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(57) ABSTRACT 

A method of operating an electrochemical cell is disclosed. 
The cell has an intermetallic negative electrode 
of Cu-MSns, wherein X is S3 and M is one or more 
metals including Si and a positive electrode containing Li in 
which Li is shuttled between the positive electrode and the 
negative electrode during charge and discharge to form a 
lithiated intermetallic negative electrode during charge. The 
Voltage of the electrochemical cell is controlled during the 
charge portion of the charge-discharge cycles So that the 
potential of the lithiated intermetallic negative electrode in 
the fully charged electrochemical cell is less than 0.2 V but 
greater than 0 V versus metallic lithium. 

The CuSns to LiCuSn Transformation 

Li2CuSn 

() - Lithium 
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INTERMETALLC NEGATIVE ELECTRODES FOR 
NON-AQUEOUS LITHIUM CELLS AND 

BATTERIES 

RELATED APPLICATIONS 

0001) This application, pursuant to 37 C.F.R. 1.78(c), 
claims priority based on provisional application Serial No. 
60/247,404 filed on Nov. 10, 2000. 

CONTRACTUAL ORIGIN OF THE INVENTION 

0002 The United States Government has rights in this 
invention pursuant to Contract No. W-31-109-ENG-38 
between the U.S. Department of Energy (DOE) and The 
University of Chicago representing Argonne National Labo 
ratory. 

FIELD OF THE INVENTION 

0003. This invention relates to methods of operating 
intermetallic negative electrodes for non-aqueous lithium 
cells and batteries. More specifically, it relates to methods of 
operating modified compositions of copper-tin electrodes, 
Cu-MSns, wherein XS3 and in which M is one or more 
metals including Silicon, and to methods using current 
collectors and grain growth inhibitors when used with Such 
electrodes, and to controlled operating conditions for the 
lithium cells and batteries using Such intermetallic elec 
trodes. Preferred compositions useful in the inventive meth 
ods include Cue MSns electrodes in which the copper 
atoms are partially replaced by one or more transition metals 
and lithium in partial replacement M and Li or one or more 
of M including Li. Improved electrochemical performance 
with respect to delivered capacity and cycling Stability of the 
lithium cells over those known in the art is obtained by 
controlling the Structure of the lithiated Cu-MSns elec 
trodes and by controlling the Voltage of the lithium cell Such 
that the potential of the lithiated intermetallic negative 
electrode at the top of charge is less than 0.2 V but greater 
than 0 V vs. metallic lithium. 

0004. A significant problem in the field is that copper-tin 
electrodes, notably CuSns, lose capacity if cycled repeat 
edly to 0 V vs. metallic lithium. When cycled to 200 mV vs. 
lithium, the capacity retention is improved significantly, but 
at the expense of the delivered amount of capacity. 

SUMMARY OF THE INVENTION 

0005 The invention relates to a method of using inter 
metallic negative electrodes based on copper-tin, CuSns, 
for non-aqueous electrochemical lithium cells and batteries. 
The invention relates more specifically to the use of modi 
fied electrode compositions, Cue MSns, wherein XS3 and 
where M is one or more metals used in the inventive method, 
preferably a first row transition metal and lithium, that when 
cycled in an electrochemical cell the Voltage of cell is 
controlled such that the potential of the lithiated intermetal 
lic negative electrode at the top of charge is less than 0.2 V 
but greater than 0 V vs. metallic lithium. The CuMSns 
electrodes optionally contain additional M metal (or metals) 
in the electrode either in finely divided, dispersed and 
intimately mixed form or as a Substrate to act as current 
collector. The electrodes may also contain additional com 
ponents to control porosity and current collection or to 
SuppreSS grain growth in the electrode during electrochemi 
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cal operation. Such modifications to the composition of 
copper-tin electrodes and to the regulation of the operating 
conditions of the cells improve the capacity and cycle life of 
lithium cells and batteries. The Superior electrochemical 
performance is achieved by controlling the Structure of the 
lithiated CuMSns electrodes, either electronically by 
controlling the Voltage of the lithium cell, or by limiting the 
installed capacity in the positive electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0006 The invention consists of certain novel features and 
a combination of parts hereinafter fully described, illustrated 
in the accompanying drawings, and particularly pointed out 
in the appended claims, it being understood that various 
changes in the details may be made without departing from 
the Spirit, or Sacrificing any of the advantages of the present 
invention. 

