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a  b  s  t  r  a  c  t

Core–shell  Cu@Cu6Sn5 nanowires  with  three-dimensional  structure  have  been  successfully  synthesized
via  an  electrodeposition  process,  using  Cu(OH)2 nanorods  prepared  by anodization  as  the substrate.  Dif-
ferent temperatures  have  been  employed  to  heat-treat  Sn–Cu  composites.  After  heat-treated  at  80 ◦C,
strong adherence  of the  active  material  Cu6Sn5 to the current  collector  is  achieved,  and  the  crystal  struc-
ture becomes  more  stable,  thus  delivering  best  cycling  performance  of  0.162  mAh cm−2 after  200  cycles
at 1  C.  Furthermore,  superior  rate  capability  (as high  as  20 C) is also  obtained.
eywords:
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opper
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i-ion battery
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. Introduction

The finite fossil fuel reserves and global warning linked to CO2
missions have promoted the developments of electric vehicles
BEV, HEV, and PHEV) [1]. As potential power sources for elec-
ric vehicles, lithium ion batteries with high energy density, high
ower density, and high safety are urgently required. Recently,
lloy materials such as silicon (Si), tin (Sn), antimony (Sb), and
ermanium (Ge) have been investigated to offer high theoretical
pecific capacities, multiple times of carbon-based materials, and
re expected to be promising anode materials for next-generation
ithium ion batteries [2–7]. Among them, metallic tin delivers a
heoretical specific capacity of 991 mAh  g−1 or 7313 mAh  cm−3 as
i4.4Sn, much larger than 372 mAh  g−1 or 833 mAh  cm−3 of com-
ercial graphite as LiC6 [8,9]. In addition, tin has a higher operating

otential than graphite and does not undergo solvent intercalation,
onsequently being less reactive and much safer than graphite [10].
nfortunately, practical application of Sn is greatly restricted by its

evere volume expansion–contraction (up to 360%) experienced in

he course of lithium ion insertion–extraction electrochemical pro-
ess. These volume changes would induce both mechanical failure
nd loss of electrical contact at the electrode, resulting in very rapid

∗ Corresponding author. Tel.: +86 21 54748917; fax: +86 21 54741297.
E-mail address: liyangce@sjtu.edu.cn (L. Yang).

378-7753/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jpowsour.2011.10.043
capacity fading. To solve this problem, three strategies have been
proposed: (i) disperse Sn particles in a carbon matrix to buffer vol-
ume  changes of Sn, since carbon is elastic and conductive [11–13];
(ii) decrease particle size of Sn to nanoscale, thus shortening diffu-
sion length and accommodating large mechanical strain associated
with structure and volume changes [14,15]; and (iii) introduce a
second metal element to form active/inactive intermetallic com-
pounds Sn–M (e.g., Cu6Sn5, CoSn3, Ni3Sn4, FeSn2), in which highly
conductive framework are formed and severe pulverization can be
lessened [16–21].  Despite the improvements of cycling and rate
performances by these methods, it remains a significant challenge
to develop effectual architecture to put Sn into practical application.

Recently, binder-free techniques such as electrodeposition,
electroless plating, sputtering, and electron-beam deposition
were reported to prepare Cu6Sn5/Sn anode materials on copper
substrates [22–26].  Using foam-type substrates, several groups
obtained Sn–Cu active materials with improved electrochemical
performances [26–29].  Cu nanopillars were also reported as the
substrate to electrodeposit Sn [30]. Although it showed better
performances than Sn-covered Cu planar, most of Sn was in fact
not well connected to Cu nanopillars, and the specific capacity
was very low. Herein, we first report Cu(OH)2 as the substrate

to electrodeposit Cu6Sn5 anode material for lithium ion batter-
ies, and core–shell Cu@Cu6Sn5 nanowires with three-dimensional
structure were obtained. The morphology of nanowires favors Li+

insertion–extraction process of alloy materials [5–7]. In addition,

ghts reserved.
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the degradation of electrolyte mainly contributed to the initial
discharge capacity. As for Sn–Cu–P, it kept dropping down to
merely 0.003 mAh  cm−2 in 200th cycle, mainly caused by severe
pulverization and disconnection of the active material. The cycling
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ur fabrication process (co-deposition) can provide great connec-
ion between the core (Cu) and the shell (Cu6Sn5). As-prepared
n–Cu nanowires heat-treated at 80 ◦C delivered stable capacity
f ca. 0.162 mAh  cm−2 after 200 cycles at 1 C and superb rate per-
ormance (as high as 20 C).

