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Thanks to the 9Sn Méssbauer hyperfine parameters, it is possible to analyze and predict Li reaction
mechanisms with Sn-based negative electrodes for Li-ion batteries. The present approach is based on
the interpretation of the '9Sn Méssbauer hyperfine parameters: isomer shift (§) and quadrupole split-
ting (A) by considering: (i) the analysis of the 9Sn Méssbauer hyperfine parameters of the Li-Sn alloys
used as model compounds, (ii) their interpretation from some physicochemical parameters (Li/Sn ratio,
crystal structure, electronic density as defined by Hume-Rothery), and (iii) the proposition of an exper-
imental based model to understand Li lithiation/delithiation mechanisms and predict electrochemical
performances for Sn-based compounds including the effects of volume variations, particle coalescence or

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The improvement of Li-ion battery performances needs the
search of new electrode materials and a better understanding
of their electrochemical mechanisms. Among the various possi-
ble new negative electrode materials, Sn-based materials are very
promising [1-4]. Indeed, the possible formation with Sn of Li-rich
alloys as Li;Sn; or Lip;Sns allows obtaining high storage capaci-
ties (up to 990 mAhg-1). Unfortunately, the Li-Sn alloying leads
to high volume variations of the particles on cycling and therefore
strongly limits the reversibility. In order to solve this problem, many
approaches have been analyzed in a recent paper [5]. Among the
different possibilities, the use of composite materials [6,7] or multi-
element metallic materials [8-10] seems to be the most favorable.
The interest in these materials has risen since the commercializa-
tion by Sony Company of the newly developed Sn-based (Co-Sn-C)
negative electrode [11] with improved cycleability.

For Sn-based materials, 1°Sn Mdssbauer spectroscopy, the
recoil-free resonant absorption of -y-rays, is really suitable to study
the various steps of a synthesis or a charge/discharge process of
electrode materials, in situ by using specific test cells or ex situ
by extracting the material from the cell at a given point of the
charge/discharge curve [12]. The technique allows therefore the
study of nanostructured materials. Mossbauer spectroscopy is fur-
ther helpful because it can give information not only on static
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properties (such as crystal structure, magnetic properties, valence
state and bonding) but also on dynamic properties (such as dif-
fusion, mechanic vibrations of nanoparticles, super paramagnetic
relaxation, electron hopping, etc.). For 19Sn, two main hyperfine
interactions can be distinguished: (i) electric monopole interaction,
detectable as a line shift (isomer shift, §) and (ii) electric quadrupole
interaction, detectable as a line splitting (quadrupole splitting, A).
The hyperfine parameters, 6 and A, respectively proportional to
the s electronic density at the nucleus and to the main component
of the electric field gradient, allow characterizing the Sn oxidation
state and coordination.

The aim of this paper is to propose an experimental model
used to analyze the reaction mechanisms during different steps
of Sn-based materials lithiation/delithiation and to predict their
electrochemical performances as possible negative electrodes and
different processes that can occur as the volume expansion, the
particles coalescence or the SEI formation. The knowledge of the
hyperfine parameters (§ and A) of the different Li-Sn crystalline
phases (Lile‘l5, LiSn, Li7Sn3, Li5Sn2, Li135r15, Li7Sl‘12 and Lizle‘ls)
obtained by ball-milling [13] is very appropriate to analyze the data
obtained for these Sn-based materials in terms of some physico-
chemical properties (lithium content, crystal structure or electronic
density). By answering to three main questions: (i) “what is the
LixSn composition during lithiation/delithiation of Sn-based mate-
rials?” (ii) “what is the network nature in these LixSn alloys?” and
(iii) “is it possible to predict the electrochemical performances
of new Sn-based materials?”, we will show that 11°Sn Méssbauer
spectroscopy can be used as a powerful predictive technique in the
field of Li-ion batteries.
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Fig. 1. 3-%Li correlation diagram for the Li-Sn alloys ((W) [12] and (®) [13]) and for
products obtained from the lithiation of Sn-0.4BPO, ((# ) and (® ) [14]) and NisSn,
(&) [10]).

