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a b s t r a c t

An electroplated copper/tin (Cu/Sn) anode with a layered structure is described that minimizes the high-
voltage irreversible capacity observed in an electroplated Sn anode at a potential over 1 V. The high-
voltage irreversible capacity is caused by the electrolyte decomposition at the catalytic site of the Sn
anode. In the electroplated Cu/Sn anode, the upper Cu layer effectively suppresses the exposure of the
newly formed Sn surfaces, resulting in the absence of the high-voltage irreversible capacity. Therefore,
the electroplated Cu/Sn anode exhibits a higher cycle performance than the electroplated Sn anode.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tin (Sn) is well-studied as an anode material for lithium (Li)-
ion batteries because of its high Li storage capacity (theoretical
limit of Li4.4Sn is 994 mAh g−1) [1–3]. Beatti and Dahn reported
a strange phenomenon in the Sn anode, called ‘anomalous high-
voltage irreversible capacity’ [4]. This event occurs during lithiation
of the Sn anode at the high voltage region over 1 V, causing a con-
siderably larger amount of irreversible capacity and a significantly
lower cycle performance [4–5]. Similar results were also observed
in the nanometric Bi anode system [6].

The high-voltage irreversible capacity is caused by electrolyte
decomposition at the catalytic site of the Sn anode [7]. Pure Sn
is assumed to have a crystal face (or faces) that acts as a cata-
lyst for the electrolyte decomposition, and severe decomposition
of the electrolyte occurs at high potential (around 1.5 V). There-
fore, the electrolyte decomposes until a thick layer is built up, thus
blocking the catalytic surface and preventing subsequent decom-
position. This thick layer also serves to inhibit the diffusion of Li,
thereby decreasing the overall capacity in subsequent cycles. In
addition, new Sn surfaces appear due to cracking during the first
cycle, which provide more ‘fresh’ Sn surfaces. In addition, if there
is SnO impurity, it will be removed in the first cycle by Li2O for-
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mation. Therefore, the high-voltage irreversible capacity is mostly
observed in the second cycle.

If it is possible to cover the fresh Sn surface, then the high-
voltage irreversible capacity should be avoided. In this work, an
electroplated Cu/Sn anode was designed to cover the Sn layer with
a thin Cu layer, and its charge–discharge characteristics were exam-
ined.

2. Experimental

The Sn and Cu/Sn anodes with 1-�m thickness were prepared
by electroplating method onto 18-�m-thick Cu substrates. The Sn
and Cu/Sn electroplating was done galvanostatically in a bath after
removing the surface oxide film by soaking in a 100 g dm−3 H2SO4
solution and subsequently rinsing with deionized water. The plat-
ing conditions are illustrated in Table 1. The Cu/Sn anodes were
prepared by Sn electroplating followed by Cu electroplating, as
shown in Fig. 1. After electroplating, each Sn and Cu/Sn electrode
was cut to about 1 cm2 and dried in a vacuum for 12 h.

The Li/Sn and Li/(Cu/Sn) cells were assembled using a 2016
coin-type cell in an Ar-filled glove box. A polypropylene separa-
tor soaked with liquid electrolyte (provided by Merck©), which
consisted of 1 M LiPF6 dissolved in a 1:1 v/v ratio of ethylene car-
bonate (EC) and dimethyl carbonate (DMC), was placed between
the anode and the Li foil in the cell. The charge/discharge tests
of the Li/Sn and Li/(Cu/Sn) cells were performed in galvanos-
tatic mode. The cells were charged (lithiation) and discharged
(delithiation) at a constant current of 100 mA g−1 between 0.02 and
1.5 V.
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Table 1
The Sn and Cu/Sn electroplating conditions used in this work (the chemical agents
are provided by Aldrich©).

Sn plating 10 mA cm−2 for 5 min in the Sn bath (30 g dm−3

Sn2P2O7 + 120 g dm−3 K4P2O7 + 0.15 g dm−3 additive)
Cu plating 50 mA cm−2 for 15 s in the Cu bath (150 g dm−3

CuSO4 + 60 g dm−3 H2SO4)
Electrodes WE: smooth Cu foil, RE: Rd-oxide

Fig. 1. Cross-sectional scanning electron microscopy (SEM) image of the electro-
plated Cu/Sn anode.

3. Results and discussion

Fig. 2 shows the charge/discharge curves of the electroplated Sn
and Cu/Sn anodes. Contrary to the Sn anode, the high-voltage irre-
versible capacity was not observed in the Cu/Sn anode, indicating
that the Cu layer covering the Sn layer effectively suppressed the
electrolyte decomposition reaction.

