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(57) ABSTRACT

Protected anode architectures have ionically conductive pro-
tective membrane architectures that, 1n conjunction with
compliant seal structures and anode backplanes, effectively
enclose an active metal anode 1nside the interior of an anode
compartment. This enclosure prevents the active metal from
deleterious reaction with the environment external to the
anode compartment, which may include aqueous, ambient
moisture, and/or other materials corrosive to the active metal.
The compliant seal structures are substantially impervious to
anolytes, catholytes, dissolved species 1n electrolytes, and
moisture and compliant to changes 1n anode volume such that
physical continuity between the anode protective architecture
and backplane are maintained. The protected anode architec-
tures can be used 1n arrays of protected anode architectures
and battery cells of various configurations incorporating the
protected anode architectures or arrays.
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Compliant seal fabrication: cross-sectional views of preformed MLLM shape (a)
and MLLM frame bonded to GC plate (b)
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Discharge of double-sided protected Li anode with compliant seal in
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Discharge of double-sided protected Li anode with compliant seal in seawater
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COMPLIANT SEAL STRUCTURES FOR
PROTECTED ACTIVE METAL ANODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 13/765,522, filed Feb. 12, 2013, tatled
COMPLIANT SEAL STRUCTURES FOR PROTECTED
ACTIVE METAL ANODES, now pending; which 1s a con-
tinuation of U.S. patent apphca‘[lon Ser. No. 12/607,360, filed
Oct. 28, 2009, titled COMPLIANT SEAL STRUCTURES
FOR PROTECTED ACTIVE METAL ANODES, now 1ssued
as U.S. Pat. No. 8,404,388; which 1s a continuation-in-part of
U.S. patent application Ser. No. 12/032,564, filed Feb. 15,
2008, titled COMPLIANT SEAL STRUCTURES FOR
PROTECTED ACTIVE METAL ANODES, now 1ssued as
U.S. Pat. No. 8,048,570; which 1s a continuation-in-part of
U.S. patent application Ser. No. 11/501,676, filed Aug. 8,
2006, titled COMPLIANT SEAL STRUCTURES FOR
PROTECTED ACTIVE METAL ANODES, now 1ssued as
U.S. Pat. No. 7,824,806; which claims priority to U.S. Pro-
visional Patent Application No. 60/706,886 filed Aug. 9,
2005, titled ELASTOMETRIC SEALS FOR PROTECTED
ACTIVE METAL ANODES.

[0002] U.S. patent application Ser. No. 12/607,360 also
claims priority to U.S. Provisional Patent Application No.
61/109,127 filed Oct. 28, 2008, titled COMPLIANT SEAL

STRUCTURES FOR PROITECITED ACTIVE METAL
ANODES.

[0003] FEach of these prior applications i1s incorporated
herein by reference 1n 1ts entirety and for all purposes.

BACKGROUND OF THE INVENTION

[0004] The present invention relates generally to active
metal electrochemical devices. More particularly, this inven-
tion relates to protected anodes architectures icorporating,
compliant seal structures, including single and double sided
protected anodes and arrays of protected anodes, and their
associated electrochemical cell structures and devices such as
batteries, particularly, active metal/air batteries and active
metal/seawater batteries, and methods for their fabrication.

[0005] The low equivalent weight of alkali metals, such as
lithium, makes them particularly attractive as a battery elec-
trode component. Lithium provides greater energy per vol-
ume than the traditional battery standards, nickel and cad-
mium. Unfortunately, no rechargeable lithium metal batteries
have made significant penetration in the market place.

[0006] Thetailureofrechargeable lithium metal batteries 1s
largely due to cell cycling problems. On repeated charge and
discharge cycles, lithium “dendrites” gradually grow out
from the lithium metal electrode, through the electrolyte, and
ultimately contact the positive electrode. This causes an inter-
nal short circuit 1n the battery, rendering the battery unusable
alter a relatively few cycles. While cycling, lithium electrodes
may also grow “mossy”” deposits that can dislodge from the
negative electrode and thereby reduce the battery’s capacity.

[0007] To address lithium’s poor cycling behavior in liquid
clectrolyte systems, some researchers have proposed coating
the electrolyte facing side of the lithium negative electrode
with a “protective layer.” Such protective layer must conduct
lithium 10ns, but at the same time prevent contact between the
lithium electrode surface and the bulk electrolyte. Many tech-
niques for applying protective layers have not succeeded.

