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a b s t r a c t

Electrochemical reactions of lithium with Ni3Sn4- and CoSn2-based anodes for Li-ion batteries are anal-
ysed from a combined experimental and theoretical approach. We have found that the first discharge
consists in the nanostructuration of the pristine materials into metallic and Li7Sn2 nanoparticles. Then,
the basic mechanism of the charge and discharge cycles is the reversible transformation of Li7Sn2 into
eywords:
in
nodes
össbauer spectroscopy

-ray photoelectron spectroscopy

Ni3Sn4 or CoSn2 particles. Finally, the large irreversible capacity loss observed at the beginning of the first
discharge is explained from interfacial reactions.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Improvements in the electrochemical performances of Li-ion
atteries require the development of new electrode materials with
igh capacities. Recently, there has been substantial interest in tin-
ased intermetallic materials in order to replace carbon as negative
lectrode [1–3]. For example, Sony has commercialized a Li-ion bat-
ery, named NexelionTM, with a composite anode formed of tin,
obalt and carbon mixed at a nanometer level, inducing a 30%
ncrease in capacity per volume ratio [4]. The ability to effectively
ngineer these new materials requires a detailed understanding of
he mechanisms that occur during the charge and the discharge
ycles. In most cases, studies are based on X-ray diffraction that
nfortunately fails to characterize nanocrystalline or amorphous
hases formed during electrochemical reactions.

In the present study, we propose to combine X-ray diffraction,
össbauer spectroscopy, X-ray photoemission spectroscopy (XPS),
agnetic measurements and calculations based on density func-

ional theory (DFT) in order to understand the reactions between
ithium and tin based intermetallic anodes at the atomic scale.
Please cite this article in press as: S. Naille, et al., J. Power Sources (2008), d

. Experimental

The intermetallic compounds Ni3Sn4 and CoSn2 were synthe-
ized directly from pure elements, weighed in stoichiometric ratio,

∗ Corresponding author. Tel.: +33 4 67144548; fax: +33 4 67143304.
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n alumina crucibles under a controlled Ar/H2 (5%) atmosphere.
emperature programs were 4 h at 500 ◦C for Ni3Sn4 and 5 h at
00 ◦C for CoSn2.

Electrochemical lithium insertion/extraction tests were carried
ut with (Li/LiPF6 1 M (EC:PC:3DMC)/material) SwagelockTM-type
wo-electrode cells assembled inside an argon-filled glove box.
athodes were prepared as 7-mm diameter pellets by pressing a
ixture made up of 80 wt.% pristine materials, 10 wt.% PTFE binder,

nd 10 wt.% carbon black to improve the mechanical and electronic
onduction properties. Electrochemical discharge/charge curves
ere recorded on a multichannel Mac Pile II system under galvano-

tatic conditions at a rate of 1 Li/20 h (C/20).
X-ray diffraction (XRD) was performed, for phase identification

nd purity, with a Philips �–2� diffractometer using Cu K� radia-
ion (� = 1.5418 Å) and a nickel filter. Data gathering were performed
n continuous mode for 2� angles ranging from 10◦ to 70◦. The
owdered sample was observed by scanning electron microscopy
SEM) in order to characterize both the sample morphology and the
article size.

XPS measurements were carried out with a Kratos Axis Ultra
pectrometer using a focused monochromatized Al K� radiation
h� = 1486.6 eV). For the Ag 3d5/2 line the full width at half max-
mum (FWHM) was 0.58 eV under the recording conditions. The
inding energy scale was calibrated from the carbon contamination
oi:10.1016/j.jpowsour.2008.07.049

sing the C 1s peak at 285.0 eV. Core peaks were analyzed using
nonlinear Shirley-type background [5]. The peak positions and

reas were optimized by a weighted least-square fitting method
sing 70% Gaussian, 30% Lorentzian lineshapes. Quantification was
erformed on the basis of Scofield’s relative sensitivity factors [6].

dx.doi.org/10.1016/j.jpowsour.2008.07.049
http://www.sciencedirect.com/science/journal/03787753
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The region R2 concerns a plateau at very low potential. X-ray
diffraction shows that contribution of Ni3Sn4 (or CoSn2) decreases
and a new phase occurs. The latter phase cannot be determined
from this technique although the observed diffraction peaks are in
ig. 1. Voltage profile of Ni3Sn4 electrode. Regions R1–R4 are considered for the
nalysis of the mechanisms.

The 119Sn Mössbauer spectra were recorded in transmission
ode in the constant acceleration mode. The source used for exper-

ments was 119mSn embedded in a CaSnO3 matrix. The velocity scale
as calibrated with the magnetic sextet of a high purity iron foil

s the reference absorber, and 57Co (Rh) was used as the source.
he spectra were fit to Lorentzian profiles by the non-linear-least-
quare method with the G.M.5.S.I.T. program [7] and the quality of
he fits were controlled by the usual �2 test. The isomer shifts are
iven relative to BaSnO3 at room temperature which is used as the
tandard reference.

Magnetic properties were measured using a Superconduct-
ng Quantum Interference Design (SQUID) magnetometer MPMS
L7, in the range of temperature 2–300 K and field 0–5 T. The

emperature-dependent susceptibility was measured using DC pro-
edure. The sample was dried in a glovebox and transferred under
rgon to the SQUID chamber to prevent any oxidation. The sample
as cooled to 2.0 K under zero magnetic field, low magnetic field

0.05 T) was applied and data collected from 2 K to 300 K (zero-field
ooled, ZFC). Field cooled (FC) measurements were performed from
K to 300 K with an applied field during the cooling.

