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SOLID-STATE BATTERY SEPARATORS AND METHODS OF FABRICATION

BACKGROUND

[0001]  Solid-state Lithium batteries were developed by Duracell in the 1970’s and
made commercially available in the 1980’s but are no longer produced. The cells used a
lithium metal anode, a dispersed phase electrolyte of lithium iodide and Al203 and a metal
salt as the cathode. The Li/Lil(Al2O3)/metal salt construction was a true solid-state
battery. These batteries were not rechargeable.

[0002] It has long been a goal to develop a rechargeable solid state lithium-based
battery using inorganic solid electrolyte material because of the passivation reactions and
unstable interfaces that form between organic electrolyte materials such as liquid and solid
polymer electrolytes. In the early 1990°s another all-solid-state battery was developed at
the Oak Ridge National Laboratories. These cells consist of thin films of cathode,
inorganic electrolyte, and anode materials deposited on a ceramic substrate using vacuum
deposition techniques including RF sputtering for the cathode and electrolyte, and vacuum
evaporation of the Li metal anode. The total thickness of the cell is typically less than
10um with the cathode being less than 4um, the solid electrolyte around 2um (just
sufficient to provide electrical isolation of the cathode and anode) and the Li anode also
around 2um. Since strong chemical bonding (both within each layer and between the
layers of the cell) is provided by the physical vapor deposition technique, the transport
properties are excellent. Although the solid electrolyte LiPON has a conductivity of only
2 x 10 S/cm-1 (fifty times lower than that of the Lil(Al203) solid electrolyte used in the
Duracell battery described above), the impedance of the thin 2um layer is very small
allowing for very high rate capability. Batteries based on this technology are very
expensive to fabricate, are very small, and have very low capacity.

[0003] Currently, Li-ion battery chemistry gives the highest performance and is
becoming the most widely used of all battery chemistries. The cells consist of thick
(~100um) porous composite cathodes cast on a thin (~10um) Al foil current collector. The
composite cathode typically contains LiCoO: as the active material due to its high capacity
and good cycle life, and carbon black to provide electrical conductivity throughout the
layer. A thin polymer separator is used to provide electrical isolation between the cathode
and the carbon based anode which intercalates Li during the charge cycle. The cell is
immersed in liquid electrolyte which provides very high conductivity for the transport of

Li ions between the cathode and anode during charge and discharge. Because the thick
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composite cathode is porous, the liquid electrolyte is absorbed into and fills the structure,
and thus provides excellent surface contact with the LiCoO2 active material to allow fast
transport of Li ions throughout the cell with minimal impedance.

[0004] The liquid electrolyte itself consists of a Li salt (for example, LiPFs) in a
solvent blend including ethylene carbonate and other linear carbonates such as dimethyl
carbonate. Despite improvements in energy density and cycle life, there remains an
underlying problem with batteries that contain liquid electrolytes. Liquid electrolytes are
generally volatile and subject to pressure build up explosion and fire under a high charge
rate, a high discharge rate, and/or internal short circuit conditions. Charging at a high rate
can cause dendritic lithium growth on the surface of the anode. The resulting dendrites
can extend through the separator and cause a short circuit in the cell. The self-discharge
and efficiency of the cell is limited by side reactions and corrosion of the cathode by the
liquid electrolyte. The liquid electrolyte also creates a hazard if the cell over-heats due to
overvoltage or short circuit conditions creating another potential fire or explosion hazard.

[0005] To address safety and reliability problems with lithium based batteries that
employ liquid electrolytes, and to achieve high energy density, solid-state batteries that
employ high capacity lithium intercalation compounds are being developed. These all-
solid-state batteries consist of a composite cathode containing active battery cathode
material (e.g., LINIMnCoO2, LiCoO: , LiMn20O4 Li4TisO12 or similar), an electrically
conductive material (e.g., carbon black), and lithium ion conductive glass electrolyte
material, such as LisxLa23xTiO3 (x = 0.11) (LLTO) or LisLa3Zr2012 (LLZO) that is
formed in situ from a liquid precursor via a low temperature sol gel process. When gelled
and subsequently cured, the precursor is transformed into a solid lithium ion conductive
glass electrolyte. Past attempts at constructing such all-solid-state batteries have been
limited by the need to bind the materials together in order to facilitate effective lithium ion
transport across interfaces. This binding process has been attempted by sintering at high
temperature. The temperatures required for effective sintering are in the range of 600°C
and higher. The problem has been that the cathode and electrolyte materials will react
with each other at such sintering temperatures resulting in high impedance interfaces and
an ineffective battery.

