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ELECTROCHEMICAL CELLS WITH CATHOLYTE ADDITIVES AND
LITHIUM-STUFFED GARNET SEPARATORS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to, and the benefit of, US Provisional Patent
Application No. 62/756,555, which was filed November 6, 2018, the entire contents of which

are herein incorporated by reference in its entirety for all purposes.

BACKGROUND
[0002] Conventional rechargeable batteries use liquid electrolytes to physically
separate and thereby electrically insulate the positive and negative electrodes (i.e., cathodes
and anodes, respectively). However, liquid electrolytes suffer from several problems
including flammability during thermal runaway, outgassing at high voltages, and chemical
incompatibility with lithium metal negative electrodes. As an alternative, solid electrolytes
have been proposed for next generation rechargeable batteries. For example, Li* ion-
conducting ceramic oxides, such as lithium-stuffed gamets (e.g., LisLa:Zr 012, aka LLZO),
have been considered as electrolyte separators. See, for example, US Patent Application
Publication No. 2015/0099190, published April 9, 2015, and filed October 7, 2014, titled
GARNET MATERIALS FOR LI SECONDARY BATTERIES AND METHODS OF
MAKING AND USING GARNET MATERIALS; US Patent Nos. 8,658,317; 8,092,941; and
7,901,658 also 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).
[0003] When LLZO is exposed to certain cathode architectures which include a liquid
electrolyte in the cathode, i.e., a so-called catholyte, the interface of the cathode-LLZO may
be contaminated with surface species which may negatively affect Li* ion-conductivity. This
surface contamination effect may be particularly problematic when the rechargeable battery

is held at a high voltage for an extended period of time.
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[0004] A commercial requirement for rechargeable batteries is that they maintain a
high voltage and high state of charge without losing capacity or increasing resistance. To
date, this is an unmet challenge in the field to which the instant invention pertains.

[0005] There is a need for cathode architectures and catholytes useful for decreasing
the interfacial resistance of LLZO electrolytes. There is a need for cathode architectures and
catholytes useful for passivating the LLZO surface, with respect to surface reactions that
result in surface contaminants that negatively affect Li* ion conductivity and area-specific

resistance. Set forth herein are solutions to these and other problems.

SUMMARY
[0006] In one embodiment, set forth herein is a electrochemical cell that includes a
positive electrode, an negative electrode, and a solid-state electrolyte therebetween. The
positive electrode includes a catholyte, which includes a lithium salt; a first solvent selected
from sulfolane, 1,3-propane sultone, sulfolene, thiophene, or combinations thereof; a second
solvent; and a strong Lewis acid additive. The solid-state electrolyte includes lithium-stuffed
gamet; and the negative electrode includes lithium metal.
[0007] In a second embodiment, set forth herein is a process for making an
electrochemical cell, including (a) providing a positive electrode infiltrated with a catholyte,
the catholyte including (1) a lithium salt; (2) a first solvent selected from sulfolane, 1,3-
propane sultone, sulfolene, thiophene, or combinations thereof; a second solvent; and a strong
Lewis acid additive. The solid-state electrolyte comprises lithium-stuffed garnet. The process
includes (b) providing a sintered lithium-stuffed garnet solid-state separator; and (c)
contacting the sintered lithium-stuffed garnet solid-state separator to the positive electrode.
[0008] In a third embodiment, set forth herein is a method of using an electrochemical
cell set forth herein, the method including holding the electrochemical cell at a voltage of 3.9
V (v. Li) or greater. In some examples, the interfacial ASR at the interface between the
lithium-stuffed gamet and the positive electrode does not increase by more than 10 % over at

least a day at room temperature.

BRIEF DESCRIPTIONS OF THE DRAWINGS
[0009] FIG. 1 shows a plot of viscosity (mPa-s) as a function of the volume ratio of
ethylene carbonate:sulfolane (left side); and of sulfolane:ethyl methyl sulfone (right side).
[00010] FIG. 2 shows a plot of normalized median charge area-specific resistance

(ASR) as a function of cumulative hold time for a series of full electrochemical pouch cells
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having lithium-stuffed gamet solid-state separators and three catholyte solutions, as described
in Example 2.

[00011] FIG. 3 shows a symmetric electrochemical cell tested in Example 2.
[00012] FIG. 4 shows an Electrical Impedance Spectroscopy (EIS) plot, as described
in Example 2, from a symmetric Swagelok cell.

