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(57) ABSTRACT

Li/air battery cells are configurable to achieve very high
energy density. The cells include a protected a lithium metal
or alloy anode and an aqueous catholyte 1n a cathode com-
partment. In addition to the aqueous catholyte, components of
the cathode compartment include an air cathode (e.g., oXygen
clectrode) and a variety of other possible elements.
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PROTECTED LITHIUM ELECTRODES WITH
PROTECTIVE MEMBRANE HAVING A
GARNET LIKE STRUCTURE AND LITHIUM
BATTERY CELLS THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application s a continuation of U.S. patent Ser.
No. 13/938,029 filed Jul. 9, 2013, titled ELECTROCHEMI-

CAL DEVICE WITH PROTECTIVE MEMBRANE
ARCHITECTURE; which 1s a continuation of U.S. patent
application Ser. No. 13/663,224 filed Oct. 29, 2012, titled
CATHOLYTES FOR AQUEOUS LITHIUM/AIR BAIT-
TERY CELLS; which i1s a continuation of U.S. patent appli-
cation Ser. No. 12/484,063 filed Jun. 12, 2009, titled
CATHOLYTES FOR AQUEOUS LITHIUM/AIR BAIT-
TERY CELLS; which claims priority to U.S. Provisional
Patent Application No. 61/1359,786 filed Mar. 12, 2009, titled
HIGH ENERGY DENSITY AQUEOUS LITHIUM/AIR
CELLS; and to U.S. Provisional Patent Application No.
61/078,294 filed Jul. 3, 2008, titled AQUEOUS LI/AIR
CELLS; and to U.S. Provisional Patent Application No.
61/061,972 filed Jun. 16, 2008, titled AQUEOUS LI/AIR
CELLS. application Ser. No. 13/663,224 1s a continuation of
U.S. patent application Ser. No. 12/484,065 filed Jun. 12,
2009, utled HIGH ENERGY DENSITY AQUEOUS
LITHIUM/AIR BATTERY CELLS. application Ser. No.
13/663,224 1s a continuation of U.S. patent application Ser.
No. 12/484,079 filed Jun. 12, 2009, titled CATHODES AND
RESERVOIRS FOR AQUEOUS LITHIUM/AIR BATTERY
CELLS. U.S. patent application Ser. No. 13/663,224 15 a
continuation of U.S. patent application Ser. No. 12/484,081
filed Jun. 12, 2009, titled HYDROGELS FOR AQUEOUS
LITHIUM/AIR BATTERY CELLS.

[0002] U.S. patent application Ser. No. 13/938,0291s also a
continuation-in-part of U.S. patent application Ser. No.
13/556,073 filed Jul. 23, 2012; which 1s a continuation of U.S.
patent application Ser. No. 12/163,821 filed Jun. 27, 2008;
which claims priority to U.S. Provisional Patent Application
No. 61/056,794 filed May 28, 2008; and to U.S. Provisional
Patent Application No. 60/970,896 filed Sep. 7, 2007; and to
U.S. Provisional Patent Application No. 60/937.709 filed Jun.
29, 2007.

[0003] Prionty 1s claimed to each of these prior applica-
tions, and each of these prior applications 1s incorporated
herein by reference 1n 1ts entirety and for all purposes.

L1l
L1l L

BACKGROUND OF THE INVENTION

[0004] The present invention relates generally to active
metal electrochemical devices. More particularly, this inven-
tion relates to Li/air battery cells capable of achieving high
energy densities

[0005] Thelarge free energy for the reaction of lithium with
oxygen has attracted the interest of battery researchers for
decades. The theoretical specific energy for lithium/air chem-
1stry far exceeds Li-1on battery chemistry. The high specific
energy for metal/air chemistries has long been recognized, as
evidenced by the development and commercial success of the
Zn/Air battery. However, Li/air chemistry introduces some
rather unique challenges.

[0006] Lithium 1s a reactive alkali metal and 1s incompat-
ible with aqueous electrolytes. Corrosion of the negative elec-
trode due to reaction of the metal anode with water and
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oxygen 1n aqueous electrolyte 1s clearly a much more serious
issue for lithtum than 1t 1s for zinc. The corrosion rate of
lithium metal 1n aqueous electrolytes i1s on the order of several
amps/cm® for neutral electrolytes and drops to tens of
mA/cm” in highly basic media. Accordingly, with the excep-
tion of some early work by Littauer on lithium/water batter-
ies, the historical development of lithium/air batteries has
been dominated by the use of aprotic non-aqueous electro-
lytes.

[0007] Essential to the development of aqueous Li/air bat-
teries 1s the ability to stabilize the lithium anode 1n the pres-
ence of water and oxygen. U.S. Pat. No. 7,282,296; U.S. Pat.
No. 7,282,302; and U.S. Pat. No. 7,282,295; and U.S. Patent
Application Pub. No.: US 2004/0197641 to Visco et al., dis-
close protected lithium anodes having protective membranes
and protective membrane architectures that are stable 1n water
environments and are capable of discharging into aqueous
clectrolytes.

[0008] The present invention 1s directed to the furtherer
development and enhancement of the overall performance of
L1/air battery cells via the chemistry taking place at the cath-
ode.

SUMMARY OF THE INVENTION

[0009] The present invention relates to Li/air battery cells.
The cells include a protected lithium electrode and an aque-
ous catholyte 1n a cathode compartment. The cells are con-
figurable to achieve high energy densities, in accordance with
various aspects of the mvention. In addition to the aqueous
catholyte, which 1s defined as electrolyte 1n contact with the
cathode, components of the cathode compartment include an
air cathode (e.g., oxygen eclectrode) for the reduction of
molecular oxygen

[0010] In various aspects the invention relates to the chem-
1stry of the subject lithium/air cells, and 1n particular to that
chemistry which occurs in the cathode compartment when 1t
(the compartment) 1s exposed to ambient air during cell
operation.

[0011] In accordance with Lyv/air cells of the current inven-
tion and the above aspect, in various embodiments active
species dissolved 1n the catholyte partake in the cell reaction,
and discharge products form that render the cathode compart-
ment hygroscopic. By this expedient, the cathode compart-
ment scavenges water from the ambient air during cell opera-
tion, and this facilitates a number of advantages, including;:
preventing dry out of the catholyte, prolonging the discharge,
and enhancing the cell energy density (Wh/kg and Wh/l).
[0012] In accordance with the mstant invention, the aque-
ous catholyte 1s active 1n that species dissolved therein par-
ticipate, as a reagent, 1n the cell discharge reaction.

[0013] In various embodiments, the active catholyte com-
prises water and an active substance material dissolved
therein, and the dissolution generates active species that par-
ticipate, as a reagent, 1n the cell discharge reaction. Typically,
the active substance material 1s an active salt or a solid active
compound. However, the invention 1s not limited as such, and
in certain embodiments the active substance material 1s an
active liquid, including morganic liquids.

[0014] Appropriate concentrations of active and non-active
salts may impart a number of benefits to the cell, including: 1)
rendering the cathode compartment hygroscopic during cell
operation; 11) elfectuating, prior to initial discharge, a very
low vapor pressure of water above the catholyte; 111) enhanc-
ing or maintaining the conductivity of the catholyte at various
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stages of discharge, and 1v) stabilizing the protective mem-
brane/catholyte interface during storage under open circuit
conditions.

[0015] Invarious embodiments, high concentrations of dis-
solved active salts are desirable, as this may render the com-
partment, prior to 1nitial discharge, hygroscopic and, during
discharge, may eflect a lowering of the catholyte’s equilib-
rium relative humidity (ERH) sufficient to provide a driving,
force for the mgress of water 1nto the cathode compartment
from the ambient air. In specific embodiments, active salt
concentrations of at least 1M, or at least 2M, or at least 3M, or
at least 4M; for example about 2M or about 3M or about 4 M,
are suitable. In certain embodiments, catholyte saturated or
nearly saturated with dissolved active salts can be used, and 1s
preferred.

[0016] In various embodiments, the cathode compartment,
prior to mitial discharge, contains a water soluble solid phase
active salt that operably dissolves in contact with the
catholyte, and thereby, 1n that process, generates dissolved
active salt species that participate, as a reagent, 1n the cell
reaction. Accordingly, solid phase active salts provide a
source from which a relatively large amount of dissolved
active salt species may form in the catholyte during cell
operation. By use of the term “operably dissolves™ or “oper-
able dissolution” it 1s meant that the referenced material dis-
solves during cell operation.

[0017] In various embodiments the catholyte comprises at
least two different dissolved salts. For instance: an active first
salt and a different second salt. The salts (first or second) may
be active or non-active. In various embodiments the first salt
1s active and the second salt, non-active, 1s a lithium salt,
preferably a hygroscopic lithium salt such as, but not limited
to, halides, including lithium bromide (e.g., LiBr), lithium
1odide (e.g., Lil), and lithium chloride (e.g., L1Cl) and nitrates
(e.g., LINO,)).

[0018] In various embodiments the catholyte, prior to 1ni-
tial discharge, has a low equilibrium relative humidity (ERH).
Preferably the ERH of the catholyte, prior to mitial discharge
or prior to cell activation, 1s less than 50%, less than 40%, less
than 30%, less than 20% or less than 15%, at room tempera-
ture (about 20° C.). And preferably, it 1s low enough to render
the cathode compartment hygroscopic. Low ERH values may
be achieved through the use of high dissolved salt concentra-
tions in the catholyte (including combinations of active and
non-active salts) or saturating the catholyte with salt, particu-
larly hygroscopic salts, and 1t may be achieved by introducing
solid phase salts mto the cathode compartment, including
solid phase active salts and solid phase non-active salts, or
combinations thereof. In specific embodiments catholyte
ERH 1s lowered by a combination of dissolved active and
non-active salts. For instance, a high concentration of a dis-
solved active salt (Tor example, at least 3M (e.g., about 4M)
and a lower concentration of a dissolved lithium salt (for
example, at least 2M; e.g., 2M)

[0019] In specific embodiments lithium salts are dissolved
in the catholyte 1n a sufficient concentration to prevent resis-
tance rise 1n the cell during storage under open circuit condi-
tions prior to nitial discharge. In this regard, mnitial (prior to
initial discharge) L1 salt (1on) concentrations of at least 2M,
for example 2M, can be effectively used.

[0020] In various embodiments the Li/air cell of the instant
invention 1s discharged over a first stage that corresponds to
dissolved active salt species participating, as a reagent, in the
discharge reaction, and a second stage of discharge 1n which
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dissolved active salt species do not participate. Typically,
water molecules are generated during the first stage of dis-
charge and consumed, as a reagent, during the second stage.

[0021] In various embodiments, the discharge product,
hygroscopic, may be used to facilitate water management in
the cathode compartment, including preventing catholyte dry
out. Moreover, 1n various embodiments, the absorptive capac-
ity of the cathode compartment enables the cells of the instant
invention to be manufactured with less water than that which
1s necessary for the cell to deliver its rated capacity. In accor-
dance with these embodiments, the cell, mitially having an
insuificient amount of water, absorbs the necessary amount of
water from the ambient air during cell operation.