[0006] In constructing a solid-state battery using the low temperature sol gel
approach, a cathode is formed by mixing a lithium active material, an electrically
conductive material, and the liquid sol gel precursor to form a slurry or paste. The cathode

can be formed as either a thick pellet or as a thin casting containing the mixture of cathode
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components. The cathode is held together by the ion conductive glass electrolyte matrix
that is formed by gelling and curing the sol-gel precursor solution. Curing temperature for
the gelled precursor is in the range of 300°C, thus parasitic reactions are avoided.

[0007] Construction of battery electrodes using the sol gel approach to produce
glass electrolyte as a binder requires proper gelling, drying, and curing of the precursor.
Gelling of precursors for LLTO and LLZO is a hygroscopic process. Moisture must
diffuse into the cathode structure through the tortuous path formed by the densely packed
cathode powder materials in order for the cathode material to gel properly throughout.
Secondly, drying of the precursor after gelling can be time consuming because solvents
and alcohols must diffuse through the gelled electrolyte within the tortuous compacted
electrode powder structure.

[0008] The all-solid-state primary cell developed by Duracell and described in
detail above demonstrated very high energy densities of up to 1000 Wh/L and excellent
performance in terms of safety, stability, and low self-discharge. However, due to the
pressed powder construction and the requirement for a thick electrolyte separation layer,
the cell impedance was very high, severely limiting the discharge rate of the battery. This
type of cell is also restricted in application because the electrochemical window is limited
to less than three volts due to the iodide ions in the electrolyte which are oxidized above
approximately three volts. In addition, a stable rechargeable version of this cell was never
developed.

[0009] The all-solid-state thin film battery developed by Oak Ridge National
Laboratories, also detailed above, addresses many of the problems associated with Li-ion
technology, but also has limitations of its own. The vacuum deposition equipment
required to fabricate the cells is very expensive and the deposition rates are slow leading to
very high manufacturing costs. Also, in order to take advantage of the high energy density
and power density afforded by use of the thin films, it is necessary to deposit the films on
a substrate that is much smaller and lighter than the battery layers themselves so that the
battery layers make up a significant portion of the volume and weight of the battery
compared to the inert substrate and packaging components. It is not practical to simply
deposit thicker layers as the cathode thickness is limited because lithium diffusion rates
within the active material limit the thickness of a cathode that can be charged and
discharged at useful rates. Therefore the films must be deposited on very thin substrates

(< 10um) or multiple batteries must be built up on a single substrate, which leads to
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problems with maintaining low interface impedance with the electrolyte during the
required high temperature annealing of the cathode material after deposition.
SUMMARY

[0010] This Summary is provided to introduce a seclection of concepts in a
simplified form that are further described below in the Detailed Description. This
Summary is not intended to identify key features or essential features of the claimed
subject matter, nor is it intended to be used to limit the scope of the claimed subject
matter.

[0011] Implementations of separators for rechargeable solid-state batteries are
described. In at least some embodiments, separators are fabricated from high ionic,
conductive filler powder and meltable inorganic solid electrolyte. The meltable inorganic
solid electrolyte is configured to bond together the high ionic, conductive filler powder to
form the separator.

[0012] Implementations for methods of fabricating rechargeable solid-state
batteries are described. In at least some embodiments, batteries are fabricated from a
cathode current collector foil substrate by roll casting a cathode slurry on the cathode
current collector foil substrate.

[0013] Implementations for methods of fabricating rechargeable solid-state
batteries are described. In other embodiments, batteries are fabricated by coextruding
cathode material and separator material and laminating a cathode current collector foil to
the cathode material by hot press rolling.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Embodiments of Solid-State Battery Separators and Methods of Fabrication
are described with reference to the following Figures. The same numbers may be used
throughout to reference like features and components that are shown in the Figures:

FIG. 1 illustrates an example process for constructing a solid-state battery
having a final cell structure representative of a low-melt temperature electrolyte
bonded solid-state rechargeable battery electrode.

FIG. 2 illustrates an example construction of an all-solid-state lithium ion
battery cell with an active anode in one or more embodiments of a solid-state
battery.

FIG. 3 illustrates an example construction of an all-solid-state lithium ion
battery cell having an electrode formed by powder materials hot pressed into free

standing pellets or wafers in one or more embodiments of a solid-state battery.
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FIG. 4 illustrates an example construction of an all-solid-state lithium ion
battery cell with a lithium magnesium alloy in one or more embodiments of a
solid-state battery.

FIG. 5 illustrates an example construction of an all-solid-state lithium ion
battery cell with coextruded cathode, separator, and anode material in one or more
embodiments of a solid-state battery.

