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LITHIUM, PHOSPHORUS, SULFUR, AND IODINE INCLUDING ELECTROLYTE
AND CATHOLYTE COMPOSITIONS, ELECTROLYTE MEMBRANES FOR
ELECTROCHEMICAL DEVICES, AND ANNEALING METHODS OF MAKING
THESE ELECTROLYTES AND CATHOLYTES

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/321,428, filed April 12, 2016, and also claims priority to U.S. Provisional Patent
Application No. 62/263,409, filed December 4, 2015, the disclosures of which are herein

incorporated by reference in their entirety for all purposes.

BACKGROUND

[0002] To transition from the current energy economy, based on the consumption of
nonrenewable petroleum-based energy sources, into a future energy economy, in which
humans sustainably produce, store, and consume renewable energy, a series of technological
challenges must be met. With respect to automotive transportation, in particular, first and
foremost among these challenges is the unmet need for renewable energy storage devices
which are suitable replacements for the internal combustion engine. Rechargeable batteries
and lithium (Li) rechargeable batteries, in particular, are useful substitutes in some
automotive applications, such as all electric and hybrid-electric vehicles, but the high cost and
limited performance of conventional rechargeable batteries remains the main impediment
preventing mainstream adoption of electric vehicle technology. Solid state rechargeable
batteries have been proposed as next generation batteries for automotive applications in large
part due to the increased energy density (volumetric and gravimetric) possible for these
batteries when compared to their conventional liquid-electrolyte based. Of these solid state
batteries, those which include a lithium metal anode are thought to achieve the highest energy
densities due to the maximized difference in voltage for a Li ion situated in any cathode

active material relative to Li in Li metal.

[0003] In a rechargeable Li ion battery, Li" ions move from a negative electrode to a
positive electrode during discharge of the battery and in the opposite direction during charge.
An electrolyte separates and electrically insulates the positive and negative electrodes while
also providing a conduit for Li' ions to conduct between the electrodes. The electrolyte also
ensures that the electrons, which are produced at the same time that Li"ions (e.g., Li <> Li' +

) are produced during discharge of battery, are conducted by way of a pathway which is
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external and parallel to the Li" ion conduction pathway. A critically important component of
solid state batteries is therefore the electrolyte, which electrically isolates the positive and
negative electrodes, and a catholyte, which is intimately mixed with a positive electrode
active material to facilitate the ionic conductivity therein. A third important component, in
some Li ion batteries, is an anolyte which is laminated to, or in contact with, an anode
material (i.e., negative electrode material; e.g., Li-metal) and which may provide a chemically
stable barrier between the anode material on one side of the anolyte and the solid-state
electrolyte on the other side of the anolyte. Currently available electrolyte, catholyte, and
anolyte materials, however, are not sufficiently stable within, or otherwise suitable for use

with, solid state batteries which include Li metal anodes or which operate above 4.2V.

[0004] Conventional rechargeable batteries use liquid-based electrolytes which include
lithium salts in organic solvents (e.g., IM LiPF¢ in 1:1 ethylene carbonate:diethylene
carbonate). However, these electrolytes suffer from several problems including outgassing at
high voltage and flammability of the organic solvents during thermal runaway (short circuit,
e.g., Li-dendrite). As an alternative to these liquid-based electrolytes, Li batteries with a
solid-state sulfide-based electrolyte membrane have been described. For example, certain
sulfide-based electrolyte materials have been known as solid-state electrolytes suitable for use
in solid-state lithium battery. See, for example, (a) S. Ujiie, et a/., Solid State Tonics, 211
(2012) 42-45; (b) S. Ugiie, et al., J Solid State Electrochem., (2013) 17:675-680; (c) Hans-
Jorg Deiseroth, ef al., Angew. Chem. Int. Ed., 2008, 47, 755 -758; (d) Prasada Rao
Rayavarapu, ef al., J Solid State Electrochem., (2012) 16:1807-1813; (e) Shiao-Tong
Kong,Chem. Eur. J. 2010, 16, 2198 - 2206; (f) Ezhiylmurugan Rangasamy, et al., DOI:
10.1021/4a508723m; (g) Kato, Y. et al., Nature Energy, Article number 16030 (2016)
doi:10.1038/nenergy.2016.30. Some publications, such as US Patent No0.7,390,591 to Visco,
et al., set forth layered solid-state sulfide-based electrolytes which include one layer which is
a Li-metal-interfacing and lithium-metal-compatible layer (e.g., LisN, LisP, Lil, LiBr, LiCl,
LiF and LiPON) and which is laminated to a second layer which is a cathode-interfacing and
cathode-compatible-layer which may include a sulfide-based electrolyte (e.g.,
Li3P0,4.Li,S.8i8S,, Li,S.GeS,.Ga,S;). Such solid-state electrolytes suffer, however, from poor
conductivity and chemical instability such that they are not suitable for large scale market
adoption in solid-state batteries which include a Li metal anode. As such, there exists a need
for improved solid-state sulfide-based electrolytes and catholytes. The instant disclosure sets

forth such electrolytes and catholytes, as well as methods for making and using the same.
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BRIEF SUMMARY
[0005] The present disclosure relates generally to components for lithium rechargeable
batteries. Described herein are, for example, new solid-state lithium ion (Li") conducting
electrolytes including single layer and multi-layer sulfide-based Li" conducting electrolytes as
well as catholytes. These solid-state ion electrolytes have particular chemical compositions
which are arranged and/or bonded through specific crystalline bonds, amorphous bonds, and
combinations thereof. Also provided herein are methods of making these solid-state sulfide-

based Li" electrolytes including certain annealing methods.

[0006] In an embodiment, provided herein are solid-state sulfide-based lithium ion
conductors suitable for use as catholytes and electrolytes in lithium ion batteries. Also
provided herein are methods of making these solid-state sulfide-based lithium ion conductors.
In some examples, the particular annealing methods set forth herein influence the bulk
chemical composition, the surface chemical composition, the chemical structure (e.g., bond
type and arrangement), the crystallinity, the stability and the conductivity as well as other
characteristics of these solid-state sulfide-based lithium ion conductors. A solid-state
electrolyte membrane (i.e., separator for positive and negative electrodes) set forth herein
may include solid-state sulfide-based lithium ion conductors which comprise lithium,
phosphorous, and sulfur. In some examples, a halogen atom (e.g., F, CI, Br, or ) is also
present. In some examples, a solid electrolyte membrane set forth herein may include solid-
state sulfide-based lithium ion conductors which consist essentially of lithium, phosphorous,
sulfur, and iodine. In certain of these examples, the solid electrolyte membrane set forth
herein is semi-amorphous and may include solid-state sulfide-based lithium ion conductors
which consist essentially of lithium, phosphorous, sulfur, and iodine. Certain solid electrolyte
membranes set forth herein include solid-state sulfide-based lithium ion conductors which
comprise, or consist essentially of, lithium, phosphorous, sulfur, and iodine. In some
examples, these solid-state sulfide-based lithium ion conductors are milled as micron and
nanometer sized particles and mixed with positive electrode active materials to form cathode
active composite materials having these solid-state sulfide-based lithium ion conductors

therein as catholytes.

[0007] In a second embodiment, set forth herein is a solid-state electrolyte layer which
comprises or consists essentially of lithium, phosphorous, sulfur and iodine. The composition

of the solid electrolyte layer may be characterized by, in some examples, an electrolyte
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comprising a compound characterized by Li,P,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and
0.1<t<2 and in which this compound is characterized by an x-ray powder diffraction (XRD)
pattern having at least one of the following reflections at: 20, 25, 27, 29, and 45 + 1° (20). In
these compounds, subscripts X, y, 7, and t are rational numbers and the compound is neutrally
charged. In some examples, this solid-state electrolyte comprises one layer of a multi-layer or

bilayer solid-state electrolyte.

[0008] In a third embodiment, set forth herein is an electrolyte comprising a compound
characterized by LicP,S,I;, wherein 5<x<8; 1<y<3; 5<z<8, and 0.1<t<2; and characterized by
an x-ray powder diffraction (XRD) pattern not having at least one of the following reflections
21, 28, 33, or 46 (20). In this compound, subscripts X, y, 7, and t are rational numbers which
are selected such that the compound is neutrally charged. In some examples, this solid-state

electrolyte comprises one layer of a multi-layer or bilayer solid-state electrolyte

[0009] In a fourth embodiment, set forth herein are methods of making the electrolyte and
catholyte compositions set forth herein. In certain embodiments, the methods include making
Li,PyS.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2, wherein the Li,P,S,I; is characterized
by an XRD pattern having at least one of the following reflections at: 20, 25, 27, 29, and 45
(20); wherein the method comprises the following steps. In these embodiments, the methods
include providing a lithium sulfide compound, providing a phosphorous sulfide compound,
providing a lithium iodide compound, and mixing the lithium sulfide compound, phosphorus
sulfide compound, and lithium iodide compound to form a mixture. The methods also include
milling the mixture to form a milled mixture, and heating the mixture at a temperature within

the range from about 100 to about 300 °C.

[0010] In a fifth embodiment, set forth herein are methods of using the electrolyte and/or

catholyte compositions set forth herein in electrochemical devices.

[0011] In a sixth embodiment, set forth herein are electrochemical devices which have
electrolyte and/or catholytes which are comprised of the electrolyte and/or catholyte

compositions set forth herein.

[0012] In a seventh embodiment, set forth herein is a multilayer (e.g., bilayer) solid-state
electrolyte membrane which includes different types of sulfide-based electrolytes in each
layer. In some examples, one layer is characterized by Li,P,S.l;, wherein 5<x<12; 1<y<3;
5<7<9, and 0.1<t=2, and another layer is characterized by SLOPS, as defined herein and

below.
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DESCRIPTION OF THE FIGURES
[0013] Figure 1 illustrates an example solid-state electrochemical cell configuration in which
the annealed LPSI compositions set forth herein are used as a solid-state electrolyte

membrane.

[0014] Figure 2 shows an x-ray diffraction (XRD) pattern for LPSI pre-annealed precursors

milled for two milling time periods.

[0015] Figure 3 shows a scanning electron microscopy (SEM) image of a composite of LPSI

with a polymer prepared according to Example 2.
[0016] Figure 4 shows XRD patterns of Li; 4P} 6S7,1 as a function of annealing temperature.

[0017] Figure 5 shows conductivity measurements at 60°C for pressed pellets of Lis 4P16S751

as a function of the temperature at which the Li; 4P, ¢S7,I was annealed.

[0018] Figure 6 shows an Arrhenius plot for a pressed pellet of Li;4P;6S;7,1 prepared

according to Example 1 and annealed at 190°C.

[0019] Figure 7 shows a discharge plot as a function of a two (2) different discharge rates for
an electrochemical cell having an electrolyte membrane therein which consists of a pressed

pellet of Li7 4P16S721 prepared according to Example 1 and annealed at 190°C.

[0020] Figure 8 shows a dynamic scanning calorimeter (DSC) measurement of a pressed

pellet of Li; 4P} 6S7,I prepared according to Example 7.

[0021] Figure 9 shows a high resolution XRD powder pattern of Li;4P;¢S7,I annealed at
190°C.

[0022] Figure 10 shows a SEM image of a cathode in an electrochemical cell in which a
milled solid-state sulfide-based catholyte is mixed with carbon and a cathode active material

and the cell includes a sulfide electrolyte separator.

[0023] Figure 11 shows an example solid-state electrochemical cell configuration having a
double-layer (i.e., bi-layer) solid-state electrolyte membrane positioned between a gel-

electrolyte containing cathode and a lithium metal anode.

[0024] Figure 12 shows an electrochemical cycle plot of Voltage as a function of run active
mass-specific capacity for an electrochemical cell having a double-layer solid-state
electrolyte membrane having one layer of LPSI interfacing a lithium metal anode and one

layer of LSS interfacing a gel-electrolyte containing cathode.
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[0025] Figure 13 shows an electrochemical cycle plot of Voltage as a function of run active
mass-specific capacity for an electrochemical cell having a single-sided solid-state electrolyte
membrane having one layer of LPSI between a lithium metal anode and a gel-electrolyte

containing cathode.

[0026] Figure 14 shows a discharge plot as a function of two (2) different discharge rates for
an electrochemical cell having an electrolyte membrane therein which consists of a pressed

pellet of Li7'4P1'

[0027] Figure 15 shows an electrochemical cycle plot of Voltage as a function of active
mass-specific capacity for an electrochemical cell having a Lis4P1S7,] separator prepared

according to Example 1 and annealed at 190°C and tested according to Example 10.

[0028] Figure 16 shows a plot of Energy (mWh) as a function of charge-discharge cycle for

the electrochemical cell tested in Example 10.

[0029] Figure 17 shows an illustration of the electrochemical stack used in the

electrochemical cell tested in Example 10.

DETAILED DESCRIPTION

[0030] In the following description, numerous specific details are set forth in order to provide
a thorough understanding of the presented concepts. The presented concepts may be practiced
without some or all of these specific details. In other instances, well known process
operations have not been described in detail so as to not unnecessarily obscure the described
concepts. While some concepts will be described in conjunction with the specific
embodiments, it will be understood that these embodiments are not intended to be limiting.
The following description enables one of ordinary skill in the art to make and use the
invention and to incorporate it in the context of particular applications. Various
modifications, as well as a variety of uses in different applications will be readily apparent to
those skilled in the art, and the general principles defined herein may be applied to a wide
range of embodiments. Thus, the inventions herein are not intended to be limited to the
embodiments presented, but are to be accorded their widest scope consistent with the

principles and novel features disclosed herein.

[0031] All the features disclosed in this specification, (including any accompanying claims,
abstract, and drawings) may be replaced by alternative features serving the same, equivalent

or similar purpose, unless expressly stated otherwise. Thus, unless expressly stated otherwise,
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each feature disclosed is one example only of a generic series of equivalent or similar

features.

[0032] Please note, if used, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise and counter clockwise have been used for convenience purposes only and are not
intended to imply any particular fixed direction. Instead, they are used to reflect relative

locations and/or directions between various portions of an object.

DEFINITIONS

[0033] As used herein, the term “about,” when qualifying a number, e.g., 15 % w/w, refers to
the number qualified and optionally the numbers included in a range about that qualified
number that includes + 10% of the number. For example, about 15 % w/w includes 15 % w/w
as well as

13.5 % w/w, 14 % w/w, 14.5 % w/w, 15.5 % w/w, 16 % w/w, or 16.5 % w/w. For example,
“about 75 °C,” includes 75 °C as well 68 °C, 69 °C, 70 °C, 71 °C, 72 °C, 73 °C, 74 °C, 75 °C,
76 °C,77 °C, 78 °C, 79 °C, 80 °C, 81 °C, 82 °C, or 83 °C.

[0034] As used herein, the phrase “arsenic species,” refers to any compound, composite, ion,

or molecular unit which includes or is bonded to at least one Arsenic (As) atom.

[0035] As used herein, the term “anolyte” refers to an ionically conductive material that is
mixed with, or layered upon, or laminated to the negative electrode. A solid electrolyte layer
may have different portions (or sub-layers) with particular compositions and characteristics,
such as a portion contacting a positive electrode and another portion contacting a negative
electrode. The portion contacting the positive electrode may be referred to as a catholyte or,
more specifically, a catholyte layer or a catholyte sub-layer. The electrolyte portion
contacting the negative electrode may be referred to as an anolyte or, more specifically, an
anolyte layer or an anolyte sub-layer. As used herein, the term anolyte refers to a material
which is chemically compatible with Li metal when in direct contact thereto. Chemically
compatible means that the material does not react with Li metal in such a way that is

detrimental to the anolytes ability to conduct Li ions.

[0036] As used herein, “bi-layer electrolyte” refers to a solid electrolyte have at least two
layers. In some examples, one of these at least two layers is a layer which is chemically
compatible with lithium metal and is referred to herein as the anolyte layer. In some
examples, the anolyte layer is a LPSI material (i.e., includes Li, P, S, and I atoms bonded

together). In some examples, another one of these at least two layers is a layer which is
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chemically compatible with a gel electrolyte (e.g, 80:20 to 50:50 vol.% PvDF:HFP to
EC:EMC) and is referred to herein as the electrolyte layer (also referred to herein as the
catholyte layer). Herein, PvDF is polyvinylidene fluoride; HFP is hexafluorophosphate; EC is
ethylene carbonate; and EMC is ethyl methyl carbonate. In some examples, the electrolyte
layer is a material containing Si, Li, O, P, and S and is referred to herein as a SLOPS
material, which is further defined below. In some examples, the electrolyte layer is a material
containing Si, Li, O, P, and S and is referred to herein as a SLOPS/LSS material. As used

herein, LSS includes, unless otherwise specified, a 60:40 molar ratio Li,S:SiS.

[0037] As used herein, “SLOPS” includes, unless otherwise specified, a 60:40 molar ratio of
Li,S:SiS; with 0.1-10 mol. % Li;PO4. In some examples, the electrolyte membrane, set forth
herein, has one layer of LPSI which interfaces with a gel electrolyte and/or the cathode. In
some examples, the electrolyte membrane, set forth herein, has another layer of SLOPS/LSS
which interfaces with a lithium metal anode. In some examples, these layers of LPSI and
SLOPS/LSS are hot pressed together to form a single membrane having at least two sides,
each side being characterized by unique chemical compositions, wherein one side is LPSI and
the other side being SLOPS or SLOPS/LSS. In some examples, “SLOPS” includes Li;oSisS;3
(50:50 Li,S:SiS;) with 0.1-10 mol.% LisPO4. In some examples, “SLOPS” includes
LiySi7Sy7 (65:35 LipS:SiS;) with 0.1-10 mol.% Li;PO4. In some examples, “SLOPS”
includes LisSiS4 (67:33 Li,S:SiS;) with 0.1-5 mol.% LisPOy4. In some examples, “SLOPS”
includes Li14S815S 13 (70:30 Li,S:SiS;) with 0.1-5 mol.% Li;POy4. In some examples, “SLOPS”
is characterized by the formula (1-x)(60:40 Li,S:SiS,)*(x)(Li;P04), wherein x is from 0.01 to
0.99.As used herein, “LBS-POX” refers to an electrolyte composition of
Li,S:B,S;:Li3P04:LiX where X is a halogen (X=F, Cl, Br, I). The composition can include
Li3BSs or LisB5S13 doped with 0-30% lithium halide such as Lil and/or 0-10% Li;POs.

