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Multilayered Sn–Zn–Cu alloy thin-film as negative electrodes for
advanced lithium-ion batteries
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Abstract

Sn-based alloy compounds have been considered as possible alternatives for carbon in lithium-ion batteries and attract great attentions
because of their large electrochemical capacity compared with that of carbon. In this work, a multilayered Sn–Zn/Zn/Cu alloy thin-film
electrode has been prepared by electroplating method. The structure and performance of the electrode before and after heat treatment have
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een investigated. It is found that Cu6Sn5 phase and multilayered structure in electrode are formed after heat treatment. This op
tructure of the heat-treated electrode results in enhanced cycle life. The capacity of the electrode is over 320 mA h g−1 after 100 cycles
hough it is 83 mA h g−1 after 20 cycles for as-plated electrode. The Sn–Cu and Zn–Cu alloy formed a network in the electrode is co
o strengthen the electrode and reduce the effect of volume expansion and phase transition during cycling. Experimental results
hat lower cut-off potential (0.05 V) for charging and higher one (1.2 V) for discharging result in long cycle life and high discharge
espectively. The reason of capacity decay of the heat-treatment electrode during cycling has also been investigated. All these resu
he electroplated Sn–Zn-based alloy film on Cu foil would be a promising negative material with high capacity and low cost for Li s
atteries.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-ion batteries are widely being used as the power
ources for modern consumer electronic devices, such as mo-
ile phones and notebook computers. Carbon is normally
sed as negative materials in commercial Li-ion batteries. In
rder to increase the energy density and specific energy of
uch batteries, intense research activity is aimed at the de-
elopment of new electrode materials. Sn-based alloy com-
ounds have been considered as possible alternatives for
raphite in Li-ion batteries and attract great attention because
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of large electrochemical capacity (990 mA h g−1), compared
with that of carbon (372 mA h g−1). However, large volum
and structure changes occur associated with the reve
reaction of Li-insertion and extraction, which result in sev
cracking of active material in electrode and loss of elect
contact[1]. It is believed that particle cracking of electro
resulting from volume expansion and phase transition i
sponsible for the poor cycle performance of Sn-based
electrode[2]. This prevents the widespread use of such a
in Li-ion batteries.

Many attempts have been done for the aim of app
tion of Sn-based alloy electrode in Li-ion secondary batte
and significant developments have been obtained. Succ
methods include the applications of such materials as fo
ing: (1) materials with small particle size, such as nanos
SnSb[3] and Sn–Cu–B[4], nano-Sn, Li4.4Sn[2], nanostruc
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ture Sn oxide[5,6], nanocrystalline Ni3Sn4 [7]; (2) inter-
metallic compounds[8], such as�′-Cu6Sn5 [9], flake Sn–Cu
alloy [10], Cu6Snx (x= 4, 5, 6)[11], Sn–Mn–C[12]; (3) com-
posites, such as multiphase metallic Sn/SnSbn, Sn/SnAgn
[13], C–Sn composite[14,15], Sn oxide composites[16];
and (4) thin-film, such as electroplated Sn, Cu–Sn[17] and
SnZrx alloy [18].

In our research group, electroplating method was used
to prepare Sn[19–21]and Sn–Zn alloy thin-film electrodes
[22,23], and then heat treatment was applied to form Cu6Sn5
intermetallic alloy, which resulted in remarkable improve-
ment in discharge capacity and cycle life.

Based on previous studies[24], we found that the main
reason of capacity decay of Sn-based thin-film electrode was
that active material cracked and isolated from Cu substrate.
In order to improve the performances of such electrode, we
want to combine the advantages of intermetallic alloys and
thin film electrode. In this work, electroplating method has
been used to prepare multilayered Sn–Zn/Zn/Cu sample. The
Zn layer is expected to strengthen the contact between active
material and Cu substrate because metallic Zn could form a
solid solution with Sn and Cu[25] without forming a sta-
ble lithiated compound. Electrochemical performances and
structural changes of the sample before and after heat treat-
ment have been investigated.
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not removed when the XRD experiment was carried out.
Microstructure of electrodes was examined by scanning elec-
tron microscopy (SEM) (S-2150, HITACHI, Ltd.) with en-
ergy dispersion X-ray spectroscopy (EDXS) (EMAX-7000,
HORIBA, Ltd.). The electrodes after cycling for SEM ex-
periment should be washed carefully by PC and dehydrated
acetone in sequence, then dried under vacuum at ambient tem-
perature. The fine structure of electrode at full Li-insertion
has been examined by a high-resolution transmission elec-
tron microscopy (HRTEM) (JOEL JEM-3010) with Pt sputter
coater using FEI-200 (FEI, Japan).