FIG. 6 illustrates an example construction of an all-solid-state lithium ion
battery cell with coextruded cathode and separator material in one or more
embodiments of a solid-state battery.

FIG. 7 illustrates an example construction of an all-solid-state lithium ion
battery with multiple cells in one or more embodiments of a solid-state battery.

DETAILED DESCRIPTION

[0015] Implementations of solid-state batteries relate to the construction of various
all-solid-state batteries, to include: one or more embodiments of a low melt temperature
electrolyte bonded solid-state rechargeable battery electrode; one or more embodiments of
a composite separator having a low melt temperature electrolyte component; one or more
embodiments of solid-state battery electrodes, separator co-extrusion and roll casting;
and/or one or more embodiments of composite low melt temperature electrolyte coated
lithium and lithium alloy anodes. Solid-state batteries are the focus of a great deal of
attention because of the potential for attractive performance properties including: (1) long
shelf life, (2) long term stable power capability, (3) no gassing, (4) broad operating
temperature range: 40°C to 170°C for pure lithium anodes and up to and beyond 300°C
using active composite anodes, and (5) high volumetric energy density, up to 2000 Wh/L.
They are particularly suited for applications requiring long life under low-drain or open-
circuit conditions.

[0016] In embodiments, a solid-state battery with improved manufacturability over
existing solid-state batteries, as well as improved performance and safety over existing Li-
ion technology can be constructed using simple manufacturing techniques, such as doctor
blade casting and hot rolling. Also, other simple and fast techniques, such as low
temperature compression using processes that include hot pressing or rolling, can be
utilized in the fabrication of a solid-state battery. Further, a solid-state battery can be
fabricated at low cost using ceramic processing techniques such as casting and hot roll
annecaling. An all-solid-state cell can be constructed that has low impedance, utilizes thick

active electrodes relative to the thickness of the inert components, can be fabricated on a
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large scale, and is safe for applications such as powering cell phones, computers, any other
type of electronic device, and even electric vehicles. The solid-state rechargeable batteries
have long term stability and reliability, and are suitable for use as a permanent component
in such devices.

[0017] In embodiments, a solid-state battery has constituent components that are
bonded together by an inorganic glass clectrolyte produced in situ by a low melt
temperature reaction that bonds the constituent materials together to enable ion conduction
continuity. The low temperature bonding or sintering of constituent materials of the
battery avoids the problems associated with high temperature sintering such as atomic
diffusion and migration that can lead to high interface impedances between lithium active
materials and lithium electrolyte materials. It is desirable in one or more implementations
to have sintering occur below 600°C. A battery electrode can be constructed with powders
of a lithium active material, such as lithium titanium oxide, lithium cobalt oxide, lithium
manganese oxide, or other lithium-based eclectrochemically active battery material. A
solid-state electrolyte can be utilized, such as lanthanum lithium titanium oxide (LisxLazs-
xT103 (x = 0.11)), lanthanum lithium zirconium oxide (Garnet (LizLa3Zr2012)), Sulphide
(Li10GeP2S12), Ohara Corp (LiSICON), or similar solid-state electrolyte with high lithium
ion conductivity, and an additive such as carbon black carbon nanotubes or other suitable
material to provide electrical conductivity all bonded together by an inorganic electrolyte
such as Lithium Phosphorous Oxynitride (LiPON).

[0018] The active material selected for inclusion in a given electrode can be
chosen for a desired operating voltage and capacity, and whether its intended function is as
a cathode or anode in the final cell. In embodiments, a separator can include powder
material of a solid-state electrolyte, such as lanthanum lithium zirconium oxide or similar
solid-state electrolyte with high lithium ion conductivity bonded together by an electrolyte
formed in situ such as Lithium Phosphorous Oxynitride (LiPON) produced by melt and
reaction at low temperature reaction.

[0019] The powder constituents of an electrode or separator are first thoroughly
mixed. The mixture can be hot pressed as a pellet or it can be spun, spray, doctor blade
casted or printed onto a substrate to produce cathode, electrolyte separator, and anode
component layers of a cell that are 3um to Imm thick. The formed cell components are
subsequently hot pressed or rolled at an elevated temperature sufficient to soften or melt
the low melt temperature electrolyte constituent of the electrode. Upon cooling and re-

hardening, the low melt constituent binds the electrode together and provides ionic
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conductive continuity between the component powder particles. The high ion conductive
powder electrolyte component dispersed within the electrode provides low impedance for
conduction of lithium ions throughout the structure of the electrode to enable a resulting
cell that has high charge and discharge rate capability. The electrically conductive
component dispersed in the cathode provides low impedance for transport of electrons
throughout the cathode construction to allow for high rate capability.

