(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
07 January 2021 (07.01.2021)

(10) International Publication Number

WO 2021/003305 Al

WIPO I PCT

(51) International Patent Classification:

HOIM 10/0565 (2010.01) HOIM 4/62 (2006.01)
HOIM 4/139 (2010.01) HOIM 4/13 (2010.01)
HOIM 4/04 (2006.01) HOIM 10/0585 (2010.01)

(21) International Application Number:
PCT/US2020/040559

(22) International Filing Date:
01 July 2020 (01.07.2020)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

62/869,407 01 July 2019 (01.07.2019) UsS

(71) Applicant: A123 SYSTEMS LLC [US/US]; 200 West
Street, Waltham, Massachusetts 02451 (US).

(72) Inventors: HOFFERT, Wesley, 81 Parker Street, May-
nard, Massachusetts 01754 (US). ROJAS, Adriana A.;
7 Watson Street, Somerville, Massachusetts 02144 (US).
LAUGHMAN, David M.; 35 Philips Terrace, Waltham,
Massachusetts 02453 (US). BUANNIC, Lucienne; 60
Pleasant Street, Apt. 421, Arlington, Massachusetts 02476
(US). JOHNSON, Derek C.; 844 Napa Valley Drive, Fort
Collins, Colorado 80525 (US). SISK, Brian, 15 Belcher
Drive, Sudbury, Massachusetts 01776 (US). CHIOU, Bri-
an; 25 Avila Road, Billerica, Massachusetts 01821 (US).
GILLOOLY, Thomas; 100 W. Cedar Street, #11, Boston,
Massachusetts 02114 (US).

Agent: MCCOY, Barbara Ann; 806 SW Broadway, Suite
600, Portland, Oregon 97205 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FL, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: SYSTEMS AND METHODS FOR A COMPOSITE SOLID-STATE BATTERY CELL WITH AN IONICALLY CON-

DUCTIVE POLYMER ELECTROLYTE

»—100

—_—
OOoOOOO
PaJLITHNS

T

wo 2021/003305 A1 |0 00000 KRR O 0

FIG. 1A

(57) Abstract: Systems and methods are provided for a slurry for coating an electrode structure. In one example, a method may include
dispersing, by mixing at one or both of a high shear and a low shear, a solid ionically conductive polymer material in at least a first
portion of a solvent to form a suspension, then dispersing, by mixing at the one or both of the high shear and the low shear, one or more
additives in the suspension, and then mixing, at the one or both of the high shear and the low shear, a second portion of the solvent
with the suspension to form a slurry. As such, the slurry including the solid ionically conductive polymer material may be applied as
a coating in a solid-state battery cell, which may reduce resistance to Li-ion transport and improve mechanical stability relative to a
conventional solid-state battery cell.
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SYSTEMS AND METHODS FOR A COMPOSITE SOLID-STATE BATTERY CELL
WITH AN IONICALLY CONDUCTIVE POLYMER ELECTROLYTE

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Application No.
62/869,407, entitled “SYSTEMS AND METHODS FOR A COMPOSITE SOLID-STATE
BATTERY CELL WITH AN IONICALLY CONDUCTIVE POLYMER ELECTROLYTE,” and
filed on July 1, 2019. The entire contents of the above-identified application are hereby

incorporated by reference for all purposes.

FIELD
[0002] The present description relates generally to systems and methods for a solid-state

battery cell including an ionically conductive polymer material.

BACKGROUND AND SUMMARY

[0003] The energy density of a secondary battery is an important figure of merit as it describes
how much work can be performed per unit mass or volume when calculated in gravimetric or
volumetric terms, respectively. In the context of automotive applications these measures matter
as they dictate the distance a car can travel before requiring charging relative to how much of the
car’s total mass or volume is dedicated to the module responsible for the car’s energy reserves.
[0004] The energy density of a composite energy storage device is influenced by the electrode
active material’s theoretical gravimetric or volumetric capacity as well as the amount of electrode
active material contained there within, by mass or by volume. Furthermore, the packing efficiency
of the materials including the energy storage device influence the energy density whereby
inefficiencies are realized in the form of porosity or free volume, which for a given capacity,
manifests in the form of increased volume, or in the case of fixed volume, results in decreased
capacity. Porosity or free volume arising from inefficient packing also has the effect of increased
resistance, as voids within the electrode or electrolyte layers disrupt pathways along which charged
species travel. With increasing internal resistance the power characteristics of a battery diminish
leading to poor performance when high charge or discharge rates are required. In the context of

conventional lithium ion batteries a given degree of porosity can be accepted and may even be of
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functional interest as this space is infiltrated with liquid electrolyte to facilitate transport of lithium
ions from the active material of one electrode to another. While this medium of ion transport
provides high levels of mobility for the lithium ions, it presents the disadvantage of being highly
flammable, resulting in safety concerns in the context of automotive or other transport applications.
[0005] It is the desire to eliminate risks associated with the flammability of the liquid
electrolyte component of conventional lithium ion batteries that leads to the interest to replace the
liquid electrolyte with a solid state electrolyte, the consequence of which being the need to
eliminate any non-functional free volume from within the totality of the battery structure to
optimize performance characteristics described above. Solid state electrolytes exist in many forms,
including inorganic oxides and sulfides, and organic materials including a continuum from those
of gel-polymer to solid polymer in form, as an example.

[0006] The inventors have recognized the above issues and have determined solutions to at
least partially address them. To achieve a dense structure including a population of particulate
materials, including but not limited to subpopulations of electrode active material, solid polymer
electrolyte, conducting additives, binder, as well as other organic and inorganic components of a
functional or passive nature, the inventors have recognized the particle size distributions of the
individual components and their relative percentages of the total solid volume may be carefully
selected. These criteria facilitate optimization of both the inter-particle packing and their
distributions relative to one another so as to preserve the functionality of the component materials.
In addition to the a priori design of the particulate populations both in isolation and in combination
with one another it is paramount that the processes by which these materials are combined be taken
into consideration as they influence both the size as well as the proximal distribution of the
materials in composite form. Aspects of the process by which constituent materials are combined
include agents introduced to facilitate mixing and forming, the sequence by which the component
populations are combined, and the methods by which components including the mixtures
therefrom are manipulated.

[0007] The design criteria and manufacturing methods for each layer of the energy storage
device may vary depending on the functionality required from the individual layers. As an
example, an electrode, including a mixture of powders of electrode active material, solid state
electrolyte, and conducting additive, among other components, may, for some applications, be

configured on the basis of a population of electrode active particles amongst a population a smaller
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solid state electrolyte and conducting additive particles. In such a configuration, particle size and
distribution parameters may be selected to provide the layer with low porosity while also
establishing percolative networks of the solid state electrolyte and conducting additive to support
ionic and electronic conduction, respectively. To satisfy the functionality requirements of an
electrode layer the design must maximize the energy content by establishing a dominant population
of electrode active material with the solid state electrolyte and the conducting additive interspersed
in a continuous phase such that connectivity between electrode active particle interstices may
achieved. Within this context the volume occupied by the solid state electrolyte and conducting
additive particles may be sufficient to wedge the electrode active material particles apart to provide
percolation pathways without introducing unnecessary void space or occupying an excessive
percentage of the solid volume so as to limit the layer’s realized electrochemical capacity. To
satisfy such configurational and performance criteria the population of electrode active material
may be designed to establish a dominant phase on the basis of a larger particle size, with a
concomitant population of smaller particles occupying a portion of the free volume between the
electrode active material large particles. The size distribution and relative percentage of the
populations of the other components may be processed to situation in a connected network
amongst the larger electrode active material particulate population.

[0008] By contrast, the unique functionality of the separator dictates a different set of design
criteria whereby it may provide the lowest possible resistance for lithium transport between
electrodes while also serving as a mechanical barrier between said electrodes to prevent the
occurrence of shorting. The resistance to lithium transport between electrodes may be minimized
by formulating the electrolyte layer, which in this case may also act as a separator, out of materials
possessing high lithium conductivity values. The resistance to lithium migration may also be
reduced by increasing the contact area between the electrode layers and the electrolyte as well as
by reducing the thickness of the electrolyte layers. Additionally, configuration of particles forming
the electrolyte layer so as to reduce the tortuosity of the path the lithium ions follow from one
electrode to another may decrease the resistance of the electrolyte/separator layer. Absent the
requirement that the solid electrolyte must fit into the voids between electrode active materials, as
may be the case for the electrode layers, the particle size distributions for the design of an

optimized electrolyte layer may be different from that selected for the electrode layer(s).
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[0009] The method of differential tuning of the size distributions and relative fractions of
component materials in the electrode and electrolyte layers may provide opportunities for further
configurational optimization by insertion of interfacial layers between the electrolyte layer and the
electrode layers to facilitate matching of these layers in the most effective fashion. As an example
the particle size distribution of solid electrolyte in the interface layer between an electrode and the
electrolyte layers may be tuned to accommodate the surface morphology of the electrode layer to
provide an optimum balance between the design criteria motivating the minimization of interfacial
void space while also reducing the tortuosity of the percolation network providing connectivity
between the boundaries of the electrode layers and the electrolyte layer.

[0010] The nature by which the optimal design of each layer of a battery may lead to
significant differences between the layers requires particular flexibility in the manufacturing
processes to realize each of these layers maximum potential functionality in combined form. In
addition to identifying methods of manufacturing that accommodate this required flexibility,
significant tuning of the parameters defining how each of these techniques is deployed constitutes
a significant and non-intuitive challenge to the practitioner tasked with the manufacturing of solid
state batteries therefrom. Described herein are methods to fabricate solid state batteries, their
component layers and the mixtures and materials from which they are derived.

[0011] As one example and as detailed herein, a coated hybrid electrode is presented which
provides at least some of the solutions described above. In one example, a method for forming a
slurry may include dividing a solvent into portions, in accordance with a step ordering, mixing a
solid ionically conductive polymer material, for example, formed from a polyphenylene sulfide or
liquid crystal polymer, the solid ionically conductive polymer material having an ionic
conductivity greater than 1 x 10 S/cm at room temperature, and where the solid ionically
conductive polymer material is in a glass state at room temperature, in a first portion of the solvent
to form a suspension, wherein the first portion of the solvent is approximately half of an overall
solvent content, mixing a first additive in the suspension, and following the mixing the first
additive in the suspension, mixing a second portion of the solvent with the suspension to form a
slurry having a solid content between 25 and 80 wt. %, a d50 particle size distribution of less than
30 um, a Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps at 85 Hz,
wherein mixing includes mixing at a high shear and mixing at a low shear, where the low shear is

between 10 and 55 rpm. In this way, a slurry may be applied as a coating on an electrode structure
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which may achieve, relative to conventional solid-state batteries, reduced porosity from an
optimized particle distribution and improved percolation networks from selectively staged
component introduction during the formation process. Further, utilizing the solid ionically
conductive polymer material may further reduce resistance to Li-ion transport and improve
mechanical stability in a battery cell including the coated electrode structure.

[0012] It should be understood that the summary above is provided to introduce in simplified
form a selection of concepts that are further described in the detailed description. It is not meant
to identify key or essential features of the claimed subject matter, the scope of which is defined
uniquely by the claims that follow the detailed description. Furthermore, the claimed subject
matter is not limited to implementations that solve any disadvantages noted above or in any part

of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1A shows a schematic structural diagram of a first example configuration of a
coated hybrid electrode.

[0014] FIG. 1B shows a schematic structural diagram of a second example configuration of
the coated hybrid electrode.

[0015] FIG. 2 shows a first example method for forming a slurry for applying a coating to an
electrode structure.

[0016] FIG. 3 shows a second example method for forming the slurry for applying the coating
to the electrode structure.

[0017] FIG. 4 shows a third example method for forming the slurry for applying the coating
to the electrode structure.

[0018] FIG. 5 shows an example method for forming the coating on the electrode structure
via a slurry-based coating process.

[0019] FIG. 6 shows a plot depicting a bimodal particle size distribution in a slurry for a
cathode material coating.

[0020] FIG. 7 shows a plot depicting a particle size distribution in the slurry for the cathode
material coating.

[0021] FIG. 8 shows a plot depicting viscosity versus shear rate in the slurry for the cathode

material coating.
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[0022] FIG. 9 shows a process flow diagram for forming the slurry for the cathode material
coating.

[0023] FIG. 10 shows a scanning electron microscope (SEM) image of the particle size
distribution in the slurry for the cathode material coating.

[0024] FIG. 11 shows a plot depicting a particle size distribution in a slurry for an anode
material coating.

[0025] FIG. 12 shows a plot depicting viscosity versus shear rate in the slurry for the anode
material coating.

[0026] FIG. 13 shows a first process flow diagram for forming the slurry for the anode
material coating.

[0027] FIG. 14 shows a second process flow diagram for forming the slurry for the anode
material coating.

[0028] FIG. 15 shows a plot depicting a particle size distribution in a slurry for a separator
coating.

[0029] FIG. 16 shows a plot depicting viscosity versus shear rate in the slurry for the separator
coating.

[0030] FIG. 17 shows a first process flow diagram for forming the slurry for the separator
coating.

[0031] FIG. 18 shows a second process flow diagram for forming the slurry for the separator
coating.

[0032] FIG. 19 shows an SEM image of the particle size distribution in the slurry for the

separator coating.

DETAILED DESCRIPTION

[0033] The following description relates to systems and methods for a solid-state battery cell
including an ionically conductive polymer material as an electrolyte. Specifically, the ionically
conductive polymer material may be a solid ionically conducting powder, such as the solid,
ionically conductive polymer material U.S. Patent Application Publication No. 2017/0018781,
International Patent Publication No. 2016/196873, and U.S. Patent Application Publication No.
2017/0005356 the contents of which are incorporated herein by reference, and such as the solid

ionically conducting powder produced by lonic Materials Inc. of Woburn, Massachusetts. The
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solid ionically conductive polymer material may be synthesized from: a polymer, a dopant and an
ionic compound. The base polymer may be semicrystalline or fully crystalline. Typical materials
that may be used for the base polymer include liquid crystal polymers and polyphenylene sulfide,
also known as PPS, or a semi-crystalline polymer with a crystallinity index greater than 30%, or
greater than 50%. Candidate liquid crystal polymer materials for the base polymer may include
copolymers of p-hydroxybenzoic acid. Other candidate base polymers include poly(p-phenylene
oxide), polyether ether ketone, polyphthalamide, polypyrrole, polyaniline, polysulfone,
copolymers including monomers of the listed materials, and mixtures thereof. The solid ionically
conducting material may be a thermoplastic. The solid ionically conducting material is conductive
in the glassy state. The dopant is an electron acceptor, and may be DDQ, TCNE, chloranil, oxygen,
ozone and sulfur trioxide (SO3). The ion source or “ionic compounds” may include salts typically
used in lithium ion batteries or other battery systems, such as LiTFSI (lithium bis-
trifluoromethanesulfonimide), LiFSI (lithium bis(fluorosulfonyl)imide), lithium
bis(oxalato)borate (LiB(C204)2, “LiBOB”) and other lithium ionic compounds and combinations
thereof. Specifically, the solid ionically conductive polymer material may have an ionic
conductivity greater than 1 x 10~ S/cm at room temperature and a glassy state at room temperature.
As such, the ionically conductive polymer material may have high room-temperature ionic
conductivity and may be incorporated into various coatings of the solid-state battery cell for
electrochemical stability in a tunable and electrode-specific manner. Further, the ionically
conductive polymer material may retain a form of a solid powder which may be insoluble in
typically employed solvents. The ionically conductive polymer material may therefore provide
tuning/reduction of interfacial impedance by varying a particle size distribution, particle
morphologies, relative volume percentages, etc. Other solid polymer materials with similar
functionality and properties may be substituted within the scope of this disclosure.

[0034] As described in more detail, and as used herein, a battery may include an
electrochemical storage device capable of converting chemical energy into electrical energy. A
secondary battery may include a battery, which upon reaching a discharged state, that can be
returned to the charged state by application of an external current or voltage according to a given
set of specified criteria. A battery may include a number of cells that are configured in electrical
combination with one another. Each cell may include at least two electrode layers and a separator

layer. Each of the electrodes may contain electrode active materials. The positive electrode active
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layer may be referred to as the cathode. The negative electrode active layer may be referred to as
the anode.
[0035] Further, as described in more detail herein as to the processes, the separator layer may
be referred to as the separator. The separator layer may be responsible for preventing contact
between the cathode and anode layers as well as facilitating the transport of ionic species between
electrodes while inhibiting the transport of electronic species between electrodes.
[0036] The separator layer may contain an ion conducting polymer, specifically a solid
ionically conductive polymer material, such as a material having an ionic conductivity greater than
1 x 10 S/cm at room temperature and a crystallinity index of at least about 30%, where the
material is in a glass state at room temperature, and formed from a polyphenylene sulfide polymer
or a liquid crystal polymer. As used herein, “about” or “approximately” when referring to a
numerical value may encompass a deviation of 5% or less.
[0037] It should be appreciated that external electrical contact to the electrodes may be
established with current collectors onto which the electrode layers are coated during the
manufacturing process.
[0038] Additional layers may be introduced to the cell structure to improve the interface
between the electrode layers and the separator or current collector layer. As described, each layer
of a cell’s structure may be described by its components. For the purpose of consistency, the
following convention has been adopted throughout this disclosure for describing the entirety of a
composite layer:
- Composite(Total) = Component A + Component B + Component C + Component D, where
o Component A: electrode active material;
o Component B: solid polymer electrolyte material, or ion conducting solid state polymer;
o Component C: free volume; and
o Component D: all other materials used in the formulation of slurries and manufacture
of layers, including:
* DI: a binder material(s),
* D2: an electronic conductor or conducting additive,
» D3: a surfactant,
» D4: asolvent,

* DS: ceramic ionic conductors (for the reduction of impedance),



WO 2021/003305 PCT/US2020/040559

* D6: inorganic ceramics (for the enhancement of mechanical integrity),

* D7: lithium salt(s), and

* D8: ionically conducting additives.
[0039] FIGS. 1A and 1B depict various configurations of a coated hybrid electrode, or a
battery cell sub-assembly. FIGS. 6-8, 10-12, 15, 16, and 19 depict plots showing various properties
of the composite slurries described herein. FIGS. 2-4 depict example methods for forming the
composite slurry for applying a coating to an electrode structure (e.g., a cathode material coating,
an anode material coating, a cathode current collector, an anode current collector, or a combination
thereof), where the electrode structure may then be incorporated into a battery cell. FIGS. 9, 13,
14, 15, and 18 depict example process flow diagrams for forming the composite slurry. FIG. 5
depicts an example method for forming a coating on an electrode structure via a slurry-based
coating process.
[0040] Referring now to FIG. 1A, a first configuration 100 of the coated hybrid electrode, or
battery cell sub-assembly, is depicted. Sequentially, the first configuration 100 of the coated
hybrid electrode may include an anode current collector 101, an anode material coating 102, an
anode separator interfacial coating 106, a separator coating 103, a cathode separator interfacial
coating 107, a cathode material coating 104, and a cathode current collector 105. As such, the
separator coating 103 may function as a battery separator.
[0041] One or more of the anode material coating 102 and the anode separator interfacial
coating 106 may include an anode active material which contains lithium. One or more of the
cathode material coating 104 and the cathode separator interfacial coating 107 may include a
cathode active material which contains lithium. One or more of the anode material coating 102,
the anode separator interfacial coating 106, the separator coating 103, the cathode separator
interfacial coating 107, and the cathode material coating 104 may include the ionically conductive
polymer material, or another solid polymer material, as described hereinabove.
[0042] In some examples, an adhesion interface may be defined between the separator coating
103 and an electrode structure. The adhesion interface may be a three-dimensional interface
between the separator coating 103 and the electrode structure, such that the separator coating 103
may conform to, and permeate into, a surface of the electrode structure. As a first example, the
electrode structure may be the anode material coating 102 deposited on the anode current collector

101, optionally with the anode separator interfacial coating 106 deposited thereon. As a second
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example, the electrode structure may be the cathode material coating 104 deposited on the cathode
current collector 105, optionally with the cathode separator interfacial coating 107 deposited
thereon. In some examples, the adhesion interface may have a 180° peel strength of greater than
200 gf/in. As such, the slurry-based coating methods described herein may result in greater
adhesion than application of standalone polymer electrolyte films (which may, in some examples,
have a 180° peel strength of about 2.1 gf/in).

[0043] Referring now to FIG. 1B, a second configuration 150 of the coated hybrid electrode,
or battery cell sub-assembly, is depicted. Sequentially, the second configuration 150 of the coated
hybrid electrode may include the anode current collector 101, the anode material coating 102, the
anode separator interfacial coating 106, a first separator coating 103a, a conventional battery
separator 108, a second separator coating 103b, the cathode separator interfacial coating 107, the
cathode material coating 104, and the cathode current collector 105. In some examples, the
conventional battery separator 108 may bifurcate a single separator coating 103.

[0044] FIG. 2 provides a first method 200 for forming a slurry including the solid ionically
conductive polymer material. In some examples, the slurry may be applied as a coating on an
electrode structure via a slurry-based coating process. In some examples, the coating may be one
of a cathode material coating, a cathode separator interfacial coating, an anode separator interfacial
coating, and a separator coating, such as the cathode material coating 104, the anode material
coating 102, the cathode separator interfacial coating 107, the anode separator interfacial coating
106, and the separator coating 103, respectively, as described above with respect to FIGS. 1A and
1B.

[0045] In some examples, the first method 200 may employ a plurality of mixers, wherein the
plurality of mixers may be configured to execute 202 to 206, as described in detail hereinbelow.
Each of the plurality of mixers may operate at one or both of a high shear and a low shear. Further,
in some examples, 202 to 206 may be executed in order, that is, from 202 to 204 to 206.

[0046] At 202, the solid ionically conductive polymer material (e.g., component B) may be
dispersed in at least a first portion of a solvent (e.g., component D4) to form a suspension. In some
example, the at least the first portion of the solvent may include one or more further components.
As such the first portion of the solvent may include a solution.

[0047] At 204, one or more additives may be dispersed in the suspension. In some examples,

the one or more additives may include an electrode active material (e.g., component A), a binder

10
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(e.g., component D1), a surfactant (e.g., component D3), and an inorganic ceramic (e.g.,
component D6).

[0048] At 206, a second portion of the solvent may be mixed with the suspension to form the
slurry. The second portion of the solvent may be provided so as to reach a target solids content.
As such, in some examples, the slurry may have a solid content between 40 and 80 wt. %, a d10
particle size distribution of less than 1 pm, a d50 particle size distribution of less than 30 um, a
d90 particle size distribution of less than 60 um, a d99 particle size distribution of less than 140
um. A Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps at 85 Hz.
The first method 200 may then end.

[0049] Referring now to FIG. 3, a second method 300 is depicted for forming the slurry
including the solid ionically conductive polymer material. In some examples, the slurry may be
applied as a coating on an electrode structure via a slurry-based coating process. In some examples,
the coating may be one of a cathode material coating, a cathode separator interfacial coating, and
an anode separator interfacial coating, such as the cathode material coating 104, the anode material
coating 102, the cathode separator interfacial coating 107, and the anode separator interfacial
coating 106, respectively, as described above with respect to FIGS. 1A and 1B.

