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(57) Abstract: The instant disclosure sets forth multiphase lithium-stuffed garnet electrolytes having secondary phase inclusions, where-
in these secondary phase inclusions are material(s) which is/are not a cubic phase lithium-stuffed garnet but which is/are entrapped or
enclosed within a lithium-stutfed garnet. When the secondary phase inclusions described herein are included in a lithium-stuffed garnet
at 30-0.1 volume %, the inclusions stabilize the multiphase matrix and allow for improved sintering of the lithium-stufted garnet. The
electrolytes described herein, which include lithium-stuffed garnet with secondary phase inclusions, have an improved sinterability and
density compared to phase pure cubic lithium-stuffed garnet having the formula Li;LazZryO15.
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LITHIUM-STUFFED GARNET ELECTROLYTES
WITH SECONDARY PHASE INCLUSIONS

BACKGROUND OF THE INVENTION
[0001] Cleaner forms of storing energy are in great demand. Examples of clean energy storage
include rechargeable lithium (Li) ion batteries (i.e., Li-secondary batteries), in which Li* ions
move from the negative electrode to the positive electrode during discharge. In numerous
applications (e.g., portable electronics and transportation), it is advantageous to use a solid-
state Li ion battery which consists of primarily all solid-state materials as opposed to one that
includes liquid components (e.g., flammable liquid electrolytes which include organic solvents
such as alkylene carbonates), due to safety as well as energy density considerations. Solid-
state Li ion batteries, which incorporate a Li-metal negative electrode, advantageously, have
significantly lower electrode volumes and correspondingly increased energy densities.
[0002] Components of a solid-state battery include the solid-state electrolyte, which
electrically isolates the positive and negative electrodes, and, often, also a catholyte, which is
mixed with a positive electrode active material to improve the ionic conductivity in the space
between positive electrode active material particles within the positive electrode region.
Limitations in solid-state electrolytes have been a factor in preventing the commercialization
of solid-state batteries. A third component, in some Li ion solid-state batteries, is an anolyte,
which is laminated to, or in contact with, a negative electrode material (e.g., Li-metal). Many
currently available electrolyte, catholyte, and anolyte materials, however, may not be stable
within solid-state battery operating voltage ranges or when in contact with certain cathode (e.g.,
metal fluorides) or anode active materials (e.g., Li-metal).
[0003] Li-stuffed garnet is a class of oxides that has the potential to be suitable for use as a
catholyte, electrolyte, and/or, anolyte in a solid-state battery. Certain gamet materials and
processing techniques are known (e.g., US Patent Nos. 8,658,317; 8,092,941; and 7,901,658;
US Patent Application Publication Nos. 2013/0085055, 2011/0281175, 2014/0093785, and
2014/0170504; also Bonderer, ef al. “Free-Standing Ultrathin Ceramic Foils,” Journal of the
American Ceramic Society, 2010, 93(11):3624 — 3631; and Murugan, ef al., Angew Chem. Int.
Ed 2007, 46, 7778-7781), but these materials and techniques suffer from deficiencies which
must be overcome for solid-state batteries to be commercially viable.
[0004] The state of the art teaches that lithium-stuffed garnet-based electrolytes, when used

for Li ion rechargeable batteries, should be phase pure - cubic LisLasZr2O12, only, or
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cubic LisLasZr2012 doped with the minimal amount of Al and/or Al>O3 that will not form
secondary crystalline phases or inclusions in the primary cubic LisLasZr201; phase. The state
of the art teaches that to prepare a lithium-stuffed gamet-based electrolyte with the highest Li*
ionic conductivity it is important to make the garnet phase pure - having only a single type of
crystalline phase present. For example, the state of the art teaches that it is important to keep
the amount of Al and/or Al2Os below their solubility limit in LisLa3Zr2012 in order not to
precipitate insoluble secondary crystalline phases. See, for example, Matsuda, et.a/l., RSC Adv.,
2016, 6, 78210, which sets forth that cubic phase garnet structures have a higher ionic
conductivity than tetragonal phase gamet structures and which also sets forth certain
compositions, e.g., a tetragonal phase aluminum doped garnet, Li7.xAlyLasZr>xTaxO12, which
remains tetragonal when x+3y<0.4 and which transforms to a cubic garnet when the empirical
formula is
Li6 6-22Al,20.4La3Z11 6+, Ta0.4--O12.

[0005] Certain gamets, which don’t include lithium, are known to have a certain amount of
secondary phase content therein (e.g., U.S. Patent No. 8,461,535; U.S. Patent Application
Publication No. 2016/0362341).

[0006] Lithium-stuffed gamet has the empirical formula LizLa3Zr012 (and is referred to in
the art as “LLZO” or “LLZ”). This composition can exist in a variety of crystalline phases. For
example, this composition is stable in a tetragonal phase at room temperature and this
tetragonal phase has a low lithium-conductivity. This composition also forms a cubic phase,
which has a much higher conductivity than the tetragonal phase. The cubic phase is formed by
doping LLZO with aliovalent dopants such as aluminum (Al), niobium (Nb), tantalum (Ta) and
similar dopants. Another example of LLZO is Liz3xAlxLasZr2012, wherein x is a rational
number greater than zero and less than or equal to 0.2. In LirsxAlLazZr2012, the solubility
limit of aluminum (Al) in the LLZO lattice is near 0.2. This means that if more than 0.2 moles
of Al per LLZO mole are present, that additional amount of Al will precipitate out as a
secondary phase (e.g., LaAlOs, LiAlOz, and LaxZr207). The state of the art teaches that LLZO
should not be doped with Al beyond this solubility limit because these secondary phases will
precipitate. For example, see Kotobuki, et. al., Journal of Power Sources 196 (2011) 7750-
7754, which teaches that La>ZrO7 impurities (a type of secondary phase) should be avoided
during the formation of LLZO in order to produce a phase pure LLZO-based electrolyte which
has a high Li ion conductivity.
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[0007] Further improvements in gamet-based electrolytes are needed in order to
commercialize solid-state batteries. Set forth herein are such improvements in addition to other
disclosures.

SUMMARY OF THE INVENTION
[0008] In a first embodiment, set forth herein is a multiphase thin film solid-state electrolyte
which includes a primary cubic phase lithium-stuffed gamet characterized by the chemical
formula LiaLagAl-M"pZreOr, wherein 5<A<S, 1.5<B<4, 0.1<C<2, 0<D<2; 1<E<3, 10<F<13,
and M" is selected from the group consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf,
and Rb; and a secondary phase inclusion(s) in the primary cubic phase lithium-stuffed garnet;
further, wherein the primary cubic phase lithium-stuffed gamet is present in the multiphase
thin film solid-state electrolyte at about 70-99.9 vol % with respect to the volume of the
multiphase thin film electrolyte; and the secondary phase inclusion(s) is/are present in the
multiphase thin film solid-state electrolyte at about 30-0.1 vol% with respect to the volume of
the multiphase thin film electrolyte.
[0009] In a second embodiment, set forth herein is a composition which includes a primary
cubic phase lithium-stuffed garnet characterized by the chemical formula LiaLag Al.M"pZ1zOF,
wherein 5<A<8, 1.5<B<4, 0.1<C<2, 0<D<2; 1<E<3, 10<F<13, and M" is selected from the
group consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb; a secondary phase
inclusion(s) in the primary cubic phase lithium-stuffed gamet; wherein: the primary cubic
phase lithium-stuffed garnet is present at about 70-99.9 vol % with respect to the volume of
the composition; and the secondary phase inclusion(s) is/are present at about 30-0.1 vol% with
respect to the volume of the composition.
[00010] In a third embodiment, set forth herein is a process of making a composition,
wherein the compositions includes a primary cubic phase lithium-stuffed garnet characterized
by the chemical formula LiaLagAl:M"pZ1eOr, wherein 5<A<8, 1.5<B<4, 0.1<C<2, 0<D<2;
1<E<3, 10<F<13, and M" is selected from the group consisting of Mo, W, Nb, Y, Ta, Ga, Sb,
Ca, Ba, Sr, Ce, Hf, and Rb; a secondary phase inclusion(s) in the primary cubic phase lithium-
stuffed garnet; wherein the primary cubic phase lithium-stuffed garnet is present at about 70-
99.9 vol % with respect to the volume of the composition; and the secondary phase inclusion
is present at about 30-0.1 vol% with respect to the volume of the composition; the process
includes the following steps: (a) providing a mixture of chemical precursors to the composition,
wherein the amount of Al in the mixture exceeds the solubility limit of Al in LLZO; and (b)
calcining the mixture by heating it to at least 800 °C.
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BRIEF DESCRIPTION OF THE DRAWINGS
[00011] Figure 1 shows a scanning electron microscope (SEM) image and focused ion beam
(FIB) microscopy image of the sintered thin film lithium-stuffed gamet from Example 8. The
SEM images show the volume fraction of secondary phases in the lithium-stuffed garnet.
Figure 1A shows a plan view of the lithium-stuffed gamet thin film with secondary phase
inclusions. Figure 1B shows a focused ion-beam (FIB) cross-section showing the second phase
inclusions LiAlO; and Li>ZrOs.
[00012] Figure 2 shows overlaid x-ray powder diffraction (XRD) patterns of the calcined
powder prepared in Example 1 (bottom plot) and a sintered pellet prepared in Example 2 (top
plot).
[00013] Figure 3 shows overlaid x-ray powder diffraction (XRD) patterns of the calcined
powder prepared in Example 3 (top plot) and a sintered pellet w prepared in Example 4 (bottom
plot).
[00014] Figure 4 shows the x-ray diffraction (XRD) pattern results from the annealing
experiment in Example 9.
[00015] Figure 5 shows a scatter plot of dso grain sizes for the sintered films prepared in
Example 9, wherein grain size is plotted as a function of lithium (Li) content in the lithium-
stuffed gamet and of sintering temperature.
[00016] Figure 6 shows a plot of dso grain size for the sintered films prepared in Example 9
as a function of the aluminum (Al) content in the lithium-stuffed garmnet and of the weight
percent of the secondary phase inclusions.
[00017] Figure 7 shows bulk conductivity plots for the sintered films prepared in Example
9 as a function of the Li content in the lithium-stuffed garnet, also as a function of the Al content
in the lithium-stuffed garnet, and as a function of the sintering temperature at which the lithium-
stuffed garnet film was sintered. The y-axis shows the molar amount of Li in the lithium-stuffed
garnet. The x-axis shows the molar amount of Al in the lithium-stuffed garnet. The top portion
of each plot indicates the temperature at which the sintered film was sintered.
[00018] Figure 8 shows the surface area specific resistance (ASR) for the sintered thin film
prepared in Example 8.
[00019] Figure 9 shows an SEM image of a sintered thin film from Example 8 used for back-
scattered imaging and quantification of primary and secondary phases.
[00020] Figure 10 shows a plot of Normalized Discharge Energy as a function of

Cumulative Cycle Index for the electrochemical cell described in Example 10.
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[00021] Figure 11 shows the ring-on-ring flexural strength test results from the experiment
Example 11. The y-axis shows fracture strength. The x-axis shows arbitrary sample reference

numbers.

DETAILED DESCRIPTION OF THE INVENTION
[00022] Disclosed herein are processes for making and using thin film lithium-stuffed gamnet
electrolytes, which, in addition to a primary cubic phase lithium-stuffed garnet, also incorporate
secondary phase inclusions, such as but not limited to tetragonal gamet, lithium aluminate,
lithium zirconate, lanthanum aluminate, lanthanum zirconate, lanthanum oxide, and lithium
lanthanum oxide. In contrast to known phase pure cubic phase lithium-stuffed gamets
materials, the processes and materials set forth herein are uniquely designed for
electrochemical devices (e.g., solid-state batteries), and have a microstructure, stability
between 0 and 4.5 Volts (V) versus (v.) Lithium (Li), chemical compatibility with Li metal,
mechanical strength, and sinterability to high density, which improves upon that which is
known in the relevant art. For example, by far exceeding the solubility limit of Al in LLZO,
the instant disclosure shows how to produce lithium-stuffed garnet electrolytes with secondary
phase inclusions that have electrochemical and processing properties that are improved upon
those known in the relevant art.
[00023] 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 particular applications. Various modification, as well as a variety of uses in different
application will be clear 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 limited to the embodiments present, but is to be accorded the widest scope consisted with
the principles and novel features disclosed herein.
[00024] The reader’s attention is directed to all paper 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 documents are incorporated herein by
reference. Unless expressly stated otherwise, each feature disclosed is one example only of a
series of equivalent or similar features.
[00025] Furthermore, any element in a claim that does not explicitly state “means for”
performing a specified function, or “step for” performing a specific function is not to be
particularly interpreted as a “means” or “Step” clause as specified in post-America Invents Act

35 U.S.C. Section 112(f).
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[00026] Please note, if used, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise, and counter clockwise have been used for convenience purposes only, and are not
intended to imply any particular fixed direction. Instead, these are used to reflect relative
locations and/or directions between various portions of an object.

I. DEFINITIONS

[00027]  As used herein, the term “about,” when qualifying a number, e.g., 15 % w/w,
refers to the number qualified and optionally the numbers included in a range about that
qualified number that includes £ 10% of the number. For example, about 15 % w/w includes
15 % w/w as well as 13.5 % w/w, 14 % w/w, 14.5 % w/w, 15.5 % w/w, 16 % w/w, or 16.5 %
w/w. For example, “about 75 °C.” includes 75 °C as well 68 °C, 69 °C, 70 °C, 71 °C, 72 °C,
73 °C, 74 °C, 75 °C, 76 °C, 77 °C, 78 °C, 79 °C, 80 °C, 81 °C, 82 °C, or 83 °C.

[00028]  As used herein, the phrase “at least one member selected from the group,” includes
a single member from the group, more than one member from the group, or a combination of
members from the group. At least 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 combination of A, B, and C.

[00029] As used herein, the term “electrolyte,” refers to an ionically conductive and
electrically insulating material. Electrolytes are useful for electrically insulating the positive
and negative electrodes of a rechargeable battery while allowing for the conduction of ions,
e.g., Li*, through the electrolyte.

[00030]  As used herein, the phrase “lithium-stuffed garnet™ refers to oxides that are
characterized by a crystal structure related to a gamet crystal structure. Lithium-stuffed
garnets include compounds having the formula LiaALagM':M"pZreOr, or LisaLagM'cM"-
pNbeOr, wherein 4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<13, and M' and M" are
each, independently in each instance selected from Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf,
Rb, and Ta; or LisLapZrcAlagMe'".Or, wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2,
10<f<13 and Me" is a metal selected from Nb, V, W, Mo, and Sb. Garnets, as used herein,
also include those gamets described above that are doped with Al or Al,Os. Also, garnets as
used herein include, but are not limited to, LixLa;Zr2012 + yAl2Os. As used herein, garnet
does not include YAG-garnets (i.e., yttrium aluminum garnets, or, e.g., Y3Als012). As used
herein, garnet does not include silicate-based garnets such as pyrope,

almandine, spessartine, grossular, hessonite, or cinnamon-stone,

tsavorite, uvarovite and andradite and the solid solutions pyrope-almandine-spessarite and
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uvarovite-grossular-andradite. Garnets herein do not include nesosilicates having the general
formula X3Y2(Si04)3; wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al, Fe, and, or, Cr.
[00031]  As used herein, the phrase “phase pure” refers to a material characterized as having
a single phase (i.e., type of solid matter) as determined by x-ray powder diffraction (XRD)
analysis. For example, phase pure cubic lithium-stuffed garnet is a material having a cubic
crystalline structure. The material includes lithium (Li), lanthanum (La), zirconium (Zr),
oxygen (O) and optionally dopant atoms (e.g., Al) bonded in a polycrystalline array, wherein
each unit cell in the crystallite has cubic symmetry. Phase pure lithium-stuffed garnet includes
the solid material, LizLazZr2O12, wherein the amounts of Li, La, Zr, and O may vary so long as
the material remains polycrystalline, with cubic crystalline symmetry. LisLasZr2013 can form
several crystal phases. One phase that LisLasZr2O1» forms in addition to a cubic phase is a
tetragonal crystalline phase which includes Li, La, Zr, and O atoms bonded in a polycrystalline
array, wherein each unit cell within the crystallite has tetragonal symmetry. Phase pure cubic
lithium-stuffed gamet is a lithium-stuffed garnet that is at least 99 % or more by volume cubic
lithium-stuffed garnet. Phase pure cubic lithium-stuffed garnet is phase pure even though the
respective amounts of Li, La, Zr, O, and/or Al change so long as the lithium-stuffed garnet
remains polycrystalline, with cubic crystalline symmetry. For example, LisLas;Zr>012 may be
doped with Al or Al2O; and remain phase pure so long as the doped composition, e.g.,
LisLasZr012Al0s, is polycrystalline, with each unit cell having cubic crystalline symmetry.
A lithium-stuffed gamet that includes more than trace amounts (more than 1 % by volume) of
secondary phases is not phase pure.

[00032]  As used herein, the phrase “secondary phase” refers to a distinct phase within or
adjacent to a primary phase, wherein the primary phase is the phase present is the greatest
amount. For example, a small amount of LiAlO» phase within a bulk LisLas;Zr2012Alx phase
is a secondary phase. The secondary phase may be identified and quantified, for example, by
quantitative x-ray powder diffraction analysis. The secondary phase may be identified and
quantified, for example, by quantitative electron microscopy, e.g., SEM in back-scattered
electron imaging mode, which shows density contrast. As another example, glancing incidence
XRD may be used to identify small secondary phases on the surface of a body, such as but not
limited to a pellet or thin film. As another example, selected area x-ray diffraction patterns in
transmission electron microscopy may identify microscopic secondary phases. Some
secondary phases may be amorphous, weakly diffracting, or thin or small enough as to not be
easily identifiable via diffraction techniques. When cubic lithium-stuffed garnet is the primary

phase (i.e., the phase present in largest amount by volume), the secondary phases include, but
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are not limited to tetragonal phase gamet; La>Zr207; La>O3; LaAlOs; Lax(Lio s Alo.s)O4; LiLaOz;
LiZr;03; LiaZ1,O;, wherein 1<a<8, 1<b<2, and 1<c¢<7, and wherein subscripts a, b, and ¢ are
selected so that LiaZrpOc is charge neutral; LigAlOi, wherein 1<g<5, 1<h<5, and 2<i<8, and
wherein subscripts g, h, 1 are selected so that LizAlnOi is charge neutral; LagTa.Or, wherein
1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e, and f are selected so that LagTa.Oris
charge neutral; Li, TasOr, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts r, s, and t
are selected so that Li,;TasO¢1s charge neutral; La,NbpOgq, wherein 1<n<3, 1<p<7, and 4<q<19,
and wherein subscripts n, p, and q are selected so that La,NbpOqis charge neutral; LiuNb,Ox,
wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v, and x are selected so that
LiyNbyOx is charge neutral; and any combination thereof.

[00033]  As used herein, the phase “multiphase thin film solid-state electrolyte,” refers to a
solid-state electrolyte in a film format wherein the film is 10 nm to 100 um in thickness and
wherein the film includes at least two different phases, e.g., cubic lithium-stuffed garnet and
LiZr0s.

[00034]  As used herein, the phase “primary cubic phase lithium-stuffed garnet,” refers to a
material in which the phase present in largest amounts is cubic phase lithium-stuffed garnet.
[00035]  As used herein, the phase “secondary phase inclusion in the primary cubic phase
lithium-stuffed garnet,” refers to a secondary phase that is entrapped, surrounded, enclosed
by, included within or otherwise encapsulated by a primary cubic phase lithium-stuffed
garnet. The secondary phase inclusion may be included within amorphous or crystalline
lithium-stuffed garnet.

[00036] As used herein, the phrase “garnet precursor chemicals™ or “chemical precursor to
a Gamet-type electrolyte” or “chemical precursors,” refers to chemicals, which react to form
a lithium-stuffed garnet material described herein. These chemical precursors include, but
are not limited to lithium hydroxide (e.g., LiOH), lithium oxide (e.g., Li»0), zirconium oxide
(e.g., Zr0»), zirconium nitrate, zirconium acetate, lanthanum oxide (e.g., La»0s), lanthanum
nitrate, lanthanum acetate, aluminum oxide (e.g., Al20s), aluminum (e. g., Al), aluminum
nitrate (e.g., AINO3), aluminum nitrate nonahydrate, aluminum (oxy) hydroxide (gibbsite and
boehmite), gallium oxide, corundum, niobium oxide (e.g., Nb2Os), tantalum oxide (e.g.,
Tax0s).

[00037]  As used herein the phrase “garnet-type electrolyte,” or “garnet-based electrolyte,”
refers to an electrolyte that includes a gamet or lithium-stuffed garnet material described herein

as the 1onic conductor.
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[00038]  As used herein, the term “grains” refers to domains of material within the bulk of a
material that have a physical boundary that distinguishes the grain from the rest of the material.
For example, in some materials both crystalline and amorphous components of a material, often
having the same chemical composition, are distinguished from each other by the boundary
between the crystalline component and the amorphous component. As another example, two
crystalline “grains”, or regions of different orientation, have a boundary where they meet. The
approximate diameter of the regions between boundaries of a crystalline component with an
orientation, or of an amorphous component, is referred herein as the grain size.

[00039] As used herein, the phrase “dso grain size,” “dso diameter,” or “median
diameter (dso)” refers to the median size, in a distribution of sizes, measured by microscopy
techniques or other particle size analysis techniques, such as, but not limited to, scanning
electron microscopy or dynamic light scattering. Dso by number describes a characteristic
dimension of particles in a collection of particles at which 50% of the particles in the
collection are smaller than the recited size. Dso by volume describes a characteristic
dimension of particles in a collection of particles at which 50% of the volume is occupied by
smaller particles. Unless otherwise specified, a Dso herein refers to a Dso by volume. Dso by
area describes a characteristic dimension of particles in a collection of particles at which 50%
of the area is occupied by smaller particles; area Dso may be measured by cross-section

electron microscopy.

[00040] As used herein, the phrase “subscripts and molar coefficients in the empirical
formulas are based on the quantities of raw materials initially batched to make the described
examples” means the subscripts, (e.g., 7, 3, 2, 12 in LisLasZr012 and the coefficient 0.35 in
0.35A1,05) refer to the respective elemental ratios in the chemical precursors (e.g., LiOH,
Lax0s, ZrO:z, Al205) used to prepare a given material, (e.g., LizLasZr2012:0.35A1:03).

[00041] As used herein, the term “rational number” refers to any number, which can be
expressed as the quotient or fraction (e.g., p/q) of two integers (e.g., p and q), with the
denominator (e.g., q) not equal to zero. Example rational numbers include, but are not

limited to, 1, 1.1, 1.52,2,2.5, 3, 3.12, and 7.

[00042]  As used herein, the phrases “electrochemical cell” or “battery cell” shall, unless
specified to the contrary, mean a single cell including a positive electrode and a negative
electrode, which have ionic communication between the two using an electrolyte. In some
embodiments, a battery or module includes multiple positive electrodes and/or multiple

negative electrodes enclosed in one container, i.e., stacks of electrochemical cells. A symmetric
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cell is unless specified to the contrary a cell having two Li metal anodes separated by a solid-
state electrolyte.

[00043]  As used herein the phrase “electrochemical stack,” refers to one or more units which
each include at least a negative electrode (e.g., Li, LiCs), a positive electrode (e.g., Li-nickel-
manganese-oxide or FeFs, optionally combined with a solid state electrolyte or a gel
electrolyte), and a solid electrolyte (e.g., lithium-stuffed garnet electrolyte set forth herein)
between and in contact with the positive and negative electrodes. In some examples, between
the solid electrolyte and the positive electrode, there is an additional layer comprising a gel
electrolyte. An electrochemical stack may include one of these aforementioned units. An
electrochemical stack may include several of these aforementioned units arranged in electrical
communication (e.g., serial or parallel electrical connection). In some examples, when the
electrochemical stack includes several units, the units are layered or laminated together in a
column. In some examples, when the electrochemical stack includes several units, the units are
layered or laminated together in an array. In some examples, when the electrochemical stack
includes several units, the stacks are arranged such that one negative electrode is shared with
two or more positive electrodes. Alternatively, in some examples, when the electrochemical
stack includes several units, the stacks are arranged such that one positive electrode is shared
with two or more negative electrodes. Unless specified otherwise, an electrochemical stack
includes one positive electrode, one solid electrolyte, and one negative electrode, and
optionally includes a gel electrolyte layer between the positive electrode and the solid
electrolyte.

[00044] As used herein, the phrase “solid-state battery” refers to a battery wherein all
components are in a non-liquid state; they may be gel, ceramic, solid, and/or polymer. The
catholyte of a solid-state battery may be a polymer, gel, or solid. The electrolyte separator of a
solid-state battery may be a polymer, gel, or solid. A gel in a solid-state battery may be
infiltrated with a liquid, but the gel, macroscopically, has non-liquid state properties.

[00045]  As used herein, the phrase “gel” refers to a material that has a storage modulus that
exceeds the loss modulus as measured by rheometry. A gel may be a polymer swollen or
infiltrated by a liquid, or a two-phase material with a porous polymer with pores occupied by
liquid. A gel does not appreciably flow in response to gravity over short times (minutes).
Examples include, but are not limited to, a PVDF-HFP with electrolyte solvent and salt, and
PAN with electrolyte solvent and salt.

[00046]  As used herein, the phrases “gel electrolyte,” unless specified otherwise, refers to a

suitable Li* ion conducting gel or liquid-based electrolyte, for example, those gels set forth in
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US Patent No. 5,296,318, entitled RECHARGEABLE LITHIUM INTERCALATION
BATTERY WITH HYBRID POLYMERIC ELECTROLYTE. A gel electrolyte has lithium
ion conductivity of greater than 10 S/cm at room temperature, a lithium transference number
between 0.05-0.95, and a storage modulus greater than the loss modulus at some temperature.
A gel may comprise a polymer matrix, a solvent that gels the polymer, and a lithium containing
salt that is at least partly dissociated into Li* ions and anions.

[00047]  As used herein, the phrase “positive electrode” refers to the electrode in a secondary
battery towards which positive ions, e.g., Li*, conduct during discharge of the battery. As used
herein, the phrase “negative electrode” refers to the electrode in a secondary battery from where
positive ions, e.g., Li*, conduct 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, NiFx), the
electrode having the conversion chemistry materials is referred to as the positive electrode. In
some common usages, cathode is used in place of positive electrode, and anode is used in place
of negative electrode. When a Li-secondary battery is charged, Li ions conduct from the
positive electrode (e.g., NiFx) towards the negative electrode (Li-metal). When a Li-secondary
battery is discharged, Li ions conduct towards the positive electrode (e.g., NiFy; i.e., cathode)
and from the negative electrode (e.g., Li-metal; i.e., anode).

[00048]  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 mostly
reversible chemical reaction during the charging and discharging cycles. For examples, and
“active cathode material,” includes a metal fluoride that converts to a metal and lithium fluoride
during the discharge cycle of a Li rechargeable battery.

[00049]  As used herein the phrase “active anode material” refers to an anode material that
is suitable for use in a Li rechargeable battery that includes an active cathode material as
defined above. In some examples, the active material is Lithium metal. In some of the
processes set forth herein, the sintering temperatures are high enough to melt the Lithium metal
used as the active anode material.

