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INTERNATIONAL PATENT APPLICATION

ANNEALED GARNET ELECTROLYTE SEPARATORS

BACKGROUND

[0001] A series of technological challenges must be overcome in order to transition the
current energy economy, based on the consumption of nonrenewable petroleum-based energy
resources, into one in which humans sustainably produce, store, and consume renewable
energy. 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, may be suitable substitutes in electric and hybrid-electric
vehicles, but the high cost and limited performance of the conventional batteries available
today has restricted large-scale market adoption of this technology. A key component of such

batteries which limits its performance is the electrolyte.

[0002] In a rechargeable Li ion battery, Li" ions move from a negative electrode to a positive
electrode during discharge and in the opposite direction during charge. An electrolyte
physically separates and electrically insulates the positive and negative electrodes while also
providing a medium for Li" ions to conduct between the electrodes. The electrolyte ensures
that electrons, produced when Li metal oxidizes at the negative electrode during discharge of
battery (e.g., Li < Li” + ¢"), conduct between the electrodes by way of an external and
parallel electrical pathway to the pathway taken by the Li"ions. If Li" ions and electrons
recombine, as can happen when they share a conduction path, before both conduct separately
from the negative to the positive electrode, no useful work is captured and Li dendrites may
form and lead to thermal runaway. In some electrochemical devices, electrolytes may be
used in combination with, or intimately mixed with, cathode (i.e., positive electrode) active
materials to facilitate the conduction of Li” ions within the cathode region, for example, from

the electrolyte-cathode interface and into and/or with the cathode active material.

[0003] Conventional rechargeable batteries rely on liquid-based electrolytes which include
lithium salts dissolved in organic solvents (e.g., IM solutions of LiPFg salts in 1:1 ethylene

carbonate:diethylene carbonate solvents). However, these liquid electrolytes suffer from
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several problems including flammability during thermal runaway and outgassing at high
voltages. Solid state ion-conducting ceramics, such as lithium-stuffed garnet oxide materials,
have been proposed as next generation electrolyte separators in a variety of electrochemical
devices including Li" ion rechargeable batteries. When compared to liquid-based
electrolytes, solid state electrolytes are attractive for safety reasons, such as not being
flammable, as well as for economic reasons which include low processing costs. Solid state
lithium-stuffed garnet electrolyte membranes and separators, in particular, are well suited for
electrochemical devices because of their high Li” ion conductivity, their electric insulating
properties, as well as their chemical compatibility with Li metal anodes (i.e., negative
electrodes). Moreover, solid state lithium-stuffed garnet electrolyte membranes can be
prepared as thin films, which are thinner and lighter than conventional electrolyte separators.
See, for example, US Patent Application Publication No. 2015/0099190, published April 9,
2015 and filed October 7, 2014, entitted GARNET MATERIALS FOR LI SECONDARY
BATTERIES AND METHODS OF MAKING AND USING GARNET MATERIALS, the
entire contents of which are incorporated by reference in its entirety for all purposes. When
these thinner and lighter lithium-stuffed garnet separators are incorporated into
electrochemical cells, the resulting electrochemical cells are thought to achieve higher
volumetric and gravimetric energy densities because of the volume and weight reduction

afforded by the solid state separators.

[0004] Certain solid state lithium-stuffed garnet electrolytes are known. See, for example,
U.S. Patent Nos. 8,658,317; 8,092,941; and 7,901,658; also U.S. Patent Application
Publication Nos. 2013/0085055; 2011/0281175; 2014/0093785; and 2014/0170504; also
Bonderer, ef al. “Free-Standing Ultrathin Ceramic Foils,” Journal of the American Ceramic
Society, 2010, 93(11):3624 — 3631; and Murugan, ef al., Angew Chem. Int. Fd. 2007, 46,
7778-7781). However, to date and the best of Applicants knowledge, there are no public
disclosures of commercially viable thin film solid state lithium-stuffed garnet electrolyte
separators or membranes for Li rechargeable batteries which have a sufficiently long cycle
life at high current densities and which conduct large amounts of lithium without forming
lithium dendrites. There are also, to the best of Applicants knowledge, no public disclosures
of commercially viable thin film solid state lithium-stuffed garnet electrolyte separators

which have low interfacial and bulk ionic resistance and/or impedance.

[0005] Some of the contributors to bulk and interfacial resistance and/or impedance in

lithium-stuffed garnet electrolytes are impurities in the lithium-stuffed garnet oxide, which
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include but are not limited to secondary phases other than a pure lithium-stuffed garnet oxide
which can be found at either or all of the electrolyte’s bulk, surface and/or interface with
other materials. Resistive secondary phases, e.g., Li,CO3 on the surface or interface of a
lithium-stuffed garnet solid electrolyte are also a source of high impedance and poor cycling
performance in lithium-stuffed garnet electrolytes. Previously, researchers mechanically
processed lithium-stuffed garnet electrolytes to remove secondary phases from its surfaces.
These techniques included sanding or polishing the electrolyte surfaces to physically remove
surface contaminants. However, these mechanical processing techniques are cost-prohibitive
for high volume production, tend to be destructive to the material being processed, and tend
not to prevent the formation of new surface contaminants or otherwise stabilize the

mechanically polished surface.

[0006] There is therefore a need for improved thin film solid state electrolytes and, in
particular, lithium-stuffed garnet electrolytes, which demonstrate commercially viable cycle
life properties at high Li" current densities. What is needed in the relevant field is, for
example, new thin film solid state ion-conducting electrolytes as well as processes for making
and using these solid state electrolytes. The instant disclosure sets forth such materials and
methods of making and using the same, as well other solutions to other problems in the

relevant field.

BRIEF SUMMARY

[0007] The present disclosure relates generally to components for lithium rechargeable
batteries as well as to lithium-stuffed garnet electrolyte membranes and separators for lithium
rechargeable batteries. Some of the electrolytes disclosed herein have low interfacial
impedance, a reduced tendency for lithium dendrites to form therein or thereupon when used
as electrolyte separators in electrochemical cells, and/or have advantageous surface chemical
compositions and features. Also provided herein are methods of making these solid-state
electrolyte membranes and separators including certain annealing methods for producing the
aforementioned advantageous surface chemical compositions and features. The instant
disclosure includes, in some examples, intermediate temperature annealing methods, in inert
or reducing environments, for removing surface species, e.g., Li;CO3, which otherwise result
in high impedance and poor electrochemical performance in the electrolyte if not removed.

The instant disclosure includes, in some examples, serial heat treatment steps, in inert or
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reducing environments, for removing surface species, e.g., Li,COs3, which otherwise result in

high impedance and poor electrochemical performance in the electrolyte if not removed.

[0008] In one embodiment, the instant disclosure sets forth a thin electrolyte membrane or
separator, having top and bottom surfaces, wherein the length or width of either the top or
bottom surfaces is at least 10 times the membrane or separator thickness, and wherein the
membrane or separator thickness is from about 10 nm to about 100 pm; wherein the
electrolyte bulk is characterized by the chemical formula LixLaszZr,01, y(Al,O03), wherein
3<x<8 and 0<y<l1; and wherein either the top or bottom surface is characterized as having
less than 1 um layer thereupon which includes a lithium carbonate, lithium hydroxide, lithium
oxide, a hydrate thereof, an oxide thereof, or a combination thereof. As used herein, the
thickness of the layer on the membrane or separator is only as thick or is thinner than the
thickness of the membrane or separator, not including any layers thereupon. Herein, x and y

are rational numbers.

[0009] As used herein, having less than 1 um layer thereupon refers to a surface coating, or
surface adhered or bonded layer, which is chemically distinct from the bulk material on
which the surface coating is present. In some examples, this layer is a native oxide or an
oxide which spontaneously forms on the surface of the materials described herein post-

synthesis and upon exposure to air.

[0010] In a second embodiment, the instant disclosure sets forth a method of making a thin
electrolyte membrane or separator , having top and bottom surfaces, wherein the length or
width of either the top or bottom surfaces is at least 10 times the membrane or separator
thickness, and wherein the membrane or separator thickness is from about 10 nm to about
100 pm; wherein the electrolyte bulk is characterized by the chemical formula LixLa3;Zr,01»
y(Al,03), wherein 3<x<8 and 0<y<1; and wherein either the top or bottom surface is
characterized as having less than 1 um layer thereupon which includes a lithium carbonate,
lithium hydroxide, lithium oxide, a hydrate thereof, an oxide thereof, or a combination
thereof. As used herein, the thickness of the layer on the membrane or separator is only as
thick or is thinner than the thickness of the membrane or separator, not including any layers
thereupon. In some examples, the method includes preparing a thin film lithium-stuffed
garnet electrolyte by calcining lithium-stuffed electrolyte garnet electrolyte precursors in the
presences of binders and or dispersants to prepare calcined thin films of lithium-stuffed
garnet electrolytes and subsequently sintering and annealing the thin films by heating the

films a second or third time in a reducing or inert atmosphere and at elevated temperatures.
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[0011] In a third embodiment, the instant disclosure sets forth methods of reducing the area-
specific resistance (ASR) of a lithium-stuffed garnet electrolyte membrane or separator ,
wherein the method includes annealing the membrane or separator by heating it after it is
sintered in a reducing atmosphere and at elevated temperatures. In some embodiments, the
heating is between 500 and 750°C and the reducing atmosphere is Ar:H, or Ar or an inert

atmosphere.

[0012] In a fourth embodiment, the instant disclosure sets forth an electrochemical device

which includes the electrolyte membranes and/or separators set forth herein.

[0013] In a fifth embodiment, the instant disclosure sets forth methods of using
electrochemical devices which include the electrolyte membranes and/or separators set forth
herein, wherein the methods include bonding lithium metal to a surface of the electrolyte

membrane or separator using a formation cycle.

[0014] In a sixth embodiment, the instant disclosure sets forth methods of laminating,
depositing, or bonding lithium metal onto an electrolyte membranes and/or separators set

forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Figure 1 shows a transmission electron microscopy (TEM) image of Sample A
(untreated) - a lithium-stuffed garnet prepared according to Example 2. The scale bar in the
image is 0.5 um.

[0016] Figure 2 shows a TEM image of Sample B (treated — annealed) - a lithium-stuffed

garnet prepared according to Example 2. The scale bar in the image is 1.0 um.

[0017] Figure 3 shows an overlaid x-ray photoelectron spectroscopy (XPS) spectra for
lithium-stuffed garnet electrolyte membranes, Sample A and Sample B, prepared according to

Example 2.

[0018] Figure 4 shows an electron paramagnetic resonance (EPR) spectrum for Sample B

prepared according to Example 2.

[0019] Figure 5 shows a scanning electron micrograph (SEM) of Sample B prepared

according to Example 2.

[0020] Figure 6 shows overlaid electrical impedance spectra for Samples (untreated) A and B

(treated — annealed).
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[0021] Figure 7 shows a reduced magnification of Figure 6.

[0022] Figure 8A shows electrochemical cycling data for a lithium-stuffed garnet electrolyte
membrane of Sample B, in a symmetric Li-metal cell, which was cycled at 2mA/cm®, for the
first three cycles (Fig 8A), and then 2mA/cm?, for forty-six (46 days) at 130°C (Fig 8B). Each
cycle passes 20um of lithium in both directions (i.e. a half cycle is approximately

4mAh/cm?).

[0023] Figure 9 shows an overlaid FT-IR spectra for Sample A (untreated) and B (treated —

annealed).

[0024] Figure 10 shows Raman spectra for Samples A and B prepared according to Example
2.

[0025] Figure 11 shows a plot of the survival electrochemical cells as a function of failure

current density (mA/cm?).

[0026] Figure 12 shows a plot Weibull cumulative failure as a function of current density.
[0027] Figure 13 shows an rectangular shape

[0028] Figure 14 shows a disc shape.

[0029] The figures depict various embodiments of the present disclosure for purposes of
illustration only. One skilled in the art will readily recognize from the following discussion
that alternative embodiments of the structures and methods illustrated herein may be

employed without departing from the principles described herein.

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.

[0031] The following description is presented to enable 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
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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.

[0032] In the following detailed description, numerous specific details are set forth in order to
provide a more thorough understanding of the present invention. However, it will be apparent
to one skilled in the art that the present invention may be practiced without necessarily being

limited to these specific details.

[0033] 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,
each feature disclosed is one example only of a generic series of equivalent or similar

features.

[0034] 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.

GENERAL DESCRIPTION

[0035] Though solid state electrolytes possess a host of theoretical advantages, there exists a
need for improvements in the chemistry, processing and engineering of these electrolytes and
their surfaces and interfaces with lithium metal in order to make them more commercially
viable for use in electrochemical cells. One of the major problems associated with
electrolytes is that researchers have had difficulty controlling the surface chemistry of for
these electrolytes to operate in commercial devices. As an example, surface contamination
by Li,COs and/or LiOH is thought to be detrimental to the performance of these electrolytes.
These species may block fast charge transfer kinetics at the surface of the electrolyte and lead
to high interfacial resistance. Other minor impurity phases at the surface, e.g. LiAlO,; may
also lead to high interfacial resistance. See, for example, Sharafi, Asma, et al. Journal of
Power Sources 302 (2016) 135-139. See, for example, Cheng, L., et al., “Interrelationships
among Grain Size, Surface Composition, Air Stability, and Interfacial Resistance of Al-
Substituted Li-La3;Zr,0,; Solid Electrolytes,” ACS Appl. Mater. Interfaces, 2015, 7 (32), pp
17649-17655, DOI: 10.1021/acsami.5b02528; Cheng, L., et al., ACS Appl. Mater. Interfaces,
2015, 7 (3), pp 2073-2081, DOI: 10.1021/am508111r, doi/abs/10.1021/am508111r; and

-7-
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Cheng, L., et al,, Phys. Chem. Chem. Phys., 2014,16, 18294-18300, DOL:
10.1039/C4CP02921F.

| Definitions

[0036] 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. For example, evaporating a solvent at

2 2

about 80°C includes evaporating a solvent at 79°C, 80°C, or 81°C.

[0037] As used herein the phrase “about 1 to about 600 minutes,” refers to the range 0.1 to
1.1 to 540-660 minutes and the minute values therebetween. As used herein the phrase
“about 10 pm to about 100 um” refers to the range S9um-11uym to 90um-110um and the
integer values therebetween. As used herein the phrase “about 500°C to about 900°C,” refers
to the range 450°C-550"C to 810°C-990°C and the integer temperature values therebetween.

[0038] 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.

[0039] As used herein, the term, “Rt,” is a measure of surface roughness wherein Rt is the

maximum peak height of sampled surface roughness amplitudes.

[0040] 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.