[0038] As used herein, “LTS” refers to an electrolyte composition of Li,S:SnS;: As,Ss.

[0039] As used herein, “C65,” refers to a source of carbon which is commercially available

and identified commercially as Timbale carbon super C65.

[0040] As used herein, the term, “Ra,” is a measure of surface roughness wherein Ra is an
arithmetic average of absolute values of sampled surface roughness amplitudes. Surface
roughness measurements can be accomplished using, for example, a Keyence VK-X100

instrument that measures surface roughness using a laser.
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[0041] As used herein, the term, “Rt,” is a measure of surface roughness wherein Rt is the

maximum peak height of sampled surface roughness amplitudes.

[0042] As used herein, “selected from the group consisting of” refers to a single member
from the group, more than one member from the group, or a combination of members from
the group. A member selected from the group consisting of A, B, and C includes, for
example, A only, B only, or C only, as well as A and B, A and C, B and C, as well as A, B,
and C.

[0043] As used herein, the phrases “electrochemical cell,” “battery cell,” or “stack,” shall
mean a single cell including a positive electrode and a negative electrode, and an electrolyte
positioned between the positive and negative electrodes. In some embodiments, the same
battery cell includes multiple positive electrodes and/or multiple negative electrodes enclosed

in one container (e.g., coin cell, prismatic cell housing, pouch).

[0044] As used herein, a “binder” refers to a material that assists in the adhesion of another
material. For example, in some composites herein, sulfide-based electrolyte particles are
adhered to other sulfide-based electrolyte particles by a binder polymer. This adhesion can
result from chemical bond formation between the sulfide-based electrolyte particles and the
binder polymer and/or from the entanglement, coordination or adsorption of the polymer with
the sulfide-based electrolyte particles. Binders useful in the present invention include, but are
not limited to, polypropylene (PP), atactic polypropylene (aPP), isotactive polypropylene
(iPP), ethylene propylene rubber (EPR), ethylene pentene copolymer (EPC), polyisobutylene
(PIB), styrene butadiene rubber (SBR), polyolefins, polyethylene-co-poly-1-octene (PE-co-
PO), PE-co-poly(methylene cyclopentane) (PE-co-PMCP), stereoblock polypropylenes,
polypropylene polymethylpentene copolymer, polyethylene oxide (PEQO), PEO block

copolymers, silicone, and the like.

[0045] As used herein, the terms “cathode™ and “anode” refer to the electrodes of a battery.
During a charge cycle in a Li-secondary battery, Li ions leave the cathode and move through
an electrolyte and to the anode. During a charge cycle, electrons leave the cathode and move
through an external circuit to the anode. During a discharge cycle in a Li-secondary battery,
Li ions migrate towards the cathode through an electrolyte and from the anode. During a
discharge cycle, electrons leave the anode and move through an external circuit to the

cathode.
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[0046] As used herein, the phrase “current collector” refers to a component or layer in a
secondary battery through which electrons conduct, to or from an electrode in order to
complete an external circuit, and which are in direct contact with the electrode to or from
which the electrons conduct. In some examples, the current collector is a metal (e.g., Al, Cu,
or Ni, steel, alloys thereof, or combinations thereof) layer which is laminated to a positive or
negative electrode. During charging and discharging, electrons move in the opposite direction
to the flow of Li ions and pass through the current collector when entering or exiting an

electrode.

[0047] As used herein, the phase “glassy,” refers to a material that is characterized as a glass.
Glasses include amorphous solid materials that exhibit a glass transition, which is the
reversible transition in amorphous materials (or in amorphous regions within semicrystalline

materials) from a hard and relatively brittle state into a molten or rubber-like state.

[0048] As used herein, the term “amorphous,” refers to a material that is not crystalline or
that does not contain a majority crystalline phase. Amorphous refers to a material that does
not evidence a crystalline property, for example, well-defined x-ray diffraction peaks as
measured by x-ray diffraction. An amorphous material is at least primarily amorphous and
characterized as having more amorphous components than crystalline components.
Substantially amorphous refers to a material that does not include well defined x-ray
diffraction peaks or that is characterized by an x-ray diffraction pattern that includes broad
reflections that are recognized by a person having ordinary skill in the art as having the
majority constituent component phase as an amorphous phase. A material that is substantially
amorphous may have nanosized domains of crystallinity but which are still characterized by
an x-ray diffraction pattern to be primarily in an amorphous phase. In a substantially
amorphous material, transmission electron microscopy (TEM) selected area diffraction
pattern (SADP) may evidence regions of crystallinity but would also evidence a majority of

the volume of the material as amorphous.

[0049] As used herein, the term “semiamorphous,” refers to a composition comprising both
crystalline and amorphous domains. A semiamorphous material includes both nanocrystalline
and/or microcrystalline components in addition to amorphous components. A semiamorphous
material is a material that is partially crystallized or is a material which includes some
crystalline bulk and some amorphous bulk. For example a material heated to its
crystallization temperature, but subsequently cooled before the entirety of the material is able

to crystallize, completely, is referred to herein as a semiamorphous material. Examples of
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semiamorphous materials described herein, include but are not limited to, Li; 4P §S7,I when
annealed at 190°C for a time less than the time required to crystallize all or the majority of
Li; 4Py $S7,1; or also Li;4P;gS7,I when annealed at temperatures greater than 200°C but for
short time periods which do not allow all or the majority of Li;4P;5S;,I to completely
crystallize. As used herein, a semiamorphous material can be characterized by an XRD
powder pattern in which the primary peak of highest intensity has a full width at half
maximum of at least 1° (20), or at least 2° (20), or at least 3° (20).

[0050] As used herein, the phrase “nanocrystalline” refers to a material wherein the
constituent crystalline components are separated by nanodimensions. For example, a
nanocrystalline Lil includes Lil in which the domains of crystalline Lil have median physical
dimensions of approximately 1-100 nm, or 2-50 nm, or 1-10 nm, or 2-5 nm, or 5-15 nm, or 5-
20 nm, or the like as measured in a transmission electron microscopy (TEM) micrograph by
identification of regions of visual contrast of different nanodomains. Nanocrystalline as used
herein, the term “primarily nanocrystalline” refers to a material that includes
nanodimensioned crystalline domains as the majority phase or majority component, which

contributes to the crystalline character of the material.

[0051] As used herein, the term “crystalline domain™ refers to a part, portion, or component
of a material having crystalline character and that is physically ordered as a crystal. The
domain represents the boundaries of the crystalline component. As used herein, a crystalline
solid is a material whose constituent atoms, molecules, or ions are arranged in an ordered
pattern extending in three spatial dimensions. The boundaries of the constituent ordered
portion of the material are referred to as the crystalline domain. For a material that has both
crystalline and non-crystalline components, the crystalline components are referred to as the
crystalline domains. The size of the domains represents the dimensions of the boundaries
encompassing a given crystalline component. For example, some of the materials set forth
herein have both amorphous and crystalline components, wherein the crystalline components

are ordered for 1-20 nm. Such materials are referred to as nanodomained crystals.

[0052] As used herein, the phrase “nanodimensioned” refers to a material wherein the
constituent components are separated by nanodimensions. For example, a nanodimensioned
Lil includes Lil in which the domains of crystalline Lil or amorphous Lil have median

physical dimensions of approximately 1-100 nm, or 2-50 nm, or 1-10 nm, or 2-5 nm, or 5-15
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nm, or 5-20 nm, or the like as measured in a TEM micrograph by identification of regions of

visual contrast of different nanodomains.

[0053] As used herein, “LPS,” refers to an electrolyte having Li, P, and S chemical
constituents. As used herein, “LPSO,” refers to LPS that is doped with or has O present. In
some examples, “LPSO,” is a LPS material with an oxygen content between 0.01 and 10
atomic %. LPS refers to an electrolyte material that can be characterized by the formula
Li,P,S, where 0.33<x<0.67, 0.07<y<0.2 and 0.4<z<0.55. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li,S:P,Ss wherein the molar ratio is
10:1,9:1,8:1,7:1, 6:1 5:1, 4:1, 3:1, 7:3, 2:1, or 1:1. LPS also refers to an electrolyte
characterized by a product formed from a mixture of Li,S:P,Ss wherein the reactant or
precursor amount of Li,S is 95 atomic % and P,Ss is 5 atomic %. LPS also refers to an
electrolyte characterized by a product formed from a mixture of Li,S:P,Ss wherein the
reactant or precursor amount of Li,S is 90 atomic % and P,Ss is 10 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 85 atomic % and P,Ss is 15 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 80 atomic % and P,Ss is 20 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 75 atomic % and P,Ss is 25 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 70 atomic % and P,Ss is 30 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 65 atomic % and P,Ss is 35 atomic %. LPS also refers
to an electrolyte characterized by a product formed from a mixture of Li,S:P,S5 wherein the
reactant or precursor amount of Li,S is 60 atomic % and P,Ss is 40 atomic %. In some
examples, LPS includes, but is not limited to, Li,S:P,Ss from 50:50 to 85:15 molar ratio. In
some examples, LPS includes, but is not limited to, Li;P5S;; or Li;PS4. In some examples,

LPS is characterized by (100-x)Li,S*(x)P,Ss where 15<x<50.

[0054] As used herein, “LPSI,” refers to LPS which is doped with or which further includes
Lil or I,. LPSI includes any compositions characterize by Li,PyS,I;, wherein 5<x<12; 1<y<3;
5<7<9, and 0.1<t<2. LPSI also refers to any mixture of Li,S:P,Ss:Lil, pre or post annealing
and any annealing products thereof. In some examples, LPSI includes, but is not limited to

species such as Li7stgI, Li7'4P1'GS7'2I, LiHPzSGI, or LIGPS5I
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[0055] As used herein, “LSTPS,” refers to a Li ion conducting composition that comprises
lithium (L1), silicon (8i), tin (Sn), phosphorus (P), and sulfur (S). Example LSTPS materials
include those electrolyte and catholyte compositions set forth in US Patent Application
Publication No. 2015-0171465, which published on June 18, 2015, entitled SOLID STATE
CATHOLYTE OR ELECTROLYTE FOR BATTERY USING LisMPgS¢ (M=Si, Ge,
AND/OR Sn), and filed May 15, 2014, or U.S. Patent No. 9,172,114, which issued October

27, 2015, the entire contents of which are incorporated by reference in their entirety.

[0056] As used herein, “NMC,” refers to a positive electrode active material which
intercalates lithium ions and includes an oxide or oxides of Nickel (Ni), Manganese (Mn),
and Cobalt (Co). Examples of NMC include, but are not limited to, those positive electrode
active materials set forth in U.S. Patent Nos. 6,680,143; 6,677,082; 8,685,565; 8,241,791;
7,078,128 or 6,964,828, or in US Patent Application Publication No. US2011/0250508, filed
October 13, 2009.

[0057] As used herein, the phrase “germanium species,” refers to any compound, composite,

ion, or molecular unit which includes or is bonded to at least one Germanium (Ge) atom.

[0058] As used herein, the term “catholyte,” refers to a Li ion conductor that is intimately
mixed with, or that surrounds, or that contacts the positive electrode active materials and
provides an ionic pathway for Li to and from the active materials. Catholytes suitable with the
embodiments described herein include, but are not limited to, catholytes having the common
name LPS, LXPS, LXPSO, where X is Si, Ge, Sn, As, Al, LATS, or also Li-stuffed gamets,
or combinations thereof, and the like. Catholytes may also be liquid, gel, semi-liquid, semi-
solid, polymer, and/or solid polymer ion conductors known in the art. Catholytes include
those catholytes set forth in US Patent Application Publication No. 2015-0171465, which
published on June 18, 2015, entitled SOLID STATE CATHOLYTE OR ELECTROLYTE
FOR BATTERY USING LiaMPgS¢ (M=Si, Ge, AND/OR Sn), filed May 15, 2014, the
contents of which are incorporated by reference in their entirety. Catholytes include those
catholytes set forth in US Patent Application Publication No. 2015/0099190, published on
April 9, 2015, entitled GARNET MATERIALS FOR LI SECONDARY BATTERIES AND
METHODS OF MAKING AND USING GARNET MATERIALS, and filed October 7,

2014, the contents of which are incorporated by reference in their entirety.

[0059] In some examples, gel catholytes and gel electrolytes include any suitable ionically

conducting gels or liquid-based electrolyte set forth in US Patent No. 5,296,318, entitled
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RECHARGEABLE LITHIUM INTERCALATION BATTERY WITH HYBRID
POLYMERIC ELECTROLYTE.

[0060] As used herein, the term “electrolyte,” refers to a material that allows ions, e.g., Li', to
migrate therethrough but which does not allow electrons to conduct therethrough. Electrolytes
are useful for electrically isolating the cathode and anodes of a secondary battery while

allowing ions, e.g., Li", to transmit through the electrolyte.

[0061] As used herein, the phrase “dsy diameter” or “median diameter (dso)” refers to the
median size, in a distribution of sizes, measured by microscopy techniques or other particle
size analysis techniques, such as, but not limited to, scanning electron microscopy or dynamic
light scattering. Dso describes a characteristic dimension of particles at which 50% of the
particles are smaller than the recited size. As used herein “diameter (dgg)” refers to the size, in
a distribution of sizes, measured by microscopy techniques or other particle size analysis
techniques, including, but not limited to, scanning electron microscopy or dynamic light
scattering. Dy includes the characteristic dimension at which 90% of the particles are smaller
than the recited size. As used herein “diameter (d,¢)” refers to the size, in a distribution of
sizes, measured by microscopy techniques or other particle size analysis techniques,
including, but not limited to, scanning electron microscopy or dynamic light scattering. Dy,
includes the characteristic dimension at which 10% of the particles are smaller than the

recited size.

[0062] As used herein, the term “rational number” refers to any number which can be
expressed as the quotient or fraction (e.g., p/q) of two integers (e.g., p and q), with the
denominator (e.g., q) not equal to zero. Example rational numbers include, but are not limited

to, 1, 1.1,1.52,2,25,3,3.12, and 7.

[0063] As used herein, the term “primary peaks” refers to (20) positions on the x-axis of an
XRD powder pattern of intensity v. degrees (20) which have a peak intensity substantially
greater than the background. In some Examples, primary peaks are those peaks in FIG. 4
which have an intensity value greater than 80. Primary peaks include, but are not limited to,
those peaks in FIG. 4 which have an intensity value greater than 180. In a series of XRD
powder pattern peaks, the primary peak is the peak of highest intensity which is associated
with the compound, or phase, being analyzed. The second primary peak is the peak of second
highest intensity. The third primary peak is the peak of third highest intensity. In some

examples, a primary peak has a 5:1 or a 3:1 intensity to background ratio for the intensity of
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the peak with respect to background. In these examples, the background or noise level is the

standard deviation of all data points where there is no primary peak.

[0064] As used herein, the term “reflections™ refers to positions on the x-axis of an XRD
powder pattern of intensity v. degrees (20) which have a peak intensity greater than the

background.

[0065] As used herein, the phrase “having the following reflections,” refers to a characteristic
of a material in which if the material is analyzed by XRD, according to the analytical
methods set forth herein, the material will be observed to have an XRD powder pattern which
includes the recited reflections at positions on the x-axis of an XRD powder pattern of

intensity as a function of degrees (20).

[0066] As used herein, the term, “argyrodite,” or “argyrodite crystal,” refers to a crystal
structure or crystal bonding arrangement. This crystal structure or bonding arrangement is
based on the crystal structure for the natural mineral, argyrodite, which is a silver germanium
sulfide mineral characterized by the chemical formula AgsGeS¢. This crystal structure is also

exemplified by the isomorphous argyrodite mineral, AgsSnSe.

[0067] As used herein, the molar ratios, unless specified to the contrary, describe the ratio of

constituent elements as batched in the reaction used to make the described material.

[0068] As used herein, a “thickness” by which is film is characterized refers to the distance,
or median measured distance, between the top and bottom faces of a film. As used herein, the
top and bottom faces refer to the sides of the film having the largest surface area. As used
herein, the phrase “film thickness™ refers to the distance, or median measured distance,

between the top and bottom faces of a film.

[0069] As used herein the phrase “active electrode material,” or “active material,” refers to a
material that is suitable for use as a Li rechargeable battery and which undergoes a chemical
reaction during the charging and discharging cycles. For example, an “active cathode
material,” includes a metal fluoride that converts to a metal and lithium fluoride during the
discharge cycle of a Li rechargeable battery. For example, an “active cathode material,”
includes an oxide set forth in US Patent Nos., 6,677,082; 6,680,143; 6,660,432; 6,964,828;
7,078,128; or 8,241,791.

[0070] As used herein the phrase “active anode material” refers to an anode material that is
suitable for use in a Li rechargeable battery that includes an active cathode material as

defined above. In some examples, the active material is Lithium metal. In some of the
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methods set forth herein, the sintering temperatures are high enough to melt the Lithium

metal used as the active anode material.

[0071] As used herein the phrase “free-standing thin film,” refers to a film that is not adhered
or supported by an underlying substrate. In some examples, free-standing thin film is a film
that is self-supporting, which can be mechanically manipulated or moved without need of

substrate adhered or fixed thereto.

[0072] As used herein, the phrase “porosity as determined by SEM,” refers to measurement
of density by using an image analysis software. First, a user or software assigns pixels and/or
regions of an image as porosity. Second, the area fraction of those regions is summed.
Finally, the porosity fraction determined by SEM is equal to the area fraction of the porous

region of the image.

[0073] As used herein, the phrase “density as determined by geometric measurements,” refers
to measurements of density obtained by physical mass and volume measurements. Density is
determined by the ratio of measured mass to the measured volume. Customary techniques

including the Archimedes method have been employed for such determinations.

[0074] As used herein, the phrase “LiBH4-LiNH,-LiX.,” refers to a tertiary composition that
includes LiBH,, LiNH,, and LiX, and is described chemically as
A-(LiBH4)-B-(LiX)-C-(LiNH;), wherein X is fluorine, bromine, chloride, iodine, or a
combination thereof, and wherein 0.1<A<3, 0.1<B<4, and 0<C<9. The relative molar ratio of
LiBH4, LiNH,, and LiX can vary. Example compositions include, but are not limited to,
3LiBH,-2Lil-3LiNH; and 3LiBH4 4Lil-9LiNH,. In some examples, the LiBH,, LiNH,, and
LiX are intimately mixed to form a uniformly mixed composition. In other examples, the
LiBH,4, LiNH,, and LiX are layered one on top of the other for form a layered thin film. In
other examples, the LiBHy, LiNH,, and LiX are graded in a thin film so that their
compositions vary across the thickness of the film. Exemplary composition and thin films are
set forth in U.S. Provisional Patent Application No. 62/411,464, filed October 21, 2016, the

entire contents of which are herein incorporated by reference in its entirety for all purposes.

