lly, the cathodic peak at 1.62 V can be attributed to the reduction
f O2 and/or H2O that are adsorbed on the CuO surface [24].
nother two cathodic peaks at 1.00 V and 0.49 V are related to

he diffusion of Li ions into the CuO crystallites with the for-
ation of the intercalated compound LixCuO [25,26]. Clearly,

he anodic peak at 2.58 V is ascribed to lithium extraction from
he crystal lattice of CuO [27]. During the second cycle, the
ntensities of the peaks decrease. Meanwhile, the potentials of
he cathodic peaks shift to 2.21, 1.17 and 0.60 V, respectively.
fter initial two cycles, there is no substantial change in the
eak potentials and curve shapes. The variations in intensity and
hape of the peaks at the first and second scans clearly indicate
he presence of irreversible capacity loss.

The initial five discharge–charge curves of the CuO elec-
rode at a current density of 0.15 mA cm−2 are illustrated in
ig. 5b. There are three potential slopes at 2.1–1.8 V, 1.3–1.1 V,
nd 0.9–0.01 V during the first discharge process; the poten-
ial ranges of these slopes are well consistent with that of the
athodic peaks in CVs. During the second discharge process, the
rst potential slope (2.1–1.8 V) is narrowed and shifts slightly
pward, accompanied by a decrease in the discharge capacity.
he change in the potential range and discharge capacity during

he first and second discharges are consistent with the observa-
ion in CVs. The initial discharge capacity of the obtained CuO
lectrode is about 970 mAh g−1, which is larger than the theo-
etical capacity of 674 mAh g−1 based on a maximum uptake
f 2Li/CuO. The large excesses capacity can be attributed to
he decomposition of the electrolyte and subsequent formation
f the passive film on the CuO surface that occurs in the low
otential region [28,29]. Moreover, the reduction of the adsorbed
mpurities on the CuO surface, the initial formation of lithium
xide [30], and the presence of some residual OH− groups in the
ctive CuO [31] are also responsible for the additional discharge
apacity.

Cycling performance of the CuO electrode at a current density

f 0.2 mA cm−2 is shown in Fig. 6. It can be found that the
lectrode exhibit a high capacity and a slow capacity fading.

stable reversible capacity of 560 mAh g−1 can be achieved
fter the second cycle, and the CuO electrode still keeps its
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Fig. 4. XRD patterns of the (a) Cu foil and (b) CuO nanofibers on the copper surface.
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Fig. 5. Cyclic voltammograms (a) and discharge–cha

apacity at 520 mAh g−1 even cycling for 50 cycles, indicating

ood capacity retention.

Another excellent property associated with this CuO elec-
rode is its high rate capability, and the charge capacity as

function of cycling number at different rates is illustrated

ig. 6. Specific capacity of the CuO electrode as a function of cycling numbers.

a
a
t
a

F

lots (b) of the CuO electrode. Scan rate: 0.5 mV s−1.

n Fig. 7. At first, the cell was cycled at 0.3C for 5 cycles,

nd then the rate was increased to 3C. A charge capacity of
round 566 mAh g−1 is obtained at a rate of 0.3C after 5 cycles;
his value decreases to 540 mAh g−1 at 0.6C, 450 mAh g−1

t 1C, 410 mAh g−1 at 1.5C, 370 mAh g−1 at 2C, and finally

ig. 7. Charge capacity of the CuO electrode at different discharge–charge rates.
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00 mAh g−1 at 3C. This result indicates the CuO electrode
xhibits good rate performance in lithium ion batteries.

It is well known that the rate-limiting step of lithium ion
atteries is mainly determined by the solid-state diffusion of
ithium ions in active materials [32,33]. A practical pathway
o improve the rate performance of lithium ion batteries is to
educe the diffusion path of active materials and to increase the
lectrode/electrolyte interface area [34]. As a result, high rate
apability of the CuO electrode results from the feature nanos-
ructure of CuO film, i.e. CuO fibers at nanoscale shorten the
ransport path for lithium ions, and network-like architectures
ncrease the electrode/electrolyte contact area. However, the rate
erformance of electrode is also affected by charge-transfer reac-
ion at the active materials/collector surface. Another reason
esponsible for the high rate capability is better electrical con-
act between the active CuO and copper collector. In this case,
he CuO nanofibers are directly constructed on the copper sur-
ace and they exhibit interwoven architectures. As a result, the
lectronic kinetics of the CuO electrode is faster than that of
he electrode fabricated from polymer binder and conducting
gent. This result demonstrates that the network-like CuO film
an provide efficient transport for both electrons and lithium
ons among the Cu/CuO/electrolytes interfaces.

. Conclusion

In summary, CuO nanofibers with network-like architectures
ere fabricated on copper substrate through a simple solution-

mmersion step and subsequent heat treatment. The resulted
uO film exhibits not only a capacity of 560 mAhg−1, but
lso high rate capability and good cyclability as negative elec-
rode in lithium ion batteries. One advantage of this method is
hat it avoids the use of polymer binder and conducting agent
hat necessary to the conventional electrode-preparation process.

e think that the present findings create a new and attractive
egative electrode with good electrochemical performance for
ithium ion batteries, which is simple, environmental friendly,
asy control, and low cost. The result of this study also opens
he possibility for the application of well-ordered nanostructures

f other transition metal oxides in the field of lithium ion bat-
eries. Studies on the optimization of preparation conditions,
he control of surface morphology and its effect on the CuO
lectrochemical performance are currently underway.
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