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bstract

We have investigated the structural and electrochemical properties of Cu–Si nanocomposite electrode fabricated by co-sputtering method.
eversible capacity of an amorphous Si electrode is degraded continuously with increasing cycle number up to 40 cycles. However, a Cu–Si
anocomposite electrode, where Cu nano-dots are embedded in an amorphous Si matrix, shows an excellent reversible capacity with a stable value

f ca. 400 �A h cm−2 �m−1 up to 40 cycles. The improved reversible capacity of the Cu–Si nanocomposite electrodes is attributed to the enhanced
tructural stability of the electrodes due to the presence of the Cu nano-dots evenly distributed throughout the Si matrix.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Development and fabrication of high-capacity lithium
echargeable batteries are of particular importance for high-
ower electronic devices. Silicon has been proposed to serve
s a possible anode material for replacing the current carbon-
ased materials (e.g. graphite) because Si itself has higher
heoretical capacity (ca. 980 �A h cm−2 �m−1) than that of
raphite [1–3]. However, Li insertion into the Si electrode causes
tructural damages, such as mechanical cracking caused by
olume expansion/contraction of Si electrode, thus leading to
ecrease of cycling performance [2,4]. Consequently, Si alone
s still insufficient for the practical use as an anode material of
echargeable Li batteries. Therefore, the prevention or the min-
mization of the structural changes of the Si electrode during
epeated Li insertion and extraction processes is a key issue

or the improvement of cycling performance, such as reversible
apacity with stable values. In this regards, efforts have been
ade to improve the cyclability by suppressing the structural
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hanges in the Si electrodes [5–7]. Recently, the introduction
f nano-sized particles in battery systems has been suggested
o be one of efficient methods since the physical, electrical
nd chemical properties of electrode materials can be mod-
fied in the presence of nanophases [8–12]. In addition, the
se of nanostructured electrodes appeared to strongly affect
he reversible capacity of batteries. For example, nano-size Si
articles distributed in a carbon matrix exhibited better cycle per-
ormance than individual component [6]. Xu and Jain showed
hat a nanocrystalline ferric oxide cathode could improve Li
ntercalation capacity and cycling performance. They attributed
he enhanced intercalation properties to changes in thermody-
amic and kinetic features from those of its microcrystalline
ounterpart [13]. However, the direct relationship between the
tructural and electrochemical properties of nanostructured elec-
rodes in a battery system has not been clearly understood so
ar.

In this work, we have fabricated Cu–Si nanocomposite elec-
rodes, where Cu nano-dots are embedded a Si matrix, by

sing a co-sputtering system. It is shown that the presence of
he Cu nano-dots embedded in an amorphous Si matrix can
ffectively improve the cycling performance of Li rechargeable
atteries.
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dispersed throughout the Si matrix.

The structural properties of the samples were further investi-
gated by means of XRD (Fig. 2). The single Si electrode reveals
12 H.-J. Ahn et al. / Journal of P

. Experimental

The nanocomposite electrodes of Cu–Si thin films were
rown using a RF magnetron sputtering system. Cu foil was
sed as substrates. The base pressure was less than 5 × 10−6 Torr
nd a working pressure was 5 × 10−3 Torr for all the elec-
rodes examined. Sputtering was performed under an inert Ar
as atmosphere at 40 SCCM (standard cubic centimeter per
inute) at room temperature (RT). Prior to sputtering, any con-

aminants on the target were removed by pre-sputtering for
0 min. The Cu–Si nanocomposite electrode (220 nm thick) was
hen deposited for 27 min at RF powers of 60 W (Si target)
nd 40 W (Cu target). For comparison, a single Si electrode
as also prepared at 60 W for 35 min. High-resolution electron
icroscopy (HREM) bright field images and selected-area elec-

ron diffraction (SAED) patterns were obtained using a Phillips
M20T/STEM Electron Microscope at an accelerating voltage
f 200 kV. XRD (Rigaku X-ray diffractometer equipped with
Cu K� source) analyses of the as-prepared electrodes were

sed to examine the structure and crystallinity of the samples.
ata were collected over the range of 2θ from 20◦ to 60◦ in

ncrements of 0.05◦ at room temperature. To determine the com-
osition and chemical state of the samples, X-ray photoelectron
pectroscopy (XPS) analyses were performed using a VG Scien-
ific (ESCALAB 250) X-ray photoelectron spectrometer, with
n Al K� source (1486.6 eV) operated at 15 kV and 150 W,
t a base pressure of 2 × 10−9 Torr. Spectra were peak-fitted
sing bands with a mixed Gaussian–Lorentzian line-shape and a
hirley baseline. The thicknesses and microstructures of the pre-
ared samples were investigated using field emission scanning
lectron microscopy (FESEM: Hitachi S-4100). To evaluate the
lectrochemical performance of the nanocomposite electrodes,
he electrochemical properties for Li insertion and extraction
ere examined using a conventional two-electrochemical sys-

em. Test cells were fabricated with a working electrode of
s-deposited thin-film and a metallic Li anode in an Argon-
irculating glove box. A 1.0 M LiPF6 solution in a 1:1 (vol.%)
ixture of ethylene carbonate (EC) and diethyl carbonate (DEC)
as used as the electrolyte. The test cells were aged for 12 h at
5 ◦C after the addition of the electrolyte before electrochemical
esting. The cell performance of the nanocomposite electrodes
as evaluated by galvanostatically discharging and charging the

ell at a constant current density of 20 �A cm−2 at a cut-off volt-
ge of 0.0–2.0 V (versus Li/Li+) at room temperature using a
BCS 3000 battery tester system (Won-A Tech corp., Korea).

