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a b s t r a c t

Sn-rich La–Co–Sn ternary alloys were obtained by arc-melting process and subsequent ball-milling. X-ray
diffraction (XRD) and scanning electron microscopy (SEM) were used to determine the structure and mor-
phology of the obtained alloys. In addition, the galvanoststic discharge/charge test, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried out to characterize the electrochemi-
vailable online 25 September 2008
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cal properties of these alloys as anode materials for Li-ion batteries. It is found that all the as-cast La–Co–Sn
ternary alloys have the same main phase of La3Co4Sn13 and low electrochemical capacities. Among these
alloys, the as-cast LaCoSn4 alloy exhibits the best electrochemical performance. The ball-milling process
results in the reduced cystallinity, and the enhanced electrochemical capacities as compared to the as-cast
alloy. In particular, the LaCoSn4 alloy, obtained after ball-milling for 16 h, provides the higher reversible
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. Introduction

In order to improve the performance of Li-ion batteries, a world-
ide effort has been made to find alternative active materials with a
igh capacity and good cycle stability. Various anode materials with
nhanced lithium storage capacities and thermal stabilities were
eported for Li-ion batteries in the past decades [1–4]. Among these
ctive materials, tin-based alloys or films have been widely con-
erned as promising anode materials because of its high theoretical
apacity (Li4.4Sn, 992 mAh g−1), high tap density and safe thermo-
ynamic potential as compared to the commonly used graphite
5–7]. However, a large volume change of tin-based alloys as active
node materials is accompanied to the lithium alloying/de-alloying
rocess, which could lead to the particle pulverization and rapid
apacity decay of the electrode. To improve cycle performance, con-
iderable efforts were made by using tin-based alloys with less
ctive or inactive metal elements such as Ca–Sn [8], Mg–Sn [9],
e–Sn [10], Ni–Sn [11], Co–Sn [12,13], Cu–Sn [14,15], Sn–Sb [16],
e–Sn [17], and as well as multi-component Fe–Sn–C composites

18]. The inactive matrix may buffer the large volume expansion of
he active tin, as a result, the structure of the electrode can be sta-
ilized during cycling. Recently, tin-based ternary alloys were also
eveloped as anode materials with improved cycle ability [19–24].
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Because the limited inner space of lithium ion battery, it is also
mportant to find the composites with the high tap density as anode

aterials. In our previous work, it is demonstrated that the Si/AB5
omposites with a high tap density, obtained after ball-milling, can
eliver a larger reversible capacity and better cycle ability [25]. It

s well known that the crystal density of the La3Co4Sn13 alloy is
.131 g cm−3 [26]. The aim of this work is to develop La–Co–Sn
ernary alloys with the high crystal density as anodes for Li-ion
atteries. To reach this target, we use Sn to substitute partial Co in
he LaCo5 alloy to prepare Sn-rich La–Co–Sn ternary alloys. Finally,
lectrochemical properties of these La–Co–Sn ternary alloys before
nd after ball milling as anode materials for Li-ion batteries were
erformed.

. Experimental

LaCo5−xSnx (x = 3–4.5) alloys were synthesized by arc-melting
sing excess 10% wt Sn. The as-cast samples were pulverized to
00–400 meshes and alloy powders were further ball-milled. The
all-milling was performed in a planetary ball mill in cyclohex-
ne under Ar atmosphere for different times. A rotation rate was
80 rpm and a charge ratio was 20/1. The microstructure and

orphology of the samples were characterized by X-ray diffrac-

ion (XRD, Rigaku D/max-2500) and scanning electron microscopy
SEM, Hitachi S3500N).

The working electrodes were prepared by mixing alloy powders,
cetylene black and polytetrafluoroethylene (PTFE) at the weigh

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xpgao@nankai.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.09.055
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XRD patterns of the as-cast LaCoSn4 alloy and ball-milled
LaCoSn4 alloys for different times are shown in Fig. 3. Evidently,
the diffraction peaks of the La3Co4Sn13 phase are broadened and
merged after ball-milling for 8–16 h, indicating the reduced crys-
ig. 1. XRD patterns of the as-cast LaCo5−xSnx ternary alloys (x = 3–4.5) and the sim-
lated XRD pattern of pristine La3Co4Sn13 (© La3Co4Sn13; � Co2La3Sn7; � Co3Sn2;
CoSn; � CoSn2; � Sn; � LaSn3).

