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COATED STACKS FOR BATTERIES AND RELATED MANUFACTURING
METHODS

RELATED APPLICATIONS
[0001] This application claims the benefit of and priority to U.S. Provisional Patent
Application No. 62/178,633, filed April 15, 2015, and U.S. Provisional Patent Application No.
62/231,539, filed July 9, 2015, the contents of which are incorporated herein by reference in their
entirety.
STATEMENT OF GOVERNMENT RIGHTS

[0002] This invention was made with government support under Grant Number DE-

EE00054333 awarded by the U.S. Department of Energy. The government has certain rights in
the invention.

FIELD OF THE INVENTION

[0003] The present invention generally relates to the field of batteries and other electric
current producing cells, such as capacitors and lithium-ion capacitors. More particularly, the
present invention pertains to coated stacks for lithium and other types of batteries, such as
sodium and magnesium batteries, where the various layers of the battery, including the electrode
and current collector, are coated on a porous separator and to methods of preparing such coated

stacks and batteries.

BACKGROUND OF THE INVENTION

[0004] Throughout this application, various patents are referred to by an identifying citation.
The disclosures of the patents referenced in this application are hereby incorporated by reference
into the present disclosure to more fully describe the state of the art to which this invention

pertains.
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[0005] Existing processes for manufacturing lithium batteries, including rechargeable and
non-rechargeable lithium batteries, and other types of batteries, are relatively slow, complex and
expensive. For example, rechargeable lithium-ion batteries are typically constructed by
interleaving strips of the various layers of the battery to form a stack. These layers may include
a plastic separator, a conductive metal substrate with a cathode layer coated on both sides,
another plastic separator, and another conductive metal substrate with an anode layer coated on
both sides. To maintain the alignment of the strips of these materials and for other quality
reasons, this interleaving is usually done on manufacturing equipment that is inefficient and
costly to construct and operate.

[0006] In addition, known lithium batteries have limited energy density and power density.
Among other reasons, this is because the separators and the conductive metal substrates in these
known batteries are relatively thick, thereby limiting the volume of electroactive material that is
present in the battery. In these known batteries, the typical thickness of the copper metal
substrate for the anode layers is 10 microns, the typical thickness of the aluminum metal
substrate for the cathode layers is 15 microns, and the plastic separators typically have
thicknesses ranging from 12 to 30 microns. These thick metal substrates and separators were
needed in conventional lithium ion batteries in order to provide sufficient mechanical strength
and integrity to the battery assembly. However, these materials are not electrochemically active
and, thus, lower the volume of the electroactive or electrochemically active material that is
present in current lithium batteries and therefore provide less than ideal capacity.

[0007] Lithium batteries are widely used in portable electronics, such as smartphones and
portable computers. Among the new applications for lithium batteries are high power batteries

for hybrid, plug-in hybrid, and electric vehicles. The cells typically used in lithium batteries for
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portable computers and other applications are typically cylindrical, but there is a growing trend
toward flat cells, such as prismatic or pouch cell designs. Similarly, many of the lithium
batteries for vehicles have a prismatic or pouch cell designs.

[0008] Furthermore, broad acceptance of electric vehicles requires batteries with improved
safety. For example, as noted above, current lithium batteries are fabricated using metal
substrates. During manufacture, these metal substrates are typically slit into discrete battery
stacks. This has been known to result in metal fragments being embedded into the separator or
other portion of the finished battery, which can lead to a short circuit, or other dangerous

condition.

SUMMARY OF THE INVENTION

[0009] It is an object of the present invention to provide a battery stack or battery that could
be fabricated on less complex, less expensive and higher speed automated processing equipment
than, for example, the equipment utilized for portable computer batteries, and furthermore is
particularly adapted for making flat, such as prismatic or pouch, batteries. It is another object to
provide a battery that comprises separator and metal layers that are thinner than those currently
used. It is another object of the present invention to enable the battery to contain a greater
content of electroactive material so as to provide more capacity. Another object is to make
batteries safer by reducing the potential for manufacturing defects and including active safety
features in the battery, such as a shutdown layer, and separator layers that are self-healing of
tears and holes. Another object is provide a battery that is less expensive to make than existing
batteries.

[0010] The present invention meets the foregoing objects through the coated battery stacks

and batteries described herein. The battery stacks and batteries described herein include various
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coatings and materials, which are described below. Examples of batteries to which the present
invention apply include a single electric current producing cell and multiple electric current
producing cells combined in a casing or pack. One such type of battery is a lithium battery,
including, for example, rechargeable or secondary lithium ion batteries, non-rechargeable or
primary lithium metal batteries, rechargeable lithium metal batteries and other battery types such
as rechargeable lithium metal alloy batteries.

[0011] The battery stacks described herein include a separator, electrode and current
collector. A battery stack comprising a positive electrode in combination with a battery stack
comprising a negative electrode, together, form a battery. The battery stacks and batteries
described herein include a separator to keep the two electrodes apart in order to prevent
electrical short circuits while also allowing the transport of lithium ions and any other ions
during the passage of current in an electrochemical cell. Examples of separators that may be
utilized in lithium batteries includes, ceramic separators and polyolefin separators. Ceramic
separators include separators comprising inorganic oxides and other inorganic material.

[0012] The battery stacks and batteries described herein include an electrode that comprises
electroactive material. The electrode layer may be configured to function as the anode (negative
electrode) or cathode (positive electrode). In a lithium ion battery, for example, electric current
is generated when lithium ions diffuse from the anode to the cathode through the electrolyte.
Examples of electroactive materials that may be utilized in lithium batteries include, for
example, lithium cobalt oxide, lithium manganese oxide, lithium iron phosphate, lithium nickel
manganese cobalt oxide (NMC), and sulfur as electroactive materials in the cathode layers and
lithium titanate, lithium metal, silicon, lithium-intercalated graphite, and lithium-intercalated

carbon as electroactive materials in the anode layers.
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[0013] These battery stacks and batteries described herein also include a current collector,
which can be one or more current collection layers that are adjacent to an electrode layer. One
function of the current collector is to provide a electrically conducting path for the flow of
current into and from the electrode and an efficient electrical connection to the external circuit to
the cell. A current collector may include, for example, a single conductive metal layer or
coating, such as the sintered metal particle layer discussed herein. As discussed further below,
an exemplary conductive metal layer that could function as a current collector is a layer of
sintered metal particles comprising nickel, which can be used for both the anode or cathode
layer. In embodiments of the invention, the conductive metal layer may comprise aluminum,
such as aluminum foil, which may be used as the current collector and substrate for the positive
electrode or cathode layer. In other embodiments the conductive metal layer may comprise
copper, such as a copper foil, which may be used as the current collector and substrate for the
negative electrode or anode layer.