3. Results and discussion

3.1. Cyclic behaviors of multilayered Sn–Zn/Zn/Cu
electrode

Fig. 1 shows the cyclic behaviors of Sn–Zn/Zn/Cu alloy
electrode before and after heat treatment. As-plated elec-
trode shows high discharge capacity at initial 10 cycles, over
660 mA h g−1, twice as that of carbon. But, at the following
10 cycles, the discharge capacity of the as-plated electrode
decays severely from 660–83 mA h g−1 due to the loss of
contact between plated film and Cu foil, resulted from the
c
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. Experimental

Multilayered Sn–Zn/Zn/Cu thin-film alloy were prepar
y electroplating Zn film, Sn–Zn alloy film on Cu foil
equence. The electroplating conditions have been rep
21,22]. The concentration of Zn in Sn–Zn layer was aro
–15 wt.%. The thickness of plated film (Zn plus Sn–
n Cu foil was around 3–6�m. The testing electrode w
unched from electroplated sample in the diameter of 1
eat treatment was carried out under vacuum at the tem

ure range of 180–230◦C in order to improve the performan
f the electrode.

Testing cells were assembled by using the Sn–Zn/Z
lloy electrode as working electrode, and Li sheet as co
lectrode. The electrolyte was 1M LiPF6 in EC:DMC
1:2 by volume ratio). Assembly of cells was carried
n drying room. Current densities for charging (Li ins
ion) and discharging (Li extraction) were 0.2 mA cm−2 for
he first activation cycle and after that were 0.4 mA cm−2

nd 1.0 mA cm−2, respectively. The potential range
harge-discharge was 0–1.0 V versus Li/Li+. Various cut-of
otentials have also been examined to obtain suitable c
otential.

Crystal structures of electrodes were characterized b
ay diffraction analysis (XRD) using a M06XCE diffractome-
er with CuK� radiation source (MAC Science, Co. Ltd
n order to avoid the oxidation of electrode samples, a
ially designed airtight X-ray sample holder was used.
lectrolyte on the surface of the electrode after cycling
hange of volume and phase transition during cycling.
After heat treatment, it is clear that the cyclic durability

lectrode has been improved remarkably. The electrode
eat treatment shows the discharge capacity, 321 mA−1

fter 100 cycles and 120 mA h g−1 after 200 cycles, re
pectively. In order to determine the remarkable chang
harge–discharge cyclic durability of the electrodes be
nd after the heat treatment, the structure change of the

rode caused by heat treatment has been investigated.

ig. 1. The discharge cyclic behaviors of multilayered Sn–Zn/Zn/Cu
lm electrodes before and after heat treatment.
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Fig. 2. XRD patterns of multilayered Sn–Zn/Zn/Cu thin-film electrodes be-
fore and after heat treatment.

3.2. Effect of electrode structure on the cyclic behaviors

Fig. 2presents the XRD patterns of the Sn–Zn/Zn/Cu al-
loy electrode before and after the heat treatment. The re-
sult shows that the as-plated electrode is composed of plated
Sn phase and Cu foil. The content of Zn is too low to be
observed in XRD patterns. After heat treatment, Cu6Sn5
phase was formed in the plated film of the electrode, but

Fig. 4. Structure change model of multilayered Sn–Zn/Zn/Cu thin-film elec-
trodes during heat treatment under vacuum.

a small amount of metallic Sn were still remained in the
electrode.

SEM–EDXS spectra of the cross-section of electrodes be-
fore and after the heat treatment have been shown inFig. 3.
These figures clearly show the diffusing behavior of Zn layer
and Cu foil. The Cu diffuses from the Cu foil to the surface of
the electrode, and the concentration of Cu increases gradu-
ally from the surface to the substrate. The Zn film is separated
into two parts.