[0020] The electrode can be constructed (to include manufactured, fabricated, etc.)
to stand alone as in a pressed pellet, or can be fabricated as a thin coating applied to a
substrate. If the standalone construction is used, a current collector (aluminum, nickel,
copper, or similar metal) can be sputtered or evaporated onto the electrode as a coating to
act as a current collector and to provide electrical contact. The current collector could also
be bonded as a foil onto one surface of the electrode during the high temperature pressing
process. Alternatively, if the electrode is coated onto a non-electrically conductive
substrate, then the substrate will be coated first with a suitable current collector to provide
clectrical contact to the cathode. The substrate material can be a metal foil, ceramic,
polymer, and/or any other suitable material.

[0021] A composite battery electrode is formed using low melt temperature
clectrolyte as a binder to achieve low interface impedance bonding between the
constituents. A surface of the composite electrode formed in this manner can be coated
with a thin layer of the same low melt temperature electrolyte used inside the composite
cathode to function as an eclectrolyte separator between the cathode and anode. The
coating may include a filler powder of the high ionic conductive material thus forming a
composite separator. A thin coating of lithium metal is evaporated onto the electrolyte
separator coating to form an anode and thereby complete the battery.

[0022] In an alternate design to make a Li-ion cell, a first electrode is formed as an
anode containing a Li ion intercalation compound having a low lithium reaction potential.
A second electrode is formed as a cathode containing a Li ion intercalation material that
has a higher reaction potential than the material used in the first electrode. The anode and
cathode thus formed are bonded to each other using a low melt temperature electrolyte
separator layer to form an all-solid-state battery having a solid-state glass electrolyte
bonded cathode and solid-state glass electrolyte bonded anode.

[0023] Metal oxide electrolytes having conductivities in the range of 10S/cm
have been fabricated. Yet, use of such materials as solid electrolytes in all-solid-state

batteries has been limited. One problem is the high interface impedance that results from
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the high temperature sintering process used to form the bonds between the electrolyte and
active cathode materials. Bonding is needed to enable lithium ion conduction between the
materials; however, inter-atomic migration during sintering results in very high interface
impedance and very limited functionality of a resulting cell.

[0024]  On the other hand, Lithium Phosphorous OxyNitride (LiPON) is a solid
clectrolyte that has relatively low ionic conductivity, in the range of 10° S/cm.  This
material is typically produced as a thin film coating by reactive sputter deposition.
However, similar ion conductive material can be fabricated in bulk by solid-state reaction,
although material produced to date has not been the exact composition and have shown
lower ionic conductivity. LiPON is a glass electrolyte that softens at temperatures in the
range of 300°C. Reactive sputtered compositions have been fabricated that display
conductivity as high as 9.4x10° S/cm. In constructing thin film batteries, LiPON is sputter
deposited as a thin, lum to 2um coating on top of a cathode layer followed by a
evaporated coating of anode material, typically lithium. Even though the actual
conductivity of LiPON is only in the 1¢®S/cm range, its use in thin film form allows
relatively low levels of cell resistance to be achieved. The “high” conductivity form of
LiPON generally has the formulation Li3PNo.14O4. However as a glass, a range of mixture
ratios of the constituent elements is possible and its conductivity varies with composition.
It has long been a desire to develop a method for producing LiPON in bulk that has ionic
conductivity that is comparable to that produced by reactive sputter deposition. Another
example of low melt temperature, ion conductive material is the amorphous mixture of
LiNOs and nano-Al203. The ionic conductivity of LiNOs and Al2O3 mixture is in the
range of 10°S/cm, similar to LIPON. LiNO3 and LiNO2 are lithium nitrates salts having
melt temperatures of 255°C and 220°C respectively. LiH2PO4 and P20s are solid acids
having melt temperatures of 189°C and 340°C respectively. Generally a balanced reaction
between one of these salts and one of the acids produces lithium phosphate (LiPO3 and/or
Li3POa) as reaction products. However, including a small percentage of excess salt as a
reactant results in a reaction product mixture that includes nitrogen salt dispersed in the
lithium phosphate reaction product. An unanticipated result is that the dispersed lithium
nitride salt results in formation of a LiPON mixture that displays ionic conductivity at a
level similar to that of LiPON produced by reactive sputter deposition. The resulting
reaction product is not meltable at low temperature. Alternatively, other electrolytes that
exhibit usable conductivity and melt temperature characteristics include Li20-MoO3, Li20O-