[0014] The batteries described herein also include an electrolyte, such as those that are useful
in lithium batteries. Suitable electrolytes include, for example, liquid electrolytes, gel polymer
electrolytes, and solid polymer electrolytes. Suitable liquid electrolytes include, for example,
LiPFs solutions in a mixture of organic solvents, such as a mixture of ethylene carbonate,
propylene carbonate, and ethyl methyl carbonate.

[0015] In one embodiment the present invention includes a battery stack comprising a porous
separator, an electrode layer adjacent the porous separator and a current collector layer coated on
the electrode layer, wherein the current collector layer comprises sintered metal particles. In one
embodiment the battery stack includes a current collector layer comprises sintered nickel

particles. In one embodiment the battery stack includes a current collector layer that comprises
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sintered copper particles. In one embodiment the battery stack includes a current collector layer
that comprises sintered aluminum particles. In one embodiment the battery stack includes a
current collector layer that is 2-20 um thick. In one embodiment the battery stack includes a
porous separator that comprises particles selected from the group consisting of inorganic oxide
particles and inorganic nitride particles. In one embodiment the battery stack includes a porous
separator that comprises an organic polymer. In one embodiment the battery stack includes a
porous separator that comprises boehmite. In one embodiment the battery stack includes a
porous separator that comprises alumina. In one embodiment that battery stack includes a porous
separator that comprises between 65-95% boehmite by weight. In one embodiment the battery
stack includes a porous separator that has an average pore size between 10-90 nm. In one
embodiment the battery stack includes an electrode layer that is a cathode layer. In one
embodiment the battery stack includes an electrode layer that is an anode layer. In one
embodiment the battery stack includes a shutdown layer adjacent to the porous separator. In one
embodiment the battery stack includes a coating of non-sintered metal particles on a portion of
the porous separator.

[0016] In one embodiment the invention includes a battery stack comprising a porous
separator, an electrode layer adjacent the porous separator, a current collector layer coated on the
electrode layer, and a coating of non-sintered metal particles on a portion of the porous separator.
In one embodiment the coating of non-sintered metal particles forms a non-conductive layer. In
one embodiment the battery stack includes a current collector layer that is comprised of sintered
metal particles.

[0017] In one embodiment the invention includes a battery comprising a porous separator,
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an electrode layer and a current collector layer comprising sintered metal particles. In one
embodiment the battery includes an electrode layer that is an anode layer. In one embodiment
the battery includes an electrode layer that is a cathode layer.

[0018] In one embodiment the invention includes a method of making a battery stack
comprising the steps of’ (a) coating a porous separator layer on a substrate; (b) coating an
electrode layer on the porous separator; (c) coating a current collector layer on the electrode
layer, wherein the current collector layer comprises metal or metal oxide particles; (d) sintering
the metal particles of the current collector layer; and (e) delaminating the substrate from the
porous separator layer. In one embodiment, after step (b) and before step (c), the method further
comprises calendering the electrode layer and porous separator. In one embodiment, after step
(d) and before step (e), the method further comprises calendering the sintered current collector
layer, electrode layer and porous separator. In one embodiment, the method further comprises the
step of coating metal or metal oxide particles on a portion of the porous separator. In one
embodiment, the method further comprises the steps of: (f) interleaving the battery stack of one
polarity with a battery stack of the opposite polarity; and (g) placing the interleaved battery
stacks in a casing. In one embodiment, the method further comprises the step of: (h) vacuum

drying the interleaved battery stacks and casing.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0019] The features and advantages of the present disclosure will be more fully
understood with reference to the following, detailed description when taken in conjunction with
the accompanying figures, wherein:
[0020] FIG. 1 is a cross-sectional view of a partially assembled battery stack 1 showing a
porous separator 20 coated over a substrate 10 and release coating 30.
[0021] FIG. 2 is a cross-sectional view of the battery stack of FIG. 1, with the addition of
electrode lanes 40a, 40b coated over the porous separator layer 20.
[0022] FIG. 3 is a plan view of the battery stack shown in FIG. 2.
[0023] FIG. 4 is a cross-sectional view of the battery stack of FIGs. 2 and 3, with the
addition of a current collector layer 50 coated over the electrode lanes and reinforcement
portions 52 coated over separator layer 20.
[0024] FIG. 5 is a plan view of the battery stack of FIG. 4, with the addition of
conductive tabbing patches 60 on reinforcement portions 52.
[0025] FIG. 6 is a plan view of an alternate embodiment of the partially assembled
battery stack of FIG. 5.
[0026] FIG. 7 is a plan view of the battery stack assembly shown in FIG. 5 after a slitting
step has been performed.
[0027] FIG. 8 is a plan view of the battery stack assembly shown in FIG. 6 after a slitting
step has been performed.
[0028] FIG. 9 is a plan view of the battery stack assembly shown in FIG. 8 after a
punching step has been performed, and showing the attachment of an intermediate tab 80 for

electrical interconnection.
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DETAILED DESCRIPTION

[0029] This invention pertains to coated battery stacks for use in batteries, such as lithium
ion batteries and lithium metal batteries, as well as methods of making such batteries and related
coated battery stacks. The coated battery stacks and batteries of the present invention have a
lower cost, improved power and energy densities, and improved safety.