. Results and discussion

Fig. 1 shows HREM images and SAED patterns obtained
rom the single Si and Cu–Si nanocomposite electrodes. For the
ingle Si electrode (Fig. 1(a)), the HREM image exhibits uni-
orm speckle contrast and the SAED pattern (shown in the inset)
eveals a broad diffuse ring, which represents characteristics of

morphous materials. For the Cu–Si nanocomposite electrodes
Fig. 1(b)), the HREM image shows uniform speckle contrast
ith dark blobs. The SAED pattern reveals sharp rings con-

isting of diffracted spots, which is characteristic of crystalline
F
p

ig. 1. HREM images and SAED patterns of (a) the single Si and (b) the Cu–Si
anocomposite electrodes.

aterials. A comparison of the two samples indicates that the
lobs are Cu nano-dots (5–11 nm in size), which are uniformly
ig. 2. X-ray diffraction patterns of the metallic Cu film, the Cu–Si nanocom-
osite electrode, and the Si electrode.
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ig. 3. XPS spectra of (a) the Cu 2p and (b) the Si 2p obtained from the Cu–Si
anocomposite electrodes.

o diffraction peaks, indicating an amorphous structure, whilst
single Cu film, which was sputtered without a Si target, gives

rystalline nature (2θ = 43.2◦ and 50.3◦) [JCPDS 03–1005]. For
he Cu–Si electrode sample, there is a broad diffraction peak
2θ = 43.2◦). This implies that the Cu nano-dots having FCC
tructure (space group Fm3m) are embedded within an amor-
hous Si matrix. To measure the mean grain (crystallite) size
D) of the Cu nano-dots embedded in the Si matrix, Scherrer
quation [14] was used for the (1 1 1) plane diffraction peak
2θ = 43.2◦):

= 0.9λ

β cos θ

here D is an average particle size, λ is the X-ray wavelength,
the pure full width of the diffraction line at half its maximum

ntensity and θ is the Bragg angle. The measurements showed
hat the Cu nano-dots are about 9 nm in size, which is in good
greement with the HREM result.

To examine the chemical states of Cu and Si, XPS analysis
as made of the Cu–Si nanocomposite electrodes. The peak of

he C 1s line (284.5 eV) was used as a reference for charge cor-
ection. Fig. 3 shows XPS spectra for the Cu 2p (Fig. 3(a)) and the

i 2p (Fig. 3(b)) obtained from the nanocomposite electrodes.
he XPS peaks from the Cu 2p3/2 and 2p1/2 photoelectrons
eaked at 933.0 and 952.8 eV, respectively, are consistent with
etallic Cu. In case of the chemical state of Si, XPS spectrum

S
a
t
c

ig. 4. The cycle number dependence of the insertion and extraction capacities
f test cells fabricated with the single Si and Cu–Si nanocomposite electrode up
o 40 cycles.

or the Si 2p photoelectrons exhibits two peaks corresponding to
he elemental Si at 99.3 eV and the oxidized Si at 103.0 eV. It is
elieved that the oxidized Si species in the Cu–Si nanocomposite
lectrode is present as a surface layer, which was formed when
he sample was exposed to air before the XPS measurement.

Fig. 4 shows the cycle number dependence of the insertion
nd extraction capacities of test cells fabricated with the single
i and Cu–Si nanocomposite electrodes. For the single Si elec-

rode, the reversible capacity decreases continuously as the cycle
umber increases, which is consistent with the result previously
bserved by Bourderau et al. [15]. For the Cu–Si nanocom-
osite electrode, however, their reversible capacities decrease
ith increasing cycle number up to five cycles and then remain

lmost constant afterwards. The capacities in the first insertion
rocess for the single Si and Cu–Si nanocomposite electrodes
re 948.7 and 740.5 �A h cm−2 �m−1, respectively. After 40
ycles, the capacities of the single Si and Cu–Si nanocomposite
lectrodes drop by 89% and 46% of their initial values, respec-
ively. The presence of the Cu nano-dots embedded in the Si
lectrode seems to inhibit the degradation of the capacity by
nhancing the mechanical stability of the amorphous Si matrix
s will be discussed later (Fig. 5), which may allow more sites
o be available for the reversible insertion and extraction of Li
ons in Li ion batteries. This is in a good agreement with the
esults previously reported by other groups [9,10,16–18], indi-
ating that the incorporation of nanostructured electrodes into
attery systems can significantly improve the electrochemical
erformance of batteries.

Fig. 5 shows SEM images of the amorphous Si electrode sam-
les without (Fig. 5(a)) and with the Cu nano-dots (Fig. 5(b))
fter 10 cycles of Li insertion and extraction processes. The
ingle Si electrode experienced serious cracking and crumbling.
owever, the Cu–Si nanocomposite electrode remains fairly sta-
le in its morphology. The results show that reversible retention
f the single Si electrode is unstable and subject to continuous
egradation, whilst the introduction of the Cu nano-dots into the

i matrix plays an effective role in minimising volume change
nd hence alleviating the cracking and crumbling of the Si elec-
rode, thus leading to the better performance in the reversible
apacity for the rechargeable Li batteries.
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ig. 5. SEM images of the Si electrodes (a) without and (b) with the Cu nano-
ots after 10 cycles.

. Conclusions
The Cu–Si nanocomposite electrodes, which were prepared
sing a co-sputtering system, were successfully demonstrated
or the test cells of rechargeable Li batteries. The Cu–Si
anocomposite electrodes showed excellent reversible capacity

[

[
[

Sources 163 (2006) 211–214

s compared to the single Si electrode up to 40 cycles. The pres-
nce of the Cu nano-dots prevented the decrease of the reversible
apacity by stabilizing the amorphous Si electrode. The Cu–Si
anocomposite electrode could be used as one of potential anode
aterials for realising high-performance rechargeable Li batter-

es.
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