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(57) ABSTRACT 

A lithium-ion battery includes a positive electrode having a 
current collector and a first active material and a negative 
electrode comprising a current collector, a second active 
material, and a third active material. The second active mate 
rial comprises a lithium titanate material and the third active 
material comprises a sulfide. The third active material exhib 
its charging and discharging capacity below a corrosion 
potential of the current collector of the negative electrode and 
above a decomposition potential of the first active material. 
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LITHIUM-ON BATTERY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a Continuation of U.S. 
patent application Ser. No. 13/081,050, filed Apr. 6, 2011, 
which is a Divisional of U.S. patent application Ser. No. 
12/789,149, filed May 27, 2010 (now U.S. Pat. No. 7,931, 
987), which is a Divisional of U.S. patent application Ser. No. 
12/429,061 filed Apr. 23, 2009 (now U.S. Pat. No. 7,740.985), 
which is a Divisional of U.S. patent application Ser. No. 
10/978,617, filed Oct. 29, 2004 (now U.S. Pat. No. 7,563, 
541). The entire disclosures of U.S. patent application Ser. 
No. 13/081,050, U.S. patent application Ser. No. 12/789,149 
(now U.S. Pat. No. 7.931.987), U.S. patent application Ser. 
No. 12/429,061 (now U.S. Pat. No. 7,740.985), and U.S. 
patent application Ser. No. 10/978,617 (now U.S. Pat. No. 
7.563,541) are incorporated herein by reference. 

BACKGROUND 

0002 The present invention relates generally to the field of 
lithium batteries. Specifically, the present invention relates to 
lithium-ion batteries that are relatively tolerant to over-dis 
charge conditions. 
0003 Lithium-ion batteries include a positive current col 
lector (e.g., aluminum Such as an aluminum foil) having an 
active material provided thereon (e.g., LiCoO) and a nega 
tive current collector (e.g., copper such as a copper foil) 
having an active material (e.g., a carbonaceous material Such 
as graphite) provided thereon. Together the positive current 
collector and the active material provided thereon are referred 
to as a positive electrode, while the negative current collector 
and the active material provided thereon are referred to as a 
negative electrode. 
0004 FIG. 1 shows a schematic representation of a portion 
of a lithium-ion battery 10 such as that described above. The 
battery 10 includes a positive electrode 20 that includes a 
positive current collector 22 and a positive active material 24, 
a negative electrode 30 that includes a negative current col 
lector 32 and a negative active material 34, an electrolyte 
material 40, and a separator (e.g., a polymeric microporous 
separator, not shown) provided intermediate or between the 
positive electrode 20 and the negative electrode 30. The elec 
trodes 20, 30 may be provided as relatively flat or planar 
plates or may be wrapped or wound in a spiral or other 
configuration (e.g., an oval configuration). The electrode may 
also be provided in a folded configuration. 
0005. During charging and discharging of the battery 10, 
lithium ions move between the positive electrode 20 and the 
negative electrode 30. For example, when the battery 10 is 
discharged, lithium ions flow from the negative electrode 30 
to the to the positive electrode 20. In contrast, when the 
battery 10 is charged, lithium ions flow from the positive 
electrode 20 to the negative electrode 30. 
0006 FIG. 2 is a graph 100 illustrating the theoretical 
charging and discharging behavior for a conventional 
lithium-ion battery. Curve 110 represents the electrode poten 
tial versus a lithium reference electrode for a positive elec 
trode that includes an aluminum current collector having a 
LiCoO active material provided thereon, while curve 120 
represents the electrode potential versus a lithium reference 
electrode for a negative electrode that includes a copper cur 
rent collector having a carbonaceous active material provided 
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thereon. The difference between curves 110 and 120 is rep 
resentative of the overall cell voltage. 
0007 As shown in FIG. 2, upon initial charging to full 
capacity, the potential of the positive electrode, as shown by 
curve 110, increases from approximately 3.0 volts to a point 
above the corrosion potential of copper used to form the 
negative electrode (designated by dashed line 122). The 
potential of the negative electrode decreases from approxi 
mately 3.0 volts to a point below the decomposition potential 
of the LiCoO active material provided on the aluminum 
current collector (designated by dashed line 112). Upon ini 
tial charging, the battery experiences an irreversible loss of 
capacity due to the formation of a passive layer on the nega 
tive current collector, which may be referred to as a solid 
electrolyte interface (“SEI”). The irreversible loss of capacity 
is shown as a ledge or shelf 124 in curve 120. 
0008. One difficulty with conventional lithium-ion batter 
ies is that when Such a battery is discharged to a point near 
Zero volts, it may exhibit a loss of deliverable capacity and 
corrosion of the negative electrode current collector (copper) 
and possibly of the battery case, depending on the material 
used and the polarity of the case. As shown in FIG. 2, after 
initial charging of the battery, a Subsequent discharge of the 
battery in which the voltage of the battery approaches zero 
Volts (i.e., Zero percent capacity) results in a negative elec 
trode potential that follows a path designated by dashed line 
126. As shown in FIG. 2, the negative electrode potential 
levels off or plateaus at the copper corrosion potential of the 
negative current collector (approximately 3.5 Volts for copper 
and designated by dashed line 122 in FIG. 2). 
0009. The point at which the curves 110 and 120 cross is 
Sometimes referred to as the Zero Voltage crossing potential, 
and corresponds to a cell Voltage that is equal to Zero (i.e., the 
difference between the two curves equals Zero at this point). 
Because of the degradation of the copper current collector 
which occurs at the copper corrosion potential, the copper 
material used for the negative current collector corrodes 
before the cell reaches a Zero Voltage condition, resulting in a 
battery that exhibits a dramatic loss of deliverable capacity. 
0010 While FIG. 2 shows the theoretical charging and 
discharging behavior of a battery that may experience corro 
sion of the negative current collector when the battery 
approaches a Zero Voltage configuration, it should be noted 
that there may also be cases in which the active material on the 
positive current collector may degrade in near-Zero-Voltage 
conditions. In Such cases, the theoretical potential of the 
positive electrode versus a lithium reference electrode would 
decrease to the decomposition potential of the positive active 
material (shown as line 112 in FIG. 2), at which point the 
positive active material would decompose, resulting in poten 
tially decreased protection against future over-discharge con 
ditions. 
0011 Because damage to the lithium-ion battery may 
occur in the event of a low Voltage condition, conventional 
lithium-ion batteries may include protection circuitry and/or 
may be utilized in devices that include protection circuitry 
which substantially reduces the current drain from the battery 
(e.g., by disconnecting the battery). 
0012. The medical device industry produces a wide vari 
ety of electronic and mechanical devices for treating patient 
medical conditions. Depending upon the medical condition, 
medical devices can be surgically implanted or connected 
externally to the patient receiving treatment. Clinicians use 
medical devices alone or in combination with drug therapies 
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and Surgery to treat patient medical conditions. For some 
medical conditions, medical devices provide the best, and 
Sometimes the only, therapy to restore an individual to a more 
healthful condition and a fuller life. 
0013. It may be desirable to provide a source of battery 
power for Such medical devices, including implantable medi 
cal devices. In Such cases, it may be advantageous to provide 
a battery that may be recharged. It may also be advantageous 
to provide a battery that may be discharged to a near Zero 
voltage condition without substantial risk that the battery may 
be damaged (e.g., without corroding one of the electrodes or 
the battery case, decomposing the positive active material, 
etc.) such that the performance of the battery is degraded in 
Subsequent charging and discharging operations. 
0014. It would be advantageous to provide a battery (e.g., 
a lithium-ion battery) that may be discharged to near Zero 
Volts without producing a Subsequent decrease in the amount 
of deliverable capacity or producing a corroded negative elec 
trode or battery case. It would also be advantageous to pro 
vide a battery that compensates for the irreversible loss of 
capacity resulting from initial charging of the battery to allow 
the battery to be used in near Zero voltage conditions without 
significant degradation to battery performance. It would also 
be advantageous to provide a medical device (e.g., an 
implantable medical device) that utilizes a battery that 
includes any one or more of these or other advantageous 
features. 