atio of 70:20:10 into paste, then by roll pressing the paste into a
lm, and finally by pressing the film onto a Cu foil current collec-
or. The working electrodes were dried at 80 ◦C for 12 h in vacuum
10−3 Torr). A Li metal foil was used as the counter and reference
lectrode. The electrolyte was 1 M LiPF6 in a mixture of ethylene
arbonate (EC), propylene carbonate (PC), and dimethyl carbonate
DMC). The volume ratio of EC:PC:DMC in the mixture was 6:3:1.
he cells were assembled in an atmosphere of high-purity argon in
glove box. Discharge/charge measurements of the cells were car-

ied out at the current density of 50 mA g−1 between the potential
ange of 0.01–2.0 V (vs. Li+/Li) using a LAND-CT2001A instru-
ent. Cyclic voltammograms (CVs) and electrochemical impedance

pectra (EIS) were carried out using an IM6ex electrochemical
orkstation at room temperature.

. Results and discussion

XRD patterns of the as-cast LaCo5−xSnx (x = 3–4.5) are shown in
ig. 1, and the simulated XRD pattern of pristine La3Co4Sn13 phase
s also presented according to previous report [26]. It is clear that all
he as-cast LaCo5−xSnx (x = 3–4.5) alloys have a multiphase struc-
ure. The La3Co4Sn13 phase with the Yb3Rh4Sn13 structure-type as
he main phase exists in all the as-cast LaCo5−xSnx alloys, suggesting
hat the La3Co4Sn13 phase is a common phase in Sn-rich La–Co–Sn
ernary alloys. Compared to the pattern of the pristine La3Co4Sn13
hase, some diffraction peaks (2� = 31.8, 32.3, 35.5, 39.1, 51.6, 60.2
nd 66.4◦) appear in patterns of LaCo2Sn3 and LaCo1.5Sn3.5 alloys,
orresponding to the Co2La3Sn7 phase with orthorhombic struc-
ure (JCPDS Card No. 51-0645). Meanwhile, the Co2La3Sn7 fraction
ecreases and the La3Co4Sn13 fraction increases with increasing
he Sn amount in alloys. Moreover, a trace of the hexagonal Co3Sn2
hase (2� = 30.4, 43.2, 43.7, 54.5 and 63.4◦) and the CoSn phase
2� = 28.5, 33.8, 40, 42.3 and 44.9◦) was also observed in XRD pat-
ern of the LaCo2Sn3 alloy. In the case of the LaCo1.5Sn3.5 alloy, the
ractions of Co3Sn2 and CoSn phases become weak, on the con-
rary, the tetragonal CoSn2 phase (2� = 35.5, 43.6 and 45◦) appears
nstead. When the Sn amount is further increased to 4 and 4.5,
he Co La Sn phase almost disappears. In addition, some peaks
2 3 7
2� = 30.8, 32.2, 44 and 45.1◦), corresponding to tetragonal Sn, were
ound in XRD patterns of LaCoSn4 and LaCo0.5Sn4.5 alloys. Simulta-
eously, the cubic LaSn3 phase (2� = 32.6, 37.8, 54.5 and 68.1◦) also
ppears.

F
d

ig. 2. Cycle performance of the as-cast LaCo5−xSnx (x = 3–4.5) ternary alloys at the
urrent density of 50 mA g−1 in the potential window of 0.01–2.0 V (vs. Li+/Li). (solid:
ischarge capacity; open: charge capacity).

The cycle performance of as-cast LaCo5−xSnx (x = 3–4.5) ternary
lloys is presented in Fig. 2. The initial discharge capacities of as-
ast LaCo2Sn3, LaCo1.5Sn3.5, LaCoSn4 and LaCo0.5Sn4.5 alloys are
95.8, 551.6, 595.0 and 816.8 mAh g−1, respectively. The increase

n their initial discharge capacities with increasing the Sn amount
n alloys is mainly attributed to the high lithium storage capac-
ty of Sn. In following cycles, except of the LaCo0.5Sn4.5 alloy, the
s-cast LaCo2Sn3, LaCo1.5Sn3.5 and LaCoSn4 alloys can exhibit the
ood cycle performance. The more rapid capacity fade for the Sn-
ich alloy electrode is mainly attributed to the inhomogeneous
olume expansion of the bulk alloy during lithium alloying/de-
lloying processes with higher lithium content. However, it is noted
hat the reversible capacity is unsatisfied as compared with that
f Sn–Co amorphous alloys published [12,13]. Among these as-
ast La–Co–Sn ternary alloys, the LaCoSn4 alloy seems to exhibit
higher reversible capacity and a better cycle ability. Therefore,