[00013] FIG. 5 shows the ASR resulting when lithium-stuffed garnet solid-state
separators are exposed to catholytes having or not having additives that prevent and/or reduce
fluoride concentrations and fluorination reactions.

[00014] FIG. 6 shows scanning electron microscopy (SEM) images for a lithium-
stuffed garnet solid-state separators exposed to catholytes having a high amount of HF, as
described in Example 4.

[00015] FIG. 7 shows a scanning electron microscopy (SEM) image with energy
dispersive elemental analysis (EDS) elemental spatial mapping of a lithium-stuffed garnet
solid-state separator, as described in Example 5.

[00016] FIG. 8 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 7.

[00017] FIG. 9 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 7 but at a different location than that analyzed in FIG. 8.

[00018] FIG. 10 shows a scanning electron microscopy (SEM) image of a lithium-
stuffed gamet solid-state separator, as described in Example 5.

[00019] FIG. 11 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 10.

[00020] FIG. 12 shows a scanning electron microscopy (SEM) image of a lithium-
stuffed gamet solid-state separator, as described in Example 5.

[00021] FIG. 13 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 12.

[00022] FIG. 14 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 12 but at a different location than that analyzed in FIG. 13.

[00023] FIG. 15 shows a scanning electron microscopy (SEM) image of a lithium-
stuffed gamet solid-state separator, as described in Example 5.

[00024] FIG. 16 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 15.

[00025] FIG. 17 shows energy dispersive elemental analysis (EDS) of the sample
observed in FIG. 15 but at a different location than that analyzed in FIG. 16.
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DETAILED DESCRIPTION
[00026] The following description is presented to enable one of ordinary skill in the art
to make and use the invention and to incorporate it in the context of particular applications.
Various modifications, as well as a variety of uses in different applications will be readily
apparent to those skilled in the art, and the general principles defined herein may be applied
to a wide range of embodiments. Thus, the inventions herein are not intended to be limited to
the embodiments presented, but are to be accorded their widest scope consistent with the
principles and novel features disclosed herein.
[00027] All the features disclosed in this specification, (including any accompanying
claims, abstract, and drawings) may be replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated otherwise. Thus, unless expressly stated
otherwise, each feature disclosed is one example only of a generic series of equivalent or
similar features.
[00028] Please note, if used, the labels left, right, front, back, top, bottom, forward,
reverse, clockwise and counter clockwise have been used for convenience purposes only and
are not intended to imply any particular fixed direction. Instead, they are used to reflect

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

I. GENERAL
[00029] The instant disclosure set forth electrolytes, called catholytes, which are useful
in positive electrodes (i.e., cathodes) of electrochemical cells (e.g., rechargeable batteries)
that include lithium-stuffed garnet solid-state separators between the positive and negative
electrodes. The catholytes set forth herein prevent and/or reduce increases in area-specific
resistance (ASR) in these electrochemical cells at the interface between the lithium-stuffed
gamet solid-state electrolyte separator and a positive electrode in direct contact with the
lithium-stuffed garnet solid-state electrolyte. In some examples, the catholytes set forth
herein prevent and/or reduce increases in area-specific resistance (ASR) in these
electrochemical cells at the interface between the lithium-stuffed garnet solid-state electrolyte
separator and a positive electrode in direct contact with the lithium-stuffed garnet solid-state
electrolyte when the electrochemical cell is stored at high voltage (e.g., 4.2 V v. Li or higher)
for an extended period of time (e.g., 1-30 days). In some examples, the catholytes set forth

herein prevent and/or reduce increases in area-specific resistance (ASR) by preventing and/or
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reducing fluorination of the surface of the lithium-stuffed garet solid-state separator that is
in contact with the positive electrode, and the catholyte therein.