SUMMARY 

0015. An exemplary embodiment relates to a lithium-ion 
battery that includes a positive electrode comprising a current 
collector and a first active material and a negative electrode 
comprising a current collector, a second active material, and 
a third active material. The second active material comprises 
a lithium titanate material and the third active material com 
prises a Sulfide. The third active material exhibits charging 
and discharging capacity below a corrosion potential of the 
current collector of the negative electrode and above a decom 
position potential of the first active material. 
0016. Another exemplary embodiment relates to a battery 
that includes a positive electrode and a negative electrode, 
wherein the positive electrode comprises an active material 
and the negative electrode comprises a lithium titanate active 
material and a sulfide active material. The sulfide active mate 
rial exhibits charging and discharging capacity below a cor 
rosion potential of a current collector of the negative electrode 
and above a decomposition potential of the active material of 
the positive electrode. 
0017. Another exemplary embodiment relates to a battery 
that includes a positive electrode and a negative electrode, the 
positive electrode comprising a first active material selected 
from the group consisting of LiCoO and LiMn2O and the 
negative electrode comprising a second active material and a 
third active material. The second active material comprises 
Li TiO2 and the third active material comprises a Sulfide 
that includes a metal as a constituent thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.018 FIG. 1 is a schematic cross-sectional view of a con 
ventional lithium-ion battery. 
0019 FIG. 2 is a graph illustrating the theoretical charging 
and discharging behavior for a conventional lithium-ion bat 
tery such as that shown schematically in FIG. 1. 
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0020 FIG. 3 is a schematic cross-sectional view of a por 
tion of a lithium-ion battery according to an exemplary 
embodiment. 
0021 FIG. 4 is a schematic cross-sectional view of a por 
tion of a lithium-ion battery according to another exemplary 
embodiment. 
0022 FIG. 5 is a graph illustrating the theoretical charging 
and discharging behavior for a lithium-ion battery Such as that 
shown in FIG. 3. 
0023 FIG. 6 is a schematic view of a system in the form of 
an implantable medical device implanted within a body or 
torso of a patient. 
0024 FIG. 7 is schematic view of another system in the 
form of an implantable medical device. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS 

0025. With reference to FIG. 3, a schematic cross-sec 
tional view of a portion of a lithium-ion battery 200 is shown 
according to an exemplary embodiment. According to an 
exemplary embodiment, the battery 200 has a rating of 
between approximately 10 and 1000 milliampere hours 
(mAh). According to another exemplary embodiment, the 
battery has a rating of between approximately 100 and 400 
mAh. According to another exemplary embodiment, the bat 
tery is an approximately 300 mAh battery. According to 
another exemplary embodiment, the battery is an approxi 
mately 75 mAh battery. 
0026. The battery 200 includes at least one positive elec 
trode 210 and at least one negative electrode 220. The elec 
trodes may be provided as flat or planar components of the 
battery 200, may be wound in a spiral or other configuration, 
or may be provided in a folded configuration. For example, 
the electrodes may be wrapped around a relatively rectangu 
lar mandrel such that they form an oval wound coil for inser 
tion into a relatively prismatic battery case. According to 
other exemplary embodiments, the battery may be provided 
as a button cell battery, a thin film solid state battery, or as 
another lithium-ion battery configuration. 
0027. The battery case (not shown) may be made of stain 
less steel or another metal. According to an exemplary 
embodiment, the battery case may be made of titanium, alu 
minum, or alloys thereof. According to another exemplary 
embodiment, the battery case may be made of a plastic mate 
rial or a plastic-foil laminate material (e.g., an aluminum foil 
provided intermediate a polyolefin layer and a polyester 
layer). 
0028. According to an exemplary embodiment, the nega 
tive electrode is coupled to a stainless Steel case by a member 
or tab comprising nickel or a nickel alloy. An aluminum or 
aluminum alloy member or tab may be coupled or attached to 
the positive electrode. The nickel and aluminum tabs may 
serve as terminals for the battery according to an exemplary 
embodiment. 
(0029. The dimensions of the battery 200 may differ 
according to a variety of exemplary embodiments. For 
example, according to one exemplary embodiment in which 
the electrodes are wound such that they may be provided in a 
relatively prismatic battery case, the battery has dimensions 
of between approximately 30-40 mm by between approxi 
mately 20-30 mm by between approximately 5-7 mm. 
According to another exemplary embodiment, the dimen 
sions of the battery are approximately 20 mm by 20 mm by 3 
mm. According to another exemplary embodiment, a battery 
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may be provided in the form of a button cell type battery 
having a diameter of approximately 30 mm and a thickness of 
approximately 3 mm. It will be appreciated by those of skill in 
the art that such dimensions and configurations as are 
described herein are illustrative only, and that batteries in a 
wide variety of sizes, shapes, and configurations may be 
produced in accordance with the novel concepts described 
herein. 
0030. An electrolyte 230 is provided intermediate or 
between the positive and negative electrodes to provide a 
medium through which lithium ions may travel. According to 
an exemplary embodiment, the electrolyte may be a liquid 
(e.g., a lithium salt dissolved in one or more non-aqueous 
Solvents). According to another exemplary embodiment, the 
electrolyte may be a lithium salt dissolved in a polymeric 
material Such as poly(ethylene oxide) or silicone. According 
to another exemplary embodiment, the electrolyte may be an 
ionic liquid such as N-methyl-N-alkylpyrrolidinium bis(trif 
luoromethanesulfonyl)imide salts. According to another 
exemplary embodiment, the electrolyte may be a solid state 
electrolyte such as a lithium-ion conducting glass such as 
lithium phosphorous oxynitride (LiPON). 
0031. Various other electrolytes may be used according to 
other exemplary embodiments. For example, according to an 
exemplary embodiment, the electrolyte may be a 1:1 mixture 
of ethylene carbonate to diethylene carbonate (EC:DEC) in a 
1.0 M salt of LiPF. According to another exemplary embodi 
ment, the electrolyte may include a polypropylene carbonate 
solvent and a lithium bis-oxalatoborate salt (sometimes 
referred to as LiBOB). According to other exemplary 
embodiments, the electrolyte may comprise one or more of a 
PVDF copolymer, a PVDF-polyimide material, and organo 
silicon polymer, a thermal polymerization gel, a radiation 
cured acrylate, a particulate with polymer gel, an inorganic 
gel polymer electrolyte, an inorganic gel-polymer electrolyte, 
a PVDF gel, polyethylene oxide (PEO), a glass ceramic elec 
trolyte, phosphate glasses, lithium conducting glasses, 
lithium conducting ceramics, and an inorganic ionic liquid or 
gel, among others. 
0032. A separator 250 is provided intermediate or between 
the positive electrode 210 and the negative electrode 220. 
According to an exemplary embodiment, the separator 250 is 
a polymeric material Such as a polypropylene/polyethelene or 
another polyolefin multilayer laminate that includes 
micropores formed therein to allow electrolyte and lithium 
ions to flow from one side of the separator to the other. The 
thickness of the separator 250 is between approximately 10 
micrometers (Lm) and 50 Lim according to an exemplary 
embodiment. According to a particular exemplary embodi 
ment, the thickness of the separator is approximately 25um 
and the average pore size of the separator is between approxi 
mately 0.02 um and 0.1 um. 
0033. The positive electrode 210 includes a current col 
lector 212 made of a conductive material Such as a metal. 
According to an exemplary embodiment, the current collector 
212 comprises aluminum oran aluminum alloy. According to 
an exemplary embodiment, the thickness of the current col 
lector 212 is between approximately 5 um and 75 um. 
According to a particular exemplary embodiment, the thick 
ness of the current collector 212 is approximately 20 Lum. It 
should also be noted that while the positive current collector 
212 has been illustrated and described as being a thin foil 
material, the positive current collector may have any of a 
variety of other configurations according to various exem 
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plary embodiments. For example, the positive current collec 
tor may be a grid Such as a mesh grid, an expanded metal grid, 
a photochemically etched grid, or the like. 
0034. The current collector 212 has a layer of active mate 
rial 214 provided thereon (e.g., coated on the current collec 
tor). While FIG. 3 shows that the active material 214 is pro 
vided on only one side of the current collector 212, it should 
be understood that a layer of active material similar or iden 
tical to that shown as active material 214 may be provided or 
coated on both sides of the current collector 212. 