[0050] In some examples, the second method 300 may employ a plurality of mixers, wherein
the plurality of mixers may be configured to execute 302 to 310, as described in detail hereinbelow.
Each of the plurality of mixers may operate at one or both of a high shear and a low shear. Further,
in some examples, 302 to 310 may be executed in order, that is, from 302 to 304 to 306 to 308 to
310.

[0051] At 302, a first portion of the binder (e.g., component D1) may be dissolved in a first
portion of the solvent (e.g., component D4) to form a solution.

[0052] At 304, a conductive additive (e.g., component D2) may be dispersed in a first portion
of the solution to form a suspension.

[0053] At 306, the solid ionically conductive polymer material (e.g., component B) and a
second portion of the solution may be dispersed in the suspension.

[0054] At 308, one or more further additives and a remaining portion of the solution may be
dispersed in the suspension. In some examples, the one or more further additives may include an
electrode active material (e.g., component A) and a second portion of the binder (e.g., component

D1).

11
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[0055] At 310, a second portion of the solvent may be mixed with the suspension to form the
slurry. The second portion of the solvent may be provided so as to reach a target solids content.
As such, in some examples, the slurry may have a solid content between 40 and 80 wt. %, a d10
particle size distribution of less than 10 um, a d50 particle size distribution of less than 30 um, a
d90 particle size distribution of less than 60 um, a d99 particle size distribution of less than 140
um, a Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps at 85 Hz. The
second method 300 may then end.

[0056] Referring now to FIG. 4, a third method 400 is depicted for forming the slurry
including the solid ionically conductive polymer material. In some examples, the slurry may be
applied as a coating on an electrode structure via a slurry-based coating process. In some examples,
the coating may be a separator coating, such as the separator coating 103 as described above with
reference to FIGS. 1A and 1B.

[0057] In some examples, the third method 400 may employ a plurality of mixers, wherein
each of the plurality of mixers may be configured to execute 402 to 412, as described in detail
hereinbelow. Each of the plurality of mixers may operate at one or both of a high shear and a low
shear. Further, in some examples, 402 to 412 may be executed in order, that is, from 402 to 404
t0 406 to 408 to 410 to 412.

[0058] At 402, the solid ionically conductive polymer material (e.g., component B) may be
dispersed in at least a first portion of a solvent (e.g., component D4) to form a suspension. In some
example, the at least the first portion of the solvent may include one or more further components.
As such the first portion of the solvent may include a solution.

[0059] At 404, the binder (e.g., component D1) and the surfactant (e.g., component D3) may
be dissolvent in a second portion of the solvent. At 406, the inorganic ceramic (e.g., component
D6) may be dissolved in the second portion of the solvent to form a solution. At 408, a portion of
the solution may be dispersed in the suspension. At 410, a remaining portion of the solution may
be dispersed in the suspension.

[0060] In some examples, at 412, a third portion of the solvent may be mixed with the
suspension to form the slurry. The third portion of the solvent may be provided so as to reach a
target solids content. As such, in some examples, the slurry may have a solid content between 40
and 55 wt. %, a d10 particle size distribution of less than 1 um, a d50 particle size distribution of
less than 15 pum, a d90 particle size distribution of less than 60 um, a d99 particle size distribution
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of less than 100 um, a Hegman gauge of less than 90 um, and a viscosity between 500 and 2200
cps at 85 Hz. The third method 400 may then end.

[0061] FIG. 5 provides a further method 500 for forming a coating on an electrode structure
via a slurry-based coating process, whereby the electrode structure may be included in a battery
cell. In some examples, the coating may be one of a cathode material coating, a cathode separator
interfacial coating, an anode separator interfacial coating, and a separator coating, such as the
cathode material coating 104, the anode material coating 102, the cathode separator interfacial
coating 107, the anode separator interfacial coating 106, and the separator coating 103,
respectively, as described above with respect to FIGS. 1A and 1B. In other examples, the coating
may form one of a first tab protection strip and a second tab protection strip for an anode current
collector and a cathode current collector, respectively, such as the anode current collector 101 and
the cathode current collector 105, respectively, as described above with reference to FIGS. 1A and
1B.

[0062] At 502, a slurry may be obtained including the solid ionically conductive polymer
material (e.g., the component B). In some examples, the slurry may be the composite slurry
described herein above, and may further include one or more of the component A, the component
C, and the component D. In some examples, the slurry may be in a liquid form.

[0063] At 504, the slurry may be coated onto an electrode structure. In some examples, the
electrode structure may include the anode current collector (e.g., 101), the cathode current collector
(e.g., 105), a previously deposited anode material coating (e.g., 102), a previously deposited
cathode material coating (e.g., 104), or a previously deposited separator coating (e.g., the separator
coating 103, the anode separator interfacial coating 106, the cathode separator interfacial coating
107, etc.) Numerous slurry-based coating processes may be utilized without departing from the
scope of this disclosure, including, but not limited to, slot-die coating, roll-to-roll coating (e.g.,
gravure coating, screen printing, flexographic printing), doctor-blade casting, tape casting, spray
(aerosol) coating, reverse comma coating, etc.

[0064] At 500, the coated electrode structure may be dried, and at 508, the coated electrode
structure may be calendered. Within the scope of this disclosure, each of the drying and the
calendering may be optimized so as to obtain desired coating processes. The method 500 may

then end.
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[0065] The methods as described herein may be applied in formation of the cell coatings, or

layers. Each layer will be described in more detail below.

Cathode

[0066] In one example, the cathode layer of the cell may include a number of materials that

in isolated populations may be characterized as powders insofar as including a multitude of

particles of similar composition and characteristics. These powders may be combined with other

materials to form a slurry to facilitate deposition of a continuous layer, possessing a functionality

derived from the composite thereof, onto a substrate, which in the case of the present invention

may be a current collector or a previously manufactured electrode, separator, or assembly

including a combination thereof. In the following, a description of the component materials, routes

by which the materials may be combined to form a slurry, the characteristics of the slurry, and

methods for casting of the slurry are provided.

[0067] In one example, the composite body including the cathode, and the slurry from which

it is derived, may be formed from the combination of a number of materials of both active and

passive functionalities. Some of these candidate materials may be deployed on a sacrificial basis

during the formation of the slurry and may later be removed after the coating of the slurry.

[0068] The composite of the cathode, in the form of a slurry or other, may be defined

according to the following:

- Composite(Total) = Component A + Component B + Component C + Component D

- Where Component A corresponds to the cathode active material

- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume

- Where Component D corresponds to the binder, additives, and other functional and non-
functional components

Whereby the cathode slurry may include the following components:

Component A

- one or a combination of active materials such as one or more of the following active materials:
Lithium iron phosphate (LFP), spinel LNMO, LiCoPO4, LiNiPOs, LVP, LVPF,
LiNixMnyCo,02, or LiNixCoyAl;O2, with a primary particle size between 0.01 and 20 um

Component B
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one or more solid ionically conductive polymer materials as ion-conducting agent with a

primary particle size between 0.01 and 20 um

Component C

Component D

Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

Component D2: an electronic conductor such as carbon black, super P, vapor grown carbon
fiber

Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

Component D4: one or more dispersing solvents such as acetone, isopropanol, methanol,
toluene, n-methyl pyrrolidone, and water

Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbOs3, LiTaO3, LiNbxTa1.xO3, BaTiO3, and including P20s, B203, Al2O3, Gax0s,
Y203, Laz03, SiO2, ZrOz, TiO2, and compounds arising from combinations thereof including
the possible addition of Li20, with a primary particle size between 0.01 and 10 microns
Component D6: one or more additives to improve the mechanical integrity and provide
supplemental functionality of the polymer electrolyte in the solid electrolyte layer, such as
P20s, B20s3, Al20s3, Gaz0s3, Y203, Lax0s, Si02, ZrOz, TiO2, and compounds arising from
combinations thereof including the possible addition of Li2O, with a primary particle size

between 0.01 and 10 pm

[0069] Excluding the solvent, the cathode slurry may contain the previous components within

the following range:

solid ionically conductive polymer materials between 0 and 15 wt. %
active material between 80 and 95 wt. %

binder content between 0.1 and 10 wt. %

electronic conductor between 1 and 10 wt. %

surfactant content between 0 and 5 wt. %
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[0070] The composite volume of the cathode layer may be defined as Vol.total = % Vol.component

At % VOlumeComponentB + % VOlumeComponent ct+% VOlumeComponentD

The Volume % of Component A may be > 35%, > 45%, > 55%, > 60 %, or > 65 %

The Volume % of Component B may be < 30%, <25%, <20%, < 15%, or <10 %

The Volume % of Component C may be < 40%, < 30%, <20%, or < 15%

The Volume % of Component D may be <30%, <25%, <10%, or < 5%

The sum of the Volume % of Components C and D may be < 40%, <30%, < 20%, or <15%

[0071] The sizes of the particles including the powder forms of Components A and B may

also be described by the following:

Of the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1 mean > Amean form 100 %, <95 %, < 85 %, or < 80
%, with the remainder of Component A, identified by Az, belonging to a population for which
A2mean < Amean, situated in the interstices between the larger particles

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

Of the Volume % including Component B, particles belonging to a population with a size
distribution described by a mean value B1,mean > Bmean form > 80 %, < 85 %, <90 %, or <95
%, with the remainder of Component B, identified by B2, belonging to a population for which

B2 mean < Bmean, situated in the interstices between the larger particles

[0072] The relative fractions of Component A and Component B forming Composite(Total)

can be described as follows:
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- As the Volume % of Component A including a percentage of the total solid volume increases
the Volume % of Component B including B2 will increase relative to the Volume % of
Component B including Bi1. This method may keep the porosity levels down

- As the ratio of Component A1 to Component A decreases the ratio of the Volume % of
Component B including B1 to the Volume % of Component B including B2 may decrease. In
some examples, this method maintains the solid polymer electrolyte perocolation network as
the surface as the active material grow while maintaining the density of SPE : AM by also
reducing the size ratio of B1:B2

- The fraction of Component A added in the form of A1 to Composite(Total) may be 100 %, <
95 %, < 90 %, < 85 %, or < 80 %

- The fraction of Component B added in the form of B1 to Composite(Total) may be 100 %, <
90 %, < 80 %, < 70 %, < 60 %, or < 50 %

[0073] Prior to its coating, the positive electrode slurry may, in some examples, be

characterized by:

- A viscosity between 1000 and 2600 cps at 85 Hz as measure by parallel plate rheometry.

- A solid content between 45 and 75 %

- A Hegman gauge below 80 pm or below 50 um

- A particle size distribution as follows: d10 < 10 um, d50 <30 pum, d90 < 60 pm, d99 < 100
um

[0074] Calendering may be conducted between room temperature (20 °C) and 140 °C in a

low humidity environment. The positive electrode thickness post calendering may be between 100

and 400 um.

[0075] Representative particle size distribution curves are shown in plot 600 of FIG. 6 and

plot 700 of FIG. 7. The first peaks are representative of the particle size due to component B, and

the second peaks at approximately 10 um are attributed to component A.

[0076] A representative viscosity curve is shown in plot 800 of FIG. 8, where the viscosity is

plotted against the shear rate. The slurry, in this example, exhibits shear thinning.

Cathode mixing slurry process

[0077] Provided below are example procedures of forming a cathode slurry.
[0078] Example Procedure 1 for Cathode Slurry Mixing Process: In this example, Component

D1 (Binder) may be added in multiple stages as a solution.
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ii.

iil.

v.

Vi.

Mixing Speed and Equipment

Specifically, dispersion of the components may be achieved through a combination of
single-shaft mixers equipped with saw-tooth high-shear dispersers and multi-shaft
mixers equipped with multiple high-shear dispersers, and low-shear anchor agitators,
or low-shear helical-shaped paddles. Throughout the entire mixing process, the mixing
speeds may be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %. Component D2 may be dispersed.

Disperse Component D2

A fraction of component D1 solution, between 10 and 60 %, and the component D2
may be mixed between 30 and 90 minutes. After this step, the solid content lies
between 5 and 30 wt. %.

Disperse Component B

Component B and another fraction of component D1 solution, between 5 and 40 %,
may then be added to the previous suspension and mixed between 30 and 90 minutes.
Following this step, the solid content may be between 10 and 50 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel along with another fraction
of the component D1 solution, between 10 and 70 %; the solution may be mixed for
another 45 to 120 minutes. After this step, the solid content may be between 40 and 80
wt. %. The other half of component A and the remaining fraction of component D1
solution may be added to the mixing vessel and mixed for 120 minutes to 16 hours.

Target Solids Percentage

In some examples, an additional component D4 may be added at this point to target the
final slurry characteristics described above. Following the process, the slurry
characteristics may be:

= d10 <10 pm, d50 < 30 um, d90 < 60 pm, d99 < 100 um

* Hegman gauge <50 um
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[0079]
[0080]

* Solid content between 40 and 80 wt. %
* Viscosity between 2000 and 2600 cps at 85 Hz
A process flow diagram 900 of Example Procedure 1 is depicted in FIG. 9.

Example Procedure 2 for Cathode Slurry Mixing Process: As another example, a

method is provided as to addition of a binder as a powder in a single stage.

1.

ii.

iil.

v.

Mixing Speed and Equipment

In this example, dispersion of the components may be achieved through a combination
of single-shaft mixers equipped with saw-tooth high-shear dispersers and multi-shaft
mixers equipped with multiple high-shear dispersers, and low-shear anchor agitators,
or low-shear helical-shaped paddles.

In some embodiments, throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Disperse Component D2

Component D4, component D1, and component D2 may be mixed between 30 and 90
minutes. After this step, the solid content may be between 5 and 30 wt. %.

Disperse Component B

Component B and some more of component D4 may be added to the previous
suspension and mixed between 30 and 90 minutes. Following this step, the slurry solid
content may be between 10 and 50 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel along with some more of
component D4. In this example, the solution may be mixed for another 45 to 120
minutes. After this step, the slurry solid content may lie between 40 and 80 wt. %. The
other half of the component A and some more of component D4 may be added to the
mixing vessel and mixed for 120 minutes to 16 hours.

Target Solids Percentage

In some examples, additional solvent may be added at this point to target the final slurry
characteristics described above. After this step, the slurry characteristics may be:

= d10 <10 pum, d50 < 30 pm, d90 < 60 pm, d99 < 100 pm
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[0081]

* Hegman gauge <50 um
* Solid content between 40 and 80 wt. %
* Viscosity between 1000 and 2000 cps at 85 Hz

Example Procedure 3 for Cathode Slurry Mixing Process: As another example, a

procedure is provided which includes mixing with only a high shear disperser.

1.

ii.

iil.

v.

[0082]

Mixing Speed and Equipment

In this example, dispersion of the components may be achieved with single-shaft
mixers equipped with saw-tooth high-speed dispersers. Throughout the entire mixing
process, the high shear axis mixing speed may be kept between 0 and 1500 rpm.

Solution of Component D1 in Component D4

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %.

Disperse Component D2

Component D1 in D4 solution may be used wherein component D2A from the options
provided for Component D2 hereinabove may be first dispersed. This may be mixed
for 30-90 minutes. Next, a second component, component D2B, from the options
provided for Component D2 hereinabove may then be dispersed for another 30-90
minutes. The solids content may be approximately 10%.

Disperse Component B

Next, component B may be dispersed into the slurry for 30-90 minutes. Component A
may be added in its entirety after this step where the slurry may be subjected to mix for
2-12 hours.

Target Solids Percentage

Finally, component D4 may be added to adjust the solids content of the slurry to
between 50-60%.

Table 1 provides examples of the slurry mixing process.

Table 1: Examples of the cathode slurry mixing process with LiNio.sMno.1Co0.102 (NMC811)

(cathode active material).

Procedure | Dry adhesion NMCS811 half-cell first Coulombic
(gt/in) efficiency
1 102 90%
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2 2
3 1 82%
[0083] An alternative route is also considered for the process of mixing for distribution of a

solid electrolyte component. For example, to facilitate a distribution of component particles

providing an optimum density with preservation of the component materials’ functionality, the

order with which the particulate populations of the different materials may be added to the mixture

is carefully selected. A tendency exists for smaller particles to intersperse amongst larger particles.

For this to happen effectively, the uniformity of the distribution of the larger particles must first

be established. Furthermore, to achieve a high gravimetric capacity the introduction of the totality

of each of the component materials can be done in subsets to engineer the distribution of the large

particle populations with respect to the smaller ones.

[0084] Given the previous definition of the composite volume of the cathode layer, defined

as Vol.iotal = % Vol.component A + % Volumecomponent B + % Volumecomponent ¢ + % Volumecomponent D

- Where Component A corresponds to the cathode active material

- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume

- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

- Of'the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

- Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having

a size distribution for which the mean value, B2,mean, may be less than Bmean
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[0085] With consideration for the above design criteria the following prescribes the order by

which the components of the cathode layer may be combined to form a mixture of the Components

A, B, C, and D by the process of mixing:

Step 1. Initially Component A1 may be mixed with a portion of Component B2

Step 2. Component A1 may be mixed with a portion Component D providing a dispersed
population of A1 particles decorated with B1 particles

Step 3. Independently or in combination with Component A1, Component B1 and A2 may be mixed
together with further addition of a portion of Component D

Step 4. A portion of Component B2 may be added to the mixture

Step 5. The remainder of Component B2 and Component D may be added step-wise to the mixture
until the mixture may include the totality of the Components A1, Az, B1, B2, and D

[0086] In addition to the above, use of a discontinuous binder medium is considered as part

of Component D. The use of a discontinuous binder medium, provides the functionality of a

continuous and conformal coating without inhibiting the transfer of charged species at the

interfaces between the active materials of the electrodes and the ionically conducting particles

dispersed throughout the entirety of the battery’s layers, or between the polymeric solid state

particles forming the electrolyte layers.

[0087] To deploy such a strategy staged mixing is again leveraged whereby the active

materials of a given electrode may first be mixed in a wet or dry slurry with the solid electrolyte

powder to establish a surface coating of the active material with the solid state electrolyte. This

ionically conducting powder-coated active material may then be mixed with a binder vehicle which

is resistant to dissolution in the slurry’s solvent. Following mixing of the solid electrolyte coated

active material and the non-soluble binder vehicle, additional soluble binder component(s) may be

added to tune the mechanical durability of the electrode without jeopardizing the functionality of

the ionically conducting and electroactive species.

[0088] An example of this process may be described as follows:

Step 1. Initially Component A1 may be mixed with a portion of Component B2

Step 2. The mixture of Component A1 and Component B2 may be mixed with a portion Component
D1a (non-soluble binder) providing a dispersed population of A1 particles decorated with Bz

particles and D1a (non-soluble binder) particles
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Step 3. A Portion of B1 and Component Dis (soluble binder) may be added to the mixture of
Component A1 and Component B2 and Component D1 (non-soluble binder)

Step 4. Independently or in combination with the mixture of Component A1, Component B2 and
D1a (non-soluble), Components B1 and A2 may be mixed together with further addition of a
portion of Component Dis (soluble binder)

Step 5. A portion of Component B2 may be added to the mixture

Step 6. The remainder of Component B2 and Component Dis may be added step-wise to the
mixture until the mixture may include the totality of the Components A1, Az, Bi, B2, D1a and
Dis

[0089] To facilitate the intended distribution of the above components the following

parameters may be applied in use of the method to guide the optimization of component particle

size distributions:

- The ratio of the average diameter of the electrode active materials to the solid polymer
electrolyte may be less than 7, less than 6, less than 5, or less than 4.

- The most prevalent particle size of the cathode active material Component A1 may be < 20
microns, greater than 5 microns, or 10 microns

- The most prevalent particle size of the cathode active material Component A2 may be > 0.5
microns, > 1 micron, < 15 microns, < 5 microns, or 1.5 microns

- The minimum characteristic particle size of the cathode active material may be greater than
0.5,>1,> 2, or > 5 microns and the maximum characteristic particle size of the cathode may
be <70, <50, <30, <20, or < 15 microns

- The most prevalent particle size of the solid polymer electrolyte Component B1 may be < 5
microns or > 1.6 microns

- The most prevalent particle size of the solid polymer electrolyte Component B2 may be < 1.5
microns, > 0.35 microns, or 0.7 microns

- The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, < 0.2 microns, or <0.05 microns

- The maximum characteristic particle size of the solid polymer electrolyte may be > 10
microns, > 20 microns, or < 50 microns

- The particle size distributions of the subpopulations can be approximated using a log-normal

distribution function including individual or multiple components. Component A and
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Component B can be approximated using multiple components having a log-normal

distribution

_ f(x):%- L o _M]

o2 207

- where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the
dispersity

- The dispersity of Component A1 may be <0.5,<0.4,<0.3,<0.2,0or<0.15

- The dispersity of Component A2 may be <0.5,<0.45,<04,<0.3,<0.25, or <0.15

- The dispersity of Component B may be < 0.7, <0.65, or <0.6

- The dispersity of Component B1 may be <0.7,<0.6,<0.5,<04,<0.3,0r<0.2

- The dispersity of Component B2 may be <0.9,<0.8,<0.7,<0.6,<0.5,<045,0or<0.4

Cathode slurry coating process

[0090] In one example, the cathode slurry may be coated at a speed between 1 and 10 m/min
using one of the coating methods described hereinabove (e.g., Example Procedure 1, 2, or 3).
Following a coating, the electrode roll passes through a set of multiple ovens where the drying
conditions may be set to achieve an evaporation rate range of 30-200 g/min. This range of values
may be optimized for reduced migration or spatial gradient of component D1 (binder), a networked
distribution of component B (the solid ionically conductive polymer material), an optimized
uniformity in coat weight across the width of a coating, and good coating adhesion (> 10 gf/in).
The latter parameter may provide for subsequent stamping of electrodes without compromising
the integrity of the coating with delamination on the surface or along the edges of the stamped
electrode.

Characterization of 2D Distribution of polymer electrolyte in Cathode

[0091] The 2D distribution of component B is quantified from SEM-EDS images. In SEM

image 1000 as shown by FIG. 10, the surface of the cathode coating is shown where component B

is highlighted in white, and the background is shown in black.

- Using a nearest neighbor distance (NND) analysis, the 2D distribution of the polymer
electrolyte may be clustered with an average NND between 3-10 um.

- The maximum feret distance, the longest distance between two points on a boundary of
component B particle(s), may be between 0.6-10 um.