[0041] As used herein, the phrases “electrochemical cell” or “battery cell” shall mean a single
cell including a positive electrode and a negative electrode, which have ionic communication
between the two using an electrolyte. In some embodiments, the same battery cell includes

multiple positive electrodes and/or multiple negative electrodes enclosed in one container.
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[0042] As used herein, a “binder” refers to a material that assists in the adhesion of another
material. 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, acrylics, acrylates, polyvinyl butyral, vinyl family, cellulose
family, polyethylene glycol, resins, polyvinyl alcohol, polymethyl methacrylate, polyvinyl
pyrrolidone, polyacrylamide, polyethylene oxide (PEO), PEO block copolymers, silicone,
and the like.

[0043] As used herein, the term “surface” refers to material that is near or at an
interface between two different phases, chemicals, or states of matter. For example, a thin
film garnet membrane or separator when exposed to air has a surface described by the
periphery or outside portion of the membrane or separator which contacts the air. For
rectangular-shaped membranes or separators, there is a top and a bottom surface which both
individually have higher surface areas than each of the four side surfaces individually. In this
rectangular membrane or separator example, such as the example shown in Figure 13, there
are also four side surfaces which have surface areas less than either or both of the top and
bottom surfaces. For disc-shaped membranes or separators, such as the example shown in
Figure 14, there is a top and a bottom surface which both individually have higher surface
areas than the circumference-side of the disc. When used as an electrolyte membrane or
separator in an electrochemical cell, the top or bottom surface is the side or part of the
membrane or separator which contacts the negative electrode (i.e., Li metal), which contacts
the positive electrode (i.e. cathode or catholyte in cathode), and/or which contacts a layer or
bonding agent disposed between the membrane or separator and the positive electrode. A
surface has larger x- and y-axis physical dimensions that it does z-axis physical dimensions,
wherein the z-axis is the axis perpendicular to the surface. The depth or thickness of a
surface can be of molecular order of magnitude or up to 1 micron. Oxide surfaces can
include dangling bonds, excess hydroxyl groups, bridging oxides, or a variety of other species
which result in the oxide surface having a chemical composition that may be
stoichiometrically different from the bulk. For example, in some of the membranes or

separators set forth herein, the bulk is characterized by a chemical formula of
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LiyLa;Zr,0,,Al,05 and the surface is characterized by a chemical formula of

LiyLa;Zr,0,,Al,03, wherein, in this paragraph, x is greater than y.

[0044] As used herein, the term “bulk,” refers to a portion or part of a material that is
extended in space in three-dimensions by at least 1 micron. The bulk refers to the portion or

part of a material which is exclusive of its surface, as defined above.

[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.

[0046] As used herein, a “catholyte” refers to an ion conductor that is intimately mixed with,
or that surrounds, or that contacts the positive electrode active material. 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
garnets, 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 LiAMPBSC (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.

[0047] As used herein, the phrase “solid state catholyte,” or the term “catholyte” refers to an
ion conductor that is intimately mixed with, or surrounded by, a cathode (i.e., positive
electrode) active material (e.g., a metal fluoride optionally including lithium).

[0048] In some examples the catholyte may include a gel electrolyte such as, but not
limited to, the electrolyte compositions set forth in U.S. Patent Nos. 5,296,318, entitled
RECHARGEABLE LITHIUM INTERCALATION BATTERY WITH HYBRID

-10 -
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POLYMERIC ELECTROLYTE; also 5,460,904 also 5,456,000, to Gozdz, et al., or those
compositions set forth in US Patent Application No. 20020192561, entitled SEPARATORS
FOR WINDING-TYPE LITHIUM SECONDARY BATTERIES HAVING GEL-TYPE
POLYMER ELECTROLYTES AND MANUFACTURING METHOD FOR THE SAME,
which published December 19, 2002.

[0049] 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.

[0050] 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. Electrolytes are ionically
conductive and electrically insulating material. Electrolytes are useful for electrically
insulating the positive and negative electrodes of a secondary battery while allowing for the

conduction of ions, e.g., Li", through the electrolyte.

[0051] As used herein, the phrase “dsy diameter” or “median diameter (dsg)” 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 (dog)” 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. Doy includes the characteristic dimension at which 90% of the particles are
smaller than the recited size. As used herein “diameter (d,o)” 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. Do includes the characteristic dimension at which 10% of the particles are

smaller than the recited size.
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[0052] 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, 2.5, 3, 3.12, and 7.

[0053] 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.

[0054] 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.

[0055] 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 areas.

[0056] As used herein, the phrase “film thickness” 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 areas.

[0057] As used herein the word “thickness” in the phrase “a thin electrolyte membrane,
having top and bottom surfaces and a thickness therebetween” refers to the distance, or
median measured distance, between the top and bottom surfaces of a film. As used herein,

the top and bottom surfaces refer to the sides of the film having the largest surface areas.

[0058] As used herein, electrolyte separator or membrane thickness is measured by cross-

sectional scanning electron microscopy.

[0059] 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 examples, and “active cathode
material,” includes a metal fluoride that converts to a metal and lithium fluoride during the

discharge cycle of a Li rechargeable battery.

[0060] 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
methods set forth herein, the sintering temperatures are high enough to melt the Lithium

metal used as the active anode material.
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[0061] 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.

[0062] 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.

[0063] 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.

2

[0064] As used herein, the phrase “slot casting,” refers to a deposition process whereby a
substrate is coated, or deposited, with a solution, liquid, slurry, or the like by flowing the
solution, liquid, slurry, or the like, through a slot or mold of fixed dimensions that is placed
adjacent to, in contact with, or onto the substrate onto which the deposition or coating occurs.
In some examples, slot casting includes a slot opening of about 1 to 100 pum.

[0065] As used herein, the term “laminating” refers to the process of sequentially depositing
a layer of one precursor specie, e.g., a lithium precursor specie, onto a deposition substrate
and then subsequently depositing an additional layer onto an already deposited layer using a
second precursor specie, e.g., a transition metal precursor specie. This laminating process
can be repeated to build up several layers of deposited vapor phases. As used herein, the
term “laminating” also refers to the process whereby a layer comprising an electrode, e.g.,
positive electrode or cathode active material comprising layer, is contacted to a layer
comprising another material, e.g., garnet electrolyte. The laminating process may include a

reaction or use of a binder which adheres of physically maintains the contact between the

layers which are laminated.
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[0066] As used herein, the phrase “green film” refers to an unsintered film including at least
one member selected from garnet materials, precursors to garnet materials, calcined garnet
materials, binder, solvent, carbon, dispersant, or combinations thereof.

[0067] As used herein the phrase “providing an unsintered thin film,” refers to the provision
of, generation or, presentation of, or delivery of an unsintered thin film or a green film
defined above. For example, providing an unsintered thin film refers to the process of
making an unsintered thin film available, or delivering an unsintered thin film, such that the
unsintered thin film can be used as set forth in a method described herein.

[0068] As used herein the phrase “unsintered thin film,” refers to a thin film, including the
components and materials described herein, but which is not sintered by a sintering method
set forth herein. Thin refers, for example, to a film that has an average thickness dimensions
of about 10 nm to about 100 um. In some examples, thin refers to a film that is less than
about 1 um, 10 um or 50 um in thickness.

[0069] As used herein, the phrase “evaporating the cathode current collector,” refers to a
process of providing or delivering a metal, such as, but not limited to, copper, nickel,
aluminum, or an combination thereof, in vapor or atomized form such that the metal contacts
and forms an adhering layer to the cathode, catholyte, or combinations thereof or to the
anode, anolyte, or combinations thereof. This process results in the formation of a metal layer
on a cathode or anode such that the metal layer and the cathode or anode are in electrical
communication.

[0070] As used herein the term “making,” refers to the process or method of forming or
causing to form the object that is made. For example, making an energy storage electrode
includes the process, process steps, or method of causing the electrode of an energy storage
device to be formed. The end result of the steps constituting the making of the energy storage
electrode is the production of a material that is functional as an electrode.

[0071] As used herein the phrase “energy storage electrode,” refers to, for example, an
electrode that is suitable for use in an energy storage device, e.g., a lithium rechargeable
battery or Li-secondary battery. As used herein, such an electrode is capable of conducting
electrons and Li ions as necessary for the charging and discharging of a rechargeable battery.
[0072] As used herein, the phrase “electrochemical device” refers to an energy storage
device, such as, but not limited to a Li-secondary battery that operates or produces electricity
or an electrical current by an electrochemical reaction, e.g., a conversion chemistry reaction

such as 3Li + FeF3 <> 3LiF + Fe.
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[0073] As used herein, the phrase “providing” refers to the provision of, generation or,
presentation of, or delivery of that which is provided.

[0074] As used herein, the phrase “lithium stuffed garnet” refers to oxides that are
characterized by a crystal structure related to a garnet crystal structure. Lithium-stuffed
garnets include compounds having the formula LisLagM'M"pZrgOp, LisLagM'cM"pTagOp,
or

LiaLagM'cM"pNbgOg, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<13, and
M' and M" are each, independently in each instance selected from Al, Mo, W, Nb, Sb, Ca,
Ba, Sr, Ce, Hf, Rb, or Ta, or Li,LayZr.AlgMe".Of, wherein 5<a<7.7; 2<b<4,; 0<c<2.5; 0<d<2;
0<e<2, 10<f<13 and Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb and as described
herein. Garnets, as used herein, also include those garnets described above that are doped
with Al,Os;. Garnets, as used herein, also include those garnets described above that are
doped so that Al’" substitutes for Li~. As used herein, lithium-stuffed garnets, and garnets,
generally, include, but are not limited to, Li; ¢Laz(Zry + Nby, + Taiz)O1; + 0.35A1,05; wherein
(t1+t2+t3 = subscript 2) so that the La:(Zr/Nb/Ta) ratio is 3:2.  Also, garnet used herein
includes, but is not limited to, LiyLa3Zr,O,; + yAl,Os, wherein x ranges from 5.5t0 9; and y
ranges from O to 1. In some examples x is 7 and y is 1.0. In some examples x is 7 and y is
0.35. In some examples x is 7 and y is 0.7. In some examples x is 7 and y is 0.4. Also,
garnets as used herein include, but are not limited to, LiyLa3;Zr,01; + yAlLOs.

[0075] As used herein, garnet does not include YAG-garnets (7.e., yttrium aluminum garnets,
or, e.g., Y3Als01;). As used herein, garnet does not include silicate-based garnets such as
pyrope, almandine, spessartine, grossular, hessonite, or cinnamon-stone,

tsavorite, uvarovite and andradite and the solid solutions pyrope-almandine-spessarite and
uvarovite-grossular-andradite. Garnets herein do not include nesosilicates having the general
formula X3Y,(S104); wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al, Fe, and, or, Cr.
[0076] As used herein, the phrase “garnet precursor chemicals” or “chemical precursor to a
Garnet-type electrolyte” refers to chemicals which react to form a lithium stuffed garnet
material described herein. These chemical precursors include, but are not limited to lithium
hydroxide (e.g., LiOH), lithium oxide (e.g., Li,0), lithium carbonate (e.g., LiCOs3), zirconium
oxide (e.g., Zr0Q;,), lanthanum oxide (e.g., La,0;), aluminum oxide (e.g., Al;,0O3), aluminum
(e.g., Al), aluminum nitrate (e.g., AINO3), aluminum nitrate nonahydrate, niobium oxide
(e.g., Nb,Os), tantalum oxide (e.g., TayOs).

[0077] As used herein the phrase “garnet-type electrolyte,” refers to an electrolyte that

includes a garnet or lithium stuffed garnet material described herein as the ionic conductor.
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[0078] As used herein, the phrase “doped with alumina” means that Al,Oj; is used to replace
certain components of another material, e.g., a garnet. A lithium stuffed garnet that is doped
with Al,Os refers to garnet wherein aluminum (Al) substitutes for an element in the lithium
stuffed garnet chemical formula, which may be, for example, Li or Zr.

[0079] As used herein, the phrase “aluminum reaction vessel” refers to a container or
receptacle into which precursor chemicals are placed in order to conduct a chemical reaction
to produce a product, e.g., a lithium stuffed garnet material.

[0080] As used herein, the phrase “high conductivity,” refers to a conductivity, such as ionic
conductivity, that is greater than 10” S/cm at room temperature. In some examples, high
conductivity includes a conductivity greater than 10” S/cm at room temperature.

[0081] As used herein, the phrase “Zr is partially replaced by a higher valence species” refers
to the substitution of Zr*" with a species that has, for example, a 5" or 6" charge. For
example, if some Nb>" can reside in a lattice position in a garnet crystal structure where a Zr
atom resides and in doing so substitute for Zr*", then Zr is partially replaced by Nb. This is
also referred to as niobium doping.

[0082] As used herein, the phrase “subscripts and molar coefficients in the empirical
formulas are based on the quantities of raw materials initially batched to make the described
examples” means the subscripts, (e.g., 7, 3, 2, 12 in Li;Las;Zr,0,, and the coefficient 0.35 in
0.35A1,053) refer to the respective elemental ratios in the chemical precursors (e.g., LiOH,
La,0s, ZrO,, Al,O3) used to prepare a given material, (e.g., LisLaszZr;01,-0.35A1,03).

[0083] As used herein, the term “grains” refers to domains of material within the bulk of a
material that have a physical boundary which distinguishes the grain from the rest of the
material. For example, in some materials both crystalline and amorphous components of a
material, often having the same chemical composition, are distinguished from each other by
the boundary between the crystalline component and the amorphous component. The
approximate diameter or maximum dimensions of the boundaries of a crystalline component,
or of an amorphous component, is referred herein as the grain size.

[0084] 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 examples, and “active cathode
material,” includes a metal fluoride that converts to a metal and lithium fluoride during the
discharge cycle of a Li rechargeable battery.

[0085] 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
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defined above. In some examples, the active material is Lithium metal. In some of the
methods set forth herein, the sintering temperatures are high enough to melt the Lithium
metal used as the active anode material.

2

[0086] As used herein the phrase “conductive additive,” refers to a material that is mixed
with the cathode active material in order to improve the conductivity of the cathode.
Examples includes, but are not limited to, carbon and the various forms of carbon, e.g., ketjen
black, VGCF, acetylene black, graphite, graphene, nanotubes, nanofibers, the like, and
combinations thereof.

[0087] As used herein the phrase “casting a film,” refers to the process of delivering or
transferring a liquid or a slurry into a mold, or onto a substrate, such that the liquid or the
slurry forms, or is formed into, a film. Casting may be done via doctor blade, meyer rod,
comma coater, gravure coater, microgravure, reverse comma coater, slot dye, slip and/or tape
casting, and other methods known to those skilled in the art.

[0088] As used herein the phrase “applying a pressure,” refers to a process whereby an
external device, e.g., a calender, induces a pressure in another material.