he LaCoSn4 alloy is selected to further improve the electrochemi-
al performance after ball-milling process, based on decreasing the
rystallinity of the alloy.
ig. 3. XRD patterns of the as-cast LaCoSn4 alloy and ball-milled LaCoSn4 alloys for
ifferent times (� CoSn2; � Sn).
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the La–Sn phase after ball-milling for long time as shown in XRD
patterns. By comparison, the ball-milled LaCoSn4 alloy for 16 h is
shown to have the best electrochemical performance. However, it
should be noted that the large irreversible capacity losses of these
ig. 4. SEM images of the as-cast LaCoSn4 alloy (a) and ball-milled LaCoSn4 alloys
or 16 h (b).

allinity of the alloy induced during ball-milling. After further
all-milling to 32 h, a new CoSn2 phase is gradually formed and
ecome the main phase after ball-milling for 64 h. While ball-
illing is conducted for 128 h, the obtained product can be only

ndexed to CoSn2 with a trace of Sn. The reason is probably due to
he gradual decomposition of the La3Co4Sn13 phase into the Co–Sn
hase and the La–Sn phase after ball-milling for a long time. More-
ver, the amorphous transformation is happened to a certain extent
or the solid solution La–Sn phase during ball-milling, as compared
o Co–Sn phase.

SEM images of the as-cast LaCoSn4 alloy and ball-milled LaCoSn4
lloys for 16 h are illustrated in Fig. 4. The surface morphology of
he LaCoSn4 alloy before and after ball-milling treatment is obvi-
usly different. The as-cast LaCoSn4 alloy powders have an average
article size of 3–5 �m with clear edges and corners. However,
fter ball-milling, the sample has an irregular agglomerated mor-
hology with small particles, showing the reduced crystallinity as
emonstrated in XRD analysis.

Fig. 5 shows the initial charge/discharge profiles of the LaCoSn4
lloys after ball-milling for different times. As expected, the ini-
ial discharge capacities are significantly enhanced for ball-milled

lloys. The initial discharge capacities are 976.6, 891.8, 842.8, 880.7
nd 843 mAh g−1 for the LaCoSn4 alloys after ball-milling for 8, 16,
2, 64 and 128 h, respectively, which are much higher than that of
he as-cast LaCoSn4 alloy. It means that ball-milling process can
roduce more new active sites for lithium alloying. The declining

F
a

ig. 5. Initial charge/discharge profiles of the LaCoSn4 alloy after ball-milling for
ifferent times at the current density of 50 mA g−1.

lateau at the high potential of 1.0–0.5 V, which consume quite
few of the discharge capacity (∼300 mAh g−1), should contain

he formation of SEI film and initial structural rearrangement of
all-milled alloys. These multi-step processes can overlap in the
otential profile [27].

The cycle performance of the LaCoSn4 alloy after ball-milling
or different times is depicted in Fig. 6. All the ball-milled alloys
ave the enhanced discharge capacity and the improved cycle per-

ormance as compared to the as-cast alloy. The capacity increases
uring the first 10 cycles, then remains the good stability between
he 10th and 30th cycle, and finally decreases slowly after the 30th
ycle. The similar behavior was also observed in other tin-based
lloy anodes [28–30]. The activation process during the first 10
ycles is attributable to the incomplete structure–destruction pro-
ess during cycling. The discharge capacities are 489, 534.9, 545.9
nd 507.9 mAh g−1 after 40 cycles for LaCoSn4 alloys after ball-
illing for 8, 16, 32 and 64 h, respectively. However, the capacity of

he alloy, obtained after ball-milling for 128 h, decreases rapidly to
94.4 mAh g−1 after 40 cycles. This is probably due to the gradual
ecomposition of the La Co Sn phase into the Co–Sn phase and
ig. 6. Cycle performance of the LaCoSn4 alloy after ball-milling for different times
t the current density of 50 mA g−1.



