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ELECTRODE SEPARATOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This PCT Patent Application claims prionty to U.S.
Provisional Patent Application Ser. No. 61/040,021, which
was filed on Mar. 27, 2008, and 1s entirely incorporated herein
by reference.

FIELD OF THE INVENTION

[0002] This invention 1s concerned with electrical alkaline
batteries, and 1n particular with separators for alkaline batter-
ies and methods of making the same.

BACKGROUND

[0003] An electrical storage battery comprises one electro-
chemical cell or a plurality of electrochemical cells of the
same type, the latter typically being connected 1n series to
provide a higher voltage or in parallel to provide a higher
charge capacity than provided by a single cell. An electro-
chemical cell comprises an electrolyte interposed between
and 1n contact with an anode and a cathode. For a storage
battery, the anode comprises an active material that 1s readily
oxidized, and the cathode comprises an active material that 1s
readily reduced. During battery discharge, the anode active
material 1s oxidized and the cathode active material 1s
reduced, so that electrons flow from the anode through an
external load to the cathode, and 10ns flow through the elec-
trolyte between the electrodes.

[0004] Many electrochemical cells used for electrical stor-
age applications also include a separator between the anode
and the cathode 1s required to prevent reactants and reaction
products present at one electrode from reacting and/or inter-
tering with reactions at the other electrode. To be effective, a
battery separator must be electromically insulating, and
remain so during the life of the battery, to avoid battery
seli-discharge via internal shorting between the electrodes. In
addition, a battery separator must be both an effective elec-
trolyte transport barrier and a suificiently good 1onic conduc-
tor to avoid excessive separator resistance that substantially
lowers the discharge voltage.

[0005] FElectrical storage batteries are classified as either
“primary’” or “secondary’ batteries. Primary batteries involve
at least one 1rreversible electrode reaction and cannot be
recharged with useful charge efficiency by applying a reverse
voltage. Secondary batteries 1volve relatively reversible
clectrode reactions and can be recharged with acceptable loss
of charge capacity over numerous charge-discharge cycles.
Separator requirements for secondary batteries tend to be
more demanding since the separator must survive repeated
charge-discharge cycles.

[0006] For secondary batteries comprising a highly oxida-
tive cathode, a highly reducing anode, and an alkaline elec-
trolyte, separator requirements are particularly stringent. The
separator must be chemically stable in strongly alkaline solu-
tion, resist oxidation 1n contact with the highly oxidizing
cathode, and resist reduction in contact with the highly reduc-
ing anode. Since 10ns, especially metal oxide 1ons, from the
cathode can be somewhat soluble 1n alkaline solutions and
tend to be chemically reduced to metal on separator surfaces,
the separator must also inhibit transport and/or chemical
reduction of metal 10ns. Otherwise, a buildup of metal depos-
its within separator pores can increase the separator resis-
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tance 1n the short term and ultimately lead to shorting failure
due to formation of a continuous metal path through the
separator. In addition, because of the strong tendency of
anodes to form dendrites during charging, the separator must
suppress dendritic growth and/or resist dendrite penetration
to avoid failure due to formation of a dendritic short between
the electrodes. A related 1ssue with anodes 1s shape change, in
which the central part of the electrode tends to thicken during
charge-discharge cycling. The causes of shape change are
complicated and not well-understood but apparently involve
differentials 1n the current distribution and solution mass
transport along the electrode surface. The separator prefer-
ably mitigates zinc electrode shape change by exhibiting
uniform and stable 1onic conductivity and 1onic transport

properties.

[0007] In order to satisiy the numerous and often contlict-
ing separator requirements for zinc-silver oxide batteries, a
separator stack comprised of a plurality of separators that
perform specific functions 1s needed. Some of the required
functions are resistance to electrochemical oxidation and sil-
ver 1on transport from the cathode, and resistance to electro-
chemical reduction and dendrite penetration from the anode.
[0008] Traditional separators decompose chemically 1n
alkaline electrolytes, which limits the useful life of the bat-
tery. Traditional separators are also subject to chemical oxi-
dation by soluble silver 10ns and electrochemical oxidation 1n
contact with silver electrodes. Furthermore, some traditional
separators exhibit low mechanical strength and poor resis-
tance to penetration by dendrites.

[0009] To solve some of the problems caused by traditional
separators, new separator materials have been developed.

SUMMARY

[0010] The mvention provides a multi-functional battery
separator comprising two or more active separator layers
deposited from different polymer solutions to form a multi-
layered unitary structure comprising a iree-standing film, a
multiplex film on one side of a porous substrate, or separate
films or multiplex films on opposite sides of a porous sub-
strate. In one embodiment, the cascade coating method 1s
used to simultaneously deposit the active separator layers wet
so that the physical, electrical and morphological changes
associated with the polymer drying out process are avoided or
minimized. The active separator layers of the multi-func-
tional battery separator of the invention can also be deposited
via conventional methods. The invention also provides a pro-
cess for fabricating the multi-functional battery separator.
[0011] The multilayered unitary structure of the separator
of the mvention provides better use of the separator active
materials, which 1s believed to improve separator 10nic con-
ductivity and effectiveness as an 1onic transport barrier. The
multilayered unitary structure also reduces battery produc-
tion costs and eliminates gaps between individual layers 1n a
separator stack that can contribute to battery failure. The
multi-functional battery separator 1s particularly usetul for
batteries with a zinc anode, for which dendrite formation 1s an
1ssue, and a silver oxide cathode, which 1s highly oxidizing. A
multi-functional separator in this case can comprise a den-
drite-resistant separator layer that faces the anode, and an
oxidation-resistant separator layer that faces the cathode.
[0012] In one aspect, the mvention relates to an electro-
chemical cell comprising

[0013] an electrolyte,

[0014] an anode,

[0015] a cathode, and

[0016] a multi-functional separator,
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wherein the electrolyte 1s an alkaline electrolyte, the anode
comprises zinc metal, and the multi-functional separator
COmprises:

[0017] an oxidation-resistant separator layer deposited
from a PE solution comprising a polyether polymer that
can be linear or branched and can be unsubstituted or
substituted; and

[0018] a dendrite-resistant separator layer deposited
from a PVA solution comprising a cross-linking agent
and a polyvinyl alcohol precursor polymer, which can be
linear or branched and can be unsubstituted or substi-
tuted.

[0019] Embodiments of this aspect may include one or
more of the following features. The alkaline electrolyte com-
prises an aqueous solution of a hydroxide of an alkali metal
selected from the group consisting of potassium, sodium,
lithium, rubidium, cestum, and mixtures thereof. The cathode
comprises an active material selected from the group consist-
ing of silver oxide, nickel oxide, cobalt oxide, and manganese
oxide. The polyether polymer comprises polyethylene oxide
or polypropylene oxide, or a copolymer or a mixture thereof.
The cross-linking agent 1s boric acid. One or both of the PE
solution and the PVA solution further comprise a powder of a
metallic oxide selected from the group consisting of zirco-
nium oxide, titanium oxide and aluminum oxide. One or both
of the PE solution and the PVA solution further comprise a
titanate salt of an alkali metal selected from the group con-
s1sting of potassium, sodium, lithium, rubidium, cesium, and
mixtures thereot. One or both of the PE solution and the PVA
solution further comprise a surfactant. The PVA solution
turther comprises a plasticizer. The PVA solution further
comprises a conductivity enhancer consisting of a coploymer
of polyvinyl alcohol and a hydroxyl-conducting polymer
selected from the group consisting of polyacrylates, polylac-
tones, polysulionates, polycarboxylates, polysuliates,
polysarconates, polyamides, and polyamidosulionates.

[0020] In another aspect, the mvention features a multi-
functional separator comprising at least three active separator
layers, wherein the multi-functional separator has an 10nic
resistance of <10 Q/cm?2, electrical resistance of >10

k€2/cm?2, and a wet tensile strength of >0.1 1bf.

[0021] FEmbodiments of this aspect of may include one or
more of the following features. The 1onic resistance of the
separator 1s <0.5 £2/cm2. At least two of the three active
separator layers comprise a polymeric material each indi-
vidually selected from PVA and PSA, or combinations
thereol. The PSA comprises PSS. The multi-functional sepa-
rator comprises the layers PVA/V6/PSS; PVA/V6/(PSS+
PAA); V6/PVA/(PSS+PAA); PVA/(PSS+PAA(35%))/(PSS+
PAA(35%)); (PSS+PAA(35%))/PVA/(PSS+PAA(35%)); or
(PSS+PAA (35%))/(PVA(10%)+PSS (20% vs. PVA))/(PSS+
PAA (35%)). The multi-functional separator comprises the
layers PVA/V6/(PSS+PAA);, V6/PVA/(PSS+PAA); or (PSS+
PAA(35%))/PVA/(PSS+PAA (35%)). The separator thick-
ness 1s <100 um. The separator thickness 1s <30 um. Fach
layer 1n the separator 1s <10 um. The separator impedes den-
drite formation relative to a separator made of the same thick-
ness Ifrom PVA. At least two layers of the separator comprise
a polymeric material each individually selected from PVA, a
quaternary ammonium polymer, or combinations thereof.

[0022] In yet another aspect, the invention provides a
method of producing a separator comprising:

[0023] providing a PSA polymer mixture, and
[0024] providing a PVA polymer mixture,

May 26, 2011

[0025] wherein the PSA polymer mixture and the PVA
polymer mixture are provided to form a unitary separator
comprising a PSA polymer layer and a PVA polymer layer,
wherein the PSA polymer layer resists oxidation and the PVA
polymer layer resists dendrite formation.

[0026] Embodiments of this aspect may include one or
more of the following features. The separator has a total
thickness of less than 100 microns. The method further com-
prises providing 1 to 10 additional polymer mixtures, wherein
the polymer mixtures are provided to form a separator com-
prising a PSA polymer layer, a PVA polymer layer, and from
1 to 10 additional polymer layers. The separator has an 1onic
resistance of <10 Q/cm2, electrical resistance of >10
k€2/cm?2, and a wet tensile strength of >0.1 1bf. The 10nic
resistance of the separator 1s <0.5 €2/cm?2.

[0027] Further features and advantages of the invention
will be apparent to those skilled 1n the art from the following
detailed description, taken together with the accompanying
drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0028] FIG. 1 depicts a cross-sectional view of a bi-func-
tional separator having two active separator layers deposited
on opposite sides of an 1nert porous substrate film according
to the invention;

[0029] FIG. 2 depicts a cross-sectional view of a prior art
cascade coating apparatus for producing a Iree-standing
multi-layered film comprising wet layers;

[0030] FIG. 3 depicts a cross-sectional view of a cascade
coating apparatus adapted to provide active separator layers
on both sides of an optional substrate film;

[0031] FIG. 4 1llustrates the electrode-separator configura-
tion used for test cells incorporating a bi-functional separator
according to the invention, or analogous individual separator
layers;

[0032] FIG. 5 shows plots of charge capacity versus cycle
number for two zinc-silver oxide cells (A and B), wherein the
separator includes a ZrO,—PFEO separator layer and two
PVA separator layers (70 um total thickness); and

[0033] FIG. 6 shows plots of charge capacity versus cycle
number for two zinc-silver oxide cells (A and B) employing
two bi-functional PVA/ZrO.,—PEO separator layers (60 um
total thickness).

[0034] Thesefigures arenotto scale and some features have
been enlarged for better depiction of the features and opera-
tion of the invention. Furthermore, these figures are by way of
example and are not intended to limit the scope of the present
ivention.

