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(57) Abstract: Set forth herein are garnet material compositions, e.g., lithium-stuffed garnets and lithium-stufted garnets doped with
alumina, which are suitable for use as electrolytes and catholytes in solid state battery applications. Also set forth herein are lithium-
stuffed garnet thin films having fine grains therein. Disclosed herein are novel and inventive methods of making and using lithi-
um-stuffed garnets as catholytes, electrolytes and/or anolytes for all solid state lithium rechargeable batteries. Also disclosed herein
are novel electrochemical devices which incorporate these garnet catholytes, electrolytes and/or anolytes. Also set forth herein are
methods for preparing novel structures, including dense thin (<50um) free standing membranes of an ionically conducting material
for use as a catholyte, electrolyte, and, or, anolyte, in an electrochemical device, a battery component (positive or negative electrode
materials), or a complete solid state electrochemical energy storage device. Also, the methods set forth herein disclose novel sinter -
ing techniques, e.g., for heating and/or field assisted (FAST) sintering, for solid state energy storage devices and the components
thereof.
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GARNET MATERIALS FOR LI SECONDARY BATTERIES AND
METHODS OF MAKING AND USING GARNET MATERIALS

CROSS-REFERENCES TO RELATED
{0001} This application claims priority to U.S. Provisional Patent Application No. 61/887 451,
filed October 7, 2013, entitled METHOD AND SYSTEM FOR FORMING GARNET
MATERIALS WITH SINTERING PROCESS, and U.S. Provisional Patent Application No.
61/926,910, filed January 13, 2014, entitled GARNET THIN FILM ELECTROLYTE, and U.S.
Provisional Patent Application No. 62/407,417, filed June 4, 2014, entitled METHODS AND
SYSTEMS FOR FORMING GARNET MATERIAL WITH REACTIVE SINTERING, and U.S.
Provisional Patent Application No. 62/026,271, filed July 1§, 2014, entitled FINE GRAINED
LITHIUM-ION CONDUCTING THIN FILM GARNET CERAMICS, and U.S. Provisional
Patent Application No. 62/026,440, filed July 18, 2014, entitled GARNET CATHOLYTE AND
SINTERING OF SOLID STATE ELECTROCHEMICAL DEVICES AND COMPONENTS.
Each of these provisional patent applications is incorporated by reference herein for all purposes

in their entirety.

BACKGROUND OF THE INVENTION
{8002} Cleancr forms of storing energy are in great demand. Examples of clean energy storage
include rechargeable lithium (L1} ion batteries (i.e., Li-secondary batteries), in which Li” ions
moves from the negative electrode to the positive clectrode during discharge. In numerous
applications {e.g., portable clectronics and transportation), it is advantageous to usc a solid state
Li ion battery which consists of all solid state materials as opposed to one that includes liquid
components, {e.g., flammable liquid clectrolytes), duc to safety as well as energy density
considerations. Solid state Li ion batterics which incorporate a Li-metal negative clectrode
advantageously also have significantly lower electrode volumes and correspondingly increased
energy densitics.
[0003] Critically important componeunts of a solid state battery include the electrolyte, which
clectrically isolates the positive and negative electrodes, and, often, also a catholyie, which s

intimately mixed with a positive electrode active material to improve the ionic conductivity
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therein. A third important componcent, in some Li ion batterics, 18 an anolyvte which is laminated
to, or in contact with, an anode material (i e., negative electrode material; e.z., Li-metal).
Currently available clectrolvie, catholyte, and anolyte materials, however, are not stable within
solid state battery operating voltage ranges or when in contact with certain cathode or anode

active matenals {e.g., metal fluorides).

[8884] Garmnet {e.g., Li-stuffed garnet) is a class of oxides that has the potential to be suttable
for use as a catholyte, electrolyie, and, or, anolvic in an all solid state battery. However, garnet
materials have vet to be prepared with the proper morphology {(e.g.. thin film or nanostructured
powder) or with sufficient conductivity and, or, particle connectivity to function sufficiently
well, Certain garnet materials and processing techniques are known {e.g., U.S. Patent Nos,
8,658,317, 8,092,941, and 7,901,65&; 11.S. Patent Application Publication Nos. 2013/0085035,
20110281175, 2014/0093785, and 2014/8170504; also Bonderer, ¢f of. “Free-Standing Ultrathun
Ceramic Foils,” Journal of the American Ceramic Society, 2010, 93(111:3624 - 3631; and
Murugan, ef al., dngew Chem. Int. Ed. 2007, 46, 7778-77&1) but these materials and techniques
suffer from a variety of deficiencics such as, but not limited to, insufficient conductivity or

processing conditions which are incompatible with certain solid state battery components.

{B085] Accordingly, there is a need for improved methods of making and processing garnet
materials, particularly with regard to the integration of garnct films and powders with cathode
active material in all solid state batteries. The following disclosure provides, in part, many
solutions to these as well as to other problems in the relevant field to which the instant disclosure

refates.

BRIEF SUMMARY OF THE INVENTION

{0006] Disclosed herein are novel and inventive methods of making and using thin film and
powder morphologies of lithium-stuffed garnets as catholytces, clectrolytes, and anolytes, for
solid state lithium-sccondary batteries. Also disclosed herein are novel garnet catholytes,
clectrolytes, and anolytes as wel as novel clectrochemical devices which incorporate these
materials. In contrast to known garnets, the mcethods and materials set forth herein are uniquely
designed for clectrochemical devices {e.g., solid state batteries) and have morphologies,

conductivities, densities, porositics, and surface properties {e.z., roughness, flatness, lack of
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surface cracks and defects), and chemical, temperature and voltage stabilitics suitable for use in

{ithium baticries.
BRIEF DESCRIPTION OF THE DRAWINGS

{0007} Figure | shows an illustration of liquid phase sintering according to the flux sintering

methods set forth herein.

{0008} Figure 2 shows a plot of partial oxygen pressure as a function of calcination

temperature for preparing certain caleined oxides.

{0009} Figure 3 shows a trilayer battery component wherein a metal layer {e.g., metal powder

or foil}) is positioned between and in contact with two electrolyte {e.g., Li-stuffed garncet) layers.

{0010} Figure 4 shows a method of calcining or sintering garnet particles, or garnet-metal-
garnct trilayers set forth herein, including applying pressure to the layer(s) during the calcining

or sintering step using plates, which can be dyc or sctter plates.

{6011} Figurc 5 shows an exampic method of calcining or sintering a garnet layer {e.g., garnct

bi-layer, tri-layer, garnct-active-material composite layer), wherein the weight of the Dyce (or

setter) plates provides the only external pressure applicd to the caleining or sintering layer.

{0012} Figure 6 shows scanning clectron microscopy (SEM} and focused ion-beam (FIB)
microscopy of thin film garnct films made by the reactive sintering methods set forth herein

using applied pressure but without using additional lithium source powders.

{0013} Figure 7 shows an x-ray diffraction (XRD) pattern (Intensity on v-axis, 2-theta on x-
axis} for thin film garnet film made by reactive sintering at about 1150°C and without the use of
additional lithium source powder. Labeled peaks [(112), (312), (400), (204}, (224)] correspond
to crystal phase for LizLasNbyOis.

[0014] Figurce 8 shows a dense garnet thin filmo prepared by reactive sintering with apphied

pressure. Scale bar for left image is 10um. Scale bar for right image is 100 um.

[0015] Figure 9 shows a conductivity phase space map of Lithium-Lanthanur-Zirconia-
Alumina, prepared according to the methods set forth herein, and showing the total conductivity
{at 20 C) for several different processing temperature/time cornbinations as a fanction of Li and

Alin LixLas@n01: vALOs, wherein x ranges from 5.5 to 9 {plot x-axis is from 5510 9.0); and v
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ranges from 0 to 1 {plot y-axis is from 0 to 2}. Left image is for materials processed at 1075 C;
Middle image is for materials processed at 1150°C; Right image is for materials processed at

1200°C.

{0016} Figure 10 shows grain sizes (top plots), density (middle plots), and conductivity
{bottom plots) and as a function of Li content in Li,La;70,04>-vAL O, wherein X ranges from 5.5
to 9; and y ranges from O to 1, and processing temperature/time. Compositions marked A, B, C,
and D were sintered at 1075'C for 6 hours and possesses both small grain size and conductivity
>107S/em. Composttion A is characterized by Lig:La;ZnGy:-0.35A1,0;; Composition B is
characterized by LissLaiZrn04:-0.67ALO:,; Composition C is characterized by
LirLa:fn0y,-0.67ALOs; Composition D is characterized by Li;LasZr0- ALO:. These
composition subscripts and molar cocfficients describe the respective amount of raw materials

used to prepare these compositions.

{0017} Figure 11 shows Lithiom-Lanthanum-Zirconia-Alumina comparative examples with
comparison to the inventive compaositions A, B, C, and D set forth hercin. Composition A 18
characterized by LigsLa:Zn0y,-0.35A10;; Composition B is characterized by
LissLas 202 0.67ALOs: Composition C is characterized by LizLaz 7O 0.67ALOs;
“omposition D is characterized by LizLasZr0O1p ALC:. These composition subscripts and molar

cocfticients describe the respective amount of raw materials used to prepare these compositions.

[B018] Figure 12 shows scanning electron microscopy images of Hthium stuffed gamet films,
LixLa:Zrmn0 vALDG;, wherein x ranges from 5.5 to 9; and y ranges from 0 to 1, prepared by heat

sintering at 1075 °C and having variable Li: Al amounts.

{B619] Figure 13 shows conductivity plots as a function of Li: Al amounts in the Hthium stuffed
garnets films set forth herein, Li;LaszZr01, yALG:, wherein X ranges from 5.5 t0 9; and v ranges

fromOio 1.

[80208] Figure 14 shows density plots as a function of Liz Al amounts in the lithivm stuffed
garnets films set forth herein, LixLa:ZrnOr2 vALOs, wherein x ranges from 5.5 t0 9; and vy ranges
from 0 to 1, and wherein the films are heat sintered at 1075C, 6 hours, (lefi plot), 1150°C, 6
hours, {(middle plot), or 1200°C, 15 minutes {right plot). {(x-axis ranges from 5.0 to 9.0; y-axis, in

cach plot, ranges from § to 2.0}

{6621] Figure 15 shows an example of sintering a cyvlindrical form factor material.
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{6022} Figurc 16 shows a film sintered by a sintering system wherein sintering clectrodes

clectrically contacts the film at two positions on the film surface.

{6023} Figurc 17 shows a film sintered with sctter plates that have individually addressable

clectrical contact points.

{6024} Figurc 18 shows an cxample of sintering a film using calender rollers that conduct an

electrical current,

{6025] Figurc 19 shows an cxample of sintering a film using calender rollers wherein one
roller has individually addressable clectrical contact points and the other roller is a ground
clectrode.

{0026} Figure 20 shows a film sintered with sintering plates wherein one or more metal foils
arc inserted between the sintered film and the setter plates.

{0027} Figure 21 shows a film sintered with sintering plates wherein one or more metal
powders arc inserted between the sintered film and the setter plates.

{0028} Figure 22 shows a film sintered with calender rollers whercin one roler 18 a spiral
design that is movable so that the points of contact between the spiral roller and the thin film can
controllably be moved during the sintering process.

{0029] Figurc 23 shows exaraples of films and rectangular form factors {e.g., thin films) that
can be sintered according to the methods set forth herein.

{6030} Figurc 24 ilustrates sintering wherein a current is conducted through a sintering film.

{0031] Figure 25 shows a method of making an embodiment of an invention disclosed herein.

{6032} Figurc 26 shows an cxample compasite electrode, prepared according to the methods
sct forth hercin, for a solid state hattery composed of active electrode materials with interspersed
clectrolyie particles prior to any sintering treatment. The layer can also contain an electrically

conductive additive {e.g. carbon} {not shown).

{6033} Figurc 27 shows a schomatic of an cxample fully sintered solid statc composite
clectrode.

{6034} Figurc 28 shows an arrangement for FAST sintering of an clectrolyiec membrane for usc

in a Li-ion solid state battery
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{0035] Figurc 29 shows an arrangement for FAST sintering of an electrolyte-cathode

combination which would operate as a solid state battery.

{6036] Figurc 30 shows a scanning clectron microscopy {(SEM) image of a free standing film
prepared according to a method described herein. Scale bar 15 100 wm. Arrows point to end

edge boundaries. Film is imaged edge-on.

{0037} Figure 31 shows a SEM tmage of a 40 micron thick free standing {(i.e., no substrate)
garnet membrane (left side) prepared by sintering the unsintered film between supporting scticr
plates also composed of garnct material, Figure 31 {right side) also shows a magnified portion of

the image on the lefi side.

[B038] Figure 32 shows the particle size distribution of garnet precursor powders before and

after milling.

[B039] Figure 33 shows the particle size distribution of Lithium Hydroxide and Lanthanum

Onxide powders before milling.

[0040] Figure 34 shows the particle size distribution of Lithium Hydroxide and Lanthanum

Oxide after milling.

[0041] Figure 35 shows cross sectional SEM of a garnet filro bilaver formed by sintering
garnet powder. The top layer is Ni (nickel) and the bottom layer is a lithium stuffed garoet.

Scale bar is 30 um.
[0042] Figure 36 shows condactivity plots for the bilaver of Figore 35,

[8043] Figuore 37 show reaction sintered Li-LaxfnOy; using 100 % hithium stuffed gamet
precursors. Scale bar for top left image is 100 pm; Scale bar for top right image is 10 pm; Scale

bar for bottom image 18 10 wm. Film prepared by doctor-blading with 5 mil slot gap.

{8044] Figure 38 shows reaction sintered LivLasZr0y2 using 75 % w/w lithium stuffed garnet
precursors and 25 % w/w Hithium stuffed garnet powder. Scale bar for top left image is 100 pm;
Scale bar for top right image is 10 pm; Scale bar for bottom image is 5 um. Film prepared by

doctor-blading with 5 mil slot gap.

[8045] Figure 39 shows reaction sintered LivLa;Zr042 using 50 % w/w lithium stuffed garnet

precursors and 30 % w/w lithium stuffed garnet powder. Scale bar for top left image is 100 pm;
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Scale bar for top right image is 10 pm; Scale bar for bottom image is 10 pm. Film prepared by

doctor-blading with 5 mil slot gap.

{0046] Figurc 40 shows reaction sintered LizLasZrOq using 25 % w/w lithium stuffed garnet
precursors and 75 % w/w Hithium stuffed garnet powder. Scale bar for top left image is 100 pm;
Scale bar for top right image is 10 pm; Scale bar for bottom image is 5 um. Film prepared by

doctor-blading with 5 mil slot gap.

{0847] Figure 41 shows reaction sintered LivLa;Zr052 using 75 % w/w lithiom stuffed garnet
precursors and 25 % w/w Hithium stuffed garnet powder. Scale bar for top left image is 100 pm;
Scale bar for top right image is 10 pm; Scale bar for bottom image is 5 um. Film prepared by

doctor-blading with 10 mil slot gap.

[0048] Figure 42 shows reaction [0mil sintered LizLa:Zr0yo using 50 % w/w hithium stuffec
garnet precursors and 50 % w/w lithiom stuffed garonet powder. Scale bar for top left image is
100 wm; Scale bar for top right image is 10wy Scale bar for bottom image 18 5 um. Film

prepared by doctor-blading with 10 ml slot gap.

[8049] Figure 43 shows reaction sintered LivLa;Zr0y2 using 25 % w/w lithium stuffed garnet
recursors and 75 % wiw lithium stuffed garnet powder. Scale bar for top left image 18 100 g
& 5
Scale bar for top right image is 10 pm; Scale bar for bottom image is 10 um. Film prepared by

doctor-blading with 10 mil slot gap.

[B080] Figure 44 diagrams various {ayver architectures that can be sintered according to the
sintering methods set forth herein: A) free-standing lithium stuffed garnet material; B} free-
standing hithium stuffed garnet material which optionally includes an active material, a binder, a
solvent, and, or, carbon; C) a bilaver having one layer of a lithium stutfed garnet and one layer of
a metal powder, foil or sheet; B} a bilayer having one layer of a lithivm stnffed garnet material
which optionally includes an active material, a binder, a solvent, and, or, carbon and one layer of
a metal powder, foil, or sheet; Ej a trilayer having two layers of a lithiom stuffed garnet and one
layer of a metal powder, foil or sheet, between and in contact with the garnet layers; and Fla
trilayer having two fayers of a lithium stuffed garnct material wherein cach garnet layer
optionally includes an active material, a binder, a solvent, and, or, carbon and onc layer of a

metal powder, foil, or sheet, between and in contact with the garnet layers.
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{6051} Figurc 45 shows a sintering method wherein sintering clectrodes electrically contacting
the film are deposited or sputtered at two positions on the film surface to pass a current

therebetween.

[B052] Figure 46 shows an optical picture of a dense and freestanding garnet film pellet and

also a SEM image of the free standing film.

{0053} Figure 47 shows the conductivity plot for the film in the SEM of Figure 46 having a Ni

backing.
{0054} Figure 48 shows plating/stripping at high current density for the film of Figure 46.
{6055] Figurc 49 shows and x-ray diffraction pattern (XRD) for compaosition C.

{0056} Figure 50 shows an impedance spectrum for a pellet of composition C measured at 30

C.

{0057] Figure 51 shows a charge discharge curve for an electrochemical cell having a pellet of

composition C as an clectrolyte which was cycled at 20 pA/om”.

[8058] Figure 52 shows a plot of Density {g/cm’} as a function of flux volume percent for a 1:1

molar mixture of LHCO5 and B0,

{0059} Figure 53 shows an impedance spectrum for a lithinm stuffed garnct bilayer (garnet-

Ni).

{0060} Figure 54 shows a low magnification SEM images of bilayers prepared under varying

partial pressure oxygen conditions {scale bar in each image is 100 pm}.

{0061} Figure 55 shows a high magnification SEM images of garnct-nickel bilayers prepared

under varying partial pressure oxygen conditions (scale bar in cach image is 20 pm).

{0062} Figure 56 shows SEM images of garnet-nickel bilayers prepared under varying partial
pressure oxygen conditions {scale bar in cach image in top and bottom row 15 100 pm; scalc bar

in cach image in middle row 1s 20 um).

{6063} Figurc 57 shows SEM images of FAST sintered lithium stuffed garnet powder. {Left
Top and Bottom - 800'C; 3 Amps preparation) (Right Top and Botiom - 800'C; 2 Amps
preparation} {100 pm scale bars in Top left and Top Right} (10 pm scale bars in Botiom left and
right)
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{0064] Figurc 58 shows a SEM images of FAST sintered lithium stuffed garnet powder. {Left
Top and Bottom - 800'C; 2 Amps preparation) {Right Top and Bottom - 900 C; 2 Amps
preparation) (100 yum scale bars in Top left and Top Right) (10 wm scale bars in Bottom left and

right)

[0065] Figure 59 shows a half-cell experimental set-up with a garnet-Nickel bilayer

clectrolyte.
{0066]  Figurc 60 shows a free standing lithiom stuffed garnet film.

{0067} Figure 61 shows a clectrochemical impedance spectroscopy (EIS, v-axis is imaginary
impedance in 3, x-axis is rcal impedance in () for Hithium stuffed garnet comparing Pt sctier
plates to ceramic setter plates and a lower area specific resistance {ASR) for hithium stuffed

garnct prepared by a sintering method using ceramic setter plates.
{0068} Figure 62 shows impedance comparison for sintering pellets in Ar, in Av/Hy, or in Air.

{8069] Figure 63 shows EIS, showing less than 10Cem” for free standing film of Figure 46,
g g g g

wherein the film was cut to a 13 mm disc with 7mm diameter Li deposited thercupon.

BETAILED DESCRIPTION OF THE INVENTION
{0070] The following description is presented to enable one of ordinary skill in the art to make
and use the inventions set forth herein and to incorporate these inventions in the context of
particalar applications, Various modifications, as well as a variety of uses in different
applications will be readily apparent to those skilled in the art, and the general principles defined
herein may be applied to a wide range of embodiments. Thus, the present invention is not
intended to be himited to the embodiments presented, buot 18 to be accorded the widest scope

consistent with the principles and novel features disclosed herein,

{0071} The reader’s attention 18 directed to all papers and documents which are filed
concurrently with this specification and which are open to public inspection with this
specification, and the contents of all such papers and docoments are incorporated herein by
reference. Unless expressiy stated otherwise, cach featare disclosed is one example only of a

generic series of equivalent or similar features.

{8672] Furthermore, any eloment in a claim that does not explicitly state “means for”

performing a spectfied function, or “step for” performing a specific function, is not to be
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interpreted as a “means” or “step” clausce as specificd in 35 US.C. Section 112, Paragraph 6. In
particular, the use of “step of” or “act of” in the Claims herein 1s vot intended to invoke the

provisions of 35 U.S.C. 112, Paragraph 6.

[8073] Please note, ifused, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise and counter clockwise bave been used for convenieuce purposes only and are not
intended to imoply any particular fixed direction, Instead, they are used fo reflect relative
locations and/or directions between various portions of an object,

DEFIMITIONS
[0074]  As used herein, the tevm "NASICON,” unless otherwise specitied refers to sodiam (Na)
saper tonic conductors which are often characterized by the chemical formula NapxZ181,P5.

012, 0 < x <3, optionally wherein Na, Zr and/or 51 are replaced by isovalent elements.

{00751  As used herein, the term “LISICON,” undess otherwise specified refers to lthium (Li)

super fonic conductors which are often characterized by the chemical formula LizionZng xGeQOy.

{8876] As used berein, the phrase “positive electrode” refers to the electrode in a secondary
battery towards which positive tons, e.g., Li', flow or move during discharge of the battery. As
used herein, the phrase “negative clectrode” refers to the clectrode i a secondary battery from
where positive ions, e.g., Li, flow or move during discharge of the battery. In a battery
comprised of a Li-metal electrode and a conversion chemistry electrode (i.e., active material;
e.g., NiFy}, the electrode having the conversion chemistry materials is referred to as the positive
clectrode. In some common usages, cathode is used in place of positive electrode, and anode is
used in place of negative clectrode. When a Li-secondary battery is charged, Li ions move from
the positive electrode {e.g., NiFy) towards the negative electrode (Li-metal). When a Li-
sccondary battery is discharged, Li ions move towards the positive clectrode (e.g., NiF,; ie.,

cathode) and from the negative clectrode {e.g., Li-metal; i e., anode).

{60771 As used herein, the phrase “current collector” refers to a component or layer in a
sccondary battery through which clectrons conduet, to or from an electrode in order to complete
an external circuit, and which are in dircet contact with the clectrode to or from which the
electrons conduct. In some examples, the current collector is a metal {e.g., Al, Cu, or Ni, steel,
alioys thereof, or combinations thereof) layver which is laminated to a positive or negative
clectrode. 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 clectrode.
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{6078] As used herein, the phrase “at least one member selected from the group.” includes a
single member from the groap, more than one member from the group, ot a combination of
roembers from the group. At lcast one 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 as well as A and C as

well as B and C as well as A, B, and C or any other all combinations of A, B, and C.

{80791 As used herein, the phrase “slot casting,” refers to a deposition process whereby a
substrate is coated, or deposited, with a solution, liquid, shurry, or the like by flowing the
solution, hqud, slarry, or the like, through a slot or mold of fixed dimensions that is placed
adjacent to, in contact with, or onto the substrate onte which the deposition or coating occurs. In

some examples, slot casting inchudes a slot opening of about 1 to 100 pm.

{B088] As used herein, the phrase “dip casting” or “dip coating” refers to a deposition process
whereby substrate is coated, or deposited, with a solution, liguid, shirry, or the like, by moving

the substrate into and out of the solution, liquid, slurry, or the like, often in a vertical fashion.

[B081]  As used herein, the term “larminating” refers to the process of sequentially depositing a
layer of one precursor specte, e.g., a lithinm 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., 8 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
clectrode or cathode active material comprising layer, is contacted to a layer comprising another
material, e.g., garnet clectrolyte. The laminating process may include a reaction or usc of a
binder which adheres of physically maintains the contact between the layers which are

{aminated.

{0G82]  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.c., positive clectrode)

active material (e.g., a metal fluoride optionally including lithium).

{8083} As uscd herein, the term “clectrolyte,” refors to an ionically conductive and electrically
insulating material. Electrolvtes are uscful for clectrically insulating the positive and negative
clectrodes of a sccondary battery while allowing for the conduction of ions, e.g., Li', through the

clectrolyte,
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{6084] As used herein, the term “anolyte,” refers to an ionically conductive material that is

mixed with, or layered upon, or laminated to, an anode material or anode current collector.

{6085] As used herein, the phrase “green film” refers to an unsintered film including at least
one member selected {rom garet materials, precursors to garnet materials, binder, solvent,

carbon, dispersant, or combinations thercof.

{0086} As uscd hercin, the phrase “cvaporating the cathodce 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 atormized form such that the roetal contacts and forms an
adhering layer to the cathode, catholvie, 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 laver and the cathode or anode are in electrical communication.

9

[B087]  As used herein the term “making,” refers to the process or method of forming or
causing to form the object that s made. For example, making an encrgy storage clectrode
ncludes 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

clectrode is the production of a material that i3 functional as an clectrode.

[B088]  As used herein the phrase “encrgy storage electrode,” refers to, for example, an
clectrode 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.

{B08%] As used herein, the phrase “providing” refers to the provision of, generation or,

presentation of, or dehivery of that which is provided.

{8098] 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. 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 sct forth in a

method described herein.

{B091]  As used herein the phrase “unsintered thin film,” refers to a thin film, inchuding 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
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about 10 nm to about 100 pm. In some examples, thin refers to a film that s less than about 1

um, 10 um or 50 pm in thickness.

{6092} As used herein, the phrase “lithium stuffed garnet” refers to oxides that are
characterized by a crystal structore related to a garnet crystal structure. Lithiomestuffed garnets
include compounds having the formula LigLapM’ M 1 ZrpOr, LialagM’¢M 'pTapOr, or
LialagM’ oM pNbrOy, wherein 4<A<K.S, 1.5<B<d, 0<C<2, 0<D3<2; <E<2, 10<F<3, and MU
and M’ are cach, independently in each instance selected from AL Mo, W, Nb, Sh, Ca, Ba, Sr,
Ce, Hf, BRb, or Ta, or Li.LapZr.AlgMe” O wherein 5<a<7.7; 2<b<d; 0<<2.5; 0<d<?; 0<e<?,
10<f<13 and Me™ is a metal selected from Wb, Ta, V, W, Mo, or 8b and as described herein.
Garnets, as used herein, also inclade those garnets described above that are doped with ALO;.
Garnets, as used herein, also include those gamnets deseribed 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, Lirolas{Zry + Nby + Tag )0 + 0.35AL0:; wherein (1141243 = subscript 2}
so that the La:(Zy/Nb/Ta} ratio 18 3:2.  Also, garmet used herein inclades, but is not timited to,
LiLasZr,0y + yALO;, whercinx ranges from 5.5 t0 9; and y ranges from 8 to 1. Insome
examples x i3 7 and y is 1.8, In some cxamples x is 7 and y is .35, In some examples x 1s 7 and
v is 0.7. In some cxamples x is 7 and vy is (1.4, Also, garnets as used herein inchude, but are not

limited to, LixLa:Zn0y; + yALOs.

{8093} As usced herein, garnet does not include YAG-garnets (i e, vitrivm aluminum garnets,
or, e.g., Y2AlLsOy2). 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-almandinc-spessarite and
uvarovite-grossular-andradite. Garnets herein do not include nesosilicates having the general

formula X5Y(S104); wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al, Fe, and, or, Cr.

{0094} As uscd hercin, the phrase “garnet precursor chemicals” or “chemical precursor to a
Garnet-type electrolyte” refers to chemicals which react to form a lithium staffed garnct material
described herein. These chemical precursors include, but are not limited to lithiom hydroxide
{e.g., LiOH), lithium oxide {e.g., L1;0), lithium carbonate {e.g., LiCO4), zirconium oxide {e.g.,
Zr(y,), lanthanum oxide {e.g., La;04), aluminom oxide {e.g., Al,(O3), aluminum {e.g., Al},
aluminum nitrate {e.g., AING;), aluminum nitrate nonahydrate, niobium oxide {e.g., NbyOs),

tantalum oxide {e.g., Ta,Os).
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{6095]  As used herein the phrase “garnet-type clectrolyte,” refers to an clectrolyte that includes

a garnct or lithium stuffed garnet material described herein as the onic conductor.

{6096] As used herein, the phrase “doped with alumina” means that ALO; is used to replace
certain components of another material, e.g., a gamet. A hithiom stuffed garnet that is doped
with Al;Os refers to garnet wherein aluminum (Al) substituies for an element in the lithiom

stuffed garnet cherical formula, which may be, for example, Li or Zr.

{80971  As used berein, the phrase “alominum reaction vessel” refers to a container or
receptacie into which precursor chemicals are placed in ovder to conduct a chemical reaction to

produce a prodact, e.g., a lithium stuffed garnet material,

[B098]  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. Tn some exaruples, high

P . . PPN S , .
conductivity includes a conductivity greater than 1077 S/om at room temperature,

[B098]  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, 2 57 or 6 charge. For example, if
some Nb™ " can reside in a lattice position in a garoet erystal structure where a Zr atom resides
and in doing so substitute for Ze'", then Zr is partially replaced by Nb. This is also referred to as

niobium doping.

{B168]  As used herein, the phrase “subscripts and molar coefficients in the erpirical 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 LizLa:Zr; 015 and the coefficient .35 in 8.35A1,03)

refer to the respective elemental ratios in the chemical precursors {(e.g., LiCH, La; 03, Zr(y,

A5} used to prepare a given material, {e.g., LizLasZr052-0.35A0L0:).

{B101] As used herein, the phrase “clectrochemical device” refers to an energy storage device,
such as, but not imited to a Li-secondary battery that operates or produces clectricity or an
clectrical current by an electrochemical reaction, e.g., a conversion chemistry reaction such as
3L+ FeFsy < 3L4F + Fe.

{B102]  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 arca.
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{0103] 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 crystaliine and amorphous coroponents of a
material, often having the same chemical composition, are distinguished from cach other by the
boundary between the crystalline component and the amorphous component. The approximate
diameter of the boundaries of a crystalline component, or of an amorphous component, s

referred herein as the grain size.

[0184] As used herein, the phrase “dse diameter” refers to the median size, in a distribation of
sizes, measured by microscopy techniques or other particle size analysis techniques, such as, but
not imited to, scanning electron microscopy or dynamic hight scattering. Dsg inclades the

characteristic dimension at which 50% of the particles are smaller than the recited size.

{B165]  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 cveles. For examples, and “active cathode
material,” includes a metal fluoride that converts to a metal and hithium fluonde during the

discharge cycle of a Li rechargeable battery.

{3106] As used herein the phrase “active anode material” refers to an anode material that is
suitable for use in a Li rechargeable battery that inclndes an active cathode material as defined
above. In some examples, the active material is Lithium metal, In some of the methods st forth
herein, the sintering temperatures are high enough to melt the Lithium metal used as the active

anode material.

{01671 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

{B108] As used herein the term “solvent,” refers to a liquid that is suitable for dissolving or
solvating a component or material described herein. For example, a solvent includes a liquid,
e.g., toluene, which is suitable for dissolving a component, e.g., the binder, used in the garnct

siptering process.
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{0109] As used herein the phrase “removing a solvent,” refers to the process whereby a solvent
15 extracted or separated from the components or materials set forth herein. Reroving a solvent
includes, but is not limited to, evaporating a solvent. Removing a solvent includes, but is not
limited to, using a vacoum or a reduced pressure to drive off a solvent from a mixture, e.g., an
unsintered thin film. In some examples, a thin film that includes a binder and a solvent s heated
or also optionally placed i a vacuum or reduced atmosphere environment in order to cvaporate

the solvent to leave the binder, which was solvated, i the thin film after the solvent is removed.

[{0110]  As used herein the phrase “sintering the film,” refers to a process whereby a thin film,
as described herein, s densified (made denser, or made with a reduced porosity) through the use

of heat sintering or field assisted sintering. Sintering includes the process of forming a solid

mass of material by heat and/or pressurehiip;

2 without melting it to the point of complete liquification.

{#111] As used herein the term “FAST,” refers to the acronym for field assisted sintering. In

some examples, FAST also refers to Flash Sintering.

{0112} As used herein the phrase “applying a D.C. or A.C. electric field,” refers to a process
where a power source is electrically connected to a8 material such that the electrie field in the
material is altered or effected by the power source and a current passes through the material and

originates from the power source as either a direct current (2.C.) or an alternating current (A.C.}.

i0113] As used herein the term “binder,” refers to a material that assists in the adhesion of
another material. For exarmple, as used herein, polyvinyl butyral is a binder because it is useful
for adhering garnet materials. Other binders include polycarbonates. Other binders may include
polymethyimethacrylates. These examples of binders are not limiting as to the entire scope of

binders contemplated here but merely serve as examples.