[0089] As used herein the phrase “burning the binder or calcining the unsintered film,” refers
to the process whereby a film that includes a binder is heated, optionally in an environment
that includes an oxidizing specie, e.g., O,, in order to burn the binder or induce a chemical
reaction that drives off, or removes, the binder, e.g., combustion, or which causes a film
having a binder to sinter, to become more dense or less porous.

[0090] As used herein the phrase “composite electrode,” refers to an electrode that is
composed of more than one material. For example, a composite electrode may include, but is
not limited to, an active cathode material and a garnet-type electrolyte in intimate mixture or
ordered layers or wherein the active material and the electrolyte are interdigitated.

[0091] As used herein the phrase “inert setter plates,” refer to plates, which are normally flat,
and which are unreactive with a material that is sintered. Inert setter plates can be metallic or
ceramic, and, optionally, these setter plates can be porous to provide for the diffusion of gases
and vapors therethrough when a sintered material is actually sintered. Inert setter plates are
exemplified in U.S. Provisional Patent Application No. 62/148,337, filed April 16, 2015.
[0092] 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.
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[0093] As used herein the phrase “wherein either the top or bottom surface is characterized as
having substantially no layer thereupon comprising a lithium carbonate, lithium hydroxide,
lithium oxide, lithium peroxide, a hydrate thereof, an oxide thereof, or a combination
thereof,” refers to a material set forth herein where the material’s top or bottom surface is not
observed to have a lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a
hydrate thereof, an oxide thereof, or a combination thereof when analyzed by Raman, FT-IR,
or XPS spectroscopy.

ii. ELECTROLYTES

[0094] In some examples, set forth herein is a thin electrolyte separator, having top and
bottom surfaces and a thickness therebetween, wherein the top or bottom surface length or
width is greater than the thickness by a factor of ten (10) or more, and the thickness is from
about 10 nm to about 100 um. In some examples, the electrolyte bulk is characterized by the
chemical formula LiyLa;Zr,01; y(Al,03), wherein 3<x<8 and 0<y<1. In some examples, the
top or bottom surface is characterized as having a layer thereupon, greater than 1 nm and less
than 1 um, comprising a lithium carbonate, lithium hydroxide, lithium oxide, lithium

peroxide, a hydrate thereof, an oxide thereof, or a combination thereof.
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[0095] In some examples, set forth herein is a thin electrolyte separator, having top and
bottom surfaces and a thickness therebetween, wherein the top or bottom surface length or
width is greater than the thickness by a factor of ten (10) or more, and the thickness is from
about 10 nm to about 100 um. In some examples, the electrolyte bulk is characterized by the
chemical formula LixLa3Zr2012 y(Al203), wherein 3<x<8 and 0<y<1. In certain examples,
either the top or bottom surface is characterized as having substantially no layer thereupon
comprising a lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate
thereof, an oxide thereof, or a combination thereof. In certain examples, either the top or
bottom surface is characterized as having substantially no layer thereupon comprising a
lithium carbonate. In certain examples, either the top or bottom surface is characterized as
having substantially no layer thereupon comprising a lithium hydroxide. In certain examples,
either the top or bottom surface is characterized as having substantially no layer thereupon
comprising a lithium oxide. In certain examples, either the top or bottom surface is
characterized as having substantially no layer thereupon comprising a lithium peroxide. In
certain examples, either the top or bottom surface is characterized as having substantially no
layer thereupon comprising a hydrate of any of the aforementioned. In certain examples,
either the top or bottom surface is characterized as having substantially no layer thereupon
comprising a peroxide of any of the aforementioned. In certain examples, either the top or
bottom surface is characterized as having substantially no layer thereupon comprising an
oxide of any of the aforementioned.
[0096] In some examples, the electrolyte separator has a top or bottom surface length or
width is from about 100 um to 100 cm.
[0097] In some examples, the electrolyte separator has an x as 3,3.5,4,4.5,5,5.5,6,6.5, 7,
7.5, or 8.
[0098] In some examples, the electrolyte separator bulk is characterized by the chemical
formula LizLas;Zr,040.2(Al,03), LizLa3Zr,040.25(Al,03), LizLasZr,040.3(Al,03),
LisLa;Zr,040.35(A1,03), LisLasZr,010.4(Al,03), LisLasZr,040.45(A1,05),
LisLa;Zr,040.5(A1,05), LisLasZr,040.55(A1,03), LisLasZr010.6(A1,03),
LisLa;Zr,040.65(A1,05), LisLa;Zr,040.7(Al,03), LisLasZr,040.75(A1,05),
LisLasZr,040.8(A1,05), LisLasZr,040.85(Al,05),
LizLa3Zr;040.9 (Al,0O3), LisLa3Zr;040.95(Al,03), LizLazZr,On(AlLO3),
LisLa;Zr,040.2(A1,05), LisLasZr,0p 0.25(A1,03), LisLasZr;010.3(Al,03),
LisLa;Zr,040.35(A1,05), LisLa;Zr,040.4(Al,05), LisLasZr,040.45(A1,05),
LisLa;Zr,040.5(A1,05), LisLasZr,040.55(Al,03), LisLasZry040.6(A1,05),
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LisLa;Zr,040.55(A1,05), LisLa;Zr,040.7(Al,03), LisLasZr,040.75(A1,05),
LisLa;Zr,040.8(A1,05), LisLa;Zr,040.85(Al,05), LisLasZr,0p 0.9(AL,05),
LisLa3Zr;040.95(Al,03), LisLazZr,Oun(Al,03), LisLazZr,0n0.2(Al,03), LigLasZrOy
0.25(A1,03), LisLasZr,040.3(Al,03), LigLasZr,040.35(Al,03), LisLasZr,040.4(A1,05),
LisLa;Zr,040.45(A1,05), LigLa;Zr,040.5(Al,03), LigLasZr,040.55(A1,05),
LigLasZr,040.6(A1,05), LigLa;Zr,04,0.55(Al,03), LisLasZr,010.7(AL,05),
LisLasZr,040.75(Al,03), LigLasZr,010.8(Al,03), LigLasZr,010.85(A1,05),
LicLa3Zr,040.9(Al1,05), LisLazZr,0n0.95(Al,03), LigLazZr,On(Al,O3),
Li;La;Zr,040.2(A1,05), LisLa;Zr,04,0.25(Al,03), Li-LasZr,040.3(A1,05),
Li;La;Zr,040.35(A1,03), Li-La;Zr,010.4(Al,03), Li-LasZr,040.45(A1,05),
LisLa;Zr,040.5(A1,05), LisLa;Zr,040.55(A1,03), LizLasZr010.6(A1,03),
Li;La;Zr,040.65(Al,03), Li-LasZr,010.7(Al,03), Li-LasZr;010.75(A1,05),
Li;La;Zr,040.8(A1,05), Li;La;Zr,040.85(Al,05), LisLasZr,0p 0.9(AL,05),
Li;La3Zr;040.95(Al,05), or LisLasZr,Oy(Al;03), LisLa3Zr,040.3(Al,05),
Li;La;Zr;,040.35(A1,03), Li-LasZr;010.4(Al,03), Li-LasZr;010.45(A1,05),
LisLa;Zr,040.5(A1,05), LisLa;Zr,040.55(A1,03), LizLasZr010.6(A1,03),
Li;La;Zr,040.65(Al,05), Li-La;Zr,010.7(Al,03), Li-LasZr,040.75(A1,05),
Li;La;Zr,040.8(A1,05), LisLa;Zr,04,0.85(Al,03), LizLasZry040.9(A1,05),
Li;La3Zr;040.95(Al,03), LisLasZr;0On(AlLO3) , LisLazZr;040.2(Al,05),
LisLa;Zr,040.25(Al,03), LisLasZr,010.3(Al,03), LisLasZr040.35(A1,05),
LisLasZr,040.4(A1,05), LisLa;Zr,04,0.45(Al,03), LisLasZr,040.5(A1,05),
LisLa;Zr,040.55(A1,05), LisLa;Zr,040.6(Al,03), LisLasZr,040.65(A1,05),
LigLa;Zr,040.8(A1,05), LisLa;Zr,040.85(Al,03), LisLasZr010.8(AL,03),
LigLa3Zr;040.85(Al,03), LigLaszZr;040.9(Al,03), LisLa3Zr,0p0.95(Al,03), or
LigLa3Zr,0Oy(Al,03), LigLazZr,040.3(Al,03), LiglasZr;0,0.35(Al,05),
LisLasZr,040.4(A1,05), LisLa;Zr,04,0.45(Al,03), LisLasZr,040.5(A1,05),
LigLa;Zr,040.55(A1,03), LisLasZr010.6(Al,03), LisLasZr010.65(A1,05),
LigLa;Zr,040.8(A1,05), LisLa;Zr,040.85(Al,03), LisLasZr010.8(AL,03),
LigLa3Zr;0,0.85(Al,03), LiglazZr;0,,0.9(Al,053), LigLa3Zr,04,0.95(Al,05), or
LigLa3Zr,Oy(Al;03). In these examples, subscript h is a number selected so that the
chemical characterized by the formula is charge neutral. Subscript h can be any rational
number greater than O or less than 15 as required to maintain charge neutrality. In some
examples, his 0.1,0.5,1,1.5,2,2.5,3,3.5,4,45,5,55,6,65,7,75,8,85,9,95, 10,
10.5, 11, 11.5, 12, 12.5, 13, 13.5, 14, 14.5, or 15. In certain examples, his 9, 10, 11, 12, or
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13. In some examples, his 10, 11, or 12. In other examples, his 11 or 12. In other
examples, his 12 or 13. In certain examples, his 12.
[0099] In some examples, the electrolyte separator bulk is characterized by the chemical
formula LizLazZr,01,0.2(Al,03), LizLaszZr,01,0.25(Al,03), LisLasZr,01,0.3(Al,03),
Liz;La3Zr;01,0.35(Al,03), LisLasZr,01,0.4(Al,0;), LisLasZr,01,0.45(A1,05),
Li;La3Zr;0,,0.5(Al,03), LizLa3Zr;0,,0.55(Al,03), LisLa3;Zr;01,0.6(Al,03),
LizLa3Zr;01,0.65(Al,03), LisLasZr;01,0.7(Al;03), LizLasZr;01,0.75(A1,03),
LizLa3Zr;01,0.8(Al,03), LizLazZr;01,0.85(Al,03),
Liz;La3Zr;01,0.9 (Al;03), LizLasZr;0,,0.95(Al1,03), LisLa3Zr,015(Al03),
LisLa3Zr;0,,0.2(Al,03), LisLa3Zr;0,; 0.25(Al,03), LisLa3Zr,01,0.3(Al,03),
LisLa3Zr,0120.35(Al,03), LisLaszZr;01,0.4(Al;03), LisLaszZr,01,0.45(A1,05),
LisLa3Zr;01,0.5(Al,03), LisLazZr;01,0.55(Al,03), LisLasZr,01,0.6(Al,03),
LisLa3Zr;01,0.55(Al,03), LisLasZr,01,0.7(Al;03), LisLasZr,01,0.75(Al,05),
LisLa3Zr;01,0.8(Al,03), LisLa3Zr;0,,0.85(Al,03), LisLasZr,01, 0.9(Al,03),
LisLa3Zr;0120.95(Al,03), LisLasZr;012(Al,03), LigLasZr01,0.2(Al,03), LigLasZr 01
0.25(Al1,03), LigLasZr,01,0.3(Al,03), LisLa3Zr;0120.35(Al,03), LicLasZr,01,0.4(Al,03),
Liz;La3Zr;01,0.45(Al,03), LigLasZr,01,0.5(Al,03), LigLasZr,01,0.55(A1,05),
LigLa3Zr;,0,,0.6(Al,03), LigLasZr;,0,,0.55(Al,03), LigLasZr,01,0.7(Al,03),
LicLa3Zr,01,0.75(Al,03), LigLaszZr,01,0.8(Al;,03), LisLaszZr,01,0.85(Al,03),
LicLa3Zr,01,0.9(Al,03), LigLa3Zr;012,0.95(Al,03), LisLaszZr;012(Al,03),
Li;La3Zr;0,,0.2(Al,03), LisLa3Zr,0,,0.25(Al,03), LisLa3;Zr,01,0.3(Al,03),
Li;La3Zr;01,0.35(Al,03), Li;LasZr,01,0.4(Al,0;), Li;LasZr,0,1,0.45(A1,05),
Li;La3Zr;01,0.5(Al,03), LisLazZr;01,0.55(Al,03), LisLasZr,01,0.6(Al,03),
Li;sLa3Zr;01,0.65(Al,03), LisLasZr;01,0.7(Al,03), LisLasZr,01,0.75(Al,03),
Li;La3Zr;0,,0.8(Al,03), LisLa3Zr;,0,,0.85(Al,03), LisLasZr,01, 0.9(Al,03),
Li;La3Zr;0,,0.95(Al,03), or Li;LasZr,015(Al,03), LisLas;Zr,01,0.3(Al,03),
Li;sLa3Zr,01,0.35(Al,03), LisLasZr;01,0.4(Al;03), LisLasZr,01,0.45(A1,05),
Li;La3Zr;01,0.5(Al,03), LisLazZr;01,0.55(Al,03), LisLasZr,01,0.6(Al,03),
Li;La3Zr;01,0.65(Al,03), Li;sLasZr,01,0.7(Al,0;), Li;LasZr,01,0.75(Al,05),
Li;La3Zr;0,,0.8(Al;03), LisLa3Zr,0,,0.85(Al,03), LisLa3;Zr,01,0.9(Al,03),
LisLa3Zr;0120.95(Al,03), LisLasZr;012(Al,03) |, LigLasZr;0120.2(Al,03),
LigLa3Zr,01,0.25(Al,03), LigLasZr;01,0.3(Al;03), LigLaszZr,01,0.35(A1,03),
LigLa3Zr;0,,0.4(Al,03), LigLa3Zr,0,,0.45(Al,03), LigLa3;Zr,01,0.5(Al,03),
LigLa3Zr;01,0.55(Al,03), LigLasZr,01,0.6(Al,03), LigLasZr,01,0.65(Al,05),
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LisLa;Zr,01,0.8(A1,05), LisLasZr;01,0.85(A1,05), LigLa;Zr,01,0.8(Al,05),
LigLa3Zr;0,,0.85(Al,03), LigLasZr;01,0.9(Al,03), LigLas;Zr,01,0.95(Al,053), or
LigLa3Zr;012(Al,03), LisLazZr,01,0.3(Al,03), LisLazZr,01,0.35(Al,03),
LisLa;Zr;0120.4(A1,05), LigLasZr;01,0.45(A1,03), LigLa;Zr,0120.5(A1,03),
LigLa;Zr,01,0.55(A1,0;), LisLa;Zr;01,0.6(A1,05), LisLa;Zr,01,0.65(A1,05),
LisLa;Zr,01,0.8(A1,05), LisLasZr;01,0.85(A1,05), LigLa;Zr,01,0.8(Al,05),
LigLa3Zr,01,0.85(Al,03), LigLasZr,0120.9(Al,03), LigLasZr,01,0.95(Al,03), or
LigLa3Zr;012(Al,03).

