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bstract

A nanostructured amorphous Co3Sn2 intermetallic compound was prepared by a solvothermal route. The microstructure and the electrochemical

erformance were studied by X-ray diffraction (XRD), transmission electron microscopy (TEM), galvanostatic cycling, and ex situ XRD. It
as found that the as-prepared material is in nanoscale and is amorphous. The amorphous Co3Sn2 shows a first specific capacity of 363 mA h g−1

ompared to 92 mA h g−1 for the crystalline one prepared by annealing the amorphous material. Ex situ XRD investigation shows that the amorphous
o3Sn2 undergoes a crystallization process during cycling, which leads to the capacity fade.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Although carbon-based materials are still the dominant
nodes in the commercial Li-ion batteries, in recent years, great
nterest has been focused on the non-carbonaceous materials
ith high specific capacity to meet the high-energy density

equirement in portable electric devices. Among them, Sn-based
aterials seem to the suitable candidates due to their high spe-

ific capacity (990 mA h g−1) and appropriate Li-storage poten-
ial (average 0.5 V versus Li+/Li). In 1997, Fujiphoto Film Cell-
ec reported that some Sn-based oxides exhibited high specific
apacity and stable charge–discharge cycling [1]. To overcome
he first irreversible capacity associated with the formation of
i2O, intermetallic compounds [2–9] instead of oxides are pro-
osed in the following studies. The intermetallic compound is
enerally composed of Sn and a Li-inactive element such as
e, Co, Ni, etc. Although the first irreversible capacity can be
ignificantly reduced through the substitution of oxygen ion by
ransition metals, rapid capacity fade still occurs due to pulver-

zation and exfoliation of the active material caused by the large
olume changes upon cycling.

∗ Corresponding author. Tel.: +86 57 185 662 587; fax: +86 57 187 951 672.
E-mail address: xiejian1977@zju.edu.cn (J. Xie).
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In recent years, tremendous effort has been made to overcome
his problem. One is to use materials with a smaller particle size,
amely, with a higher surface/thickness ratio. As reported by
ang et al. [10], the cycling stability of intermetallic anodes can
e significantly improved by decreasing the particle size to a
ubmicron scale due to the reduced absolute volume changes
nd enhanced Li-alloying kinetics. When taking above into
ccount, nanomaterials seem to be ideal options because of their
xtremely large surface/thickness ratios. Previous researches
ave found that good cycling stability could be achieved in
ome nanoscaled Sn-based intermetallic compounds [11–13].

ore recently, Sakai group [14,15] reported that nanostructured
g–Fe–Sn and Ag–Sb–Sn systems, prepared by high-energy
all milling, exhibited excellent cycling behavior with a capacity
f about 400 mA h g−1 retained up to 300 charge and discharge
ycles.

Another one is to use amorphous materials instead of crys-
alline ones. The researches on some amorphous materials
howed that these materials generally exhibited good electro-
hemical performance [16–20]. However, these materials are all
n thin-film state prepared by conversional thin-film preparation

ethods such as chemical vapor deposition (CVD), combina-

orial magnetron sputtering, and pulsed laser deposition (PLD),
tc. In this work, we will report the electrochemical performance
f a nanostructured amorphous intermetallic compound Co3Sn2
repared by a soft chemical method, namely, solvothermal route.

mailto:xiejian1977@zju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.09.094
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Fig. 2(b). However, no obvious crystal growth occurs during
annealing. Note that the ball-like granules tend to form aggre-
gation as seen in Fig. 3(b).
J. Xie et al. / Journal of Pow

or comparison, the electrochemical performance of the crys-
alline one will also be reported.

. Experimental

A nanostructured amorphous Co3Sn2 were prepared by
he solvothermal route. Analytically pure CoCl2·6H2O and
nCl2·2H2O were used as the precursors in the solvothermal
ynthesis. The precursors in stoichiometric ratio of Co:Sn were
ut into a Teflon-lined autoclave. The autoclave was then filled
ith ethanol up to 85% of its volume. After adding sufficient
aBH4 as the reductant, the autoclave was sealed immediately

nd heated to 220 ◦C for the synthesis reactions. After reaction
or 24 h, the autoclave was cooled down to room temperature
aturally. The obtained precipitate was filtered, washed with
thanol and distilled water several times, and dried under vac-
um at 110 ◦C for 12 h. The amorphous Co3Sn2 sample was
urther annealed at 500 ◦C for 2 h in flowing N2 to obtain crys-
alline Co3Sn2.

The powders were analyzed by X-ray diffraction (XRD)
sing a Rigaku-D/MAX-2550PC diffractometer equipped with
u K� radiation (λ = 1.5406 Å) in the range of 2θ = 10–80◦. Ex

itu XRD was performed on the Co3Sn2 electrode to investigate
he phase transition during the charge and discharge cycling. The
owder morphology was observed on a JEM-2110 transmission
lectron microscopy (TEM) and field emission scanning elec-
ron microscopy (FESEM) on a FEI-Sirion microscopy.

The electrochemical reactions of Co3Sn2 with lithium
ere investigated using a simple two-electrode coin-type cell:
i/LiPF6 (EC + DMC)/Co3Sn2. The working electrode consists
f 80 wt.% Co3Sn2 powder, 10 wt.% acetylene black as conduct-
ng agent, 10 wt.% polyvinylidene fluoride (PVDF) as binder,
nd Ni foam as the substrate (current collector). The cells were
ssembled in an Ar-filled glove box using polypropylene (PP)
icro-porous film as separator, a solution of 1 M LiPF6 in

thylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v)
s electrolyte and metallic lithium foil as counter electrode.
he cells are charged and discharged at a current density of
0 mA g−1 between 0.05 and 1.5 V versus Li+/Li.