2. What is the LiySn composition?

Fig. 1 shows the variations of the isomer shift mean value 6)
as a function of the Li content. The § values are calculated for the
different Li-Sn alloys taking into account the proportion of each
site in accordance with the crystal structure [13,14].

By using this 6-%Li correlation diagram, it is therefore possible
to know the proportion of lithium allied with tin at any point of an
electrochemical cycle. Indeed, the value of § will determine the per-
centage of lithium constituting the alloy formed and therefore it is
possible to deduct the proportion of lithium that is not involved in
the electrochemical mechanism. In the case of Sn-0.4BPO,4 (Fig. 2),
the different Li-Sn alloys are formed during the first discharge [15].
However, the Li content in the LiySn alloy formed at 1.2 Li is only
x=0.4if we consider & (Fig. 1), which explains that a certain amount
oflithium is necessary at the beginning of the first discharge to form
a SEI and to reduce the interfacial Sn'' component obtained dur-
ing the synthesis of such composite [16]. Further in the discharge,
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Fig. 2. Voltage profile of Sn-0.4BPQ, electrode. (@ ) and (® ) are the electrode
compositions characterized by 1'9Sn Méssbauer spectroscopy for the determination
of the type and the composition of the Li-Sn alloys electrochemically formed.
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Fig. 3. Voltage profile of Ni3Sny electrode. (4 ) is the electrode composition char-
acterized by 19Sn Méssbauer spectroscopy for the determination of the type and
the composition the Li-Sn alloy electrochemically formed.

the value of x reached 2.6 in LixSn (Figs. 1 and 2) and the Li;Sn,
composition is obtained at the end of the first discharge.

With Sn-based intermetallics compounds, lithium reacts
directly to form a Li-rich LixSn alloy. For instance, with Ni3Sny of
which the electrochemical curve is given in Fig. 3, this is the Li;Sny
alloy which is formed on the biphasic plateau (Fig. 1). The first part
of the discharge is mainly due to the formation of a stable SEI and
consumes four Li [17]. This kind of mechanism is observed for most
ofthe Sn-rich intermetallics (e.g. FeSn; [18], CoSn, [19], MnSn; [20],
NbSn; [21]) except for CugSns for which a ternary phase Li,CuSn is
firstly formed [22].

3. What is the Li,Sn network nature?

The Fig. 4 has been obtained by plotting the (§, A) points of the
different Li-Sn alloys obtained by ball-milling [13]. From this A-§
correlation diagram, it is rather easy to identify two main regions
that are characteristic of material families with given structural and
electronic properties. The first region is the domain of Sn-rich alloys
with continuous networks based on Sn—Sn bonds that provide a
strong “covalo-metallic” character. The Sn local structures are octa-
hedral (more or less distorted) and Sn is surrounded only by either
six Sn (1a) or by four Sn and two Li (1b) atoms. The second region is
the domain of Li-rich alloys with lattices based on Li* close packing
that gives an “iono-metallic” character. The Sn local structure in this
case is cubic and the Sn-network is uncontinuous. There are three
types of environments with Sn surrounded by either six Li and two
Sn (2a) or seven Li and one Sn (2b) or eight Li (2c) atoms.

This diagram allows identifying the nature and composition of
the Li-Sn alloys formed during cycling. The formation of the differ-
ent alloys during the first discharge is confirmed for Sn-0.4BPQO,.
Indeed, Li;Sns is formed at the early stage of the process whereas
Li13Sns is formed later (Fig. 4). The nature and the composition of
the single alloy formed by the lithiation of a Sn-based intermetal-
lic compound (e.g. Ni3Sny) is Li;Sn, rather than Liy;Sns as often
mentioned in the literature (Fig. 4). The formation of this alloy
leads to a decrease of 20% of the theoretical capacity in term of
electrochemical performances.