0035. According to an exemplary embodiment, the active 
material 214 is a material or compound that includes lithium. 
The lithium included in the active material 214 may be doped 
and undoped during discharging and charging of the battery, 
respectively. According to an exemplary embodiment, the 
active material 214 is lithium cobalt oxide (LiCoO). Accord 
ing to another exemplary embodiment, the positive active 
material is of the form LiCO, Ni-O, with x being between 
approximately 0.05 and 0.8. According to another exemplary 
embodiment, the primary active material is of the form LiAl 
CO, Ni--O, where X is between approximately 0.05 and 
0.3 and y is between approximately 0.1 and 0.3. According to 
other exemplary embodiments, the primary active material 
may include LiMnO. 
0036. According to various other exemplary embodi 
ments, the active material provided on the current collector 
212 may include a material Such as a material of the form 
Li MO, where M is a metal (e.g., LiCoO, LiNiO, and 
LiMnO.), a material of the form Li(M', M")O, where M 
and M" are different metals (e.g., Li(Ni,Mn)O, Li(Ni, 
2Mn)O, Li (Cr,Mn)O, Li(AlMn)O, Li (COM) 
O. Li (CoNi)O, and Li (CO, Fe)O)), a material of the 
form Li(Mn, Ni, CO.)O, (e.g., LiCo, Mn, Ni--O. 
LiCMn/NiCo)O. Li(Mn/Ni Co-Mg)O. 
LiOMino-Nio-CO2)O2, and Li(Mno. Nio COos)O2), a 
material of the form Li(Mn, NiCO)O, a material of 
the form Li(Mn, Ni, COAli).O., a material of the form 
Li (NiCOAl)O2 (e.g., Li(NiosCOos Alolos)O2), a 
material of the form Li(NiCoM)O, where M is a metal, 
a material of the form Li(Ni, Mn,M).O., where M is a 
metal, a material of the form Li(Ni, Mn, Cr)O, 
LiMnO, a material of the form LiMM"O where M' and 
M" are different metals (e.g., LiMn2-Ni, Li O, LiMn. 
sNics.O., LiNiCuO LiMn. AlO, LiNio TiO, and Li 
o5 Alo, MnssOF), LiMnO, a material of the form Li 
V.O. (e.g., LiVOs, LiV.O.s, and LiV.O.), a material of the 
form LiMPO, where M is a metal or LiM'M"PO, where 
M' and M" are different metals (e.g., LiFePO, LiFe,M. 
a PO, LiVOPO, and LiV(PO)), and LIMPO where M 
is a metal Such as iron or vanadium and X is a halogen Such as 
fluorine, and combinations thereof. 
0037. A binder material may also be utilized in conjunc 
tion with the active material 214. For example, according to 
an exemplary embodiment, the active material may include a 
conductive additive such as carbon black and a binder Such as 
polyvinylidine fluoride (PVDF) or an elastomeric polymer. 
0038 According to an exemplary embodiment, the thick 
ness of the active material 214 is between approximately 0.1 
um and 3 mm. According to a particular exemplary embodi 
ment, the thickness of the active material 214 is between 
approximately 25um and 300 um. According to a particular 
exemplary embodiment, the thickness of the layer of active 
material 214 is approximately 75 um. 
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0039. The negative electrode 220 includes a current col 
lector 222 that is made of a conductive material Such as a 
metal. According to an exemplary embodiment, the current 
collector 222 is copperora copper alloy. According to another 
exemplary embodiment, the current collector 222 may be 
titanium or a titanium alloy. According to another exemplary 
embodiment, the current collector 222 is nickel or a nickel 
alloy. According to another exemplary embodiment in which 
the negative active material 224 is not carbon, the current 
collector 222 is aluminum or an aluminum alloy. It should 
also be noted that while the negative current collector 222 has 
been illustrated and described as being a thin foil material, the 
positive current collector may have any of a variety of other 
configurations according to various exemplary embodiments. 
For example, the positive current collector may be a grid Such 
as a mesh grid, an expanded metal grid, a photochemically 
etched grid, or the like. 
0040. According to an exemplary embodiment, the thick 
ness of the current collector 222 is between approximately 
100 nm and 100 um. According to a particular exemplary 
embodiment, the thickness of the current collector 222 is 
between approximately 5 um and 25 Jum. According to a 
particular exemplary embodiment, the thickness of the cur 
rent collector is approximately 10 Lum. 
0041. The negative current collector 222 has a layer of 
active material 224 provided thereon. While FIG. 3 shows 
that the active material 224 is provided on only one side of the 
current collector 222, it should be understood that a layer of 
active material similar or identical to that shown may be 
provided or coated on both sides of the current collector 222. 
0042. Layer 224 includes a primary active material 226 
and a secondary or auxiliary active material 228. While the 
primary active material 226 and the secondary active material 
228 are shown as being provided as a single layer of material 
in FIG.3, it will be appreciated that the primary active mate 
rial 226 and the secondary active material 228 may be pro 
vided as separate individual layers (see, e.g., FIG. 4). A binder 
material and/or a solvent (not shown) may also be utilized in 
conjunction with the active material 224. For example, 
according to an exemplary embodiment, the active material 
may include a conductive additive such as carbon black and a 
binder such as polyvinylidine fluoride (PVDF) or an elasto 
meric polymer. 
0043. According to exemplary embodiment, the primary 
active material 226 is a carbonaceous material (e.g., carbon 
Such as graphite). According to another exemplary embodi 
ment, the primary active material 226 is a lithium titanate 
material such as Li TiO. One advantage of using a lithium 
titanate material in place of a carbonaceous material is that it 
is believed that the use of a lithium titanate material allows for 
charging and discharging of the battery at higher rates than is 
capable using carbonaceous materials. 
0044) Other lithium titanate materials which may be suit 
able for use as the negative active material may include one or 
more of include the following lithium titanate spinel materi 
als: H, Li, TiO, O, H, Li, TiO, O, LiM,Tis-O2, Li 
TiO4. Li, TiO4, LiaTii.67Lioss-MIO4, Li2TiO3. Li Tia. 
75Vo2sO2. Li Ti47s Feo. 2501.ss, and Li Ti 4s Minos O2, and 
LiM"M"XO (where M is a metal such as nickel, cobalt, iron, 
manganese, Vanadium, copper, chromium, molybdenum, 
niobium, or combinations thereof), M" is an optional three 
Valent non-transition metal, and X is Zirconium, titanium, or 
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a combination of these two. Note that such lithium titanate 
spinel materials may be used in any state of lithiation (e.g., 
Li TisC2, where 0sXs3). 
0045 One advantage of using a lithium titanate material 
instead of a carbonaceous material is that it is believed that the 
use of a lithium titanate material allows for charging and 
discharging of the battery at higher rates than is capable using 
carbonaceous materials. According to other exemplary 
embodiments, the negative active material 224 may be car 
bon, LiAl, LiSn, Li Si, LiSnO, metal nanoparticle com 
posites (e.g., including LiAl, LiSn, Li Si, or LiSnO), or 
carbon-coated lithium titanate. Lithium titanate materials are 
also believed to offer superior cycle life because they are so 
called “Zero-strain' materials. Zero strain materials have 
crystal lattices which do not experience shrinkage or contrac 
tion with lithium doping/de-doping, making them free from 
strain-related degradation mechanisms. 
0046. Another advantageous feature of using a lithium 
titanate material is that it is believed that when used in a 
negative electrode of a lithium-ion battery, such materials will 
cycle lithium at a potential plateau of about 1.5 V versus a 
lithium reference electrode. This is substantially higher than 
graphitic carbon, which is traditionally used in lithium ion 
batteries, and cycles lithium down to about 0.1 V in the fully 
charged state. As a result, the battery using lithium titanate is 
believed to be less likely to result in plating of lithium (which 
occurs at 0 V versus a lithium reference) while being charged. 
Lithium plating is a well-known phenomenon that can lead to 
loss in performance of lithium ion batteries. Being free from 
the risk lithium plating, cells with lithium titanate negative 
electrodes may also be charged at rates that exceed those with 
carbon negative electrodes. For example, a common upper 
limit for the rate of charge in lithium ion batteries is about 1 C 
(meaning that the battery can be fully charged from the dis 
charged State in one hour). Conversely, it has been reported in 
literature that lithium titanate may be charged at rates up to 10 
C (i.e., attaining full charge in /10 hour, or six minutes). Being 
able to recharge a battery more quickly Substantially 
increases the functionality of devices that employ such a 
battery. A further advantage of the higher potential of the 
lithium titanate material is that it avoids decomposition of 
organic solvents (such as propylene carbonate) commonly 
used in lithium ion batteries. In so doing, it may reduce 
negative consequences such as formation of gas, cell Swell 
ing, and reduction of reversible battery capacity. 
0047. The secondary active material 228 is a material that 