In order to verify the effects of the Cu layer, the surface mor-
phologies of the Sn and Cu/Sn anodes at the same charge/discharge
stage were compared, as shown in Fig. 3. Several cracks were
observed on the surface of the Sn anode after the first cycle
(Fig. 3(c)), and precipitated �-Sn was observed after the second
cycle (Fig. 3(e)), which is believed to be the result of a structurally
collapsed active Sn layer. Contrary to this, no crack was observed in
the Cu/Sn anode after the first cycle (Fig. 3(d)), and only a few cracks
appeared after the second cycle (Fig. 3(f)). These results indicated
that the Cu/Sn anode is mechanically more stable than the Sn anode.
In addition, due to the coverage of the Sn layer by the Cu layer,
the fresh Sn surface was not exposed, and hence the high-voltage
irreversible capacity was suppressed.

Notably, the lithiation profiles between the Sn and Cu/Sn anodes
are different, as shown in Fig. 2. During lithiation, the Sn anode,
which was reacted with Li at 0.75 V, exhibited a plateau at 0.4 V,
and the potential decreased gradually. However, the first lithiation
profile of the Cu/Sn anode was not reliable. In the profile, the volt-
age decreased rapidly to around 0.1 V without any plateau, and then
exhibited a plateau at 0.1 V. Since this profile was significantly dif-
ferent from that of the Sn anode, we investigated whether the Sn
anode was properly lithiated. Although the lithiation profile of the
Cu/Sn anode was different from that of the Sn anode, delithiation
profiles of the two anodes were almost same, suggesting that the
state of lithiation of each anode was very similar.

In order to confirm the lithiation, structural changes of the Cu/Sn
anode during the first lithiation/delithiation were examined by X-
ray diffraction (XRD) analysis, as shown in Fig. 4. The XRD results
show that the Sn and Cu6Sn5 peaks decreased with lithiation, due
to amorphization of the Sn and Cu6Sn5 phases, and the peaks were
recovered after delithiation. These results provide evidence that

Fig. 2. Charge/discharge curves of the first and second cycles of the electroplated
Sn and Cu/Sn anodes.

the Cu/Sn anode was properly lithiated and delithiated. Therefore,
a kinetic explanation was likely for the strange lithiation profile. The
specific current of this charge/discharge test was not slow enough
to achieve equilibrium at any point. In addition, the Cu layer cover-
ing the Sn layer acted as a resistance of Li diffusion, so the measured
voltage was shifted.

According to Dahn’s mechanism, the high-voltage irreversible
capacity is due to the film formation, which acts as a barrier of Li dif-
fusion and results in diminished cycle performance of the Sn anode.
Since the high-voltage irreversible capacity was absent in the Cu/Sn
anode, it was expected to achieve better cycle performance. Fig. 5
shows the reversible (discharge) capacity and Coulombic efficiency
of the Sn and Cu/Sn anodes during the charge/discharge tests for
20 cycles. Although the first reversible capacity of the Cu/Sn anode
(308 mAh g−1) was less than that of the Sn anode (656 mAh g−1),
the second reversible capacity of the Cu/Sn anode (398 mAh g−1)
was considerably higher than that of the Sn anode (290 mAh g−1).
The first reversible capacity of the Cu/Sn anode was less than that of
the Sn anode, likely because the Cu layer covering the Sn layer acted
as a resistance of Li diffusion. From the second cycle, the reversible
capacity of the Cu/Sn anode was increased because the upper Cu
layer effectively suppressed the structural collapse of the active Sn
layer. Therefore, the fresh Sn surface was not exposed, and thus
the high-voltage irreversible capacity was suppressed in the Cu/Sn
anode.

The enhanced cycle performance of the Cu/Sn anode was due to
the absence of the high-voltage irreversible capacity, which is dis-
played in the Coulombic efficiency plot shown in Fig. 5(b). Although
the first Coulombic efficiency of the Cu/Sn anode (60%) was less
than that of the Sn anode (85%), the second Coulombic efficiency
of the Cu/Sn anode (91%) was significantly higher than that of the
Sn anode (53%), due to the absence of the high-voltage irreversible
capacity. In the following cycle, the Cu/Sn anode exhibited better
cycle performance than the Sn anode. The reversible capacity of the
Cu/Sn anode was higher than that of the Sn anode by 150 mAh g−1

(in the fifth cycle) and by 100 mAh g−1 (in the 20th cycle).
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