{0114]  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.

{01158} As usced hercin the phrase “applying a pressure,” refers to a process wherehy an

external device, e.g., a calender, induces a pressure in another material,
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{0116]  As used herein the term “about,” refers to a qualification of a number associated with
the word about. About inchudes, 10 some examples, a range £ 5-10% around the number qualified
by the word about. For example, evaporating a solvent at about 80 C includes evaporating a

solvent at 79°C, 80'C, or R1'C.

{81171 As used berein the phrase “about | to about 600 minutes,” vefers o the range 0.1 10 1.1
to 340-660 minutes and the minute values therebetween. As used herein the phrase “about 10
um to about 100 pm” refers to the range Sum-1um to 90um-110uwm and the integer values

therebetween.

[0118] As used herein the phrase “about 500°C to about 900 C,” refers to the range 450 C-

350°C to 810'C-990°C and the integer temperature values therebetween.

[0119]  As used herein the phrase “burning the binder or calcining the unsintered film,” refers
to the process whereby a film that includes a binder 1s heated, optionally in an enviromment that
includes an oxidizing specie, e.g., Oy, 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

o sinter, to become more dense or less porous.

{#128]  As used herein the phrase “composite electrode,” refers to an electrode that is
composed of more than one material. For example, a composite clectrode may include, but is not
fimited to, an active cathode material and a gamet-type clectrolyte in infimate mixtire or ordered

layers or wherein the active material and the electrolyte are interdigitated.

{8121} 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.

{#122]  As used herein the phrase “operating in a constant voltage amplitude mode,” refers to
an clectrochemical process wherein the amplitude of a BC or RMS amplitude of an AC voltage
applied to a material 1s held at a constant value while allowing the current to vary as a function

of the resistance, or impedance, of the material.

$1231  As used herein the phrase “operating in a constant current amplitude mode,” refers to
£ :

an clectrochemical process wherein a constant DC or RMS amplitude of an AC current flows
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through a material whilc aliowing the applicd voltage to vary as a function of the resistance, or

impedance, of the material,

{60124] 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 rechanically manipulated or moved without need of substrate

adhered or fixed thereto,

[B125]  As used berein the term “porous,” refers to a material that inchudes pores, e.g.,

DANCPOIes, MesOPores, or m,icmpore&

[01268]  As used herein the term “pyrolysis,” refers to a thermochemical decomposition of

organic material at clevated temperatures in the absence of oxygen.

{31271  As used berein the term “electroplating,” refers o a process wherehy a matenial, e.g.,

metal, is deposited in conjunction with the use of electricity.

[0128] As used herein the phrase “average pore diameter dimensions of about 5 nm to about |
um” refers to a material that has pores wherein the inner diameter of the pores therein are
physically spaced by about Snm, for nanopores for example, or about Lum, for micropores for

example.

[0128]  As used herein the phrase “polymer is stable at voltages greater than about 3.8V,
refers to a polymer that does not undergoe a destructive chemical reaction when a voltage of more
than 3.8V relative to a Lithiom reference electrode is applied thereto, A destructive chemical
reaction as used herein refers to a chemical reaction that degrades the functionality of the
polymer for which the polvmer is used. For example, if a polymer is ionically conductive and
usetul as a Li-conductor in a Li battery, then a destructive reaction is a reaction that reduces or
degrades the ability of the polymer to conduct Li ions by more than 10% as measured in S/em
units of conductivity over the life of the product in useful operating conditions of temperature

and cycling.

{B138]  As used herein the term “infiltrated,” refers to the state wherein one material passes into
another material, or when one material is caused to join another material. For example, if a
porous Garnet 18 infiltrated with carbon, this refers to the process whereby carbon i3 caused to

pass into and intimately mix with the porous Garnet.
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{0131] As used herein the phrase “operating in a ramped voltage,” refers to an clectrical
process wherein the applied voltage is gradually or systematically increased or decreased over a

period of time.

[0132]  As used herein the phrase “operating a ramped power,” refers to a process wherein the

applied power is gradually or systematically increased or decreased over a period of time,

{0133} As used hercin the phrase “operating in a ramped current,” refers to an electrical
process wherein the applied current is gradoally or systematically increased or decreased over a

period of time.

{3134] As used berein, the term “nanostructured,” or “nanodimensioned” refers to a composite
material wherein the constituent componentis are separated by nanodimensions. For example, a
nanodimensioned composite material may inclode a Li~containing compound, e.g., LiF, and an
Fe~containing compound, e.g., Fe, wherein the domains of Fe and the domains of LiF have
median physical dirnensions of about 1-100 om, or 2-50 nm, or [-10 om, or 2-5 om, or 5-15 om,
or 5-20nm, or the like as measured in a TEM micrograph by identification of regions of visual

contrast of different nanodomains.
GARNET MATERIALS

{0135] [Disclosed herein are nanostructured lithium stuffed garnet-based powder. Also
disclosed herein are also lithiom stuffed garnet thin filros that have grains therein less than 10 pm
in physical dimensions, e.g., dsp grain sizes less than 10 um. In some examples, these films are
less than 50 pm in film thickness. In some of these examples, the films which are less than 50
um in film thickness are several meters to several kilometers in length. In some examples, the
films have a high conductivity, which in some examples is greater than 167 S/cm. In some
examples, the films are strong, have good mechanical integrity, and prevent the ingress of
lithium dendrites when used as an clectrolyte in lithium sccondary batteries. Some of these films
are intimately mixed with cathode active materials and optionally binders, dispersants, solvents,
and other ¢lectron and ionic conductors. Also set forth herein, are methods of making these

example films.

{0136] In other examples, sct forth herein are a number of lithium stuffed garnet compositions
that arc doped with alumina and which possess the unique combination of high ionic

conductivity and fine grain size. In some examples, these compositions are preparcd under lower
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temperatures and shorter reaction time conditions than were previously known possibic for
lithiom stuffed garoets. Also, in some examples, novel sinfering methods are eoployed, some of
which eroploy an environment of Argoun gas rather than Air to prepare new lithium stuffed
garnets. In addition, in some examples, by using finely milled garnct powder, and, or garnet
precursors, and, or, metal powders, unique thin fibm architectares are prepared as set forth below,
The disclosure herein sets forth a number of novel hithiurn-stuffed garnet ceramics having
aluminum therein, e.g., as alumina (ALOs), which advantageously and surprisingly bave high

wonic conductivity and small grain size propertics.
a. LITHIUM STUFFED GARNETS
i. ELECTROLYTES

{01371  TIn certain examples, the methods set forth herein include a Gamet-type electrolyte
material selected from LialagM M pZrsOp, LialasM oM 7 pTaOr, LigLagh M7 pNbyOy,
mndependently in each instance selected from AL Mo, W, Nb, Sh, Ca, Ba, 5r, Ce, Hf, Rb, or Ta,
or LiLapZr AlgMe™ Oy, wherein 5<a<7.7; 2<b<4; 0<¢<2.5; (<3<, 0<e<, 10<i<i4 and Me™7 18

a metal selected from Nb, Ta, V, W, Mo, or Sb.

[B138] In certain examples, the methods set forth herein inchude a Garnet-type electrolyte
material selected from LialapM M7 pZrs0p, LialagM oM 'pTarOr, LisLagM M7 pINbeOy,
wherein 4<<A<K.S, 1.5<B<4, 0<C<2, 0<D<Z; <E<2, 10<F<13, and M and M”” are cach,
independently in each instance sclected from AL Mo, W, Nb, 8b, Ca, Ba, Sr, Ce, Hf, Rb, or Ta,
or LizLanZr AlgMe™ O, wherein 5<a<7.7; 2<b<4; 0<¢<2.5; 0<d<2; (<e<2, 10<i<i3 and Me™ " 18

a metal selected from Nb, Ta, V, W, Mo, or Sh.

[B138] In certain examples, the methods set forth herein inchude a Garnet-type electrolyte
selected from LisLagM’ M pNbeOp, wherein 4<A<8.3, 1.5<B<4, 0<C<2, §<D<2; O<E<Z,
10<F<i4, and M’ and M’ are cach, independently in cach instance selected from Al Mo, W,

Wb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta.

{0140} In certain cxamples, the methods set forth herein inclade a Garnet-type electrolyte
selected from LiaLagM’ M nNbeQOp, wherein 4<A<8.3, 1.5<B<4, 0<C<2, §<D<2; O<E<2,
10<F<1i3, and M’ and M’ are cach, independently in cach instance selected from Al Mo, W,

Wb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta.
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{0141] In certain examples, the methods set forth herein include a Garnet-type clectrolyie
selected from LiLapZr.AlaMe”’ .0 wheretn 5<a<7.7; 2<b<4; 0<¢<2.5; 0<d<2; O<e<2, 10<f<14

and Me”” is a metal selected from Nb, Ta, V, W, Mo, or Sb.

[8142] In certain examples, the methods set forth herein inclode a Garnet-type elecirolyie
selected from LiLanZeAlgMe” O, wherein 5<a<7.7; 2<b<d; §<¢<2.5; 0<d<2; 0<e<?, 10<f<13

and Me’" is a metal selected from Nb, Ta, V, W, Mo, or Sh.

{0143} In some embodiments, the garmnet material described herein is used as an electrolyic. In
some of these embodiments, the garnet has the formula Li,LasZey05 v ALO:; wherein 5.0<x<8
and 0.1<y<{1.5. In some of these examples, the electrolyte is LixLa:7n 0y, 0.35A505. Tn other of

these examples, the electrolyte 1s LivLasZ,010-0.35A10:.

[0144] TIn some of the examples wherein the gamet is an electrolyie, the garnet does not
mnclude any Nb, Ta, W or Mo, which is used herein to mean that the concentration of those
clements {e.g., Nb, Ta, W, or Mo} 1s 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} i3 0.1 parts per

million (ppm} or lower.

[0145] In some examples, the Lithium stuffed garnet set forth herein can be represented by the
general formula Li,AsB0q, wherein 5<0<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, ora
combination thereof. In some examples, B is a smaller more highly charged ion occupying an
octahedral site. In some of these examples, B is 7y, 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
LixAxB,0y,. In certain of these examples, the composition is doped with §.35 molar amount of

Al per LiyAsB O,

{8146] In some examples, the lithium stuffed garnet is LizLa3; 204, (LLZ) and is doped with
alumina. In certain cxamples, the LLZ is doped by adding AlLyOs to the reactant 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.

{0147} In somce examples, the alumina doped LLZ has a high conductivity, e.g., greater than

Wiy
1 S/em at room temperafture.
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{0148] In some cxamples, a higher conductivity is observed when some of the Zr is partially
replaced by a higher valence species, e.g., Nb, Ta, Sh, or combinations thereof. In some

examples, the conductivity reaches as high as 167 S/em at room temperature.

[0149] In some examples, the composition set forth heremn is LixA:B:O1; doped with 8.35
molar amount of Al per L AsByO5,. Tn certain of these examples, x 18 5. In certain other
examples, x 18 5.5, Tn vet other examples, x 15 6.0, In some other examples, x 18 6.5, Instill

other examples, X 18 7.0. In some other examples, x 18 7.5

$156] In some examples, the garnet-based composition is doped with 0.3, 8.35, 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 | molar amount of Al per L, A3BOs.

[0151]  In some examples, the garnet-based composition is doped with 8.35 molar amount of

Al per LizAsByOn.

[B182] In the examples, herein, the subscripts and molar coefficients in the empirical formulas

are based on the quantities of raw materials tmtially batched to moake the described exarples.

[{B153]  In some examples, the instant disclosure provides a composition inclading a lithium
stuffed garmnet and AbOs;. In certain examples, the lithium stuffed garnet 1s doped with alumina.
In some examples, the lithium-stuffed garnet 1s characterized by the empirical formula

and M are, independently in cach instance, cither absent or are cach independently selected
from Al Mo, W, Nb, 8b, Ca, Ba, Sr, Ce, Hf, BRb, or Ta; and wherein the molar ratio of

Garnet: ALOs is between 0.05 and 0.7,

[B184] In some examples, the instant disclosure provides a composition inclhuding a lithiom
stuffed garnet and ALO;. In certain examples, the lithiom stuffed garnet s doped with alumina.
In some examples, the Hthium-stuffed garnet is characterized by the empirical formila

and M”” are, independently in cach instance, cither absent or are cach independently selected
from Al Mo, W, Nb, 8h, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein the molar ratio of Li:Al is
between .65 and 0.7,

{B185]  In some cxamples, the instant disclosure provides a composition inclading a lithium
stuffed garnet and ALOs. In certain examples, the lithium stuffed garnet is doped with alumina.

In some cxamples, the lithium-stuffed garnet is characterized by the empirical formula
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LialagM M7 57O, 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 cach instance, either ahsent or are cach independently selected from
Al Mo, W, Nb, Sh, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and wherein the molar ratio of Gamet: ALOs 18
between 0.01 and 2.

[B186] In some cxamples, the instant disclosure provides a composition including a lithiom
stuffed garnet and ALGs:. In certain examples, the Uthiom stuffed garnet s doped with alomina.
In sorue examples, the lithium-stufted garnet is characterized by the empirical formula

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 18

between 0.01 and 2.

{1871 In some cxamples, the lithium stoffed gamet 18 LiaLagZroM oM™ 7501 and 5<A<T7.7,
2<B<4, §<C<2.5, M’ comprises a metal dopant selected from a material including Al and
(<D<2, M comprises a metal dopant selected from a material including Nb, Ta, V, W, Mo, Sb,
and wherein 8<¢<2. In some examples, the lithiom stuffed garnet s a lithium stuffed garnet set
forth in U.8. 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 arc herein incorporated by reference in its entirety for all

PUrPOSCS.

{0158] 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 cxamples, A 18 8.0.

{0159] 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 18 3.5, In vet other examples, B 18 3.5, In yet

other examples, B 18 4.0,

{B166] In some of the cxamples above, Cis 0.5, In other examples C is 4.6, In some other
examples, C is .7, In some other examples C is 0.8, In certain other examples Cis 0.9, In
other examples C is 1.0, In yet other cxamples, Cis 1.1, In certain examples, Cis 1.2, In other
examples Cis 1.3, In some other examples, C is 1.4, In some other cxamples Cis 1.5, In
certain other examples € is 1.6, In other examples Cis 1.7, In vet other examples, Cis 1.E. In

certain examples, C is 1.9, In yot other cxamples, C 15 2.0, In other examples Cis 2.1, Insome
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other examples, C 18 2.2, In some other examples C 15 2.3, In certain other examples C s 2.4,
In other examples C is 2.5, In vet other examples, Cis 2.6, In certain examples, Cis 2.7, In vet

other examples, C 15 2.8, In other examples C is 2.9, In some other examples, Cis 3.0,

[#161] In some of the examples above, D is 0.5, In other examples D is 0.6, In some other
examples, D 1s 0.7, Tn some other examples D 1s 0.8, In certain other examples D509, In
other examoples D is 1.0, To vet other examples, D is 1.1, To 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 Dis 1.5, In
certain other examples D is 1.6, Tn other examples D s 1.7, In yet other examples, D is 1.8, In
certain examples, D is 1.9, In vet other examples, DB 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 1 2.5, In vet other examples, D is 2.6, In certain examples, D is 2.7, Invet

other examples, D is 2.8, In other examples D is 2.9, In some other examples, B 15 3.0,

{#162] In some of the examples above, E is 0.5, In other examples E i5 0.6, In some other
examples, E i1s 0.7, In some other examples B is 0.8, In certain other examples E is 0.9, In other
examples E 18 1.0, In yet other examples, Eis 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 18 2.2, In some other examples E i3 2.3, In cortain other examples E is 2.4, In other
examples E 18 2.5, In yet other cxamples, E is 2.6, In certain examples, E is 2.7, In yet other

examples, E is 2.8, In other examples E 18 2.9, In some other examples, E is 3.0

{0163] In some of the examples above, F is 11.1. In other examples F is 11.2. In some other
examples, Fis 11.3. In some other examples Fis 11.4. In certain other examples Fis 11.5. In
other examples Fis 11.6. In yet other examples, F is 11.7. In certain examples, Fis 11.8. In
other examples F is 11.9. In some other examples, F is 12, In some other examples Fis 12.1. In
certain other examples Fis 12.2. In other cxamples F is 12,3, In yet other examples, F is 12.3.
In certain examples, F is 12.4. In vet other examples, F is 12,5, In other examples F is 12.6. In
some other examples, F is 12,7, In some other exampics F is 12.8. In ceortain other examples B

18 12.9. In other cxamples F is 13,

{0164] In some cxamples, provided herein is a composition characterized by the empirical

formula Li,La;7Zr,0 v2ALO;; wherein 5.0<x<9 and 0.1<y<1.5. In some examples, x s 5. In
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other examples, x 18 5.5, In some examples, X 18 6. In some examples, X is 6.5, In other
examples, x 18 7. In some examples, X 15 7.5, In other examples x 1 &, In some examples, y 8
0.3, In some examples, v s 0.35. In other examples, v is 8.4, In some examples, v 18 0.45. In
some examples, v is 0.5, In other exaroples, v 18 0.55. In some examples, y 18 0.6, In other
examples v is 8.7, In some exaroples, v is .75, In other exaroples, v is §.8. In some examples,

yis .85, In other examples y 15 0.9, In some examples, y 18 .95, In other examples, y is 1.0

[0165] In some cxamples, provided herein s a composition characterized by the eropirical
formula Lisolas(@ry + Nbp + Tag)Op + 0.35A10:. In this formula, t1+2-+3 = subscript 2 so

that the molar ratio of La to the combined amount of (Zr + Nb + Ta) 15 3:2.

[0166] In some examples, provided herein s a composition is characterized by the erapirical

formula LizLa; 2.0 0.35A10;5.

[8167] In some of the above examples, A s 5, 6, 7, or 8. In certain examples, wherein A is 7.
[3168] In some of the above examples, M’ is Nb and M7 is Ta.

[816%9] In some of the above examples, Eis 1, 1.5, or 2. In certain examples, E is 2.

{0176] In some of the above examples, C and D arc 0.

{0171} In somc cxamples, provided herein is a composition wherein the molar ratio of
Garnet: AL Q4 is between 0.1 and 0.65. In some examples, the Li:Al ratio s between 7:0.2 to
7:1.3. Insome examples, the LitAl ratio 1s 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 cxamples, the LU Al ratio is between 7:0.4 10 7:1.0. In
some examples, the Li:Al ratio is between 7:0.5 10 7:0.9. In some examples, the Li:Al ratio i
between 7:0.6 to 7:0.8. In some exaroples, the Li:Al ratio 1s about 7:0.7. In some examples, the

LitAlratios 7:0.7.

[0172] In some cxamples, provided herein 15 a composition wherein the molar ratio of

Garnet: Al 18 between 0,15 and §.55.

{0173} In some cxamples, provided herein 15 a composition wherein the molar ratio of

Garnet: Al 18 between 0.25 and 8.45.

[0174] In some cxamples, provided herein 15 a composition wherein the molar ratio of

Garnet: ALy 18 .35,
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{0175] In some cxamples, provided herein is a composition wherein the molar ratio of Al to

garnct is §.35.

{6176} In some cxamples, provided herein 15 a composition wherein the Hithium-stufted garnct

18 characterized by the empirical formula Li;La;7r,0¢; and is doped with aluminom.

{01771  In some cxamples, the lithiom stuffed garnet is LizLasZr0q; (LLZ) and is doped with
alumina. In certain examples, the LLZ is doped by adding ALO; to the reactant precursor mix
that 1s used to make the LLZ. In certain other examples, the LLY is doped by the aluminum in
an aluminum reaction vessel that contacts the LLZ, When the LLZ s doped with alumina,
conductive holes are infroduced which increases the conductivity of the lithiom stuffed garoet.
In some examples, this increased conductivity is referred to as increased ionic {e.g., Li')

conductivity.
ii. CATHOLYTES

[0178] Catholyte matenials suitable for use with the components, devices, and methods set
forth herein include, without lmitation, a gamet material selected from LiaLagM’ M 5721505,
(<E<2, 10<F<14, and M and M”77 are cach, independently in cach instance selected from Al,
Mo, W, Nb, 5b, Ca, Ba, Sr, Ce, HE, Rb, or Ta, or Li,LayZr AldMe "0y wherein 5<a<7.7; 2<b<4;
(<¢<2.5; 0d=2: 0<e<, 10<f<14 and Me™’ is a metal sclected from Nb, Ta, V, W, Mo, or Sb. In
some embodiments, the garnet material 1s LisLapM’ M pZrs0r. In some other embodiments,
the garnet material is LialagM oM "pTapOr. In other embodiments, the garnet material is

LI-ALEEE‘i\/i ’ (fi\’i ’ ~3\“-‘EOF

{8179] In the above examples, the subscript value (4<A<R.5, 1.5<B<4, <(C<2, 0<D<2;
O0<E<Z, 1{<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.

{0188] 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,



10

i3

30

WO 2015/054320 PCT/US2014/059575

a2
~d

{6181} In the above cxamples, the subscript values may also include 4<A<8.5, 1.5<B<4, C<2,

0<3<2; 0<E<2, 10<F<i4. In some cxamples, C is cqual to 1.99 or less.

{6182} In the sbove cxamples, the subscript values may also include 4<A<8.5, 1.5<B<4, C<2,

0<3<2; 0<E<2, 10<F<i3. In some cxamples, C is cqual to 1.99 or less.
{0183] In certain embodiments, the garnet is a lithiom-stuffed garnet,

{0184] In some embodiments, the garnet is characterized LiLapZr.AlaMe”’ Oy, wherein the

subscripts are characterized by the values noted above.

{B185] In some embodiments, the lithium-stutfed garnet is a lithium lanthanum zirconium
oxide that is mixed with aluminum oxide. In some of these examples, the lithium lanthanum
zircontum oxide is characterized by the formula Liy gLaxZn 0y, + 0.35A1,0;, wherein the
subscript and coefficients represent molar ratios that are determined based on the reactants used

to make the gamnet,

{#186] In some embodiments, the ratio of La:Zr is 3:2. In some other examples, the garnet is
LizgLas(Fry + Nby + Tan O + 0.35A00;; wherein (t]+2+¢3 = subscript 2) so that the

La:(Zr/Nb/Ta) ratio 18 3.2,

[B187] In some examples, the garnet s LixLa3Zr0q; + yALO:, whereinx ranges from 5510 9;

and v ranges from 0 o 1. In some examples x is 7 and y 15 0.35.

[B188] The catholytes set forth herein inclhude, in some embodiments, a hierarchical strucfure
with a lithtum conducting garnet scaffold filled with carbon electron conductive additive, lithium
conductive polymer binder, and active material. The active material loading can be greater than
58 volume percent to enable high energy density. In some examples, the garnet s sintered and
retains >7(% 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 euntire device
(clectrodes, and electrolyte} in one step; also preparation methods for making sohid state encrgy
storage devices which eliminate the need to use a flammable hquid electrolyte, which is a safety
hazard in some instances; and methods for FAST sintering films to reduce the process time and

expense of making clectrochemical devices; and methods for making FAST sintering and
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densifying componcnis of clectrode composites without significant interdiffusion or detrimental

chemical reaction,
iii, COMPOSITES

{0189} In somc cmbodiments, disclosed herein is a composite electrochemical device prepared
by a method sct forth herein. In some examples, the device includes at least once layer inchuding a
member selected from the group consisting of an active clectrode material, an clectrolyte, a
conductive additive, and combinations thereof; and a least one layer comprising a Gamet-type
clectrolyte. Tn some exaroples, the composite has the structure shown in Figure 26 or in Figure

27.

[{0190]  In some embodiments, the device further includes at least one layver comprising an
active anode material. Active anode materials include, but are not Umited to, carbon, silicon,

silicon oxide, tin, allovs thereof, and combinations thereof,

{3191] Tn some embodiments, disclosed herein is a layered material for an electrochemical
device, including at least one layer coraprising an anode and an anode current collector; at least
one layer including a garnet solid state electrolyte (S5E) in contact with the anode; at least one
layer inclading a porous garnet in contact with the garnet SSE; wherein the porous garnet is
optionally infiltrated with at least one member selected from the group consisting of carbon, a
lithium conducting polymer, an active cathode matenal, and combinations thereof, and at least
one layer comprising an aluminmum cathode current collector in contact with the porous Garnet,
wherein the porous Garnet layer is at feast 70% porous by volume; wherein the Gametis a
material selected from LiaLapM M pZrsOr, LisLagM oM 7 pnTasOr, LiaLlapM M7 pNbeOr,
wherein 4<A<8.5, 1.5<B<4, 0<C<Z, 0<D<2; 0<E<2, 10<F<14, and M’ and M arc cach,
independently in cach instance sclected from Al Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta,
or Li.LapZrAldMe” (Op, wherein 5<a<?.7; 2<b<4; <c<2.5; 0<d=<2; 0<e<2, 10<i<13 and Me”" i3
a metal selected from Nb, Ta, V, W, Mo, or Sb; and wherein the active ¢lectrode material is a
cathode material selected from NCA (lithinm nickel cobalt aluminum oxide), LMNO (lithium
manganesc nickel oxide), NMC (lithium nickel manganese cobalt oxide), LCO {lithium cobalt
oxide, i.e., LiCoO;), nickel fluoride (NiF,, wherein x is from 0 to 2.5}, copper fluoride (CuF,,
wherein y is from 0 to 2.5}, or FeF, (wherein z is selected from 0 to 3.5}, In some examples, the

layered structure is substantially as shown in Figure 25,
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{01921  In certain embodiments, the two sides of the laver comprising the anode and anode
current collector are cach independently in contact with a garnet SSE laver and cach garnet SSE

layer s independently in contact with a porous Garnet layer,
b, POWDERS
i, NANOCRYSTALLINE

{0193} In somc cxamples, the lithium stuffed garnet powdcrs sct forth hercin are
nanodimensioned or nanostructured. As such, these powders comprise crystalline domains of
lithium stuffed garnct wherein the median crystalline domain diameter is about 6.5 nm to about
10 pwm in physical dimensions {e.g., diameter). In some exarmples, the crystalline domains are
about 0.5 nm 10 diameter. In some other examples, the crystalline domains are about | nm in
diameter. In other examples, the crystalline domains are about 1.5 nm in diameter. To yet other
examples, the crystalline domains are about 2 mo in diameter. In still other examples, the
crystalline domains are about 2.5 nm in diaroeter. In some examples, the crystalline domains are
about 3.0 nm 1o diameter. In yet other examples, the crystalline domains are about 3.5 nm in
diameter. In other examples, the crystalline domains are about 4.0 nm in diameter. In some
examples, the crystalline domains are about 5 nm in diameter. In some other examples, the
crystalline domains are about 5.5 nm in diameter. In other examples, the crystalline domains are
about 6.0 nm in diameter. In yvet other examples, the crystalline domains are about 6.5 nm in
diameter. In stilf other examples, the crystalline domains are about 7.0 nm in diameter. In some
examples, the crystalline domains are about 7.5 nm in diameter, In yet other cxamples, the
crystalline domains are about 8.0 nm in diameter. In other examples, the crystalline domains are
about 8.5 nm in diameter. In some examples, the crystaliine domains arc about 8.5 nm in
diameter. In some other examples, the crystalline domains arc about 9 nm in diameter. In other
examples, the crystalline domains are about 9.5 nm in diamecter. In yet other cxamples, the
crystalline domains are about 10 m in diameter. In still other examples, the crystalline domains
arc about 1.5 nm in diamcter. In some examples, the crystalline domains arc about 11.0 nm in
diameter. In yet other cxamples, the crystalline domains are about 11.5 nm in diameter. In other
examples, the crystalline domains are about 12.0 nm in diameter. In some examples, the
crystalline domains are about 12.5 nm in diameter. in some other cxamples, the crystalline
domains arc about 13.5 nm in diamcter. In other examples, the crystalline domains arc about

14.0 om in diameter. Tn yet other examples, the crystalline domains are about 14.5 nm n
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diameter. In still other cxamples, the crystalline domains are about 15.0 nm in diameter. In
some examples, the crystalline domains are about 15.5 nm in diameter. In vet other exaroples,
the crystalline domains are about 16.0 mio in diameter. In other examples, the crystalline
domains are about 16.5 nm in diameter. In soroe examples, the crystalline domains are about 17
no in diameter. In some other examples, the crystalline domains are about 17.5 nm in diameter.
In other examples, the crystalline domains are about 18 nm in diameter. Tn vet other examples,
the crystalline domains are about 18.5 mro in diameter. In still other examples, the erystalline
domains are about 19 nm in diameter. In some examples, the crystalling domains are about 19.5
nm in diameter. In yet other examples, the crystalline domains are about 20 nm in diameter. In
other examples, the crystalline domains are about 20.5 nm in diameter. In some examples, the
crystalline domains are about 21 nm in diameter. In some other examples, the crystalline
domains are about 21.5 nm in diameter. In other examples, the crystalline domains are about
22.0 om in diameter. In yet other examples, the crystalline domains are about 22.5 nm in
diameter. In still other examples, the crystalline domains are about 23.0 nm in diameter. In
some examples, the crystalling domains are about 23.5 nm in diameter. In yet other examples,
the crystalline domains are about 24.0 nm in diameter. In other examples, the crystalling
domains are about 24.5 nm in diameter. In some cxamples, the crystalling domains are about
25.5 nm in diamcter. In some other examples, the crystalline domains arc about 26 nm in
diameter. In other cxamples, the crystalline domains are about 26.5 nm in diameter. In yot other
examples, the crystalline domains are about 27 nm in diamcter. In still other cxamples, the
crystalline domains are about 27.5 nm in diameter. In some cxamples, the crystalline domains
arc about 28.0 nm in diamcter. In yet other examples, the crystalline domains arc about 28.5 nm
in diameter. In other examples, the crystalline dornains are about 29.0 nm in diaroeter. In some
examples, the crystalline domains are about 29.5 no in diameter. In some other examples, the
crystalline domains are about 30 mro in diameter. In other examples, the crystalline domains are
about 30.5 nm in diameter. In yet other examples, the crystalline domains are about 31 nmin
diameter. In still other exaroples, the crystalline domains are about 32 nm in diameter. In some
examples, the crystalline domains are about 33 nm in diameter. Tn yet other examples, the
crystalline domains are about 34 nm in diameter. In other examples, the crystalline domains are
about 35 nm in diameter. In some examples, the crystalline domains are about 40 nim in
diameter. In some other examples, the crystalline domains are about 45 nm in diameter. In other

examples, the crystalline domains are about 50 nm in diameter. In yet other examples, the
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crystalline domains arc about 55 nm in diameter. In still other cxamples, the crystalline domains
are about 60 nm in diameter. In some examples, the crystalline domains are about 65 nm 1o
diameter. In yet other examples, the crysialline domains are about 70 nm in diameter. In other
examples, the crystalline domains are about 80 wm in diameter. In some examples, the
crystalline domains are about 85 nm in diameter. Tn some other examples, the crystalline
domaing are about 90 nm in diameter. In other examples, the crystalline domains are about 100
nn in dlameter. In yet other examples, the crystalline domaiuns are about 125 nm in diameter. o
still other examples, the crystalline domains are about 150 nm in diameter. In some examples,
the crystalline domains are about 200 nm in diameter. In vet other examples, the crystalling
domains are about 250 nm in diameter. In other examples, the crystalline domains are about 300
nm in diameter. In some examples, the crystalline domains are about 350 nm in diameter. In
some other examples, the erystalline domains are about 400 nm in diameter. In other examples,
the crystalline domains are about 450 nm in diamecter. In yet other examples, the crystalling
domains arc about 530 nm in diameter. In still other examples, the crystalline domains are about
550 nm in diamcter. In some examples, the crystalline domains are about 600 nm in diameter,
In yet other examples, the crystalline domains are about 650 nm in diameter. In other cxamples,
the crystalline domains are about 700 nm in diameter. In some exampies, the erystalline
domains arc about 750 nm in diameter. In some other examples, the crystalline domains arc
about 800 nm in diamecter. In other examples, the crystalline domains are about 850 nm in
diameter. In yet other examples, the crystalline domains arc about 900 nm in diameter. In still
other examples, the crystalline domains are about 950 nm in diameter, In some examples, the

crystalline domains arc about 1000 nm in diameter.
ii. FINE GRAINED

{0194] Grain sizes, as uscd hercin and unless otherwise specified, arc measured by either
microscopy, e.g., transmission clectron microscopy or scanning clectron microscopy, or by x-ray

diffraction methods,

{0195} In somc cxamples, provided herein is a film having grains with a dsg diameter less than
16 um. In certain cxamples, the film has grains having a dsg diameter less than 9 ym. In other
cxarmples, the grains having a dso diameter less than & um. In some examples, the grains have a
dsp diamecter less than 7 um. In certain examples, the filim has grains having a dsg diameter less

than 6 um. In other examples, the film has grains having a dsp diameter less than S um. In some
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examples, the film has grains having a ds¢ diameter loss than 4 pm. In other examples, the film
has grains having a dso diameter less than 3 pm. To certain examples, the film has grains having
a dso diameter less than 2 um. In other examples, the film has graing having a dso diameter less

than | um.