is selected to have relatively significant charge and discharge 
capacity below the corrosion potential of the material used for 
a negative current collector 222 provided as part of the nega 
tive electrode 220 and above the decomposition potential of 
the active material 214 provided on the positive current col 
lector 212. The secondary active material is also selected to be 
stable over its full potential-composition range in the electro 
lyte. For example, according to an exemplary embodiment in 
which the negative current collector 222 comprises copper, 
for which the corrosion potential is approximately 3.5 volts, 
the secondary active material 228 includes significant charge 
and discharge capacity below 3.5 Volts. 
0048. The secondary active material 228 may or may not 
contain lithium. According to an exemplary embodiment in 
which the secondary active material does not include lithium, 
the secondary active material is V.O. According to another 
exemplary embodiment in which the secondary active mate 
rial includes lithium, the secondary active material is 



US 2012/0003531 A1 

LiMn2O4. According to various other exemplary embodi 
ments, the secondary active material may be selected from the 
following materials and combinations thereof. V.O.s, V.O. 
LiMn2O (spinel), LiM,Mn2O (spinel) where M is metal 
(including Li) and X is between approximately 0.05 and 0.4, 
Li TiO, LiVO (where X is between approximately 0 and 
1), VOs, MoC), TiS, WO, MoO, and RuO, as well as 
their partially or fully lithiated counterparts. 
0049 Any lithium included in the secondary active mate 