DETAILED DESCRIPTION

[0035] The mvention provides a multi-functional battery
separator comprising two or more active separator layers
deposited from different polymer solutions to form a multi-
layered unitary structure comprising a free-standing film, a
multiplex film on one side of a porous substrate, or separate
films or multiplex films on opposite sides of a porous sub-
strate. In a preferred embodiment, the cascade coating
method 1s used to simultaneously deposit the active separator
layers wet so that the physical, electrical and morphological
changes associated with the polymer drying out process are
avolded or mimimized. The active separator layers of the
multi-functional battery separator of the invention can also be
deposited via conventional methods. The invention also pro-
vides a process for fabricating the multi-functional battery
separator.
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[. DEFINITIONS

[0036] The term “battery” encompasses electrical storage
devices comprising one electrochemical cell or a plurality of
clectrochemical cells. A “secondary battery™ 1s rechargeable,
whereas a “primary battery” 1s not rechargeable. For second-
ary batteries of the present invention, a battery anode 1s des-
ignated as the positive electrode during discharge, and as the
negative electrode during charge.

[0037] The term “alkaline battery” refers to a primary bat-
tery or a secondary battery, wherein the primary or secondary
battery comprises an alkaline electrolyte.

[0038] As used herein, a “dopant™ or “doping agent” refers
to a chemical compound that 1s added to a substance 1n low
concentrations in order to alter the optical/electrical proper-
ties of the semiconductor. For example, a dopant can be added
to the powder active material of a cathode to improve its
clectronic properties (e.g., reduce 1ts impedance and/or resis-
tivity).

[0039] Asusedherein, an “electrolyte” refers to a substance
that behaves as an electrically conductive medium. For
example, the electrolyte facilitates the mobilization of elec-
trons and cations 1n the cell. Electrolytes include mixtures of
materials such as aqueous solutions of alkaline agents. Some
clectrolytes also comprise additives such as buflers. For
example, an electrolyte comprises a builer comprising a
borate or a phosphate. Exemplary electrolytes include, with-
out limitation aqueous KOH, aqueous NaOH, or the liquid
mixture of KOH 1n a polymer.

[0040] As used herein, “alkaline agent” refers to a base or
ionic salt of an alkali metal (e.g., an aqueous hydroxide of an
alkali metal). Furthermore, an alkaline agent forms hydroxide
ions when dissolved in water or other polar solvents. Exem-
plary alkaline electrolytes include without limitation L1OH,

NaOH, KOH, CsOH, RbOH, or combinations thereof.

[0041] A *cycle” refers to a single charge and discharge of
a battery.
[0042] For convenience, the polymer name “polyvi-

nylidene fluoride” and 1ts corresponding 1nitials “PVDE” are
used interchangeably as adjectives to distinguish polymers,
solutions for preparing polymers, and polymer coatings. Use
of these names and 1nitials 1n no way 1mplies the absence of
other constituents. These adjectives also encompass substi-
tuted and co-polymerized polymers. A substituted polymer
denotes one for which a substituent group, a methyl group, for
example, replaces a hydrogen on the polymer backbone.
[0043] For convenience, the polymer name “polytetratluo-
roethylene™ and its corresponding initials “PTFE” are used
interchangeably as adjectives to distinguish polymers, solu-
tions for preparing polymers, and polymer coatings. Use of
these names and 1mitials 1n no way implies the absence of
other constituents. These adjectives also encompass substi-
tuted and co-polymerized polymers. A substituted polymer
denotes one for which a substituent group, a methyl group, for
example, replaces a hydrogen on the polymer backbone.
[0044] As used herein, “Ah” refers to Ampere (Amp) Hour
and 1s a scientific unit for the capacity of a battery or electro-
chemical cell. A derivative unit, “mAh™ represents a milliamp
hour and 1s 1/1000 of an Ah.

[0045] As used herein, “maximum voltage™ or “rated volt-
age’” refers to the maximum voltage an electrochemical cell
can be charged without interfering with the cell’s intended
utility. For example, in several zinc-silver electrochemical
cells that are useful 1n portable electronic devices, the maxi-
mum voltage 1s less than about 3.0V (e.g., less than about 2.8
V, less than about 2.5V, about 2.3 V or less, or about 2.0 V).
In other batteries, such as lithium 10n batteries that are usetul
in portable electronic devices, the maximum voltage 1s less
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than about 13.0V (e.g., less than about 13.0V, or about 12.6
V or less). The maximum voltage for a battery can vary

depending on the number of charge cycles constituting the
battery’s usetul life, the shelf-life of the battery, the power
demands of the battery, the configuration of the electrodes 1n
the battery, and the amount of active materials used 1n the
battery.

[0046] As used herein, an “anode” 1s an electrode through
which (positive) electric current flows into a polarized elec-
trical device. In a battery or galvanic cell, the anode 1s the
negative electrode from which electrons flow during the dis-
charging phase 1n the battery. The anode 1s also the electrode
that undergoes chemical oxidation during the discharging
phase. However, 1n secondary, or rechargeable, cells, the
anode 1s the electrode that undergoes chemical reduction
during the cell’s charging phase. Anodes are formed from
clectrically conductive or semiconductive materials, e.g.,
metals, metal oxides, metal alloys, metal composites, semi-
conductors, or the like. Common anode materials include Si,
Sn, Al,'T1, Mg, Fe, B1, Zn, Sb, N1, Pb, L1, Zr, Hg, Cd, Cu, L1C,,
mischmetals, alloys thereotf, oxides thereof, or composites
thereof.

[0047] Anodes can have many configurations. For
example, an anode can be configured from a conductive mesh
or grid that 1s coated with one or more anode materials. In
another example, an anode can be a solid sheet or bar of anode
material.

[0048] As used herein, a “cathode” 1s an electrode from
which (positive) electric current flows out of a polarized
clectrical device. In a battery or galvanic cell, the cathode 1s
the positive electrode into which electrons flow during the
discharging phase in the battery. The cathode 1s also the
clectrode that undergoes chemical reduction during the dis-
charging phase. However, 1n secondary or rechargeable cells,
the cathode 1s the electrode that undergoes chemical oxida-
tion during the cell’s charging phase. Cathodes are formed
from electrically conductive or semiconductive materials,
¢.g., metals, metal oxides, metal alloys, metal composites,
semiconductors, or the like. Common cathode materials
include AgO, Ag,O, HgO, Hg,O, CuO, CdO, Ni1iOOH,
Pb,O,, PbO,, LiFePO,, [1,V,(PO,),, V.O,;, V., O, Fe O,
Fe,O,, MnO,, LiCo0O,, LiN10,, LiMn,O,, or composites
thereof.

[0049] Cathodes can also have many configurations. For
example, a cathode can be configured from a conductive mesh
that 1s coated with one or more cathode materials. In another
example, a cathode can be a solid sheet or bar of cathode
materal.

[0050] As used herein, an “electronic device™ 1s any device
that 1s powered by electricity. For example, and electronic
device can include a portable computer, a portable music
player, acellular phone, a portable video player, or any device
that combines the operational features thereof.

[0051] Asusedherein, “cycle life” 1s the maximum number
of times a secondary battery can be charged and discharged.
[0052] The symbol “M” denotes molar concentration.
[0053] Batteries and battery electrodes are denoted with
respect to the active materials 1n the fully-charged state. For
example, a zinc-silver oxide battery comprises an anode com-
prising zinc and a cathode comprising silver oxide. Nonethe-
less, more than one species 1s present at a battery electrode
under most conditions. For example, a zinc electrode gener-
ally comprises zinc metal and zinc oxide (except when fully
charged), and a silver oxide electrode usually comprises sil-
ver oxide (AgO and/or Ag,O) and silver metal (except when

tully discharged).




US 2011/0123850 Al

[0054] The term “oxide” applied to alkaline batteries and
alkaline battery electrodes encompasses corresponding
“hydroxide” species, which are typically present, at least
under some conditions.

[0055] As used heremn “substantially stable” or “substan-
tially 1nert” refers to a compound or component that remains
substantially chemically unchanged in the presence of an
alkaline electrolyte (e.g., potasstum hydroxide) and/or 1n the
presence ol an oxidizing agent (e.g., silver 10ns present in the
cathode or dissolved 1n the electrolyte).

[0056] As used herein, “charge profile” refers to a graph of
an electrochemical cell’s voltage or capacity with time. A
charge profile can be superimposed on other graphs such as
those including data points such as charge cycles or the like.
[0057] As used herein, “resistivity” or “impedance” refers
to the internal resistance of a cathode 1n an electrochemical
cell. This property is typically expressed 1n units of Ohms or
micro-Ohms.

[0058] As used herein, the terms “first” and/or “second” do
not refer to order or denote relative positions 1n space or time,
but these terms are used to distinguish between two different
clements or components. For example, a {irst separator does
not necessarily proceed a second separator 1n time or space;
however, the first separator 1s not the second separator and
vice versa. Although 1t 1s possible for a first separator to
proceed a second separator 1n space or time, 1t 1s equally
possible that a second separator proceeds a first separator in
space or time.

[0059] For convenience, both polymer names “polyether”,
“polyethylene oxide™, “polypropylene oxide” and “polyvinyl
alcohol” and their corresponding initials “PE”, “PEQO”,
“PPO” and “PVA”, respectively, are used interchangeably as
adjectives to distinguish polymers, solutions for preparing
polymers, and polymer coatings. Use of these names and
initials 1n no way implies the absence of other constituents.
These adjectives also encompass substituted and co-polymer-
1zed polymers. A substituted polymer denotes one for which
a substituent group, a methyl group, for example, replaces a
hydrogen on the polymer backbone.

[0060] As used heremn “oxidation-resistant” refers to a
separator that resists oxidation in an electrochemical cell of
an alkaline battery and/or 1s substantially stable 1n the pres-
ence of an alkaline electrolyte and/or an oxidizing agent (e.g.,
silver 10ns).

[0061] As used herein, a “titanate salt” refers to a chemical
salt that includes 1n i1ts chemical formula TiO,. Examples of
titanate salts include potassium titanate, sodium titanate,
lithium titanate, rubidium titanate, or cesium titanate, without
limitation.

[0062] As used herein, “adjacent” refers to the positions of
at least two distinct elements (e.g., at least one separator and
at least one electrode (e.g., an anode and/or a cathode)). When
an element such as a separator 1s adjacent to another element
such as an electrode or even a second separator, one element
1s positioned to contact or nearly contact another element. For
example, when a separator 1s adjacent to an electrode, the
separator electrically contacts the electrode when the separa-
tor and electrode are 1n an electrolyte environment such as the
environment inside an electrochemical cell. The separator
can be 1n physical contact or the separator can nearly contact
the electrode such that any space between the separator and
the electrode 1s void of any other separators or electrodes. It1s
noted that electrolyte can be present 1n any space between a
separator that 1s adjacent to an electrode or another separator.
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[0063] As used herein, “unitary structure” refers to a struc-
ture that includes one or more elements that are concurrently
or almost concurrently processed to form the structure. One
noteworthy characteristic of many unitary structures 1s the
presence of two domains at the interface between two ele-
ments. For example, an electrochemical cell separator that 1s
a unitary structure 1s one 1 which all of the separator ingre-
dients or starting materials concurrently undergo a process
(other than mechanical combination) that combines them and
forms a single separator. For instance, a separator that
includes a plurality of layers that are formed by coextruding
the starting materials from a plurality of sources generates a
unitary structure, wherein the interface between layers
includes domains of each layer that terminates at the inter-
face. This unitary structure 1s not equivalent to a separator that
includes a plurality of layers that are each individually formed
and mechanically stacked to form a multi-layered separator.