[0030] The present invention includes, but is not limited to, the following designs for lithium
batteries and coated stacks and methods of making such batteries and coated stacks. In the
following examples, the coated stack may be either an anode stack or a cathode stack, depending
on the electrode material selected.

[0031] One aspect of the present invention will be described with reference to a process for
manufacturing a lithium battery. As described in greater detail below, the process utilizes a
reusable substrate 10, onto which the various layers of the battery stack are coated. Once the
battery stack is assembled, the battery layers (e.g., electrode, separator, current collector) are
delaminated from the substrate 10 and the substrate can be reused to create another battery stack
according to the same process. The use of a reusable substrate provides cost saving benefits and
reduces waste. However, it is noted that this same process can be carried out using a disposable
or non-reusable substrate.

[0032] The first step of the process includes coating a substrate 10 with a release coating 30.
The substrate 10 and release coating 30 will be referred to herein, collectively, as the release
layer. The substrate 10 may comprise any strong, heat resistant film, such as polyethylene
terephthalate (“PET”), polyethylene-naphthalate (“PEN”) or other polyester film. In a preferred
embodiment, the substrate 10 may comprise a 75-125 um thick PET film. PET provides a robust

substrate for the disclosed process since it has a high tensile strength, and is chemically,
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thermally and dimensionally stable. Advantageously, as a result of the thickness, tear resistance
and resistance to distortion of PET film, wide rolls, such as those having a width of 1.5-2.0
meters, can be processed quickly and reliably. For example, coated battery stacks can be
processed at speeds of 125 m/min.

[0033] By comparison, known battery stack fabrication techniques often utilize metal
substrates, such as copper or aluminum, which are typically limited to widths of 1 meter or less.
This is because metal substrates wider than 1 meter are generally difficult to manufacture and it
is difficult to maintain their surfaces uniform and flat during processing. It is also difficult to
coat wider metal substrates without distorting them because they are affected by the high heats of
drying and the web handling stresses during coating and high temperature oven drying. As a
result of the use of a wide substrate roll, the instant process can improve yield or volume output
by as much as 50-100%, significantly reducing manufacturing costs and increasing efficiencies.
[0034] The release coating 30 may be a silicone coating. For example, the release coating 30
may comprise a commercial silicone release film, such as the 8310 silicone release film available
from Saint Gobain in Worcester, MA and the 4365 NK silicone release film available from
Mitsubishi Polyester Film in Greer, SC. In another preferred embodiment, the release coating 30
comprises a blend of a silicone material and a tough UV-cured abrasion resistant organic
polymer material. In the event of electrode overcoatings onto the separator layer 20, the UV-
cured polymer material provides a barrier to diffusion of the solvents of any overcoats (e.g., N-
methyl pyrrolidone (NMP)) into the release substrate 10. This UV-cured abrasion resistant
material further enhances the toughness of the release substrate 10 for multiple delaminations

and re-uses.
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[0035] Where the release coating 30 comprises a blend of silicone material and a UV cured
abrasion resistant material, the percentage or loading of the UV cured material in the release
coating 30 can be varied to achieve the optimum balance between ease of delamination of the
coated stack with efficient re-use of the release substrate and resistance to premature
delamination of the separator layer 20 during overcoating with other battery layers.

[0036] A heat stable and compression resistant porous separator layer 20 is then coated onto
the release layer. The coated separator layer 20 can be made thinner than known free-standing
separators. The coated separator layer 20 is also highly compatible with the roll-to-roll coating
and the coated stack processes described herein.

[0037] In one embodiment, the separator layer is coated across the full width of the release
film at a thickness of 5-8 um. FIG. 1 shows an example of a cross-sectional view of the
assembly 1 after the coating of the separator 20 onto the substrate 10 and release coating 30.
[0038] Examples of a suitable separator layer 20 for the present invention include, but are
not limited to, the porous separator coatings described in U.S. Pat. Nos. 6,153,337 and 6,306,545
to Carlson et al., U.S. Pat. Nos. 6,488,721 and 6,497,780 to Carlson and U.S. Pat. No. 6,277,514
to Ying et al. Certain of these references disclose boehmite ceramic separator layers, which are
suitable for use with the instant invention. See, e.g., U.S. Pat. No. 6,153,337, Col. 4, 1. 16-33,
Col. 8,11. 8-33, Col. 9,1. 62 - Col. 10, 1. 22 and Col. 18,1. 59 - Col. 19, 1. 13; U.S. Pat. No.
6,306,545, Col. 4,1. 31 - Col. 5,1. 17 and Col. 10, 11. 30-55; and U.S. Pat. No. 6,488,721, Col.
37,11. 44-63. U.S. Pat. No. 6,497,780 discloses boehmite ceramic separator layers, as well as
other ceramic separator layers including those with a xerogel or sol gel structure, all of which are
suitable for use with the instant invention. See, e.g., U.S. Pat. No. 6,497,780, Col. 8, 1. 66 - Col.

10,1. 23 and Col. 11,1. 33 - Col. 12,1. 3. U.S. Pat. No. 6,277,514 teaches coating one or more

11
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protective coating layers onto a boehmite ceramic separator layer. These protective coating
layers include inorganic layers designed to protect the metal anode surface, such as in a lithium
metal anode. See, e.g., U.S. Pat. No. 6,277,514, Col. 5,1. 56 - Col. 6, 1. 42, Col. 9, 11.14-30, Col.
10, 1. 3-43, Col. 15, 11. 27-56 and Col. 16, 1I. 32-42.

