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Abstract

Lithium insertion mechanism in some antimony-based compounds: SnSb, CoSb3, CrSb2, TiSb2 has been studied by means of 121Sb

Mössbauer spectrometry which gives valuable information about the local electronic structure of the probed element (Sb). The structural and

electronic modifications induced by insertion of lithium have been characterized. For these Sb-based materials the lithium insertion

mechanisms involve Li3Sb formation and composite multi-phase separations with one component displaced from the pristine compound.
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1. Introduction

New interest in the use of lithium–metal alloys as negative

materials in lithium-ions batteries has been induced since the

announcement of the high performance of tin composite

oxides [1]. New materials have been proposed in which the

alloying element (like Sn or Sb) is dispersed in an inert

matrix [2–5].

Metals (such as Al, Si, Sn, . . .) exhibit large capacities and

poor cycling stability due to large volume changes which

occur during lithiation/delithiation processes. These effects

can be reduced by using intermetallic compounds (alloys)

and softened by the existence of multi-phase mechanisms

[6–8].

We have studied the effects of electrochemical lithium

insertion in Sb metal and some binary compounds such as

SnSb, TiSb2, CrSb2, CoSb3 which include p elements (Sn,

Sb) and transition elements (Ti, Cr, Co) from 121Sb Möss-

bauer spectrometry. This hyperfine technique can be used as

a probe to investigate changes in the electronic state of the

Sb contained within these compounds as a function of the

degree of lithiation.

2. Mössbauer spectrometry

Mössbauer spectrometry (recoil-free emission/absorption

gamma resonance spectroscopy) is a powerful tool which

gives valuable information about the local electronic struc-

ture of the probed element (here 121Sb). The hyperfine

parameters isomer shift d (IS) and quadrupole splitting D
(QS), which are, respectively, linearly dependent on the

s-electron density and on the electric field gradient (EFG)

at the nucleus, are related to the oxidation states and

environments of antimony.

The isomer shift (IS) is measured as the position of the

center of gravity of the spectrum relative to that of the

appropriate standard reference (InSb). The expression of d
can be written as (1):

d ¼ SðZÞ Ze2

5e0

R2 DR

R
Cað0Þj j2� Csð0Þj j2

h i
(1)

where Ca(0) and Cs(0) are the electron densities at the

nucleus of the absorber and source, R2 DR/R is the change in

the mean-square radius of the nucleus in the Mössbauer

transition, S(Z) a term for the relativistic effect, Z is the

atomic number, e the charge of the electron and e0 is the

permittivity of free space. For 121Sb DR/R < 0, and any

factor which increases the s-electron density (oxidation

state, covalency or variations of shielding effect) decreases
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the IS. The values of IS are qualitatively interpreted with the

help of reference compounds [9] (Fig. 1). Quadrupole

splitting (QS) arises from the presence of an electric field

gradient (EFG) at the Mössbauer nucleus. The expression of

D is given by Eq. (2):

D ¼ eQVZZ

4Ið2I � 1Þ 3m2
I � IðI þ 1Þ 1 þ Z2

3

� �� �1=2

(2)

where Q is the nuclear quadrupole moment, I the nuclear

spin quantum number, mI the magnetic spin quantum num-

ber, VZZ and Z are the EFG and the asymmetry parameter,

respectively. The magnitude of QS represents the asymmetry

of the electron density around the nucleus and characterizes

the arrangements of the probed atom. For 121Sb these two

hyperfine parameters (IS and QS) are derived from the

analysis of experimental data using transmission-integral

procedures [10].

3. Experimental

SnSb, TiSb2, CrSb2 and CoSb3 were synthesized by direct

synthesis from the pure elements [4,5] and phase purity was

checked by X-ray powder diffraction.

Two-electrode Swagelok cells of the type Li/LiPF6

(mixed organic solvents)/Sb-based materials were used

for the electrochemical measurements. Discharges and

charges (Fig. 2) were carried under galvanostatic conditions

using a Mac Pile II system at C/4 rate (C ¼ 1 Li (mol

MSbb)�1 h�1).
121Sb Mössbauer measurements were performed using a

121mSn in BaSnO3 source of nominal activity 0.5 mCi on an

EG & G constant acceleration spectrometer in transmission

mode. During the measurements, both source and absorbers

were simultaneously cooled down to 4 K in order to increase

the fraction of recoil-free absorption and emission pro-

cesses. The zero of the isomer shift scale was defined from

the spectrum of the reference InSb. Measurements were

performed ex situ at several depths of discharge and charge.

