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Li-ION BATTERY WITH BLENDED ELECTRODE

Cross-reference is made to U.S. Utility Patent Application Serial No. 12/437,576
entitled “Li-ion Battery with Selective Moderating Material” by John F. Christensen et
al., which was filed on May 8, 2009; U.S. Utility Patent Application Serial No. [Attorney
Docket No. 1576-0297] entitled “Li-ion Battery with Variable Volume Reservoir” by
John F. Christensen et al., which was filed on May &, 2009; U.S. Utility Patent
Application Serial No. [Attorney Docket No. 1576-0299] entitled “Li-ion Battery with
Over-charge/Over-discharge Failsafe” by John F. Christensen et al., which was filed on
May 8, 2009; U.S. Utility Patent Application Serial No. [Attorney Docket No. 1576-
0301] entitled “System and Method for Pressure Determination in a Li-ion Battery” by
John F. Christensen et al., which was filed on May &, 2009; U.S. Utility Patent
Application Serial No. [Attorney Docket No. 1576-0302] entitled “Li-ion Battery with
Load Leveler” by John F. Christensen et al., which was filed on May 8, 2009; U.S. Utility
Patent Application Serial No. [Attorney Docket No. 1576-0303] entitled “Li-ion Battery
with Anode Coating” by John F. Christensen et al., which was filed on May §, 2009; U.S.
Utility Patent Application Serial No. [Attorney Docket No. 1576-0304] entitled “Li-ion
Battery with Anode Expansion Area” by Boris Kozinsky et al., which was filed on May
8,2009; U.S. Utility Patent Application Serial No. [Attorney Docket No. 1576-0305]
entitled “Li-ion Battery with Porous Silicon Anode” by Boris Kozinsky et al., which was
filed on May 8, 2009; U.S. Utility Patent Application Serial No. [Attorney Docket No.
1576-0306] entitled “Li-ion Battery with Rigid Anode Framework” by Boris Kozinsky et

al., which was filed on May 8, 2009; U.S. Utility Patent Application Serial No. [Attorney
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Docket No. 1576-0308] entitled “System and Method for Charging and Discharging a Li-
ion Battery” by Nalin Chaturvedi et al., which was filed on May 8, 2009; and U.S. Utility
Patent Application Serial No. [Attorney Docket No. 1576-0310] entitled “System and
Method for Charging and Discharging a Li-ion Battery Pack” by Nalin Chaturvedi et al.,
which was filed on May 8, 2009, the entirety of each of which is incorporated herein by
reference. The principles of the present invention may be combined with features

disclosed in those patent applications.

Field of the Invention

[0001] This invention relates to batteries and more particularly to lithium-ion

batteries.

Background

[0002] Batteries are a useful source of stored energy that can be incorporated into a
number of systems. Rechargeable lithium-ion batteries are attractive energy storage
systems for portable electronics and electric and hybrid-electric vehicles because of their
high specific energy compared to other electrochemical energy storage devices. In
particular, batteries with a form of lithium metal incorporated into the negative electrode
afford exceptionally high specific energy (in Wh/kg) and energy density (in Wh/L)
compared to batteries with conventional carbonaceous negative electrodes.

[0003] When high-specific-capacity negative electrodes such as lithium are used in a
battery, the maximum benefit of the capacity increase over conventional systems is

realized when a high-capacity positive electrode active material is also used.
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Conventional lithium-intercalating oxides (e.g., LiC0O,, LiNig3Coq 15Alg 9503,

Li; 1Nig3Co0¢3Mng30,) are typically limited to a theoretical capacity of ~280 mAh/g
(based on the mass of the lithiated oxide) and a practical capacity of 180 to 250 mAh/g.
In comparison, the specific capacity of lithium metal is about 3863 mAh/g. The highest
theoretical capacity achievable for a lithium-ion positive electrode is 1168 mAh/g (based
on the mass of the lithiated material), which is shared by Li,S and Li,O,. Other high-
capacity materials including BiF; (303 mAbh/g, lithiated) and FeFs (712 mAh/g, lithiated)
are identified in Amatucci, G.G. and N. Pereira, Fluoride based electrode materials for
advanced energy storage devices. Journal of Fluorine Chemistry, 2007. 128(4): p. 243-
262. All of the foregoing materials, however, react with lithium at a lower voltage
compared to conventional oxide positive electrodes, hence limiting the theoretical
specific energy. The theoretical specific energies of the foregoing materials, however,
are very high (> 800 Wh/kg, compared to a maximum of ~500 Wh/kg for a cell with
lithium negative and conventional oxide positive electrodes).