COMPOSITIONS

[0075] In some examples, set forth herein is an electrolyte including a compound
characterized by LicP,S,I;, wherein 5<x<12; 1<y<3; 5<z<12, and 0.1<t<2. In these examples,
subscripts X, v, 7, and t are rational numbers and are chosen such that the compound is

neutrally charged. In some examples, the compound is characterized by an x-ray powder
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diffraction (XRD) pattern having at least one of the following reflections at: 20, 25, 27, 29, or
45 £ 1° (20). In some examples, the compound is characterized by an x-ray powder
diffraction (XRD) pattern having at least a reflections at: 20+ 1° (20). In some examples, the
compound is characterized by an x-ray powder diffraction (XRD) pattern having at least a
reflection at: 25 + 1° (20). In some examples, the compound is characterized by an x-ray
powder diffraction (XRD) pattern having at least a reflections at: 27 £ 1° (20). In some
examples, the compound is characterized by an x-ray powder diffraction (XRD) pattern
having at least a reflection at: 29 + 1° (20). In some examples, the compound is characterized
by an x-ray powder diffraction (XRD) pattern having at least a reflections at: 45 £ 1° (20). In
some examples, the compound is characterized by an x-ray powder diffraction (XRD) pattern
having at least the following reflections at: 20, 25, 27, 29, and 45 + 1° (20). In some
examples, the compound is characterized by an XRD pattern having at least the following

primary peaks at 20, 25, 27, 29, and 45 (20).

[0076] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having at least the following primary peaks at 20, 25, 27, 29, and 45 (20). In some
examples, the LPSI compound set forth herein is characterized by an XRD pattern having at
least the following primary peaks at 25, 27, 29, and 45 (20). In some examples, the LPSI
compound set forth herein is characterized by an XRD pattern having at least the following
primary peaks at 20, 27, 29, and 45 (20). In some examples, the LPSI compound set forth
herein is characterized by an XRD pattern having at least the following primary peaks at 20,
25,29, and 45 (20). In some examples, the LPSI compound set forth herein is characterized
by an XRD pattern having at least the following primary peaks at 20, 25, 27, and 45 (20). In
some examples, the LPSI compound set forth herein is characterized by an XRD pattern
having at least the following primary peaks at 20, 25, 27, and 29 (20). In some examples, the
LPSI compound set forth herein is characterized by an XRD pattern having at least the
following primary peaks at 20, 25, and 27 (20). In some examples, the LPSI compound set
forth herein is characterized by an XRD pattern having at least the following primary peaks at
20, 25, and 29 (20). In some examples, the LPSI compound set forth herein is characterized
by an XRD pattern having at least the following primary peaks at 20 and 25 (20). In some
examples, the LPSI compound set forth herein is characterized by an XRD pattern having at
least the following primary peaks at 20 and 27 (20). In some examples, the LPSI compound
set forth herein is characterized by an XRD pattern having at least the following primary
peaks at 20 and 29 (20). In some examples, the LPSI compound set forth herein is
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characterized by an XRD pattern having at least the following primary peaks at 20 and 45
(20). In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having at least the following primary peaks at 20 and 45 (2@). In some examples, the
LPSI compound set forth herein is characterized by an XRD pattern having at least the
following primary peaks at 29 and 45 (20). In some examples, the LPSI compound set forth
herein is characterized by an XRD pattern having at least the following primary peaks at 27
and 45 (20). In some examples, the LPST compound set forth herein is characterized by an

XRD pattern having at least the following primary peaks at 25 and 45 (20).

[0077] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having a primary peak at 20 (20). In certain examples, primary peak at 20 (20) has a
full-width at half-maximum (FWHM) of 5° + 1°. In certain examples, primary peak at 20
(20) has a full-width at half-maximum (FWHM) of 4° + 1°. In certain examples, primary
peak at 20 (20) has a full-width at half-maximum (FWHM) of 3° £ 1°. In certain examples,
primary peak at 20 (20) has a full-width at half-maximum (FWHM) of 2° + 1°. In certain
examples, primary peak at 20 (20) has a full-width at half-maximum (FWHM) of 1° £ 1°. In
certain examples, primary peak at 20 (20) has a full-width at half-maximum (FWHM) of
0.5°.

[0078] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having a primary peak at 25 (20). In certain examples, primary peak at 25 (20) has a
full-width at half-maximum (FWHM) of 5° + 1°. In certain examples, primary peak at 25
(20) has a full-width at half-maximum (FWHM) of 4° + 1°. In certain examples, primary
peak at 25 (20) has a full-width at half-maximum (FWHM) of 3° £ 1°. In certain examples,
primary peak at 25 (20) has a full-width at half-maximum (FWHM) of 2° + 1°. In certain
examples, primary peak at 25 (20) has a full-width at half-maximum (FWHM) of 1° £ 1°. In
certain examples, primary peak at 25 (20) has a full-width at half-maximum (FWHM) of
0.5°.

[0079] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having a primary peak at 27 (20). In certain examples, primary peak at 27 (20) has a
full-width at half-maximum (FWHM) of 5° + 1°. In certain examples, primary peak at 27
(20) has a full-width at half-maximum (FWHM) of 4° + 1°. In certain examples, primary
peak at 27 (20) has a full-width at half-maximum (FWHM) of 3° £ 1°. In certain examples,
primary peak at 27 (20) has a full-width at half-maximum (FWHM) of 2° + 1°. In certain
examples, primary peak at 27 (20) has a full-width at half-maximum (FWHM) of 1° £+ 1°. In

18



WO 2017/096088 PCT/US2016/064492

certain examples, primary peak at 27 (20) has a full-width at half-maximum (FWHM) of
0.5°.

[0080] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having a primary peak at 29 (20). In certain examples, primary peak at 29 (20) has a
full-width at half-maximum (FWHM) of 5° + 1°. In certain examples, primary peak at 29
(20) has a full-width at half-maximum (FWHM) of 4° + 1°. In certain examples, primary
peak at 29 (20) has a full-width at half-maximum (FWHM) of 3° £ 1°. In certain examples,
primary peak at 29 (20) has a full-width at half-maximum (FWHM) of 2° + 1°. In certain
examples, primary peak at 29 (20) has a full-width at half-maximum (FWHM) of 1° £+ 1°. In
certain examples, primary peak at 29 (20) has a full-width at half-maximum (FWHM) of
0.5°.

[0081] In some examples, the LPSI compound set forth herein is characterized by an XRD
pattern having a primary peak at 45 (20). In certain examples, primary peak at 45 (20) has a
full-width at half-maximum (FWHM) of 5° + 1°. In certain examples, primary peak at 45
(20) has a full-width at half-maximum (FWHM) of 4° + 1°. In certain examples, primary
peak at 45 (20) has a full-width at half-maximum (FWHM) of 3° £ 1°. In certain examples,
primary peak at 45 (20) has a full-width at half-maximum (FWHM) of 2° + 1°. In certain
examples, primary peak at 45 (20) has a full-width at half-maximum (FWHM) of 1° £ 1°. In
certain examples, primary peak at 45 (20) has a full-width at half-maximum (FWHM) of
0.5°.

[0082] In some examples, the composition is characterized by a first major XRD peak at 29°

(20) which has a full-width at half-maximum (FWHM) of 3° £ 1° degrees.

[0083] In some examples, set forth herein is an electrolyte including a compound
characterized by Li P,S,It, wherein 5<x<12; 1<y<3; 5<z<12, and 0.1<t<2. In some of these
examples, x is 5, 6, 7, 8, or 9. In some of these examples, x is 7, 8, or 9. In some of these
examples, xis 6.8, 6.9, 7.0,7.1,7.2,7.3,7.4,75, or 7.6. In some examples, yis 1, 2, or 3. In
other examples, vy is 1. In other examples, y is 2. In other examples, y is 3. In some examples,
718 5,6,7,8,9,10, 11, or 12. In other examples, zis 5. In other examples, 7 is 6. In other
examples, z is 7. In other examples, z is 8. In other examples, z is 9. In other examples, z is
10. In other examples, zis 11. In other examples, z is 12. In some examples, tis 0.1, 0.2,
0.3,04,05,06,07,08,09,1.0,1.1,0r1.2,1.3,1.4,1.5,1.6,1.7,1.8,1.9, or2.0. In other

examples, tis 0.1. In other examples, t is 0.2. In other examples, t is 0.3. In other examples, t
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is 0.4. In other examples, t is 0.5. In other examples, t is 0.6. In other examples, tis 0.7. In
other examples, t is 0.8. In other examples, t is 0.9. In other examples, tis 1.0. In other
examples, tis 1.1. In other examples, tis 1.2. In other examples, tis 1.3. In other examples, t
is 1.4. In other examples, tis 1.5. In other examples, tis 1.6. In other examples, tis 1.7. In

other examples, tis 1.8. In other examples, tis 1.9. In other examples, tis 2.0.

[0084] In some examples, the compound is characterized the composition claimed does not
have a chemical formula characterized by a member selected from the group consisting of
(Li3PS4)3(Lil), (LisPS4)2(Lil), (LisPS4)(Lil), 2(LisPS4)(Lil), 3(LisPS4)(Lil), and
combinations thereof. In these examples, and those below, the coefficient numbers are to be
read as qualifying the parenthetical which the coefficient number precedes. For example, the
formula (Li;PS4)3(Lil) includes the coefficient “1” before (Li;PS4) and the coefficient <3~
before (Lil). These coefficient numbers refer to the respective amounts of the chemical units
defined by the parentheticals. (Li;PS4)3(Lil) therefore refers to a composition that includes
one (1) chemical unit of (Li;PSy) for every three (3) chemical units of (Lil). Within a
parenthetical, the subscript values refer to the respective amounts of each constituent element
in the chemical unit defined by the parenthetical. For example, the parenthetical (Li;PSy)
includes the subscript values “3,” “1,” and “4.” The subscript numbers are to be read as
qualifying the constituent element which precedes the subscript. Thus, within any given
chemical unit of (Li;PSy), there are three (3) lithium atoms for every one (1) phosphorus atom

and for every four (4) sulfur atoms.

[0085] In some examples, the composition claimed does not have a chemical formula
characterized by a member selected from the group consisting of Li;P,Sgl, LigPSsF, LigPSsCl,
Li¢PSsBr, LigPSsl, and combinations thereof. In some examples, the composition claimed
does not have a chemical formula characterized by Li;P,Ssl. In some examples, the
composition claimed does not have a chemical formula characterized by LicPSsF. In some
examples, the composition claimed does not have a chemical formula characterized by
LicPSsCl. In some examples, the composition claimed does not have a chemical formula
characterized by LigPSsBr. In some examples, the composition claimed does not have a
chemical formula characterized by LigPSsl. In some examples, the composition claimed does
not have a chemical formula characterized by a member selected from the group consisting of
Li;P,Ssl, LigPSsF, LigPS;Cl, LigPSsBr, LigPSsl, and combinations thereof, and wherein the
composition is not annealed as described in the instant application. In some examples, the

composition claimed does not have a chemical formula characterized by a member selected
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from the group consisting of Li;P,Ssl, LicPSsF, LigPSsCl, LigPSsBr, LigPSsI, and
combinations thereof, and wherein the composition is composed of mostly crystalline

Li7stgI, LiGPS5F, LIGPS5C1, LiGPS5BI', or LIGPS5I

[0086] In some examples, the compound is characterized the composition claimed does not
have a chemical formula characterized by a member selected from the group consisting of

80(70L,S-30P,S5)20(Lil), 70(70L,S-30P,S5)30(Lil), and combinations thereof.

[0087] In some examples, the compound is characterized the composition claimed does not

have a chemical formula characterized by a solid solution of L3;PS, and Lil, Li,S, and P,Ss.

[0088] In some examples, the compound is characterized the composition claimed does not
have a chemical formula characterized by (100-X)(80L,S-20P,S5)X(Lil), wherein X is 0, 2, 5,
10, 15, 20 or 30.

[0089] In some examples, the compound is characterized the composition claimed does

include a mixture of any of Li,S, P,Ss, LiF, LiCl, LiBr, and/or Lil or combinations thereof.

[0090] In some examples, the compound is not Li;P,Sgl but is characterized by an x-ray
powder diffraction (XRD) pattern having at least one of the following reflections at: 21, 28,
or 33 (20).

[0091] In some examples, the compound is not argyrodite LigPSsI. In some examples, the

compound is not argyrodite LisPSsI having a primary XRD peak at 46 (20).

COMPOSITES
[0092] In some examples, the electrolyte compositions described herein include a LPSI,

described herein, and further include a polymer.

[0093] In some examples, the weight loading of the LPSI in the composition further
comprising a polymer is at least 50 % (w/w). In some other examples, the weight loading of
the LPSI in the composition further comprising a polymer is at least 55 % (w/w). In some
examples, the weight loading of the LPSI in the composition further comprising a polymer is
at least 60 % (w/w). In some other examples, the weight loading of the LPSI in the
composition further comprising a polymer is at least 65 % (w/w). In some examples, the
weight loading of the LPSI in the composition further comprising a polymer is at least 70 %
(w/w). In some other examples, the weight loading of the LPSI in the composition further
comprising a polymer is at least 75 % (w/w). In some examples, the weight loading of the

LPSI in the composition further comprising a polymer is at least 80 % (w/w). In some other
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examples, the weight loading of the LPSI in the composition further comprising a polymer is
at least 85 % (w/w). In some examples, the weight loading of the LPSI in the composition
further comprising a polymer is at least 90 % (w/w). In some other examples, the weight

loading of the LPSI in the composition further comprising a polymer is at least 95 % (w/w).

[0094] In some examples, the volume loading of the LPSI in the composition further
comprising a polymer is at least 50 % (v/v). In some other examples, the volume loading of
the LPSI in the composition further comprising a polymer is at least 55 % (v/v). In some
examples, the volume loading of the LPSI in the composition further comprising a polymer is
at least 60 % (v/v). In some other examples, the volume loading of the LPSI in the
composition further comprising a polymer is at least 65 % (v/v). In some examples, the
volume loading of the LPSI in the composition further comprising a polymer is at least 70 %
(v/v). In some other examples, the volume loading of the LPSI in the composition further
comprising a polymer is at least 75 % (v/v). In some examples, the volume loading of the
LPSI in the composition further comprising a polymer is at least 80 % (v/v). In some other
examples, the volume loading of the LPSI in the composition further comprising a polymer is
at least 85 % (v/v). In some examples, the volume loading of the LPSI in the composition
further comprising a polymer is at least 90 % (v/v). In some other examples, the volume

loading is at least 95 % (v/v).

[0095] In some examples, the LPSI composition further comprises a polymer and further

includes a lithium salt selected from LiPF.

[0096] In some examples, the LPSI composition further comprises a polymer and further

includes a lithium salt selected from LiTFSI (lithium bis-trifluoromethanesulfonimide).

[0097] In some examples, the polymer suitable for use with the compositions and methods set
forth herein include polypropylene (PP), atactic polypropylene (aPP), isotactive
polypropylene (iPP), polybutyl diene, polybutadiene (PBD), polybutadiene rubber (PB),
cross-linked polybutadiene (cPBD), polystyrene (PS), ethylene propylene rubber (EPR),
ethylene pentene copolymer (EPC), polyisobutylene (PIB), styrene butadiene rubber (SBR),
polyolefins, polyethylene-co-poly-1-octene (PE-co-PO), PE-co-poly(methylene
cyclopentane) (PE-co-PMCP), poly methyl-methacrylate, acrylics, acrylonitrile-butadiene
rubber (NBR), polyvinyl acetacetal resin, polyvinylbutylal resin, PVB stereoblock
polypropylenes, polypropylene polymethylpentene copolymer, polyethylene oxide (PEO),
PEO block copolymers, nitriles, nitrile butadiene rubber, carboxymethyl cellulose (CMC),
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polyisoprene rubber (PI), polychloroprene rubber (CR), polyethyl acrylate (PEA),
polyvinylidene fluoride (PVDF), aqueous-compatible polymers, silicone, PMX-200
(polydimethylsiloxane, PDMS), methyl methacrylate, ethyl methacrylate, polyvinylbutyral
(PVB), poly ethyl methacrylate (PEMA), polyvinyl pyrrolidone (PVP), stereo block
polypropylenes, polypropylene polymethylpentene copolymer, polypropylene carbonate,

polyethylene, or combinations thereof.

[0098] In some examples, the polymer suitable for use with the compositions and methods set
forth herein include polymers which attach, bond, adhere, or adsorb to the LPSI. In some
examples, the polymer suitable for use with the compositions and methods set forth herein

include polymers which attach, bond, adhere, or adsorb to the surface of the LPSI.

[0099] Examples binders and/or polymers are also, in certain embodiments, selected from
nitriles, nitrile butadiene rubber, carboxymethyl cellulose (CMC), styrene butadiene rubber
(SBR), PVDF-HFP, PAN, aqueous-compatible polymers, atactic polypropylene (aPP),
silicone, polyisobutylene (PIB), ethylene propylene rubber (EPR), PMX-200 PDMS
(polydimethylsiloxane/polysiloxane, i.e., PDMS or silicone), polyacrylonitrile (PAN),
polymethylmethacrylate (PMMA), poly vinylchloride (PVC), poly vinylbutyral (PVB), or
poly(vinylidene) fluoride-hexafluoropropylene PVDF-HFP.

[00100] In some examples, the polymer is linear low density polyethylene (LLDPE). In
some examples, the polymer is polybutadiene (PBD).

[00101] In some examples, the polymers are coordinated or adsorbed to the surface of
LPSI particles. In some examples, the polymers are coordinated or adsorbed to the surface of
the LPSI particles. Polymers which covalently attach to LPSI particles, include, but are not
limited to, carboxylic acids, esters, ethers, and polymers with hydroxyl, amine, pyridine,
amide, nitrile, phosphate, sulfonate, thioether, and thiol functional groups. Example
carboxylic acids include, but are not limited to, decanoic acid and perfluoropentanoic acid.
Example esters include, but are not limited to, dodecyl acetate, ethyl decanoate, and ethyl
perfluorobutyrate. Example ethers include, but are not limited to, diethyl ether. Example
polymers with hydroxyl, amine, pyridine, amide, nitrile, phosphate, sulfonate, thioether, and
thiol functional groups include, but are not limited to, dodecylamine, phenylpropylpyridine,
octadecanamide, nonanenitrile, triphenylphospine oxide, perfluorobutanesulfonic acid,

dodecyl sulfide, and dodecanethiol.