[3196] As used berein, the fine grains in the films set forth herein have dsg diameters of
between 10 mm and 10 pm. In some examples, the fine grains in the films set forth herein have

dso diameters of between 100 nm and 10 pm.

{01971 In some cxamples, the films set forth herein have a Young’s Modulos of about 130-150
(GPa. In some other examples, the films set forth herein have a Vicker’s hardness of about 5-7

GPa.

[0198] In some cxamples, 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%. To 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%. Porosity is measured, in some examples, by pycnometry or

FOCTCUrY porosimetry,
¢, FILMS
i. UNCALCINED

[{0199] Set forth herein are filios and powders that include garnet precursors optionally with
calcined garnets. Prior to heating these films and powders, or prior to a sufficient lapse in time
for the precursors to react in order to form a Hithium stuffed gamet, these films and powders are
uncalcined. In some examples, shirries of garnet precursors, set forth below, are layered,
deposited, or laminated to calcined films of lithiom stuffed garnets 1o order to build up several
layers of lithium stuffed garnets. In some examples, shurries of garnet precursors, set forth
below, are layered, deposited, or laminated to calcined films of hithium stuffed garnets in order to

infiltrate vacant or porous space within caleined hithium stuffed garnets.

{B2008]  In some cxamples, set forth herein are thin and free standing garnet films including
garnet precursors or optionally calcined garnet. In some examples, these films also include at
least one member selected a binder, a solvent, a dispersant, or combinations thereof. In some
examples, the garnet solid loading is at least 30 % by weight (w/w}. In some exampies, the film

thickness is less than 100 pm.
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{0201} In ccrtain examples, the dispersant is fish oil, Mchaden Blown Fish Oil, phosphate
esters, rhodaline™, Rhodoline 4160, phospholan-131 MOBYK™ 22124, BYE-22146™,
Hypermer KDU™, Hypermer KD6™ and Hypermer KD7™.

[8282] In some examples, the films include a substrate adhered thereto. In certain examples,
the substrate 1s a polymer, a metal foil, or a metal powder. In some of these examples, the
substrate 15 a metal foil. In some examples, the substrate is a metal powder. Tn some of these

examples, the metal is selected from Ni, Cu, Al steel, alloys, or combinations thereof.
[0283] The film of claim 1, wherein the solid loading is at least 35 % w/w.

[0204] Tn some cxamples, the films have a solid loading of at least 40 % w/w. In some
examples, the films have a solid loading of at least 45% w/w. In some examples, the films have
a solid loading of at least 50 % w/w. In others exaroples, the solid loading 1s at least 55 % w/w.
In some other examples, the solid loading 1s at least 60 % w/w. Tn some examples, the sohid
loading 1s at least 65 % w/w. In some other examples, the solid loading 1s at least 70 % w/w. In
certain other examples, the solid loading s at least 75 % w/w. In some examples, the sohd

loading 1s at least 80 % wiw.

{8285] In some examples, the uncalcined films have a film thickness less than 75 um and
greater than 10 nm. In some examples, the uncalcined filims have a thickness less than 50 um
and greater than 10 nm. In some examples, the uncalcined films have a particles which are less
than I ym at the particles maximum physical dimension. In some examples, the uncalcined films
have a median grain size of between 0.1 pm to 10 pm. In some examples, the uncalcined films is

not adhered to any substrate.

{@286] In some cxamples, set forth herein are thin and free standing garnet films including
garnet precursors or optionally calcined garnet. In some examples, these films also include at
lcast onc member selected a binder, a solvent, a dispersant, or combinations thereof. In some
examples, the garnet solid loading is at least 30 % by volume (v/v}. In some examples, the film

thickness is less than 100 pm.

{0287} In somce examples, the films have a solid lpading of at least 40 % v/v. In some
examples, the films have a solid loading of at least 45% v/v. In some examples, the films have a
solid loading of at least 50 % v/v. In others examples, the solid loading is at least 35 % v/iv. In

some other examples, the solid loading is at least 60 % v/v. In some examples, the solid loading
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is at least 65 % v/v. In some other examples, the solid loading s at least 70 % v/v. In certain
other examples, the solid loading 15 at least 75 % v/v. In some examples, the solid loading is at

{east 80 % v/v.
2, CALCINED

{6208} The uncalcined films sct forth hercin may be calcined by heating the films to about

200°C to 1200°C for about 20 minutes to 10 hours or until crystallization occurs.
ii. UNSINTERED

{0209} In somc cxamples, the garnct-based films are unsintered, referred as to “green” films

and up to kilometers in length,

{0218} In an embodiment, the disclosure scts forth herein 3 method of making an cnergy
storage clectrode, including providing an unsintcred thin film; wherein the unsintered thin film
compriscs at least one member selected from the group consisting of a Garnet-type eloctrolyte,
an active electrode material, a conductive additive, a solvent, a binder, and combinations thereof,
removing the solvent, if present in the unsintered thin film; optionally laminating the film to a
surface; removing the binder, if present in the film; sintering the film, whercin sintering
comprises heat sintering or field assisted sintering (FAST); wherein beat sintering includes
heating the film in the range from about 700°C to about 1200 C for about | to about 600 minutes
and in atmosphere having an oxygen partial pressure between le-| atm to Te-15 atm ; and
wherein FAST sintering includes heating the film 1o the range from about 500<C to about 900-C

and applying a D.C. or A.C. electric field to the thin fili.

i8211] In some of the methods disclosed herein, the unsintered thin film hags a thickness from
about 10 um to about 100 um. In some other of the methods disclosed herein, the unsintered thin
film has a thickness from about 20 um to about 100 um. In certain of the methods disclosed
herein, the unsintered thin film has a thickness from about 30 um to about 100 pm. In certain
other of the methods disclosed herein, the unsintered thin film has a thickness from about 40 um
to about 100 pm. In yet other methods disclosed herein, the unsintered thin film has a thickness
from about 50 pm to about 100 um. In still other methods disclosed herein, the unsintered thin
film has a thickness from about 60 um to about 100 pm. In yet some other methods disclosed
herein, the unsintered thin film has a thickness from about 70 um to about 100 pm. In some of

the methods disclosed herein, the unsintered thin film has a thickness from about 80 um to about
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160 wm. In some other of the methods disclosed hercin, the unsintered thin film has a thickness

trom about 20 pm to about 100 um.

{0212] In some of the methods disclosed herein, the unsintered thin film has a thickness from
about 10 um to about 90 pm. In some other of the methods disclosed hercin, the unsintered thin
film has a thickness from about 20 um to about 80 pwm. In certain of the methods disclosed
herein, the unsintered thin film has a thickness from about 30 um to about 70 pm. In certain
other of the methods disclosed herein, the unsintered thin film has a thickness {rom about 40 pm
to about 60 yum. In yet other methods disclosed herein, the onsintered thin film has a thickness
from about 58 pum to about 90 pm. In still other methods disclosed herein, the unsintered thin
film has a thickness from about 60 um to about 30 pm. In vet some other methods diselosed
herein, the unsintered thin film has a thickness from about 70 ym to about 90 pum. In some of the
methods disclosed herein, the unsintered thin film has a thickness from about 80 pm to about 90
um. In some other of the methods disclosed herein, the unsintered thin film has a thickness from

about 30 um to about 60 um.

[8213] In some examples, the unsintered films are about 30 percent larger by volume than the
sintered films. In some examples, the sintered films have a thickness of about 1-150 pm. In some
of these examples the sintered films has a thickness of about I yum. In some other examples the
sintered films has a thickness of about 2 um. In certain examples the sintered films has a
thickness of about 3 pm. In certain other examples the sintered films has a thickness of about 4
um. fn some other cxamples the sintered films has a thickness of about 5 ym. In some cxamples
the sintered films has a thickness of about 6 pm. In some of these cxamples the sintered films has
a thickness of about 7 um. In some cxamples the sintered films has a thickness of about 8 um.
In some other examples the sintered films has a thickness of about 9 um. In certain cxamples the

sintered films has a thickness of about 10 um.

{0214} In somc cxamples, the sintering reduces the thickness of the film by about 50, about 40,
about 30, about 20, about 10, or about 5% without reducing the length of the film by more than
about 1,2,3,4,5,6,7,8 9, 10, 11,12, 13, 14, 15, 16,17, 18, 19,20, 21, 22, 23, 24, or 25 %. As
used herein, the thickness refers to the average thickness in the z-direction {as shown in Figure
23. As used herein, the length refers to the average length in the x-direction or in the y-direction
{as shown in Figure 23). In some cxamples, the sintering described hercin reduces the thickness

of the film in the z-direction (as shown in Figure 23) proportionally more than inthe x or v
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dircctions. In some examples, the sintering primarily reduces the film thickncess in the z-direction
proportionally more so than in either the x- or in the y-direction. In some examples, the sinicring
reduces the thickness of the filin in the 2-divection {as shown in Figure 23) proportionally

substantially more than the sintering reduces the length of the filio in the x~ or in the y-direction.
As used 1o this paragraph, substantially more 1ncludes, but 1s not limited to, at least 50%, at least

609%, at least 70%, at least 80%, at least 90%, or at least 100%.
iii, SINTERED

[8215] In some of these examples the sintered films has a thickness of aboot 10 nm. In some
other examples the sintered films has a thickness of about 11 nm. In certain examples the
sintered {ilms has a thickness of about 12 nmu. In certain other examples the sintered films has a
thickness of about 13 nm. In some other examples the sintered films has a thickness of about 14
nm. In some examples the sintered filims has a thickness of about 15 nm. In some of these
examples the sintered films has a thickness of about 16 nm. In some examples the sintered filims
has a thickness of about 17 nm. In some other examples the sintered films has a thickness of
about I8 nm. In certain examples the sintered films has a thickness of about 19 nm. In some of
these examples the sintered filrms has a thickness of about 20 nm. In some other examples the
sintered films has a thickness of about 21 nm. In certain examples the sintered films has a
thickness of about 22 nm. In certain other cxamples the sintered films has a thickness of about 23
am. In some other examples the sintered films has a thickness of about 24 nm. In some
examples, the sintered film has a thickness of about 25 nm. In some exampics the sintered films
has a thickness of about 26 nm. In some of these cxamples the sintered films has a thickness of
about 27 nm. In some cxamples the sintered films has a thickness of about 28 nm. In some other
cxamples the sintered films has g thickness of about 29 nm. In certain cxamples the sintered
films has a thickness of about 30 nm. In some of these cxamples the sintered films has a
thickness of about 31 nm. In some other cxarmples the sintered films has g thickness of about 32
nm. In certain examples the sintered films has a thickness of about 33 nm. In certain other
cxamples the sintered films has g thickness of about 34 nm. In some other examples the sintered
films has a thickness of about 35 nm. In some examples the sintered films has a thickness of
about 36 nm. In some of these examples the sintered films has a thickness of about 37 am. In
some examples the sintered films has a thickness of about 38 nm. In some other examples the
sintered {ilms has a thickness of about 39 nm. In certain examples the sintered films has a

thickness of about 40 nm. In some of these examples the sintered films has a thickness of about
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41 nm. In some other examples the sintered films has a thickness of about 42 nm. In ceriain
examples the sintered filros has a thickoess of about 43 nm. In certain other examples the
sintered films has a thickness of about 44 nro. Tn some other exaroples the sintered films has a
thickness of about 45 nim. In some examples the sintered films has a thickness of about 46 nm.
In sorue of these exaroples the sintered films has a thickness of about 47 mm. In some examples
the sintered films has a thickness of about 48 nm. Tn some other examples the sintered filros has
a thickness of about 49 nm. In certain exaroples the sintered films has a thickness of about 50
nm. In some of these examples the sintered films has a thickness of about 31 nm. In some other
examples the sintered films has a thickness of about 52 nm. In certain examples the sintered
films has a thickness of about 53 nm. In certain other examples the sintered films has a thickness
of about 54 nm. In some other examples the sintered films has a thickness of about 55 nm. In
some examples the sintered films has a thickness of about 536 nm. In some of these examples the
sintered films has a thickness of about 537 nm. In some examples the sintered films has a
thickness of about 58 nm. In some other examples the sintered films has a thickness of about 59

am. In certain examples the sintered films has a thickness of about 60 nm.

{0216] In some of these examples the sintered films has a thickness of about 11 um. In some
other examples the sintered filims has a thickness of about 12 pm. In certain examples the
sintered films has a thickness of about 13 pm. In certain other examples the sintered films has a
thickness of about 14 um. In some other cxamples the sintered films has a thickness of about 15
um. In some examples the sintered films has a thickness of about 16 pm. In some of these
cxamples the sintered films has g thickness of about 17 um. In some examples the sintered films
has a thickness of about 18 um. In some other examples the sintered films has a thickness of
about 19 um. In cortain examples the sintered films has a thickness of about 20 wm. In some of
these examples the sintered films has a thickness of about 21 pm. In some other examples the
sintered films has a thickness of about 22 pm. In certain examples the sintered films has a
thickness of about 23 pm. In certain other examples the sintered films has a thickness of about 24
um. In some other examples the sintered filos has a thickness of about 25 yo. In some
examples the sintered films has a thickness of about 26 um. In some of these examples the
sintered {ilms has a thickness of about 27 pm.  In some examples the sintered films has a
thickness of about 28 pm. In some other examples the sintered films has a thickness of about 29
um. In certain examples the sintered films has a thickness of about 30 um. In some of these

examples the sintered films has a thickness of about 31 um. In some other examples the sintered
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films has a thickness of about 32 um. In certain cxamples the sintered films has a thickness of
about 33 um. In certain other examples the sintered films has a thickness of about 34 um. In
some other examples the sintered films has a thickness of about 35 wm. In some examples the
sintered {ilms has a thickness of about 36 pm. In some of these examples the sintered films has a
thickness of about 37 pm. In some examples the sintered films has a thickness of about 38 um.
In some other examples the sintered films has a thickness of about 33 yum. In certain examples
the sintered filros has a thickoess of about 40 yro. In some of these examples the sintered films
has a thickness of about 41 um. In some other examples the sintered films has a thickness of
about 42 um. In certain examples the sintered films has a thickness of about 43 ym. In certain
other examples the sintered filims has a thickness of about 44 1. In some other examples the
sintered films has a thickness of about 45 pm. In some examples the sintered films has a
thickness of about 46 1m. In some of these examples the sintered films has a thickness of about
47 um. In some examples the sintered films has a thickness of about 48 pm. In some other
examples the sintercd films has a thickness of about 49 pm. In certain examples the sintered
films has a thickness of about 5¢ um. In some of these examples the sintered films has a
thickness of about 51 pm. In some other exampies the sintered films has a thickness of about 52
um. In certain examples the sintered films has a thickness of about 53 um. In certain other
examples the sintered films has a thickness of about 54 um. In some other examples the sintered
films has a thickness of about 55 um. In some examples the sintered films has a thickness of
about 56 um. In some of these examples the sintered films has a thickness of about 57 pm. In
some cxamples the sintered films has a thickness of about 538 um. In some other cxamples the
sintered films has a thickness of about 59 pm. In certain examples the sintered films has a

thickness of about 60 pm.

{02171 In some of these examples the sintered films has a thickness of about 61 um. In some
other examples the sintered filins has g thickness of about 62 pm. In certain examples the
sintered films has a thickness of about 63 pm. In cortain other examples the sintered films has a
thickness of about 64 pro. Tn some other examples the sintered films has a thickness of about 65
um. In some examples the sintered filros has a thickness of about 66 . Tn some of these
examples the sintered filros has a thickoess of about 67 yro. In some examples the sintered films
has a thickness of about 68 um. Tn some other examples the sintered films has a thickness of
about 69 um. In certain examples the sintered films has a thickness of about 70 um. In some of

these examples the sintered films has a thickness of about 71 pm. In some other examples the
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sintered films has a thickness of about 72 pm. In certain examples the sintered films has a
thickness of about 73 pro. In certain other examples the sintered filros has a thickness of about 74
um. In some other examples the sintered films has a thickness of about 75 um. Tn some
examples the sintered filros has a thickness of about 76 pr. In some of these examples the
sintered films has a thickoess of about 77 wm. In some examples the sintered films has a
thickness of about 78 pro. In some other examples the sintered films has a thickness of about 79
um, In certain examples the sintered films has a thickness of about 80 um. In some of these
examples the sintered films has a thickness of about 81 pm. In some other examples the sintered
films has a thickness of about 82 um. In certain examples the sintered films has a thickness of
about 83 um. In certain other examples the sintered films has a thickness of about &4 um. In
some other examples the sintered films has a thickness of about 85 wm. In some examples the
sintered films has a thickness of about 86 pm. In some of these examples the sintered films has a
thickness of about 87 um. In some examples the sintered films has a thickness of about 88 um.
In some other examples the sintered films has a thickness of about 89 ym. In certain examples
the sintered films has a thickness of about 90 um. In some of these cxamples the sintered films
has a thickness of about 81 um. In some other examples the sintercd films has a thickness of
about 92 um. In certain cxamples the sintered films has a thickness of about 93 um. In certain
other examples the sintered films has a thickness of about 94 pm. In some other examples the
sintered films has a thickness of about 95 pm. In some cxamples the sintered films has a
thickness of about 26 pm. In some of these examples the sintered films has a thickness of about
97 um. Insome examples the sintered films has g thickness of about 98 pm. In some other
examples the sintered films has a thickness of about 99 ym. In certain examples the sintered

filis has a thickness of about 100 um.

{0218] In certain other examples, the sintered film has g thickoess of about 100 nm. In other
cxarmples, the sintered film has a thickness of about 500 nm. In certain other examples, the
sintered film has a thickness of about | pm. In other examples, the sintered film has a thickness
of about 2 wm. In some examples, the sintered film has a thickness of about 250 am. Tn some
other examples, the sintered filmo has a thickness of about 2 pm. In some examples, the sintered
film has a thickness of about 5 pm. In some exaroples, the sintered film has a thickness of about
3 um. In other examples, the sintered film has a thickness of about 4 um. In some examples, the
sintered film has a thickness of about 300 nm. In some examples, the sintered film has a

thickness of about 400 nm. In some exaroples, the sintered {ilm has a thickness of abouot 200 nm.
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{0219] In some of these examples the sintered films has a thickness of about 101 um. In some
other examples the sintered filros has a thickuess of about 102 pm. In certain examples the
sintered films has a thickoess of about 103 um. In certain other exaroples the sintered films has a
thickness of about 104 um. In some other examples the sintered films has a thickness of about
105 wm. In some examples the sintered films has a thickness of about 106 pm. In some of these
examples the sintered filros has a thickoess of about 107 pm. In some examples the sintered
films has a thickness of abouot 108 gm. In some other examples the sintered films has a thickness
of about 109 wm. In certain examples the sintered films has a thickness of about 110 um. In
some of these examples the sintered films has a thickness of about 111 pm. In some other
examples the sintered films has a thickness of about 112 pm. In certain examples the sintered
films has a thickness of about 113 pm. In certain other examples the sintered films has a
thickness of about 114 um. In some other examples the sintered films has a thickness of about
115 pm. In some examples the sintered films has a thickness of about 116 pm. In some of these
examples the sintercd films has a thickness of about 117 pm. In some cxamples the sintered
films has a thickness of about 118 um. In some other examples the sintered films has a thickness
of about 119 pm. In certain cxamples the sintered films has a thickness of about 120 um. In some
of these examples the sintered films has a thickness of about 121 pm. In some other exampies the
sintered films has g thickness of about 122 um. In certain examples the sintered films has a
thickness of about 123 pm. In ceortain other examples the sintered films has a thickness of about
124 wm. In some other examples the sintered films has a thickness of about 125 um. In some
cxamples the sintered films has a thickness of about 126 pm. In some of these examples the
sintered films has g thickness of about 127 pm. In some cxamples the sintered films has a
thickness of about 128 pm. In some other examples the sintered films has a thickness of about
129 wm. In certain examples the sintered films has a thickness of about 130 um. In some of
these examples the sintered filios has a thickness of about 131 pm. In some other examples the
sintered films has a thickness of about 132 yum. In certain exaroples the sintered films has a
thickness of about 133 pum. In certain other exarnples the sintered films has a thickness of about
134 wm. To some other exaroples the sintered films has a thickuess of about 135 um. In some
examples the sintered filros has a thickoess of about 136 um. Tn some of these examples the
sintered films has a thickness of about 137 um. In some examples the sintered films has a
thickness of about 138 um. In some other examples the sintered films has a thickness of about

139 um. In certain examples the sintered films has a thickness of abouat 140 pm.



10

is

20

]
L

WO 2015/054320 PCT/US2014/059575
41

{0226] In some of these examples the sintered films has a thickness of about 141 um. In some
other examples the sintered filros has a thickuess of about 142 pm. In certain examples the
sintered films has a thickoess of about 143 um. In certain other exaroples the sintered films has a
thickness of about 144 pum. In some other examples the sintered films has a thickness of about
145 wm. In some examples the sintered films has a thickness of about 146 pm. In some of these
examples the sintered filros has a thickoess of about 147 pm. In some examples the sintered
films has a thickness of abouot 148 gm. In some other examples the sintered films has a thickness

of about 149 prn. In certain examples the sintered films has a thickness of about 150 um.
iv. NANOCRYSTALLINE AND FINE GRAINED

{0221  In some examples, provided herein is a film having grains with a dsg diameter less than
10 nm. In certain examples, the film has grains having a dsg diameter less than 9 nm. In other
examples, the grains having a dsp diameter less than 8 nm. In some examples, the grains have a
dse diameter less than 7 nm. In certain examples, the {film has grains having a dsp diameter less
than 6 nm. In other examples, the film has grains having a dso diameter less than 5 nm. In some
examples, the film has grains having a dso diameter less than 4 nm. In other examples, the film
has grains having a8 dso diameter less than 3 nm. In certain examples, the film has grains having
a dso diameter less than 2 nm. In other examples, the film has grains having a dsg diameter less

than 1 nm.

{0222} In somc examples, provided herein i3 a film having grains with a dsy diameter less than
10 um. In certain cxamples, the film has grains having a ds; diameter less than 9 ym. In other
examples, the grains having a dse diameter less than 8 um. In some examples, the grains have a
dso diameter iess than 7 um. In certain examples, the film has grains having a dsy diameter less
than 6 ym. In other examples, the film has grains having a dsp diameter less than 5 um. In some
examples, the film has grains having a dsy diameter less than 4 pm. In other examples, the film
has grains having a dsp diameter loss than 3 pm. In certain exarmples, the film has grains having
a dso diameter less than 2 pm. In other examples, the film has grains having a dsg diameter less

than | pm.

{02231 As used herein, the fine grains in the films sct forth hercin have dsy diameters of
between 10 nm and 10 ym. In some ¢xamples, the fine grains in the films set forth herein have

dsp diameters of between 100 nm and 10 pm.
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v, FREE STANDING

{0224} In some cxamples, the disclosure scts forth herein a free-standing thin film Garnet-type

clectrolyte prepared by the method set forth herein.

{0225} In somc cmbodiments, disclosed herein is a free-standing thin film Garnet-type

clectrolyte prepared by a method set forth hercin.

{0226] In some embodiments, the thickness of the free-standing film is less than 50 um. In
ceriain embodiments, the thickness of the film is less than 40 pm. In some embaodiments, the
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 thickoess of the film s less than 10 yum. In vet other

embodiments, the thickness of the film 5 less than 5 pm.

{82271  In some embodiments, the thickness of the film is less than 45 um. In certain
embodiments, the thickness of the film is less than 335 pm. In some embodiments, the thickness
of the film is less than 25 um. In some other embodiments, the thickoess of the film is less than
15 am. 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 um.

[0228] In some embodiments, the thickness of the film 13 about Lym to about 50 pm. In certain
embodiments, the thickness of the film about 10 um to about 50 pum. In some embodiments, the
thickness of the film is about 20um to about 50 pwm. In some other embodiments, the thickness of
the film s about 30 wm to about 53¢ pm. In other embodiments, the thickness of the film is about

40 wm to about 5O pm.

{§22%]  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 abont 40 pm. 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 pm to about 40 um. In other embodiments, the thickness of the film is about

20 um to about 30 um.

{0238]  In some cxamples, set forth herein is a thin and free standing sintered garnet film,
wherein the film thickness is less than 50 ym 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 ieast one side of the film.
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{0231} In somge cxamples, the thin and free standing sintered garnet film has thickness is less
than 20 wm or less than 10 um. Tn some examples, the thin and free standing sintered garnet film
has a surface roughness of less than 5 pm. 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 garoet filmo 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 pm to 10 pm. In certain examples,

the garnet has a median grain size of between 2.0 o to 5.0 wm.
vi. SUBSTRATE BOUND

[8232]  In some of the films set forth herein, the film is bound to a substrate that s selected
from a polymer, a glass, or a metal, In some of these examples, the substrate adhered to or
bound to the film is a current coliector (CC). In some of these examples, the CC film includes a
metal selected from the group consisting of Nickel {N1), 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 some other examples, the film is bonded
to a metal current collector {CC) on two sides of the film. In yet other examples, the CC is

positioned between, and in contact with, two garnet films,
vit. BI-LAYERS & TRI-LAYERS

[8233] In some examples, set forth herein is a trilayer including a metal foil or metal powder
positioned between, and 1n contact with, two distinet lithium staffed garnet thin films. In some
examples, the middle layer is metal foil. In some other examples, the middie laver is a metal
powder. In somge cxamples, the metal is Ni. In other examples, the metal is AL In still other
examples, the metal is Fe. In some examples, the metal is steel or stainless steel. In some
examples, the metal is an alloy or combination of Ni, Cu, Al, or Fe. In some examples, the
trilayer has a structure as shown in Figure 3. In some exampies, the trilayer has a structure as
shown in the bottom of Figure 4. In some cxamples, the trilayer has a structure as shown in the

bottom of Figure 29. In some cxamples, the trilayer has a structure as shown Figure 44(EF).

{0234] 1o somge cxamples, set forth herein is a bilayer including a metal foil or metal powder
positioned in contact with a lithium stuffed garnet thie film. In some cxamples, onc layer of the

bilayer is a metal foil. In other cxamples, onc layer of the bilayer 18 a metal powder. In some



10

WO 2015/054320 PCT/US2014/059575
44

examples, the metal is Ni. In other cxamples, the metal is Al In still other examples, the metal
18 Fe. In some cxamples, the metal 15 steel or stainless steel. In some examples, the metal is an
alloy ot cornbmation of Ni, Cu, Al or Fe. In some examples, the bilayer has a structure as shown
Figure 44(CH{(D). In some examples, the bilayer has the structare shown between the sintering

plates in Figure 20 or Figure 21,

[0233]  In some of the bilavers and trilayers described herein, the garnet is characterized by one
of the following formula: LiaLapgM M pZreOr, LialagM oM pTapCy,
Lialaph’ CM s NbeOr, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<B<2, 10<F<13, and M’
and M’ arg cach, independently in each instance selected from AL Mo, W, Nb, Sb, Ca, Ba, Sr,
Ce, HE, Rb, or Ta, or LizLapZr AlgMe” O wherein 5<a<7.7; 2<b<d; §<¢=<2.5; (<d<2; 0<e<2,
10<f<13 and Me™” is a metal selected from Wb, Ta, V, W, Mo, or 8b; LisLagM M 571505,
wherein the molar ratio of Garnet: Al Os s between 0.05 and 0.7; or LiLasZr(015-AL 03,

wheretn 5.5<g<8.5 and the molar ratio of Garnet: AL O3 is between 0.05 and 1.0
viii. MULTLLAYERS

{8236] In some examples, set forth heretn are multiple stacks or combinations of the
aforementioned layers, bilayers, and, or, trifayers. In some examples, two or more bilayers are
stacked in serial combination. In some other examples, two or more trilavers are stacked in
serial combination. In some examples, interposed between these serial combination stacks are

cathode active materials, anode active materials, and, or, current collectors.
ix. FILM DIMENSIONS

{8237]  In some examples, the thin films set forth hergin are less than 50um in thickness. In
some other examples, the thin films set forth herein are less than 45 wm in thickness. In certain
examples, the thin films sct forth herein are less than 40um in thickness. In still other examples,
the thin films set forth herein are less than 35 pm in thickness. In some examples, the thin films
sct forth hercin are less than 30 um in thickness. In some other examples, the thin films sct forth
herein are less than 25 pm in thickoness, In certain examples, the thin films set forth herein are
less than 20um in thickness. In still other examples, the thin films sct forth herein are less than
15 um in thickness. In some examples, the thin films sct forth herein are less than 18 pm in

thickness. In some other examples, the thin films set forth hercin are less than 5 um in thickness.
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In certain examples, the thin films sct forth hercin arc less than 0.5 pm in thickness. In still other

cxamples, the thin films st forth herein are less than 0.1 pm in thickness,

{0238] In some cxamples, 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 30 um. In
other examples, the thickness is 40 pm. In some exaroples, the thickoess 18 30 pm. In other
exaroples, the thickness 1s 20 wm. In certain examples, the thickness is 10 pm. Tn other
examples, the thickness 18 5 um. In some exaroples, the thickness 18 1 pm. In yet other

exaraples, the thickness 18 0.5 pm.

[0238] TIn some of these examples, the flms are | mm in length. Tn some other of' these
examples, the films are 5 vam in length. In vet 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 mun 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 fength. In certain cxamples, the films
arc 75 mm in length. In other examples, the films arc &0 mm in length. In some cxamples, the
films are 85 mm in length. In some other examples, the films are 90 mum in length. In still other
examples, the films arc 95 mm in length. In certain examples, the films are 100 mm in length.

In other examples, the films are 3¢ mm in length.

{0248] 1o some cxamples, the films are 1 om in fength. 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
arc 4 cm in length. In some examples, the films are 5 om 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 cxamples,
the films are & cm in length,  In vet other examples, the films arc 9 cm in length. In still other
cxarmples, the films are 10 cm in length. In some cxampics, the films are 11 cm in length, In
some other examples, the films arc 12 cm in length, In other examples, the films arc 13 cm in
length. In yot other cxamples, the films are 14 om in length. In somce examples, the films arc 15
cm in length. In other examples, the films are 16 cm in length. In yet other exarples, the films

~
/
I

are 17 cm in length, In some other examples, the films are 18 cro inlength,  In yvet other
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examples, the films arc 19 cm in length. In still other cxamples, the films are 20 cm in length.

In some examples, the films are 21 om in length. In some other examples, the filos are 22 cm in
length. In other examples, the films are 23 cm in length. Tn vet 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 om in length. In yet other examples, the films are 27 om inlength. In some other examples,
the films are 28 cm in length.  In yet other examples, the films are 29 cro in length. In still other
examples, the films are 30 cm in length. In some examples, the films are 31 em in length. To
some other examples, the films are 32 cm in length. In other examples, the films are 33 cm in
length. In vet other examples, the films are 34 em in length. In some examples, the films are 35
cem in fength. In other examples, the films are 36 cm in length. In yet other examples, the films
are 37 em in fength. In some other examples, the films are 38 em in fength.  In yet other
examples, the films are 39 cm in length. In still other examples, the films are 40 om in length.
In some ¢xamples, the films arc 41 om in length. In some other cxamples, the films are 42 em in
length. In other examples, the films arc 43 om in fength. In yet other examples, the films arc 44
cm in length. In some examples, the films are 45 om in length. In other examples, the films arce
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 longth.  In yet other cxamples, the films are 49 ¢m in length. In still other
examples, the films arc 50 cm in length. In some examples, the films arc 51 cm in length, In
some other cxamples, the films are 52 cm in length, In other cxamples, the films are 53 cm in
length. In yet other examples, the films arc 54 om in length. In some cxamples, the films are 55
cm in length. In other examples, the films are 56 cm in length. In yet other examples, the films
arc 57 cm in length. In some other examples, the films are 58 cm in length.  In yot other
examples, the films are 39 cm in length. In still other examples, the films are 60 cm in length.
In sorae examples, the films are 61 om inlength, In some other examples, the films arc 62 cmin
length, In other examples, the filims are 63 ¢ inlength, In yet other examples, the films are 64
cm in length. In some examples, the films are 65 ¢ inlength, In other examples, the films are
66 cm 1o length, In yet other exaroples, the films are 67 cm in length. In some other examples,
the films are 68 om inlength.  In vet other examples, the films are 69 cm n length. o still other
examples, the films are 70 cm in length. In some examples, the films are 71 om in length, In

-~

72 e in length. In other examples, the films are 73 em in

some other examples, the films are 7
length. In vet other examples, the films are 74 om in length. In some examples, the films are 75

cm in length. In other examples, the films are 76 cm in length. In vet other examples, the films
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arc 77 cm in length. In some other examples, the films are 78 cm in fength.  In yot other
examples, the films are 79 cm in length. In still other examples, the films are 80 cm in length.
In soroe examples, the films are 81 om inlength, In some other examples, the films are 82 emin
length, In other examples, the filims are 83 o inlength. In yet other examples, the films are 84
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 exaroples, the films are 87 cm in length. In some other examples,
the films are 88 om inlength.  In vet other examples, the films are 83 cm n length. o still other
examples, the films are 90 cm in length. In some examples, the films are 91 om in length, In
some other examples, the films are 92 em in fength. In other examples, the films are 93 cm in
length. In vet other examples, the films are 94 om in length. In some examples, the films are 95
cm in length. In other examples, the films are 96 cm in length. In vet other examples, the films
are 97 cm in length. In some other examples, the films are 98 cm in length.  In vet other
examples, the films are 99 cm in length. In still other examples, the films are 100 cm in length.
In some cxamples, the films are 101 cm in length, In some other examples, the films are 182 om
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 om in length. In other examples, the
films are 106 cm in length. In yet other examples, the films are 107 om in length. In some other
examples, the films arc 108 cm in length.  In yet other examples, the films are 109 cm in length.
In still other cxamplces, the films are 110 cm in length. In some examples, the films arc 111 cm
in length. In somc other cxamples, the films are 112 cm in length. In other examples, the films
are 113 cm in length. In yot other examples, the films are 114 cm in length. In some cxamples,
the films are 115 cm in length. In other examples, the films are 116 em in length. In yet other
examples, the films are 117 cm in length. Tn some other examples, the films are 118 cm in
length.  In yet other examples, the filims are 119 cro in length, In still other exarples, the flms

are 120 cm in length.