0007 FIGS. 1(a) and (b) depict a schematic idealized 
representation of a) CuSns with a NiAS-type structure and 
its transformation on reaction with lithium to b) LiCuSn 
with a lithiated zinc-blende-type structure, in which the 
CuSn component adopts the Zn and Satomic positions of the 
mineral zinc-blende, ZnS. The Cu atoms in the interstitial 
sites of the NiAS-type structure in a) have not been shown 
for clarity; these interstitial Cu atoms impart Some NiIn 
type Structure to CuSns, 

0008 FIG. 2 shows in-situ X-ray diffraction data of a 
CuSn, electrode in a Li/CuSns cell obtained at 2.8 V 
(initial open-circuit voltage), 0.8 V, 0.5V, 0.4 V, 0.25 V, and 
0.0 V during discharge, and at 0.3 V, 0.4 V, and 0.5 V during 
the Subsequent charge; 

0009 FIG. 3 shows the X-ray diffraction pattern of a 
Standard CuSns Sample obtained with CuKO. radiation at 
room temperature; 

0010 FIG. 4 shows the typical electrochemical profiles 
for the first five cycles of a Li/CuSns cell with the CuSns 
electrode laminated on a Ni Substrate, cycled between 1.2 
and 0 V; 

0011 FIG. 5 shows the typical electrochemical profiles 
for the first five cycles of a Li/Cu,ZnSns cell with the 
Cu,ZnSns electrode laminated on a Ni Substrate, cycled 
between 1.2 and 0 V. 

0012 FIG. 6 shows the typical electrochemical profiles 
for the first five cycles of a Li/CusNiSns cell with the 
CusNiSnselectrode laminated on a Ni Substrate, cycled 
between 1.2 and 0 V. 

0013 FIG. 7 shows the typical electrochemical profiles 
for the first five cycles of a Li/CusFeSns cell with the 
CuFeSns electrode laminated on a Ni Substrate, cycled 
between 1.2 and 0 V. 

0014 FIG. 8 shows the typical electrochemical profiles 
for the first five cycles of a Li/CucMnSns cell with the 
CuMnSns electrode laminated on a Ni substrate, cycled 
between 1.2 and 0.01 V; 

0015 FIG. 9 shows a collective plot of capacity vs. cycle 
number for Li/CuSns, Li/CuZnSns Li/CusNiSns and 
Li/CuFeSns cells (Nisubstrates) cycled between 12 and 0 
V; 
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0016 FIG. 10 shows a collective plot of capacity vs. 
cycle number for Li/CusFeSns cells cycled between 1.2 and 
0 V (NiSubstrate), and between 1.2 and 0.01 V and between 
1.2 and 0.10 V (Cu substrate); 
0017 FIG. 11 shows a collective plot of capacity vs. 
cycle number for Li/CusFeSns cells cycled between 1.2 and 
0 V; between 1.2 and 0.01 V; between 1.2 and 0.05 V; and 
between 1.2 and 0.10 V (Ni substrate); 
0.018 FIG. 12 shows a collective plot of capacity vs. 
cycle number for Li/CusFeSns and Li/CusMnSns cells 
cycled between 1.2 and 0.01 V (Ni substrate); 
0.019 FIG. 13 shows a characteristic voltage profile of a 
CuSns/LiNiCoO cell cycled between 3.5 and 0.5 V; 
0020 FIG. 14 depicts a schematic representation of an 
electrochemical cell; and 

0021 FIG. 15 is a schematic representation of a micro 
processor controlled circuit, in which M is the microproces 
SO. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0022. The present invention relates to modified copper 
tin electrodes of general formula Cue-MSns that are of 
interest as the negative electrodes for non-aqueous electro 
chemical lithium cells and batteries. State-of-the-art lithium 
ion cells use a lithiated graphite negative electrode, coupled 
to a lithium transition metal oxide positive electrode, com 
monly LiCoO, via an electrolyte that consists of a lithium 
Salt Such as LiPF, dissolved in an organic Solvent Such as 
a 50:50 mix of dimethyl carbonate (DMC) and diethyl 
carbonate (DEC). The electrochemical discharge and charge 
reaction occurs by a process by which lithium ions are 
shuttled between the two host electrodes with concomitant 
reduction and oxidation taking place at the electrodes. The 
ideal reaction is represented: 

LiC+Li CoO, CeC+LiCoO, 

0023 The lithiated graphite electrode operates close to 
the potential of metallic lithium, which raises problems with 
respect to the reactivity of this electrode with flammable 
organic-based electrolytes and the consequent Safety of 
lithium-ion cells. There are therefore important reasons to 
develop Safer negative electrodes for Such cells and batter 
ies, and particularly electrodes that operate a few hundred 
millivolts above the potential of metallic lithium. 