[0039] Preferred separator layers suitable for use with the present invention are also
described in U.S. Pat. App. Pub. No. 2013/0171500 by Xu et al. One such separator comprises a
microporous layer comprising (a) at least 50% by weight of an aluminum boehmite and (b) an
organic polymer, wherein the aluminum boehmite is surface modified by treatment with an
organic acid to form a modified aluminum boehmite. See, e.g., Pars. 28, and 34-36. The organic
acid may be a sulfonic acid, preferably an aryl sulfonic acid or toluenesulfonic acid, or a
carboxylic acid. The modified boehmite may have an Al,O; content in the range of 50 to 85%
by weight, or more preferably in the range of 65 to 80% by weight. The separator may comprise
60 to 90% by weight of the modified aluminum oxide, or more preferably 70 to 85% by weight
of the modified boehmite. In embodiments of the invention, the microporous layer may be a
xerogel layer. The organic polymer may comprise a polyvinylidene fluoride polymer. The
separator layer 20 may further comprise a copolymer of a first fluorinated organic monomer and
a second organic monomer.

[0040] Other preferred separator layers suitable for use in embodiments of the present
invention are described in International App. No. W0O2014/179355 by Avison et al. The
separator layers described in that application include boehmite, a variety of other pigments, and
blends thereof. See, e.g., W0O2014/179355, Pars. 4-6, 8, 21, 26, and 27. In a preferred
embodiment, the separator layer 20 is a nanoporous inorganic ceramic separator. More

specifically, the nanoporous battery separator includes ceramic particles and a polymeric binder,

12



WO 2016/168715 PCT/US2016/027910

wherein the porous separator has a porosity between 35-50% and an average pore size between
10-90 nm, or more preferably between 10-50 nm. The ceramic particles may be inorganic oxide
particles or inorganic nitride particles. Preferably, the porous ceramic separator is compatible
with the heat drying step discussed below and, for example, exhibits less than 1 % shrinkage
when exposed to a temperature of 200°C for at least one hour. The ceramic particles may
include at least one of Al,03, AIO(OH) or boehmite, Al,O, of alumina, AIN, BN, SiN, ZnO,
Z10,, S10,, or combinations thereof. In a preferred embodiment, the ceramic particles include
between 65-100% boehmite and a remainder, if any, of BN. Alternatively, the ceramic particles
may include between 65-100% boehmite and a remainder, if any, of AIN. The polymeric binder
may include a polymer, such as polyvinylidene difluoride (PVdF) and copolymers thereof,
polyvinyl ethers, urethanes, acrylics, cellulosics, styrene-butadiene copolymers, natural rubbers,
chitosan, nitrile rubbers, silicone elastomers, PEO or PEO copolymers, polyphosphazenes, and
combinations thereof.

[0041] Among other benefits, such ceramic separator layers 20 provide high dimensional
stability at the temperatures that are used to heat dry the cells (discussed further below). In
addition, the nanopore nature and compressive strength of the ceramic separator 20 enables
overcoating with electrode layers 40a, 40b and other layers (e.g., safety shutdown layers), as well
as repeated calendering and/or compression of these layers, for example as shown in FIG. 2.
[0042] Some features of heat resistant inorganic oxide and inorganic nitride separator layers
include strong adhesion to adjacent coatings (e.g., current collector layer, electrode layer) or the
inner walls of the cell casing (e.g., pouch) in the presence of electrolyte and other solvents. It
has also been found that these separator layers have the ability to “self heal” pinholes or small

tears by closing the opening in the presence of the electrolyte of the lithium battery. This is due,
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in part, to the capillary action caused by the nanoporous structure of the separator material and
the propensity of the material to adhere to itself when wet with electrolyte.

[0043] As shown in FIGs. 2 and 3, one or more electrodes 40a, 40b are then coated onto the
separator layer 20. Suitable materials and methods for coating electrodes directly on nanoporous
separators are described in, for example, U.S. Pat. No. 8,962,182 (see, e.g., Col. 2, 1. 24 - Col. 3,
1. 39, Col. 4, 11. 49-56, Col. 5, 11. 9-65 and Col. 6,1. 2 - Col. 8, 1. 7), U.S. Pat. No. 9,065,120 (see,
e.g., Col. 3,11. 12-65, Col. 4, 11. 18-61, Col. 8,1. 2 - Col. 9,1. 31, Col. 9, 11. 42-67 and Col. 14, 11.
6-23), U.S. Pat. No. 9,118,047 (see, e.g., Col. 2,1. 24 - Col. 3, 1. 33, Col. 4, 11. 36-51 and Col. 5,
1.3-Col. 6,1.21) and U.S. Pat. No. 9,209,446 (see, e.g., Col. 2, 1. 20-42, Col. 3, 11. 1-56, Col. 5,
11. 16-31 and Col. 7,1. 1 - Col. 8,1. 65). These patents, as well as the applications referenced
therein, are incorporated by reference in their entireties.

[0044] Depending on the requirements of the end use, the electrode coating layer 40a, 40b
may be coated on the entire surface of the separator layer 20, in lanes or strips on the separator
layer 20, or in patches or rectangle shapes on the separator layer 20. Cathode coating layers may
be coated froro a pigment dispersion comprising water or an organic solvent, such as N-methyl
pyrrolidone {NMP), and contain the electroactive or cathode active material in a pigment form, a
conductive carbon pigment, and an organic polymer. Anode coating layers may be coated from
a pigment dispersion comprising an organic solvent or water, and contain the electroactive or
anode active material 1o a pigment form, a conductive carbon pigment, and an organic polymer,
These electrode pigments are particles with diameters typically in the range of 0.5 to 5 microns.
Preferably, there is no penetration of the conductive and other pigments of the electrodes 40a,

40b into or through the separator layer 20.
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[0045] In the embodiment shown in FIGs. 2 and 3 the electrodes are coated in lanes 40a,
40b. Electrode lanes 40a, 40b may be deposited using a slot die coater, or other methods known
in the art. FIG. 2 shows an example of a cross-section view of a portion of the assembly 1
following the coating of the electrodes 40a, 40b. FIG. 3 shows a plan view of the same assembly
1. Two lanes, 40a and 40b, are shown in FIGs. 2 and 3 for ease of illustration. However, it
should be understood that additional or fewer lanes, for example, 1-15 lanes (or even more),
could be coated across the full width of the assembly in order to maximize yield or volume
output of the number of individual battery stacks that can be slit from the assembly.