{0241} In some cxamples, the garnet-based films arc prepared as a monolith useful fora
lithiom secondary battery cell. In some of these cells, the form factor for the garnet-based film s
a film with a top surface arca of about 10 om”. In certain cells, the form factor for the garnet-

based film with a top surface arca of about 100 ero”,

[0242] In some cxamples, the films set forth herein have a Young’s Modulus of about 130-150
GPa. In sore other examples, the films set forth herein have a Vicker’s hardness of about 5-7

GPa.
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{0243} In some cxamples, the films sct forth hercin have a porosity less than 209%. In other
examples, the films set forth herein have a porosity less than 10%. To vet 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%.
x, COMPOSITES

{0244} For Li secondary battery applications, encrgy density is, in part, inversely related to the
amount of electrolyie, catholyte, and anolytes that may be present. As less electrolyie, catholyte,
or anolyte materials are used in a given battery architecture volume, more positive electrode
active materials (e.g., FeFs, Col,, NiF,, CoF;) and more negative electrode materials {e.g., Li-
metal) can be incorporated into the same volume and thereby increase the batiery’s energy
density, e.g., energy per volume. 1t is therefore advantageous to use the methods set forth herein
which, in some examples, result in film thicknesses less than 500 um but greater than 1 nm, or
less than 450 pm but greater than 1 nm, or less than 400 um but greater than | nm, or less than
350 wm but greater than 1 nm, or less than 300 um but greater than 1 nm, or less than 250 m but
greater than 1 nm, or less than 200 um but greater than | nm, or less than 150 wm but greater
than 1 nm, or less than 100 um but greater than 1 nm, or less than 50 pm but greater than | nm,
or lcss than 45 pm but greater than 1 nm, or less than 40 um but greater than | nm, or less than
30 um but greater than 1 nm, or less than 35 pm but greater than 1 nm, or less than 25 ym but
greater than 1 nm, or less than 20 ym but greater than 1 nm, or less than 15 pum but greater than 1
nm, or less than 10 um but greater than 1 nm, or less than 9 pm but greater than 1 nm, or less
than 8 pm but greater than 1 nm, or less than 7 pm but greater than | nm, or less than 6 um but
greater than 1 nm, or less than 5 pum but greater than 1 nm, or less than 4 pm but greater than 1
nm, or less than 3 um but greater than 1 nm, or less than 2 pm but greater than 1 num, or less than
I wm but greater than | nm, or less than 90 nm but greater than | nm, or less than 85 nm but
greater than 1 nm, or less than 80 nm but greater than 1 nm, or less than 75 nm pm but greater
than 1 nm, or less than 70 nm but greater than 1 nm, or less than 60 nm but greater than 1 nm, or
less than 55 nm but greater than | nm, or less than 50 nm but greater than | nm, or less than 45
nm but greater than 1 nm, or less than 40 nm but greater than 1 nm, or less than 35 nm but
greater than 1 nm, or less than 30 nuo but greater than I nm, or less than 25 nm pro but greater
than | nm, or less than 20 nm but greater than | nm, or less than {5 nm but greater than 1 nm, or

less than 10 nm but greater than | nm, or less than 5 nm but greater than | nm, or less than 4 nm
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but greater than | nm, or less than 3 nm but greater than | nm, or less than 2 nm but greater than

1 nm.

{0245] In certain examples, the garnet materials set forth herein are combined with polymers.
In these examples, the polymers include, but are not limited to, polyethylene oxide (PEQO),
polypropylene oxide (PPO), PEG-PPO block co-polymers, styrenc-butadiene, polystyrene (P5),
acrylates, diacrylates, methyl methacrylates, silicones, acryvlamides, t-butyl acrylamide, styrenics,

t-alpha methyl styrene, acryloniiriles, and vinyl acetates.

[0246] In the examples herein, wherein a binder 1s recited {e.g., in a slurry, or in an unsintered
thin fily the binder may be selected from the group consisting of polypropylene (PP}, polyvinyl
butyral (PVB), polyvinyl pyrrolidone (PVP), atactic polypropylene (aPP), isotactive
polypropylence ethylene propylene rubber (EPR}, ethylene pentene copolymer (EPC},
polyisobutylene (PIB), ZEON™ styrene butadiene rubber (SBR), polyolefins, polyethviene-co-
poly-1-octene {(PE-co-PO); PE-co-poly(methylene evclopentane) {(PE-co-PMCP); stereoblock

polypropylenes, polypropylene polvmethyipentene copolymer and silicone.
il LITHIUM SECONDARY BATTERIES

{02477  In some examples, the disclosure herein sets forth batieries that have a catholvte, an

clectrolyie, and, or, an anolyvie comprised of a lithium stuffed garnet set forth herein.
a, BATTERY ARCHITECTURES

[0248] In some cxamples, the batteries described herein inclode a positive clectrode
{e.g.. cathode} active material coated on two sides of a current collector substrate. In these

examples, a garnet electrolyte can also be coated onto, or within, the cathode active material.

[8249] In some examples, the disclosure herein sets forth a composite electrochemical device
prepared by a method set forth hereing wherein the device includes: at least one layer including a
member selected from the group consisting of an active electrode material, a lithivm stuffed
garnet electrolyte or catholvte, a conductive additive, and combinations thereof. In some

examples, the device also includes least one layer including a Gamet-type electrolyte.

{§2588] In another embodiment, the disclosure sets forth herein a layered material for an
clectrochemical device, including at least one layer including an anode and an anode current

collector; at least one layer including a garnet solid state electrolyte {SSE); at least one layer
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including a porous garnct in contact with the garnct SSE; wherein the porous garnet is optionally
infiltrated with at lcast one member selected from the group consisting of carbon, a hithium
conducting polymer, an active cathode material, and combinations thereof; and at least one layer
meluding an Aluminum cathode current collector in contact with the porous Garnet, wherein the
porous Garnet layer is at least 70% porous by volurne; wherein the Garnet is a material selected
from LiskapM’ M 7 5710, LialagM M7 1 TapOr, LialagM oM pNbsOp, wherein 4<A<8.5,
L5<B<d, 0<C<2, 0<D<2; O<E<2, 10<F<i4, and M’ and M’ are cach, independently in each
nstance selected from Al Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, HE, BRb, or Ta, or

LiuLapZr AlMe”  Op wherein 5<a<7.7; 2<<b<q; <¢<R.5; 0<d<2; 8<e<2, 10<f<l4 and Me"" s 2
metal selected from Nb, Ta, V, W, Mo, or Sb; and wherein the active electrode material is a
cathode material selected from NCA (lithium nickel cobalt ahmninam oxide), LMNO (lithium
manganese nickel oxidey, NMC {lithinm nickel manganese cobalt oxide}, LCO (lithium cobalt
oxide, 1.e., LiCo(,), nickel fluoride (NiF,, wherein x is from 0 to 2.5}, copper fluoride {Cuk,,
wherein v is from § to 2.5), or FeF, (wherein z is selected from 0 to 3.5). In some examples,

19<F<13. In some examples, 0<e<Z,

b. BATTERY COMPONENTS SUITABLE FOR USE WITH GARNET
CATHOLYTES, ELECTROLYTES, AND CATHOLYTES.

{0251] Current collectors which are suitable for use with the garnct materials set forth herein
include metal foils, metal shects, metal wires, and metal powders wherein the metal is a member
selected from the group consisting of aluminum, copper, gold, nickel, cobalt, steel, stainless
steel, Hthiom metal, alloys, mixtures, or combinations thereof. In some examples, provided
herein is an clectrochemical device having an electrolyte composed of a lithrum stutfed garnet
doped with alumina, as described in this application. In some examples, provided herein is an
clectrochemical device having a catholyte composed of a lithium stufted garnet doped with

alumina, as described in this application.

{0252] In some embodiments disclosed herein, the electrode includes conductive additive that
is carbon. In certain embodiments, the carbon is a member sclected from the group consisting of
ketien black, VGCF, acetylene black, graphite, graphence, nanotubes, nanofibers, the like, and
combinations thercof. In certain embodiments, the carbon is ketjen black. In certain other

embodiments, the carbon is VGCF. In yet other embodiments, the carbon is accotylene black. In



10

is5

20

25

WO 2015/054320 PCT/US2014/059575
51

other embodiments, the carbon is graphite. In some embodiments, the carbon is graphene. In

other embodiments, the carbon is nanotube. In other embodiments, the carbon is nanofibers.

¢. CATHODE MATERIALS SUITABLE FOR USE WITH THE GARNET
MATERIALS SET FORTH HEREIN

{0253] 'The garnet materials described hercin are suitable for use with a variety of cathode or
positive electrode active materials, In particular, garncts are useful as catholyies and clectrolytes
because they are chemically compatible with conversion chemustry cathode active materials such
as, but not himited to, those active matenials set forth in U.S. Nonprovisional Patent Application
No. 13/922,214, cotitled NANOSTRUCTURED MATERIALS FOR ELECTROCHEMICAL
CONVERSION REACTIONS, filed June 19, 2013; also U.S. Nonprovisional Patent Application
MNo. 14/272,518, entitled PROTECTIVE COATINGS FOR CONVERSION MATERIAL
CATHODES, filed May &, 2014; also U.5. Provisional Patent Application No. 62/027 808,
eutitted HYBRID ELECTRODES WITH BOTH INTERCALATION AND CONVERSION
MATERIALS, filed July 23, 2014, and also U.S. Nonprovisional Patent Application No.
14/090,990, entitled Iron Oxyfluoride Electrodes for Energy Storage, filed November 26, 20135
also U.S. Nonprovisional Patent Application No. 14/(63,966, entitled METAL FLUORIDE
COMPOSITIONS FOR SELF-FORMED BATTERIES, filed October 25, 2013, The content of

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

{0254] The garnet materials described herein arce also suitable for use with other catholyte and
clectrolyte materials such as, but not limited to, those catholyic and electrolyte materials set forth
in International PCT Patent Application No. PCT/US14/382&3, entitled SOLID STATHE
CATHOLYTE OR ELECTROLYTE FOR BATTERY USING LiaMPpSe (M = 51, Ge, and/or
Sn}, filed May 15, 2014,

{02558]  Active electrode material suitable for use with the components, devices, and methods
set forth herein include, without limitation, NCA {lithium nickel cobalt aluminum oxide), NMC
{(lithium nickel manganese cobalt oxide), LMNO (lithium manganese nickel oxide}, LCO
(lithium cobalt oxide, i.¢., LiCoO;)}, nickel fluoride (NiFx, wherein x is from { to 2.5}, copper
fluoride {CuF,., wherein y is from 0 to 2.5}, or FeF, (wherein z is selected from 010 3.5}, In
certain embodiments, the active electrode material is a material for a cathode. In certain
embodiments, the active cathode electrode material is NCA (lithium nickel cobalt aluminum

oxide). In certain other embodiments, the active cathode eloctrode material s LMINGO (lithium
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manganese nickel oxide}. In yet other cmbodiments, the active cathode clectrode material is
LCO (lithiurn cobalt oxide, 1.¢., LiCoO,). Tn vet other embodiments, the active cathode electrode
matertal 18 NMC. Tn still certain other embodiments, the active cathode electrode material 8
nickel fluoride (IN1F,, wherein x 1s from § to 2.5). In some other embodiments, the active cathode
electrode material is copper fluoride (Culy, wherein y 18 from 0 10 2.5). In certain other
embodiments, the active cathode electrode material is or FeF, (wherein z is selected from O to

3.5).
{IL. METHODS OF MAKING THE MATERIALS DESCRIBED HEREIN

a. THIN FILM LITHIUM CONDUCTING POWBER MATERIAL FROM
DEPOSITION FLUX

[0256]  In some cxamples, set forth herein s a process for making a batiery component that
ncludes a ceramic electrolyte material (e.g., lithiom stuffed garnet powder ot film) wherein one
or more flux materials, having a melting point lower than 400 C is used to mixture, dissolve, and,

or, density the ceramic onto or around a substrate.

{02871  In some cxamples, a ceramic electrolyte powder material, or component thereof, 1s
mixed with two or more flux materials at a temperature of less than 400°C to form a fluxed
powder material. This fluxed powder material is shaped and heated again at a temperature less

than 400°C to form a dense Hthium conducting material.

{B288] The deposition methods set forth heretn are suitable for depositing materials, such as
but not himited to, garnets, hithium stuffed garnets, perovskites, NASICON and LISICON

structyres.

{#289] In some cxamples, the deposition methods includes providing 8 Hithium conducting
ceramic powder material at a specified quantity and density. In certain examples, the powder is
characterized by, or milled to, a mean particle size of about 100 nm to 10 um. In some examples, the
mean particle size is 800 mm to 2 pm. In some of these examiples, a flux material is provided at a
second specified quantity and density, In certain examples, the secondly provided flux material is
less than 51% {w/w) of the first powder material. This flux material is typically a lithium-containing
material which melts between about 5006°C to 830°C. Additional flux materials may also be provided
in the reaction mixture. In some examples, the powders and flux materials, in various combinations,

are mixed to form cutectic mixtures. In some of these examples, the cutectic mixtures have 2 meiting
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point less than SO0 'C. Tn some further examples, the eutectic mixtures are heated to temperature of
about 100 to 500 'C. In some examples, the heated mixtures are mixed. Tn still other examples, the
mixtures are then heated and formed into shapes, such as but not imited to, sheets, thick films
{greater than 100 pm thick), thin films (less than 100 wm thick) volls, spheres, discs, sheets, pellets,
and cylinders. Following a reaction time and, or, additional heating, the powders and flux materials
are optionally cooled. In some examples, the flux is separated or removed from the products formed
therein using a solvent such as, but not limited to, water, acetone, cthanck, or combinations thereof.
In some examples, the additional heating is to temperatures less than S00°C. This methods, and
variants thereof] result in dense lithinm conducting ceramic powders, which are often 20% more
dense than the starting density of the reactants and, or, fluxes. In certain examples, the powders and
flux materials inchude, but are not limited to, formed garnets, such as Li;La:7Zn(y;, and oxides, such
as LiOH, La:0;, Zr0y. In certain examples, the garnet powders are formed by mixing garnet
precursors such as, but not fimited to, LiOH, 1,CG0s, LayOs, Zr(dy, NbyOs, Tax(ls, Al-nitrate, Al-

nitrate hydrate, or combinations thereof.

{0260} In some examples, the garnet materials set forth herein are prepared by mixing garnet
precursars such as, but not limited 1o, LiOH, La; 05, Zr0y, NbOs, Tays, Al-nitrate, or combinations
thercof, to form a mixiure. Next, the mixture is calcined at temperatures of 600°C, 6306°C, 700°C,
T50°C, 800°C, 850°C, 900°C, 950°C, 1000°C, 1030°C, LI00'C, HIS0'C, 1200°C, 1250°C, 1300°C,
1350°C, 1400°C, or 1430°C. In some examples, the mixture is calcined at 800°C, 850°C, 800°C,
950°C, 1000°C, 1050°C, or 1100'C. In some cxamples, the mixture is caleined at 800'C. Insome
examples, the mixture is calcined at 850°'C. In some examples, the mixture is calcined at 900°C. In
some examples, the mixture is calcined at 950 C. In some examples, the mixture is calcined at
1000°C. In some examples, the mixture is calcined at 1030°C. In some examples, the mixture is
calcined at 1100°C. In some of these examples the mixture is caleined for 1,2, 3,4, 3,6, 7. 8,9, or
10 hours. In some examples, the mixture is calcined for 4, 3, 6, 7, or 8 hours. In some gxamples, the
mixiure is calcined for 4 hours. In some examples, the mixture is calcined for 5 hours. Insome
examples, the mixture is caleined for 6 hours. In some examples, the mixture is caleined for 7 hours.
In these examples, the caleination temperature is achicved by a beating ramp rate of about 1C/min or
about 3C/min or about 10C/min. In some of these examples, the calcined mixture is then milled to
break-up any mixture agglomerates. In some of these examples, the calcined mixture is then milled
to reduce the mean primary particle size. In certain examples, the milled calcined mixture is then
sintered at temperatures of 600°C, 650 C, 700°C, 750°C, 800°C, 850°C, 900°'C, 950'C, 1000 C, 1050°C,
HOOC, 1150°C, 1200°C, 1250°C, 1300°C, 1350°C, 1400°C, or 1430°C. In some examples, the
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sintering is at temperatures of 1000°C, 1050°C, 1100°C, 1I50°C, 1200°C, 1230°C, 1300°C, 1350°C,
H0°C, or 1450°C. In some examples, the sintering is at temperatures of 1000°C, 1200°C, or 1400°C.
In these examples, the sintering is for 1,2, 3,4, 5,6, 7, 8 9, 10, 11, 12, 13, 14, 15, 16, 17, 1§, 19, 20,

21,22, 23,24, 25, 26,27, 23, 29, or 30 minutes.

{0261]  In some cxamples, the flux includes inorganic salts, such as lithivm, soditm, potassium,
and rubidium salts. For example, LiF, LiCL LiBr, and, or, Lil. In some examples, the flux includes
inorganic oxides, such as LiOH, LT, Fhux may also include alkali metal hydroxides, chlorides,
nitrates, sulphates, and combinations thereof. Certain combinations that are usefil include mixtures
of any one or more members selected from the group consisting of LiGH, LiCl LiBr, L, LiNG,,
LiS0,, LLO-510,, L 0-B,0s, Li0-PbO, Li)O-Bi(s, NaOH, NaCl, NaNQG;, NaSQ,, NaBr, Na,COs,
KOH, KL, KNG, K804, KBr, and K,C0,.

{0262] Fhlux include eutectic mixtures of materials, wherein the eutectic mixture has a lower
melting point than the melting point any of the constituent components of the mixare. For example,
a mixture having 0.3Li0OH and 0.7NaOH melts around 250°C, which is lower than the melting point

tor either LiOH or Na(OH.

{0263] Insome examples, the powders, fluxes, and reaction mixtures are deposited onto current

collectors, positive electrodes, negative clectrodes, or elecirolytes.

{0264] 1o some cxamples, powders synthesized herein are mixed with flux components in order to
dissolve the powders in the flux components. These fluxes baving dissolved powders are cast onto a
substraic to form a film having a thickness between about 10 nm and about 250 pm. In some
examples, the casting onto a substrate is accomplished through slot casting, doctor blade casting, or

by dip coating a substrate into the flux,

[0265] 1o some other examples, powders synthesized herein are mixed with flux components and
also a liquid or solvent in order to prepare a slurry of these components. The slurry is then cast onto
a substrate to form a film having a thickness between about 10 nm and about 250 pm. In some
examples, the casting onto a substrate is accomplished through slot casting, doctor blade casting, or
by dip coating a substrate into the flux. The shurry is then dried to remove the solvent and,
optionally, melt and mix the flux components and the powders. In some examples, the heating is
accomplished at | 'C/min and to a temperature of about 200 'C, or about 250 'C, or about 300 'C, or
about 350 °C, or about 350 'C, or about 400 °C, or about 450 °C, or about 500 'C. ITn some examples,

more flux than synthesized powders are used so as to completely dissolve the powders in the flux. In
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other examples, more synthesized powders than flux 15 used 1o as not to dissolve all of the powders in

the flux.

{0266] In some cxamples, positive elecirode active materials are mixed with garnet powders and
also thux components to form a mixture. This mixture can be deposited onto one, two, or more sides
of a current collector. Ouce the flux is processed, as set forth herein, and optionally removed, an
intimate mixture of garnet materials and active materials remain in direct contact with a current

collector.

{02671 v any of these examples, the substrate, e.g., current collector, can be coated with a garoet
material optionally including a positive electrode active material by dip coating the substrate into a
flux having the garnet, garnet precursors, active material, or combinations thereof. In any of these
examples, the substrate, e.g., current collector, can be coated with a garnet material optionally
incloding a positive electrode active material by casting the fhux having the garnet, garnet precursors,
active material, or combinations thereof onto the substrate. In these examples, casting can be doctor
blade casting. In these examples, casting can be slot casting. In these examples, casting can be dip

coating.

{0268} In somc examples, the methods herein include providing a lithium conducting ceramic
powder material in a eutectic mixture of one or more flux materials; heating the mixture to a
temperature of about 400°C 1o about 800'C; optionally casting the flux material; and forming a dense
{ithiwm conducting garnet material, In some examples, the formed material s 20% or more dense
than the precursors thercto. In some examples two flux materials are used, in which the first flux is
one or more materials selected from LiOH, LiCl, LiBr, LiNG;, LiS0Oy, or combinations thereof, and
in which the second flux is one or more materials selected from NaQH, NaCl, NaNQ;, NaSG,,
NaS(y, NaBr, Na,COs, or combinations thereof, In some examples, the powder material is a lithium
stuffed garnet. In some examples, the powder material optionally inchudes a perovskite material. In
some examples, the powder material inchides NASICON, LISICON, or a Tungsten/Bronze material.
In some examples a third flux is provided in this method and 15 one or more materials selected from

KOH, KCL, KNGs,, KSOy, KBr, and, or, KoC0s.

[0269] Additional details, examples, and embodiments of these methods of making garnet
materials is found, for example, in U.S. Provisional Patent Application No. 61/887.451, filed
October 7, 2013, entitled METHOD AND SYSTEM FOR FORMING GARNET MATERIALS
WITH SINTERING PROCESS, the contents of which arc herein incorporated by reference in

their entirety for all purposcs.
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{0276] As shown in Figure 1, in some cxamples precursors are, optionally milled and, mixed
with a flux (step a) and heated to dissolve the precursors in the flux (step by, The flux with
dissolved precursors is cast {step ¢ and caleined {(step d) to react the precursors and for larger
and more crystalline particles {step ¢) which are densified by the flux. In some examples, the

flux is removed {step f).
b, SOLUTIONS AND SLURRIES

[8271] In some examples, the methods herein include the use of solutions and slurries which
are cast or deposited onto substrates. In certain examples, gamet precursors are milled according
o the milling methods set forth herein. In some exaroples, these precursors are formulated into a
slurry. In sore examples, these milled precursors are forroulated 1oto a slurry. After nulling, 1o
some examples, the precursors are formmilated into coating formulations, e.g., shurries with
binders and solvents. These slurries and formulations solvents, binders, dispersants, and
surfactants. In some examples, the binder polyvinyl butyral (PVB} and the solvent is tohuene
and/or ethanol and/or diacctone alcohol. In some examples, PVB is both a binderand a
dispersant. In some examples, the binders also inchide PVE, PVP, Ethyl Cellulose, Celluloses,
PVA, and PVDFE. Insome examples, the dispersants include surfactants, fish otl,
fluorosurfactants, Triton, PVB, and PVP. In some slurries, 10% to 60% by weight {(w/w) of the
sturry is solid precursors. Binders and dispersants can cach, in some sharries, make up 58% w/w

of the shurry, with solvents comprising the remainder weight percentages.

{02721 In some cxamples disclosed herein, slurries include a conductive additive that is
carbon. In certain embodiments, the carbon is a member selected from the group consisting of
ketien black, VGCF, acetylene black, graphite, graphence, nanotubes, nanofibers, the like, and
combinations thereof. In cortain embodiments, the carbon is ketjen black. In cortain other
embodiments, the carbon is VGCF. In yet other embodiments, the carbon is acetylene black. In
other embodiments, the carbon is graphite. In some embodiments, the carbon is graphene. 1n

other embodiments, the carbon is nanotube. In other embodiments, the carbon is nanofibers.

{0273] In some examples, the solvent is selected from toluene, cthanol, toluene:ethanol, or
combinations thereof. In certain embodiments disclosed herein, the binder is polyvinyl butyral
(PVB}. In certain embodiments disclosed herein, the binder is polypropylene carbonate. In

certain embodiments disclosed herein, the binder is a polymethyimethacrylate.
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{0274] In some cxamples, the solvent is tolucne, ethanol, toluene:cthanol, or combinations
thercof. In some examples, the binder 1s polyvinyl butyral (PVB). In other examples, the binder

is polypropylene carbonate. In yet other examples, the binder is a polymethylmethacrylate,

[82738] In some embodiments disclosed herein, the removing the solvent includes evaporating
the solvent, In some of these embodiments, the removing the solvent includes heating the film.
In some ermbodiments, the removing includes using a reduced atmosphere. In still other
embodiments, the removing includes using a vacuum to drive off the solvent. In yet other
embodiments, the removing jncludes heating the film and using a vacuom to drive off the

sofvent,
¢, CATHOLYTES

[02768]  As shown in Figure 25, one method of making an embodiment of an invention
disclosed herein inclades depositing a dense, solid state separator electrolyte for the anode and
optionally sintcring the electrolyte. Tn some embodiments, the method also inclades depositing a
porous garnet catholyie and sintering the catholyte to achieve greater than 70% porosity. In some
embodiments, the method also mcludes filling the porous catholyte with less than 18 volume %
carbon by a method selected from chemical vapor deposition (CVD), pyrolysis, or a related
technigue. In some embodiments, the method also includes filling the porous catholyte with an
ion conductive flowable material such as liguid, gel, or polymer. In some embodiments, the
method also includes filling with the active material. In certain embodiments, the methods
achicves an active material loading greater than 40 volume %. In some embodiments, the

methods also inchade laminating or ¢vaporating the cathode current collector.

{02771 In some embodiments, disclosed herein is a method for making a composite
clectrochemical device, inchiding the folowing steps in any order: providing an anode layer
comprising an anode current collector; providing a Garnet-type solid state electrolyte (SSE} layer
in contact with at least onc side of the anode laver and optionally sintering the SSE; providing a
porous Garnet layer in contact with the SSE layer and optionally sintering the porous Garnet
layer; optionally infiltrating the porous Garnet layer with at feast one member selected from the
group consisting of carbon, a lithium conducting polymer, an active cathode material, and
combinations thercof; and providing a cathode current collector layer in contact with the porous
Garnet layer. In some cxamples, these steps are performed sequentially in the order in which

they are recited.
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{0278} In some cxamples, the methods set forth herein further inchude providing a laver of a
Garnet-type solid state clectrolyie (SSE) on two independent sides of the anode current collector

layer.

{02791  In some examples, the sinfering includes heat sintering or field assisted sintering
(FAST); wherein heat sintering comprises heating the Garnet in the range from about 800°C to
about 1200°C for about 1 to about 600 minutes; and wherein FAST sintering comprises heating
the Garnet in the range from about 600°C to about 800 C and applying 2 D.C. or A.C. electric

field to the Garnet.

[0280] In some cxamples, the infiltrating the porous Garnet layer with carbon inclades using

chemical vapor deposition (CVD) or pyrolysis.

[0281] Tn some cxamples, the infiltrating the porous Garnet layer with an active material

ncludes using vapor/liquid deposition or electrophoretic deposition.

[0282] TIn some cxamples, the providing a cathode current collector in contact with the porous
Garnet layer includes lanmunating, electroplating or evaporating the corrent collector onto the

porous Garnet layer.

[0283]  In some examples, the porous Garnet layer is at least 70% porous by volume after it is

sinfered.

[0284] In some examples, the porous Garnet layer is characterized by a Li conductivity of fe-

35/cm or greater at 60°C. Tn some exarples, the Hthium conductive polymer is characterized by
a Li conductivity of Te-45/cm or greater at 60°C. In those examples wherein a material set forth
herein is characterized by a Li conductivity of 1¢-45/cm or greater at 60°C, the conductivity is a
measurement of the bulk conductivity. In some of these examples, the conductivity is measured

so that the conduction occurs through the material but unaffected by the porosity of the material.

{#285] In some cxamples, the porous Garnet layer has pores with average pore diameter

dimensions of about 5 nm to about | pm.
[0286] In some examples, the polymer is stable at voltages greater than about 3.8V,

[B287] In some examples, the porous Garnet layer is characterized by a conductivity of about

o; > 1e-3 S/cmat 60°C.
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{0288] In some cxamples, the porous Garnct layer is infiltrated with the active cathode
material in an aroount greater than 40% by volume. In some examples, the porous Garnet layer

is infiltrated with the active cathode material in an amount greater than 55% by volume.
{0289} In somc cxamples, the Garnet is stable at voltages of about 1.3V to about 4.5V,

{0293] In some cxamples, the Garnet 1s a material selected from LiaLagM’ M pZryOp,
LisLapM’ M 3 TapOy, LianLagM e M pNbeOy, wherein 4<A<8.5, 1.5<B<4, §<C<2, <D<2;
O<E<2, 10<F<13, and M’ and M are cach, independently in each instance selected from Al,
Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta, or LizLaoZr.AlaMe” O wherein 5<a<7.7; 2<b<4;

K

0<0<2.5; 0<d=<2; 0<e<?, 10<4<13 and Me™ 18 a metal selected from Nb, Ta, V, W, Mo, or Sh.

[0291] In some examples, the active electrode matenial is a cathode material selected from
NCA (lithtum nickel cobalt aluminurn oxide), LMNO (lithium manganese nickel oxide}, LCO
(lithtom cobalt oxide, e, LiCoOy), NMC, nickel fluoride (NiFy, wherein x is from 0 to 2.5),

copper fluoride (CuFy, wherein y is from 0 to 2.5}, or Fel, (wherein z is selected from 0 to 3.5},

[0292] In some examples, disclosed herein is an electrochemical device prepared by a methods

set forth herein.

{02931  As shown in Figure 27 and Figure 29, the methods set forth herein processes for
preparing a composite electrode for a solid state battery composed of active electrode roaterials
with interspersed electrolyte particles prior to any sintering treatment. In some embodiments, the

layer can also contain an electrically conductive additive {e.g. carbon}.

{8294] As shown in Figore 31, the electrolyte and electrode materials have improved
interfacial contact after sintering occurs. In some embodiments, a free-standing, bilayer, or
trilayer garnet film, set forth herein, is bonded to Lithium. The Li-garnet interface in these
examples has an unexpectedly low area specific resistance {ASR}. In some examples, the ASR

is less than 5 Obm om?® at 80°C. In some examples, the ASR is less than 100 Ohm em” at 80°C.
In some examples, the ASR is about | Ohm em? at 80°C. In some examples, the ASR is less than

6 Ohm cm’ at 80°C.

[B298] In some embodiments, Li is ¢vaporated or laminated to a sintered garnet film (free
standing, bilaver, or trilayer} and has a low ASR. In some examples, the ASR 1s less than 5 Ohm

em’ at 80°C. In some examples, the ASR is less than 100 Chm em’ at 80°C. In some examples,



10

i3

30

WO 2015/054320 PCT/US2014/059575
60

the ASR is about 1 Ohm em’ at 80'C. In some examples, the ASR is fess than 6 Ohm om” at

8O°C.

{0296] As shown in Figure 15, Figure 16, Figurc 17, Figure 20, Figurc 21, and Figure 28 sctter
plates can be used to sinter particles with the use of a power supply that can apply in some

examples, an A.C. current, and in some other examples, a D.C. current.

{0297} As shown in Figure 4, clectrochemical devices can be preparcd by the sintering
methods set forth herein. In Figure 4, for example, an electrolvte powder, catholvte particles
{e.g., Garnet catholyie), and active electrode particles {e.g., cathode active particles) can be

layered and mixed and then sintered according to the novel methods sct forth herein.