The Swagelok cells were opened inside a glove box and the

electrode materials containing the active material were

placed on specific sample holder transparent to the g rays.

Fig. 1. 121Sb isomer shifts scale from reference compounds [9] and compounds under study.

Fig. 2. Charge and discharge curves of some Sb-based compounds. Solid

circles indicate the compositions for which 121Sb Mössbauer spectra were

recorded.
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4. Results and discussion

The Li–Sb phase diagram [11,12] (Fig. 3) shows the

existence of four stoichiometric alloys Li3Sb, Li2Sb, Li3Sb2

and LiSb2. To our knowledge there are no 121Sb Mössbauer

data for these alloys. Nevertheless, 121Sb IS of studied alloys

Li3Sb and LiSb2 in this paper (Table 1) is linearly dependent

(Fig. 4) on the atomic ratio Li/Sb. This correlation between

IS and composition will be very useful in identifying inter-

mediate compounds during the reaction processes involving

lithium and Sb-based materials.

In all cases (Table 1), IS of the studied materials are

characteristic of intermetallic compounds (Fig. 1). QS in the

range 13–3 mm s�1 represent the distortion of the Sb envir-

onment. For the pristine compounds, the values of QS are in

good agreement with their crystal structure. The linewidth in

Fig. 3. Li–Sb phase diagram according to [11,12].

Fig. 4. Linear dependence of the 121Sb Mössbauer isomer shift of Sb, LiSb2 and Li3Sb vs. Li/Sb atomic ratio.
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the range 1–4 mm s�1, by comparison with the natural

linewidth of 2.10 mm s�1 for 121Sb, gives informations

about site distributions and amorphization. Finally the rela-

tive contribution of the different sub-spectra allows to value

the proportions of the different Sb species.

The voltage versus composition curves (Fig. 2) show

the appearance of different plateaus in the range 0.8–0.5 V.

For all materials the first cycle differs from the next ones,

showing a large irreversible capacity. X-ray diffraction

patterns of the discharged electrodes are characteristic of

amorphous compounds [4,5,13] and the use of an alter-

native technique such as Mössbauer spectrometry is indis-

pensable to complete the characterization. 121Sb Mössbauer

spectra obtained at different depths of discharge (marked

as solid circles in Fig. 2) are shown in Fig. 5 and the

corresponding hyperfine refined parameters are included in

Table 1.

At the end of the first discharge, and independently of the

nature of the material, the signal of the pristine compound

disappears, and a new signal appears, centered at ca. 1–

1.3 mm s�1 (relative to InSb). The comparison with the IS of

pure Li–Sb compounds allows to unequivocally assign this

signal to Li3Sb formation. These results confirm the global

reaction (3) based on the simple equation:

MSbb þ 3bLi ! M þ bLi3Sb (3)

where b ¼ 2 for M ¼ Ti and Cr, and b ¼ 3 for M ¼ Co.

Nevertheless, in the case of M ¼ Sn (SnSb compound), tin

atoms are also involved in the alloying process, yielding a

large lithium consumption as previously described in detail

[13].

For SnSb and CoSb3 additional samples were prepared at

different depths of discharge. The 121Sb Mössbauer spectra

are also shown in Fig. 5, and their hyperfine parameters are

included in Table 1. In the case of SnSb, a slight shift of the

IS is observed, which varies with the lithium content. It

indicates that, even if Sb environment is affected during the

discharge, its network is somewhat preserved. It suggests

that a lithium insertion could take place by occupation of a

vacant site or extrusion of tin atom. Fig. 6 summarizes the

values of IS as a function of the Li/Sb ratio and shows the

existence of two IS ranges, respectively, characteristic of

Li–Sb alloys forming (�1 mm s�1) and LixþyM1�mSbb

active matrix (�0.7 to �2.4 mm s�1). Such an insertion

has been previously described in other Sb-based systems,

such as InSb [14], where the lithium insertion was accom-

panied by In extrusion, with changes in the volume cell.