WOz, LiBr-Li20-WO3, and LiBr-Li20-B203-P20:s.
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[0025]  Although these example low melt temperature electrolytes have low ionic
conductivities, their low melt temperature makes them suitable for effectively bonding
with and forming low ionic impedance interfaces with lithium active battery materials and
with other, faster lithium ion conductive materials. They can be heated to a molten or near
molten state and interfaced with lithium active materials without the inter-atomic
migration problems typically associated with high temperature sintering, a problem which
until now has limited the practical construction of high performance all-solid-state
batteries. The low conductivity, low melt temperature electrolyte is, in effect, employed in
thin film form in order to achieve high conductivity rates, similar to the way low
conductivity electrolyte is used in thin film batteries.

[0026] The low melt temperature, low conductivity electrolyte can be used to form
thin film links or interfaces between the constituent powder components of the electrode.
A lithium active powder such as Lithium Nickel Manganese Cobalt Oxide, an electrically
conductive powder such as carbon black or powder like carbon nano-tubes, and a fast
ionic conductive solid electrolyte powder such as Lithium Lanthanum Zirconium Oxide
(LLZO) having ionic conductivity in the 10S/cm range can all be combined with a salt
and acid mixture of LiNO2 or LiNO3 and LiH2PO4 or P20Os. Heating the mixture under
pressure at relatively low temperature causes the salt to melt and react with the acid to
produce a lithium ion conductive glass matrix that bonds the structure together. The fast
LLZO component provides high conductivity rates across the entire depth of the cathode
once the constituent powders are all linked to each other via the low interface impedances
enabled by the in situ formed electrolyte component.

[0027] To construct an electrode (cathode or anode), the powder components,
including the low melt temperature electrolyte in powder form are all mixed together and
then hot pressed into a pellet or casting. The combination of heat and pressure causes the
low melt temperature electrolyte to soften and flow into the voids between the other
component powder particles. The low melt temperature electrolyte bonds the other
component particles together and provides ionic conductivity between them. The fast ion
conductive electrolyte component functions as the primary lithium ion conductive material
for conducting ions across the thickness of the clectrode. The low melt temperature
electrolyte primarily forms thin interface layers between the component particles to
minimize the overall ionic impedance of the electrode. The different functional roles of
the two electrolytes enable the construction (to include manufacture, fabrication, etc.) of

relatively thick, low impedance electrodes.
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[0028] In an alternate embodiment, the low temperature electrolyte is used to form
a protective coating on the individual lithium active powder particles. The approach is to
mill the lithium active, electrically conductive carbon nanotubes and the low melt
temperature electrolyte powders together as a dry mixture in a mill having sufficient
energy such that the particle to particle friction generates sufficient heat to melt the low
melt temperature electrolyte component. The individual lithium active particles become
individually coated with a film of ion conductive glass which also conducts electrons
because of the carbon embedded therein. The coated particles can be subsequently mixed,
at low energy so as not to disturb the coating, with Lithium Phosphorous Sulfide based
super ionic conductive electrolyte material, such as LiioGeP2S12 which, without the glass
electrolyte coating, could form an unstable interface with the lithium active material. Yet
another embodiment is to apply a thin electrolyte separator coating of the low melt
temperature electrolyte, or a mixture of the low melt temperature electrolyte, and a fast
lithium ion conductive electrolyte onto the surface of a lithium active electrode (anode or
cathode). The coating may be applied by hot pressing or hot roll coating/extrusion.

[0029] FIG. 1 illustrates an example 100 of constructing an all-solid-state lithium
battery cell representative of slurry coated construction with a lithium metal anode in one
or more embodiments of solid state batteries. Cathode current collector foil 102 is used as
a substrate and as a cathode current collector for the battery. The foil passes over roller
104 and onto casting table 106. Slurry 108 is premixed by milling and is supplied to the
casting table. The slurry includes of a carrier liquid with an active cathode powder, a low
melt temperature electrolyte powder, a fast ion conductive electrolyte powder, and an
electrically conductive powder. A liquid such as acetonitrile is selected as the liquid
component of the slurry based on its chemical stability with the constituent powders in the
slurry and it having sufficient vapor pressure for easy removal by evaporation. The slurry
108 is coated onto the foil substrate 102 as the substrate passes across the casting table
106. Doctor blade 110 is used to control the thickness of the resulting coating.

