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a b s t r a c t

Tin (Sn) is a candidate material for anodes (negative electrodes) of lithium-ion batteries because of its
high theoretical energy capacity. In this paper, we report an observation of Sn-whisker growth on Sn-thin
films after lithiation and delithiation. The compressive stress generated by electrochemical lithiation of
ccepted 31 August 2010
vailable online 8 September 2010
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node (negative electrode)
ithium-ion battery

the Sn-thin films is likely the driving force for the growth of the Sn whiskers. Attention should therefore be
paid to the issue of Sn-whisker growth for Sn-based electrodes since Sn whiskers may penetrate through
the separator, and short-circuit the electrochemical cell.

© 2010 Elsevier B.V. All rights reserved.
n (tin)
n whisker (tin whisker)

. Introduction

Li-ion batteries (LIBs) are widely used as power supplies for
arious electronic devices due to their high energy and power den-
ities. The growing demands for electronic devices, portable tools,
nd hybrid and all-electric vehicles require batteries with higher
apacity and longer durability. Commercial graphite anodes used
n LIBs have good cycling behavior with a capacity of 372 mAh g−1

1]. Sn is one of the prominent materials for the negative electrodes
f LIBs because of its high gravitational and volumetric capacities
992 mAh g−1 and 7262 mAh cm−3, respectively [2]). However, the
olume change from pure Sn to its fully lithiated phase (Li4.4Sn)
s approximately 260% [3]. This large volume change results in
racture and pulverization of the active material and poor cycling
bility, which hinders its application as an electrode material. The
arge stress and strain created by volume expansion and contraction
re the cause of cracks and fracture of the active materials [4–6].

The electrochemical performance of Sn-based alloys, such as
n–Cu [7–9], Sn–Ni [9,10], Sn–Zn [11], and Sn–Co [12,13], has
een studied. Capacity retention is improved due to the formation
f active/inactive structure in these Sn alloys. The cycling per-
ormance of materials can also be enhanced by using nano-scale

tructures [14–16].

Furthermore, safety is a key issue for LIBs. But, there are few
eports on the safety studies of Sn-based electrodes. In this work,
e report the first observation of Sn-whisker formation after lithi-

∗ Corresponding author. Tel.: +1 8592186530; fax: +1 8593231929.
E-mail address: jlin@engr.uky.edu (J. Li).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ation and delithiation. The Sn whiskers may be a safety concern for
Sn-based LIBs.

2. Experimental

Sn-thin films were deposited on 0.5 mm thick stainless steel
discs by radio frequency (RF) magnetron sputtering using an
Advanced Energy system. A pure Sn target (99.998%, Kurt J. Lesker)
of 25.4 mm diameter was used in the sputtering. Pre-sputtering was
carried out in ultra-high-purity Ar (99.999%, Scott-Gross) at 50 W
for 5 min to remove any oxides and contaminations on the Sn target
surface. Sn sputtering was performed in argon with a working pres-
sure of 3 Pa and a power of 30 W. The substrate was kept at room
temperature of about 23 ◦C during sputtering. The film thickness
was recorded by a quartz crystal microbalance thickness monitor
(Inficon) during sputtering, and was examined by a Dektak 3030
profilometer (Veeco) after sputtering. Immediately after sputter-
ing, samples were annealed at 200 ◦C under Ar atmosphere for 2 h
to remove internal stresses generated during the sputtering.

The electrochemical performance of the as-prepared Sn-
thin films was evaluated using 2025-type coin cells (Hohsen).
The stainless steel substrate served as the current collector to
obtain a uniform current distribution. Pure lithium foils (99.9%,
Sigma–Aldrich) were cut into proper size and used as the counter
electrode. Poly-propylene woven separators (Celgard 3501) were

used in the coin cells. 1 M LiPF6 in ethylene carbonate/dimethyl car-
bonate (EC/DMC, 1:1 by vol.) was used as the electrolyte (Novolyte).
Electrochemical performance was conducted using a VMP3 multi-
channel potentiostat/galvanostat (Bio-Logic). Galvanostatic cycling
of the cells was carried out at a rate of C/10 between 1.2 V and 0.02 V.

dx.doi.org/10.1016/j.jpowsour.2010.08.116
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ig. 1. First cycle galvanostatic discharge/charge curve of Sn at C/10. The reversible
apacity of Sn is 725 mAh g−1 (corresponding to 3.2 Li atoms per Sn atom), and the
rreversible capacity is 155 mAh g−1.