[0022] Inanotheraspect, the invention provides a Li/air cell
comprising a reservoir structure incorporated 1n the cathode
compartment, and which may serve several functions, includ-
ing: providing a porous physical structure for catholyte and,
when present, solid phase active salts; retaining water oper-
ably absorbed from the ambient air; and accommodating both
liqguid and solid products of discharge. In various embodi-
ments, the reservoir, in the form of a layer, may have a porous
metal oxide structure, or a carbonaceous structure, or a poly-
meric structure that 1s sulficiently elastic to expand during
discharge. In certain embodiments, 1n order to tailor the loca-
tion of where solid discharge products form, the compartment
may comprise more than one reservoir layer, e.g., a first
reservolr layer adjacent the cathode and a second reservoir
layer adjacent the protected anode.

[0023] Inyetanother aspect, the invention provides a Li/air
cell comprising a hydrogel or a hydrogel layer which may be
utilized to great advantage 1n the cell, including improving
specific energy of the cell by allowing a high loading of active
and supporting electrolyte salts, both of which may be dis-
solved 1n the catholyte or present 1n the form of un-dissolved
solids (e.g., active solid phase salts and solid supporting salt
(e.g., lithtum salts 1including Li1Cl, LiBr and Lil). In various
embodiments, the hydrogels are disposed 1n the cathode com-
partment between the anode and the cathode, and their swell-
ing properties make them particularly suitable for retaining
large amounts of water absorbed by the catholyte during
discharge, and by this expedient preventing catholyte leak-
age.

[0024] In yet even another aspect, the invention provides a
L1/air cell having an inventive air cathode capable of accom-
modating large amounts of discharge product. Another novel
feature of the mventive air cathode 1s that the active carbon
layer 1s disposed 1n the bulk of the cathode and the cathode
expands upon discharge. By this expedient, the inventive air
cathodes are particularly suitable for high capacity Li/Air
cells because the cathode, expanding on discharge, will con-
tinue to accommodate large amounts of solid product as 1t
forms.

[0025] The present invention provides a lithium/air cell
comprising a protected lithium electrode (PLE) and a cathode
compartment comprising a cathode (e.g., an air cathode) for
the reduction of molecular oxygen and an aqueous catholyte,
which 1s defined herein as an aqueous electrolyte solution 1n
contact with the cathode. In accordance with the instant
invention, the aqueous catholyte 1s active in that 1t or 1ts
constituents (e.g., dissolved active salts and/or water) partake
in the cell reaction during discharge.

[0026] Invarious embodiments of the invention, the battery
cells also comprise one or more of the following: prior to
initial discharge, solid phase active salt 1n the cathode com-
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partment; a catholyte saturated, or nearly saturated, with
active salt or non-active salt or a lithtum compound or some
combination thereof; a catholyte comprising a combination
of at least two different dissolved salts, including a high
concentration of a first active salt and a lower concentration of
a second hygroscopic lithium salt (e.g., LiCl); a catholyte
comprising a metal halide active salt wherein said metal of the
active salt 1s not lithium; a catholyte comprising a nitrate
active salt (e.g., ammonium nitrate); a catholyte comprising a
supporting lithium salt concentration of 2 molar L1 or higher
or otherwise sullicient to prevent resistance rise in the cell
during storage under open circuit conditions prior to initial
discharge; a combination of dissolved active and supporting
salts in the catholyte; a porous inorganic solid reservoir struc-
ture; a solid reservoir structure comprising a carbonaceous
porous structure; a solid reservoir structure configured to
expand upon discharge; a hydrogel reservoir structure; a cath-
ode pore structure configured to accommodate msoluble dis-
charge products such that operation of the cell 1s not disrupted
prior to substantially complete discharge; a cathode config-
ured to expand upon accommodating discharge product.

[0027] The protected anode comprises a lithium 1on con-
ductive protective membrane having a first and second sur-
face. The membrane 1s impermeable to liquids and air and 1s
configured to prevent direct contact between active lithium
and constituents of the cathode compartment; particularly 1t
protects the lithtum anode from contacting aqueous catholyte
and exposure to ambient air. The first surface of the mem-
brane faces the lithium anode and the second membrane
surface faces the cathode compartment. In various embodi-
ments, the catholyte, in contact with the cathode, also con-
tacts and substantially covers at least a portion of the protec-
tive membrane second surface; and 1n contact, the protective

membrane 1s chemically compatible with the aqueous
catholyte.

[0028] The cathode compartment, prior to mitial discharge,
comprises an aqueous catholyte comprising water and a salt
dissolved therein. The catholyte, in contact with the protec-
tive membrane and the cathode, provides an 1onically con-
ductive medium of suificient 1onic conductivity to support the
clectrical current that flows, during discharge, between anode
and cathode. And when the cell 1s a secondary, the conduc-
tivity 1s sullicient to support the charging current.

[0029] Invarious embodiments the catholyte salt, active or
non-active, comprises halogen (e.g., chlorine, bromine, or
iodine) or nitrate or ammomum. In certain embodiments the
active salt1s a nitrate (e.g., NH,NO,) or a halide or an ammo-
nium compound or 1t 1s a compound that dissolves, 1 the
catholyte, hydrolytically (e.g., a compound comprising a
metal (e.g., AIClL,). In specitic embodiments the halide salt 1s
an ammonium halide salt (NH, Br, NH_ CIl, NH_I) or a metal
halide salt (e.g., MgC(l,), wherein the metal of the halide 1snot
lithium, for example the metal may be aluminum or titanium,
or more generally an alkaline metal or a transition metal.
Typically, when the active salt 1s a metal halide, 1t does not
contain lithium.

[0030] In various embodiments, the catholyte, prior to ini-
tial discharge, comprises more than one dissolved salt. For
instance, the catholyte may comprise more than one active
salt, or a combination of active salts and non-active salts (e.g.,
lithium salts). Or the catholyte may comprise two or more
active salts and, optionally, at least one supporting electrolyte
salt dissolved therein. In a specific embodiment the catholyte
comprises two different lithrum salts: a first lithitum salt
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(L1Cl1) which 1s very hygroscopic and soluble and a second
lithium salt (LiBr) that while significantly heavier than the
first salt 1s extremely hygroscopic and so 1ts facility to drive
water absorption into the compartment ofisets the additional
weilght of 1ts anion, and the combined salt system 1s an effec-
tive mechamsm for balancing these effects.

[0031] Inspecific embodiments, the catholyte comprises an
active salt and a non-active salt, the active salt having a higher
concentration than that of the non-active salt; e.g., a high
concentration of an active salt and a lower concentration of
lithium salt. In certain embodiments, the catholyte comprises,
dissolved therein, more than one type of active salt and more
than one type of lithitum salt.

[0032] Invarious embodimentsthe aqueous catholyte com-
prises at least one dissolved active salt (e.g., NH,Cl) that
participates in the cell or cathode reaction during discharge to
form corresponding lithium salts (e.g., LiCl), and 1n some
instances the cell reaction generates water.

[0033] In certain embodiments, the lithium salt that forms
during discharge 1s highly soluble 1n the catholyte or 1s hygro-
scopic and absorbs moisture from the ambient air, or 1s both
highly soluble and hygroscopic. The lithium salt formed as a
result of the cell discharge reaction may be in solution (1.e., a
dissolved salt) or it may precipitate out of solution as a solid.
In various embodiments, the corresponding lithium salt
formed as a result of the discharge reaction 1s highly soluble
and has significantly higher solubility in water than the dis-
solved active salt.

[0034] In various embodiments the catholyte comprises a
dissolved active salt. In certain embodiments the dissolved
active salt 1s a weak acid. In certain embodiments the weak
acid salt 1s dissolved 1n the catholyte in concentrations of
about 2 molar or greater.

[0035] In certain embodiments the dissolved active saltis a
halide salt, such as an ammonium halide salt (e.g., NH_Cl,
NH_Br, and NH_I) or a metal halide salt (e.g., AICl;). In
certain embodiments the dissolved active salt 1s a nitrate salt,
e.g., NH,NO;, or ammomum thiocynate (1.e., NH, CNS).

[0036] In various embodiments, prior to initial discharge,
an active solid phase salt 1s present in the cathode compart-
ment, typically in the reservoir, which reacts (or otherwise
interacts) in contact with water of the cathode compartment or
reacts 1n contact with aqueous catholyte to form a dissolved
active salt 1n the catholyte. In various embodiments the solid
phase active salt 1s deliquescent. In various embodiments the
active solid substance 1s microencapsulated. In various
embodiments the solid phase active salt comprises one or
more of halogen (e.g., chlorine, bromine, 10dine) or nitrate, or
ammonium. In certain embodiments the solid phase active
salt 1s a halide salt. In certain embodiments thereof it 1s an
ammonium halide salt (e.g., NH,Cl, NH_ Br or NH,I). In
specific embodiments the solid phase active salt 1s a nitrate
(e.g., NH,NO,). In other embodiments thereof it 1s a metal
halide salt, where the metal 1s not lithium. In specific embodi-
ments thereof the metal halide salt does not comprise lithium
metal (e.g., AICl;). In specific embodiments the solid phase
active salt 1s a metal compound that dissolves hydrolytically
in the catholyte, and the metal of the compound 1s not lithium.
In various embodiments, prior to initial discharge, the
catholyte 1s a saturated salt solution 1n contact with solid
phase active salt. The saturated salt solution may be saturated
with at least one of the following: an active salt or a non-active
salt, or a lithium salt, or a combination thereof.
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[0037] During cell discharge species are formed 1n the
catholyte or precipitate out of the catholyte as a solid, and
these species are generally referred to herein as discharge
products. In various embodiments, the discharge product 1s
hygroscopic and suificiently lowers the water vapor pressure
above the catholyte to render or maintain the cathode com-
partment hygroscopic, or otherwise in equilibrium with the
ambient relative humidity.

[0038] In various embodiments, at least one of the dis-
charge products 1s a lithium compound, typically a lithium
salt, composed of lithium cation(s) and an anion of the active
salt. Accordingly, in some 1nstances, the discharge product
may be considered, and 1s sometimes referred to, herein, as a
corresponding lithium salt, which 1s to mean that the dis-
charge product 1s a species formed between lithium 1ons (e.g.,
those which pass into the catholyte from the anode during
discharge) and an anion of the active salt. For instance, when
the active salt 1s a halide (e.g., NH,Cl or NH,Br), the dis-
charge product may be a lithium halide salt, (e.g., LiCl or
L1Br).

[0039] The invention also provides a variety of cell fabri-
cation techniques and configurations.

[0040] These and other features of the imnvention are further

described and exemplified 1n the detailed description below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041] FIG.1A1saschematicillustration of a Li/air battery
cell in accordance with the present invention.

[0042] FIG. 1B shows a Li/air battery cell 1n accordance
with the present mvention enclosed 1n a cell case 1n cross
sectional and perspective depictions.

[0043] FIGS. 2A-D illustrate various alternative configura-
tions ol a protective membrane architecture in accordance
with the present invention.

[0044] FIG. 3 1llustrates performance of a Li/air cell having

4M NH_,CI1, 2M LiCl catholyte and zirconia felt reservoir
layers.

[0045] FIG. 4 illustrates performance of a Li/Air cell hav-
ing 4M NH_Cl, 2M LiCl catholyte and graphite felt reservoir
layers.

[0046] FIG. 51llustrates stability of a solid electrolyte pro-
tective membrane in contact with 4M NH,Cl, 2M LiCl]
catholyte during long-term storage.