[0030] The coated foil 112 passes through dryer oven 114 where the carrier liquid
is removed by evaporation and the casting is preheated prior to passing on to hot rollers
116. The coated foil 112 passes through hot rollers 116. The temperature of rollers 116
would typically be less than about 500°C. The temperature of rollers 116 is sufficient to
melt or soften the low melt temperature electrolyte causing it to flow under the pressure of
the rollers into the pores and gaps between the constituent powder particles as the particles

are pressed closer to each other under the force applied by the rollers.
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[0031] Next, an clectrolyte separator slurry 118 is coated on top of the cathode
casting 120, where the electrolyte separator slurry 118 is electrolyte powder and a liquid
carrier, such as acetonitrile. Slurry 118 may optionally contain fast conductive electrolyte
powder as well as the low melt temperature component. Doctor blade 124 is used to
control the thickness of the casting. The now multilayer casting 122 passes through dryer
oven 126 where the carrier liquid is removed from the coating. Hot rollers 128 apply heat
and pressure to melt or soften the electrolyte powder coated on the surface of the cathode,
as well as melt, at least to some extent, the low melt temperature electrolyte within the
cathode yielding monolithic glass electrolyte bonded and coated cathode casting 132 on
the current collector foil. Finally, anode foil 130 is hot pressed and bonded to the surface
of the glass electrolyte coating by hot rollers 134 to form the completed cell casting 136.
Foil 130 may be lithium foil, copper foil, lithium coated copper foil, or other suitable
anode or anode current collector material. Alternatively, the anode may be applied by
evaporation under vacuum. If lithium is not employed, then the lithium anode will be first
formed upon the initial charge of the cell as lithium is plated beneath the anode current
collector. Solid-state battery cell 140 is representative of the structure of an all-solid-state
lithium battery cell with a cathode current collector/substrate 148, composite cathode 146,
glass electrolyte coating 144, and anode/anode current collector 142.

[0032] FIG. 2 illustrates an example 200 of constructing of an all-solid-state
lithium ion battery cell representative of slurry coated construction with an anode current
collector foil in one or more embodiments of solid state batteries. An active anode is
employed instead of a lithium metal anode. Similar to the construction of the lithium
metal anode cell, cathode current collector foil 102 is used as a substrate and as a cathode
current collector for the battery. The foil 102 passes over roller 104 and onto casting table
106. Active cathode powder, a low melt temperature electrolyte powder, a fast ion
conductive electrolyte powder, an electrically conductive powder, and carrier liquid slurry
108 is coated onto the substrate using doctor blade 110. The slurry is dried by oven 114
and calendared using hot rollers 116 to bond the structure together.

[0033] Next, a slurry of electrolyte separator powder 118 is coated on top of the
cathode casting 120 using doctor blade 124, where the electrolyte separator powder 118 is
electrolyte reactant powder and a carrier liquid, such as acetonitrile. Slurry 118 may
optionally contain a fast conductive electrolyte powder as well as the low melt temperature
component. The resulting casting 122 is dried in oven 126. Hot rollers 128 apply heat and

pressure to reflow the low melt temperature electrolyte material in the cathode and
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separator to bond the structure together. Next, slurry of active anode material 204 is
coated on top of thus formed separator coating 202 using doctor blade 206. The
multilayer casting 232 passes through oven 210 for drying and optional preheating, and
subsequently through hot rollers 208 for electrolyte reflow and calendaring to bond the
structure together. Finally, anode current collector foil 214 is hot pressed and bonded to
the surface of the thus formed active anode layer 216 of cell casting 212 by hot rollers 134
to form the completed cell casting 218. Alternatively, the anode current collector may be
applied by evaporation. A suitable active material for the cathode layer is lithium nickel
cobalt manganese oxide (LiNiCoMnQO2) and a suitable anode active material is lithium
titanium oxide (LTO). This combination would result in a cell having a mean voltage of
approximately 2.0V. Solid-state battery cell 220 is representative of the structure of an
all-solid-state lithium ion battery cell with a cathode current collector/substrate 230,
composite cathode 228, glass electrolyte coating 226, composite anode 224 and
anode/anode current collector 222.

[0034] FIG. 3 illustrates an example 300 of constructing an all-solid-state lithium
ion battery cell representative of hot pressed electrode powder construction in one or more
embodiments of solid state batteries. The basic structure of the cell is similar to that of the
cells depicted in FIGs. 1 and 2. However, in an embodiment, the electrode powder
materials are hot pressed into free standing pellets or wafers as opposed to using a liquid
carrier to make a slurry for casting onto a substrate. Cathode and anode pellets can be
used to form batteries that have an integrated circuit chip or pellet like configuration. As
in the case of the casted electrodes, the low melt temperature electrolyte performs the dual
function of providing low interface impedance particle to particle ionic conduction and of
bonding the constituent powders together. A measured amount of electrode or separator
powder mixture is placed in a die and hot pressed at a temperature, approximately 300°C,
which is sufficient to reflow the low temperature electrolyte component of the powder and
bond the constituent powders together. The shape of the die and the amount of powder
placed in the die determines the physical dimensions of the resulting pellet or wafer.

