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The interior microstructures of Sn particles developed during electrochemical lithiation/de-lithiation
have been revealed by in situ X-ray transmission microscopy (TXM). The Li-alloying particles exhibited
the formation of core–shell internal structure along with crack formation within the lithiated zone during
the first lithiation. The extent and speed of the expansion process was shown to be a strong function of
particle size. Upon completion of the first de-lithiaiton, the particles only partially (�10%) contracted,
while re-crystallization of Sn continued to take place within the interior of the particles during a follow-
ing idle period. The re-crystallization process alleviated the pulverization problem and led to the forma-
tion of porous Sn particles, which exhibited remarkably attenuated dimensional variations during
subsequent cycles.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Li-alloying metals, such as Sn, are potential anode materials for
achieving rechargeable Li-ion batteries of high energy density
[1,2]. However, they all suffer from extensive microstructural
deformation during electrochemical lithiation and de-lithiation,
that leads to poor cycle life. Understanding the dynamics of the
deformation processes is thus valuable to the development of prac-
tical alloying anodes. A few in situ techniques [4–7], such as dila-
tometry, atomic force microscopy, and environmental scanning
electron microscopy, have previously been established for such
purposes but are limited to measuring the (outer) morphological
variations of the particles. In this work, the interior microstruc-
tures of working alloying particles is for the first time revealed
by employing in situ transmission X-ray microscopy (TXM), with
the example of Sn particle electrode.

Sn is capable of forming several intermetallic alloys with Li
when it is electrochemically polarized to sufficiently negative
potentials in a Li+ ion-containing electrolyte. The reversible alloy-
ing reaction can be briefly written as

Snþ xLiþ þ xe� $ LixSn:

The densities of the alloys decrease, and hence their specific
volumes increase, with increasing Li content [3,8,9]. The maximum
Li:Sn stoichiometry of crystalline alloys is 22:5, which gives a the-
ll rights reserved.
oretical maximum specific charge capacity (based on unit mass of
Sn) of 993.5 mAh/g accompanied with an increase in specific vol-
ume by 259%. Results from previous in situ XRD [9,10] indicated
that the electrochemical alloying reaction carried out at room tem-
perature resulted in mostly amorphous phase with only limited
amount of crystalline alloy phases, presumably due to slow atom
mobility of Sn. An in-depth review on the electrochemical aspects
of Sn and Sn-alloy anodes can be found in Ref. [3].

2. Experimental

Sn powder was used as received (Aldrich). Electrochemical
measurements were carried out by using a 2032-type coin cell.
The working electrode is composed of 10:82:8 (w/w) Sn/conduc-
tive additives/binder. The conductive additives included graphitic
flakes (KS6, 3 lm, Timcal) and carbon black (Super P, 40 nm, Timc-
al). The working electrode was made by coating the slurry mixture
on a Mylar film to form a continuous top layer. Once dried, the top
layer was removed from the substrate to give a free-standing film.
The film was then roll-compressed to a final thickness of �50 lm.
The counter electrode was Li foil (13-mm diameter, 0.3-mm thick),
which is mostly transparent to X-ray. The electrolyte was 1 M solu-
tion of LiPF6 in ethylene carbonate/ethyl methyl carbonate (1:2
vol.%) with 2 wt% vinylene carbonate. The covers of both sides of
the cell were perforated and sealed with Kapton tapes in order to
allow the X-ray beam to pass through the cell.

The charge/discharge tests were carried out with a constant
current (CC)–constant voltage (CV) mode within the voltage
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window from 1.5 V down to 0.001 V. A current of 0.2 A/g was em-
ployed during the CC step, while the CV step was fixed at 0.001 V
with a cut-off current of 0.02 A/g. All the potentials reported herein
are referenced to Li/Li+.

TXM study utilized the beam-line #01B1 facility of the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan. The
light source operates with photon energy ranging between 8 and
11 keV. The X-rays passing through the tested coin cell go through
a zone plate optical system and then a phase ring to form the im-
age. The electrochemical test was simultaneously carried out with
a potentiostat connected to the tested coin cell.
3. Results

The single-view image of the present TXM has a dimension of
15 � 15 lm, and it is the area over which continuous monitoring
is operated. A mosaic micrograph covering a larger field can be
constructed from the single-view images covering neighboring
areas by shifting the sample stepwise with a motor. Fig. 1a shows
a mosaic micrograph covering a field of 45 lm � 45 lm of an as-
prepared Sn anode (the boundaries between the single-view
images can clearly be seen). Sn, having a wide particle size distri-
bution ranging from less than 1 lm to �15 lm, appears as dark
particles in the micrograph.