rial 228 of the negative electrode has significant charge/dis 
charge capacity that lies below the corrosion potential of the 
negative current collector and/or any battery components to 
which it is electrically connected (e.g., the case) and above the 
decomposition potential of the positive electrode active mate 
rial. The secondary active material contains electrochemi 
cally active lithium in the as-constructed state. The lithium 
becomes significantly doped at a potential below the corro 
sion potential for the negative current collector 222. In so 
doing, this material lowers the final potential of the positive 
electrode in the discharge state, so that the Zero Voltage cross 
ing potential remains below the corrosion potential of the 
negative current collector and the battery case. The secondary 
active material may be capable of releasing the lithium when 
the battery is charged. 
0050. It should be noted that while a variety of materials 
have been described above as being useful for secondary 
active material 228, a variety of additional materials may be 
utilized in addition to or in place of such materials. For 
example, the secondary active material may comprise an 
oxide material such as one or more of LiMoO (O-3Xs2), 
LiMoO (0<xs 1), LiMoO (O-Ks2), Li MnO (O-3Xs 1), 
LiMnO (0<xs2), LiVO (0<xs2.5), LiVO (O-Ks3. 
5), LiVO (0<xs6 for Li VO, and 0<xs3.6 for Li VO, 
17), LiVO, (0<xs 1), Li, WO (0<xs 1), Li, WO (0<xs1), 
Li TiO (anatase) (O<Xs 1), Li Ti-O (O-Ks2), Li RuO 
(0<xs 1), LiFe O (0<xs2), LiFe O (0<xs2), Li CrO 
(0<xs3), Li, Cr (0<xs3.8), LiNiCO, O, (0<xs1, 
0.90<ys 1.00), where x is selected such that these materials 
have little or no lithium that becomes undoped below the 
corrosion potential of the negative current collector during 
the first charge of the battery. 
0051. According to another exemplary embodiment, the 
secondary active material may comprise a sulfide material 
such as one or more of LiVSs (0<xs4.8), Li TaS (0<xs 1), 
Li, FeS (0<xs 1), Li, FeS (0<xs1), LiNbS (0<xs2.4), Li 
MoS (0<xs3), LiMoS (0<xs 1), Li TiS (0<xs 1), 
Li ZrS2 (O<Xs 1), Li Feos Vozs S2 (O<Xs 1), Li Crozs Vol. 
25S (0<xs0.65), Li CrosVS (0<xs 1) where x is 
selected such that these materials have little or no lithium that 
becomes undoped below the corrosion potential of the nega 
tive current collector during the first charge of the battery. 
0052 According to another exemplary embodiment, the 
secondary active material may comprise a selenide material 
such as one or more of LiNbSe (0<xs3), LiVSe (0<xs 1). 
Various other materials may also be used, for example, Li 
NiPS (0<xs 1.5) and Li FePS (0<xs 1.5) where x is 
selected such that these materials have little or no lithium that 
becomes undoped below the corrosion potential of the nega 
tive current collector during the first charge of the battery. 
0053 According to an exemplary embodiment in which 
the secondary active material 228 does not include lithium in 
the as-constructed State (e.g., the secondary active material is 
VO), a mechanism is provided to lithiate the secondary 
active material 228. According to an exemplary embodiment, 
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a mass or quantity of lithium (e.g., a lithium “patch') may be 
provided, as will be discussed in greater detail below. 
0054 According to various exemplary embodiments, the 
thickness of the active material 224 is between approximately 
0.1 um and 3 mm. According to other exemplary embodi 
ments, the thickness of the layer of active material 224 may be 
between approximately 25 um and 300 um. According to a 
particular exemplary embodiment, the thickness of the active 
material 224 is approximately 75 um. In embodiments in 
which the primary active material 226 and the secondary 
active material 228 are provided as separate layers of active 
material, the thickness of the primary active material 226 is 
between approximately 25 um and 300 um (and approxi 
mately 75 um according to a particular exemplary embodi 
ment), while the thickness of the secondary active material 
218 is between approximately 5um and 60 Lum (and approxi 
mately 10 um according to a particular exemplary embodi 
ment). 
0055 As shown in FIG. 3, a mass or quantity of electro 
chemically active lithium (shown as a piece of lithium in the 
form of a lithium patch or member 240) is shown as being 
coupled or attached to the negative current collector 222. 
Such a configuration corresponds to a situation in which the 
secondary active material 228 is provided without including 
electrochemically active lithium (e.g., the secondary active 
material 228 does not include lithium as it is coated on the 
negative current collector). One such exemplary embodiment 
involves the use of VO for the secondary active material. In 
contrast, FIG. 4 shows a configuration in which the secondary 
active material 228 is provided as a lithiated material (e.g., 
LiMn2O). In Such an embodiment, a lithium patch is not 
necessary. 