[0035] In FIG. 3, measured amounts of cathode powder mixture 302, separator
powder 304, and active anode powder 306 are cach individually placed at 312 inside
cavity 310 of heated die 314, the die being heated by heating element 318 from power
supply 316, and hot pressed by piston 308 to form the respective component layers of a
battery cell. Dies can be configured to produce prismatic shaped cathode 324, prismatic

shaped electrolyte separator 322, and prismatic shaped active anode 320. Similarly, dies
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could be configured to form disc shaped cell components as represented by cathode 326,
separator 330, and anode 332 or even other configurations. The thickness of the
component layers depends on the amount of powder used. The individual components
334, 336, and 338 may be placed together in a heated die such as illustrated by 340 and
hot pressed by piston 342, where the components are fused together to form a complete
cell structure. The cavity shape of die 340 is selected to make the desired shape of the cell
component to form a prismatic shaped cell 344, a disc shaped cell 328 or other shapes.
Anode and cathode current collectors may be vacuum evaporated or hot pressed as foils
onto the anode and cathode surfaces of the cells.

[0036] FIG. 4 illustrates an example 400 of an all-solid-state lithium ion battery
cell in one or more embodiments of solid state batteries. A lithium magnesium alloy can
be employed as a substrate and anode. The lithium magnesium alloy foil 402 passes over
roller 404 and onto casting table 406. A doctor blade 410 is used to cast electrolyte
separator material 408 onto lithium magnesium foil 402. The coated foil 412 passes
through dryer oven 414 where the carrier liquid is removed by evaporation and the casting
is preheated prior to passing on to hot rollers 416. After drying and hot rolling to reflow
the meltable portion of the electrolyte and form a continuous coating, doctor blade 424 is
used to apply cathode coating material 418 on top of the electrolyte separator layer of
anode-separator casting 420. The anode, separator, cathode stack 422 is dried in drying
oven 426 and hot rolled with hot rollers 428. Then the cell structure is completed by
applying a current collector foil layer 430 to the completed anode, separator, cathode stack
432 with hot rollers 434 to bond together the completed cell casting 436. Note that an
anode having a solid electrolyte coating applied thereto could be useful in other types of
batteries, including those that employ an organic electrolyte such as a liquid or polymer.
Solid-state battery cell 440 is representative of the structure of an all-solid-state lithitum
battery cell with a lithium magnesium alloy anode/substrate 448, composite cathode 446,
glass electrolyte coating 444, and a cathode current collector 442. The foil 402 may be a
non-active material such as copper foil. In such an embodiment, the lithium anode is
formed during the first charge cycle.

[0037] FIG. 5 illustrates an example 500 of an all-solid-state lithium ion battery
cell in one or more embodiments of solid state batteries. The example 500 illustrates co-
extrusion of the cathode material 508, separator material 506, and anode material 504
using extrusion die 510. The extruded material is supplied to hot rollers 502 where

cathode current collector 512 and anode current collector 514 are laminated onto the

13



10

15

20

25

30

WO 2014/058684 PCT/US2013/063161

resulting battery structure. The continuous web of battery structure is subsequently cut
into individual battery cells as illustrated by laser cutting table 516. Solid-state battery cell
520 is representative of the structure of an all-solid-state lithium ion battery cell with a
cathode current collector/substrate 528, composite cathode 526, separator material 524,
composite anode 522, and anode current collector 530.

[0038] FIG. 6 illustrates an example 600 of an all-solid-state lithium ion battery
cell in one or more embodiments of solid state batteries. The example 600 illustrates the
use of die 606 to co-extrude cathode material 604 and separator material 602. Cathode
current collector 608 is laminated onto the cathode side of the cathode separator structure
by hot rollers 610. Anode deposition chamber 626 applies an anode coating to the surface
of the separator of the cathode-separator stack 624 by evaporation using evaporator 622.
Continuous mask 612 is configured having a series of open window areas that determine
the deposition pattern of the evaporated lithium. It moves above the surface of the
extruded cathode/separator at the same speed so as to define specific areas of the separator
surface on which the anode material will deposit. Battery structure 628 illustrates an
example of a series of anodes applied along the separator surface. Such a patterned
deposition simplifies cutting the continuous web into individual cells. For example, the
cells can be cut between individual cells as illustrated by dotted line 630 without concern
about short circuiting the anode to the cathode along the cut line.