0024 Copper-tin, CuSns, is one such electrode that 
holds promise for replacing graphite as the negative elec 
trode for lithium-ion cells. It has already been discovered 
that CuSns reacts with lithium essentially in two steps: 

0025 Reaction 1: X Li+CuSne eLi CuSns, 
0.026 where X is approximately 9, and 

0027. Reaction 2: 
LiSn+6 Cu 

(22-X)Li+Li CuSnses 5 

0028. During Reaction 1, the nickel-arsenide (NiAS) 
related Structure of a CuSns electrode transforms in an 
electrochemical cell at approximately 0.4 V VS. metallic 
lithium to a structure that closely resembles that of Li CuSn. 
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Ideally, this transformation is represented by a reaction in 
which a Small amount of Cu extrusion is necessary: 

0029) Reaction 1a: 10 Li+CuSnce 5 LiCuSn+Cu 
0030) in which one-sixth of the copper is extruded from 
the CuSns Structure. Ideal Li CuSn has a lithiated zinc 
blende type structure with cubic symmetry, in which the 
CuSn component adopts the crystallographic configuration 
of zinc-blende (ZnS); the lithium atoms occupy two crys 
tallographically independent Sites within the zinc-blende 
framework. In this transformation, which may be regarded 
as topotactic, despite an approximate 50% increase in crys 
tallographic volume, 50% of the Snatoms are displaced into 
neighboring interstitial Sites of the CuSns structure to create 
the CuSn zinc-blende framework as shown in FIG.1. Thus 
there is a close structural relationship between the NiAS 
related structure of CuSns and the CuSn framework of the 
zinc-blende framework that facilitates the transformation of 
the one Structure type to the other. 
0031 When the reaction goes to completion, i.e., to 0 V 
vs. metallic lithium, as shown by the ideal Reaction 2 above, 
all the copper is extruded from the Li2CuSn Structure; the 
final lithiated tin product is LiSn that, like Li CuSn, has 
cubic symmetry. Note that in practice, however, under the 
dynamic, non-equilibrium conditions of an operating cell, 
there may be a Small amount residual copper in a Li Cul 
xSn component of the electrode at 0 V vs. metallic lithium, 
for example, when x=0.95. The theoretical electrode capac 
ity for the complete lithiation of CuSns to LiSn, i.e., 
Reactions 1 and 2 is 605 mAh/g. Reaction 2 is only partially 
reversible, as evident from a steady capacity loss that occurs 
on long term cycling. The prior art has shown that by 
restricting the reaction to the topotactic process in Reaction 
1a, when the lower Voltage of a Li/CuSns cell is restricted 
to 0.2 VVS. metallic lithium, a great improvement in cycling 
Stability can be achieved, but at the expense of considerable 
capacity. Typically a rechargeable capacity of approximately 
200 mAh/g can be achieved, which is only 33% of the full 
theoretical electrode capacity. 
0032. Without being bound by theory, the applicants 
believe that the capacity loss, when CuSns electrodes are 
reacted with lithium to 0 V vs. metallic lithium, can be 
attributed in part to the formation of the end member of the 
binary LiSn System, i.e., LiSn (alternatively LiSns) 
after all the copper has been extruded from the Li CuSn 
Structure. In this respect, it is to be noted that the LiSn has 
Several binary phases that have the compositions, in order of 
increasing lithium content, LiSns, LiSn, Li, Sn, Lissn., 
LiSns, Li,Sn and LiSns. The Li:Sn ratioS in each of 
these phases is thus 0.4:1, 1:1; 2.33:1; 2.5:1; 2.6:1; 3.5:1; 
and 4.4:1, respectively. Each of these phases has a distinct 
crystallographic Structure. AS the lithium content increases, 
So does the unit cell Volume per Sn atom. On lithiating 
metallic Sn to LiSn, the crystallographic Volume per Sn 
atom increases by a factor of approximately 3.5, which is far 
too severe for a metallic Sn electrode to be cycled without 
appreciable capacity loSS. 
0033. In the lithium-copper-tin system, it is believed that 
the Volumetric changes to the unit cell can be controlled if 
the lithium content per CuSns unit is controlled, ideally to 
3 Li per Snatom. For example, in an ideal case, it is believed 
that the CuSns electrode may operate by the following 
reaction pathway: 
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0034) Reaction 1a: 10 Li+CuSnce 5 LiCuSn+Cu 

0035 Reaction 2a: X Li+Li CuSne->Li CuSn+x 
Cu 

0036). For X=1, Reaction 2a becomes 
Li+LiCuSne >“LiSn+Cu 

0037 in which the lithiated product “LiSn” would have 
a structure resembling the well known Li-Sb-type structure, 
in which the Sb atoms constitute a face-centered-cubic array 
of atoms. Further reaction, of lithium with “LiSn” results in 
the formation of LiSn, which also has a cubic structure 
according to the reaction 

