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Abstract

Ni;Sny and CoSn, which are two Sn-based intermetallic compounds with different crystal structures have been tested as future negative electrodes
for lithium-ion batteries. Various two-step reactions occur during the first discharge of these two electrodes. The first discharge shows good specific
capacities: 515 mAh g~! for the Ni3Sn, electrode and 606 mAh g~' for the CoSn, electrode. These reactions lead to the formation of Li;Sn;, a

Li-rich Li,Sn alloy characterized by ''°Sn Méssbauer spectroscopy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

As a negative electrode for Li secondary batteries, Sn pro-
cesses a maximum Li uptake of Lis4Sn corresponding to a
theoretical specific capacity of 993 mAh g~!, much higher than
that of graphite (372mAhg~"). The Sn anode application has
nevertheless been hindered by rapid capacity decay upon the
charge and discharge cycles. The major problem is the severe
volume change during the alloying (Li,Sn) and dealloying
reactions. Research for improved electrode materials has led
to Sn-based amorphous oxides: SnO, SnO;, SnB,P,0, [1-3],
Sn-M-C (M=Fe, Mn) composites [4,5] and Sn,M, alloys
(M =Ni, Cu) [6,7]. These materials operate on the basis of
alloying reactions described as displacement reactions in which
Sn forms a lithium alloy (Li,Sn) and in which a nanosize
matrix is created. This matrix may buffer the volume expan-
sion of the Li,Sn active phase. Another interesting feature
of these negative electrode materials is the electrochemically
driven solid-state amorphisation that takes place during the first
alloying period. The interest in Sn-based anodes has increased
since Sony recently developed a new hybrid lithium-ion bat-
tery, named Nexelion™ [8]. This new battery uses a Sn-based
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amorphous anode consisting of multiple elements such as tin,
cobalt, carbon, where the elements are mixed at a nanometer
level, inducing a 30% increase in capacity per volume ratio
compared to conventional lithium-ion batteries.

In this work, two transition metal-tin-based intermetallics,
i.e. Ni3Sng and CoSny were tested as future negative elec-
trode materials to use the large reversible lithium storage
capacity of tin as well as the inactive matrix effect of tran-
sition metals to improve cycling performances. Furthermore,
these two compounds have different crystal structures. Indeed,
Ni3Sng crystallizes in the monoclinic system, space group C2/m,
whereas CoSnj crystallizes in the tetragonal system, space group
14/mem.

2. Experimental

Elemental Ni (Merck, 99.5%), Co (Merck, 99%) and Sn
(Aldrich, 99%) powders were mixed in the Ni3Sng and CoSn;
compositions. The powder mixtures were then mechanically
milled for 10 min in a Pulverisette-7 planetary micro-mill with
agate balls and vials under argon atmosphere. Finally, the
mechanically alloyed powders were fired in a tube-type furnace
under controlled atmosphere. Temperature programs were 4 h at
500 °C for Ni3Sng and 5 h at 500 °C for CoSnj.

Samples were characterized by X-ray powder diffraction, for
phase identification and purity, with a Phillips 626 diffractome-
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ter using Cu Ka radiation (A = 1.5418 A) and nickel filter. We
have also determined the size of the X-ray coherent domains
from the width of the powder diffraction peaks using the fun-
damental parameters approach proposed by Cheary and Coelho
[9]. This procedure is based on the Scherrer method using the
full width at half-maximum of the broadened peaks and taking
into account experimental broadening due to instruments.

Electrochemical lithium insertion/extraction tests were
carried out with (Li/LiPFg 1M (EC:PC:3DMC)/material)
Swagelock ™ -type cells assembled inside an argon-filled glove
box. Cathodes were prepared as 7mm diameter pellets by
pressing a mixture made up of 80wt.% pristine materials,
10 wt.% PTFE binder, and 10 wt.% carbon black to improve the
mechanical and electronic conduction properties. Electrochem-
ical discharge/charge curves were recorded on a multichannel
Mac Pile II system under galvanostatic conditions at a rate of 1
Li/20h (C/20).

Pristine materials and electrodes at the end of the first dis-
charge were characterized by !'”Sn Mdssbauer spectroscopy
at room temperature in transmission mode with a classical
EG&G constant acceleration spectrometer. The y-ray source
was Ca''®™Sn0O3. The velocity scale was calibrated using the
magnetic sextet spectrum of a high-purity iron foil absorber and
>7Co(Rh) as the source. The isomer shifts are given relative
to BaSnO3 which is used as the standard reference. As for the
electrochemically inserted samples, the measurements were per-
formed ex situ in a specific sample holder. All spectra were fitted
to Lorentzian profiles by the least-squares method [10] and the
quality of the fit was controlled by the usual x? test.

3. Results and discussion

The X-ray diffraction patterns of the synthesized alloys are
given in Fig. 1. Every diffraction peak was indexed for the
Ni3Sng phase (JCPDS no. 04-0845) with a=12.187(13) A,
b=4.055(5)A, ¢=5.216(7) A and B=105.19(5)° and also for
the CoSny phase (JCPDS no. 25-0256) with a =6.364(2) A and
c=5.456(1) A.
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Fig. 1. X-ray diffraction patterns of Ni3Sng and CoSn;. The sizes of their coher-
ent domains have been estimated to be about 1444 and 1222 A, respectively,
using the Scherrer method from the width of diffraction peaks.
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Fig. 2. Discharge—charge curves of Ni3Sny and CoSn; electrode materials.