0056. The electrochemically active lithium may be pro 
vided in other locations in the negative electrode 220 and/or 
may have a different size or shape than that shown Schemati 
cally in FIG. 3. For example, the electrochemically active 
lithium may be provided as a disc or as a rectangular piece of 
material coupled to the negative current collector. While the 
electrochemically active lithium is shown as being provided 
on a single side of the current collector 222 in FIG. 3 (e.g., as 
a lithium patch), separate lithium patches may be provided on 
opposite sides of the current collector 222. Further, multiple 
lithium patches may be provided on one or more of the sides 
of the current collector 222. In another example, the lithium 
may be provided elsewhere within the battery and connected 
(e.g., by a wire) to the current collector 222. 
0057 The electrochemically active lithium may be added 
through a chemical or electrochemical process. Such pro 
cesses could include the addition ofbutyl lithium or electrical 
contact with metallic lithium or any other lithium source 
containing lithium and having an electrochemical potential 
lower than that of the secondary material (and optionally 
adding an electrolyte to activate the process). According to 
another exemplary embodiment, the process may be an elec 
trolytic process, in which the precursor secondary material is 
polarized to a cathodic potential at which lithium ions present 
in an electrolyte are inserted into the precursor material. It 
should also be noted that electrochemically cyclable lithium 
may be added by adding lithium-containing compounds Such 
as a lithium intermetallic compound Such as a lithium-alumi 
num compound, a lithium-tin compound, a lithium-silicon 
compound, or any other similar compound that irreversibly 
donates lithium at a potential below that of the corrosion 
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potential of the negative current collector (and any material to 
which it is electrically connected). 
0058 According to another exemplary embodiment, the 
electrochemically active or cyclable lithium may be added as 
finely divided or powdered lithium. Such powdered lithium 
may include a passive coating (e.g., a thin layer or film of 
lithium carbonate) provided thereon to reduce the reactivity 
of the powdered lithium with air and moisture. Such material 
may be mixed with the negative electrode active material 
prior to application of the negative electrode active material to 
fabrication of the cells or may be added as another separate 
active material layer. According to an exemplary embodi 
ment, the finely divided or powdered lithium particles have a 
diameter of between approximately 1 um and 100 um, and 
according to a particular embodiment, between approxi 
mately 5 um and 30 Lum. 
0059. One advantage of providing electrochemically 
active lithium at the negative electrode (e.g., in the form of 
one or more lithium patches) is that the secondary active 
material 228 may be partially or completely lithiated by the 
lithium to compensate for the irreversible loss of capacity 
which occurs upon the first charging of the battery 200. For 
example, when the battery cell is filled with electrolyte, 
lithium from the lithium patch 240 is oxidized and inserted 
into the negative active material (i.e., the lithium in the elec 
trochemically active lithium is effectively “shorted to the 
negative active material). 
0060. The electrochemically active lithium may also pro 
vide a number of additional advantages. For example, it may 
act to maintain the potential of the negative current collector 
below its corrosion potential prior to initial charging (“for 
mation') of the battery. The electrochemically active lithium 
may also aid in the formation of the solid-electrolyte interface 
(“SEI”) at the negative electrode. Further, the electrochemi 
cally active lithium may provide the “formation of the active 
material on the negative electrode without a corresponding 
reduction in battery capacity as would occur when the Source 
of lithium for formation is the active material from the posi 
tive electrode. 
0061 The amount of electrochemically active lithium is 
selected Such the amount of electrochemical equivalents pro 
vided by the electrochemically active lithium at minimum 
corresponds to the irreversible capacity of the negative elec 
trode active material and at maximum corresponds to the Sum 
of the irreversible capacity of the negative electrode active 
material and the capacity of the secondary active material 
228. In this manner, the electrochemically active lithium at 
least compensates for the irreversible loss of capacity which 
occurs on initial charging of the battery 200 and most prefer 
ably corresponds to the sum of the irreversible capacity of the 
negative electrode active material and the capacity of the 
secondary active material 228. 
0062 According to an exemplary embodiment in which a 
lithium patch 240 is utilized, the size of the lithium patch 240 
is between approximately 1.4 cmx 1.4 cmx0.11 cm, which 
corresponds to approximately 0.013 grams (e.g., approxi 
mately 50 mAh). The specific size of the lithium patch may 
vary according to other exemplary embodiments (e.g., 
approximately 5-25 percent of the capacity of either the nega 
tive or positive electrode). 
0063 FIG. 5 is a graph 300 illustrating the theoretical 
charging and discharging behavior for a lithium-ion battery 
constructed in accordance with an exemplary embodiment 
such as that shown and described with regard to FIG.3. Curve 
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310 represents the electrode potential versus a lithium refer 
ence electrode for a positive electrode (e.g., positive electrode 
210) that includes an aluminum current collector having a 
LiCoO, primary active material provided thereon. 
0064 Curve 320 represents the electrode potential versus 
a lithium reference electrode for a negative electrode that 
includes a copper current collector having a primary active 
material (i.e., a carbonaceous material Such as carbon), a 
non-lithiated secondary active material, and a lithium patch 
provided thereon. The difference between curves 310 and 320 
is representative of the overall cell voltage of the battery. 
0065. The secondary active material is selected to provide 
significant charging/discharging capacity below the corro 
sion potential (shown as dashed line 322) of the negative 
current collector and above the decomposition potential 
(shown as dashed line 312) of the LiCoO positive electrode 
active material, in addition to its ability to remain stable over 
its full potential-composition range in the electrolyte. 
According to an exemplary embodiment, the secondary 
active material is V.O. According to various other exem 
plary embodiments, the secondary active material may be 
selected from the following materials and combinations 
thereof. V.O.s, VO, VOs, MoC), TiS, WO, MoC), and 
RuO. 
0066. It should be noted that the theoretical charging and 
discharge behavior for the negative electrode is believed to be 
qualitatively similar to that shown in FIG. 5 for a copper 
current collector having a Li TiO2 primary active material 
provided thereon (as opposed to a carbon active material), 
with the relatively flat portion of the curve 320 being shifted 
upward to a level of approximately 1.57 volts (in contrast to 
the approximately 0.1 volts for the carbon active material). 
0067. As shown in FIG. 5, upon initial charging to full 
capacity, the potential of the positive electrode, as shown by 
curve 310, increases from approximately 3.0 volts (shown as 
point 311) to a point above the corrosion potential of copper 
used to form the negative current collector (designated by 
dashed line 322). When the battery is subsequently dis 
charged toward a Zero Voltage condition, the positive elec 
trode potential will continue along a portion 314 of curve 310 
to a point below approximately 3.0 volts (as shown by the 
dashed portion of curve 310 in FIG. 5). 
0068. The potential of the negative electrode decreases 
from approximately 3.0 Volts on initial charging to a point 
below the decomposition potential of the LiCoO active 
material provided on the positive current collector (desig 
nated by dashed line 312). According to an exemplary 
embodiment, the corrosion potential of copper is approxi 
mately 3.5 volts, while the decomposition potential of the 
LiCoO active material provided on the positive current col 
lector is approximately 1.6 volts. According to another exem 
plary embodiment, the decomposition potential of the 
LiCoO, active material is approximately 1.35 volts. 
0069. The initial capacity of the negative electrode is pro 
vided by the secondary active material (e.g., VO), as illus 
trated by the portion of the graph 300 designated by arrow 
328. After the capacity of the secondary active material is 
exhausted, the battery experiences an irreversible loss of 
capacity due to the formation of a passive layer on the nega 
tive electrode, which may be referred to as a solid-electrolyte 
interface (“SEI”). The irreversible loss of capacity is shown as 
a ledge or shelf 324 in curve 320. The lithium patch is pro 
vided so as to compensate for the irreversible loss of capacity, 
and may be provided such that it compensates both for the 
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initial capacity of the secondary active material (e.g., arrow 
328) and the irreversible loss of capacity (ledge 324). 
0070. Upon discharging the battery to a point approaching 
Zero volts, the negative electrode potential follows a path 
designated by a dashed portion 326 of the curve 320. How 
ever, because the secondary active material is chosen to have 
significant charging/discharging capacity below the corro 
sion potential of the negative current collector and above the 
decomposition potential of the LiCoO primary active mate 
rial, the Zero Voltage crossing potential (shown as point 330) 
is below the corrosion potential of the negative current col 
lector and above the decomposition potential of the LiCoO. 
primary active material, thus avoiding corrosion of the nega 
tive current collector (and potentially of the battery case or 
any other battery component in electrical contact or commu 
nication with the negative electrode) and any associated loss 
of battery charging capacity. One advantageous feature of 
Such an arrangement is that the battery may be repeatedly 
cycled (i.e., charged and discharged) to near-Zero-Voltage 
conditions without significant decline in battery perfor 
aCC. 

0071. It is intended that a lithium-ion battery such as that 
described herein may be fully discharged while the materials 
for both electrodes, including their corresponding current 
collectors, are stable (e.g., corrosion of the current collectors 
and/or the decomposition of active material may be avoided, 
etc.). One potential advantageous feature of Such an arrange 
ment is that the occurrence of reduced device functionality 
(i.e., the need to recharge more frequently) and corrosion of 
the current collectors and battery case (with the incumbent 
possibility of leaking potentially corrosive and toxic battery 
contents) may be reduced or avoided. 
0072 Various advantageous features may be obtained by 