Jan. 28, 2016

[0008] Some contemplated lithium metal protective layers
are formed in situ by reaction between lithium metal and
compounds 1n the cell’s electrolyte that contact the lithium.
Most of these 1n situ films are grown by a controlled chemical
reaction after the battery 1s assembled. Generally, such films
have a porous morphology allowing some electrolyte to pen-
ctrate to the bare lithium metal surface. Thus, they fail to
adequately protect the lithium electrode.

[0009] Prior work 1n the present applicants’ laboratories
has developed technology for protecting active metal anodes
with highly 1omically conductive protective membrane archi-
tectures. These protected active metal anodes structures and
associated electrochemical cells, described 1n applicants’ co-
pending published US Applications US 2004/0197641 and
US 2005/0175894, and their corresponding International
Patent Applications WO 2005/0389353 and WO 2005/083829,
respectively, represent major advances 1n active metal battery
technology, for instance rendering possible functional Li/air
and Li/water batteries. This technology would be further
advanced by the development of seal structures and tech-
niques that would facilitate and/or optimize the implementa-
tion of these protected active metal anode structures.

SUMMARY OF THE INVENTION

[0010] The present mvention provides protected anode
architectures having 1onically conductive protective mem-
brane architectures that, 1n conjunction with compliant seal
structures and anode backplanes, effectively enclose an active
metal anode inside the interior of an anode compartment. This
enclosure prevents the active metal from deleterious reaction
with the environment external to the anode compartment,
which may include aqueous, ambient moisture, organic liquid
clectrolytes (or catholytes—electrolytes 1n contact with the
cathode, and 1n some aspects catholyte may also comprise
dissolved or suspended redox active species and redox active
liquids), aqueous and non-aqueous catholytes, redox active
liquids such as seawater, oxyhalides such as SOCI,, dissolved
redox species such as transition metal chlorides or bromides,
and/or electrochemically active materials corrosive to the
active metal. It also prevents loss of volatile components that
may be used in the interior volume of the sealed anode.
[0011] During discharge, the active metal mass and volume
of the anode decreases. It this volume decrease 1s not com-
pensated 1n some manner, imterfacial gaps between the active
metal anode and the protective membrane architecture could
result, leading to reduced ionic contact area between the
active metal anode and protective membrane architecture
with subsequent performance degradation. Similar gaps or
vo1ds between the active metal anode and backplane can also
degrade performance where the backplane 1s or includes the
anode current collector and electrical communication
between the two 1s disrupted. I such interfacial gaps and void
formation in the anode compartment could be reduced or
climinated, enhanced electrochemical performance would
result along with a compact cell structure.

[0012] The compliant seal structures of the present mnven-
tion are substantially impervious to anolytes, catholytes, dis-
solved species 1n electrolytes, and moisture, and are compli-
ant to changes 1n anode volume such that physical continuity
(e.g., 10nic, electronic and/or mechanical continuity ) between
the anode, protective architecture and backplane are main-
tamned. The volume of the anode compartment changes in
direct relationship to changes in the active metal thickness
during charging and discharging of the sealed protected
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anode and thereby reduces (e.g., minimizes) the volume (and
weight), and increases (e.g., maximizes) the energy density of
a corresponding electrochemical cell structure.

[0013] In the context of the present mvention, physical
continuity corresponds to at least one of 1onic continuity,
mechanical force continuity and electronic continuity. For the
anode of the present invention to be in physical continuity
with another component, such as the anode backplane or the
protective membrane architecture, 1t 1s meant that the anode 1s
at least 1n one of 10nic continuity, mechanical force continuity
and/or electronic continuity with the other component.
[0014] By 1onic continuity, 1t 1s meant that under an asso-
ciated electric field and/or concentration gradient active metal
ions are transportable between the anode and the protective
membrane architecture.

[0015] By electronic continuity it 1s meant that under an
associated electric field electrons are transportable between
the anode and the anode backplane 1n the instance whereby
the anode backplane provides current collection for the
anode.

[0016] By mechanical force continuity it 1s meant that
mechanical force applied onto or by the anode backplane
and/or protective membrane architecture 1s transmittable to
the anode; and mechanical force applied onto or by the anode
1s transmittable to the anode backplane and/or protective
membrane architecture.

[0017] In all instances of the mvention, the protective 10n
membrane architecture 1s in 10nic transport continuity with
the anode. It may also be 1n mechanical force continuity with
the anode.

[0018] In the mnstances whereby the anode backplane 1s an
insulator, the anode backplane 1s 1n mechanical force conti-
nuity with the anode.

[0019] Inthe instances whereby the anode backplane com-
prises an electronic conductor that provides current collection
tor the anode, the anode backplane is 1n electronic continuity
with the anode. In this instance, the anode backplane may also
be 1n mechanical continuity with the anode.