ELECTROCHEMICAL CELLS

23



WO 2017/096088 PCT/US2016/064492

[00102] As shown in FIG. 1 as one example, set forth herein are electrochemical cells.
In some examples, these electrochemical cells are solid-state cells. In FIG. 1, “eLi” refers to
evaporated Li metal. In FIG. 1, HP-LPSI refers to hot-pressed LPSI. In FIG. 1, NMC refers to
nickel-manganese cobalt oxide. In some of these solid-state electrochemical cells, the
electrolyte which separates the positive and negative electrodes comprises a sulfide-based
electrolyte. In some examples, this sulfide-based electrolyte is included in the electrochemical
cell as a single separator membrane which is positioned between the positive and negative
electrodes. In some of these examples, this separator membrane consists essentially of an
LPSI material which includes Li,P,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2, and is
characterized by an x-ray powder diffraction (XRD) pattern having at least one of the
following reflections at: 21, 25, 27, 28, 29, 33 and/or 45 £ 1° (20). In these compositions,

subscripts X, y, 7, and t are rational numbers and the compound is neutrally charged.

[00103] In some examples, the separator membrane includes two layers, one layer
being LPSI and one layer being SLOPS, as defined herein. In certain examples, one of the
two layers in this separator is an LSTPS material which includes, for example, a material
described in U.S. Patent Application Publication No. 2015/0171465, which published on June
18,2015, entitled SOLID STATE CATHOLYTE OR ELECTROLYTE FOR BATTERY
USING LiaMPgS¢ (M=Si, Ge, AND/OR Sn), or U.S. Patent No. 9,172,114, which issued
October 27, 2015, the contents of which are incorporated by reference in their entirety. In
certain examples, the other of the two layers in this separator is an SLOPS material described
herein. In some examples, the LPSI material is hot pressed with the SLOPS material to make
a bi-layer solid state electrolyte membrane. In some examples, the LPSI material is hot
pressed with the LSS material to make a bi-layer solid state electrolyte membrane. In one
example, the LPSI composition is Li7 4P} S72I, while the LSS is 60:40 mole ratio Li,S:SiS,. .
In one example, the LPSI composition is Li7 4P ¢S7,1, while the SLOPS is 60:40 mole ratio
Li,S:SiS; with 0.1 mol.% Li;PO, or greater. The LPSI is pre-annealed at 190°C prior to
assembly. The SLOPS is not annealed. To create the bi-layer separator, LPSI powder is first
added to a mold, followed by application of ~50,000 pounds per square inch (psi) of pressure.
To one side of this condensed electrolyte membrane, set forth herein, of LPSI, SLOPS
powder is added in a 2:1 LPSI:SLOPS ratio, followed by heating to 180-210° and application
of ~100,000 psi pressure for 5 minutes. The bi-layer separator is allowed to cool and is

removed as a freestanding film or electrolyte membrane, set forth herein.

24



WO 2017/096088 PCT/US2016/064492

[00104] In some of these examples, and as illustrated in FIG. 1, the positive electrode
is prepared by casting a slurry onto a current collector. The slurry includes NMC cathode
active materials. Example NMC materials are set forth in U.S. Patent Nos. 6,680,143;
6,677,082; 8,685,565; 8,241,791; 7,078,128; and 6,964,828, or in US Patent Application
Publication No. 2011/0250508, filed October 13, 2009. In some examples, the current
collector is selected from a metal or alloy selected from nickel (Ni), aluminum (Al), copper
(Cu), gold (Au), silver (Ag), platinum (Pt), chromium (Cr), steel, stainless steel, and
combinations thereof. In some of these examples, the slurry includes an LSTPS catholyte
material which has been downsized. In some examples, the LSTPS is downsized by milling it
in a grinding media and a solvent. In some examples, the grinding media is zirconia, alumina,
lanthanum oxide, or combinations thereof. In some examples, the solvent is tetrahydrofuran,
ethanol, methanol, isopropanol, ethyl acetate, dodecane, dimethyl sulfoxide, dimethyl
formamide, or acetonitrile. In some examples, additives may further be added to the solvent,
such as dodecyl sulfide, dodecyl methyl sulfide, or a silane. In some examples, the NMC is
milled simultaneously with the LSTPS. In some examples, the LSTPS is milled but the NMC
is not milled. In some examples, both the NMC and the LSTPS are milled but in separate
milling jars. To prepare the electrochemical cell set forth in this example, the NMC is
combined with LSTPS is a 5:1 weight ratio in the slurry cast onto the cathode. In some
examples, the slurry includes a solvent. In some examples, the slurry includes a binder and a
source of carbon as a conductive additive. In some examples, the carbon is C65. In other
examples, the carbon is ketjen black, carbon fibers, vapor grown carbon fibers (VGCF),
acetylene black, graphite, graphene, carbon nanotubes, carbon nanofibers, activated carbon,

carbon black, fullerenes, or acetylene black.

[00105] In some examples, the milling includes wet milling and/or wet mixing. In
some of these examples, the wet milling and/or wet mixing includes the use of a solvent
selected from dodecane, toluene, hexane, heptane, decane, acetonitrile, tetrahydrofuran
(THF), propanol, ethanol, methanol, butyl acetate, isopropyl acetate, acetic acid, ethyl
acetate, or dimethyl formamide (DMF). In some examples, the solvent is dodecane. In some
examples, the solvent is toluene. In some examples, the solvent is acetonitrile. In some
examples, the solvent is THF. In some examples, the solvent is propanol. In some examples,
the solvent is ethanol. In some examples, the solvent is acetic acid. In some examples, the
solvent is methanol. In some examples, the solvent is hexane. In some examples, the solvent

is heptane. In some examples, the solvent is decane. In some examples, the solvent is ethyl
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acetate. In some examples, the solvent is DMF. In some examples, the milling is conducted at
a speed ratio of 1:-1, 1:-2, 1:-3, or 1:-4. In some examples, the milling is conducted for one

(1) to forty-eight (48) hours.

[00106] The slurry used to prepare the positive electrode composition shown in FIG 1.
consisted of 74 wt.% NMC, 17 wt.% LSTPS, 5 wt.% binder, 3 wt.% C65 carbon, and 1 wt.%
Ketjen Black carbon. In this slurry, the LSTPS was combined with NMC in a NMC:LSTPS
weight ratio of 5:1.

[00107] Once formulated, the slurry is cast onto a positive electrode current collector.
In some examples, after the slurry is cast, the slurry is dried to remove the solvent which

dissolved or suspended the LSTPS, NMC, carbon, and/or binder.

[00108] In some examples, and as illustrated in Fig. 1, a dried slurry cast of 12 mm
diameter disc cathode active materials is positioned on a current collector. In certain
examples, this 12 mm diameter disc of a dried slurry cast on a current collector is layered
with, or laminated to, a layer of LPSI. In certain other examples, this 12 mm diameter disc of
dried slurry is on a current collector and is layered with, or laminated to, a bi-layer of LPSI &
SLOPS/LSS. In these examples, the cathode active region includes a 5:1 weight ratio of NMC
and LSTPS. Once the electrochemical cell is charged, and a layer of Li metal is between the
negative electrode current collector and the electrolyte, the Li metal will be in direct contact
with the LPSI layer. In some of these examples, the dried slurry cast on the current collector
is layered with, or laminated to, a layer of LPSI or a bi-layer of LPSI & SLOPS/LSS, and the
resulting composite is hot pressed. In this hot press step, the layers of current collector,
cathode active region, and LPSI are heated and compressed. In some of these examples, the
heating of these layers is to at least 75, 80, 85, 90, 95, 100, 105, 110, 114, 120, 125, 130, 135,
140, 145, 150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215, 220, 225,
230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285, 290, 295, or 300 °C. In some
other examples, the heating of these layers is to about 75, 80, 85, 90, 95, 100, 105, 110, 114,
120, 125, 130, 135, 140, 145, 150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, 205,
210, 215, 220, 225, 230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285, 290, 295, or
300 °C. In some other examples, the heating of these layers is to 75, 80, 85, 90, 95, 100, 105,
110, 114, 120, 125, 130, 135, 140, 145, 150, 155, 160, 165, 170, 175, 180, 185, 190, 195,
200, 205, 210, 215, 220, 225, 230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285,
290, 295, or 300 °C.

26



WO 2017/096088 PCT/US2016/064492

[00109] In certain examples, the hot pressing includes applying pressure to the layered
materials and composites described herein. The application of pressure can be uniaxial or
uniform in all three dimensions. Static presses and calenders are useful for applying pressure
to the layered materials and composites described herein. In some examples, the application
of pressure includes applying 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90,
95,100, 105, 110, 114, 120, 125, 130, 135, 140, 145, 150, 155, 160, 165, 170, 175, 180, 185,
190, 195, 200, or 205 thousand pounds per square inch (kPSI).

[00110] In some examples, after hot pressing to the layered materials and composites
described herein, Li metal is applied to the side of LPSI not directly interfacing with the
cathode region (i.e., positive electrode). The Li metal may be applied through evaporation
means, sputtering, lamination means, chemical bonding means, or other methods known for
depositing Li metal. In some example, the Li metal is sputtered onto the LPSI. In some of
these examples, a 10 mm Teflon mask is used during the evaporation or sputtering of Li

metal onto the LPSI.

[00111] Other methods of interfacing solid electrolytes with lithium metal or with
depositing, laminating, or contacting lithium metal to electrolytes may be known and the
instant invention should not be limited to the particular lithium deposition, lamination, or

contacting methods described herein.

[00112] As shown in Figure 11, in some examples, the disclosure herein sets forth an
electrochemical stack 1110 including a bi-layer solid state electrolyte 1103. The bi-layer solid
state electrolyte 1103 includes layer 1102 which is a solid state anolyte or electrolyte which is
chemically compatible with lithium metal. As shown in Figure 11, layer 1102 of solid state
electrolyte 1103 is in physical contact with the lithium metal anode 1101 when the
electrochemical stack 1100 is at least partially charged. The solid state electrolyte 1103 also
includes layer 1104 which is a solid state electrolyte which is chemically compatible with a
gel catholyte 1105 or a cathode 1106 having a gel catholyte (e.g., 80:20 volume polymer:
volume solvent HPVD-HFP polymer with 1M LiPFg salts in DC:EMC) therein. The total
thickness of layer 1103 is approximately 1.2 mm, in which the positive electrode (cathode)
facing side is approximately 0.45 mm and in which the negative electrode (anode) facing side

is approximately 0.75 mm. The thickness of layer 1103 can be vary.

[00113] In some examples, layer 1102 is LPSI having the empirical formula

Li7 4P 6S7,1. In some examples, this LPSI material is chemically stable down to OV. In some
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examples, layer 1112 is 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 8§ nm, 9 nm, 10 nm, 15
nm, 20 nm, 25 nm, 30 nm, 35 nm, 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75
nm, 80 nm, 85 nm, 90 nm, 95 nm, 100 nm, 125 nm, 150 nm, 175 nm, 200 nm, 250 nm, 300
nm, 350 nm, 400 nm, 450 nm, 500 nm, .6 ym, .7 um, .8 um, .9 um, 1 pm, 2 um, 3 um, 4 pm,
Sum, 6 pm, 7 um, 8§ um, 9 um, 10 um, 15 pm, 20 pm, 25 um, 30 um, 35 um, 40 pum, 45 pm,
50 um, 55 pm, 60 um, 65 um, 70 pm, 75 um, 80 um, 85 pum, 90 um, 95 um, 100 pm, 125
um, 150 um, 175 pm, 200 pm, 250 um, 300 um, 350 um, 400 pm, 450 pm, 500 um in
thickness. In some examples, layer 1102 is a disc or is disc-shaped and is 1, 2, 3,4, 5,6, 7, 8,
9,10,11,12,13, 14,15, 16, 17, 18, 19, or 20 mm in disc diameter.

[00114] In some examples, layer 1102 is characterized by the general formula x(80:20
Li,S:P»Ss)*(1-x)(Lil), where x is 0.5-1.0. In some examples, x is 0.5, 0.55, 0.6, 0.65, 0.7,
0.75,0.8, 0.85,0.9,0.950r 1.0

[00115] In some examples, layer 1104 is a material having Si, Li, O, P, and S elements.
having the empirical formula (1-x)(60:40L1,S:SiS;)*(x)(Li3PO4), where 0.01<x<0.10. The
crystal structure is primarily amorphous besides peaks at 16.5°, 27.5°, 31.5°, 45°, and 53.5°
attributable to crystalline fractions of Li,S. In some examples, this SLOPS material is
chemically stable down to 2V. In some examples, layer 1104 is 1 nm, 2 nm, 3 nm, 4 nm, 5
nm, 6 nm, 7 nm, 8 nm, 9 nm, 10 nm, 15 nm, 20 nm, 25 nm, 30 nm, 35 nm, 40 nm, 45 nm, 50
nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm, 85 nm, 90 nm, 95 nm, 100 nm, 125 nm, 150
nm, 175 nm, 200 nm, 250 nm, 300 nm, 350 nm, 400 nm, 450 nm, 500 nm, .6 um, .7 um, .8
um, 9 um, 1 pm, 2 um, 3 pm, 4 um, 5 um, 6 pm, 7 um, § um, 9 um, 10 pm, 15 pm, 20 pm,
25 um, 30 pm, 35 um, 40 pm, 45 um, 50 pm, 55 um, 60 pm, 65 pum, 70 um, 75 pm, 80 um,
85 um, 90 um, 95 um, 100 um, 125 um, 150 um, 175 pm, 200 pm, 250 pm, 300 pm, 350
um, 400 pm, 450 um, 500 pm in thickness. In some examples, layer 1104 is a disc or is disc-

shaped and is 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 mm in disc

diameter.
[00116] In some examples, layer 1104 is characterized by the general formula LisSi,S-.
[00117] In some examples, layer 1104 is characterized as a 60:40 mixture of Li,S:SiS,.

In some examples, layer 1104 is characterized as a 50:50 mixture of Li»S:SiS,. In some

examples, layer 1104 is characterized as a 2:1 mixture of Li,S:SiS,.

[00118] In some examples, layer 1105 is a gel electrolyte. In some examples, the gel

electrolyte is prepared by dissolving a polymer (e.g. 0.9gms of PVDF-HFP, Kynar 2801) in
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an appropriate solvent (e.g. 8.5 gms of tetrahydrofuran, THF) and adding a quantity of an
appropriate electrolyte solution (e.g. 2.8 gms of EC:PC (1:1), 1M LiPFy). This mixture is
stirred at 60°C for 4hrs to dissolve the polymer and is then cast on glass using a doctor blade.
Once the solvent evaporates the gel film can be released from the glass and used as layer
1105. In some examples, layer 1105 is a gel catholyte which includes a solvent selected from
the group consisting of ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), methylene carbonate, and combinations thereof. In some examples, layer
1105 is a gel catholyte which includes a polymer selected from the group consisting of
PVDF-HFP and PAN. In some examples, layer 1105 is a gel catholyte which includes and a
salt selected from the group consisting of LiPFs, LiBOB [Lithium bis(oxatlato)borate], and
LFTSi. In some examples, the concentration of the salt is 0.5 M to 2M. In some examples,
other suitable polymers include Kynar 2801 and HSV 900 from Arkema. In some examples,
the volume ratio of polymer to solvent in the gel is 90:10. In some examples, the polymer is

about 150,000 Da in molecular weight.

METHODS OF MAKING ANNEALED LPSI

[00119] In some examples, set forth herein are methods of making electrolyte
compositions which include Li, P, S, and I elements (herein “LPSI”). In some examples, the
compositions include Li,PyS,I;, wherein 5<x<12; 1<y<3; 5<z<12, and 0.1<t<2; and
characterized by an x-ray powder diffraction (XRD) pattern having at least one of the
following reflections at: 21, 25, 27, 28, 29, 33 or 45 £ 1° (20). In these compositions,

subscripts X, y, 7, and t are rational numbers and the compound is neutrally charged.

[00120] In some of the methods set forth herein, the methods include providing
chemical precursors to LPSI. In some examples, the chemical precursors include lithium

metal, lithium powder, lithium sulfide, phosphorus sulfide, and lithium iodide.

[00121] In some examples, the disclosure here sets forth a method of making an
electrolyte, wherein the electrolyte is characterized by Li,PyS,I;, and wherein 5<x<12; 1<y<3;
5<7<12, and 0.1<t=<2. In some examples, the electrolyte is also characterized by an XRD
pattern having at least one of the following reflections at: 20, 25, 27, 29, or 45 (20). In these
methods, the methods include providing a lithium sulfide compound, providing a
phosphorous sulfide compound, providing a lithium iodide compound. In some examples, the
methods also include mixing the lithium sulfide compound, phosphorus sulfide compound,
and lithium iodide compound to form a mixture. Some examples, the methods include milling

the mixture to form a milled mixture. In certain examples, the compounds included in the
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mixture are milled prior to be included in the mixture and subsequently milled as a mixture to
form a milled mixture. In some examples, after the mixture is formed, the mixture is heated
from about 100 to about

300 °C. Prior to heating from about 100 to about 300 °C, the milled mixture is referred to as

an LPSI precursor.

[00122] In some examples, the lithium sulfide compound is Li,S, elemental S, Li
metal, or combinations thereof. The Li metal may be provided as a strip of metal, a block of
metal, a metal powder, or metal filings. In some examples, the phosphorus sulfide compound
is P»Ss, red phosphorus, white phosphorus, phosphorus powder or P,Os and elemental S. In
some examples, the lithium iodide compound is selected from Lil, I,, Li metal, or
combinations thereof. In some examples, the lithium iodide compound is nanocrystalline,
nanodimensioned, or amorphous Lil. In some examples, the lithium metal is nanocrystalline,

nanodimensioned, or amorphous.

[00123] In some examples, the mixture includes Li,S:P,Ss in a molar ratio of 1:1 to
5:1. In some other examples, the mixture includes P,Ss:Lil in a molar ratio of 0.1:1 to 2:1. In

some examples, the mixture includes Li,S:P,Ss:Lil in a molar ratio of 3.2:0.8:1.