[00050]  As used herein, the phrase “current collector” refers to a component or layer in a
secondary battery through which electrons conduct, to or from an electrode in order to complete
an external circuit, and which are in direct contact with the electrode to or from which the
electrons conduct. In some examples, the current collector is a metal (e.g., Al, Cu, or Ni, steel,
alloys thereof, or combinations thereof) layer, which is laminated to a positive or negative
electrode. During charging and discharging, electrons conduct in the opposite direction to the

flow of Li ions and pass through the current collector when entering or exiting an electrode.
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[00051] As used herein, the term “laminating” refers to the process of sequentially
depositing a layer of one precursor specie, e.g., a lithium precursor specie, onto a deposition
substrate and then subsequently depositing an additional layer onto an already deposited layer
using a second precursor specie, e.g., a transition metal precursor specie. This laminating
process can be repeated to build up several layers of deposited vapor phases. As used herein,
the term “laminating™ also refers to the process whereby a layer comprising an electrode, e.g.,
positive electrode or cathode active material comprising layer, is contacted to a layer
comprising another material, e.g., garnet electrolyte. The laminating process may include a
reaction or use of a binder which adheres of physically maintains the contact between the layers
which are laminated.

[00052]  As used herein, the phrase “green film™ refers to an unsintered film including at
least one member selected from garnet materials, precursors to garnet materials, binder,
solvent, carbon, dispersant, or combinations thereof.

[00053]  As used herein, the phrase “solid-state catholyte,” or the term “catholyte” refers to
an electrolyte that is intimately mixed with, or surrounded by, a cathode (i.e., positive
electrode) active material (e.g., a metal fluoride optionally including lithium).

[00054]  As used herein, the phrase “film” refers to a thin membrane of less than 0.5 mm
thickness and greater than 5 mm in a lateral dimension. A “film” may be produced by a
continuous process such as tape-casting, slip casting, or screen-printing. A film may be a “green
film™, i.e. before heating, calcining or sintering, or a “sintered film”, i.e. after sintering at
elevated temperatures to cause densification.

[00055] 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 area.

[00056]  As used herein, the phrase “pellet” refers to a body of material produced by a batch
process with at least one compaction step. The pellet may be a “green pellet”, i.e., before
heating or sintering, or a “sintered pellet”, i.e., after heating or sintering at elevated
temperatures to cause densification.

[00057]  As used herein, the phrase “monolith” refers to a body of material that, on a length
scale of >0.1mm, is substantially uniform or homogeneous in structure and composition.
[00058]  As used herein the phrase “sintering the film,” refers to a process whereby a thin
film, as described herein, is densified (made denser, or made with a reduced porosity) using
heat and or pressure. Sintering includes the process of forming a solid mass of material by

heat and/or pressure without melting it to the point of complete liquification.
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[00059]  As used herein the term “binder,” refers to a material that assists in the adhesion of
another material. For example, as used herein, polyvinyl butyral is a binder because it is useful
for adhering garnet materials. Other binders include polycarbonates. Other binders may include
polymethylmethacrylates. These examples of binders are not limiting as to the entire scope of
binders contemplated here but merely serve as examples.

[00060]  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 die, slip and/or tape casting,
and other processes known to those skilled in the art.

[00061] As used herein the phrase “stable at voltages greater than about 3.8V,” refers to a
material that does not undergo a destructive chemical reaction when a voltage of more than
3.8V relative to a lithium reference electrode that is applied thereto. A destructive chemical
reaction as used herein refers to a chemical reaction that degrades the functionality of the
material for which the material is used.

[00062]  As used herein, the phrase “fracture strength,” refers to a measure of force required
to break a material, e.g., a thin film electrolyte, by inducing a crack or fracture therein. Fracture
strength values recited herein were measured using the ring on ring test. The ring-on-ring test
is a measure of equibiaxial flexural strength and may be measured as specified in the ASTM
C1499-09 standard. The test is performed at ambient temperature unless stated explicitly
otherwise.

[00063] As used herein, the phrase “density as determined by geometric measurements,”
refers to measurements of density obtained by physical mass and volume measurements.
Density is determined by the ratio of measured mass to the measured volume. Customary
techniques including the Archimedes method may be employed for such determinations.
Unless stated otherwise, the density as determined by geometric measurements is the
Archimedes method.

[00064]  As used herein, the phrase “density as measured by the Archimedes method,” refers
to a density measurement inclusive of closed porosity but exclusive of open porosity. The
dimensions of a dry material are measured and the volume is calculated and recorded as Vg;
the mass of the dry material is measured and recorded as mg. Vacuum infiltration of the material
with a solvent such as toluene or IPA is then conducted by, for example, pulling a vacuum on
the material for at least one hour to a pressure less than -20inHg and then submerging the

material in a solvent to infiltrate the material with the solvent for at least 30 minutes. Next, the
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vacuum is released, while keeping the material submerged in the solvent. Then, the surface
liquid is wiped off of the material. Next, the mass, my, of the material when wet is recorded.
Finally, the mass, ms, of the material when submerged is recorded. The Archimedes bulk
density is calculated as mg/(mw-ms)ps, where ps is the solvent density, and the open porosity is
(My-mg)/(Mmy,-ms).
[00065] As used herein, the phrases “density as determined by scanning electron microscopy
(SEM),” and “porosity as determined by SEM,” refers to the analysis of scanning electron microscopy
(SEM) images. This analysis includes measuring the relative amounts of the electrolyte separator which
are porous or vacant with respect to the electrolyte separator which is fully dense. The SEM images
useful for this analysis include those obtained by SEM cross-sectional analysis using focused ion beam
(FIB) milling. The density measurement uses image analysis software and an SEM image. First, a user
or the software assigns pixels and/or regions of an SEM image as porosity. Second, the area fraction of
those regions is summed by the software. The porosity fraction determined by SEM is equal to the arca
fraction of the porous region of the image.
[00066] As used herein the phrase "free-standing thin film," refers to a film that is not adhered or
supported by an underlying substrate. In some examples, free-standing thin film is a film that is self-
supporting, which can be mechanically manipulated or moved without need of a substrate adhered or
fixed thereto.

II. MULTIPHASE FILMS

[00067] In some examples, set forth herein is a multiphase thin film solid-state electrolyte
which is polycrystalline and has a thickness between 10 nm and 200 um. The majority phase
in the poly-crystallites is a primary cubic phase lithium-stuffed garnet characterized by the
chemical formula LiaLapAl-M"pZreOr, wherein 5<A<S, 1.5<B<4, 0.1<C<2, 0<D<2; 1<E<3,
10<F<13, and M" is selected from the group consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba,
St, Ce, Hf, and Rb. Also present in the multiphase film is a secondary phase inclusion in the
primary cubic phase lithium-stuffed gamet; wherein the primary cubic phase lithium-stuffed
garnet is present in the multiphase thin film solid-state electrolyte at about 70-99.9 vol % with
respect to the volume of the multiphase thin film electrolyte, and the secondary phase inclusion
is present in the multiphase thin film solid-state electrolyte at about 30-0.1 vol% with respect
to the volume of the multiphase thin film electrolyte.

[00068] In some examples, the multiphase film is a sintered film made by sintering a green
(i.e., unsintered) film which comprises chemical precursors to lithium-stuffed garnet and/or
lithium-stuffed gamet. In some examples, the amount of primary material relative to the

amount of secondary material is greater in the sintered film than is present in the corresponding
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unsintered films before the unsintered film was sintered. The multiphase thin films herein can
be made, in part, by providing green films with secondary phases, which assist in the sintering
and densification of the primary phase cubic lithium-stuffed garnet. In some examples, the
green films include calcined powders, which include primary phase cubic lithium-stuffed
gamnet and secondary phases, which assist in the sintering of the green film to make the sintered
films herein.

[00069] In some examples, including any of the foregoing, the amount of primary cubic
phase lithium-stuffed garnet and the amount of secondary phase inclusion sum to the total
amount of material in the multiphase thin film solid-state electrolyte.

[00070] In some examples, including any of the foregoing, the secondary phase inclusion
dso grain size is less than 10 um.

[00071] In some examples, including any of the foregoing, the secondary phase inclusion
dso grain size is from about 1 um to about 10 um.

[00072] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed gamet dso grain size is smaller than the secondary phase inclusion dso grain size.
[00073] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed garnet dso grain size is from about 10 pum to about 20 pm.

[00074] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed garnet grain size dso is from about 0.5 um-10 pum.

[00075] In some examples, including any of the foregoing, the doo grain size of any phase
in the multiphase thin film solid-state electrolyte is from about 1 pym to 5 um.

[00076] In some examples, including any of the foregoing, the dso grain sizes are
substantially as shown in any one of FIGs. 1a, 1B, 9, or 12.

[00077] In some examples, including any of the foregoing, the secondary phase inclusions
are homogenously distributed in the multiphase film.

[00078] In some examples, including any of the foregoing, the secondary phase inclusions
include more than one type of secondary phase inclusions.

[00079] In some examples, including any of the foregoing, the secondary phase inclusions
include at least two, three or four types of secondary phase inclusions.

[00080] In some examples, including any of the foregoing, the secondary phase inclusions
are homogenously distributed over a volume of 100 um? or more.

[00081] In some examples, including any of the foregoing, the inclusions are homogenously

distributed over a volume of 1000 um? or more.
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[00082] In some examples, including any of the foregoing, the ratio of the secondary phase
inclusion dso grain size to the primary cubic phase lithium-stuffed gamet dso grain size is
between 0.1 and 10.
[00083] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of 50 MPa-1000 MPa as measured a ring-on-ring
flexural strength test.
[00084] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of 50 MPa-2000 MPa as measured a ring-on-ring
flexural strength test.
[00085] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of 50 MPa-1200 MPa as measured a ring-on-ring
flexural strength test.
[00086] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of 200 MPa - 800 MPa as measured a ring-on-ring
flexural strength test.
[00087] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of at least 50 MPa as measured by a ring-on-ring flexural
strength test.
[00088] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a fracture strength of at least 25 MPa as measured by a ring-on-ring flexural
strength test.
[00089] In some examples, including any of the foregoing, the thickness of the thin film
solid-state electrolyte is between about 0.1 um to about 200 pum.
[00090] In some examples, including any of the foregoing, the thickness of the thin film
solid-state electrolyte is between 10 nm and 100 um.
[00091] In some examples, including any of the foregoing, the thin film solid-state
electrolyte is a circular shaped disc having a diameter of at least 10 mm.
[00092] In some examples, including any of the foregoing, the thin film solid-state
electrolyte has an area of at least 25 cm’.
[00093] In some examples, including any of the foregoing, the secondary phase inclusion
is a material selected from the group consisting of:
tetragonal phase garnet; LaxZr>07; LaxO3; LaAlOs; Lax(Lio.sAlo.s)O4; LiLaO2;
LiZr03;
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LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnOi is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LayNbpQOqis charge neutral;

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that Li,NbyOxis charge neutral; and

combinations thereof.

[00094] In some examples, including any of the foregoing, the secondary phase inclusions
include at least two materials selected from the group consisting of:
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
LirTasO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;
LanNbpOgq, wherein 1<n<3, 1<p<7, and 4<q=<19, and wherein subscripts n, p,
and q are selected so that LayNbpQqis charge neutral; and
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[00095] In some examples, including any of the foregoing, the secondary phase inclusions
include at least three materials selected from the group consisting of:
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
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LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnOi is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[00096] In some examples, including any of the foregoing, the secondary phase inclusions
include at least four materials selected from the group consisting of:
tetragonal phase garnet; LaxZr>07; LaxO3; LaAlOs; Lax(Lio.sAlo.s)O4; LiLaO2;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;
LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LayNbpQqis charge neutral; and
LiuNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[00097] In some examples, including any of the foregoing, the total amount of secondary
phase inclusionis 0.1, 0.2, 0.3,0.4,0.5,0.6,0.7,08,09,1,2,3,4,5,6,7,8,9,10, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 vol%.

[00098] In some examples, including any of the foregoing, wherein the secondary phase

inclusion comprises LaxZr07; LiAlO»; LaAlQs; tetragonal garnet; and Li2ZrOs.
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[00099] In some examples, including any of the foregoing, the secondary phase inclusions
include LaxZr,07; tetragonal garmet; Li,Z1,0c, wherein 1<a<8, 1<b<2, and 1<c¢<7, and wherein
subscripts a, b, and ¢ are selected so that LiaZrOc is charge neutral; LagTa.Or, wherein 1<d<3,
1<e<7, and 4<f<19, and wherein subscripts d, e, and f are selected so that LagTacOris charge
neutral; and Li,TasO;, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t are
selected so that Li;TasO¢is charge neutral.

[000100] In some examples, including any of the foregoing, the secondary phase inclusion
includes LaxZrO7; tetragonal gamet; LiaZrp,Oc, wherein 1<a<8, 1<b<2, and 1<c<7, and
wherein subscripts a, b, and c are selected so that LiaZrpOc is charge neutral; LanNbyOq, wherein
1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p, and q are selected so that La,Nb,Oq
is charge neutral; and LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u,
v, and x are selected so that LiuNbyOx is charge neutral.

[000101] In some examples, including any of the foregoing, the secondary phase inclusion in
the multiphase thin film solid-state electrolyte includes LiAlO» present in the multiphase thin
film solid-state electrolyte at about 0.1-25 vol%, Li»ZrOs present in the multiphase thin film
solid-state electrolyte at about 0.1-15 vol% and LaAlQ; present in the multiphase thin film
solid-state electrolyte at about 0.1-15 vol%, as measured by quantitative XRD.

[000102] In some examples, including any of the foregoing, the secondary phase inclusion in
the multiphase thin film solid-state electrolyte includes LiAlO» present in the multiphase thin
film solid-state electrolyte at about 3-8 vol%, Li2ZrOs present in the multiphase thin film solid-
state electrolyte at about 1-10 vol% and LaAlQs; present in the multiphase thin film solid-state
electrolyte at about 1-8 vol%, as measured by quantitative XRD.

[000103] In some examples, including any of the foregoing, the density of the multiphase thin
film solid-state electrolyte is 4.6-5.2 g/cm® as measured by the Archimedes method.

[000104] In some examples, including any of the foregoing, the density of the multiphase thin
film solid-state electrolyte is about 4.9 g/cm?® as measured by the Archimedes method.
[000105] In some examples, including any of the foregoing, pyrochlore is present in the
multiphase thin film solid-state electrolyte at less than 20 vol% as measured by quantitative
XRD after the multiphase film is heated at 850°C for 2 hours.

[000106] In some examples, including any of the foregoing, the bulk conductivity is greater
than 1-5x10** S/cm at 20 °C.

[000107] In some examples, including any of the foregoing, the bulk conductivity is greater
than 2x10* S/cm at 20 °C.
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[000108] In some examples, including any of the foregoing, the interfacial area specific
resistance (ASR) of the multiphase thin film solid-state electrolyte with lithium metal is 1-200
Q cm? at-15 °C.

[000109] In some examples, including any of the foregoing, the interfacial ASR of the
multiphase thin film solid-state electrolyte with lithium metal is 2000 Q ¢cm? at -15 °C.
[000110] In some examples, including any of the foregoing, the interfacial ASR of the
multiphase thin film solid-state electrolyte with lithium metal is less than 2000 Q cm? at -15
°C.

[000111] In some examples, including any of the foregoing, the specific ASR of the
multiphase thin film solid-state electrolyte with lithium metal is less than 10 Q cm? at -15 °C.
[000112] In some examples, including any of the foregoing, the multiphase thin film solid-
state electrolyte has a total porosity of less than 5 vol% as determined by SEM.

[000113] In some examples, including any of the foregoing, the 90th percentile largest pore
has no lateral extent larger than 5 um as measured by cross-section electron microscopy.
[000114] In some examples, including any of the foregoing, the multiphase film is sintered
and has a thickness of about 10 nm. In some other examples, the multiphase film has a thickness
of about 11 nm. In certain examples, the multiphase film has a thickness of about 12 nm. In
certain other examples, the multiphase film has a thickness of about 13 nm. In some other
examples, the multiphase film has a thickness of about 14 nm. In some examples, the
multiphase film has a thickness of about 15 nm. In some of these examples, the multiphase film
has a thickness of about 16 nm. In some examples, the multiphase film has a thickness of about
17 nm. In some other examples, the multiphase film has a thickness of about 18 nm. In certain
examples, the multiphase film has a thickness of about 19 nm. In some of these examples, the
multiphase film has a thickness of about 20 nm. In some other examples, the multiphase film
has a thickness of about 21 nm. In certain examples, the multiphase film has a thickness of
about 22 nm. In certain other examples, the multiphase film has a thickness of about 23 nm. In
some other examples, the multiphase film has a thickness of about 24 nm. In some examples,
the sintered film has a thickness of about 25 nm. In some examples, the multiphase film has a
thickness of about 26 nm. In some of these examples, the multiphase film has a thickness of
about 27 nm. In some examples, the multiphase film has a thickness of about 28 nm. In some
other examples, the multiphase film has a thickness of about 29 nm. In certain examples, the
multiphase film has a thickness of about 30 nm. In some of these examples, the multiphase film
has a thickness of about 31 nm. In some other examples, the multiphase film has a thickness of

about 32 nm. In certain examples, the multiphase film has a thickness of about 33 nm. In certain

-20 -



WO 2018/236394 PCT/US2017/039069

other examples, the multiphase film has a thickness of about 34 nm. In some other examples,
the multiphase film has a thickness of about 35 nm. In some examples, the multiphase film
has a thickness of about 36 nm. In some of these examples, the multiphase film has a thickness
of about 37 nm. In some examples, the multiphase film has a thickness of about 38 nm. In
some other examples, the multiphase film has a thickness of about 39 nm. In certain examples,
the multiphase film has a thickness of about 40 nm. In some of these examples, the multiphase
film has a thickness of about 41 nm. In some other examples, the multiphase film has a
thickness of about 42 nm. In certain examples, the multiphase film has a thickness of about 43
nm. In certain other examples, the multiphase film has a thickness of about 44 nm. In some
other examples, the multiphase film has a thickness of about 45 nm. In some examples, the
multiphase film has a thickness of about 46 nm. In some of these examples, the multiphase film
has a thickness of about 47 nm. In some examples, the multiphase film has a thickness of about
48 nm. In some other examples, the multiphase film has a thickness of about 49 nm. In certain
examples, the multiphase film has a thickness of about 50 nm. In some of these examples, the
multiphase film has a thickness of about 51 nm. In some other examples, the multiphase film
has a thickness of about 52 nm. In certain examples, the multiphase film has a thickness of
about 53 nm. In certain other examples, the multiphase film has a thickness of about 54 nm. In
some other examples, the multiphase film has a thickness of about 55 nm. In some examples,
the multiphase film has a thickness of about 56 nm. In some of these examples, the multiphase
film has a thickness of about 57 nm. In some examples, the multiphase film has a thickness of
about 58 nm. In some other examples, the multiphase film has a thickness of about 59 nm. In
certain examples, the multiphase film has a thickness of about 60 nm.

[000115] In some of these examples, the multiphase film has a thickness of about 1 um. In
some of these examples, the multiphase film has a thickness of about 2 um. In some of these
examples, the multiphase film has a thickness of about 3 um. In some of these examples, the
multiphase film has a thickness of about 4um. In some of these examples, the multiphase film
has a thickness of about Sum. In some of these examples, the multiphase film has a thickness
of about 6um. In some of these examples, the multiphase film has a thickness of about 7um. In
some of these examples, the multiphase film has a thickness of about pm. In some of these
examples, the multiphase film has a thickness of about 9um. In some of these examples, the
multiphase film has a thickness of about 10 um. In some of these examples, the multiphase
film has a thickness of about 11 um. In some other examples, the multiphase film has a
thickness of about 12 um. In certain examples, the multiphase film has a thickness of about 13

um. In certain other examples, the multiphase film has a thickness of about 14 um. In some
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other examples, the multiphase film has a thickness of about 15 um. In some examples, the
multiphase film has a thickness of about 16 um. In some of these examples, the multiphase
film has a thickness of about 17 um. In some examples, the multiphase film has a thickness of
about 18 um. In some other examples, the multiphase film has a thickness of about 19 um. In
certain examples, the multiphase film has a thickness of about 20 um. In some of these
examples, the multiphase film has a thickness of about 21 um. In some other examples, the
multiphase film has a thickness of about 22 um. In certain examples, the multiphase film has a
thickness of about 23 um. In certain other examples, the multiphase film has a thickness of
about 24 um. In some other examples, the multiphase film has a thickness of about 25 um. In
some examples, the multiphase film has a thickness of about 26 pm. In some of these examples,
the multiphase film has a thickness of about 27 um. In some examples, the multiphase film
has a thickness of about 28 um. In some other examples, the multiphase film has a thickness
of about 29 um. In certain examples, the multiphase film has a thickness of about 30 um. In
some of these examples, the multiphase film has a thickness of about 31 um. In some other
examples, the multiphase film has a thickness of about 32 um. In certain examples, the
multiphase film has a thickness of about 33 um. In certain other examples, the multiphase film
has a thickness of about 34 um. In some other examples, the multiphase film has a thickness
of about 35 um. In some examples, the multiphase film has a thickness of about 36 um. In
some of these examples, the multiphase film has a thickness of about 37 pum. In some examples,
the multiphase film has a thickness of about 38 um. In some other examples, the multiphase
film has a thickness of about 39 um. In certain examples, the multiphase film has a thickness
of about 40 um. In some of these examples, the multiphase film has a thickness of about 41
um. In some other examples, the multiphase film has a thickness of about 42 um. In certain
examples, the multiphase film has a thickness of about 43 um. In certain other examples, the
multiphase film has a thickness of about 44 um. In some other examples, the multiphase film
has a thickness of about 45 um. In some examples, the multiphase film has a thickness of about
46 um. In some of these examples, the multiphase film has a thickness of about 47 pym. In
some examples, the multiphase film has a thickness of about 48 pum. In some other examples,
the multiphase film has a thickness of about 49 um. In certain examples, the multiphase film
has a thickness of about 50 um. In some of these examples, the multiphase film has a thickness
of about 51 um. In some other examples, the multiphase film has a thickness of about 52 um.
In certain examples, the multiphase film has a thickness of about 53 pum. In certain other
examples, the multiphase film has a thickness of about 54 um. In some other examples, the

multiphase film has a thickness of about 55 um. In some examples, the multiphase film has a
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thickness of about 56 um. In some of these examples, the multiphase film has a thickness of
about 57 um. In some examples, the multiphase film has a thickness of about 58 um. In some
other examples, the multiphase film has a thickness of about 59 um. In certain examples, the
multiphase film has a thickness of about 60 pm.

[000116] In some of these examples, the multiphase film has a thickness of about 61 um. In
some other examples, the multiphase film has a thickness of about 62 um. In certain examples,
the multiphase film has a thickness of about 63 um. In certain other examples, the multiphase
film has a thickness of about 64 um. In some other examples, the multiphase film has a
thickness of about 65 um. In some examples, the multiphase film has a thickness of about 66
um. In some of these examples, the multiphase film has a thickness of about 67 um. In some
examples, the multiphase film has a thickness of about 68 um. In some other examples, the
multiphase film has a thickness of about 69 um. In certain examples, the multiphase film has
a thickness of about 70 um. In some of these examples, the multiphase film has a thickness of
about 71 um. In some other examples, the multiphase film has a thickness of about 72 um. In
certain examples, the multiphase film has a thickness of about 73 um. In certain other examples,
the multiphase film has a thickness of about 74 um. In some other examples, the multiphase
film has a thickness of about 75 um. In some examples, the multiphase film has a thickness of
about 76 um. In some of these examples, the multiphase film has a thickness of about 77 um.
In some examples, the multiphase film has a thickness of about 78 um. In some other examples,
the multiphase film has a thickness of about 79 um. In certain examples, the multiphase film
has a thickness of about 80 um. In some of these examples, the multiphase film has a thickness
of about 81 um. In some other examples, the multiphase film has a thickness of about 82 pum.
In certain examples, the multiphase film has a thickness of about 83 pum. In certain other
examples, the multiphase film has a thickness of about 84 um. In some other examples, the
multiphase film has a thickness of about 85 um. In some examples, the multiphase film has a
thickness of about 86 um. In some of these examples, the multiphase film has a thickness of
about 87 um. In some examples, the multiphase film has a thickness of about 88 um. In some
other examples, the multiphase film has a thickness of about 89 um. In certain examples, the
multiphase film has a thickness of about 90 um. In some of these examples, the multiphase
film has a thickness of about 91 um. In some other examples, the multiphase film has a
thickness of about 92 um. In certain examples, the multiphase film has a thickness of about 93
um. In certain other examples, the multiphase film has a thickness of about 94 pm. In some
other examples, the multiphase film has a thickness of about 95 pm. In some examples, the

multiphase film has a thickness of about 96 um. In some of these examples, the multiphase
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film has a thickness of about 97 um. In some examples, the multiphase film has a thickness of
about 98 um. In some other examples, the multiphase film has a thickness of about 99 um. In
certain examples, the multiphase film has a thickness of about 100 um.

[000117] In some of these examples, the multiphase film has a thickness of about 101 um. In
some other examples, the multiphase film has a thickness of about 102 um. In certain examples,
the multiphase film has a thickness of about 103 um. In certain other examples, the multiphase
film has a thickness of about 104 um. In some other examples, the multiphase film has a
thickness of about 105 um. In some examples, the multiphase film has a thickness of about
106 um. In some of these examples, the multiphase film has a thickness of about 107 um. In
some examples, the multiphase film has a thickness of about 108 um. In some other examples,
the multiphase film has a thickness of about 109 um. In certain examples, the multiphase film
has a thickness of about 110 um. In some of these examples, the multiphase film has a thickness
of about 111 um. In some other examples, the multiphase film has a thickness of about 112
um. In certain examples, the multiphase film has a thickness of about 113 um. In certain other
examples, the multiphase film has a thickness of about 114 um. In some other examples, the
multiphase film has a thickness of about 115 um. In some examples, the multiphase film has
a thickness of about 116 um. In some of these examples, the multiphase film has a thickness
of about 117 um. In some examples, the multiphase film has a thickness of about 118 um. In
some other examples, the multiphase film has a thickness of about 119 um. In certain examples,
the multiphase film has a thickness of about 120 um. In some of these examples, the multiphase
film has a thickness of about 121 um. In some other examples, the multiphase film has a
thickness of about 122 um. In certain examples, the multiphase film has a thickness of about
123 um. In certain other examples, the multiphase film has a thickness of about 124 um. In
some other examples, the multiphase film has a thickness of about 125 um. In some examples,
the multiphase film has a thickness of about 126 um. In some of these examples, the multiphase
film has a thickness of about 127 um. In some examples, the multiphase film has a thickness
of about 128 um. In some other examples, the multiphase film has a thickness of about 129
um. In certain examples, the multiphase film has a thickness of about 130 um. In some of these
examples, the multiphase film has a thickness of about 131 um. In some other examples, the
multiphase film has a thickness of about 132 um. In certain examples, the multiphase film has
a thickness of about 133 um. In certain other examples, the multiphase film has a thickness of
about 134 um. In some other examples, the multiphase film has a thickness of about 135 um.
In some examples, the multiphase film has a thickness of about 136 um. In some of these

examples, the multiphase film has a thickness of about 137 um. In some examples, the
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multiphase film has a thickness of about 138 um. In some other examples, the multiphase film
has a thickness of about 139 um. In certain examples, the multiphase film has a thickness of
about 140 um.