[0020] In the mnstances whereby the anode backplane 1s a
protective architecture, the anode backplane 1s in 10nic con-
tinuity with the anode. It may also be in mechanical force
continuity with the anode.

[0021] The greater the extent and uniformity of the physical
continuity, the better will be the performance of the protected
anode architecture. Loss of physical continuity means that the
physical continuity has degraded to such an extent that the
protected anode architecture of the present invention 1s no
longer functional as an anode.

[0022] In one aspect, the mvention relates to a protected
anode architecture. The protected anode architecture includes
an active metal anode having a first surface and a second
surface; an 1onically conductive protective membrane archi-
tecture on the first surface of the anode; an anode backplane
on the second surface of the anode; and a compliant seal
structure 1nterfacing with the protective membrane architec-
ture and the anode backplane to enclose the anode 1n an anode
compartment, the seal structure being compliant to changes 1n
anode thickness such that physical continuity between the
anode, protective architecture and backplane are maintained.
The 10nically conductive protective membrane architecture
comprises one or more materials configured to provide a first
membrane surface chemically compatible with the active
metal of the anode in contact with the anode, and a second
membrane surface substantially impervious to and chemi-
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cally compatible with an environment exterior to the anode
compartment. The compliant seal structure, the protective
membrane architecture and the anode backplane are inter-
faced (e.g., bonded, joined or in contiguity) such that a sub-
stantially impervious barrier between the interior and exterior
of the anode compartment 1s provided.

[0023] Invariousembodiments the compliant seal structure
1S, Oor comprises, a flexible film preformed into a desired shape
configuration, typically by pressing and cutting. In certain
embodiments that flexible film 1s a multilayer laminate com-
prising at least two layers: a top layer opposing the external
environment and a bottom layer opposing the iternal envi-
ronment of the anode compartment.

[0024] In certain embodiments the multilayer laminate has
at least one additional layer, a barrier layer, typically a metal
fo1l (e.g., an Al alloy); a bottom layer that 1s a heat sealable
thermoplastic and a top layer, also a thermoplastic material,
with a melt temperature higher than that of the bottom layer.
[0025] Insome embodiments the multilayer laminate com-
prises an mner secondary sealant layer that extrudes, under
thermal compression, out the edge of the laminate to coat over
exposed maternial layers, thereby protecting them from con-
tact with the external environment about the anode compart-
ment, and in particular to protect the edge of the bottom layer.
[0026] In other aspects, low temperature performance of
the protected anode architecture and battery cells of the
instant invention may be enhanced in a multilayer laminate
compliant seal structure by selecting certain material layers
having a glass transition temperature ('1Tg) that 1s lower than
the predefined lower bound operating temperature limit of the
protected anode architecture or the device in which 1t 1s 1ncor-
porated.

[0027] Whenused as a component layer 1n a compliant seal
structure, alow Tg matenal layer has the advantage that above
its glass transition temperature 1t remains in a rubbery state,
where 1t 1s beneficially most flexible. Below Tg, its elastic
modulus may increase, and the layer may stifien.

[0028] In one embodiment of the invention, the compliant
seal structure 1s a multilayer laminate having an uppermost
thermoplastic glass transition temperature that 1s below the
predefined low operating temperature limit of the anode
architecture, or below the predefined lower bound operating
temperature of the device 1n which 1t 1s incorporated (e.g.,
battery cell).

[0029] In certain embodiments of the invention, the com-
pliant seal structure 1s a multilayer laminate wherein no ther-
moplastic material layer of thickness greater than 200
microns, or greater than 100 microns, or 50 microns or 20
microns or greater than 10 microns or greater than 5 microns
has a glass transition temperature above the lower bound
operating temperature of the protected anode architecture or
that of the device 1n which 1t 1s incorporated.

[0030] Insome embodiments the Tg of the top and bottom
thermoplastic material layers of a multilayer laminate com-
pliant seal structure 1s below the lower bound operating tem-
perature of the protected anode architecture or device thereof.
That 1s, neither layer (top or bottom) has a glass transition
temperature greater than the lower bound operating tempera-
ture limat.

[0031] In various embodiments, particularly suitable ther-
moplastic material layers for use in a multilayer compliant
seal structure of a protected anode architecture of the instant
invention and battery cell thereof, and which 1s intended for
operation inclusive of low temperature, are polymer layers
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(thermoplastic layers) having a glass transition temperature
that 1s below room temperature (1.¢., below about 15° C.), and

preferably below 10° C., below 5° C., below 0° C., or below
-5° C., and even below -10° C., below -20° C., below -30°

C., and below —40° C., depending upon the desired operation
temperature.