[0298] In some cxamples, the films set forth herein can be initially formed in the “green”
{unsintered) state by preparing a slurry of the powdered ceramic component(s) (e.g. electrolyte:
Lithtam stufted garnet, Lithiuro Lanthanom, Zirconiumn Oxide; electrode: Lithium-Nickel-
Manganese~-Cobalt oxide) with an organic binder-solvent system {¢.g. polyvinyl butvral in
tolucne:cthanol). Tn some examples of the composite electrode, in addition to the electrolvic and
active electrode material, a conductive additive such as carbon black can also be added to
increase electrical conductivity in the final product. The sharry can be ¢ast as a thin layer
typically of thickness 13-100um. The solvent is evaporated to teave behind a flexible membrane
which is easily handled and can be laminated to other such layers by applying a small pressure
(<1 000psi) at modest temperature (80°C). For example, a green composite thin film of a Li-
conducting garnet electrolyte and a high voltage cathode material (NMC) is shown, for examples

in Figure 27.
{#299] Some of the example methods set forth herein inchide heat sintering.

[0308] In some examples, after a binder burnout step to remove the binder (e.g., FVB)a
composite clectrode such as that shown in Figure 27 can be heated to an elevated temperature
(c.g. 800-1200C) and held for a period of time (1-600mins} to induce sintering of the particles o
form a much denser matrix. In some of these examples, the grains of the individual components
will fuse together to significantly increase their contact arca, for example as shown in Figure 27.
In some cxamples, it is advantageous to use finely milled powder, cspecially for the electrolyte
component, as this increascs sintering kinetics and permits densification at lower temperatures.

To maintain the flatness of a thin membrance under this process the films can be sandwiched
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between nert sctier plates such as porous zirconia. This not only keeps the films laminar, but
provides a pathway for release of the binder decomposition produocts. The resulting

roicrosiructure of the sintered electrode composite 18 shown in Figure 30, Figore 31, for example.

[0301] Some of the example methods set forth herein include field assisted sintering (i.e.,

FAST) sintering

{0302} Onc drawback of the conventional sintering process is that it requires extended dwell
times at elevated temperatures where several detrimental phenomena can occur. For example,
Lithinm is a highly volatile species and can evaporate from the solid state electrolyte material
thereby reducing ifs tonic conductivity, inducing surface depleted layers of high resistance or
even causing decomposition of the material. In the case of the composite layers, the electrolyte
and electrode components will continue to interact once the grains have fused together and they
may inter-diffuse to such an extent that the clectrochemical propertics of the individual
components are fost i.e. the electrolyte may lose its ionic conductivity, or the electrode may lose
it propensity to store the active ion {e.g. Lithrum}. Therefore, to overcome all these problems, it
is advantageous to make the sinfering process as fast as possible. In some examples, this is

achieved using ficld assisted sintering.

{0303} Figure 16, Figure 17, Figure I8, Figure 19, Figure 20, Figure 21, Figure 22 show
schematic representations of the arrangement to FAST sinter an electrolyte membrane at lower
temperatures {e.g., 600-800°C, or less) or (400-1000°C) than the conventional sintering process
{(~1100°C) is disclosed herein. The membrane is sandwiched between two conductive metal
plates, while held in an oven at a modest temperature (800C) where Lithium cvaporation is not
significant. An clectric field is then applied to the sample to induce FAST sintering. The ficld
can be a D.C. ficld or an A.C. field. In some examples, the A C. field is advantageous as a
sutficiently high frequency can be selected so that the ionic species do not segregate significantly
under the stimulus. Power delivery to the sample must be controlled to avoid ecxcessive joule
heating of the material. In some examples, this can be accomplished by initially operating in a
constant voltage amplitude mode and switching to constant current once the sintering begins and
the impedance of the sample falls. The electrolyte membrance can be sintered to full density ina

much shorter time and at a lower temperature than the conventional process.

{6304] In some cxamples, FAST sintering also overcomes the problem of interdiffusion in the

composite clectrode lavers. Figure 29 shows a schematic illustration of the arrangement of a full
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solid state hattery configuration under FAST sintering. The clectrolyte layer is laminated to the
composite electrode layer prior to sintering. The benefit of the FAST sintering process is that the
voltage drop (i.e., the electric ficld) is distributed preferentially over the high impedance regions,
which will always be the areas of poor contact (i e., non-sintered regions). Therefore, once two
particles sinter together, the contact between the constituent particles improves and the resistance
drops. Consequently, the E-ficld distribution shifts to a neighboring unsintered particles. Tn thig
way the driving force for sintering is shifted away from graing that are already fused together and

further interdiffusion is Himited.

{83058} These sintering methods are advantageous for solid state batteries and components
thereof, which do not incinde Haquid electrolytes, on account of fast sintering times, limited
interditfusion between the components in a composite electrode, and also the ability to prepare a

full solid state battery arrangement.
d. DOPED COMPOSITIONS

[{8386] In some examples, provided herein are roethods for making a lithiom stuffed garnet
doped with aluminum, the methods comprising providing garnet precursors at predetermined
combination. In some examples, the methods further include milling the combination for 5 to 10
hours. In other examples, the methods further comprising calcining the combination in vessels at
about 300 'C to about 1200°C for about 4 to about 10 hours to form a gamet. In other examples,
the methods further include milling the formed garnet until the dsg particle size is between 200
and 400 nm. In still other examples, the methods further include mixing the milled forming
garnet with a binder to form a shurry, In some of these examples, before the slurry is sintered,
the methods include providing a green film by casting the sharry as a film. In other examples, the
methods further include filtering the slurry. In still other examples, the methods further include
optionally providing pellets of filtered sharry. I some of these examples, before the shurry is
sintered, the methods inchude providing a green film by casting the shurry, In still other
examples, the methods further inchude sintering the filtered slurry. In the examples wherein the
sturry is sintered, sintering includes applying pressurc to the slurry with sctting plates, heating
the slurry under flowing inert gas between 140°C and 400°C for about | to about 6 hours, and

cither heat sintering or ficld assisted sintering for about 10 minutes to about 10 hours.

{0307] In certain examples, the garnet precursor are selected from LiOH, La;0O4, Zr0; and

AINO:).9H:0.
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{0308] In some cxamples, the garnet precursors arce caleined in vessels is at 900-C for 6 hours,

In cortain examples, the vessels are Alumina (i e., ALO3) vessels.

{6309] In ccrtain examples, the milling the formed garnet is conducted until the dsg particle
size of the formed garnet 1s about 300 nm. In certain other examples, the milling the formed
garnet is conducted until the dsg particle size of the formed garnet is about 100 nm. In some
examples, the milling the formed garnet is conducted until the dsy particle size of the formed
garnet is about 200 . In certain examples, the milling the formed gamet is conducted until the
dsg particle size of the formed garnet is about 250 nm. In certain examples, the nulling the
formed garnet 1s conducted until the dsg particle size of the formed garnet is about 350 nm. In
certain examples, the milling the formed garnet is conducted until the dso particle size of the

formed garnet is about 400 nm.

{8318]  In some cxamples, the mixing the milled forming garnet with a binder to form a sharry

inclndes about 4% w/w binder. In some examples, the binder is polyvinyl butyral.
[0311]  In some examples, the filtering the slurry inchudes filtering with an 80 mesh sieve.

{8312} In some cxamples, the providing pellets of filtered shurry includes providing peliets
having a 13 mm diameter. In some examples, the peliets have a 10 mm, 11 mum, 12 mum, 13 mum,

14 oum, 15mm, 16 man, 17 nuw, 18 mun, 19 oo, or 20 mm diameter.

{B313]  In some cxamples, the applying pressure to the shirry with setting plates inclades
applying a pressure of 3 metric tons. In some other examples, the applying pressure to the slurry
with setting plates includes applying a pressure of 2 metric tons. In some examples, the applying
pressure to the slurry with setting plates inchudes applying a pressure of | metric tons. In some
examples, the applying pressure to the slurry with setting plates includes applying a pressure of

3.5 metric tons.

{8314] In some cxamples, the setter plates are Pt setter plates. In other examples, the setter
plates are garnet setter plates. In certain examples, the setter plates are porous setter plates. In
yet other examples, the setter plates are porous garnet setter plates. In yet other examples, the

sctter plates are porous zirconia setter plates.

{B315]  In some cxamples, the methods include Hlowing inert gas as an Argon gas flowing at a

flow rate or 315 scem.
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{0316] In some cxamples, the methods set forth herein inchude heating the slurry under flowing
inert gas including separate dwells at 160 C and 330°C for 2 bours (brs} each under a humidified

Argon flow,
e, FINE GRAIN LITHIUM STUFVED GARNETS

{6317} In some cxamples, provided herein are methods of making thin films with finc grains of
lithium stuffed garncts doped with alumina. In some cxamples, in order to make these fine
grains, the films described herein are heat sintered at a maximum temperature of 1150°C. In
some examples, i order to make these fine grains, the films described herein are heat sintered at
a maxinwm temperature of 1150°C for no more than 6 hours. In some examples, in order to
make these fine grains, the films described herein are heat sintered at a maxiroum temperatare of
1075°C. In some examples, in order to make these fine grains, the films described herein are heat
sintered at a maximum termperature of 1075°C for no more than 6 hours. In certain examples,
when the films are only sintered for 15 minutes, heat sintering ternperatures of 1200°C, at a

maximum, are used.

[8318] Grains grow larger as termperature is increased. Also, grains grow larger at a given
temperatiire while the dwell time at that temperature is increased. For this reason, the methods
set forth herein include heat sintering at temperatures fess than 1200°C, or fess than 1150°C, or
less than 1075°C. In some of these examples, the methods set forth herein include heat sintering
at these temperatures for no more than 6 hours. In some cxamples, the methods set forth herein
include heating sintering for no more than 15 minutes. In some other examples, the methods set
forth herein include heat sintering at 1050°C. In some other examples, the methods sct forth
herein include heat sintering at 1000°C. In some other examples, the methods set forth herein
include heat sintering at 950°C. In some other examples, the methods set forth herein include
heat sintering at 900°C. In some other examples, the methods set forth herein include heat
sintering at 850°'C. In some other examples, the methods set forth herein include heat sintering at
ROG'C. In some other examples, the methods set forth herein include heat sintering at 750°C. In
some other examples, the methods set forth herein include heat sintering at 700 C. In some other
examples, the methods set forth herein include heat sintering at 650°C. In some other examples,
the methods set forth herein include heat sintering at 600'C. In some other examples, the
methads set forth herein include heat sintering at 550 C. In some other examples, the methods

set forth herein include heat sintering at 500°C. To some other examples, the methods set forth
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herein include heat sintering at 450°C. In some other examples, the methods set forth herein
include heat sintering at 400°C. In some other examples, the methods set forth herein include
heat sintering at 350°C. In some other examples, the methods set forth herein include heat
sintering at 300'C. In some other examples, the methods set forth herein include heat sintering at
250°C. In some other examples, the methods set forth herein include heat sintering at 200C, In

some other examples, the methods set forth herein include heat sintering at 150 C.

{#319] In some examples, smaller amounts of Li in the lithium stuffed garnet lead to smaller

grains in the films set forth herein
f. CASTING

[8328] In some examples, the slurries set forth herein are deposited onto substrates using
casting techniques inclading slot dye coating, slot casting, doctor blade casting, mold casting,

roll coating, gravure, microgravure, screen priniing, flexoprinting, and/or other related methods.
229 & fe=pd

[0321] Other casting methods are set forth in U.S. Provisional Patent Application No.
61/887,451, filed October 7, 2013, entitled METHOD AND SYSTEM FOR FORMING
GARNET MATERIALS WITH SINTERING PROCESS, and ULS. Provisional Patent
Application No. 61/926,914, filed January 13, 2014, entitied GARNET THIN FILM
ELECTROLYTE, and U.S. Provisional Patent Application No. 62/007,417, filed Junc 4, 2314,
entitted METHODS AND SYSTEMS FOR FORMING GARNET MATERIAL WITH
REACTIVE SINTERING, and U.5. Provisional Patent Application No. 62/026,271, filed July
18, 2014, entitled FINE GRAINED LITHIUM-ION CONDUCTING THIN FILM GARNET
CERAMICS, and U.S. Provisional Patent Application No. 62/026,440, filed July 18, 2014,
entitted GARNET CATHOLYTE AND SINTERING OF SOLID STATE
ELECTROCHEMICAL DEVICES AND COMPONENTS. Each of these provisional patent

applications is incorporated by reference herein for all purposcs in their entirety.
g. SINTERING METHODS

{03221  While certain solid state ionic conductors can be sintered in a conventional process by
pressing small peliets, which are approximately 10 mm in diameter and 2 mm thick in thickness,
known methods for making thin films of garnct based materials are insufficient for battery
applications, which require film lateral dimensions of approximately 10 cm and between 1060 nm

to 50 um in thickness,
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{6323} Sintering thin films, particularly films that include garnet (e.g., lithium-stuffed garnet),
using apphied electrical currents and voltages is inherently challenging. In part, this is related to
the resistive heating that occurs 1n the gamet material when current flows there-through and
thereby causes a sintering effect. For example, when electricity is used to sinter garnet, as is done
with FAST sintering, the electricity resistively heats and sinters the garnet material primarily
where the impedance is the greatest. As the garnet 1s sintered and the tmpedance decreases, the
resistive heat associated with an clectrical current passing through the garnet also decreases. As
the impedance decreases in certain portions of the garnet material, the passed electrical current
primarily takes the path of least resistance (7.e., the path where the impedance is fowest) and does
not resistively heat the unsintered portions of the garnet where the impedance is significantly
higher. As more gamet sinters, and the impedance decreases, it becomes more difficult fo sinter
the remaining unsintered portions of the garnet and particularty so where the impedance s

greatest due to the garnet portions where the impedance is smallest,

{8324] In order to overcome this chalienge, some persons use a eylindrical form factor such as
that shown in Figure 15. By directing an applicd electrical current between electrodes spaced at
the extreme longitudinal ends of a cylinder, these persons overcome the aforementioned
challenges since the clectrical current passes through the longest portion of the sintering material.
However, for several of the applications considered herein and with the instant patent
application, a form factors that is a thin film is required. In some examples, this form factor is
rectangular with respect to its shape. In some other exampiles, this form factor is rectangular-like
with respect to its shape. These films, thin films, and rectangular-like form factors are difficuli to
sinter in part becausce the clectrodes, through which an electrical current is applied, do not
transmit clectricity through the longest portion of the film sample. For thin films, the applied
clectrical current passes through the z-direction of the film, which is one of the shorter paths

through the bulk of the material.

{6325] In addition to the aforementioned challenges, for many applications it is preferable that
the thin film densify primarily in the z-direction and not in the x- or y-directions {as shown in
Figure 23). This means that the shrinkage of the film is primarily in the z-direction and more so
than in either the x- or the y-divection. Accomplishing this type of densification and shrinkage
also a challenge met by the instant application. The present application sets forth several

sintering methods for overcoming these and other sintering challenges.
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{0326] As shown in Figurc 24 of Figure 45, an example sintering methods includes placing
electrodes on a thin film form factor so that an applied electrical current passes through the z-
direction of the film. Tn this orientation, FAST sintering is employed according to a sinfering

methods set forth herein,

{83271  As shown in Figure 16, another example sinfering method includes using sintering
plates. In some exaroples, the applied clectrical current passes through the sintering plates. In
some other examples, the applied electrical current passes through the sintering plates while a
pressure is applied according to the pressure values recited in this application herein and above.
In certain other examples, the apphied clectrical current 15 applied directly to the thin film while
the setter plates independently apply a pressure according to a pressure value recited in this
application, herein and above. In yet certain other examples, one or more metal foil lavers are
inserted between a setter plate and the thin film and the applied electrical current is applied to the
inserted metal foil. Figure 20 shows an example where a metal foil is places between a sintered

film and setter plates,

[B328] In some examples, a metal powder s inserted between the setter plates and the garnet
film to be sintered. In some of these examples, as the garnet film is sintered, the metal powder
also sinters and adheres to the sintering film. Figure 21 shows an example where a metal powder

is places between a sintered film and setter plates,

{8329} In somc of these cxamples, the setter plate is a porous sctter plate. In some of these
examples, the setter plate is a garnct-based sctter plate. In some of these examples, the setter
plate is a porous garnet-based setter plate. In some of these examples, the setter platc is a
metallic setter plate. As used herein, garnet-based setter plates includes a setter plate that

comprises a garnct material described herein.

{0338] As shown in Figurc 17, in some cxamples the plates used for sintering and optionally
for applying pressure can have individually addressabie contact points so that the applied
clectrical current is directed to specific positions on the sintering film. As shown in Figure 17,
the tapered ended of the plurality of trapezoid-like shapes (100} indicates these individually
addressable contacts points. As used herein, individually addressable refers to the ability to
controllable and individually apply a current or a voltage to one contact point that may be

different from the controliably applied current or voltage applied fo another contact point.
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{6331} In some cxamples the plates used for sintering and optionally for applying pressure can
have grid structure. In soroe examples, this grid structure 18 movable so that it can be placed on

the sintering film at different positions during the sintering process.,

[0332]  As shown in Figure 18, in some examples the thin film form factor 1s sintered while it
moves through calender rollers. In these examples, the calender rollers apply a pressure
according to a pressure value set forth herein and also provide a conduit for an applied clectrical
current or voltage as necessary for sintering, ¢.g., FAST sintering. In Figure 18, the larger arrow,
which is not surrounded by a circle and is parallel to the x-~direction of the film, indicates the

direction of movement of the sintering film as it moves through the calender rollers.

{03331 As shown in Figure 19, in some of the examples where a thin film form factor is
sintered while it moves through calender rollers, the calender rollers have individually
addressable contact points (200} so that an electrical current or voltage can be applied

controllably and individually to the sintering film at different positions.

[0334]  As shown in Figure 19, in some of the examples where a thin film form factor is

sintered while 1t moves through calender rollers, one of the calender rollers is a ground elecirode.

{8335] As shown in Figore 22, in some of the examples wherein a thin film form factor is
sintered while it moves through calender rollers, one of the calender rollers is a spiral design that
can rotate about its longitudinal axis and also move parallel to its longitudinal axis. This spiral

design allows for the applied electrical carrent or voltage to be directed to the sintering film.
i. REACTIVE SINTERING

[8336] In some examples, the set forth herein are reactive sintering methods. In these
examples, garnet precursors are mixed to form a mixture. In these examples, the precursors
inclnde the garnet precursors set forth in the instant patent application. In some examples, the
mixture is milled according to the milling methods set forth in the jnstant patent application. In
some examples, the mixtare is formulated as a slurry of milled precursor materials to form a
sturry. In some cxamples, the sturry is then coated onto a substrate by methods such as, but not
limited to, doctor blade casting, slot casting, or dip coating. In somge other examples, the slurry is
cast onto a substrate according to a casting method set forth in the instant patont application. In
some of these examples, the sharry is then dried to remove the solvent or liguid therein., In some

examples, the dried shurry is calendered. In some additional ecxamples, the dried slurry is
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laminated to other layers of battery components. In some of these examples, pressure is applied
to adhere or bond the laminated layers together. In certain examples, the dried slarry lavers to
which pressure is applied are sintered according to the methods set forth herein. In those
examples, wherein sintering occurs with garnet precursors in a shurry or dried slurry format, the
sintering occurs simultancous with a chemical reaction of the garnet precursors to form sintered

gamet,

{83377 In some cxamples, reactive sintering includes mixing garnet precursors with preformed
garnet powder and sintering the mixture using temperature and, or, an applied current. Tn some
examples, the ratio of garnet precursors to garnet powder is 18:90. In some cxamples, the ratio
of garnet precursors to garnet powder is 28:80. In some cxamples, the ratio of gamet precursors
to garnet powder 1s 25:75. In some examples, the ratio of garnet precursors to gamet powder is
50:50. In some examples, the ratio of garnet precursors to garnet powder is 60:40. In some
examples, the ratio of garnet precursors to garnet powder is 78:30. In some examples, the ratio
of garnet precursors to garnet powder is 75:25. In some cxamples, the ratio of gamet precursors
to garnet powder is 80:20. In some examples, the ratio of garnet precursors to garnct powder is

50:10.
ii. TAPECASTING

{B338] In some cxamples, set forth herein are tapecasting methods for making thin films. In
these methods, the ceramic powder is first dispersed in a liquid or solvent that contains a
dissolved binder and optionally dispersing agents to from a homogencous mixture. This
homogencous mixture or “slip” is then cast using the doctor blade casting method onto a
substrate. In some examples, the substrate is a non-stick substrate such as, but not limited fo,
silicone coated MYLAR. Then the hiquid or solvent is evaporated to form a dried “green film.”
In some cxamples, the green film is pecled off the MYLAR and cut into a specific shape, e.g.,
square, rectangular, circular, or oval. In this methods, films having a thickness of 0.1 to 200 um
arc prepared. Metal powders can optionally be incorporated into the film or adhered to one side
of the film. In these examples, the metal powders are selected from Ni, Cu, a mixture of Ni-
garnct, a mixture of Cu-garnet, or combinations thercof. In some examples, tape casting includes

using an opening of about 1-100 pum through which the tape casting occurs during deposition,

iti, HOT PRESSING
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{6339} In some cxamples, set forth herein are hot pressing methods of making thin garnet
films. In these examples, green tapes, as described above, are sintered under an applied uniaxial
pressure as shown in Figure 4. In certain exaroples, the binder s first removed before the
sintering is conducted. In these particular examples, the binder can be removed by burning the
binder at a temperatare of about 200, 300, 400, 5300, or 600 C. In some examples, the sintering
is conducted by heating the film to sintering temperature of about 800 C to about 1200 C under
an aniaxial load pressure of about 10 to aboot 100 MPa. In these examples, the applied pressure
prevents the film from deforming or warping during sintering and provides an additional driving
force for sintering in the direction perpendicular to the film surface and for preparing a dense

film.

[0340] In some examples, the green film can be sintered by first casting the film onto a metal
foil. In some examples, the binder is burned out before the sintering is conducted. In some of
these examples, the sintering inchides heating the film under an applied pressure to 8 temperature
lower than the melting point of the metal or metals comprising the metal foil substrate. As such,
higher sintering temperatures can be used when Ni-substrates arc used as compared to when Cu-

substrates are used.
iv. CONSTRAINED SINTERING

{0341]  In some cxamples, the green film may be sintered by placing it between setter plates
but only applied a small amount of pressure to constrain the film and prevent inhomogengeities
that stress and warp the film during the sintering process. In some of these examples, it is
beneficial to make the setter plates that are porous, e.g., porous vitria-stabalized zirconia. These
porous plates in these examples allow the binder to diffuse away from the film during the
burning out or the sintering step. In some of these examples, the burning out and sintering step
can be accomplished simultancously in part because of these porous sctter plates. In some
cxamples, the small amount of pressure is just the pressure applicd by the weight of the sctter
plate resting on top of the green film during the sintering process with no additional pressure
applicd cxternally. In some cxamples, the constrained sintering is done substantially as shown in

Figure 4 and, or, Figure 5.

v. YACUUM SINTERING
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{0342] In some cxamples, the sintering is conducted as described above but with the sintering
film in a vacuum chamber. In this exarople, a vacuum is provided to withdraw gases trapped
within the ceramic that is sintering. In some of these examples, gases trapped within the ceramic
prevent the ceramic from further sintering by applying a pressure within pore spaces which can
be prevent the sintering ceramic from densifying bevound a certain point. By removing trapped
Zases using a vacuum system, pores that did contain gas can be sintered and densified more so

than they could if the vacuum systern did not withdraw the frapped gases.
vi. FIELD ASSISTED, FLASH, AND FAST SINTERING

{0343} The ficld assisted sintering technique (FAST) sintering is capable of enhancing
sintering kinetics. The application of a field will move electrons, holes, and/or 1ons in the
sintering material, which then heat the material via Joule heating. The heating s focused at spots
where resistance is highest (P = I'R, wherein [ is current, and R is resistance) which tend to be at
the particie-particle necks. These spots are precisely where sintering 1s desired, so FAST
sintering can be especially effective. A standard garnet sintering procedure can, in some
examples, take 6-36 hours at 1050-1200°C. In contrast, FAST sintering of garnets can occur at
600 °C and less than 5 munutes. The advantages are Jower cost processing (higher throughput),
lower reactivity (at lower temperature, the garnct is less likely to react with other components),
and lower lithmam loss (lithram cvaporation is a dominant failure mode preventing effoctive
sintering). FAST sintering of garncts is most effoctive at low current and for short time [insert
data]. Since garnct material has high ton conductivity, low current is preferable, as is AC
current, so that bulk transport of ions does not occur. Parameters may span @ Imin<time<lhr,
S00<temp<1050°C, 1 Hz<{requency<iMHz, 1V<VAC rms < 20V, In some cxamples, FAST
sintering is used in conjunction with hot pressing, which includes applying a uniaxial pressure to
the film during sintering.  In some examples, FAST sintering is used in conjunction with hot
pressing onto a permanent substrate, such as a metal, ¢.g., 8 current collector. In some cxamples,
FAST sintering is used in conjunction with constrained sintering, in which the film is pinned, or
constrained physically, but without a significant amount of pressure. In some cxamples, FAST
sintering is used in conjunction with bilayer sintering (and tri-layer sintering, ¢.g., electrolyte-
metal-clectrolyie), to both provide mechanical support and to simultancously form a corrent
collector in one step. To some examples, FAST sintering s used in conjunction with vacuum

sintering, in which sintering occurs in a low absolute pressure to promote pore removal.



10

i

20

2

AC;

L

WO 2015/054320 PCT/US2014/059575

-~
1o

{0344] In some embodiments, disclosed herein is a method of making thin films, including
providing an unsintered thin film; wherein the unsintered thin film includes at least one member
selected from the group consisting of a Garmnet-type clectrolyte, an active electrode material, a
conductive additive, a solvent, a binder, and combinations thereof. In some examples, the
roethods further inclode removing the solvent, if present in the unsintered thin film. In some
exarnples, the method optionally includes laminating the film to a surface. In some examples,
the method includes removing the binder, if present in the Hlm. In some examples, the method
includes sintering the film, wherein sintering comprises heat sintering or field assisted sintering
(FAST). Insome of these examples, heat sintering includes heating the film in the range from
about 700-C to about 1200-C for about | to about 600 mimates and in atmosphere having an
oxygen partial pressure in the range 17107 to 1¥107° atm.  In other examples, FAST sintering
includes heating the film in the range from about 380°C to about 900-C and applyving a D.C. or

A.C. electric field to the thin film.

{8345] In some embodiments, disclosed herein is a method of making a film, including
providing an unsintered thin film; wherein the unsintered thin film includes at [east one member
selected from the group consisting of a Garnet-type clectrolyte, an active electrode (e.g.,
cathode) material, a conductive additive, a solvent, a binder, and combinations thereof, In some
examples, the methods further include removing the solvent, if present in the unsintered thin
film. In some examples, the method optionally includes laminating the film to a surface. In
some ¢xamples, the method includes removing the binder, if present in the film. In some
exarmples, the method includes sintering the film, whercin sintering comprises heat sintering, In
some of these cxamples, heat sintering includes heating the film in the range from about 700-C
to about 1200-C for sbout 1 to about 600 minutes and in atmosphere having an oxygen partial

pressure in the range of 1¥107 atm to 1¥107° atm.

{0346] In some embodiments, disclosed herein is a method of making a film, including
providing an unsintered thin film; wherein the unsintered thin film inchudes at least one member
sclected from the group consisting of a Garnct-type clectrolyte, an active clectrode material, a
conductive additive, a solvent, a binder, and combinations thereof. In some examples, the
methods further inchude removing the solvent, if present in the unsintered thin filiw. In some
examples, the method optionally includes laminating the film to a surface. In some examples,
the method inclades removing the binder, if present in the film. In some examples, the method

includes sintering the film, wherein sintering includes field assisted sintering (FAST). In some
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of these examples, FAST sintering includes heating the film in the range from about 500°C to

about 900'C and applying a D.C. or A.C. electric field to the thin film.

{03471 In any of the methods set forth herein, the unsintered thin film may include a lithium
stuffed garnet electrolyte or precursors thereto. To any of the methods set forth herein, the

unsintered thin film may include a ithium stuffed gamet electrolyie doped with alumina.,

{0348} In any of the methods set forth herein, heat sintering may include heating the film in the
range from about 400°C to about 1200'C; or about 500'C to about 1200 C; or about 900 C to
about 1200°C; or about 1000°C to about 1200°C; or about 1100 C to about 1200°C.

[0348] TIn any of the methods set forth herein, the methods may include heating the film for
about | to about 600 minutes. Tn any of the methods set forth herein, the methods may include
heating the film for about 20 to about 600 minutes. In any of the methods set forth herein, the
methods may include heating the film for about 30 to about 600 minutes. Tn any of the methods
set forth herein, the methods mway include heating the filw for about 40 to about 680 nunutes. In
any of the methods set forth herein, the methods may inclade heating the film for about 50 to
about 600 minutes. In any of the methods set forth herein, the methods may include heating the
film for about 68 to about 600 minutes. In any of the methods set forth herein, the methods may
inclnde heating the film for about 70 to about 600 minutes. In any of the methods set forth
herein, the methods may inchude heating the film for about 80 to about 600 minutes. Inany of
the methods sct forth herein, the methods may inchide heating the film for about 90 to about 600
mimates. In any of the methods sct forth herein, the methods may include heating the film for
about 100 to about 600 mimates. In any of the methods sct forth herein, the methods may include
heating the film for about 120 to about 630 minutes. In any of the methods set forth herein, the
methods may include heating the film for about 140 to about 600 minutes. In any of the methods
set forth herein, the methods may include heating the film for about 160 to about 600 minutes.

In any of the methods set forth herein, the methods may include heating the film for about 180 to
about 600 minutes. In any of the methods set forth herein, the methods may include heating the
film for about 200 to about 600 minutes. In any of the methods set forth herein, the methods
may include heating the film for about 300 to about 600 minutes. In any of the methods sct forth
herein, the methods may include heating the film for about 350 to about 600 minutes. In any of
the methods set forth herein, the methods may inchude heating the filim for about 400 to about

600 minutes. In any of the methods set forth herein, the methods may include heating the film
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include heating the film for about 500 o about 600 minutes. Tn any of the methods set forth
herein, the methods may include heating the film for about 1 to about 500 minutes. Inany of the
methods set forth herein, the methods may include heating the film for about 1 to about 400

S minutes. In any of the methods set forth herein, the methods may inclade heating the film for
about | to about 300 rminutes. Tn any of the methods set forth herein, the methods may include
heating the film for about | to about 200 minuies. To any of the methods set forth herein, the
methods may include heating the film for about 1 to about 100 minutes. In any of the methods

set forth herein, the methods may include heating the film for about 1 to about 30 minutes.

10 (8358 In any of the methods set forth herein, the FAST sintering may inchide heating the film
in the range from about 400°C to about 1200 C and applying a D.C. or A.C. ¢lectric field to the
thin film. In some examples, FAST sintering includes heating the film in the range from about
400°C to about 900°C and applying & D.C. or A.C. electric field to the thin film. In some
examples, FAST sintering includes heating the film in the range from about 600 C to about

15 11S0'C and applying a D.C. or A.C. electric ficld to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 700°C to about 900'C and applying a
B.C. or A.C. cleetric field to the thin film. In some cxamples, FAST sintering inchudes heating
the film in the range from about 800°C to about 900'C and applying a D.C. or A.C. electric field
to the thin film. In some examples, FAST sintering includes heating the film in the range from

20 about 300°C to about 800°C and applying a D.C. or A.C. electric field to the thin film. In some
examples, FAST sintering includes heating the film in the range from about 5060°C to about
700°C and applying a D.C. or A.C. electric ficld to the thin film. In some cxamples, FAST
sintering includes heating the film in the range from about 500°C to about 600°C and applying a

D.C.or AC. electric field to the thin film.

]
L

{0351} In any of the methods set forth herein, the FAST sintering may include heating the film
in the range from about 400°C to about 1000°C and applying a D.C. electric ficld to the thin film.
In some examples, FAST sintering includes heating the film in the range from about 660 C to
about 900 C and applying a D.C. electric field to the thin film. In some examples, FAST

sintering includes heating the film in the range from abouot 600°C to about 900 C and applying a

)
<

D.C. electrie field to the thin film. Tn some examples, FAST sintering includes heating the film
in the range from about 700 C to about 900°C and applying a D.C. electric field to the thin film.

In some examples, FAST sintering includes heating the film in the range from about 800°C to
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about 900 C and applying a D.C. electric field to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 500°C to about 800 C and applying a
D.C. electrie field to the thin film. Tn some examples, FAST sintering includes heating the film
in the range from about 300 C to about 700°C and applying a D.C. electric field to the thin film.
In some examples, FAST sintering includes heating the film in the range from about 500°C to

about 600'C and applving a D.C. clectric field to the thin film.

[0352] In any of the methods set forth herein, the FAST sintering may include heating the film
in the range from about 400 C to about 1000°C and applying an A.C. clectric field to the thin
film. In any of the methods set forth herein, the FAST sintering may include heating the film in
the range from about 300 C to about 900°C and applying an A.C. electric ficld to the thin film.