[000118] In some of these examples, the multiphase film has a thickness of about 141 um. In
some other examples, the multiphase film has a thickness of about 142 um. In certain examples,
the multiphase film has a thickness of about 143 pum. In certain other examples, the multiphase
film has a thickness of about 144 um. In some other examples, the multiphase film has a
thickness of about 145 um. In some examples, the multiphase film has a thickness of about
146 um. In some of these examples, the multiphase film has a thickness of about 147 um. In
some examples, the multiphase film has a thickness of about 148 um. In some other examples,
the multiphase film has a thickness of about 149 um. In certain examples, the multiphase film
has a thickness of about 150 um.

[000119] In some examples, provided herein is a multiphase film having grains with a dso
diameter less than 10 nm. In certain examples, the multiphase film has grains having a dso
diameter less than 900 nm. In other examples, the grains having a dso diameter less than 800
nm. In some examples, the grains have a dso diameter less than 700 nm. In certain examples,
the multiphase film has grains having a dso diameter less than 600 nm. In other examples, the
multiphase film has grains having a dso diameter less than 500 nm. In some examples, the
multiphase film has grains having a dso diameter less than 400 nm. In other examples, the
multiphase film has grains having a dso diameter less than 300 nm. In certain examples, the
multiphase film has grains having a dso diameter less than 200 nm. In other examples, the
multiphase film has grains having a dso diameter less than 100 nm.

[000120] In some examples, provided herein is a multiphase film having grains with a dso
diameter less than 10 um. In certain examples, the multiphase film has grains having a dso
diameter less than 9 um. In other examples, the grains having a dso diameter less than 8 um.
In some examples, the grains have a dso diameter less than 7 um. In certain examples, the
multiphase film has grains having a dso diameter less than 6 um. In other examples, the
multiphase film has grains having a dso diameter less than 5 pm. In some examples, the
multiphase film has grains having a dso diameter less than 4 um. In other examples, the
multiphase film has grains having a dso diameter less than 3 um. In certain examples, the
multiphase film has grains having a dso diameter less than 2 um. In other examples, the

multiphase film has grains having a dso diameter less than 1 um.
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[000121] In some examples, the grains in the multiphase films set forth herein have dso
diameters of between 10 nm and 10 pm. In some examples, the grains in the multiphase films
set forth herein have dso diameters of between 100 nm and 10 um.

[000122] In some examples, the disclosure sets forth herein sets forth a free-standing thin
multiphase film gamet-based electrolyte prepared by the process set forth herein.

[000123] In some embodiments, the thickness of the free-standing film is less than 50 pm. In
certain embodiments, the thickness of the film is less than 40 um. In some embodiments, 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 thickness of the film is less than 10 um. In yet
other embodiments, the thickness of the film is less than 5 um.

[000124] In some embodiments, the thickness of the film is less than 45 pum. In certain
embodiments, the thickness of the film is less than 35 um. In some embodiments, the thickness
of the film is less than 25 pm. In some other embodiments, the thickness of the film is less than
15 um. In other embodiments, the thickness of the film is less than 5 um. In vet other
embodiments, the thickness of the film is less than 1 pm.

[000125] In some embodiments, the thickness of the film is about 1um to about 50 um. In
certain embodiments, the thickness of the film about 10 um to about 50 um. In some
embodiments, the thickness of the film is about 20um to about 50 pum. In some other
embodiments, the thickness of the film is about 30 um to about 50 um. In other embodiments,
the thickness of the film is about 40 um to about 50 um.

[000126] In some embodiments, the thickness of the film is about 1um to about 40 um. In
certain embodiments, the thickness of the film about 10um to about 40 um. In some
embodiments, the thickness of the film is about 20um to about 40 pum. In some other
embodiments, the thickness of the film is about 30 um to about 40 um. In other embodiments,
the thickness of the film is about 20 um to about 30 um.

[000127] In some examples, set forth herein is a thin and free standing sintered garnet film,
wherein the film thickness is less than 50 um and greater than 10 nm, and wherein the film is
substantially flat; and wherein the garnet is optionally bonded to a current collector (CC) film
including a metal or metal powder on at least one side of the film. A free standing film can be
bonded to a current collector or to other components, but the free-standing film is only a free-
standing film when it is not bonded to a current collector or to other components.

[000128] In some examples, the thin and free standing sintered garnet film has thickness is
less than 20 pum or less than 10 um. In some examples, the thin and free standing sintered

gamet film has a surface roughness of less than 5 um. In some examples, the thin and free
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standing sintered garet film has a surface roughness of less than 4 um. In some examples, the
thin and free standing sintered gamet film has a surface roughness of less than 2 um. In some
examples, the thin and free standing sintered gamet film has a surface roughness of less than 1
um. In certain examples, the garnet has a median grain size of between 0.1 um to 10 um. In
certain examples, the garnet has a median grain size of between 2.0 um to 5.0 um.

[000129] In some of the multiphase films set forth herein, the multiphase film is bound to a
substrate that is selected from a polymer, a glass, or a metal. In some of these examples, the
substrate adhered to or bound to the multiphase film is a current collector (CC). In some of
these examples, the CC includes a metal selected from the group consisting of Nickel (Ni),
Copper (Cu), combinations thereof, and alloys thereof. In some of these examples, the
multiphase film is bonded to a metal current collector (CC) on one side of the multiphase film.
In some other examples, the multiphase film is bonded to a metal current collector (CC) on two
sides of the multiphase film. In yet other examples, the CC is positioned between, and in
contact with, two multiphase films.

[000130] In some examples, set forth herein is a trilayer including a metal foil or metal
powder positioned between, and in contact with, two distinct lithium-stuffed garnet multiphase
thin films. In some examples, the middle layer is metal foil. In some other examples, the
middle layer is a metal powder. In some examples, 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. In some examples, the trilayer has a structure.
[000131] In some examples, set forth herein is a bilayer including a metal foil or metal powder
positioned in contact with a lithium-stuffed gamet thin multiphase film. In some examples,
one layer of the bilayer is a metal foil. In other examples, one layer of the bilayer is a metal
powder. In some examples, the metal is Ni. In other examples, the metal is Al. In other
examples, the metal is Cu. 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 bilayer has a structure. In some examples, the bilayer has
the structure shown between the sintering plates.

[000132] In some examples, set forth herein are multiple stacks or combinations of the
aforementioned layers, bilayers, and, or, trilayers. In some examples, two or more bilayers are
stacked in serial combination. In some other examples, two or more trilayers 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.
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[000133] In some examples, the thin multiphase films set forth herein are less than 50 um in
thickness. In some other examples, the thin multiphase films set forth herein are less than 45
um in thickness. In certain examples, the thin multiphase films set forth herein are less than
40 um in thickness. In still other examples, the thin multiphase films set forth herein are less
than 35 pum in thickness. In some examples, the thin multiphase films set forth herein are less
than 30 um in thickness. In some other examples, the thin multiphase films set forth herein are
less than 25 pum in thickness. In certain examples, the thin multiphase films set forth herein are
less than 20 um in thickness. In still other examples, the thin multiphase films set forth herein
are less than 15 um in thickness. In some examples, the thin multiphase films set forth herein
are less than 10 um in thickness. In some other examples, the thin multiphase films set forth
herein are less than 5 um in thickness. In certain examples, the thin multiphase films set forth
herein are less than 0.5 pum in thickness. In still other examples, the thin multiphase films set
forth herein are less than 0.1 pum in thickness.

[000134] In some examples, provided herein is a composition formulated as a thin film
having a film thickness of about 100 nm to about 100 um. In certain examples, the thickness
is about
50 um. In other examples, the thickness is about 40 um. In some examples, the thickness is
about 30 um. In other examples, the thickness is about 20 um. In certain examples, the
thickness is about 10 um. In other examples, the thickness is about 5 um. In some examples,
the thickness is about 1 um. In yet other examples, the thickness is about 0.5 um.

[000135] In some of these examples, the multiphase films are about 1 mm in at least one
lateral dimension. In some other of these examples, the multiphase films are about 5 mm in at
least one lateral dimension. In yet other examples, the multiphase films are about 10 mm in at
least one lateral dimension. In still other examples, the multiphase films are about 15 mm in
at least one lateral dimension. In certain examples, the multiphase films are about 25 mm in at
least one lateral dimension. In other examples, the multiphase films are about 30 mm in at
least one lateral dimension. In some examples, the multiphase films are about 35 mm in at
least one lateral dimension. In some other examples, the multiphase films are about 40 mm in
at least one lateral dimension. In still other examples, the multiphase films are about 45 mm
in at least one lateral dimension. In certain examples, the multiphase films are about 50 mm in
at least one lateral dimension. In other examples, the multiphase films are about 30 mm in at
least one lateral dimension. In some examples, the multiphase films are about 55 mm in at
least one lateral dimension. In some other examples, the multiphase films are about 60 mm in

at least one lateral dimension. In yet other examples, the multiphase films are about 65 mm in
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at least one lateral dimension. In still other examples, the multiphase films are about 70 mm
in at least one lateral dimension. In certain examples, the multiphase films are about 75 mm in
at least one lateral dimension. In other examples, the multiphase films are about 80 mm in at
least one lateral dimension. In some examples, the multiphase films are about 85 mm in at
least one lateral dimension. In some other examples, the multiphase films are about 90 mm in
at least one lateral dimension. In still other examples, the multiphase films are about 95 mm
in at least one lateral dimension. In certain examples, the multiphase films are about 100 mm
in at least one lateral dimension. In other examples, the multiphase films are about 30 mm in
at least one lateral dimension.

[000136] In some examples, the multiphase films are about 1 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 2 cm in at least one lateral
dimension. In other examples, the multiphase films are about 3 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 4 cm in at least one lateral
dimension. In some examples, the multiphase films are about 5 cm in at least one lateral
dimension. In other examples, the multiphase films are about 6 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 7 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 8 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 9 cm in at least one lateral
dimension. In still other examples, the multiphase films are about 10 cm in at least one lateral
dimension. In some examples, the multiphase films are about 11 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 12 cm in at least one lateral
dimension. In other examples, the multiphase films are about 13 c¢cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 14 cm in at least one lateral
dimension. In some examples, the multiphase films are about 15 cm in at least one lateral
dimension. In other examples, the multiphase films are about 16 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 17 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 18 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 19 cm in at least one lateral
dimension. In still other examples, the multiphase films are about 20 cm in at least one lateral
dimension. In some examples, the multiphase films are about 21 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 22 cm in at least one lateral
dimension. In other examples, the multiphase films are about 23 c¢cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 24 cm in at least one lateral

dimension. In some examples, the multiphase films are about 25 cm in at least one lateral
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In other examples, the multiphase films are about 26 ¢cm in at least one lateral
In yet other examples, the multiphase films are about 27 cm in at least one lateral
In some other examples, the multiphase films are about 28 cm in at least one lateral
In yet other examples, the multiphase films are about 29 cm in at least one lateral
In still other examples, the multiphase films are about 30 cm in at least one lateral
In some examples, the multiphase films are about 31 cm in at least one lateral
In some other examples, the multiphase films are about 32 cm in at least one lateral
In other examples, the multiphase films are about 33 cm in at least one lateral
In yet other examples, the multiphase films are about 34 cm in at least one lateral
In some examples, the multiphase films are about 35 cm in at least one lateral
In other examples, the multiphase films are about 36 cm in at least one lateral
In yet other examples, the multiphase films are about 37 cm in at least one lateral
In some other examples, the multiphase films are about 38 cm in at least one lateral
In yet other examples, the multiphase films are about 39 cm in at least one lateral
In still other examples, the multiphase films are about 40 cm in at least one lateral
In some examples, the multiphase films are about 41 cm in at least one lateral
In some other examples, the multiphase films are about 42 cm in at least one lateral
In other examples, the multiphase films are about 43 cm in at least one lateral
In yet other examples, the multiphase films are about 44 cm in at least one lateral
In some examples, the multiphase films are about 45 cm in at least one lateral
In other examples, the multiphase films are about 46 cm in at least one lateral
In yet other examples, the multiphase films are about 47 cm in at least one lateral
In some other examples, the multiphase films are about 48 cm in at least one lateral
In yet other examples, the multiphase films are about 49 cm in at least one lateral
In still other examples, the multiphase films are about 50 cm in at least one lateral
In some examples, the multiphase films are about 51 cm in at least one lateral
In some other examples, the multiphase films are about 52 cm in at least one lateral
In other examples, the multiphase films are about 53 cm in at least one lateral
In yet other examples, the multiphase films are about 54 cm in at least one lateral
In some examples, the multiphase films are about 55 cm in at least one lateral
In other examples, the multiphase films are about 56 ¢cm in at least one lateral
In yet other examples, the multiphase films are about 57 cm in at least one lateral
In some other examples, the multiphase films are about 58 cm in at least one lateral

In yet other examples, the multiphase films are about 59 cm in at least one lateral
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In still other examples, the multiphase films are about 60 cm in at least one lateral
In some examples, the multiphase films are about 61 cm in at least one lateral
In some other examples, the multiphase films are about 62 cm in at least one lateral
In other examples, the multiphase films are about 63 cm in at least one lateral
In yet other examples, the multiphase films are about 64 cm in at least one lateral
In some examples, the multiphase films are about 65 cm in at least one lateral
In other examples, the multiphase films are about 66 cm in at least one lateral
In yet other examples, the multiphase films are about 67 cm in at least one lateral
In some other examples, the multiphase films are about 68 cm in at least one lateral
In yet other examples, the multiphase films are about 69 cm in at least one lateral
In still other examples, the multiphase films are about 70 cm in at least one lateral
In some examples, the multiphase films are about 71 cm in at least one lateral
In some other examples, the multiphase films are about 72 cm in at least one lateral
In other examples, the multiphase films are about 73 cm in at least one lateral
In yet other examples, the multiphase films are about 74 cm in at least one lateral
In some examples, the multiphase films are about 75 cm in at least one lateral
In other examples, the multiphase films are about 76 cm in at least one lateral
In yet other examples, the multiphase films are about 77 cm in at least one lateral
In some other examples, the multiphase films are about 78 cm in at least one lateral
In yet other examples, the multiphase films are about 79 cm in at least one lateral
In still other examples, the multiphase films are about 80 cm in at least one lateral
In some examples, the multiphase films are about 81 cm in at least one lateral
In some other examples, the multiphase films are about 82 cm in at least one lateral
In other examples, the multiphase films are about 83 cm in at least one lateral
In yet other examples, the multiphase films are about 84 cm in at least one lateral
In some examples, the multiphase films are about 85 cm in at least one lateral
In other examples, the multiphase films are about 86 cm in at least one lateral
In yet other examples, the multiphase films are about 87 cm in at least one lateral
In some other examples, the multiphase films are about 88 cm in at least one lateral
In yet other examples, the multiphase films are about 89 cm in at least one lateral
In still other examples, the multiphase films are about 90 cm in at least one lateral
In some examples, the multiphase films are about 91 cm in at least one lateral
In some other examples, the multiphase films are about 92 cm in at least one lateral

In other examples, the multiphase films are about 93 cm in at least one lateral
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dimension. In yet other examples, the multiphase films are about 94 cm in at least one lateral
dimension. In some examples, the multiphase films are about 95 cm in at least one lateral
dimension. In other examples, the multiphase films are about 96 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 97 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 98 cm in at least one lateral
dimension. In yet other examples, the multiphase films are about 99 cm in at least one lateral
dimension. In still other examples, the multiphase films are about 100 cm in at least one lateral
dimension. In some examples, the multiphase films are about 101 cm in at least one lateral
dimension. In some other examples, the multiphase films are about 102 cm in at least one
lateral dimension. In other examples, the multiphase films are about 103 ¢m in at least one
lateral dimension. In yet other examples, the multiphase films are about 104 ¢cm in at least one
lateral dimension. In some examples, the multiphase films are about 105 ¢cm in at least one
lateral dimension. In other examples, the multiphase films are about 106 cm in at least one
lateral dimension. In yet other examples, the multiphase films are about 107 cm in at least one
lateral dimension. In some other examples, the multiphase films are about 108 cm in at least
one lateral dimension. In yet other examples, the multiphase films are about 109 cm in at least
one lateral dimension. In still other examples, the multiphase films are about 110 cm in at least
one lateral dimension. In some examples, the multiphase films are about 111 cm in at least one
lateral dimension. In some other examples, the multiphase films are about 112 cm in at least
one lateral dimension. In other examples, the multiphase films are about 113 cm in at least one
lateral dimension. In yet other examples, the multiphase films are about 114 cm in at least one
lateral dimension. In some examples, the multiphase films are about 115 c¢m in at least one
lateral dimension. In other examples, the multiphase films are about 116 cm in at least one
lateral dimension. In yet other examples, the multiphase films are about 117 cm in at least one
lateral dimension. In some other examples, the multiphase films are about 118 cm in at least
one lateral dimension. In yet other examples, the multiphase films are about 119 cm in at least
one lateral dimension. In still other examples, the multiphase films are about 120 cm in at least
one lateral dimension.

[000137] In some examples, the gamet-based multiphase films are prepared as a monolith
useful for alithium secondary battery cell. In some of these cells, the form factor for the garnet-
based film is a film with a top surface area of about 10 cm?. In certain cells, the form factor

for the garnet-based film with a top surface area of about 100 cm?.
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[000138] In some examples, the multiphase films set forth herein have a Young’s Modulus
of about 130-150 GPa. In some other examples, the multiphase films set forth herein have a
Vicker’s hardness of about 5-7 GPa.

[000139] In some examples, the multiphase films set forth herein have a porosity less than
20%. In other examples, the multiphase films set forth herein have a porosity less than 10%.
In yet other examples, the multiphase films set forth herein have a porosity less than 5%. In
still other examples, the multiphase films set forth herein have a porosity less than 4%. In still
other examples, the multiphase films set forth herein have a porosity less than 3%. In still
other examples, the multiphase films set forth herein have a porosity less than 2%. In still
other examples, the multiphase films set forth herein have a porosity less than 1%. Percent (%)
porosity is by volume.

[000140] In some examples, including any of the foregoing, provided herein is an
electrochemical cell having an electrolyte that is a multiphase film described herein.

1. POWDERS

[000141] In some examples, set forth herein are powders. In some examples, the powders
include mixtures that include chemical precursors to lithium-stuffed garnet. In some examples,
the powders include the calcined products of mixtures, which include chemical precursors to
lithium-stuffed gamnet. In some examples, the powders include the sintered products of the
calcined products of mixtures which include chemical precursors to lithium-stuffed garnet
[000142] In some examples, the powders herein include a primary cubic phase lithium-
stuffed garnet characterized by the chemical formula LiaLagAlcM"pZ1zOr, wherein 5<A<8,
1.5<B<4, 0.1<C<2, 0<D<2; 1<E<3, 10<F<13, and M" is selected from the group consisting of
Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb; a secondary phase inclusion in the
primary cubic phase lithium-stuffed garnet; wherein: the primary cubic phase lithium-stuffed
garnet is present at about 70-99.9 vol % with respect to the volume of the composition; and the
secondary phase inclusion is present at about 30-0.1 vol% with respect to the volume of the
composition.

[000143] In some examples, including any of the foregoing, the amount of primary cubic
phase lithium-stuffed garnet and the amount of secondary phase inclusion sum to the total
amount of material in the composition.

[000144] In some examples, including any of the foregoing, the secondary phase inclusion

dso grain size is less than 10 um.
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[000145] In some examples, including any of the foregoing, the secondary phase inclusion
dso grain size is from about 1 um to about 10 um.

[000146] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed garnet dso grain size is smaller than the secondary phase inclusion dso grain size. In
some examples, including any of the foregoing, the primary cubic phase lithium-stuffed gamet
dso grain size is larger than the secondary phase inclusion dso grain size.

[000147]

[000148] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed garnet dso grain size is from about 10 pum to about 20 pm.

[000149] In some examples, including any of the foregoing, the primary cubic phase lithium-
stuffed garnet grain size dso is from about 0.5 um-10 pum.

[000150] In some examples, including any of the foregoing, the doo grain size of any phase in
the powder is from about 1 pm to 5 um.

[000151] In some examples, including any of the foregoing, the dso grain sizes are
substantially as shown in any one of FIGs. 1B or 9.

[000152] In some examples, including any of the foregoing, the secondary phase inclusions
are homogenously distributed.

[000153] In some examples, including any of the foregoing, the secondary phase inclusions
include more than one type of secondary phase inclusions.

[000154] In some examples, including any of the foregoing, the secondary phase inclusions
include at least two, three or four types of secondary phase inclusions.

[000155] In some examples, including any of the foregoing, the secondary phase inclusions
are homogenously distributed over a volume of 10000 um® or more.

[000156] In some examples, including any of the foregoing, the inclusions are homogenously
distributed over a volume of 1000 um? or more.

[000157] In some examples, including any of the foregoing, the ratio of the secondary phase
inclusion dso grain size to the primary cubic phase lithium-stuffed gamet dso grain size is
between 0.1 and 10.

[000158] In some examples, including any of the foregoing, the powder is present in a pellet.
[000159] In some examples, including any of the foregoing, the powder is present in a green
film.

[000160] In some examples, including any of the foregoing, the secondary phase inclusion is
a material selected from the group consisting of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;

-34 -



WO 2018/236394 PCT/US2017/039069

LiZr03;

LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li.Zr»Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LayNbpQOqis charge neutral;

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that Li,NbyOxis charge neutral; and

combinations thereof.

[000161] In some examples, including any of the foregoing, the secondary phase inclusion
includes at least two materials selected from the group consisting of’
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;
LanNbpOgq, wherein 1<n<3, 1<p<7, and 4<q=<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and
LiuNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[000162] In some examples, including any of the foregoing, the secondary phase inclusion
includes at least three materials selected from the group consisting of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
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LiZr03;

LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li.Zr»Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[000163] In some examples, including any of the foregoing, the secondary phase inclusion
includes at least four materials selected from the group consisting of:
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
LirTasO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;
LanNbpOgq, wherein 1<n<3, 1<p<7, and 4<q=<19, and wherein subscripts n, p,
and q are selected so that LayNbpQqis charge neutral; and
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

[000164] In some examples, including any of the foregoing, the total amount of secondary
phase inclusion is 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,2, 3,4, 5,6, 7,8, 9, 10, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 vol%.
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[000165] In some examples, including any of the foregoing, the secondary phase inclusion
comprises La;Zr07; LiAlO»; LaAlOs; tetragonal gamet; and Li»ZrOs.

[000166] In some examples, including any of the foregoing, the secondary phase inclusion
includes LaxZrO7; tetragonal gamnet; LiaZrOc, wherein 1<a<8, 1<b<2, and 1<c<7, and
wherein subscripts a, b, and ¢ are selected so that Li,Z1,Oc is charge neutral; LagTa.Or, wherein
1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e, and f are selected so that LagTa.Oris
charge neutral; and Li;TasO;, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s,
and t are selected so that Li;TasO¢ is charge neutral.

[000167] In some examples, including any of the foregoing, the secondary phase inclusion
includes LaxZrO7; tetragonal gamet; LiaZrp,Oc, wherein 1<a<8, 1<b<2, and 1<c<7, and
wherein subscripts a, b, and c are selected so that LiaZrpOc is charge neutral; LanNbyOq, wherein
1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p, and q are selected so that La,Nb,Oq
is charge neutral; and LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u,
v, and x are selected so that LiuNbyOx is charge neutral.

[000168] In some examples, including any of the foregoing, the secondary phase inclusion in
the powder includes LiAlO> present in the composition at about 0.1-25 vol%, Li»ZrOs present
in the composition at about 0.1-15 vol% and LaAlOs present in the composition at about 0.1-
15 vol%, as measured by quantitative XRD.

[000169] In some examples, including any of the foregoing, the secondary phase inclusion in
the composition comprises LiAlO: present in the composition at about 3-8 vol%, Li»ZrOs;
present in the composition at about 1-10 vol% and LaAlQO; present in the composition at about
1-8 vol%, as measured by quantitative XRD.

[000170] In some examples, including any of the foregoing, the density of the composition is
4.6-5.2 g/cm?® as measured by the Archimedes method.

[000171] In some examples, including any of the foregoing, the density of the composition is
about 4.9 g/cm?® as measured by the Archimedes method.

[000172] In some examples, including any of the foregoing, pyrochlore is present in the
powder at less than 20 vol% as measured by quantitative XRD after the electrolyte is heated at
850 °C for 2 hours.

[000173] In some examples, including any of the foregoing, the composition has a total
porosity of less than 5 vol% as determined by SEM.

[000174] In some examples, including any of the foregoing, the 90th percentile largest pore

has no lateral extent larger than 5 um as measured by cross-section electron microscopy.
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[000175] In some examples, including any of the foregoing, provided herein is a green film
comprising a powder.