[0047] FIG. 6 illustrates comparative performances of

L1/ Air cells having 4M NH_ NO,, 2M LiNO; and 1M Li1OH
catholytes.

[0048] FIG. 7 illustrates performance of a L1/ Air cell with
2.7M AICl,, 1M LiCl catholyte and alumina felt reservoir

layers.

[0049] FIG. 8 illustrates performance of a L1/ Air cell with
2. 1M AlICl,, 1M LiCl catholyte and graphite felt reservoir

layers.

[0050] FIG. 9 1llustrates performance of a Li/Air cell hav-
ing alumina felt reservoir layers impregnated with solid

NH_Cl salt and additionally filled with 4M NH_C1, 2M LiCl
catholyte.

[0051] FIG. 10 1illustrates performance of a L1/Air cell hav-

ing pressed pellets of NH,Cl salt mixed with alumina powder
and Whatman micro fiber filters GF/A as second reservoir

layers filled with 4M NH_Cl, 2M LiCl catholyte.

[0052] FIG. 11 illustrates performance of a Li/Air cell hav-
ing crosslinked polyacrylamide hydrogel reservoir layers
contaiming dissolved 4M NH_,C1 and 2M LiCl.
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[0053] FIG. 12 illustrates performance of a Li/Air cell hav-
ing crosslinked polyacrylamide hydrogel reservoir layers
containing dissolved 2M LiCl and loaded with solid NH_CIl.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0054] Reference will now be made 1n detail to specific
embodiments of the mvention. Examples of the specific
embodiments are 1llustrated 1n the accompanying drawings.
While the invention will be described 1n conjunction with
these specific embodiments, it will be understood that 1t 1s not
intended to limait the ivention to such specific embodiments.
On the contrary, 1t 1s mtended to cover alternatives, modifi-
cations, and equivalents as may be included within the spirit
and scope of the invention. In the following description,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. The present
invention may be practiced without some or all of these spe-
cific details. In other instances, well known process opera-
tions have not been described 1n detail so as to not unneces-
sarily obscure the present invention.

INTRODUCTION

[0055] The present invention relates to Li/air battery cells.
In various ways, cells in accordance with the present mnven-
tion are configurable to achieve very high energy density, for
example, higher than would be otherwise attainable without
active salt 1n the catholyte. The cells include a protected
lithium electrode (e.g., protected lithium metal or alloy or
intercalation anode) and an aqueous catholyte 1n a cathode
compartment. In addition to the aqueous catholyte, which 1s
defined as electrolyte 1n contact with the cathode, compo-
nents of the cathode compartment include an air cathode (e.g.,
oxygen electrode) for the reduction of molecular oxygen.
[0056] Invarious embodiments of the invention, the battery
cells also comprise one or more of the following: prior to
initial discharge or prior to initial activation of the cell or
subsequent to 1mitial discharge, a solid phase active salt 1n the
cathode compartment; a catholyte comprising a saturated salt
solution, or a nearly saturated salt solution; a catholyte com-
prising a combination of at least two different dissolved salts,
including a high concentration of an active salt and a lower
concentration of a second hygroscopic supporting salt (e.g., a
lithium salt); a catholyte comprising a metal halide or ammo-
nium halide active salt or salts wherein said metal of the active
salt 1s not lithium; a catholyte comprising a nitrate active salt
(e.g., ammonium nitrate); a catholyte comprising a support-
ing lithium salt concentration of 2 molar L1 or higher or
otherwise suilicient to prevent resistance rise 1n the cell dur-
ing storage under open circuit conditions prior to mitial dis-
charge; a combination of dissolved active and supporting
salts 1n the catholyte; a porous morganic solid reservoir struc-
ture; a reservolr comprising a carbonaceous porous structure;
a solid reservoir structure configured to expand upon dis-
charge; a hydrogel reservoir structure; a cathode pore struc-
ture configured to accommodate insoluble discharge products
such that operation of the cell 1s not disrupted prior to sub-
stantially complete discharge.

DEFINITIONS

[0057] To facilitate a better understanding of the present
invention, rather than to limait 1ts scope, the following defini-
tions are provided:
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[0058] As used herein the term “active substance material”
refers to a material such as a salt that upon dissolving 1n a
solvent of the catholyte, typically water, generates dissolved
active species that participate in the cell discharge reaction.
Futhermore, the dissolved active species generated by the
dissolution of the active substance material may be derived
from the dissolution of the salt or the salt may dissolve hydro-
lytically or dissolve and react to form the active catholyte
species.

[0059] As used herein the term “solid phase active sub-
stance material” refers to a solid material that upon dissolving
in a solvent of the catholyte generates or forms active species,
dissolved 1n the catholyte, that participate, as a reagent, 1n the
cell discharge reaction. And by the use of the term *“solid
phase” 1t 1s meant to emphasize that the state of matter of the
solid phase active salt 1s solid. Typically the solid phase active
substance material 1s a solid phase active salt, or more gen-
erally a solid phase active compound.

[0060] As used herein and 1n the claims, the term “dissolu-
tion” or “dissolves”™ or “dissolving” 1s intended to encompass,
without limitation, the process whereby a solid substance
(e.g., a salt) dissolves, with or without complete dissociation,
or dissolves hydrolytically or upon dissolving further reacts,
for instance, to form dissolved active species in the catholyte.

[0061] The use of the term *“‘cell activation™ refers to the
initial exposure of the cathode compartment to the ambient air
with the distinct itent of either absorbing water moisture
from the ambient air and/or molecular oxygen.

[0062] When referring to solid phase active salts, the term
“operably dissolves” means that the solid phase active salt
dissolves into a solvent of the catholyte during cell operation,
which includes that operational period corresponding to
active discharge, when electrical current flows between anode
and cathode, and/or that operational period corresponding to
the cell resting under open circuit conditions, subsequent to
cell activation.

[0063] Cell Structure

[0064] A battery cell in accordance with the current mnven-
tion 1s schematically shown in FIG. 1A. The cell comprises a
L1 anode 1. The anode may be L1 metal or a L1 metal alloy or
L1 intercalation material (e.g., lithuated carbon). In one
example, a L1 metal fo1l may be used. Lithium anodes, includ-
ing intercalation anodes and lithium alloys and lithtum metal
anodes are well known 1n the lithium battery art. In preferred
embodiments the anode 1s lithium metal (e.g., 1n fo1l or sin-
tered form) and of sufficient thickness (1.e., capacity) to
enable the cell to achieve the rated discharge capacity of the
cell. The anode may take on any suitable form or construct
including a green or sintered compact (such as a waler or
pellet), a sheet, film, or fo1l, and the anode may be porous or
dense. Without limitation, the lithtum anode may have a cur-
rent collector (e.g., copper foil, or suitable expandable metal)
pressed or otherwise attached to 1t 1n order to enhance the
passage of electrons between 1t and the leads of the cell.
Without limitation the cell may be anode or cathode limited.
When anode limited, the complete discharge (corresponding
to rated capacity) will substantially exhaust all the lithium 1n
the anode. When cathode limited, some active lithium waill
remain subsequent to the cell delivering 1ts rated capacity.

[0065] The anode 1s protected with a protective membrane
architecture chemically stable to both the anode and the envi-
ronment of an adjacent cathode compartment (4). The pro-
tective membrane architecture typically comprises a solid
clectrolyte protective membrane 2 and an interlayer 3. The
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protective membrane architecture is 1n 10nic continuity with
the L1 anode 1 and 1s configured to selectively transport Li
ions 1nto and out of the cathode compartment 4 while provid-
ing an impervious barrier to the environment external to the
anode. Protective membrane architectures suitable for use 1n
the present invention are described in applicants’ co-pending
published US Applications US 2004/0197641 and US 2005/
0175894 and their corresponding International Patent Appli-
cations WO 2005/038953 and WO 2005/083829, respec-

tively, incorporated by reference herein.

[0066] With reference to FIG. 1B, there 1s illustrated (in

cross-section (left) and perspective (right)) an embodiment of
a lithium air battery cell 10 1n accordance with the instant
invention. The cell 1s disposed 1n a case 11 (e.g., a metal or
polymeric case, including but limited to a heat sealable mul-
tilayer laminate used for that purpose). The case comprises
one or more ports 12 for the passage of oxygen and moisture
from the ambient air. To effectively reach the cathode and the
cathode compartment, as 1llustrated in FIG. 1B, the case side
wall of which contains the ports 1s adjacent to the cathode.

[0067] In many, but not necessarily all embodiments, the
cell 1s activated by removing a barrier material (not shown)
which covers the ports to prevent, prior to cell activation,
premature or excessive exposure of the cathode compartment
to ambient air. The cell activated by removing the barrier
matenal (e.g., by the act of peeling oif a tab (barrier material
layer).

[0068] The case may further comprise an additional port
(not shown) for introducing, water or catholyte into the cath-
ode compartment after the cell has been manufactured. With-
out limitation, the catholyte (or water) may be introduced,
prior or subsequent to one or more of the following: cell
activation or initial discharge.

[0069] FIGS. 2A-D illustrate representative protective
membrane architectures from these disclosures suitable for
use 1n the present invention. The protective membrane archi-
tectures provide a barrier to 1solate a L1 anode from ambient
and/or the cathode side of the cell while allowing for efficient
ion L1 metal 1on transport mto and out of the anode. The
architecture may take on several forms. Generally 1t com-
prises a solid electrolyte layer that 1s substantially impervi-
ous, 1onically conductive and chemaically compatible with the
external ambient (e.g., air or water) or the cathode environ-
ment.

[0070] Referring to FIG. 2A, the protective membrane
architecture can be a monolithic solid electrolyte 202 that
provides 1onic transport and 1s chemically stable to both the
active metal anode 201 and the external environment.
Examples of such materials are Na-p" alumina, LiH{PO, and
NASICON, Nasiglass, Li.La,Ta,0O,, and Li.La,Nb,O,,.
Na.MS1,0,, (M: rare earth such as Nd, Dy, Gd).

[0071] Morecommonly, the 1on membrane architectureis a
composite composed of at least two components of different
matenals having different chemical compatibility require-
ments, one chemically compatible with the anode, the other
chemically compatible with the exterior; generally ambient
air or water, and/or battery -electrolytes/catholytes. By
“chemical compatibility” (or “chemically compatible™) 1t 1s
meant that the referenced material does not react to form a
product that i1s deleterious to battery cell operation when
contacted with one or more other referenced battery cell
components or manufacturing, handling, storage or external
environmental conditions. The properties of different 1onic
conductors are combined 1n a composite material that has the
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desired properties of high overall 1onic conductivity and
chemical stability towards the anode, the cathode and ambi-
ent conditions encountered in battery manufacturing. The
composite 1s capable of protecting an active metal anode from
deleterious reaction with other battery components or ambi-
ent conditions while providing a high level of 1onic conduc-
tivity to facilitate manufacture and/or enhance performance
ol a battery cell in which the composite 1s incorporated.

[0072] Referring to FIG. 2B, the protective membrane
architecture can be a composite solid electrolyte 210 com-
posed of discrete layers, whereby the first material layer 212
(also sometimes referred to herein as “interlayer’™) is stable to
the active metal anode 201 and the second material layer 214
1s stable to the external environment. Alternatively, referring
to FIG. 2C, the protective membrane architecture can be a
composite solid electrolyte 220 composed of the same mate-
rials, but with a graded transition between the materials rather
than discrete layers.