[0064] The interface between layers 1n a unitary structure
contains domains of each layer that joins at the interface, such
that the interface comprises both layers simultaneously. This
property 1s characteristic of unitary structures.

[0065] As used herein “dendrite-resistant™ refers to a sepa-
rator that reduces the formation of dendrites 1n an electro-
chemical cell of an alkaline battery under normal operating
conditions, 1.e., when the batteries are stored and used 1n
temperatures from about —20° C. to about 70° C., and are not
overcharged or charged above their rated capacity and/or 1s
substantially stable in the presence of an alkaline electrolyte,
and/or 1s substantially stable 1n the presence of a reducing
agent (e.g., an anode comprising zinc). In some examples, a
dendrite-resistant separator inhibits transport and/or chemi-
cal reduction of metal 10mns.

II. SEPARATORS

[0066] Separators of the present mnvention comprise a uni-
tary structure formed from at least two strata or layers. The
separator can include layers wherein each layer comprises the
same material, or each layer comprises a different material;
or, the strata are layered to provide layers of the same material
and at least on layer of another material. In several embodi-
ments, one stratum comprises an oxidation resistant material,
and the remaining stratum comprises a dendrite resistant
material. In other embodiments, at least one layer comprises
an oxidation-resistant material, or at least one layer comprises
a dendrite-resistant material. The unitary structure 1s formed
when the material comprising one layer (e.g., an oxidation-
resistant maternal ) 1s coextruded with the material comprising
another layer (e.g., a dendrite resistant material or oxidation-
resistant material ). In several embodiments, the unitary sepa-
rator 1s formed from the coextrusion of oxidation-resistant
material with dendrite-resistant material.

[0067] In several embodiments, the oxidation-resistant
material comprises a polyether polymer mixture and the den-
drite resistant material comprises a PVA polymer mixture. In
another example, the dendrite-resistant separator layer for use
in a multi-functional separator for an alkaline zinc-silver
oxide battery comprises a cross-linked polyvinyl alcohol
(PVA) film deposited from a PVA solution comprising a
cross-linking agent and a polyvinyl alcohol precursor poly-
mer, which can be linear or branched and can be unsubstituted
or substituted. In several examples, the PVA precursor poly-
mer 1s at least 80% hydrolyzed and has an average molecular

weight 1n the range from 150,000 to 190,000.
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[0068] It 1s noted that separators useful 1n electrochemical
cells can be configured 1n any suitable way such that the
separator 1s substantially inert in the presence of the anode,
cathode and electrolyte of the electrochemical cell. For
example, a separator for a rectangular battery electrode can be
in the form of a sheet or film comparable 1n size or slightly
larger than the electrode, and can simply be placed on the
clectrode or can be sealed around the edges. The edges of the
separator can be sealed to the electrode, an electrode current
collector, a battery case, or another separator sheet or film on
the backside of the electrode via an adhesive sealant, a gasket,
or Tusion (heat sealing) of the separator or another material.
The separator can also be in the form of a sheet or film
wrapped and folded around the electrode to form a single
layer (front and back), an overlapping layer, or multiple lay-
ers. For a cylindrical battery, the separator can be spirally
wound with the electrodes 1n a jelly-roll configuration. Typi-
cally, the separator 1s included 1n an electrode stack compris-
ing a plurality of separators. The oxidation-resistant separator
of the invention can be incorporated 1n a battery 1n any suit-
able configuration.

[0069] In many embodiments, separators of the present
invention comprise active separator layers formulated from
an 10nic conducting polymer material (polyvinyl alcohol or
polyethylene oxide, for example) and can include a metallic
oxide filler material (zirconium oxide, titanium oxide or alu-
minum oxide, for example). Although not wishing to be lim-
ited by theory, 1t 1s theorized that the filler material impedes
transport of detrimental 1ons (silver and zinc 1ons 1n zinc-
silver oxide battery). Active separator layers can also include
a conductivity enhancer (1norganic or organic), a surfactant,
and/or a plasticizer.

[0070] The mvention provides a multi-functional battery
separator comprising a plurality of active separator layers that
form a multilayered unmitary structure. Each of the active
separator layers 1s deposited from a separate solution or mix-
ture. In some embodiments, each solution or mixture has a
different composition. In others, at least two of the separate
mixtures or solutions have about the same composition.

[0071] In one embodiment, at least two of the active sepa-
rator layers are simultaneously deposited wet by the cascade
coating method, either as a free-standing multi-functional
separator or as multi-functional coatings on a porous sub-
strate film. In this case, physical, electrical and morphological
changes associated with the polymer drying out process are
avolded or minimized. In another embodiment, at least one of
the active separator layers 1s deposited as a free-standing film
and at least one other active separator layer 1s deposited
thereupon.

[0072] The multi-functional separator of the invention can
turther comprise a porous or nonporous substrate film, on
which at least one of the active separator layers 1s deposited.
In this case, the multi-functional separator can comprise a
multiplex film on one side of a porous substrate, or separate
films or multiplex films on opposite sides of a porous sub-
strate. The mvention also provides a process for fabricating
the multi-functional battery separator.

[0073] FIG. 1 depicts a cross-sectional view of a bi-func-
tional separator 100 comprising two active separator coatings
101 and 102 deposited on opposite sides of an inert porous
substrate film 105 according to the mnvention. Active materi-
als 103 and 104 from coatings 101 and 102, respectively, have
tully penetrated within the pores of substrate film 105. At
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least some penetration of active materials 103 and 104 within
the pores of substrate film 105 1s preferred but can be less than
tull penetration.

[0074] Active separator layers for the multi-functional
separator of the invention can be applied by any suitable
method. Methods for forming free-standing multi-functional
separators or for applying separator layer coatings to a porous
substrate include those selected from the group consisting of
pouring, spreading, casting, pressing, backfilling, dipping,
spraying, rolling, laminating, extruding, and combinations
thereof.

[0075] In one embodiment, the method of forming the
multi-functional separator of the ivention 1s the cascade
coating method, which can be used to form free-standing
multi-functional separators, or to apply multiple active sepa-
rator layers to a porous substrate film. In the cascade coating
method, liquid or gelled solutions, each containing the con-
stituents of a given layer, are co-extruded 1n sheets that tlow
together to simultaneously form the multi-layered structure.

[0076] FIG. 2 depicts across-sectional view of a one exem-
plary cascade coating apparatus 200 for producing a free-
standing multi-layered film comprising two wet layers. Solu-
tion 201 contained in reservoir 203 1s flowed through slot 2035
and forms film 207, while solution 202 contained in reservoir
204 1s tflowed through slot 206 and forms film 208 disposed
upon {1lm 207. Solutions 201 and 202 can be caused to tlow by
any suitable means, including gravity (as shown), gas pres-
sure, or a pump (not shown). The extrusion rate (adjusted via
solution viscosity and flow pressure) and solvent evaporation
rate (adjusted via solution composition, temperature and
humidity) are optimized to provide solid or semi-solid films
of a desired consistency and wetness. As those 1n the art will
appreciate, this apparatus can be readily expanded to form
multi-functional separators having more than two layers.

[0077] Inter-diffusion and intermixing of the components
of films 207 and 208 can be mimimized by adjusting the
solution viscosities, extrusion rates and solvent evaporation
rates, and by applying heat to the extruded multi-layered film
via radiant heating or forced convection heating. Alternative
solvents and surfactant additives for solutions 201 and 202
can also be used to render one adjacent separator layer hydro-
phobic and the other adjacent layer hydrophilic. Polar surfac-
tants having a hydrophobic head and a hydrophilic tail can be
especially efficacious

[0078] FIG. 3 depicts a cross-sectional view of a cascade
coating apparatus 300 adapted to provide active separator
layers on both sides of a porous substrate film. Solution 301
contained 1n reservoir 303 i1s flowed through slot 305 and
forms active separator 1ilm 307, while solution 302 contained
in reservolr 304 1s flowed through slot 306 and forms active
separator film 308, wherein both active separator film 307 and
active separator film 308 are disposed on porous substrate
film 309 as it passes between the openings in slots 303 and
306. Porous substrate film 309 can be conveyed via rollers
310a-d of a conveyor. Active separator films 307 and 308 can
penetrate 1mto pores in porous substrate film partially (as
shown) or fully.

[0079] One exemplary separator of the present invention
includes 3 layers. For instance a first layer 1s a hydrophilic
polymer dense film system. This system can be prepared by
co-extruding an aqueous polymer solution onto a second
layer. The aqueous polymer solution can be prepared by dis-
solving the polymer in water at 5-20 wt %. Exemplary poly-
mers include polyethylene oxide, polyethylene glycol, poly-




US 2011/0123850 Al

vinyl alcohol, or polyvinyl alcohol copolymers. Polymer
formulations can optionally include inert fillers, 10n exchang-
ing fillers, soluble fillers, plasticizers, extractable (immis-
cible) phase segregating liquids and copolymers with both

hydrophobic and hydrophilic sub units, 1.e., PEO-PMMA
copolymers.

[0080] The second layer of this exemplary separator can be
a hydrophilic composite film system. This system can be
prepared by co-extruding an aqueous composite mixture
between the first layer and a third layer. The aqueous com-
posite mixture can be prepared by dispersing metal oxide
particles 1n an aqueous polymer solution. In one example, the
metal oxide particles are zirconium dioxide, titanium dioxide,
or combinations thereol. Exemplary polymers usetul for this
second layer include polyethylene oxide, polyethylene gly-
col, polyvinyl alcohol, or polyvinyl alcohol copolymers. The
solid concentration of the aqueous composite mixture ranges
from 10 to 40 wt %. The metal oxide particles to polymer
weilght ratio ranges from 0.5 to 3. The formulation can also
have 1nert fillers, 1on exchanging fillers, soluble fillers, plas-
ticizers, extractable (1immiscible) phase segregating liquids
and copolymers with both hydrophobic and hydrophilic sub
units, 1.e., PEO-PMMA copolymers.

[0081] Also, 1nthis exemplary separator a third later can be
a hydrophilic polymer dense film system. One exemplary
system 1s prepared by co-extruding an aqueous polymer solu-
tion between the second layer and an optional substrate. The
aqueous polymer solution can be prepared by dissolving the
polymer in water at 5-20 weight percent. The polymer can
consist of polyethylene oxide, polyethylene glycol, polyvinyl
alcohol or polyvinyl alcohol copolymers. The formulation
can also have inert fillers, 1on exchanging fillers, soluble
fillers, plasticizers, extractable (1immiscible) phase segregat-
ing liquids and copolymers with both hydrophobic and
hydrophilic sub units, 1.e., PEO-PMMA copolymers.

[0082] In several layered separators of the present mven-
tion, the layers can have the same composition or different
compositions. For instance, in three layered separator
described above, two of the layers can include the same
composition, or each of the three layers can comprise differ-
ent compositions. The only restrictions on the layer order are
that they can not mix after co-extrusion but betfore they dry.

[0083] Exemplary processing conditions for the exemplary

3-layer separator system 1s prepared by simultaneously co-
extruding 3 individual aqueous mixtures onto a carrier sub-
strate using a triple-layer slot die. The cast 3-layer film 1s
dried at about 180 degrees Celsius 1n an 18-foot convection
oven under about 1 foot per minute line speed. The die gaps
are set 1n various combinations to achieve a total dried film
thickness of about 50 to 150 micrometers.