- The area of particles may be between 0.2-23 pm?.
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- The circularity of particle(s) in the cathode, defined by

Area
Perimeter2

may be between 0.2-1.0.
Anode
[0092] Similar to the discussion as to the cathode, the anode layer may also utilize the
disclosed process. In one example, the anode layer of the cell may include a number of materials
that in isolated populations may be characterized as powders insofar as including a multitude of
particles of similar composition and characteristics. These powders may be combined with other
materials to form a slurry to facilitate deposition of a continuous layer, possessing a functionality
derived from the composite thereof, onto a substrate, which in the case of the present invention
may be a current collector or a previously manufactured electrode, separator, or assembly
including a combination thereof. In the following a description of the component materials, routes
by which they may be combined to form a slurry, the characteristics of the slurry, and methods for
casting of the slurry are provided.
[0093] In this example, the composite body including the anode, and the slurry from which it
is derived, may be formed from the combination of a number of materials of both active and
passive functionalities. Some of these candidate materials may be deployed on a sacrificial basis
during the formation of the slurry and may later be removed after the casting of the slurry during
steps required to finish manufacturing of said layer.
[0094] The composite of the anode in the form of a slurry or other may be defined according
to the following:
- Composite(Total) = Component A + Component B + Component C + Component D
- Where Component A corresponds to the anode active material
- Where Component B corresponds to the conducting solid state polymer
- Where Component C corresponds to the free volume
- Where Component D corresponds to the binder, additives, and other functional and non-
functional components
Whereby the anode slurry may include the following components:

Component A
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one or a combination of active materials such as graphite, silicon, silicon oxide, lithium metal,
lithium titanium oxide, with a primary particle size between 0.01 and 20 pum or a foil thickness

below 50 pm

Component B

one or more solid ionically conductive polymer materials as ion-conducting agent with a

primary particle size between 0.01 and 20 um

Component C

Component D

Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

Component D2: an electronic conductor such as carbon black, super P, vapor grown carbon
fiber

Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

Component D4: one or more dispersing solvents such as acetone, isopropanol, methanol,
toluene, n-methyl pyrrolidone, and water

Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbOs3, LiTaO3, LiNbxTa1.xO3, BaTiO3, and including P20s, B203, Al2O3, Gax0s,
Y203, Laz03, SiO2, ZrOz, TiO2, and compounds arising from combinations thereof including
the possible addition of Li20, with a primary particle size between 0.01 and 10 microns
Component D6: one or more additives to improve the mechanical integrity and provide
supplemental functionality of the polymer electrolyte in the solid electrolyte layer, such as
P20s, B20s3, Al20s3, Gaz0s3, Y203, Lax0s, Si02, ZrOz, TiO2, and compounds arising from
combinations thereof including the possible addition of Li2O, with a primary particle size

between 0.01 and 10 pm

[0095] Excluding the solvent, the anode slurry may contain the previous components within

the following ranges:

Solid ionically conductive polymer materials between 0 and 10 wt. %

active material between 85 and 95 wt. %
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binder content between 0.1 and 10 wt. %
electronic conductor between 1 and 10 wt. %

surfactant content between 0 and 5 wt. %

[0096] In this example, the composite volume of the anode layer may be defined as Vol .otal

=% VOI.ComponentA + % VOlumeComponentB +% VOlumeComponent ct% VOlumeComponentD

The Volume % of Component A may be >35%, > 50%, > 55%, > 60 %, or > 70 %. It is noted
that these values, similar as the example with the cathode, including factoring porosity values
between 15 and 40% by volume.

The Volume % of Component B may be < 35%, <30%, <25%, <20 %, or <15 %

The Volume % of Component C may be < 40%, < 30%, <20%, or < 15%

The Volume % of Component D may be <30%, <25%, <10%, or < 5%

The sum of the Volume % of Components C and D may be < 40%, <30%, < 20%, or <15%

[0097] The sizes of the particles including the powder forms of Components A, and B may

also be described by the following:

Of the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1.mean > Amean form <100 %, <95 %, <85 %, or < 80
%, with the remainder of Component A, identified by Az, belonging to a population for which
A2mean < Amean, situated in the interstices between the larger particles

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having

a size distribution for which the mean value, B2,mean, may be less than Bmean
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- Of the Volume % including Component B, particles belonging to a population with a size
distribution described by a mean value B1,mean > Bmean form > 80 %, < 85 %, <90 %, or <95
%, with the remainder of Component B, identified by B2, belonging to a population for which
B2 mean < Bmean, situated in the interstices between the larger particles

[0098] The relative fractions of Component A and Component B forming Composite(Total)

may be described as follows:

- As the Volume % of Component A including a percentage of the total solid volume increases
the Volume % of Component B including B2 will increase relative to the Volume % of
Component B including B1

- As the ratio of Component A1 to Component A: decreases the ratio of the Volume % of
Component B including B1 to the Volume % of Component B including B2 will decrease

- The fraction of Component A added in the form of A1 to Composite(Total) may be 100 %, <
95 %, < 90 %, < 85 %, < 80 %, or < 75 %

- The fraction of Component B added in the form of B1 to Composite(Total) may be 100 %, <
90 %, < 80 %, < 70 %, < 60 %, < 50 %, 40 %, < 30 %, <20 %, or < 15 %

[0099] Prior its coating, the negative electrode slurry may be characterized by:

- A viscosity between 1100 and 2800 cps at 85 Hz

- A solid content between 40 and 65 %

- A Hegman gauge below 80 pm or below 50 um

- A particle size distribution as follows: d10 < 10 um, d50 <30 pm, d90 < 60 pm, d99 < 140
um

[0100] A representative particle size distribution curve is shown in plot 1100 of FIG. 11.

Table 2 provides a particle size distribution of the slurry for the anode material coating while a

representative viscosity curve is shown in plot 1200 of FIG. 12, where the viscosity is plotted

against the shear rate.

Table 2: The particle size distribution of the slurry for the anode material coating, as depicted by

the plot 1100.

Distribution | Component A Representative Anode Slurry
Percentile | (Anode)
Do 8.69 7.98
Dso 159 15.8
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[0101]

Doo 292 30.6
Dog 50.6 136

It should be appreciated that following the above methods, calendering may be

conducted between room temperature (20 °C) and 60 °C in a low humidity environment. The

negative electrode thickness post calendering may be between 100 and 400 um.

Anode slurry mixing process

[0102]

Example Procedure 4 for Anode Slurry Mixing Process: Three-Stage Addition of

Component D1A

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Component D2

A fraction of component D1A solution, between 5 and 30 %, and component D2 may
be mixed between 30 and 90 minutes. After this step, the slurry may be characterized
by a solid content between 1 and 25 wt. %.

Disperse Component B

Component B and another fraction of component D1A solution, between 30 and 70 %,
may be added to the previous slurry and mixed between 30 and 90 minutes. After this
step, the solid content may be between 5 and 30 wt. %.

Disperse Component A

Half of component A may be added to the mixing vessel leading to a solid content

between 25 and 60 wt. %; the solution may be mixed for 45 to 120 minutes. The other
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Vi.

Vii.

[0103]

half of component A may be added to the mixing vessel leading to a solid content
between 40 and 70 wt. % and mixed for 120 minutes to 16 hours.

Disperse Component D1B

Another fraction of the component D1A, between 10 and 50 %, may be added to the
previous slurry and mixed between 30 and 90 minutes, bringing the solid content
between 40 and 70 wt. %. The component D1B solution may be added to the slurry
and mixed between 30 and 90 minutes. After this step, the slurry may be characterized
by a solid content between 40 and 65 wt. % and a viscosity between 1100 and 2800
cps.

Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry
characteristics. The slurry may be mixed for 30 to 120 minutes under vacuum.

Example Procedure 5 for Anode Slurry Mixing Process: Two-Stage Addition of

Component D1A

Component D1A may be added in steps ii and v.

Vi.

Vii.

Viil.

ix.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Component D2

A fraction of component DIA, between 50 and 85 %, and component D2B may be
mixed between 30 and 90 minutes. After this step, the solid content may be between 1
and 25 wt. %.

Disperse Component B
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xi.

Xii.

[0104]

Component B may be added to the previous slurry and mixed between 30 and 90
minutes. After this step, the solid content may be between 5 and 30 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel; the solution may be mixed
for 45 to 120 minutes. After this step, the solid content lies between 25 and 60 wt. %.
The other half of component A and a fraction of component D1A solution, between 15
and 50 %, may be added to the mixing vessel and mixed for 120 minutes to 16 hours.
After this step, the slurry characteristics may include the solid content between 40 and
70 wt. %.

Disperse Component D1B

Component D1B solution may be added to the slurry and mixed between 30 and 90
minutes.

Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry
characteristics. The slurry may be mixed for 30 minutes to 120 minutes under vacuum.
The final slurry characteristics may be the following:

- d10 <15 pm, d50 <30 um, d90 < 60 um, d99 < 100 pm

- Hegman gauge < 80 um

- Solid content between 40 and 65 wt. %

- Viscosity between 1100 and 2800 cps at 85 Hz

Example Procedure 6 for Anode Slurry Mixing Process: Single Stage Addition of

Primary Components A and B

1.

ii.

iil.

Mixing Speed and Equipment

Dispersion of the components may be achieved with single-shaft mixers equipped with
saw-tooth high-speed dispersers. Throughout the entire mixing process, the high shear
axis mixing speed may be kept between 500 and 1200 rpm.

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Components D2. B. and A
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v.

[0105]

Component D2 may be dispersed into a fraction of the component D1A solution
together with component B, and all of component A for 90-120 minutes. The solids
content of the slurry at this step may be 40-60%.

Disperse Component D1B

Next, the slurry may be diluted with the remaining portion of the component D1A
solution for 60-90 minutes. Lastly, a component D1B solution may be mixed into the
slurry for 60-90 minutes. The final solids content may be between 45-50%.

A process flow diagram 1300 of Procedure 6 for Anode Slurry Mixing Process is

depicted in FIG. 13.

[0106]

Example Procedure 7 for Anode Slurry Mixing Process: Single Stage Addition of

Primary Component A

1.

ii.

iil.

v.

Vi.

Mixing Speed and Equipment

Dispersion of the components may be achieved with single-shaft mixers equipped with
saw-tooth high-speed dispersers. Throughout the entire mixing process, the high shear
axis mixing speed may be kept between 500 and 1200 rpm.

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.
Disperse Component D2 and D3

Component D2 and component D3 may be dispersed into component D1A solution.
The solids content at this step may be 1-15%.

Disperse Component B

Component B may be added and mixed for 30-90 minutes. The solids content at this
step may be 5-30%.

Disperse Component A

Next, all of component A may be dispersed into the slurry for 90-120 minutes. The
solids content at this step may be 40-70%.

Disperse Component D1B

Lastly, component D1B solution may be mixed into the slurry for 30-60 minutes. The

solids content at this step may be 45-65%.
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[0107]

A process flow diagram 1400 of Example Procedure 7 for Anode Slurry Mixing

Process is depicted in FIG. 14.

[0108] Example Procedure 8 for Anode Slurry Mixing Process: Four-Stage Addition of
Component D1A

1. Mixing Speed and Equipment
Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm
* High shear axis between 0 and 1500 rpm

ii. Solution of Component D1 in Component D4
First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

iil. Disperse Component D2 and B
A fraction of component D1 solution, between 55 and 90 %, component D2, and
component B may be mixed between 60 and 180 minutes. After this step, solid content
may be between 5 and 20 wt. %.

iv. Disperse Component A
Half of component A may be added to the mixing vessel; the solution may be mixed
for 60 to 240 minutes. After this step, the slurry characteristics include the solid content
between 25 and 55 wt. %. The other half of the component A may be added to the
slurry. A fraction of component D1A solution, between 10 and 45 %, may be added at
this point. The slurry may be mixed for 120 minutes to 16 hours. After this step, the
solid content may be between 40 and 75 wt. %.

V. Disperse the Remainder of Component D1A
A fraction of component D1A solution, between 10 and 45 %, may be added at this
point. The slurry may be mixed between 30 and 60 minutes. After this step, the solid
content may be between 40 and 70 wt. %.

vi. Disperse Component D1B
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Component D1B solution and the rest of component D1A solution may be added to the
slurry. Some solvent may also be added at this step to adjust the slurry viscosity. The
slurry may be mixed between 30 minutes and 16 hours.

Vii. Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry
characteristics. The slurry may be mixed for 30 minutes to 120 minutes under vacuum.
The final slurry characteristics may be the following:
- d10 <15 um, d50 <30 um, d90 < 60 pm, d99 < 100 um
- Hegman gauge <80 pm
- Solid content between 40 and 65 wt. %
- Viscosity between 1100 and 2800 cps at 85 Hz
[0109] Table 3 provides examples of the anode slurry mixing process with graphite (anode
active material).

Table 3: Examples of the anode slurry mixing process with graphite (anode active material).

Procedure | Dry adhesion Graphite half-cell first Coulombic
(gt/in) efficiency

4 15 89%

5 30 63%

6 3 49%
[0110] An alternative route to mixing for distribution of solid electrolyte component is also
provided.
[0111] For example, to facilitate a distribution of component particles providing an optimum

density with preservation of the component materials’ functionality, the order with which the
particulate populations of the different materials may be added to the mixture may be carefully
selected. As described above, a tendency exists for smaller particles to intersperse amongst larger
particles. For this to happen effectively, the uniformity of the distribution of the larger particles
must first be established. Furthermore, to achieve as high a gravimetric capacity as possible the
introduction of the totality of each of the component materials may be done in subsets to engineer
the distribution of the large particle populations with respect to the smaller ones.

[0112] Given the previous definition of the composite volume of the anode layer, defined as

Vol.iotal = % VOI.ComponentA + % VOlumeComponentB + % VOlumeComponent ct% VOlumeComponentD
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- Where Component A corresponds to the anode active material

- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume

- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

- Of'the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

- Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

[0113] With consideration for the above design criteria the following prescribes the order by

which the components of the anode layer may be combined to form a mixture of the Components

A, B, C, and D by the process of mixing:

Step 1. Initially Component A1 may be mixed with a portion of Component B2

Step 2. Component A1 may be mixed with a portion Component D providing a dispersed
population of A1 particles

Step 3. Independently or in combination with Component A1, Component B1 and A2 may be mixed
together with further addition of a portion of Component D

Step 4. A portion of Component B2 may be added to the mixture

Step 5. The remainder of Component B2 and Component D may be added step-wise to the mixture
until the mixture may include the totality of the Components A1, Az, B1, B2, and D

[0114] A further limitation of the above strategy involves use of a discontinuous binder

medium as part of Component D. The use of a discontinuous binder medium, which provides the

functionality of a continuous and conformal coating without inhibiting the transfer of charged
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species at the interfaces between the active materials of the electrodes and the ionically conducting
particles dispersed throughout the entirety of the battery’s layers, or between the polymeric solid
state particles forming the electrolyte layers. To deploy such a strategy staged mixing is again
leveraged whereby the active materials of a given electrode may first be mixed in a wet or dry
slurry with the solid electrolyte powder to establish a surface coating of the active material with
the solid state electrolyte. This ionically conducting powder-coated active material may then be
mixed with a binder vehicle which is resistant to dissolution in the slurry’s solvent. Following
mixing of the solid electrolyte coated active material and the non-soluble binder vehicle, additional
soluble binder component(s) may be added to tune the mechanical durability of the electrode
without jeopardizing the functionality of the ionically conducting and electroactive species.

[0115] An example of this process may be described as follows:

Step 1. Initially Component A1 may be mixed with a portion of Component B2

Step 2. The mixture of Component A1 and Component B2 may be mixed with a portion Component
D1a (non-soluble binder) providing a dispersed population of A1 particles decorated with Bz
particles and D1a (non-soluble binder) particles

Step 3. A Portion of B1 and Component Dis (soluble binder) may be added to the mixture of
Component A1 and Component B2 and Component D1 (non-soluble binder)

Step 4. Independently or in combination with the mixture of Component A1, Component B2 and
D14 (non-soluble), Components B1 and A2 may be mixed together with further addition of a
portion of Component Dis (soluble binder)

Step 5. A portion of Component B2 may be added to the mixture

Step 6. The remainder of Component B2 and Component Dis may be added step-wise to the
mixture until the mixture may include the totality of the Components A1, Az, Bi, B2, D1a and
Dis

[0116] To facilitate the intended distribution of the above components the following

parameters may be used as to the method to guide the optimization of component particle size

distributions:

- The ratio of the average diameter of the electrode active materials to the solid polymer
electrolyte may be less than 7, less than 6, less than 5, or less than 4.

- The most prevalent particle size of the anode active material Component A1 may be < 30

microns, greater than 5 microns, or 1 microns
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The most prevalent particle size of the anode active material Component A2 may be > 0.5
microns, > 1 micron, <5 microns, or 1.5 microns

The most prevalent particle size of the solid polymer electrolyte Component B1 may be < 5
microns or > 1.6 microns

The most prevalent particle size of the solid polymer electrolyte Component B2 may be < 1.5
microns, > 0.35 microns, or 0.7 microns

The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, < 0.2 microns, or <0.05 microns

The maximum characteristic particle size of the solid polymer electrolyte may be > 10
microns, > 20 microns, or < 50 microns

The minimum characteristic particle size of the anode active material may be greater than 0.5, >
1,> 2, or > 5 microns and the maximum characteristic particle size of the anode may be < 70,
<60, <50, <40, <30, <20, or < 15 microns

The particle size distributions of the subpopulations can be approximated using a log-normal
distribution function including individual or multiple components. Component A and
Component B can be approximated using multiple components having a log-normal

distribution

lnx ,u
f(X)—x 0«/_ ]

where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the

dispersity

The dispersity of Component A1 may be <0.5,<0.3,<0.2, or <0.15

The dispersity of Component A2 may be < 0.45, <0.4,<0.3,<0.2, or <0.15

The dispersity of Component B may be < 0.7, <0.65, or < 0.6

The dispersity of Component B1 may be <0.7,<0.6,<0.5,<04,<0.3,0r<0.2

The dispersity of Component B2 may be < 0.9, <0.8,<0.7,<0.6,<0.5,<0.45,0or<0.4

Anode slurry coating process

[0117] In one example, the anode slurry may be coated at a speed between 1 and 10 m/min

using one of the coating methods described hereinabove (e.g., Example Procedure 4, 5, 6, 7, or 8).

Following a coating, the electrode roll passes through a set of multiple ovens where the drying

conditions may be set to achieve an evaporation rate range of 30-150 g/min. This range of values
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may be optimized for reduced migration or spatial gradient of component D1 (binder), a networked
distribution of component B (the solid ionically conductive polymer material), an optimized
uniformity in coat weight across the width of a coating, and good coating adhesion (> 10 gf/in).
The latter parameter may be important for subsequent stamping of electrodes without
compromising the integrity of the coating with delamination on the surface or along the edges of
the stamped electrode.

Interfacial Cathode-Separator layer

[0118] In another example, the interfacial cathode-separator layer of the cell may include a
number of materials that in isolated populations may be characterized as powders insofar as
including a multitude of particles of similar composition and characteristics. These powders may
be combined with other materials to form a slurry to facilitate deposition of a continuous layer,
possessing a functionality derived from the composite thereof, onto a substrate, which in the case
of the present invention may be a current collector or a previously manufactured electrode,
separator, or assembly including a combination thereof. In the following a description of the
component materials, routes by which they may be combined to form a slurry, the characteristics
of the slurry, and methods for casting of the slurry are provided.

[0119] In one example, the composite body including the interfacial cathode-separator layer,
and the slurry from which it is derived, may be formed from the combination of a number of
materials of both active and passive functionalities. Some of these candidate materials may be
deployed on a sacrificial basis during the formation of the slurry and may later be removed after
the casting of the slurry during steps required to finish manufacturing of said layer.

[0120] The slurry employed for application of the interfacial layer between the cathode layer
and the separator layer must include one or more solid ionically conductive polymer materials as
the primary ion-conducting medium and a cathode active material as the primary energy storage
medium. The primary particle size of the solid ionically conductive polymer material(s) may be
between 0.01 and 20 pm.

[0121] In one example, the composite of the interfacial cathode-separator the form of a slurry
or other may be defined according to the following:

- Composite(Total) = Component A + Component B + Component C + Component D

- Where Component A corresponds to the cathode active material

- Where Component B corresponds to the ion conducting solid state polymer
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- Where Component C corresponds to the free volume

- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

Whereby the interfacial cathode-separator slurry may include the following components:

Component A

- one or a combination of active materials such as one or more of the following active materials:
Lithium iron phosphate (LFP), spinel LNMO, LiCoPOs, LiNiPOs, LVP, LVPF,
LiNixMnyCo,02, or LiNixCoyAl;O2, with a primary particle size between 0.01 and 20 um

Component B

- one or more solid ionically conductive polymer materials as ion-conducting agent with a
primary particle size between 0.01 and 20 um

Component C

Component D

- Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

- Component D2: an electronic conductor such as carbon black, super P, vapor grown carbon
fiber

- Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

- Component D4: one or more dispersing solvents such as acetone, isopropanol, methanol,
toluene, n-methyl pyrrolidone, and water

- Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbOs3, LiTaO3, LiNbxTa1.xO3, BaTiO3, and including P20s, B203, Al2O3, Gax0s,
Y203, Laz03, SiO2, ZrOz, TiO2, and compounds arising from combinations thereof including
the possible addition of Li20, with a primary particle size between 0.01 and 10 microns

- Component D6: one or more additives to improve the mechanical integrity of the solid
electrolyte layer, such as B20s, Al203, y-AlIO(OH), Ga20s, Y203, LaxOs3, and including P20s,
B20s3, ALOs, Ga:03, Y203, Lax03, SiO2, ZrOz, TiO2, and compounds arising from
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combinations thereof including the possible addition of Li2O, with a primary particle size
between 0.01 and 10 pm

- Component D7: one or more Li salts including Li" cations such as LiClOs4, LiAsFs, LiPFs,
LiBFs, LiRFSOs3, LiCH3S0s, LIN(RFSOz)2, LiC(RFSO2)3, LiTFSI (lithium trifluoromethane
sulphonylimide), LiBOB  (lithium  bis(oxalato)borate), LiBETI  (lithium  bis
(perfluoroethylsulfonyl)imide)

- Component D8: one or more additives for interfacial impedance reduction such as urethane-
containing molecules, such as urethane functionalized PEG, urethane functionalized
perfluoropolyethers, and alkylurethanes; 1-methyl-3-pyrrolidinone; 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone; 1,5-dimethyl-2-pyrrolidinone; alkyl substituted pyridinium-
based ionic liquids, alkyl substituted pryrolidinium-based ionic liquids, and alkyl substituted
ammonium-based ionic liquids with counter anions such as TFSI, PF¢, BF4 anions; substituted
poly(ethylene glycol) with functional end groups such as carbonates (linear or cyclic),
carbamates (linear or cyclic), or nitriles; poly(ethylene glycol) bis(carboxymethyl) ether;
dioctyl sulfosuccinate sodium, lithium, or potassium salts; glycolic acid ethoxylate 4-tert-
butylphenyl ether; glycolic acid ethoxylate lauryl ether; glycolic acid ethoxylate 4-nonylphenyl
ether; glycolic acid ethoxylate oleyl ether; poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl
ether sodium, lithium, or potassium salts; and sodium, lithium, or potassium
dodecylbenzenesulfonate

[0122] In this example, excluding the solvent, the interfacial layer slurry between the cathode

layer and the separator layer may contain the previous components within the following range:

- solid ionically conductive polymer materials between 12 and 45 wt. %

active material between 50 and 85 wt. %

binder content between 0.1 and 10 wt. %

electronic conductor between 1 and 10 wt. %

surfactant content between 0 and 5 wt. %

[0123] In some examples, the composite volume of the cathode-separator interfacial layer
may be defined as as Vol.iotat = % VOI.ComponentA + % VOlumeComponentB + % VOlumeComponentC +%
VOlumeComponent D

- The Volume % of Component A may be > 15 %, > 30 %, > 45%, > 50 %, > 55 %, or > 60 %
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The Volume % of Component B may be < 70 %, < 60 %, < 50 %, < 45%, <40 %, <35%, <
30%, or <25 %

The Volume % of Component C may be <40 %, <30 %, <20, or <15 %

The Volume % of Component D may be <30 %, <25%, <10%, or <5 %

The sum of the Volume % of Components C and D may be <40 %, <30 %, <20 %, or <15 %

[0124] The sizes of the particles including the powder forms of the Components A, and B

may also be described by the following:

Of the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1,mean > Amean form <20 %, < 15 %, <10 %, and <5
%, with the remainder of Component A, identified by Az, belonging to a population for which
A2 mean < Amean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

Of the Volume % including Component B, particles belonging to a population with a sie
distribution described by a mean value B1.mean > Bmean form <100 %, <95 %, <85 %, or < 80
%, with the remainder of Component B, identified by B2, belonging to a population for which

B2 mean < Bmean, situated in the interstices between the larger particles

[0125] For example, the relative fractions of Component A and Component B forming

Composite(Total) may be described as follows:

The fraction of Component A added in the form of A1 to Composite(Total) may be 25 %, <20
%, <15 %, < 10 %, < 5 %
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- The fraction of Component B added in the form of B1 to Composite(Total) may be > 35 %, >
45 %, > 55 %, > 65 %, > 75 %, > 85 %

[0126] Prior to its coating, the cathode-separator interfacial slurry may be characterized by:

- A viscosity between 500 and 2600 cps at 85 Hz as measured by parallel plate rheometry

- A solid content between 40 and 75 %

- A Hegman gauge below 90 pm or below 50 um

- A particle size distribution as follows: d10 < 10 um, d50 <30 pum, d90 < 60 pm, d99 < 100
um

[0127] The positive electrode thickness including the interfacial cathode-separator interface

layer post calendering may be between 105 and 450 uym. Calendering may be conducted between

room temperature (20 °C) and 140 °C in a low humidity environment.