[0046] In this regard, the electrode layer is coated in lanes 40a, 40b in a desired width for the
final coated stack design and battery end use. In one embodiment, the lanes 40a, 40b preferably
have a width, W, of 12 to 25 ¢cm and are spaced apart from one another by a distance, W», of 2
to 4 cm.

[0047] As an optional step, following the coating of the lanes 40a, 40b, the assembly 1 may
be calendered or compressed. This process densifies and reduces the thickness of the electrodes
40a, 40b while maintaining sufficient porosity for acceptable battery cycling (e.g., 30%
porosity). As noted above, by reducing the thickness of the electrodes, and increasing the
volumetric density of electroactive material, the energy density and life of the battery is
increased. Additionally, this process makes the electrode coating less fragile and mechanically
stronger and thus more durable. Calendering (and other types of compression) has further been
found to reduce surface roughness, minimizing the likelihood of puncturing adjacent layers.
[0048] In one embodiment, the separator layer is compressed by 10% or less by this step.
The calendering or compression step may, for example, be performed using rollers, plates or

other methods known to those in the art. It has been observed that there is substantially no
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degradation in cell performance, and typically less than 10% compaction or compression of the
separator layer 20, when the assembly 1 is calendered under the conditions necessary to
compress the electrode layer 40a, 40b by about 30%.

[0049] In one embodiment, shown in FIG. 4, a current collection layer 50 is coated onto the
electrode side of the assembly, which, at this point in the process, comprises the substrate 10,
release coating 30, separator 20 and electrodes 40a, 40b. There are several ways to add the
current collection layer according to different embodiments of the invention, including, but not
limited to: vacuum coating or sputtering a metal layer onto the electrode surface; and/or
laminating a metal foil or layer onto the electrode surface with or without the assistance of an
electrically conductive primer coating on the metal layer to increase the adhesion; and/or xenon
flash, laser, or other intense photon or heat source sintering of a metal particle coating onto the
electrode surface. By utilizing a sintered metal particle coating, as opposed to a metal substrate,
the current collector layer 50 can be made thinner, and is highly compatible with the cost
efficient roll-to-roll coating process described herein.

[0050] In embodiments of the invention, the current collector layer 50 can comprise nickel
metal. A nickel current collection layer is preferred because it can be used as a current collection
layer in either an anode stack or a cathode stack. In addition, nickel is generally less likely to
oxidize and is more electrochemically stable than copper, aluminum, or other metals used in
current collector layers. However, as discussed below, copper, aluminum and other materials
can be used as well. In one embodiment, an ink layer comprising nickel or nickel oxide
particles, such as nanoparticles and/or microparticles, is applied to the assembly 1. This ink
layer may not be sufficiently conductive to act as a current collection layer. The ink layer is then

sintered to form a highly electrically conductive nickel metal particle layer. When the ink layer
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contains a metal oxide, such as nickel oxide or copper oxide, the coating is typically formulated
with reducing agents that convert the metal oxide to metal as part of the sintering process that
results in a highly conductive metal particle coating layer.

[0051] The sintering process, in which the metal particles are bonded together, is useful in
achieving improved levels of electrical conductivity (preferably about 1 ohm per square or less).
When sintering metal particles by heat or photonic sources it is beneficial to have the metal
particles in a diameter size range of 1 um or less, and preferably 0.5 um or less. Metal particles
with such small diameters typically have a lower melting point and therefore allow for more
efficient sintering of the particles. In addition, metal particles with these smaller diameters
typically have increased absorption efficiency of ultraviolet and visible photons, particularly,
when the particles have diameters that are near or in the nanoparticle range of 0.1 pm diameters
or less.

[0052] Preferably, an impingement mill is used for producing the small particle sizes desired
for efficient xenon flash, laser, or other intense photon or heat source sintering. Descriptions of
suitable impingement mills and their operation can be found, for example, in U.S. Pat.

No. 5,210,114 to Katsen. Impingement mills are commercially available, e.g., Model M110T or
M110P, manufactured by Microfluidics International Corporation, Westwood, MA.

[0053] One benefit of photonic sources, such as xenon flash lamps and lasers, is that a high
intensity of photons can be absorbed by the metal particles in a few microseconds for very
efficient heating to the high temperatures for sintering, before the heat can diffuse out of the
metal particle layer. Suitable xenon flash lamp sintering systems include, for example, those
from Xenon Corporation in Wilmington, MA, and from Novacentrix in Austin, TX. Suitable

metal particle inks for flash lamp sintering include, for example, those from Novacentrix, from
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Applied Nanotech in Austin, TX, and from Intrinsiq Materials in Rochester, NY. One such ink
is the METALON ICI-021 copper oxide particle ink manufactured by Novacentrix.

[0054] Alternatively, the current collector 50 comprises sintered copper metal particles,
which can be used in current collection in an anode stack. An ink layer comprising copper or
copper oxide nanoparticles and/or microparticles is preferred for sintering to form highly
electrically conductive copper metal layers. Again, an impingement mill is preferred for
producing the small particle sizes desired for efficient sintering.

[0055] When the metal particle ink is coated on the surface of the electrode, the dark, highly
light absorbing properties of the underlying electrode layer assist in the efficiency of the
photonic sintering to form the metal current collector layer 50. This is because the photons from
light source that are not absorbed by the metal particle coating are completely absorbed by the
underlying electrode layer and transfer some of this heat to the metal particle coating. By
contrast, no sintering is observed when a black metal particle coating of the same thickness is
coated on a poorly light absorbing layer, such as the separator layer and subjected to the same
xenon flash lamp sintering process.