[00030] Catholytes which include ethylene carbonate (EC), sulfolane (S), and lithium
hexafluorophosphate (LiPFs), are suitable for use in electrochemical cells having lithium-
stuffed gamet solid-state separators. However, these catholytes may react detrimentally with
the surface of lithium-stuffed garnet, resulting in fluorination of that surface. This
fluorination may cause high impedance to grow over time as the lithium-stuffed garnet is
continually exposed to the catholyte. The instant disclosure shows that additives which getter
fluorine anions or dissolve fluoride layers improve ASR stability and reduce the variability of
gamet surface charge transfer impedance. The instant disclosure demonstrates, for example,
that tris(trimethysilyl) phosphite and other such additives reduce interfacial ASR increases,
which may result from HF contamination. The instant disclosure also demonstrates that these
additives mitigate ASR growth during a voltage hold at high state of charge. In some
examples, the additives include a linear sulfone co-solvent with TTSP1i, and this additives
improves the homogeneity of the final electrolyte solution.

[00031] Commercially viable rechargeable batteries are required to maintain a high
voltage and high state of charge without losing capacity or increasing resistance. However,
this is a problem for solid-state batteries which include lithium-stuffed garnet solid-state
separators. The instant disclosure demonstrates low and stable ASR growth after a high
voltage hold has been applied to a full electrochemical cell which included a lithium-stuffed
garnet solid-state separator and a cathode with liquid electrolyte. The instant disclosure
demonstrates, for example, that Lewis Acid type additives may passivate lithium-stuffed
garnet surfaces which are in contact with catholytes and result in low impedance interfaces.
The additives may reduce harm to the garnet surface from anion attack. PFs", for example,
can decompose thermally, at high voltage, and/or within the presence of water. The lithium-
stuffed gamet surface will react with several of the decomposition by-products of PFe". Some
of the additives herein may, without being bound by theory, mitigate PFs~ decomposition by
forming complexes with reactive anions, such as but not limited to PF¢” decomposition
products; by stabilizing the gamet surface with an SEI-like passivating film; and by
dissolving LiF or AlF3 which may form on the surface of the LLZO. One example is TTSPi,
which can complex with anions and passivate the gamet surface, or dissolve LiF. Borate and
phosphite based strong Lewis acid additives are shown herein to have similar effects to

TTSPi.
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II. DEFINITIONS
[00032] 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.
[00033] As used herein, the phrase “ambient conditions,” refers to room temperature
and a natural atmosphere such as the atmosphere of planet Earth that includes approximately
78% N2 & 21% O2; and/or with moisture also present. Ambient conditions include standard
temperature and pressure, with a relative humidity of at least 1%.
[00034] As used herein, the term “annealing” refers to a process wherein a sintered
electrolyte thin film is heated from 200°C to 1000°C in a reducing atmosphere such as but
not limited to Argon, hydrogen, or a combination thereof. Example anneal processes are
described in US Patent No. 9,966,630 B2, which issued May 8, 2018 and is titled
ANNEALED GARNET ELECTROLYTE SEPARATORS, the entire contents of which are
herein incorporated by reference in its entirety for all purposes.
[00035] 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.
[00036] As used herein, the term “ASR” refers to area specific resistance.
[00037] As used herein, the term “contaminant” refers to a chemical deviation from a
pristine material. A contaminant in a lithium-stuffed garnet may include any material other
than lithium-stuffed garnet such as, but not limited to, a lithium carbonate, a lithium
hydroxide, a lithium oxide, a lithium peroxide, a hydrate thereof, an oxide thereof, or a
combination thereof, wherein oxide and lithium oxide do not include a lithium-stuffed garnet.
Contaminants of a garnet may include, but are not limited to, hydroxides, peroxides, oxides,
carbonates, and combination thereof, which are not lithium-stuffed garnet.
[00038] As used herein, the term “electrolyte” refers to an ionically conductive and

electrically insulating material. Electrolytes are useful for electrically insulating the positive
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and negative electrodes of a rechargeable battery while allowing for the conduction of ions,
e.g., Li*, through the electrolyte.

[00039] As used herein, the term “catholyte” refers to a liquid or gel electrolyte
confined within the positive electrode space of an electrochemical cell. Catholyte also refers
to a Li ion conductor that is intimately mixed with, or that surrounds and contacts, or that
contacts the positive electrode active materials and provides an ionic pathway for Li* to and
from the active materials. Catholytes may also be liquid, gel, semi-liquid, semi-solid,
polymer, and/or solid polymer ion conductors. In some examples, the catholyte includes a gel
set forth herein. In some examples, the gel electrolyte includes any electrolyte set forth
herein, including a nitrile, dinitrile, organic sulfur-including solvent, or combination thereof
set forth herein.