[00124] In some examples, the milling step comprises milling the mixture until the

mixture has particles with a dso particle size of 0.5 um or less.

[00125] In some examples, the milling step comprises milling the mixture until the

mixture is characterized by an XRD pattern in which crystalline Lil is not observed.

[00126] In some examples, the heating the mixture from about 100 to about 300 °C
includes heating the mixture in an inert atmosphere, wherein the inert atmosphere is selected
from nitrogen, argon, helium, xenon gas, or mixtures thereof. In some examples, the inert

atmosphere is argon.

[00127] In any of the examples, herein, the heating the mixture step may include
heating to 150, 155, 160, 165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215, 220, 225,
230, 235, 240, 245, 250, 255, 260, 265, 270, 275, 280, 285, 290, 295, or 300 °C for two (2) to
twenty-four (24) hours. In some examples, the heating is to 150 to 250 °C. In some examples,

the heating is for one (1) to sixteen (16) hours.

[00128] In some examples, the heating, or annealing, includes heating the LPSI
precursor to 150 °C for one (1) to six (6) hours. In some examples, the heating, or annealing,

includes heating the LPSI precursor to 160 °C for one (1) to six (6) hours. In some examples,
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the heating, or annealing, includes heating the LPSI precursor to 170 °C for one (1) to six (6)
hours. In some examples, the heating, or annealing, includes heating the LPSI precursor to
180 °C for one (1) to six (6) hours. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 190 °C for one (1) to six (6) hours. In some examples, the
heating, or annealing, includes heating the LPSI precursor to 200 °C for one (1) to six (6)
hours. In some examples, the heating, or annealing, includes heating the LPSI precursor to
210 °C for one (1) to six (6) hours. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 220 °C for one (1) to six (6) hours. In some examples, the
heating, or annealing, includes heating the LPSI precursor to 230 °C for one (1) to six (6)
hours. In some examples, the heating, or annealing, includes heating the LPSI precursor to
240 °C for one (1) to six (6) hours. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 250 °C for one (1) to six (6) hours. In some examples, the
heating, or annealing, includes heating the LPSI precursor to 260 °C for one (1) to six (6)
hours. In some examples, the heating, or annealing, includes heating the LPSI precursor to
270 °C for one (1) to six (6) hours. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 280 °C for one (1) to six (6) hours. In some examples, the
heating, or annealing, includes heating the LPSI precursor to 290 °C for one (1) to six (6)
hours. In some examples, the heating, or annealing, includes heating the LPSI precursor to

300 °C for one (1) to six (6) hours.

[00129] In some examples, the heating, or annealing, includes heating the LPSI
precursor to 150 °C for a time period less than the time required to completely crystallize the
LPSI. In some examples, the heating, or annealing, includes heating the LPSI precursor to
160 °C for a time period less than the time required to completely crystallize the LPSI. In
some examples, the heating, or annealing, includes heating the LPSI precursor to 170 °C for a
time period less than the time required to completely crystallize the LPSI. In some examples,
the heating, or annealing, includes heating the LPSI precursor to 180 °C for a time period less
than the time required to completely crystallize the LPSI. In some examples, the heating, or
annealing, includes heating the LPSI precursor to 190 °C for a time period less than the time
required to completely crystallize the LPSI. In some examples, the heating, or annealing,
includes heating the LPSI precursor to 200 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 210 °C for a time period less than the time required to

completely crystallize the LPSI. In some examples, the heating, or annealing, includes
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heating the LPSI precursor to 220 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 230 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 240 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 250 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 260 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 270 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 280 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 290 °C for a time period less than the time required to
completely crystallize the LPSI. In some examples, the heating, or annealing, includes
heating the LPSI precursor to 300 °C for a time period less than the time required to
completely crystallize the LPSI. In the examples, the minimum time period is at least five (5)

or ten (10) minutes.

[00130] In some examples, after the LPSI is heating to an annealing temperature, the
LPSI material is slowly cooled. In some examples, the LPSI is cooled at a rate of 10° per
minute. In some examples, the LPSI is cooled at a rate of 9° per minute. In some examples,
the LPSI is cooled at a rate of 8° per minute. In some examples, the LPSI is cooled at a rate of
7° per minute. In some examples, the LPSI is cooled at a rate of 6° per minute. In some
examples, the LPSI is cooled at a rate of 5° per minute. In some examples, the LPSI is cooled
at a rate of 4° per minute. In some examples, the LPSI is cooled at a rate of 3° per minute. In
some examples, the LPSI is cooled at a rate of 2° per minute. In some examples, the LPSI is
cooled at a rate of 1° per minute. In some examples, the LPSI is cooled at a rate of 0.5° per
minute. In some examples, the LPSI is cooled at a rate of 0.25° per minute. In some
examples, the LPSI is cooled at a rate of 0.1° per minute. In some examples, the LPSI is

cooled at a rate of 0.01° per minute.

[00131] Some of the examples disclosed herein include mixing a polymer with the

mixture to form a second mixture. In some of these examples, the methods include cryo-
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milling the polymer prior to the step of mixing the polymer with the mixture to form a second

mixture.

[00132] In some examples, the LPSI precursor materials are evaporated, atomized, or
volatilized from the solid or liquid state to the gas or plasma state and then rapidly cooled to
form the LPSI materials described herein. For example, the LPSI materials can be prepared
by the evaporative or vapor-phase methods described in PCT/US2014/041203, filed June 6,
2014, which published as WO 2014/197751 on December 11, 2014, and is entitled FLASH
EVAPORATION OF SOLID STATE BATTERY COMPONENT. The content of each of

these patent applications is herein incorporated by reference in their entirety for all purposes.

ANNEALING

[00133] In some examples, the annealing conditions include using an inert atmosphere
in contact with the annealing LPSI materials. Suitable inert atmospheres include 100 %
Argon (Ar), Nitrogen (N,), Helium (He), or Xenon (Xe). Suitable inert atmospheres include
combinations or mixtures of Argon (Ar), Nitrogen (N,), Helium (He) and/or Xenon (Xe). In
some examples, the inert atmosphere is 100% Ar. In some examples, the inert atmosphere is
100% N,. In some examples, the inert atmosphere is 100% He. In some examples, the inert
atmosphere is 100% Xe. In some examples, the inter atmosphere includes a mixture of H, and
Ar, N, or Xe. In some examples, the inter atmosphere includes a mixture of H, and Ar. In
some examples, the inter atmosphere includes a mixture of H, and N,. In some examples, the
inter atmosphere includes a mixture of H, and Xe. In some examples, the inter atmosphere

includes a mixture of H, and He.

[00134] In some examples, the annealed LPSI is milled after it is annealed. In some
examples, the milling occurs in a solvent along with a milling media. In some of these
examples, the solvent is selected from acetonitrile (CH;CN), ethyl acetate, tetrahydrofuran
(THF), or dodecane. In some of these examples, the weight ratio of milling media to LPSI is
5:1 orup to 7:1. In certain examples, the milling media is zirconia, alumina, or lanthanum

oxide.

[00135] In some examples, the solid-state electrolytes and/or catholytes are milled to
produce solid-state electrolytes or catholytes with reduced particle sizes, reduced crystallinity,
reduced size of crystalline domains, or any combination thereof. In some examples, the

electrolytes and catholytes are milled to dso particle sizes of about 0.310, 3.09, 2.58, 4.72,
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0.650, .670, or 1.01 um. In some examples, the electrolytes and catholytes are milled to dgg
particle sizes of about 1.28, 6.03, 5.03, 2.52, 1.14, 7.99, 1.49 pm.

Examples

[00136] For XRD analysis, the air-sensitive sulfide samples were loaded level into an
air-tight Kapton film dome holder and measured with a Rigaku MiniFlex II X-ray
Diffractometer. The diffractometer was set up with a 1.25 degree divergence and scattering
slit, as well as a 0.3 mm receiving slit, with a graphite monochromator on a copper k-alpha x-
ray tube. Samples were scanned from 10-60 degrees at 30kV and 15mA, with a sampling
width of 0.020 degrees at a speed of 1.00 degrees/min.

[00137] Example 1 - Method of Making Lithium-Phosphorus-Sulfur-lodine
(“LPSI™).

[00138] To formulate the Lithium-Phosphorus-Sulfur-lodine (LPSI) ion conductor,
lithium sulfide (Li,S), phosphorus pentasulfide (P,Ss), and lithium iodide (Lil) were mixed in
a predetermined ratio. In one sample, lithium sulfide (Li,S), phosphorus pentasulfide (P,Ss),
and lithium iodide (Lil) were mixed in a (3-4):(0.1-1):(0.5-1.5) mole ratio in a 500 ml
zirconia milling jar with 1 mm zirconia milling media at a milling media:powder mass ratio
of >7.5. The mixture was agitated in a planetary mill (Retsch PM400, 150 mm revolution
radius, 1:2 speed ratio) for sixteen to thirty-six 16-32 hours. As shown in FIG. 2, milling the
precursors for about twelve (12) to eighteen (18) hours resulted in a precursor mixture in
which crystalline lithium iodide (Lil) was observable. Also as shown in FIG. 2, milling the
precursors for about twenty-four (24) to four-eight (48) hours resulted in a precursor mixture

in which crystalline lithium iodide (Lil) was not observable.

[00139] The milling may densify the material for a given set of conditions in the
absence of second phase. Also, the milling may increase the uniformity of Li and thereby Li
transport and current density at the interface between the sulfide electrolyte and the lithium
metal during operation. The milling may remove any measurable crystalline Lil domains
prior to annealing and therefore a more homogeneous glassy end product is formed devoid of,
for example, Li7P,Sgl or LigPSsI phases.

[00140] The resulting powder mixture was separated from the media using an 80 mesh
sieve (Retsch AS200), and annealed in a sealed stainless steel reactor (i.e., annealing reactor)
with a boron nitride liner at either 170°C, 180°C, 190°C, 210°C, 230°C, 250°C, or 270°C, for

2 - 8 hours. The annealing conditions included an Argon atmosphere.
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[00141] The annealing reactors and milling jars had air-tight seal. As a result, the
powder annealing steps, as well as the powder milling steps, occur under the atmosphere in
which the powder was loaded into the annealing reactor or milling jar. In this example, the
powders were loaded into the annealing reactor and milling jar in an Argon-filled glove box.
[00142] To create a sulfide-composite, a polymer (e.g. polypropylene, polyethylene,
polybutadiene) is first cryo-milled in liquid nitrogen (SPEX) to form a fine powder. The
polymer powder was then mixed with LPSI powder at 0.1-20 wt.% in a vortex mixer with
two 10 mm zirconia grinding media for 12 hours. The polymer and the LPSI are then
extruded together. A composite of a polymer, 301, and LPSI particles, 302, is shown in

FIG. 3.

[00143] Example 2 — Crystallinity of LPSI as a Function of the Annealing
Temperature

[00144] The air-sensitive sulfide sample was loaded level into an air-tight Kapton film
dome holder and measured with our Rigaku MiniFlex II X-ray Diffractometer. The
diffractometer was set up with a 1.25 degree divergence and scattering slit, as well as a 0.3
mm receiving slit, with a graphite monochromator on our copper k-alpha x-ray tube. Samples
were scanned from 10-60 degrees at 30kV and 15mA, with a sampling width of 0.020
degrees at a speed of 1.00 degrees/min.

[00145]  As shown in FIG. 4, each sample from Example 1 which was annealed at a
different annealing temperature was observed to have a unique XRD pattern associated with
it. As shown in FIG. 4, the LPSI material annealed at 190°C was characterized by an x-ray
powder diffraction (XRD) pattern having the following reflections at: 20, 25, 27, 29, and

45 £ 1° (20). As shown in FIG. 4, the LPSI material annealed at 170°C is characterized by an
x-ray powder diffraction (XRD) pattern which lacks reflections at: 20 and 29 + 1° (20). As
shown in FIG. 4, the LPSI material annealed at 210°C or higher are characterized by x-ray
powder diffraction (XRD) patterns having additional reflections at, for example, 21, 28, 33,
34 0146+ 1° (20).

[00146] At temperatures above 190°C, peaks arise at 21, 28, 34 degrees corresponding to
the Li;P,Sgl phase. Also, at temperatures above 190°C, peaks arise at 25, 29, 44, 47, and 51
degrees corresponding to the LigPSsI phase

[00147] As shown in FIG. 4, the LPSI material annealed at 170°C is characterized by an x-
ray powder diffraction (XRD) pattern having primary peaks at 29 and 45 + 1° (20). The peak
at 20° (2@) which is present in the LPSI material annealed at 190°C appears to diminish in

intensity as the annealing temperature increases. Also the primary peaks for LPSI materials
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annealed above 190°C are narrower (i.e., have a lower FWHM) than the primary peaks for
LPSI materials annealed below 190°C.

[00148] When annealed at 190°, the FWHM of the broad peak at ~29° is ~3 degrees.
When annealed at 210°C, the same peak at 29° possesses a FWHM of ~ 1°. This
measurement was performed using a Rigaku diffractometer with 1.25° divergence and
scattering slit, and a 0.3 mm receiving slit, with a graphite monochromator and a Cu Ka tube
operating at 30 kV and 15 mA at 0.02° sampling width and 1 °/min scan speed.

[00149] A higher resolution scan of the LPSI sample annealed at 190 °C was taken on a
Bruker diffractometer is shown in FIG. 9.

[00150] Example 3 — Measuring Li Ion Conductivity in LPSI Annealed at Different
Temperatures

[00151] LPSI compositions were prepared according to Example 1 and annealed at
either 170°C, 180°C, 190°C, 210°C, 230°C, 250°C, 270°C, for 2 - 8 hours. The annealing
conditions included an Argon atmosphere.

[00152] Pellets of LPSI were prepared. Electrical impedance spectroscopy (EIS) was
used to measure the impedance of the LPSI materials.

[00153] As shown in FIG. 5, the conductivity of the LPSI materials is a function of the
temperature at which the LPSI materials are annealed. As shown in FIG. 5, the highest
conductivity was observed for the LPSI materials which were annealed at 190°C. LPSI
materials annealed at 190°C were observed to have a conductivity between 3-4 x 10 S/cm.
LPSI materials annealed at temperatures above or below 190°C were observed to have a
lower ionic conductivity than the LPSI materials annealed at 190°C.

[00154] Example 4 — Measuring Activation Energy of LPSI Annealed at Different
Temperatures

[00155] To evaluate ionic conductivity, 0.3 g of LPSI powder was pressed into a pellet
using a uniaxial press, at 200°C, under 65,000 psi. Electrical contact was made by pressing
Aluminum foil into the pellet. A potentiostatic electrochemical impedance spectroscopy
measurement was performed using a BioLogic VSP potentiostat at open circuit, using a 25
mV amplitude signal from 1 MHz to 1 Hz at 30-120°C. The results are shown in FIG. 6.
[00156] Example S — Method of Using LPSI Annealed at 190°C in an Electrochemical
Cell

[00157] The electrochemical cell was prepared by casting lithium zirconate (LZO)
coated NMC particles with LSTPS, a binder, Ketjen black carbon, and C65 carbon onto a
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current collector. The NMC and LSTPS were present in a 3:1 to 6:1 mass ratio. The particle
size distribution of the LSTPS was reduced prior to being mixed with the slurry by milling in
dodecane/dodecyl sulfide until the LSTPS had a particle size of dso < 10um. After the slurry
was dried on a current collector, which formed a film, a layer of LPSI was laminated to the
dried film. The resulting film was pressed at about 100-300 kPSI at 100-400°C. A 12 mm
disc of this pressed material was punched. Two (2) um of Li were evaporated onto the 12 mm
disc, onto the LPSI material, through a 10 mm mask which had a Teflon insulator.

[00158] Then, as shown in FIG. 7, the electrochemical cell was discharged at 0.1
mA/cm’® and 0.2 mA/cm’ from 4.2 V at 60°C. The electrochemical cell was stacked
substantially as set forth in Figure 1.

[00159] The electrochemical cell is shown in FIG. 10 as a cross-sectional SEM image.
As shown in FIG. 10, the cathode includes NMC particles 1001 which are surrounded by
LSTPS catholyte 1002.

[00160] In another electrochemical test, the electrochemical cell was discharged at
various rates from C/10 to 10C (where 1C = 1.6 mA/cm2) from 4.2 V at 60°C. The
electrochemical cell was stacked substantially as set forth in FIG. 1. The results are presented

herein in FIG. 14.
[00161] Example 6 — Comparison of LPSI Annealed at 190°C with Known Sulfide-
Electrolytes

[00162] Reported here are LPSI formulations annealed at 190°C having an ionic
conductivity of 4e-3 S/cm. Rangasamy et al., for example, (J. Am. Chem. Soc. DOI:
10.1021/ja508723m), reported a Li7P,Sgl composition annealed at 200°C with a room
temperature conductivity of 6.3e-4 S/cm. Thus, the instant composition was more than an
order of magnitude more ionically conductive than a closely related sulfide.

[00163] Ujiie et al., for example, (DOI: 10.1007/s10008-012-1900-7), reported a range of
compositions described by the formula, (100-x)(0.8Li,S*0.2P,Ss)xLil (x=0, 2, 5, 10, 15, 20)
which were annealed from 200-300°C. These compositions of Ujiie, et al, were reported to
have a maximum room temperature conductivity of 2.7e-3 S/cm for x=5. The LPSI
formulations annealed at 190°C reported herein have a surprisingly high ionic conductivity in
comparison to these references.

[00164] Ujiie et al. (DOI: 10.1016/].551.2012.01.017) also reported a range of compositions
described by the formula (100-x)(0.7Li28*0.3P,S5)xLil (x=0, 1, 3, 5, 9, 20). These

compositions were annealed from 220-270°C and were observed to have an ionic
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conductivity of 4e-3 S/cm at x=0 for the annealed glass-ceramic but less than 2e-5S/cm for
glass ceramics with x>3, and a maximum conductivity of 5.6e-4 S/cm at x=20 for the
unannealed glass.

[00165] Example 7 — DSC Measurement and Analysis of Li7 P1¢S7.,l

[00166] To formulate the Lithium-Phosphorus-Sulfur-lodine (LPSI) ion conductor, lithium
sulfide (Li,S), phosphorus pentasulfide (P,Ss), and lithium iodide (Lil) were mixed in a
predetermined ratio. In one sample, lithium sulfide (Li,S), phosphorus pentasulfide (P,Ss),
and lithium iodide (Lil) were mixed in a 3.2:0.8:1 molar ratio in a 500 ml zirconia milling jar
with 1 mm zirconia milling media at a milling media:powder mass ratio of >7.5. The mixture
was agitated in a planetary mill (Retsch PM400, 150 mm revolution radius, 1:-2 speed ratio)
for sixteen to thirty-six 16-32 hours.