In some examples, FAST sintering includes heating the film in the range from about 600°C to
about 900°C and applying an A.C. electric fickd to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 700°C to about 900°C and applying an
A.C. electrie field to the thin film. In some examples, FAST sintering inchudes heating the film
in the range from about 800°C to about 900'C and applying an A.C. clectric field to the thin film.
In some cxamples, FAST sintering inchudes heating the film in the range from about 500°C to
about 800°C and applying an A.C. clectrie ficld to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 304'C to about 700°C and applying an
A.C. electric ficld to the thin film. In some examples, FAST sintering includes heating the film

in the range from about 500°C to about 600'C and applying an A.C. electric field to the thin film.

{8353} In certain cxamples, the methods set forth herein inclade providing an unsintered thin

film by casting a film according to a casting methods set forth in the instant disclosure.

{8354] In some of the methods disclosed herein, the sintering occurs between inert setter
plates. In some cxamples, when the sintering occurs between inert setter plates, a pressure is
applicd by the sctter plates onto the sintering film. In certain examples, the pressure is between 1
and 1000 pounds per square inch (PS1). In some cxamples, the pressure is | PSE In other
exarmples, the pressure is 10 PSE In still others, the pressure is 20 PSL In some other examples,
the pressure is 30 PSIL In certain examples, the pressure is 40 PSE In yet other exarmples, the
pressure is 30 PSL In some cxamples, the pressure 1s 60 PSL In vet other examples, the
pressure is 70 PSE In certain cxamples, the pressure 18 80 PSL In other cxamples, the pressure

15 90 P81, In yet other exaroples, the pressure is 100 PSL Tn some exaroples, the pressure is 110
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PSI. In other cxamples, the pressure is 120 PSE In still others, the pressure is 130 PSL In some
other examples, the pressure is 140 PSL In certain examples, the pressure is 150 PSL In yet
other examples, the pressure is 160 PSL In some examples, the pressure 1s 170 PST. In yet other
examples, the pressure 1s 180 PSL In certain examples, the pressure is 190 PSL o other

examples, the pressure 18 200 PSI. In yet other examples, the pressure is 210 PSL

[8355] In some of the above examples, the pressure is 220 PSL In other exaroples, the
pressure 18 230 PST In sull others, the pressure is 240 PSI Tn some other exaroples, the pressure
15 250 PS1. In certain exaroples, the pressure 18 260 P31 In vet other examples, the pressure is
270 P51 Insome examples, the pressure 15 280 PSL In yet other exaruples, the pressure is 290
P51 In certain examples, the pressure is 300 PSL In other examples, the pressure 18 310 PSL In
yet other examples, the pressure 1s 320 PSI In some examples, the pressure is 330 PSL In other
examples, the pressure is 340 PSL 1o still others, the pressure 18 350 PSLL In some other
examples, the pressure 1s 360 PSL In certain examples, the pressure i3 370 PSIL In vet other
examples, the pressure is 380 PSL In some examples, the pressure is 390 P51 In vet other
examples, the pressure is 400 PSL In certain examples, the pressure is 410 PSE In other
examples, the pressure is 420 PSI In vot other cxamples, the pressure is 430 PSL In some other
examples, the pressurce is 440 PSL In certain examples, the pressure is 450 PSIL In vet other
examples, the pressure is 460 PSI In some examples, the pressure is 470 PS1. In yet other
examples, the pressure is 480 PSL In certain examples, the pressure is 490 PSL In other

examples, the pressure is 500 PSL In yet other exampics, the pressure is 510 PSL

{8356] In somce of the above cxamples, the pressure is 520 PSL In other examples, the
pressure is 530 PS1. In still others, the pressure is 540 PSL In some other examples, the pressure
18 550 PS1. In certain cxamples, the pressure 1s 560 P51 In vet other examples, the pressure is
570 P51 Insome examples, the pressure is 580 PSL In yet other cxamples, the pressure is 590
PSI In certain examples, the pressure is 600 PSLL In other examples, the pressure is 610 PSL In
yet other examples, the pressure 18 620 PSE In some examples, the pressure is 630 PSI. In other
cxarmples, the pressure is 640 PSIL In still others, the pressure is 650 PSL. In some other
examples, the pressure is 660 PSL In certain cxamples, the pressure 15 670 PSL In yet other
examnples, the pressure is 680 PSL In some examples, the pressure is 690 PSL In vet other
examples, the pressure is 700 PSL In certain examples, the pressare 1s 710 PSL In other
examoples, the pressure is 720 PSL In vet other examples, the pressure is 730 PSI. In some other

examples, the pressure is 740 PSL In certain examples, the pressare is 750 PSEL In vet other
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examples, the pressure is 760 PSL In some examples, the pressure 18 770 PSL. In yet other
examples, the pressure 1s 780 PSL In certain examples, the pressure is 790 PSL In other

examples, the pressure 1s 800 PSI. In yet other examples, the pressure is 810 PSL

[83587]  In other examples, the pressure 1s 820 PSL In certain aforementioned examples, the
pressure 1s &30 PSTL In still others, the pressure 18 840 PSL In some other examples, the pressure
15 850 P51, In certain exaroples, the pressure 18 860 P31 In vet other examples, the pressure is
870 P51 Insome examples, the pressure 15 880 PSL In yet other exaruples, the pressure is 890
P51 In certain examples, the pressure 1s 900 PSL In other examples, the pressure is 910 PSL In
yet other examples, the pressure 1s 920 PSL In some examples, the pressure is 930 PSL In other
examples, the pressure is 940 PSL In still others, the pressure 1s 950 PSL In some other
examples, the pressure 1s 960 PSL In certain examples, the pressure 13 870 PSIL In vet other
examples, the pressure 18 980 PSL In some examples, the pressure is 990 P51 In vet other

examples, the pressure is 1000 PSL

{B358] In some cxamples, the setter plates can be porous. In some other examples, the setter
plates are not porous. In some examples, the Hthium activity in the setter plates is relatively
high, that is, the lithiiem concentration 18 at least 10 atomic percent of the setter. In other
instance, the sctter plates may be made of a garnet material described herein. In some examples,
the setter plates can be porous garnet sctter plates. In other instance, the setter plates may be
made of zirconia. In some cxamples, the setter plates can be porous zirconia sctter plates. In
other instance, the setter plates may be made of a metal material described herein. In some

examples, the setter plates can be porous metal setter plates.

{#359] In some cxamples, the garnet-based setter plates are useful for imparting beneficial
surface propertics to the sintered film. These beneficial surface propertics include flatness and
conductivity useful for battery applications. These beneficial properties also include preventing
Li gvaporation during sintering. Thesc beneficial propertics may also include preferencing a
particular garnet crystal structure. In certain methods disclosed herein, the inert setier plates are
sclected from porous zirconia, graphite or conductive metal plates. In some other of these
methods, the tnert setter plates are graphite. In yot other methods, the inert sctier plates arc

conductive metal plates.
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{0366] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereatter operating in a constant current amplitude mode

once the impedance of the film decreases by at least an order of magnitude.

[0361]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant current amplitude mode

once the impedance of the sintered films decreases by an order of magnitude.

[8362] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereatter operating in a constant current amplitude mode

once the impedance of the sintered films decreases by two orders of magoitude.

{03631  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant current amplitude mode

once the impedance of the sintered films decreases by three orders of magnitude.

[8364] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereatter operating in a constant current amplitude mode

once the impedance of the sintered films decreases by four orders of magoitude.

[0363]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant current amplitude mode
once the impedance of the sintered films decreases from 1-130 MegaOhm-cm to about 1-10,000

Ohme-cm.

{8366] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the Gamet-particles have a median dimension that is double compared to

the Garnet-particles before sintering occurs.

[8367] In some of the methods disclosed herein, FAST sintering includes operating a constant
power until the Garnet-particles have a median dimension that i3 double compared to the Garnet-

particles before sintering occurs.
{#368] In some of the methods disclosed herein, FAST sintering includes operating in a
constant current until the Garnet-particles have a median dimension that ts double compared to

the Garnet-particles before sintering occurs.
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{6369] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the {ilm has a density of this s at least 20, 30, 40, or 50% greater than the
film before sintering occurs, In some of the methods disclosed herein, FAST sintering inchudes
operating a constant power until the film has a density at least 20, 30, 40, or 50% greater than the
film before sintering occurs, In some of the methods disclosed herein, FAST sintering inchudes
operating in a constant current until the film has a deonsity at least 20, 30, 40, or 50% greater than

the film before sintering occurs.

[8376]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that 1s at least 1, 2, 3, or 4 orders of magnitude
lower than the film has before sintering oceurs. In some of the methods disclosed herein, FAST
sintering includes operating a constant power until the film has an impedance that is at least 1, 2,
3, or 4 orders of magnitude lower than the film has before sintering occurs. In some of the
methods disclosed herein, FAST sintering includes operating in a constant current unti} the film
has an impedance of that is at feast 1, 2, 3, or 4 orders of magnitude lower than the film has

before sintering occurs.,

{8371]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that is at least 1 or at most 10 orders of
magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering includes operating a constant power until the film has an impedance that
is at least 1 or at most 19 orders of magnitude lower than the film has before sintering occurs. In
some of the methods disclosed herein, FAST sintering inchudes operating in a constant current
until the film has an impedance that is at least | or at most 10 orders of magnitude lower than the

film has before sintering occurs.

{0372} 1o some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that is about 2 orders of magnitude lower than
the film has before sintering occurs. In some of the methods disclosed herein, FAST sintering
includes operating a constant power until the film has an impedance that is about 2 orders of
magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering includes operating in a constant current until the film has an impedance

that 18 at about 2 orders of magnitude lower than the film has before sintering occurs.
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{6373} In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the {ilm has an impedance that is about 6 orders of magnitude lower than
the film has before sintering occurs. In some of the methods disclosed herein, FAST sintering
includes operating a constant power until the fibm has an tmpedance that is about 6 orders of
roagnitude lower than the filin has before sintering occurs. In some of the methods disclosed
herein, FAST sintering includes operating in a constant current until the filro has an impedance

that is at about & orders of magnitude lower than the film has before sintering occurs.

[8374] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage. In some of the methods disclosed herein, FAST sintering includes operating a
constant power. In some of the methods disclosed herein, FAST sintering includes operating ina

constant current.

{8375]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant cwrent amplitude mode

once the impedance of the film decreases by at feast an order of magnitude.

[8376] In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage until the Garnet-particles have a median dimension that is at least two times that
of the Garnet-particles before sintering occurs. In some of the methods disclosed herein, FAST
sintering includes operating a ramped power until the Garnet-particles have a median dimension
that is at least two times that of the Garnet-particles before sintering occurs. In some of the
methods disclosed herein, FAST sintering includes operating in a ramped current untif the
Garnet-particles have a median dimension that is at least two times that of the Garnet-particles

before sintering occurs,

{8377} In some embodiments, FAST sintering is operated with feedback control wherein the
applied voitage, power, or current are adjusted during sintering to meet certain pre-determined
valucs. In some examples, these values inchude the thickness of the film. For example, in some
examples sintering is applied until the film is 50 um thick. In other examples, the sintering is
applicd until the film is 40 pum thick. In other examples, the sintering is applied until the film is
30 um thick. In other examples, the sintering is applicd until the film is 20 pm thick. In other
cxarmples, the sintering is applicd until the film is 10 pm thick. In other examples, the sintering
is applicd until the film is 5 pm thick. In other examples, the sintering is applicd until the film i3

I um thick, In other cxamples, the sintering 18 applied until the film 15 0.5 pm thick, Asused in
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this paragraph, thickness refers to the average dimensions of the film in the z-direction {as shown

in Figure 23.

{6378} In some cmbodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sintering to meet certain pre~determined
values, In some examples, these values jnclude the conductivity of the film. For example, the
sintering can be applied until the film has a conductivity of 1e~4 S/cm.  In other examples, the
sintering can be applied until the film has a condoctivity of 1e-5 S/em. In other examples, the
sintering can be applied until the film has a conductivity of 1¢-65/cm.  In other examples, the
sintering can be applied until the film has a condoctivity of 1e-7S/cm. In other examples, the

sintering can be applied until the film has a conductivity of 1e-8S/cm.

{8378] In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sinfering to meet certain pre~determined
values. In some examples, these values inclnde the impedance of the film. For example,

sintering can be applied until the impedance of the film is 500 Chm-cm.

{0380] In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sinfering to meet certain pre~determined

values. In some examples, these values inclnde the particle size in the film,

{B381]  In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or aurrent are adjusted during sintering to meet certain pre-determined

values. In some examples, these values include the density of the film.

{B382] In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sinfering to meet certain pre~determined

valaes. In some examples, these values include the optical density of the film.

{B383]  In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or aurrent are adjusted during sintering to meet certain pre-determined
values. In some examples, these values include the temperature of the film.  For example, the
sintering can be applied until the film has a temperature of 50 'C.  In other examples, the
sintering can be applied until the film has a temperature of 100 "C. In other examples, the
sintering can be applicd until the film has a temperature of 150 'C. In other examples, the

sintering can be applied until the film has a temperature of 200 'C. In other examples, the
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sintering can be applied until the film has a temperature of 250 C. In other examples, the
sintering can be applied unti] the film has a temperature of 300 'C. In other examples, the
sintering can be applied until the film has a temperature of 350 'C. In other examples, the
sintering can be applied unti} the film has a temperature of 400 'C. Tn other examples, the
sintering can be applied until the film has a temperature of 450 'C. Tn other examples, the
sintering can be apphed until the film has a temperature of 500 'C. In other examples, the
sintering can be applied until the film has a temperature of 550 'C. In other examples, the
sintering can be applied until the film has a temperature of 600 'C. In other examples, the
sintering can be applied until the film has a temperature of 650 C. In other examples, the
sintering can be applied until the film has a temperature of 700 "C. In other examples, the
sintering can be applied until the film has a temperature of 750 'C. In other examples, the
sintering can be applied until the filrn has a temperature of 800 'C. In other examples, the
sintering can be applicd until the film has a temperature of 850 'C. In other examples, the
sintering can be applied until the film has a temperature of 900 "C. In other examples, the
sintering can be applicd until the film has a temperature of 950 'C. In other examples, the
sintering can be applied until the film has a temperature of 1000 "C. In other examples, the
sintering can be applied until the film has a temperature of 1150 'C. In other examples, the
sintering can be applied until the film has a temperature of 1200 'C. In other examples, the
sintering can be applicd until the film has a temperature of 1250 'C. In other examples, the
sintering can be applied until the film has a temperature of 1300 'C. In other examples, the

sintering can be applicd until the film has a temperature of 1350 °C.

{6384] In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage until the film has a density at least 20, 30, 40, or 50% greater than the film before
sintering occurs. In some of the methods disclosed herein, FAST sintering includes operating a
ramped power until the film has a density at least 20, 30, 40, or 50% greater than the film before
sintering occurs. In some of the methods disclosed herein, FAST sintering includes operating in
a ramped corrent until the film has a density of at least 20, 30, 40, or 50% greater than the film
before sintering occurs. In some of the methods disclosed herein, FAST sintering includes
operating in a ramped voltage until the film has an impedance thatis 1,2, 3,4,5,6,7, 8,9, or 10
orders of magnitude lower than the film has before sintering occurs. In some of the methods
disclosed herein, FAST sintering includes operating a ramped power until the film has an

impedance thatis 1,2, 3,4, 5,6, 7, 8, 9, or 10 orders of magnitude lower than the film has before
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sintering occurs. In some of the methods disclosed herein, FAST sintering includes operating in
a ramped corrent until the film has an impedance thatis 1,2, 3,4, 5,6, 7, 8,9, or 10 orders of

roagnitude lower than the film has before sintering occurs,

[B383]  In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voliage., In some of the methods disclosed herein, FAST sintering includes operating a
ramped power. In some of the methods disclosed herein, FAST sintering includes operating in a

ramped current.

[8386] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant current amplitude mode
once the impedance of the film decreases by at least an order of magnitude. In some of the
methods disclosed herein, FAST sintering includes operating in a constant voltage amplitude
mode and thereafter operating in a constant current amplitude mode once the impedance of the
sintered films decreases by an order of magnitude. In some of the methods disclosed herein,
FAST sintering tncludes operating in a constant voltage amplitude mode and thereafter operating
in a constant current amplitude mode once the impedance of the sintered films decreases by two
orders of magnitude. In some of the methods disclosed hercin, FAST sintering includes
operating in a constant voltage amplitude mode and thereafter operating in a constant current
amplitude mode once the impedance of the sintered films docreases by three orders of
magnitude. In some of the methods disclosed herein, FAST sintering inclades operating in a
constant voltage amplitude mode and thercafier operating in a constant current amplitude mode

once the impedance of the sintered films decreases by four orders of magnitude.

{03871 1o somge of the methods disclosed herein, FAST sintering includes operating in a
constant voltage amplitude mode and thereafter operating in a constant cwrrent amplitude mode
once the impedance of the sintered films decreases from 1-130 MegaOhm-cm to about 1-14,000

Ohm-cm.

{0388] 1o some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the Garnet-particles have a median dimension that is double compared to

the Garnet-particles before sintering occurs.
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{6389] In some of the methods disclosed herein, FAST sintering includes operating a constant
power until the Garnet-particles have a median dimension that 15 double compared to the Garnet-

particles before sintering ocours.

[0390]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant current until the Garnet-particles have a median dimension that is double compared to

the Gamnet-particles before sintering occurs.

[8391] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the {ilm has a density of this s at least 20, 30, 40, or 50% greater than the
film before sintering occurs. In some of the methods disclosed herein, FAST sintering includes
operating a constant power until the film has a density at least 20, 30, 40, or 50% greater than the
film before sintering occurs. In some of the methods disclosed herein, FAST sintering includes
operating in a constant current until the film has a density at least 20, 30, 40, or 50% greater than

the film before sintering occurs.

[0392] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that 1s at least 1, 2, 3, or 4 orders of magnitude
lower than the film has before sintering oceurs. In some of the methods disclosed herein, FAST
sintering includes operating a constant power until the film has an impedance that is at least 1, 2,
3, or 4 orders of magnitude lower than the film has before sintering occurs. In some of the
methods disciosed herein, FAST sintering includes operating in a constant current until the film
has an impedance of that is at least 1, 2, 3, or 4 orders of magnitude lower than the film has

before sintering ocours.

{0393] 1o some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that is at least 1 or at most 10 orders of
magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering includes operating a constant power until the film has an impedance that
is at least 1 or at most 19 orders of magnitude lower than the film has before sintering occurs. In
some of the methods disclosed herein, FAST sintering inchudes operating in a constant current
until the film has an impedance that is at least | or at most 10 orders of magnitude lower than the

film has before sintering occurs.



WO 2015/054320 PCT/US2014/059575

o
(41

{6394] In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the {ilm has an impedance that 1s about 2 orders of magnitude lower than
the film has before sintering occurs. In some of the methods disclosed herein, FAST sintering
includes operating a constant power until the fibm has an tmpedance that is about 2 orders of

S magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering includes operating in a constant current until the filro has an impedance

that is at about 2 orders of magnitude lower than the film has before sintering occurs.

[0393]  In some of the methods disclosed herein, FAST sintering includes operating in a
constant voltage until the film has an impedance that 1s about 6 orders of magnitude lower than
10 the film has before sintering occurs. In some of the methods disclosed herein, FAST sintering
inclndes operating a constant power until the film has an impedance that is abowut 6 orders of
magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering inchudes operating in a constant cwrrent until the film has an impedance

that is at about 6 orders of magnitade lower than the film has before sintering oceurs.

15 {0396] In some of the methods disclosed herein, FAST sintering inchides operating in a
constant voltage. In some of the methods disclosed herein, FAST sintering inchudes operating a
constant power. In some of the methods disclosed herein, FAST sintering inchudes operating in a

consiant current.

{8397} In somce of the methods disclosed herein, FAST sintering includes operating in a
2¢  constant voltage amplitude mode and thercafter operating in a constant current amplitude mode

once the impedance of the film decrcases by at Ieast an order of magnitude.

{0398] 1o some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage until the Garnet-particles have a median dimension that is at least two times that
of the Garnet-particles before sintering occurs. In some of the methods disclosed herein, FAST
25  sintering includes operating a ramped power until the Garnet-particles have a median dimension
that is at lcast two times that of the Garnet-particles before sintering occurs. In some of the
methods disciosed herein, FAST sintering includes operating in a ramped current until the
Garnet-particles have a median dimension that is at least two times that of the Garnet-particles

before sintering occurs.
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{6399] In some cmbodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sintering to meet certain pre~determined
values., In some examples, these values include the thickness of the film. For example, in some
examples sintering 1s applied until the film is 30 um thick. Tn other examples, the sintering is
applied until the fibm is 40 pro thick. In other examples, the sintering 1s applied until the flm s
30 um thick. Tn other examples, the sintering 1s applicd until the film 18 20 pm thick. In other
examples, the sintering is applied until the film is 10 pm thick. Tn other examples, the sintering is
applied until the film is 5 pm thick. In other examples, the sintering is applicd antil the film 15 1
um thick. In other examples, the sintering is applied until the film 18 0.5 pm thick. As used in this
paragraph, thickness refers to the average dimensions of the film in the z-divection {as shown in

Figure 23.

{B400]  In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or aurrent are adjusted during sintering to meet certain pre-determined
values. In some examples, these values inclnde the conductivity of the film. For example, the
sintering can be applied until the film has a conductivity of 1e-4 S/em. In other examples, the
sintering can be applied unti] the film has a conductivity of 1e-5 S/cm. In other examples, the
sintering can be apphied until the film has a conductivity of 1e-68/cm. In other exampiles, the
sintering can be applied unti] the film has a conductivity of 1e-75/cm. In other examplcs, the

sintering can be applied until the film has a conductivity of 1e-85/cm.

{0401} 1o some embodiments, FAST sintering is operated with feedback control wherein the
applicd voltage, power, or current are adjusted during sintering to mect certain pre-determined
values. In some examples, these values include the impedance of the film. For example, sintering

can be applicd until the impedance of the film is 500 Ohmi-cm.

{0402] 1o some embodiments, FAST sintering is operated with feedback control wherein the
applicd voltage, power, or current arc adjusted during sintering to mect certain pre~-determined

values. In some ¢xamples, these values include the particle size in the film.

{0403} In somc embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sintering to meet certain pre-determined

values. In some cxamples, these values inchude the density of the film.
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{0404} In some cmbodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sintering to meet certain pre~determined

values, In some examples, these values include the optical density of the fdm.

[0403]  In some embodiments, FAST sintering is operated with feedback control wherein the
applied voltage, power, or current are adjusted during sintering to mweet certain pre-determined
vahies. In soroe examples, these values include the temperature of the film. For example, the
sintering can be applied until the film has a temperature of 50 'C. In other examples, the
sintering can be apphed until the film has a temperature of 100 'C. In other examples, the
sintering can be applied until the film has a temperature of 150 C. In other examples, the
sintering can be applied until the film has a temperature of 200 "C. In other examples, the
sintering can be applied until the film has a temperature of 250 C. In other examples, the
sintering can be applied until the film has a temperature of 300 'C. In other examples, the
sintering can be applied until the film has a temperature of 350 'C. In other examples, the
sintering can be apphied until the film has a temperature of 400 'C. In other examples, the
sintering can be applied untif the film has a temperature of 450 'C. In other examples, the
sintering can be applied until the film has a temperature of 500 "C. In other examples, the
sintering can be applied untif the film has a temperature of 550 'C. In other examples, the
sintering can be applied until the film has a temperature of 600 "C. In other examples, the
sintering can be applied until the film has a temperature of 650 'C. In other examples, the
sintering can be applied until the film has a temperature of 700 'C. In other examples, the
sintering can be applied until the film has a temperature of 750 'C. In other examples, the
sintering can be applied until the film has a temperature of 880 'C. In other examples, the
sintering can be applied until the film has a temperature of 850 'C. In other examples, the
sintering can be applied until the film has a temperature of 900 'C. In other examples, the
sintering can be applicd until the film has a temperature of 950 'C. In other examples, the
sintering can be applied until the film has a temperature of 1000 C. In other examples, the
sintering can be applied unti} the {ilm has a temperature of 1150 'C. In other examples, the
sintering can be applied until the film has a temperature of 1200 'C. In other examples, the
sintering can be apphed until the film has a temperature of 1250 'C. In other examples, the
sintering can be applied until the film has a temperature of 1300 'C. In other examples, the

sintering can be applied until the {ilm has a temperature of 1350 'C.
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{6406] In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage unti] the film has a density at least 20, 30, 40, or 50% greater than the film before
sintering occurs. In some of the methods disclosed herein, FAST sintering includes operating a
ramped power until the film has a density at least 20, 30, 40, or 50% greater than the film before
sintering occurs. In some of the methods disclosed herein, FAST sintering inclades operating in
a ramped corrent until the film has a density of at least 20, 30, 40, or 50% greater than the film
before sinfering occurs.

{04071  In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage until the film has an impedance that 51,2, 3,4, 5,6, 7, 8, 9, or 1 orders of
magnitude lower than the film has before sintering occurs. In some of the methods disclosed
herein, FAST sintering inchudes operating a ramped power until the film has an impedance that is

1,2,3,4,5,6,7,8, 9, or 10 orders of magnitude lower than the film has before sintering occurs.

{B408] In some of the methods disclosed herein, FAST sintering includes operating in a
ramped current until the film has an impedance that 8 1, 2, 3,4, 5,6, 7, §, 9, or 10 orders of

magnifude lower than the film has before sintering occurs.

{8409]  In some of the methods disclosed herein, FAST sintering includes operating in a
ramped voltage., In some of the methods disclosed herein, FAST sintering includes operating a
ramiped power. In some of the methods disclosed herein, FAST sintering includes operating in a

ramped current.

{8418]  In any of the methods set forth heretn, the FAST sintering may inchude heating the film
in the range from about 400°C to about 1000 C and applying a D.C. or A.C. electric field to the
thin film. In some examples, FAST sintering inchides heating the film in the range from about
500°C to about 900°C and applying a D.C. or A.C. electric field to the thin film. In some
examples, FAST sintering includes heating the film in the range from about 600°C to about
900 C and applying a D.C. or A.C. electric field to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 700°C to about 900°C and applying a
D.C. or A.C. eleetric field to the thin film. In some examples, FAST sintering inchudes heating
the film in the range from about 83 'C to about 900°C and applying a D.C. or A.C. electric field
to the thin film. In some cxamples, FAST sintering includes heating the film in the range from
about 500°C to about 800°C and applying a D.C. or A.C. electric field to the thin filin. In some

examples, FAST sintering includes heating the film in the range from about 500 C to about
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700°C and applying a D.C. or A.C. electric field to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 500°C to about 600 C and applying a

D.C.or A.C. eleciric field to the thin film.

[0411]  In any of the methods set forth herein, the FAST sintering may include heating the film
in the range from about 400°C to about 1000 C and applying a D.C. electric field to the thin film.
In some examples, FAST sintering includes heating the filio in the range from about 600°C to
about 900 C and applying a D.C. electric field to the thin film. In some exaroples, FAST
sintering includes heating the film in the range from about 600°C to about 900 C and applying a
B.C. electric ficld to the thin film. In some examples, FAST sintering includes heating the film in
the range from about 700 C to about 900°C and applying a D.C. eleciric field to the thin film. In
some examples, FAST sintering includes heating the filin in the range from about 800 'C to about
900°C and applving a D.C. electric field to the thin film. In some examples, FAST sintering
includes heating the film in the range from about 500°C to about 800 'C and applying a D.C.
electrie field to the thin film. In some examples, FAST sintering includes heating the film in the
range from about 300°C to about 700°C and applyving a D.C. clectric ficld to the thin film. In
some examples, FAST sintering includes heating the film in the range from about 500°C to about

600°C and applying a D.C. electric field to the thin film.

{0412} 1o any of the methods set forth herein, the FAST sintering may include heating the film
in the range from about 400°C to about 1000°C and applying an A.C. clectric ficld to the thin
film. In any of the methods set forth herein, the FAST sintering may include heating the film in
the range from about 500°C to about 300'C and applying an A.C. electric ficld to the thin film.

In some examples, FAST sintering includes heating the film in the range from about 600'C to
about 900°C and applying an A .C. clectric ficld to the thin film. In some examples, FAST
sintering includes heating the film in the range from about 700'C to about 900°C and applying an
A.C. clectric ficld to the thin film. In some cxamples, FAST sintering includes heating the film in
the range from about 800°C to about 900 'C and applying an A.C. electric ficld to the thin film. In
some examples, FAST sintering includes heating the film in the range from about 500'C to about
800 'C and applying an A.C. electric ficld to the thin film. In some examples, FAST sintering
includes heating the filo in the range from about 300 C to about 700°C and applying an A.C.
clectric field to the thin film. In some examples, FAST sintering includes heating the film in the

range from about 500 C to about 600°C and applying an A.C. electric field to the thin film.
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{0413] In certain examples, the methods set forth herein include providing an unsintered thin

film by casting a film.
vii, COMPOSITES

{0414] In another embodiment, the disclosure scts forth herein a method for making a
composite clectrochemical device, including the following steps in any order: providing an
anode layer including an anode current collector; providing a Garnet-type solid state clectrolyte
(8SE) layer in contact with at least one side of the anode layer and optionally sintering the SSE;
providing a porous Garnet layer in contact with the SSE layer and optionally sintering the porous
Garnet layer; optionally infiltrating the porous Garnet layer with at least one member selected
from the group consisting of carbon, a lithium conducting polymer, an active cathode material,
and combinations thereof, and providing a cathode current collector layer in contact with the

porous Garoet layer.

[0415] TIn some cxamples, set forth herein is a method for sintering a thin and free standing
garnet film, inclading the following steps, 1n any order: providing a green tape by casting a
garnet shirry; wherein the shurry comprises at least one member selected from the group
consisting of garnet precursors, garnet, a binder, a solvent, a plasticizer, a dispersant, and
combinations thereof; sintering the green tape between setter plates; wherein the sintering 1s heat,
spark plasma, or field assisted sintering; and wherein sintering optionally inchides applying

pressure to the film with the setter plates.

{0416] In some of these aforementioned examples, the shurry includes milied and calcined
garnet, In some examples, the solid loading of the green tape s at least 30 % w/w. In some
examples, the solid loading of the green tape is at least 40 % w/w. In some examples, the sohid
lpading of the green tape is at lcast 50 % w/w. In some examples, the solid loading of the green
tape is at least 60 % w/w. In some cxamples, the solid loading of the green tape i at least 70 %
w/w. In some of these examples, the film is sintered directly onto a metal. In certain examples,
the metal is a metal powder or a metal foil. In some examples, the metal powder is between and
in contact with one side of the green tape and one sctter plate. In other examples, the metal
powder layer is positioned between and in contact with two green tapes, and wherein the green
tapes are between and in contact with the setter plates. In certain examples, the metal powder is
Wi or Cu powder. In some of these examples, a source of Li is placed in proximity of the

sintered film during sintering. In somce specific examples, the sctter plates are sclected from
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YSZ, graphite, YSZ, Mg-SZ, zirconia, porous zirconia, Si0;, Si0; sand, ALO;, ALO; powder,
AlLOs paper, nickel, nickel powder, garnet, garnet powder, a sacrificial garnet film, LialO,,
Lala(,, LipZr(Os. In some examples, two different setter plates are used. In some of these
examples, a zirconia setier plate contacts the metal powder. In some examples, a pressure

applied is between 0.001 MPa to 200 MPa.
viii, BILAYER AND TRILAYER SINTERING

[8417] In some examples, the films which are sintered are provided as layers of a garnet-
clectrolyte in contact with a metal layer which is then in contact with a garnet-clectrolyie layer.

A non-limiting example is shown in Figure 4 or Figure 29,
ix. HEAT SINTERING

{3418] TIn some embodiments, disclosed berein 1s a method of making an energy storage
clectrode, inchuding providing an unsintered thin film; wherein the unsintered thin filro includes
at least one member selected from the group consisting of a Garnet-type electrolyte, an active
electrode material, a condoctive additive, 4 solvent, a binder, and combinations thereof, In some
examples, the methods further include removing the solvent, if present in the unsintered thin
film. In some examples, the method optionally includes laminating the film to a surface. In some
examples, the method inchudes removing the binder, if present in the film. In some examples, the
method inclades sintering the film, wherein sintering comprises heat sintering. In some of these
examples, heat sintering includes heating the filim in the range from about 700°C to about
1200-C for about T to about 600 mimutes and in atmosphere having an oxygen partial pressure in

the range of le-1 atm to le~15 atm,

{8419] In some embodiments, disclosed herein ts a method of making an energy storage
clectrode, including providing an unsintered thin filim; wherein the unsintered thin film inchudes
at least one member sclected from the group consisting of @ Garnet-type clectrolyte, an active
clectrode material, a conductive additive, a solvent, a binder, and combinations thereof. In some
examples, the methods further include removing the solvent, if present in the unsintered thin
film. In some examples, the method optionally includes laminating the film to a surface. In some
examples, the method includes removing the binder, if present in the film. In some examples, the

method includes sintering the film, wherein sintering includes ficld assisted sintering (FAST). In
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some of these examples, FAST sintering includes heating the film in the range from about 500°C

to about 200 C and applying a D.C. or A.C. electric field to the thin film.