[0084] Exemplary materials for the substrate include
polypropylene, hydrophilic non-woven polyolefins, polyes-
ters, polyamides, pertluorinated polymers, or polysuliones.
[0085] The 3-layered separators described above are rela-
tively environmentally friendly. The use of other solvents 1s
possible and some times pretferred as when you want to pre-
pare a layer by phase mnversion. An example would be PVDEF:
HFP 1n acetone when coextruded with an aqueous layer
would cause the PVDF:HFP to exit the solution in a highly
porous network.

[0086] The multi-functional separator of the invention can
be used with any battery, comprising any electrolyte, any
anode and any cathode. The invention 1s especially suitable
for use 1n an alkaline storage battery comprising a zinc anode
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and a silver oxide cathode, but can be used with other anodes
and other cathodes. The invention can be used with anodes
comprising zinc, cadmium or mercury, or mixtures thereot,
for example, and with cathodes comprising silver oxide,
nickel oxide, cobalt oxide or manganese oxide, or mixtures
thereof, for example.

[0087] A. Polyether Polymer Matenal

[0088] Inseveral embodiments of the present invention the
oxidation-resistant layer of the separator comprises a poly-
cther polymer material that 1s coextruded with a dendrite-
resistant material. The polyether material can comprise poly-
cthylene oxide (PEQO) or polypropylene oxide (PPO), or a
copolymer or a mixture thereof. The polyether matenal can
also be copolymerized or mixed with one or more other
polymer materials, polyethylene, polypropylene and/or poly-
tetrafluoroethylene (PTFE), for example. In some embodi-
ments, the PE material 1s capable of forming a free-standing
polyether film when extruded alone, or can form a free stand-
ing film when coextruded with a dendrite-resistant materal.
Furthermore, the polyether maternial 1s substantially inert 1n
the alkaline battery electrolyte and 1n the presence of silver
101S.

[0089] In alternative embodiments, the oxidation resistant
material comprises a PE mixture that optionally includes
zirconium oxide powder. Without intending to be limited by
theory, 1t 1s theorized that the zirconium oxide powder inhib-
its silver 1on transport by forming a surface complex with
silver 1ons. The term “zirconium oxide” encompasses any
oxide of zirconium, including zircomum dioxide and yttria-
stabilized zirconium oxide. The zircomum oxide powder 1s
dispersed throughout the PE material so as to provide a sub-
stantially uniform silver complexation and a uniform barrier
to transport of silver 10ons. In several embodiments, the aver-
age particle size of the zirconium oxide powder 1s 1n the range
from about 1 nm to about 5000 nm, e.g., from about 5 nm to
about 100 nm.

[0090] Inother embodiments, the oxidation-resistant mate-
rial further comprises an optional conductivity enhancer. The
conductivity enhancer can comprise an morganic compound,
potassium titanate, for example, or an organic material. Titan-
ates of other alkali metals than potassium can be used. Suit-
able organic conductivity enhancing materials 1include
organic sulfonates and carboxylates. Such organic com-
pounds of sulfonic and carboxylic acids, which can be used
singly or 1n combination, comprise a wide range of polymer
materials that can include salts formed with a wide vanety of
electropositive cations, K*, Na*, Li*, Pb**, Ag*, NH4*, Ba*~,
Sr+?, Mg*?, Ca** or anilinium, for example. These com-
pounds also include commercial pertluorinated sulfonic acid
polymer materials, Nafion® and Flemion®, for example. The
conductivity enhancer can include a sulfonate or carboxylate
copolymer, with polyvinyl alcohol, for example, or apolymer
having a 2-acrylamido-2-methyl propanyl as a functional

group. A combination of one or more conductivity enhancing
materials can be used.

[0091] Oxadation-resistant material that 1s coextruded to
form a separator of the present invention can comprise from
about 5 wt % to about 95 wt % (e.g., from about 20 wt % to
about 60 wt %, or from about 30 wt % to about 50 wt %) of
zirconium oxide and/or conductivity enhancer.

[0092] Oxidation-resistant materials can also comprise
additives such as surfactants that improve dispersion of the
zircommum oxide powder by preventing agglomeration of
small particles. Any suitable surfactant can be used, including
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one or more anionic, cationic, non-ionic, ampholytic, ampho-
teric and zwitterionic surfactants, and mixtures thereof. In
one embodiment, the separator comprises an anionic surfac-
tant. For example, the separator comprises an anionic suriac-
tant, and the anionic surfactant comprises a salt of sulfate, a
salt of sulfonate, a salt of carboxylate, or a salt of sarcosinate.
One useful surfactant comprises p-(1,1,3,3-tetramethylbu-

tyl)-phenyl ether, which 1s commercially available under the
trade name Triton X-100 from Rohm and Haas.

[0093] In several embodiments, the oxidation-resistant
material comprises from about 0.01 wt % to about 1 wt % of
surfactant.

[0094] In another embodiment, the oxidation-resistant
separator layer comprises a polyether (PE) film deposited
from a PE solution comprising a polyether polymer that can
be linear or branched and can be unsubstituted or substituted.
For example, the polyether polymer comprises a linear or
branched polyethylene oxide (PEO) or polypropylene oxide
(PPO), or a copolymer or a mixture thereof. The polyether
material can comprise a copolymer or a mixture of the poly-
cther polymer with one or more polymer materials other than
a polyether, for example, polyethylene, polypropylene,
polyphenylene oxide, polysulione, acrylonitrile butadiene
styrene (ABS), or polytetrafluoroethylene. Primary require-
ments are that the polyether film be substantially 1nert 1n the
alkaline battery electrolyte and 1n the presence of silver 10ns.
Another exemplary polyether polymer 1s polyethylene oxide
such as those having an average molecular weight 1n the range
0.5 to 5.0 million.

[0095] The PE solution can also comprises a powder of a
metallic oxide, zirconium oxide, titanium oxide or aluminum
oxide, for example, as a filler to more effectively block trans-
port of silver 1ons. One exemplary metallic oxide filler 1s
zircontum oxide, which 1s thought to 1nhibits silver 10n trans-
port by forming a surface complex with silver 1ons. In several
examples, the powder of zirconium oxide (or other metallic
oxide) 1s well dispersed throughout the PE film so as to
provide a uniform barrier to transport of silver ions. The
average particle size of the zircomum oxide powder (or other
metallic oxide powder) should be 1n the range from 1 to S000
nm, preferably in the range from 5 to 200 nm. Zirconium
oxide filler tends to increase the 1onic conductivity of the
oxidation-resistant separator layer.

[0096] In one embodiment, the concentrations in weight

percent of the components 1n a the PE solution are within the
ranges: 87 to 95% water; 2 to 6% polyethylene oxide (PE
polymer); 2 to 6% vttria-stabilized zirconium oxide (filler);
0.2 to 1.5% potassium titanate (conductivity enhancer); and
0.08 to 0.2% Triton X-100 (surfactant). These ranges can be
adjusted for different PE polymers, fillers, conductivity

enhancers, and surfactants.
[0097] B. Polyvinyl Polymer Material

[0098] Inseveral embodiments of the present invention the
dendrite-resistant stratum of the separator comprises a poly-
vinyl polymer material that 1s coextruded with the oxidation-
resistant material. In several embodiments, the PVA material
comprises a cross-linked polyvinyl alcohol polymer and a
cross-linking agent.

[0099] In several embodiments, the cross-linked polyvinyl
alcohol polymer 1s a copolymer. For example, the cross-
linked PVA polymer 1s a copolymer comprising a {irst mono-
mer, PVA, and a second monomer. In some instances, the
PVA polymer 1s a copolymer comprising at least 60 mole
percent of PVA and a second monomer. In other examples, the
second monomer comprises vinyl acetate, ethylene, vinyl
butyral, or any combination thereof.
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[0100] PVA matenal useful in separators of the present
invention also comprise a cross-linking agent in a sufficient
quantity as to render the separator substantially insoluble 1n
water. In several embodiments, the cross-linking agent used
in the separators of the present invention comprises a monoal-
dehyde (e.g., formaldehyde or glyoxilic acid); aliphatic, turyl
or aryl dialdehydes (e.g., glutaraldehyde, 2,6 furyldialdehyde
or terephthaldehyde); dicarboxylic acids (e.g., oxalic acid or
succinic acid); polyisocyanates; methylolmelamine; copoly-
mers of styrene and maleic anhydride; germaic acid and its
salts; boron compounds (e.g., boron oxide, boric acid or 1ts
salts; or metaboric acid or 1ts salts); or salts of copper, zinc,
aluminum or titanium. For example, the cross-linking agent
comprises boric acid.

[0101] In another embodiment, the PVA material option-
ally comprises zirconium oxide powder. In several embodi-
ments, the PVA material comprises from about 1 wt % to
about 99 wt % (e.g., from about 2 wt % to about 98 wt %, from
about 20 wt % to about 60 wt %, or from about 30 wt % to
about 50 wt %).

[0102] In many embodiments, the dendrite-resistant strata
of the separator of the present invention comprises a reduced
ionic conductivity. For example, 1n several embodiments, the
separator comprises an 10nic¢ resistance of less than about 20
mQQ/cm?, (e.g., less than about 10 m€/cm?, less than about 5
m&/cm?, or less than about 4 mQ/cm?).

[0103] The PVA material that forms the dendrite-resistant
stratum of the separator of the present invention can option-
ally comprise any suitable additives such as a conductivity
enhancer, a surfactant, a plasticizer, or the like.

[0104] In some embodiments, the PVA material further
comprises a conductivity enhancer. For example, the PVA
material comprises a cross-linked polyvinyl alcohol polymer,
a zirconium oxide powder, and a conductivity enhancer. The
conductivity enhancer comprises a copolymer of polyvinyl
alcohol and a hydroxyl-conducting polymer. Suitable
hydroxyl-conducting polymers have functional groups that
facilitate migration of hydroxyl 1ons. In some examples, the
hydroxyl-conducting polymer comprises polyacrylate, poly-
lactone, polysulionate, polycarboxylate, polysuliate,
polysarconate, polyamide, polyamidosulfonate, or any com-
bination thereof. A solution containing a copolymer of a
polyvinyl alcohol and a polylactone 1s sold commercially
under the trade name Vytek® polymer by Celanese, Inc. In
several examples, the separator comprises from about 1 wt %
to about 10 wt % of conductivity enhancer.

[0105] In other embodiments, the PVA material further
comprises a surfactant. For example, the separator comprises
a cross-linked polyvinyl alcohol polymer, a zirconium oxide
powder, and a surfactant. The surfactant comprises one or
more surfactants selected from an anionic surfactant, a cat-
ionic surfactant, a nonionic surfactant, an ampholytic surfac-
tant, an amphoteric surfactant, and a zwitterionic surfactant.
Such surfactants are commercially available. In several
examples, the PVA material comprises from about 0.01 wt %
to about 1 wt % of surfactant.