[00167] 10 mg of powder is loaded into a crucible for the DSC measurement of

Li; 4P16S7,I on a DSC Calorimeter. As shown in FIG. 8, an exotherm was observed around
180-190°C. This exotherm corresponds to a crystallization event for LPSI. The 190°C
annealed LPSI samples herein were thus annealed at a temperature close to or approximating
the temperature for this crystallization event for LPSI but for annealing time periods which
do not allow the entirety of the LPSI to crystallize.

[00168] Example 8 — Method of Making a Bi-Layer Solid State Electrolyte Membrane
Having Lithium-Phosphorus-Sulfur-lodine (“LPSI”) on One Side and Silicon-Lithium-
Sulfur (“LSS”) on the Other Side.

[00169] To create the bi-layer separator, LPSI powder from Example 1 and annealed at
190°C was first added to a mold, followed by the application of greater than 10,000 psi
pressure. To one side of the resulting condensed pellet of LPSI, LSS powder was added in a
3:1-1:1 LPSI:LSS ratio, followed by heating to 150-250° and the application of greater than
10,000 psi pressure for 5 minutes. The bi-layer separator was allowed to cool and removed as
a freestanding film or pellet. Additional details are as follows.

[00170] An LPSI membrane was prepared according to Example 1 and annealed at 190°C.
[00171] A LSS membrane was prepared by weighing and combining the following powder
reagents, Li,S, and SiS, according to the desired formula (50:50 to 70:30 Li,S:SiS;) in this
example. The powder mixture was milled by adding to a zirconia milling pot of appropriate
size with zirconia milling media (~1-10 mm in diameter milling media). The pot was sealed

from atmospheric exposure and placed on a planetary mill for 16-32 hours.
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[00172] Electrolyte separators were made in a pellet form factor by adding the LSS
material to a cold pressed LPSI layer in a 2:1 LPSI:LSS ratio, followed by compaction of
greater than 10,000 psi at 180-210°C.

[00173] A bi-layer membrane having LSS on one side and LPSI on the other side resulted
from this hot pressing at 180-210°C and 100,000 psi for approximately five (5) minutes.
Lithium metal was evaporated onto the LPSI side to form the negative electrode (i.e., anode).
A swollen PvDF gel containing 3:7 volume ratio of ethylene carbonate (EC) to ethyl methyl
carbonate (EMC) EC:EMC w/ LiPF; electrolyte was cast against the LSS side. On top of this
gel was placed a PVDF gel including cathode which also included LiNiysMng2C0¢ 0, and
3:7 v/iv EC:EMC w/ 1.0 M LiPF; electrolyte. The stack was then placed into a CR2032 coin
cell for electrochemical testing.

[00174] Example 9 — Characterization of Electrochemical Cell Having the Bi-layer
Membrane of Example 8

[00175] An electrochemical stack was prepared as illustrated in Example 8. The stack
included a 2 um thick anode of Li metal which was disc-shaped and approximately 10 mm in
disc diameter. Layered on top of the Li metal was the bi-layer membrane of Example 8 which
included a disc-shaped LPSI layer that was approximately 12.7 mm in diameter and a disc-
shaped LSS layer that was approximately 12.7 mm in diameter. The bilayer was
approximately 400-800 um thick. On top of the electrolyte membrane was a gel electrolyte,
which was approximately 8mm in diameter and included 1M LiPF¢ in EC:EMC with 8§0:20
volume ratio of polymer PvDF:HFP to solvent EC:EMC. Lastly, the stack included a 10mm
diameter disc of cathode active materials which included ~91 wt.% NMC,

LiNig sMng,Co0¢ 0, cathode active particles in an 1M LiPFg in EC:EMC gel, as described in
Example 8.

[00176] A second electrochemical stack was prepared as illustrated in Example 8 except
that the LPSI membrane from Example 1 was used in place of the bi-layer membrane. The
stack included a disc shaped, 10 mm in diameter, anode of Li metal. Layered on top of the Li
metal was the LPSI membrane of Example 1 which was approximately 400-800 pm thick and
12.7 mm in diameter. On top of the electrolyte membrane was a gel electrolyte, which was
approximately 8mm in diameter, and included 1M LiPF¢ in EC:EMC with 80:20 HPDF:HFP.
Lastly, the stack included a 10mm diameter disc of cathode active materials which included
~91 wt.% NMC, LiNig¢Mng»Co,0; cathode active particles in an 1M LiPF¢ in EC:EMC

gel, as described in Example 8.
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[00177]  The electrochemical stacks were cycled at 45°C at 4 mAh/cm’ in a GITT
charge/discharge set-up. The tests included C/10 pulse rate for a 4 mAh/cm’ cathode (0.4
mA/cm?) for 30 minutes, followed by a 10 minute rest, where the GITT test had voltage
limits of 2.8-4.6 V vs. Li.

[00178] As shown in FIG. 12, the electrochemical stack having the bi-layer membrane was
stable against degradation or dendrite formation over the electrochemical cycle. The
electrochemical voltage response reflects intercalation reaction for NMC. A capacity of ~200
mAb/g is achieved.

[00179]  The electrochemical stacks were cycled at 50°C at 1.5 mAh/cm’ in a GITT
charge/discharge set-up. The tests included C/10 pulse rate for a 1.5 mAh/cm’ cathode (0.15
mA/cm?) for 40 minutes, followed by a 10 minute rest. The electrochemical voltage response
was not stable above 3.6 V. The voltage was instead pinned to lower voltages characteristic
of sulfide or iodide oxidation (2.0-3.0 V). Therefore, in contrast to the results presented in
FIG. 12, and as shown in FIG. 13, the electrochemical stack having the LPSI membrane was
not as stable over the electrochemical cycle. FIG. 12 demonstrates that the bi-layer membrane
of Example 8 is suitable for use in a solid state electrochemical stack and cycled with a
lithium metal anode without shorting or otherwise demonstrating detrimental electrochemical
performance.

[00180] Example 10 — Characterization of Electrochemical Cell Having an LPSI
membrane prepared according to Example 1 and annealed at 190 °C.

[00181] An electrochemical cell was prepared having an electrochemical stack as
illustrated in FIG. 17. In the electrochemical stack illustrated in FIG. 17, there was a 10 mm
diameter Li metal anode, 1703, which was evaporated to one side of a monolith of LPSI

(Li7 4P16S7,1) which was prepared according to Example 1, 1702, and annealed at 190 °C.
The LPSI monolith was 12.7 mm in diameter. Pressed into the top of the LPSI monolith was
an 8 mm diameter cathode, 1701.

[00182] The electrochemical cell was charged and discharged for 53 cycles at C/10
(0.39mA/cm?®) charge current density and C/3 (1.3mA/cm® ) discharge current density
(relative to cathode size) in a GITT charge/discharge set-up between 2.7-4.2V vs Li. The test
was conducted at 45°C, in which 22 um of Li metal was passed per cycle.

[00183] The results of this test are shown in FIG. 15 (voltage versus active mass-
specific capacity for the first cycle) and FIG. 16 (discharge energy per cycle vs cycle

number).

40



WO 2017/096088 PCT/US2016/064492

[00184] The foregoing description of the embodiments of the disclosure has been
presented for the purpose of illustration; it is not intended to be exhaustive or to limit the
claims to the precise forms disclosed. Persons skilled in the relevant art can appreciate that
many modifications and variations are possible in light of the above disclosure.

[00185] The language used in the specification has been principally selected for
readability and instructional purposes, and it may not have been selected to delineate or
circumscribe the inventive subject matter. It is therefore intended that the scope of the
disclosure be limited not by this detailed description, but rather by any claims that issue on an
application based hereon. Accordingly, the disclosure of the embodiments is intended to be
illustrative, but not limiting, of the scope of the invention, which is set forth in the following

claims.
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WHAT IS CLAIMED:

L.

3.

An electrolyte comprising a compound characterized by
LiP,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<{<2; and

characterized by an x-ray powder diffraction (XRD) pattern having at least
one of the following reflections at: 20, 25, 27, 29, or 45 + 1° (20);

wherein subscripts X, v, z, and t are rational numbers;

wherein the compound is neutrally charged.

The electrolyte of claim 1, consisting essentially of
LiP,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<{<2; and

characterized by an XRD pattern having at least one of the following
reflections at: 20, 25, 27, 29, or 45 £ 1° 20);

wherein subscripts X, v, z, and t are rational numbers;

wherein the compound is neutrally charged.

The electrolyte of claim 1 or 2, wherein the composition is characterized by an

XRD pattern having the following reflections at 20, 25, 27, 29, and 45 + 1° (20).

4.

The electrolyte of any one of claims 1-3, wherein the composition is

characterized by an XRD pattern having the following primary peaks at 20, 25, 27,
29, and 45 + 1° (20).

5. The electrolyte of any one of claims 1-4, wherein the composition is
semiamorphous.
6. The electrolyte of any one of claims 1-5, wherein the composition is not:

a member selected from the group consisting of (LisPS4)3(Lil), (Li;PS4)2(Lil),
(Li3PS4)(Lil), 2(Li5PS4)(Lil), 3(LisPS4)(Lil), and combinations thereof;,

a member selected from the group consisting of Li;P,Ssl, LicPSsF, LigPSsCI,
LigPSsBr, LigPSsl, and combinations thereof’;

a member selected from the group consisting of 80(70L,S-30P,S5)20(Lil),
70(70L,S-30P,S5)30(Lil), and combinations thereof;

a member selected from the group consisting of a solid solution of L;PS,,Lil,
Li,S P»Ss, and combinations thereof;

(100-X)(80L,S-20P»S5)X(Lil), wherein X is 0, 2, 5, 10, 15, 20 or 30; or
a mixture of Li,S, P,Ss, LiF, LiCl, LiBr, Lil or combinations thereof.
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7. The electrolyte of any one of claims 1-6, wherein the composition is not
Li7stgI or LIGPS5I
8. The electrolyte of any one of claims 1-7, wherein the composition does not

have an argyrodite crystal structure.

9. The electrolyte of any one of claims 1-8, wherein the composition does not

comprise germanium (Ge) or any germanium species.

10.  The electrolyte of any one of claims 1-9, wherein the composition does not

comprise arsenic (As) or any arsenic species.

11.  The electrolyte of any one of claims 1-10, wherein the composition is
Li7 4P165721.
12.  The electrolyte of any one of claims 1-10, wherein the composition is

Li,P,S.l4, wherein ais from7.2t0 7.6, bis from1.4to 1.8, cis from7.0to 7.4, and d

is from 0.8 to 1.2, and wherein the electrolyte is charge neutral.

13.  The electrolyte of any one of claims 1-10, wherein the composition is

Li7 4P 68721 £ 5% of the value of the recited subscripts.

14.  The electrolyte of any one of claims 1-5 or 8, wherein the composition is

Li,P,Sgl wherein the subscript values may vary by + 5%.

15.  The electrolyte of any one of claims 1-5 or 8, wherein the composition is

Li,P,Sgl wherein the subscript values may vary by + 5%.
16. The electrolyte of any one of claims 1-15, further comprising a polymer.

17. The electrolyte of claim 16, wherein the weight loading of Li,P,S.I; in the
composition further comprising a polymer is at least 50 % (w/w) but less than 95 %
(W/w).

18. The electrolyte of claim 17, wherein the volume loading of LisPyS.I; in the

composition further comprising a polymer is at least 50 % (v/v).
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19. The electrolyte of claim 17, wherein the volume loading of LisPyS.I; in the

composition further comprising a polymer is at least 70 % (v/v).

20. The electrolyte of claim 17, wherein the volume loading of LisPyS.I; in the

composition further comprising a polymer is at between 70 % — 85 % (v/v).

21. The electrolyte of claim 17, wherein the volume loading of LisPyS.I; in the

composition further comprising a polymer is at between 75 % — 85 % (v/v).

22.  The electrolyte any one of claims 16-21, wherein the polymer is selected from
the group consisting of epoxies, epoxides, polypropylene (PP), atactic polypropylene
(aPP), isotactive polypropylene (iPP), polybutyl diene, polybutadiene (PBD),
polybutadiene rubber (PB), cross-linked polybutadiene (cPBD), polystyrene (PS),
ethylene propylene rubber (EPR), ethylene pentene copolymer (EPC),
polyisobutylene (PIB), styrene butadiene rubber (SBR), polyolefins, polyethylene-co-
poly-1-octene (PE-co-PO), PE-co-poly(methylene cyclopentane) (PE-co-PMCP), poly
methyl-methacrylate, acrylics, acrylonitrile-butadiene rubber (NBR), polyvinyl
acetacetal resin, polyvinylbutylal resin, PVB stereoblock polypropylenes,
polypropylene polymethylpentene copolymer, polyethylene oxide (PEO), PEO block
copolymers, nitriles, nitrile butadiene rubber, carboxymethyl cellulose (CMC),
polyisoprene rubber (PI), polychloroprene rubber (CR), polyethyl acrylate (PEA),
polyvinylidene fluoride (PVDF), aqueous-compatible polymers, silicone, PMX-200
(polydimethylsiloxane, PDMS), methyl methacrylate, ethyl methacrylate,
polyvinylbutyral (PVB), poly ethyl methacrylate (PEMA), polyvinyl pyrrolidone
(PVP), stereo block polypropylenes, polypropylene polymethylpentene copolymer,

polypropylene carbonate, polyethylene, and combinations thereof.

23.  The electrolyte of any one of claims 16-21, wherein the polymer is attached,

bonded, adhered, or adsorbed to the LPSI.

24.  The electrolyte of any one of claims 16-21, wherein the polymer is bonded to
the surface of the LPSL
25. The electrolyte of any one of claims 16-21, wherein the polymer is present at

about 0.01-50% w/w.
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26. The electrolyte any one of claims 1-25 formed as a thin film having a film

thickness from about 10 nm to about 100 pm.

27.  The electrolyte any one of claims 1-24 formed as a monolith having an

average monolith thickness from about 10 nm to about 100 microns.

28.  The electrolyte of claim 26, wherein the film thickness is from about 20 pm to

about 60 pm.

29. The electrolyte of claim 26, wherein the film thickness is about 10, 20, 30, 40,

50 or 60 microns.

30.  The electrolyte of any one of claims 1-29, comprising Lil.
31.  The electrolyte of any one of claims 1-29, comprising Li»S.
32.  The electrolyte of any one of claims 1-29, having an ionic conductivity of

about 1 x 10” S/cm or greater.

33.  The electrolyte of any one of claims 1-29, wherein the compound
characterized by Li P,S,I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2, and has a
porosity of less than 20, 15, 10, 5 or 1 % as determined by SEM and geometric

measurements.

34.  The electrolyte of any one of claims 1-29, wherein the compound
characterized by Li P,S,I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2 has a density
of at least 80, 85, 90, 95, or 99 % as determined by SEM and geometric

measurements.

35.  The electrolyte of any one of claims 1-29, wherein the first major XRD peak
at 29° (20) has a full-width at half~-maximum (FWHM) of 3° + 1°.

36.  The electrolyte of any one of claims 1-29, wherein the composition is
semiamorphous.
37. The electrolyte of claim 1, having a chemical composition selected from

Li7 4P16S721 or Liy1P2Sel.

38. An electrolyte comprising a compound characterized by LiPyS.I;,
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Ra.

39.

40.

wherein 5<x<12; 1<y<3; 5579, and 0.1<t<2; and

characterized by an XRD pattern not having at least one of the following
reflections

21, 28, 33, 34, and/or 46 (20)

wherein x, y, z, and t are chosen such that the composition is neutrally
charged.

A film comprising the composition any one of claims 1-38.

The film of claim 39, having a surface roughness from 0.5 um Rt to 30 um Rt,

wherein Rt is the maximum surface roughness peak height of sampled surface.

4].

The film of claim 39, having a surface roughness from 0.5 um Ra to 30 um

Ra, wherein Rais the average peak height of sampled surface roughness.

42.

The film of claim 39, having a surface roughness from 1.6 um Ra to 2.2 um

Ra wherein Ra is the average peak height of sampled surface roughness.

43.

44.

45.

46.

The film of claim 39, having a surface roughness from 3.2 um Ra to 3.7 um

The film of claim 39, having a surface roughness from 1 um Rt to 28 um Rt.

A method of making an electrolyte characterized by LiP,S.I;,
wherein 5<x<12; 1<y<3; 55759, and 0.1<t<2; and

characterized by an XRD pattern having at least one of the following
reflections at: 20, 25, 27, 29, or 45 (20); wherein the method
comprises the following steps:

providing a lithium sulfide compound,
providing a phosphorous sulfide compound,
providing a lithium iodide compound,

mixing the lithium sulfide compound, phosphorus sulfide compound, and
lithium iodide compound to form a mixture,

milling the mixture to formed a milled mixture; and

heating the mixture from about 100 to about 300 °C.

The method of claim 45, wherein the lithium sulfide compound is selected

from Li1,S.
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47. The method of claim 45, wherein the phosphorus sulfide compound is selected

from P,Ss.

48. The method of claim 45, wherein the lithium iodide compound is selected

from Lil.

49, The method of claim 45, wherein the lithium iodide compound is selected

from nanocrystalline, nanodimensioned, or amorphous Lil.

50.  The method of any one of claims 45-49, wherein the mixture includes Li,S:

P,S5 in a mole ratio of 1:1 to 5:1.

51. The method of any one of claims 45-49, wherein the mixture includes P,Ss:Lil

in a mole ratio of 0.1:1 to 2:1.

52.  The method of any one of claims 45-49, wherein the mixture includes Li,S:

P,Ss: Lil in a mole ratio of 3.2:0.8:1.

53. The method of claim 45, wherein the milling step comprises milling the

mixture until the mixture has particles with a dsg particle size of 0.5 um or less.

54. The method of claim 45, wherein the milling step comprises milling the

mixture until the mixture has particles with a dsg particle size of 0.25 um or less.

55. The method of claim 45, wherein the milling step comprises milling the
mixture until the mixture is characterized by an XRD pattern in which crystalline Lil

1S not observed.

56. The method of claim 45, comprising heating the mixture from about 100 to
about 300 °C in an inert atmosphere, wherein the inert atmosphere is selected from

nitrogen, argon, helium, xenon gas, or mixtures thereof.