[00040] 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 set forth in
US Patent No. 5,296,318, entitled RECHARGEABLE LITHIUM INTERCALATION
BATTERY WITH HYBRID POLYMERIC ELECTROLYTE. A gel electrolyte has a 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 electrolyte 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. Alternately,
a gel electrolyte may comprise a porous polymer matrix, a solvent that fills the pores, and a
lithium containing salt that is at least partly dissociated into Li* ions and anions where the
pores have one length scale less than 10um.

[00041] 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 cell unless specified to the contrary is a cell having two Li metal anodes separated
by a solid-state electrolyte.

[00042] As used herein the phrase “electrochemical stack,” refers to one or more units
which each include at least a negative electrode (e.g., Li, LiCe), a positive electrode (e.g., Li-
nickel-manganese-oxide or FeFs, optionally combined with a catholyte or a gel electrolyte),
and a solid electrolyte (e.g., lithium-stuffed gamet electrolyte set forth herein) between and in

contact with the positive and negative electrodes. In some examples, between the solid
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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.

[00043] As used herein, the phrase “directly contacts™ refers to the juxtaposition of two
materials such that the two materials contact each other sufficiently to conduct either an ion
or electron current. As used herein, direct contact refers to two materials in contact with each
other and which do not have any materials positioned between the two materials which are in
direct contact.

[00044] As used herein, the phrase “electrochemical device” refers to an energy
storage device, such as, but not limited to a Li-secondary battery that operates or produces
electricity or an electrical current by an electrochemical reaction, e.g., a conversion chemistry
reaction such as 3Li + FeF3; <> 3LiF + Fe.

[00045] As used herein, the phrase “film” or “thin film” refers to a thin membrane of
less than 0.5 mm in thickness and greater than 10 nm in thickness. A thin film is also greater
than 5 mm in a lateral dimension. A “film” or “thin-film” may be produced by a continuous
process such as tape-casting, slip casting, or screen-printing.

[00046] 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. As used herein,
thickness is measured by cross-sectional scanning electron microscopy.

[00047] As used herein, the term “pellet” refers to a small unit of bulky material
compressed into any of several shapes and sizes, e.g., cylindrical, rectangular, or spherical.

The compressed material is disc-shaped and may be 5 — 20 cm in diameter and 0.5 to 2 cm in
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height. Typically, the compressed material is disc-shaped and 10 cm in diameter and 1 cm in
height. Pellets may also include additional agents to help bind the material compressed into
the pellet. In some examples, these additional agents are referred to as binding agents and
may include, but are not limited to, polymers such as poly(ethylene)oxide. In some examples,
polyvinyl butyral is used as a binding agent. Pellets are typically made by pressing a
collection of powder materials in a press. This pressing makes the powder materials adhere to
each other and increases the density of the collection of powder material when compared to
the density of the collection of powder material before pressing. In some instances, the
powder material is heated and/or an electrical current is passed through the powder material
during the pressing.

[00048] As used herein, the term “pressed pellet” refers to a pellet having been
submitted to a pressure (e.g., 5000 PSI) to further compress the pellet.

[00049] As used herein, the phrase “lithium stuffed garnet” refers to oxides that are
characterized by a crystal structure related to a garnet crystal structure. U.S. Patent
Application Publication No. U.S. 2015/0099190, which published April 9, 2015 and was filed
October 7, 2014 as 14/509,029, is incorporated by reference herein in its entirety. This
application describes Li-stuffed garnet solid-state electrolytes used in solid-state lithium
rechargeable batteries. These Li-stuffed garnets generally having a composition according to
LiaLasM'cM"pZreOF, LiaALasM'cM"pTaeOF, or LiaLasM'cM"oNbeOF, wherein 4<A<8.5,
1.5<B<4, 0<C=2, 0<D=2; 0<E<2.5, 10<F<13, and M" and M’ are each, independently in
each instance selected from Ga, Al, Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, and Ta, or
LiaLavZrcAlaMe"Or, wherein 5<a<8.5; 2<b<4; 0<c<2.5; 0<d<2; 0<e<2, and 10<f<13 and
Me" is a metal selected from Ga, Nb, Ta, V., W, Mo, and Sb and as otherwise described in
U.S. Patent Application Publication No. U.S. 2015/0099190. As used herein, lithium-stuffed
gamnets, and gamets, generally, include, but are not limited to, Liz.oLas(Zru + Nbi + Tas)O12
+ 0.35A1203; wherein (t1+t2+t3 = 2) so that the La:(Z1/Nb/Ta) ratio is 3:2. Also, garnets used
herein include, but are not limited to, LixLasZr2Or + y Al2Os, wherein x ranges from 5.5 to 9;
and y ranges from 0.05 to 1. In these examples, subscripts x, y, and F are selected so that the
garnet is charge neutral. In some examples x is 7 and y is 1.0. In some examples, x is 5 and y
is 1.0. In some examples, x is 6 and y is 1.0. In some examples, x is 8 and y is 1.0. In some
examples, x 1s 9 and y is 1.0. In some examples x is 7 and y is 0.35. In some examples, x is 5
and y is 0.35. In some examples, x is 6 and y is 0.35. In some examples, x is 8 and y is 0.35.
In some examples, x is 9 and y is 0.35. In some examples x is 7 and y is 0.7. In some