. Experimental

.1. Sample preparation and characterization

Cu(OH)2 nanorods substrate was prepared by galvanostatic
nodization method, using a voltammetry tool HSV-100 (Hokuto
enko). Typically, a square copper foil (2 cm × 2 cm,  99.99%,
inopharm Chemical Reagent Co., Ltd.) was pretreated in ace-
one and dilute hydrochloric acid, and then used as the working
lectrode (anode). A platinum wire of 5 cm in length was  used
s the counter electrode and kept 2.5 cm away from copper foil.
he electrodes were immersed in 1 M NaOH aqueous solution,
nd 8 mA  current was applied to perform the anodization pro-
ess at room temperature. After 16 min, copper foil was taken
ut from NaOH solution and washed with deionized water thor-
ughly. Sn–Cu composite was prepared by electrodeposition, using
nodized copper foil as the working electrode (cathode), and plat-
num wire as the counter electrode. The electrolyte was  comprised
f 3 g K2SnO3·3H2O, 3 g NaAc, and 1.5 g NaOH dissolved in 150 mL
eionized water. −8 mA  current was applied to perform the elec-
rodeposition process at room temperature. After 60 min, copper
oil was taken out from the electrolyte and washed with deion-
zed water thoroughly, and subsequently dried under vacuum at
oom temperature. It was then heated at 80 ◦C for 24 h or calcined
t 200 ◦C for 8 h under nitrogen. For comparison, Cu(OH)2 parti-
les obtained by anodizaion in 3 M NaOH aqueous solution were
lso used as the substrate to produce Su–Cu composite (denoted
s Sn–Cu–P). The materials were characterized by X-ray diffrac-
ion measurement (XRD, Rigaku, D/max-Rbusing Cu Ka radiation),
ransmission electron microscopy (TEM, JEOL JEM-2010), and field
mitting scanning electron microscopy (FE-SEM JEOL JSM-7401F).

.2. Electrode preparation and electrochemical characterization

Electrochemical measurements were performed using coin-
ype half cells assembled in an argon-filled glove box (German, M.
raun Co., [O2] < 1 ppm, [H2O] < 1 ppm). For preparing the working
lectrode, as-prepared copper foil was cut in a rounded shape with
he diameter of 14 mm.  The electrodeposited Sn was measured to
e ca. 0.61 mg  for each electrode. Pure lithium foil was  used as the
ounter electrode. A glass fiber (GF/A) from Whatman was used as
he separator. The electrolyte consisted of a solution of 1 M LiPF6 in
thylene carbonate and dimethyl carbonate (EC + DMC) (1:1 in vol-
me), obtained from Zhangjiagang Guotai Huarong. Galvanostatic
ycling of the assembled cells was carried out using a CT2001A cell
est instrument (LAND Electronic Co.) under different current den-
ities between cutoff voltages of 2 and 0.01 V at room temperature.
yclic voltammetry (CV) and electrochemical impedance spectrum
EIS) were measured using a CHI660D electrochemical workstation.

. Results and discussion

The synthesis procedure of core–shell Cu@Sn–Cu nanowires is
escribed in Fig. 1. It can be seen that Cu(OH)2 nanorods prepared
y anodization were used as the substrate to perform electrode-

osition. In the electrodeposotion process, Cu(OH)2 was in situ
educed to Cu, Sn4+ was reduced to Sn, and Cu6Sn5 alloy was
ormed. This co-deposition process of Cu2+ and Sn4+ could provide

uch better connection of as-deposited Sn–Cu composite to the
Fig. 1. Schematic illustration of the fabrication process.

current collector Cu than directly electrodepositing Sn2+ or Sn4+ on
Cu. As-deposited Sn–Cu composite was  then heat-treated at differ-
ent temperatures, i.e. room temperature (denoted as Sn–Cu-RT),
80 ◦C (Sn–Cu-80), and 200 ◦C (Sn–Cu-200).

Fig. 2 shows XRD patterns of our products. After anodization,
orthorhombic Cu(OH)2 (JCPDS 13-0420) was obtained. After elec-
trodeposition, the XRD data of Sn–Cu-RT is in line with monoclinic
Cu6Sn5 (C2/c), which did not change after heat treatment at 80 ◦C.
This composite was then converted to orthorhombic Cu3Sn (JCPDS
01-1240) for Sn–Cu-200.