Based on the results ofFigs. 2 and 3, we give the struc-
tural model of the electrode before and after heat treatment
Fig. 3. SEM–EDXS images of cross-section
 of electrodes before and after heat treatment.
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Fig. 5. The surface microstructure of electrodes: (a) as-plated; (b) after heat-treated; (c) after 1 cycle; (d) after 10 cycles; (e) after 100 cycles.The cut-off
potential of electrode after cycling is 0 V (full Li-insertion) vs. Li/Li+ electrode.
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as presented inFig. 4. The as-plated electrode (Fig. 4a) is
composed of three layers, electroplated Sn–Zn film layer and
Zn film layer, and Cu substrate layer. During the heat treat-
ment, the Zn film was separated into two parts because of
the diffusion of Cu from the Cu foil towards the surface of
the electrode. The Cu diffusing from the Cu substrate to the
surface of the electrode took the Zn layer moving into the
bulk of the plated Sn–Zn layer, and only a very thin Zn film
was still remained at the interface between plated film and Cu
foil (Fig. 4b). At the same time, Cu6Sn5 phase was formed in
active material layer. After this process, the contact between
electroplated layer and Cu foil was strengthened. On the sur-
face of the electrode, a small amount of metallic Sn was still
remained due to the absence of Cu.

These results revealed that the cycle life and discharge ca-
pacity of the heat-treated Sn–Zn/Zn/Cu alloy electrode was
improved remarkably because of the formation of Cu6Sn5
phase and multilayered structure. The Cu6Sn5 intermetal-
lic phase as active material in the plated film reacted with
inserted Li to form Li22Sn5 compound and metal Cu. The
decomposed Cu was used as matrix and binder to relax the
volume expansion. At the same time, the two Zn layers, which
did not form stable lithiated compounds with inserted Li,
strengthened the contact between the active material layer
and the Cu foil. All the factors resulted in the remarkable
i heat
t

3.3. Structure change of electrode during
charge-discharge process

Fig. 5a–e shows the surface images of the electrodes. The
surface of as-plated electrode was composed of electroplated
alloy particles (Fig. 5a). After heat treatment, Cu6Sn5 inter-
metallic phase was formed, and the surface of the electrode
looked like wrinkles (Fig. 5b). In the first Li-insertion pro-
cess, cracks emerged on the surface of the electrode due to the
large volume expansion and phase transition, which was as-
sociated with the formation of Li4.4Sn compounds (Fig. 5c).
The thickness of the electrode increased from 24�m to 36�m
after first Li-insertion. With the increase of cycles, cracks be-
came larger and larger (Fig. 5d); the active material in the
plated film of electrode broke into fine particles after 100 cy-
cles (Fig. 5e). These results reveal that the particles of active
material cracked gradually during cycling, which resulted in
the loss of contact between them, and the plated film was
isolated or peeled from the Cu foil, so the discharge capac-
ity of the electrode decayed. The formation of the Cu6Sn5
intermetallic phase relaxed the cracking process to a certain
degree and improved the cycle life of the electrode.

Fig. 6 shows the HRTEM image of the heat-treated
Sn–Zn/Zn/Cu thin-film electrode after full Li-insertion at the
initial cycle. Point 1 was composed of 64.45%-Sn atom,
0 tible
w was

F

mprovement of the cycle life of the electrode after the
reatment.
ig. 6. HRTEM image of electrode after full Li-insertion at initial charging proc
.94%-Zn atom and 34.61%-Cu atom; it was compa
ith the XRD results, Sn-riched Sn–Cu alloy. Point 2
ess. Current density: 0.2 mA h cm−2, cut-off potential: 0 V vs. Li/Li+ electrode.
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Fig. 7. Cyclic behaviors of electrodes at various cut-off potentials for dis-
charging (Li-extraction).

composed of 68.90%-Zn atom and 31.10%-Cu atom; the ra-
tio was compatible with CuZn2 alloy. The content of Zn–Cu
alloy in the electrode may be too low to be observed in XRD
patterns. The transparent area of the image could be Li4.4Sn
compound. This TEM image clearly shows that a Sn–Cu and
Zn–Cu alloy network was formed in the plated film of the
electrode. The network could relax the volume expansion
during cycling, which could explain why the cycle life of the
electrode was remarkably improved after heat treatment.