[0073] Generally, the solid state composite protective
membrane architectures (described with reference to FIGS.
2B and C) have a first and second material layer. The first
maternal layer (or first layer material) of the composite 1s
ionically conductive, and chemically compatible with an
active metal electrode material. Chemical compatibility 1n
this aspect of the invention refers both to a material that 1s
chemically stable and therefore substantially unreactive
when contacted with an active metal electrode material. It
may also refer to a material that 1s chemically stable with air,
to facilitate storage and handling, and reactive when con-
tacted with an active metal electrode material to produce a
product that 1s chemically stable against the active metal
clectrode material and has the desirable 1onic conductivity
(1.e., a first layer material). Such a reactive material 1s some-
times referred to as a “precursor’” material. The second mate-
rial layer of the composite 1s substantially impervious, 10ni-
cally conductive and chemically compatible with the first
material. Additional layers are possible to achieve these aims,
or otherwise enhance electrode stability or performance. All
layers of the composite have high 1onic conductivity, at least
10~7 S/cm, generally at least 107° S/cm, for example at least
10~ S/cm to 107* S/cm, and as high as 10~ S/cm or higher so
that the overall 1onic conductivity of the multi-layer protec-
tive structure is at least 10~7 S/cm and as high as 107> S/cm or
higher.

[0074] A fourth suitable protective membrane architecture
1s 1llustrated in FIG. 2D. This architecture 1s a composite 230
composed of an 1nterlayer 232 between the solid electrolyte
234 and the active metal anode 201 whereby the interlayer 1s
impregnated with anolyte. Thus, the architecture includes an
active metal 1on conducting separator layer with a non-aque-
ous anolyte (1.e., electrolyte about the anode), the separator
layer being chemically compatible with the active metal and
in contact with the anode; and a solid electrolyte layer that 1s
substantially impervious (pinhole- and crack-iree) 1onically
conductive layer chemically compatible with the separator
layer and aqueous environments and 1n contact with the sepa-
rator layer. The solid electrolyte layer of this architecture
(FI1G. 2D) generally shares the properties of the second mate-
rial layer for the composite solid state architectures (FI1GS. 2B
and C). Accordingly, the solid electrolyte layer of all three of
these architectures will be referred to below as a second
material layer or second layer.

[0075] A wide variety of materials may be used 1n fabricat-
ing protective composites in accordance with the present
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invention, consistent with the principles described above. For
example, 1n the solid state embodiments of Figs. B and C, the
first layer (material component), 1n contact with the active
metal, may be composed, 1n whole or 1n part, of active metal
nitrides, active metal phosphides, active metal halides active
metal sulfides, active metal phosphorous sulfides, or active
metal phosphorus oxynitride-based glass. Specific examples
include L1;N, L1;P, Lil, LiBr, LiCl, LiF, L1,S—P,S., L1,S—
P,S.—ILil and L1IPON. Active metal electrode materials (e.g.,
lithium) may be applied to these materials, or they may be
formed 1n situ by contacting precursors such as metal nitrides,
metal phosphides, metal halides, red phosphorus, 1odine,
nitrogen or phosphorus containing organics and polymers,
and the like with lithium. A particularly suitable precursor
material 1s copper nitride (e.g., Cu;N). The 1n situ formation
of the first layer may result from an incomplete conversion of
the precursors to their lithiated analog. Nevertheless, such
incomplete conversions meet the requirements of a first layer
material for a protective composite 1n accordance with the
present mvention and are therefore within the scope of the
ivention.

[0076] For the anolyte interlayer composite protective
architecture embodiment (FIG. 2D), the protective mem-
brane architecture has an active metal 1on conducting sepa-
rator layer chemically compatible with the active metal of the
anode and 1n contact with the anode, the separator layer
comprising a non-aqueous anolyte, and a substantially imper-
vious, 1onically conductive layer (“second” layer) in contact
with the separator layer, and chemically compatible with the
separator layer and with the exterior of the anode. The sepa-
rator layer can be composed of a semi-permeable membrane
impregnated with an organic anolyte. For example, the semi-
permeable membrane may be a micro-porous polymer, such
as are available from Celgard, Inc. The organic anolyte may
be 1n the liquid or gel phase. For example, the anolyte may
include a solvent selected from the group consisting of
organic carbonates, ethers, lactones, sulfones, etc, and com-
binations thereol, such as EC, PC, DEC, DMC, EMC, 1,2-
DME or higher glymes, THF, 2MeTHE, sulfolane, and com-
binations thereol 1,3-dioxolane may also be used as an
anolyte solvent, particularly but not necessarily when used to
enhance the safety of a cell incorporating the structure. When
the anolyte 1s 1n the gel phase, gelling agents such as polyvi-
nylidine fluoride (PVdF) compounds, hexatluropropylene-
vinylidene tluoride copolymers (PVdi-HEFP), polyacryloni-
trile compounds, cross-linked polyether compounds,
polyalkylene oxide compounds, polyethylene oxide com-
pounds, and combinations and the like may be added to gel
the solvents. Suitable anolytes will, of course, also include
active metal salts, such as, 1n the case of lithium, for example,
LiPF, LiBF,, LiAsF, LiSO,CF; or LiIN(SO,C,F.),. In the
case of sodium, suitable anolytes will include active metal
salts such as NaClO,, NaPF ., NaAsF. NaBF,, NaSO,CF,,
NaN(CF;50,), or NaN(SO,C,F.),, One example of a suit-
able separator layer 1s 1 M LiPF, dissolved 1n propylene
carbonate and impregnated in a Celgard microporous poly-
mer membrane.

[0077] The second layer (material component) of the pro-
tective composite may be composed of a material that 1s
substantially impervious, 1onically conductive and chemi-
cally compatible with the first material or precursor, includ-
ing glassy or amorphous metal 1on conductors, such as a
phosphorus-based glass, oxide-based glass, phosphorus-ox-
ynitride-based glass, sulpher-based glass, oxide/sulfide based
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glass, selenide based glass, gallium based glass, germanium-
based glass, Nasiglass; ceramic active metal 1on conductors,
such as lithium beta-alumina, sodium beta-alumina, L1 supe-
rionic conductor (LISICON), Na superionic conductor (NA-
SICON), and the like; or glass-ceramic active metal 10n con-
ductors. Specific examples include LiPON, L1,PO,.I[.1,S.S1
S,, L1,5.GeS,.Ga,S;, L1,0.11A1,04, Na,O.11A1,0,, (Na,
L1),.  T1, Al (PO,); (0.1=x=<0.9) and crystallographically
related  structures, Li,, Hi, Al (PO,); (0.1=x<0.9),
Na,;Zr,S1,PO,,, L1;7r,S1,PO,,, Na.ZrP,0,,, Na.TiP;0,,,
Na,Fe,P,0,,, Na,NbP,O,,, Na-Silicates, L1, ;La, ;T10;,
Na.MS1,0, , (M: rare earth such as Nd, Gd, Dy) L1.ZrP 0O, ,,
L1, 7rP,0O,,, 1. 1P, 0O, ,, L1,Fe,P,O,, and L1,NbP,O,,, and
combinations thereot, optionally sintered or melted. Suitable
ceramic 10n active metal 1on conductors are described, for
example, in U.S. Pat. No. 4,985,317 to Adachi et al., incor-

porated by reference herein in 1ts entirety and for all purposes.

[0078] A particularly suitable glass-ceramic material for
the second layer of the protective composite 1s a lithtum 1on
conductive glass-ceramic having the following composition:

Composition mol %
P50 26-55%
510, 0-15%
GeO, + TiO, 25-50%
in which  GeO, 0-50%

Ti0, 0-50%
Zr0O, 0-10%
M-0; 0-10%
Al,O, 0-15%
Ga,0; 0-15%
Li50 3-25%

[0079] and containing a predominant crystalline phase
composed of L1,  (M,AlLGa)(Ge, 11, (PO,); where
X=0.8and 0=Y=1.0, and where M 1s an element selected from
the group consisting of Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm
and Yb and/or L1, Q. 11, S1 P, O,, where 0<X<0.4 and
0<Y =0.6, and where Q 1s Al or Ga. The glass-ceramics are
obtained by melting raw materials to a melt, casting the melt
to a glass and subjecting the glass to a heat treatment. Such
materials are available from OHARA Corporation, Japan and
are further described 1n U.S. Pat. Nos. 5,702,995, 6,030,909,
6,315,881 and 6,485,622, incorporated herein by reference.

[0080] Another particularly suitable material for the second
layer of the protective composite are lithtum 1on conducting
oxides having a garnet like structures. These 1include
LiBal.a,Ta,O,,; Li,La,Zr,0O,,, Li;LLa,Nb,O,,,
Li.La,M,O,, (M=Nb, Ta)L1,, A La, 7r,O,, where A may
be Zn. These materials and methods for making them are
described in U.S. Patent Application Pub. No.: 2007/0148533
(application Ser. No. 10/591,714) and 1s hereby incorporated
by reference 1n its entirety and suitable garnet like structures,
are described in International Patent Application Pub. No.:
WO/2009/0036935 which 1s hereby incorporated by reference

for all that 1t contains.

[0081] The composite should have an inherently high 1onic
conductivity. In general, the 10nic conductivity of the com-
posite is at least 1077 S/cm, generally at least about 107° to
10~ S/cm, and may be as high as 10~*to 107> S/cm or higher.
The thickness of the first precursor maternial layer should be
enough to prevent contact between the second material layer
and adjacent materials or layers, in particular, the active metal
of the anode. For example, the first material layer for the solid
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state membranes can have a thickness of about 0.1 to 3
microns; 0.2 to 1 micron; or about 0.25 micron. Suitable
thickness for the anolyte interlayer of the fourth embodiment
range from 5 microns to 50 microns, for example a typical
thickness of Celgard 1s 25 microns.

[0082] The thickness of the second matenal layer 1s pret-
erably about 0.1 to 1000 microns, or, where the 1onic conduc-
tivity of the second material layer is about 10~ S/cm, about
0.25 to 1 micron, or, where the 1onic conductivity of the
second material layer is between about 10™* about 107> S/cm,
about 10 to 1000 microns, preferably between 1 and 300
microns, and more preferably between 10 and 100 microns,
for example about 20 microns.

[0083] Seals and methods of making seals which are par-
ticularly suitable for sealing protected anodes described here-
inabove and elsewhere, including compliant and rigid seals,
are fully described 1n US Patent Application No.: 2007/
0037058 and US Patent Application No.: US 2007/0051620
to Visco et al., and are hereby incorporated by reference in
their entirety.

[0084] Cathode Compartment

[0085] Referring again to FIG. 1, the cathode compartment
4 comprises an air cathode 5 (also sometimes referred to
herein as “oxygen electrode”) and an aqueous catholyte 6,
which 1s disposed between the cathode 5 and the solid elec-
trolyte protective membrane 2 and 1s 1in direct contact with the
cathode 5 for reducing molecular oxygen. The cathode com-
partment 4 can further comprise one or more porous solid
reservolr structures 7 disposed between the solid electrolyte
protective membrane 2 and the air cathode 5. The aqueous
catholyte 6 and porous solid reservoir 7 are represented as
separate layers in FI1G. 1 for ease of illustration, however they
may be and often are co-extensive in many embodiments of
the mvention.