. Result and discussion

The voltage profiles obtained in galvanostatic modes (C/20) are
ery similar for Ni3Sn4 and CoSn2 and we have defined four regions
orresponding to the first discharge: voltage drop R1 followed by a
lateau R2, the first charge R3 and the second discharge R4 (Fig. 1).
he voltage profile of the following cycles is similar to R3 and R4
xcept for a decrease in the capacity.

For both Ni3Sn4 and CoSn2 the voltage promptly drops to about
.8 V in the region R1 with a small plateau which indicates the for-
ation of a surface electrode interphase (SEI) at the carbonated

dditive surface. Then, the voltage continuously decreases until the
ppearance of a plateau at a voltage close to 0.1 V for about 1–2
i for CoSn2 and 2–4 Li for Ni3Sn4. No change was observed from
he different experimental techniques including DRX, which indi-
ates that the pristine materials did not react with lithium in this
egion. Only XPS shows the formation of a layer mainly composed
Please cite this article in press as: S. Naille, et al., J. Power Sources (2008), d

y Li2CO3 and LiF at the surface of the intermetallic particles (Fig. 2).
he average thickness of this layer increases in this region during
he lithiation and then remains almost constant in the other regions
2–R4. This clearly indicates that lithium ions react with electrolyte
t the surface of the intermetallic particles and form a SEI in R1 [8].

F
s

Fig. 2. XPS valence bands of Ni3Sn4 electrode at different steps in R1.
oi:10.1016/j.jpowsour.2008.07.049

ig. 3. 119Sn Mössbauer spectra at room temperature of Ni3Sn4 electrode at different
teps in R2.

dx.doi.org/10.1016/j.jpowsour.2008.07.049
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ig. 4. Magnetic measurements at T = 2 K of CoSn2-based electrode at different steps
n R2.

he range of the Li-rich LixSn compounds. However, the composition
i7Sn2 has been unambiguously determined from both in situ and
x situ 119Sn Mössbauer spectroscopy from the comparison with
eference spectra [9] (Fig. 3).

Thus, the region R2 can be assigned to the displacement reac-
ions:

i3Sn4 + 14Li → 2Li7Sn2 + 3Ni (1)

oSn2 + 7Li → Li7Sn2 + Co (2)

n addition it is possible from the knowledge of the
amb–Mössbauer factors to evaluate the amounts of the dif-
erent species and to quantitatively follow the reactions [10]. The
roposed reactions (1) and (2) differ from the usual mechanism
ound in the literature that indicates the formation of Li22Sn5
11]. Thus, our results show that the expected specific capacities
or intermetallic compounds are lower than those reported in
he literature. Finally, magnetic measurements show that the
verage magnetic moment of the electrode material increases
uring lithiation in R2 due to the transformation of paramag-
etic pristine materials into ferromagnetic Ni (or Co) particles
Fig. 4). ZFC/FC curves (Fig. 5) indicate that the average diameter
f the metallic particles is about 6 nm in the case of nickel and
nm in the case of cobalt. The average size is constant during
Please cite this article in press as: S. Naille, et al., J. Power Sources (2008), d

he discharge and no exchange interaction is detectable, which
onfirms that Ni and Co nanoparticles are dispersed and can act
s buffer particles to limit volume variations of the electrodes. At
he end of the first discharge, the electrode is a composite material

ig. 5. Susceptibility measurements at �0H = 0.05 T of CoSn2-based electrode at
ifferent steps in R2.
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ormed by Ni (or Co) nanoparticles and Li7Sn2 electrochemically
ctive particles. Thus, the first discharge can be considered as an
ctivation process leading to the formation of a nanocomposite
aterial.
During the first charge (region R3), Li7Sn2 directly reacts with

he metallic particles to form Ni3Sn4 (or CoSn2) small particles as
bserved by Mössbauer spectroscopy. In addition, XPS indicates the
xistence of a Li-poor LixSn phase, probably at the surface of the
i7Sn2 particles, which was not observed during the discharge. This
uggests that delithiation of Li7Sn2 leads to the formation of a tin-
ich layer at the surface that can react with metal nanoparticles
o reform tin-metal compounds with the same composition as the
ristine material but with another texture.

Finally, in the second discharge (R4), the reaction observed by
össbauer spectroscopy is similar to that of R2 although the volt-

ge is higher. The theoretical values of the potential obtained from
FT calculations by considering the reactions (1)–(2) are close to

he average potentials measured in the regions R3–R4. This average
otential increases from Ni3Sn4 to CoSn2 in agreement with the

ncrease of the calculated cohesive energy of the materials. The very
ow potential of the plateau in the region R2 could be related to an
dditional energy required at the beginning of the first discharge to
nitiate the displacement reactions (1)–(2). As long as lithium ions
annot react with the pristine materials they irreversibly react with
he electrolyte to form a SEI at the particle surface.

. Conclusion

In conclusion, the electrochemical reactions of lithium with tin
ntermetallic compounds are initiated at very low voltage. This
eads to an irreversible formation of a SEI at both carbon and inter-

etallic particle surface and causes a loss of 1–4 Li during the first
ischarge. Then, the pristine material is transformed into Li7Sn2,
hich decreases the reversible capacity expected with Li22Sn5. At

he end of the first discharge, a nanocomposite electrode composed
y metallic nanoparticles and Li7Sn2 is formed and can be con-
idered as the true starting electrode material for the reversible
ransformation Ni3Sn4/CoSn2 ↔ Li7Sn2. The cycleability of the elec-
rode is mainly related to the latter transformation that strongly
epends on the texture of the composite electrode while the over-
ll performances also depend on the irreversible formation of the
EI and the composition of LixSn that are both intrinsic to the first
ischarge mechanism.
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