{04261 In any of the methods set forth herein, the unsintered thin film may include a Garnet-
type electrolyte. In other methods, the unsintered thin film may include an active electrode
matertal. In stilf other methods, the unsintered thin film may include a conductive additive. In
certain methods, the unsintered thin film may include a solvent. Tn certain methods, the

unsintered thin film may inclade a binder.

[0421]  In any of the methods set forth herein, heat sintering may include heating the film in the
range from about 700°C to about 1200°C; or about 800 C to about 1200'C; or about 900 C to
about 1200°C; or about 1800°C to about 1200°C; or about 1100 C to about 1200°C. In any of the
methods set forth herein, heat sintering can inchude heating the film in the range from about
700°C to about 1100 C; or about 700°C to about 1000 'C; or about 700°C to about 900°C; or about
700°C to about 800°C. In any of the methods set forth herein, heat sintering can include heating
the film to about 700°C, about 750 C, about 830°C, about {00, about 900'C, about 950°C,
about 1000°C, about 1050°C, about 1100°C, about 1150°C, or about 1200-C. In any of the
methods set forth herein, heat sintering can inchude heating the film to 700°C, 750'C, 850°C,
800'C, 900°C, 930°C, 1000°C, 1050°C, 1100°C, 1150°C, or 1200°C. In any of the methods set
forth herein, heat sintering can include heating the film to 700°C. In any of the methods set forth
herein, heat sintering can include heating the film to 750°C. In any of the methods set forth
herein, heat sintering can include heating the film to 850°C. In any of the methods set forth
herein, heat sintering can include heating the film to 900 'C. In any of the methods set forth
herein, heat sintering can include heating the film to 950°C. In any of the methods set forth
herein, heat sintering can include heating the film to 1000°C. In any of the methods set forth
herein, heat sintering can include heating the film to 1050°C. In any of the methods st forth
herein, heat sintering can include heating the film to 1100°C. In any of the methods set forth
herein, heat sintering can include heating the film to 1150°C. In any of the methods sct forth

herein, heat sintering can include heating the filmto 12006°C.

{04221 In any of the methods set forth herein, the methods may include heating the film for
about 1 to about 600 minutes. In any of the methods set forth herein, the methods may include
heating the film for about 20 to about 600 minutes. In any of the methods set forth herein, the

methods may include heating the film for about 30 to about 600 minutes. In any of the methods
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set forth herein, the methods may include heating the film for about 40 to about 600 minutes. In
any of the methods set forth herein, the methods may inclade heating the film for about 50 to
about 600 minutes. In any of the methods set forth herein, the methods may inclade heating the
film for about 60 to about 600 minutes. In any of the methods set forth herein, the methods may
include heating the film for about 70 to about 600 munutes. In any of the methods set forth
herein, the methods may include heating the film for about 80 to about 600 minutes. In any of the
roethods set forth herein, the methods may mclude heating the film for about 90 to about 600
mimates. In any of the methods set forth herein, the methods may include heating the film for
about 100 to about 600 mumates. In any of the methods set forth herein, the methods may include
heating the film for about 120 to about 630 minutes. In any of the methods set forth herein, the
methods may inclode heating the film for about 140 to about 600 minutes. In any of the methods
set forth herein, the methods may include heating the film for about 160 to about 600 minutes. In
any of the methods sct forth herein, the methods may inchide heating the film for about 180 to
about 6030 minutes. In any of the methods set forth herein, the methods may include heating the
film for about 200 to about 600 minutes. In any of the methods set forth herein, the methods may
include heating the film for about 300 to about 600 minutes. In any of the methods sct forth
herein, the methods may include heating the film for about 350 to about 600 minutes. In any of
the methods set forth herein, the methods may inchude heating the filim for about 400 to about
600 minutes. In any of the methods set forth herein, the methods may include heating the film for
about 450 to about 600 minutes. In any of the methods sct forth herein, the methods may include
heating the film for about 500 to about 600 minutes. In any of the methods sct forth herein, the
methods may include heating the film for about 1 to about 500 minutes. In any of the methods
set forth herein, the methods may inclade heating the film for about 1 to about 400 minutes. In
any of the methods set forth herein, the methods may inchude heating the film for about | o
about 300 minutes. In any of the methods set forth herein, the methods may inchude heating the
film for about 1 to about 200 minutes. In any of the methods set forth herein, the methods may
include heating the {ilm for about | o about 100 minotes. In any of the methods set forth heren,

the methods may include heating the film for about 1 to about 50 nunutes.
% LAMINATING

[0423] In some of the methods set forth herein the laminating jncludes applving a pressure less
than 1000 poonds per square inch (PSI) and heating the film. In other embodiments, the

lanunating includes applying a pressure less than 750 pounds per square inch (PSI) and heating
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the film. In some other embodiments, laminating inclades applying a pressure less than 700
pounds per square inch (PST) and heating the film. In other embodiments, the laminating inclodes
applying a pressure less than 650 pounds per square inch (PSY) and heating the film. Tn some
other embodiments, laminating mcludes applying a pressure less than 600 pounds per square
inch (PST) and heating the film. In other embodiments, the laminating includes applying a
pressure less than S50 pounds per squoare inch (PSI) and heating the film. In some other
embodiments, laminating inclades applying a pressure less than 500 pounds per square inch
(PSI}) and heating the film. In other embodiments, the laminating includes applying a pressure
less than 450 pounds per square inch (PS) and heating the film. In some other embodiments,
laminating includes applying a pressure less than 400 pounds per square inch (P51} and heating
the film. In other embodiments, the laminating includes applying a pressure less than 350 pounds
per square inch (PSI) and heating the film. In some other embodiments, laminating includes
applying a pressure fess than 300 pounds per square inch (PS1) and heating the film. In other
embodiments, the laminating inclades applying a pressure less than 250 pounds per square inch
(PS1) and heating the film. In some other embodiments, laminating includes applying a pressure
less than 200 pounds per square inch {PS]) and heating the film. In other embodiments, the
laminating inchudes applying a pressure less than 150 pounds per square inch (PS1) and heating

the film.

{0424} In somc other embodiments, laminating includes applying a pressure iess than 100
pounds per square inch (PSI) and heating the film. In other embodiments, the laminating includes
applying a pressure less than 50 pounds per square inch {(PS1) and heating the film. In some other
cmbodiments, laminating includes applying a pressure less than 10 pounds per square inch (PSI)
and heating the film. Somce of the laminating methods sct forth herein include heating the film s
heated to about 80'C. Some of the laminating mcthods set forth herein include heating the film

is heated to about 25°C to about 180°C.,

{0425] In some of the methods disclosed herein, the laminating step includes laminating an
unsintered thin film clectrolytc to a composite clectrode; wherein the composite electrode
includes at least one member selected from the group consisting of an electrolyte, an active
electrode material, a conduoctive additive, and combinations thereof, In certain of these
embodiments, the composite electrode includes an clectrolyte. Tn certain other of these
embodiments, the composite electrode includes an active electrode material. In some other of

these embodiments, the composite electrode inchudes a conductive additive,
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xi. SETTER PLATES

{0426] In some of the methods disclosed herein, the sintering occurs between inert sctier
plates. In some examples, when the sintering occurs between inert sctter plates, a pressure is
applied by the setter plates onto the sintering film. In certain exaroples, the pressure 1s between |
and 1000 pounds per square inch (PST). In some examples, the pressure is | PSTL In other
examples, the pressure 1s 10 PSL In still others, the pressure is 20 PSIL In some other examples,
the pressure is 30 PSIL To certain examples, the pressure is 40 PST. In yet other exaroples, the
pressure is 30 PSL In some examples, the pressure 1s 60 PSIL In vet other examples, the pressure
is 70 PSIL. In certain examples, the pressure is 80 PSIL In other examples, the pressure is 90 PSL
In yet other examples, the pressure s 100 PSL In some examples, the pressure 18 118 PSL In
other examples, the pressure is 120 PSL In still others, the pressure is 130 PSL In some other
examples, the pressure is 140 PSL In certain examples, the pressure i3 150 PSIL In vet other
examples, the pressure is 160 PSIL In some examples, the pressure is 170 P81 In yet other
examples, the pressure is 180 PSL In certain examples, the pressure is 190 PSL In other

examples, the pressure 1s 200 PSIL In vet other examples, the pressure is 210 PSIL

{84271 In some of the above exampies, the pressure is 220 PSI In other examples, the pressure
is 230 PSIL. In still others, the pressure is 240 PSLL In some other examples, the pressure is 250
PSI. In certain examples, the pressure is 260 PSE In yet other examples, the pressure is 270 PSL
In some ¢xamples, the pressure is 280 PSIL In yet other examples, the pressure is 290 PSL In
certain exampies, the pressure is 300 PSL. In other examples, the pressure is 310 PSL in yet other
examples, the pressure is 320 PSL In some examples, the pressure is 330 PSL. In other examples,
the pressure is 340 PSL In still others, the pressure is 350 PSL In some other examples, the
pressure is 360 P51 In certain examples, the pressure 18 370 PSL In vet other examples, the
pressure is 380 PSIL In some examples, the pressure is 390 PSLL In vet other examples, the
pressure is 400 PS1L In certain examples, the pressure 18 410 PSL In other examples, the pressure
is 420 PSI. In yet other cxamples, the pressure is 430 P51 In some other examples, the pressure
15 440 PS1. In certain cxamples, the pressure is 450 PST In yet other examples, the pressure is
460 P51 In some cxamples, the pressure is 470 PSLL In yet other examples, the pressure is 480
P51 In certain examples, the pressure 15 430 PSL Tn other examples, the pressure 1s 500 PSL In

yet other examples, the pressure is 510 PSL
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{0428] In some of the above examples, the pressure is 520 PSIL In other examples, the pressure
18 530 PSL In still others, the pressure is 540 PS1 In some other examples, the pressure is 550
PSI. In certain examples, the pressure is 560 PSIL In yvet other exaroples, the pressure 18 70 PSL
In some examples, the pressure is 380 PSL In yet other exaroples, the pressure is 590 P31 In
certain examples, the pressure is 600 PSL In other examples, the pressure 1s 610 PSIL In yet other
examples, the pressure 1s 620 PSL In some examples, the pressure is 630 PSIL In other examples,
the pressure is 640 PST In still others, the pressure 18 650 PSE In some other examples, the
pressure is 660 P51 In certain examples, the pressure i3 670 PSL In vet other examples, the
pressure is 6803 PSIL In some examples, the pressure is 690 P51 In yet other examples, the
pressure is 700 PSI In certain examples, the pressure is 710 PSE In other examples, the pressure
is 720 PSL. In vet other examples, the pressure is 730 PSL In some other examples, the pressure
is 740 P51 In certain examples, the pressure is 750 PSIL In vet other examples, the pressure is

~"r
I
P

7603 PSI. In some cxamples, the pressure is 770 PSL In vet other examples, the pressure is 780
PSI. In certain examples, the pressure is 790 PSL In other examples, the pressure is 803 PSL In

vet other ¢xamples, the pressure is 810 PSE

{04291 In other examples, the pressure is 820 PSE In certain aforementioned examples, the
pressure is &30 PSI In still others, the pressure is 840 PSEL In some other examples, the pressure
is 850 PSI. In certain examples, the pressure is 860 PSIL In yet other cxamples, the pressure is
870 PS1. In some cxamples, the pressure is 883 PSL In vet other examples, the pressure is 890
PSI. In certain examples, the pressure is 900 PSL In other examples, the pressure 1s 910 PSL In
yet other exarmples, the pressure is 920 PSIL In some examples, the pressure is 930 PSIL In other
examples, the pressure 1s 940 PSIL In still others, the pressure 15 950 PSI In some other
exarmples, the pressure is 260 PSLL In certain examples, the pressure 15 970 PSE In yet other
examples, the pressure is 980 PSI. In some cxampices, the pressure is 990 PS1L In yet other

examples, the pressure is 1000 PSL

{6430] In some cxamples, the garnet-based sctter plates are uscful for imparting beneficial
surface propertics to the sintered film. These beneficial surface properties include flatness and
conductivity uscful for battery applications. These beneficial properties also include preventing
Li evaporation during sintering. These beneficial propertics may alse include preferencing a

particular garnet crystal structure,
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{0431] In certain methods disclosed herein, the inert sctter plates are selected from porous
zirconia, graphite or conductive metal plates. In some of these methods, the inert setter plates are
porous zirconia. In some other of these methods, the inert setter plates are graphite. Tn vet other

methods, the inert setier plates are conductive metal plates,
h., Partial Pressure of Oxygen

{0432} In somc cxamples, the sintering methods additionally comprises controlling the oxygen
concentration in the atmosphere in contact with the sintering garnet material. In some examples,
the partial pressure of oxygen is conirolled by flowing a mixtore of Argon, Hydrogen, and Water
(i.c., HoO} in contact with the sintering garnet material. In some examples, the partial pressure
of oxygen s controlled by adjusting the flow rates of either the Argon, Hydrogen, or water, or
the flow rates of all three gases or any combinations of these gases. In some examples, the
partial pressure of oxygen is 2E-1 (i.e., 20% O;). In some other examples, the partial pressure of
oxygen is [E-2. In some cxamples, the partial pressure of oxygen is 1E-3. In other examples,
the partial pressure of oxygen is 1E-4. In some other examples, the partial pressure of oxygen s
TE-5. In some examples, the partial pressure of oxygen is 1E-6. In other examples, the partial
pressure of oxygen is 1E-7. In some other examples, the partial pressure of oxygenis 1E-8. In
some examples, the partial pressure of oxygen is 1E-9. In other examples, the partial pressure of
oxygen is 1E-10. In some other examples, the partial pressure of oxygen is 1E-11. In some
examples, the partial pressure of oxygen is 1E-3. In other cxamples, the partial pressure of
oxygen is 1E-12. In some other examples, the pastial pressure of oxygen is 1E-13. In other
examples, the partial pressure of oxygen is 1E-14. In some other examples, the partial pressure
of oxygen is 1E-15. In some cxamples, the partial pressure of oxygen is 1E-16. In other
cxarmples, the partial pressure of oxygen is 1E-17. In some other examples, the partial pressure
of oxygen is 1E-18. In some cxamples, the partial pressure of oxygen is 1E-19. In other
cxarmples, the partial pressure of oxygen is 1E-20. In some other examples, the partial pressure
of oxygen is 1E-21. In some cxamples, the partial pressure of oxygen is 1E-22. In other
cxarmples, the partial pressure of oxygen is 1E-23. In some other examplces, the partial pressure

of oxygen is 1E-24. In some examples, the partial pressure of oxygen is 1E-25.
i, MILLING METHODS

{0433} As described herein, several recited methods include methods steps related to mixing

and, or, method steps related to milling. Milling includes ball milling. Milling also includes



10

is

30

WO 2015/054320 PCT/US2014/059575
92

milling methods that use inert solvents such as, but not limited to, ethanol, isopropanol, toluene,
cthyl acetate, methyl acetate, acetone, acetonitrile, or combinations thercof. Depending on the
roaterial mulled, the solvents may not be nert. In some of these examples, milling includes
milling with solvents such as, but not limited to, ethanol, isopropanol, toluene, ethyl acetate,

methyl acetate, acetone, acetontirile, or combinations thereof,

[0434]  In some examples, the milling 1s ball milling. Tn some examples, the malling is
horizontal milling., In some examples, the milling 1s attritor milling. In some examples, the
milling 15 immersion milling. Tn some examples, the milling is high energy milling. Tn some
examples, the high energy milling process results in a milled particle size distribution with dsg

{00om. In some examples, the milling 1s immersion milling.

[04358] In some examples, high energy milling process is used to achieve a particle size
distribution with dsg of about 100 nm. In some examples, the solvent is toluene. In some
examples, the solvent is isopropyl alcohol (IPA}. In some examples, the solvent is cthanol. In
some examples, the solvent is diacetone alcohol. In some examples, the solvent is a polar

solvents sutable for achieving the recited dse size.

{8436]  In some cxamples, the milling includes high energy wet milling process with $.3mm
yitria stabilized zirconium oxide grinding media beads. In some examples, ball milling,
horizontal milling, attritor milling, or immersion milling can be used. In some examples, using a

high energy milling process produces a particle size distribution of about dso ~ 100 um.
v, EXAMPLES

{8437] In the cxamples described herein, the subscript values in the product lithium stuffed
garnets formed by the methods herein represent elemental molar ratios of the precursor

chemicals used to make the claimed composition.
a. Example 1 - Flux Deposition of Li Conducting Ceramic

{3438] In some example, a preformed garnet material, i.e., seed crystal, is used to prepare other
garnet materials. In this Example, 100 grams (g) of LizLazZr;01; is mixed with 31.03 g of
L0005, 58.65 gof Lap0s, and 29.57 g Zr0,. The resulting mixture was ball milled in
isopropanol for twenty four hours. The mixture was then dried and subsequently caleined at

900 "C for twelve hours and then sintered at 1100 "C for twelve hours. The product resulting was

milled again in isopropanol to reduce the average particle size to 1 um.
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b. Example 2 — Flux Deposition of Li Conducting Ceramic

{0439} In this cxample, thin film garnet clectrolyies that arc 3 pm to 50 um are prepared. In
this example, the garnet precursors were LIOH/LiCO/Li0»/Lay0:/Zr(,. The precursors were
milled using 0.3mm ytiria stabilized zirconium oxide grinding media beads. The milled
precursors were dispersed in a slurry formulation, and the shurry was deposited onto a metal foil.
The slurry was then dried, pressure was apphied to the film with plates, and heated to sinter the
components therein., Doped compositions were prepared using AINO; and ALO: as sources of

AL Nby(Os was a source of Nb, and Tax(0s was used as a source of Ta,

{0440] The garnet precursor shurry was depostted onto a metal foil substrate. A picce of nickel
of about 0.5mil thickness was used as a base substrate. A cleaning method was used to prepare
the substrate. In one case, an IPA solvent was used to remove residual organics on the surface of
the metal foil. Other surface cleaning methods such as UV Ozone treatment, corona discharge
treatment, atmospheric plasma treatment, and chemical treatments (light acid/base solutions like
ammontum hydroxide or citric/acetic acid) may also be used to prep the surface for starry
coating. Using a doctor blade, film thickness between 3um and 100um were achieved with

adjustment of the doctor blade gap.

{#441] Next, the deposited film was dried. Once the film was dried, the deposited film was
calendered to achieve a dense film prior to any thermal steps. Depending on the starting
thickness, up to 5% thickness reduction was achicved after the calender step. The next step

involved the application of pressure on the films. Pressures up to 20MPa were applicd.

{442] Next, a sintering process was performed. The size of the sintered grain depended on
the degree of sintering performed. Sintering was performed at a temperature range of about

900°C to 1200°C with only 15-90 minutes of dwell time.

{#443] The sintering process increases the density and uniformity of the garnet thin film.

Figure 7 is an XRD graph of a thin garnet film processed as such.  Confirmation of the garnct

any
‘

phase ts demonstrated through XRED in Figure 7.
¢. Example 3 — Densification with Bismuth Flux

{8444] Lithiom stuffed garnet powder was densified in this example using a flux composed of

121 mixture of Li;CO5 and B,0;.
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{0445] Figurc 52 shows the resultant density of lithium stuffed garnct filis as a function of the
heating conditions of the flux: 900 C, 30 minutes, {bottom curve); 950 'C, 30 minutes, {second

from bottom curve); 50 'C, & hours, (third from bottom curve); 100 'C, 30 minutes, {top curve).
d. Example 4 ~ Making Fine Grained Li fon Conducting Garnet Ceramics

{0446] In this cxample, LiOH, Lay0s, Zr0; and AKNO:31:.9H,0 were combined in various
ratios and mixed by dry ball milling for 8 hours. The mixture was then calcined at 800-1000 C

in glumina cructbles in air for 4 to 8 hours.

{0447] As noted above, to prepare a LizLaZr0-0.35A1 05 phase, the above reactants were

mixed so that the molar ratios of Li:La:Zr Al was 7:3:2:0.35.

{0448} Composition C, the XRD of which is shown in Figurc 49, was prepared by reacting dry
milled (Yttria-stabilized Zirconia milling media for about 2-10 hours and 80mesh sicve) 64.6
grams {g) LiOH with 184.5 g La;03, 93.9 g 210, and 96.3 g ANO:);-9H,0. The reactant
powders were dried at 120 'C for about an hour. The powders were calcined in alamina

crucibles between 800-1000 C in alumina crucibles in air for 4 to 8§ hours.

{0449] The product was attrition milled with solvent until the ds particle size was ~300nm (as
determined by light scattering} and dried to vield dry powder. Pcllets were formed by mixing the
dry powder with 4% w/w poly vinyl butyral, in isopropanol, removing the isopropanol, and §0

mesh sieving.

[0456]  13rom diameter, approximately 1.2 to 1.4 mun thick, pellets were pressed from this
binder-coated powder under about 3 metric tons. Pellets were placed between setter places and
sintered n a tube furnace with dry flowing Argon {Ar; 315 scom flow rate). The sintering
ncluded heat sintering between 150 — 180 C for {-4 hours, then 300 — 3530 'C for 1-4 hours, and
then 1000 — 1200 C for 3-9 hours, then cooled.

[0451] Mass and dimensions of sintered peliets were measured to determine geometrical
density and scanning clectron microscopy was used to determine grain size on fractured cross

sections.

[0452] Figure 9 shows a map of the compositional space studied. The compositional variables
ncluded Lithium and Aluminum content. The Lanthanum and Zirconium ratios were maintained

at 3:2 for the entire study. Figure 9 shows that there exists a zone of high conductivity >107
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S/cm} in the studied phase space. The zone is larger for the lower sintering temperature, (1075C
compared to 1150°C). The high teroperature, short dwell condition (1200 C, | Smins) does not
yield as good conductivity as the samples prepared at lower temperatures. Several compositions
disclosed in the present work result in high condoctivity, e.g., compositions A, B, C, D (as

shown in Figure 93.

[8453] Composition A is characterized by LigsLasZr01-0.35A00:.
[0454] Composition B is characterized by LisaLazZn0,:-0.67A1L0;.
{0455] Composition C is characterized by LizLasZr040 0.6 7ALO;.
{0456] Composition D is characterized by LizLasZr045- AL Oa.

{0457] Figure 10 shows cross sections through the phase space map (Figure 9) and also the

associated density and grain size.

{0458} The processing and sintering of garnet coramics, sct forth herein, employed relatively
short reaction times and modest temperatures as compared to other known techniques. Figure 12
shows that for a given Al doping level, there exists a Lithiom level below which the garnet grain
size remains relatively low (ie., <10um} and beyond which grain size becomes too highie,,

>100um).

{6459} Figurc 11 shows a comparative analysis of known garnct compositions with those
described herein, | is clear that these other studies operate in a “high Lithium” region for all
studied Alominum contents. Moreover, the majority of known gamet sintering temperatures
were 1200 C or greater and had long processing times {e.g., greater than 10 hours) which results
large grain growth, and which are not compatible with the powders, films, and devices set forth
in the instant application. The instant application shows unexpected short processing dwell times
and unexpected low temperature processing conditions which result in garnet films having

condoctivity values suitable for use in secondary battery applications.

{8466] The examples set forth herein demonstrate that small grain size can be achieved in the
lithinm-lanthanum-zirconia~alimina system by limiting the Li content and the sintering
temperature. The particular composition of Li, Al = 6.3, (.67 {composition B} is exemplary,
since it is found to be small grained after 1075°C sintering but becomes large grained after

1150°C. This indicates how specific the chosen processing conditions are the rethods deseribed
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hercin are. It is noted that if the 1075 C processing temperature is used, compositions A, B, C,
and I in the current work result in the rather unique combination of low grain size and high

conductivity (>107 S/em).

{0461} Figure 12 shows certain example scanning electron microscopy images of certain
fithium stuffed garnets having fine grains as described hercin and sintered at lower temperatures,

e.g., 1075°C.

[0462] Figure 13 shows certain x1y ratios of LAl LiLas@n012 - vALOs wherein the bulk

conductivity is greater than 3%10™ S/em.

{#463] Figure 14 shows a range of compositions that can be made using the methods set forth

herein and the densities associated with these compositions.

{0464] Figurc 49 shows the XRD for Compaosition C.
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¢, Example 5 — Impedance Measurement for Pellet of Composition

{0465} Elcctrical transport propertics were determined by polishing pellets to roughly Imm
thickness and then sputtering Platinum (Pt) electrodes on cither side. Impedance spectra of

clectrode pellets were measured at several temperatures.

{0466] Figurc 50 shows the impedance of a polished pellet of Composition C. R1 is attributed
to bulk conduction. R2 is attributed to interfacial impedance. Electrode cffect is attributed to
blocking of L1 ions at the Pt elecirode. Total resistance equals R1 + R2. Conductivity is

& o= ,,,%
calculated from o wherein R 1s resistance in Ohms (€), L is pellet thickness in
e, A is electrode area in cm’, and o is conductivity in S/ern. For Figare 51, L is 0.094 co A is

0.385 cm’; Total conductivity is 2.9 x 107 S/ero; bulk conductivity is 5.1 x 107 S/em.
[8467] The reported conductivity include all resistances observed in the impedance spectra.

f. Example &6 — Full Cell Charge-Dscharge

[0468] An clectrochemical cell was assembled having a pellet of Garnet with composition C, 2

um Li evaporated negative electrode on one side of the pellet, and a positive clectrode on the
other side of the pellet cormprising NCA with conductive additives including carbon and a sulfur

containing catholyte.
[0469] A charge discharge curve is shown in Figure 51,
g. Exampie 7 — Plating and Stripping

[0470] A Lithiuro plating and siriping protocol for plating and stripping L1 on a Garnet Bi-
layer thin film : NijGieLi. Initial open circuit voltage is ~2.5V, Initially a current is passed at a
rate of ImA/em” to gradually drop the cell voltage towards zero. When voltage falls below zero
{(t=500sec) Li begins to plate on the Nickel interface. At t=R00 sces, current 18 stopped. Voltage
rests at OV indicating a symmetric cell (7.e., L1 on both sides). At t=900 sees, a 4 step cyele i
initialed and repeated several times. 1mA/em” current is again passed to continue plating for 2
mins. Sample is allowed to rest for tmin. Then ImA/cm? is passed in opposite direction to strip
L1 for Zmins., Sample is allowed to rest for Tmin for again. After 10 iterations of this sequence.
Li is completely removed from the Ni side by a final stripping current and consequently the

voltage rises rapidly once the Lithium is depleted (&= 2800secs)
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{0471] Results arc shown in Figure 48.
h. Example 8 - Powders, slurries, tapes, and bilayer films

{0472} Powder lithium stuffed garnet were prepared according to Example 4: Making Fine

Grained Li fon Conducting Garnet Ceramics.

{0473} Powders were into formulated as a slurry by milling the powder. 20 g of dricd milled
powder was milled with Y357 milling media and toluenc, cthanol, and a dispersant phosphate
ester. Then, 8 g of the powder was mixed with of a 33% w/w solution of polyvinyl butyral in

tohucne and 4 g of plasticizer di-butyl Phthalate).

{0474] The slurry was tape casted onto a silicone coated substrate using a doctor blade (blade

height is set to ~250um) and had a dried tape thickness of around 70um.

{6475] Elcctrodes were screen printed using an electrode ink having 12.74 g of Ni powder and
3.64 g of a 7% w/w solution of cthyl cellulose in a solvent and using a 400mesh screen. Ink was

dricd in air and also in an oven at 120 C.

{0476] Bilayer filins were sintered using sctter plates in a tube furnace with a flowing Argon,
H; and H;0O. Oxygen partial pressure in the tube is controlled by adjusting the relative flow of
these three specics. Binder removed at 500°C. Filios sintered at about 1000-1200°C.

{64771 Bailayer films preparced are shown in Figure 34, Figure 55, and Figure 56.

i. Example 9 - Powders, slurries, tapes, and bilayer films
{0478] Powders comprising LiyL13Z0,0y2 (LLZ) and alumina were prepared by mixing 1 molar
equivalent of AlLO; and the requisite molar ratios of Lithium Hydroxide, Zirconium Oxide,
Lanthanum Oxide and Aluminum Nitrate.
{0479] Powders was dried in an oven for 45 minutes to 1 hour and then dry milled for 8 hours
using a ball milling technigue with 25% media by volume. The media was separated using
sieves and then calcined in air at 900°C for 6 hours to produce garnet powder.
{0486] A slurry was then prepared using 300g of this calcined garnet powder which was then

attrition milled in 300 g of isopropanol or toluene:cthanol {4:1) in the presence of 30 g of a

dispersant until the particle size (dsg) was 300 — 400 nm.
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{0481] 35g of this slurry was added to 2.65¢ of dispersant {e.g., Rhodoline 4160) and milled
with zirconia media (1/4 by voluroe of bottle) for 8 hours. 1.75¢g of the plasticizer dibutyl
phthalate and 1.75g of a binder was added to the slurry and malled for another 12 houwrs, 1.5g of

toluene was added and mixed for another 2 hours.

[0482] A green tape was prepared by casting tape onfo mylar tape using a doctor blade set-up
and a 20 mil blade height setting. The film was dried, and then separate film from Mylar, Ni was

screen~-printed as Wi ink onto the dried film.  Dises of the film were cut for sintering,

[0483] Samples were sintered by placing the cut films with Ni thereupon between ceramic
setter places and sintered inside a tube furnace. The farnace was heated 5'C/min to 200 C in wet
Ar wet and held at 200 °C for 4 hours, then heated to 600 'C at 5'C/min and held for 4 hours, then
heated to 1100°C at 10 C/min and held for | hour 1o 315 scem Ar and 10scem Ar/H,. Furnace

was then cooled.
j. Example 16 - Bilayer films

{0484} A bilayer half cell was prepared by evaporating ~ 2 um Li on onge side of the garnet

side, as shown in Figure 59.

{0485} Impedance (EIS) and plating werc tested. Plating tost commenced with EIS using a
Iinear voltage sweep to get the voltage to OV {vs, OCV). Afier rest, jnitial plating was at 200 uA.
Plating and Stripping was at 100 oA with rest periods in-between, A final strip at 200 uA was

then performed. Results shown in Figure 53 and 61.
k. Example 11 - Free standing films

[0486] Free standing flm were formed from powders, prepared by batching the requisite molar
ratios of Lithium Hydroxide, Zircontum Oxide, Lanthanum Oxide and Alamuinum Nitrate to form
LLZ w/ 1 molar amount of ALO:. Powder was dried 1o an oven for 45 minutes to 1 hour, then
dry milled for 8 hours using a ball milling technigue with 25% roedia by volume, the media was

separated then the powder was calcined in air at 900 C for 6 hours to produce the garnet powder.

{04871 A slurry was prepared using 300g of this calcined garnet powder, attrition milled in
200¢ 1sopropanol and 30g of a dispersant until the particle size (dso) was 300 — 400 nm. 60g of

the sturry was added to 5.35¢ of dispersant {¢.g., Rhodoline 4160} and milled with zirconia
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media for & hours. 3.57g of plasticizer dibutyl phthalate was added to 3.57¢g binders and milled

for another 12 hours at low rpm, then 6.5g of tolucne was added and mixed for 2 hours.

{6488] A green tape was cast tape manually on mylar tape using a doctor blade sct-up and 3 20
il blade height setting. The film was dried and separate film from the Mylar. The films were

cut to form discs for sintering.
{0489] Sintering of the discs occurred between ceramic setiers in a tube furnace

{6490] Samples were sintered by placing the cut films between ceramic sctter places and
sintered inside a tube furnace. The furnace was heated 5'C/min to 200 C in wet Ar wet and held
at 200 "C for 4 hours, then heated to 600 "C at 5'C/min and held for 4 hours, then heated to
1100°C at 10 C/min and held for | hour in 315 scem Ar and 10scem Ar/H,. Furnace was then

cooled.
I. Example 12 - Reactive Sintering

{6491} Powders were prepared comprising ELZ w/ 1 molar cquivalent of AL Q5 by batching
the requisite molar ratios of Lithtum Hydroxide, Zircontum Oxide, Lanthanum Oxide and
Aluminum Nitrate. Powder was dried in an oven for 45 minutes to 1hr, then dry milled for §
hours using a ball milling technique with 25% media by volume, separating from media using
sieves, and then reactive sintering this mixture. Powder was calcined in air at $00'C for & hours

to produce garnct powder.

{0492] A slurry was prepared using 300g of calcined garnct powder with reactive sintering
precursors, atirition milled in 300g Toluene cthanol (4:1) or Diacetone, with 30g of a disperant

until the particle size (dsg) was 300 — 400 um.