[0056] The sintering process allows metal particle ink coatings as thin as 2 microns to
become highly electrically conductive. Thus, current collector layer 50 can be made
considerably thinner than prior art current collectors (e.g., those consisting of a metal substrate).
With this highly absorbing electrode underlayer, if the full sintering did not occur on the first
photon exposure, the ink can become even more electrically conductive upon a second exposure
to the xenon flash lamp or other high intensity photon source. For example, a second exposure
has been found to cause the resistivity of the sintered metal particle layer to reduce from, about 3

ohms per square to about 0.5 to 1 ohm per square. In embodiments of the invention, the
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thickness of the coated metal particle precursor ink can be as thick as 60 or 70 microns, but it is
desirable to minimize this thickness for both battery performance (e.g., to increase the volume of
electroactive material) and cost reasons. A thickness of the metal particle precursor inks in the
range of 2 to 20 microns is adequate for most lithium and other battery applications.

[0057] During the coating of the current collector 50, metal particles are also preferably
deposited onto the portion of the separator layer 20 that is adjacent to electrode lanes 40a and
40b. These portions are labeled 52 is FIG. 4, and are referred to herein as reinforcement areas.
Reinforcement areas 52, preferably extend, in the cross-machine direction, by a width, W3 _of 5-
20 mm. If reinforcement areas 52 will be used for tabbing and cell termination, the coating in
these areas needs to be thicker than when it is coated onto the electrode layer 40a, 40b in order to
achieve the same efficiency of sintering and the same electrical conductivity as the current
collection layer 40a, 40b. As described above, this is because the separator layer 20 does not
efficiently absorb the photons from the sintering light sources to provide extra heat for sintering,
as does the electrode layer. As discussed below, this property can be used as an advantage in the
battery stacks of the present invention by coating the metal ink in the reinforcement areas 52 at
the same thickness as it is coated onto the electrode area 40a, 40b (e.g., 5 to 10 microns). The
sintering of the metal ink to a highly electrically conductive current collector layer 50 occurs in
the electrode areas 40a, 40b but the resistivity of the reinforcement areas 52 remains very high,
e.g., at 1 megohm per square or higher.

[0058] Later in the process, the reinforcement areas 52 will become the edge or near edge
areas of the coated stacks when the stacks are slit to their final width. The non-conductive metal
ink coating that comprises reinforcement areas 52 provides much greater mechanical strength to

the coated stacks, especially for tear resistance and tensile strength. This is important after the
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coated stacks have been delaminated from the strong and flexible release substrate and have
become free-standing. When they are free-standing, the coated stacks, especially the electrode
layers, could (in the absence of a reinforcement area) become brittle and may even crack or tear
during processing. The presence of a mechanically strong and flexible edge reinforcement areas
52 minimizes (and can even eliminate) the problem of tearing during the processes of
delaminating, slitting, punching, tabbing, and stacking into the final cell. This approach of edge
reinforcement is also useful for free-standing separators, such as ceramic separators. The edges
can, additionally or alternatively, be made much stronger mechanically by reinforcing the edges
or other areas of the separator layer with an overcoat or with a polymeric coating imbibed into
the pores of the separator.

[0059] After coating and sintering to provide the current collector layer 50, a second
electrode layer (not shown) can be coated onto the current collector layer 50. In a preferred
embodiment, this second electrode layer is coated in a lane of substantially the same width as the
lane of the first electrode layer 40a, 40b and directly over the position of the first electrode layer.
This provides anode and cathode stacks with an electrode coating on both sides of the current
collector, which are the most typical cell assembly configuration for the electrodes, i.e., double
side electrode coatings on the current collector layer. After the second electrode coating, the
coated stack on the release substrate is preferably calendered to densify the second electrode. As
previously discussed, the calendering process compresses or densifies the current collector layer
and any metal particle layers that have not sintered (and are acting as reinforcement areas 52).
As also previously discussed, this calendering increases the electrical conductivity and

mechanical strength of the current collector layer.
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[0060] Next, the assembly is prepared for tabbing, i.e., electrical interconnection. In the
embodiment shown in FIG. 5, patches 60 of sintered metal particle coating (or other conductive
material) have been coated in the desired tabbing location to obtain high electrical conductivity
in these areas. Patches 60 are in electrical contact with current collector 50. The ink for the
sintered metal particle layer can be coated in a patch 60 by conventional methods, such as a
gravure coating, printing or other pattern coating method. It is recommended that the patch 50
be coated to a thickness of 15 to 70 microns, or sufficient thickness to provide a resistivity upon
sintering as low as 0.5 to 1 ohm per square.

[0061] It should be understood that the placement and number of conductive patches 60 will
vary based upon the particular battery design. As will be discussed further below, the
embodiment shown in FIG. 5 represents a patch 60 configuration for use with flat or prismatic or
pouch, batteries. In a cylindrical or “jellyroll” layout, one or more patches 60 would be placed
adjacent one side of each electrode lane 40a, 40b, for example, as shown in FIG. 6. It should be
noted that, since the electrodes 40a, 40b are not coated in reinforcement areas 52, the thickness
of the reinforcement areas 52 does not exceed the thickness of the adjacent electrode layer,
which is typically 40 to 100 um thick. Thus, the current collector coating 50 does not cause the
tabbing area to have an overall thickness greater than the adjacent electrode 40a, 40b and current
collector layer 50.

[0062] In one embodiment, the next step is to delaminate the coated battery stacks from the
release substrate 10 so that the coated stacks may be converted into finished cells. As discussed
above, to save cost, the substrate 10 may be re-used for making another coated stack.
Preferably, the release substrate 10 is cleaned and inspected prior to each re-use. For effective

cleaning, three steps should, preferably, be performed, including: (1) neutralization of static
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charges present, (2) breaking of the boundary layer of air on the moving substrate, and (3)
removal and trapping of any contamination on the substrate. In one example, substrate cleaning
system designs can be used that incorporate powerful AC ionizing bars that neutralize the static
charge present irrespective of the charge polarity. It is preferable to maintain the release
substrate 10 in a clean room environment, such as Class 10,000 or better, prior to and during the
manufacture of the coated stacks described herein, the delamination process, and the substrate
cleaning process. One effective approach for cleaning is to utilize a brush or brushes that both
disrupt the boundary air as well as physically dislodge surface contaminants, which are then
subsequently vacuumed away for capture within an air filtration unit. Various designs of
stationary or rotating brushes are available. Alternative contact system cleaning designs utilize
soft, compliant elastomers, such as a cured silicone rolls that directly contact the release substrate
surface. A roll of adhesive material can be rotated over the elastomer roll to remove debris.
Non-contact cleaning systems include vacuum systems with associated air filtration bags of
various filtration capabilities. The elastomer roll debris removal approach is preferred,
particularly for its ability to remove debris down to the 0.5 micron diameter level. The UV-
cured abrasion resistant polymer and silicone blended release coating 30 of the release substrate,
as described above, may be re-used 15 times or more before its release properties are no longer
efficient. When this occurs, a new release coating 30 may be applied to the substrate 10 to
rejuvenate the release performance and to avoid the cost of using a new substrate. This release
coating 30 may also be applied on both sides of the substrate 10 so that the option of coating the
coated stack on both sides of the substrate is available for lower process costs.