Cathode-Separator Interfacial layer slurry mixing process

[0128] A number of example processes are described below.
[0129] Example Procedure 9 for Cathode-Separator Interfacial Slurry Mixing Process:
Addition of Component D1 (Binder) in Multiple Stages as a Solution

1. Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

1. Solution of Component D1 in Component D4

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %.

1ii. Disperse Component D2

A fraction of component D1 solution, between 10 and 60 %, and the component D2
may be mixed between 30 and 90 minutes. After this step, the solid content lies
between 5 and 30 wt. %.

v. Disperse Component B
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Vi.

[0130]
[0131]

Component B and another fraction of component D1 solution, between 5 and 40 %,
may then be added to the previous suspension and mixed between 30 and 90 minutes.
Following this step, the solid content may be between 10 and 50 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel along with another fraction
of the component D1 solution, between 10 and 70 %, the solution may be mixed for
another 45 to 120 minutes. After this step, the solid content may be between 40 and 80
wt. %. The other half of component A and the remaining fraction of component D1
solution may be added to the mixing vessel and mixed for 120 minutes to 16 hours.

Target Solids Percentage

Some additional component D4 may be added at this point to target the final slurry
characteristics described in the options provided for Component D4 hereinabove. After
this step, the slurry characteristics should be:

= d10 <10 pm, d50 < 30 um, d90 < 60 pm, d99 < 100 um

* Hegman gauge <50 um

* Solid content between 40 and 80 wt. %

* Viscosity between 2000 and 2600 cps at 85 Hz
A process flow diagram 900 of Example Procedure 9 is depicted in FIG. 9.
Example Procedure 10 for Cathode-Separator Interfacial Slurry Mixing Process:

Addition of Binder as a Powder in a Single Stage

1.

ii.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Disperse Component D2

Component D4, component D1, and component D2 may be mixed between 30 and 90

minutes. After this step, the solid content may be between 5 and 30 wt. %.
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iil.

v.

[0132]

Disperse Component B

Component B and some more of component D4 may be added to the previous
suspension and mixed between 30 and 90 minutes. Following this step, the slurry solid
content may be between 10 and 50 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel along with some more of
component D4; the solution may be mixed for another 45 to 120 minutes. After this
step, the slurry solid content lies between 40 and 80 wt. %. The other half of the
component A and some more of component D4 may be added to the mixing vessel and
mixed for 120 minutes to 16 hours.

Target Solids Percentage

Some additional solvent may be added at this point to target the final slurry
characteristics described hereinabove. After this step, the slurry characteristics may be:
= d10 <10 pm, d50 < 30 um, d90 < 60 pm, d99 < 100 um
* Hegman gauge <50 um
* Solid content between 40 and 80 wt. %
* Viscosity between 1000 and 2000 cps at 85 Hz

Example Procedure 11 for Cathode-Separator Interfacial Slurry Mixing Process:

Mixing with Only High Shear Disperser

1.

ii.

iil.

Mixing Speed and Equipment

Dispersion of the components may be achieved with single-shaft mixers equipped with
saw-tooth high-speed dispersers. Throughout the entire mixing process, the high shear
axis mixing speed may be kept between 0 and 1500 rpm.

Solution of Component D1 in Component D4

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %.

Disperse Component D2

Component D1 in D4 solution may be used wherein component D2A from the options
provided for Component D2 hereinabove may be first dispersed. This may be mixed

for 30-90 minutes. Next, a second component, component D2B, from the options
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provided for Component D2 hereinabove may then be dispersed for another 30-90
minutes. The solids content may be approximately 10%.

v. Disperse Component B

Next, component B may be dispersed into the slurry for 30-90 minutes. Component A
may be added in its entirety after this step where the slurry may be subjected to mix for

2-12 hours.

V. Target Solids Percentage

Finally, component D4 may be added to adjust the solids content of the slurry to
between 50-60%.

[0133] An alternative route to mixing for distribution of solid electrolyte component is also
provided.
[0134] As described above in the other examples, to facilitate a distribution of component

particles providing an optimum density with preservation of the component materials’

functionality, the order with which the particulate populations of the different materials may be

added to the mixture must be carefully selected. A tendency exists for smaller particles to

intersperse amongst larger particles. For this to happen effectively, the uniformity of the

distribution of the larger particles must first be established. Furthermore, to achieve as high a

gravimetric capacity as possible the introduction of the totality of each of the component materials

can be done in subsets to engineer the distribution of the large particle populations with respect to

the smaller ones.

[0135] Given the composite volume of the cathode-separator layer may be defined as Vol.total

=% Vol.component A + % Volumecomponent B + % Volumecomponent ¢ + %0 Volumecomponent D

- Where Component A corresponds to the cathode active material

- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume

- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

- Of'the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having

a size distribution for which the mean value, A1 mean, may be greater than Amean
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- Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean
- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean
- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean
[0136] With consideration for the above design criteria the following prescribes the order by
which the components of the cathode-separator layer may be combined to form a mixture of the
Components A, B, C, and D by the process of mixing:
Step 1.  Component Az and B1 may be combined in a step-wise fashion and may be mixed
with a portion of Component D providing a dispersed population
Step2. A portion of Component B2 may be added to the mixture with further addition of a
portion of Component D
Step3.  The remainder of Component B2 and Component D may be added step-wise to the
mixture until the mixture may include the totality of the Components Az, B1, B2 and D
[0137] Likewise, as described above, the above strategy may use a discontinuous binder
medium as part of Component D. The use of a discontinuous binder medium, which provides the
functionality of a continuous and conformal coating without inhibiting the transfer of charged
species at the interfaces between the active materials of the electrodes and the ionically conducting
particles dispersed throughout the entirety of the battery’s layers, or between the polymeric solid
state particles forming the separator layers. To deploy such a strategy staged mixing is again
leveraged whereby the active materials of a given electrode may first be mixed in a wet or dry
slurry with the solid electrolyte powder to establish a surface coating of the active material with
the solid state electrolyte. This ionically conducting powder-coated active material may then be
mixed with a binder vehicle which is resistant to dissolution in the slurry’s solvent. Following
mixing of the solid electrolyte coated active material and the non-soluble binder vehicle, additional
soluble binder component(s) may be added to tune the mechanical durability of the electrode

without jeopardizing the functionality of the ionically conducting and electroactive species.
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[0138] For example, a version of this process may be described as follows:

Step 1. Component Az and B1 may be combined in a step-wise fashion and may be mixed with a
portion of Component D providing a dispersed population

Step 2. The mixture of Component Az and B1 may be mixed with a portion of Component Dia
(non-soluble binder) providing a dispersed population of Az, Bi, and D14 particles

Step 3. A portion of Component B2 may be added to the mixture with addition of a portion of
Component Dis (soluble binder)

Step 4. The remainder of Component B2 and Component Dis (soluble binder) may be added step-
wise to the mixture until the mixture may include the totality of the Components Az, Bi, B2
and D

[0139] Similar to the above descriptions, to facilitate the intended distribution of the above

components the following parameters may be applied to the methods to guide the optimization of

component particle size distributions:

- The ratio of the average diameter of the electrode active materials to the solid polymer
electrolyte may be less than 7, less than 6, less than 5, or less than 4.

- The most prevalent particle size of the cathode active material Component A1 may be < 20
microns, greater than 5 microns, or 10 microns

- The most prevalent particle size of the cathode active material Component A2 may be > 0.5
microns, > 1 micron, < 15 microns, < 5 microns, or 1.5 microns

- The minimum characteristic particle size of the cathode active material may be greater than
0.5,>1,> 2, or > 5 microns and the maximum characteristic particle size of the cathode may
be <70, <50, <30, <20, or < 15 microns

- The most prevalent particle size of the solid polymer electrolyte Component B1 may be < 5
microns or > 1.6 microns

- The most prevalent particle size of the solid polymer electrolyte Component B2 may be < 1.5
microns, > 0.35 microns, or 0.7 microns

- The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, < 0.2 microns, or <0.05 microns

- The maximum characteristic particle size of the solid polymer electrolyte may be > 10

microns, > 20 microns, or < 50 microns
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- The particle size distributions of the subpopulations can be approximated using a log-normal
distribution function including individual or multiple components. Component A and
Component B can be approximated using multiple components having a log-normal

distribution

lnx ,u
- S UJ— }

- where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the

dispersity
- The dispersity of Component A1 may be <0.5,<0.4,<0.3,<0.2,0or<0.15
- The dispersity of Component A2 may be <0.5,<0.45,<04,<0.3,<0.25, or <0.15
- The dispersity of Component B may be < 0.7, <0.65, or <0.6
- The dispersity of Component B1 may be <0.7,<0.6,<0.5,<04,<0.3,0r<0.2
- The dispersity of Component B2 may be <0.9,<0.8,<0.7,<0.6,<0.5,<045,0or<0.4

Cathode-Separator interfacial layer slurry coating process

[0140] In one example, the cathode-separator interfacial layer can be coated, casted, deposited,
or laid onto the positive, the negative, or both electrodes to ensure high conformity between the
separator layer and the electrodes. The coating process may be performed according to the
following configurations:

- The same separator formulation coated on the anode and on the cathode,

- Two different separator formulations coated on the anode allowing for optimized chemical and
electrochemical stability between each electrode and the separator,

- A succession of layers of different formulation coated on the anode and/or on the cathode to
allow for a gradient of separator composition enhancing the chemical and electrochemical
stability of the electrodes with the separator.

[0141] To ensure continuous coverage of the electrode onto which the separator layer is to be

coated, the width of the two coated layers may be identical. The width of the separator layer may

also be slightly larger than the coating width of the supporting electrode.

[0142] The cathode-separator interfacial layer slurry may be coated at a speed between 1 and

10 m/min using one of the coating methods described hereinabove (e.g., Example Procedure 9, 10,

or 11). Following a coating, the electrode roll passes through a set of multiple ovens where the

drying conditions may be set to achieve an evaporation rate range of 30-200 g/min. This range of
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values may be optimized for reduced migration or spatial gradient of component D1 (binder), a
networked distribution of component B (the solid ionically conductive polymer material), an
optimized uniformity in coat weight across the width of a coating, and good coating adhesion (>
10 gf/in). The latter parameter may provide for subsequent stamping of electrodes without
compromising the integrity of the coating with delamination on the surface or along the edges of
the stamped electrode.

Interfacial Anode-Separator layer

[0143] In one example, the interfacial anode-separator layer of the cell may include a number
of materials that in isolated populations may be characterized as powders insofar as including a
multitude of particles of similar composition and characteristics. These powders may be combined
with other materials to form a slurry to facilitate deposition of a continuous layer, possessing a
functionality derived from the composite thereof, onto a substrate, which in the case of the present
invention may be a current collector or a previously manufactured electrode, separator, or
assembly including a combination thereof. In the following a description of the component
materials, routes by which they may be combined to form a slurry, the characteristics of the slurry,
and methods for casting of the slurry are provided.

[0144] The composite body including the interfacial anode-separator layer, and the slurry
from which it is derived, may be formed from the combination of a number of materials of both
active and passive functionalities. Some of these candidate materials may be deployed on a
sacrificial basis during the formation of the slurry and may later be removed after the casting of
the slurry during steps required to finish manufacturing of said layer.

[0145] The slurry employed for application of the interfacial layer between the anode layer
and the separator layer must include one or more solid ionically conductive polymer materials as
the primary ion-conducting medium and an anode active material as the primary energy storage
medium. The primary particle size of the solid ionically conductive polymer material(s) may be
between 0.01 and 20 pm.

[0146] The composite of the anode-separator in the form of a slurry or other may be defined
according to the following:

- Composite(Total) = Component A + Component B + Component C + Component D

- Where Component A corresponds to the anode active material

- Where Component B corresponds to the ion conducting solid state polymer
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- Where Component C corresponds to the free volume

- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

Whereby the interfacial anode-separator slurry may include the following components:

Component A

- one or a combination of active materials such as graphite, silicon, silicon oxide, lithium metal,
lithium titanium oxide, with a primary particle size between 0.01 and 20 pum or a foil thickness
below 50 pm

Component B

- one or more solid ionically conductive polymer materials as ion-conducting agent with a
primary particle size between 0.01 and 20 um

Component C

Component D

- Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

- Component D2: an electronic conductor such as carbon black, super P, vapor grown carbon
fiber

- Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

- Component D4: one or more dispersing solvents such as acetone, isopropanol, methanol,
toluene, n-methyl pyrrolidone, and water

- Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbOs3, LiTaO3, LiNbxTa1.xO3, BaTiO3, and including P20s, B203, Al2O3, Gax0s,
Y203, Laz03, SiO2, ZrOz, TiO2, and compounds arising from combinations thereof including
the possible addition of Li20, with a primary particle size between 0.01 and 10 microns

- Component D6 one or more additives to improve the mechanical integrity of the solid
electrolyte layer, such as B20s, Al203, y-AlIO(OH), Ga20s, Y203, LaxOs3, and including P20s,
B20s3, ALOs, Ga:03, Y203, Lax03, SiO2, ZrOz, TiO2, and compounds arising from
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combinations thereof including the possible addition of Li2O, with a primary particle size
between 0.01 and 10 pm

Component D7: one or more Li salts including Li* cations such as LiClOs, LiAsFs, LiPFs,
LiBFs, LiRFSOs3, LiCH3S0s, LIN(RFSOz)2, LiC(RFSO2)3, LiTFSI (lithium trifluoromethane
sulphonylimide), LiBOB  (lithium  bis(oxalato)borate), LiBETI  (lithium  bis
(perfluoroethylsulfonyl)imide)

Component D8: one or more additives for interfacial impedance reduction such as urethane-
containing molecules, such as urethane functionalized PEG, urethane functionalized
perfluoropolyethers, and alkylurethanes; 1-methyl-3-pyrrolidinone; 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone; 1,5-dimethyl-2-pyrrolidinone; alkyl substituted pyridinium-
based ionic liquids, alkyl substituted pryrolidinium-based ionic liquids, and alkyl substituted
ammonium-based ionic liquids with counter anions such as TFSI, PF¢, BF4 anions; substituted
poly(ethylene glycol) with functional end groups such as carbonates (linear or cyclic),
carbamates (linear or cyclic), or nitriles; poly(ethylene glycol) bis(carboxymethyl) ether;
dioctyl sulfosuccinate sodium, lithium, or potassium salts; glycolic acid ethoxylate 4-tert-
butylphenyl ether; glycolic acid ethoxylate lauryl ether; glycolic acid ethoxylate 4-nonylphenyl
ether; glycolic acid ethoxylate oleyl ether; poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl
ether sodium, lithium, or potassium salts; and sodium, lithium, or potassium

dodecylbenzenesulfonate

[0147] Excluding the solvent, the interfacial layer slurry between the anode layer and the

separator layer shall contain the previous components within the following range:

solid ionically conductive polymer materials between 10 and 70 wt. %
active material between 30 and 85 wt. %

binder content between 0.1 and 10 wt. %

electronic conductor between 1 and 10 wt. %

surfactant content between 0 and 5 wt. %

For which the composite volume of the anode-separator interfacial layer may be defined as as

Vol.iotal = % VOI.ComponentA + % VOlumeComponentB + % VOlumeComponent ct% VOlumeComponentD

The Volume % of Component A may be >10 %, >20 %, > 30 %, > 40%, > 50 %, or > 60 %
The Volume % of Component B may be < 85%, <75%, <65 %, < 55 %, <45 %, <35%, or <
30%
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The Volume % of Component C may be < 40%, < 30%, <20%, or < 15%
The Volume % of Component D may be <30%, <25%, <10%, or < 5%
The sum of the Volume % of Components C and D may be < 40%, <30%, < 20%, or <15%

[0148] The sizes of the particles including the powder forms of the Components A, and B

may also be described by the following:

Of the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1 mean > Amean form <20 %, < 15 %, <10 %, or <5 %,
with the remainder of Component A, identified by Az, belonging to a population for which
A2 mean < Amean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

Of the Volume % including Component B, particles belonging to a population with a size
distribution described by a mean value Bi mean > Bmean form < 100 %, < 95 %, <85 %, or < 80
%, with the remainder of Component B, identified by B2, belonging to a population for which

B2 mean < Bmean, situated in the interstices between the larger particles

[0149] The relative fractions of Component A and Component B forming Composite(Total)

may be described as follows:

- The fraction of Component A added in the form of A1 to Composite(Total) may be 25 %,
<20%,<15%, <10 %, <5 %

- The fraction of Component B added in the form of B1 to Composite(Total) may be > 35 %,
> 45 %, > 55 %, > 65 %, > 75 %, > 85 %
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Prior to its coating, the anode-separator interfacial slurry may be characterized by:

A viscosity between 500 and 2600 cps at 85 Hz

A solid content between 40 and 75 %

A Hegman gauge below 90 pm or below 50 um

A particle size distribution as follows: d10 < 10 um, d50 < 30 pm, d90 < 60 pm, d99 < 100

um

[0151]

In this example, the positive electrode thickness including the interfacial anode-

separator interface layer post calendering may be between 105 and 450 pum.

Anode-Separator Interfacial laver slurry mixing process

[0152]

slurry.
[0153]

Provided below are example procedures of forming an anode-separator interfacial

Example Procedure 12 for Anode-Separator Interfacial Slurry Mixing Process: Three-

Stage Addition of Component D1A

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Component D2

A fraction of component D1A solution, between 5 and 30 %, and component D2 may
be mixed between 30 and 90 minutes. After this step, the slurry may be characterized
by a solid content between 1 and 25 wt. %.

Disperse Component B
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Vi.

Vii.

[0154]

Component B and another fraction of component D1A solution, between 30 and 70 %,
may be added to the previous slurry and mixed between 30 and 90 minutes. After this
step, the solid content may be between 5 and 30 wt. %.

Disperse Component A

Half of component A may be added to the mixing vessel leading to a solid content
between 25 and 60 wt. %; the solution may be mixed for 45 to 120 minutes. The other
half of component A may be added to the mixing vessel leading to a solid content
between 40 and 70 wt. % and mixed for 120 minutes to 16 hours.

Disperse Component D1B

Another fraction of the component D1A, between 10 and 50 %, may be added to the
previous slurry and mixed between 30 and 90 minutes, bringing the solid content
between 40 and 70 wt. %. The component D1B solution may be added to the slurry
and mixed between 30 and 90 minutes. After this step, the slurry may be characterized
by a solid content between 40 and 65 wt. % and a viscosity between 1100 and 2800
cps.

Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry
characteristics. The slurry may be mixed for 30 to 120 minutes under vacuum.

Example Procedure 13 for Anode-Separator Interfacial Slurry Mixing Process: Two-

Stage Addition of Component D1A

ii.

Component D1A may be added in steps ii and v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4
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iil.

v.

Vi.

Viil.

[0155]

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Component D2

A fraction of component DIA, between 50 and 85 %, and component D2B may be
mixed between 30 and 90 minutes. After this step, the solid content may be between 1

and 25 wt. %.

Disperse Component B

Component B may be added to the previous slurry and mixed between 30 and 90
minutes. After this step, the solid content may be between 5 and 30 wt. %.

Disperse Component A

Half of the component A may be added to the mixing vessel; the solution may be mixed
for 45 to 120 minutes. After this step, the solid content lies between 25 and 60 wt. %.
The other half of component A and a fraction of component D1A solution, between 15
and 50 %, may be added to the mixing vessel and mixed for 120 minutes to 16 hours.
After this step, the slurry characteristics may include the solid content between 40 and
70 wt. %.

Disperse Component D1B

Component D1B solution may be added to the slurry and mixed between 30 and 90
minutes.

Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry
characteristics. The slurry may be mixed for 30 minutes to 120 minutes under vacuum.
The final slurry characteristics may be the following:

- d10 <15 pm, d50 <30 um, d90 < 60 um, d99 < 100 pm

- Hegman gauge < 80 um

- Solid content between 40 and 65 wt. %

- Viscosity between 1100 and 2800 cps at 85 Hz

Example Procedure 14 for Anode-Separator Interfacial Slurry Mixing Process: Single

Stage Addition of Primary Components A and B

1.

Mixing Speed and Equipment

55



WO 2021/003305 PCT/US2020/040559

ii.

iil.

v.

[0156]

Dispersion of the components may be achieved with single-shaft mixers equipped with
saw-tooth high-speed dispersers. Throughout the entire mixing process, the high shear
axis mixing speed may be kept between 500 and 1200 rpm.

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.
Disperse Components D2, B, and A

Component D2 may be dispersed into a fraction of the component D1A solution
together with component B, and all of component A for 90-120 minutes. The solids
content of the slurry at this step may be 40-60%.