[0039] Hot press 616 is utilized for thermal lamination of precut anode current
collectors onto the surface of the separator. The anode current collectors are conveyed
from a supply reel 614 through hot press 616, where they are laminated to the separator,
with the leftover carrier tape for the precut anode current collectors captured by take-up
spool 618. The evaporation and thermal lamination may be performed in series, where the
evaporated lithium functions as a wetting layer to enhance the bonding of the subsequent
thermally bonded anode current collector structure. The thermally bonded anode structure
may be lithium, copper, or other suitable material. Evaporation chamber 626 may
alternatively apply copper as an anode structure as opposed to a lithium layer. The copper
would function as a current collector whereby lithium would evolve as an anode as it is
plated from the cathode on first charge.

[0040] FIG 7 illustrates an example 700 of an all-solid-state lithium ion battery
constructed with multiple cells, which are constructed with aluminum current collectors
702, sol gel LLZO glass separators 704, sol gel LLZO bonded LTO anodes 706, and sol
gel LLZO bonded cathodes 708. The example all-solid-state battery can be constructed

14



10

15

20

25

WO 2014/058684 PCT/US2013/063161

using a series of alternating layers of cathode, cathode current collector, cathode,
separator, anode, anode current collector, anode, separator, cathode and so on.
CONCLUSION

[0041] Implementations of clectrodes for rechargeable solid-state batteries are
described. In at least some embodiments, electrodes are fabricated from electrochemically
active powder material and meltable inorganic solid electrolyte. The meltable inorganic
solid electrolyte is configured to bond together the electrochemically active powder
material to form the electrode.

[0042] Implementations of separators for rechargeable solid-state batteries are
described. In at least some embodiments, separators are fabricated from high ionic,
conductive filler powder and meltable inorganic solid electrolyte. The meltable inorganic
solid electrolyte is configured to bond together the high ionic, conductive filler powder to
form the separator.

[0043] Implementations for methods of fabricating rechargeable solid-state
batteries are described. In at least some embodiments, batteries are fabricated from a
cathode current collector foil substrate by roll casting a cathode slurry on the cathode
current collector foil substrate.

[0044] Implementations for methods of fabricating rechargeable solid-state
batteries are described. In other embodiments, batteries are fabricated by coextruding
cathode material and separator material and laminating a cathode current collector foil to
the cathode material by hot press rolling.

[0045]  Although the embodiments have been described in language specific to
structural features and/or methodological acts, it is to be understood that the embodiments
defined in the appended claims are not necessarily limited to the specific features or acts
described. Rather, the specific features and acts are disclosed as example forms of

implementing the claimed embodiments.
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CLAIMS
1. A solid-state battery comprising:
a separator comprising:
high ionic, conductive filler powder; and
meltable inorganic solid electrolyte configured to bond together the high

ionic, conductive filler powder.

2. The solid-state battery of claim 1, further comprising:
a coating of lithium metal applied onto the separator to form an anode for the solid-

state battery.

3. The solid-state battery of claim 1, wherein the separator is bonded to a cathode
comprising:

an active cathode powder;

a fast ion conductive electrolyte powder;

an electrically conductive powder; and

meltable inorganic solid electrolyte configured to bond together the active cathode

powder, the fast ion conductive electrolyte powder and the electrically conductive powder.

4. A method of fabricating a solid-state battery comprising;:
receiving a cathode current collector foil substrate; and
roll casting a cathode slurry on the cathode current collector foil substrate to form a

cathode casting.

5. The method of claim 4, wherein the roll casting comprises:
applying the cathode slurry to the cathode current collector foil substrate;
controlling the thickness of the applied cathode slurry with a doctor blade;
drying the cathode slurry in a drying oven; and
bonding the dried cathode slurry to the cathode current collector foil substrate with

hot press rollers.

6. The method of claim 4 further comprising:
roll casting an electrolyte separator slurry on the cathode casting to form an

electrolyte bonded and coated cathode casting.
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7. The method of claim 6, further comprising;:

roll casting an anode slurry on the electrolyte bonded and coated cathode casting.

8. A method for fabrication of a solid-state battery comprising:
coextruding cathode material and separator material; and
laminating a cathode current collector foil to the cathode material by hot press

rolling.

9. The method of claim 8, further comprising;:

coextruding anode material with the cathode material and the separator material.

10. The method of claim 8, further comprising:

applying an anode by evaporative deposition.
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