[0063] Thermal runaway and other heat-related safety problems with lithium-ion and other

lithium based batteries are well-known. Therefore, after delamination, a thin safety shutdown
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layer (not shown) may optionally be applied to the separator 20 side of the coated stack. The
safety shutdown layer rapidly shuts down the operation of the battery when the temperature of
the cell reaches a temperature in the range of 100° C to 150° C, preferably in the range of 105°C
to 110°C. In a preferred embodiment, this safety shutdown layer has a thickness from 0.5 to 5
microns. The safety shutdown layer coating may comprise water or alcohol solvents so that it
can be conveniently applied during the delamination, slitting, or other converting steps without
requiring the use of a coating machine and involving undue mechanical stresses on the coated
stacks without having a release substrate attached. The safety shutdown layer may comprise
particles selected from the group consisting of polymer particles (e.g., styrene acrylic polymer
particles and polyethylene particles) and wax particles.

[0064] Suitable safety shutdown layers are described in U.S. Patent No. 6,194,098 to Ying et
al. Specifically, Ying teaches a protective coating for battery separators (e.g., boehmite ceramic
seperators) comprising polyethylene beads. See, e.g., Ying, Col. 10, 1. 66-Col. 14,1. 19. When a
threshold temperature is reached, the polyethylene beads melt and shut down the cell. Other
suitable safety shutdown layers, particular those suitable for use with both ceramic separators
and other separators (e.g., plastic separators), are described in U.S. Patent No. 9,070,954 to
Carlson et al. Carlson describes a microporous polymer shutdown coating, see, e.g., Col. 2, 1.
15-Col. 3, 1. 28, that can be incorporated into the disclosed coated stack and process.

[0065] The next step is to slit the coated stack assembly 1 to the desired width. In the
embodiment shown in FIGs. 5 and 6, slitting is done through the areas of the separator layer 20,
namely Si, S, and S3 which do not contain electrode or current collector layers. Since the
separator layer 20 is the only layer that is slit, there is no possibility of generating conductive

fragments or debris, e.g., from the electrode or current collector layers. By comparison, in prior
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art methods, slitting is typically performed through a metallic or conductive metal foil layer.
However, slitting these metal layers generates conductive debris (e.g., metal shards or shavings)
that can cause the cell to fail during manufacture or in the field due to a short circuit, which can
result in a fire or explosion of the battery. Thus, the potential for such dangerous conditions are
avoided with the present invention.

[0066] The slit rolls of coated stacks are then punched (by die cutting, laser cutting, or other
known cutting processes) into the desired shape for subsequent tabbing and building into the
final battery stacks. For example, as shown in Fig. 7, a coated stack strip 2 can be punched into
discrete coated stacks 70. Each stack 70 includes at least one patch area 60, which, in a
subsequent step, can be used for tabbing.

[0067] The embodiment shown in FIG. 7 provides a patch configuration for use with flat, or
prismatic or pouch, batteries. In this regard, each of the discrete coated stacks 70 are stacked flat
for assembly with alternating electrode stacks of the opposite polarity and for packaging. The
embodiment shown in FIG. 8 provides a coated stack 70 for use in a jellyroll configuration. In
this regard, the coated stack 70 would be wound with a coated stack of the opposite polarity into
a jellyroll and packaged in a cylindrical case.

[0068] The discrete coated stacks 70 can be tabbed and welded using conventional methods.
In a preferred embodiment, shown in FIG. 9, a short intermediate metal foil tab 80 is adhered to
the patch area 60. Intermediate tab 80 provides an enhanced edge connection or termination for
welding to a nickel clad copper or other metal tab that will extend outside of the cell. This
adhesion of an intermediate tab 80 to the current collection layer in the tabbing area can be done
by using a conductive adhesive, by ultrasonic bonding, by laser welding, or by taking advantage

of the adhesion properties of the separator layer to metal foils in the presence of a solvent, such
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as one of the organic carbonates used in the electrolyte, and some heat. In a preferred
embodiment, this intermediate tab 80 is in contact with the conductive patch 60, adhered to an
adjacent coating-free separator layer 20, and extends outside of the slit width to provide a coated-
free metal foil area for conventional welding to the outside nickel clad copper or other metal tab.
In one embodiment, the welding can be done through the intermediate separator layer between
the small metal tabs and provide excellent electrical conductivity. For example, using an
ultrasonic welder, such as that available from Dukane Corp., St. Charles, IL, it is possible to
weld 60 or more metal layers into a single mass of metal, through the thin intermediate separator
layers.

[0069] The next step is to stack the punched and tabbed assembly, alternately, into a single
coated stack cell, in order to form a battery. This is done by combining at least one anode stack
with at least one cathode stack. Thin pieces of free-standing nanoporous ceramic separator
material can be added in areas where extra insulation is desired. To obtain adhesion, a solvent,
such as an organic carbonate or ether, with some optional heat or an adhesive polymer may be
used to adhere the free-standing separator in position. The free-standing nanoporous ceramic
separator is also one of the suitable options for the outerwrap of the coated stack before doing the
final tab welding and placing into the casing such as a pouch or a metal can.