The voltage-versus-time plot of the first cycle is shown in
Fig. 2a. The onset potential of lithiation of Sn is known to be
�0.7 V, while the kink appearing at 0.37 V along the lithiation volt-
age curve in Fig. 2a corresponds to the formation of LiSn [3]. A long
idle period of 6 h existed between the first and second cycles. Dur-
ing the course of cycling, large-field micrographs were acquired at
Fig. 1. The mosaic micrographs constructed from single-view TXM micrographs. (a) As-
matrix; (b) during the first lithiation, where small particles expand earlier than the large
subsequent idle period.
selected moments with lithiation/de-lithiation momentarily
stopped, while selected particles were continuously monitored in
between. The large-field micrographs in general indicate that the
expansion behavior of the Sn particles depends on particle size;
smaller particles expand earlier and mush faster than larger parti-
cles. For example, as shown in Fig. 1b taken at the early moment
during the first lithiation, smaller particles, such as those marked
as #C–F, have expanded significantly, while the larger particles,
#A and B, have hardly shown any change in their dimension. As
a result, it is not possible to correlate the dimensional variation
of any particular particle with the entire voltage curve shown in
Fig. 2a.

To illustrate the dynamics of particle expansion, Fig. 2b, panels
#1–6 show a series of snap shots taken during expansion of a par-
ticle, particle #A marked in Fig. 1a, at the selected moments indi-
cated in Fig. 2a. (The snap shots were taken from a continuous
video.) As shown, during expansion, the particle exhibits a multi-
zone structure consisting of a light-contrast shell, a dark core,
and a diffuse region in between. The light shell is believed to be
the lithiated region, due to decrease in local density, while the dark
core remains as un-lithiated Sn. With increasing depth of lithiation,
the shell first forms along the periphery and continues to expand.
As a result, the dark core progressively shrinks, while the particle
dimension increases. Fairly narrow gradient in image contrast,
and hence in Li content, exists across the interfacial zone, suggest-
ing conversion of Sn to a series of LixSn phases therein.

The existence of the core–shell structure suggests that the
alloying process is rate-limited not by the diffusion of Li-ions but
by the interfacial conversion reaction. Accordingly, from the
core–shell kinetic theory [11], it is anticipated that the time re-
quired to achieve the same degree of lithiation of a spherical Sn
prepared electrode containing Sn particles embedded within a continuous graphite
ones; (c) at the end of the first electrochemical lithiation and (d) at the end of the
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particle is proportional to the square of its diameter. This may ex-
plains, as described above, why the smaller particles expand faster
than the larger ones.
Fig. 2. (a) The voltage-versus-time plot for the first lithiation–de-lithiation-idle cycle; (b
The numbers shown in (a) mark the moments when the snap shots of corresponding nu
During the expansion of the particle #A, we also noticed the
occurrence of cracks predominantly within the shell (lithiated) re-
gion (e.g., the arrows in Fig. 2b). This is due to the fact that LixSn
) the snap shots of a selected particle (particle #A in Fig. 1a) during the same period.
mbers in (b) have been taken.
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intermetallic compounds are brittle [12,13], in contrast to ductile
Sn metal, and easier to crack under sufficient stress. The radial
cracks initiate from the particle periphery and extend toward the
core along the radial direction as the particle expands. The radial
extension of the cracks suggests tensile stress in the angular
direction.

The maximum expansion was also found to depend on particle
size with smaller particles expanding less (although they expanded
faster). For example, the particle #A has a volume expansion (Vf/
Vi = (df/di)3) of 380%, very close to the theoretical expansion of
Li22Sn5 (Vf/Vi = 359%). The slight expansion excess over the theoret-
ical value can be attributed to the presence of interior open space
created by cracks. In contrast, the particles #F, which is the small-
est among the marked particles showed least expansion (180%).
The cause to the size-dependent maximum expansion is not cer-
tain at this point but is inferred to be related to different crystallin-
ities caused by varied lithiation rates. That is, the large particles
have slower lithiation rates, and hence they tend to crystallize bet-
ter and exhibit volume expansion close to the theoretical value of
fully crystalline Sn–Li compound. On the other hand, the smaller
particles, which are lithiated faster, are less crystallized and pos-
sess disordered lattice features that have the tendency to retain
their original dimensions.

Upon completion of the first de-lithiation, only �60% of the lith-
iated capacity was recovered (Fig. 2a). The irreversible capacity
may arise from incomplete de-lithiation of both Sn and graphite
as well as from the formation of the solid-electrolyte interphase
(SEI) layer on both materials. During the subsequent idle period,
when the circuit was opened, the cell voltage rose up slowly. The
voltage rise-up may indicate some sort of slow self-discharge pro-
cess. Fig. 2b, panels #7–13 present the snap shots of the particle #A
during de-lithiation and the idle period. It was found that the
diameter of the particle contracted only �10% at the end of de-lith-
iation (Fig. 2b, panel #9). During the idle period, however, while
the particle size remained essentially unchanged, the interior of
the particle continued to reconstruct and evolve to give a net-like
image over a period of nearly 3 h (Fig. 2b, panels #10–13). The net-
like image contains backbones exhibiting increasing darkness and
regions surrounded by the backbones becoming more transparent
(lighter contrast) with time. The net-like images in fact correspond
to porous particles, which have been confirmed by an ex situ 3D-
tomography technique. The progressive changes in the image con-
trast suggest local segregation of materials (mainly Sn) into dense
backbones leaving interior pores. Fig. 1d shows the mosaic image
taken at the end of the idle period, demonstrating that the forma-
tion of a porous interior structure after de-lithiation as seen on par-
ticle #A is common to all other particles.