[0004] Lithium/sulfur (Li/S) batteries are particularly attractive because of the
balance between high specific energy (i.e., >350 Wh/kg has been demonstrated), rate
capability, and cycle life (> 50 cycles). Only lithium/air batteries have a higher
theoretical specific energy. Lithium/air batteries, however, have very limited
rechargeability and are still considered primary batteries.

[0005] Li/S batteries also have limitations. By way of example, the United States
Advanced Battery Consortium has established a goal of > 1000 cycles for batteries used
in powering an electric vehicle. Li/S batteries, however, exhibit relatively high capacity

fade, thereby limiting the useful lifespan of Li/S batteries.
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[0006] One mechanism which may contribute to capacity fade of Li/S batteries is the
manner in which the sulfur reacts with lithium. In general, sulfur reacts with lithium ions
during battery discharge to form polysulfides (Li,S), which may be soluble in the
electrolyte. These polysulfides react further with lithium (i.e., the value of x increases
from 1/4 to 1/3 to 1/2 to 1) until Li,S; is formed, which reacts rapidly to form Li,S. In
Li/S batteries described in the literature, both Li,S, and Li,S are generally insoluble in
the electrolyte. Hence, in a system in which intermediate polysulfides are soluble, each
complete cycle consists of soluble-solid phase changes, which may impact the integrity
of the composite electrode structure.

[0007] Specifically, Li,S may deposit preferentially near the separator when the
current through the depth of the positive electrode is non-uniform. Non-uniformity is
particularly problematic at high discharge rates. Any such preferential deposition can
block pores of the electrode, putting stress on the electronically conducting matrix and/or
isolating an area from the composite electrode. All of these processes may lead to
capacity fade or impedance rise in the battery.

[0008] Moreover, soluble polysulfides are mobile in the electrolyte and, depending
on the type of separator that is used, may diffuse to the negative electrode where the
soluble polysulfides may becoming more lithiated through reactions with the lithium
electrode. The lithiated polysulfide may then diffuse back through the separator to the
positive electrode where some of the lithium is passed to less lithiated polysulfides. This
overall shuttle process of lithium from the negative electrode to the positive electrode by
polysulfides is a mechanism of self discharge which reduces the cycling efficiency of the

battery and which may lead to permanent capacity loss.
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[0009] Some attempts to mitigate capacity fade of Li/S batteries rely upon
immobilization of the sulfur in the positive electrode via a polymer encapsulation or the
use of a high-molecular weight solvent system in which polysulfides do not dissolve. In
these batteries, the phase change and self-discharge characteristics inherent in the above-
described Li/S system are climinated. These systems have a higher demonstrated cycle
life at the expense of high rate capability and capacity utilization.

[0010] What is needed therefore is a battery that exhibits the high energy density of a
Li/S cathode while providing high rate capability and capacity utilization. A further need

exists for a battery that exhibits reduced capacity fade due to internal discharge.

Summa

[0011] In accordance with one embodiment, an electrochemical cell with a blended
cathode includes a negative electrode including a form of lithium, a positive electrode
spaced apart from the negative electrode, a separator positioned between the negative
electrode and the positive electrode, a first active material in the positive electrode
including a form of lithium, and a second active material in the positive electrode
including a form of sulfur.

[0012] In accordance with another embodiment, an electrochemical cell includes a
negative electrode, a positive electrode spaced apart from the negative electrode, a
separator positioned between the negative electrode and the positive electrode, a first
active material in the positive electrode including a form of sulfur, and a second active

material in the positive electrode that does not include a form of sulfur.
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Brief Description of the Drawings

[0013] FIG. 1 depicts a schematic of a battery system including an electrochemical
cell with one electrode including a form of lithium and another electrode including an
active material with a form of lithium and another active material with a form of sulfur;
and

[0014] FIG. 2 depicts a schematic of a battery system including an electrochemical
cell with one electrode including a form of lithium and a fully dense electrode including

an active material with a form of lithium along with active material with a form of sulfur.

Description

[0015] For the purposes of promoting an understanding of the principles of the
invention, reference will now be made to the embodiments illustrated in the drawings and
described in the following written specification. It is understood that no limitation to the
scope of the invention is thereby intended. It is further understood that the present
invention includes any alterations and modifications to the illustrated embodiments and
includes further applications of the principles of the invention as would normally occur to
one skilled in the art to which this invention pertains.

[0016] FIG. 1 depicts a lithium-ion cell 100, which includes a negative electrode 102,
a positive electrode 104, and a separator region 106 between the negative electrode 102
and the positive electrode 104. The negative electrode 102 includes active materials 110
into which lithium can be inserted, inert materials 112, electrolyte 114 and a current

collector 116.
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[0017] The negative electrode 102 may be provided in various alternative forms. The
negative electrode 102 may incorporate dense Li metal or a conventional porous
composite electrode (e.g., graphite particles mixed with binder). Incorporation of Li
metal is desired since the Li metal affords a higher specific energy than graphite.