The morphology and structure of our products have been inves-
tigated by SEM and TEM measurements. Cu(OH)2 substrate is
observed to be nanorods (Fig. 3a, b, and e) with the diameter of
100–200 nm.  It is worth noting that Cu(OH)2 nanorods are not
perpendicular to copper foil, whereas interlacing with each other,
possessing three-dimensional structure. In addition, the height of
Cu(OH)2 is about 6.58 �m,  much higher than Cu nanopillars pre-
pared by alumina oxide membrane [30]. Fig. 3c shows a panoramic
SEM image of Sn–Cu-80, indicative of uniform structure. From
Fig. 3d, we can see that the morphology of Sn–Cu-80 is nanowires.
TEM image in Fig. 3f exhibits protuberant morphology, induced by
electrodeposition of Cu6Sn5 on Cu. The inner part (core) is cur-
rent collector copper, and the outer part (shell) is active material
Cu6Sn5. HRTEM image gives a 0.295 nm lattice spacing, consistent
with the lattice spacing of (1 1 3̄)  and (2 2 1̄)  planes of Cu6Sn5 (JCPDS
45-1488).

The electrochemical cycling performances of up to 200 cycles
for four types of Sn–Cu composites were studied by the galvanos-
tatic method at 1 C using 2016-type half cells (Fig. 4a). Clearly, the
discharge capacity of Sn–Cu-200 dropped rapidly, with capacity
retention of merely 17.6% at 2nd cycle. Such a poor capacity
retention originates from the inactive nature of Cu3Sn [31,32],  and
20 30 40 50 60 70

2 Thet a (deg .)

Fig. 2. XRD patterns of (a) Cu-based substrate and different Sn–Cu composites, (b)
dried at R.T., (c) heated at 80 ◦C, and (d) calcined at 200 ◦C.
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erformance of Sn–Cu-RT is obviously better than Sn–Cu–P,
onfirming that our configuration of three-dimensional nanowires
avors electrochemical process. It is observed that Sn–Cu-80 gave
he best cycling performance. We  believe that heat treatment at
0 ◦C can provide more stable crystal structure and much stronger
dherence of the active material Cu6Sn5 to the current collector
u. The cycling behavior of Sn–Cu-80 can be divided into three
egions, and this similar phenomenon has been explained in the
revious report [33]. Differently, the discharge capacity of our
roduct dropped down for initial five cycles, mainly caused by
he severe degradation of electrolyte to form SEI film, which is
specially significant for our product since as-deposited composite
ossesses a very large specific surface area. In the second region
f 6th to 35th cycles, the isolated electrode material gradually
onnected to the main part and recovered activity again, thus
eading to slight capacity rise. Then in the third region, repeated
olume expansion and contraction would cause part of the active
aterial crack and disconnect to the current collector, decreasing

he capacity. After appropriate amount of Sn was  detached, the
olume changes can be effectively buffered, so the cycling became
table and 0.162 mAh  cm−2 was finally obtained in 200th cycle,
 times of Sn-covered Cu nanopillars [30]. The discharge/charge
urves of Sn–Cu-80 shown in Fig. 4b present coulumbic efficien-
ies of 85.2%, 93.5%, and 94.7% in initial three cycles, respectively.
he sloping potential plateau below 0.3 V is characteristic of the
ted Sn–Cu composite heated at 80 ◦C with different magnifications (b: cross-section

transformations of Cu6Sn5 into Li2CuSn and subsequently Li2CuSn
into Li4.4Sn [34,35].  The nearly overlapped curves of 2nd and 3rd
cycles suggest superb reversible electrochemical behavior.

Fig. 5 reveals XRD patterns of different Sn–Cu composites after
200 cycles. The characteristic peaks of Cu6Sn5 disappeared for
Sn–Cu-RT, and high-temperature solid solutions Cu41Sn11 and
Cu10Sn3 formed, which are also active to lithium ion [36]. The crys-
tal structure did not change for Sn–Cu-80 after cycles, whereas
the characteristic peaks turned to be weak, indicating that part of
Sn became amorphous after electrochemical process, similar to Si
and Ge [6,7]. In the case of Sn–Cu-200, no phase change occurred,
confirming its inactive nature.