[00100] In some examples, the electrolyte separator electrolyte bulk is characterized by a
chemical formula different from the top or bottom surface of the electrolyte separator.

In some examples, the electrolyte separator electrolyte bulk is characterized by the chemical
formula LiyLa3Zr;01; y(Al,03), wherein 3<x1<8 and 0<y<lI,

[00101] wherein the top or bottom surface or both is/are characterized by the chemical
formula LiyLazZr,01; y(Al;O3), wherein 3<x1<8 and 0<y<1, wherein x2 is less than x1.
[00102] In some examples, the electrolyte separator has either the top or bottom surface as
characterized as having less than a 0.5 um thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide
thereof, or a combination thereof. In some examples, either the top or bottom surface is
characterized as having less than a 0.35 um thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide
thereof, or a combination thereof. In other example, either the top or bottom surface is
characterized as having less than a 0.25 um thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide
thereof, or a combination thereof. In certain examples, either the top or bottom surface is
characterized as having less than a 0.15 um thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide
thereof, or a combination thereof. In some of these examples, either the top or bottom
surface is characterized as having less than a 0.1 pm thick layer thereupon comprising a
lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an
oxide thereof, or a combination thereof. In some examples, either the top or bottom surface
is characterized as having less than a 0.05 pm thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide
thereof, or a combination thereof. In some examples, both the top and bottom surfaces are

characterized as having a similar thickness layer thereupon comprising a lithium carbonate,
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lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide thereof, or a
combination thereof. In some examples, both the top and bottom surfaces are characterized
as having no detectable presence of lithium carbonate, lithium hydroxide, lithium oxide,
lithium peroxide, or a combination thereof as detected by XPS or FT-IR. In some examples,
both the top and bottom surfaces are characterized as having no secondary phases present on
the top or bottom surface, wherein secondary phases are selected from LiAlO;, Li,ZrOs3,
LaAlQs, LisAlOy, LigZr,07, Lay(LixAl1)O4, wherein x is from O to 1, or combinations
thereof. In some examples, both the top and bottom surfaces are characterized as having the
same thickness layer thereupon comprising a lithium carbonate, lithium hydroxide, lithium
oxide, lithium peroxide, a hydrate thereof, an oxide thereof, or a combination thereof.
[00103] In some examples herein, the separator a Li-metal interface area specific resistance
between 0 and 15 Qcm” at 60°C.  In some examples, the Li-metal interface area specific
resistance is less than 2 Qcm? at 60 °C. In other examples, the Li-metal interface area
specific resistance is less than 2 Qcm? at 25 °C. In certain examples, the Li-metal interface
area specific resistance is less than 20 Qcm? at -25 °C.

[00104] In some examples, the separator is a pellet, a film, free-standing film, or a monolith.
[00105] In some examples herein, the lithium carbonate is characterized by Li,(COs), and x
is from 0 to 2, and y is from O to 1.

[00106] In some examples herein, the lithium hydroxide is characterized by Li(OH)y and x
and y are each, independently, from O to 1.

[00107] In some examples herein, the lithium oxide is characterized by Li,Oy and x and y are
each, independently, from O to 2.

[00108] In some examples herein, the electrolyte separator is characterized by an EPR
spectrum substantially as shown in FIG. 4.

[00109] In some examples herein, the top or bottom surface of the electrolyte membrane or
separator is characterized by an FT-IR spectrum substantially as shown in FIG. 9

[00110] In some of these examples, the top or bottom surface is characterized by a Raman
spectrum substantially as shown in FIG. 10.

[00111] In some examples herein, set forth are electrolyte separators or membranes
characterized by the chemical formula Li,La;Zr,0;, + yAl,03, wherein 3<x<8 and 0<y<1 and
having a top or bottom surface that has less than 5 atomic % of an amorphous material
comprising carbon and oxygen. In some of these examples, the top or bottom surface is in

direct contact with Li-metal.
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[00112] In some examples, the top or bottom surface that has a carbon concentration at the
surface of less than 5 atomic %.

[00113] In some examples, the top or bottom surface that has a hydrogen concentration at the
surface of less than 5 atomic %.

[00114] In certain examples, the atomic % of carbon is measured by XPS.

[00115] In other examples, the atomic % of hydrogen is measured by SIMS.

[00116] In some examples herein, the electrolyte separator or membrane has an Oxygen (O)
vacancy concentration characterized by an EPR signal spin density of 1x10™® /em’ to

1310 fem®.

[00117] In some examples herein, the electrolyte separator or membrane has a spin density
equal to about 1x10™ /ecm’.

[00118] In certain examples, the compositions and methods set forth herein include a Garnet-
type electrolyte material selected from LiyLa;Zr,0, yAl,O3, wherein x is from 5 to 7.5; z is
from 11 to 12.25; and y is from O to 1.

[00119], LiaLagM'cM"pTagOpF, LiaLagM'cM"pNbgOg, wherein 4<A<8.5, 1.5<B<4, 0<C<2,
0<D<2; 0<E<2, 10<F<14, and M' and M' are each, independently in each instance selected
from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta, or Li,LayZr.AljMe".O¢, wherein
5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2, 10<f<14 and Me" is a metal selected from Nb, Ta,
V, W, Mo, or Sb, or combinations thereof.

[00120] In certain examples, the methods set forth herein include a Garnet-type electrolyte
material selected from LijLagM’ M’ pZrgOf, LiaLagM'cM'pTagOf, LisLagM'cM'pNbgOg,
wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<14, and M’ and M’ are each,
independently in each instance selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or
Ta, or LisLapZr.AlgMe".Or, wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2, 10<f<14 and
Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb, or combinations thereof.

[00121] In certain examples, the methods set forth herein include a Garnet-type electrolyte
material selected from LisLagM'.M"pZrgOpF, LiaLagM'cM"pTagOr, LialagM'c¢cM"pNbgOF,
wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<13, and M' and M" are each,
independently in each instance selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or
Ta, or Li,LayZr.AlgMe".O¢, wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2, 10<f<13 and
Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb, or combinations thereof.

[00122] In certain examples, the methods set forth herein include a Garnet-type electrolyte
selected from LijLagM'cM"pNbgOg, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2,
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10<F<14, and M' and M" are each, independently in each instance selected from Al, Mo, W,
Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta, or combinations thereof.

[00123] In certain examples, the methods set forth herein include a Garnet-type electrolyte
selected from LiaLagM'c¢cM"pNbgOg, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2,
10<F<13, and M' and M" are each, independently in each instance selected from Al, Mo, W,
Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta.

[00124] In certain examples, the methods set forth herein include a Garnet-type electrolyte
selected from Li,LapZr.AlgMe".Or, wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2,
10<f<14 and Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb.

[00125] In certain examples, the methods set forth herein include a Garnet-type electrolyte
selected from Li,LapZr.AlgMe".Or, wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2,
10<f<13 and Me" is a metal selected from Nb, Ta, V, W, Mo, or Sb.

[00126] In some embodiments, the garnet material described herein is used as an electrolyte.
In some of these embodiments, the garnet has the formula LiyLa;Zr,0,; y*2Al;O3; wherein
50<x<9 and O0.1<y<1.5. In some of these examples, the electrolyte is
LiyLa3Zr;01,-035A1,0;. In other of these examples, the electrolyte is
Li;LasZr,04,°0.35A1,05.

[00127] In some of the examples wherein the garnet is an electrolyte, the garnet does not
include any Nb, Ta, W or Mo, which is used herein to mean that the concentration of those
elements (e.g., Nb, Ta, W, or Mo) is 10 parts per million (ppm) or lower. In some examples,
the concentration of those elements (e.g., Nb, Ta, W, or Mo) is 1 parts per million (ppm) or
lower. In some examples, the concentration of those elements (e.g., Nb, Ta, W, or Mo) is 0.1
parts per million (ppm) or lower.

[00128] In some examples, the Lithium stuffed garnet set forth herein can be represented by
the general formula Li,A3;B,01,, wherein 5<x<7. In some of these examples, A is a large ion
occupying an 8-fold coordinated lattice site. In some of these examples, A is La, Sr, Ba, Ca,
or a combination thereof. In some examples, B is a smaller more highly charged ion
occupying an octahedral site. In some of these examples, B is Zr, Hf, Nb, Ta, Sb, V, or a
combination thereof. In certain of these examples, the composition is doped with 0.3 to 1
molar amount of Al per LiyA3;B,01,. In certain of these examples, the composition is doped
with 0.35 molar amount of Al per LixA3zB,015.

[00129] In some examples, the lithium stuffed garnet is Li;LasZr,01, (LLZ) and is doped
with alumina. In certain examples, the LLZ is doped by adding Al,Os to the reactant
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precursor mix that is used to make the LLZ. In certain other examples, the LLZ is doped by
the aluminum in an aluminum reaction vessel that contacts the LLZ.

[00130] In some examples, the alumina doped LLZ has a high conductivity, e.g., greater than
10™ S/cm at room temperature.

[00131] In some examples, a higher conductivity is observed when some of the Zr is partially
replaced by a higher valence species, e.g., Nb, Ta, Sb, or combinations thereof. In some
examples, the conductivity reaches as high as 10 S/cm at room temperature.

[00132] In some examples, the composition set forth herein is LiyA3B,0;; doped with 0.35
molar amount of Al per LiyA3;B,0,;. In certain of these examples, x is 5. In certain other
examples, x is 5.5. In yet other examples, x is 6.0. In some other examples, x is 6.5. In still
other examples, x is 7.0. In some other examples, x is 7.5.

[00133] In some examples, the garnet-based composition is doped with 0.3, 0.35, 0.4, 0.45,
0.5, 0.55,0.6,0.65,0.7,0.75, 0.8, 0.85, 0.9, 0.95, or 1 molar amount of Al per LiyA3B,01;.
[00134] In some examples, the garnet-based composition is doped with 0.35 molar amount of
Al per LixA3B,On.

[00135] In the examples, herein, the subscripts and molar coefficients in the empirical
formulas are based on the quantities of raw materials initially batched to make the described
examples.

[00136] In some examples, the instant disclosure provides a composition including a lithium
stuffed garnet and Al,Os. In certain examples, the lithium stuffed garnet is doped with
alumina. In some examples, the lithium-stuffed garnet is characterized by the empirical
formula LisLagM':M"pZrgOr, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2,
10<F<13, and M' and M" are, independently in each instance, either absent or are each
independently selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein
the molar ratio of Garnet: Al,O; is between 0.05 and 0.7.

[00137] In some examples, the instant disclosure provides a composition including a lithium
stuffed garnet and Al,Os. In certain examples, the lithium stuffed garnet is doped with
alumina. In some examples, the lithium-stuffed garnet is characterized by the empirical
formula LisLagM':M"pZrgOr, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2,
10<F<13, and M' and M" are, independently in each instance, either absent or are each
independently selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein
the molar ratio of Li:Al is between 0.05 and 0.7.

[00138] In some examples, the instant disclosure provides a composition including a lithium

stuffed garnet and Al,Os;. In certain examples, the lithium stuffed garnet is doped with
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alumina. In some examples, the lithium-stuffed garnet is characterized by the empirical
formula LisLagM':M"pZreOf, wherein 2<A<10, 2<B<6, 0<C<2, 0<D<2; 0<E<3, 8<F<14,
and M' and M" are, independently in each instance, either absent or are each independently
selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein the molar ratio
of Garnet:Al,O5 is between 0.01 and 2.

[00139] In some examples, the instant disclosure provides a composition including a lithium
stuffed garnet and Al,Os. In certain examples, the lithium stuffed garnet is doped with
alumina. In some examples, the lithium-stuffed garnet is characterized by the empirical
formula LipLagM':M"pZrgOf, wherein 2<A<10, 2<B<6, 0<C<2, 0<D<2; 0<E<3, 8<F<l4,
and M' and M" are, independently in each instance, either absent or are each independently
selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein the molar ratio
of Li:Al is between 0.01 and 2.

[00140] In some examples, the lithium stuffed garnet is LisLagZrcM'pM"gO1, and 5<A<7.7,
2<B<4, 0<C<2.5, M' comprises a metal dopant selected from a material including Al and
0<D<2, M" comprises a metal dopant selected from a material including Nb, Ta, V, W, Mo,
Sb, and wherein 0<e<2. In some examples, the lithium stuffed garnet is a lithium stuffed
garnet set forth in U.S. Provisional Patent Application No. 61/887,451, entitled METHOD
AND SYSTEM FOR FORMING GARNET MATERIALS WITH SINTERING PROCESS,
filed October 7, 2013, the entire contents of which are herein incorporated by reference in its
entirety for all purposes.

[00141] In some of the examples above, A is 6. In some other examples, A is 6.5. In other
examples, A is 7.0. In certain other examples, A is 7.5. In yet other examples, A is 8.0.
[00142] In some of the examples above, B is 2. In some other examples, B is 2.5. In other
examples, B is 3.0. In certain other examples, B is 3.5. In yet other examples, B is 3.5. In yet
other examples, B is 4.0.

[00143] In some of the examples above, C is 0.5. In other examples C is 0.6. In some other
examples, C is 0.7. In some other examples C is 0.8. In certain other examples C is 0.9. In
other examples C is 1.0. In yet other examples, C is 1.1. In certain examples, C is 1.2. In
other examples C is 1.3. In some other examples, C is 1.4. In some other examples C is 1.5.
In certain other examples C is 1.6. In other examples C is 1.7. In yet other examples, C is
1.8. In certain examples, C is 1.9. In yet other examples, C is 2.0. In other examples C is
2.1. In some other examples, C is 2.2. In some other examples C is 2.3. In certain other

examples C is 2.4. In other examples C is 2.5. In yet other examples, C is 2.6. In certain
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examples, C is 2.7. In yet other examples, C is 2.8. In other examples C is 2.9. In some
other examples, C is 3.0.

[00144] In some of the examples above, D is 0.5. In other examples D is 0.6. In some other
examples, D is 0.7. In some other examples D is 0.8. In certain other examples D is 0.9. In
other examples D is 1.0. In yet other examples, D is 1.1. In certain examples, D is 1.2. In
other examples D is 1.3. In some other examples, D is 1.4. In some other examples D is 1.5.
In certain other examples D is 1.6. In other examples D is 1.7. In yet other examples, D is
1.8. In certain examples, D is 1.9. In yet other examples, D is 2.0. In other examples D is
2.1. In some other examples, D is 2.2. In some other examples D is 2.3. In certain other
examples D is 2.4. In other examples D is 2.5. In yet other examples, D is 2.6. In certain
examples, D is 2.7. In yet other examples, D is 2.8. In other examples D is 2.9. In some
other examples, D is 3.0.