[000176] In some examples, the lithium-stuffed gamet powders set forth herein are
nanodimensioned or nanostructured. As such, these powders comprise crystalline domains of
lithium-stuffed garnet wherein the median crystalline domains have a dso median crystalline
domain size are about 0.5 nm to about 10 um in physical dimensions (e.g., diameter). Grains,
herein is used interchangeably to describe crystallite domains, unless specified otherwise to the
contrary. In some examples, the median crystalline domains are about 0.5 nm in diameter. In
some other examples, the median crystalline domains are about 1 nm in diameter. In other
examples, the median crystalline domains are about 1.5 nm in diameter. In yet other examples,
the median crystalline domains are about 2 nm in diameter. In still other examples, the median
crystalline domains are about 2.5 nm in diameter. In some examples, the median crystalline
domains are about 3.0 nm in diameter. In yet other examples, the median crystalline domains
are about 3.5 nm in diameter. In other examples, the median crystalline domains are about 4.0
nm in diameter. In some examples, the median crystalline domains are about 5 nm in diameter.
In some other examples, the median crystalline domains are about 5.5 nm in diameter. In other
examples, the median crystalline domains are about 6.0 nm in diameter. In yet other examples,
the median crystalline domains are about 6.5 nm in diameter. In still other examples, the
median crystalline domains are about 7.0 nm in diameter. In some examples, the median
crystalline domains are about 7.5 nm in diameter. In yet other examples, the median crystalline
domains are about 8.0 nm in diameter. In other examples, the median crystalline domains are
about 8.5 nm in diameter. In some examples, the median crystalline domains are about 8.5 nm
in diameter. In some other examples, the median crystalline domains are about 9 nm in
diameter. In other examples, the median crystalline domains are about 9.5 nm in diameter. In
yet other examples, the median crystalline domains are about 10 nm in diameter. In still other
examples, the median crystalline domains are about 10.5 nm in diameter. In some examples,
the median crystalline domains are about 11.0 nm in diameter. In yet other examples, the
median crystalline domains are about 11.5 nm in diameter. In other examples, the median
crystalline domains are about 12.0 nm in diameter. In some examples, the median crystalline
domains are about 12.5 nm in diameter. In some other examples, the median crystalline
domains are about 13.5 nm in diameter. In other examples, the median crystalline domains are
about 14.0 nm in diameter. In yet other examples, the median crystalline domains are about
14.5 nm in diameter. In still other examples, the median crystalline domains are about 15.0

nm in diameter. In some examples, the median crystalline domains are about 15.5 nm in

- 38 -



WO 2018/236394 PCT/US2017/039069

diameter. Inyet other examples, the median crystalline domains are about 16.0 nm in diameter.
In other examples, the median crystalline domains are about 16.5 nm in diameter. In some
examples, the median crystalline domains are about 17 nm in diameter. In some other
examples, the median crystalline domains are about 17.5 nm in diameter. In other examples,
the median crystalline domains are about 18 nm in diameter. In yet other examples, the median
crystalline domains are about 18.5 nm in diameter. In still other examples, the median
crystalline domains are about 19 nm in diameter. In some examples, the median crystalline
domains are about 19.5 nm in diameter. In yet other examples, the median crystalline domains
are about 20 nm in diameter. In other examples, the median crystalline domains are about 20.5
nm in diameter. In some examples, the median crystalline domains are about 21 nm in
diameter. In some other examples, the median crystalline domains are about 21.5 nm in
diameter. In other examples, the median crystalline domains are about 22.0 nm in diameter.
In yet other examples, the median crystalline domains are about 22.5 nm in diameter. In still
other examples, the median crystalline domains are about 23.0 nm in diameter. In some
examples, the median crystalline domains are about 23.5 nm in diameter. In yet other
examples, the median crystalline domains are about 24.0 nm in diameter. In other examples,
the median crystalline domains are about 24.5 nm in diameter. In some examples, the median
crystalline domains are about 25.5 nm in diameter. In some other examples, the median
crystalline domains are about 26 nm in diameter. In other examples, the median crystalline
domains are about 26.5 nm in diameter. In yet other examples, the median crystalline domains
are about 27 nm in diameter. In still other examples, the median crystalline domains are about
27.5 nm in diameter. In some examples, the median crystalline domains are about 28.0 nm in
diameter. Inyet other examples, the median crystalline domains are about 28.5 nm in diameter.
In other examples, the median crystalline domains are about 29.0 nm in diameter. In some
examples, the median crystalline domains are about 29.5 nm in diameter. In some other
examples, the median crystalline domains are about 30 nm in diameter. In other examples, the
median crystalline domains are about 30.5 nm in diameter. In yet other examples, the median
crystalline domains are about 31 nm in diameter. In still other examples, the median crystalline
domains are about 32 nm in diameter. In some examples, the median crystalline domains are
about 33 nm in diameter. In yet other examples, the median crystalline domains are about 34
nm in diameter. In other examples, the median crystalline domains are about 35 nm in
diameter. In some examples, the median crystalline domains are about 40 nm in diameter. In
some other examples, the median crystalline domains are about 45 nm in diameter. In other

examples, the median crystalline domains are about 50 nm in diameter. In yet other examples,
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the median crystalline domains are about 55 nm in diameter. In still other examples, the median
crystalline domains are about 60 nm in diameter. In some examples, the median crystalline
domains are about 65 nm in diameter. In yet other examples, the median crystalline domains
are about 70 nm in diameter. In other examples, the median crystalline domains are about 80
nm in diameter. In some examples, the median crystalline domains are about 85 nm in
diameter. In some other examples, the median crystalline domains are about 90 nm in diameter.
In other examples, the median crystalline domains are about 100 nm in diameter. In yet other
examples, the median crystalline domains are about 125 nm in diameter. In still other
examples, the median crystalline domains are about 150 nm in diameter. In some examples,
the median crystalline domains are about 200 nm in diameter. In yet other examples, the
median crystalline domains are about 250 nm in diameter. In other examples, the median
crystalline domains are about 300 nm in diameter. In some examples, the median crystalline
domains are about 350 nm in diameter. In some other examples, the median crystalline
domains are about 400 nm in diameter. In other examples, the median crystalline domains are
about 450 nm in diameter. In yet other examples, the median crystalline domains are about
500 nm in diameter. In still other examples, the median crystallite domains are about 550 nm
in diameter. In some examples, the median crystalline domains are about 600 nm in diameter
In yet other examples, the median crystalline domains are about 650 nm in diameter. In other
examples, the median crystalline domains are about 700 nm in diameter. In some examples,
the median crystalline domains are about 750 nm in diameter. In some other examples, the
median crystalline domains are about 800 nm in diameter. In other examples, the median
crystalline domains are about 850 nmin diameter. In yet other examples, the median crystalline
domains are about 900 nm in diameter. In still other examples, the median crystalline domains
are about 950 nm in diameter. In some examples, the median crystalline domains are about
1000 nm in diameter. In some examples, the median crystalline domains are about 2um in
diameter. In some examples, the median crystalline domains are about 3um in diameter. In
some examples, the median crystalline domains are about 4um in diameter. In some examples,
the median crystalline domains are about Sum in diameter. In some examples, the median
crystalline domains are about 6um in diameter. In some examples, the median crystalline
domains are about 7um in diameter. In some examples, the median crystalline domains are
about 8um in diameter. In some examples, the median crystalline domains are about 9um in
diameter. In some examples, the median crystalline domains are about 10um in diameter.
IV. GARNET MATERIALS SUITABLE FOR USE IN THE MULTIPHASE
FILMS AND POWDERS
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[000177] In some examples, disclosed herein are nanostructured lithium-stuffed garnet-based
powder. Also, disclosed herein are lithium-stuffed garnet thin films that have grains therein
less than 10 um in physical dimensions, e.g., dso grain sizes less than 10 um. In some examples,
these films are less than 200 pm in film thickness. In some examples, these films are less than
100 pm in film thickness. In some examples, these films are less than 75 um in film thickness.
In some examples, these films are less than 50 um in film thickness. In some of these examples,
the films, which are less than 50 um in film thickness, are several centimeters to several meters
in length. In some examples, the films have a high ionic conductivity, which in some examples
is greater than 10*S/cm at room temperature. In some examples, the films are strong, have
good mechanical integrity, and prevent the ingress of lithium dendrites when used as an
electrolyte in lithium secondary batteries. Some of these films are layered onto cathode active
materials and optionally binders, dispersants, solvents, salts, and other electron and ionic
conductors.

[000178] In certain examples, the garnet material is selected from LisLagM':M"pZrzOr,
wherein 4<A<8.5, 1.5<B<d4, 0.1<C<2, 0<D<2; 1<E<3, 10<F<13, and M'= Al and M" is
selected from Mo, W, Y, Nb, Sb, Ca, Ba, Sr, Ce, Hf, and Rb.

[000179] In certain examples, the garnet material is selected from Li,LapZrcAlgM"cOrx,
wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 0<e<3, 10<f<14 and M" is a metal selected from
Nb, Ta, V, W, Ga, Mo, and Sb.

[000180] In some examples, the garnet material described herein is used as an electrolyte. In
some of these embodiments, the garnet has the formula LixLasZr2012-y2Al>0;3; wherein
5.0<x<9 and 0.1<y<1.5. In some of these examples, the electrolyte is LixLasZr012-0.35A1,0s.
In other of these examples, the electrolyte is LisLasZr2012-0.35Al,0s.

[000181] In some of the examples wherein the gamet is an electrolyte, the garnet does not
include any Nb, W or Mo.

[000182] In some examples, the lithium-stuffed gamet is Li;LasZr>012 (LLZ) and is doped
with alumina. In certain examples, the LLZ is doped by adding Al2O; to the mixture of
chemical precursors 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.

[000183] In some examples, the alumina doped LLZ has a high ionic conductivity, e.g.,
greater than 10* S/cm at room temperature.

[000184] In some examples, a higher conductivity is observed when some of the Zr in LLZ
is partially replaced by a higher valence species, e.g., Nb, Sb, or combinations thereof. In some

examples, the conductivity reaches as high as 10~ S/cm at room temperature.
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[000185] In some examples, the lithium-stuffed gamet set forth herein is LixA3zM2012 doped
with 0.35 molar amount of Al per LixAsM>0O12. In certain of these examples, x is about 5. In
certain other examples, x is about 5.5. In yet other examples, x is about 6.0. In some other
examples, x is about 6.5. In still other examples, x is about 7.0. In some other examples, x is
about 7.5.

[000186] In some examples, the lithium-stuffed gamet is doped with about 0.2, 0.25, 0.3,
0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, or 1, 1.1, 1.2, 1.3, 1.4 molar
amount of Al per LixAsM>0na.

[000187] In some examples, the lithium-stuffed gamet is doped with 0.35 molar amount of
Al per LixAsM>01.

[000188] In the examples, herein, the subscripts and molar coefficients in the empirical
formulas are based on the quantities of raw materials initially batched to make the described
examples.

[000189] In some examples, the instant disclosure provides a composition including a
lithium-stuffed gamet and Al2Os. In certain examples, the lithium-stuffed garnet is doped with
alumina. In some examples, the lithium-stuffed garnet is characterized by the empirical
formula LiaLagM'<M"pZ1reOF, wherein 5<A<8, 1.5<B<4, 0.1<C<2, 0<D<2; 1<E<2, 10<F<13,
and M'= Al and M" is either absent or is independently selected from Mo, W, Nb, Sb, Ca, Ba,
Sr, Ce, Hf, and Rb; and wherein the molar ratio of Garnet: Al,O; is between 1:0.05 and 1:0.7.
[000190] In some examples, the lithium-stuffed gamet is LialagZrcM'pM"eO12 and
5<A<7.7, 2<B<4, 0<C<2.5, M' comprises a metal dopant selected from a material including
Al and 0<D<2, M" comprises a metal dopant selected from a material including Nb, V, W, Mo,
Sb, and wherein 0<e<2. In some of the examples above, A is about 5.9-7. In some examples,
A1s 5.9. In other examples, A is 6.0. In some other examples, A is 6.1. In some examples, A
is 6.2. In some examples, A is 6.3. In some examples, A is 6.4. In some examples, A is 6.5.
In some other examples, A is 6.6. In other examples, A is 6.6. In some examples, Ais 6.7. In
some other examples, A is 6.8. In some examples, A is 6.9. In some examples, A is 7.0. In
other examples, A is 7.1. In some examples, A is 7.2. In some other examples, Ais 7.3. In
some examples, A is 7.4. In some other examples, A is 7.5. In some examples, A is 7.6. In
some other examples, A is 7.7. In some examples, A is 7.8. In some other examples, A is 7.9.
In some examples, A is 8.0. In some other examples, A is 8.1. In some examples, Ais 8.2. In
some other examples, A is 8.3. In some examples, A is 8.4. In some other examples, A is 8.5.
In some examples, A is 8.6. In some other examples, A is 8.7. In some examples, A is 8.8. In

some other examples, A is 8.9. In some examples, A is 9.0. In some other examples, A is 9.1.
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Yet in some other examples, A is 9.2. In some examples, A is 9.3. In some other examples, A
1s 9.4. In some examples, A is 9.5. In some other examples, A is 9.6. In some examples, A is
9.7.

[000191] In some examples, including any of the foregoing, B is about 2. In some other
examples, B is about 2.5. In other examples, B is about 3.0. In certain other examples, B is
about 3.5. In yet other examples, B is about 3.5. In yet other examples, B is about 4.0.
[000192] In some examples, including any of the foregoing, C is 0.5. In other examples, C
1s 0.6. In some other examples, C is 0.7. In some other examples, C is 0.8. In certain other
examples, C is 0.9. In other examples, C is 1.0. In yet other examples, C is 1.1. In certain
examples, C is 1.2. In other examples, C is 1.3. In some other examples, C is 1.4. In some
other examples, C is 1.5. In certain other examples, C is 1.6. In other examples, Cis 1.7. In
yet other examples, C is 1.8. In certain examples, C is 1.9. In yet other examples, C is 2.0. In
other examples, C is 2.1. In some other examples, C is 2.2. In some other examples, C is 2.3.
In certain other examples, C is 2.4. In other examples, C is 2.5. In yet other examples, C is
2.6. In certain examples, C is 2.7. In yet other examples, C is 2.8. In other examples, C is 2.9.
In some other examples, C is 3.0.

[000193] In some examples, including any of the foregoing, D is 0.5. In other examples, D
1s 0.6. In some other examples, D is 0.7. In some other examples, D is 0.8. In certain other
examples, D 1s 0.9. In other examples, D is 1.0. In yet other examples, D is 1.1. In certain
examples, D is 1.2. In other examples, D is 1.3. In some other examples, D is 1.4. In some
other examples, D is 1.5. In certain other examples, D is 1.6. In other examples, D is 1.7. In
yet other examples, D is 1.8. In certain examples, D is 1.9. In yet other examples, D is 2.0. In
other examples, D is 2.1. In some other examples, D is 2.2. In some other examples, D is 2.3.
In certain other examples, D is 2.4. In other examples, D is 2.5. In yet other examples, D is
2.6. In certain examples, D is 2.7. In yet other examples, D is 2.8. In other examples, D is
2.9. In some other examples, D is 3.0.

[000194] In some examples, including any of the foregoing, E is 0.5. In other examples, E is
0.6. In some other examples, E is 0.7. In some other examples, E is 0.8. In certain other
examples, E is 0.9. In other examples, E is 1.0. In yet other examples, E is 1.1. In certain
examples, E is 1.2. In other examples, E is 1.3. In some other examples, E is 1.4. In some
other examples, E is 1.5. In certain other examples, E is 1.6. In other examples, Eis 1.7. In
yet other examples, E is 1.8. In certain examples, E is 1.9. In yet other examples, E is 2.0. In
other examples, E is 2.1. In some other examples, E is 2.2. In some other examples, E is 2.3.

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

[000195] In some examples, including any of the foregoing, F is 11.1. In other examples, F
is 11.2. In some other examples, F is 11.3. In some other examples, F is 11.4. In certain other
examples, F 1s 11.5. In other examples, F is 11.6. In yet other examples, F is 11.7. In certain
examples, F is 11.8. In other examples, F is 11.9. In some other examples, F is 12. In some
other examples, F is 12.1. In certain other examples, F is 12.2. In other examples, F is 12.3.
In yet other examples, F is 12.3. In certain examples, F is 12.4. In yet other examples, F is
12.5. In other examples, F is 12.6. In some other examples, F is 12.7. In some other examples,
Fis 12.8. In certain other examples, E is 12.9. In other examples, F is 13.

[000196] In some examples, including any of the foregoing, provided herein is a composition
characterized by the empirical formula LixLa3Zr2012'y%2AlOs3; wherein 5.0<x<9 and
0.1<y<L.5. In some examples, x is 5. In other examples, x is 5.5. In some examples, X is 6.
In some examples, x is 6.5. In other examples, x is 7. In some examples, x is 7.5. In other
examples x is 8. In some examples, y is 0.3. In some examples, y is 0.35. In other examples,
vy is 0.4. In some examples, y is 0.45. In some examples, vy is 0.5. In other examples, y is 0.55.
In some examples, y is 0.6. In other examples y is 0.7. In some examples, vy is 0.75. In other
examples, y is 0.8. In some examples, y is 0.85. In other examplesy is 0.9. In some examples,
y is 0.95. In other examples, y is 1.0. x and y are selected to that the compound,
LixLasZr012-y¥2Al203, is charge neutral.

[000197] In some examples, including any of the foregoing, herein is a composition is
characterized by the empirical formula LisLazZr;012°0.35A120s.

[000198] In some examples, including any of the foregoing, A is 5, 6, 7, or 8. In certain
examples, wherein A is 7.

[000199] In some examples, including any of the foregoing, E is 1, 1.5, or 2. In certain
examples, E is 2.

[000200] In some examples, including any of the foregoing, C and D are 0.

[000201] In some examples, provided herein is a composition wherein the molar ratio of
Garnet:Al2Os is between 1:0.1 and 1:0.65.

[000202] In some examples, provided herein is a composition wherein the molar ratio of
Garnet: Al,Os 1s between 1:0.15 and 1:0.55.

[000203] In some examples, provided herein is a composition wherein the molar ratio of

Garnet:Al,0O3 1s between 1:0.25 and 1:0.45.
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[000204] In some examples, provided herein is a composition wherein the molar ratio of
Gamet:Al»Os3 is 1:0.35.

[000205] In some examples, provided herein is a composition wherein the molar ratio of Al
to garnet is 0.35.

[000206] In some examples, provided herein is a composition wherein the lithium-stuffed
garnet is characterized by the empirical formula LisLa3;Zr2012 and is doped with aluminum.
[000207] In some examples, the lithium-stuffed gamet is Li;LasZr>012 (LLZ) and is doped
with alumina. In certain examples, the LLZ is doped by adding Al»Os 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. When the LLZ is doped with alumina,
results suggest that, without being bound by theory, A’ replaces Li*. In these examples, one
Al** replaces 3 Li* ions. In doing so, the doping of AI** in LLZ creates Li+ vacancies. These
Li* vacancies create holes into which conducting Li+ ions can conduct. Doping lithium-stuffed
garnets with alumina (or replacing Li* with Al*") increases the stability of the cubic, conducting
phase of the lithium-stuffed gamet relative to the tetragonal, lower conductivity phase of
gamet. In some examples, this increased conductivity is referred to as increased ionic
conductivity. In some examples, this increased conductivity is referred to as increased Li
conductivity.

V. SECONDARY PHASES IN THE MULTIPHASE FILMS AND POWDERS

[000208] Set forth herein are compositions, powders, films, multiphase films, pellets, and
monoliths that include cubic lithium-stuffed garnet and secondary phases.

[000209] In some examples, including any of the foregoing, the secondary phase is selected
from the group consisting tetragonal garnet, LixAlyO, (x is 1-5; y is 1-5; z is 2-8), LiZr,0s,
La>Zr>07, Lax0s, LixZr,0, (x is 2-8; y is 0-1; z is 1-6), LaAlOs, Lax(LiosAlo.5)O4, LiLaO>, and
any combination thereof.

[000210] In some examples, including any of the foregoing, the secondary phase is tetragonal
garnet.

[000211] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5; y is 1-5; zis 2-8) and LiZr20s.

[000212] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5; y is 1-5; zis 2-8) and La»Zr>07.

[000213] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5;y is 1-5; z is 2-8) and LixZr,0, (x is 2-8; y is 0-1; z is 1-6).
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[000214] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5; y is 1-5; z is 2-8) and LaAlOs.

[000215] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(x is 1-5; y is 1-5; z is 2-8) and tetragonal garet.

[000216] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(x is 1-5; y is 1-5; zis 2-8) and Lax(Lio.sAlo.5)O4.

[000217] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5; y is 1-5; zis 2-8) and LiLaO:a.

[000218] In some examples, including any of the foregoing, the secondary phase is LiZr203
and LaZr 0.

[000219] In some examples, including any of the foregoing, the secondary phase is LiZr203
and La>Os.

[000220] In some examples, including any of the foregoing, the secondary phase is LiZr203
and LixZr,O, (x is 2-8; y is 0-1; z is 1-6).

[000221] In some examples, including any of the foregoing, the secondary phase is LiZr203
and LaAlOs.

[000222] In some examples, including any of the foregoing, the secondary phase is
LiZr>0sand Lax(Lio.sAlo.s)Os.

[000223] In some examples, including any of the foregoing, the secondary phase is LiZr203
and LiLaOs. In some examples, including any of the foregoing, the secondary phase is LiZr;03
and tetragonal garnet.

[000224] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5;y is 1-5; zis 2-8). In some examples, in LixAlyO,, x is 1. In other examples, xis 1.5.
In other examples, x is 2. In other examples, x is 2.5. In other examples, x is 3. In other
examples, x 1s 3.5. In other examples, x is 4. In other examples, x is 4.5. In other examples,
X is 5.

[000225] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5;y is 1-5; zis 2-8). In some examples, in LixAlyO,, y is 1. In other examples, y is 1.5.
In other examples, y is 2. In other examples, y is 2.5. In other examples, y is 3. In other
examples, y 1s 3.5. In other examples, y is 4. In other examples, y is 4.5. In other examples,
yis 5.

[000226] In some examples, including any of the foregoing, the secondary phase is LixAlyO,
(xis 1-5;y is 1-5; zis 2-8). In some examples, in LixAlyO,, zis 2. In other examples, z is 2.5.

In other examples, z is 3. In other examples, z is 3.5. In other examples, z is 4. In other
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examples, zis 4.5. In other examples, z is 5. In other examples, zis 5.5. In other examples, z
1s 6. In other examples, z1s 6.5. In other examples, z1is 7. In other examples, zis 7.5. In other
examples, 7 is 8.

[000227] In some examples, including any of the foregoing, the secondary phase is LixZryO,
(x1s 2-8; y is 0-1; zis 1-6). In some examples, in LixZr,O,, x is 2. In other examples, x is 2.5.
In other examples, x is 3. In other examples, x is 3.5. In other examples, x is 4. In other
examples, x 1s 4.5. In other examples, x is 5. In other examples, x is 5.5. In other examples,
x 1s 6. In other examples, x is 7. In other examples, x is 7.5. In other examples, x is 8.
[000228] In some examples, including any of the foregoing, the secondary phase is LixZryO,
(x 1s 2-8; y is 0-1; z is 1-6). In some examples, in LixZryO,, y is 0. In other examples, y is 1.
In other examples, y is 2.

[000229] In some examples, the secondary phase material is LixZryO,, (x is 2-8; y is 0-1; z is
1-7). In some examples, in LixZryO,, z1is 1. In other examples, zis 1.5. In other examples, z
is 2. In other examples, zis 2.5. In other examples, z1is 3. In other examples, zis 3.5. In other
examples, z is 4. In other examples, z is 4.5. In other examples, z is 5. In other examples, z
1s 5.5. In other examples, z is 6. In other examples, z is 7.

[000230] In some examples, including any of the foregoing, the secondary phase, the
secondary phase may include LisGaQs, LiGaO:, LiGasOs, LazGasOr12, or LasGaxOo.

[000231] In some examples, including any of the foregoing, the secondary phase the
secondary phase material may include Li>O or Li»O».

[000232] In some examples, including any of the foregoing, the secondary phase the
secondary phase material may include LisNbOs, LisNb2Oo, LiNb3Os, LiNbO>, LiNbOs,
LasNbO7, LaNb7012, LaNbO4, NbO, NbO>, or Nb20:s.

[000233] In some examples, including any of the foregoing, the secondary phase the
secondary phase material may include LisTaOs, LisTaOs, LiTas0s, LiTaOs, Tax0s, LasTa0O7,
LaTaz09, LaTaz019, or LaTaOs.

[000234] In some examples, including any of the foregoing, the secondary phase the total
secondary phase material is between 30-0.1 vol% as measured by quantitative XRD or back-
scattered electron microscopy with quantitative image analysis after preparation by a focused-
ion beam cross-section.

[000235] In some examples, including any of the foregoing, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 0.1 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of

primary and secondary phases, is 0.5 % by volume. In some examples, the amount of
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secondary phase present, with respect to the total amount of primary and secondary phases, is
1 % by volume. In some examples, the amount of secondary phase present, with respect to the
total amount of primary and secondary phases, is 1.5 % by volume. In some examples, the
amount of secondary phase present, with respect to the total amount of primary and secondary
phases, is 2 % by volume. In some examples, the amount of secondary phase present, with
respect to the total amount of primary and secondary phases, is 2.5 % by volume. In some
examples, the amount of secondary phase present, with respect to the total amount of primary
and secondary phases, is 3 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 3.5 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 4 % by volume. In some examples, the amount of secondary
phase present, with respect to the total amount of primary and secondary phases, is 4.5 % by
volume. In some examples, the amount of secondary phase present, with respect to the total
amount of primary and secondary phases, is 5 % by volume. In some examples, the amount
of secondary phase present, with respect to the total amount of primary and secondary phases,
is 5.5 % by volume. In some examples, the amount of secondary phase present, with respect
to the total amount of primary and secondary phases, is 6 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and
secondary phases, is 6.5 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 7 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 7.5 % by volume. In some examples, the amount of
secondary phase present, with respect to the total amount of primary and secondary phases, is
8 % by volume. In some examples, the amount of secondary phase present, with respect to the
total amount of primary and secondary phases, is 8.5 % by volume. In some examples, the
amount of secondary phase present, with respect to the total amount of primary and secondary
phases, is 9 % by volume. In some examples, the amount of secondary phase present, with
respect to the total amount of primary and secondary phases, is 9.5 % by volume. In some
examples, the amount of secondary phase present, with respect to the total amount of primary
and secondary phases, is 10 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 10.5 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 11 % by volume. In some examples, t the amount of

secondary phase present, with respect to the total amount of primary and secondary phases, is
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11.5 % by volume. In some examples, the amount of secondary phase present, with respect to
the total amount of primary and secondary phases, is 12 % by volume. In some examples, the
amount of secondary phase present, with respect to the total amount of primary and secondary
phases, is 12.5 % by volume. In some examples, the amount of secondary phase present, with
respect to the total amount of primary and secondary phases, is 13 % by volume. In some
examples, the amount of secondary phase present, with respect to the total amount of primary
and secondary phases, is 13.5 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 14 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 14.5 % by volume. In some examples, the amount of
secondary phase present, with respect to the total amount of primary and secondary phases, is
15 % by volume. In some examples, the amount of secondary phase present, with respect to
the total amount of primary and secondary phases, is 15.5 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and
secondary phases, is 16 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 16.5 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 17 % by volume. In some examples, the amount of secondary
phase present, with respect to the total amount of primary and secondary phases, is 17.5 % by
volume. In some examples, the amount of secondary phase present, with respect to the total
amount of primary and secondary phases, is18 % by volume. In some examples, the amount
of secondary phase present, with respect to the total amount of primary and secondary phases,
is 18.5 % by volume. In some examples, the amount of secondary phase present, with respect
to the total amount of primary and secondary phases, is 19 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and
secondary phases, is 19.5 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 20 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 20.5 % by volume. In some examples, the amount of
secondary phase present, with respect to the total amount of primary and secondary phases, is
21 % by volume. In some examples, the amount of secondary phase present, with respect to
the total amount of primary and secondary phases, is 21.5 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and

secondary phases, is 22 % by volume. In some examples, the amount of secondary phase
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present, with respect to the total amount of primary and secondary phases, is 22.5 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 23 % by volume. In some examples, the amount of secondary
phase present, with respect to the total amount of primary and secondary phases, is 23.5 % by
volume. In some examples, the amount of secondary phase present, with respect to the total
amount of primary and secondary phases, is 24 % by volume. In some examples, the amount
of secondary phase present, with respect to the total amount of primary and secondary phases,
is 24.5 % by volume. In some examples, the amount of secondary phase present, with respect
to the total amount of primary and secondary phases, is 25 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and
secondary phases, is 25.5 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 26 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 26.5 % by volume. In some examples, the amount of
secondary phase present, with respect to the total amount of primary and secondary phases, is
27 % by volume. In some examples, the amount of secondary phase present, with respect to
the total amount of primary and secondary phases, is 27.5 % by volume. In some examples,
the amount of secondary phase present, with respect to the total amount of primary and
secondary phases, is 28 % by volume. In some examples, the amount of secondary phase
present, with respect to the total amount of primary and secondary phases, is 28.5 % by volume.
In some examples, the amount of secondary phase present, with respect to the total amount of
primary and secondary phases, is 29 % by volume. In some examples, the amount of secondary
phase present, with respect to the total amount of primary and secondary phases, is 29.5 % by
volume. In some examples, the amount of secondary phase present, with respect to the total
amount of primary and secondary phases, is 30 % by volume.

[000236] Grain sizes, as used herein and unless otherwise specified, are measured by either
microscopy, e.g., transmission electron microscopy or scanning electron microscopy, or by x-
ray diffraction processes.

[000237] In some examples, provided herein is a film having grains with a dso diameter less
than 10 um. In certain examples, the film has grains having a dso diameter less than 9 um. In
other examples, the grains having a dso diameter less than 8 um. In some examples, the grains
have a dso diameter less than 7 um. In certain examples, the film has grains having a dso
diameter less than 6 um. In other examples, the film has grains having a dso diameter less than

5 um. In some examples, the film has grains having a dso diameter less than 4 um. In other
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examples, the film has grains having a dso diameter less than 3 um. In certain examples, the
film has grains having a dso diameter less than 2 um. In other examples, the film has grains
having a dso diameter less than 1 um.