examples, x is 5 and y is 0.7. In some examples, x is 6 and y is 0.7. In some examples, x is §
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and y is 0.7. In some examples, x is 9 and y is 0.7. In some examples x is 7 and y is 0.75. In
some examples, x is 5 and y is 0.75. In some examples, x is 6 and y is 0.75. In some
examples, x is 8 and y 15 0.75. In some examples, x is 9 and y is 0.75. In some examples X is
7 and y is 0.8. In some examples, x is 5 and y is 0.8. In some examples, x is 6 and y is 0.8. In
some examples, x is 8 and y is 0.8. In some examples, x is 9 and y is 0.8. In some examples x
is 7 and y is 0.5. In some examples, x is 5 and y is 0.5. In some examples, x is 6 and y is 0.5.
In some examples, x is 8 and y is 0.5. In some examples, xis 9 and y is 0.5. In some
examples x is 7 and y is 0.4. In some examples, x is 5 and y is 0.4. In some examples, X is 6
and y is 0.4. In some examples, x is 8 and y is 0.4. In some examples, x is 9 and y is 0.4. In
some examples x is 7 and y is 0.3. In some examples, x is 5 and y is 0.3. In some examples, x
is 6 and y is 0.3. In some examples, x is 8 and y is 0.3. In some examples, x is 9 and y is 0.3.
In some examples x is 7 and y is 0.22. In some examples, x is 5 and y is 0.22. In some
examples, x is 6 and y is 0.22. In some examples, x is 8 and y is 0.22. In some examples, x is
9 andy is 0.22. Also, garnets as used herein include, but are not limited to, LixLasZr2012 +
yAl203. In one embodiment, the Li-stuffed gamet herein has a composition of Li7Li3Z1r2012.
In another embodiment, the Li-stuffed garnet herein has a composition of

Li7Li3Zr2012 Al20s. In yet another embodiment, the Li-stuffed garnet herein has a
composition of Li7Li3Zr2012:0.22A120s5. In yet another embodiment, the Li-stuffed gamet
herein has a composition of Li7Li3Zr2012-0.35A120s. In certain other embodiments, the Li-
stuffed garnet herein has a composition of Li7Li3Z12012-0.5A1203. In another embodiment,
the Li-stuffed garnet herein has a composition of Li7Li3Z12012-0.75A120s.

[00050] As used herein, garnet does not include Y AG-garnets (i.e., yttrium aluminum
garnets, or, e.g., Y3Als012). As used herein, gamet does not include silicate-based garnets
such as pyrope, almandine, spessartine, grossular, hessonite, or cinnamon-stone,

tsavorite, uvarovite and andradite and the solid solutions pyrope-almandine-spessarite and
uvarovite-grossular-andradite. Garnets herein do not include nesosilicates having the general
formula X3Y2(S104); wherein X is Ca, Mg, Fe, and, or, Mn; and Y is Al, Fe, and, or, Cr.
[00051] As used herein, the phrase “lithium interfacial resistance” refers to the
interfacial resistance of a material towards the incorporation of Li* ions. A lithium interfacial
ASR (ASRinterface) 1s calculated from the interfacial resistance (Rinterface) via
ASRinterface=Rinterface® A/2 where A is the area of the electrodes in contact with the separator
and the factor of 2 accounts for 2 interfaces, assuming the cell is symmetric.