[0106] In several embodiments, the dendrite-resistant stra-
tum further comprises a plasticizer. For example, the den-
drite-resistant stratum comprises a cross-linked polyvinyl
alcohol polymer, a zircontum oxide powder, and a plasticizer.
The plasticizer comprises one or more plasticizers selected
from glycerin, low-molecular-weight polyethylene glycols,
aminoalcohols, polypropylene glycols, 1,3 pentanediol
branched analogs, 1,3 pentanediol, and/or water. For
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example, the plasticizer comprises greater than about 1 wt %
of glycerin, low-molecular-weight polyethylene glycols,
aminoalcohols, polypropylene glycols, 1,3 pentanediol
branched analogs, 1,3 pentanediol, or any combination
thereot, and less than 99 wt % of water. In other examples, the
plasticizer comprises from about 1 wt % to about 10 wt % of
glycerin, low-molecular-weight polyethylene glycols, ami-
noalcohols, polypropylene glycols, 1,3 pentanediol branched
analogs, 1,3 pentanediol, or any combination thereof, and
from about 99 wt % to about 90 wt % of water.

[0107] In some embodiments, the separator of the present
invention further comprises a plasticizer. In other examples,
the plasticizer comprises glycerin, a low-molecular-weight
polyethylene glycol, an aminoalcohol, a polypropylene gly-
cols, a 1,3 pentanediol branched analog, 1,3 pentanediol, or
combinations thereot, and/or water.

[0108] The cross-linked polyvinyl alcohol polymer can be
a copolymer comprising a copolymerized polymer and at
least 60 mole percent polyvinyl alcohol. The copolymer 1s
formed by including the monomer of the copolymerized
polymer 1n the PVA solution. Suitable monomers for forming
a PVA copolymer include vinyl acetate, ethylene, vinyl
butyral, and mixtures thereof.

[0109] Cross-linking 1s necessary to render the polyvinyl
alcohol polymer insoluble in water. Suitable cross-linking
agents that can be added to the PVA solution to effect cross-
linking of the polyvinyl alcohol precursor polymer include
monoaldehydes (formaldehyde and glyoxilic acid, ifor

example), aliphatic, furyl or aryl dialdehydes (glutaralde-
hyde, 2,6 1furyldialdehyde and terephthaldehyde, ifor

example), dicarboxylic acids (oxalic acid and succinic acid,
for example), polyisocyanates, methylolmelamine, copoly-
mers of styrene and maleic anhydride, germaic acid and its
salts, boron, compounds (boron oxide, boric acid and its salts,
and metaboric acid and its salts, for example), and salts of
copper, zinc, aluminum and titanium. A preferred cross-link-
ing agent 1s boric acid.

[0110] Inapreferred embodiment, the PVA solution further
comprises a powder of an insoluble metallic oxide, zirconium
oxide, titanium oxide or aluminum oxide, for example, as a
filler material to more effectively block transport of silver and
zinc 1ons and suppress growth of zinc dendrites. A preferred
filler material 1s zirconium oxide powder, as described 1n
paragraph [0034] for the oxidation-resistant separator layer.

[0111] In one embodiment, the concentrations 1n weight
percent of the components 1n a PVA solution are 95% water,
3.1% polyvinyl alcohol (average molecular weight of 150,
000), 1.9% zirconium oxide (ZrO, of 0.6 um average particle
s1ze), and 0.06% boric acid.

[0112] C. PolySulifonic Acid (PSA) Polymer Maternal

[0113] In another aspect, the present mnvention provides a
multilayered battery separator for use in an alkaline electro-
chemical cell. The separator includes a PSA polymer mate-
rial.

[0114] It 1s noted that in multilayered separators of the
present invention, the layers can be stacked in any order.

[0115] The PSA polymer material comprises PSA, which
can be present as a PSA homopolymer, a PSA copolymer

(e.g., a block copolymer, a random copolymer, an alternating
copolymer, or the like), or a mixture of PSA homopolymer or
a PSA copolymer and another polymer or copolymer.

[0116] In several embodiments, the PSA polymer material
comprises a mixture of PSA (e.g., polystyrene sulfonic acid
(PSS) or other polysulfonic acid of formula I) homopolymer
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or a PSA copolymer and another polymer or copolymer. For
example, the PSA polymer material comprises a mixture of
PSA (e.g., polystyrene sulfonic acid or other polysulfonic
acid of formula I) and polyacrylic acid (e.g., polymethy-
lacrylic acid, acrylic acid grafted fluorinated polymer, or the
like), acrylic acid copolymer, polyacrylamide, acrylamide
copolymer, polyvinyl amine, vinyl amine copolymer, maleic
acid copolymer, maleic anhydride copolymer, polyvinyl
cther, vinyl ether copolymer, polyethylene glycol, ethylene
glycol copolymer, polypropylene glycol, polypropylene gly-
col copolymer, sulfonated polysulione, sulfonated polyether-
sulfone, sulfonated polyetheretherketone, polyallyl ether
(e.g., polyvinyl ethet), polydivinylbenzene, or triallyltriazine.
[0117] In other embodiments, the PSA polymer material
comprises polystyrene sulfonic acid homopolymer.

[0118] PSA polymer material can also comprise one or
more optional additives such as surtactants, plasticizers, fill-
ers, combinations thereof, or the like, such as those described
above.

[0119] D. Quaternary Ammonium Polymers

[0120] The multilayer separator may also include a quater-
nary ammonium polymer. A quaternary ammonium polymer
includes any polymer including a quaternary nitrogen.
Examples of quaternary ammonium polymers include, but
are not limited, poly[(2-ethyldimethylammonioethyl meth-
acrylate ethyl sulfate)-co-(1-vinylpyrrolidone)], a homopoly-
mer of poly(2-dimethylamino)ethyl methacrylate) methyl
chloride quaternary salt, poly(acrylamide-co-diallyldimethy-
lammonium chloride), homopolymer of Polymer3: poly(di-
allyldimethylammonium chloride), poly(dimethylamine-co-
epichlorohydrin-co-ethylenediamine) or mixtures thereof.
[0121] E. Optional Substrate

[0122] In alternative embodiments, the separator of the
present battery further comprises a substrate on which poly-
mer materials (e.g., oxidation-resistant material and/or den-
drite-resistant material) are coextruded. In some examples,
the separate polymer materials are coextruded onto a single
surface of the substrate. In other examples, the polymer mate-
rials are coextruded onto opposing surfaces of the substrate
such that at least two strata forming the separator are sepa-
rated by the substrate.

[0123] Substrates usetul in these novel separators can com-
prise any suitable matenal that 1s substantially inert in an
alkaline electrochemical cell. In several embodiments, the
substrate 1s a woven or non-woven sheet. In other embodi-
ments, the substrate 1s a non-woven sheet.

[0124] The substrate film can comprise any suitable
organic polymer or morganic material that 1s electronically
insulating, provides suilicient structural integrity, and 1is
chemically and electrochemically stable in concentrated
alkaline solutions. Some suitable organic polymer materials
comprise polyolefins (polyethylene or polypropylene, for
example), polyethers (polyethylene oxide and polypropylene
oxide, for example), polyfluorocarbons (polytetratfluoroeth-
ylene, for example), polyamides (nylon, for example),
polysuliones (Udel® sold by Solvay, for example), poly-
cthersulfones (Radel® sold by Solvay, for example), poly-
acrylates, polymethacrylates, polystyrenes, and mixtures, co-
polymers and substituted polymers thereof. Porous films of
commercial blended polymers, ABS (acrylonitrile butadiene
styrene) or EPDM (ethylene-propylene-diene terpolymer),
for example, can be used. Suitable norganic materials
include metallic oxides, including aluminum oxide, titanium
oxide, zirconmium oxide, yttria-stabilized zirconium oxide,
and mixtures thereol, and metallic nitrides, including tita-
nium nitride, aluminum nitride, zirconium nitride, and mix-
tures thereof.
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[0125] As mentioned above, separators of the present
invention can include any number of layers and can have any
thickness; however, due to special considerations of electro-
chemical cell housings, it 1s desired to maximize the number
of layers of the separator and minimize the overall thickness
of the separator.

[0126] In many embodiments, the separator comprises a
total thickness of less than 200 microns (e.g., less than 150
microns or less than 100 microns). In other embodiments, the
separator comprises from 2 to 20 layers (e.g., from 2 to 15
layers, from 2 to 10 layers, or from 2 to 5 layers. In other
examples, the separator has a total thickness of less than 200
microns and comprises from about 2 to about 20 layers.

[II. CO-EXTRUDED SEPARATOR PROPERTIES

[0127] As described herein, the invention provides a multi-
functional battery separator comprising two or more active
separator layers deposited from different polymer solutions
to form a multilayered unitary structure comprising a free-
standing film, a multiplex film on one side of a porous sub-
strate, or separate films or multiplex films on opposite sides of
a porous substrate. The separator can be fashioned to resist
both oxidation and dendrite formation.

[0128] In one embodiment, a separator providing resis-
tance to both oxidation and dendrite formation may posses
three basic properties (three primary properties): 10n1C resis-
tance acceptable for the application (<0.5 €/cm2 for high
discharge rate applications or <10 £/cm2 for low discharge
rate applications), high electrical resistance (>10 k€2/cm?2),
and wet tensile strength (>0.1 1bf). In other embodiments,
additional properties of the separator (secondary properties),
such as chemical resistance, diflerential atfimity for different
ions present in the cell, sequestration of certain chemical
species present in the electrolyte, or layers or surfaces that are
more compliant or gel like, may be usetul. However, many of
the materials that impart these properties oiten diminish one
or more of the three primary properties. For example, there
are many materials with specialized chemical resistance that
also possesses high 1onic resistivity or materials with very low
1onic resistance that exhibit poor tensile strength. The current
invention allows for materials with chemical resistance but
high 1onic resistance to be combined 1n a thin layer with a
thicker layer that provides low 1onic resistance but offers
poorer chemical resistance thus producing a multilayer com-
posite that meets both the three primary separator require-
ments and secondary chemical resistance requirements.
Similarly, materials with very low 1onic resistance but low
tensile strength can be combined 1n a thick layer with a thin
layer that provide good tensile strength but offer higher 10nic
resistance thus also producing a multilayer composite that
meets both the three primary separator requirements and sec-

ondary chemical resistance requirements.

[0129] When designing a multi-layered separator of this
invention to satisly the primary properties, there are three
expressions that need to be satisfied by the composite multi-
layer membranes.

[0130] For 1onic resistance the following equation must be
satisfied

Rz %; pil;
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R 1s the 1onic resistance specification for the film as deter-
mined by the application requirements using the following
equation R=V/I a where V 1s the maximum voltage drop
suitable for the application at the maximum drain rate of the
applicationI and *“a” 1s the area of the cell. “A” 1s the total area
of the test sample typically 1 cm? if R is to be expressed in
units of Q/cm”. “n” is the number of layers which is greater
than or equal to two, p, 1s the 10nic resistivity (units of chm
cm) of the i” layer in the composite and t, is the thickness of
the i” layer.

[0131] For clectrical resistance the following equation

must be satisfied

n=2

Relec = %; ril;

R, . 1s the electrical resistance specification for the film as
determined by the application requirements using the follow-
ing equation R, =V _,,/l ..a where V_;, 1s the cell open
circuit voltage, I, .1s the maximum self discharge rate for the
application and “a” 1s the area of the cell. “A” 1s the total area
of the test sample typically 1 cm” if R is to be expressed in
units of /cm”. “n” is the number of layers which is greater
than or equal to two, r, 1s the electrical resistivity (units of ohm
cm) of the i”” layer in the composite and t, is the thickness of

the i” layer.

[0132] For tensile strength the following equation must be
satisfied

S = LZ o1
i=1

S 1s the total Newtons of force per length of film normal to the
torce (L) at break. “n” 1s the number of layers which 1s greater
than or equal to two, 0, 1s the tensile strength (units of New-
tons per cm?) of the i’ layer in the composite and t, is the
thickness of the i” layer.