[00145] In some of the examples above, E is 0.5. In other examples E is 0.6. In some other
examples, E is 0.7. In some other examples E is 0.8. In certain other examples E is 0.9. In
other examples E is 1.0. In yet other examples, E is 1.1. In certain examples, E is 1.2. In
other examples E is 1.3. In some other examples, E is 1.4. In some other examples E is 1.5.
In certain other examples E is 1.6. In other examples E is 1.7. In yet other examples, E is
1.8. In certain examples, E is 1.9. In yet other examples, E is 2.0. In other examples E is 2.1.
In some other examples, E is 2.2. In some other examples E is 2.3. In certain other examples
E is 2.4. In other examples E is 2.5. In yet other examples, E is 2.6. In certain examples, E
is 2.7. In yet other examples, E is 2.8. In other examples E is 2.9. In some other examples,
Eis3.0.

[00146] In some of the examples above, F is 11.1. In other examples F is 11.2. In some
other examples, F is 11.3. In some other examples F is 11.4. In certain other examples F is
11.5. In other examples F is 11.6. In yet other examples, F is 11.7. In certain examples, F is
11.8. In other examples F is 11.9. In some other examples, F is 12. In some other examples
F is 12.1. In certain other examples F is 12.2. In other examples F is 12.3. In yet other
examples, F is 12.3. In certain examples, F is 12.4. In yet other examples, F is 12.5. In other
examples F is 12.6. In some other examples, F is 12.7. In some other examples F is 12.8. In
certain other examples E is 12.9. In other examples F is 13.

[00147] In some particular examples, provided herein is a composition characterized by the
empirical formula LicLa3Zr,01,y2Al;03; wherein 5.0<x<9 and 0.1<y<l.5. In some
examples, x 1s 5. In other examples, x 1s 5.5. In some examples, x is 6. In some examples, x

is 6.5. In other examples, x is 7. In some examples, x is 7.5. In other examples x is 8. In
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some examples, y is 0.3. In some examples, y is 0.35. In other examples, y is 0.4. In some
examples, y 1s 0.45. In some examples, y is 0.5. In other examples, y is 0.55. In some
examples, y is 0.6. In other examples y is 0.7. In some examples, y is 0.75. In other
examples, y i1s 0.8. In some examples, y is 0.85. In other examples y is 0.9. In some
examples, y is 0.95. In other examples, y is 1.0

[00148] In some examples, provided herein is a composition characterized by the empirical
formula LiyoLaz(Zry + Nbg + Tag)O12 + 0.35A1,05. In this formula, t1+t2+t3 = subscript 2
so that the molar ratio of La to the combined amount of (Zr + Nb + Ta) is 3:2.

[00149] In some examples, provided herein is a composition is characterized by the empirical
formula Li-Las;Zr,01,-0.35A1,0s.

[00150] In some of the above examples, A is 5, 6, 7, or 8. In certain examples, wherein A is
7.

[00151] In some of the above examples, M’ is Nb and M’ is Ta.

[00152] In some of the above examples, Eis 1, 1.5, or 2. In certain examples, E is 2.

[00153] In some of the above examples, C and D are 0.

[00154] In some examples, provided herein is a composition wherein the molar ratio of
Garnet:Al,O; is between 0.1 and 0.65. In some examples, the Li: Al ratio is between 7:0.2 to
7:1.3. In some examples, the Li:Al ratio is between 7:0.3 to 7:1.2. In some examples, the
Li:Al ratio is between 7:0.3 to 7:1.1. In some examples, the Li:Al ratio is between 7:0.4 to
7:1.0. In some examples, the Li:Al ratio is between 7:0.5 to 7:0.9. In some examples, the
Li:Al ratio is between 7:0.6 to 7:0.8. In some examples, the Li:Al ratio is about 7:0.7. In
some examples, the Li:Al ratio is 7:0.7.

[00155] In some examples, provided herein is a composition wherein the molar ratio of
Garnet:Al,Os 1s between 0.15 and 0.55.

[00156] In some examples, provided herein is a composition wherein the molar ratio of
Garnet: Al,O3 is between 0.25 and 0.45.

[00157] In some examples, provided herein is a composition wherein the molar ratio of
Garnet:Al,03 1s 0.35.

[00158] In some examples, provided herein is a composition wherein the molar ratio of Al to
garnet is 0.35.

[00159] In some examples, provided herein is a composition wherein the lithium-stuffed
garnet is characterized by the empirical formula LisLa3Zr,0;; and is doped with aluminum.
[00160] In some examples, the lithium stuffed garnet is Li;La;Zr,0;, (LLZ) and is doped
with alumina. In certain examples, the LLZ is doped by adding Al,Os to the reactant
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precursor mix that is used to make the LLZ. In certain other examples, the LLZ is doped by
the aluminum in an aluminum reaction vessel that contacts the LLZ. When the LLZ is doped
with alumina, conductive holes are introduced which increases the conductivity of the lithium
stuffed garnet. In some examples, this increased conductivity is referred to as increased ionic
(e.g., Li") conductivity.

ii. CATHOLYTES

[00161] Catholyte materials suitable for use with the components, devices, and methods set
forth herein include, without limitation, a garnet material selected from
LiaLagM’ M’ pZrgOrF, LiaLagM’cM’’pTagOpf, LialagM’cM’’pNbgOr, wherein 4<A<8.5,
1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<14, and M’ and M’ are each, independently in each
instance selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta, or
Li,LayZr.AlgMe’’ .Og, wherein 5<a<7.7; 2<b<4; 0<¢<2.5; 0<d<2; 0<e<2, 10<f<14 and Me”’
is a metal selected from Nb, Ta, V, W, Mo, or Sb. In some embodiments, the garnet material
is LiaLagpM’:M’pZrgOr. In some other embodiments, the garnet material is
LiaLagM’¢M’’pTagOr. In other embodiments, the garnet material is LiaAlLagM’cM’’pNbgOr.
[00162] In the above examples, the subscript value (4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2;
0<E<2, 10<F<14) characterize the ratio of reactants used to make the garnet material. Certain
deviations from these reactant ratios may be present in the garnet products. As used herein,
precursors to Garnet refers to the reactants used to produce or to synthesize the Garnet.
[00163] In the above examples, the subscript value (e.g., 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2;
0<E<2, 10<F<13) characterize the ratio of reactants used to make the garnet material. Certain
deviations from these reactant ratios may be present in the garnet products. As used herein,
precursors to Garnet refers to the reactants used to produce Garnet.

[00164] In the above examples, the subscript values may also include 4<A<8.5, 1.5<B<4,
C<2, 0<D<2; 0<E<2, 10<F<14. In some examples, C is equal to 1.99 or less.

[00165] In the above examples, the subscript values may also include 4<A<8.5, 1.5<B<4,
C<2, 0<D<2; 0<E<2, 10<F<13. In some examples, C is equal to 1.99 or less.

[00166] In certain embodiments, the garnet is a lithium-stuffed garnet.

[00167] In some embodiments, the garnet is characterized Li,LayZr.AlgMe’’.O¢, wherein the
subscripts are characterized by the values noted above.

[00168] In some embodiments, the lithium-stuffed garnet is a lithium lanthanum zirconium
oxide that is mixed with aluminum oxide. In some of these examples, the lithium lanthanum

zirconium oxide is characterized by the formula Li;¢La3;Zr,O1; + 0.35A1,05, wherein the
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subscript and coefficients represent molar ratios that are determined based on the reactants
used to make the garnet.

[00169] In some embodiments, the ratio of La:Zr is 3:2. In some other examples, the garnet is
LizgLasz(Zry + Nbp + Tag)O1; + 0.35A1,03; wherein (t1+t2+t3 = subscript 2) so that the
La:(Zr/Nb/Ta) ratio is 3:2.

[00170] In some examples, the garnet is LiyLa;Zr,O,; + yAl,O3, wherein x ranges from 5.5 to
9; and y ranges from O to 1. In some examples x is 7 and y is 0.35.

[00171] The catholytes set forth herein include, in some embodiments, a hierarchical
structure with a lithium conducting garnet scaffold filled with carbon electron conductive
additive, lithium conductive polymer binder, and active material. The active material loading
can be greater than 50 volume percent to enable high energy density. In some examples, the
garnet is sintered and retains >70% porosity to allow for the volume of the other components.
The disclosures herein overcomes several problems associated with the assembly of a solid
energy storage device, for example, but not limited to, sintering composite electrodes having
well developed contact points between particles and reduced particle-particle electrical
resistance, which permits higher current flow without a significant voltage drop; also
preparing methods for making entire device (electrodes, and electrolyte) in one step; also
preparation methods for making solid state energy storage devices which eliminate the need
to use a flammable liquid electrolyte, which is a safety hazard in some instances; and
methods for FAST sintering films to reduce the process time and expense of making
electrochemical devices; and methods for making FAST sintering and densifying components
of electrode composites without significant interdiffusion or detrimental chemical reaction.

iii. FREE STANDING

[00172] In some examples, the disclosure sets forth herein a free-standing thin film Garnet-
type electrolyte prepared by the method set forth herein. Exemplary free-standing thin films
are found, for example, in US Patent Application Publication No. 2015/0099190, published
on April 9, 2015, entitted 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.

[00173] In some embodiments, disclosed herein is a free-standing thin film Garnet-type
electrolyte prepared by a method set forth herein.

[00174] In some embodiments, the thickness of the free-standing film is less than 50 um. In

certain embodiments, the thickness of the film is less than 40 um. In some embodiments, the
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thickness of the film is less than 30 um. In some other embodiments, the thickness of the film
is less than 20 um. In other embodiments, the thickness of the film is less than 10 um. In yet
other embodiments, the thickness of the film is less than 5 pm.

[00175] In some embodiments, the thickness of the film is less than 45 pum. In certain
embodiments, the thickness of the film is less than 35 um. In some embodiments, the
thickness of the film is less than 25 um. In some other embodiments, the thickness of the film
is less than 15 pum. In other embodiments, the thickness of the film is less than 5 um. In yet
other embodiments, the thickness of the film is less than 1 pm.

[00176] In some embodiments, the thickness of the film is about 1um to about 50 pum. In
certain embodiments, the thickness of the film about 10 um to about 50 um. In some
embodiments, the thickness of the film is about 20um to about 50 um. In some other
embodiments, the thickness of the film is about 30 um to about 50 um. In other embodiments,
the thickness of the film is about 40 um to about 50 pum.

[00177] In some embodiments, the thickness of the film is about 1um to about 40 um. In
certain embodiments, the thickness of the film about 10um to about 40 um. In some
embodiments, the thickness of the film is about 20um to about 40 um. In some other
embodiments, the thickness of the film is about 30 um to about 40 um. In other embodiments,
the thickness of the film is about 20 um to about 30 pum.

[00178] In some examples, set forth herein is a thin and free standing sintered garnet film,
wherein the film thickness is less than 50 um and greater than 10 nm, and wherein the film is
substantially flat; and wherein the garnet is optionally bonded to a current collector (CC) film
comprising a metal or metal powder on at least one side of the film.

[00179] In some examples, the thin and free standing sintered garnet film has thickness is less
than 20 um or less than 10 um. In some examples, the thin and free standing sintered garnet
film has a surface roughness of less than 5 um. In some examples, the thin and free standing
sintered garnet film has a surface roughness of less than 4 um. In some examples, the thin
and free standing sintered garnet film has a surface roughness of less than 2 pm. In some
examples, the thin and free standing sintered garnet film has a surface roughness of less than
1 um. In certain examples, the garnet has a median grain size of between 0.1 um to 10 um.
In certain examples, the garnet has a median grain size of between 2.0 um to 5.0 um.

iv. SUBSTRATE BOUND

[00180] In some examples, the films set forth herein include a film that is bound to a

substrate that is selected from a polymer, a glass, or a metal. In some of these examples, the
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substrate adhered to or bound to the film is a current collector (CC). In some of these
examples, the CC film includes a metal selected from the group consisting of Nickel (Ni),
Copper (Cu), steel, stainless steel, combinations thereof, and alloys thereof. In some of these
examples, the film is bonded to a metal current collector (CC) on one side of the film. In yet
other examples, the CC is positioned between, and in contact with, two garnet films.

v. FILM DIMENSIONS

[00181] In some examples, the thin films set forth herein are less than 50um in thickness. In
some other examples, the thin films set forth herein are less than 45 pum in thickness. In
certain examples, the thin films set forth herein are less than 40um in thickness. In still other
examples, the thin films set forth herein are less than 35 pum in thickness. In some examples,
the thin films set forth herein are less than 30 um in thickness. In some other examples, the
thin films set forth herein are less than 25 pm in thickness. In certain examples, the thin films
set forth herein are less than 20um in thickness. In still other examples, the thin films set
forth herein are less than 15 pum in thickness. In some examples, the thin films set forth
herein are less than 10 pum in thickness. In some other examples, the thin films set forth
herein are less than 5 um in thickness. In certain examples, the thin films set forth herein are
less than 0.5 um in thickness. In still other examples, the thin films set forth herein are less
than 0.1 pm in thickness.

[00182] In some examples, provided herein is a composition formulated as a thin film having
a film thickness of about 100 nm to about 100 um. In certain examples, the thickness is 50
um. In other examples, the thickness is 40 um. In some examples, the thickness is 30 um.
In other examples, the thickness is 20 um. In certain examples, the thickness is 10 uym. In
other examples, the thickness is 5 um. In some examples, the thickness is 1 um. In yet other
examples, the thickness is 0.5 pm.

[00183] In some of these examples, the films are 1 mm in length. In some other of these
examples, the films are 5 mm in length. In yet other examples, the films are 10 mm in length.
In still other examples, the films are 15 mm in length. In certain examples, the films are 25
mm in length. In other examples, the films are 30 mm in length. In some examples, the films
are 35 mm in length. In some other examples, the films are 40 mm in length. In still other
examples, the films are 45 mm in length. In certain examples, the films are 50 mm in length.
In other examples, the films are 30 mm in length. In some examples, the films are 55 mm in
length. In some other examples, the films are 60 mm in length. In yet other examples, the

films are 65 mm in length. In still other examples, the films are 70 mm in length. In certain
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examples, the films are 75 mm in length. In other examples, the films are 80 mm in length.
In some examples, the films are 85 mm in length. In some other examples, the films are 90
mm in length. In still other examples, the films are 95 mm in length. In certain examples,
the films are 100 mm in length. In other examples, the films are 30 mm in length.