. Results and discussion

Fig. 1 shows the XRD patterns of Co3Sn2 intermetallic com-
ound before and after annealing. Note that only amorphous
o3Sn2 is obtained during the solvothermal reactions as seen

n Fig. 1(a). After annealing at 500 ◦C for 2 h, well-crystallized
o3Sn2 is formed as shown in Fig. 1(b). The diffraction peaks
f the annealed product agree well with the hexagonal Co3Sn2
hase with a space group P63/mmc. The calculated cell parame-
ers are a = 4.108(7) Å, c = 5.178(3) Å, which are in good consis-
ent with the standard values of a = 4.109 Å, c = 5.180 Å (JCPDS
ile 27–1124).

Fig. 2 shows the TEM images and electron diffraction (ED)

atterns of Co3Sn2 intermetallic compound before and after
nnealing. The diffuse rings in the inset of Fig. 2(a) further
rove that the as-prepared Co3Sn2 is in an amorphous state.
s indicated in Fig. 2(a), the Co3Sn2 powder before anneal-

F
(

ig. 1. XRD patterns of the Co3Sn2 intermetallic compound: (a) before and (b)
fter annealing.

ng is composed of irregular granules with a size below 60 nm
nd the granules are connected one another to form a network
tructure. Fig. 3(a) clearly shows the network structure. In addi-
ion, the Co3Sn2 granules are loosely stacked and a multi-porous
tructure is formed. After annealing, the irregular granules are
ransformed into a crystalline ball-like structure as shown in
ig. 2. TEM images and ED patterns of the Co3Sn2 intermetallic compound:
a) before and (b) after annealing.
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ig. 3. SEM images of the Co3Sn2 intermetallic compound: (a) before and (b)
fter annealing.

Fig. 4 compares charge and discharge curves between amor-
hous and crystalline Co3Sn2 for the first three cycles. The
rystalline Co3Sn2 gives a first charge (delithiation) capac-
ty of only 92 mA h g−1, far below its theoretical capacity of
69 mA h g−1 (normalized to Co3Sn2 per gram) correspond-

ng to the formation of Li4.4Sn composition. This means that
rystalline Co3Sn2 is electrochemically inactive toward lithium.
ecently, Dahn et al. [21] also found that crystalline Co3Sn2 is
Li-inactive intermetallic compound even in a thin-film state.

ig. 4. Charge and discharge curves of (a) amorphous and (b) crystalline Co3Sn2

or the first three cycles.

a
r
t
e

F

ig. 5. Comparison of cycling stability between amorphous and crystalline
o3Sn2 intermetallic compound.

n contrast, amorphous Co3Sn2 yields a first charge capacity
f 363 mA h g−1. Although the first charge capacity of amor-
hous Co3Sn2 is still lower than that of its theoretical value,
amely, 569 mA h g−1, it is greatly higher than that of its crys-
alline counterpart. In our opinion, the different electrochemical
ehaviors between the amorphous and crystalline Co3Sn2 can
e attributed to their different microstructures since they have
he identical chemical composition. For the crystalline Co3Sn2,
he surface of the active component may be covered with a layer
f dense inactive film, just like the Fe “skin” in the SnFe3C com-
osite [4], which blocks the Li-ion diffusion path. However, the
xact structure and composition of the inactive film is unknown
o far. For the amorphous one, the inactive film may be rather
hin or inexistent. As a result, Li-ions can easily diffuse into the
nterior of the amorphous granules. In addition, the loose stack-
ng of the granules and the multi-porous structure facilitate the
enetration of the electrolyte and Li-ion diffusion.

Fig. 5 compares the cycling stability of amorphous and crys-
alline Co3Sn2. Compared to amorphous Co3Sn2, crystalline
o3Sn2 exhibits better cycling stability due to the fact that only

small amount of Co3Sn2 participates in the electrochemical

eactions, and the unreacted Co3Sn2 can act as matrix to buffer
he volume changes upon cycling. For amorphous Co3Sn2, how-
ver, the proportion of Co3Sn2 acting as the buffer is much

ig. 6. XRD patterns of amorphous electrodes (a) before and (b) after cycling.
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maller than that of the crystalline one. More importantly, elec-
rochemically generated crystallization takes place upon cycling
s indicated in Fig. 6. The crystallization of amorphous Co3Sn2
akes it electrochemically inactive toward Li, which results in

he continuous capacity fade during the charge and discharge
ycling. As a result, for the practical application of this amor-
hous material in the secondary Li-ion batteries, its microstruc-
ure and composition should be further optimized to restrain the
rystallization during the charge and discharge cycling and to
educe the first irreversible capacity.

. Conclusions

Amorphous Co3Sn2 can be synthesized by a low-temperature
olvothermal route and it shows greatly increased specific capac-
ty than its crystalline counterpart. The improved electrochemi-
al activity of amorphous Co3Sn2 is attributed to the lack of the
ense inactive film and the loose stacking of the particles. The
elatively rapid capacity fade of amorphous Co3Sn2 compared
o the crystalline one can be attributed to its low buffer matrix
mount and the crystallization of the active component upon
ycling.
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