Disperse Component D1B

Next, the slurry may be diluted with the remaining portion of the component D1A
solution for 60-90 minutes. Lastly, a component D1B solution may be mixed into the
slurry for 60-90 minutes. The final solids content may be between 45-50%.

Example Procedure 15 for Anode-Separator Interfacial Slurry Mixing Process: Single

Stage Addition of Primary Component A

1.

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved with single-shaft mixers equipped with
saw-tooth high-speed dispersers. Throughout the entire mixing process, the high shear
axis mixing speed may be kept between 500 and 1200 rpm.

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.
Disperse Component D2 and D3

Component D2 and component D3 may be dispersed into component D1A solution.
The solids content at this step may be 1-15%.

Disperse Component B

Component B may be added and mixed for 30-90 minutes. The solids content at this
step may be 5-30%.

Disperse Component A
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[0157]

Next, all of component A may be dispersed into the slurry for 90-120 minutes. The
solids content at this step may be 40-70%.

Disperse Component D1B

Lastly, component D1B solution may be mixed into the slurry for 30-60 minutes. The
solids content at this step may be 45-65%.

Example Procedure 16 for Anode-Separator Interfacial Slurry Mixing Process: Four-

Stage Addition of Component D1A

1.

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, or low-shear
helical-shaped paddles. Throughout the entire mixing process, the mixing speeds may
be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Solution of Component D1 in Component D4

First, component D1A and component D1B may each be dissolved in component D4
to form two solutions each at 0.5 to 3 wt. % and 25 to 60 wt. %, respectively.

Disperse Component D2 and B

A fraction of component D1 solution, between 55 and 90 %, component D2, and
component B may be mixed between 60 and 180 minutes. After this step, solid content
may be between 5 and 20 wt. %.

Disperse Component A

Half of component A may be added to the mixing vessel; the solution may be mixed
for 60 to 240 minutes. After this step, the slurry characteristics may include the solid
content between 25 and 55 wt. %. The other half of the component A may be added to
the slurry. A fraction of component D1A solution, between 10 and 45 %, may be added
at this point. The slurry may be mixed for 120 minutes to 16 hours. After this step, the
solid content may be between 40 and 75 wt. %.

Disperse the Remainder of Component D1A
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A fraction of component D1A solution, between 10 and 45 %, may be added at this
point. The slurry may be mixed between 30 and 60 minutes. After this step, the solid
content may be between 40 and 70 wt. %.

Vi. Disperse Component D1B

Component D1B solution and the rest of component D1A solution may be added to the
slurry. Some solvent may also be added at this step to adjust the slurry viscosity. The
slurry may be mixed between 30 minutes and 16 hours.

Vii. Target Solids Percentage

Some additional solvent may be added at this point to adjust the final slurry

characteristics. The slurry may be mixed for 30 minutes to 120 minutes under vacuum.

The final slurry characteristics may be the following:

- d10 <15 um, d50 <30 um, d90 < 60 pm, d99 < 100 um

- Hegman gauge <80 pm

- Solid content between 40 and 65 wt. %

- Viscosity between 1100 and 2800 cps at 85 Hz
[0158] An alternative route to mixing for distribution of solid electrolyte component is also
provided, similar to the discussion above as to the other layers.
[0159] Specifically, to facilitate a distribution of component particles providing an optimum
density with preservation of the component materials’ functionality, the order with which the
particulate populations of the different materials may be added to the mixture must be carefully
selected. A tendency exists for smaller particles to intersperse amongst larger particles. For this
to happen effectively, the uniformity of the distribution of the larger particles must first be
established. Furthermore, to achieve as high a gravimetric capacity as possible the introduction of
the totality of each of the component materials can be done in subsets to engineer the distribution
of the large particle populations with respect to the smaller ones.
[0160] Given the composite volume of the anode-separator layer may be defined as Vol.total
=% Vol.component A + % Volumecomponent B + % Volumecomponent ¢ + %0 Volumecomponent D
- Where Component A corresponds to the anode active material
- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume
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- Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

- Of'the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

- Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

[0161] With consideration for the above design criteria the following prescribes the order by

which the components of the anode-separator layer may be combined to form a mixture of the

Components A, B, C, and D by the process of mixing:

- Component Az and B1 may be combined in a step-wise fashion and may be mixed with a
portion of Component D providing a dispersed population

- A portion of Component B2 may be added to the mixture with further addition of a portion of
Component D

- The remainder of Component B2 and Component D may be added step-wise to the mixture
until the mixture may include the totality of the Components Az, B1, B2 and D

[0162] A further limitation of the above strategy involves use of a discontinuous binder

medium as part of Component D. The use of a discontinuous binder medium, which provides the

functionality of a continuous and conformal coating without inhibiting the transfer of charged

species at the interfaces between the active materials of the electrodes and the ionically conducting

particles dispersed throughout the entirety of the battery’s layers, or between the polymeric solid

state particles forming the separator layers. To deploy such a strategy staged mixing is again

leveraged whereby the active materials of a given electrode may first be mixed in a wet or dry

slurry with the solid electrolyte powder to establish a surface coating of the active material with
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the solid state electrolyte. This ionically conducting powder-coated active material may then be

mixed with a binder vehicle which is resistant to dissolution in the slurry’s solvent. Following

mixing of the solid electrolyte coated active material and the non-soluble binder vehicle, additional
soluble binder component(s) may be added to tune the mechanical durability of the electrode
without jeopardizing the functionality of the ionically conducting and electroactive species.

[0163] A version of this process may be described as follows:

Step 1. Component Az and B1 may be combined in a step-wise fashion and may be mixed with a
portion of Component D providing a dispersed population

Step 2. The mixture of Component Az and B1 may be mixed with a portion of Component Dia
(non-soluble binder) providing a dispersed population of Az, Bi, and D14 particles

Step 3. A portion of Component B2 may be added to the mixture with addition of a portion of
Component Dis (soluble binder)

Step 4. The remainder of Component B2 and Component Dis (soluble binder) may be added step-
wise to the mixture until the mixture may include the totality of the Components Az, Bi, B2
and D

[0164] To facilitate the intended distribution of the above components the following criteria

may be applied to guide the optimization of component particle size distributions:

- The ratio of the average diameter of the electrode active materials to the solid polymer
electrolyte may be less than 7, less than 6, less than 5, or less than 4.

- The most prevalent particle size of the anode active material Component A1 may be < 30
microns, greater than 5 microns, or 1 microns

- The most prevalent particle size of the anode active material Component Az may be > 0.5
microns, > 1 micron, <5 microns, or 1.5 microns

- The most prevalent particle size of the solid polymer electrolyte Component B1 may be < 5
microns or > 1.6 microns

- The most prevalent particle size of the solid polymer electrolyte Component B2 may be < 1.5
microns, > 0.35 microns, or 0.7 microns

- The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, < 0.2 microns, or <0.05 microns

- The maximum characteristic particle size of the solid polymer electrolyte may be > 10

microns, > 20 microns, or < 50 microns
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- The minimum characteristic particle size of the anode active material may be greater than 0.5, >
1,> 2, or > 5 microns and the maximum characteristic particle size of the anode may be < 70,
<60, <50, <40, <30, <20, or < 15 microns

- The particle size distributions of the subpopulations can be approximated using a log-normal
distribution function including individual or multiple components. Component A and
Component B can be approximated using multiple components having a log-normal

distribution

lnx ,u
: f(x)—xd— }

- where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the

dispersity
- The dispersity of Component A1 may be <0.5,<0.3,<0.2, or <0.15
- The dispersity of Component A2 may be <0.45,<0.4,<0.3,<0.2,0r<0.15
- The dispersity of Component B may be < 0.7, <0.65, or <0.6
- The dispersity of Component B1 may be < 0.7, <0.6,<0.5,<04,<0.3,0r<0.2
- The dispersity of Component B2 may be < 0.9, <0.8,<0.7,<0.6,<0.5,<0.45,0or<04

Anode-Separator interfacial laver slurry coating process

[0165] In one example, the anode-separator interfacial layer can be coated, casted, deposited,
or laid onto the positive, the negative, or both electrodes to ensure high conformity between the
separator layer and the electrodes. The coating process may be performed according to the
following configurations:

- The same separator formulation coated on the anode and on the anode,

- Two different separator formulations coated on the anode allowing for optimized chemical and
electrochemical stability between each electrode and the separator,

- A succession of layers of different formulation coated on the anode and/or on the anode to
allow for a gradient of separator composition enhancing the chemical and electrochemical
stability of the electrodes with the separator.

[0166] To ensure continuous coverage of the electrode onto which the separator layer is to be

coated, the width of the two coated layers may be identical. The width of the separator layer may

also be slightly larger than the coating width of the supporting electrode.
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[0167] The anode-separator interfacial layer slurry may be coated at a speed between 1 and
10 m/min using one of the coating methods described hereinabove (e.g., Example Procedure 12,
13, 14, 15, or 16). Following coating, the electrode roll passes through a set of four ovens which
temperature and fan exhaust may be set as follows:

- Oven 1 between 40 and 100 °C and 300 and 900 rpm,

- Oven 2 between 50 and 110 °C and 300 and 900 rpm,

- Oven 3 between 60 and 120 °C and 300 and 900 rpm,

- Oven 4 between 80 and 140 °C and 300 and 900 rpm.

Separator layer (cathode side)

[0168] In one example, the separator layer of the cell may include a number of materials that
in isolated populations may be characterized as powders insofar as including a multitude of
particles of similar composition and characteristics. These powders may be combined with other
materials to form a slurry to facilitate deposition of a continuous layer, possessing a functionality
derived from the composite thereof, onto a substrate, which in the case of the present invention
may be a current collector or a previously manufactured electrode, separator, or assembly
including a combination thereof. In the following a description of the component materials, routes
by which they may be combined to form a slurry, the characteristics of the slurry, and methods for
casting of the slurry are provided. Details presented below apply to the casting of a separator layer
onto a cathode layer.

[0169] In one example, the composite body including the separator layer, and the slurry from
which it is derived, may be formed from the combination of a number of materials of both active
and passive functionalities. Some of these candidate materials may be deployed on a sacrificial
basis during the formation of the slurry and may later be removed after the casting of the slurry
during steps required to finish manufacturing of said layer.

[0170] The slurry employed for application of the separator layer on the electrodes must
include one or more solid ionically conductive polymer materials as the primary ion-conducting
medium. The primary particle size of the solid ionically conductive polymer material(s) may be
between 0.01 and 20 pm.

[0171] The composite of the separator in the form of a slurry or other may be defined
according to the following:

- Composite(Total) = Component A + Component B + Component C + Component D
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Where Component A corresponds to the electrode active material (not present)

Where Component B corresponds to the ion conducting solid state polymer

Where Component B corresponds to the free volume

Where Component D corresponds to the binder, additives, and other functional and non-

functional components

Whereby the separator slurry may include the following components:

Component A

(Not present)

Component B

one or more solid ionically conductive polymer materials as ion-conducting agent with a

primary particle size between 0.01 and 20 um

Component C

Component D

Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

Component D4: a dispersing solvent such as acetone, isopropanol, methanol, toluene, n-methyl
pyrrolidone, and water

Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbOs3, LiTaO3, LiNbxTa1.xO3, BaTiO3, and including P20s, B203, Al2O3, Gax0s,
Y203, Laz03, SiO2, ZrOz, TiO2, and compounds arising from combinations thereof including
the possible addition of Li20, with a primary particle size between 0.01 and 10 microns
Component D6: one or more additives to improve the mechanical integrity of the solid
electrolyte layer, such as B20s, Al203, y-AlIO(OH), Ga20s, Y203, LaxOs3, and including P20s,
B20s3, ALOs, Ga:03, Y203, Lax03, SiO2, ZrOz, TiO2, and compounds arising from
combinations thereof including the possible addition of Li2O, with a primary particle size

between 0.01 and 10 pm

63



WO 2021/003305 PCT/US2020/040559

Component D7: one or more Li salts including Li* cations such as LiClOs, LiAsFs, LiPFs,
LiBFs, LiRFSOs3, LiCH3S0s, LIN(RFSOz)2, LiC(RFSO2)3, LiTFSI (lithium trifluoromethane
sulphonylimide), LiBOB  (lithium  bis(oxalato)borate), LiBETI  (lithium  bis
(perfluoroethylsulfonyl)imide),

Component D8: one or more additives for interfacial impedance reduction such as urethane-
containing molecules, such as urethane functionalized PEG, urethane functionalized
perfluoropolyethers, and alkylurethanes; 1-methyl-3-pyrrolidinone; 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone; 1,5-dimethyl-2-pyrrolidinone; alkyl substituted pyridinium-
based ionic liquids, alkyl substituted pryrolidinium-based ionic liquids, and alkyl substituted
ammonium-based ionic liquids with counter anions such as TFSI, PF¢, BF4 anions; substituted
poly(ethylene glycol) with functional end groups such as carbonates (linear or cyclic),
carbamates (linear or cyclic), or nitriles; poly(ethylene glycol) bis(carboxymethyl) ether;
dioctyl sulfosuccinate sodium, lithium, or potassium salts; glycolic acid ethoxylate 4-tert-
butylphenyl ether; glycolic acid ethoxylate lauryl ether; glycolic acid ethoxylate 4-nonylphenyl
ether; glycolic acid ethoxylate oleyl ether; poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl
ether sodium, lithium, or potassium salts; and sodium, lithium, or potassium

dodecylbenzenesulfonate

[0172] Excluding the solvent, the separator layer slurry shall contain the previous components

within the following range:

solid ionically conductive polymer materials between 1 and 98 wt. %,
binder content between 1 and 10 wt. %,

L1 salt content between 0 and 10 wt. %,

additives content between 15 and 95 wt. %,

surfactant content between 0 and 5 wt.%.

For which the composite volume of the separator layer may be defined as Vol.total = % Vol .component

At % VOlumeComponentB + % VOlumeComponent ct+% VOlumeComponentD

Where Component A corresponds to the electrode active material(s) (not present)

Where Component B corresponds to the ion conducting solid state polymer

Where Component C corresponds to the free volume

Where Component D corresponds to the volume arising from the presence of binder, additive,

and other functional and non-functional components
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- The Volume % of Component A may be 0 %

- The Volume % of Component B may be > 80%, >85%, >90%, > 95, or > 97 %

- The Volume % of Component C may be <20%, <15%, <10%, < 5%, or <3 %

- The Volume % of Component D may be <20%, <15%, <10%, < 5%, or <3 %

- The sum of the Volume % of Components C and D may be < 20%, <15%, <10%, < 5%, or <
3%

[0173] The sizes of the particles including the powder forms of Component B may also be

described by the following:

- Of' the Volume % including Component B, for which a mean particle size value Bmean can be
assigned, a percentage of the total population identified as B1, will be characterized as having
a size distribution for which the mean value, B1,mean, may be greater than Bmean

- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

- Of the Volume % including Component B, particles belonging to a population with a size
distribution described by a mean value Bimean > Bmean form <100 %, < 95 %, < 85 %, or <
80 %, with the remainder of Component B, identified by Ba, belonging to a population for
which B2 mean < Bmean, situated in the interstices between the larger particles

[0174] Prior to its coating, the separator layer slurry may be characterized by:

- A viscosity between 500 and 2200 cps at 85 Hz

- A solid content between 40 and 55 %

- A Hegman gauge below 90 pm or below 50 um

- A particle size distribution as follows: d10 <1 um, d50 <15 pm, d90 <60 pm, d99 < 100 um

[0175] A representative particle size distribution curve is shown in plot 1500 of FIG. 15.

Further, a representative viscosity curve is shown in plot 1600 of FIG. 16, where the viscosity is

plotted against the shear rate.

[0176] The separator layer thickness post calendering may be between 5 and 50 um.

Calendering may be conducted between room temperature (20 °C) and 140 °C in a low-moisture

environment.

Separator laver slurry mixing process

[0177] Provided below are example procedures of forming a separator slurry.
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[0178]

Example Procedure 17 for Separator Slurry Mixing Process: Two Separate Starting

Suspension of Component B in Component D4 and Components D3+D6 in Component D4

Combined in Two Stages

1.

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Suspension 1: Solution of Component D1 and D3 in Component D4

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %. After dissolution of component D1, component D3 may be added to the solution
and mixed for 30 to 90 minutes.

Suspension 1: Disperse Component D6

Component D6 may then be added and mixed between 30 and 90 minutes. An ultra
high-shear rotor/stator mixer may be employed to stabilize/homogenize the suspension.
The suspension may be characterized by the following:

- d10 <1 pm, d50 <5 pm, d90 < 10 um, d99 < 30 pm

- Hegman gauge < 50 um

- Solid content between 40 and 65 wt. %

* Alternatively, the previous suspension may be prepared by adding component D6 first,
followed by component D3, and finally component D1. The suspension characteristics
shall remain the same as the ones listed above.

Suspension 2: Disperse Component B in Component D4

In a separate mixing vessel, component B may be mixed with component D4 for 30 to
180 minutes at a solid content between 70 and 95 wt.%. After this step, an addition of
component D4 may be added to the mixing vessel and mixed for 30 to 90 minutes. The
slurry characteristics may then be:

- d10 < 1 um, d50 <2 pm, d90 < 15 um, d99 < 30 um
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Vi.

[0179]
[0180]

- Hegman gauge < 50 um
- Solid content between 30 and 60 wt. %

Disperse Suspension 1 into Suspension 2 in Two Stages

Half of suspension 1 containing the components D6, D1, and D3 in D4 may be added
to the suspension 2 from step iv. Above and mixed for 30 to 120 minutes. After this
step, the solids content may be between 30 and 60 wt. %. The remaining half of
suspension 1 containing the components D6, D1, and D3 in D4 may be added to the
slurry and mixed for 30 minutes to 16 hours. After this step, the slurry characteristics
are:

- d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm

- Hegman gauge <70 um

- Solid content between 30 and 60 wt. %

- Viscosity between 2000 and 4500 cps at 85 Hz.

Target Solids Percentage

Component D4 may then be added progressively to adjust the slurry viscosity to the
final target. Each addition may be followed by a mixing step of 30 to 60 minutes. The
slurry may also be mixed for 30 minutes to 120 minutes under vacuum prior to coating.
A sieving step may be used to achieve the required particle size distribution.

A process flow diagram 1700 of Example Procedure 17 is depicted in FIG. 17.
Example Procedure 18 for Separator Slurry Mixing Process: Three-Stage Addition of

a Single Suspension of Component D6 in D4 to Component B

1.

ii.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Suspension 1: Component D6 in Component D4
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iil.

v.

[0181]
[0182]

Component D6 may be suspended in component D4 at a concentration of 40 to 60
wt. %. The suspension may be characterized by the following particle size distribution:
d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm.

Disperse Component B in Fractions of Suspension 1

Component B and component D1 may be added to a third of the suspension described
in step ii, leading to a solids content between 50 and 65 %. The slurry may be mixed
for 30 to 120 minutes. Another third of the suspension from step ii may be added to
the slurry decreasing the solid content between 45 and 60 %. The slurry may be mixed
for 30 to 120 minutes. The last third of the suspension from step ii may be added and
mixed for 30 to 16 hours. After this step, the Hegman gauge should be below 100 um
and the solid content between 40 and 55 %.

Target Solids Percentage

Some solvent may be added progressively to adjust the slurry viscosity to the final
target.

A process flow diagram 1800 of Example Procedure 18 is depicted in FIG. 18.
Example Procedure 19 for Separator Slurry Mixing Process: Two-Stage Addition of a

Single Suspension of Component D6 in D4 to Component B

1.

ii.

iil.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

i. Low shear axis between 10 and 40 rpm

ii. High shear axis between 0 and 3500 rpm

Suspension of Component D6 in Component D4

Half of component D6 may be suspended in component D4 at a concentration between
45 and 60 wt. % and mixed between 30 and 120 minutes.

Disperse Component B
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v.

[0183]

Component B and component D1 may be added to the suspension along with
component D4 targeting a solid content between 50 and 70 wt. %. The slurry may be
mixed for 30 to 120 minutes.

Disperse the Remainder of Component D6

The remaining half of component D6 and component D4 may be added to the mixing
vessel leading to a solid content between 45 and 60 wt. %. The slurry may be mixed
for 30 to 120 minutes. After this step, the Hegman gauge should be below 90 um.
Additional component D4 may be added progressively to adjust the slurry viscosity to
the final target.

Example Procedure 20 for Separator Slurry Mixing Process: Two Separate Starting

Suspension of Component B in Component D4 and Components D6 in Component D4 Combined

in Three Stages

1.

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 45 rpm

* High shear axis between 0 and 1300 rpm

Suspension 1: Suspension of Component D6 in Component D4

Component D6 may first be suspended in the solvent at a concentration of 40 to 60
wt. %. The suspension may be characterized by the following particle size distribution:
d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm.

Suspension 1: Disperse Component D1

Component D1 may then be added to the suspension and mixed for 30 minutes to 16
hours. After mixing, the suspension has a Hegman gauge < 80 um and a solid content
between 40 and 65 wt. %.

Suspension 2: Disperse Component B

In a separate mixing vessel, component B may be mixed with a portion of component

D4 for 30 to 180 minutes at a solid content between 70 and 95 wt.%. After this step,
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Vi.

[0184]

an additional portion of component D4 may be added to the mixing vessel and mixed
for 30 to 90 minutes to reach a solid content between 40 and 65 wt. %.

Disperse Suspension 1 into Suspension 2 in Three Stages

One third of the suspension 1 containing the components D6 and D4 may be added to
the slurry from step iv and mixed for 30 to 120 minutes. The solid content may be
between 40 and 65 wt. % and the Hegman gauge < 40 um. The second third of
suspension 2 may be added to the slurry and mixed for 30 to 120 minutes. The solid
content may be between 35 and 63 wt. % and the Hegman gauge <40 pm. The final
third of suspension 2 may be added to the slurry and mixed for 30 minutes to 16 hours.
After this step, the slurry characteristics are:

- Hegman gauge <40 um

- Solid content between 30 and 60 wt. %

- Viscosity between 3500 and 4500 cps at 85 Hz.

Target Solids Percentage

Component D4 may then be added progressively to adjust the slurry viscosity to the
final target. Each addition may be followed by a mixing step of 30 to 60 minutes. The
slurry may also be mixed for 30 to 120 minutes under vacuum prior to coating.

Table 4 provides examples of the separator slurry mixing process.

Table 4. Examples of the separator slurry mixing process with LiNiosMno.1Co0102 (NMC811)

(cathode active material) and graphite (anode active material).

Procedure Slurry particle size NMCS811 + graphite full-cell first
distribution Coulombic efficiency

D10 | D50 | D90 | D99
(um) | (um) | (pm) | (um)

17 0.02 | 0.12 6 67 77%

18 0.46 | 7.88 | 47.30 | 81.30 55%

19 0.75 | 6.61 | 34.90| 75.70 ---

20 295 55 123 184 ---

[0185] The slurry particle size distribution was evaluated using a Malvern Mastersizer 3000

laser particle size analyzer. For the separator layer, target dry thicknesses may be less than 30

microns. Thus, achieving a particle size distribution in which the majority of the particles is below
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the target thickness may be desirable. This has been achieved with Example Procedure 17 as
indicated in the table. Furthermore, the best full cell performance, as indicated by first cycle

efficiency, is also achieved through separator slurry mixing Example Procedure 17.