The A-§ correlation diagram also indicates the type of bonds
(covalent, ionic, metallic), the type of lattice and the different tin
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Fig. 4. A-§ correlation diagram for the different tin sites of the Li-Sn alloys, for
some Sn-based intermetallics and composites and some of their electrochemical
products.

crystallographic sites for Sn-based materials by considering their
Mossbauer parameters. The knowledge of the Méssbauer hyperfine
parameters (§ and A) for Sn-based materials (Table 1) can thus be
useful in order to predict the reaction mechanisms and therefore
the electrochemical performances.

For §< 1.8 mms~1, there is no electrochemical reaction between
lithium and Sn-based intermetallic compounds. These § values
are obtained for Sn-based intermetallics rich in transition metal.
Fig. 4 shows that Ni3Sn and Ni3Sn, have lower § than the Li-richest
LixSn alloys. They are considered as electrochemically inactive, as
their specific capacities never exceed 60 mAh g~! [23]. This is con-
firmed for Mn-Sn [20], Fe-Sn [24] and Co-Sn [25] systems. When
1.8mms~1<§<2.3mms !, the electrochemical reaction between
lithium and Sn-based intermetallics involves weak structural mod-
ifications of the Sn-network thanks to the direct formation of Li-rich
LixSn alloys as for Ni3Snyg (Fig. 4). With these intermetallics, mod-

Table 1

erate capacities can be reached (~400mAhg-1) but good cycling
performances are obtained as the transition metal, which acts as
a “buffer”, can also minimize the volume expansion during the
alloying process [11,17-22]. With §>2.3mms~!, electrochemical
reaction with lithium engages strong volume variations due to
strong structural modifications of the Sn-network with the forma-
tion of Sn-rich Li-Sn alloys followed by Li-rich alloys. In this case,
high capacities are obtained but the cycling performances are very
poor. Therefore, the dispersion of the tin element in oxide inac-
tive matrices (BPO4, CaSiO3, Al,03 and so on), which absorb the
volume expansion, can improve the electrochemical performances
(over 500mAhg=1)[7,16,26,27].

4. Is it possible to predict the electrochemical
performances of new Sn-based materials?

The Hume-Rothery electronic density [eay] is an empirically
defined quantity that can be used to study the amount of electrons
involved in bonds and can only be used for atoms without partially
filled shields (d, f) [28]. For a A—B bond, the relation is given by:

N(A) x ny(A) — N(B) x ny(B)

N(A)+ N(B) M

[eav] =

where N(A) and N(B) are the number of atoms A and B respec-
tively in the molecular unit and ny(A) and ny(B) are the number
of valence electrons for atoms A and B respectively. For the Li-Sn
system, one considers that all the valence electrons are involved
in bonds (one electron for lithium and four electrons for tin). The
6-|eav] correlation diagram is shown for the Li-Sn alloys in Fig. 5
and the two regions discussed above can be distinguished depend-
ing on the slope of the correlation lines. The region 1, with high
electronic density ([eav] > 2.4), corresponds to the Sn-based lattices
whereas the region 2, with low electronic density (1.5 <[eay] <2.4),
corresponds to the Li-based lattices.

It is therefore possible to determine [eay] for any Sn-based
material by considering its § (Fig. 5) and to analyze the reaction
mechanisms. In region 1, for [ea]>2.4, § is almost constant but
[eav] is related to the lattice dimensionality which depends on the
tin coordination. A decrease of § corresponds to an increase of the
covalent character of the bonds which leads to strong dimensional
modifications of the Sn-network. We have already seen that tin
needs therefore to be dispersed in an inactive matrix in this region
as for example Sn-0.4BPO,. In the region 2, for 1.5<[esy]<2.4 (e.g.
Ni3Sny), & varies as a function of the Sn-cluster dimensionality but
variations of [e,y ] are small between the intermetallic and the elec-
trochemically formed Li-Sn alloy, and thus the Sn-network will
not suffer only minor volume variations. For [eay] < 1.5, there is no