[000238] In some examples, the grains in the films set forth herein have dso diameters of
between 10 nm and 10 um. In some examples, the grains in the films set forth herein have dso
diameters of between 100 nm and 10 pm.

[000239] In some examples, the films set forth herein have a Young’s Modulus of about 130-
150 GPa. In some other examples, the films set forth herein have a Vicker’s hardness of about
5-7 GPa.

[000240] In some examples, the films set forth herein have a porosity less than 20 % by
volume. In other examples, the films set forth herein have a porosity less than 10 % by volume.
In yet other examples, the films set forth herein have a porosity less than 5 % by volume. In
still other examples, the films set forth herein have a porosity less than 3 % by volume as
measured by the Archimedes’ method, or by quantitative analysis of electron microscope
images of cross-sections.

VI. PELLETS

[000241] Set forth herein are pellets that include calcined garnet powders, optionally with
secondary phases present. Also set forth herein are garnet precursor powders such as aluminum
hydroxides, oxides, and/or nitrates. Precursors may also include lithium carbonate, lithium
hydroxide, lithium oxide, zirconium oxide, lanthanum oxide, lanthanum nitrate, gallium oxide,
gallium nitrate, niobium oxide, etc. Garnet precursors may or may not be hydrates. The pellets
may optionally include a binder, dispersant, surfactant, and/or plasticizer. The pellets are
formed in a press, by centrifugation or by gel-casting. The pellets may be further densified via
a WIP or CIP process.

[000242] The unsintered pellets set forth herein may be sintered by heating the pellets to
about 200°C to 1200°C for about 20 minutes to 30 hours or until crystallization occurs.
Sintering may occur with the assistance of pressure, as in FAST sintering, hot press sintering,
sinter forging, WIP, or HIP. Sintering may occur with the assistance of an electric field, as in
FAST sintering or SPS.

VII. PROCESSES OF MAKING THE MATERIALS DESCRIBED HEREIN

[000243] Set forth herein are processes for making a composition. The composition may be

a powder, a pellet, a thin film, or a monolith.
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[000244] In some examples, the composition includes: a primary cubic phase lithium-stuffed
gamet characterized by the chemical formula LialagAlcM"DZreOr, wherein 5<A<S,
1.5<B<4, 0.1<C<2, 0<D<2; 1<E<3, 10<F<13, and M" is selected from the group consisting of
Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb; a secondary phase inclusion in the
primary cubic phase lithium-stuffed gamet; wherein the primary cubic phase lithium-stuffed
garnet is present at about 70-99.9 vol % with respect to the volume of the composition; and the
secondary phase inclusion is present at about 30-0.1 vol% with respect to the volume of the
composition.

[000245] In some examples, including any of the foregoing, the process includes the
following steps: (a) providing a mixture of chemical precursors to the composition, wherein
the amount of Al in the mixture exceeds the solubility limit of Al in LLZO; and (b) calcining
the mixture by heating it to at least 800 °C.

[000246] In some examples, including any of the foregoing, the chemical precursors include
a precursor selected from lithium hydroxide (e.g., LiOH), lithium oxide (e.g., Li20), zirconium
oxide (e.g., Zr0y), zirconium nitrate, zirconium acetate, lanthanum oxide (e.g, Lax03),
lanthanum nitrate, lanthanum acetate, aluminum oxide (e.g., Al203), aluminum (e.g., Al),
aluminum nitrate (e.g., AINOs), aluminum nitrate nonahydrate, aluminum (oxy) hydroxide
(gibbsite and boehmite), gallium oxide, corundum, niobium oxide (e.g., Nb2Os), tantalum
oxide (e.g., TaxOs), and combinations thereof.

[000247] In some examples, including any of the foregoing, the heating is in air.

[000248] In some examples, including any of the foregoing, the heating is in argon or
nitrogen.

[000249] In some examples, including any of the foregoing, the heating is to 800-1000 °C for
two to ten hours.

[000250] In some examples, including any of the foregoing, before step (b), the process
includes step (a)(1) providing a green film by making a slurry of the composition and casting
the slurry onto a substrate. In some examples, the green film includes secondary phases in
addition to lithium-stuffed garnet and the chemical precursors to lithium-stuffed garnet.
[000251] In some examples, including any of the foregoing, the green film comprises
secondary phase inclusions.

[000252] In some examples, including any of the foregoing, the process includes step (c)
sintering the green film. In some examples, including any of the foregoing, the sintering is
assisted by the presence of secondary phases. For example, in some examples, the sintering

results in a denser film when secondary phases are present in the green film that is sintered as
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compared to green film sintered which does not include secondary phases. In some examples,
the secondary phases are present because the amount of Al or Al»Os in the green film exceeds
a threshold amount. In some examples, this threshold amount is the solubility limit of either Al
or A2O; in LLZO, e.g., LisLasZrn0O12. Because Al exceeds the solubility limit, the Al
precipitates out as a new phase or causes other phases to precipitate out in addition to the cubic
lithium-stuffed garnet phase.

[000253] In some examples, including any of the foregoing, the sintering the green film
includes sintering between setter plates. In some examples, the sintering includes any sintering
process set forth in International PCT Patent Application No. PCT/US2016/027922, filed April
15, 2016, SETTER PLATES FOR SOLID ELECTROLYTE FABRICATION AND
METHODS OF USING THE SAME TO PREPARE DENSE SOLID ELECTROLYTES, the
contents of which are herein incorporated by reference in their entirety for all purposes. In some
of the processes disclosed herein, the sintering occurs between inert setter plates, meaning
setter plates that do not react with or stick to the film. In some examples, when the sintering
occurs between inert setter plates, a pressure is applied by the setter plates onto the sintering
film. In certain examples, the pressure is between 0.1 and 1000 pounds per square inch (PSI).
In some examples, the pressure is 0.1 PSI. In some examples, the pressure is 0.2 PSI. In some
examples, the pressure is 0.3 PSI. In some examples, the pressure is 0.4 PSI. In some examples,
the pressure is 0.5 PSI. In some examples, the pressure is 1 PSI. In some examples, the pressure
is 2 PSI. In other examples, the pressure is 10 PSI. In still others, the pressure is 20 PSIL. In
some other examples, the pressure is 30 PSI. In certain examples, the pressure is 40 PSI. In yet
other examples, the pressure is 50 PSI. In some examples, the pressure is 60 PSI. In yet other
examples, the pressure is 70 PSI. In certain examples, the pressure is 80 PSI. In other examples,
the pressure is 90 PSI. In yet other examples, the pressure is 100 PSI. In some examples, the
pressure is 110 PSI. In other examples, the pressure is 120 PSI. In still others, the pressure is
130 PSI. In some other examples, the pressure is 140 PSI. In certain examples, the pressure is
150 PSI. In yet other examples, the pressure is 160 PSI. In some examples, the pressure is 170
PSI. In yet other examples, the pressure is 180 PSI. In certain examples, the pressure is 190
PSI. In other examples, the pressure is 200 PSI. In yet other examples, the pressure is 210 PSL.
[000254] In some of the above examples, the pressure is 220 PSI. In other examples, the
pressure is 230 PSI. In still others, the pressure is 240 PSI. In some other examples, the pressure
is 250 PSI. In certain examples, the pressure is 260 PSI. In yet other examples, the pressure is
270 PSI. In some examples, the pressure is 280 PSI. In yet other examples, the pressure is 290

PSI. In certain examples, the pressure is 300 PSI. In other examples, the pressure is 310 PSL
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In yet other examples, the pressure is 320 PSI. In some examples, the pressure is 330 PSI. In
other examples, the pressure is 340 PSI. In still others, the pressure is 350 PSI. In some other
examples, the pressure is 360 PSI. In certain examples, the pressure is 370 PSI. In yet other
examples, the pressure is 380 PSI. In some examples, the pressure is 390 PSI. In yet other
examples, the pressure is 400 PSI. In certain examples, the pressure is 410 PSI. In other
examples, the pressure is 420 PSI. In yet other examples, the pressure is 430 PSI. In some other
examples, the pressure is 440 PSI. In certain examples, the pressure is 450 PSI. In yet other
examples, the pressure is 460 PSI. In some examples, the pressure is 470 PSI. In yet other
examples, the pressure is 480 PSI. In certain examples, the pressure is 490 PSI. In other
examples, the pressure is 500 PSI. In yet other examples, the pressure is 510 PSI.

[000255] In some of the above examples, the pressure is 520 PSI. In other examples, the
pressure is 530 PSI. In still others, the pressure is 540 PSI. In some other examples, the pressure
is 550 PSI. In certain examples, the pressure is 560 PSI. In yet other examples, the pressure is
570 PSI. In some examples, the pressure is 580 PSI. In yet other examples, the pressure is 590
PSI. In certain examples, the pressure is 600 PSI. In other examples, the pressure is 610 PSL
In yet other examples, the pressure is 620 PSI. In some examples, the pressure is 630 PSI. In
other examples, the pressure is 640 PSI. In still others, the pressure is 650 PSI. In some other
examples, the pressure is 660 PSI. In certain examples, the pressure is 670 PSI. In yet other
examples, the pressure is 680 PSI. In some examples, the pressure is 690 PSI. In yet other
examples, the pressure is 700 PSI. In certain examples, the pressure is 710 PSL. In other
examples, the pressure is 720 PSI. In yet other examples, the pressure is 730 PSI. In some other
examples, the pressure is 740 PSI. In certain examples, the pressure is 750 PSI. In yet other
examples, the pressure is 760 PSI. In some examples, the pressure is 770 PSI. In yet other
examples, the pressure is 780 PSI. In certain examples, the pressure is 790 PSI. In other
examples, the pressure is 800 PSI. In yet other examples, the pressure is 810 PSI.

[000256] In other examples, the pressure is 820 PSI. In certain aforementioned examples, the
pressure is 830 PSI. In still others, the pressure is 840 PSI. In some other examples, the pressure
is 850 PSI. In certain examples, the pressure is 860 PSI. In yet other examples, the pressure is
870 PSI. In some examples, the pressure is 880 PSI. In yet other examples, the pressure is 890
PSI. In certain examples, the pressure is 900 PSI. In other examples, the pressure is 910 PSL
In yet other examples, the pressure is 920 PSI. In some examples, the pressure is 930 PSI. In
other examples, the pressure is 940 PSI. In still others, the pressure is 950 PSI. In some other

examples, the pressure is 960 PSI. In certain examples, the pressure is 970 PSI. In yet other
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examples, the pressure is 980 PSI. In some examples, the pressure is 990 PSI. In yet other
examples, the pressure is 1000 PSI.

[000257] In some examples, the gamet-based setter plates are useful for imparting beneficial
surface properties to the sintered film. These beneficial surface properties include flatness and
conductivity useful for battery applications. These beneficial properties also include preventing
Li evaporation during sintering. These beneficial properties may also include preferencing a
particular garnet crystal structure.

[000258] In certain processes disclosed herein, the inert setter plates are selected from porous
zirconia, graphite or conductive metal plates. In some of these processes, the inert setter plates
are porous zirconia. In some other of these processes, the inert setter plates are graphite. In yet
other processes, the inert setter plates are conductive metal plates. Setter plates include, but are
not limited to, the setter plates set forth in International Patent Application No.
PCT/US2016/027886, entitled LITHIUM STUFFED GARNET SETTER PLATES FOR
SOLID ELECTROLYTE FABRICATION, filed April 15, 2016; also International Patent
Application No. PCT/US2016/027922, entitled SETTER PLATES FOR SOLID
ELECTROLYTE FABRICATION AND METHODS OF USING THE SAME TO PREPARE
DENSE SOLID ELECTROLYTES, filed April 15, 2016; also US Patent Application No.
15/286,509, entitled LITHIUM STUFFED GARNET SETTER PLATES FOR SOLID
ELECTROLYTE FABRICATION, filed October 5, 2016; also US Patent Application No.
15/431,645, entitled SETTER PLATES FOR SOLID ELECTROLYTE FABRICATION AND
METHODS OF USING THE SAME TO PREPARE DENSE SOLID ELECTROLYTES, filed
February 13, 2017, the contents of each of which are herein incorporated by reference in their
entirety for all purposes.

[000259] In some examples, including any of the foregoing, the process includes step (d)
annealing the green film. In some examples, the annealing includes any annealing method set
forth in US Patent Application No. 15/007,908, filed January 27, 2016, entitted ANNEALED
GARNET ELECTROLYTE SEPARATORS, the contents of which are herein incorporated by
reference in their entirety for all purposes.

[000260] In some examples, provided herein is a thin film made by a process disclosed herein.
In some other examples, provided herein is an electrochemical device which includes a thin
film made by a process disclosed herein.

[000261] Also included herein is an electric vehicle that includes any electrochemical device
described herein.

a. MILLING & CALCINING PROCESSES
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[000262] In some examples, the processes herein include providing chemical precursor to a
lithium-stuffed garnet at a specified quantity and density. In certain examples, the chemical
precursors are characterized by, or milled to, a median particle size of about 100 nm to 10 um.
In some examples, the median particle size is 800 nm to 2 pum.

[000263] In some examples, the processes herein include providing a lithium-stuffed gamet
at a specified quantity and density. In certain examples, the powder is characterized by, or
milled to, a median particle size of about 100 nm to 10 um. In some examples, the median
particle size is 800 nm to 2 um.

[000264] As described herein, some processes include steps related to mixing and, or, process
steps related to milling. Milling includes ball milling. Milling also includes milling processes
that use inert solvents such as, but not limited to, ethanol, isopropanol, toluene, ethyl acetate,
methyl acetate, THF, MEK, DME, acetone, acetonitrile, or combinations thereof.

[000265] In some examples, the milling is ball milling. In some examples, the milling is
horizontal milling. In some examples, the milling is attritor milling. In some examples, the
milling is immersion milling. In some examples, the milling is high energy milling. In some
examples, the high energy milling process results in a milled particle size distribution with dso
of 10 nm. In some examples, the high energy milling process results in a milled particle size
distribution with dso of 10 um. In some examples, the high energy milling process results in a
milled particle size distribution with dso of 1 um. In some examples, the high energy milling
process results in a milled particle size distribution with dso of 100 nm. In some examples, the
high energy milling process results in a milled particle size distribution with dso of 100 um. In
some examples, the milling is immersion milling.

[000266] In some examples, the milling includes high energy wet milling process with 0.3mm
yttria stabilized zirconium oxide grinding media beads. In some other 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 nm. In
some examples, a milling process produces a particle size distribution with dso between 100-
200 nm. In some examples, a milling process produces a particle size distribution with dso
between 200-300 nm. In some examples, a milling process produces a particle size distribution
with dso between 300-400 nm. In some examples, a milling process produces a particle size
distribution with dso between 400-500 nm. In some examples, a milling process produces a
particle size distribution with dso between 500-600 nm. In some examples, a milling process
produces a particle size distribution with dso between 600-700 nm. In some examples, a milling

process produces a particle size distribution with dso between 700-800 nm. In some examples,
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a milling process produces a particle size distribution with dso between 800-900 nm. In some
examples, a milling process produces a particle size distribution with dso between 900-1000
nm.

[000267] In some examples, the mixture of chemical precursors to a lithium-stuffed garnet is
calcined at temperatures of 600°C, 650°C, 700°C, 750°C, 800°C, 850°C, 900°C, 950°C, 1000°C,
1050°C, 1100°C, 1150°C, 1200°C, 1250°C, 1300°C, 1350°C, 1400°C, or 1450°C. In some
examples, the mixture of chemical precursors to a lithium-stuffed garnet is calcined at 800°C,
850°C, 900°C, 950°C, 1000°C, 1050°C, or 1100°C. In some examples, the mixture of chemical
precursors to a lithium-stuffed gamet is calcined at 800°C. In some examples, the mixture of
chemical precursors to a lithium-stuffed garnet is calcined at 850°C. In some examples, the
mixture of chemical precursors to a lithium-stuffed garnet is calcined at 900°C. In some
examples, the mixture of chemical precursors to a lithium-stuffed gamet is calcined at 950°C.
In some examples, the mixture of chemical precursors to a lithium-stuffed garnet is calcined at
1000°C. In some examples, the mixture of chemical precursors to a lithium-stuffed gamet is
calcined at 1050°C. In some examples, the mixture of chemical precursors to a lithium-stuffed
gamet is calcined at 1100°C. In some of these examples, the mixture of chemical precursors
to a lithium-stuffed gamet is calcined for 1, 2, 3, 4, 5,6, 7, 8, 9, or 10 hours. In some examples,
the mixture is calcined for 4, 5, 6, 7, or 8 hours. In some examples, the mixture of chemical
precursors to a lithium-stuffed gamet is calcined for 4 hours. In some examples, the mixture of
chemical precursors to a lithium-stuffed gamet is calcined for 5 hours. In some examples, the
mixture of chemical precursors to a lithium-stuffed garnet is calcined for 6 hours. In some
examples, the mixture of chemical precursors to a lithium-stuffed gamet is calcined for 7 hours.
In some of these examples, the calcination temperature is achieved by a heating ramp rate of
about 1 °C/min, 2°C/min, 5 °C/min, or about 10 °C/min. In some of these examples, the
calcined mixture is then milled to break-up any 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 about 600°C, 650°C, 700°C,
750°C, 800°C, 850°C, 900°C, 950°C, 1000°C, 1050°C, 1100°C, 1150°C, 1200°C, 1250°C,
1300°C, 1350°C, 1400°C, or 1450°C. In some examples, the sintering is at temperatures of
1000°C, 1050°C, 1100°C, 1150°C, 1200°C, 1250°C, 1300°C, 1350°C, 1400°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, 18, 19, 20,
21,22, 23,24, 25, 26, 27, 28, 29, or 30 minutes. In some examples, the sintering is for 1, 2, 3,
4,5,6,7,8,9,10, 11, 12, 13, or 14 hours.
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[000268] In some examples, the calcined powders (e.g., any of the aforementioned examples
of calcined lithium-stuffed garnet) are provided in a slurry with solvents and additional
components such as binders and dispersants. In some examples, the slurry is then cast onto a
substrate to form a film having a thickness between about 10 nm and about 250 um. This film
is referred to as a green film. 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 slurry
is then dried to remove the solvent. In some examples, the heating is accomplished at 1°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. The dried, unsintered slurry is referred
to herein as a green film.

[000269] In some examples, positive electrode active materials are mixed with garnet
powders and also flux components to form a mixture. This mixture can be deposited onto one,
two, or more sides of a current collector. Once the flux is processed, as set forth herein, and
eventually removed, an intimate mixture of garnet materials and active materials remain in
direct contact with a current collector.

[000270] In any of these examples, the substrate, e.g., current collector, can be coated with a
garnet 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 including a positive electrode active material by casting the flux
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.

[000271] Additional details, examples, and embodiments of these processes of making garnet
materials is found, for example, in Intemational PCT Patent Application No.
PCT/US2014/059578, entitled GARNET MATERIALS FOR LI SECONDARY
BATTERIES, filed October 7, 2014, or in Intemational PCT Patent Application No.
PCT/US2014/059575, entitled GARNET MATERIALS FOR LI SECONDARY
BATTERIES, also filed October 7, 2014, the contents of each of which are herein incorporated
by reference in their entirety for all purposes.

[000272] In some examples precursors are, optionally milled and, mixed with a flux (step a)
and heated to dissolve the precursors in the flux (step b). The flux with dissolved precursors

is cast (step ¢) and calcined (step d) to react the precursors and for larger and more crystalline
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particles (step e) which are densified by the flux. In some examples, the flux is removed (step
D).
b. FLUXES

[000273] In some examples, set forth herein is a process that includes a mixture of chemical
precursors to a lithium-stuffed gamet powder or film, wherein one or more flux materials,
having a melting point lower than 400°C is used to mix, dissolve, and, or, density the ceramic
onto or around a substrate.

[000274] In some examples, a mixture of chemical precursors to a lithium-stuffed garnet is
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 lithium conducting material.

[000275] In some examples, the processes herein include providing a mixture of chemical
precursors to a lithium-stuffed gamet at a specified quantity and density. In certain examples,
the mixture is characterized by, or milled to, a median particle size of about 100 nm to 10 pm.
In some examples, the median particle size is 800 nm to 2 pum. In some of these examples, 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 mixture. This flux material is
typically a lithium-containing material which melts between about 500°C to 900°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 eutectic mixtures. In some of
these examples, the eutectic mixtures have a melting point less than 500°C. In some further
examples, the eutectic mixtures are heated to temperature of about 400 to 800°C. In some
examples, the heated mixtures are mixed. In still other examples, the mixtures are then heated
and formed into shapes, such as but not limited to, sheets, thick films (greater than 100 um
thick), thin films (less than 100 pum thick) rolls, 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, ethanol, THF, IPA,
toluene, or combinations thereof. In some examples, the additional heating is to temperatures
less than 500°C. This method, and variants thereof, result in dense lithium 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 include, but are not limited to,

formed gamnets, such as LisLasZr;012, and oxides, such as LiOH, La»0s, ZrO,. In certain
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examples, the garnet powders are formed by mixing garnet precursors such as, but not limited
to, LiOH, Li»COs, Lax0s, ZrO», Nb2Os, boehmite, gibbsite, bayerite, doyleite, nordstrandite,
bauxite, corundum, Al2Os, Al-nitrate, or combinations thereof.

¢. SOLUTIONS AND SLURRIES

[000276] In some examples, the processes herein include the use of solutions and slurries
which are cast or deposited onto substrates. In certain examples, gamet precursors in the
slurries are milled according to the milling processes set forth herein. In some examples, these
precursors are formulated into a slurry. In some examples, these milled precursors are
formulated into a slurry. After milling, in some examples, the precursors are formulated into
coating formulations, e.g., slurries 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 toluene and/or ethanol and/or diacetone alcohol. In some examples,
PVB is both a binder and a dispersant. In some examples, the binders also include PVB, PVP,
Ethyl Cellulose, Celluloses, acetate, PVA, and PVDF. In some examples, the dispersants
include surfactants, fish oil, fluorosurfactants, Triton, oleyl alcohol, oleic acid, oleyl amine,
PVB, and PVP. In some slurries, 10% to 60% by weight (w/w) of the slurry is solid precursors.
Binders and dispersants can each, in some slurries, make up 50% w/w of the slurry, with
solvents comprising the remainder weight percentages.

[000277] In some examples, the solvent is selected from MEK, DME, toluene, ethanol,
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
polymethylmethacrylate.

[000278] In some examples, the solvent is toluene, ethanol, toluene:ethanol, or combinations
thereof. In some examples, the binder is polyvinyl butyral (PVB). In other examples, the
binder is polypropylene carbonate. In yet other examples, the binder is a
polymethylmethacrylate.

[000279] 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 embodiments, 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 includes heating the film and using a vacuum to drive off

the solvent.
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[000280] In some examples, the slurries set forth herein are deposited onto substrates using
casting techniques including slot die coating, slot casting, doctor blade casting, mold casting,
roll coating, gravure, microgravure, screen printing, flexoprinting, and/or other related
processes.

[000281] Other casting processes are set forth in International PCT Patent Application No.
PCT/US2014/059578, entitled GARNET MATERIALS FOR LI SECONDARY
BATTERIES, filed October 7, 2014, or in Intemational PCT Patent Application No.
PCT/US2014/059575, entitled GARNET MATERIALS FOR LI SECONDARY
BATTERIES, also filed October 7, 2014, the entire contents of each of which are incorporated
by reference herein for all purposes in their entirety.

[000282] In some examples, the slurries of garnet precursors, set forth here, are layered,
deposited, or laminated to uncalcined green films of lithium-stuffed gamets in order to build
up several layers of lithium-stuffed gamets. In some examples, a slurry is deposited by doctor-
blading and then then deposited slurry is allowed to dry. Once dry, another layer of slurry is
deposited onto the dried first deposited slurry. In some examples, slurries of garnet precursors,
set forth below, are layered, deposited, or laminated to calcined films of lithium-stuffed garnets
in order to infiltrate vacant or porous space within uncalcined lithium-stuffed gamets. These
dried slurries are referred to as green films.

[000283] In some examples, the green films also include at least one member selected from
a binder, a solvent, a dispersant, or combinations thereof. In some examples, the gamet solid
loading is at least 30 % by weight (w/w). In some examples, the film thickness is less than 100
pm.

[000284] In certain examples, the dispersants are BYK-R™ 607, Rhodaline, DISPERBYK-
2013™ BYK-300™, BYK-081™, SOLSPERSE™ M387, fish oil and Oleyl alcohol.
[000285] In some examples, the films include a substrate adhered thereto. In certain
examples, the substrate is a polymer, a metal foil, or a metal powder. In some of these
examples, the substrate is a metal foil. In some examples, the substrate is a metal powder. In
some of these examples, the metal is selected from Ni, Cu, Al, steel, alloys, or combinations
thereof.

[000286] In some examples, the solid loading in the green film is at least 35 % w/w. Herein,
solid loading refers to the amount of inorganic material which will remain in a film once the
solvents, volatile components, and organic components are removed from the film through
evaporation, calcination processes, or sintering processes, or any combination thereof. In some

examples, the green films have a solid loading of at least 40 % w/w. In some examples, the
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green films have a solid loading of at least 45% w/w. In some examples, the green films have
a solid loading of at least 50 % w/w. In other examples, the solid loading is at least 55 % w/w.
In some other examples, the solid loading is at least 60 % w/w. In some examples, the solid
loading is at least 65 % w/w. In some other examples, the solid loading is at least 70 % w/w.
In certain other examples, the solid loading is at least 75 % w/w. In some examples, the solid
loading is at least 80 % w/w.

[000287] In some examples, the uncalcined green films have a film thickness less than 75 um
and greater than 10 nm. In some examples, the uncalcined green films have a thickness less
than 50 um and greater than 10 nm. In some examples, the uncalcined green films have
particles with a dso of less than 1 um at the particle maximum physical dimension. In some
examples, the uncalcined green films have a median grain size of between 0.1 um to 10 um.
In some examples, the uncalcined green films is not adhered to any substrate.

[000288] The uncalcined green films set forth herein may be calcined by heating the green
films to about 200-C to 1200°C for about 20 minutes to 10 hours or until crystallization occurs.
[000289] In some examples, the green films are unsintered and are centimeters in length.
[000290] In some examples, the green films are unsintered and are meters in length.
[000291] In some examples, the green films are unsintered and are kilometers in length.
[000292] In an embodiment, the disclosure sets forth herein a process including providing an
unsintered thin film; wherein the unsintered thin film comprises at least one member selected
from the group consisting of a Garnet-type electrolyte, 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, wherein sintering comprises heat sintering or
field assisted sintering (FAST); wherein heat sintering includes heating the film in the range
from about 700 °C to about 1200 °C for about 1 to about 600 minutes and in atmosphere having
an oxygen partial pressure between 10! atm to 10°!° atm ; and wherein 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.