[0018] The positive electrode 104 includes active materials 120 and 122 into which
lithium can be inserted, inert materials 124, the electrolyte 114 and a current collector
126. The separator region 106 includes an electrolyte with a lithium cation and serves as
a physical and electrical barrier between the negative electrode 102 and the positive
electrode 104 so that the electrodes are not electronically connected within the cell 100.
The active material 120 includes a form of sulfur and may be entirely sulfur. The active
material 122 does not incorporate sulfur and preferably incorporates a form of lithium
such as lithium titanium oxide, or Lis-, Tis015. The active materials 120 and 122 are
preferably selected to be materials which react with lithium in similar voltage windows.
While the active materials 120 and 122 are depicted in a similar fashion in FIG. 1, the
sulfur chemistry may react in a substantially different manner. For example, sulfur tends
to dissolve into the electrolyte as it becomes lithiated. The sulfur then becomes more
lithiated and then re-precipitates on the carbon surface.

[0019] Under moderate power demands, the lithium-ion cell 100 operates in a manner
similar to the lithium-ion battery cell disclosed in U.S. Patent Application Serial No.
11/477,404, filed on June 28, 2006, the contents of which are herein incorporated in their
entirety by reference. In general, electrons are generated at the negative electrode 102
during discharging and an equal amount of electrons are consumed at the positive

electrode 104 as lithium and electrons move in the direction of the arrow 130 of FIG. 1.
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[0020] In the ideal discharging of the cell 100, the electrons are generated at the
negative electrode 102 because there is extraction via oxidation of lithium ions from the
active material 110 of the negative electrode 102, and the electrons are consumed at the
positive electrode 104 because there is reduction of lithium ions predominantly into the
active material 122 of the positive electrode 104. Oxidation of lithium ions occurs
predominantly in the active material 122 because the active material 122 is a material that
reacts with and/or incorporates lithium into its structure more rapidly than the first active
material 120. During discharging, the reactions are reversed, with lithium and electrons
moving in the direction of the arrow 132.

[0021] In various applications, however, the cell 100 may be subjected to sudden
increases in power demand. When used in vehicles, for example, acceleration of the
vehicle places an increased demand on the cell 100. As the demand exceeds the rate of
Li reduction supported by the active material 120, the reduction of lithium ions into the
active material 122 of the positive electrode 104 increases.

[0022] Accordingly, for moderate power demand, power is provided primarily
through reactions including the active material 122 which does not implicate the same
mechanisms of capacity fade implicated by the active material 120. Cycling of the active
material 120 is thus reduced, thereby minimizing the deleterious effects of rapid lithiation
of the sulfur. The balance of active material 120 and active material 122 may thus be
adjusted to provide the surge capability desired for a particular application while
maximizing the life of the cell 100.

[0023] Another active material may also be incorporated into a sulfur cathode to

simplify state-of-charge determination. LiSg has a characteristic plateau over a
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particular SOC range (x > 4), and it is difficult to ascertain the SOC of the material from
the voltage. By combining Li,Sg with a material that has a sloping potential in the same
potential window, SOC determination for the cell based upon the cell voltage is
simplified. Lithium titanate, however, has a flat potential and would not provide
simplified SOC determination.

[0024] While one form of a negative electrode 102 and a positive electrode 104 is
depicted in FIG. 1, a blended electrode 104 may be provided in variety of alternative
embodiments. Such embodiments may include a dense Li negative electrode or a porous
composite negative electrode. The blended positive electrode 104 may likewise be a
dense electrode or a porous electrode

[0025] The manner in which a particular negative electrode 102/ positive electrode
104 is manufactured can vary based upon the particular form selected for the negative
electrode 102 and positive electrode 104. Lithium titanate, for example, is a ceramic
material. Accordingly, the lithium titanate can be integrated as a compact (i.c.,
nonporous) layer. As a compact layer, however, winding of the cell layers for a wound
cell type battery may present challenges. Alternatively, the positive electrode 104 may
consist of a porous composite (just as in a conventional electrode) that consists of small
lithium titanate and sulfur particles and binder (e.g., polyvinyl difluoride). The pores in
this embodiment may be filled with a Li-cation containing electrolyte (just as in any
porous electrode).

[0026] A porous lithium titanate layer, however, typically requires a substrate in
order to be handled. For example, conventional porous electrodes are deposited as

slurries on a current collector, the solvent of the slurry is removed (leaving pores in place
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of the solvent), and the composite electrode is "calendared" (compressed with a roll
press) to achieve the desired thickness and porosity and to improve particle-to-particle
contact. Usually the electrodes are double sided (i.c., with porous electrodes on either
side of the current collector).