[0086] As described further below, 1n various embodi-
ments, the aqueous catholyte (which 1s defined as electrolyte
in contact with the cathode (e.g., oxygen electrode)) contains
dissolved and, 1n at least some cases, active catholyte salts.

[0087] Aqueous Catholytes

[0088] In various embodiments, aqueous catholytes of the
present invention comprise the following components:
[0089] 1)adissolved active catholyte salt, which partici-
pates 1n the cathode discharge;

[0090] 2) a dissolved supporting L1 salt, which does not
directly participate in the cathode discharge;
[0091] 3) optionally, undissolved catholyte salt(s);
[0092] 4) optionally, an additional hygroscopic agent;
[0093] 5) optionally, additives enhancing cell perfor-
mance.
[0094] One class of active catholyte salts of the current
invention has a formula MHal , where M 1s NH_, Al, Ti or
Mg; Hal 1s Cl, Br or I; and n has the appropriate stiochiometric
value based on the valence of M. The preferred salts are
NH_Cl and AICl;. The term “salt” as used 1n this context 1s
intended to encompass compounds that react (e.g., dissolve or
hydrolyze) to form dissolved active salts. Other active

catholyte salts that can be effectively used 1n L1 air cells are
NH_,NO, and NH,Br NH,CNS. All of these salts participate

in the cathode process forming their corresponding L1 salts.
During cathode discharge, their corresponding hygroscopic
L1 salts form and prevent the drying out of the cell by absorb-
ing moisture from air.

[0095] An exemplary active salt of the instant invention 1s
NH_Cl. Dissolved 1in the catholyte, the active salt participates
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in the cell reaction. The discharge reaction with ammonium
chloride, in dilute conditions, may appropriately be described
as follows:

2Li+2NH,Cl+10,=H,0+2NH,+2LiCl

[0096] In accordance with the above reaction, water and
ammomnia (and/or ammonium hydroxide) 1s generated as the
active salt, partaking in the discharge reaction, 1s converted to
a corresponding lithitum salt discharge product (Li1Cl). Pret-
erably, the corresponding lithium salt 1s highly soluble 1n the
catholyte, and preferably more soluble than that of the active
salt. One metric for gauging the solubility of the active salt or
that of its corresponding lithium salt 1s based on water solu-
bility. Accordingly, 1n various embodiments, the solubility in
water of the corresponding lithium salt 1s greater than the
water solubility of the active salt from which it was converted.
In various embodiments 1t 1s preferable to use an active salt
that converts, during discharge, to a corresponding hygro-
scopic lithium salt that imparts to the catholyte a low equilib-
rium relative humidity. For instance the equilibrium relative
humidity of a saturated water solution of LiCl 1s about 11%
and L1Br 1s about 6% at room temperature (20° C.).

[0097] High concentrations of active catholyte salts, much
higher than are typically used 1n conventional metal/air (e.g.,
/Zn/air) cells are desirable 1n order to increase the amount of
water collected by the hygroscopic solid phase discharge
products. Concentrations of at least 1M, or at least 2M, for
example 4M, are suitable. In specific embodiments, a statured
or near saturated solution of the active salt in the catholyte can
be used.

[0098] Particular Salts
[0099] NH,Cl, NH,Br and NH,_I
[0100] Solubility of NH,Cl 1n water at room temperature

(RT) 1s approximately 28 wt % and increases with tempera-
ture, which 1s significantly larger than solubility of LiOH
(approx. 11 wt % at RT). At the same time, both discharge
products, L1Cl and NH,, have very high solubilities. L1Cl 1s
hygroscopic and absorbs moisture from atmosphere during
cell storage and discharge. Importantly, during cell discharge
cach mole of NH,Cl also generates haltf amole ol H,O, which
can be used during further discharge involving formation of
[L1IOH. NH, can evaporate, thereby decreasing the weight of
the cathode compartment. Use of NH_ Br or NH_I leads to
formation of LiBr and Lil, which are much more hygroscopic
than LiCl, therefore these salts can be used and may be
particularly useful when a cell has to operate at low humadity.

[0101] An additional benefit of the NH,Cl salt 1s associated
with buffering the catholyte during cell storage and initial
discharge. Since solid electrolyte protective membranes are
chemically stable in NH_ Cl-based electrolytes, the use of
NH_ (I as the active salt results in 1mproved storage perfor-
mance of the battery cell.

[0102] NH_,NO,

[0103] NH_,NO, has a very high solubility o1 68 wt % at RT
and the discharge product, LiNO,, 1s very hygroscopic and
even more soluble than LiCl. Additionally, air cathodes 1n
cells with NH,NO, active salt can have traditional inexpen-
stve N1 current collectors, since N1 1s stable 1n LiNO,-con-
taining solutions.

[0104] AICI,
[0105] AICI, has a high solubility o1 31 wt %; the discharge

products are hygroscopic and prevent the drying out of the
cell. It has been found that cells with this salt have an
increased depth of discharge.
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10106]

[0107] Supporting L1 salts of this invention maintain con-
ductivity of catholyte at different stages of discharge. It has
also been found that introduction of certain concentrations of
L1 salts, substantially higher than conventional L1 salt con-
centrations, mto the catholyte prior to mitial discharge pre-
vents a rise 1n the cell’s resistance during storage under open
circuit conditions. In this regard, initial (prior to mitial dis-
charge) L1 salt (ion) concentrations of at least 2M, {for
example 2M, can be etfectively used. While the invention 1s
not limited by any particular theory of operation, this effect 1s
attributed to the suppression of 10n exchange at the interface
between protective membrane and liquid catholyte. Hygro-
scopic supporting L1 salts can be used 1n order to maintain
moisture balance 1n the cell before the start of discharge. This
1s one more function of supporting L1 salts.

[0108] In a specific case, the catholyte of the current mnven-
tion comprises the active salt and the supporting salt with the
same anion (common anion), 1.e. NH,Cl or/and AICI; are
used 1n combination with LiCl or in combination with LiBr
(e.g., NH,Cl with LiBr), NH,NO; with LiNO;, and NH,CNS
with L1CNS. Depending on the particular application and the
conditions under which the battery will operate, the catholyte
of the current invention may comprise the active salt only and
not comprise any concentrations of the supporting salt or may
comprise the supporting salt only and not comprise any con-
centrations of the active salt. For mstance, i applications
where the evolution of gaseous NH; during cell discharge 1s
not desirable, the catholyte can contain L1Cl or/and LiNO,,
but not NH,C] or NH,NO,. Some specific compositions of
the catholytes of the current mnvention are: 4M NH_ Cl+2M
[1Cl in water, 4M NHNO,+2M Li1NO, in water, 4M
NH,CNS+2M Li1CNS m water, 2M AICl1,+2M LiCl 1n water,

2. 7M AlCL,+1M LiCl 1n water.

[0109] In some embodiments, active salts and supporting
[1 salts with different anions are used. In one embodiment,
hygroscopic LiBr or Lil are used as L1 supporting salts in
combination with NH,Cl and NH_ NO, active salts in order to
prevent the drying out of the cell when discharging at low
humidities. In some embodiments, the catholyte contains
additional hygroscopic agents or co-solvents other than the L1
salts. One particular example of such co-solvent 1s ethylene
glycol, which can absorb as much water as 200% of 1ts weight
at 100% relative humidity.

[0110] In some cases, fine particles of mnert solid com-
pounds, such as silica or alumina, are added to the catholyte or
to the cathode compartment in different locations: near the
cathode surface, in the bulk of the catholyte reservoir, near the
protective membrane surface. These particles create crystal-
lization centers and control the precipitation of the discharge
product.

[0111] In other embodiments the catholyte further com-
prises an morganic liquid (other than water), including apro-
tic and protic organic and morganic liquids (T1Cl,) that react-
ing with water of the catholyte form dissolved active species
that participate, as a reagent, in the cell reaction.

[0112] In various embodiments the catholyte has a low
equilibrium relattve humidity (ERH) prior to initial dis-
charge. Preferably the ERH of the catholyte, prior to initial
discharge, 1s less than 50%, less than 40%, less than 30%, less
than 20% or less than 15%, at room temperature (20 C). And
preferably, 1t 1s low enough to render the cathode compart-
ment hygroscopic upon cell activation.

Supporting L1 Salts
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[0113] Low ERH values may be imparted to the catholyte
using high concentrations of active salts or saturating the
catholyte with active salts, or using a combination of dis-
solved active salts and non-active salts, particularly non-ac-
tive lithium salts, and especially lithtum halides, which are
extremely hygroscopic. In various embodiments, the
catholyte comprises a combination of a highly concentrated
active salt (e.g., NH4Cl) and a lower concentration of a
lithium halide salt (e.g., L1Cl, LiBr or Lil). Salt combinations
can be used to effectively lower the solubility limit of one or
both salts. For instance, a high concentration of an active first
salt can be used to lower the solubility of a second salt (e.g.,
lithium salt), and by this expedient the lithium salt may reach
its solubility limit in the catholyte at a concentration below 1ts
solubility limit in pure water. In effective concentrations, the
combination of a first and second salt, or more salts, interact-
ing in their dissolved form can lead to early saturation at
concentrations lower than that which would be expected
based solely on their solubility limits in water.

[0114] Invarious embodiments, aqueous catholyte, includ-
ing that which comprises an active salt dissolved therein, 1s
incorporated in the cathode compartment during battery cell
manufacture and 1n a sufficient amount to fill the pores of the
reservolr layer, wet the cathode active layer, wet the surface of
the protective membrane and imbibe a hydrogel, when
present.

[0115] In certain embodiments, catholyte may be intro-
duced into the compartment after cell manufacture but prior
to mnitial cell discharge. By this expedient, the battery cell
may be assembled, stored and transported 1n a “dry state”
(1.e., substantially without, or free of, or in the absence of,
catholyte and water) or 1n a semi-dry state with less, or sub-
stantially less, catholyte (or water) than that which 1s optimal
for pore filling, wetting and the like. The advantages of
assembling, storing and transporting a dry state cell include
exceptionally light transport, optimal transport safety, and
enhanced shelf life. In certain embodiments, it 1s contem-
plated that an operator (typically a person whom 1s using the
battery to power a system or device, but not limited as such,
and mechanical apparatus’ are contemplated herein for that
same purpose) introduces catholyte or water via an entry port
in the battery cell case. The port provides external access to
the cathode compartment for various intended uses, including
the introduction of water, or active catholyte, or salts. For
instance, 1n certain embodiments, the cathode compartment
contains at least one of an active solid phase salt or a solid
lithium salt, or both, and a battery operator introduces water
and/or catholyte mnto the cathode compartment via the entry
port.

[0116] In certain embodiments, the catholyte 1s wholly
formed, or partly formed, 1n situ upon exposure of the cathode
compartment to ambient air. For instance, the cathode com-
partment comprising at least one solid phase salt, for instance
an active solid phase salt and/or a solid phase supporting
clectrolyte salt (e.g., L1Cl) that, subsequent to cell activation,
dissolves 1n contact with water absorbed from the ambient air.
In certain embodiments thereot, the cathode compartment 1s
substantially devoid of water prior to cell activation. In spe-
cific embodiments all the water necessary for cell discharge is
obtained through absorption from the ambient air.