[0133] In other embodiments, the multilayer separators of
this invention also provide advantages for electrode shape
change. Many electrodes produce soluble species that can
migrate and precipitate in parts of the cell that are not proxi-
mal to the electrode. This 1s one factor that drives shape
change 1n zinc electrode for example. Silver electrodes also
have soluble intermediaries that 1f allowed to freely migrate
away from the silver electrode the severely limit the cycle life
of the cell. Multilayer separators that satisiy the three primary
separator requirements that also further satisty specific trans-
port properties can greatly reduce migration of soluble elec-
trode species. The relative transport properties of the indi-
vidual layers of the multilayer separators are derived as a time
dependent, transient, diffusion problem. For this problem, 1t
1s possible to set up a situation where the concentration dii-
fusing 10n at the boundary between two layers makes discon-
tinues steps 1n concentration. A concentration step between
two layers apparently violates Fick’s Second Law of diffu-
sion. However, Fick’s Second Law 1s a generalization where
concentration 1s the main driving force for diffusion [A. N.
Malakhov and A. L. Mladentsev, “Nonstationary Diffusion in
a Multiphase Medium”, Radiophysics and Quantum Elec-
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tronics, Vol. 33, p 38-46, 1993]. In the more general expres-
sion the gradient in electrochemical potential 1s the driving
force for diffusion. A generalized form for this equation 1s

de(x, 1) B 4, dulx, 1)
ar ﬂ[D % ]
[0134] Where C(x,t) 1s the concentration of the diffusing

species at position X and at time t, D 1s the effective diffusion
(or diffusion/migration) constant and u(x,t) 1s the electro-
chemical potential of the diffusing species. The definition of
clectrochemical potential 1s given by the following equation

u=p°+R7 In(a)+z D

Where u° 1s the chemical potential at the reference conditions,
R 1s the 1deal gas constant and T the absolute temperature, “a”
1s the activity of the diffusing species, z 1s the charge on the
ion, F 1s Faraday’s constant, and ® 1s the electrostatic poten-
tial. The following common approximate expression for
activity

a=yC

Where v 1s the activity coeflicient and C the concentration of
diffusing species. For two layers of separator the electro-
chemical potential and therefore the activity, neglecting the
electric field, across the interface should be continuous. In the
case for small electric field difference between the two layers
setting the activities equal across the interface give this equa-
tion where the 1 and 2 refer to the first layer and second layer
of the separator.

n_c
y2 Cp
[0135] This last equation implies that to produce a 10%

discontinuity in concentration across the interface, the activ-
ity coetlicients of the diffusing species need to differ by 10%.
Activity differences greater than or equal to 10% are desired
to produce beneficial discontinuities 1n concentration. Some
dendrite forming materials may see benefits from disconti-
nuities less than 10% where others may require discontinui-
ties more than 10%.

[0136] Multilayer separators can also provide advantages
for dendrite penetration resistance. Examples of materials
that form metallic dendrites are zinc, silver, copper, lithium,
and bismuth.

[0137] Dendrite penetration 1s a major cause of early cycle
life failure for many chemistries of electrochemical cells.
[0138] Co-extruded multilayer separators of this invention
help to decrease dendrite penetration. The estimation of the
maximum velocity of a growing dendrite 1s

"F’Dc,, |
VF?‘IGI -
- SYRT

Where F 1s Faraday’s constant, R 1s the 1deal gas constant, tis
the absolute temperature and 1s the overpotential. v 1s the
surface energy of the dendrite material, D 1s the effective
diffusion (or diffusion/migration) constant of the 1on plating
to form the dendrite and C__ 1s the concentration of 10n around
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the dendrite tip. This expression holds for a dendrite growing
in an 1sotropic medium. When the dendrite approaches the
boundary between two layers of separator where the second
layer has either a lower effective diffusion (or diffusion/mi-
gration) constant for the plating species or lower concentra-
tion of the plating species the plating rate in the dendrite
growth direction (z-direction) decreases by the proportional
amount. This causes the dendrite to grow faster in the direc-
tions perpendicular to the previous direction of growth (X,y-
direction) thus blunting the dendrnite and causing 1t to grow
parallel to the layer interface. In some embodiments, multi-
layer separator of this invention which resist dendrite growth
possess the following property: the product of D C_ 1n a first
layer 1s at least 20% different from the productof D C_, 1n an
adjacent second layer. At lower overportentials and with
materials with higher surface energies the step 1n the product
DC_, could be less than 20% between two layers to slow
dendrite penetration.

IV. ELECIROCHEMICAL CELLS

[0139] Another aspect of the present invention provides an
clectrochemical cell comprising a cathode, an anode, an elec-
trolyte, and a separator, as described above. In electrochemi-
cal cells of the present invention, any suitable cathode, anode,
and electrolyte can be used.

[0140] A. Electrodes

[0141] Another aspect of the present invention provides
clectrochemical cells comprising an alkaline electrolyte, a
cathode, and an anode; wherein the cathode comprises a first
active material and a first binder material; the anode com-
prises a second active material and a second binder material.
In several examples, the first binder material, the second
binder material, or both comprises PVDF or PVDF copoly-
mer.

[0142] In several embodiments, the cathode comprises at
least 90 wt % of the first active material. For example, the
cathode comprises at least 90 wt % of an active material
selected from AgO, Ag,O, HgO, Hg,O, CuO, CdO, N1iOOH,
Pb,O,, PbO,, LiFePO,, L1,V,(PO,);, V0,5, V,O., Fe 0.,
Fe,O;, MnQO,, L1CoO,, LiN10O,, or LiMn,O,,.

[0143] In several examples, the active material of the cath-
ode comprises AgQO. In other examples, the AgO 1s doped
with up to 10 wt % of Pb. In several examples, the AgO 1s
doped with up to 5 wt % of Pb, or the AgO 1s doped with up
to S wt % of Pb and 1s coated with up to 5 wt % Pb. Other
suitable silver oxide-type active materials include Ag,O or
Ag,O;, which may be used 1n combination with AgO and/or
in combination with each other.

[0144] In several embodiments, a cathode comprises up to
about 10 wt % (e.g., up to about 6 wt %) of a binder material.
For 1nstance, the cathode comprises up to about 10 wt % of a
binder that comprises PVDF or PVDF copolymer. In other
examples, the binder material comprises a PVDF copolymer
such as PVDF-co-HFP copolymer. In several embodiments,
the PVDF-co-HFP copolymer has a mean molecular weight
of less than about 600,000 amu (e.g., less than about 500,000
amu, or about 400,000 amu).

[0145] In alternative embodiments, an anode useful 1n the
present electrochemical cells comprises at least 90 wt % of
the second active material. For instance, an anode comprises
at least about 90 wt % of an active material selected from Si,
Sn, Al, T1, Mg, Fe, B1, Zn, Sb, N1, Pb, L1, Zr, Hg, Cd, Cu, L1C,,
mischmetals, or oxides thereof. In several examples, the
anode comprises an active material comprising Zn or ZnQO.
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[0146] In several embodiments, the anode comprises up to
10 wt % of a binder material. For instance, the anode com-
prises up to 6 wt % of a binder material. In several examples,
the anode comprises binder material comprises up to 10 wt %
of a binder material comprising. PVDF or PVDF copolymer.
For instance, the binder material comprises a PVDF copoly-
mer such as PVDF-co-HFP copolymer. In other examples,
the PVDF-co-HFP copolymer has a mean molecular weight
of less than about 600,000 amu (e.g., less than about 500,000
amu, or about 400,000 amu).

[0147] B. Electrolytes

[0148] Electrochemical cells of the present invention com-
prise an alkaline electrolyte. In several embodiments, the
clectrolyte comprises NaOH or KOH. For instance, the elec-
trolyte can comprise aqueous NaOH or KOH, or NaOH or
KOH mixtures with liquids substantially free of water, such
as liquid polymers. Exemplary alkaline polymer electrolytes
include, without limitation, 90 wt % PEG-200 and 10 wt %
KOH, 350 wt % PEG-200 and 50 wt % KOH; PEG-dimethyl
cther that 1s saturated with KOH; PEG-dimethyl ether and 33
wt % KOH; PEG-dimethyl ether and 11 wt % KOH; and
PEG-dimet ’1y1 cther (mean molecular weight of 500 amu)
and 33 wt % KOH, that 1s further diluted to 11 wt % KOH with
PEG-dimethyl ether having a mean molecular weight of 200
amu.

[0149] Exemplary electrolytes include aqueous metal-hy-
droxides such as NaOH and/or KOH. Other exemplary elec-
trolytes include mixtures of a metal hydroxide and a polymer
that 1s liquid at a range of operating and/or storage tempera-
tures for the electrochemical cell mnto which 1t employed.

[0150] Inother embodiments, the electrolyte 1s an aqueous

mixture of NaOH or KOH having a concentration of at least 8
M.

[0151] Polymers usetul for formulating an electrolyte of
the present invention are also at least substantially miscible
with an alkaline agent. In one embodiment, the polymer 1s at
least substantially miscible with the alkaline agent over a
range of temperatures that at least includes the operating and
storage temperatures of the electrochemical device 1n which
the mixture 1s used. For example, the polymer 1s at least
substantially miscible, e.g., substantially miscible with the
alkaline agent at a temperature of at least —40° C. In other
examples, the polymer 1s liquid at a temperature of at least
-30° C. (e.g., atleast =20° C., at least —10° C., or from about
—-40° C. to about 70° C.). In another embodiment, the polymer
1s at least substantially miscible with the alkaline agent at a
temperature from about —20° C. to about 60° C. For example,
the polymer 1s at least substantially miscible with the alkaline
agent at a temperature of from about —10° C. to about 60° C.

[0152] In several embodiments, the polymer can combine
with the alkaline agent at a temperature 1n the range of tem-

peratures of the operation of the electrochemical device in
which 1s 1t stored to form a solution.

[0153] In one embodiment, the electrolyte comprises a
polymer of formula (I):

(D

Ry
o™
~
AT o
3
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wherein each of R, R, R;, and R, 1s independently (V,-Q); -
V,-Q,-V;-Q3),, each of V,, V,, and V;, 1s independently a
bond or —O—, each of Q,, Q,, and )5, 1s independently a
bond, hydrogen, or a C,_, linear unsubstituted alkyl, n 1s 1-5,
and p 1s a positive integer of sulficient value such that the
polymer of formula (I) has a total molecular weight of less
than 10,000 amu (e.g., less than about 5000 amu, less than
about 3000 amu, from about 50 amu to about 2000 amu, or
from about 100 amu to about 1000 amu) and an alkaline
agent.

[0154] In several embodiments, the polymer 1s straight or
branched. For example, the polymer 1s straight. In other
embodiments, R, 1s mndependently (V,-Q,-V,-Q,-V;-Q3), .
whereinnis 1, each ot V,, Q,, V,, Q,, and V; 1s a bond, and
QQ, 1s hydrogen. In some embodiments, R, 1s independently
(V,-Q,-V,-Q,-V;-Q;),, wheremnis 1, eachof V,, Q,, V
Q,, and V5, 1s a bond, and Q5 1s hydrogen. In other embodi-
ments, both of R; and R, are (V,-Q,-V,-Q,-V,-Q,) ,eachn
1s 1,eachofV,,Q,,V,,Q,,and V; 1s a bond, and each Q; 1s
hydrogen.