[000293] In some of the processes disclosed herein, the unsintered thin film has a thickness
from about 10 um to about 100 um. In some other of the processes disclosed herein, the
unsintered thin film has a thickness from about 20 um to about 100 um. In certain of the
processes disclosed herein, the unsintered thin film has a thickness from about 30 um to about
100 pm. In certain other of the processes disclosed herein, the unsintered thin film has a

thickness from about 40 um to about 100 um. In vet other processes disclosed herein, the
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unsintered thin film has a thickness from about 50 um to about 100 um. In still other processes
disclosed herein, the unsintered thin film has a thickness from about 60 um to about 100 pm.
In yet some other processes disclosed herein, the unsintered thin film has a thickness from
about 70 um to about 100 um. In some of the processes disclosed herein, the unsintered thin
film has a thickness from about 80 um to about 100 um. In some other of the processes
disclosed herein, the unsintered thin film has a thickness from about 90 um to about 100 um.
[000294] In some of the processes disclosed herein, the unsintered thin film has a thickness
from about 10 um to about 90 um. In some other of the processes disclosed herein, the
unsintered thin film has a thickness from about 20 um to about 80 um. In certain of the
processes disclosed herein, the unsintered thin film has a thickness from about 30 um to about
70 um. In certain other of the processes disclosed herein, the unsintered thin film has a
thickness from about 40 um to about 60 um. In yet other processes disclosed herein, the
unsintered thin film has a thickness from about 50 um to about 90 um. In still other processes
disclosed herein, the unsintered thin film has a thickness from about 60 um to about 90 pm. In
yet some other processes disclosed herein, the unsintered thin film has a thickness from about
70 um to about 90 um. In some of the processes disclosed herein, the unsintered thin film has
a thickness from about 80 um to about 90 um. In some other of the processes disclosed herein,
the unsintered thin film has a thickness from about 30 um to about 60 um.

[000295] In some examples, the unsintered films are about 50 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 film has a thickness of about 1 um. In some other
examples the sintered film has a thickness of about 2 um. In certain examples, the sintered film
has a thickness of about 3 um. In certain other examples, the sintered film has a thickness of
about 4 um. In some other examples, the sintered film has a thickness of about 5 um. In some
examples, the sintered film has a thickness of about 6 um. In some of these examples, the
sintered film has a thickness of about 7 um. In some examples, the sintered film has a thickness
of about 8 um. In some other examples, the sintered film has a thickness of about 9 um. In
certain examples, the sintered film has a thickness of about 10 um.

d. MAKING CERTAIN COMPOSITIONS

[000296] In some examples, provided herein are processes for making a lithium-stuffed
gamet doped with aluminum, the processes comprising providing gamet precursors at
predetermined combination. In some examples, the processes further include milling the

combination for 5 to 10 hours. In other examples, the processes further comprising calcining
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the combination in vessels at about 500 ° C to about 1200 °C for about 4 to about 10 hours to
form a gamet. In other examples, the processes further include milling the formed garnet until
the dso particle size is between 200 and 400 nm. In still other examples, the processes further
include mixing the milled forming garnet with a binder to form a slurry. In some of these
examples, before the slurry is sintered, the processes include providing a green film by casting
the slurry as a film. In other examples, the processes further include filtering the slurry. In
still other examples, the processes further include optionally providing pellets of filtered slurry.
In some of these examples, before the slurry is sintered, the processes include providing a green
film by casting the slurry. In still other examples, the processes further include sintering the
filtered slurry. In the examples, wherein the slurry is sintered, sintering includes applying
pressure to the slurry with setting plates, heating the slurry under flowing inert gas between
140 °C and 400 °C for about 1 to about 6 hours, and either heat sintering or field assisted
sintering for about 10 minutes to about 10 hours.

[000297] In certain examples, the garnet precursors are selected from LiOH, La»0s, ZrO» and
AI(NO3)3*9H:0.

[000298] In some examples, the garnet precursors are calcined in vessels is at 900 °C for 6
hours. In certain examples, the vessels are Alumina (i.e., Al2O3) vessels.

[000299] In certain examples, the milling is until the dso particle size of the formed garnet is
about 300 nm. In certain other examples, the milling is conducted until the dso particle size of
the formed garnet is about 100 nm. In some examples, the milling is conducted until the dso
particle size of the formed gamet is about 200 nm. In certain examples, the milling is conducted
until the dso particle size of the formed garnet is about 250 nm. In certain examples, the is
conducted until the dso particle size of the formed gamet is about 350 nm. In certain examples,
the milling is conducted until the dso particle size of the formed garnet is about 400 nm.
[000300] In some examples, the mixing the milled forming garnet with a binder to form a
slurry includes about 4% w/w binder. In some examples, the binder is polyvinyl butyral.
[000301] In some examples, the filtering the slurry includes filtering with an 80-mesh sieve.
In some examples, the filtering the slurry includes filtering with a 100-mesh sieve. In some
examples, the filtering the slurry includes filtering with a 120-mesh sieve. In some examples,
the filtering the slurry includes filtering with a 140-mesh sieve. In some examples, the filtering
the slurry includes filtering with a 170-mesh sieve. In some examples, the filtering the slurry

includes filtering with a 200-mesh sieve.
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[000302] In some examples, provided herein are pellets of filtered, dried slurry that are 13
mm in diameter. In some examples, the pellets have a 10 mm, 11 mm, 12 mm, 13 mm, 14 mm,
15mm, 16 mm, 17 mm, 18 mm, 19 mm, or 20 mm diameter.

[000303] In some examples, the applying pressure to the pellet with setting plates includes
applying a pressure of 3 metric tons. In some other examples, the applying pressure to the
pellet with setting plates includes applying a pressure of 2 metric tons. In some examples, the
applying pressure to the pellet with setting plates includes applying a pressure of 1 metric tons.
In some examples, the applying pressure to the pellet with setting plates includes applying a
pressure of 3.5 metric tons.

[000304] In some examples, 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
setter plates are porous zirconia setter plates.

[000305] In some examples, the processes include flowing inert gas as an Argon gas flowing
at a flow rate of 315 sccm.

[000306] In some examples, the processes set forth herein include heating the slurry under
flowing inert gas including separate dwells at 100-200-C and 300-400-C for 2 hours (hrs) each
under a humidified Argon flow.

e. MAKING FINE GRAIN LITHIUM-STUFFED GARNETS

[000307] In some examples, provided herein are processes of making thin films with fine
grains of lithium-stuffed garnets doped with alumina. In some examples, in order to make
these fine grains, the films described herein are heat sintered at a maximum temperature of
1150°C. In some examples, in order to make these fine grains, the films described herein are
heat sintered at a maximum 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
maximum temperature of 1075 °C. In some examples, in order to make these fine grains, the
films described herein are heat sintered at a maximum temperature of 1075 °C for no more than
6 hours. In certain examples, when the films are only sintered for 15 minutes, heat sintering
temperatures of 1200 °C, at a maximum, are used.

[000308] Grains grow larger as temperature is increased. Also, grains grow larger at a given
temperature while the dwell time at that temperature is increased. For this reason, the processes
set forth herein include heat sintering at temperatures less than 1200 °C, or less than 1150 °C,

or less than 1075°C. In some of these examples, the processes set forth herein include heat
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sintering at these temperatures for no more than 6 hours. In some examples, the processes set
forth herein include heating sintering for no more than 15 minutes. In some other examples,
the processes set forth herein include heat sintering at 1050 °C. In some other examples, the
processes set forth herein include heat sintering at 1000 °C. In some other examples, the
processes set forth herein include heat sintering at 950 °C. In some other examples, the
processes set forth herein include heat sintering at 900 °C. In some other examples, the
processes set forth herein include heat sintering at 850 °C. In some other examples, the
processes set forth herein include heat sintering at 800 °C. In some other examples, the
processes set forth herein include heat sintering at 750°C. In some other examples, the
processes set forth herein include heat sintering at 700 °C. In some other examples, the
processes set forth herein include heat sintering at 650 °C. In some other examples, the
processes set forth herein include heat sintering at 600 °C. In some other examples, the
processes set forth herein include heat sintering at 550 °C. In some other examples, the
processes set forth herein include heat sintering at 500 °C.

[000309] In some examples, smaller amounts of Li in the lithium-stuffed garnet lead to
smaller grains in the films set forth herein

f. SINTERING PROCESSES

[000310] While certain solid-state ionic conductors can be sintered in a conventional process
by pressing small pellets, which are approximately 10 mm in diameter and 2 mm thick in
thickness, known processes for making thin films of garnet based materials are insufficient for
battery applications, which require film dimensions of approximately 10 cm, and which are
100 nm to 50 um in thickness.

[000311] Sintering thin films, particularly films that include gamnet (e.g., lithium-stuffed
garnet), using applied electrical currents and voltages is inherently challenging. In part, this is
related to the resistive heating that occurs in 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 is sintered and the
impedance decreases, the resistive heat associated with an electrical current passing through
the gamet also decreases. As the impedance decreases in certain portions of the garnet material,
the passed electrical current primarily takes the path of least resistance (i.e., the path where the
impedance is lowest) and does not resistively heat the unsintered portions of the garnet where

the impedance is significantly higher. As more garnet sinters, and the impedance decreases, it

- 66 -



WO 2018/236394 PCT/US2017/039069

becomes more difficult to sinter the remaining unsintered portions of the garnet and particularly
so where the impedance is greatest due to the gamet portions where the impedance is smallest.
[000312] In order to overcome this challenge, a cylindrical form factor may be used. By
directing an applied electrical current between electrodes spaced at the extreme longitudinal
ends of a cylinder, the cylindrical form factor overcomes the aforementioned challenges since
the electrical 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 examples, this form factor is rectangular-like with respect to
its shape. These films, thin films, and rectangular-like form factors are difficult to sinter in part
because the electrodes, through which an electrical current is applied, do not transmit electricity
through the longest portion of the film sample. For thin films, the applied electrical current
passes through the z-direction of the film, which is one of the shorter paths through the bulk of
the material.

[000313] 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. 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-direction. Accomplishing this type of densification and shrinkage is also a
challenge met by the instant application. The present application sets forth several sintering
processes for overcoming these and other sintering challenges.

[000314] An example sintering processes includes placing electrodes on a thin film form
factor so that an applied electrical current passes through the z-direction of the film. In this
orientation, FAST sintering is employed according to a sintering processes set forth herein.
[000315] Another example sintering process includes using sintering plates. In some
examples, the applied electrical 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 applied electrical current is 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 layers are inserted
between a setter plate and the thin film and the applied electrical current is applied to the

inserted metal foil.
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[000316] In some examples, a metal powder is inserted between the setter plates and the
gamnet film to be sintered. In some of these examples, as the gamnet film is sintered, the metal
powder also sinters and adheres to the sintering film.

[000317] In some of these examples, the setter plate is a porous setter plate. In some of these
examples, the setter plate is a gamet-based setter plate. In some of these examples, the setter
plate is a porous garnet-based setter plate. In some of these examples, the setter plate is a
metallic setter plate. As used herein, gamet-based setter plates include a setter plate that
comprises a garnet material described herein.

[000318] In some examples, the plates used for sintering and optionally for applying pressure
can have individually addressable contact points so that the applied electrical current is directed
to specific positions on the sintering film. 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 controllably applied current or
voltage applied to another contact point.

[000319] In some examples, the plates used for sintering and optionally for applying pressure
can have grid structure. In some examples, this grid structure is movable so that it can be placed
on the sintering film at different positions during the sintering process.

[000320] In some examples, the thin film form factor is 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 electrical current or voltage as
necessary for sintering, e.g., FAST sintering. 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.

[000321] 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.

[000322] In some of the examples where a thin film form factor is sintered while it moves
through calender rollers, one of the calender rollers is a ground electrode.

[000323] 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 current or voltage to be directed to the sintering film.
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i. REACTIVE SINTERING

[000324] In some examples, the set forth herein are reactive sintering processes. In these
examples, garnet precursors are mixed to form a mixture. In these examples, the precursors
include the garnet precursors set forth in the instant patent application. In some examples, the
mixture is milled according to the milling processes set forth in the instant patent application.
In some examples, the mixture is formulated as a slurry of milled precursor materials to form
aslurry. In some examples, the slurry is then coated onto a substrate by processes such as, but
not limited to, doctor blade casting, slot casting, or dip coating. In some other examples, the
slurry is cast onto a substrate according to a casting process set forth in the instant patent
application. In some of these examples, the slurry is then dried to remove the solvent or liquid
therein. In some examples, the dried slurry is calendered. In some additional examples, the
dried slurry is 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 slurry layers to which pressure is applied are sintered according to the processes set forth
herein. In those examples, wherein sintering occurs with garnet precursors in a slurry or dried
slurry format, the sintering occurs simultaneous with a chemical reaction of the gamet
precursors to form sintered garnet.

ii. HOT PRESSING

[000325] In some examples, set forth herein are hot pressing processes of making thin garnet
films. In these examples, green tapes, as described above, are sintered under an applied
uniaxial pressure. In certain examples, the binder is first removed before the sintering is
conducted. In these particular examples, the binder can be removed by burning the binder ata
temperature of about 200, 300, 400, 500, 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 uniaxial load pressure of about 10 to about 100 MPa. Inthese 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.

[000326] 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 includes heating the film under an applied pressure to a

temperature lower than the melting point of the metal or metals comprising the metal foil
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substrate. As such, higher sintering temperatures can be used when Ni-substrates are used as
compared to when Cu-substrates are used.

ili. CONSTRAINED SINTERING

[000327] Insome examples, 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 inhomogeneities
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 yttria-stabilized 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 simultaneously in part because of these porous setter plates. In some
examples, the small amount of pressure is just the pressure applied by the weight of the setter
plate resting on top of the green film during the sintering process with no additional pressure
applied externally.
iv. VACUUM SINTERING

[000328] In some examples, the sintering is conducted as described above but with the
sintering film in a vacuum chamber. In this example, 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 beyond a certain point. By
removing trapped gases using a vacuum system, pores that did contain gas can be sintered and
densified more so than they could if the vacuum system did not withdraw the trapped gases.

v. FIELD ASSISTED, FLASH, AND FAST SINTERING

[000329] The field assisted sintering technique (FAST) sintering is capable of enhancing
sintering kinetics. The application of a field will move electrons, holes, and/or ions in the
sintering material, which then heat the material via Joule heating. The heating is focused at
spots where resistance is highest (P = I’R, wherein I is current, and R is resistance) which tend
to be at the particle-particle necks. These spots are precisely where sintering is desired, so
FAST sintering can be especially effective. A standard gamet 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 minutes. The advantages are lower cost processing (higher
throughput), lower reactivity (at lower temperature, the garnet is less likely to react with other

components), and lower lithium loss (lithium evaporation is a dominant failure mode
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preventing effective sintering). FAST sintering of gamets is most effective at low current and
for short time. Since garnet material has high ion conductivity, low current is preferable, as is
AC current, so that bulk transport of ions does not occur. Parameters may span:
Imin<time<lhr, 500<temp<1050°C, 1Hz<frequency<IMHz, 1V<VAC rms < 20V. In some
examples, 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, e.g., a current
collector. In some examples, 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 examples, FAST sintering is used in conjunction with bilayer sintering (and
tri-layer sintering, e.g., electrolyte-metal-electrolyte), to both provide mechanical support and
to simultaneously form a current collector in one step. In some examples, FAST sintering is
used in conjunction with vacuum sintering, in which sintering occurs in a low absolute pressure
to promote pore removal.

[000330] In some embodiments, disclosed herein is a process 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 Garnet-type electrolyte, an active electrode material, a
conductive additive, a solvent, a binder, and combinations thereof. In some examples, the
processes further include removing the solvent, if present in the unsintered thin film. In some
examples, the process optionally includes laminating the film to a surface. In some examples,
the process includes removing the binder, if present in the film. In some examples, the process
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 1 to about 600 minutes and in atmosphere having an
oxygen partial pressure in the range 1*10" to 1*10-1° atm. In other 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.

[000331] In some embodiments, disclosed herein is a process of making a film, including
providing an unsintered thin film; wherein the unsintered thin film includes at least one member
selected from the group consisting of a Garnet-type electrolyte, an active electrode (e.g.,
cathode) material, a conductive additive, a solvent, a binder, and combinations thereof. In
some examples, the processes further include removing the solvent, if present in the unsintered
thin film. In some examples, the process optionally includes laminating the film to a surface.

In some examples, the process includes removing the binder, if present in the film. In some
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examples, the process includes sintering the film, wherein sintering comprises heat sintering.
In some of these examples, heat sintering includes heating the film in the range from about
700°C to about 1200°C for about 1 to about 600 minutes and in atmosphere having an oxygen
partial pressure in the range of 1*10' atm to 1*10°1 atm.

[000332] In some embodiments, disclosed herein is a process of making a film, including
providing an unsintered thin film; wherein the unsintered thin film includes at least one member
selected from the group consisting of a Garnet-type electrolyte, an active electrode material, a
conductive additive, a solvent, a binder, and combinations thereof. In some examples, the
processes further include removing the solvent, if present in the unsintered thin film. In some
examples, the process optionally includes laminating the film to a surface. In some examples,
the process includes removing the binder, if present in the film. In some examples, the process
includes sintering the film, wherein sintering includes field assisted sintering (FAST). In some
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.

[000333] In any of the processes set forth herein, the unsintered thin film may include a
lithium-stuffed gamnet electrolyte or precursors thereto. In any of the processes set forth herein,
the unsintered thin film may include a lithium-stuffed garnet electrolyte doped with alumina.
[000334] In any of the processes 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.
[000335] In any of the processes set forth herein, the processes may include heating the film
for about 1 to about 600 minutes. In any of the processes set forth herein, the processes may
include heating the film for about 20 to about 600 minutes. In any of the processes set forth
herein, the processes may include heating the film for about 30 to about 600 minutes. In any
of the processes set forth herein, the processes may include heating the film for about 40 to
about 600 minutes. In any of the processes set forth herein, the processes may include heating
the film for about 50 to about 600 minutes. In any of the processes set forth herein, the
processes may include heating the film for about 60 to about 600 minutes. In any of the
processes set forth herein, the processes may include heating the film for about 70 to about 600
minutes. In any of the processes set forth herein, the processes may include heating the film
for about 80 to about 600 minutes. In any of the processes set forth herein, the processes may
include heating the film for about 90 to about 600 minutes. In any of the processes set forth
herein, the processes may include heating the film for about 100 to about 600 minutes. In any

of the processes set forth herein, the processes may include heating the film for about 120 to
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about 600 minutes. In any of the processes set forth herein, the processes may include heating
the film for about 140 to about 600 minutes. In any of the processes set forth herein, the
processes may include heating the film for about 160 to about 600 minutes. In any of the
processes set forth herein, the processes may include heating the film for about 180 to about
600 minutes. In any of the processes set forth herein, the processes may include heating the
film for about 200 to about 600 minutes. In any of the processes set forth herein, the processes
may include heating the film for about 300 to about 600 minutes. In any of the processes set
forth herein, the processes may include heating the film for about 350 to about 600 minutes.
In any of the processes set forth herein, the processes may include heating the film for about
400 to about 600 minutes. In any of the processes set forth herein, the processes may include
heating the film for about 450 to about 600 minutes. In any of the processes set forth herein,
the processes may include heating the film for about 500 to about 600 minutes. In any of the
processes set forth herein, the processes may include heating the film for about 1 to about 500
minutes. In any of the processes set forth herein, the processes may include heating the film
for about 1 to about 400 minutes. In any of the processes set forth herein, the processes may
include heating the film for about 1 to about 300 minutes. In any of the processes set forth
herein, the processes may include heating the film for about 1 to about 200 minutes. In any of
the processes set forth herein, the processes may include heating the film for about 1 to about
100 minutes. In any of the processes set forth herein, the processes may include heating the
film for about 1 to about 50 minutes.

[000336] In any of the processes set forth herein, the FAST sintering may include heating the
film in the range from about 400 °C to about 1200 °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 400 °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 1150 °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. electric field to the thin film. In some examples, FAST sintering
includes 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 about 500 °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 500 °C to about 700 °C and applying a D.C. or A.C. electric field to the thin film. In

-73 -



WO 2018/236394 PCT/US2017/039069

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. electric field to the thin film.

[000337] In any of the processes 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 film in the range from about
600°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 600 °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 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 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. electric field to the thin film. In some examples, FAST sintering
includes heating the film in the range from about 500 °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 applying a D.C. electric field to the thin film.
[000338] In any of the processes 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. electric field to the
thin film. In any of the processes set forth herein, the FAST sintering may include heating the
film in the range from about 500 °C to about 900 °C and applying an 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 an 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 an A.C. electric field to the thin film. In some examples, FAST sintering includes
heating the film in the range from about 800 °C to about 900 °C and applying an 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 800°C and applying an 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
700 °C and applying an 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 an A.C.
electric field to the thin film.

[000339] In certain examples, the processes set forth herein include providing an unsintered

thin film by casting a film according to a casting processes set forth in the instant disclosure.
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[000340] In some of the processes disclosed herein, the sintering occurs between inert setter
plates. In some examples, when the sintering occurs between inert setter plates, a pressure is
applied by the setter plates onto the sintering film. In certain examples, the pressure is between
0.1 and 1000 pounds per square inch (PSI). In some examples, the pressure is 0.1 PSI. In some
examples, the pressure is 0.2 PSI. In some examples, the pressure is 0.3 PSI. In some examples,
the pressure is 0.4 PSI. In some examples, the pressure is 0.5 PSI. In some examples, the
pressure is 0.6 PSI. In some examples, the pressure is 0.7 PSI. In some examples, the pressure
is 0.8 PSI. In some examples, the pressure is 0.9 PSI. In some examples, the pressure is 1 PSI.
In some examples, the pressure is 2 PSI. In other examples, the pressure is 10 PSI. In still
others, the pressure is 20 PSI. In some other examples, the pressure is 30 PSI. In certain
examples, the pressure is 40 PSI. In yet other examples, the pressure is 50 PSI. In some
examples, the pressure is 60 PSI. In yet other examples, the pressure is 70 PSI. In certain
examples, the pressure is 80 PSI. In other examples, the pressure is 90 PSI. In yet other
examples, the pressure is 100 PSI. In some examples, the pressure is 110 PSI. In other
examples, the pressure is 120 PSI. In still others, the pressure is 130 PSI. In some other
examples, the pressure is 140 PSI. In certain examples, the pressure is 150 PSI. In yet other
examples, the pressure is 160 PSI. In some examples, the pressure is 170 PSI. In yet other
examples, the pressure is 180 PSI. In certain examples, the pressure is 190 PSI. In other
examples, the pressure is 200 PSI. In yet other examples, the pressure is 210 PSI. In some of
the above examples, the pressure is 220 PSI. In other examples, the pressure is 230 PSI. In
still others, the pressure is 240 PSI. In some other examples, the pressure is 250 PSI. In certain
examples, the pressure is 260 PSI. In yet other examples, the pressure is 270 PSI. In some
examples, the pressure is 280 PSI. In yet other examples, the pressure is 290 PSI. In certain
examples, the pressure is 300 PSI. In other examples, the pressure is 310 PSI. In yet other
examples, the pressure is 320 PSI. In some examples, the pressure is 330 PSI. In other
examples, the pressure is 340 PSI. In still others, the pressure is 350 PSI. In some other
examples, the pressure is 360 PSI. In certain examples, the pressure is 370 PSI. In yet other
examples, the pressure is 380 PSI. In some examples, the pressure is 390 PSI. In yet other
examples, the pressure is 400 PSI. In certain examples, the pressure is 410 PSI. In other
examples, the pressure is 420 PSI. In yet other examples, the pressure is 430 PSI. In some
other examples, the pressure is 440 PSI. In certain examples, the pressure is 450 PSI. In yet
other examples, the pressure is 460 PSI. In some examples, the pressure is 470 PSI. In yet
other examples, the pressure is 480 PSIL. In certain examples, the pressure is 490 PSI. In other

examples, the pressure is 500 PSI. In yet other examples, the pressure is 510 PSI. In some of
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the above examples, the pressure is 520 PSI. In other examples, the pressure is 530 PSI. In
still others, the pressure is 540 PSI. In some other examples, the pressure is 550 PSI. In certain
examples, the pressure is 560 PSI. In yet other examples, the pressure is 570 PSI. In some
examples, the pressure is 580 PSI. In yet other examples, the pressure is 590 PSI. In certain
examples, the pressure is 600 PSI. In other examples, the pressure is 610 PSI. In yet other
examples, the pressure is 620 PSI. In some examples, the pressure is 630 PSI. In other
examples, the pressure is 640 PSI. In still others, the pressure is 650 PSI. In some other
examples, the pressure is 660 PSI. In certain examples, the pressure is 670 PSI. In yet other
examples, the pressure is 680 PSI. In some examples, the pressure is 690 PSI. In yet other
examples, the pressure is 700 PSI. In certain examples, the pressure is 710 PSI. In other
examples, the pressure is 720 PSI. In yet other examples, the pressure is 730 PSI. In some
other examples, the pressure is 740 PSI. In certain examples, the pressure is 750 PSI. In yet
other examples, the pressure is 760 PSI. In some examples, the pressure is 770 PSI. In yet
other examples, the pressure is 780 PSIL. In certain examples, the pressure is 790 PSI. In other
examples, the pressure is 800 PSI. In yet other examples, the pressure is 810 PSI. In other
examples, the pressure is 820 PSI. In certain aforementioned examples, the pressure is 830
PSI. In still others, the pressure is 840 PSI. In some other examples, the pressure is 850 PSI.
In certain examples, the pressure is 860 PSI. In yet other examples, the pressure is 870 PSI.
In some examples, the pressure is 880 PSI. In yet other examples, the pressure is 890 PSI. In
certain examples, the pressure is 900 PSI. In other examples, the pressure is 910 PSI. In yet
other examples, the pressure is 920 PSI. In some examples, the pressure is 930 PSI. In other
examples, the pressure is 940 PSI. In still others, the pressure is 950 PSI. In some other
examples, the pressure is 960 PSI. In certain examples, the pressure is 970 PSI. In yet other
examples, the pressure is 980 PSI. In some examples, the pressure is 990 PSI. In yet other
examples, the pressure is 1000 PSI.

[000341] In some examples, the setter plates can be porous. In some other examples, the
setter plates are not porous. In other instance, the setter plates may be made of a garnet material
described herein. In some examples, the setter plates can be porous garnet setter plates. In
other instance, the setter plates may be made of zirconia. In some examples, the setter plates
can be porous zirconia setter 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.
[000342] In some examples, the gamet-based setter plates are useful for imparting beneficial
surface properties to the sintered film. These beneficial surface properties include flatness and

conductivity useful for battery applications. These beneficial properties also include
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preventing Li evaporation during sintering. These beneficial properties may also include
preferencing a particular garnet crystal structure. In certain processes disclosed herein, the
inert setter plates are selected from porous zirconia, graphite or conductive metal plates. In
some other of these processes, the inert setter plates are graphite. In yet other processes, the
inert setter plates are conductive metal plates.

vi. BILAYER AND TRILAYER SINTERING

[000343] In some examples, the films which are sintered are provided as layers of a garnet-
based electrolyte in contact with a metal layer which is then in contact with another garnet-
based electrolyte layer.

vii. HEAT SINTERING

[000344] In some embodiments, disclosed herein is a process of making an energy storage
electrode, including providing an unsintered thin film; wherein the unsintered thin film includes
at least one member selected from the group consisting of a garnet-based electrolyte, an active
electrode material, a conductive additive, a solvent, a binder, and combinations thereof. In
some examples, the processes further include removing the solvent, if present in the unsintered
thin film. In some examples, the process optionally includes laminating the film to a surface.
In some examples, the process includes removing the binder, if present in the film. In some
examples, the process includes sintering the film, wherein sintering comprises heat sintering.
In some of these examples, heat sintering includes heating the film in the range from about 700
°C to about
1200 °C for about 1 to about 600 minutes and in atmosphere having an oxygen partial pressure
in the range of 10! atm to 107! atm.