utilizing batteries such as those shown and described herein. 
For example, use of such batteries may eliminate the need to 
utilize circuitry to disconnect batteries approaching near-Zero 
Voltage conditions. By not utilizing circuitry for this function, 
Volume and cost reductions may be obtained. 
0073. According to an exemplary embodiment, lithium 
ion batteries such as those described above may be used in 
conjunction with medical devices Such as medical devices 
that may be implanted in the human body (referred to as 
“implantable medical devices” or “IMD's'). 
0074 FIG. 6 illustrates a schematic view of a system 400 
(e.g., an implantable medical device) implanted withina body 
or torso 432 of a patient 430. The system 400 includes a 
device 410 in the form of an implantable medical device that 
for purposes of illustration is shown as a defibrillator config 
ured to provide a therapeutic high voltage (e.g., 700 volt) 
treatment for the patient 430. 
0075. The device 410 includes a container or housing 414 
that is hermetically sealed and biologically inert according to 
an exemplary embodiment. The container may be made of a 
conductive material. One or more leads 416 electrically con 
nect the device 410 and to the patient’s heart 420 via a vein 
422. Electrodes 417 are provided to sense cardiac activity 
and/or provide an electrical potential to the heart 420. At least 
a portion of the leads 416 (e.g., an end portion of the leads 
shown as exposed electrodes 417) may be provided adjacent 
or in contact with one or more of a Ventricle and an atrium of 
the heart 420. 
0076. The device 410 includes a battery 440 provided 
therein to provide power for the device 410. According to 
another exemplary embodiment, the battery 440 may be pro 
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vided external to the device or external to the patient 430 (e.g., 
to allow for removal and replacement and/or charging of the 
battery). The size and capacity of the battery 440 may be 
chosen based on a number of factors, including the amount of 
charge required for a given patient's physical or medical 
characteristics, the size or configuration of the device, and 
any of a variety of other factors. According to an exemplary 
embodiment, the battery is a 500 mAh battery. According to 
another exemplary embodiment, the battery is a 300 mAh 
battery. According to various other exemplary embodiments, 
the battery may have a capacity of between approximately 10 
and 1000 mAh. 
0077 According to other exemplary embodiments, more 
than one battery may be provided to power the device 410. In 
Such exemplary embodiments, the batteries may have the 
same capacity or one or more of the batteries may have a 
higher or lower capacity than the other battery or batteries. 
For example, according to an exemplary embodiment, one of 
the batteries may have a capacity of approximately 500 mAh 
while another of the batteries may have a capacity of approxi 
mately 75 mAh. 
0078. One or more capacitors (shown as capacitor bank 
450) are provided in the device to store energy provided by 
the battery 440. For example, the system 410 may be config 
ured such that when the device 410 determines that a thera 
peutic high-voltage treatment is required to establish a nor 
mal sinus rhythm for the heart 420, the capacitors in the 
capacitor bank 450 are charged to a predetermined charge 
level by the battery 440. Charge stored in the capacitors may 
then be discharged via the leads 416 to the heart 420. Accord 
ing to another exemplary embodiment, the capacitors may be 
charged prior to determination that a stimulating charge is 
required by the heart Such that the capacitors may be dis 
charged as needed. 
0079 According to another exemplary embodiment 
shown in FIG. 7, an implantable neurological stimulation 
device 500 (an implantable neuro stimulator or INS) may 
include a battery 502 such as those described above with 
respect to the various exemplary embodiments. Examples of 
other neuro stimulation products and related components are 
shown and described in a brochure titled “Implantable Neu 
rostimulation Systems’ available from Medtronic, Inc. 
0080. An INS generates one or more electrical stimulation 
signals that are used to influence the human nervous system or 
organs. Electrical contacts carried on the distal end of a lead 
are placed at the desired stimulation site Such as the spine or 
brain and the proximal end of the lead is connected to the INS. 
The INS is then surgically implanted into an individual such 
as into a Subcutaneous pocket in the abdomen, pectoral 
region, or upper buttocks area. A clinician programs the INS 
with a therapy using a programmer. The therapy configures 
parameters of the stimulation signal for the specific patient's 
therapy. An INS can be used to treat conditions such as pain, 
incontinence, movement disorders such as epilepsy and Par 
kinson's disease, and sleep apnea. Additional therapies 
appear promising to treat a variety of physiological, psycho 
logical, and emotional conditions. Before an INS is implanted 
to deliver atherapy, an external screener that replicates some 
or all of the INS functions is typically connected to the patient 
to evaluate the efficacy of the proposed therapy. 
0081. The INS 500 includes a lead extension 522 and a 
stimulation lead 524. The stimulation lead 524 is one or more 
insulated electrical conductors with a connector 532 on the 
proximal end and electrical contacts (not shown) on the distal 



US 2012/0003531 A1 

end. Some stimulation leads are designed to be inserted into a 
patient percutaneously, such as the Model 3487A Pisces 
QuadR) lead available from Medtronic, Inc. of Minneapolis 
Minn., and stimulation some leads are designed to be Surgi 
cally implanted, such as the Model 3998 Specify(R) lead also 
available from Medtronic. 
0082 Although the lead connector 532 can be connected 
directly to the INS500 (e.g., at a point 536), typically the lead 
connector 532 is connected to a lead extension 522. The lead 
extension 522, such as a Model 7495 available from 
Medtronic, is then connected to the INS 500. 
I0083. Implantation of an INS 520 typically begins with 
implantation of at least one stimulation lead 524, usually 
while the patient is under a local anesthetic. The stimulation 
lead 524 can either be percutaneously or surgically 
implanted. Once the stimulation lead 524 has been implanted 
and positioned, the stimulation lead’s 524 distal end is typi 
cally anchored into position to minimize movement of the 
stimulation lead 524 after implantation. The stimulation 
lead’s 524 proximal end can be configured to connect to a lead 
extension 522. 
I0084. The INS500 is programmed with a therapy and the 
therapy is often modified to optimize the therapy for the 
patient (i.e., the INS may be programmed with a plurality of 
programs or therapies such that an appropriate therapy may 
be administered in a given situation). In the event that the 
battery 502 requires recharging, an external lead (not shown) 
may be used to electrically couple the battery to a charging 
device or apparatus. 
0085. A physician programmer and a patient programmer 
(not shown) may also be provided to allow a physician or a 
patient to control the administration of various therapies. A 
physician programmer, also known as a console programmer, 
uses telemetry to communicate with the implanted INS 500, 
so a clinician can program and manage a patient's therapy 
stored in the INS 500, troubleshoot the patient's INS 500 
system, and/or collect data. An example of a physician pro 
grammer is a Model 7432 Console Programmer available 
from Medtronic. A patient programmer also uses telemetry to 
communicate with the INS 500, so the patient can manage 
Some aspects of her therapy as defined by the clinician. An 
example of a patient programmer is a Model 7434 Itrel R3 EZ 
Patient Programmer available from Medtronic. 
I0086. While the medical devices described herein (e.g., 
systems 400 and 500) are shown and described as a defibril 
lator and a neurological stimulation device, it should be 
appreciated that other types of implantable medical devices 
may be utilized according to other exemplary embodiments, 
Such as pacemakers, cardioverters, cardiac contractility 
modulators, drug administering devices, diagnostic record 
ers, cochlear implants, and the like for alleviating the adverse 
effects of various health ailments. According to still other 
embodiments, non-implantable medical devices or other 
types of devices may utilize batteries as are shown and 
described in this disclosure. 
0087. It is also contemplated that the medical devices 
described herein may be charged or recharged when the medi 
cal device is implanted within a patient. That is, according to 
an exemplary embodiment, there is no need to disconnect or 
remove the medical device from the patient in order to charge 
or recharge the medical device. For example, transcutaneous 
energy transfer (TET) may be used, in which magnetic induc 
tion is used to deliver energy from outside the body to the 
implanted battery, without the need to make direct physical 
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contact to the implanted battery, and without the need for any 
portion of the implant to protrude from the patient’s skin. 
According to an exemplary embodiment, a connector may be 
provided external to the patient's body that may be electri 
cally coupled to a charging device in order to charge or 
recharge the battery. According to other exemplary embodi 
ments, medical devices may be provided that may require 
removal or detachment from the patient in order to charge or 
recharge the battery. 
I0088. It should be understood that while the present dis 
closure describes the use of lithium-ion batteries with a vari 
ety of medical devices, such batteries may be used in a variety 
of other applications, including computers (e.g., laptop com 
puters), phones (e.g., cellular, mobile, or cordless phones), 
automobiles, and any other device or application for which it 
may be advantageous to provide power in the form of a 
lithium-ion battery. 
I0089. It is also important to note that the construction and 
arrangement of the lithium-ion battery as shown and 
described with respect to the various exemplary embodiments 
is illustrative only. Although only a few embodiments of the 
present inventions have been described in detail in this dis 
closure, those skilled in the art who review this disclosure will 
readily appreciate that many modifications are possible (e.g., 
variations in sizes, dimensions, structures, shapes and pro 
portions of the various elements, values of parameters, 
mounting arrangements, use of materials, colors, orienta 
tions, etc.) without materially departing from the novel teach 
ings and advantages of the subject matter recited in the 
claims. Accordingly, all such modifications are intended to be 
included within the scope of the present invention as defined 
in the appended claims. Other Substitutions, modifications, 
changes and omissions may be made in the design, operating 
conditions and arrangement of the preferred and other exem 
plary embodiments without departing from the scope of the 
present invention as expressed in the appended claims. 