[0155] However, in other embodiments, R, 1s indepen-
dently (V,-Q,-V,-Q,-V;-Q,) ,whereinnis 1,eachotV ,Q,,
V,, Q,, and V; 1s a bond, and Q, 1s —CH,, —CH,CH,,
—CH,CH,CH,, or H. For example, R, 1s independently (V-
Q;-V,-Q5-V;-Q;),,, wheremn n 1s 1, each ot V, Q,, V,, Q,,
and V, 1s a bond, and Q, 1s —CH, or H.

[0156] In another example, R, 1s independently (V,-Q,-
V,-Q,5-V;-Q;),, whereinn is 1, one of Q, or Q, 1s —CH,—,
—CH,CH,—, or —CH,,CH,CH,—; V, and V, are each a
bond; V; 1s —O—, and Q5 1s H.
[0157] In several other examples R, 1s independently (V-
Q,-V,-Q,-V,-Q,) ,whereinnis 1,eachot V,,Q,,V,, Q,, 1s
a bond, and V5 1s —O— or a bond, and Q5 1s hydrogen,
—CH,, —CH,CH;, or —CH,CH,CH,. For example, R, 1s
independently (V,-Q,-V,-Q,-V;-Q3),, wherein n 1s 1, each
of V,,Q,,V,,Q,,and V; 1s a bond, and Q, 1s —H, —CH,,
—CH,CH,, or —CH,CH,CH,.
[0158] In another embodiment, R, 1s (V,-Q,-V,-Q,-V,
Q) ,wheremnnis 1,eachofV,,Q,,V,,Q,, and V, 1s a bond.,
and Q, 1s —CH,,and R, 1s (V,-Q,-V,-Q,-V;-Q,) , wherein
nis1l,eachotVv,,Q,,V,, Q,,1sabond, and V, 1s —O—, and
Q,1s —H.
[0159] Insomeembodiments, R, 1s independently (V,-Q, -
V,-Q,-V;-Q3), , whereinnis 1,eacholV,,Q,,V,,Q,,andV,
1s a bond, and Q, 1s —CH,;, —CH,CH,, —CH,CH,CH,, or
H. In other embodiments, R, 1s independently (V,-Q,-V,-
Q,-V;-Q;),, whereinnis 1,oneof V,, Q,, V,, Q_, and V; 1s
O—, and Q; 1s —H.
[0160] Insomeembodiments, R, 1s independently (V,-Q),-
V,-Q,-V;-Q;),, whereinnis 1,eachotV,,Q,,V,,Q,,and V,
1s a bond, and Q, 1s —CH,, —CH,CH,, —CH,CH,CH,, or
H. In other embodiments, R, 1s independently (V,-Q,-V,-
Q,-V;-Q,) ,whereinnis l,one ot V,, Q,,V,, Q,, and V, 1s
O—, and Q; 1s —H.
[0161] In some embodiments, the polymer comprises a
polyethylene oxide. In other examples, the polymer com-
prises a polyethylene oxide selected from polyethylene gly-
col, polypropylene glycol, polybutylene glycol, alkyl-poly-
cthylene glycol, alkyl-polypropylene glycol, alkyl-
polybutylene glycol, and any combination thereof.
[0162] In another embodiment, the polymer is a polyethyl-
ene oxide having a molecular weight or mean molecular
weilght of less than 10,000 amu (e.g., less than 5000 amu, or
from about 100 amu to about 1000 amu). In other embodi-
ments, the polymer comprises polyethylene glycol.
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[0163] Alkaline agents useful in the electrolyte of the
present invention are capable of producing hydroxyl ions
when mixed with an aqueous or polar solvent such as water
and/or a liquid polymer.

[0164] Insome embodiments, the alkaline agent comprises
[L1OH, NaOH, KOH, CsOH, RbOH, or combinations thereof.
For example, the alkaline agent comprises L1OH, NaOH,
KOH, or combinations thereof. In another example, the alka-
line agent comprises KOH.

[0165] In several exemplary embodiments, the electrolyte
of the present mvention comprises a liquid polymer of for-
mula (I) and an alkaline agent comprising LiOH, NaOH,
KOH, CsOH, RbOH, or combinations thereof. In other exem-
plary embodiments, the electrolyte comprises a liquid poly-
mer comprising a polyethylene oxide; and an alkaline agent
comprising L1OH, NaOH, KOH, CsOH, RbOH, or combina-
tions thereol. For example, the electrolyte comprises a poly-
mer comprising a polyethylene oxide and an alkaline agent
comprising KOH.

[0166] In several exemplary embodiments, the electrolyte
of the present invention comprises more than about 1 wt % of
alkaline agent (e.g., more than about 5 wt % of alkaline agent,
or from about 5 wt % to about 76 wt % of alkaline agent). In
one example, the electrolyte comprises a liquid polymer com-
prising a polyethylene oxide and 3 wt % or more (e.g., 4 wt %
or more, from about 4 wt % to about 33 wt %, or from about
S wt % to about 15 wt %) of an alkaline agent. For instance,
the electrolyte comprises polyethylene oxide and 5 wt % or
more of KOH. In another example, the electrolyte consists
essentially of a polyethylene oxide having a molecular weight
or mean molecular weight from about 100 amu to about 1000
amu and 5 wt % or more of KOH.

[0167] FElectrolytes of the present invention can be substan-
tially free of water. In several embodiments, the electrolyte
comprises water 1n an amount of about 60% of the wt of the
alkaline agent or less (e.g., about 50% of the wt of the alkaline
agent or less, about 40% of the wt of the alkaline agent or less,
about 30% of the wt of the alkaline agent or less, about 25%
of the wt of the alkaline agent or less, about 20% of the wt of
the alkaline agent or less, or about 10% of the wt of the
alkaline agent or less).

[0168] Exemplary alkaline polymer electrolytes include,
without limitation, 90 wt % PEG-200 and 10 wt % KOH, 350
wt % PEG-200 and 50 wt % KOH; PEG-dimethyl ether that
1s saturated with KOH; PEG-dimethyl ether and 33 wt %
KOH; PEG-dimethyl ether and 11 wt % KOH; and PEG-
dimethyl ether (mean molecular weight of 500 amu) and 33
wt % KOH, that 1s further diluted to 11 wt % KOH with
PEG-dimethyl ether having a mean molecular weight of 200
amu

[0169] In another embodiment, the electrolyte 1s ag. KOH
having a concentration of from about 10 M to about 18 M.

[0170] In another embodiment, the alkaline electrolyte 1s
an aqueous solution comprising a hydroxide of an alkali
metal selected from the group consisting of potassium,
sodium, lithium, rubidium, cesium, and mixtures thereot. The
hydroxide concentration 1s in the molar concentration range
from4 Mto 16 M (e.g., from about 8 M to about 16 M, or {from
about 10 M to about 16 M). In one example, wherein the
clectrochemical cell 1s a zinc-silver oxide battery, a the elec-
trolyte 1s 15 M potassium hydroxide. The electrolyte can
turther comprise a gelling agent, polyethylene oxide, polyvi-
nyl alcohol, carboxyalkyl cellulose, polyacylonitrile, poly-
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acrylic acid, polymethacrylic acid, polyoxazoline, polyvi-

nylpyrrolidine, polyacrylate or polymethacrylate, for
example.

IV. METHODS
[0171] The present invention also provides methods of pro-

ducing a separator of the present invention comprising pro-
viding a PE polymer mixture, as described above, and pro-
viding a PVA polymer mixture as described above, wherein
the PE polymer mixture and the PVA polymer mixture are
provided to form a unitary separator comprising a PE polymer
layer as described above and a PVA polymer layer as
described above.

V. EXAMPLES

Example No. 1
Exemplary Cells A and B

[0172] The ellicacy of the invention was demonstrated for a
bi-functional separator comprising a polyvinyl alcohol (PVA)
layer and a zirconium oxide-polyethylene oxide (ZrO,—
PEQO) layer. For comparison, zinc-silver oxide test cells incor-
porating the bi-functional separator (Cell B) and those incor-
porating individual separator layers of the same composition
as the bi-functional separator layers (Cell A) were evaluated
via charge-discharge cycle testing.

[0173] Solutions having substantially equivalent composi-
tions were used to prepare the bi-functional separator and the
individual separator layers. Polyvinyl alcohol layers were
deposited from a 10 wt % PVA solution. The PEO solution
comprised 87 to 97 wt % water, 2 to 6 wt % polyethylene
oxide, 2 to 6 wt % yttria-stabilized zircontum oxide (filler),
0.2 to 1.5 wt % potassium titanate (conductivity enhancer),
and 0.08 to 0.2 wt % Triton X-100 (surfactant). Conventional
dispersing techniques were used to provide a uniform disper-
s1on of the filler.

[0174] The bi-functional separator was prepared by co-
extrusion of the PVA and PEO solutions from a two-layer
slot-die umit, and drying at 280° C. The individual separator
layers were prepared using conventional film casting tech-
niques.

[0175] FIG. 4 1llustrates the electrode-separator configura-
tion used for the test cells, which comprised three cathodes
(111, 113 and 115) and two anodes (112 and 114). Cathode
113 was two-sided, being sandwiched between anodes 112
and 114, and had the same capacity as the two one-sided
cathodes (111 and 1135) combined. The anodes comprised a
total of 14 grams of zinc, and the cathodes comprised a total
of 22 grams of silver. Electrodes 111,112, 113, 114 and 115
were wrapped 1 individual Solupor separator films (DSM
Solutech) 121, 122, 123, 124 and 125, respectively, and were
charged with 40 wt % aqueous potassium hydroxide electro-
lyte under a reduced pressure chamber before being incorpo-
rated 1n cells. The solution uptake ranged from 10 to 20 wt %
for the anodes and 15 to 25% for the cathodes. Note that the
Solupor films are passive separators in that they function
primarily as electrolyte reservoirs.

[0176] As depicted in FIG. 4, an active separator stack 131
was serpentined back and forth between the electrodes.
Active separator stack comprised either two bi-functional
PVA/7ZrO,—PEOQO separator layers according to the invention,
or a ZrO,—PEQO layer and two PVA layers. In both cases, an
oxidation-resistant ZrO,—PEQO layer faced the cathode, and
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a dendrite-resistant PVA layer faced the anode. The two bi-
functional layers had a total thickness of 60 um, compared to
70 um for the three individual layers. After being assembled,
cach cell was charged with an additional 0.25 mL of 40 wt %
KOH solution, and was vacuum-sealed 1n a polyethylene bag
for cycle testing. Cycle tests involved discharge at 950 mA
and charge at 690 mA.

[0177] FIG. 5 shows plots of charge capacity versus cycle
number for two zinc-silver oxide cells employing a ZrO,—
PEQO separator layer and two PVA separator layers. Both cells
exhibited an appreciable loss 1n capacity after about 50 cycles
and failed 1n less than 100 cycles.

[0178] FIG. 6 shows plots of charge capacity versus cycle
number for two zinc-silver oxide cells (A and B) employing,
two bi-functional PVA/ZrO,—PEO separator layers. Capac-
ity loss for both of these cells as practically negligible after
more than 125 cycles.

Example 2
Multi-Layer Separators

[0179] The following separator maternials are useful for
constructing separators of this invention.

[0180] Sample Code T1 1s PVA/V6/PSS, where PVA 1s
about 10 wt % PVA; V6 1s about ~10 wt % PVA & ZrO, (~35
wt % vs. PVA); and PSS 1s polystyrene sulfonic acid 25 wt %
commercial PSS solution (IMw=1M). The separator film was
cast and dried overnight at ambient conditions.