0.038 Reaction 3a: 1.4 Li+“LiSn’->LiSn 
0039) that occurs possibly via a LiSn (LiSn) inter 
mediate composition. 
0040. The close structural relationship between CuSns 
and the CuSn zinc-blende framework of Li CuSn has 
already been Stressed above. This close Structural relation 
ship is believed to contribute to the good reversibility of 
Reaction 1a. In Reaction 2a, the electrochemical reaction 
occurs by lithium insertion into the face-centered-cubic Sn 
array and Simultaneous extrusion of metallic copper from 
the structure to yield “LiSn”, in which the inserted Li atoms 
Simply occupy the copper positions in the Li CuSn Struc 
ture. With this arrangement, therefore, an idealized LiSn 
product can be regarded as being isostructural with Li CuSn 
and with the known cubic LiSb structure. In practice, 
however, it is not yet clear if the ideal LiSn structure is 
produced, or whether the transformation to the LiSn phase 
occurs slightly earlier during the reaction. However, it is 
believed that the Strong Structural relationship that exists 
between Li CuSn and Li CuSn phases with the reten 
tion of a face-centered cubic Snarray is an important factor 
that contributes to the good reversibility of the Li/LiCuSn 
and indeed Li/CuSns cells. The theoretical capacity for 
combined Reactions 1a and 2a, i.e., for the reaction leading 
to 3 Li per Sn atom, or 15 Li per CuSns unit is 412 mAh/g. 
This capacity value is 50% more than the theoretical capac 
ity of the electrode when the CuSns electrode is reacted 
with lithium to form LiCuSn (275 mAh/g). Reaction 1 a 
occurs at approximately 0.4 V against metallic lithium, 
whereas Reaction 2a occurs below 0.4 V, but above 0 V 
against metallic lithium. Reactions that occur after the 
extrusion of all the copper from Li2CuSn lead to binary 
LiSn phases, Such as LiSn. It is further believed that the 
formation of these binary phases in which the ideal face 
centered-cubic array of Sn atoms no longer exists plays a 
Significant role in Suppressing the reconstruction of this 
array on reversing the direction of current and hence the 
rechargeability of the lithium cells. Thus, it is believed that 
in order to optimize the rechargeability of cells with CuSns 
negative electrodes, Such as CuSns/LlCoO cells, the Volt 
age of the lithiated CuSns electrode should be controlled 
during charge to be less than 0.2V and greater than 0 V vs. 
metallic lithium. 

0041) Evidence for such a reaction mechanism has been 
gathered from an in-situ X-ray diffraction study of Li/CuSns 
cells employing a Ni Substrate for the CuSns electrode. The 
results of this in-situ X-ray diffraction study are shown in 
FIG. 2. This figure shows the X-ray diffraction pattern of the 
CuSns electrode when the cell was in its original State with 
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an open circuit potential of 2.8 V, and thereafter at various 
States of discharge and charge VS. a metallic Li electrode, 
namely during discharge at 0.8 V, 0.5 V, 0.4 V, 0.25 V, 0.0 
V, and then on the Subsequent charge at 0.3 V, 0.4V and 0.5 
V. In the X-ray diffraction patterns at 2.8 V, 0.8 V and 0.5 V 
during the initial discharge, the CuSns peaks are clearly 
visible, for example, at approximately 43 20. At 0.4 V, the 
peaks due to the Li2CuSn peaks appear, for example, at 
approximately 40.1 20. At 0.0 V the broad peak at 
approximately 38.2 20 can be attributed to LiSn. Of 
particular significance, however, is that on discharge 
between 0.4 and 0.0 V the LiCuSn peak at 40.1 ° 20 
maintains its intensity but shifts gradually toward 38.2 20, 
and on the subsequent charge between 0.0 and 0.5 V, the 
peak shifts gradually back from 38.2 20 to 40.1 ° 20. Such 
X-ray diffraction data are Strongly Suggestive of a Solid 
Solution System Li CuSn in which the Snarray remains 
intact for 0<x<1, i.e., to a composition approaching LiSn. 
In practice, it is believed that a Small amount of copper may 
be necessary to Stabilize the face-centered-cubic Snarray. Of 
particular significance also is that during this complete 
reaction from Li, CuSn (with a lattice parameter, a-628 A) 
to a “LiSn” structure (with a <6.6 A) in which a face 
centered-cubic array of Sn atoms is maintained, the Volume 
expansion is less than 16% per Sn atom. By contrast, the 
transformation of Li2CuSn to LiSn necessitates the break 
ing of Sn-Sn bonds and the face-centered-cubic array; in 
this instance, the Volume expansion per tin atom is signifi 
cantly larger, approximately 56.7%. The large increase in 
unit cell Volume is accounted for by a large cubic Supercell 
in the LiSn Structure, with a lattice parameter of as 19.8 A. 
Thus, there is a significant advantage in cycling CuSns 
electrodes to compositions before the LiSn Structure is 
reached. 