658 G. Wang et al. / Journal of Power Sources 189 (2009) 655–659

F
p

m
i
S
t
a
t
m

a
t
c
1
p
m
a
i
S
a
p
a
o
u
t
a

m
i
a
c
a
t
r
l
t
W
t
i
c
o
r
i
t
a
a

F
L

c
a

4

a
L
a
L
m
a
c
t
t
d
s
c
c
l

A

C

R

[
[

[

ig. 7. Cyclic voltammograms of the LaCoSn4 alloy after ball-milling for 16 h in the
otential range from 0.01 to 2.0 V (vs. Li+/Li) at the scan rate of 0.1 mV s−1.

aterials in the first cycle are still observed, which have a negative
mpact on their potential application. Except for the formation of
EI film, the low efficiency of acetylene black (about 25%) as addi-
ive is related to the large irreversible capacity losses, which can be
lso observed in metal oxide-acetylene black [31]. Further increase
he coulombic efficiency in the first cycle is necessary for these

aterials.
Fig. 7 shows the cyclic voltammograms (CV) of the LaCoSn4 alloy

fter ball-milling for 16 h. In the first cathodic process, there are
wo reduction peaks at 0.45 and 0.01 V (vs. Li+/Li), respectively. One
athodic peak at 0.45 V (vs. Li+/Li) with the onset potential at about
.0 V in the first cycle, which is related to the discharge potential
lateau in Fig. 5, disappears in the following cycles. The ball-milling
ay induce lattice defects and reduced crystallinity of the LaCoSn4

lloy, which can capture more charges for the SEI formation, lead-
ng to the appearance of the large irreversible cathodic peak. The
EI film formed will be stable under subsequent lithium alloying
nd de-alloying processes [32]. After following cycles, the cathodic
eak is stabilized at 0.28 V (vs. Li+/Li), indicating the stable lithium
lloying process. Subsequent anodic process up to 2.0 V show three
xidation peaks at 0.52, 0.65 and 0.78 V, corresponding to the grad-
al de-alloying process in the first cycle. The gradual increase of
he peak current in CV-loops further confirms the existence of the
ctivation process in Fig. 6.

To further understand the improved electrochemical perfor-
ance of the ball-milled LaCoSn4 alloy for 16 h, electrochemical

mpedance spectra (EIS) of the as-cast and the ball-milled LaCoSn4
lloys are performed and illustrated in Fig. 8. Both Nyquist plots
onsist of two semicircles at high/medium frequency regions,
nd a straight line at a low frequency region. The semicircle in
he medium frequency region is attributed to the charge-transfer
eaction of the alloy, and the inclined line corresponds to the
ithium-ion diffusion process (Warburg impedance) within elec-
rode [33,34]. Both the charge-transfer resistance (Rct) and the

arburg impedance (W) of the ball-milled alloy are much lower
han that of the as-cast alloy, which are beneficial to the great
mprovement of the electrochemical performance. Usually, the
harge-transfer resistance is attributed to the surface active sites
f the electrode materials, while the Warburg impedance is mainly
elated to the diffusion path within the electrode materials. This

ndicates that the ball-milling process results in the reduced crys-
allinity, grain size, short diffusion path of the electrode materials,
nd the subsequent decrease of both the charge-transfer resistance
nd the Warburg impedance for lithium alloying/de-alloying pro-

[
[

[
[

ig. 8. Electrochemical impedance spectra of the as-cast alloy and ball-milled
aCoSn4 alloy for 16 h after the 5 cycles. Inset shows the equivalent circuit.

esses. Correspondingly, the discharge capacities of the ball-milled
lloys increase obviously.

. Conclusion

In summary, Sn-rich La–Co–Sn ternary alloys were obtained by
rc-melting process and subsequent ball-milling. All the as-cast
a–Co–Sn ternary alloys have the same main phase of La3Co4Sn13
nd low electrochemical capacities. Among these alloys, the as-cast
aCoSn4 alloy seems to exhibit optimized electrochemical perfor-
ance. The ball-milling process results in the reduced cystallinity

nd the partial decomposition of the alloys. All ball-milled alloys
an deliver enhanced electrochemical capacities as compared to
he as-cast alloy, which is further confirmed by EIS analysis. In par-
icular, the LaCoSn4 alloy ball-milled for 16 h provides the higher
ischarge capacity of 500 mAh g−1 after 40 cycles. Although further
tudies are required to understand and increase the coulombic effi-
iency in the initial cycle, La–Co–Sn ternary alloys with the high
rystal density can be considered as promising anode materials for
ithium-ion batteries.
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