What is claimed is: 
1. A lithium-ion battery comprising: 
a positive electrode comprising a current collector and a 

first active material; and 
a negative electrode comprising a current collector, a sec 

ond active material, and a third active material, wherein 
the second active material comprises a lithium titanate 
material and the third active material comprises a Sul 
fide: 

wherein the third active material exhibits charging and 
discharging capacity below a corrosion potential of the 
current collector of the negative electrode and above a 
decomposition potential of the first active material. 

2. The lithium-ion battery of claim 1, wherein the sulfide 
comprises a metal. 

3. The lithium-ion battery of claim 2, wherein the sulfide 
further comprises lithium in addition to the metal. 

4. The lithium-ion battery of claim 1, wherein the third 
active material has little or no lithium that becomes undoped 
below the corrosion potential of the current collector of the 
negative electrode during a first charge of the battery. 

5. The lithium-ion battery of claim 1, wherein each of the 
positive electrode and the negative electrode have a Zero 
Voltage crossing potential below the corrosion potential of the 
current collector of the negative electrode and above the 
decomposition potential of the first active material. 
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6. The lithium-ion battery of claim 1, wherein the first 
active material comprises a material selected from the group 
consisting of LiCoO and LiMn2O4. 

7. The lithium-ion battery of claim 1, wherein the current 
collector of the negative electrode comprises a material 
selected from the group consisting of copper, nickel, alumi 
num, and titanium. 

8. The lithium-ion battery of claim 1, wherein the second 
active material comprises Li TiO. 

9. The lithium-ion battery of claim 1, further comprising a 
quantity of lithium provided in electrical contact with the 
current collector of the negative electrode. 

10. The lithium-ion battery of claim 9, wherein the quantity 
of lithium is configured to provide a lithium capacity for the 
negative electrode Sufficient to at least compensate for irre 
versible loss of capacity of the negative electrode. 

11. The lithium-ion battery of claim 9, wherein the quantity 
of lithium is configured to provide a lithium capacity equal to 
the sum of the irreversible loss of capacity of the negative 
electrode and the capacity of the third active material. 

12. The lithium-ion battery of claim 1, further comprising 
a liquid electrolyte and a porous polymeric separator pro 
vided intermediate the positive electrode and the negative 
electrode. 

13. A battery comprising: 
a positive electrode and a negative electrode, wherein the 

positive electrode comprises an active material and the 
negative electrode comprises a lithium titanate active 
material and a sulfide active material, wherein the Sul 
fide active material exhibits charging and discharging 
capacity below a corrosion potential of a current collec 
tor of the negative electrode and above a decomposition 
potential of the active material of the positive electrode. 

14. The lithium-ion battery of claim 13, wherein the sulfide 
active material comprises a metal. 

15. The lithium-ion battery of claim 14, wherein the sulfide 
active material further comprises lithium. 

16. The battery of claim 13, wherein the positive electrode 
and the negative electrode have Zero Voltage crossing poten 
tials above the decomposition potential of the active material 
and below a corrosion potential of the current collector of the 
negative electrode. 

17. The battery of claim 13, wherein the active material of 
the positive electrode comprises a material selected from the 
group consisting of LiCoO and LiMn2O4. 

Jan. 5, 2012 

18. The battery of claim 13, wherein the corrosion potential 
of the negative current collector is approximately 3.5 volts. 

19. The battery of claim 13, further comprising a lithium 
patch in contact with the negative electrode. 

20. The battery of claim 19, wherein the lithium patch is 
configured to provide a lithium capacity for the negative 
electrode sufficient to at least compensate for irreversible loss 
of capacity of the negative electrode. 

21. The battery of claim 19, wherein the lithium patch is 
configured to provide a lithium capacity equal to the sum of 
the irreversible loss of capacity of the negative electrode and 
the capacity of the sulfide active material. 

22. A battery comprising: 
a positive electrode and a negative electrode, the positive 

electrode comprising a first active material selected from 
the group consisting of LiCoO and LiMn2O and the 
negative electrode comprising a second active material 
and a third active material; 

wherein the second active material comprises Li TiO2 
and the third active material comprises a sulfide that 
includes a metal as a constituent thereof. 

23. The battery of claim 22, wherein the third active mate 
rial further comprises lithium in addition to the metal. 

24. The battery of claim 22, wherein the positive electrode 
and the negative electrode have Zero Voltage crossing poten 
tials below the corrosion potential of the current collector of 
the negative electrode and above the decomposition potential 
of the first active material. 

25. The battery of claim 22, wherein the first active material 
is LiCoO. 

26. The battery of claim 22, wherein the negative electrode 
comprises a current collector formed of a material selected 
from the group consisting of copper, titanium, aluminum, and 
nickel. 

27. The battery of claim 22, further comprising a lithium 
patch in electrical contact with the current collector of the 
negative electrode. 

28. The battery of claim 27, wherein the lithium patch is 
configured to provide a lithium capacity for the negative 
electrode sufficient to at least compensate for irreversible loss 
of capacity of the negative electrode. 

29. The battery of claim 22, further comprising a liquid 
electrolyte and a porous polymeric separator provided inter 
mediate the positive electrode and the negative electrode. 
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