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Abstracl

A

structure

new anode system based on intermetallic phases with a zinc-blende-type

(InSb, GaSb and AISb) has been studied for lithium-ion batteries. The

compound, InSb, in particular, cycles well and operates under various mechanisms

depending on voltage window used. In the potential range 1.2 V to 0.6 V, a mechanism

involving lithium insertion into an open framework structure followed by iridium

extrusion appears to dominate; between 0.6 V and 0.0 V, a more complex mechanism

involving iridium extrusion from a stable Sb anion array and subsequent lithiation of the

extruded iridium contributes to the electrode capacity. In-situ X-ray diffraction and

extended X-ray analysis fine structure (EXAFS) data were obtained over the voltage

window 1.2 V to 0.5 V, where a rechargeable capacity of 300 rnAh/g is achievable. The



.

results indicate that after one “conditioning “ reaction a LiYIn1.YSbzinc-blende framework,

in which Li atoms partially substitute for In, is responsible for the good cycling behavior

of the cells. Isostructural AISb and GaSb electrodes provide inferior electrochemical

capacities.

Keywords: lithium-ion battery, intermetallic, anode, iridium antimonide

Introduction

There is a significant amount of interest in the battery community in finding new

anodes for lithium-ion cells [1-3]. This research is driven by both safety and cost

considerations. In particular, the commonly used anode, lithiated graphite (LiC6),

provides a high cell voltage, but is susceptible to lithium plating if cells are overcharged.

In the past, many intermetallic compounds were extensively investigated as negative

electrodes for lithium cells [4,5]. There has recently been renewed interest in

intermetallic electrodes since the announcement that tin-based compounds, particularly

tin oxide, could operate effectively as alloying hosts for lithium [6,7]. In practice, these

materials have the advantage of high capacity, acceptable rate capability, and a

sufficiently low operating voltage vs. lithium. However, a number of materials issues

prevent intermetallic compounds from replacing carbon, in particular, their relatively

large volume expansion upon lithiation that results in mechanical disintegration of the

electrode and consequent capacity fdde. As an alternative approach, we embarked on a

systematic search for intermetallic compounds that could accommodate lithium with

relatively small volume change. We discovered that in the copper-tin system, lithium

could react topotacticall y with Cu(js n5 at approximate y 400 mV (vs. lithium) to yield a

structure closely resembling LizCuSn; this phase transition was accompanied by a

volume expansion of 59% [8-10]. Further reaction with lithium at lower voltages results

in a reversible displacement reaction during which copper is extruded from the

“LizCuSn” structure to produce metallic copper and a lithium-tin composite alloy [8,11].

Of major significance to this study was the observation that the CuSn framework of

Li2CuSn had a zinc-blende-type structure that provided a three-dimensional interstitial



space for lithium. The work on the copper-tin system, therefore, led us to consider the

possibility of finding intermetallic electrodes with a stable zinc-blende-type structure that

could act as a host for lithium. Our initial studies have been made on the family of

antimonide compounds, notably the III-V sernkxmkmm h%, GaSb and AISb. Ln this

paper we report the electrochemical and structural properties of these materials, notably

InSb.

Experimental

Samples of InSb were synthesized by ball milling In and Sb in a stoichiometric

ratio in the presence of a carbon solid lubricant. The elements were purchased from

Aldrich and used as-received. The resulting black powder was determined to be single

phase InSb by powder X-ray diffraction. The AISb was synthesized in a similar manner

to the InSb, while GaSb was purchased as a single crystal wafer from Wafer World, Inc.

(West Palm Beach, FL).