[000345] In some embodiments, disclosed herein is a process of making an energy storage
electrode, including providing an unsintered thin film; wherein the unsintered thin film includes
at least one member selected from the group consisting of a Gamet-type electrolyte, an active
electrode material, a conductive additive, a solvent, a binder, and combinations thereof. In
some examples, the processes further include removing the solvent, if present in the unsintered
thin film. In some examples, the process optionally includes laminating the film to a surface.
In some examples, the process includes removing the binder, if present in the film. In some
examples, the process includes sintering the film, wherein sintering includes field assisted
sintering (FAST). In some 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.
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[000346] In any of the processes set forth herein, the unsintered thin film may include a
Garnet-type electrolyte. In other processes, the unsintered thin film may include an active
electrode material. In still other processes, the unsintered thin film may include a conductive
additive. In certain processes, the unsintered thin film may include a solvent. In certain
processes, the unsintered thin film may include a binder.

[000347] In any of the processes 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 1000°C to about 1200°C; or about 1100°C to about 1200°C.
In any of the processes set forth herein, heat sintering can include 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 processes set forth herein, heat sintering
can include heating the film to about 700°C, about 750°C, about 850°C, about 800°C, 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 processes set forth herein, heat sintering can include heating the film to
700°C, 750°C, 850°C, 800°C, 900°C, 950°C, 1000°C, 1050°C, 1100°C, 1150°C, or 1200°C. In
any of the processes set forth herein, heat sintering can include heating the film to 700°C. In
any of the processes set forth herein, heat sintering can include heating the film to 750°C. In
any of the processes set forth herein, heat sintering can include heating the film to 850°C. In
any of the processes set forth herein, heat sintering can include heating the film to 900°C. In
any of the processes set forth herein, heat sintering can include heating the film to 950°C. In
any of the processes set forth herein, heat sintering can include heating the film to 1000°C. In
any of the processes set forth herein, heat sintering can include heating the film to 1050°C. In
any of the processes set forth herein, heat sintering can include heating the film to 1100°C. In
any of the processes set forth herein, heat sintering can include heating the film to 1150°C. In
any of the processes set forth herein, heat sintering can include heating the film to 1200°C.
[000348] In any of the processes set forth herein, the processes may include heating the film
for about 1 to about 600 minutes. In any of the processes set forth herein, the processes may
include heating the film for about 20 to about 600 minutes. In any of the processes set forth
herein, the processes may include heating the film for about 30 to about 600 minutes. In any of
the processes set forth herein, the processes may include heating the film for about 40 to about
600 minutes. In any of the processes set forth herein, the processes may include heating the
film for about 50 to about 600 minutes. In any of the processes set forth herein, the processes
may include heating the film for about 60 to about 600 minutes. In any of the processes set

forth herein, the processes may include heating the film for about 70 to about 600 minutes. In
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any of the processes set forth herein, the processes may include heating the film for about 80
to about 600 minutes. In any of the processes set forth herein, the processes may include heating
the film for about 90 to about 600 minutes. In any of the processes set forth herein, the processes
may include heating the film for about 100 to about 600 minutes. In any of the processes set
forth herein, the processes may include heating the film for about 120 to about 600 minutes. In
any of the processes set forth herein, the processes may include heating the film for about 140
to about 600 minutes. In any of the processes set forth herein, the processes may include heating
the film for about 160 to about 600 minutes. In any of the processes set forth herein, the
processes may include heating the film for about 180 to about 600 minutes. In any of the
processes set forth herein, the processes may include heating the film for about 200 to about
600 minutes. In any of the processes set forth herein, the processes may include heating the
film for about 300 to about 600 minutes. In any of the processes set forth herein, the processes
may include heating the film for about 350 to about 600 minutes. In any of the processes set
forth herein, the processes may include heating the film for about 400 to about 600 minutes. In
any of the processes set forth herein, the processes may include heating the film for about 450
to about 600 minutes. In any of the processes set forth herein, the processes may include heating
the film for about 500 to about 600 minutes. In any of the processes set forth herein, the
processes may include heating the film for about 1 to about 500 minutes. In any of the
processes set forth herein, the processes may include heating the film for about 1 to about 400
minutes. In any of the processes set forth herein, the processes may include heating the film for
about 1 to about 300 minutes. In any of the processes set forth herein, the processes may include
heating the film for about 1 to about 200 minutes. In any of the processes set forth herein, the
processes may include heating the film for about 1 to about 100 minutes. In any of the processes
set forth herein, the processes may include heating the film for about 1 to about 50 minutes.

viii. LAMINATING

[000349] In some of the processes set forth herein the laminating includes applying a pressure
less than 1000 pounds per square inch (PSI) and heating the film. In other embodiments, the
laminating includes applying a pressure less than 750 pounds per square inch (PSI) and heating
the film. In some other embodiments, laminating includes applying a pressure less than 700
pounds per square inch (PSI) and heating the film. In other embodiments, the laminating
includes applying a pressure less than 650 pounds per square inch (PSI) and heating the film.
In some other embodiments, laminating includes applying a pressure less than 600 pounds per

square inch (PSI) and heating the film. In other embodiments, the laminating includes applying
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a pressure less than 550 pounds per square inch (PSI) and heating the film. In some other
embodiments, laminating includes 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 (PSI) and heating the film. In some other embodiments,
laminating includes applying a pressure less than 400 pounds per square inch (PSI) 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 less than 300 pounds per square inch (PSI) and heating the film.
In other embodiments, the laminating includes applying a pressure less than 250 pounds per
square inch (PSI) and heating the film. In some other embodiments, laminating includes
applying a pressure less than 200 pounds per square inch (PSI) and heating the film. In other
embodiments, the laminating includes applying a pressure less than 150 pounds per square inch
(PSI) and heating the film.

[000350] In some other embodiments, laminating includes applying a pressure less 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 (PSI) and heating the film. In
some other embodiments, laminating includes applying a pressure less than 10 pounds per
square inch (PSI) and heating the film. Some of the laminating processes set forth herein
include heating the film is heated to about 80-C. Some of the laminating processes set forth
herein include heating the film is heated to about 25 °C to about 180 °C. Some of the laminating
processes are substantially uniaxial, whereas some of the laminating processes set forth herein
include substantially isostatic pressure application.

[000351] In some of the processes disclosed herein, the laminating step includes laminating
an unsintered thin film electrolyte to a composite electrode; wherein the composite electrode
includes at least one member selected from the group consisting of an electrolyte, an active
electrode material, a conductive additive, and combinations thereof. In certain of these
embodiments, the composite electrode includes an electrolyte. In certain other of these
embodiments, the composite electrode includes an active electrode material. In some other of
these embodiments, the composite electrode includes a conductive additive.

VIL APPLICATIONS

[000352] In some examples, including any of the foregoing, set forth herein is an
electrochemical cell, which includes an electrolyte, powder, pellet, film, multiphase film, or

monolith set forth herein.
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[000353] In some examples, including any of the foregoing, set forth herein is a battery,
which includes an electrochemical cell described herein.

[000354] In some examples, including any of the foregoing, set forth herein is an electric
vehicle, which includes an electrochemical cell described herein.

[000355] In some examples, including any of the foregoing, set forth herein is a battery,
which includes an electrolyte, powder, pellet, film, multiphase film, or monolith set forth
herein.

[000356] In some examples, including any of the foregoing, set forth herein is an electric

vehicle, which includes a battery described herein.

EXAMPLES
[000357] Scanning electron microscopy (SEM) was performed in a FEI Quanta 400
scanning electron microscope, a Helios 6001, or a Helios 660 FIB-SEM. XRD was performed
in a Bruker D8 Advance ECO or a Rigaku Miniflex 2. Cross-section imaging was performed
using a FEI Quanta 400F Scanning Electron Microscope (SEM). The cross-section was
prepared by fracturing specimen and followed by a thin layer of Au coating. Electrical
impedance spectroscopy (EIS) and conductivity measurements were performed with a
Biologic VMP3, VSP, VSP-300, SP-150, or SP-200 instrument. DC cycling was performed
with an Arbin BT-2043 or BT-G. Chemical reagents and solvents were purchased
commercially and used without purification, unless otherwise noted. Electrochemical cells

were constructed with blocking electrodes unless specified otherwise.

EXAMPLE 1: MAKING A POWDER HAVING A PRIMARY CUBIC PHASE
LITHIUM-STUFFED GARNET WITH TRACE AMOUNTS OF SECONDARY
PHASE INCLUSIONS

[000358] This Example shows how to make a powder, which is primarily cubic phase
lithium-stuffed garnet, but which includes trace amounts of secondary phase inclusions in the
primary phase.

[000359] In this example, a cubic phase lithium-stuffed garmnet powder, characterized as
LisLazZr2012-(0.22-.025)Al20s, was prepared. A mixture was first prepared which included
61.4 g of lithium hydroxide, 195.5 g of lanthanum oxide, 99.6 g of zirconium oxide and 53.6
g of aluminum nitrate nonahydrate. This mixture was placed in a Nalgene jar with Yttria
stabilized Zirconia media and 2-propanol. The mixture was ball milled for 18-28 hours to

reduce the mixture particle size. 2-propanol was removed from the mixture using a roto-
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evaporation tool. The resulting powder was dried. Once the powder was dried, the powder
was crushed and sieved through an 80-mesh sieve. The sieved powder was placed in an
alumina (Al>Os) crucible and heated in a box furnace at the rate of 2-8°C/min to 700-1100°C
for a 4-8 hour dwell time . The resulting calcined powder was collected and analyzed by
XRD, the results of which are shown in FIG. 2 (bottom plot labeled Calcined Powder). The
vertical dash lines in FIG. 2 are a reference pattern which indicates the XRD peaks for
lithium-stuffed garnet having the chemical formula LizLa3Zr012(x)Al2O3, wherein x
represents the solubility range of Al,Os in LizsLasZr2012. FIG. 2 shows that the calcined
powder includes lithium-stuffed garnet and also includes secondary phases. The secondary
phases are indicated by the XRD peaks which are not associated by the vertical dash

reference pattern lines.

EXAMPLE 2: MAKING A SINTERED PELLET FROM THE POWDER OF
EXAMPLE 1

[000360] This Example shows how to make a sintered pellet.
[000361] The calcined powder from Example 1 was further processed by attrition milling in
a solvent to a median particle size of dso=2.7um. Into the milled particle slurry was dissolved
poly-vinyl-butyryl polymeric binder in a proportion of 4%wt relative to the weight of
inorganic solids (i.e., Li7LasZr2012(x)Al203, wherein x represents the solubility range of
Al>Os plus any secondary phases). This slurry was dried, and the resulting powder crushed
and sieved, through an 80-mesh sieve. The sieved powder was pressed in a 13mm die under
40001bs, and the resulting pellets were sintered at 1000-1250 °C for 4-8 hours. The resulting
sintered pellet was analyzed by XRD, the results of which are shown in FIG. 2 (top plot
labeled Sintered Pellet). FIG. 2 shows that in the sintered pellet, the entire XRD pattern is
primarily LizLasZr2012(x)Al203, wherein x represents the solubility range of Al»Os in Lix.
LasZr2012. The small peaks associated with the secondary phases in the calcined powder are
less apparent (i.e., not present in large enough quantities) in the sintered pellet.
[000362] The metal composition of the sintered pellet was measured by inductively coupled
plasma spectroscopy (ICP), the results of which are shown in Table 1 (below). The results
show a slight deviation from the batched composition (Lis4La3Zr2012-0.175A1:03). The
slightly higher Al content observed in the sintered pellets is due to reaction with the Alumina
crucibles used to process the material.
Table 1: ICP Results
Element Li La Zr Al
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Batched Molar 6.4 3.00 2.00 0.35
ratio of mixture in
Example 1 before

calcination

ICP Molar ratio 6.3 3.08 2.00 0.446

sintered pellet in

Example 2

EXAMPLE 3: MAKING A PELLET USING THE POWDER HAVING A PRIMARY
CUBIC PHASE LITHIUM-STUFFED GARNET WITH MORE SECONDARY
PHASE INCLUSIONS THAN IN EXAMPLE 1

[000363] This Example shows how to make a powder which is primarily cubic phase
lithium-stuffed garnet but which includes more secondary phase inclusions in the primary
phase than in Example 1.

[000364] In this example, a cubic phase lithium-stuffed garmet powder, characterized as
Li7LazZr2012(0.5)Al>0s, was prepared. A mixture was first prepared which included 63.0 g
of lithium hydroxide, 181.0 g of lanthanum oxide, 92.2 g of zirconium oxide and 141.8 g of
aluminum nitrate nonahydrate. As batched, this mixture had the following empirical molar
ratios of constituent atoms: Liz.1LasZr2012-0.5A120s. This mixture was placed in a Nalgene
jar with Yttria stabilized Zirconia media and 2-propanol. The mixture was ball milled for 18-
28 hours to reduce the mixture particle size. 2-propanol was removed from the mixture using
a roto-evaporation tool. The resulting powder was dried. Once the powder was dried, the
powder was crushed and sieved through an 80-mesh sieve. The sieved powder was placed in
an alumina (Al2Os3) crucible and heated in a box furnace at the rate of 2-8°C/min to 700-
1100°C for a 4-8 hour dwell time. The resulting calcined powder was collected and analyzed
by XRD, the results of which are shown in FIG. 3 (top plot labeled Calcined Powder). The
vertical dash lines in FIG. 2 are a reference pattern which indicates the XRD peaks for
lithium-stuffed garnet having the chemical formula LizLa3Zr012(x)Al2O3, wherein x
represents the solubility range of Al,Os in LisLasZr2012. FIG. 2 shows that the calcined
powder includes lithium-stuffed garnet and also includes secondary phases. The secondary
phases are indicated by the XRD peaks which are not associated by the vertical dash
reference pattern lines. In addition to the dashed lines, several other diffraction lines are

observed corresponding to the secondary phases LiAlOz, LaAlOs, and Li2ZrOs.
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[000365] After calcination the chemical composition of the powder was determined by
inductively coupled plasma spectroscopy (ICP), the results of which are shown in Table 2
(below). A small amount of Li loss occurred during processing in addition to a relatively minor

increase in aluminum content, due to reaction with the alumina crucibles.

EXAMPLE 4: MAKING A SINTERED PELLET FROM THE POWDER OF
EXAMPLE 1

[000366] This Example shows how to make a sintered pellet.
[000367] The calcined powder from Example 3 was further processed by attrition milling in
a solvent to a median particle size of dse=2.7um. Into the milled particle slurry was dissolved
poly-vinyl-butyryl polymeric binder in a proportion of 2-4%wt relative to the weight of
inorganic solids (i.e., Li7LasZr012(x)Al20s3, wherein x represents the solubility range of Al>Os
plus any secondary phases). This slurry was dried, and the resulting powder crushed and sieved,
through a 80-mesh sieve. The sieved powder was pressed in a 13mm die under 40001bs, and
the resulting pellets were sintered at 1000-1150 °C for 4-6 hours. The resulting sintered pellet
was analyzed by XRD, the results of which are shown in FIG. 3 (bottom plot labeled Sintered
Pellet)
[000368] The metal composition of the sintered pellet was measured by inductively coupled
plasma spectroscopy (ICP), the results of which are shown in Table 2 (below).

Table 2: ICP Results
Element Li La Zr Al
Batched Molar ratio | 7.1 3.0 2.0 1.00

of mixture in
Example 3 before
calcination

ICP Molar ratio of | 6.97 3.0 2.0 1.05

calcined powder in
Example 3
ICP Molar ratio 6.74 |3.0 2.0 1.04

sintered pellet in

Example 4

[000369] FIG. 3 shows that the sintered pellet has less secondary phase inclusions than the

calcined powder. However, there were more secondary phase inclusions in the calcined powder
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and sintered pellet from Examples 3 and 4, respectively, than in the calcined powder and
sintered pellet from Examples 1 and 2, respectively.

[000370] Table 2 shows that the sintered pellet had an increased relative amount of lithium
compared to the calcined powder, but little change in the amounts of the other components.
EXAMPLE 5;: MAKING A PELLET OF LITHIUM-STUFFED GARNET AND
SECONDARY PHASES

[000371] This Example shows how to make a sintered pellet.

In this example, the sieved, binder-coated, downsized powder from Example 3 was pressed in
a uniaxial press at 5000 psi to form a 13 mm diameter green pellet. The green pellet was
placed on platinum setters in a tube furnace. The binder was removed by heating the green
pellet at a rate of 2-8 °C/min to a maximum temperature of 120-200°C for a 2-6 hour dwell
time at the maximum temperature. Next, the heated pellet was further heated at a rate of 2-8
°C/min to a maximum temperature of 200-500 °C for a 2-4 hour dwell time. The resulting
pellet was then sintered by heating the pellet at a heating rate of 2-8 °C/min to a maximum
temperature of 1100-1175 °C for a dwell time of 2-6 hour dwell time at that maximum
temperature. A series of these pellets was prepared. The density of each pellet was measured
using the Archimedes process. The density for the lithium-stuffed garnet pellets prepared
according to this Example ranged from greater than 95% to 98.5 %, inclusive of lithium-

stuffed gamet and the secondary phase inclusions.

EXAMPLE 6: MAKING A GREEN TAPE OF LITHIUM-STUFFED GARNET WITH
SECONDARY PHASE INCLUSIONS

[000372] This Example shows how to make a green tape, which can be sintered to form a
thin film which is primarily cubic phase lithium-stuffed gamet but which includes secondary
phase inclusions in the primary phase.

[000373] In this example, the calcined garnet powder from Example 3 was downsized with
an equal mass of solvent using attrition mill. The slurry was then dried using a roto-evaporation
process. 50 g of the resulting downsized powder, 6 g of a dispersant, 18 g of 2-butanone and
ethanol mixture were added to a Nalgene jar and ball milled for 24 hours. A binder solution of
an acrylic in 2-butanone was prepared, and, along with a plasticizer, was added to the Nalgene
jar from previous step. This mixture was placed on a roller mill on slow speed for 24 hours of

ball milling.
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[000374] The gamet slurry was cast on a silicone coated Mylar carrier using a doctor blade
with a blade gap height set at 350 um. The resulting green tape was dried at room temperature
for one hour.

EXAMPLE 7;: MAKING A GREEN TAPE OF LITHIUM-STUFFED GARNET WITH
SECONDARY PHASE INCLUSIONS

[000375] This Example shows how to make a green tape, which can be sintered to form a
thin film which is primarily cubic phase lithium-stuffed gamet but which includes secondary
phase inclusions in the primary phase.

[000376] In this example, the calcined garet powder from Example 3 was downsized with a
solvent using attrition mill. The slurry was then dried using a roto-evaporation process. 50 g
of the resulting downsized 4 um sized powder, 6 g a dispersant, 18 g of a mineral spirits and
2-propanol mixture (2:1 ratio by weight mineral spirits:2-propanol) was added to a Nalgene jar
and ball milled for 24 hours. A binder solution was prepared , which included polyvinylbutyral
(PVB) binder in ethanol and xylenes. .

[000377] . This mixture was placed on a roller mill on slow speed for 24 hours of ball milling.
The garnet slurry was cast on a silicone coated Mylar carrier using a doctor blade with a blade
gap height set at 350 um. The resulting green tape was dried at room temperature for one hour.
EXAMPLE 8;: MAKING A SINTERED LITHIUM-STUFFED GARNET THIN
FILMS WITH SECONDARY PHASE INCLUSIONS

[000378] In this example, the gamet green tape from Example 6-7 was punched using a 16
mm diameter punch. The resulting circular shaped discs were placed between two square setter
plates also composed of sintered garnet. The circular shaped discs were sintered in a 37
diameter tube furnace under the following protocols: heating rate was 1-5 °C/min heating rate
10 400°C - 700°C, followed by a dwell time for 2 hours under dry argon. This was followed by
a 0.5-10 °C/min heating rate to 1125 °C with a dwell time of 6 hour under dry argon H»/argon.
This process produced a sintered thin film having secondary phase inclusions. SEM of this
sintered thin film is shown in FIGs. 1A, 1B and 9.

[000379] The green tape has more secondary phases than in the sintered film. The reaction to
form garnet is driven to completion in the higher temperature and longer time during sintering.
[000380] In FIG 1A, 101 indicates lithium-stuffed garnet particles. 102 indicates secondary
phase inclusion lithium aluminate (LiAlO2). 103 also shows an inclusion in lithium-stuffed

garnet particles.
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[000381] In FIG 1B, 104 indicates lithium-stuffed garnet particles. 105 indicates secondary
phase inclusion lithium aluminate (LiAlO2). 106 also shows lithium zirconate (LiZ1r203)
inclusion in lithium-stuffed garnet particles. Lanthanum aluminate is also likely present but it
is nearly indistinguishable by back-scatter electron microscopy (BSE).

[000382] In Fig. 9, 901, 902, 903, and 904, indicate four phases — lithium-stuffed garnet,
lithium aluminate (LiAlQO4). lithium zirconate, and lanthanum aluminate.

[000383] The sintered films were annealed at 700-1000 °C as set forth in US Patent
Application No. 15/007,908, filed January 27, 2016, entitted ANNEALED GARNET
ELECTROLYTE SEPARATORS, the contents of which are herein incorporated by reference
in their entirety for all purposes.

[000384] XRD analysis of the films pre- and post-annealing is shown in FIG. 4. In FIG. 4,
the top plot shows an XRD pattern for a thin film, batched as LisLasZr012(1)Al>Os, post-
annealing. The plot second from the top plot shows an XRD pattern for a thin film, batched as
LisLazZr012(1)Al20s, pre-annealing. The plot third from the top plot shows an XRD pattern
for a thin film, batched as LizLazZr2012(0.22)Al»0s, post-annealing. The bottom plot shows an
XRD pattern for a thin film, batched as LizLa3Zr;012(0.22)Al>0s, pre-annealing.

[000385] The results show pyrochlore (LaxZr.0;) present in the post-annealed Lis.
La3Zr2012(0.22)Al205 but not in the post-annealed Li7LasZr2012(1) Al20s.

[000386] The results show an improved thermal stability on account of the secondary phases
present in LizLazZr012(1)Al0s.

[000387] The ASR of the film was measured by electrical impedance spectroscopy at
negative 15°C. The results are shown in FIG. 8. A symmetric electrochemical stack was
provided having Li metal electrodes and the sintered thin film electrolyte in this Example
therebetween. This configuration is referred to a symmetric cell Lijgarnet|Li cell. EIS
spectroscopy was performed on this symmetric cell. The second semicircle in the Nyquist plot
is the interfacial resistance, approximately 200Q in the measurement shown (1765Q-1538Q);
the ASR is area * resistance = 0.5cm” x 200 Q = 100 Qcm’.

[000388] The sintered thin film was analyzed by back-scattered electron (BSE) SEM
microscopy. Focused ion beam was used to reveal a cross section. Back-scattered electron
(BSE) imaging mode was used to identify chemical contrast between different phases. Both
lithium-stuffed garnet and LaAlOs, being rich in Lanthanum, appear very similar under BSE
imaging and therefore were not easily separated. However, both LiAlO> and Li2ZrO; appeared

with differing contrast and were readily identified. Image processing software was used to
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quantify the relative proportion of these two phases in this image. See Figure 12. The volume
% results of this are shown below in Table 3:

Table 3: Quantification of Secondary Phases by Backscattered Electron Imaging in

SEM. h
AN N\
2 9.82 56
4 11 191
Average 8.76 232

[000389] FIG. 12 shows an image used for BSE analysis.
EXAMPLE 9: PROPERTIES OF GARNET THIN FILMS WITH SECONDARY
PHASE INCLUSIONS

[000390] Films of Example 6-7 were studied by a number of different techniques.

[000391] The dso grain size of the thin films was determined, the results of which are set forth
in FIG. 5.

[000392] The conductivity of the thin films was determined, the results of which are set forth
in FIG. 7.

[000393] FIG. 7 shows dso grain size on the left vertical axis. The molar amount of Li per
LLZO is shown on the right vertical axis. The molar amount of Al per LLZO is shown on the
y-axis. This plot shows large sintered grains at high Li amounts. The plot shows small sintered
grains at high Al amounts. Smaller sintered grains are associated with a higher density since
the smaller grains can pack together in a denser fashion than can larger grains.

[000394] These results show that at high Al amounts, wherein secondary phase inclusions are
present, the thin films here have an improved sinterability property. The thin films herein,
which have secondary phase inclusions, can be sintered denser than phase purse LLZO can be
sintered.

EXAMPLE 10: TESTING A LITHIUM-STUFFED GARNET THIN FILM

[000395] A full electrochemical cell was assembled having the sintered thin film of Example
8 as a solid-state electrolyte. The cathode included a nickel manganese cobalt oxide cathode
active material. The anode included Li-metal foil. The electrochemical cell was cycled between
2.7-4.5V vs Li, at a C/3 rate, and at 45 °C. The results of discharge energy versus cycle count

are shown in Figure 10.
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[000396] The electrochemical cell included a gel catholyte. The cell was maintained at a
pressure of about 20-300psi. The gel electrolyte included ethylene carbonate:ethyl-methyl-
carbonate (EC:EMC) in a 3:7 w/w ratio + 1M LiPF6 at 2 w/w FEC.

[000397]

EXAMPLE 11: TESTING FRACTURE STRENGTH OF A LITHIUM-STUFFED
GARNET THIN FILM

[000398] In this example, gamnet films similar to the one in Example 6-7 was selected for
strength measurements.

[000399] A ring-on-ring flexural strength test was performed on the series of sintered thin
films. The results of which are shown in FIG. 11. FIG. 11 shows that high RoR strength was
been achieved for these samples.

EXAMPLE 12: EXAMPLE SHOWING QUANTITATIVE XRD

[000400] Phases in sintered thin films were quantified by Quantitative XRD as follows: XRD
diffraction patterns were analyzed using a software program called TOPAS developed by
Bruker. This software preformed Rietveld refinement by comparing the measured pattern with
a calculated pattern based on crystal structure(s) from ICDD PDF-4+ database. Mass fractions
were determined using the physical properties of each phase and the peak intensity and crystal
parameters from the calculated pattern.

[000401] The foregoing description of the embodiments of the disclosure has been presented
for the purpose of illustration; it is not intended to be exhaustive or to limit the claims to the
precise forms disclosed. Persons skilled in the relevant art can appreciate that many
modifications and variations are possible in light of the above disclosure.

[000402] The language used in the specification has been principally selected for readability
and instructional purposes, and it may not have been selected to delineate or circumscribe the
inventive subject matter. It is therefore intended that the scope of the disclosure be limited not
by this detailed description, but rather by any claims that issue on an application based hereon.
Accordingly, the disclosure of the embodiments is intended to be illustrative, but not limiting,

of the scope of the disclosure, which is set forth in the following claims.

-89-



WO 2018/236394 PCT/US2017/039069

CLAIMS

What 1s claimed is:

1. A multiphase thin film solid-state electrolyte comprising:

a primary cubic phase lithium-stuffed garnet characterized by the chemical
formula LiaLagAl-M"pZreOr, wherein 5<A<8, 1.5<B<4, 0.1<C<2,
0<D<2; 1<E<3, 10<F<13, and M" is selected from the group
consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb;

a secondary phase inclusion in the primary cubic phase lithium-stuffed garnet;

wherein:

the primary cubic phase lithium-stuffed garnet is present in the multiphase thin

film solid-state electrolyte at about 70-99.9 vol % with respect to the
volume of the multiphase thin film electrolyte; and

the secondary phase inclusion is present in the multiphase thin film solid-state

electrolyte at about 30-0.1 vol% with respect to the volume of the multiphase

thin film electrolyte.

2. The multiphase thin film solid-state electrolyte of claim 1, wherein the amount of
primary cubic phase lithium-stuffed garnet and the amount of secondary phase
inclusion sum to the total amount of material in the multiphase thin film solid-state
electrolyte.