[0117]

[0118] The Li/air cells of the present invention are 1n some
ways analogous to the classic Zn/air cell with the alkaline
KOH aqueous electrolyte. By analogy, the most natural

Advantages of Catholytes of the Current Invention
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choice of a catholyte for the Li/air cell would be aqueous
L10OH. The neutral or slightly acidic catholyte of the current
invention has several advantages over LiOH-based electro-
lytes.

[0119] First, solubility of L1OH in water at RT 1s only 11 wt
%, 1ar less than for aqueous KOH or active catholyte salts of
the current invention. The air cell with such catholyte would
deliver an msignificant capacity before L1OH starts to pre-
cipitate out. The use of a catholyte 1n accordance with the
current imnvention allows for an increase 1n the capacity deliv-
ered prior to formation of solid discharge product.

[0120] Second, the discharge products of a cell with the
catholytes of the current invention, such as LiCl, LiNO; and
L1CNS, are much more hygroscopic than L1OH and therefore
prevent cell drying much better. Importantly, solid electrolyte
protective membranes are much more stable 1n contact with
catholytes of current invention than in contact with L1OH,
resulting 1n increased storage stability of the cell.

[0121] Also, 1t has been found that when a cell with the
catholyte described herein 1s deeply discharged and precipi-
tation of L1OH takes place, the total delivered capacity 1s
significantly larger than could be expected from adding the
capacity of active salt discharge (i.e., when NH,Cl transforms
into L1Cl) to the capacity of L1OH discharge. While the inven-
tion 1s not limited by any particular theory, this synergistic
elfect can be explained by an increase 1 conductivity and an
improvement of morphology of the solid discharge product
formed when L1OH and LiCl co-precipitate. Another expla-
nation of this effect involves the high hygroscopicity of the
discharge products, which absorb water and dilute L1OH as
well as L1,CO; formed when L1OH reacts with atmospheric
CQO..

[0122] Introduction of Solid Active Catholyte Salts into the
Cathode Compartment

[0123] Inanother specific embodiment of the current mnven-
tion active salts are introduced 1nto the cathode compartment
as solid phase active salt. When present, at least a portion of
the solid phase active salt contacts the catholyte, and operably
dissolves therein. In certain embodiments, the active solid
phase salt 1s mtroduced into the cathode compartment in
concentrations larger than 1ts solubility limit in the catholyte
And by this expedient,water necessary for the cell discharge
need not be 1mitially loaded into the cell, but may rather be
absorbed 1nto the cathode compartment from the atmosphere
by the hygroscopic products formed during discharge. An
important advantage of certain active solid phase salts 1s a
decrease 1n battery cell weight. The active solid phase salts
also serve to keep the active salt concentration in the catholyte
high during cell operation.

[0124] In various embodiments some amount (at least a
portion) of the solid phase active salt remains solid and in
contact with the catholyte subsequent to mitial discharge, and
typically a portion remains solid and un-dissolved for a sig-
nificant fraction of the discharge thereafter. In certain
embodiments, subsequent to the cell delivering at least 10%,
or at least 30%, or at least 50%, or at least 75%, of its rated
capacity, or substantially 100% of its rated capacity, there
exi1sts 1n the cathode compartment a portion, or at least some

amount, of active solid phase salt, still un-dissolved and 1n
contact with catholyte.

[0125] During cell operation, when active solid phase saltis
present in the cathode compartment, the catholyte may reach
a very low equilibrium relative humidity, and, driven by the
continual formation of hygroscopic solid discharge products,
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the catholyte may maintain those low values for a significant
fraction of the total discharge.

[0126] Invarious embodiments, the catholyte reaches a low
equilibrium relative humaidity of less than 50%, or less 40%,
or less than 30% or less than 20% or less than 15%, and 1n
certain embodiments the catholyte maintains that ERH value
over a significant fraction of the discharge, including that
period which corresponds to the cell delivering over 50% of
its rated cell capacity, or over 60%, or over 70%, or over 80%,
or over 90%, or over the entire discharge.

[0127] In various embodiments, the equilibrium relative
humidity of the catholyte remains less than or substantially
equal to the ambient relative humidity (RH) for a significant
fraction of the total time period (TTP) i which the cell
operates. The total time period refers to the sum total of time
between the start of initial discharge until the discharge 1s
substantially complete, and includes periods of rest when the
cell 1s under open circuit conditions. Preferably, the ERH of
the catholyte 1s below or the same as the RH of the ambient air
tor more than 50% of the TTP, more preferably 75% and even
more preferably 90%. In certain embodiments the ERH
remains below the RH for the entire time period of cell opera-
tion (100% TTP).

[0128] ‘Typically, the active solid phase substance (active
solid phase salt) 1s incorporated 1n the cathode compartment
during cell manufacture, although the invention 1s not limited
as such and 1t 1s contemplated herein that the active solid
phase salt may be loaded at a time subsequent manufacture,
including: subsequent to manufacture and prior to cell acti-
vation; or subsequent to cell activation and prior to 1nitial
discharge; and it 1s also contemplated that active solid phase
salt 1s loaded 1nto the cathode compartment after initial dis-
charge. Notably, 1n accordance with the instant invention, the
active solid phase substance (active solid phase salt) 1s 1nten-
tionally incorporated 1n the cathode compartment as a solid
(1.e., solid sate of matter), and as such 1t 1s not formed solely
as the result of unintentional, or even undesirable, phenom-
ena, such as low temperature precipitation reaction, which 1s
a reaction 1n which solid salts precipitate when the solution in
which they are dissolved 1s lowered, usually to a temperature
below room temperature, or other unintentional causes. And
while low temperature precipitation may, in fact, take place in
the cells of the instant invention when operated or stored
below room temperature, the majority of the active solid
phase salt present 1n the cathode compartment 1s not formed
by an unintentional mechanism, and more typically 90% or
more of the solid phase active salt 1s incorporated in the
cathode compartment, with the distinct intent of doing so, and
usually during cell manufacture or prior to mnitial cell activa-
tion.

[0129] In various embodiments the active solid phase sub-
stance (typically an active solid phase salt) 1s present 1n the
cathode compartment in relatively large amount prior to 1ni-
tial discharge, or, in some cases, prior to cell activation. In
various embodiments prior to cell activation or initial dis-
charge the solid phase active salt 1s present in the cathode
compartment in a larger amount than active salt dissolved 1n
the catholyte.

[0130] In various embodiments, the mole ratio of the solid
phase active salt to the active salt dissolved 1n the catholyte 1s
greater than 1, or greater than 2, or even greater than 10.

[0131] In specific embodiments, the mole ratio has a value
in the range of: from 2 to 3; from 3 to 4; from 4 to 5; from 5
to 6; from 6 to 7; from 7 to ; from 8 to 9: or from 9 to 10.
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[0132] Methods of Loading the Cathode Compartment
with NH,Cl and Other Solid Active Salts of the Current

Invention

[0133] 1) Filling the pores of the reservoir layer by air
spraying a slurry or solution of NH_C1 or another active salt.
In current invention, the solution or slurry are based on water
or 1ts mixture with one or more co-solvents. Such co-solvents,
both protic and aprotic, can be used to enhance the solubility
of the active salt, improve the wettability of the reservoir
layer, or disperse the solid salt particles. In one practically
significant embodiment, methanol 1s added to the slurry to
wet the porous reservoir layer during impregnation. One or
more impregnation/drying cycles are used to fill the pores of
the reservolr layer. In one particular embodiment, the reser-
volr layer 1s heated during impregnation.

[0134] 2) Vacuum impregnation of the reservoir layer with
NH_Cl or another active salt using 1ts solutions or slurries in
aqueous and non-aqueous solvents and their mixtures.

[0135] 3) Impregnation of the reservoir layer with NH,Cl
or another active salt by placing the reservoir layer 1n a bath
with hot slurry or solution, followed by cooling and crystal-
lization. In one embodiment, the reservoir filled with slurry or
solution 1s cooled down to the cryohydrate point. As a result,
the solution separates 1nto two solid phases: NH_,Cl and ice.
Then, water 1s extracted with a solvent having negligible
solubility of NH_,Cl (acetone).

[0136] 4) Coating the air cathode surface with slurry of
NH_(Cl or another active salt.

[0137] 5) Pressing NH,C1 or another active salt into pellets
or thin layers and placing them 1nto the cathode compartment
in contact with the air cathode. In one embodiment, the active
salt 1s mixed with binders prior to the pressing operation. In
another practically important embodiment, the active salt 1s
mixed with inert mnorganic powders, such as silica, alumina,
etc. prior to the pressing operation in order to increase the area
of grain boundaries of the polycrystalline active salt and to
enhance its 10nic conductivity. Other types of fillers, such as
short carbon fibers, also can be used. In another embodiment,
the active salt 1s mixed with powders of pore-forming agents
prior to the pressing operation. After pressing, the pore-form-
ing agents are removed via thermal decomposition or selec-
tive solubilization with non-aqueous solvents. As a result,
porous active salt pellets or layers are formed. In one particu-
lar embodiment, ammonium bicarbonate with a low decom-
position temperature of about 60° C. 1s used as a pore-forming
agent.

[0138] Invarious embodiments, when the solid active salt1s
introduced into the cathode compartment, aqueous solution
of the L1 supporting salt or both L1 supporting salt and active
salt 1s also loaded into the cathode compartment. It can be
achieved by filling the pellets of the solid active salt or the first
reservolr layer (already impregnated with solid active salt)
with the aqueous solution of the L1 supporting salt or both L1
supporting salt and active salt. Alternatively or additionally, 1t
can be achieved by filling the second reservoir layer located
between the protective membrane and the first reservoir layer
with the same aqueous solution. As a result, the components
ol the cathode compartment and the protective membrane are
in contact via liquid phase.

[0139] In an important embodiment, the amount of active
salt introduced into the cathode compartment as a solid 1s
significantly larger than the amount of active salt 1n the dis-
solved form, prior to 1nitial discharge.
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[0140] Discharge Stages

[0141] In various embodiments the discharge may be
described as taking place in different stages, based on
whether or not dissolved active salt species participate, as a
reagent, 1n the discharge reaction: a first stage corresponding,
to that portion of the discharge when it does and the second
stage to that portion when 1t does not; for instance, the second
stage 15 reached once substantially all of the dissolved active
salt species have been utilized, or those species may not be
present 1n the catholyte. Although not limited as such, typi-
cally water 1s generated by the cell reaction during the first
stage of discharge and water 1s consumed by the reaction
during the second stage.

[0142] In various embodiments lithium/air cells of the
instant mvention encompass both first and second stages of
discharge. Accordingly, in various embodiments, the rated
capacity of the battery cell comprises the capacity delivered
over the first and second stages of discharge. And in certain
embodiments the rated capacity of the cell 1s equivalent to the
sum total of the capacity delivered over the first and second
stages. The invention, however, 1s not intended to be limited
as such, and in some embodiments the cell may be exclusively
discharged 1n one or the other of the first or second stages.
Moreover, 1t 1s to be understood that the use of the term first
and second 1s not intended to 1mply that the second stage
necessarily follows the first stage, albeit this 1s usually the
case, or that the first stage of discharge 1s necessary for second
stage discharge.