[0032] Arrays of protected anode architectures, battery
cells of various configurations 1ncorporating the protected
anode architectures or arrays, and methods of making them
are also provided.

[0033] These and other features of the invention will be
turther described and exemplified 1n the drawings and
detailed description below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIGS. 1A-FE illustrate various views of a protected
anode architecture 1n accordance with one embodiment of the
present invention.

[0035] FIGS. 2A-D illustrate various alternative configura-
tions ol a protective membrane architecture in accordance
with the present invention.

[0036] FIGS. 3A-H illustrate various alternative configura-
tions of a complaint seal structure for a protected anode
architecture 1n accordance with embodiments of the present
invention.

[0037] FIGS.4A-Cillustrate a protected anode architecture
in accordance with an embodiment of the present invention 1n
which the protected anode has a double-sided protected
anode structure.

[0038] FIGS. SA-C show protected anode architecture pla-

nar array formats in accordance with embodiments of the
present invention.

[0039] FIGS. 6A-B show protected anode architecture

tubular array formats 1n accordance with embodiments of the
present invention.

[0040] FIG. 7A-B shows a protected anode architecture
spiral array formats in accordance with an embodiment of the
present invention.

[0041] FIGS. 8A-B illustrates a hub and spoke double-
sided protected anode architecture array in accordance with
an embodiment of the present invention.

[0042] FIGS. 9A-B show an active metal/air battery cell
incorporating a protected anode architecture 1n accordance
with an embodiment of the present invention.

[0043] FIG. 10 shows a double-sided active metal/air bat-
tery cell incorporating a protected anode architecture in
accordance with an embodiment of the present invention.

[0044] FIG. 11 shows another metal/air battery cell design
incorporating a protected anode architecture in accordance
with an embodiment of the present invention.

[0045] FIGS. 12A-B depict embodiments of metal/seawa-
ter cells with protected anode architectures in accordance
with the present invention.

[0046] FIG. 13 illustrates a cross sectional depiction of a
general electrochemical cell structure in accordance with the
present invention.

[0047] FIG. 14 depicts an embodiment of a double-sided,
asymmetric, protected anode architecture 1n accordance with
the present invention.

[0048] FIGS. 15A-C depict an embodiment of a metal/
seawater cell battery with a protected anode architecture 1n
accordance with the present invention.
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[0049] FIG. 16 depicts a plot of the discharge curve of the
test cell of Example 2 incorporating a protected anode archi-
tecture having a compliant seal structure 1n accordance with
the present invention.

[0050] FIGS. 17A-B illustrates the shape and configuration
of amulti-layer laminate compliant seal structure of Example
3 1n accordance with the present invention.

[0051] FIG. 18 depicts a plot of the discharge curve of the
test cell of Example 3 incorporating a protected anode archi-
tecture having a compliant seal structure 1n accordance with
the present invention.

[0052] FIG. 19 depicts a plot of the discharge curve of the
test cell of Example 4 containing aqueous metal/air cell elec-
trolyte and incorporating a double-sided protected anode
architecture having a compliant seal structure 1n accordance
with the present invention.

[0053] FIG. 20 depicts a plot of the discharge curve of test
cell of Example 5 containing seawater as electrolyte and
incorporating a double-sided protected anode architecture
having a compliant seal structure in accordance with the
present invention.

[0054] FIGS. 21 A-C 1illustrate the shape and configuration
of multi-layer laminate compliant seal structure of Example 6
in accordance with the present invention.

[0055] FIG. 22 depicts a plot of the discharge curve of the
test cell of Example 7 contaiming seawater as electrolyte and
incorporating a double-sided protected anode architecture
having an asymmetric compliant seal structure 1n accordance
with the present invention.

[0056] FIG. 23 depicts a plot of the discharge curve of the
test cell of Example 8 incorporating a double-sided protected
anode architecture having an asymmetric compliant seal
structure 1n accordance with the present invention.