[0027] A porous-composite negative electrode/ porous-composite lithium titanate/LiS
electrode may be obtained by forming the electrode in a conventional manner followed
by a further deposition of slurry including the lithium titanate and LiS. Subsequently, the
solvent in the lithium titanate/LiS slurry may be evaporated and the formed layers
calendared.

[0028] FIG. 2 depicts an alternative embodiment of a lithium-ion cell 200 which
operates in substantially the same manner as the lithium-ion cell 100. The lithium-ion
cell 200, however, is a solid state cell which includes a negative electrode 202, a positive
electrode 204, and an electrolyte layer 206 between the negative electrode 202 and the
positive electrode 204. The negative electrode 202 includes an active layer 210 including
inert materials and active materials into which lithium can be inserted, and a current
collector 216.

[0029] The positive electrode 204 includes an active layer 220 including inert
materials and active materials into which lithium can be inserted, and a current collector
222. The electrolyte layer 206 supplies lithium cation and serves as an electrical barrier
between the negative electrode 202 and the positive electrode 204 so that the electrodes
are not electronically connected within the cell 200. The active material used in the

active layer 220 includes a form of sulfur and may be entirely sulfur. Another active

10
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material within the active layer 220 does not incorporate sulfur and preferably
incorporates a form of lithium such as lithium titanium oxide, or Lis, Ti5015.

[0030] In a further embodiment, one of the anode and the cathode may be solid while
the other of the anode and the cathode is porous. By way of example, the lithium-ion cell
200 may be modified to replace the solid positive electrode 204 with the porous positive
electrode 104 of FIG. 1.

[0031] While the invention has been illustrated and described in detail in the
drawings and foregoing description, the same should be considered as illustrative and not
restrictive in character. It is understood that only the preferred embodiments have been
presented and that all changes, modifications and further applications that come within

the spirit of the invention are desired to be protected.

11
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Claims

Claim 1. An electrochemical cell, comprising:
a negative electrode including a form of lithium;
a positive electrode spaced apart from the negative electrode;
a separator positioned between the negative electrode and the positive electrode;
a first active material in the positive electrode including a form of lithium; and

a second active material in the positive electrode including a form of sulfur.

Claim 2. The clectrochemical cell of claim 1, wherein the second active material

includes Li,Sg, and 0 < x< 16.

Claim 3. The clectrochemical cell of claim 2, wherein the first active material

includes a lithium oxide.

Claim 4. The clectrochemical cell of claim 2, wherein the first active material

includes Lis, Ti5015.

Claim 5. The clectrochemical cell of claim 1, wherein the first active material

includes a lithium oxide.

Claim 6. The clectrochemical cell of claim 1, wherein the first active material

includes Lis, Ti5015.

12
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Claim 7. An electrochemical cell, comprising:
a negative electrode;
a positive electrode spaced apart from the negative electrode;
a separator positioned between the negative electrode and the positive electrode;
a first active material in the positive electrode including a form of sulfur; and
a second active material in the positive electrode that does not include a form of

sulfur.

Claim 8. The clectrochemical cell of claim 7, wherein the first active material

includes Li,Sg, and 0 < x< 16.

Claim 9. The clectrochemical cell of claim &, wherein the second active material

includes a form of lithium.

Claim 10. The clectrochemical cell of claim 9, wherein the second active material

includes Lis, Ti5015.

Claim 11. The clectrochemical cell of claim 9, wherein the second active material

includes lithium oxide.

Claim 12. The electrochemical cell of claim 7, wherein the negative electrode

includes a form of lithium.

13
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Claim 13. The clectrochemical cell of claim 7, wherein the second active material

includes a form of lithium.

Claim 14. The clectrochemical cell of claim 13, wherein the second active material

includes Lis, Ti5015.

Claim 15. The clectrochemical cell of claim 13, wherein the second active material

includes lithium oxide.

14
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restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
1-6
Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

l:l The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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This International Searching Authority found muitiple (groups of)
inventions in this international application, as follows:

1. claims: 1-6

An electrochemical cell, comprising: a negative electrode
including a form of lithium; a positive electrode spaced
apart from the negative electrode; a separator positioned
between the negative electrode and the positive electrode; a
first active material in the positive electrode including a
form of lithium; and a second active material in the
positive electrode including a form of sulfur.

2. claims: 7-15

An electrochemical cell, comprising: a negative electrode; a
positive electrode spaced apart from the negative electrode;
a separator positioned between the negative electrode and
the positive electrode; a first active material in the
positive electrode including a form of sulfur; and a second
active material in the positive electrode that does not
include a form of sulfur.
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