For the galvanostatically-controlled electrochemical evaluations, electrodes were

laminated and cells constructed with metallic lithium counter electrodes using methods

previously described [8]. Coin cells of size 2032 were cycled in the voltage range of 1.2-

0.5 V at a current density of 0.125 mA/cmz.

The in-situ X-ray diffraction analysis of InSb was performed in transmission

mode using a STOE & CIE GmbH STADI powder diffractometer fitted with a position-

sensitive detector (CuKctl radiation) at Uppsala University. Two-electrode “coffee-bag”

cells, were constructed with an InSb working electrode, a lithium counter electrode and

an electrolyte of lM LipFb (Merck) in 2:1 by volume ethylene carbonate/dimethyl

carbonate (EC/DMC) (Selectipur@, Merck, Darmstadt, Germany). These cells were

charged and discharged in potentiostatic mode on a MacPileIPM with steps of 10 mV and

a current density cut-off limit of <0.02 mA/cmz. Before each diffraction pattern was

recorded, the cell was allowed to equilibrate. Measurements were made at the following

voltages: 2.73 V (open-circuit voltage); 1.01, 0.75 and 0.44 V during the first discharge;

and 0.50; 0.71 and 1.55 V during the subsequent charge.

In-situ EXAFS data of InSb electrodes were collected in transmission mode from

two-electrode cells at the MRCAT Undulator ( 10-LD) beamline at the Advanced Photon



Source (Argonne National Laboratory). A cryogenic Si(333) double crystal was used to

monochromate the X-ray beam. The data were recorded from cells cycled between 1.2

and O V.

Results and Discussion

In principle, the zinc-blende structure, as typified by InSb with its diamond-like

framework, has several attributes that make it attractive as an electrode material for

lithium batteries. The unit cell has cubic symmetry F-43m with two possible independent

interstitial sites for lithium; moreover, a zinc-blende framework has a three-dimensional

interstitial space that may allow lithium diffusion. The typical cycling profile of a

Li/InSb is shown in Fig. 1a. After an initial “conditioning” reaction, the InSb electrode

delivers a typical rechargeable capacity of 300 mAh/.g that corresponds to a volumetric

capacity of 1710 mAh/cm3 based on the density of InSb (5.7 g/cm3); these capacities

correspond to the reaction of approximately 2.6 Li per InSb unit [12]. It is evident from

Fig. 1a that several processes take place during the electrochemical discharge and charge

reactions. Specifically, there appear to be regions of one- and two-phase reactions.

Analyses of the lithiated InSb electrode by in-situ X-ray diffraction (Fig. 2) and EXAFS

(Fig. 3) confirmed our earlier report [ 12] that the reaction at the electrode during

discharge occurs by lithium insertion and iridium extrusion from a fixed cubic-close-

packed Sb array. Although the reaction is complex, the X-ray diffraction and EXAFS

data showed that the reaction can be described in the following general terms:

1. During the initial conditioning reaction to 500 mV, lithium is first inserted into some

of the interstitial sites of the zinc-blende framework before a concomitant lithium

insertion/indium extrusion process occurs; lithiation of the extruded iridium occurs

below -600mV. The conditioning reaction yields a LiX+YIn1.YSb product (O<X<2,

O<y< 1). At 500 mV, not all the In is extruded from the structure. We are not yet

certain about the extent to which iridium is displaced at the surface of the electrode

particles or the extent to which lithium and iridium diffuse through the bulk of the

particles. In this respect, it is noteworthy that the diffusion of iridium through

antimony is among the fastest known for metal systems [13].



2.

3.

4.

5.

Not all the In is reincorporated back into the Sb array during charge; the excellent

reversibility of the reaction after the conditioning cycle is, therefore, attributed to a

modified LiYIn1.VSb (O<y< 1) zinc-blende framework. At the top of charge, the

EXAFS data indicate that as much as 40% of the iridium may remain outside the zinc-

blende framework; a small amount of residual lithium may also remain on the

interstitial sites for charge compensation.

On the second discharge, lithium is inserted into the LiYIni.YSb framework in a two-

step process from 1.2 V to 0.6 V: the first process corresponds predominantly to

lithium insertion and the second to lithium insertion/indium extrusion. Lithiation of

the extruded In starts to occur during a third step between 0.6 V and 0.5 V.