3. The multiphase thin film solid-state electrolyte of claim 1 or 2, wherein the secondary
phase inclusion dso grain size is less than 10 um.

4. The multiphase thin film solid-state electrolyte of any one of claims 1-3, wherein the
secondary phase inclusion dso grain size is from about 1 um to about 10 pm.

5. The multiphase thin film solid-state electrolyte of any one of claims 1-4, wherein the
primary cubic phase lithium-stuffed garnet dso grain size is smaller than the secondary
phase inclusion dso grain size.

6. The multiphase thin film solid-state electrolyte of any one of claims 1-5, wherein the
primary cubic phase lithium-stuffed garnet dso grain size is from about 10 um to about
20 um.

7. The multiphase thin film solid-state electrolyte of any one of claims 1-6, wherein the
primary cubic phase lithium-stuffed garnet grain size dso is from about 0.5 um-10 pum.

8. The multiphase thin film solid-state electrolyte of any one of claims 1-7, wherein the

doo grain size of any phase in the multiphase thin film solid-state electrolyte is from
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10.

11

12

13.

14.

15.

16.

17.

18.

19.

about

1 pmto 5 pm.

The multiphase thin film solid-state electrolyte of any one of claims 1-8, wherein the
dso grain sizes are substantially as shown in any one of FIGs. 1a, 1B, 9, or 12.

The multiphase thin film solid-state electrolyte of any one of claims 1-9, wherein the

secondary phase inclusions are homogenously distributed.

. The multiphase thin film solid-state electrolyte of any one of claims 1-9, wherein the

secondary phase inclusions comprise more than one type of secondary phase

inclusions.

. The multiphase thin film solid-state electrolyte of claim 9, wherein the secondary

phase inclusions comprise at least two, three or four types of secondary phase
inclusions.

The multiphase thin film solid-state electrolyte of any one of claims 1-12, wherein the
secondary phase inclusions are homogenously distributed over a volume of 10000
um?® or more.

The multiphase thin film solid-state electrolyte of any one of claims 1-13, wherein the
inclusions are homogenously distributed over a volume of 1000 um? or more.

The multiphase thin film solid-state electrolyte of any one of claims 1-14, wherein the
ratio of the secondary phase inclusion dso grain size to the primary cubic phase
lithium-stuffed garnet dso grain size is between 0.1 and 10.

The multiphase thin film solid-state electrolyte of any one of claims 1-15, wherein the
multiphase thin film solid-state electrolyte has a fracture strength of 200 MPa-2000
MPa as measured a ring-on-ring flexural strength test.

The multiphase thin film solid-state electrolyte of claim 16, wherein the multiphase
thin film solid-state electrolyte has a fracture strength of 200 MPa - 800 MPa as
measured a ring-on-ring flexural strength test.

The multiphase thin film solid-state electrolyte of claim 16, wherein the multiphase
thin film solid-state electrolyte has a fracture strength of at least 50 MPa as measured
by aring-on-ring flexural strength test.

The multiphase thin film solid-state electrolyte of claim 16, wherein the multiphase
thin film solid-state electrolyte has a fracture strength of at least 25 MPa as measured

by aring-on-ring flexural strength test.
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20.

21

22.

23.

24.

25.

The multiphase thin film solid-state electrolyte of any one of the claims 1-19, wherein
the thickness of the thin film solid-state electrolyte is between about 0.1 um to about
200 pm.

. The multiphase thin film solid-state electrolyte of any one of claims 1-20, wherein the

thickness of the thin film solid-state electrolyte is between 10 nm and 100 um.
The multiphase thin film solid-state electrolyte of any one of claims 1-21, wherein the
thin film solid-state electrolyte is a circular shaped disc having a diameter of at least
10 mm.
The multiphase thin film solid-state electrolyte of any one of claims 1-22, wherein the
thin film solid-state electrolyte has an area of at least 25 cm?.
The solid electrolyte of any one of claims 1-23, wherein the secondary phase
inclusion is a material selected from the group consisting of’
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnOi is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;
LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LayNbpQOqis charge neutral;
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that Li,NbyOxis charge neutral; and
combinations thereof.
The multiphase thin film solid-state electrolyte of claim 24, wherein the secondary
phase inclusion comprises at least two materials selected from the group consisting of:
tetragonal phase garnet; LaxZr>07; LaxO3; LaAlOs; Lax(Lio.sAlo.s)O4; LiLaO2;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and

c are selected so that Li,Zr,Oc is charge neutral
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LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

26. The multiphase thin film solid-state electrolyte of claim 24, wherein the secondary

phase inclusion comprises at least three materials selected from the group consisting

of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;

LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

27. The multiphase thin film solid-state electrolyte of claim 24, wherein the secondary

phase inclusion comprises at least four materials selected from the group consisting

of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and

c are selected so that Li,Zr,Oc is charge neutral

-03 .-



WO 2018/236394 PCT/US2017/039069

28.

29.

30.

31.

32.

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;
LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that LiuNbyOx is charge neutral.
The multiphase thin film solid-state electrolyte of any one of claims 1-27, wherein the
total amount of secondary phase inclusionis 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,
2,3,4,5,6,7,8,9,10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, or 30 vol%.
The multiphase thin film solid-state electrolyte of any one of the claims 1-28, wherein
the secondary phase inclusion comprises La>Zr>07; LiAlO»; LaAlQOs; tetragonal
gamet; and Li»ZrOs.
The multiphase thin film solid-state electrolyte of any one of the claims 1-28, wherein
the secondary phase inclusion comprises La>Zr,O7; tetragonal garnet; Li,ZrpOc,
wherein 1<a<8, 1<b<2, and 1<c<7, and wherein subscripts a, b, and ¢ are selected so
that Li,Z1,O¢ s charge neutral; LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and
wherein subscripts d, e, and f are selected so that LagTacOris charge neutral; and
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t are
selected so that Li,TasO¢is charge neutral.
The multiphase thin film solid-state electrolyte of any one of the claims 1-28, wherein
the secondary phase inclusion comprises La>Zr,O7; tetragonal garnet; Li,ZrpOc,
wherein 1<a<8, 1<b<2, and 1<c<7, and wherein subscripts a, b, and ¢ are selected so
that LiaZr,Oc 1s charge neutral; La,NbyOq, wherein 1<n<3, 1<p<7, and 4<q<19, and
wherein subscripts n, p, and q are selected so that LanNb,Ogqis charge neutral; and
LiuNbyOx, wherein 1<u<3, 1<p=<3, and 3<x<9, and wherein subscripts u, v, and x are
selected so that LiuNbyOx is charge neutral.
The multiphase thin film solid-state electrolyte of any one of claims 1-28, wherein the
secondary phase inclusion in the multiphase thin film solid-state electrolyte comprises

LiAlQO; present in the multiphase thin film solid-state electrolyte at about 0.1-25 vol%,
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33.

34

35.

36.

37.

38.

39.

40.

41.

Li2ZrOs present in the multiphase thin film solid-state electrolyte at about0.1-15 vol%
and LaAlQs present in the multiphase thin film solid-state electrolyte at about 0.1-15
vol%, as measured by quantitative XRD.

The multiphase thin film solid-state electrolyte of any one of claims 1-28, wherein the
secondary phase inclusion in the multiphase thin film solid-state electrolyte comprises
LiAlO:z present in the multiphase thin film solid-state electrolyte at about 3-8 vol%,
Li>ZrOs present in the multiphase thin film solid-state electrolyte at about 1-10 vol%
and LaAlQs present in the multiphase thin film solid-state electrolyte at about 1-8

vol%, as measured by quantitative XRD.

. The multiphase thin film solid-state electrolyte of any one of claims 1-33, wherein the

density of the multiphase thin film solid-state electrolyte is 4.6-5.2 g/cm® as measured
by the Archimedes method.

The multiphase thin film solid-state electrolyte of any one of claims 1-34, wherein the
density of the multiphase thin film solid-state electrolyte is about 4.9 g/cm’ as
measured by the Archimedes method.

The multiphase thin film solid-state electrolyte of any one of claims 1-35, where
pyrochlore is present in the multiphase thin film solid-state electrolyte at less than 20
vol% as measured by quantitative XRD after the multiphase thin film solid-state
electrolyte is heated at 850°C for 2 hours.

The multiphase thin film solid-state electrolyte of any one of claims 1-36, where the
bulk conductivity is greater than 1-5x10* S/cm at 20 °C.

The multiphase thin film solid-state electrolyte of any one of claims 1-37, where the
bulk conductivity is greater than 2x10# S/cm at 20 °C.

The multiphase thin film solid-state electrolyte of any one of claims 1-38, wherein the
interfacial area specific resistance (ASR) of the multiphase thin film solid-state
electrolyte with lithium metal is 1-200 Q ¢cm? at -15 °C.

The multiphase thin film solid-state electrolyte of any one of claims 1-39, wherein the
interfacial ASR of the multiphase thin film solid-state electrolyte with lithium metal is
2000 Q em? at -15 °C.

The multiphase thin film solid-state electrolyte of any one of claims 1-39, wherein the
interfacial ASR of the multiphase thin film solid-state electrolyte with lithium metal is
less than 2000 Q cm? at -15 °C.
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42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

The multiphase thin film solid-state electrolyte of any one of claims 1-40, wherein the
specific ASR of the multiphase thin film solid-state electrolyte with lithium metal is
less than 10 Q cm?at -15 °C.

The multiphase thin film solid-state electrolyte of any one of claims 1-41, where the
multiphase thin film solid-state electrolyte has a total porosity of less than 5 vol% as
determined by SEM.

The multiphase thin film solid-state electrolyte of any one of claims 1-42, wherein the
90th percentile largest pore has no lateral extent larger than 5 pm as measured by
cross-section electron microscopy.

An electrochemical cell comprising the multiphase thin film solid-state electrolyte
according to any of the claims 1-44.

A composition comprising:

a primary cubic phase lithium-stuffed gamet characterized by the chemical
formula LiaLagAl-M"pZreOr, wherein 5<A<8, 1.5<B<4, 0.1<C<2,
0<D<2; 1<E<3, 10<F<13, and M" is selected from the group
consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb;

a secondary phase inclusion in the primary cubic phase lithium-stuffed garnet;

wherein:

the primary cubic phase lithium-stuffed garnet is present at about 70-99.9 vol

% with respect to the volume of the composition; and

the secondary phase inclusion is present at about 30-0.1 vol% with respect to

the volume of the composition.
The composition of claim 46, wherein the composition is a powder.
The composition of claim 46, wherein the amount of primary cubic phase lithium-
stuffed gamet and the amount of secondary phase inclusion sum to the total amount of
material in the composition.
The composition of claim 46 or 47, wherein the secondary phase inclusion dso grain
size is less than 10 ym.
The composition of any one of claims 46-49, wherein the secondary phase inclusion
dso grain size is from about 1 um to about 10 um.
The composition of any one of claims 46-50, wherein the primary cubic phase
lithium-stuffed garnet dso grain size is smaller than the secondary phase inclusion dso

grain size.

- 96 -



WO 2018/236394 PCT/US2017/039069

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

The composition of any one of claims 46-51, wherein the primary cubic phase
lithium-stuffed garnet dso grain size is from about 10 um to about 20 um.
The composition of any one of claims 46-52, wherein the primary cubic phase
lithium-stuffed garnet grain size dso is from about 0.5 pm-10 pm.
The composition of any one of claims 46-53, wherein the dgo grain size of any phase
in the composition is from about 1 um to 5 um.
The composition of any one of claims 46-54, wherein the dso grain sizes are
substantially as shown in any one of FIGS 1B or 9.
The composition of any one of claims 46-55, wherein the secondary phase inclusions
are homogenously distributed.
The composition of any one of claims 46-56, wherein the secondary phase inclusions
comprise more than one type of secondary phase inclusions.
The composition of claim 57, wherein the secondary phase inclusions comprise at
least two, three or four types of secondary phase inclusions.
The composition of any one of claims 46-58, wherein the secondary phase inclusions
are homogenously distributed over a volume of 100 um? or more.
The composition of any one of claims 46-59, wherein the inclusions are
homogenously distributed over a volume of 1000 um? or more.
The composition of any one of claims 46-60, wherein the ratio of the secondary phase
inclusion dso grain size to the primary cubic phase lithium-stuffed garnet dso grain size
is between 0.1 and 10.
The composition of any one of claims 46-61, wherein the composition is present in a
pellet.
The composition of any one of claims 46-61, wherein the composition is present in a
green film.
The solid electrolyte of any one of claims 46-63, wherein the secondary phase
inclusion is a material selected from the group consisting of’
tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are

selected so that LigAlnO; is charge neutral;
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LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
LirTasO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;
LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LanNbyQOqis charge neutral;
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that Li,NbyOxis charge neutral; and
combinations thereof.

65. The composition of claim 64, wherein the secondary phase inclusion comprises at

least two materials selected from the group consisting of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li.Zr»Oc is charge neutral
LigAlhOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, 1 are
selected so that LigAlnO; is charge neutral;
LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;
Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;
LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and
LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,
and x are selected so that LiuNbyOx is charge neutral.

66. The composition of claim 64, wherein the secondary phase inclusion comprises at

least three materials selected from the group consisting of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;
LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral
LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are

selected so that LigAlnO; is charge neutral;
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LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

LirTasO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li;TasO¢is charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LayNbpQqis charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

67. The composition of claim 64, wherein the secondary phase inclusion comprises at

least four materials selected from the group consisting of:

tetragonal phase garnet; La;Zr:07; LaxOs; LaAlOs; Lax(Lio sAlos)O4; LiLaOs;
LiZr03;

LiaZrpOc, wherein 1<a<8, 1<b<2, and 1=<c<7, and wherein subscripts a, b, and
c are selected so that Li,Zr,Oc is charge neutral

LigAlnOi, wherein 1<g<5, 1<h<5, and 2<i<8, and wherein subscripts g, h, i are
selected so that LigAlnO; is charge neutral;

LagTacOr, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,
and f are selected so that LagTacOris charge neutral;

Li;TaO¢, wherein 1<r<2, 1<s<3, and 3<t<7, and wherein subscripts 1, s, and t
are selected so that Li,TasO¢1s charge neutral;

LaaNb,Oq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that LaysNbpOq is charge neutral; and

LiyNbyOx, wherein 1<u<3, 1<p<3, and 3<x<9, and wherein subscripts u, v,

and x are selected so that LiuNbyOx is charge neutral.

68. The composition of any one of claims 46-67, wherein the total amount of secondary

69.

70.

phase inclusion is 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1,2, 3,4, 5,6, 7, 8, 9, 10,
11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 vol%.
The composition of any one of the claims 46-68, wherein the secondary phase
inclusion comprises LaxZr207; LiAlOz; LaAlQOs; tetragonal garnet; and Li2ZrOs.
The composition of any one of the claims 46-68, wherein the secondary phase
inclusion comprises LaxZr07; tetragonal garnet; Li,Z1,0c, wherein 1<a<8, 1<b<2,
and 1<c<7, and wherein subscripts a, b, and ¢ are selected so that Li.Zrn,Oc is charge
neutral; LagTa.Or, wherein 1<d<3, 1<e<7, and 4<f<19, and wherein subscripts d, e,

and f are selected so that LagTacOris charge neutral; and Li;TasOy, wherein 1<r<2,
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71.

72.

73.

74.

75.

76.

77.

78.

79.
30.
31.
32.
33.

1<s<3, and 3<t<7, and wherein subscripts t, s, and t are selected so that Li;TasO¢is
charge neutral.

The composition of any one of the claims 46-68, wherein the secondary phase
inclusion comprises LaxZr07; tetragonal garnet; LiaZ1Oc, wherein 1<a<8, 1<b<2,
and 1<c<7, and wherein subscripts a, b, and ¢ are selected so that Li,Zr,Oc is charge
neutral; LanNbpOq, wherein 1<n<3, 1<p<7, and 4<q<19, and wherein subscripts n, p,
and q are selected so that La,NbpOqis charge neutral; and LiuNb,Ox, wherein 1<u<3,
1<p<3, and 3<x<9, and wherein subscripts u, v, and x are selected so that LiuNbyOx is
charge neutral.

The composition of any one of claims 46-68, wherein the secondary phase inclusion
in the composition comprises LiAlO» present in the composition at about 0.1-25 vol%,
Li>ZrOs present in the composition at about 0.1-15 vol% and LaAlOs present in the
composition at about 0.1-15 vol%, as measured by quantitative XRD.

The composition of any one of claims 46-68, wherein the secondary phase inclusion
in the composition comprises LiAlOz present in the composition at about 3-8 vol%,
Li2Z103 present in the composition at about 1-10 vol% and LaAlOs; present in the
composition at about 1-8 vol%, as measured by quantitative XRD.

The composition of any one of claims 46-73, wherein the density of the composition
is 4.6-5.2 g/cm? as measured by the Archimedes method.

The composition of any one of claims 46-73, wherein the density of the composition
is about 4.9 g/cm® as measured by the Archimedes method.

The composition of any one of claims 46-75, where pyrochlore is present in the
composition at less than 20 vol% as measured by quantitative XRD after the
electrolyte is heated at 850°C for 2 hours.

The composition of any one of claims 46-76, where the composition has a total
porosity of less than 5 vol% as determined by SEM.

The composition of any one of claims 46-77, wherein the 90th percentile largest pore
has no lateral extent larger than 5 um as measured by cross-section electron
microscopy.

A green film comprising the composition of any one of claims 46-77.

A sintered film comprising the composition of any one of claims 46-78.

An electrochemical cell having an electrolyte according to any of the claims 46-78.
A battery comprising an electrochemical cell of claim 44 or 79.

An electric vehicle comprising an electrochemical cell of claim 44 or 79.
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34.

35.
36.

87.
38.
39.
90.

91.

92.

93.
94.

9s.
96.
97.

A battery comprising an electrolyte which comprises the compositions of any one of
claims 46-79.

An electric vehicle comprising a battery of either claim 80 or 82.

A process of making a composition, wherein the compositions comprises:

a primary cubic phase lithium-stuffed gamet characterized by the chemical
formula LiaLapAl:M"pZreOr, wherein 5<A<8, 1.5<B<4, 0.1<C<2,
0<D<2; 1<E<3, 10<F<13, and M" is selected from the group
consisting of Mo, W, Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb;

a secondary phase inclusion in the primary cubic phase lithium-stuffed garnet;

wherein:

the primary cubic phase lithium-stuffed garnet is present at about 70-99.9 vol

% with respect to the volume of the composition; and
the secondary phase inclusion is present at about 30-0.1 vol% with respect to
the volume of the composition;
the process comprising the following steps:

(a) providing a mixture of chemical precursors to the mixture, wherein the

amount of Al in the mixture exceeds the solubility limit of Al in LLZO; and

(b) calcining the mixture by heating it to at least 800 °C.

The process of claim 86, wherein the heating is in air.

The process of claim 86, wherein the heating is in argon.

The process of claim 86, wherein the heating is to 900 °C for six hours.

The process of claim 86, further comprising before step (b), step (a)(1) providing a
green film by making a slurry of the composition and casting the slurry onto a
substrate.

The process of claim 90, wherein the green film comprises secondary phase
inclusions.

The process of any one of claims 86-91, further comprising step (c) sintering the
green film.

The process of claim 92, comprising sintering the green film between setter plates.
The process of any one of claims 86-92, further comprising step (d) annealing the
green film.

A thin film made by the process of any one of claims 86-94.

An electrochemical device comprising the thin film of claim 95.

An electric vehicle comprising the electrochemical device of claim 96.
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98. A green film comprising a primary cubic phase lithium-stuffed garnet characterized
by the chemical formula LiaLagAlcM"pZreOr, wherein 5<A<8, 1.5<B<4, 0.1<C<2,
0<D<2; 1<E<3, 10<F<13, and M" is selected from the group consisting of Mo, W,
Nb, Y, Ta, Ga, Sb, Ca, Ba, Sr, Ce, Hf, and Rb;

a secondary phase inclusion in the primary cubic phase lithium-stuffed garnet;

wherein:

the primary cubic phase lithium-stuffed garnet is present in the multiphase thin
film solid-state electrolyte at about 70-99.9 vol % with respect to the
volume of the multiphase thin film electrolyte; and

the secondary phase inclusion is present in the multiphase thin film solid-state

electrolyte at about 30-0.1 vol% with respect to the volume of the multiphase

thin film electrolyte.

99. A method of sintering a green film, comprising sintering the green film of claim 98.

-102 -



PCT/US2017/039069

WO 2018

1712

SUBSTITUTE SHEET (RULE 26)



WO 2018/236394

104

2112

105
1086

PCT/US2017/039069

SUBSTITUTE SHEET (RULE 26)

FIG. 1B



ARIIE
[Bep] miay] om]
0% oy

PCT/US2017/039069

3712

G20

-0%°0

. FSL0
pauisies
. rooTL

JBDMO

WO 2018/236394

ve—— -00°0

3

G20

-06°0

-G4°0

]

Jeliad pasuiS | ooy

Aysusiul PeZIBUUION
SUBSTITUTE SHEET (RULE 26)



PCT/US2017/039069

WO 2018/236394

4112

€ Old

[Bep] ejoy) om]

Blied passluig

000

G20

-0%°0

-G4°0

-00°L

~ T

R R » T

ISPMOd pauIsiREs

-00°0

G20

-09°0

-G4°0

-00°L

Aysusiul PeZIBUUION

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/039069

WO 2018/236394

5712

!!!!! v o .v...._, »m.....:.;:...« ~\11¢\\iihr\i} w\..lill!!anlhly nﬁﬁi.rhslﬁm,il” -~
nwf__w v ¥ nn« by * s kN uu
A T $s H e
o g Yy i LY 3§ §
Sy ¢ Y 33 i o
Nm % m” £ ] M
z M L3 ] L}
i u ¢ ¥ :
o e o U8 s e iy e gl n T e e g O |
T NV T TN
Y b 8 i i
¥ § mm % u
i
_ m w i
§
¥

!:}Mw Y ,.Jﬁacqgiisd..ﬁii

oo i
jo! - i

! '

mmonnn wu mnanan e ooann

[BRUUY Bl IVEZ 00—
[BBUUNY 1804 WEZ0-----
jesulY 8id V0L --—
[BSUUY 180 V0L - —

<

NQN&NNWIW v
Q271 .

0001

0002

-000E

000

0008

-0008

SIUNCY

SUBSTITUTE SHEET (RULE 26)



WO 2018/236394 PCT/US2017/039069

6/12

Ty = 1150C

Ty = 1125C

& <10um ¢>10um
FIG. 5

Grain Size

T = 1100C

SUBSTITUTE SHEET (RULE 26)



WO 2018/236394

PCT/US2017/039069

7112
0.22A)
35k,
.. 0.44Al
o
~~~~~~~~~~~~~ 0.71Al
E o,
pee} \‘
£ 30t
I
93 B
.g g OA
o .,
w ‘Q\‘
2.5F
S 1.4Al
b
2% 4 6 8 10 12 14 18 18 20

2nd Phase {(wt. %}

FIG. 6

SUBSTITUTE SHEET (RULE 26)



8712

T = 1150C

04 08 12 18 0 04 08 12 18 0 04 08 12 18

SUBSTITUTE SHEET (RULE 26)

PCT/US2017/039069

FIG. 7



WO 2018/236394 PCT/US2017/039069

-dm{Z)/Chm

9/12
1,000
j X: 777.76 Ohm
y: 642.421 Ohm

] 94541 Hz

800 Point 6
. e x: 1628.87 Ohm
600 y: 75.8312 Ohm
53.9131 Hz
Point 25

400+

11/ X: 1538.4 Ohm
200+ 170 y: 38.4691 Chm

13 845.27 Hz

. Point 18

0

] X- 1765.38 Ohm]_A

1 y: 7.84528 Ohm
900 - 0.0999271 Hz
200 ] Point 41

0 | | | 1000 |
Re{Z)/iOhm
FIG. 8

SUBSTITUTE SHEET (RULE 26)



WO 2018/236394

PCT/US2017/039069

10712

L—~801
802
303

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/039069

1712

WO 2018/236394
P40
100 +

3 -

E

® g oUT

-

e i

2 i)

Z & 80+

58 1

28 70+

s 1
B 1
80+
50+

0

50 100 180 200 250
Cumulative Cycle Index

FIG. 10

SUBSTITUTE SHEET (RULE 26)

300

350



WO 2018/236394

Fracture Strength

12712

PCT/US2017/039069

1150

1100+

1050+

1000+

8950+

8004

850

52 54 57

SUBSTITUTE SHEET (RULE 26)

69




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/039069

A. CLASSIFICATION OF SUBJECT MATTER

INV. HOIM10/0562  HOIM10/0525
ADD. HO1MZ2/16

C01G25/02

C01G25/00

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

B. FIELDS SEARCHED

HOIM CO1G

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 20157099188 Al (HOLME TIM [US] ET AL) 1-99
9 April 2015 (2015-04-09)
paragraphs [0203], [0205], [0482];
figure 52; example 4
A US 20157130115 A1l (SUNG JU YOUNG [KR] ET 1-99
AL) 14 May 2015 (2015-05-14)
the whole document
A US 20167190639 Al (SUNG JU YOUNG [KR] ET 1-99
AL) 30 June 2016 (2016-06-30)
the whole document
A US 2016/293988 Al (SAKAMOTO JEFFREY [US] 1-99
ET AL) 6 October 2016 (2016-10-06)
the whole document

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

See patent family annex.

* Special categories of cited documents :

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

"E" earlier application or patent but published on or after the international
filing date

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

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

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

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

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

"&" document member of the same patent family

Date of the actual completion of the international search

18 October 2017

Date of mailing of the international search report

27/10/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Meini, Stefano

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2017/039069
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2015099188 Al 09-04-2015 CN 105636921 A 01-06-2016
CN 105683127 A 15-06-2016
EP 3055268 A2 17-08-2016
EP 3055269 Al 17-08-2016
HK 1221949 Al 16-06-2017
HK 1223087 Al 21-07-2017
JP 2016535391 A 10-11-2016
KR 20160065133 A 08-06-2016
KR 20160065896 A 09-06-2016
US 2015099188 Al 09-04-2015
US 2015099190 Al 09-04-2015
US 2015200420 Al 16-07-2015
US 2016056500 Al 25-02-2016
US 2017047611 Al 16-02-2017
US 2017179522 Al 22-06-2017
US 2017187067 Al 29-06-2017
US 2017263976 Al 14-09-2017
WO 2015054320 A2 16-04-2015
WO 2015076944 Al 28-05-2015

US 2015130115 Al 14-05-2015 CN 104628381 A 20-05-2015
DE 102014211157 Al 13-05-2015
JP 2015093828 A 18-05-2015
KR 20150054462 A 20-05-2015
US 2015130115 Al 14-05-2015

US 2016190639 Al 30-06-2016  CN 105742699 A 06-07-2016
DE 102015222637 Al 30-06-2016
KR 20160080813 A 08-07-2016
US 2016190639 Al 30-06-2016

US 2016293988 Al 06-10-2016  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - description
	Page 89 - description
	Page 90 - description
	Page 91 - description
	Page 92 - claims
	Page 93 - claims
	Page 94 - claims
	Page 95 - claims
	Page 96 - claims
	Page 97 - claims
	Page 98 - claims
	Page 99 - claims
	Page 100 - claims
	Page 101 - claims
	Page 102 - claims
	Page 103 - claims
	Page 104 - claims
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - wo-search-report
	Page 118 - wo-search-report