The cyclic voltammograms of Sn–Cu-80 conducted at a scan rate
of 0.5 mV  s−1 are shown in Fig. 6a. Two  tiny cathodic peak at 0.61 V
and 0.65 V originating from trace pure Sn alloying with lithium can
be observed in 1st cycle, and they became very weak in 2nd and
3rd cycles. The second cathodic peak below 0.3 V can be assigned
to the formation of Li4.4Sn from Cu6Sn5, according well with above
discharge curves. In the anodic curve, two peaks at 0.73 and 0.92 V
are visible, which shifted to 0.71 and 0.85 V in 2nd cycle, 0.67 and
0.84 V in 3rd cycle, and they are ascribed to the de-alloying process.

Electrochemical impedance spectroscopy measurements were car-
ried out at the open circuit potential in the frequency range from
1 × 105 Hz to 1 Hz with perturbation amplitude of 5 mV  and typi-
cal Nyquist plots are given in Fig. 6b. The high frequency intercept
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f the semicircle is generally considered as the bulk resistance of
lectrodes, electrolyte, and separator, which experienced little vari-
tion after 200 cycles. The depressed semicircles at high/medium
requency are reflective of SEI layer and charge transfer impedance,
nd the inclined line at low frequency corresponds to lithium dif-
usion within the active material. After 200 cycles, the impedance
nly increased a little amount, suggesting that pulverization can be

ffectively suppressed for our product.

Sn–Cu-80 was further discharged at progressing higher rates
fter 200 cycles, as shown in Fig. 7. The reversible capacities are
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ig. 5. XRD patterns of different Sn–Cu composites (a) dried at R.T., (b) heated at
0 ◦C, and (c) calcined at 200 ◦C, after 200 galvanostatic cycles.
Fig. 6. (a) CV curves of Cu@Cu6Sn5 nanowires heated at 80 ◦C and (b) Nyquist plots
before and after 200 galvanostatic cycles.

0.160 mAh  cm−2 at 1 C, 0.139 mAh  cm−2 at 2 C, 0.102 mAh  cm−2 at
5 C, 0.073 mAh  cm−2 at 10 C, 0.053 mAh  cm−2 at 20 C, and finally
back to 0.153 mAh  cm−2 at 1 C again, manifesting that as-prepared
Sn–Cu composite can sustain high current density without struc-
tural collapse.

From Fig. 8, we  can observe SEM and TEM images of Sn–Cu-
80 after electrochemical process. After 3 galvanostatic cycles,
nanowires became thicker and rougher. After 200 cycles, this com-
posite became much rougher, and even some small particles were

visible on the surface, caused by the inevitable little pulverization
of Sn, which is also the origin of capacity loss in initial cycles. It
is noted that the morphology of nanowires and three-dimensional
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Fig. 7. Rate performance of Cu@Cu6Sn5 nanowires heated at 80 ◦C after 200 cycles
from 1 C to 20 C for 20 cycles at each rate.
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Fig. 8. SEM images of Cu@Cu6Sn5 nanowires heated at 80 ◦C (a and b) after 3

tructure were maintained, contributing to stable cycling perfor-
ance after initial cycles. Consequently, we believe that the superb

ate and cycling performances are rooted in its peculiar structure:
i) co-deposition strengthens the bonding force between the active

aterial (shell) and the current collector (core), and the contact
rea is extremely large; (ii) nanowires have facile strain relaxation,
nd the small size of the active material on nanowires can alle-
iate pulverization and aggregation, and facilitate the diffusion of
oth Li+ and e−; (iii) three-dimensional architecture provides huge
ontact area between the electrode and the electrolyte and enough
oid space to buffer volumes changes during the electrochemical
rocess.

. Conclusions

In this article, Cu(OH)2 nanorods prepared by anodiza-
ion were used as the substrate to produce three-dimensional
ore–shell Cu@Cu6Sn5 nanowires by electrodeposition. Cu@Cu6Sn5
anowires heat treated at 80 ◦C showed interesting capacity evolu-
ion and final stable capacity of 0.162 mAh  cm−2 after 200 cycles at

 C. Superior rate performance conducted after 200 galvanostatic
ycles was also obtained. This improved electrochemical behav-
or could be assigned to the core–shell nanowires morphology and
hree-dimensional structure, which are maintained after galvano-
tatic cycles.
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