0042. This invention relates to compositional changes to 
CuSns electrodes and to operating voltage conditions to 
improve the capacity and cycling Stability of Such electrodes 
in non-aqueous electrochemical cells. 
0043. In the first embodiment of the invention, the 
CuSns electrode is partially substituted by one or more other 
metals, M including Si, in Cue-MSns preferably one or 
more transition metals, and more preferably one or more first 
row transition metals. In particular, the M atoms can be 
Selected those first-row transition metals with lower atomic 
number than copper, such as Zn, Ni, Co, Fe, Mn, Cr, V, Ti 
and Sc to act as a sink for electrons associated with the 
incoming lithium atoms. The substitution of Cu atoms by M 
atoms is at most 50% (i.e., x=3), and preferably between 
0.1 and 16.6% (i.e., Xs 1). In a second embodiment of the 
invention, the non-aqueous lithium cells containing Such 
intermetallic electrodes are operated Such that the interme 
tallic electrodes are reacted electrochemically between 1.5 V 
and above 0 V with respect to metallic lithium, preferably 
between 1.5 and 0.01 volts, more preferably between 1.2 and 
0.01 volts and most preferably between 1.2 and 0.1 volts. 
0044) In a third embodiment of the invention, the M 
atoms of the Cu-MSns electrode can include Li atoms to 
counter the irreversible capacity loSS that is encountered 
during the first cycle of Li/CucMSns cells. This irrevers 
ible capacity loSS is believed to be associated first, with a 
passivating layer containing lithium on the Surface of the 
lithiated Cu-MSns electrode and Second, with the inabil 
ity of all the lithium to be extracted from the lithiated 
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Cu-MSns electrode on reversing the current. It is believed 
that the irreversible capacity loSS can be countered if the 
initial Cue-MSns electrode contains at least a Small amount 
of lithium, either within the Cue-MSns structure, or outside 
it, prior to the assembly of the Li/CucMSns cell. 

004.5 The structures of intermetallic compounds are very 
often not represented by ideal Structural configurations. 
Rather, they may be represented by disordered or partially 
disordered structures. The CuMSns electrodes and lithi 
ated electrode Structures of this invention, notably those 
having the NiAS, NiIn and lithiated zinc-blende-type struc 
tures, should therefore not be restricted to ideal ordered 
structural configurations. For example, in a lithiated Cu. 
xMSns Zinc-blende-type Structure the Li, Cu and M atoms 
may be randomly disordered, or at least partially disordered 
over three lithium sites in a LiSb-type structure in which the 
Sn atoms occupy the face-centered-cubic Sb Sites. There 
fore, in a fourth embodiment, the invention includes ran 
domly disordered and partially disordered Cu-MSns and 
lithiated Cu-MSns electrode Structures. 
0.046 Intermetallic compounds are often non-stoichio 
metric compounds. In this respect, the Structure of the 
intermetallic CuSns compound can be regarded as having a 
non-stoichiometric nickel-arsenide (NiAS) type structure in 
which one-sixth of the copper atoms partially occupy the 
interstitial trigonal bipyramidal sites of the CuSn (CusSns) 
NiAS-type framework. In this instance, CuSns can be des 
ignated by the non-Stoichiometric formula CuSn. On the 
other hand, occupation of all the trigonal bipyramidal inter 
stitial sites would yield a NiIn-type structure; from this 
Viewpoint, the CuSns Structure can be regarded as having a 
defect NiIn-type structure. It is possible, therefore, that 
Small compositional and structural variations may be poS 
sible in the CuMSns electrodes of the invention. The 
invention includes Such variations in the composition of the 
Cue MSns electrode, specifically in the ratio of (Cu+M) 
atoms to Sn atoms, preferably such that the (Cu+M):Sn ratio 
falls within the range 1.5:1 to 1.0:1 thus allowing for 
non-stoichiometric Cu-MSns electrodes that are either 
slightly (Cu+M) rich or (Cu+M) deficient with respect to the 
number of Sn atoms. 

0047. When lithium cells are operated such that the 
intermetallic Cu-MSns electrodes are operated below 
approximately 0.2 volts with respect to metallic lithium, 
copper atoms and Matoms are extruded from a Snarray of 
atoms. It is believed that the addition of Surplus Cu and M 
in finely-divided, dispersed and intimately mixed form in the 
initial electrode serves to enhance the reversibility of the 
reaction in the event that Some of the extruded Cu and M 
become electronically disconnected from the electrode. In a 
fifth embodiment of the invention, therefore, the interme 
tallic electrodes may be fabricated prior to use to contain an 
additional amount of Cu and M in finely-divided, dispersed 
and intimately mixed form, up to about 10% by weight. In 
a sixth embodiment of the invention, the current collecting 
Substrate can be optionally comprised of a metallic foil of 
the M metal to provide chemical compatibility between the 
Substrate and the extruded M atoms of the intermetallic 
electrode. 