[8493]  10g of this shurry was mixed in a flactek mixer for 15 minutes, then 0.2g binder was

added to the slurry and mixed for another 15 minutes.

[0494] A green Tape was prepared by casting the shurry onto Ni foil using a doctor blade set-

up and a 5 or 10 mil blade height setting. The filro was dried and cut into discs/
{0495} Sintcring occurred by placing the film between coramic setters in tube furnace

[0496] Samples were sintered by placing the cut films between ceramic sctter places and

sintered inside a tube furnace. The furnace was heated 5 C/min to 200°C in wet Ar wet and held
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at 200 'C for 4 hours, then heated to 600 "C at 5'C/min and held for 4 hours, then heated to
1100°C at 10 C/min and held for | hour in 315 seem Ar and 10scem Ar/H,. Furnace was then

cooled.
m. Example 13 - Low Area Specific Resistance (ASR}

{64971 In this cxample, ceramic sctters were compared to metallic setters, The ceramic setters
resulted in garnet film that had lower ASR. Films were sintered according to Example 12, in one

casc with Pt setter plates and in another case with ceramic sctter plates,
{0498} As shown in Figure 61, the films sintered with coramic sctter plates had a lower ASR.
{0499] Results arc also shown in the below Table.

[05008] Table 1.

o

293 40704

1
fax
)

Ceramicplates 261 9% T4E08

Piglates powder 285 388 JTREO4

Ceramicplates 334 135 Sh3E0s

{0801} These examples show the compatibility of garnet with Li anodes and the lower

tendency to form a solid electrolyte interfacial high resistance layer.
n. Example 14 - Low Area Specific Resistance (ASR} at Pellet Surface

{0502] Pellets of lithium stuffed garnet were prepared as detailed above. Pellets were sintered
in cither Ar, or a mixture of Ar/H,, or in Alr. Impedance results are shown in Figure 62. ASR

lower for Ar and Ar/H; than for Adr.

{0883] Although the foregoing embodiments have been deseribed in some detail for purposes
of clarity of understanding, it will be apparent that certain changes and modifications may be

practiced within the scope of the appended claims. It should be noted that there are many
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alternative ways of implementing the processes, systems and apparatus of the present
embodiments. Accordingly, the present embodiments are to be considered as illustrative and not

restrictive, and the embodiments are not to be limited to the details given herein.
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WHAT 16 CEAIMED I5:

i. A composition comprising a lithium stuffed garnet and AL Q4

wherein the Hthiuma-stuffed garnct is characterized by the cmpirical formula
LiaLagh’ M pZrpQp, wherein 4<A<8.5, 1.5<B<4, O<C<Z, 0<D<2, 0<E<2,
{0<F<i3, and

M’ and M’ are, independently in cach instance, cither absent or are cach independently
selected from Al Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, or Ta; and

wherein the molar ratio of Garnet: ALOs is between 0.05 and 0.7,

2. The composition of claim 1, wherein the composition is characterized by

the empirical forroula LicLazZir04-v12ALO:; wherein 5.0<x<9 and 0. I<y<1.5,

3. The composition of claim |, wherein the composition is characterized by
the empirical formuda Lis gLas(7Zrg + Wby + Tax)Op + 8.35A1L05;
wherein t1+H2+13 = 2 such that the molar ratio of La to the combined amount of

(7t +Nb + Ta) is 3:2.

4, The composition of claim |, wherein the composition is characterized by

the empirical formuda Li;LasZr04-0.35A50:.

5, The composition of claim |, wherein Ais 5, 6, 7, or 8.

6. The composition of clanm 5, wherein A is 7.

7. The composition of claim |, wherein M is Nb and M is Ta.
&, The composition of claim 1, wherein Eis §, 1.5, or 2.

9. The composition of claim &, wherein E is 2.

1. The composition of claim 1, wherein C and B are 0.

1. The composition of claim 1, wherein the molar ratio of Garnet: ALOs is

between 0.1 and 0.65.
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12. The compaosition of claim |, wherein the molar ratio of Garnct: ALOy i
between 0.15 and 0.55.

i3. The composition of claim 1, wherein the molar ratio of Garnet: ALO5 18
between 0.25 and 0.45,

i4. The composition of claim 1, wherein the molar ratio of Garnet: ALOs is
0.35.

5. The composition of claim 1, wherein the molar ratio of Al to garnet is
(.35.

16. The composition of claim 1, wherein the lithium-stuffed garnet is

characterized by the cmpirical formula LizLasZr, 01 and is doped with 0.1 to 1 molar amounts of

alumina,

17. An clectrochemical device having an clectrolvic according to the

composition in any one of claims 1-16.

18,  Anelectrochemical device having a catholyte according to the

composition in any one of claims 1-16.

19, The compositions of any one of claims 116, wherein the subscript vahies
represent elemental molar ratios of the precursor chemicals used to make the claimed

composition.

26. The compositions of any one of ¢claims 1-16, wherein the composition is a

thin film having a film thickness of about 10 nm to about 100 um.

21. The film of claim 20, wherein the thickness is less than 50 pm and greater

than 10 nm.

22, The film of claim 20, wherein the thickness is less than 40 pm and greater

than 10 nm.
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23.
than 10 nm.

24,
than 10 nm.

28.
than 10 nm.

26.
than 10 nm.

27.
than 10 nm.

28.
than 10 nm.

29,

less than 10 um.

less than 9 um.

less than 8 um.

T

Dia.

less than 7 um.

33.

less than 6 um.

34.

less than 5 um,

PCT/US2014/059575

The film of claim 20, wherein the thickness is less than 30 pm and greater

The film of claim 20, wherein the thickness is less than 20 pm and greater

The film of claim 20, wherein the thickness is less than 10 um and greater

The film of claim 20, wherein the thickness is less than 5 um and greater

The film of claim 20, wherein the thickness is less than 1 um and greater

The film of claim 20, wherein the thickness is less than 8.5 m and greater

The film of claim 20, wherein the film has grains having a dsg diameter

The film of claim 20, wherein the film has grains having a dsg diameter

The film of claim 20, wherein the film has grains having a dsg diameter

The film of claim 20, wherein the film has grains having a dsg diameter

The film of claim 20, wherein the film has grains having a dsg diameter

The film of claim 20, wherein the film has grains having a dsg diameter
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35, The compaosition of claim 20, wherein the film has grains having a dsg
diamcter fess than 4 pm.

36. The compaosition of claim 20, wherein the film has grains having a dsg
diamcter fess than 3 pm.

37. The composition of claim 20, wherein the film has grains having a dsg
diamcter fess than 2 pm.

35. The composition of claim 20, wherein the film has grains having a dsg
diameter fess than 1 um.

39, A method of making a lithium stuffed garnet doped with aluminum, the

method comprising

roviding garnet precursors at predetermined combination;
i el 23 >

optionally drying the precursors for about 10 minutes to about 10 hours at about 80'C —to

about 200°C;

milling the combination for 5 to 10 hours;

calcining the combination in vesscls at about 300 "C to about 1200 °C for about 4 to about

10 hours to form a garnet phase;
milling the formed garnet until the dsg particle size is between 100 and 1000 nm;
mixing the milled forming garmet with a binder to form a slurry optionally comprising a
at least one member sclected from the group consisting of a plasticizer, a
dispersant, garnet chemical precursors, and combinations thercof]
optionally filtering the slurry;
optionally providing green films of the slurry;
sintering the slurry or sintering the green filmy
wherein sintering comprises:
applying pressure to the slorry with setting plates;
heating the sturry under flowing gas between 140°C and 1200°C for about 13

minutes to about 6 hours:

and either heat sintering or ficld assisted sintering for about 10 minutes to about 1 hours.
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49, The method of claim 39, wherein the garnet precursor are sclected from
LiOH, L0,
LigCO;, La;O;, ZL’(OQ and Al(NOg)g.QHQO.

41. The method of claim 39 or 40, whercin calcining the combination s in
vessels at 900'C for 6 hours or less,

47, The method of any one of claims 39 - 41, wherein the calcining comprises
using Alumina vessels.

43. The method of claims 39, wherein the milling the formed garnet is until
the dsg particie size is 400 nm.

44, The method of any onc of claims 39 - 43, wherein the mixing the milled

forming garnct with a binder to form a slurry compriscs about 4% w/w binder.

45. The method of any one of claims 39 - 44, wherein the binder is polyvinyl
butyral.
44, The method of claim 39, whercein the filtering the slurry comprises

filtering with an 80 mesh sieve.

48. The method of ¢laim 39, wherein the applying pressure to the shirry with

setting plates comprises applying a pressure of 3 metric tons.
49. The method of ¢laim 39, wherein the setter plates are Pt setter plates.

56. The method of claim 39, wherein the flowing gas is an Argon gas flowing

at a flow rate of 315 scom.

St The method of any one of claims 39 ~ SO, wherein the heating the shurry
under flowing inert gas comprises separate dwells at 160 C to 200°C and 330°C to 600°C for 2 to

4 hours (hrs) cach under a humidified Argon flow.

52, The method of claim 39, wherein the milling the formed garet 1s antil the

dag is between 200 and 450 nm.
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53, The method of claim 39, wherein the milling the formed garnet is until the
dso 1s between 200 and 400 nm.

54, The method of claim 39, wherein the milling the formed garnet is until the
dsg is about 350 nm.

55. An energy storage doviee having an electrolyte according to any one of
claims 1-3&.

56. A method of making a lithium stuffed garnet doped with aluminum, the

method comprising
providing garnet precursors at predetermined combination;
milling the combination;
calcining the combination in vessels at about 500 'C to about 1200°C for about 8.5 to

about 10 hours to form a garnet; and
milling the formed garncet until the dsy particle size is between 10 nm and 500 ym.

57. A thin and free standing unsintered garnet film, comprising
garnet precursors or calcined garnet;
at least one member selected from the group consisting of a binder, a solvent, a
dispersant, and combinations thercof]
whercin the garncet solid loading 15 at least 30 % by volume (v/v); and

wherein the film thickness is less than 100 pm.

38. The film of claim 57, further comprising a substrate adhered to the film,
58, The film of claim 38, wherein the substrate is a polymer, a metal foil, a

metal powder, a metal powder film, or a metal coating on a substrate,

60, The film of claim 59, wherein the metal i3 selected from Ni, Cu, Al steel,

alloys, or combinations thercof.

61. The film of any one of claims 57-60, wherein the solid loading is at least

35 % viv.
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62,
48 % v/v.

63,
45% v/v.

64,
50 % v/v.

685,
35 % viv.

66.
60 % viv.

67,
65 % viv.

68,
70 % viv.

69,
75 % viv.

70,
RO % viv.

71,

The film of any

The film of any

The film of any

The film of any

The film of any

The film of any

The film of any

The film of any

The film of any

The film of any

than 75 pm and greater than 10 nm,

T
[F4

The film of any

than 5O pm and greater than 10 nm,

73.

The film of any

PCT/US2014/059575

[,
s
(9]

one of claims 57-60, wherein the solid loading is at least

one of claims 57-60, wherein the solid loading is at least

one of claims 57-60, wherein the solid loading is at least

one of claims 57-60, wherein the solid loading is at least

one of claims 57-60, wherein the solid loading is at least

one of claims 57-60, wherein the solid loading is at least

one of claims 37-60, wherein the solid loading is at least

one of claims 37-60, wherein the solid loading is at least

one of claims 37-60, wherein the solid loading is at least

one of claims 57-70, wherein the film thickness is less

one of claims 57-70, wherein the film thickness is less

one of claims 57-78, wherein the film comprises particies,

30 % of which are less than | um at the particle’s maximum physical dimension.
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74, The film of any one of claims 57-70, wherein the film comprises grains

having a median grain size of between 0.1 pm to 10 um.

~}
|92

The film of claim 57, wherein the film is not adhered to any substrate.

76. A thin and free standing sintered garnet film,
wherein the film thickness is less than 58 pm and greater than 10 nm, and
whercin the garnct is optionally bonded to a current collector {(CC) film comprising a

metal or metal powder on at least one side of the film.

77. The film of claim 76, wherein the thickness is less than 20 pm or less than
10 um.

78. The film of claim 76, wherein the film has a surface roughness of less than
5 pm.

79. The film of claim 76, wherein the garnet has a median grain size of

between 0.1 pm to 10 pm.

&a, The film of any one of claims 76-79, wherein the gamet has a median

grain size of between 1.0 pm to 5.0 pm.

&1, The film of any one of claims 76-79, wherein the CC film comprises a
metal selected from the group consisting of Nickel (Ni3, Copper (Cu), combinations thereof, and

alloys thereof.

82. The film of claim 81, wherein the film is bonded to a metal current

collector (CC) on one side of the film.

83. The film of claim 81, wherein the film is bonded to a metal current

collector (CC) on two sides of the film.

34, The film of claim 81, wherein the CC is positioned between, and in

contact with, two garnet films.
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85, A trilayer comprising a metal foil or metal powder positioned between,

and in contact with, two distinet garnet thin films according to claim 76.

86. A bilayer comprising a motal foil or metal powder positioned in contact

with a garnct thin film according to claim 76.
87. The film of any one of claims 76 any 8§1-86 wherein the CC is Ni.
&8.  The film of any onc of claims 76 any &1-86 wherein the CC is Cu.

39. The film of any one of clatms 57 - 76, wherein the gamet is characterized

by one of the following formulas:

- LisLapM’ M pZreOp, LiaLagM M7 TapTy, LijLagM oM o NbpGr, wherein
independently in cach instance selected from Al Mo, W, Nb, Sb, Ca, Ba, St, Ce, Hf,
Rb, or Ta, or

- LilepZr.AlgMe . Of wherein 5<a<7.7, 2<b<4, 0<¢<2.5, 0<d<2, 0<e<2, 10<£<13 and
Mg’ is a metal selected from Nb, Ta, V, W, Mo, or Sb;

- LiaLapM’ M pZrsOp, wherein the molar ratio of Garnet: AbG: 1s between 0.05 and
0.7 or

- LilasZr0-AbO:, wherein 5.5<g<8.5 and the mwolar ratio of Garnett AL G5 18

between 0.05 and 1.0.

a4, The film of claim 76, wherein the film is substantially flat.

91. The film of claim 90, wherein a substantial portion of the film is

substantially flat.

92. A method for sintering a thin and frec standing garnct film, comprising the
following steps
providing a green tape by casting a garnet slurry;
whercin the slurry comprises at least one member selected from the group counsisting of
garnet precursors, garnet, a binder, a solvent, a plasticizer, a dispersant, and

combinations thereof,
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sintering the green tape between sctter plates;
wheretin the sintering is heat, spark plasma, or field assisted sintering;
and wherein sintering optionally inchudes applying pressure to the film with the

setter plates.
93. The method of claim 92, wherein the shurry comprises milled and calcined
gamet,

94, The method of claim 92, wherein the solid loading of the green tape 1s at

{east 30 9% viv.

95. The method of claim 92, wherein the solid loading of the green tape 1s at

{east 40 % viv.

96. The method of claim 92, wherein the solid loading of the green tape 1s at

{east 50 % viv.

97. The method of claim 92, wherein the solid loading of the green tape is at

least 60 % viv.

9s. The method of claim 92, wherein the solid loading of the green tape is at

least 65 % v/v.
99. The method of claim 92, wherein the film is sintered directly onto a metal,

100.  The method of claim 99, wherein the metal is a metal powder or a metal

foil.

131, The method of ¢laim 100, wherein a metal powder is between and in

contact with one side of the green tape and one setter plate.

142, The method of claim 100, wherein a metal powder layer is positioned
between and in contact with two green tapes, and wherein the green tapes are between and in

contact with the setter plates.

103, The method of any one of claims 99-102, wherein the metal powder is Ni

or Cu powder.
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104, The method of claim 92, wherein a source of Li is placed in proximity of

the sintered film during sintering.

105, The method of any one of claims 92-1035, wherein the setter plates arc
selected from YSZ, graphite, YSZ, Mg-SZ, zirconia, porous zirconia, Si0s, Si0; sand, LIAIO,,
Li;0, LiLaOs, LigZn0y, AlLO:, AlLO; powder, ALO; paper, nickel, nickel powder, garnet

ceramics, garnet powder, a sacrificial garnet film, Li,ZrOs.
106. The method of claim 105, wherein two different sctter plates are used.

107,  The method of claim 106, whercin a zirconia sctter plate contacts the

metal powder.

108. The method of claim 92 or 105, wherein the pressure applied is between

(1L.001 MPa to 200 MPa.

109. A lithium stuffed garnet film in contact with a lithium metal negative
clectrode, wherein the carbon content between the garnet and the lithium metal less than 10

atomic %.

119, A hithium stuffed garnet film in contact with a fithium metal negative

clectrode, wherein the film has an area specific resistance (ASR) of less than 10 Qom?,

111, The film of claim 109 or 110, wherein the carbon content is less than 6

atomic %.

112, The film of claim 109 or 110, wherein the carbon content is fess than 5

atomic %.

113, The film of claim 109 or 118, wherein the carbon content is less than 4

atomic Y.

114, The film of claim 109 or 110, wherein the carbon content is fess than 3

atomic Y.
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115, The film of claim 109 or 110, wherein the film has an arca specific

resistance (ASR) of less than 10 Qom’.

116.  The filim of claim 109 or 110, wherein the film has an area specific

resistance (ASR) of less than 6 Qem’ as measured at 80°C.

117.  The film of claim 109 or 110, wherein the film has an area specific

resistance (ASR) of less than § Qem’ as measured at 80°C.

118, The film of claim 109 or 110, wherein the film has an area specific

resistance (ASR) of less than 4 Qem’ as measured at 80°C.

119, The film of claim 109 or 110, wherein the film has an area specific

resistance {ASR) of less than 3 Qom’ as measured at 80°C.

126, The film of claim 109 or 110, wherein the film has an area specific

. ) - 5 o
resistance (ASR}) of less than 2 {2om™ as measured at 80 C.

121, The film of claim 109 or 110, wherein the film has an area specific

. o 2 L Oone
resistance (ASR}) of less than | Qe as measured at 80 C.

122, The method of claim 39, wherein the flowing gas is an Argon/Hs gas

muiure.

123, The method of claim 39, wherein the flowing gas is Argon.



WO 2015/054320 PCT/US2014/059575

1/63

-
g o
-
-
>
‘ LL

SUBSTITUTE SHEET (RULE 26)



PCT/US14/59575 19-12-2014

PCT/US2014/059575

WO 2015/054320

2/63

Z 9.nbi14

(O) dwey
00¥L  00ZL 0001 008

009

00 002

Boeys AYERrLBUATIDUL AR |

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

3/63

WO 2015/054320

€———— Electrolyte powder

A= —— = Metal Particle Layer

Figure 3

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320

Pressure

4/63

Electrolyte Powder

Ceramic Particles

Pressure

i

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/059575

Metal Foil
< Electrolyte Powder

i

Figure 4

X /

Plates

+



WO 2015/054320

5/63

Electrolyte
Powder

5050505050

TR
&

L

&
itetatyny!
betety
25

eSS S S
S
SN

S

T
%
ey

Y’Y
555
e
355

Y’Y
5
SIS
253505
betety

355
S
,0,0,:100
&
iy

e

S5
&

bitets!

Porous Plates/

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/059575

Figure 5



PCT/US2014/059575

WO 2015/054320

6/63

359 - 914 NS

saje|d dwe|Dd Yyiim 3ulidjuls aAaloedy

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320

7/63

Meas. Data AXW128C01-BOTTOMData 1

Lithium Lanthanum Niobium Oxide

Li7 La3Nb2 O13

(¥ 2 2) ‘CLO ZAN CBT LIT s
(¥ 02) ‘€SLO ZAN €. 217

(00 %) ‘CLO ZAN €& 21T weensiile| =

(21 €)CLOZAN €. LT *»

PCT/US2014/059575

+

2-theta (deg)

Figure 7

2000

+

EO_
N
(Z11)'€lOZaAN ge1 217 i -

.:
X
t @,
=
Scof
B8O

o o o o o o o o o O =

S & & & & & & & & Z2Zy 8 888 °©

O © < N O ©o © < EZ O 1 &
Rani |
=
[Qe ]
—1
=

(sdo) Aysuayu .= (Bap sdo) Ayisusyu| pajelbajul

E

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

8/63

Q 94n3I

3Inssald Yam Suliaquis anldeay

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

6 9Jn314

v
0¢ 8LIL vl L 0oL 8090v0<20000C8L 9Lyl O0L8090v020000C8L9L ¥ILZLOLS8090V¥0<2C0 00
3 [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — [ ] — | I | .
% - G'¢C
% L —— L 09
\ 20 = - 59
= - /4 =
G/ G- / = ; [0
086 ] / = - L ¢
mw.—uu " \ 1 i
ov'v- / A .
G6'E- / - 08
06°¢- / -
(woys) - G'8
v10Llo 6 [ e
00¢lL 0S01 G/.0l1

X1

SUBSTITUTE SHEET (RULE 26)

kAV



PCT/US2014/059575

0T 94n3I

10/63

SUBSTITUTE SHEET (RULE 26)

WO 2015/054320

X1
SLL 2000 SO A0 (S LA 00 e L0000 SO a0 00 (SRl 00 (SLOL 000 90
.G-2
Amc_&ms ‘0021 m”wm
SN — dof
Aece.om: 2or  (woss)
(s1u9) 'GL01 == muww (002)
s [5°7 Amnonpuod
1 W-m 1810}
T
-2
79l
_. o
Q¢ (99/6)
_,m.w Ryisusq
'y
06
i
oL
o 9ZIS ulelo
757 ) ) 190 g0 €Ho o mmm_

_< T



PCT/US2014/059575

WO 2015/054320

11/63

0¢

8l

o

91

vl

¢l

N

TT 9J4n3i

"EoUvH)
0l 80 90

2 H i H i

70

20 00

*q L 20

| 110z ‘uuoop

2102 ‘110 ‘uuewyosng

1

1 LOZ “MNqoI0M

A

e
e

<0G

-GG

- 09

- G0

- 04

-G’/

08

-G8

- 06

X

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

12/63

9zIS uleo

(s1y9)

J9/0T

S

1

O SOOI O TN NS

GHYOO00 OGCOOOM P P e XK OCOLOILOAILOLE

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

13/63

383333
PO OO

)

nep 57

3

0¢ 81 91 ¥l ¢l 01 80 90 ¥0

¢l 8Inbi4

s
Y

¢0 00 0¢ 81 91 vl ¢l 0} 80 90 ¥0 ¢0 00 0¢ 8} 91 ¥l ¢l 01 80 90 ¥0 <0 00

-mm

&
L 50 5
M¢M¢ 00 —‘XMA* [ m
%a\..% i opes Mol por
%x ‘ L
G / 5L 2
= 08
ECA=
g . R
-0’6
002! 0G1 1 GL01 . @
(109) | =

+



PCT/US2014/059575

WO 2015/054320

14/63

00-_
90 -B
A=
=
=
0¢ -5
9¢ -7
AR5
gy -5
G [
06
fisusq

(A) v

T 924n3i4

(A) v
\

(A) v

o_.N w_.r @..r v..r N..r o..r w..o @..o v._o N._o o.@o.m.w.r.f_3_N.r.o.r_w.o.@.o_v.o.m.o_o.oﬁ_u.m m.r me v..r N..r o..r w..o o_o v..o N_o

00

4

S

L
vl

S5

L
vl

L

L
iy

5%

St

ay

S

@
I—\

SIyG1 *000C

SIy9 "00GH

SIU9 0601

:

W

(xn

4
mm
:

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

kT

15/63

GT 94n314

S|eldalew 3uldalUIS JO) J01IB) WIOJ |BILIPUI|AD uOWWOD =

9P0.J1J9|9 101UO0D JalUls =

Ajddns Jjamod |ed1u129)9 =

101ONPUOD = e

&

SUBSTITUTE SHEET (RULE 26)




PCT/US2014/059575

WO 2015/054320

16/63

9T 9Jn3i

P2J31Uls 9q 01 Wi}
9yl pue a1e|d 3ulJa3luIS 3yl UDIMIS] |eIRW e dulaey saie|d Suliaiuls Jo ‘saie|d Suliajuls JljjeIRwW ‘sale|d
duuis paseq-1auted snolod ‘saie|d 3uluaiuls paseg-1auJed ‘saiejd 3uluaiuls snoJod ‘saie|d 3ulsuIs =

N
N

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320

ararsy,

255

individually addressable contact

points

ettt

b,

P

Fo5

%

Fo IS

L

vt

SIS

St

L

Lt

ity

by
by
et

by
5
LSS

L

4;

PCT/US2014/059575

17/63

e e e ey

£
L
5

v¢v
%
55

-

7
oi¥
5
S5

""'
!
e
o

-

S

¥

et
S5
7

4
P

5
52558
55

i,
S
e

¥

w
N N N N N N R R R R R R R N N R R R R

)
"‘,

L
L

::f
&%

L

%

o
o
-

SUBSTITUTE SHEET (RULE 26)

Figure 17



PCT/US2014/059575

WO 2015/054320

18/63

8T 9J4n3i

S19||0J JapUd|eD =

SUBSTITUTE SHEET (RULE 26)

[ = e e e

+



PCT/US2014/059575

WO 2015/054320

19/63

6T 94n3i

$10B1UOD d|qessaJlppe
Aj|lenpIAIpUI Y1IM SI9[|0J JopUd|ed =

i — - -

9P0J123|3 PUNOID) = G

d
Ay
d
Ay
&
&

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

kT

20/63

0C 94n3i4

paJa1uls aq 01 Wi}

9yl pue 31e|d Sulia1uls 3yl usaMl1aq |e1dw e 3uiaey sare|d Surialuis 40 ‘saled Sulaiuis oijjelsw ‘sare|d
8unauis paseg-1auJed snosod ‘sale|d Sulialuls paseg-1aused ‘sale|d 3ulialuls snoiod ‘sale|d 3ulidluIs =

paidde

H

N

S1 1U34JN2 YoIym ygnoayl pue salejd 42119S Wil PaJaluIs 9yl U9aM1ag pPalJasul S[10} |B19W 3JOW JO U0 = %

s

By
5

n

Py

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

21/63

T¢ 9J4n3i

paJajuIs 3q 03 w1}
ay3 pue a31e|d SulI1UIS Y3 usamlaq |erow e 3ulaey sare|d Suluajuls Jo ‘soje|d Suldaluls dljjerdw ‘sae|d
dunsyuis paseg-jsuled snosod ‘sele|d Sulisiuls paseq-jsuled ‘sore|d Suldaluls snosod ‘sere|d Suaiuls =

(Joaiaya sAoj|e Jo ‘suoiieulquiod ‘|y ‘nD ‘o4 ‘IN ‘b°a) Japmod |e1aw = g

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

22/63

¢ 9J4n3i

SJ3||0J Japu3|ed u\

SUBSTITUTE SHEET (RULE 26)

g
i

+



PCT/US2014/059575

WO 2015/054320

23/63

€ 9J4n3i

uonedijdde jualed jueisul 8yl Ul Yoy 39S Spoyisaw ayi
01 3uipJodde 3ulJ3UIS JOJ (Swil} ulyl “3°9) S1010e) WIO) YI|-Je|ndueldad SAIRIUSaIdRY

SUBSTITUTE SHEET (RULE 26)

+



000000000000000000000000000000

Figure 24




PCT/US2014/059575

WO 2015/054320

25/63

Wwo/Sp-9 ] ~>
BAIIONPUOI 17 JowA|od/pD)

9ANJE +9)
= +]06/3dS+10Ul

LT
.- ._..._.J....M.m

i

1008|092 JUB.LNI |\ PPY 'S
[eAnoB 9AGG<

pue Alsuap ybiy 01 uoisnixg]
‘'SaJod ojul |ellew

aAIde pue |98/1awA|od pijos
9AI1ONPUOD BPNIIX3/3l1RA| U] b

G 24n314

+]9U

.

..“_.“..

PR AR

uoQJed YlMm 3eo) ¢

wo/sg-9| Jo shemybiy,
SAIJONPUOI |7 18UJIBD)

-1y
T

L))"
aujeb

3SS J0 sapis yioq
UOo 34Nn32Nn.3s snoJod apInoId 7

v P P P P BB BB BB
N 4

s

(3SS) @Aj0419313
21e3§ pIjos 12uJed
+ 9poue 3pInoId T

SUBSTITUTE SHEET (RULE 26)

kAV



PCT/US2014/059575

WO 2015/054320

26/63

soonJed apo.Jjo9|3

sooned 914|0.199|3

9¢ 94n3i

SUBSTITUTE SHEET (RULE 26)

+



WO 2015/054320

+

e,

,,,,,,

Electrolyte particles—pm { vl

Electrode grains

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/059575

Figure 27



PCT/US2014/059575

WO 2015/054320

28/63

8¢ 9J4n3i

(op ‘oe)
Aiddns Jemod

A R R R A R R A A O A

prrRs
o o S S AR,

G S S S S S S

L T
%, g g
&a!ifhm“i ooy

48

i

Jamod 914041093

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

29/63

6¢ 94n3i4

(op ‘oe)
Alddns Jemod

8p0.198|9 19BIU0D

’ - g K\\wm_o_tmq 9p0.4103|3 SANIY

4—— S9Ied aifjoyie)

3 Loy T g ——— Jomod 8}4|04109|7

9p0J198|9 19BIU0D

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

30/63

—
uQ-93p3 padew|
w4 Sulpuels 2344

—

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

31/63

T€ 9J4n3i

.

_

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

32/63

(%)ezisIopun

000}

¢€ 94n3i

(wrl) 1930weIq
000} 000l 000"}

0l H
0¢C
0€
0¥
08 4
09 +
04
08
06
001 -

(%) b

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

33/63

€€ 9J4n3i

(%)ezisIopun

(wrl) 1930weIq

0001 0001 000G

00} -

i T T R T . m“,_uo

-0}
-Cl
-l
-9)
-8
-0¢

(%) b

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

34/63

€ 9in3i4

(sn)9z1819pUN

0'00€ 000’}
0 1o
0l - P
02 -
0€ - Ly
OF - |,
05 -

09 - -8
047 -0l
08 -

06 - 4

00} - - )

(%) b

SUBSTITUTE SHEET (RULE 26)

+



PCT/US2014/059575

WO 2015/054320

35/63

Juleo)
PIYNS Wy

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

9¢ 9Jn3i

36/63

f 25

.................................

(0w 'S0 189100 JAY_SI3d_009_600-0008Z00RIS -
]dw6nQ 181 0d Jelv SI3d_00¢_600-0008dZ00IS o

JdwGd 3881 0d JelY SI3d J0¢_600-0004dZ00IMS ——

IdwrG00 3s8L 00 eV SI3d O0) 600-0008d200dS &+

3/1 1/000T
9'¢ '€ ra s € 27

A2 T9'0—82°0 F ©3

o] )

¢ 9jdwes @

ol- 1 sjdwes O_

S92BJI91UI 17 2-T + )Ing Suipnpul ,wdBOT=(D.09)**y

S¢E-

S

westvadp g

SUBSTITUTE SHEET (RULE 26)

kAV



PCT/US2014/059575

WO 2015/054320

37/63

€ 9.Nn3I4

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320 PCT/US2014/059575

Figure 38

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

39/63

6€ 9J4n3i

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/059575

Figure 40



PCT/US2014/059575

WO 2015/054320

41/63

T 94n3i4

SUBSTITUTE SHEET (RULE 26)

+



WO 2015/054320 PCT/US2014/059575

42/63

Figure 42

SUBSTITUTE SHEET (RULE 26)



PCT/US2014/059575

WO 2015/054320

43/63

€ 24n3i4

SUBSTITUTE SHEET (RULE 26)



WO 2015/054320

B

44/63

Li-stuffed Garnet

PCT/US2014/059575

Li-stuffed Garnet comprising at least one member selected from the group consisting
of positive electrode active material, binder, solvent, and, or, carbon.

D

Li-stuffed Garnet

Metal (e.g., Ni,
Cu, Al, Fe, alloys,
combinations
thereof) powder,
foil or sheet

Li-stuffed Garnet comprising at least one member selected from the group consisting
of positive electrode active material, binder, solvent, and, or, carbon.

Metal (e.g., Ni, Cu, Al, Fe, alloys, combinations thereof) powder, foil or sheet

F

Li-stuffed Garnet

Metal (e.g., Ni,
Cu, Al, Fe, alloys,
combinations
thereof) powder,
foil or sheet

Li-stuffed Garnet

Li-stuffed Garnet comprising at least one member selected from the group consisting
of positive electrode active material, binder, solvent, and, or, carbon.

Metal (e.g., Ni, Cu, Al, Fe, alloys, combinations thereof) powder, foil or sheet

Li-stuffed Garnet comprising at least one member selected from the group consisting
of positive electrode active material, binder, solvent, and, or, carbon.

4*_

Figure 44
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