[00184] In some examples, the films are 1 cm in length. In some other examples, the films
are 2 cm in length. In other examples, the films are 3 cm in length. In yet other examples,
the films are 4 cm in length. In some examples, the films are 5 cm in length. In other
examples, the films are 6 cm in length. In yet other examples, the films are 7 cm in length.
In some other examples, the films are 8 cm in length. In yet other examples, the films are 9
cm in length. In still other examples, the films are 10 cm in length. In some examples, the
films are 11 cm in length. In some other examples, the films are 12 cm in length. In other
examples, the films are 13 cm in length. In yet other examples, the films are 14 cm in length.
In some examples, the films are 15 cm in length. In other examples, the films are 16 ¢cm in
length. In yet other examples, the films are 17 cm in length. In some other examples, the
films are 18 cm in length. In yet other examples, the films are 19 cm in length. In still other
examples, the films are 20 cm in length. In some examples, the films are 21 cm in length. In
some other examples, the films are 22 ¢cm in length. In other examples, the films are 23 cm in
length. In yet other examples, the films are 24 cm in length. In some examples, the films are
25 cm in length. In other examples, the films are 26 cm in length. In yet other examples, the
films are 27 c¢cm in length. In some other examples, the films are 28 cm in length. In yet
other examples, the films are 29 cm in length. In still other examples, the films are 30 cm in
length. In some examples, the films are 31 ¢cm in length. In some other examples, the films
are 32 cm in length. In other examples, the films are 33 cm in length. In yet other examples,
the films are 34 cm in length. In some examples, the films are 35 cm in length. In other
examples, the films are 36 cm in length. In yet other examples, the films are 37 cm in length.
In some other examples, the films are 38 ¢cm in length. In yet other examples, the films are
39 cm in length. In still other examples, the films are 40 cm in length. In some examples, the
films are 41 c¢cm in length. In some other examples, the films are 42 cm in length. In other
examples, the films are 43 cm in length. In yet other examples, the films are 44 cm in length.
In some examples, the films are 45 cm in length. In other examples, the films are 46 ¢cm in
length. In yet other examples, the films are 47 cm in length. In some other examples, the
films are 48 cm in length. In yet other examples, the films are 49 cm in length. In still other
examples, the films are 50 cm in length. In some examples, the films are 51 cm in length. In

some other examples, the films are 52 ¢cm in length. In other examples, the films are 53 cm in
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length. In yet other examples, the films are 54 cm in length. In some examples, the films are
55 c¢cm in length. In other examples, the films are 56 cm in length. In yet other examples, the
films are 57 ¢cm in length. In some other examples, the films are 58 cm in length. In yet
other examples, the films are 59 cm in length. In still other examples, the films are 60 cm in
length. In some examples, the films are 61 ¢cm in length. In some other examples, the films
are 62 cm in length. In other examples, the films are 63 cm in length. In yet other examples,
the films are 64 cm in length. In some examples, the films are 65 cm in length. In other
examples, the films are 66 cm in length. In yet other examples, the films are 67 cm in length.
In some other examples, the films are 68 ¢cm in length. In yet other examples, the films are
69 cm in length. In still other examples, the films are 70 cm in length. In some examples, the
films are 71 cm in length. In some other examples, the films are 72 cm in length. In other
examples, the films are 73 cm in length. In yet other examples, the films are 74 cm in length.
In some examples, the films are 75 cm in length. In other examples, the films are 76 ¢cm in
length. In yet other examples, the films are 77 cm in length. In some other examples, the
films are 78 cm in length. In yet other examples, the films are 79 cm in length. In still other
examples, the films are 80 cm in length. In some examples, the films are 81 cm in length. In
some other examples, the films are 82 ¢cm in length. In other examples, the films are 83 cm in
length. In yet other examples, the films are 84 cm in length. In some examples, the films are
85 c¢m in length. In other examples, the films are 86 ¢cm in length. In yet other examples, the
films are 87 c¢cm in length. In some other examples, the films are 88 cm in length. In yet
other examples, the films are 89 cm in length. In still other examples, the films are 90 cm in
length. In some examples, the films are 91 ¢cm in length. In some other examples, the films
are 92 cm in length. In other examples, the films are 93 cm in length. In yet other examples,
the films are 94 c¢cm in length. In some examples, the films are 95 cm in length. In other
examples, the films are 96 cm in length. In yet other examples, the films are 97 cm in length.
In some other examples, the films are 98 ¢cm in length. In yet other examples, the films are
99 c¢m in length. In still other examples, the films are 100 cm in length. In some examples,
the films are 101 cm in length. In some other examples, the films are 102 cm in length. In
other examples, the films are 103 cm in length. In yet other examples, the films are 104 cm
in length. In some examples, the films are 105 cm in length. In other examples, the films are
106 cm in length. In yet other examples, the films are 107 cm in length. In some other
examples, the films are 108 cm in length. In yet other examples, the films are 109 cm in
length. In still other examples, the films are 110 cm in length. In some examples, the films

are 111 c¢cm in length. In some other examples, the films are 112 c¢cm in length. In other
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examples, the films are 113 cm in length. In yet other examples, the films are 114 c¢cm in
length. In some examples, the films are 115 cm in length. In other examples, the films are
116 cm in length. In yet other examples, the films are 117 cm in length. In some other
examples, the films are 118 cm in length. In yet other examples, the films are 119 cm in
length. In still other examples, the films are 120 cm in length.

[00185] In some examples, the garnet-based films are prepared as a monolith useful for a
lithium secondary battery cell. In some of these cells, the form factor for the garnet-based
film is a film with a top surface area of about 10 cm”. In certain cells, the form factor for the
garnet-based film with a top surface area of about 100 cm”.

[00186] In some examples, the films set forth herein have a Young’s Modulus of about 130-
150 GPa. In some other examples, the films set forth herein have a Vicker’s hardness of
about 5-7 GPa.

[00187] In some examples, the films set forth herein have a porosity less than 20%. In other
examples, the films set forth herein have a porosity less than 10%. In yet other examples, the
films set forth herein have a porosity less than 5%. In still other examples, the films set forth
herein have a porosity less than 3%.

V1. ELECTROCHEMICAL CELLS

[00188] In some examples, set forth herein is an electrochemical cell having a positive
electrode, a negative electrode, and an electrolyte between the positive and negative
electrode, wherein the electrolyte comprises an electrolyte separator or membrane set forth

herein.

[00189] In some examples, set forth herein is an electrochemical cell having an
electrolyte separator set forth herein, wherein the electrochemical cell further includes a gel

electrolyte.

[00190] In some examples, set forth herein is an electrochemical cell having an
electrolyte separator set forth herein, wherein the electrochemical cell further includes a gel

electrolyte between the positive electrode active material and the electrolyte separator.
[00191] In some examples, gel comprises a solvent, a lithium salt, and a polymer.

[00192] In some of these examples, the solvent is ethylene carbonate, propylene

carbonate, diethylene carbonate, methylene carbonate, or a combination thereof.

[00193] In some of these examples, the lithium salt is LiPFs, LiBOB, or LFTSi.
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[00194] In some of these examples, the polymer is PVDF-HFP.

[00195] In some of these examples, the gel includes PVDF with the solvent dioxolane

and the salt, lithium bis(trifluoromethane)sulfonimide (LiTFSI), at 1M concentration.

[00196] In some examples the polymer is 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), poly methyl-methacrylate (and other acrylics), acrylic, polyvinylacetacetal resin,
polyvinylbutylal resin, PVB, polyvinyl acetal resin, stereoblock polypropylenes,
polypropylene polymethylpentene copolymer, polyethylene oxide (PEO), PEO block

copolymers, silicone, or the like.

[00197] In some of these examples, the gel acetonitrile as a solvent and a 1M

concentration of a lithium salt, such as LiPFg.

[00198] In some of these examples, the gel includes a dioxolane solvent and a 1M

concentration of a Lithium salt, such as LiTFSI or LiPFs.

[00199] In certain examples, the gel includes PVDF polymer, dioxolane solvent and
IM concentration of LiFTSI or LiPFs. In some other examples, the gel includes PVDF
polymer, acetonitrile (ACN) solvent and 1M concentration of LiFTSI or LiPFs. In some of
these examples, the gel has a EC:PC solvent and a 1M concentration of a Lithium salt, such
as LiTFSI or LiPFs. In some of these examples, the composite and the gel show a low

impedance of about 10 Qcm?,

[00200] In some examples, the gel is a composite electrolyte which includes a polymer
and a ceramic composite with the polymer phase having a finite lithium conductivity. In
some examples, the polymer is a single ion conductor (e.g., Li"). In other examples, the
polymer is a multi-ion conductor (e.g., Li" and electrons). The following non-limiting
combinations of polymers and ceramics may be included in the composite electrolyte. The
composite electrolyte may be selected from polyethyleneoxide (PEO) coformulated with
LiCF3SOs5 and LisN, PEO with LiAlO; and LisN, PEO with LiClO4, PEO : LiBF4-TiO,, PEO
with LiBF4-ZrO,. In some of these composites, in addition to the polymers, the composite
includes an additive selected from Li;N; Al,O5, LiAlOs; SiO,, SiC, (PO4)3', Ti0,; ZrO,, or
zeolites in small amounts. In some examples, the additives can be present at from 0 to 95 %

w/w. In some examples, the additives include Al,Os, SiO,, Li,0, Al,O3, TiO,, P,0s
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Li;5Ti; 7Alg3(POy)s, or (LTAP). In some of these composite electrolytes, the polymer present
is polyvinylidenefluoride at about 10 % w/w. In some of these as composite electrolytes, the
composite includes an amount of a solvent and a lithium salt (e.g., LiPF¢). In some of these
composites, the solvent is ethyl carbonate/dimethyl carbonate (EC/DMC) or any other solvent
set forth herein. In some examples, the composite includes a solvent useful for dissolving
lithium salts. In some of the composite electrolytes set forth herein, the polymer serves
several functions. In one instance, the polymer has the benefit of ameliorating interface
impedance growth in the solid electrolyte even if the polymer phase conductivity is much
lower than the ceramic. In other instances, the polymer reinforces the solid electrolyte
mechanically. In some examples, this mechanical reinforcement includes coformulating the
solid electrolyte with a compliant polymer such as poly paraphenylene terephthalamide.

These polymers can be one of a variety of forms, including a scaffold.

vii. METHODS OF MAKING MEMBRANE AND SEPARATORS

[00201] In some examples, set forth herein is method of surface treating an electrolyte
separator, which includes providing chemical precursors to the electrolyte; calcining the
chemical precursors to form a calcined electrolyte; providing a slurry comprising the calcined
electrolyte; casting a film from the slurry; sintering the film to form a sintered electrolyte
separator; and surface treating the sintered electrolyte separator in a reducing atmosphere. In
some examples, surface treating comprises laser ablating, polishing, polishing in dry room

atmosphere, annealing, etching, acid washing, plasma abating, and ozone treating.

[00202] In some examples, set forth herein is a method of annealing an electrolyte
separator, including providing chemical precursors to the electrolyte separator; calcining the
chemical precursors in an oxidizing atmosphere to form a calcined electrolyte; providing a
slurry comprising the calcined electrolyte; casting a film from the slurry; sintering the film in
a reducing or inert atmosphere to form a sintered electrolyte separator; and annealing the

sintered electrolyte separator in a reducing or inert atmosphere.

[00203] In some examples, the methods further include milling or mixing the chemical

precursors before the calcining step.
[00204] In some examples, the methods include an oxidizing atmosphere as Air.

[00205] In some examples, the sintering step in the methods herein becomes the

annealing step by controlling or changing the reducing or inert atmosphere.
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[002006] In some examples, the sintering step in the methods herein becomes the

annealing step by changing temperature of the sintered electrolyte separator.
[00207] In some examples, the chemical precursors are garnet chemical precursors.

[00208] The method of claim 38 or 39, wherein the annealing comprises heating the
sintered electrolyte from 200°C to 1000°C. In some examples, the heating is to 210°, 220°,
230°, 240°, 250°, 260°, 270°, 280°, 290°, 300°, 310°, 320°, 330°, 340°, 350°, 360°, 370°,
380°, 390°, 300°, 410°, 420°, 430°, 440°, 450°, 460°, 470°, 480°, 490°, 400°, 510°, 520°,
530°, 540°, 550°, 560°, 570°, 580°, 590°, 500°, 210°, 620°, 630°, 640°, 650°, 660°, 670°,
680°, 690°, 700°, 710°, 720°, 730°, 740°, 750°, 760°, 770°, 780°, 790°, 800°, 910°, 920°,
930°, 940°, 950°, 960°, 970°, 980°, 990°, or 1000° Celsius (C),

[00209] In some examples, the annealing comprises heating the sintered electrolyte
from 500°C to 800°C. In some examples, the annealing comprises heating the sintered
electrolyte from 600°C to 800°C. In some examples, the annealing comprises heating the
sintered electrolyte from 700°C to 800°C. In some examples, the annealing comprises
heating the sintered electrolyte from 500°C to 700°C. In some examples, the annealing
comprises heating the sintered electrolyte from 500°C to 600°C. In some examples, the
annealing comprises heating the sintered electrolyte from 550°C to 650°C. The method of
claim 39, wherein the annealing comprises heating the sintered electrolyte from 600°C to

700°C.

[00210] In some examples, the methods further include laser ablation of the electrolyte

surface in a(n) Ar, N,, He, and/or O, atmosphere.

[00211] In some examples, the methods include plasma ablation in Ar, N, H,, He

and/or O, environment.

[00212] In some examples, the methods include heating the sintered electrolyte from
200°C to 1000°C in an inert atmosphere selected from the group consisting of He, Ne, Ar,

Xe, N,, and combinations thereof.

[00213] In some examples, the methods include heating the sintered electrolyte from

200°C to 1000°C in an inert atmosphere selected from He, Ne, Ar, Xe, or N,.

[00214] In some examples, the methods include heating the sintered electrolyte from

200°C to 1000°C in an inert atmosphere selected from He:H;, Ne:H,, Ar:H,, Xe:H;, or N;:H;.
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In some of these examples, the ratio of the two gases is 100:0 to 50:50 v/v. In certain

examples, In some examples, the ratio of Ar:H, is 100:0 to 50:50 v/v.

[00215] In some examples, the annealing includes heating the sintered electrolyte from
200°C to 1000°C in an Argon:H, atmosphere until the top or bottom surface of the electrolyte
does not have a layer thereupon comprising a lithium carbonate, lithium hydroxide, lithium

oxide, lithium peroxide, a hydrate thereof, an oxide thereof, or a combination thereof.

[00216] In some examples, the annealing further includes cooling the electrolyte at

least 10°C/min, in an Air atmosphere to room temperature after the calcining step.

[00217] In some examples, the methods herein further include comprising depositing

Li metal onto the polished surface within 2 days of the annealing step.

EXAMPLES
Example 1 — Preparation of Electrolyte Separator

[00218] In this example, a lithium stuffed garnet electrolyte separator was prepared.