0.048. In order to prevent or suppress electrochemical 
Sintering and grain growth of the intermetallic component, 
the lithiated intermetallic component or the extruded metal 
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component of the electrode during electrochemical cycling, 
a grain-growth inhibiting component can be added to the 
electrode in finely divided powder form with an average 
particle size, for example, of less than about 5 microns and, 
for example, less than 15% by weight. The grain-growth 
inhibitor is preferentially carbon, which may also act to 
provide additional capacity to the cell, and to provide 
porosity to the electrode to allow access of the electrolyte to 
the individual intermetallic particles. The carbon additive is 
preferentially graphite. 

0049. When the inventive electrodes are used as a nega 
tive electrode in a non-aqueous lithium electrochemical cell, 
the positive electrode can be Selected from any Suitable and 
compatible electrode material Such that the electrochemical 
couple yields a cell potential of greater than 1 V. Preferred 
positive electrode materials are those known in the art, 
particularly those derived from lithium-metal-oxides with 
layered or Spinel-type Structures, Such as LiCoO, LiNiO, 
LiMnO, LiMnO, LiFePO or derivatives thereof, such as 
Substituted or modified compounds, for example, 
LiNios CooC2, LiMnooCool, O2, LiMnos NiosO2, 
Lios Minos O, LiCoPO and LiMnFe(PO. 
0050 We have found that structural control of lithiated 
CuMSns electrodes provides electrochemical cells with 
enhanced capacity and cycle life to those known in the art, 
and that Structural control can be achieved by regulating the 
voltage of the cells such that the potential of the lithiated 
intermetallic negative electrode at the top of charge is leSS 
than 0.2 V but greater than 0 V vs. metallic lithium. Voltage 
control of the cells, and therefore structural control of the 
lithiated CuMSns electrodes can be imposed either elec 
tronically, for example, by microprocessor devices, or it can 
be imposed chemically, for example, by limiting the 
installed capacity of the positive electrode, Such that the 
potential of the lithiated intermetallic negative electrode is 
always greater than 0 VVS. metallic lithium. For example, in 
a CuSns/electrolyte/LiCoO cell, an amount of the positive 
LiCoO electrode can be installed in the cell such that the 
composition of the lithiated Cu-MSns electrode at the top 
of charge never exceeds 3 Li per Sn. The following 
examples describe the principles of the invention as con 
templated by the inventors, but they are not to be construed 
as limiting examples. 

EXAMPLE 1. 

0051) A standard CuSns sample (control) was synthe 
sized by reacting metallic tin and metallic copper in Sto 
ichiometric amounts at 400 C. under argon for 12 hours. 
The Sample was ground by mechanical milling to an average 
particle size of less than 10 microns. The X-ray diffraction 
data, collected on a Siemens D5000 powder diffractometer 
with CukO. radiation showed that the CuSns product was an 
essentially Single-phase product as shown in FIG. 3. 

EXAMPLE 2 

0052 Substituted Cu-MSns compounds with M=Zn, 
Ni, Fe, and Mn were synthesized in the same fashion as the 
CuSns Sample in example 1 with the required amounts of 
Cu, M, and Sn metals for X=1. The samples were ground by 
mechanical milling to an average particle size of less than 10 
microns. The X-ray diffraction data showed that all the 
products were essentially single-phase compounds isostruc 
tural with CuSns. 
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EXAMPLE 3 

0053. The intermetallic CuSns and CuMSns materi 
als were evaluated as electrodes in coin cells (size 1225) 12 
mm diameter and 2.5 mm high against a counter lithium 
electrode. The cells had the configuration: Li/1M LiPF in 
ethylene carbonate, diethyl carbonate (50:50)/intermetallic 
electrode, in which the intermetallic electrode consisted of 
CuSns, CuZnSns, CusNiSns, CuFeSns and CusMnSns. 
For the intermetallic electrodes, blends were made contain 
ing approximately 6 mg of the intermetallic compound, i.e., 
approximately 81% by weight of the electrode, intimately 
mixed with approximately 10% by weight of Kynar 2801 
binder and approximately 9% by weight of carbon (XC-72) 
in tetrahydrofuran (THF). The electrode blends were lami 
nated onto either thin copper or nickel foil Substrate current 
collectors. Metallic lithium foil was used as the counter 
electrode. Li/CuSns and Li/CucMSns cells were dis 
charged and charged at constant current (typically 0.1 mA) 
within the voltage ranges 1.2 to 0 V, 1.2 to 0.01 V, 1.2 to 0.05 
V, and 1.2 to 0.10 V. 