3.4. Effect of cut-off potential on the cyclic behaviors

Figs. 7 and 8shows the cyclic behaviors of the electrodes at
various cut-off potentials.Fig. 7presents the cyclic behaviors
of the electrodes at various cut-off potentials for discharging,
from 0 V to 0.7, 0.8, 0.9, 1.0, and 1.2 V versus Li/Li+, re-
spectively. At the cut-off potentials of 0.7 and 0.8 V, part of

F harg-
i

Fig. 9. The charge–discharge curves of the multilayered Sn–Zn/Zn/Cu alloy
thin-film electrode after heat treatment.

the inserted Li in the electrode could not be discharged, but
accumulated during cycling, which resulted in the loss of dis-
charge capacity as shown inFig. 9. The discharge capacity
of the electrode decreased quickly. At the high cut-off po-
tentials of 1.0 V and 1.2 V, the inserted Li could be extracted
sufficiently, which resulted in the high discharge capacity. At
the potential of 0.9 V, the discharge capacity of the electrode
was lower than that at 1.0 V and 1.2 V, but higher than that
at 0.7 V and 0.8 V. These results suggest that the cut-off po-
tential of the electrode should be over 1.0 V to obtain high
discharge capacity.

Fig. 8shows the cyclic behaviors of the electrodes at var-
ious cut-off potentials for charging, from 0, 0.05 and 0.2 V
to 1.0 versus Li/Li+, respectively. The cut-off potential of
0.2 V was much higher than Li-inserted plateau potential
around 0.04 V shown inFig. 9. It means that the Li can-
not be inserted into the active material in the electrode; most
of the active material cannot be used, which results in the
lower rechargeable capacity. The cut-off potential of 0.05 V
was still a little higher than the main Li-inserted plateau
around 0.04 V. From our previous report[22], the reaction
plateau around 0.04 V was associated with the phase conver-
sion from CuLi2Sn to Li4.4Sn. At the higher cut-off potential
over 0.04 V, the formation of Li4.4Sn was limited strictly,
which resulted in low capacity, but long cycle life. The dis-
c 5 V
w y-
c uch
h ese
r po-
t ycle
l

4

d to
p for
ig. 8. Cyclic behaviors of electrodes at various cut-off potentials for c
ng (Li-insertion).
harge capacity of electrode at the cut-off potential of 0.0
as 193 mA h g−1 (1404 mA h/cc-SnZn) even after 200 c
les. The volumetric capacity of the electrode was m
igher than that of carbon material for Li-ion batteries. Th
esults suggest that conscious controlling of the cut-off
ential window is one of the approaches to improve the c
ife of the electrode efficiently.

. Conclusions

In this work, electroplating method has been use
repare multilayered Sn–Zn/Zn/Cu alloy film electrode
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advanced Li-ion batteries. It is found that the discharge ca-
pacity and the cycle life of electrode were improved remark-
ably by heat treatment because of the formation of Cu6Sn5
intermetallic phase and multilayered electrode structure. The
discharge capacity of the heat-treated electrode was main-
tained over 320 mA h g−1 after 100 cycles; however, it was
only 83 mA h g−1 after 20 cycles for the as-plated electrode.
A Sn–Cu and Zn–Cu alloy network formed in the electrode
could enhance the mechanical strength and relax the vol-
ume expansion of the electrode, resulting in the enhanced
cyclic durability. During cycling, the active material layer
was cracked gradually, which resulted in the loss of the con-
tact between alloy particles and the decay of the discharge
capacity and the cyclic durability. Conscious controlling of
the cut-off potential window is one of the approaches to ob-
tain high discharge capacity and good cyclic durability of the
electrode. The electroplated Sn–Zn-based alloy film on Cu
foil could be a promising negative material for Li-ion sec-
ondary batteries through further improvement in the cyclic
durability.
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