[0070] Because of the very high heat stability of the separator layer 20, the coated battery
stack may be vacuum dried at a high temperature for a long time to remove any residual water,
and to provide a heat treatment to the battery stack or dry battery cell without risk of the
separator shrinking. This step may be carried after the battery stack has been placed in its

casing, but prior to filling with electrolyte.
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[0071] The ceramic separator layer preferably has less than 1% shrinkage at 220°C for 1
hour. Vacuum drying also provides other potential benefits, such as a higher cycling rate
capability and greater mechanical strength to the layers, from this heat treatment in the coated
stack before filling with the electrolyte. For example, vacuum drying may be done for 4 hours at
130°C. It has been found that the removal of substantially all of the water, preferably below 100
ppm, improves the cycle life and other cycling properties of the cell. This high temperature
vacuum drying, particularly after the coated stacks are placed in their casing (but prior to
electrolyte filling), offers significant benefits, including increased consistency in capacity among
the cells of the battery and improved capacity stability during cycling life. When a safety
shutdown layer is present on the separator, it may be necessary to reduce the temperature and
time of the vacuum drying in order to avoid any premature shutdown by causing the porous
shutdown layer to become less porous or non-porous. After filling with electrolyte and sealing
the cell, the separator layer 20 will adhere to adjacent areas to which it is not adhered in the dry
state. This is advantageous for insulation and for cell stack dimensional stability reasons.
Finally, the completed battery is cycled for cell formation.

[0072] According to the process disclosed herein, a dry room is used for the steps of heat
drying, filling the cells with electrolyte and sealing the battery package (e.g., pouch or can).
Each of the prior steps (e.g., coating, slitting, punching and stacking or winding) may be
performed at ambient conditions (or conditions with a controlled but higher percentage
humidity), which facilities are much less expensive to build, operate, and maintain. This
significantly reduces facility construction and operational costs, as compared to conventional
lithium battery manufacturing processes. In addition, this reduced dry room requirement for cell

assembly and provides the option of convenient and low cost shipping of dry cells in their casing
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to another location for high temperature vacuum drying, electrolyte filling and sealing. In this
regard, safety restrictions or prohibitions on the transport of “wet” cells by air or other transport
means are becoming increasingly stringent, such that the option of shipping dry cells is
particularly advantageous.

[0073] Now that the preferred embodiments of the present invention have been shown and
described in detail, various modifications and improvements thereon will become readily
apparent to those skilled in the art. The present embodiments are therefor to be considered in all
respects as illustrative and not restrictive, the scope of the invention being indicated by the
appended claims, and all changes that come within the meaning and range of equivalency of the

claims are therefore intended to be embraced therein.
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CLAIMS
What is claimed is:
1. A battery stack comprising:
a porous separator;
an electrode layer adjacent the porous separator; and
a current collector layer coated on the electrode layer, wherein the current collector layer
comprises sintered metal particles.

2. The battery stack of Claim 1, wherein the current collector layer comprises sintered

nickel particles.

3. The battery stack of Claim 1, wherein the current collector layer comprises sintered

copper particles.

4. The battery stack of Claim 1, wherein the current collector layer comprises sintered

aluminum particles.

5. The battery stack of any of Claims 1-4, wherein the current collector layer is 2-20 pm

thick.

6. The battery stack of any of Claims 1-5, wherein the porous separator comprises particles
selected from the group consisting of inorganic oxide particles and inorganic nitride
particles.

7. The battery stack of any of Claims 1-6, wherein the porous separator comprises an

organic polymer.

8. The battery stack of any of Claims 1-7, wherein the porous separator comprises boehmite

or alumina.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The battery stack of any of Claim 8, wherein the porous separator includes between 65-
95% boehmite by weight.

The battery stack of any of Claims 1-9, wherein the porous separator has an average pore
size between 10-90 nm.

The battery stack of any of Claims 1-10, wherein the electrode layer is a cathode layer.
The battery stack of any of Claims 1-10, wherein the electrode layer is an anode layer.
The battery stack of any of Claims 1-12, further comprising a shutdown layer adjacent to
the porous separator.

The battery stack of any of Claims 1-13, further comprising a coating of non-sintered
metal particles on a portion of the porous separator.

A battery stack comprising:

a porous separator;

an electrode layer adjacent the porous separator;

a current collector layer coated on the electrode layer; and

a coating of non-sintered metal particles on a portion of the porous separator.

The battery stack of Claim 15, wherein the coating of non-sintered metal particles forms
a non-conductive layer.

The battery stack of any of Claims 15-16, wherein the current collector layer is
comprised of sintered metal particles.

A battery comprising:

a porous separator;

an electrode layer; and

a current collector layer comprising sintered metal particles.
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19.

20.

21.

22.

23.

24.

25.

26.

The battery of Claim 17, wherein the electrode layer is an anode layer.

The battery of Claim 17, wherein the electrode layer is a cathode layer.

A method of making a battery stack comprising the steps of:

(a) coating a porous separator layer on a substrate;

(b) coating an electrode layer on the porous separator;

(c) coating a current collector layer on the electrode layer, wherein the current collector
layer comprises metal or metal oxide particles;

(d) sintering the metal particles of the current collector layer; and

(e) delaminating the substrate from the porous separator layer.

The method of Claim 21, wherein, after step (b) and before step (c), the method further
comprises calendering the electrode layer and porous separator.

The method of any of Claims 21-22, wherein, after step (d) and before step (e), the
method further comprises calendering the sintered current collector layer, electrode layer
and porous separator.

The method of any of Claims 21-23, further comprising the step of coating metal or metal
oxide particles on a portion of the porous separator.

The method of any of Claims 21-24, further comprising the steps of:

(f) interleaving the battery stack of one polarity with a battery stack of the opposite
polarity; and

(g) placing the interleaved battery stacks in a casing.

The method of Claim 25, further comprising the step of:

(h) vacuum drying the interleaved battery stacks and casing.
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1. [:] As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of

3. I_] As only some of the required additional search feces weic timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fess werc timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the

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

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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