[0181] Sample Code T2 1s PVA/V6/(PSS+PAA), where 1s
about 10 wt % PVA; V6 1s described above; PSS+PAA 15 (35
wt % PAA vs. PSS) solution was prepared using PSS resin
(Mw=1M) and a 25 wt % commercial PAA solution (192038
Aldrich Poly(acrylic acid) partial sodium salt solution aver-
age Mw ~240,000 by GPC, 25 wt. % 1n H20O); film was cast
and dried at low dryer temperatures.

[0182] Sample Code T3 1s V6/PVA/PSS+PAA, where V6 1s
described above; PVA 1s 10 wt % PVA; and PSS+PAA 15 (10
wt % PAA vs. PSS) solution was prepared by dilution 25 wt
% PSS solution (Mw=1M) to 12.5 wt % and to 1t was added
a 25 wt % commercial PAA solution (192058 Aldrich Poly
(acrylic acid) partial sodium salt solution average Mw ~240,
000 by GPC, 25 wt. % 1n H20O) to achieve a 10:1 PSS:PAA
solid concentration; film was cast and dried at low dryer
temperature.

[0183] Sample Code T4 1s PSS+PAA (10%). 6.5 wt % PSS
prepared from resin (Mw=1M); to the PSS solution was
added 10 wt % PA A (vs. PSS resin) 1n solution form (192058
Aldrich Poly(acrylic acid) partial sodium salt solution aver-
age Mw ~240,000 by GPC, 25 wt. % 1n H20). film was cast
and dried overnight at ambient condition.

[0184] Sample Code TS5 1s PSS+PAA (20%). 6.5 wt % PSS
prepared from resin (Mw=1M); to the PSS solution was
added 20 wt % PA A (vs. PSS resin) 1n solution form (192058
Aldrich Poly(acrylic acid) partial sodium salt solution aver-
age Mw ~240,000 by GPC, 25 wt. % 1n H20). film was cast
and dried overnight at ambient condition

[0185] Sample Code T6 1s PSS+PSS-co-MA(1:1) (20%).
MA 1s malaic anhydride/acid with PSS.

[0186] Sample CodeT71s PSS+PAA (35%). 6.5 wt % PSS
prepared from resin (Mw=1M); to the PSS solution was

added 35 wt % PAA (vs. PSS resin) 1n solution form (192058
Aldrich Poly(acrylic acid) partial sodium salt solution aver-
age Mw ~240,000 by GPC, 25 wt. % 1n H20). film was cast

and dried overnight at ambient conditions.

May 26, 2011

[0187] Sample Code T8 1s PVA/T7/T7. PVA 1s 10% PVA
bottom layers with two T7 layers, where 17 1s described

above.
[0188] Sample Code P1 1s PVA+PSS (10 wt % vs PVA).

PVA 15 a (10% stock) solution mixed with PSS solution (20%
stock) to provide a 10 wt % PSS.

[0189] Sample Code P2 1s PVA+PSS (20 wt % vs PVA).
PVA 15 a (10% stock) solution mixed with PSS solution (20%
stock) to provide a 20 wt % PSS.

[0190] Sample Code P3 1s PVA+PSS (20 wt % vs PVA).
PVA (9% stock) solution mixed with PSS solution (20%
stock) to provide a 20 wt % PSS

[0191] Sample Code T9a 1s P2/T7/T7. P2 and T7 are
described above.

[0192] Sample Code T9b 1s P3/T7/17. P3 was prepared
with 9% PVA stock solution (PVA:PSS=8:2). T7 1s described
above.

[0193] Sample Code T10 (1012-59) 1s T7/PVA/T7, 1n
which a 10% PVA layer 1s sandwiched between two T'7/s.
[0194] Sample Code P4 1s PVA(10%)+PSS (20% vs. PVA).
PSS was obtained from a commercial 25 wt % solution.
[0195] Sample Code T11 1s T7/P4/17, in which T7 and P4
are described above.

[0196] Sample Code T10F3 1s the same configuration as
T10 1n which each layer 1s 8 um.

Other Embodiments

[0197] The preferred embodiments of the present invention
have been 1llustrated and described above. Modifications and
additional embodiments, however, will undoubtedly be

apparent to those skilled 1n the art. Furthermore, equivalent
clements can be substituted for those illustrated and described
herein, parts or connections might be reversed or otherwise
interchanged, and certain features of the invention can be
utilized independently of other features. Consequently, the
exemplary embodiments should be considered illustrative,
rather than inclusive, while the appended claims are more
indicative of the full scope of the invention.

1. A method of producing a separator comprising:

providing a PE polymer mixture, and

providing a PVA polymer mixture,

wherein the PE polymer mixture and the PVA polymer

mixture are provided to form a unitary separator com-
prising a PE polymer layer and a PVA polymer layer,
wherein the PE polymer layer resists oxidation and the
PVA polymer layer resists dendrite formation.

2. The method of claim 1, wherein the separator has a total
thickness of less than 200 microns.

3. The method of claim 2, further comprising providing 1 to
10 additional polymer mixtures, wherein the polymer mix-
tures are provided to form a separator comprising a PE poly-
mer layer, a PVA polymer layer, and from 1 to 10 additional
polymer layers.

4. The method of claim 1, further comprising providing a
porous substrate.

5. The method of claim 2, wherein the PE polymer mixture
and the PVA polymer mixture are provided on the porous
substrate to form a unitary separator.

6. The method of claim 3, wherein the PE polymer mixture
and the PVA polymer mixture are provided on opposing sides
ol the porous substrate to form a unitary separator.

7. The method of claim 3, wherein the porous substrate
comprises a polyolefin material.
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8. The method of claim 7, wherein the porous substrate
comprises polyethylene or polypropylene.

9. The method of claim 1, wherein the PE polymer mixture
and the PVA polymer mixture are each provided by coextru-
s1on to form a unitary separator.

10. The method of claim 9, wherein either of the PE poly-
mer mixture 1s at least partially cured before being provided
with the PVA polymer mixture, or the PVA polymer mixture
1s at least partially cured before being provided with the PE
polymer mixture.

11. A multi-functional separator comprising

a porous substrate film, and

a plurality of active separator layers

wherein at least one of the active separator layers 1s depos-

ited on the film.

12. The multi-functional separator of claim 11, wherein a
first active separator layer and a second active separator layer
are deposited on opposite sides of the porous substrate film.

13. An electrochemical cell comprising

an electrolyte,

an anode,

a cathode, and

a multi-functional separator,
wherein the electrolyte 1s an alkaline electrolyte, the anode
comprises zinc metal, and the multi-functional separator
COmMprises:

an oxidation-resistant separator layer deposited from a PE

solution comprising a polyether polymer that can be
linear or branched and can be unsubstituted or substi-
tuted; and

a dendrite-resistant separator layer deposited from a PVA

solution comprising a cross-linking agent and a polyvi-
nyl alcohol precursor polymer, which can be linear or
branched and can be unsubstituted or substituted.

14. The electrochemical cell of claim 13, wherein the alka-
line electrolyte comprises an aqueous solution of a hydroxide
of an alkali metal selected from the group consisting of potas-
sium, sodium, lithium, rubidium, cesium, and mixtures
thereol.

15. The electrochemical cell of claim 13, wherein the cath-
ode comprises an active material selected from the group
consisting of silver oxide, nickel oxide, cobalt oxide, and
manganese oxide.

16. The electrochemical cell of claim 13, wherein the poly-
cther polymer comprises polyethylene oxide or polypropy-
lene oxide, or a copolymer or a mixture thereof.

17. The electrochemical cell of claim 13, wherein the
cross-linking agent 1s boric acid.

18. The electrochemical cell of claim 13, wherein one or
both of the PE solution and the PVA solution further comprise
a powder of a metallic oxide selected from the group consist-
ing of zirconium oxide, titanium oxide and aluminum oxide.

19. The electrochemical cell of claim 13, wherein one or
both of the PE solution and the PVA solution further comprise
a titanate salt of an alkali metal selected from the group
consisting of potasstum, sodium, lithium, rubidium, cesium,
and mixtures thereof.

20. The electrochemical cell of claim 13, wherein one or
both of the PE solution and the PVA solution further comprise
a surfactant.

21. The electrochemical cell of claim 13, wherein the PVA
solution further comprises a plasticizer.
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22. The electrochemical cell of claim 13, wherein the PVA
solution further comprises a conductivity enhancer consisting,
of a coploymer of polyvinyl alcohol and a hydroxyl-conduct-
ing polymer selected from the group consisting of polyacry-
lates, polylactones, polysulifonates, polycarboxylates,
polysulifates, polysarconates, polyamides, and polyamidosul-
fonates.

23. A multi-functional separator comprising at least three
active separator layers, wherein the multi-functional separa-
tor has an ionic resistance of <10 Q/cm?, electrical resistance
of >10 k€/cm?, and a wet tensile strength of >0.1 1bf.

24. The multi-tfunctional separator of claim 23, wherein the
1onic resistance 1s <0.5 £2/cm?2.

235. The multi-functional separator of claim 24, wherein the
least two of the three active separator layers comprise a poly-
meric material each individually selected from PVA and PSA,
or combinations thereof.

26. The multi-functional separator of claim 23, wherein the
PSA comprises PSS.

277. The multi-functional separator of claim 26, wherein the
multi-functional separator comprises the lavers PVA/V6/
PSS; PVANG6/(PSS+PAA); V6/PVA/(PSS+PAA); PVMPSS+
PAA(35%))/(PSS+PAA(35%)); (PSS+PAA(35%))/PVA/
(PSS+PAA(35%)); or (PSS+PAA (35%))/(PVA(10%)+PSS
(20% vs. PVA))/(PSS+PAA (35%)).

28. The multi-functional separator of claim 27, wherein the

multi-functional separator comprises the layers PVA/V6/
(PSS+PAA); V6/PVA/(PSS+PAA); or (PSS+PAA(35%))/

PVA/(PSS+PAA (35%)).

29. The multi-functional separator of claim 28, wherein the
separator thickness 1s <100 mm.

30. The multi-functional separator of claim 29, wherein the
separator thickness 1s <30 um.

31. The multi-functional separator of claim 30, wherein
cach layer 1n the separator 1s <10 um.

32. (canceled)

33. The multi-functional separator of claim 23, wherein at
least two layers of the separator comprise a polymeric mate-
rial each individually selected from PVA, a quaternary ammo-
nium polymer, or combinations thereof.

34. A method of producing a separator comprising:

providing a PSA polymer mixture, and

providing a PVA polymer mixture,

wherein the PSA polymer mixture and the PVA polymer

mixture are provided to form a unitary separator com-
prising a PSA polymer layer and a PVA polymer layer,
wherein the PSA polymer layer resists oxidation and the
PVA polymer layer resists dendrite formation.

35. The method of claim 34, wherein the separator has a
total thickness of less than 100 microns.

36. The method of claim 34, further comprising providing,
1 to 10 additional polymer mixtures, wherein the polymer
mixtures are provided to form a separator comprising a PSA
polymer layer, a PVA polymer layer, and from 1 to 10 addi-
tional polymer layers.

37. The method of claim 36, wherein the separator has an
10nic resistance of <10 Q/cm?2, electrical resistance of >10
kQ/cm?, and a wet tensile strength of >0.1 1bf.

38. The method of claim 37, wherein the 10nic resistance 1s
<(0.5 Q/cm”.
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