57.  The method of claim 56, wherein the heating the mixture is to 150, 155, 160,
165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215, 220, 225, 230, 235, 240, 245,
250, 255, 260, 265, 270, 275, 280, 285, 290, 295, or 300 °C for two (2) to twenty-four
(24) hours.
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58. The method of claim 45, further comprising mixing a polymer with the

mixture to form a second mixture.

59. The method of claim 59, further comprising cryo-milling the polymer prior to

the step of mixing the polymer with the mixture to form a second mixture.

60.  The method of claim 57, wherein the heating is from 150 to 250 °C.

61. The method of claim 57 or 60, wherein the heating is from one (1) to sixteen
(16) hours.
62. An electrochemical device comprising an electrolyte membrane comprising an

electrolyte of any one of claim 1-44.

63.  An electrochemical device comprising an electrolyte membrane consisting

essentially of an electrolyte of any one of claim 1-44.

64.  The electrochemical device of claim 63, wherein the device comprises a
positive electrode current collector, a positive electrode active material region, a

negative electrode current collector, and a negative electrode active material region.

65. The electrochemical device of claims 63-64, further comprising a second

electrolyte membrane.

66. The electrochemical device of claim 65, wherein the second electrolyte
membrane comprises a compound selected from LSTPS, LBS-POX, LTS, SLOPS,
LiPON,

LiBH,-LiX, LiBH4-LiNH,-LiX, or LisN, wherein X is a halide selected from F, CI, I,

or Br.

67. The electrochemical device of claim 66, wherein the second electrolyte
membrane is positioned between the positive electrode and the electrolyte membrane

comprising or consisting essentially of an electrolyte of any one of claim 1-44.

68. The electrochemical device of claim 67, wherein the second electrolyte
membrane is selected from SLOPS, LBS-POX, LTS, a lithium-stuffed garnet, a

lithium lanthanum titanium oxide perovskite, an antiperovskite, a LISICON, Thio-
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LISICON, Ohara glass, a lithium conducting phosphate, a lithium aluminum

germanium phosphate, or an oxide glass such as LiPON.

69. The electrochemical device of claim 68, wherein the lithium lanthanum

titanium oxide perovskite is selected from LisxLay;,Ti03, wherein 0.01<x<2/3.

70. The electrochemical device of claim 68, wherein the antiperovskite is LiOCl.

71. The electrochemical device of claim 68, wherein the LISICON is LiM»(POy);
wherein M is a metal.

72. The electrochemical device of claim 68, wherein the Thio-LISICON is Li4.
M1xPS4, wherein M is selected from Si, Ge, Sn, or combinations thereof; and

wherein 0<x<4, or Lis »sGeg25Pg 75S4.

73.  The electrochemical device of claim 68, wherein the lithium conducting
phosphate 1S L11+XA1XT127X(PO4)3 (LATP) or Lil'5A10'5Gel'5(PO4)3 (LAGP), wherein

0<x<2.

74.  The electrochemical device of claims 63-65, further comprising an anolyte
positioned between the negative electrode and the electrolyte membrane comprising

or consisting essentially of an electrolyte of any one of claim 1-44.

75. The electrochemical device of claim 74, wherein the anolyte is selected from

Li1,S-B,Ss-LiX, LiBH4-LiNH,-LiX, wherein X is F, Cl, Br, or 1.

76. The electrochemical device of claim 74, wherein the anolyte is selected from

Li,SyO,N,, (LISON), wherein x, y, z, and w, range from 0.01 to 1.

77. The electrochemical device of claim 74, wherein the anolyte is LISON

selected from Lig29S0 2800 35Ng 09.

78. The electrochemical device of claim 74, wherein the anolyte is selected from

LiBH,4, LiPON, LisN, Li,S Li,O Lil, or combinations thereof.

79. The electrochemical device of claim 74, wherein the anolyte is selected from

Li,S-B»Ss-LiX, LiBH,-LiNH,-LiX, or LiISON, wherein X is F, Cl, Br, or I.
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80. The electrochemical device of any one of claims 62-79, wherein the device
incudes an electrolyte separator having an average thickness between 10 nm and 30

pum.

81. The electrochemical device of any one of claims 62-80, wherein the device

incudes an anolyte having an average thickness between 10 nm and 20 um.

82. The electrochemical device of any one of claims 65-81, wherein the second

electrolyte membrane has an average thickness between 10 nm and 20 pum.

83. The electrochemical device of any one of claims 63-81, wherein the thickness

of the negative electrode is between 10 nm and 40 pm.

84. The electrochemical device of any one of claims 63-83, wherein the thickness

of the positive electrode is between 10 nm and 1 mm.

85.  The electrolyte of claim 1, wherein the electrolyte is chemically stable when in

contact with Li metal.

86.  The electrolyte of claim 1, wherein the electrolyte is stable to 1V or lower v.

L1 metal.

87.  The electrolyte of any one of claim 1-44, wherein the electrolyte is

characterized by an XRD powder pattern substantially as shown in FIG. 4.

88. The electrolyte of claim 1-44, wherein the electrolyte is characterized by an

XRD powder pattern substantially as shown in FIG. 9.

89. The electrolyte of claim 1-44, wherein the electrolyte is characterized by a

dynamic scanning calorimeter (DSC) thermogram substantially as shown in FIG. 8.

90.  The electrolyte of claim 89, wherein the electrolyte is SLOPS having the
empirical formula (1-x)(60:40 Li,S:SiS;)-(x)(Li3PO4) wherein x is from 0.01 to 0.99.

91.  Theelectrolyte of claim 26, wherein the monolith has a second electrolyte on
one side of the electrolyte of any one of claims 1-15 and wherein the second
electrolyte is SLOPS having the empirical formula (1-x)(60:40Li1,S:S1S;)*(x)(Li;POy)

and wherein x 1s from 0.01 to 0.99.
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92. A film comprising the composition any one of claims 1-38 on one side and

SLOPS on the other side.

93. A bi-layer solid state electrolyte membrane, having a disc shape and a top and
bottom surface, wherein the top surface comprises the electrolyte of any one of claims
1-15 and wherein the bottom surface comprises SLOPS having the empirical formula

(1-x)(60:40 Li,S:Si1S,)-(x)(Li3P0O4) wherein x is from 0.01 to 0.99.

94.  The bi-layer solid state membrane of claim 93, wherein the membrane is less
than 500 um thick, or is less than 400 pm thick, or is less than 300 um thick, or is less
than 200 um thick, or is less than 100 pm thick, or is less than 75 pm thick, or is less
than 50 pm thick, or is less than 40 pm thick, is less than 30 pm thick, or is less than
20 um thick, is less than 10 um thick, or is less than 5 um thick.

95.  The bi-layer solid state membrane of claim 94 further comprising LSTPS,
LiPON, or LisN.

96. The bi-layer solid state electrolyte membrane of claim 93, wherein the top
surface comprises an electrolyte characterized by Li P,S,I;, wherein 5<x<12; 1<y<3;
5<7<9, and 0.1<t=<2; and characterized by an x-ray powder diffraction (XRD) pattern
having at least one of the following reflections at: 20, 25, 27, 29, or 45 + 1° (20);
wherein subscripts X, y, z, and t are rational numbers; wherein the compound is

neutrally charged

97.  An electrochemical device comprising an electrolyte membrane comprising

the bi-layer of claim 93 or 94.

98.  An electrochemical device comprising an electrolyte membrane consisting

essentially of an electrolyte membrane comprising the bi-layer of claim 94 or 95.

99, The electrochemical device of claim 97, comprising a lithium metal anode
wherein the lithium metal, when the electrochemical device is at least partially
charged, is in contact with the top surface of the bi-layer solid state electrolyte

membrane of claim 94

100.  The electrochemical device of claim 98, comprising a lithium metal anode

wherein the lithium metal, when the electrochemical device is at least partially
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charged, is in contact with the top surface of the bi-layer solid state electrolyte

membrane of claim 94.

101.  The electrochemical device of claim 66, wherein LSTPS is a compound that

comprises lithium, sulfur, tin, phosphorus, and sulfur.

102.  The electrochemical device of claim 66, wherein SLOPS is a compound that

comprises lithium, sulfur, oxygen, phosphorus, and sulfur.

103.  An electrochemical device comprising:

a first lithium-ion-conducting separator layer comprising at least lithium,
sulfur, and phosphorous;

a second lithium-ion-conducting separator layer layered upon the first lithium-
ion-conducting separator layer;

wherein the second lithium-ion-conducting separator layer comprises a
material selected from the group consisting of SLOPS, a lithium-
stuffed garnet, a lithium lanthanum titanium oxide perovskite, an
antiperovskite, a LISICON, Thio-LISICON, a lithium conducting
phosphate, a lithium aluminum germanium phosphate, or an oxide
glass; and
an gel-containing catholyte comprising a polar solvent and a lithium
salt.

wherein the second lithium-ion-conducting separator layer is positioned
between, and in direct contact with, the first lithium-ion-conducting
separator layer and the gel-containing catholyte, and

wherein the second lithium-ion-conducting separator layer is impermeable to

the polar solvent of the gel-containing layer.

104.  An electrochemical device comprising:

a first lithium-ion-conducting separator layer comprising at least lithium, sulfur, a
halogen, and phosphorous;

a second lithium-ion-conducting separator layer layered upon the first lithium-ion-
conducting separator layer;

wherein the second lithium-ion-conducting separator layer comprises a material

selected from the group consisting of SLOPS, a lithium-stuffed garnet, a lithium
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lanthanum titanium oxide perovskite, an antiperovskite, a LISICON, Thio-LISICON,
a lithium conducting phosphate, a lithium aluminum germanium phosphate, or an
oxide glass; and

a solid sulfide-containing catholyte;

wherein the second lithium-ion-conducting separator layer is positioned between, and
in direct contact with, the first lithium-ion-conducting separator layer and the gel-
containing catholyte; and

wherein the first lithium-ion-conducting separator layer comprises an electrolyte of

any one of claims 1-44.
105.  The device of claim 104 wherein the catholyte comprises LXPS.

106.  The electrolyte of any one of claims 1-44, further comprising a second

electrolyte on one side of the electrolyte of any one of claims 1-44.
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3.

AMENDED CLAIMS
received by the International Bureau on 07 April 2017 (07.04.2017)

An electrolyte comprising a compound characterized by
LiPyS.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2; and

characterized by an x-ray powder diffraction (XRD) pattern having at least
one of the following reflections at: 20, 25, 27, 29, or 45 + 1° (20);

wherein the XRD pattern comprises a primary peak at 29 © + 1° (20) having a
full-width at half~-maximum (FWHM) of 3° + 1° (20);

wherein subscripts x, y, z, and t are rational numbers;

wherein the compound is neutrally charged.

The electrolyte of claim 1, consisting essentially of

LiPyS.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2; and

characterized by an XRD pattern having at least one of the following
reflections at: 20, 25, 27, 29, or 45 + 1° (20);

wherein subscripts x, y, z, and t are rational numbers;

wherein the compound is neutrally charged.

The electrolyte of claim 1 or 2, wherein the composition is characterized by an

XRD pattern having the following reflections at 20, 25, 27, 29, and 45 + 1° (20).

4.

The electrolyte of any one of claims 1-3, wherein the composition is

characterized by an XRD pattern having the following primary peaks at 20, 25, 27,
29, and 45 + 1° (20).

5. The electrolyte of any one of claims 1-4, wherein the composition is
semiamorphous.
6. The electrolyte of any one of claims 1-5, wherein the composition is not:

a member selected from the group consisting of (LisPS4)3(Lil), (LisPS4)2(Lil),
(LizPS4)(LiD), 2(LisPS4)(Lil), 3(LisPS4)(Lil), and combinations thereof;

a member selected from the group consisting of Li7P,Ssl, LigPSsF, LigPSsCl,
LigPSsBr, LigPSsI, and combinations thereof;

a member selected from the group consisting of 80(70L,S-30P,S5)20(Lil),
70(70L,S-30P,S5)30(Lil), and combinations thereof;

a member selected from the group consisting of a solid solution of L3;PS4,Lil,
Li,S P,Ss, and combinations thereof;

(100-X)(80L,S-20P,Ss)X(Lil), wherein X 1s 0, 2, 5, 10, 15, 20 or 30; or
a mixture of Li,S, P,Ss, LiF, LiCl, LiBr, Lil or combinations thereof.
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7. The electrolyte of any one of claims 1-6, wherein the composition is not
Li7P283I or LlsPSsI
8. The electrolyte of any one of claims 1-7, wherein the composition does not

have an argyrodite crystal structure.

0. The electrolyte of any one of claims 1-8, wherein the composition does not

comprise germanium (Ge) or any germanium species.

10.  The electrolyte of any one of claims 1-9, wherein the composition does not

comprise arsenic (As) or any arsenic species.

11.  The electrolyte of any one of claims 1-10, wherein the composition is
12.  The electrolyte of any one of claims 1-10, wherein the composition is

Li,PySclg, wherein a is from 7.2t0 7.6, b is from 1.4 to 1.8, ¢ is from 7.0 to 7.4, and d

is from 0.8 to 1.2, and wherein the electrolyte is charge neutral.

13.  The electrolyte of any one of claims 1-10, wherein the composition is

Li7 4Py 6S7,1 = 5% of the value of the recited subscripts.

14.  The electrolyte of any one of claims 1-5 or 8, wherein the composition is

Li7P,SgI wherein the subscript values may vary by + 5%.

15.  The electrolyte of any one of claims 1-5 or 8, wherein the composition is

Li7P,SgI wherein the subscript values may vary by + 5%.
16. The electrolyte of any one of claims 1-15, further comprising a polymer.

17. The electrolyte of claim 16, wherein the weight loading of LiPyS,I; in the

composition further comprising a polymer is at least 50 % (w/w) but less than 95 % (w/w).

18.  The electrolyte of claim 17, wherein the volume loading of LiPyS.I; in the

composition further comprising a polymer is at least 50 % (v/v).

19.  The electrolyte of claim 17, wherein the volume loading of LiPyS.I; in the

composition further comprising a polymer is at least 70 % (v/v).
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20.  The electrolyte of claim 17, wherein the volume loading of LiPyS.I; in the

composition further comprising a polymer is at between 70 % — 85 % (v/v).

21.  The electrolyte of claim 17, wherein the volume loading of LiPyS.I; in the

composition further comprising a polymer is at between 75 % — 85 % (v/v).

22.  The electrolyte any one of claims 16-21, wherein the polymer is selected from
the group consisting of epoxies, epoxides, polypropylene (PP), atactic polypropylene (aPP),
isotactive polypropylene (iPP), polybutyl diene, polybutadiene (PBD), polybutadiene rubber
(PB), cross-linked polybutadiene (cPBD), polystyrene (PS), ethylene propylene rubber
(EPR), ethylene pentene copolymer (EPC), polyisobutylene (PIB), styrene butadiene rubber
(SBR), polyolefins, polyethylene-co-poly-1-octene (PE-co-PO), PE-co-poly(methylene
cyclopentane) (PE-co-PMCP), poly methyl-methacrylate, acrylics, acrylonitrile-butadiene
rubber (NBR), polyvinyl acetacetal resin, polyvinylbutylal resin, PVB stereoblock
polypropylenes, polypropylene polymethylpentene copolymer, polyethylene oxide (PEO),
PEO block copolymers, nitriles, nitrile butadiene rubber, carboxymethyl cellulose (CMC),
polyisoprene rubber (PI), polychloroprene rubber (CR), polyethyl acrylate (PEA),
polyvinylidene fluoride (PVDF), aqueous-compatible polymers, silicone, PMX-200
(polydimethylsiloxane, PDMS), methyl methacrylate, ethyl methacrylate, polyvinylbutyral
(PVB), poly ethyl methacrylate (PEMA), polyvinyl pyrrolidone (PVP), stereo block
polypropylenes, polypropylene polymethylpentene copolymer, polypropylene carbonate,

polyethylene, and combinations thereof.

23.  The electrolyte of any one of claims 16-21, wherein the polymer is attached,

bonded, adhered, or adsorbed to the LPSI.

24.  The electrolyte of any one of claims 16-21, wherein the polymer is bonded to

the surface of the LPSIL.

25. The electrolyte of any one of claims 16-21, wherein the polymer is present at

about 0.01-50% w/w.

26. The electrolyte any one of claims 1-25 formed as a thin film having a film

thickness from about 10 nm to about 100 pm.
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27. The electrolyte any one of claims 1-24 formed as a monolith having an

average monolith thickness from about 10 nm to about 100 microns.

28.  The electrolyte of claim 26, wherein the film thickness is from about 20 pm to

about 60 um.

29. The electrolyte of claim 26, wherein the film thickness is about 10, 20, 30, 40,

50 or 60 microns.
30.  The electrolyte of any one of claims 1-29, comprising Lil.
31.  The electrolyte of any one of claims 1-29, comprising Li,S.

32.  The electrolyte of any one of claims 1-29, having an ionic conductivity of

about 1 x 107 S/cm or greater.

33.  The electrolyte of any one of claims 1-29, wherein the compound
characterized by L1,P,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2, and has a porosity

of less than 20, 15, 10, 5 or 1 % as determined by SEM and geometric measurements.

34.  The electrolyte of any one of claims 1-29, wherein the compound
characterized by L1P,S.I;, wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2 has a density of at

least 80, 85, 90, 95, or 99 % as determined by SEM and geometric measurements.

35.  The electrolyte of any one of claims 1-29, wherein the first major XRD peak
at 29° (20) has a full-width at half-maximum (FWHM) of 3° + 1°.

36.  The electrolyte of any one of claims 1-29, wherein the composition is
semiamorphous.
37. The electrolyte of claim 1, having a chemical composition selected from

Li7.4P1.6 S7.21 or L11 1P2 SsI

38. An electrolyte comprising a compound characterized by LiPyS.I;,
wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2; and

characterized by an XRD pattern not having at least one of the following
reflections 21, 28, 33, 34, and/or 46 (20);

wherein the XRD pattern comprises a primary peak at 29 © + 1° (20) having a
full-width at half~-maximum (FWHM) of 3° + 1° (20);
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39.

40.

wherein X, y, z, and t are chosen such that the composition is neutrally
charged.

A film comprising the composition any one of claims 1-38.

The film of claim 39, having a surface roughness from 0.5 um Rt to 30 um Rt,

wherein Rt is the maximum surface roughness peak height of sampled surface.