After cell disassembly, the Sn-thin films were cleaned using
MC (99%, Alfa Aesar), and then examined by scanning electron
icroscope (SEM, Hitachi S-4300 at 3 kV) and field emission trans-
ission electron microscope (FETEM, JEOL 2010F at 200 kV).

. Results and discussion

Before performing the first galvanostatic cycle, the Sn electrode
as rapidly lithiated to 1.2 V relative to pure Li to avoid the anoma-

ous irreversible capacity during initial lithiation of Sn [17]. The
nitial galvanostatic cycle within the 0.02–1.2 V potential window
s shown in Fig. 1. The Sn-thin film electrode had a reversible capac-
ty of 725 mAh g−1 during the first cycle. The irreversible capacity
f 155 mAh g−1 at the first cycle was mainly due to the formation of
olid electrolyte interphase (SEI) on the electrode, which consumed
i ions from the electrolyte [18]. After removing the effect of SEI on
he initial lithiation capacity, the calculated Li to Sn atomic ratio is
.2:1. This ratio suggests a combination of Li–Sn phases which do
ot have a long-range ordered structure [19]. The theoretical capac-

ty of Sn (992 mAh g−1) is calculated based on the formation of the
ltimate phase of lithiation, Li4.4Sn. However, it is difficult for Sn to
e fully lithiated to the state of 4.4 Li atoms per Sn atom at room
emperature, due to the limited diffusivity of Li atoms in Sn and
ixSny phases, and due to the non-equilibrium electrochemical con-
ition. Our results of Sn cycling show that even at a relatively slow
ate of C/70, Li3.8Sn formed after full lithiation. This observation is
onsistent with a previous study [19].

To compare the structural change of Sn-thin films due to the
lectrochemical cycling, the morphology of 500 nm Sn films before
nd after electrochemical lithiation, and after delithiation is shown
n Fig. 2. During sputtering, Sn-thin films were not uniform due
o the high mobility of Sn atoms. Though the surface of the as-
repared Sn-thin film was not uniform, there was no whisker
rowth observed after the sputtering. Furthermore, no whisker for-
ation was observed after leaving the Sn-thin films in ambient

nvironment for 30 days. This indicates that the internal stress was
egligible in the Sn-thin films after annealing. However, after lithi-
tion, the formation of long Sn whiskers and large Sn hillocks was

bserved, as shown in Fig. 2(b). The average number of Sn whiskers
er unit area was calculated to be 1306 ± 280 in 1 mm2. The length
f the Sn whiskers ranges from several �m to 30 �m, with a diame-
er of 150–300 nm. In addition, cracks formed on Sn-thin films after
he first lithiation/delithiation cycle, as shown in Fig. 2(c).
Fig. 2. (a) A SEM image of Sn after annealing at 200 C for 2 h. (b) Surface morphology
of Sn at the stage of full lithiation. The sample stage is tilted at 80◦ . (c) Surface
morphology of Sn after one cycle of Li insertion/extraction. The sample stage is
tilted at 60◦ .

Fig. 3(a) and (b) shows the FETEM image of a randomly selected
whisker after one cycle of lithiation/delithiation. The sharp edges
and corners of the whisker in Fig. 3(a) and the periodic atomic struc-
ture in Fig. 3(b) indicate that the whisker is a single crystal, whose
crystal structure was confirmed by selected area electron diffrac-
tion (SAED, inset of Fig. 3(a)) to be body-centered tetragonal (�-Sn)
with the [0 1 −2] direction along the axis of the whisker. There is
an amorphous layer covering the crystalline whisker, which may
be the remaining SEI layer [20] after sample cleaning by DMC or
an oxide layer [21,22] formed during the TEM sample preparation.
While the majority of the layer is amorphous, a small portion shows

aligned structure, suggesting crystallization of SEI as indicated by
the circle in Fig. 3(b).