Concerning CoSb3, the spectrum at 0.6 V clearly shows the

presence of two components. One of them, which appears

at ca. 1 mm s�1, can be assigned to Li3Sb. The other one,

at ca. �2.4 mm s�1, is assigned to a modified environment

of Sb in LixCo1�mSbb as compared with the pristine

compound CoSb3, and also ascribable to a possible inser-

tion phenomenon. In fact, this insertion was previously

suggested in the isoelectronic system Co1�2xNixFexSb3

[15].

Table 1

Hyperfine parameters of the refined 121Sb Mössbauer spectra included in Fig. 3

Sample d (mm s�1) D (mm s�1) G (mm s�1) C (%)

References LiSb2 �2.48 (5) þ4 (1) 1.97 (5) –

Li3Sb þ1.31 (1) – 1.79 (3) –

Sb Pristine �3.25 (1) þ3.2 (9) 1.79 (9) –

0.1 V B Li2.75Sb þ1.15 (4) þ7.4 (9) 1.9 (1) –

SnSb Pristine �2.44 (8) þ9 (1) 1.2 (3) –

0.6 V B Li5SnSb �2.21 (4) þ8.8 (7) 1.0 (1) –

0.4 V B Li6SnSb �1.99 (4) þ5 (1) 1.8 (2) –

0 V B Li10SnSb �2.04 (9) þ5 (2) 1.4 (2) 47

þ0.89 (7) 0 1.4 (2) 53

CoSb3 Pristine �1.08 (2) þ9.3 (2) 1.61 (4) –

0.75 V B Li1.7CoSb3 �1.17 (2) þ9.5 (3) 1.68 (8) –

0.6 V B Li4.2CoSb3 �2.4 (2) þ10.9 (8) 1.6 (3) 51

þ1.0 (1) 0 2.8 (2) 49

0 V B Li10.5CoSb3 þ1.08 (1) 0 1.46 (4) –

TiSb2 Pristine �1.17 (3) þ10.4 (6) 2.0 (1) –

0.1 V B Li5.65TiSb2 �1.6 (2) þ11 (1) 1.5 (2) 60

þ0.8 (2) 0 1.5 (2) 40

CrSb2 Pristine �1.18 (5) þ16 (1) 4.0 (1) –

0.25 V B Li6CrSb2 �0.7 (3) þ12.7 (7) 1.29 (8) 45

þ1.29 (5) 0 1.29 (8) 55

d: isomer shift relative to InSb (�8.70 mm s�1 relative to the Ba121mSnO3 source), D: quadrupole splitting, G: linewidth and C: relative contribution.

588 L. Aldon et al. / Journal of Power Sources 119–121 (2003) 585–590



Taking into account these results, three reactions (4)–(6)

can be proposed:

	 Lithium insertion in a topotactic reaction (one-phase

system, Li1.7CoSb3, Fig. 6):

xLi þ MSbb ! LixMSbb (4)

	 Lithium insertion with composite multi-phase separation

(multi-phase system, Li5SnSb, Li6SnSb, Li4.2CoSb3,

Fig. 6) with one component displaced from the pristine

compound. The 121Sb spectra do not show the presence of

metallic Sb. The existence of Li3Sb in the fully inserted

phase is confirmed by the presence in the Mössbauer

spectra of a component whose parameters (d � 1 mm s�1

and D ¼ 0) are close to those of Li3Sb (d ¼ 1:31 mm s�1

and D ¼ 0):

LixMSbb þ yLi ! LixþyM1�mSbb þ mM $ M þ bLi3Sb

(5)

Nevertheless, if M is also an active element, as in the case

of SnSb, this reaction will be followed by the formation of

Li–Sn compounds. The reactions are then:

M þ ZLi ! LiZM (6)

The analysis of the 119Sn Mössbauer spectra of the system

LixSnSb shows that the presence of metallic tin is clearly

proven, as well as the posterior formation of different phases

of the Li–Sn system at deeper discharges [13].

Finally, the cycle reversibility takes place between these

new phases in a highly dispersed state: active matrix/alloy

Li3Sb for M ¼ Ti, Cr, Co and active matrix/two alloys

Fig. 5. Changes in the 121Sb Mössbauer spectra of the Sb (a), TiSb2 (b), CrSb2 (c), CoSb3 (d) and SnSb (e) based electrodes during cell discharge, at different

nominal compositions.
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Li3Sb, LiySn for M ¼ Sn, which illustrate the different

mechanisms recently described for anodic materials [6].

At present, additional work is in progress to analyze in

detail the evolution and behavior upon cycling.
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