Hyperfine parameters of Sn-0.4BPO4, Ni3Sn, Ni3Snz, Ni3Sng and CoSny: the different types of tin sites used in the Mdssbauer fitting procedure and their relative intensity
(I), the values of the isomer shift (), the mean isomer shift (§), and the quadrupole splitting (A). The average electronic densities [eay] of these Sn-based materials, deduced

from the §-[e,y] correlation diagram (Fig. 5), are also given

Sn-based materials Tin sites 1(%) §(mms—') §(mms-1) A (mms') [ea]
Sn-0.4BPO,4 4a 100 2.56 (3)? 2.56 0.29 (3)° 4
NizSn 2c 100 1.50 (3) 1.50 0.15 (3)° 0.98
4c 50 1.75 (3) 1.03 (3)
NisSn, 4c 50 1.73 (3)P 1.74 1.50 (3)° 138
4 50 2.01 (4)>< 0.78 (6)><
NisSna 4 50 2.02 (4)P- 2.01 1.18 (6)P- 1.86
CoSns, 8h 100 2.14 (3)° 2.14 0.77 (3)° 2.09
a See Ref. [16].
b See Ref. [23].

¢ See Ref. [10].



S. Naille et al. / Journal of Power Sources 189 (2009) 814-817 817

i 7 ol
T H'I‘ 1 I
26+ %
=
2.4
e ] Region 1
] -
= 22
E ] Region 2
I 50
1.8 4
1.6 T T v T T T v T Y T v
1.0 1.5 2.0 2.5 3.0 335 4.0
e, ]

Fig. 5. 5—[eav] correlation diagram for the Li-Sn alloys. [eay] of Sn-BPO4 (1), Ni3Sn4
(), Ni3Sn; (5¢) and CoSn; (O) are determined by plotting their § on the correlation
lines.

formation of Li-Sn alloys with the Sn-poor intermetallics, as for
Ni3Sl‘12.

Furthermore, the 8-[e,y] correlation diagram allows determin-
ing the electronic average population per transition metal (M),
ny(M) with M=A and taking into account ny(B)=ny(Sn)=4 in (1),
by considering §. If ny(M)<1, the formation of the electrochemi-
cal product LixSn is rather difficult (e.g. for Sn-based intermetallics
located in region 2) if not possible (e.g. for Sn-based intermetallics
located below region 2) due to the important formation of a solid
electrolyte interphase (SEI) related to the accumulation of negative
charges at the electrode/electrolyte interface. The Li atoms are not
able to provide electrons to Sn atoms in order to form Li-Sn alloys
without any lattice modifications, Sn atoms being donor electrons.
Moreover, the SEI thickness is proportional to the gap to 1. Indeed,
ny(Ni) for Ni3Sng has a lower value than ny(Co) in CoSn, and the SEI
layer is more important for Ni3Sny than for CoSn, [10]. This means
that the lower the ny(M) value, the larger the SEI thickness.

5. Conclusion

Experimental determination of the Mossbauer parameters for
Sn-based negative electrodes allows analyzing reaction mech-
anisms leading to the formation of Li-Sn alloys during the
electrochemical cycling. A model has been proposed based on the
analysis of three correlation diagrams: §-%Li, A-8 and 8-[e,y], that
allows identifying and understanding the electrochemical mecha-
nisms from Mossbauer parameters measured either ex situ or in situ
during lithiation/delithiation. The determination of the Li-Sn alloys
formed during cycling, including composition, structure and type
of lattice can be done from the §-%Li and A-§ correlation diagrams.
It is also possible to predict the electrochemical performances of a
possible Sn-based negative electrode as a Sn-based material react
with lithium when § > 1.8 mms~! ([eay] > 1.5). The capacity ranges

can be known from the type of the Li-Sn alloys that can be formed
with the A-§ correlation diagram. A 20 % decrease of the specific
capacity should be expected in the case of Li;Sn, formation rather
than Li» Sns. The cycling retention due to the effect of volume varia-
tions can be predicted from the main features of the materials from
the A-§ and §-[eay] correlation diagrams. Finally, the importance
of the SEI layer can also be pointed out, especially the thickness
which is proportional to the decrease of n,(M). This number can be
obtained from [e,y] by considering the 3—[eay] correlation diagram.
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