[0186] An alternative route to mixing for distribution of solid electrolyte component is again
discussed.
[0187] For example, to facilitate a distribution of component particles providing an optimum

density with preservation of the component materials’ functionality, the order with which the

particulate populations of the different materials may be added to the mixture must be carefully

selected. A tendency exists for smaller particles to intersperse amongst larger particles. For this

to happen effectively, the uniformity of the distribution of the larger particles must first be

established. Furthermore, to achieve as high a gravimetric capacity as possible the introduction of

the totality of each of the component materials can be done in subsets to engineer the distribution

of the large particle populations with respect to the smaller ones.

[0188] Given the previous definition of the composite volume of the separator layer, defined

as Vol.total = % Vol.Component A + %0 Volumecomponent B + %0 Volumecomponent ¢

- Where Component A corresponds to the ion conducting solid state polymer

- Where Component B corresponds to the free volume

- Where Component C corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

- Of'the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

- Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

- Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1.mean > Amean form <100 %, <95 %, <85 %, or < 80
%, with the remainder of Component A, identified by Az, belonging to a population for which

A2mean < Amean, situated in the interstices between the larger particles

71



WO 2021/003305 PCT/US2020/040559

[0189] With consideration for the above design criteria the following prescribes the order by

which the components of the separator coated on the cathode layer may be combined to form a

mixture of the Components A, B, and C by the process of mixing:

- A portion of Component A1 may be mixed with a portion of Component C providing a
dispersed population of A1 particles

- A further portion of Component A1 may be mixed with a portion of Component Az and
Component C providing a dispersed population of A1 particles

- The remainder of Component Az and Component C may be added step-wise to the mixture
until the mixture may include the totality of the Components A1, A2, B and C

[0190] To facilitate the intended distribution of the above components the following criteria

may be applied to guide the optimization of component particle size distributions:

- The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, or < 0.2 microns

- The maximum characteristic particle size of the solid polymer electrolyte may be > 1.5 microns,
< 2.0 microns, or <2.5 microns

- The particle size distributions of the subpopulations can be approximated using a log-normal
distribution function including individual or multiple components. Component A can be

approximated using multiple components (A1 and Az) having a log-normal distribution

lnx ,u
- f(X)—x 0«/_ ]

- where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the

dispersity
- The dispersity of Component A1 may be <0.75,<0.6,<0.5,<04,<0.3,<0.2,0r<0.15
- The dispersity of Component A2 may be <0.8,<0.7,<0.6,<0.5,<0.45,<04,0r<0.3

Separator layer coating process

[0191] In one example, the separator can be coated, casted, deposited, or laid onto the positive,
the negative, or both electrodes to ensure high conformity between the separator layer and the
electrodes. The coating process may be performed according to the following configurations:

1. The same separator formulation coated on the anode and on the cathode,

il. Two different separator formulations coated on the anode allowing for optimized

chemical and electrochemical stability between each electrode and the separator,
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iil. A succession of layers of different formulation coated on the anode and/or on the
cathode to allow for a gradient of separator composition enhancing the chemical and
electrochemical stability of the electrodes with the separator.

[0192] To ensure continuous coverage of the electrode onto which the separator layer is to be
coated, the width of the two coated layers may be identical. The width of the separator layer may
also be slightly larger than the coating width of the supporting electrode.

[0193] The separator layer slurry may be coated at a speed between 1 and 10 m/min using one
of the coating methods described hereinabove (e.g., Example Procedure 17, 18, 19, or 20).
Following a coating, the electrode roll passes through a set of multiple ovens where the drying
conditions may be set to achieve an evaporation rate range of 5-70 g/min. This range of values
may be optimized for reduced migration or spatial gradient of component D1 (binder), a networked
distribution of component B (the solid ionically conductive polymer material), an optimized
uniformity in coat weight across the width of a coating, and good coating adhesion (> 10 gf/in).
The latter parameter may be important for subsequent stamping of electrodes without
compromising the integrity of the coating with delamination on the surface or along the edges of
the stamped electrode.

Characterization of polymer electrolyte 2D distribution in the Separator Layer

[0194] The 2D distribution of component B is quantified from SEM-EDS images. In SEM

image 1900 as shown by FIG. 19, the surface of the separator coating is shown where component

B is highlighted in white, and the background is shown in black.

- Using a nearest neighbor distance (NND) analysis, the 2D distribution of the polymer
electrolyte may be clustered with an average NND between 2-5 um.

- The maximum feret distance, the longest distance between two points on a boundary of a
polymer electrolyte particle(s) may be between 1-30 um.

- The area of particles may be between 0.5-180 um?.

- The circularity of particle(s) in the separator, defined by

Area
Perimeter?

may be between 0.2-1.0.

Separator layer (anode side)

[0195] In one example, the separator layer of the cell may include a number of materials that

in isolated populations may be characterized as powders insofar as including a multitude of
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particles of similar composition and characteristics. These powders may be combined with other

materials to form a slurry to facilitate deposition of a continuous layer, possessing a functionality

derived from the composite thereof, onto a substrate, which in the case of the present invention

may be a current collector or a previously manufactured electrode, separator, or assembly

including a combination thereof. In the following a description of the component materials, routes

by which they may be combined to form a slurry, the characteristics of the slurry, and methods for

casting of the slurry are provided. Details presented below apply to the casting of a separator layer

onto an anode layer.

[0196] In one example, the composite body including the separator layer, and the slurry from

which it is derived, may be formed from the combination of a number of materials of both active

and passive functionalities. Some of these candidate materials may be deployed on a sacrificial

basis during the formation of the slurry and may later be removed after the casting of the slurry

during steps required to finish manufacturing of said layer.

[0197] The slurry employed for application of the separator layer on the electrodes must

include one or more solid ionically conductive polymer materials as the primary ion-conducting

medium. The primary particle size of the solid ionically conductive polymer material(s) may be

between 0.01 and 20 pm.

[0198] The composite of the separator in the form of a slurry or other may be defined

according to the following:

- Composite(Total) = Component A + Component B + Component C + Component D

- Where Component A corresponds to the electrode active material (not present)

- Where Component B corresponds to the ion conducting solid state polymer

- Where Component C corresponds to the free volume

- Where Component D corresponds to the binder, additives, and other functional and non-
functional components

Whereby the separator slurry may include the following components:

Component A

(Not present)

Component B

- one or more solid ionically conductive polymer materials as ion-conducting agent with a

primary particle size between 0.01 and 20 um
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Component C

Component D

Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

Component D3: one or more surfactants for homogeneity of the slurry such as sulfates,
sulfonates, phosphates, and carboxylates

Component D4: a dispersing solvent such as acetone, isopropanol, methanol, toluene, n-methyl
pyrrolidone, and water

Component D5: one or more inorganic additives for the reduction of interfacial impedance,
such as LiNbO3, LiTaOs, LiNbxTa1xO3, BaTiOs, including P20s, B20s3, Al20s, Ga20s, Y203,
Lax03, Si0O2, ZrOz, TiO2, and compounds arising from combinations thereof including the
possible addition of Li20O, with a primary particle size between 0.01 and 10 microns
Component D6: one or more additives to improve the mechanical integrity of the solid
electrolyte layer, such as B2Os, Al203, y-AlIO(OH), Ga20s3, Y203, La20s, including P20Os, B203,
Al203, Ga203, Y203, Lax0s, Si02, ZrOs2, TiO2, and compounds arising from combinations
thereof including the possible addition of Li2O, with a primary particle size between 0.01 and
10 pm

Component D7: one or more Li salts including Li* cations such as LiClOs, LiAsFs, LiPFs,
LiBFs, LiRFSOs3, LiCH3S0s, LIN(RFSOz)2, LiC(RFSO2)3, LiTFSI (lithium trifluoromethane
sulphonylimide), LiBOB  (lithium  bis(oxalato)borate), LiBETI  (lithium  bis
(perfluoroethylsulfonyl)imide)

Component D8: one or more additives for interfacial impedance reduction such as urethane-
containing molecules, such as urethane functionalized PEG, urethane functionalized
perfluoropolyethers, and alkylurethanes; 1-methyl-3-pyrrolidinone; 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone; 1,5-dimethyl-2-pyrrolidinone; alkyl substituted pyridinium-
based ionic liquids, alkyl substituted pryrolidinium-based ionic liquids, and alkyl substituted
ammonium-based ionic liquids with counter anions such as TFSI, PF¢, BF4 anions; substituted
poly(ethylene glycol) with functional end groups such as carbonates (linear or cyclic),

carbamates (linear or cyclic), or nitriles; poly(ethylene glycol) bis(carboxymethyl) ether;
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dioctyl sulfosuccinate sodium, lithium, or potassium salts; glycolic acid ethoxylate 4-tert-
butylphenyl ether; glycolic acid ethoxylate lauryl ether; glycolic acid ethoxylate 4-nonylphenyl
ether; glycolic acid ethoxylate oleyl ether; poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl
ether sodium, lithium, or potassium salts; and sodium, lithium, or potassium

dodecylbenzenesulfonate

[0199] Excluding the solvent, the separator layer slurry shall contain the previous components

within the following range:

1. solid ionically conductive polymer materials between 1 and 98 wt. %,
il. binder content between 1 and 10 wt. %,

iil. L1 salt content between 0 and 10 wt. %,

iv. additives content between 15 and 95 wt. %,

V. surfactant content between 0 and 5 wt.%.

For which the composite volume of the separator layer may be defined as Vol.total = % Vol .component

At % VOlumeComponentB + % VOlumeComponent ct+% VOlumeComponentD

Where Component A corresponds to the electrode active material(s) (not present)

Where Component B corresponds to the ion conducting solid state polymer

Where Component C corresponds to the free volume

Where Component D corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

The Volume % of Component A may be 0 %

The Volume % of Component B may be > 80%, >85%, >90%, > 95%, or > 97 %

The Volume % of Component C may be < 20%, <15%, <10%, < 5%, or <3 %

The Volume % of Component D may be <20%, <15%, <10%, < 5%, or <3 %

The sum of the Volume % of Components C and D may be <20%, <15%, <10%, < 5%, or <
3%

[0200] The sizes of the particles including the powder forms of Component B may also be

described by the following:

Of the Volume % including Component B, for which a mean particle size value Bmean can be
assigned, a percentage of the total population identified as B1, will be characterized as having

a size distribution for which the mean value, B1,mean, may be greater than Bmean
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- Of the Volume % including Component B for which a mean particle size value Bmean can be
assigned, a percentage of the total population, identified as Bz, will be characterized as having
a size distribution for which the mean value, B2,mean, may be less than Bmean

- Of the Volume % including Component B, particles belonging to a population with a size
distribution described by a mean value B1.mean > Bmean form <100 %, <95 %, <85 %, or < 80
%, with the remainder of Component B, identified by B2, belonging to a population for which

B2 mean < Bmean, situated in the interstices between the larger particles

[0201] Prior to its coating, the separator layer slurry may be characterized by:
1. A viscosity between 500 and 2200 cps at 85 Hz
il. A solid content between 40 and 55 %

iii. A Hegman gauge below 90 pm or below 50 um
iv. A particle size distribution as follows: d10 <1 um, d50 < 15 um, d90 <60 um, d99 <
100 um
[0202] The separator layer thickness post calendering may be between 5 and 50 um.
Calendering may be conducted between room temperature (20 °C) and 140 °C in a low-moisture
environment.

Separator laver slurry mixing process

[0203] Provided below are example procedures of forming a separator slurry.

[0204] Example Procedure 21 for Separator Slurry Mixing Process: Two Separate Starting
Suspension of Component B in Component D4 and Components D3+D6 in Component D4
Combined in Two Stages

1. Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

ii. Suspension 1: Solution of Component D1 and D3 in Component D4
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iil.

v.

First, component D1 may be dissolved in component D4 to form a solution at 1 and 15
wt. %. After dissolution of component D1, component D3 may be added to the solution
and mixed for 30 to 90 minutes.

Suspension 1: Disperse Component D6

Component D6 may then be added and mixed between 30 and 90 minutes. An ultra
high-shear rotor/stator mixer may be employed to stabilize/homogenize the suspension.
The suspension may be characterized by the following:

- d10 <1 pm, d50 <5 pm, d90 < 10 um, d99 < 30 pm

- Hegman gauge < 50 um

- Solid content between 40 and 65 wt. %

Alternatively, the previous suspension may be prepared by adding component D6 first,
followed by component D3, and finally component D1. The suspension characteristics
shall remain the same as the ones listed above.

Suspension 2: Disperse Component B in Component D4

In a separate mixing vessel, component B may be mixed with component D4 for 30 to
180 minutes at a solid content between 70 and 95 wt.%. After this step, an addition of
component D4 may be added to the mixing vessel and mixed for 30 to 90 minutes. The
slurry characteristics may then be:

- d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm

- Hegman gauge < 50 um

- Solid content between 30 and 60 wt. %

Disperse Suspension 1 into Suspension 2 in Two Stages

Half of suspension 1 containing the components D6, D1, and D3 in D4 may be added
to the suspension 2 from step iv. Above and mixed for 30 to 120 minutes. After this
step, the solids content may be between 30 and 60 wt. %. The remaining half of
suspension 1 containing the components D6, D1, and D3 in D4 may be added to the
slurry and mixed for 30 minutes to 16 hours. After this step, the slurry characteristics
are:

- d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm

- Hegman gauge <70 um

- Solid content between 30 and 60 wt. %
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Vi.

[0205]
[0206]

- Viscosity between 2000 and 4500 cps at 85 Hz.

Target Solids Percentage

Component D4 may then be added progressively to adjust the slurry viscosity to the
final target. Each addition may be followed by a mixing step of 30 to 60 minutes. The
slurry may also be mixed for 30 minutes to 120 minutes under vacuum prior to coating.
A sieving step may be used to achieve the required particle size distribution.

A process flow diagram 1700 of Example Procedure 21 is depicted in FIG. 17.
Example Procedure 22 for Separator Slurry Mixing Process: Three-Stage Addition of

a Single Suspension of Component D6 in D4 to Component B

1.

ii.

iil.

v.

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 55 rpm

* High shear axis between 0 and 1500 rpm

Suspension 1: Component D6 in Component D4

Component D6 may be suspended in component D4 at a concentration of 40 to 60
wt. %. The suspension may be characterized by the following particle size distribution:
d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm.

Disperse Component B in Fractions of Suspension 1

Component B and component D1 may be added to a third of the suspension described
in step ii, leading to a solids content between 50 and 65 %. The slurry may be mixed
for 30 to 120 minutes. Another third of the suspension from step ii may be added to
the slurry decreasing the solid content between 45 and 60 %. The slurry may be mixed
for 30 to 120 minutes. The last third of the suspension from step ii may be added and
mixed for 30 to 16 hours. After this step, the Hegman gauge should be below 100 um
and the solid content between 40 and 55 %.

Target Solids Percentage
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[0207]
[0208]

Some solvent may be added progressively to adjust the slurry viscosity to the final
target.

A process flow diagram 1800 of Example Procedure 22 is depicted in FIG. 18.
Example Procedure 23 for Separator Slurry Mixing Process: Two-Stage Addition of a

Single Suspension of Component D6 in D4 to Component B

1.

ii.

iil.

v.

[0209]

Mixing Speed and Equipment

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 40 rpm

* High shear axis between 0 and 3500 rpm

Suspension of Component D6 in Component D4

Half of component D6 may be suspended in component D4 at a concentration between
45 and 60 wt. % and mixed between 30 and 120 minutes.

Disperse Component B

Component B and component D1 may be added to the suspension along with
component D4 targeting a solid content between 50 and 70 wt. %. The slurry may be
mixed for 30 to 120 minutes.

Disperse the Remainder of Component D6

The remaining half of component D6 and component D4 may be added to the mixing
vessel leading to a solid content between 45 and 60 wt. %. The slurry may be mixed
for 30 to 120 minutes. After this step, the Hegman gauge should be below 90 um.
Additional component D4 may be added progressively to adjust the slurry viscosity to
the final target.

Example Procedure 24 for Separator Slurry Mixing Process: Two Separate Starting

Suspension of Component B in Component D4 and Components D6 in Component D4 Combined

in Three Stages

1.

Mixing Speed and Equipment
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ii.

iil.

v.

Dispersion of the components may be achieved through a combination of single-shaft
mixers equipped with saw-tooth high-shear dispersers and multi-shaft mixers equipped
with multiple high-shear dispersers, and low-shear anchor agitators, low-shear helical-
shaped paddles, or ultra high-shear rotor/stator mixers. Throughout the entire mixing
process, the mixing speeds may be kept as described below:

* Low shear axis between 10 and 45 rpm

* High shear axis between 0 and 1300 rpm

Suspension 1: Suspension of Component D6 in Component D4

Component D6 may first be suspended in the solvent at a concentration of 40 to 60
wt. %. The suspension may be characterized by the following particle size distribution:
d10 <1 pm, d50 <2 pm, d90 < 15 pm, d99 < 30 pm.

Suspension 1: Disperse Component D1

Component D1 may then be added to the suspension and mixed for 30 minutes to 16
hours. After mixing, the suspension has a Hegman gauge < 80 um and a solid content
between 40 and 65 wt. %.

Suspension 2: Disperse Component B

In a separate mixing vessel, component B may be mixed with a portion of component
D4 for 30 to 180 minutes at a solid content between 70 and 95 wt.%. After this step,
an additional portion of component D4 may be added to the mixing vessel and mixed
for 30 to 90 minutes to reach a solid content between 40 and 65 wt. %.

Disperse Suspension 1 into Suspension 2 in Three Stages

One third of the suspension 1 containing the components D6 and D4 may be added to
the slurry from step iv and mixed for 30 to 120 minutes. The solid content may be
between 40 and 65 wt. % and the Hegman gauge < 40 um. The second third of
suspension 2 may be added to the slurry and mixed for 30 to 120 minutes. The solid
content may be between 35 and 63 wt. % and the Hegman gauge <40 pm. The final
third of suspension 2 may be added to the slurry and mixed for 30 minutes to 16 hours.
After this step, the slurry characteristics are:

- Hegman gauge <40 um

- Solid content between 30 and 60 wt. %

- Viscosity between 3500 and 4500 cps at 85 Hz.
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Vi. Target Solids Percentage

Component D4 may then be added progressively to adjust the slurry viscosity to the
final target. Each addition may be followed by a mixing step of 30 to 60 minutes. The
slurry may also be mixed for 30 to 120 minutes under vacuum prior to coating.

[0210] Table 5 provides examples of the separator slurry mixing process.

Table 5: Examples of the separator slurry mixing process with LiNiosMno.1Co0102 (NMC811)

(cathode active material) and graphite (anode active material).

Procedure Slurry particle size NMCS811 + graphite full-cell first
distribution Coulombic efficiency

D10 | D50 | D90 | D99

(um) | (um) | (um) | (um)

21 0.02 | 0.12 6 67 77%
22 046 | 7.88 | 47.30 | 81.30 55%
23 0.75 | 6.61 |34.90| 75.70 -

24 2951 55 123 184 —

[0211] The slurry particle size distribution was evaluated using a Malvern Mastersizer 3000
laser particle size analyzer. For the separator layer, target dry thicknesses may be less than 30
microns. Thus, achieving a particle size distribution in which the majority of the particles is below
the target thickness may be desirable. This has been achieved with Example Procedure 21 as
indicated in the table. Furthermore, the best full cell performance, as indicated by first cycle
efficiency, is also achieved through separator slurry mixing Example Procedure 21.

[0212] An alternative route to mixing for distribution of solid electrolyte component is also
disclosed. For example, to facilitate a distribution of component particles providing an optimum
density with preservation of the component materials’ functionality, the order with which the
particulate populations of the different materials may be added to the mixture must be carefully
selected. A tendency exists for smaller particles to intersperse amongst larger particles. For this
to happen effectively, the uniformity of the distribution of the larger particles must first be
established. Furthermore, to achieve as high a gravimetric capacity as possible the introduction of
the totality of each of the component materials can be done in subsets to engineer the distribution

of the large particle populations with respect to the smaller ones.
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[0213] Given the previous definition of the composite volume of the separator layer, defined

as Vol.total = %0 VOI.ComponentA + % VOlumeComponentB + % VOlumeComponent C

Where Component A corresponds to the ion conducting solid state polymer

Where Component B corresponds to the free volume

Where Component C corresponds to the volume arising from the presence of binder, additive,
and other functional and non-functional components

Of the Volume % including Component A, for which a mean particle size value Amean can be
assigned, a percentage of the total population identified as A1, will be characterized as having
a size distribution for which the mean value, A1 mean, may be greater than Amean

Of the Volume % including Component A for which a mean particle size value Amean can be
assigned, a percentage of the total population, identified as Az, will be characterized as having
a size distribution for which the mean value, A2 mean, may be less than Amean

Of the Volume % including Component A, particles belonging to a population with a size
distribution described by a mean value A1.mean > Amean form <100 %, <95 %, <85 %, or < 80
%, with the remainder of Component A, identified by Az, belonging to a population for which

A2mean < Amean, situated in the interstices between the larger particles

[0214] With consideration for the above design criteria the following prescribes the order by

which the components of the separator coated on the cathode layer may be combined to form a

mixture of the Components A, B, and C by the process of mixing:

A portion of Component A1 may be mixed with a portion of Component C providing a
dispersed population of A1 particles

A further portion of Component A1 may be mixed with a portion of Component Az and
Component C providing a dispersed population of A1 particles

The remainder of Component A2 and Component C may be added step-wise to the mixture

until the mixture may include the totality of the Components A1, A2, B and C

[0215] To facilitate the intended distribution of the above components the following criteria

may be applied to guide the optimization of component particle size distributions:

The minimum characteristic particle size of the solid polymer electrolyte may be < 1 micron,
< 0.5 microns, or < 0.2 microns
The maximum characteristic particle size of the solid polymer electrolyte may be > 1.5 microns,

< 2.0 microns, or <2.5 microns
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- The particle size distributions of the subpopulations can be approximated using a log-normal
distribution function including individual or multiple components. Component A can be
approximated using multiple components (A1 and Az) having a log-normal distribution

11 N _(lnx—,u)2
- f(x)—x Umep[ 2672 ]

- where x is the particle size, p is the mean particle size, and ¢ is the standard deviation or the
dispersity

- The dispersity of Component A1 may be <0.75,<0.6,<0.5,<04,<0.3,<0.2,0r<0.15

- The dispersity of Component A2 may be <0.8,<0.7,<0.6,<0.5,<0.45,<04,0r<0.3

Separator layer coating process

[0216] In one example, the separator can be coated, casted, deposited, or laid onto the positive,
the negative, or both electrodes to ensure high conformity between the separator layer and the
electrodes. The coating process may be performed according to the following configurations:

1. The same separator formulation coated on the anode and on the cathode,

il. Two different separator formulations coated on the anode allowing for optimized
chemical and electrochemical stability between each electrode and the separator,

iil. A succession of layers of different formulation coated on the anode and/or on the
cathode to allow for a gradient of separator composition enhancing the chemical and
electrochemical stability of the electrodes with the separator.