If the discharge is taken below 0.5 V, then further Iithiation of In occurs to form a

series of LiXIn phases in the range 0<x<4.33. The LiXIn products have not yet been

unequivocally identified; it is most likely that they are related to known phases in the

Li-In system, namely, LiIn, Li51n4, LisInZ, LiZIn and Lil@j [].

Experiments at elevated temperature (50) “C improve not only the rate capability of

the cells, but also the extent to which [n is reincorporated back into the Sb lattice,

thereby increasing the practical capacity of the Li/IllSb cells [14].

The electrochemical performance of Li/GaSb and Li/AISb cells when cycled

between 1.2 and 0.5 V is compared with that of a Li/InSb cell in Fig. l(a-c). It is

immediately obvious that both Li/GaSb and Li/AISb cells provide significantly inferior

capacities to the Li/InSb cell. Nevertheless, the electrochemical profiles of Li/GaSb and

Li/AISb cells are characteristic of a relatively simple electrochemical process that

suggests single-phase behavior corresponding to the uptake of approximately one lithium

per GaSb and AISb unit. These reactions show excellent reversibility. However, if the

discharge reactions of these cells are taken below 0.5 V, then both cells lose capacity

quickly. These data, therefore, suggest that the Sb anion array and, indeed, the zinc-

blende framework of GaSb and AISb are less tolerant to lithium insertion compared to

InSb.



Conclusions

The family of metal-antimony compounds with a zinc-blende-type structure,

notably InSb, exhibits interesting electrochemical properties in lithium cells. Lithium

insertion and iridium extrusion from the initial InSb electrode yield a modified LiyIn1.YSb

zinc-blende framework, which can undergo many electrochemical cycles while delivering

a capacity of approximate y 300 rnAh/g (1710 mAh/cm3). The excellent reversibility of

this electrode is attributed, in part, to the fast diffusion of metallic iridium in antimony.

Although our data on other materials with zinc-blende structures have not been

presented in this paper, the family of antimony compounds appears to provide better

cycling performance than zinc-blende materials containing other Group 5 elements. The

superior cycling behavior of Sb zinc-blende electrode structures, compared to compounds

containing other Group 5 elements such as As or P, appears to be related to the strong

crystallographic relationship between the parent structure and its fully lithiated product.

For example, Li3Sb has a strong structural relationship to InSb; it can be considered as

having a Iithiated zinc-blende structure Liz(LiSb) in which Li occupies all the interstitial

sites of the zinc-blende structure as well as the In sites of InSb. Moreover, the volume of

the cubic unit cells of Li~Sb and InSb is almost identical, varying by only 5.6% [12].

These close structural relationships do not appear to be the case for As- and P-based

systems. Nevertheless, efforts are in progress to find such strong structural relationships

in other non-antimony-based intermetallic insertion electrodes for lithium-ion batteries.
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Captions to Figures

Fig. 1. The electrochemical voltage profiles of (a) Li/InSb, (b) Li/GaSb and (c) Li/AISb

cells, cycled between 1.2 and 0.5 V.

Fig. 2. in-.situ X-ray diffraction data of a Li/InSb cell with a ball-milled InSb electrode

taken at various vohages during the initial discharge at 2.73 V (initial cell voltage), 1.01

V, 0.75 V and 0.44 V and subsequent charge at 0.50 V, 0.71 V and 1.55 V.

Fig. 3. In-situ EXAFS data showing (a) the electrochemical profile of a conditioned

Li/InSb cell cycled on charge between 0.5 and 1.2 V and subsequently discharged to 0.0

V; the fraction of In metal and lithiated In in the electrode as a function of (b) charge and

(c) discharge. The large numbers in (b ) and (c) correspond to the appropriate regions of

the electrochemical charge and discharge profiles in (a).
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