[0143] Water molecules generated during the first stage of
discharge may, without limitation, coalesce with the existing
water 1n the catholyte or they may compound with constitu-
ents ol the catholyte to form a structural hydrate (e.g., a
hydrated solid salt, the water therein structural). The total
amount of water reactively generated during first stage dis-
charge 1s proportional to the sum total of active catholyte
species that participate, as a reactant, in the discharge.

[0144] In accordance with embodiments of the instant
invention the cathode compartment comprising solid phase
active salts and/or dissolved active salts may be formulated
with the objective ol preventing catholyte dry out and improv-
ing cell performance, including enhancing specific energy
and energy density. As described above, by making use of
highly concentrated or saturated catholyte salt solutions, or
certain salt combinations in the catholyte, or solid phase
active salts, or some combination thereof, the cathode com-
partment may be rendered hygroscopic and sulficient
amounts, and even large amounts, of water moisture, from the
ambient air, absorbed over various periods of discharge. By
this expedient, the energy density (Wh/kg and Wh/l) of the
cell may be enhanced, 1n part, because less than the requisite
amount of water necessary for the cell to achieve its rated
discharge capacity 1s needed in the cathode compartment
prior to mitial discharge; or 1n certain embodiments prior to
cell activation.

[0145] In accordance with various embodiments of the
instant invention at least three different amounts of water
molecules can be distinguished based on how or when that
amount of water materializes 1n the cathode compartment: a
first amount of water corresponding to that which 1s present in
the catholyte prior to 1mitial discharge; a second amount of
water corresponding to that which 1s generated by the dis-
charge reaction; and a third amount of water corresponding to
that which, subsequent to the start of mitial discharge, 1s
absorbed by the catholyte from the ambient air. "

The total
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amount ol water consumed by the discharge reaction 1s con-
sidered herein as corresponding to a fourth amount. And a
fifth amount of water corresponds to that amount of water
which 1s absorbed from the ambient subsequent to cell acti-
vation and prior to mnitial discharge.

[0146] In various embodiments, the first amount of water,
or the sum of the first and second amount of water, 1s 1nsut-
ficient for the cell to achieve 1ts rated discharge capacity. And
for those embodiments, 1t 1s only through the absorption of a
sufficient amount of water moisture, 1.e., the third amount of
water, that the cell 1s able to deliver 1ts rated capacity on
discharge. By manufacturing a cell with less water than that
which 1s needed for full (complete) discharge, the cells of the
instant mvention are made lighter and more volumetrically
eificient than would otherwise be possible. In various
embodiments, the third amount of water 1s greater than the
first amount of water, or greater than the sum of the first and
second amount of water. In certain embodiments, the third
amount of water 1s at least twice that of the first amount of
water, or at least twice that of the sum of the first and second
amount of water. In certain embodiments the cell 1s devoid of
water prior to cell activation, and a sufficient amount of water
1s absorbed from the ambient prior to imnitial discharge to
enable the cell to begin operation, (1.¢., the fifth amount of
water therein suificient).

[0147] Solid Porous Structures as Reservoir Layers

[0148] It has been found that several types of porous struc-
tures can be effectively used as reservorr layers in Li/air
aqueous cells in accordance with the present invention. These
porous layers are chemically inert and compatible with the
cathode and with the aqueous catholyte. In particular, they do
not react with the catholyte components, cannot be oxidized
by the cathode, and do not participate in the cell discharge as
reagents. The first function of a porous reservoir disposed
between the cathode and the protective membrane 1s to be
loaded with liquid catholytes and/or solid phase salts. Solid
structure(s) used as reservoir layer(s) have high porosity. It
has also been found that reservoir layers can have a second
function of accommodating both liquid and solid cell dis-
charge products, thereby increasing the depth of discharge
and improving cell characteristics. Additionally, the porous
space of the reservoir layer retains water that 1s absorbed by
the hygroscopic components of the catholyte during cell dis-

charge and storage thereby making it available for discharge
reactions.

[0149] Metal Oxide Porous Reservoirs

[0150] A species of metal oxide porous reservoir structure
has previously been disclosed 1n applicants” prior published
US Application US 2004/019°764 1. In this application, porous

ZrQ, (in particular, Zircoma cloth from Zircar Products, Inc.)
was noted 1n this context. It has now been determined that
several specific ZrO, porous reservoir structures are suitable
in accordance with the present invention, including a high
porosity (>95%) zircoma felts ZYF-130, ZYF-100 and ZYF-
50 from Zircar Zircomia Corp. In addition, metal oxides
including Al,O,, Y,0,, MgQ, etc. as felts, cloths and other
porous structures are suitable. In particular, high porosity
(>>95%) alumina felts ALF-100 and ALF-50 from Fuel Cells

Matenals Corp. can be used.

[0151] A feature of porous reservoirs in accordance with
the present invention 1s their ability to accommodate solid
phase discharge product precipitation without adverse impact
on cell function, or at least so that cell function 1s retained at

an acceptable level despite solid phase discharge product




US 2016/0197326 Al

precipitation. In order to accomplish this, the thickness of
porous reservoir structures 1s much greater than that typically
used 1n the context of Zn/air batteries, the closest commaer-
cially available corollary and typical starting point for other
metal/air battery designs.

[0152] Carbonaceous Porous Reservoirs

[0153] Carbon and graphite cloths and felts, carbon papers
and other porous structures are suitable as solid porous res-
ervolr structures in accordance with the present ivention.
WDF graphite felt and VDG carbon felt from National Elec-
tric Carbon Products, Inc. and carbon felt from Fiber Mate-
rials, Inc. can be used. Carbonaceous materials can be fabri-
cated to have a narrow tailored porosity or a graded porosity
to optimize catholyte penetration and/or accommodation of
solid phase discharge product precipitation without adverse
impact on cell function, or at least so that cell function 1s
retained at an acceptable level despite solid phase discharge
product precipitation.

[0154] Not previously used in this context, carbonaceous
reservoir structures have characteristics that conter additional
benefits 1n Li/air cell implementations. Carbonaceous struc-
tures are lightweight, thereby improving cell energy density.
They are also electronically conductive. The electronic con-
ductivity of these reservoir structures can be used to help
control the amount and location of solid phase cell discharge
product precipitation.

[0155] Several methods can be used to enhance wettability
of carbonaceous porous reservoirs, especially when they are
used 1n combination with neutral or basic catholytes: treat-
ment with hot acid (HC1 or H,SO,)), electrochemical pre-
cycling of the carbonacious reservoirs or heat treatment 1n an
oxygen-containing atmosphere. A specific method of treat-
ment of carbon felts 1s heat treatment at 523-565° C. 1n atr for

2-2.5 hrs.

[0156] Polymeric Porous Reservoirs

[0157] Polymeric layers with high porosity (e.g., at least
50%, for example 90%) can be used as reservoir structures.
An example of such a reservoir 1s polypropylene fiber mate-
rials. Another important example 1s polyurethane foam, par-
ticularly reticulated foam. In a preferred embodiment, these
materials are elastic and can expand during discharge with
mimmal damage to their porous structure and can retain 11g-
uid and solid discharge products, as well as water absorbed
from air during cell discharge while cell function 1s retained at
an acceptable level. In another preferred case, the polymeric
reservolr structures are elastic enough to expand during dis-
charge and keep all the cell components 1n contact with each
other, obviating the need for separate mechanisms (such as
springs) for accomplishing this 1n the assembled battery cell.
These elastic polymeric porous reservoir structures can be
particularly suitably combined with a compliant seal cell
structure such as disclosed in applicants’ copending pub-
lished Application No. US 2007/0037038, incorporated by

reference herein for this purpose.

[0158] Optionally, a second porous reservoir layer can be
used 1n the cathode compartment 1n order to improve the
contact between the solid electrolyte protective membrane
and the first reservoir layer in the case when it 1s impregnated
with solids. In this case, the second porous layer 1s also filled
with liquid catholyte. Another function of the second reser-
volr layer can be to prevent or minimize the precipitation of
the solid discharge products at the protective membrane. In
this case, the porous structures of the first and second reser-
volr layers are configured such that solid phase discharge
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products will preferentially precipitate in the second reservoir
layer (1.e., away from the reservoir/cathode interface). In
another embodiment, the second porous reservoir layer opti-
mizes the structure and conductivity of the precipitate near
the surface of the protective layer. Accordingly, the first
porous reservoir layer 1s made from a first component mate-
rial and has a first pore structure, and the second porous
reservolr layer 1s made from a second component material
and has a second pore structure. In various embodiments, to
establish preferential precipitation 1n one or the other of the
first or second reservoir, the first pore structure 1s different
from that of the second pore structure, and the first component
material may also be different than the second component
material. The pore structure may have uniform or varying
pore size and pore shape. The porous solid components of the
cathode compartment generally have an open porosity of at
least 30%, more preferably at least 50%, even more prefer-
ably at least 70% and yet even more preferably at least 90%.

[0159]

[0160] It has been found that hydrogels, hydrophilic poly-
mer networks that can absorb water, can be effectively used in
L1/air aqueous cells as reservoir layers 1n accordance with the
present mvention. Hydrogel layers of the current invention
are compatible with the cathode and with the aqueous
catholyte. In particular, they do not react with the catholyte
components, cannot be oxidized by the cathode, and do not
participate 1n the cell discharge as reagents. The hydrogel
reservolr layer disposed between the cathode and the solid
clectrolyte protective membrane can be loaded with active
and supporting catholyte salts in the dissolved form and pos-
sibly supplemented by and catholyte salts in the form of
undissolved solids. The hydrogel reservoir layers of the cur-
rent mnvention serve several other purposes. In particular, they
can accommodate both liquid and solid products of cell dis-
charge, thereby increasing the depth of discharge. Addition-
ally, the hydrogel reservoir layers can retain the water that 1s
absorbed by the hygroscopic components of the catholyte or
hygroscopic products of the cell discharge. This 1s particu-
larly beneficial when the hydrogel reservoir layers are loaded
with solid active catholyte salts and the discharge products
are highly hygroscopic. In this case, the hydrogel reservoir
layers absorb water and swell, thereby preventing leakage
from the cathode compartment.

[0161] The composition and synthesis of hydrogels are

described in many publications. An extensive list of materials
suitable for use 1n this invention can be found 1n I. R. Scott and
W. J. Rotil, Handbook of Common Polymers, CRC Press,
1971, incorporated by reference herein for this purpose. The
hydrogels of the current invention can be based on both natu-
ral and synthetic polymers. They can be physical gels or
chemical gels. The hydrophilic polymers used to synthesize
hydrogel matrix and the methods for synthesizing physical
and chemical hydrogels are listed 1n the following publica-
tions: B. D. Ratner and A. S. Hoflman, In: Hydrogels for
Medical and Related Applications, American Chemical Soci-
cty, Washington, D. C., 1976, pp. 1-36; A. S. Hollman,
Advanced Drug Delivery Reviews Vol. 43, pp. 3-12 (2002),
which are incorporated herein by reference for this teaching.
Suitable hydrophilic polymers include, but are not limited to
polyesters, poly(vinyl alcohol) and polyacrylamide. In one
particular embodiment the hydrogel reservoir layer based on
crosslinked polyacrylamide 1s fabricated by casting the gel
clectrolyte prepared by adding ammonium persulfate (as a
polymerization mitiator) and N,N,N'N' Tetrmethylenedi-
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amine (as an accelerator) to the mixture of acrylamide mono-
mer and bis-acrylamide crosslinker dissolved in water. In one
case, an active salt and a supporting L1 salt are also added to
that solution 1n such concentrations that the formed hydrogel
clectrolyte layer contains completely dissolved active and
supporting salts. In another case, prior to crosslinking the
solution 1s loaded with solid active salt 1n a concentration
greater than the salt’s solubility limait, so that the resulting
hydrogel layer contains undissolved solid active salt and dis-
solved supporting salt. In one embodiment, the concentration
of the solid active salt 1s not constant, but rather 1s changing
across the reservoir hydrogel layer. In another embodiment
the salt concentration 1s higher near the cathode and lower
near the protective membrane.