0.054 Typical electrochemical data for Li/CuSns and 
Li/CuMSns cells are provided in various plots, as shown 
in FIG. 4: a Li/CuSns cell, nickel substrate, voltage limits 
1.2 to 0 V, FIG. 5: a Li/CuZnSns cell, nickel Substrate, 
voltage limits 1.2 to 0 V, FIG. 6: a Li/CusNiSns cell, nickel 
substrate, voltage limits 1.2 to 0 V, FIG. 7: a Li/CusFeSns 
cell, nickel substrate, voltage limits 1.2 to 0 V, FIG. 8: a 
Li/CuMnSns cell, nickel substrate, voltage limits 1.2 to 0.01 
V; FIG. 9: a collective plot of capacity vs. cycle number for 
Li/CuSns, Li/CuZnSns Li/CusNiSns and Li/CusFeSns 
cells (Ni substrates) cycled between 1.2 and 0 V; FIG. 10: 
a collective plot of capacity VS. cycle number for 
Li/CuFeSns cells cycled between 12 and 0 V (Nisubstrate), 
and between 1.2 and 0.01 V and between 1.2 and 0.10 V (Cu 
substrate); FIG. 11: a collective plot of capacity vs. cycle 
number for Li/CusFeSns cells cycled between 1.2 and 0 V; 
between 1.2 and 0.01 V; between 1.2 and 0.05 V; and 
between 1.2 and 0.10 V (Nisubstrate); FIG. 12: a collective 
plot of capacity vs. cycle number for Li/CuFeSns and 
Li/CuMnSns cells cycled between 12 and 0.01 V (Ni 
Substrate). 
0.055 These data, particularly the capacity vs. cycle no. 
plots in FIGS. 9, 10, 11 and 12 show that standard Li/CuSns 
cells lose capacity rapidly when cycled between 1.2 and 0 V 
vs. Li, as do Li/CucMSns cells where M=Zn, Ni, and Fe. 
By contrast, when Li/CucMSns cells are cycled between 
1.2 and either 0.1, 0.05, or 0.01 V vs. Li, the cycling stability 
is markedly improved (FIGS. 10, 11, and 12), particularly 
when M=Fe or Mn. Of significance is that the greatest 
Stability is achieved when cells are cycled with Cu-MSns 
electrode capacities less than 400 mAh/g, i.e., corresponding 
to the reaction with less than 3 Li per Sn. 

EXAMPLE 4 

0056. For the purpose of demonstrating the utility of 
CuMSns as a negative electrode in an electrochemical cell 
containing a lithium-transition-metal oxide positive elec 
trode, a CuSns (x=0) electrode was coupled against a 
LiNiCoo-O, electrode. The cell had the configuration: 
CuSns/1M LiPF in ethylene carbonate, diethyl carbonate 
(50:50)/LiNiCooO, in which the installed capacity of 
the cathode was limited to prevent the CuSns electrode 
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from being fully lithiated to a composition Li2CuSns (i.e., 
5LiSn+6Cu), thereby controlling the potential of the fully 
charged CuSns electrode to be greater than 0 V VS. metallic 
lithium; in this respect, the masses of the CuSns and 
LiNiCoo2O electrodes were calculated to be such that 
complete extraction of lithium from the LiNiCoO 
electrode would yield a Li:Sn ratio of 2:1 in the charged, 
lithiated CuSns electrode. For the CuSns electrode, a blend 
was made containing approximately 12 mg of CuSns, i.e., 
approximately 84% by weight of the electrode, intimately 
mixed with approximately 8% by weight of Kynar 2801 
binder and approximately 8% by weight of carbon (4% 
acetylene black, 4% SFG-6) in N-methylpyrrolidone 
(NMP). For the LiNiCooO electrode, a blend was made 
containing approximately 18 mg of LiNios CooO2 i.e., 
approximately 84% by weight of the electrode, intimately 
mixed with approximately 8% by weight of Kynar 2801 
binder and approximately 8% by weight of carbon (4% 
acetylene black, 4% SFG-6) in NMP. The CuSns and 
LiNiCoo2O electrode blends were laminated onto thin 
copper and aluminum foil Substrate current collectors, 
respectively. The cell was charged and discharged at con 
Stant current (typically 0.1 mA) within the Voltage range 3.5 
to 0.5 V, as shown in FIG. 13. 

0057 Intermetallic CuMSn electrodes, where M is 
one or more metal elements, preferably a transition metal 
element or elements have been discovered to impart excel 
lent electrochemical behavior in lithium cells with respect to 
delivered capacity and cycling Stability when the cells are 
cycled between voltage limits Such that the lower voltage 
limit of the CuMSns electrode is kept above 0 V vs. 
metallic lithium. The new electrodes provide a significant 
improvement over the delivered capacity and cycling capa 
bility of State-of-the-art copper-tin electrodes. 

0058 AS previously stated, the invention relates to an 
intermetallic negative electrode for a non-aqueous electro 
chemical lithium cell 10, as seen in FIG. 14, having a 
negative electrode 12 Separated from a positive electrode 16 
by an electrolyte 14, all contained in an insulating housing 
18 with suitable terminals (not shown) being provided in 
electronic contact with the negative electrode 12 and the 
positive electrode 16. Binders and other materials normally 
asSociated with both the electrolyte and the negative and 
positive electrodes are well known in the art and are not 
described herein, but are included as is understood by those 
of ordinary skill in this art. A Schematic illustration of one 
example of a cell circuit that contains a microprocessor, M, 
to control the potential of the cell during charge is shown in 
FIG. 15. 