[00219] Lithium-Stuffed Garnet Powder. Calcined lithium-stuffed garnet powder was
produced by the following series of steps. First, lithium hydroxide (LiOH), aluminum nitrate
[AI(NO3);:9H,0], zirconia (ZrQO;), and lanthanum oxide (LayOs) were massed (i.e., weighed)
and mixed into a combination wherein the molar ratio of the constituent elements was
Li;La3Zr;0,,0.5A1,05. This combination was mixed and milled, using wet-milling
techniques and ZrO, milling media, until the combination had a ds, particle size of 100 nm —
5 um. Also included with the milling media was a Rhodaline™" dispersant. The milled
combination of reactants was separated from the milling media after milling to the ds particle
size. The separated milled reactants was then placed in an alumina crucible and calcined at
about nine-hundred degrees Celsius (900 °C) for approximately six (6) hours in an oven with
a controlled oxidizing atmosphere in contact with the calcining reactants. The calcination
process burned and/or combusted residual solvents as well as the dispersant, binder, and
surfactant. The calcination caused the inorganic reactants to react to form the lithium-stufted
garnet. The calcined product was removed from the alumina crucibles after it cooled to room
temperature. The product is characterized by a variety of analytical techniques, including x-
ray powder diffraction (XRD) and scanning electron microscopy. This product is referred to
as calcined lithium-stuffed garnet and has an empirical formula of approximately

Li7La32r20120.5A1203.
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[00220] The milled and calcined product were then mixed with a plasticizer, a binder
selected from acrylic, polyvinylbuturate (PVB), or polyvinylacetate (PVA), a solvent selected
from THF, IPA, or butanol. The organic components constituted 10-20 weight percent of the

slurry. The remainder of the slurry was the solid calcined product.

[00221] The slurry mixture was then tape cast using a doctor blade setting of 20-400
um to produce 10-200 um thin films of calcined but unsintered lithium-stuffed garnet in

combination with surfactants, binders, plasticizers, and dispersants.

[00222] The tape cast thin films were allowed to dry. These dry calcined by unsintered

thin films are referred to as green films.

[00223] The green films were placed between garnet ceramic setter plates and calcined
in an oven filled with an Argon:H,O mixture (calcination step) followed by an Argon:H,
mixture and heated to 1200°C for six (6) hours (sintering step). Setter plates were used as
substantially set forth in U.S. Provisional Patent Application No. 62/148,337, filed April 16,
2015, entitled LITHIUM STUFFED GARNET SETTER PLATES FOR SOLID
ELECTROLYTE FABRICATION. In some samples, the green films were sintered at a
temperature selected from 1100 °C,

1125 °C, 1150 °C, or 1175 °C for 6 hours in an oven with a controlled atmosphere in contact

with the calcining reactants.

[00224] The sintered films were, for some samples, then stored in an Argon-filled

glove box, and, for other samples, were stored in air.

Example 2 — Annealing Electrolyte Separators to Remove Surface Species

[00225] In this example, a lithium stuffed garnet electrolyte separator was made
according to Example 1 and then subsequently annealed to remove surface species which
result in an increased ionic impedance in the separator. Also in this example a different
sample of a lithium stuffed garnet electrolyte separator was made according to Example 1 but
not subsequently annealed to remove surface species and instead was exposed to air at room
temperature for two hours after being made according to Example 1. The sample which was
not annealed is referred to herein as Sample A. The sample which was annealed is referred

to herein as Sample B.

[00226] Following the synthesis described in Example 1, the separator was placed in

nickel crucible in a tubular furnace with a controlled atmosphere in contact with the annealing
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separator. The controlled atmosphere included a gas phase protection environment. Suitable
gas phase protection environments used were Ar, He, Kr, N;, H, and mixtures in both static

and flowing conditions. The pressure was maintained at 1 atmosphere.

[00227] The samples were annealed at temperature selected from 350 °C to 900 °C as
follows:
Annealing Temperature Annealing Time (hours)

350°C 12

450°C 12

550°C 8

650°C 2

750°C 2

850°C 2

950°C 2

Example 3 — Physical Characterization

[00228] In this example, the lithium stuffed garnet electrolyte separators were
characterized.
[00229] Electrolyte samples were prepared using a FEI Helio Focused Ion Beam (FIB)

electron microscope. The sample had a thickness less 200 nm for TEM imaging. After
sample preparation, the sample was stored in an air-tight (i.e., hermetically sealed) container
for transfer to the TEM for imaging and without exposure to air. A FEI Tecnai G2 F20
Transmission electron microscope (TEM) was used for sample imaging for both bright field

and dark field imaging.

[00230] Attenuated Total Reflection Fourier Transformed Infrared Resonance (ATR-
FTIR) spectrum was collected on a Bruker Alpha FTIR spectrometer. Diamond Optics were

used for sample mounting.

[00231] X-ray photo-electron spectroscopy (XPS) was conducted a PHI-5600 System,

equipped with Al-K X-ray sources. After sample preparation, the sample was stored in an

-42 -



WO 2017/131676 PCT/US2016/015209

air-tight (i.e., hermetically sealed) container for transfer to the XPS instrument for analysis.

Annealed samples were not exposed to air prior to analysis.

[00232] Cross-section imaging was performed using a FEI Quanta 400F Scanning
Electron Microscope (SEM). The cross-section was prepared by fracturing specimen and

followed by a thin layer of Au coating.

[00233] As shown in the TEM in Figure 1, Sample A included an electrolyte separator
101. This separator has an observable layer 102 on top of the electrolyte separator 103. As
shown in the TEM in Figure 2, Sample B included electrolyte separator 201. This separator
does not have an observable layer on top of electrolyte separator 202. The Sample B

(annealed) does not have the surface species which are present on the surface of Sample A.

[00234] As shown in the XPS spectrum in Figure 3, the annealed sample B does not
have Li,COs; on the surface. The untreated (i.e., unannealed) sample A shows a Li,COs3

coating on the surface of the electrolyte separator.

[00235] As shown in the EPR spectra in Figure 4, in this example, spin density of

Sample B is approximately in the order of 1x10™ /em®.

[00236] As shown in the SEM in Figure 5, the fracture cross-section image evidences

small and uniform grain sizes in the electrolyte separator.

[00237] As shown in the Raman spectra in Figure 10, Sample A, which was not
annealed, shows Raman stretches characteristic of the garnet crystal structure and can be
associated with ZrOg, LaOg and LiO4 chemical units. Sample B, which was annealed, shows
Raman stretches characteristic of the garnet crystal structure and can be associated with ZrQOg,
LaOg and LiO4 chemical units and additional peaks at 515, 531 cm™ and 711 em™. The
additional peaks show enhanced surface features in Sample B which are observable on

account of the removal of the surface species through the annealing methods in Example 2.

[00238] These results show that electrolyte separators having grain sizes between 5 pm
and 20 um, and thicknesses between 80-100 um, can be prepared by Example 1 and
subsequently annealed according to Example 2. Samples produced by Example 1, when
exposed to air, have a surface layer (about 2 nm in thickness or more) which includes LiCOs,
LiOH, other surface species. By annealing these samples according to Example 2, herein,

these surface species can be removed.
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Example 4 — Electrochemical Characterization - EIS

[00239] In some examples, a two (2) um thick metallic Li layer was evaporated on
both side of the electrolyte separator to create electrodes. The electrolyte having Li layer(s)
thereupon was assembled into an electrochemical cell housing. EIS Nyquist plots were
collected using a Biologic VMP-300 potential-stat using a frequency range of IMHz — 1Hz.
The bulk and interfacial impedances were determined by the Nyquist plot

[00240] Figure 7 shows an EIS Nyquist plot of a Li-garnet-Li cell for two
electrochemical cells, one with a Sample A electrolyte separator and the other with a Sample
B electrolyte separator. Figure 6 is a magnified imagine of the low impedance (high
frequency) portion of the EIS signal. This plot shows that the annealed sample, Sample B,

has a resistance which is much lower than Sample A, which was not annealed.

Annealing Mean ASR (80C)  Mean ASR (500)
Temperature
Annealed Sample B <1 Q-cm’ <1 Q-cm2
Not annealed Sample A 30 Q-cm” 182 Q-cm?2
[00241] The ASR values were extrapolated from the EIS measurement at as function of

the testing conditions. ASR measurements at both 50°C and 80°C confirmed that interfacial

ASR was significantly reduced in those cells having Sample B electrolyte separators.

Condition Average lateral Standard Deviation
conductivity at percentage
ambient
temperature

Annealed Sample B 1.0¥10™ S/cm 6.6%

Not annealed Sample A~ 7.8%10° S/cm 13.3%
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[00242] The lateral ionic conductivity at ambient temperature (~22°C) was also
improved by two orders of magnitude on average for those cells having Sample B electrolytes
as compared to those cells having Sample A electrolytes. Sample B membranes also have a
more uniform ionic conductivity across the electrolyte’s top or bottom surface as compared to
Sample A membranes. The results herein show that at the same current density and testing
conditions, Sample A (unannealed) electrolytes have a higher total impedance and also have
voltage instability. The results herein show that at the same current density and testing

conditions, Sample B (annealed) electrolytes have voltage stability and cycle performance.
Example S — Electrochemical Characterization — Electrochemical Cycling

[00243] In this example, a cell is constructed with two lithium electrodes, one on either
side of the solid state electrolyte which in one sample is a Sample A electrolyte and in
another sample is a Sample B electrolyte. A constant current was applied across the cell for a
predetermined amount of time and then reversed for an equal duration. The cells were then
cycled at 130 °C at a current density of 2mA/cm” with a charge throughput of
4mAh/cm2/cycle (about 20um Li/cycle).

[00244] As shown in Figures 8, 9A, and 9B, the electrochemical cell which included
the annealed Sample B as the electrolyte membrane was shown to cycle at high current
density for more cycles than a garnet electrolyte membrane has been cycled to date. This
shows that Sample B electrolyte membranes have a longer cycle life and voltage stability.

The voltage stability is evidenced by the flat plateaus in the electrochemical cycling data in

Figures 8A and 8B.

[00245] The cell which included the annealed Sample B as the electrolyte membrane was
observed to have a high conductance as evidenced by the total overpotential of about 25mV
at a current density of 2mA/cm”. This demonstrates a total resistance of 12.5Qc¢m”. This
same cell was also observed to have a symmetric and flat voltage profile. This shows that the
Sample B electrolyte membrane was cycled reversibly and in a stable condition at a high
current density of 2mA/cm”. Prior to the instant disclosure, this high of a current density
(>1mA/cm?) of Li" ions, and for this amount of time which included passing more than 10um
of lithium per cycle, has not been publically demonstrated for this type of electrolyte

membrane.
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Example 6 — Electrochemical Characterization — Electrochemical Cycling

[00246] Cells prepared as those cells in Example 5 were tested at various current densities
and failure current density was evaluated. Surviving rates were plotted as function of failure
current density. A Weibull cumulative plot was generated based on the failure testing data

and is plotted as shown in Figures 11 and 12.

[00247] 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.

[00248] 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 disclosure, which is set forth in the following claims.
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WHAT IS CLAIMED IS:

1. A thin electrolyte separator,

having top and bottom surfaces and a thickness therebetween,
wherein the top or bottom surface length or width is greater than the

thickness by a factor of ten (10) or more, and the
thickness is from about 10 nm to about 100 um,;

wherein the electrolyte bulk is characterized by the chemical formula
LixLaszZr;01; y(Al,03), wherein 3<x<8 and 0<y<I,

wherein either the top or bottom surface is characterized as having a layer
thereupon, greater than 1 nm and less than 1 pm, comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a
hydrate thereof, an oxide thereof, or a combination thereof.

2. A thin electrolyte separator,

having top and bottom surfaces and a thickness therebetween,
wherein the top or bottom surface length or width is greater than the

thickness by a factor of ten (10) or more, and the
thickness is from about 10 nm to about 100 um,;

wherein the electrolyte bulk is characterized by the chemical formula
LixLaszZr;01; y(Al,03), wherein 3<x<8 and 0<y<I,

wherein either the top or bottom surface is characterized as having
substantially no layer thereupon comprising a lithium carbonate,
lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof,
an oxide thereof, or a combination thereof.

3. The electrolyte separator of claim 1 or 2, wherein the top or bottom
surface length or width is from about 100 pm to 100 cm.

4. The electrolyte separator of claim 1 or 2, wherein x is 3, 3.5, 4, 4.5, 5,
55,6,6.5,7,7.5, or 8.

5. The electrolyte separator of claim 1 or 2, wherein the electrolyte bulk
is characterized by the chemical formula Liz;La;Zr,0,0.2(Al,053),
LisLasZr,040.25(A1,05),