[0162] In the current invention, multi-layer hydrogels can
be used to improve the battery cell’s characteristics. In this
case, the reservoir layers comprise two or more hydrogels
based on different or identical polymers and containing dif-
terent or identical active and supporting catholyte salts. In one
embodiment, 1n order to improve the contact between the
cathode and the hydrogel layer loaded with solid active salt
particles, this layer 1s coated with another thin hydrogel layer
containing no solid active salt, which 1s 1n direct contact with
the cathode. In another embodiment, the thin hydrogel layers
containing no solid active salt are disposed not only between
the hydrogel layer loaded with the solid active salt and the
cathode surface, but between the hydrogel layer loaded with
the solid active salt and the solid electrolyte protective mem-
brane as well.

[0163] Auar Cathodes

[0164] In embodiments of the ivention, an air cathode
analogous to that used 1n Zn/Air batteries or low temperature
tuel cells (e.g., PEM), and which are well known to those of
skill 1n that art, may be used as the air cathode 1n the inventive
L1/air battery cells described herein.

[0165] In various embodiments, the instant LL1/air cell com-
prises an nventive air cathode comprising, at least, a first
sectional layer comprising a first gas diffusion (e.g., Tetlon)
backing layer (which 1s positioned adjacent to the air side in
the cell), a wet-proot gas-supply layer, for example made of
Teflon and acetylene black, a metal screen current collector
and an active carbon layer.

[0166] The type of metal used for the current collector may
be chosen based on 1ts chemical stability 1n the cell, specifi-
cally 1its stability 1n contact with the aqueous catholyte. In
specific embodiments the metal screen current collector 1s
titanium.

[0167] The active carbon layer may contain an electrocata-
lyst or may be uncatalyzed. The following catalysts can be
used 1n the air cathodes of the current invention: oxides of
Mn, Co and Ru and other metal oxides; cobalt phthalocya-
nines, iron phthalocyanines and manganese phthalocyanines.

[0168] In certain embodiments the mventive air cathode
comprises the first sectional layer and a second sectional
layer, typically a porous carbonaceous structure, adjacent to
it. In specific embodiments the active layer provides the first
section surface forming the interface with the second section.
By this expedient the active layer 1s disposed 1n the bulk of the
air cathode.

[0169] Porous carbon structures particularly suitable for
use as a second sectional layer include graphite cloths and
telts and carbon papers, and the like.

[0170] In various embodiments the first and second sec-
tional layers are adhered or bonded at the interface, thereby
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forming what 1s termed herein as a unitary cathode structure.
Alternatively, the two sections may be placed side by side in
the cell, whereupon they adhered to each other during dis-
charge, and by this expedient form, in-situ, the unitary struc-
ture. As described hereinabove, the first and second sectional
layers may form a unitary cathode structure in contact, how-
ever the invention 1s not limited as such, and additional mate-
rial layers may be disposed as a component material layer in
the unitary structure, between the first and second layers.
[0171] The inventive cathode serves to accommodate solid
products that form 1n the cell during discharge. Another inter-
esting feature of the iventive air cathode 1s that the active
carbon layer, where the cathode electroreduction takes place,
1s disposed 1n the bulk of the cathode and the cathode expands
upon discharge. By this expedient, the inventive cathodes of
the 1nstant invention are particularly suitable for high capac-
ity L1/ Air cells because the cathode, expanding on discharge,
for example a 2-1old increase in thickness, or as much as a 10
fold increase 1n thickness or more, will continue to accom-
modate solid product as 1t forms.

[0172] Inoneembodiment, when the active catholyte salt 1s
of the type MHal , (in particular, NH,Cl and AICl,), the Ti
current collector 1s used instead of the traditional N1 current
collector 1n order to avoid corrosion.

[0173] In Li/air batteries, the discharge products have to be
accommodated within the cathode compartment. Air cath-
odes of the same structure as the air cathodes of the Zn/air
batteries are unable to accommodate large amounts of the
discharge products. Cathodes with traditional structure can be
used 1n combination with porous reservoirs described 1n the
current mnvention. Alternatively, the oxygen electrode has a
pore structure configured to accommodate insoluble dis-
charge products such that operation of the cell 1s not disrupted
prior to substantially complete discharge.

[0174] In the case when the reservoir layer 1s a carbon-
aceous porous structure placed i direct contact with the
active layer, we effectively form a new carbon-based air cath-
ode. The resulting air cathode has a unique structure. It
employs an active layer 1n the depth of the electrode rather
than on the surface as in traditional air cathodes. Carbon-
aceous porous reservolr 1s uncatalyzed and has a relatively
large resistance, so the electroreduction mostly occurs at the
surface of the active layer 1n the depth of the electrode, keep-
ing the discharge products away from the protective solid
clectrolyte membrane. The resulting air cathode functions as
a gas diffusion electrode and a carbonaceous porous reservoir
at the same time. The proposed new cathode 1s one of the
subjects of the current mnvention.

[0175] In one embodiment, the cathode 1s fabricated out-
side of the cell prior to 1ts assembly. In another important
embodiment, the cathode 1s fabricated by bringing the gas
diffusion electrode and the carbonaceous porous reservoir 1n
intimate contact during cell assembly.

EXAMPLES

[0176] The following examples provide details illustrating
advantageous properties ol cells 1 accordance with the
present invention. These examples are provided to exemplily
and more clearly illustrate aspects of the present invention
and 1n no way ntended to be limiting.

[0177] Discharge tests were performed 1n the Li/Air cells
employing double-sided solid electrolyte-protected L1 anode
with flexible seal and the cathode compartment components
of the current mnvention. The cells were placed 1n the Envi-
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ronmental Chamber at 25° C. and relative humidity of 50%.
Each cell had one double-sided anode located between two
cathode compartments having identical components. The
solid electrolyte membranes had the size of 25.4 mmx25.4
mm. The cathode compartment components had the follow-
ing sizes: air cathode: 26 mmx26 mm; porous catholyte res-
ervoir layers or hydrogel reservoir layers: 25.4 mmx25.4 mm.
The air cathodes employed the gas-diffusion Tetlon backing
layers having a Gurley number of 2000.

Example 1

[0178] FIG. 3 illustrates performance of a Li/Air cell hav-
ing 4M NH_Cl, 2M LiCl catholyte and zirconia telt reservoir
layers.

Example 2

[0179] FIG. 4 1llustrates performance of a L1/ Air cell hav-
ing 4M NH_Cl, 2M LiCl catholyte and graphite felt reservoir
layers.

Example 3

[0180] FIG. 51llustrates stability of a solid electrolyte pro-
tective membrane in contact with 4M NH,Cl, 2M LiCl]
catholyte during long-term storage.

Example 4

[0181] FIG. 6 illustrates comparative performances of
L1/Air cells having 4M NH_ NO,, 2M Li1NO, and 1M [1OH

catholytes.

Example 5

[0182] FIG. 7 illustrates performance of a L1/ Air cell with
2. 1M AICl,, 1M LiCl catholyte and alumina felt reservoir
layers.

Example 6

[0183] FIG. 8 1llustrates performance of a L1/ Air cell with
2. 1M AlCl;, 1M LiCl catholyte and graphite felt reservoir
layers.

Example 7

[0184] FIG. 9 illustrates performance of a Li/Air cell hav-
ing alumina felt reservoir layers impregnated with solid

NH_Cl salt and additionally filled with 4M NH_C1, 2M LiCl
catholyte.

Example 8

[0185] FIG. 10 illustrates performance of a Li/Air cell hav-

ing pressed pellets of NH,Cl salt mixed with alumina powder
and Whatman micro fiber filters GEF/A as second reservoir

layers filled with 4M NH_,Cl, 2M LiCl catholyvte.

Example 9

[0186] FIG. 11 illustrates performance of a L1/Air cell hav-
ing crosslinked polyacrylamide hydrogel reservoir layers
containing dissolved 4M NH_Cl and 2M LiCl.
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Example 10

[0187] FIG. 12 illustrates performance of a L1/Air cell hav-
ing crosslinked polyacrylamide hydrogel reservoir layers
containing dissolved 2M LiCl and loaded with solid NH,CI.

Alternative Embodiments

[0188] While the invention 1s described primarily in terms
of L1 and L1 alloys anodes, other alkali metal anodes, 1n
particular sodium (Na) may also be used in alternative
embodiments. In such an alternative embodiment, the protec-
tive membrane architecture on the anode 1s configured for
high 10nic conductivity of the alkali metal 1ons of the anode
material. For example, a protective membrane architecture
for a Na metal anode may include a solid electrolyte layer
composed of Nasicon.

CONCLUSION

[0189] Although the foregoing invention has been
described in some detail for purposes of clarity of understand-
ing, 1t will be apparent that certain changes and modifications
may be practiced within the scope of the invention. It should
be noted that there are many alternative ways of implement-
ing both the devices and methods of the present invention.
Accordingly, the present embodiments are to be considered as
illustrative and not restrictive, and the invention is not to be
limited to the details given herein. The following sample
claims recite some non-exhaustive aspects of the invention to
be claimed.

1. A protected lithium electrode comprising:

a lithium anode, and

a protective membrane architecture, comprising,

a substantially impervious lithium 1on conducting mem-
brane having a first and second surface, the membrane
comprising a lithium 1on conducting oxide having a
garnet like structure.

2. The protected lithium electrode of claim 1 wherein the

lithium anode 1s lithium metal.

3. The protected lithium electrode of claim 1 wherein the
lithium anode 1s a lithtum metal alloy.

4. The protected lithium electrode of claim 1 wherein the
lithium anode 1s a lithtum intercalation material.

5. The protected lithium electrode of claim 1 wherein the
oxide having a garnet-like structure comprising Zr as an
clemental constituent.

6. The protected lithtum electrode of claim 1 wherein the
mole ratio of L1/O 1n the oxide having a garnet-like structure
1s selected from the group consisting of 712, ¢12 and 2.

7. The protected lithium electrode of claim 1 wherein the
oxide having a garnet-like structure 1s Li1-La,Zr,0, .

8. The protected lithium electrode of claim 1 wherein the
membrane first surface directly contacts the lithium metal
anode.

9. The protected lithium electrode of claim 1 wherein the
lithium metal anode comprises lithtum metal.

10. A battery cell comprising the protected lithium elec-
trode of claim 1 combined with a cathode compartment.

11. The battery cell of claim 10 wherein the cathode com-
partment comprises a liquid electrolyte that does not contact
the lithium anode.
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