[0217] To ensure continuous coverage of the electrode onto which the separator layer is to be
coated, the width of the two coated layers may be identical. The width of the separator layer may
also be slightly larger than the coating width of the supporting electrode.

[0218] The separator layer slurry may be coated at a speed between 1 and 10 m/min using one
of the coating methods described hereinabove (e.g., Example Procedure 21, 22, 23, or 24).
Following coating, the electrode roll passes through a set of four ovens which temperature and fan
exhaust may be set as follows:

1. Oven 1 between 40 and 100 °C and 300 and 900 rpm,

il. Oven 2 between 50 and 110 °C and 300 and 900 rpm,

iil. Oven 3 between 60 and 120 °C and 300 and 900 rpm,

iv. Oven 4 between 80 and 140 °C and 300 and 900 rpm.

Characterization of polymer electrolyte 2D distribution in the Separator Layer
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[0219] The 2D distribution of component B is quantified from SEM-EDS images. In SEM

image 1900 as shown by FIG. 19, the surface of the separator coating is shown where component

B is highlighted in white, and the background is shown in black.

- Using a nearest neighbor distance (NND) analysis, the 2D distribution of the polymer
electrolyte may be clustered with an average NND between 2-5 um.

- The maximum feret distance, the longest distance between two points on a boundary of a
polymer electrolyte particle(s) may be between 1-30 um.

- The area of particles may be between 0.5-180 um?.

- The circularity of particle(s) in the separator, defined by

Area
M—
Perimeter?

may be between 0.2-1.0.

Tab protection strip

[0220] In addition to the introduction of layers between the electrode, separator, and current
collector layers, combination of the aforementioned component can be facilitated through the
placement of additional layers which may be placed so as to coat a portion of one or several of the
pre-existing layers. As an example, a tab protection layer may be introduced to protect tabs
extending from the current collectors from shorting in the cell’s assembled form. The tab
protection layer of the cell may include a number of materials that in isolated populations may be
characterized as powders insofar as including a multitude of particles of similar composition and
characteristics. These powders may be combined with other materials to form a slurry to facilitate
deposition of a continuous layer, possessing a functionality derived from the composite thereof,
onto a substrate, which in the case of the present invention may be a current collector or a
previously manufactured electrode, separator, or assembly including a combination thereof. In the
following a description of the component materials, routes by which they may be combined to
form a slurry, the characteristics of the slurry, and methods for casting of the slurry are provided.

[0221] The composite body including the interfacial cathode-separator layer, and the slurry
from which it is derived, may be formed from the combination of a number of materials of both
active and passive functionalities. Some of these candidate materials may be deployed on a
sacrificial basis during the formation of the slurry and may later be removed after the casting of

the slurry during steps required to finish manufacturing of said layer.
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[0222] An additional coating adjacent to the electrode coating may be necessary to protect the

tabs from shorting on contact with bare current collector exposed on the edges of the electrodes.

[0223] The composite may be defined according to the following:

Where Component A corresponds to the electrode active material (not present)

Where Component B corresponds to the ion conducting solid state polymer (not present)
Where Component C corresponds to the free volume

Where Component D corresponds to the binder, additives, and other functional and non-

functional components

Whereby the tab protection strip slurry may include the following components:

Component A

(not present)

Component B

(not present)

Component C

Component D

Component D1: a binder including at least one compound selected from the group including
polyethers, polyesters, carboxymethylcellulose, or polymers based on at least one monomer,
such as methyl methacrylate, acrylonitrile, styrene, butadiene, acrylic acid or vinylidene
fluoride

Component D3: one or more surfactants for slurry homogeneity such as sulfates, sulfonates,
phosphates, and carboxylates

Component D4: a dispersing solvent such as acetone, isopropanol, methanol, toluene, n-methyl
pyrrolidone, and water

Component D6: one or more additives for mechanical integrity, such as B203, Al203, v-

AlO(OH), Ga:03, Y203, La20s, with a primary particle size below 1 um

[0224] Excluding the solvent, the tab protection slurry shall contain the previous components

within the following range:

- Component D1 content between 5 and 100 wt. %,
- Component D6 content between 0 and 95 wt. %,

- Component D3 content between 0 and 2 wt.%.

[0225] Prior its coating, the tab protection slurry may be characterized by:
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- A viscosity between 500 and 3000 cps at 85 Hz

- A solid content between 3 and 40 %

- A Hegman gauge below 30 pm or below 10 um

- A particle size distribution as follows: d10 < 1 um, d50 <5 pum, d90 < 10 pm, d99 <

30 um

[0226] The tab protection strip thickness post calendering may be between 5 and 40 um with
a width between 3 and 10 mm. Calendering may be conducted between room temperature (20 °C)
and 140 °C in a low-moisture environment.

Tab protection slurry mixing process

[0227] The binder may be dissolved in the solvent at a concentration between 1 and 15 wt. %.
After dissolution of the binder, the surfactant may be added to the solution and mix for 30 to 90
minutes. The additives may then be added and mixed between 30 and 90 minutes. A step of
sonication or homogenization may be required to stabilize the suspension.

[0228] Alternatively, the previous suspension may be prepared by adding the additives first,
followed by the surfactant, and finally the binder. The suspension characteristics shall remain the
same as the ones listed above.

Tab protection strip coating process

[0229] The tab protection strip may be coated on either the positive electrode tab, the negative
electrode tab, or both of the electrode tabs. It shall be coated adjacent to the electrode coating,
minimizing the overlap with the electrode coating as well as the presence of bare current collector
between the electrode coating and the tab protection strip coating.

[0230] The tab protection slurry may be coated at a speed between 1 and 10 m/min using one
of the coating methods described hereinabove. Following a coating, the electrode roll passes
through a set of multiple ovens where the drying conditions may be set to achieve an evaporation
rate range of 0.1-15 g/min. This range of values may be optimized for reduced migration or spatial
gradient of component D1 (binder), a networked distribution of component B (the solid ionically
conductive polymer material), an optimized uniformity in coat weight across the width of a coating,
and good coating adhesion (> 10 gf/in). The latter parameter may be important for subsequent
stamping of electrodes without compromising the integrity of the coating with delamination on the

surface or along the edges of the stamped electrode.
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[0231] The methods described herein improve manufacture of rechargeable lithium ion
batteries, and provides a method for the replacement of the liquid electrolyte component in
conventional batteries with a solid state electrolyte. These methods provide enhanced safety by
reduction or elimination of the quantity of liquid electrolyte in the finished cells, but also provide
performance benefits of the resulting devices. In this regard, the methods increase performance
benefits by the optimization of the cell’s energy and power density by virtue of optimized powder
packing strategies leading to increased specific capacities, reduced porosity and reduced internal
resistance.
[0232] The methods described herein including staged introduction of component materials
tuned to provide matching between material sub-systems and free-volume populating the matrices
deliver the functionality of the components from which they are made. Furthermore, the methods
of selection and deployment of materials that support the slurry formulation and casting processes
increases the integrity and functionality of the individual and combined layers in composite form.
Not only does the sequence with which the materials may be added affect the relative distribution
of the component materials, but so the methods used to mix these materials once placed in contact
for the intended inter-mixing effect the overall distribution of component materials.
[0233] Subsequent to the mixing of the slurries further complexity may be encountered during
the casting procedures as the fluid dynamics of the casted slurries evolve towards those of a solid
film, the characteristics of which may be sensitive to the parameters defining the path between the
liquid and the solid states. The described methods for combining the device layers, during the
casting of liquid phase slurries and the combining of solid phase layered structures improve
stability without compromising the functionality for the individual materials or the composites
structures produced therefrom.
[0234] The described mixing and casting methods provided herein for the manufacture of
slurries and layers therefrom for the production of solid state battery slurries which when combined
with other operations the entirety of a solid state battery may be generated. The following method
is provided to produce a functioning cell or battery:

Step 1. Process constituent powders (Components A, B, D1, D2, DS, D6, D7, D8) using

various means such as milling and sieving to produce populations of said powders for the

production of the slurries.
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a. Examples of materials subject to particle size engineering include in a non-limiting
fashion, the cathode or anode active materials, the polymeric solid state electrolyte,
inorganic solid electrolyte materials, inorganic mechanical stabilizing powders,
conducting additives, binder materials, salts, among others.

Step2.  Evaluate the particles size distribution of the aforementioned materials using a
combination of laser or white light particle size analysis, scanning electron microscopy,
test sieves, as an example.

Step3.  Disperse components using a combination of high and low shear mixing techniques
by their staged combination with one another and components including the slurry vehicle,
non-limiting examples of which may include (Components D1, D3, D4):

a. Solvent(s), binders, surfactants, defoaming agents, thickeners, thinners, among
others.

Step4.  The slurry may be characterized in a staged parallel workflow using such techniques
as theometry, particle size analysis, a Hegman gauge, among others.

Step S. A cathode slurry (Components A, B, C, D1-D8) may be casted using a roll-to-roll
coating technique such as slot-die coating onto one or both sides of a current collector to
form a cathode layer.

a. The cathode layer may be subjected to in-line drying subsequent to the casting
process.

Step 6.  An anode slurry (Components A, B, C, D1-D8) may be casted using a roll-to-roll
coating technique such as slot-die coating onto one or both sides of a current collector to
form an anode layer.

a. The anode layer may be subjected to in-line drying subsequent to the casting
process.

Step 7. The anode or cathode structures may be subjected to a calendering process.

Step 8. A separator slurry (Components B, C, D1, D3, D4, D5, D6, D7, D8) may be casted
using a roll-to-roll coating technique such as slot-die coating onto one or both sides of a
cathode or anode.

a. The layered electrode-separator structure may be subjected to in-line drying

subsequent to the casting process.
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Step 9.  The layered electrode-separator structures may be subjected to a calendering

process.

Step 10. The layered electrode-separator structures may be subjected to a bake-out routine

involving one or both elevated temperatures and reduced pressures.

Step 11. The electrodes may then be interposed with one another so as to align cathode and

anode current collector tabs with the same of other electrodes to form a stack.

Step 12. The stacked electrodes may then be packaged in a hermetically sealed container

such as a pouch.

Step 13.  The cell may then subjected to forming routines to condition the cell for service.
[0235] In this way, a slurry for applying a coating to an electrode structure for a solid-state
battery cell may be formed utilizing an optimized particle distribution and a selectively staged
component introduction. A technical effect of forming the slurry in this manner is that the coating
formed therefrom may have a reduced porosity and improved percolation networks. Further, the
slurry may form a separator coating including a solid ionically conductive polymer material. The
technical effect of incorporating the solid ionically conductive polymer material is lowering
resistance to Li-ion transport and providing mechanical stability in a formed battery cell.

[0236] In one example, a method, comprising dividing a solvent into portions, in accordance
with a step ordering, mixing a solid ionically conductive polymer material, for example, formed
from a polyphenylene sulfide or liquid crystal polymer, the solid ionically conductive polymer
material having an ionic conductivity greater than 1 x 10~ S/cm at room temperature, and where
the solid ionically conductive polymer material is in a glass state at room temperature, in a first
portion of the solvent to form a suspension, wherein the first portion of the solvent is approximately
half of an overall solvent content, mixing a first additive in the suspension, and following the
mixing the first additive in the suspension, mixing a second portion of the solvent with the
suspension to form a slurry having a solid content between 25 and 80 wt. %, a d50 particle size of
less than 30 um, a Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps
at 85 Hz, wherein mixing includes mixing at a high shear and mixing at a low shear, where the
low shear is between 10 and 55 rpm. A first example of the method further includes wherein the
high shear is between 0 and 1500 rpm. A second example of the method, optionally including the
first example of the method, further includes wherein the high shear is between 0 and 3500 rpm,

and wherein the low shear is between 10 and 40 rpm. A third example of the method, optionally

90



WO 2021/003305 PCT/US2020/040559

including one or more of the first and second examples of the method, further includes wherein
the high shear is between 0 and 1300 rpm, and wherein the low shear is between 10 and 45 rpm.
A fourth example of the method, optionally including one or more of the first through third
examples of the method, further includes wherein mixing includes simultaneously mixing at the
high shear and mixing at the low shear. A fifth example of the method, optionally including one
or more of the first through fourth examples of the method, further includes wherein an amount of
the first portion of the solvent and an amount of the second portion of the solvent are approximately
equivalent. A sixth example of the method, optionally including one or more of the first through
fifth examples of the method, further includes wherein the first additive comprises an electrode
active material, a binder, a surfactant, or an inorganic ceramic. A seventh example of the method,
optionally including one or more of the first through sixth examples of the method, further includes
wherein the mixing the first additive in the suspension comprises mixing the first additive and one
or more further additives in the suspension. An eighth example of the method, optionally including
one or more of the first through seventh examples of the method, further includes wherein the first
additive is an inorganic ceramic, wherein the one or more further additives are a binder and a
surfactant, and wherein the mixing the first additive and the one or more further additives in the
suspension comprises mixing the binder and the surfactant in a third portion of the solvent to form
a solution, mixing the inorganic ceramic in the solution, following the mixing the inorganic
ceramic in the solution, dividing the solution into portions, mixing a portion of the solution in the
suspension, and thereafter mixing a remaining portion of the solution in the suspension. A ninth
example of the method, optionally including one or more of the first through eighth examples of
the method, further includes wherein the first additive is an electrode active material, wherein the
mixing the solid ionically conductive polymer material in the first portion of the solvent to form
the suspension comprises dividing a binder into portions, mixing a first portion of the binder in the
first portion of the solvent to form a first solution, dividing the first solution into portions, mixing
an electronic conductor in a first portion of the first solution to form the suspension, and mixing
the solid ionically conductive polymer material and a second portion of the first solution in the
suspension, and wherein the mixing the first additive in the suspension comprises mixing the
electrode active material and a remaining portion of the first solution in the suspension. A tenth
example of the method, optionally including one or more of the first through ninth examples of

the method, further includes wherein the electrode active material is a cathode active material. An
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eleventh example of the method, optionally including one or more of the first through tenth
examples of the method, further includes wherein the mixing the electrode active material and the
remaining portion of the first solution in the suspension comprises dividing the first additive into
portions, mixing a first portion of the electrode active material and a third portion of the first
solution with the suspension for 45 to 120 min, and thereafter mixing a second portion of the
electrode active material and a fourth portion of the first solution with the suspension for 2 to 16
hrs. A twelfth example of the method, optionally including one or more of the first through
eleventh examples of the method, further includes wherein the viscosity is between 2000 and 2600
cps at 85 Hz. A thirteenth example of the method, optionally including one or more of the first
through twelfth examples of the method, further includes wherein the electrode active material is
an anode active material. A fourteenth example of the method, optionally including one or more
of the first through thirteenth examples of the method, further comprises following the mixing the
electrode active material and the remaining portion of the first solution in the suspension, mixing
the second portion of the binder with a third portion of the solvent to form a second solution, and
mixing the second solution in the suspension. A fifteenth example of the method of the method,
optionally including one or more of the first through fourteenth examples of the method, further
includes wherein the solid content is between 25 and 75 wt. %. A sixteenth example of the method,
optionally including one or more of the first through fifteenth examples of the method, further
includes wherein the viscosity is between 1100 and 2800 cps at 85 Hz. A seventeenth example of
the method, optionally including one or more of the first through sixteenth examples of the method,
further includes wherein the mixing the electrode active material and the remaining portion of the
first solution in the suspension comprises dividing the electrode active material into portions,
mixing a first portion of the electrode active material and a third portion of the first solution with
the suspension for 45 to 120 min, and thereafter mixing a second portion of the electrode active
material and a fourth portion of the first solution with the suspension for 2 to 16 hrs, and thereafter
mixing a fifth portion of the first solution with the suspension for 30 to 90 min. An eighteenth
example of the method, optionally including one or more of the first through seventeenth examples
of the method, further includes wherein the solid content is between 25 and 65 wt. %. An
nineteenth example of the method, optionally including one or more of the first through eighteenth
examples of the method, further includes wherein the viscosity is between 500 and 2600 cps at 85

Hz. A twentieth example of the method, optionally including one or more of the first through
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nineteenth examples of the method, further includes wherein the slurry has a d10 particle size of
less than 1 um, a d90 particle size of less than 60 um, and a d99 particle size of less than 140 um.
A twenty-first example of the method, optionally including one or more of the first through
twentieth examples of the method, further includes wherein the slurry has the d99 particle size of
less than 100 um. A twenty-second example of the method, optionally including one or more of
the first through twenty-first examples of the method, further includes wherein the Hegman gauge
is less than 80 um. A twenty-third example of the method, optionally including one or more of
the first through twenty-second examples of the method, further includes wherein the Hegman
gauge is less than 50 um. A twenty-fourth example of the method, optionally including one or
more of the first through twenty-third examples of the method, further includes wherein the mixing
the second portion of the solvent with the suspension to form the slurry occurs under a vacuum.
[0237] In another example, a method for forming a coating on an electrode structure, the
method comprising dividing a solvent into portions, in accordance with a step ordering, mixing a
solid ionically conductive polymer material, for example, formed from a polyphenylene sulfide or
liquid crystal polymer, the solid ionically conductive polymer material having an ionic
conductivity greater than 1 x 10 S/cm at room temperature, and where the solid ionically
conductive polymer material is in a glass state at room temperature, in a first portion of the solvent
to form a suspension, wherein the first portion of the solvent is approximately half of an overall
solvent content, mixing a first additive in the suspension, and following the mixing the first
additive in the suspension, mixing a second portion of the solvent with the suspension to form a
slurry having a solid content between 25 and 80 wt. %, a d50 particle size of less than 30 um, a
Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps at 85 Hz, wherein
mixing includes mixing at a high shear and mixing at a low shear, where the low shear is between
10 and 55 rpm, coating the slurry onto the electrode structure, drying the coated electrode structure,
and calendering the coated electrode structure, wherein the electrode structure comprises one of
an anode material coating deposited on an anode current collector and a cathode material coating
deposited on a cathode current collector, and wherein an adhesion interface between the coating
and the electrode structure has a 180° peel strength of greater than 200 gf/in.

[0238] In yet another example, a method, comprising dividing a solvent into portions,
dispersing, at a low shear, a solid ionically conductive polymer material, for example, formed from

a polyphenylene sulfide or liquid crystal polymer, the solid ionically conductive polymer material
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having an ionic conductivity greater than 1 x 10> S/cm at room temperature, and where the solid
ionically conductive polymer material is in a glass state at room temperature, in a first portion of
the solvent to form a suspension, mixing a binder in the suspension, and following the mixing the
binder in the suspension, mixing a second portion of the solvent with the suspension to form a
slurry having a solid content between 25 and 55 wt. %, a d50 particle size of less than 15 um, a
Hegman gauge of less than 90 um, and a viscosity between 500 and 2200 cps at 85 Hz, wherein
mixing includes mixing at a high shear and mixing at the low shear, where the low shear is between
10 and 55 rpm. A first example of the method further includes wherein the high shear is between
0 and 1500 rpm. A second example of the method, optionally including the first example of the
method, further includes wherein the high shear is between 0 and 3500 rpm, and wherein the low
shear is between 10 and 40 rpm. A third example of the method, optionally including one or more
of the first and second examples of the method, further includes wherein the high shear is between
0 and 1300 rpm, and wherein the low shear is between 10 and 45 rpm. A fourth example of the
method, optionally including one or more of the first through third examples of the method, further
includes wherein the low shear is about 15 rpm. A fifth example of the method, optionally
including one or more of the first through fourth examples of the method, further includes wherein
mixing includes simultaneously mixing at the high shear and mixing at the low shear. A sixth
example of the method, optionally including one or more of the first through fifth examples of the
method, further includes wherein an amount of the first portion of the solvent is about 15% of an
overall amount of the solvent. A seventh example of the method, optionally including one or more
of the first through sixth examples of the method, further includes wherein the mixing the binder
in the suspension comprises mixing the binder and one or more additives in the suspension. An
eighth example of the method, optionally including one or more of the first through seventh
examples of the method, further includes wherein the one or more additives comprise an inorganic
ceramic, and wherein the mixing the binder and the one or more additives in the suspension
comprises mixing the inorganic ceramic in a third portion of the solvent to form a solution, dividing
the solution into portions, mixing a portion of the solution in the suspension, and thereafter mixing
a remaining portion of the solution in the suspension. A ninth example of the method, optionally
including one or more of the first through eighth examples of the method, further includes wherein
the one or more additives further comprise a surfactant, and wherein the mixing the binder and the

one or more additives in the suspension further comprises first mixing the binder and the surfactant
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in the third portion of the solvent. A tenth example of the method, optionally including one or
more of the first through ninth examples of the method, further comprises, prior to the dispersing
the solid ionically conductive polymer material in the first portion of the solvent to form the
suspension, dividing an inorganic ceramic into portions, and mixing a first portion of the inorganic
ceramic in the first portion of the solvent. An eleventh example of the method, optionally including
one or more of the first through tenth examples of the method, further includes wherein the one or
more additives comprise a second portion of the inorganic ceramic, and wherein the mixing the
binder and the one or more additives in the suspension comprises mixing the binder in the
suspension, mixing the second portion of the inorganic ceramic in a third portion of the solvent to
form a solution, and following the mixing the binder in the suspension, mixing the solution in the
suspension. A twelfth example of the method, optionally including one or more of the first through
eleventh examples of the method, further includes wherein the mixing the solution in the
suspension comprises dividing the solution into portions, mixing a portion of the solution in the
suspension, and thereafter mixing a remaining portion of the solution in the suspension. A
thirteenth example of the method, optionally including one or more of the first through twelfth
examples of the method, further includes wherein the slurry has a d10 particle size of less than 1
um, a d90 particle size of less than 60 pm, and a d99 particle size of less than 100 um. A fourteenth
example of the method, optionally including one or more of the first through thirteenth examples
of the method, further includes wherein the Hegman gauge is less than 50 um. A fifteenth example
of the method of the method, optionally including one or more of the first through fourteenth
examples of the method, further includes wherein the mixing the second portion of the solvent
with the suspension to form the slurry occurs under a vacuum.