The charge—discharge curves of the Ni3Sng and CoSnp
samples are given in Fig. 2. The first discharge capacity is
515 mAh g~! and the reversible capacity of the first charge cycle
is 282 mAh g_1 for the Ni3Sny electrode. In the case of the
CoSn; electrode, these capacities are 606 and 434 mAh g_l,
respectively. Fig. 3 illustrates the cycling behavior of the two
electrodes. It can be seen that the specific capacity of Ni3Sng

electrode drops rapidly and continuously without stabilizing.

1 4

600 4 —8— Ni;Sn  electrode
—A— CoSn , electrode
~ so04 %
5 |
=
£ 4004
2 \
9
% 300 4 A\‘“——A__._. A A A A
o
=1
g 200
(=9
3 T~

100 A

cycle number

Fig. 3. Cycle performances of Ni3Snys and CoSn; electrodes.
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As a contrary, the CoSnj electrode stabilizes after a few cycles
to a specific capacity of 285 mAhg~!.

The discharge potential of the electrodes falls quickly to
around 0.8V versus Li. It is due to an electrolyte decompo-
sition reaction that occurs on the surface of carbon, which leads
to the formation of a passivating layer, referred to as a solid elec-
trolyte interface [11]. The first discharge of the Ni3Sny electrode
proceeds with a two-step reaction. The first reaction is probably
due to a solid-solution insertion reaction which would lead to the
formation of a Li,Ni3Sny phase, in which the local environment
of the tin atoms are not changed as shown by '1°Sn Mossbauer
spectroscopy [12]. This reaction would take place up to 4 Li
inserted. This is followed by a plateau right above 0.0 V corre-
sponding to the existence of a two-phase reaction. For CoSny,
the possible reaction leading to the formation of a Li,CoSny
phase happens up to 1 Li. The second part of the electrochem-
ical process occurs at very low voltage, i.e. between 0.14 and
0.0V, during almost all the discharge process and can thus be
seen as a two-phase process plateau.

Ex situ ''9Sn Mossbauer spectra of pristine materials and
electrodes at the end of the first discharge are shown in Fig. 4
and the values of the hyperfine parameters are given in Table 1.

For the NizSng sample, there are two absorption peaks
(Fig. 4a). The NizSny structure contains two independent crys-
tallographic Sn sites (4i, 41); both fully occupied [13]. Therefore,
the spectrum has been fit to two doublets with equal relative
intensity. The ''°Sn Mossbauer spectrum of the pristine CoSny
is characterized by a doublet (Fig. 4c). There is only one crys-
tallographic site (8h) for the Sn atoms in CoSnp [14]. 19gy
Mossbauer spectroscopy measurements show, for the NizSny
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Table 1

Hyperfine parameters obtained from the '°Sn Méssbauer spectra shown in
Fig. 4: the different types of tin sites used in the Mdssbauer fitting procedure
and their relative intensity /, the values of the isomer shift 8, the quadrupole
splitting A and the line width at half maximum 21"

Sample Alloys Tinsites (%) 6 (mm/s) A (mm/s) 21" (mm/s)
(a) NizSngs  4i 50 2.01 (4) 0.70 (6) 1.02 (4)
4i 50 2.02 (4) 1.18 (6) 1.02 (3)
(b) NizSngy  4i 12 1.95(12) 0.63(27) 0.95Q)
4 12 1.98 (6) 1.37(10)  0.95(3)
Li;Sn,  4i 38 1.88 (5) 029 (11) 091 (3)
4h 38 2.00 (6) 0.97 (9) 091 (3)
(c) CoSn,  8h 100 2.14 (3) 0.77 (3) 0.98 (4)
(d) CoSn,  8h 20 2.14 (3) 0.77 (3) 1.02 (3)
Li;Sn,  4i 40 1.86 (4) 0.24 (3) 0.94 (7)
4h 40 1.95 (4) 0.94 (6) 0.94 (7)

(Fig. 4b) and CoSn; (Fig. 4c) electrodes at the end of the first dis-
charge, the appearance of two more contributions. The hyperfine
parameters of these additional contributions are close to those
found for the mechanically ball-milled synthesized Li;Sn; alloy
[15]. The formation of a Li;Sny nano-alloy as the final elec-
trochemical lithiated product has already been reported with
CueSns [16], CueSns with NiAs-type structure, space group
P63/mmc [17]. This shows that the structure of the pristine tin-
based intermetallic material has no influence on the composition
of the final electrochemical lithiated product.
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Fig. 4. Ex situ '°Sn Méssbauer spectrum of (a) the pristine Ni3Sny, (b) the NizSny electrode at the end of the first discharge, (c) the pristine CoSn and (d) the

CoSn; electrode at the end of the first discharge.
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However, the substitution/extraction reactions occurring on
the plateaus are not complete and the contribution of the un-
reacted NizSny and CoSn; are 24% and 20%, respectively. This
may be due to the particle size and can explain the irreversibility
and capacity fading during cycling.

4. Conclusion

Two tin-based intermetallic compounds, Ni3Sns and CoSny
have been investigated as anode materials. Various two-step
alloying reactions have been observed with these intermetallic
electrodes, i.e. the formation of a SEI and a possible solid-
solution insertion reaction followed by a substitution/extraction
reaction to directly form Li;Sn. This shows that, no mat-
ter the crystal structure of the pristine materials, the Li-rich
Li7Sn; alloy is formed at the end of the first discharge. In these
conditions, the reaction of these compounds to lithium is not
complete. This may be explained by the fact that: (i) the par-
ticles of the bulk materials are oversized or (ii) the electrode
manufacturing and cycling rate are not appropriate. At present,
additional work is in progress in order to optimize the powder
morphology.
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