0059) We believe that the invention includes an interme 
tallic negative electrode for a non-aqueous electrochemical 
lithium cell, the negative electrode being defined by the 
general formula Cue-MSns in which 0<XS3, and in which 
M is one or more metals including Silicon, Such that when 
cycled in the electrochemical cell with a non-aqueous elec 
trolyte and a positive electrode, the Voltage of the electro 
chemical cell is controlled such that the potential of the 
lithiated intermetallic negative electrode at the top of charge 
is less than 0.2 V but greater than 0 V vs. metallic lithium. 

0060. While there has been disclosed what is considered 
to be the preferred embodiment of the present invention, it 
is understood that various changes in the details may be 
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made without departing from the Spirit, or Sacrificing any of 
the advantages of the present invention. 
The embodiments of the invention in which an exclusive 

property or privilege is claimed are defined as follows: 
1. A method of operating an electrochemical cell through 

a plurality of charge-discharge cycles, Said electrochemical 
cell including an intermetallic negative electrode of Cue. 
xMSns, wherein X is s3 and M is one or more metals 
including Si and a positive electrode containing Li in which 
said electrochemical cell Li is shuttled between the positive 
electrode and the negative electrode during charge and 
discharge to form a lithiated intermetallic negative electrode 
during charge comprising the Step of controlling the Voltage 
of the electrochemical cell during the charge portion of the 
charge-discharge cycles So that the potential of the lithiated 
intermetallic negative electrode in the fully charged electro 
chemical cell is less than 0.2 V but greater than 0 V versus 
metallic lithium. 

2. The method of claim 1, wherein X is s1. 
3. The method of claim 1, wherein M is one or more of 

a transition metal or Si or Li. 
4. The method of claim 1, wherein M is one or more of 

Mn, Fe, Zn and Ni. 
5. The method of claim 1, wherein the ratio of Cu and M 

atoms to Sn atoms in the negative electrode Cu-MSns 
structure is between about 1.5:1 and 1.0:1 when the cell is 
fully charged. 

6. The method of claim 1, wherein the negative electrode 
contains greater than Stoichiometric quantities of Cu and M. 

7. The method of claim 6, wherein either or both of Cu 
and M are present in amounts greater than Stoichiometric up 
to about 10% by weight. 

8. The method of claim 1, wherein the negative electrode 
contains a grain growth inhibitor. 

9. The method of claim 8, wherein the grain growth 
inhibitor is carbon or graphite present as a powder. 

10. The method of claim 1, wherein the Cu and Matoms 
in the negative electrode are at least partially disordered 

11. The method of claim 1, wherein the negative electrode 
includes a Substrate of M as a current collector. 

May 30, 2002 

12. The method of claim 11, wherein the Substrate is 
laminated to the electrode. 

13. The method of claim 11, wherein the current collector 
is Cu or Ni. 

14. The method of claim 1, wherein the potential of the 
lithiated negative electrode is maintained above 0 V by 
controlling the installed capacity of the positive electrode. 

15. The method of claim 1, wherein a microprocessor is 
connected between the positive and negative electrodes to 
control the Voltage of the cell. 

16. A method of operating an electrochemical cell through 
a plurality of charge-discharge cycles, Said electrochemical 
cell including an intermetallic negative electrode of Cue. 
xMSns, wherein X is s3 and M is one or more metals 
including Si and a non-aqueous electrolyte and a positive 
electrode containing Li from a Source thereof from one or 
more of LiCoO, LiNi, LiMnO, LiMnO, LiFePO or 
derivatives thereof in which said electrochemical cell Li is 
Shuttled between the positive electrode and the negative 
electrode during charge and discharge to form a lithiated 
intermetallic negative electrode during charge, comprising 
the Step controlling the Voltage of the electrochemical cell 
during the charge portion of the charge-discharge cycles So 
that the potential of the lithiated intermetallic negative 
electrode in the fully charged electrochemical cell is leSS 
than 0.2 V but greater than 0 V versus metallic lithium. 

17. The method of claim 16, wherein the potential of the 
negative electrode is maintained between about 1.5 V and 
0.01 V vs. metallic lithium. 

18. The method of claim 17, wherein the potential of the 
negative electrode is maintained between about 1.2 V and 
0.01 V vs. metallic lithium. 

19. The method of claim 17, wherein the negative elec 
trode is made with up to about 10% by weight more than 
Stoichiometric amounts of Cu and M present as powder. 

20. The method of claim 19, wherein the lithiated negative 
electrode has a disordered or partially disordered zinc 
blende-type structure. 