[0239] In yet another example, a slurry for forming a coating on an electrode structure, the
slurry comprising a solid ionically conductive polymer material, for example, formed from a
polyphenylene sulfide or liquid crystal polymer, the solid ionically conductive polymer material
having an ionic conductivity greater than 1 x 10> S/cm at room temperature, and where the solid
ionically conductive polymer material is in a glass state at room temperature, a solvent, and one or
more additives, the one or more additives comprising an electrode active material, a binder, a
surfactant, and an inorganic ceramic, wherein the slurry has a solid content between 25 and 80 wt.
%, a d50 particle size of less than 30 um, a Hegman gauge of less than 90 pm, and a viscosity

between 500 and 2800 cps at 85 Hz, and where the slurry is formed from a process of sequentially
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mixing the solid ionically conductive polymer material, the solvent and the one or more additives,
the process comprising dividing the solvent into portions, mixing the solid ionically conductive
polymer material in a first portion of the solvent to form a suspension, wherein the first portion of
the solvent is approximately half of an overall solvent content, mixing the one or more additives
in the suspension, and following the mixing the one or more additives in the suspension, mixing a
second portion of the solvent with the suspension to form the slurry, wherein mixing includes
mixing at a high shear and mixing at a low shear, where the low shear is between 10 and 55 rpm.
A first example of the slurry further includes wherein the slurry has a d10 particle size of less than
1 um, a d90 particle size of less than 60 um, and a d99 particle size of less than 140 um.

[0240] In yet another example, a coated hybrid electrode, comprising an anode current
collector, a cathode current collector, an anode material coating, a cathode material coating, and a
solid polymer electrolyte coating formed as a separator, wherein the anode material coating, the
cathode material coating, and the solid polymer electrolyte coating are respectively formed from
a first slurry, a second slurry, and a third slurry, where each of the first slurry, the second slurry,
and the third slurry are formed by dividing a solvent into portions, in accordance with a step
ordering, mixing a solid ionically conductive polymer material, for example, formed from a
polyphenylene sulfide or liquid crystal polymer, the solid ionically conductive polymer material
having an ionic conductivity greater than 1 x 10 S/cm at room temperature, and where the solid
ionically conductive polymer material is in a glass state at room temperature, in a first portion of
the solvent to form a suspension, mixing an additive in the suspension, and following the mixing
the additive in the suspension, mixing a second portion of the solvent with the suspension to form
a composition having a solid content between 25 and 80 wt. %, a d50 particle size of less than 30
um, a Hegman gauge of less than 90 pm, and a viscosity between 500 and 2800 cps at 85 Hz,
wherein mixing includes mixing at a high shear and mixing at a low shear, where the low shear is
between 10 and 55 rpm. A first example of the coated hybrid electrode further includes wherein
mixing includes simultaneously mixing at the high shear and mixing at the low shear. A second
example of the coated hybrid electrode, optionally including the first example of the coated hybrid
electrode, further includes wherein a Hegman gauge of the first slurry is less than 50 pm and a
viscosity of the first slurry is between 2000 and 2600 cps at 85 Hz. A third example of the coated
hybrid electrode, optionally including one or more of the first and second examples of the coated

hybrid electrode, further includes wherein a solid content of the second slurry is between 25 and
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65 wt. %, a Hegman gauge of the second slurry is less than 80 um, and a viscosity of the second
slurry is between 1100 and 2800 cps at 85 Hz. A fourth example of the coated hybrid electrode,
optionally including one or more of the first through third examples of the coated hybrid electrode,
further includes wherein a solid content of the third slurry is between 25 and 55 wt. %, a d50
particle size of the third slurry is less than 15 um, and a viscosity of the third slurry is between 500
and 2200 cps at 85 Hz. A fifth example of the coated hybrid electrode, optionally including one
or more of the first through fourth examples of the coated hybrid electrode, further includes
wherein the solid polymer electrolyte coating is disposed between the anode material coating and
the cathode material coating, and wherein the solid polymer electrolyte coating has a different
composition in a first region adjacent to the cathode material coating than in a second region
adjacent to the anode material coating. A sixth example of the coated hybrid electrode, optionally
including one or more of the first through fifth examples of the coated hybrid electrode, further
comprises a cathode separator interfacial coating disposed between the cathode material coating
and the solid polymer electrolyte coating, wherein the cathode separator interfacial coating
comprises the solid ionically conductive polymer material, and wherein the cathode separator
interfacial coating is formed from a fourth slurry, the fourth slurry having a solid content between
25 and 80 wt. %, a d50 particle size of less than 30 pm, a Hegman gauge of less than 50 um, and
a viscosity between 2000 and 2600 cps at 85 Hz. A seventh example of the coated hybrid electrode,
optionally including one or more of the first through sixth examples of the coated hybrid electrode,
further comprises an anode separator interfacial coating disposed between the anode material
coating and the solid polymer electrolyte coating, wherein the anode separator interfacial coating
comprises the solid ionically conductive polymer material, and wherein the anode separator
interfacial coating is formed from a fifth slurry, the fifth slurry having a solid content between 25
and 75 wt. %, a d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a
viscosity between 500 and 2600 cps at 85 Hz. An eighth example of the coated hybrid electrode,
optionally including one or more of the first through seventh examples of the coated hybrid
electrode, further comprises a first tab protection strip disposed between the anode current
collector and the anode material coating, and a second tab protection strip disposed between the
cathode current collector and the cathode material coating, wherein the first tab protection strip
and the second tab protection strip are respectively formed from a sixth slurry and a seventh slurry,

each of the sixth slurry and the seventh slurry having a solid content between 3 and 40 wt. %, a
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d50 particle size of less than 5 um, a Hegman gauge of less than 30 um, and a viscosity between
500 and 3000 cps at 85 Hz.

[0241] In yet another example, a battery cell, comprising a plurality of hybrid electrodes, each
of the plurality of hybrid electrodes comprising an anode current collector, a cathode current
collector, an anode material coating, a cathode material coating, and a solid polymer electrolyte
coating formed as a separator, and a hermetically-sealed pouch, the hermetically-sealed pouch
containing the plurality of hybrid electrodes, wherein the anode material coating, the cathode
material coating, and the solid polymer electrolyte coating are respectively formed from a plurality
of slurries, wherein each of the plurality of slurries is formed by dividing a solvent into portions,
in accordance with step ordering, mixing a solid ionically conductive polymer material, for
example, formed from a polyphenylene sulfide or liquid crystal polymer, the solid ionically
conductive polymer material having an ionic conductivity greater than 1 x 10 S/cm at room
temperature, and where the solid ionically conductive polymer material is in a glass state at room
temperature, in at least a first portion of the solvent to form a suspension, mixing an additive in
the suspension, and following the mixing the additive in the suspension, mixing a second portion
of the solvent with the suspension to form a composition having a solid content between 25 and
80 wt. %, a d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a
viscosity between 500 and 2800 cps at 85 Hz, wherein mixing includes mixing at a high shear and
mixing at a low shear, where the low shear is between 10 and 55 rpm. A first example of the
battery cell further includes wherein mixing includes simultaneously mixing at the high shear and
mixing at the low shear. A second example of the battery cell, optionally including the first
example of the battery cell, further includes wherein each of the plurality of hybrid electrodes
further comprises a first tab protection strip disposed on the anode current collector, and a second
tab protection strip disposed on the cathode current collector.

[0242] The following claims particularly point out certain combinations and sub-
combinations regarded as novel and non-obvious. These claims may refer to “an” element or “a
first” element or the equivalent thereof. Such claims should be understood to include incorporation
of one or more such elements, neither requiring nor excluding two or more such elements. Other
combinations and sub-combinations of the disclosed features, functions, elements, and/or
properties may be claimed through amendment of the present claims or through presentation of

new claims in this or a related application. Such claims, whether broader, narrower, equal, or
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different in scope to the original claims, also are regarded as included within the subject matter of

the present disclosure.
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CLAIMS

1. A method, comprising:

dividing a solvent into portions;

in accordance with a step ordering, mixing a solid ionically conductive polymer material
having an ionic conductivity greater than 1 x 10> S/cm at room temperature, and where the solid
ionically conductive polymer material is in a glass state at room temperature, in a first portion of
the solvent to form a suspension, wherein the first portion of the solvent is approximately half of
an overall solvent content;

mixing a first additive in the suspension; and

following the mixing the first additive in the suspension, mixing a second portion of the
solvent with the suspension to form a slurry having a solid content between 25 and 80 wt. %, a
d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a viscosity between
500 and 2800 cps at 85 Hz;

wherein mixing includes mixing at a high shear and mixing at a low shear, where the low

shear is between 10 and 55 rpm.

2. The method of claim 1, wherein the high shear is between 0 and 1500 rpm; or

wherein the high shear is between 0 and 3500 rpm and the low shear is between 10 and 40
rpm; or

wherein the high shear is between 0 and 1300 rpm and the low shear is between 10 and 45

rpm.

3. The method of any one of the preceding claims, wherein the slurry has a d10 particle size
of less than 1 um, a d90 particle size of less than 60 pm, and a d99 particle size of less than 140
um; or

wherein the Hegman gauge is less than 80 um.

4. The method of any one of the preceding claims, wherein the slurry has the d99 particle size
of less than 100 um.
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5. The method of any one of the preceding claims, wherein the Hegman gauge is less than 50
um.
6. The method of any one of the preceding claims, wherein mixing includes simultaneously

mixing at the high shear and mixing at the low shear; or

wherein an amount of the first portion of the solvent and an amount of the second portion
of the solvent are approximately equivalent; or

wherein the first additive comprises an electrode active material, a binder, a surfactant, or
an inorganic ceramic; or

wherein the mixing the second portion of the solvent with the suspension to form the slurry
occurs under a vacuum, or

wherein the mixing the first additive in the suspension comprises:

mixing the first additive and one or more further additives in the suspension.

7. The method of claim 6, wherein the electrode active material is a cathode active material;
or

wherein the electrode active material is an anode active material.

8. The method of any one of the preceding claims, wherein the first additive is the inorganic
ceramic;
wherein the one or more further additives are the binder and the surfactant; and
wherein the mixing the first additive and the one or more further additives in the suspension
comprises:
mixing the binder and the surfactant in a third portion of the solvent to form a
solution;
mixing the inorganic ceramic in the solution;
following the mixing the inorganic ceramic in the solution, dividing the solution
into portions;
mixing a portion of the solution in the suspension; and thereafter

mixing a remaining portion of the solution in the suspension.
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0. The method of any one of claims 1 to 7, wherein the first additive is the electrode active
material;
wherein the mixing the solid ionically conductive polymer material in the first portion of
the solvent to form the suspension comprises:
dividing the binder into portions;
mixing a first portion of the binder in the first portion of the solvent to form a first
solution;
dividing the first solution into portions;
mixing an electronic conductor in a first portion of the first solution to form the
suspension; and
mixing the solid ionically conductive polymer material and a second portion of the
first solution in the suspension; and
wherein the mixing the first additive in the suspension comprises:
mixing the electrode active material and a remaining portion of the first solution in

the suspension.

10.  The method of claim 9, wherein the mixing the electrode active material and the remaining
portion of the first solution in the suspension comprises:

dividing the first additive into portions;

mixing a first portion of the electrode active material and a third portion of the first solution
with the suspension for 45 to 120 min; and thereafter

mixing a second portion of the electrode active material and a fourth portion of the first

solution with the suspension for 2 to 16 hrs.

11.  The method of claim 10, wherein the viscosity is between 2000 and 2600 cps at 85 Hz.

12. The method of claim 9, further comprising:

following the mixing the electrode active material and the remaining portion of the first
solution in the suspension, mixing the second portion of the binder with a third portion of the
solvent to form a second solution; and

mixing the second solution in the suspension.
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13. The method of claim 12, wherein the solid content is between 25 and 75 wt. %; or

wherein the viscosity is between 1100 and 2800 cps at 85 Hz.

14.  Themethod of claim 12, wherein the mixing the electrode active material and the remaining
portion of the first solution in the suspension comprises:

dividing the electrode active material into portions;

mixing a first portion of the electrode active material and a third portion of the first solution
with the suspension for 45 to 120 min; and thereafter

mixing a second portion of the electrode active material and a fourth portion of the first
solution with the suspension for 2 to 16 hrs; and thereafter

mixing a fifth portion of the first solution with the suspension for 30 to 90 min.

15. The method of claim 14, wherein the solid content is between 25 and 65 wt. %; or

wherein the viscosity is between 500 and 2600 cps at 85 Hz.

16. A method for forming a coating on an electrode structure, the method comprising:

dividing a solvent into portions;

in accordance with a step ordering, mixing a solid ionically conductive polymer material
having an ionic conductivity greater than 1 x 10 S/cm at room temperature, and where the solid
ionically conductive polymer material is in a glass state at room temperature, in a first portion of
the solvent to form a suspension, wherein the first portion of the solvent is approximately half of
an overall solvent content;

mixing a first additive in the suspension; and

following the mixing the first additive in the suspension, mixing a second portion of the
solvent with the suspension to form a slurry having a solid content between 25 and 80 wt. %, a
d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a viscosity between
500 and 2800 cps at 85 Hz, wherein mixing includes mixing at a high shear and mixing at a low
shear, where the low shear is between 10 and 55 rpm;

coating the slurry onto the electrode structure;

drying the coated electrode structure; and

calendering the coated electrode structure;
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wherein the electrode structure comprises one of an anode material coating deposited on an anode
current collector and a cathode material coating deposited on a cathode current collector; and
wherein an adhesion interface between the coating and the electrode structure has a 180°

peel strength of greater than 200 gf/in.

17. A method, comprising:

dividing a solvent into portions;

dispersing, at a low shear, a solid ionically conductive polymer material having an ionic
conductivity greater than 1 x 10 S/cm at room temperature, and where the solid ionically
conductive polymer material is in a glass state at room temperature, in a first portion of the solvent
to form a suspension,;

mixing a binder in the suspension; and

following the mixing the binder in the suspension, mixing a second portion of the solvent
with the suspension to form a slurry having a solid content between 25 and 55 wt. %, a d50 particle
size of less than 15 pm, a Hegman gauge of less than 90 um, and a viscosity between 500 and
2200 cps at 85 Hz;

wherein mixing includes mixing at a high shear and mixing at the low shear, where the low

shear is between 10 and 55 rpm.

18.  The method of claim 17, wherein the high shear is between 0 and 1500 rpm; or

wherein the high shear is between 0 and 3500 rpm and the low shear is between 10 and 40
rpm; or

wherein the high shear is between 0 and 1300 rpm and the low shear is between 10 and 45
rpm; or

wherein the low shear is about 15 rpm.

19.  The method of any one of claims 17 and 18, wherein the slurry has a d10 particle size of
less than 1 um, a d90 particle size of less than 60 um, and a d99 particle size of less than 100 pm;
or

wherein the Hegman gauge is less than 50 um.
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20.  The method of any one of claims 17 to 19, wherein mixing includes simultaneously mixing
at the high shear and mixing at the low shear; or

wherein an amount of the first portion of the solvent is about 15% of an overall amount of
the solvent; or

wherein the mixing the second portion of the solvent with the suspension to form the slurry
occurs under a vacuum; or

wherein the mixing the binder in the suspension comprises:

mixing the binder and one or more additives in the suspension.

21.  The method of any one of claims 17 to 20, wherein the one or more additives comprise an
inorganic ceramic; and
wherein the mixing the binder and the one or more additives in the suspension comprises:
mixing the inorganic ceramic in a third portion of the solvent to form a solution;
dividing the solution into portions;
mixing a portion of the solution in the suspension; and thereafter

mixing a remaining portion of the solution in the suspension.

22.  The method of claim 21, wherein the one or more additives further comprise a surfactant;
and

wherein the mixing the binder and the one or more additives in the suspension further
comprises:

first mixing the binder and the surfactant in the third portion of the solvent.

23.  The method of any one of claims 17 to 20, further comprising, prior to the dispersing the
solid ionically conductive polymer material in the first portion of the solvent to form the
suspension:

dividing an inorganic ceramic into portions; and

mixing a first portion of the inorganic ceramic in the first portion of the solvent.

24, The method of claim 23, wherein the one or more additives comprise a second portion of

the inorganic ceramic; and
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wherein the mixing the binder and the one or more additives in the suspension comprises:
mixing the binder in the suspension,;
mixing the second portion of the inorganic ceramic in a third portion of the solvent
to form a solution; and
following the mixing the binder in the suspension, mixing the solution in the

suspension.

25.  The method of claim 24, wherein the mixing the solution in the suspension comprises:
dividing the solution into portions;
mixing a portion of the solution in the suspension; and thereafter

mixing a remaining portion of the solution in the suspension.

26. A slurry for forming a coating on an electrode structure, the slurry comprising:
a solid ionically conductive polymer material having an ionic conductivity greater than 1 x
107 S/cm at room temperature, and where the solid ionically conductive polymer material is in a
glass state at room temperature;
a solvent; and
one or more additives, the one or more additives comprising an electrode active material,
a binder, a surfactant, and an inorganic ceramic;
wherein the slurry has a solid content between 25 and 80 wt. %, a d50 particle size of less
than 30 pm, a Hegman gauge of less than 90 um, and a viscosity between 500 and 2800 cps at 85
Hz; and where the slurry is formed from a process of sequentially mixing the solid ionically
conductive polymer material, the solvent and the one or more additives, the process comprising:
dividing the solvent into portions;
mixing the solid ionically conductive polymer material in a first portion of the
solvent to form a suspension, wherein the first portion of the solvent is approximately half of an
overall solvent content;
mixing the one or more additives in the suspension; and
following the mixing the one or more additives in the suspension, mixing a second

portion of the solvent with the suspension to form the slurry;
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wherein mixing includes mixing at a high shear and mixing at a low shear, where

the low shear is between 10 and 55 rpm.

27.  The slurry of claim 26, wherein the slurry has a d10 particle size of less than 1 pm, a d90
particle size of less than 60 pm, and a d99 particle size of less than 140 pm.

28. A coated hybrid electrode, comprising:
an anode current collector;
a cathode current collector;
an anode material coating;
a cathode material coating; and
a solid polymer electrolyte coating formed as a separator;
wherein the anode material coating, the cathode material coating, and the solid polymer
electrolyte coating are respectively formed from a first slurry, a second slurry, and a third slurry,
where each of the first slurry, the second slurry, and the third slurry are formed by:
dividing a solvent into portions;
in accordance with a step ordering, mixing a solid ionically conductive polymer
material having an ionic conductivity greater than 1 x 10 S/cm at room temperature, and where
the solid ionically conductive polymer material is in a glass state at room temperature, in a first
portion of the solvent to form a suspension;
mixing an additive in the suspension; and
following the mixing the additive in the suspension, mixing a second portion of the
solvent with the suspension to form a composition having a solid content between 25 and 80 wt. %,
a d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a viscosity between
500 and 2800 cps at 85 Hz;
wherein mixing includes mixing at a high shear and mixing at a low shear, where

the low shear is between 10 and 55 rpm.

29.  The coated hybrid electrode of claim 28, wherein mixing includes simultaneously mixing

at the high shear and mixing at the low shear.
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30.  The coated hybrid electrode of any one of claims 28 and 29, wherein a Hegman gauge of
the first slurry is less than 50 pm and a viscosity of the first slurry is between 2000 and 2600 cps
at 85 Hz; or

wherein a solid content of the second slurry is between 25 and 65 wt. %, a Hegman gauge
of the second slurry is less than 80 um, and a viscosity of the second slurry is between 1100 and
2800 cps at 85 Hz; or

wherein a solid content of the third slurry is between 25 and 55 wt. %, a d50 particle size
of the third slurry is less than 15 pm, and a viscosity of the third slurry is between 500 and 2200
cps at 85 Hz.

31.  The coated hybrid electrode of any one of claims 28 to 30, wherein the solid polymer
electrolyte coating is disposed between the anode material coating and the cathode material coating;
and

wherein the solid polymer electrolyte coating has a different composition in a first region
adjacent to the cathode material coating than in a second region adjacent to the anode material

coating.

32.  The coated hybrid electrode of any one of claims 28 to 31, further comprising a cathode
separator interfacial coating disposed between the cathode material coating and the solid polymer
electrolyte coating;

wherein the cathode separator interfacial coating comprises the solid ionically conductive
polymer material; and

wherein the cathode separator interfacial coating is formed from a fourth slurry, the fourth
slurry having a solid content between 25 and 80 wt. %, a d50 particle size of less than 30 um, a
Hegman gauge of less than 50 um, and a viscosity between 2000 and 2600 cps at 85 Hz.

33.  The coated hybrid electrode of any one of claims 28 to 32, further comprising an anode
separator interfacial coating disposed between the anode material coating and the solid polymer
electrolyte coating;

wherein the anode separator interfacial coating comprises the solid ionically conductive

polymer material; and
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wherein the anode separator interfacial coating is formed from a fifth slurry, the fifth slurry
having a solid content between 25 and 75 wt. %, a d50 particle size of less than 30 um, a Hegman
gauge of less than 90 um, and a viscosity between 500 and 2600 cps at 85 Hz.

34.  The coated hybrid electrode of any one of claims 28 to 33, further comprising:

a first tab protection strip disposed between the anode current collector and the anode
material coating; and

a second tab protection strip disposed between the cathode current collector and the cathode
material coating;

wherein the first tab protection strip and the second tab protection strip are respectively
formed from a sixth slurry and a seventh slurry, each of the sixth slurry and the seventh slurry
having a solid content between 3 and 40 wt. %, a d50 particle size of less than 5 pm, a Hegman

gauge of less than 30 um, and a viscosity between 500 and 3000 cps at 85 Hz.

35. A battery cell, comprising:
a plurality of hybrid electrodes, each of the plurality of hybrid electrodes comprising:
an anode current collector;
a cathode current collector;
an anode material coating;
a cathode material coating; and
a solid polymer electrolyte coating formed as a separator; and
a hermetically-sealed pouch, the hermetically-sealed pouch containing the plurality of
hybrid electrodes;
wherein the anode material coating, the cathode material coating, and the solid polymer
electrolyte coating are respectively formed from a plurality of slurries, wherein each of the
plurality of slurries is formed by:
dividing a solvent into portions;
in accordance with step ordering, mixing a solid ionically conductive polymer
material having an ionic conductivity greater than 1 x 10~ S/cm at room temperature, and where
the solid ionically conductive polymer material is in a glass state at room temperature, in at least

a first portion of the solvent to form a suspension,;
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mixing an additive in the suspension; and

following the mixing the additive in the suspension, mixing a second portion of the
solvent with the suspension to form a composition having a solid content between 25 and 80 wt. %,
a d50 particle size of less than 30 um, a Hegman gauge of less than 90 um, and a viscosity between
500 and 2800 cps at 85 Hz;

wherein mixing includes mixing at a high shear and mixing at a low shear, where

the low shear is between 10 and 55 rpm.

36.  The battery cell of claim 35, wherein mixing includes simultaneously mixing at the high
shear and mixing at the low shear; or
wherein each of the plurality of hybrid electrodes further comprises:
a first tab protection strip disposed on the anode current collector; and

a second tab protection strip disposed on the cathode current collector.
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. m Claims Nos.: 7, 10-15, 22, 24, 25
) because they relate to patts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

10-15, 22, 24 and 25 are unclear (PCT Atticle 6).

3. Claims Nos.: 4-6, 8,9, 20, 21,23, 31-34
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

As claims 7, 10-15, 22, 24 and 25 each refer to an unsearchable claim which does not comply with PCT Rule 6.4(a), claims 7,
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This International Searching Authority found multiple inventions in this international application, as follows:
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claims.
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3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
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restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
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