LisLa;Zr,040.3(A1,05), LisLa;Zr,040.35(A1,03), LizLasZr010.4(A1,03),
LisLa;Zr,040.45(Al,03), LisLasZr,010.5(Al,03), LisLasZr040.55(A1,05),
LisLasZr,040.6(A1,05), LisLasZr,04,0.65(Al,03), LisLasZr,040.7(AL,05),
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Liz;La3Zr;040.75(Al,05), LizLasZr;040.8(Al,03), LisLa3Zr,040.85(A1,05),
Liz;La3Zr;040.9 (Al,O3), LizLa3Zr;040.95(Al,05), LizLasZr,Oy(Al,O3),
LisLa3Zr;040.2(Al,03), LisLazZr,On 0.25(Al,03), LisLazZr,0p0.3(Al,03),
LisLa3Zr;040.35(Al,03), LisLaszZr;040.4(Al,03), LisLa3Zr,040.45(A1,05),
LisLa3Zr;040.5(Al1,05), LisLa3Zr,040.55(Al,05), LisLa3Zr,040.6(Al,03),
LisLa3Zr;0,0.55(Al,03), LisLas;Zr;040.7(Al,O3), LisLasZr,040.75(A1,05),
LisLa3Zr;040.8(Al,03), LisLa3Zr,0n0.85(Al,03), LisLazZr,On 0.9(Al,03),
LisLa3Zr;040.95(Al,03), LisLazZr,Oun(Al,03), LisLazZr,0n0.2(Al,03), LigLasZrOy
0.25(Al1,03), LigLasZr,040.3(Al,03), LigLasZr;0,0.35(Al,05),
LigLa3Zr;0,0.4(Al,05), LisLa3Zr,040.45(Al,05), LigLa3Zr,040.5(Al,03),
LicLa3Zr;040.55(Al,03), LigLaszZr;040.6(Al,03), LigLazZr,0p0.55(A1,05),
LicLa3Zr;040.7(Al,03), LisLazZr,0n0.75(Al,03), LigLazZr,0n0.8(Al,03),
LigLa3Zr;0,0.85(Al,03), LiglasZr;0,0.9(Al,03), LigLasZr,040.95(A1,053),
LigLa3Zr,0y(Al,03), LisLa3Zr,040.2(Al,05), LisLasZr;0,0.25(Al,03),
LisLa3Zr;040.3(Al,03), LisLa3Zr,0n0.35(Al,03), LizLazZr,0n0.4(Al,03),
Li;sLa3Zr;040.45(Al,03), LisLaszZr;040.5(Al,03), LizLazZr,0p0.55(A1,05),
Li;La3Zr;040.6(Al,05), LisLa3Zr,040.65(Al,05), LisLa3Zr,040.7(Al;03),
Li;La3Zr;040.75(Al,05), LisLasZr,040.8(Al,03), LisLa3Zr,040.85(A1,05),
LisLa3Zr;0n 0.9(Al,03), LizLa3Zr;040.95(Al,03), or LizLazZr,On(Al,03),
LisLa3Zr;040.3(Al,03), LisLa3Zr,0n0.35(Al,03), LizLazZr,0n0.4(Al,03),
Li;La3Zr;0,0.45(Al,05), LisLa;Zr;040.5(Al,03), LizLa3Zr,040.55(A1,05),
Li;La3Zr;040.6(Al,05), LisLa3Zr,040.65(Al,05), LisLa3Zr,040.7(Al;03),
Li;sLa3Zr;040.75(Al,03), LizLaszZr;040.8(Al,03), LizLazZr,040.85(Al,05),
Li;La3Zr;040.9(Al,03), LisLa3Zr,0n0.95(Al,03), LizLa3Zr,On(Al,03) ,
LigLa3Zr;040.2(Al,05), LigLa3Zr,040.25(Al,05), LigLa3Zr,040.3(Al,03),
LigLa3Zr;0,0.35(Al,0s), LiglasZr;0,0.4(Al,03), LigLasZr,040.45(A1,05),
LigLa3Zr;040.5(Al1,05), LigsLazZr,0n0.55(Al,03), LigLazZr,0n0.6(Al,03),
LigLa3Zr;040.65(Al,03), LigLaszZr;040.8(Al,03), LisLazZr,040.85(Al,05),
LigLa3Zr;040.8(Al,05), LigLa3Zr,040.85(Al,05), LigLa3Zr,040.9(Al,03),
LigLa3Zr;040.95(Al,03), or LigLasZr,Oy(Al;03), LigLazZr,040.3(AlL05),
LigLa3Zr;040.35(Al,03), LigLaszZr;040.4(Al,03), LisLazZr,040.45(A1,05),
LigLa3Zr;040.5(Al1,05), LigsLazZr,0n0.55(Al,03), LigLazZr,0n0.6(Al,03),
LigLa3Zr;0,0.65(Al,05), Liglas;Zr,0,0.8(Al,03), LigLasZr,040.85(A1,05),
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LisLasZr,040.8(A1,05), LisLa;Zr,04,0.85(Al,03), LisLasZr,040.9(A1,05),

LigLa3Zr;0,0.95(Al,05), or LigLasZr,Oy(Al;03);

wherein subscript h is a rational number from O to 15 and is selected to maintain
charge neutrality.

6. The electrolyte separator of any one of claim 1-5, wherein the electrolyte bulk
is characterized by a chemical formula different from the top or bottom surface of the
electrolyte separator.

7. The electrolyte separator of any one of claim 1-6,

wherein the electrolyte bulk is characterized by the chemical formula Liy,La;Zr,0;

y(Al;O3), wherein 3<x1<8 and 0<y<l;

wherein the top or bottom surface or both is/are characterized by the chemical

formula LiyxLazZr;013 y(Al;03), wherein 3<x1<8 and 0<y<lI,

wherein x2 is less than x1.

8. The electrolyte separator of any one of claim 1 and 3-7, wherein either the top
or bottom surface is characterized as having less than a 0.5 pm thick layer thereupon
comprising a lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate

thereof, an oxide thereof, or a combination thereof.

0. The electrolyte separator of claim 8, wherein either the top or bottom surface
is characterized as having less than a 0.35 pm thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

10.  The electrolyte separator of claim 9, wherein either the top or bottom surface
is characterized as having less than a 0.25 pm thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

11.  The electrolyte separator of claim 10, wherein either the top or bottom surface
is characterized as having less than a 0.15 pm thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

12.  The electrolyte separator of claim 11, wherein either the top or bottom surface

is characterized as having less than a 0.1 um thick layer thereupon comprising a lithium
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carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

13.  The electrolyte separator of claim 12, wherein either the top or bottom surface
is characterized as having less than a 0.05 pm thick layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

14. The electrolyte separator of any one of claims 1-12, wherein both the top and
bottom surfaces are characterized as having a similar thickness layer thereupon comprising a
lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an

oxide thereof, or a combination thereof.

15. The electrolyte separator of any one of claims 2-12, wherein both the top and
bottom surfaces are characterized as having no detectable presence of lithium carbonate,
lithium hydroxide, lithium oxide, lithium peroxide, or a combination thereof as detected by

XPS or FT-IR.

16.  The electrolyte separator of any one of claims 1-15, wherein both the top and
bottom surfaces are characterized as having no secondary phases present on the top or bottom
surface, wherein secondary phases are selected from LiAlO,, Li,ZrOs, LaAlOs, LisAlQy,

LigZr,05, Lay(LixAl,.4)Oy4, wherein x is from O to 1, or combinations thereof.

17.  The electrolyte separator of any one of claims 1-16, wherein both the top and
bottom surfaces are characterized as having the same thickness layer thereupon comprising a
lithium carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an

oxide thereof, or a combination thereof.

18.  The electrolyte separator of any one of claims 1-17, having a Li-metal

interface area specific resistance between 0 and 15 Qcm” at 60°C.

19.  The electrolyte separator of claim 18, wherein the Li-metal interface area

specific resistance is less than 2 Qcm? at 60 °C.

20.  The electrolyte separator of claim 1 or 2, wherein the Li-metal interface area

specific resistance is less than 2 Qcm? at 25 °C.
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21.  The electrolyte separator of claim 1 or 2, wherein the Li-metal interface area

specific resistance is less than 20 Qcm? at -25 °C.

22.  The electrolyte separator of any one of claims 1 -21, wherein the separator is a

pellet, a film, free-standing film, or a monolith.

23. The electrolyte separator of any one of claims 1-22, wherein the lithium

carbonate is characterized by Li,(COs)y and x is from 0 to 2, and y is from O to 1.

24, The electrolyte separator of any one of claims 1-23, wherein the lithium

hydroxide is characterized by Li,(OH), and x and y are each, independently, from O to 1.

25.  The electrolyte separator of any one of claims 1-24, wherein the lithium oxide

is characterized by Li Oy and x and y are each, independently, from O to 2.

26.  The electrolyte separator of any one of claims 1-25, wherein the electrolyte

separator is characterized by an EPR spectrum substantially as shown in FIG. 4.

27.  The electrolyte separator of any one of claims 1-26, wherein the top or bottom

surface is characterized by an FT-IR spectrum substantially as shown in FIG. 9

28.  The electrolyte separator of any one of claims 1-25, wherein the top or bottom

surface is characterized by a Raman spectrum substantially as shown in FIG. 10.

29. An electrolyte separator, characterized by the chemical formula LicLa3Zr,O;
+ yAl,Os, wherein 3<x<8 and 0<y<I and having a top or bottom surface that has less than 5

atomic % of an amorphous material comprising carbon and oxygen.

30.  The electrolyte separator of claim 1 or 2, wherein the top or bottom surface is

in direct contact with Li-metal.

31.  The separator any one of claims 1-30, having a top or bottom surface that has

a carbon concentration at the surface of less than 5 atomic %.

32.  The separator any one of claims 1-30, having a top or bottom surface that has

a hydrogen concentration at the surface of less than 5 atomic %.
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33.  The separator any one of claim 31, wherein the atomic % of carbon is
measured by XPS.
34.  The separator any one of claim 32, wherein the atomic % of hydrogen is

measured by SIMS.

35. The electrolyte separator of any one of claims 1-34 having an Oxygen (O)
vacancy concentration characterized by an EPR signal spin density of 1x10™® /em’ to

1x107% /em?.

36. The electrolyte separator of claim 35, having a spin density equal to about

1x107Y /em?.

37. An electrochemical cell comprising a positive electrode, a negative electrode,
and an electrolyte between the positive and negative electrode, wherein the electrolyte

comprises the electrolyte separator of any one of claims 1-36.

38. A method of surface treating an electrolyte separator, comprising

providing chemical precursors to the electrolyte;

calcining the chemical precursors to form a calcined electrolyte;

providing a slurry comprising the calcined electrolyte;

casting a film from the slurry;

sintering the film to form a sintered electrolyte separator; and

surface treating the sintered electrolyte separator;

wherein surface treating comprises laser ablating, polishing, polishing in dry
room atmosphere, annealing in a reducing atmosphere, etching, acid washing, plasma

abating, and ozone treating.

39. A method of annealing an electrolyte separator, comprising
providing chemical precursors to the electrolyte separator;
calcining the chemical precursors in an oxidizing atmosphere to form a
calcined electrolyte;
providing a slurry comprising the calcined electrolyte;

casting a film from the slurry;
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sintering the film in a reducing or inert atmosphere to form a sintered
electrolyte separator; and

annealing the sintered electrolyte separator in a reducing or inert atmosphere.

40. The method of claim 38 or 39, further comprising milling or mixing the

chemical precursors before the calcining step.

41. The method of claim 38 or 39, wherein the oxidizing atmosphere is Air.

42. The method of claim 38 or 39, wherein the sintering step becomes the

annealing step by controlling or changing the reducing or inert atmosphere.

43, The method of claim 38 or 39, wherein the sintering step becomes the

annealing step by changing temperature of the sintered electrolyte separator.

44.  The method of claim 38 or 39, wherein the chemical precursors are garnet

chemical precursors.

45. The method of claim 38 or 39, wherein the annealing comprises heating the

sintered electrolyte from 200°C to 1000°C.

46. The method of claim 39, wherein the annealing comprises heating the sintered

electrolyte from 500°C to 800°C.

47. The method of claim 39, wherein the annealing comprises heating the sintered

electrolyte from 600°C to 700°C.

48. The method of claim 38, further comprising laser ablation in a(n) Ar, N,, He,
O, atmosphere.
49. The method of claim 39, further comprising plasma ablation in Ar, N,, H,, He

and O, environment
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50. The method of any one of claim 38-44, wherein the annealing comprises
heating the sintered electrolyte from 200°C to 1000°C in an inert atmosphere selected from
He, Ne, Ar, Xe, or N».

51. The method of any one of claim 38-44, wherein the annealing comprises
heating the sintered electrolyte from 200°C to 1000°C in an inert atmosphere selected from
He:H,, Ne:H,, Ar:H,, Xe:H,, or Ny:H,.

52. The method of claim 51, wherein the ratio of the two gases is 100:0 to 50:50
viv.

53. The method of claim 51, wherein the ratio of Ar:H, is 100:0 to 50:50 v/v.

54.  The method of any one of claim 38-53, wherein the annealing comprises
heating the sintered electrolyte from 200°C to 1000°C in an Argon:H, atmosphere until the
top or bottom surface of the electrolyte does not have a layer thereupon comprising a lithium
carbonate, lithium hydroxide, lithium oxide, lithium peroxide, a hydrate thereof, an oxide

thereof, or a combination thereof.

55. The method of any one of claim 38-54, further comprising cooling the
electrolyte at least 10°C/min, in an Air atmosphere to room temperature after the calcining

step.

56. The method of any one of claim 38-54, further comprising depositing Li metal

onto the polished surface within 2 days of the annealing step.

57. A method of cycling lithium through a solid state lithium ion conducting
ceramic, comprising
providing an electrolyte separator according to any one of claims 1-36 in
contact with a lithium metal anode;
applying a pressure of at least 300 pounds per square inch (PSI) to the
electrolyte separator and anode; and
cycling at least 10 um of lithium metal at a current of at least 1 mA/cm? or

greater.

58. A method of cycling lithium through a solid state lithium ion conducting

ceramic, comprising
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providing an electrolyte separator according to any one of claims 1-36 in
contact with a lithium metal anode;
applying a pressure of at least 20 PSI to the electrolyte separator and anode;
and
cycling at least 20 um of lithium metal at a current of at least 2 mA/cm? or
greater.
59. An electrochemical cell comprising the electrolyte separator of any one of

claims 1-37, wherein the electrochemical cell further includes a gel electrolyte.

60. An electrochemical cell comprising the electrolyte separator of any one of
claims 1-37, wherein the electrochemical cell further includes a gel electrolyte between the

positive electrode active material and the electrolyte separator.

61. The electrochemical cell of any one of claims 59-60 wherein the gel comprises
a solvent, a lithium salt, and a polymer.

62. The electrochemical cell of claim 61, wherein the solvent is ethylene
carbonate, propylene carbonate, diethylene carbonate, methylene carbonate, or a combination
thereof.

63. The electrochemical cell of claim 61, wherein the lithium salt is LiPFg,
LiBOB, or LFTSi.

64.  The electrochemical cell of claim 61, wherein the polymer is PVDF-HFP.

65. The method of claim 39, wherein the inert atmosphere is a vacuum.

66. The method of claim 58, comprising applying a pressure of at least 20, 25, 30,

35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 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, 300,

305, 310, 315, or 320 PSIto the electrolyte separator and anode.

67. The method of claim 58, comprising applying a pressure of at least 320 PSI to

the electrolyte separator and anode.

68. A method of annealing an electrolyte separator, comprising
providing a sintered electrolyte separator; and

annealing the sintered electrolyte separator in a reducing or inert atmosphere.

-55-



WO 2017/131676 PCT/US2016/015209

69. The method of claim 68, wherein the annealing comprises heating the sintered

electrolyte from 200°C to 1000°C.

70. The method of claim 69, wherein the annealing comprises heating the sintered

electrolyte from 500°C to 800°C.

71. The method of claim 69, wherein the annealing comprises heating the sintered

electrolyte from 600°C to 700°C.

72. The method of any one of claim 68-71, wherein the annealing comprises
heating the sintered electrolyte from 200°C to 1000°C in an inert atmosphere selected from
He, Ne, Ar, Xe, or N;.

73. The method of any one of claim 68-72, wherein the annealing comprises
heating the sintered electrolyte from 200°C to 1000°C in an inert atmosphere selected from
He:H,, Ne:H,, Ar:H,, Xe:H,, or Ny:Hj.

74. The method of claim 73, wherein the ratio of the two gases is 100:0 to 50:50
viv.

75. The method of claim 73 or 74, wherein the ratio of Ar:H; is 100:0 to 50:50

v/v.

76.  The electrolyte separator of claim 5, wherein subscript h is 12.
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