A complementary in situ X-ray diffraction study has been car-
ried out on another cell subjected to the same electrochemical lith-
ation/de-lithiation processes in order to provide additional
metallurgical information of the Sn particles. The XRD data (not
shown) indicate that, during the idle period, while the peaks of
the left-over LixSn phases diminish, the reflection intensities of
Sn increases remarkably with time. By taking into account of the
XRD data, it is clear that the evolution into a porous structure of
the de-lithiating Sn particles during the idle period is driven by lo-
cal densification via re-crystallization of pure Sn.
It is interesting to note that while cracking does occur during
lithiation, the particles do not pulverize after the complete lithia-
tion/de-lithiation cycle. This is clearly due to the re-crystallization
of the ductile Sn phase at the end of the cycle. It is also anticipated
that particle pulverization could impose a serious problem for the
Li-alloying materials, such as Si, that are not ductile at the de-lith-
iated state [14,15].

Upon the second cycle of lithiation, the particle #A no longer
shows the presence of the core–shell structures. Rather, lithiation
takes place homogeneously within the net-like interior. The pores
are gradually filled up (Fig. 2b, panels #14–15), while the overall
contrast of the particle/film turns lighter and more homogeneous.
The extent of dimensional deformation is much milder than that
occurring during the first lithiation. The mosaic image at the end
of the second lithiation is similar to Fig. 1b. The third cycle (not
shown) is basically the same as the second cycle.

This is the first time that the evolution of the interior structure
of a working alloy anode for Li-ion battery has been revealed. We
believe that the understanding of these deformation processes will
provide valuable information for designing or preparing more ro-
bust alloying anode materials that eventually succeed in practical
application. For example, the results have clearly pointed out the
benefits of employing alloying particles having smaller sizes and
ductile nature. The former results in reduced expansion and faster
kinetics, while the latter minimizes the particle pulverization prob-
lem. Moreover, the observation of Sn re-crystallization resulting in
porous Sn particles after the first cycle may open up a new ap-
proach to designing/manufacturing a dimensionally stable alloying
anode for Li-ion batteries. Research in fabricating porous Sn anode
particles via solution lithiation/de-lithiation method is currently
underway.

Acknowledgments

This work is financially supported by Industrial Technology Re-
search Institute and National Taiwan University (contract number
97R0066-09). The authors also thank Dr. Gung-Chian Yin, Dr. Keng
S. Liang and the staff of the Beamline Division of NSRRC for techni-
cal support.

References

[1] R.A. Huggins, J. Power Sources 81–82 (1999) 13.
[2] C.J. Wen, R.A. Huggins, J. Electrochem. Soc. 128 (1981) 1181.
[3] M. Winter, J.O. Besenhard, Electrochim. Acta 45 (1999) 31.
[4] M. Winter, G.H. Wrodnigg, J.O. Besenhard, W. Biberacher, P. Novák, J.

Electrochem. Soc. 147 (2000) 2427.
[5] L.Y. Beaulieu, S.D. Beattie, T.D. Hatchard, J.R. Dahn, J. Electrochem. Soc. 150

(2003) A419.
[6] L.Y. Beaulieu, T.D. Hatchard, A. Bonakdarpour, M.D. Fleischauer, J.R. Dahn, J.

Electrochem. Soc. 150 (2003) A1457.
[7] P.R. Raimann, N.S. Hochgatterer, C. Korepp, K.C. Möller, M. Winter, H.

Schröttner, F. Hofer, J.O. Besenhard, Ionics 12 (2006) 253.
[8] Y. Idota, T. Kubota, A. Matsufuji, Y. Maekawa, T. Miyasaka, Science 276 (1997)

1395.
[9] I.A. Courtney, J.R. Dahn, J. Electrochem. Soc. 144 (1997) 2045.

[10] I.A. Courtney, W.R. McKinnon, J.R. Dahn, J. Electrochem. Soc. 146 (1999) 59.
[11] C.Y. Wen, Ind. Eng. Chem. 60 (1968) 34.
[12] R. Nesper, Prog. Solid State Chem. 20 (1990) 1.
[13] R. Nesper, Angew. Chem. Int. Ed. 30 (1991) 789.
[14] M.N. Obrovac, L. Christensen, Electrochem. Solid-State Lett. 7 (2004) A93.
[15] T.D. Hatchard, J.R. Dahn, J. Electrochem. Soc. 151 (2004) A838.


	A study on the interior microstructures of working Sn particle electrode of Li-ion batteries by in situ X-ray transmission microscopy
	Introduction
	Experimental
	Results
	Acknowledgments
	References