Sn-whisker formation and growth have been extensively stud-
ied, and Sn whiskers have been observed on electrodeposited and
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Fig. 3. (a) A TEM image of a randomly selected Sn whisker after discharging/charging
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or one cycle. The inset SAED indicates single crystal whisker with growth direc-
ion of [0 1 −2]. (b) Enlargement of the whisker in (a). The circle indicates aligned
tructure of the amorphous shell on the crystalline whisker.

puttered Sn-thin films [23–25]. Sn whiskers usually form due to
tresses which are generated during solid-state reaction of Sn and
he Cu substrate to form intermetallic compounds, such as Cu6Sn5
25–27]. Generally, whisker growth is a result of the compressive
tress along the thickness direction of the film by a “squeeze out”
echanism [25,28]. A related phenomenon is the stress-induced

rowth of nanowires caused by hundreds of MPa of compressive
tress incurred during film deposition [29]. Recently, the effect of
ging time on Sn-whisker growth from thin films and their anode
ehaviors in LIBs have been studied [30].

In the present experiment, intermetallics do not form between
he Sn-thin film and the stainless steel substrate. The formation of
n whiskers is likely caused by the lithiation-induced stress. During
ithiation, Li and Sn form LixSn phases, which create large compres-

ive stress in the Sn film because of volume expansion and constrain
f the substrate. Our results of stress measurement using a home-
uilt laser-curvature device show that the compressive stress in
n-thin films is about 700 MPa during lithiation. This compressive
tress, which is higher than what is usually required for Sn-whisker

[

[

ces 196 (2011) 1474–1477

growth, leads to the “squeeze out” of Sn atoms form Sn whiskers
during lithiation.

Pure Li metal has several advantages over other anode materials
for LIBs, including large specific capacity, and high energy density.
However, a detrimental phenomenon that impedes the applica-
tion of pure Li metal as anodes of LIBs is the morphological change
of Li metal and the formation of Li dendrites [31–33] during elec-
trochemical cycling. The Li dendrites can penetrate through the
separator, short-circuit the electrochemical cell, and thus causes
serious safety problems. Safety is more prominent in the applica-
tion of large number of cells, such as hybrid and all-electric vehicles,
than individual cells, since the probability of failure of a battery
pack consisting of many individual battery cells in series is pro-
portional to the number of cells. Problems with any individual cell
could damage the whole power supply.

The shear moduli of pure Sn and pure Li at room temperature
are 19.0 GPa [34] and 4.2 GPa [35], respectively. It is expected that
the strength of single crystal Sn whiskers is much greater than sin-
gle crystal and polycrystalline Li dendrites, because the theoretical
strength of a single crystal is approximately 1/10 of its shear modu-
lus. Similar to the lithium dendrites, Sn whiskers may also penetrate
through the porous polymer separator and cause a short-circuit
of the LIB. Actually, the initial interest in study on Sn whiskers
was raised by the fact that Sn whiskers formed from solders could
short-circuit electronic circuits and destroy electronic devices. The
observed formation of Sn whiskers during lithiation of Sn-thin film
electrodes suggests the need for more detailed studies of whisker
formation in alloy electrodes consisting of low melting point ele-
ments, such as Sn, as well as the effects of whiskers on the safely of
LIBs.

4. Conclusions

We report the first observation of Sn-whisker growth after lithi-
ation of Sn-thin film electrodes. The formed whiskers are pure Sn
single crystal. The high compressive stress during lithiation is likely
the driving force for the whisker growth. Since these whiskers may
short-circuit the cells, more detailed studies of lithiation-induced
whisker growth and their safety implications are needed for Sn-
based electrodes in LIB applications.
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