41.

The film of claim 39, having a surface roughness from 0.5 pum Ra to 30 um

Ra, wherein Ra is the average peak height of sampled surface roughness.

42.

The film of claim 39, having a surface roughness from 1.6 ym Ra to 2.2 um

Ra wherein Ra is the average peak height of sampled surface roughness.

43.

Ra.

44.

45.

46.
from L1,S.

47.

from P,Ss.

The film of claim 39, having a surface roughness from 3.2 ym Ra to 3.7 um

The film of claim 39, having a surface roughness from 1 um Rt to 28 um Rt.

A method of making an electrolyte characterized by LiPyS,I,
wherein 5<x<12; 1<y<3; 5<z<9, and 0.1<t<2; and

characterized by an XRD pattern having at least one of the following
reflections at: 20, 25, 27, 29, or 45 (20);

wherein the XRD pattern comprises a primary peak at 29 © + 1° (20) having a
full-width at half~-maximum (FWHM) of 3° + 1° (20);

wherein the method comprises the following steps:
providing a lithium sulfide compound,

providing a phosphorous sulfide compound,
providing a lithium iodide compound,

mixing the lithium sulfide compound, phosphorus sulfide compound, and
lithium iodide compound to form a mixture,

milling the mixture to formed a milled mixture; and

heating the mixture from about 100 to about 300 °C.

The method of claim 45, wherein the lithium sulfide compound is selected

The method of claim 45, wherein the phosphorus sulfide compound is selected
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48. The method of claim 45, wherein the lithium iodide compound is selected
from Lil.
49. The method of claim 45, wherein the lithium iodide compound is selected

from nanocrystalline, nanodimensioned, or amorphous Lil.

50.  The method of any one of claims 45-49, wherein the mixture includes Li,S:

P,S5in a mole ratio of 1:1 to 5:1.

51. The method of any one of claims 45-49, wherein the mixture includes P,Ss:Lil

in a mole ratio of 0.1:1 to 2:1.

52. The method of any one of claims 45-49, wherein the mixture includes Li,S:

P,Ss: Lil in a mole ratio of 3.2:0.8:1.

53. The method of claim 45, wherein the milling step comprises milling the

mixture until the mixture has particles with a dso particle size of 0.5 pm or less.

54. The method of claim 45, wherein the milling step comprises milling the

mixture until the mixture has particles with a dso particle size of 0.25 um or less.

55. The method of claim 45, wherein the milling step comprises milling the
mixture until the mixture is characterized by an XRD pattern in which crystalline Lil is not

observed.

56. The method of claim 45, comprising heating the mixture from about 100 to
about 300 °C in an inert atmosphere, wherein the inert atmosphere is selected from nitrogen,

argon, helium, xenon gas, or mixtures thereof.

57.  The method of claim 56, wherein the heating the mixture is to 150, 155, 160,
165, 170, 175, 180, 185, 190, 195, 200, 205, 210, 215, 220, 225, 230, 235, 240, 245, 250,
255, 260, 265, 270, 275, 280, 285, 290, 295, or 300 °C for two (2) to twenty-four (24) hours.

58. The method of claim 45, further comprising mixing a polymer with the

mixture to form a second mixture.

59. The method of claim 58, further comprising cryo-milling the polymer prior to

the step of mixing the polymer with the mixture to form a second mixture.
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60. The method of claim 57, wherein the heating is from 150 to 250 °C.

61. The method of claim 57 or 60, wherein the heating is from one (1) to sixteen
(16) hours.
62.  An electrochemical device comprising an electrolyte membrane comprising an

electrolyte of any one of claim 1-44.

63.  An electrochemical device comprising an electrolyte membrane consisting

essentially of an electrolyte of any one of claim 1-44.

64. The electrochemical device of claim 63, wherein the device comprises a
positive electrode current collector, a positive electrode active material region, a negative

electrode current collector, and a negative electrode active material region.

65. The electrochemical device of claims 63-64, further comprising a second

electrolyte membrane.

60. The electrochemical device of claim 65, wherein the second electrolyte
membrane comprises a compound selected from LSTPS, LBS-POX, LTS, SLOPS, LiPON,
LiBH;-LiX, LiBH4-LiNH;-LiX, or Li3;N, wherein X is a halide selected from F, Cl, I, or Br.

67. The electrochemical device of claim 66, wherein the second electrolyte
membrane is positioned between the positive electrode and the electrolyte membrane

comprising or consisting essentially of an electrolyte of any one of claim 1-44.

68. The electrochemical device of claim 67, wherein the second electrolyte
membrane is selected from SLOPS, LBS-POX, LTS, a lithium-stuffed garnet, a lithium
lanthanum titanium oxide perovskite, an antiperovskite, a LISICON, Thio-LISICON, Ohara
glass, a lithium conducting phosphate, a lithium aluminum germanium phosphate, or an oxide

glass such as LiPON.

69. The electrochemical device of claim 68, wherein the lithium lanthanum

titanium oxide perovskite is selected from LissLay;34T103, wherein 0.01<x<2/3.

70. The electrochemical device of claim 68, wherein the antiperovskite is LiOCl.
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71. The electrochemical device of claim 68, wherein the LISICON is LiM,(PO4)s

wherein M is a metal.

72. The electrochemical device of claim 68, wherein the Thio-LISICON is Li4.
M1 PS4, wherein M is selected from Si, Ge, Sn, or combinations thereof, and wherein

O§X<4, or Li3.25Geo.25P0.75 S4.

73.  The electrochemical device of claim 68, wherein the lithium conducting

phosphate is Li;+xAlTi,—«(PO4)3; (LATP) or Li; 5Alp5Ge; s(PO4); (LAGP), wherein 0<x<2.

74.  The electrochemical device of claims 63-65, further comprising an anolyte
positioned between the negative electrode and the electrolyte membrane comprising or

consisting essentially of an electrolyte of any one of claim 1-44.

75. The electrochemical device of claim 74, wherein the anolyte is selected from

L1,S-B;Ss-LiX, LiBH,-LiNH,-LiX, wherein X is F, CI, Br, or 1.

76. The electrochemical device of claim 74, wherein the anolyte is selected from

LiSyO,Ny, (LISON), wherein x, y, z, and w, range from 0.01 to 1.

77. The electrochemical device of claim 74, wherein the anolyte is LISON

selected from Lig 2980 2800.35N0 0o.

78. The electrochemical device of claim 74, wherein the anolyte is selected from

LiBH,, LiPON, LisN, Li,S Li,0 Lil, or combinations thereof.

79. The electrochemical device of claim 74, wherein the anolyte is selected from

L1,S-B;Ss-LiX, LiBH4-LiNH,-LiX, or LiSON, wherein X is F, Cl, Br, or L.

80. The electrochemical device of any one of claims 62-79, wherein the device

incudes an electrolyte separator having an average thickness between 10 nm and 30 um.

81. The electrochemical device of any one of claims 62-80, wherein the device

incudes an anolyte having an average thickness between 10 nm and 20 um.

82. The electrochemical device of any one of claims 65-81, wherein the second

electrolyte membrane has an average thickness between 10 nm and 20 um.
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83.  The electrochemical device of any one of claims 63-81, wherein the thickness

of the negative electrode is between 10 nm and 40 pm.

84.  The electrochemical device of any one of claims 63-83, wherein the thickness

of the positive electrode is between 10 nm and 1 mm.

85. The electrolyte of claim 1, wherein the electrolyte is chemically stable when in

contact with Li metal.

86.  The electrolyte of claim 1, wherein the electrolyte is stable to 1V or lower v.
Li metal.
87. The electrolyte of any one of claim 1-44, wherein the electrolyte is

characterized by an XRD powder pattern substantially as shown in FIG. 4.

88. The electrolyte of claim 1-44, wherein the electrolyte is characterized by an

XRD powder pattern substantially as shown in FIG. 9.

89. The electrolyte of claim 1-44, wherein the electrolyte is characterized by a

dynamic scanning calorimeter (DSC) thermogram substantially as shown in FIG. 8.

90. The electrolyte of claim 89, wherein the electrolyte is SLOPS having the
empirical formula (1-x)(60:40 Li,S:S1S,) (x)(LisPO4) wherein x is from 0.01 to 0.99.

91.  The electrolyte of claim 26, wherein the monolith has a second electrolyte on
one side of the electrolyte of any one of claims 1-15 and wherein the second electrolyte is
SLOPS having the empirical formula (1-x)(60:40L1,S:SiS;)*(x)(Li13PO4) and wherein x is
from 0.01 to 0.99.

92. A film comprising the composition any one of claims 1-38 on one side and

SLOPS on the other side.

93. A bi-layer solid state electrolyte membrane, having a disc shape and a top and
bottom surface, wherein the top surface comprises the electrolyte of any one of claims 1-15
and wherein the bottom surface comprises SLOPS having the empirical formula

(1-x)(60:40 Li,S:S1S,) (x)(L13PO4) wherein x is from 0.01 to 0.99.
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94.  The bi-layer solid state membrane of claim 93, wherein the membrane is less
than 500 um thick, or is less than 400 pm thick, or is less than 300 um thick, or is less than
200 pm thick, or is less than 100 pm thick, or is less than 75 pm thick, or is less than 50 um
thick, or is less than 40 um thick, is less than 30 um thick, or is less than 20 um thick, is less
than 10 pm thick, or is less than 5 um thick.

95.  The bi-layer solid state membrane of claim 94 further comprising LSTPS,
LiPON, or LisN.

96. The bi-layer solid state electrolyte membrane of claim 93, wherein the top
surface comprises an electrolyte characterized by LiPyS.I;, wherein 5<x<12; 1<y<3; 5<z<09,
and 0.1<t<2; and characterized by an x-ray powder diffraction (XRD) pattern having at least
one of the following reflections at: 20, 25, 27, 29, or 45 + 1° (2@); wherein subscripts x, y, z,

and t are rational numbers; wherein the compound is neutrally charged.

97.  An electrochemical device comprising an electrolyte membrane comprising

the bi-layer of claim 93 or 94.

98.  An electrochemical device comprising an electrolyte membrane consisting

essentially of an electrolyte membrane comprising the bi-layer of claim 94 or 95.

99.  The electrochemical device of claim 97, comprising a lithium metal anode
wherein the lithium metal, when the electrochemical device is at least partially charged, is in

contact with the top surface of the bi-layer solid state electrolyte membrane of claim 94.

100.  The electrochemical device of claim 98, comprising a lithium metal anode
wherein the lithium metal, when the electrochemical device is at least partially charged, is in

contact with the top surface of the bi-layer solid state electrolyte membrane of claim 94.

101.  The electrochemical device of claim 66, wherein LSTPS is a compound that

comprises lithtum, sulfur, tin, phosphorus, and sulfur.

102.  The electrochemical device of claim 66, wherein SLOPS is a compound that

comprises lithium, sulfur, oxygen, phosphorus, and sulfur.

103.  An electrochemical device comprising:
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a first lithium-ion-conducting separator layer comprising at least lithium,
sulfur, and phosphorous;

a second lithium-ion-conducting separator layer layered upon the first lithium-
ion-conducting separator layer;

wherein the second lithium-ion-conducting separator layer comprises a
material selected from the group consisting of SLOPS, a lithium-
stuffed garnet, a lithium lanthanum titanium oxide perovskite, an
antiperovskite, a LISICON, Thio-LISICON, a lithium conducting
phosphate, a lithium aluminum germanium phosphate, or an oxide
glass; and
an gel-containing catholyte comprising a polar solvent and a lithium
salt.

wherein the second lithium-ion-conducting separator layer is positioned
between, and in direct contact with, the first lithium-ion-conducting
separator layer and the gel-containing catholyte, and

wherein the second lithium-ion-conducting separator layer is impermeable to

the polar solvent of the gel-containing layer.

104.  An electrochemical device comprising:

a first lithium-ion-conducting separator layer comprising at least lithium, sulfur, a
halogen, and phosphorous;

a second lithium-ion-conducting separator layer layered upon the first lithium-ion-
conducting separator layer;

wherein the second lithium-ion-conducting separator layer comprises a material
selected from the group consisting of SLOPS, a lithium-stuffed garnet, a lithium
lanthanum titanium oxide perovskite, an antiperovskite, a LISICON, Thio-LISICON,
a lithium conducting phosphate, a lithium aluminum germanium phosphate, or an
oxide glass; and

a solid sulfide-containing catholyte;

wherein the second lithium-ion-conducting separator layer is positioned between, and
in direct contact with, the first lithium-ion-conducting separator layer and the gel-
containing catholyte; and

wherein the first lithium-ion-conducting separator layer comprises an electrolyte of

any one of claims 1-44.
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105.  The device of claim 104 wherein the catholyte comprises LXPS.

106.  The electrolyte of any one of claims 1-44, further comprising a second

electrolyte on one side of the electrolyte of any one of claims 1-44.

65
AMENDED SHEET (ARTICLE 19)



WO 2017/096088

117

FIG.1

I

T

RN

PCT/US2016/064492

10 mm eld

12.7 mm HP-LPSI

8 mum NMC/LSTPS



WO 2017/096088 PCT/US2016/064492

2117

FIG.2

After 24-48 hours

After 12-18 hourrs

S SN D oSN D O O Do
S I YR NER

e B N W .
R X - YWY RN Wy
el SR T T T R SO e N TR 22 TR . S - TS

fnaapy



PCT/US2016/064492

WO 2017/096088

3117

FIG.3

L

3



WO 2017/096088 PCT/US2016/064492

417

FIG. 4

2thetaldeyl




PCT/US2016/064492
FIG.5

5/17

WO 2017/096088

LR 4

g:

w4

y

SNaed

s 9

*e %

\ .
o ale 44

TREEEE GG

%




PCT/US2016/064492

WO 2017/096088

6/17

FIG. 6

b



PCT/US2016/064492

WO 2017/096088

7117

FIG.7

<
W
&
-
N
3
N

&%
o
AN

@i

v, ”
o
.,

W

T s s AN A
B ettty S P II AT s

e

# s

\\\\\\\\\

- ) 2 \” 5 'y
i A Nﬁ,«m“\, «.M\wwxm N Q



PCT/US2016/064492

WO 2017/096088

8/17

FIG. 8

2T S RROED B2 S,
T DI
TR S B LAY e 7 st ke

o8y ooy age

SHLF TGP
AR G * oSSt

3.4 RENRIBUIR Y

o0e DET 21254 OB GO

D%

DB HBL TN

EHLTE)

et #BEO
(8GR AR 13500



WO 2017/096088 PCT/US2016/064492

917

FIG.9

5

T

RS

A
gt

%’@&%Wwf ” F

‘\m\@E.

ZTheta (Coupled TwoTheta/Thela) Wi=1 54060

N
s

T

i TEPTTV T rTITTTITY TTYTYYTTy Y ™%
oore Q& ool 408 LA 008 ong [LE Y &

BEINGO



WO 2017/096088 PCT/US2016/064492

10/17

FIG. 10

138




WO 2017/096088 PCT/US2016/064492

1M1/17

FIG. 11
1100

131

1102

T 1405



WO 2017/096088

PCT/US2016/064492

12/17

FIG. 12

ar - Y
] -3 %
i BELINE N P
& i !
ERY /Af; P
!
ay i
2?‘ ; 4 i § " 2 ;
S0 i o 100 150 200 3580

Run sclive mass-specific sapacity mahigl




WO 2017/096088 PCT/US2016/064492

13/17

FIG. 13

g

¢
)

KEEIS

Waoktage V]

B . . N N [ . TS T T TV T T T x demnd x. 3 X
15 } : $ : $ $ { t {
HOG BG4 o8 04 BOEd -4} L3R S20E IR

Run active mans-apecific capacity imAhig)

(]




WO 2017/096088

14/17

PCT/US2016/064492

[
9

Yoltage [V]

3 3 4 % - & e
* > * ¥

i€

¢ N N
> o N
™ AR »
N,
M

PRI ST

1€ = 1.6 mAjom?

3

v ¥

Cyole sctive mass-specific capacily ImAig)




WO 2017/096088

Yaitage [V

PCT/US2016/064492

FIG. 15
3 f ¥ ‘ >
) 3} 158

Lycle active mass-spocific capacily ImAbigl




WO 2017/096088 PCT/US2016/064492

16/17

FIG. 16

Energy [mWHh]



WO 2017/096088 PCT/US2016/064492

1717

FIG. 17




INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/064492

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1M 10/05; HO1M 10/056; HO1M 10/0562; H
CPC -

01M 10/0565 (2017.01)

HO1M 10/0562; HO1M 10/0565; HO1M 2300/0068; HO1M 2300/0082 (2017.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by ¢l

See Search History document

lassification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

IPC(8) - HO1M 10/05; HO1M 10/056; HO1M 10/0562; HO1M 10/0565; CPC - see above (keyword delimited)

Electronic data base consulted during the intemnational search (name of
See Search History document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X RANGASAMY et al., An lodide-Based Li7P2S8I Superionic Conductor, Journal of American 1-3, 37, 38, 85, 86
- Chemical Society, Vol. 137, 20 January 2015, Pgs. 1384-1387,81-S6 |-t
Y 45-61, 103
Y US 2014/0141341 A1 (TOYOTA JIDOSHA KABUSHIKI KAISHA) 22 May 2014 (22.05.2014) 45-61

entire document

Y US 2009/0182066 A1 (YANG et al) 16 July 2009 (16.07.2009) entire document 59
Y US 2007/0172739 A1 (VISCO et al) 26 July 2007 (26.07.2007) entire document 103

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A™ document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or afier the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be,
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

25 January 2017

Date of mailing of the intemational search report

07 FEB 2017

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.
PCT/US2016/064492

Box No. I1 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:

D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts 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:

3. Claims Nos.: 4-36, 39-44, 62-84, 87-102, 104-106
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchablé
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

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

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

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

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

l:l No protest accompanied the payment of additional search fees.

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



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - claims
	Page 52 - claims
	Page 53 - claims
	Page 54 - claims
	Page 55 - claims
	Page 56 - amend-body
	Page 57 - amend-body
	Page 58 - amend-body
	Page 59 - amend-body
	Page 60 - amend-body
	Page 61 - amend-body
	Page 62 - amend-body
	Page 63 - amend-body
	Page 64 - amend-body
	Page 65 - amend-body
	Page 66 - amend-body
	Page 67 - amend-body
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - wo-search-report
	Page 86 - wo-search-report