[0057] FIGS. 24A-D illustrate schematically 1n cross sec-
tion (A-B) the covering the exposed edges of a multilayer
laminate compliant seal structure with a discrete sealant, and
(C-D) the covering of an exposed edge via the use of an
integrated secondary sealant as a component layer of the
multilayer laminate.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0058] In the following description, the mvention 1s pre-
sented 1n terms of certain specific compositions, configura-
tions, and processes to help explain how 1t may be practiced.
The invention 1s not limited to these specific embodiments.
For example, for clarity of presentation, the invention 1is
described herein primarily with reference to Li-based anodes.
However, 1t should be understood that suitable anodes may be
composed of other active metals, alloys and intercalating
anodes as described herein, and the protective films or
reagents described as containing L1 may correspondingly
contain such other active metals or alloys. Examples of spe-
cific embodiments of the mmvention are illustrated in the
accompanying drawings. While the invention will be
described 1n conjunction with these specific embodiments, 1t
will be understood that it 1s not intended to limit the invention
to such specific embodiments. On the contrary, 1t 1s intended
to cover alternatives, modifications, and equivalents as may
be included within the scope and equivalents of the invention
described herein. In the following description, numerous spe-
cific details are set forth 1n order to provide a thorough under-
standing of the present invention. The present invention may
be practiced without some or all of these specific details. In
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other mstances, well known process operations have not been
described 1n detail 1n order to not unnecessarily obscure the
present invention.

INTRODUCTION

[0059] The protected anodes of the present invention have
ionically conductive protective membrane architectures that
in conjunction with compliant seal structures of the present
invention and anode backplanes effectively enclose an active
metal (e.g., alkali metals like Na and L1) anode inside the
interior of an anode compartment. This enclosure prevents the
active metal from deleterious reaction with the environment
external to the anode compartment, which may include aque-
ous, ambient moisture, catholytes (electrolytes in contact
with the cathode, and 1n some aspects catholyte may also
comprise dissolved or suspended redox active species and
redox active liquids), the general cathode environment (cath-
ode compartment) and/or electrochemically active materials
corrosive to the active metal, and it prevents loss of volatile
components that may be used in the interior volume of the
sealed anode.

[0060] During discharge, the active metal mass and volume
of the anode decreases; typically manifested as a decrease 1n
active metal thickness. Unless this volume decrease 1s com-
pensated for 1n some manner, voids could be created as inter-
tacial gaps between the active metal anode and the protective
membrane architecture, leading to losses 1n 1onic contact
between the active metal and protective membrane architec-
ture along with subsequent performance degradation. Similar
vo1ds between the active metal anode and backplane can also
degrade performance where the backplane 1s or includes the
anode current collector and electrical continuity between the
two 1s disrupted. If such interfacial gaps and void formation in
the anode compartment could be reduced or eliminated,
enhanced electrochemical performance would result along
with a compact cell structure.

[0061] Similarly, mnternal seals can adversely affect the
energy density of a battery cell in that as the battery 1s dis-
charged, the active metal material thickness decreases (to a
limit of zero thickness at 100% discharge for an active metal
to1l) leaving an internal void in the battery at the same time
that products formed outside the protected anode compart-
ment, for example 1n the positive electrode, lead to a volume
expansion. As a result, the battery design needs to include
extra space to accommodate that expansion. If the void vol-
ume formed in the anode compartment during battery dis-
charge could be used to accommodate the positive electrode
expansion, a compact cell design would result, and a higher
energy density as well. The use of a conventional seal pre-
cludes capture of the liberated anode volume.

[0062] The compliant seal structures of the present mven-
tion are substantially impervious to anolytes, catholytes, dis-
solved species 1n electrolytes, and moisture and compliant to
changes 1n anode volume such that physical continuity
between the anode protective architecture and backplane are
maintained. The protective membrane architecture comprises
a substantially impervious solid electrolyte membrane that
provides active metal 10n transport while effectively blocking,
transport of liquids and gases; 1n this way the active metal 1s
protected from the deleterious eflects of ingress of air or
water, and prevents loss of volatile components which may be
used adjacent to the active metal surface. In order to form an
enclosed anode compartment that effectively encapsulates
the active metal anode, the perimeter of the solid electrolyte 1s
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sealed by compliant seal structures of the mstant mvention
which are substantially impervious to liquids and gases and in
conjunction with the protective membrane architectures and
anode backplanes fully enclose an anode compartment.

[0063] The protected anode architecture prevents loss of
elfective functional contact (providing 1onic communication)
ol the active metal of the anode with the protective membrane
architecture by virtue of the compliant nature of the compli-
ant seal. The seal conforms to volume changes 1n the anode
compartment during cycling as the active anode material
(e.g., Iithium) 1s exhausted on discharge or regenerated on
charge, and enables the protected anode compartment to
adjust to pressure and volume changes that take place both
within and external to the anode compartment. The compliant
seal structure also serves to mimmize volume of the anode
compartment and thereby reduce (e.g., minimize) the volume
(and weight) and increase (e.g., maximize) the energy density
ol the corresponding electrochemical cell structure (e.g., bat-
tery cell).

[0064] The protected anode architectures with compliant
seal structures <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>