[00052] 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
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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).

[00053] As used herein, the terms “separator” refers to a solid electrolyte which
conducts Li* ions, is substantially insulating to electrons, and is suitable for use as a physical
barrier or spacer between the positive and negative electrodes in an electrochemical cell or a
rechargeable battery. A separator, as used herein, is substantially insulating to electrons when
the separator’s lithium ion conductivity is at least 10° times, and typically 10° times, greater
than the separator’s electron conductivity. Unless explicitly specified to the contrary, a
separator as used herein is stable when in contact with lithium metal.

[00054] As used herein, the phrase “Li" ion-conducting separator” refers to an
electrolyte which conducts Li* ions, is substantially insulating to electrons (e.g., the lithium
ion conductivity is at least 10° times, and often 10° times, greater than the electron
conductivity), and which acts as a physical barrier or spacer between the positive and

negative electrodes in an electrochemical cell.

2% ¢ 2% ¢

[00055] As used herein, the phrases “solid separator,” “solid electrolyte,” “solid-state
separator,” and “solid-state electrolyte™ refer to Li" ion-conducting separators that are solids
at room temperature and include at least 50 vol% ceramic material.

[001] As used herein, the term “surface” refers to a material, or portion of a material,
that is near or at an interface between two different phases, chemicals, or states of matter. A
surface is the area of contact between two different phases or states of matter (e.g., solid-gas,
liquid-gas, or solid-liquid). For example, the interface of two solids which are in direct
contact with each other is a surface. For example, a thin film garnet separator when exposed
to air has a surface described by the periphery or outside portion of the separator which
contacts the air. For rectangular-shaped separators, there is a top and a bottom surface which
both individually have higher total geometric surface areas than each of the four side surfaces

individually. In this rectangular-shaped separator example, there are four side surfaces which
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each have geometric surface areas less than either of the top and bottom surfaces. For a disc-
shaped separator, there is a top and a bottom surface which both individually have higher
geometric surface areas than the circumference-side of the disc-shaped separator. Geometric
surface area is calculated for a square or rectangular shaped-surface by multiplying length of
the surface by the width of the surface. Geometric surface area is calculated for disc-shaped
surface by multiplying 7 by the squared radius of the disc, i.e., mr> wherein r is the radius of
the disc surface. Geometric surface area is calculated for the side of a disc by multiplying the
disc circumference by the width of the side of the disc. When used as an electrolyte in an
electrochemical cell, either the top or bottom surface is the surface of the separator which
directly contacts the negative electrode (e.g., Li metal), the positive electrode (i.e. cathode or
catholyte in the cathode), and/or a layer or adhesive bonding agent disposed between the
separator and the positive electrode. A surface is defined by an area that has larger, or more
extended, x- and y-axis physical dimensions than it does z-axis physical dimensions, wherein
the z-axis dimension is perpendicular to the surface. The depth, roughness or thickness of a
surface can be of a molecular order (0.1 to 10 nanometers) of magnitude or up to 1, 2, 3, 4, or
5 um.

[002] As used herein, the term “top and bottom surfaces™ refer to the two surfaces
that have the largest total geometric surface area for a material having more than two
surfaces. For example, a rectangle has six surfaces — four side surfaces and one top and one
bottom surface. In such a rectangle, there is one top and one bottom surface which are
parallel to each other. In a rectangle, there are four side surfaces which are perpendicular to
both the top and bottom surfaces. In a rectangle, the top and bottom surfaces individually
have a larger total geometric surface area than the total geometric surface area of each of the
four side surfaces individually.

[003] As used herein, the phrase “fluorinated” refers to the presence of a chemical
species that includes fluorine or fluoride.

[004] As used herein, the phrase “fluorinated surface” refers to a surface to which
fluoride is bonded or incorporated as determined by XPS or NMR. Unless specified explicitly
otherwise, the fluorinated surface feature is determined by XPS.

[005] As used herein, the phrase “oxyfluorinated” refers to the presence of a
chemical species that includes oxygen and fluorine or oxygen and fluoride.

[006] As used herein, the phrase “oxyfluorinated surface” refers to a surface to
which oxygen and fluorine is bonded or incorporated as determined by XPS or NMR. Unless

specified explicitly otherwise, the oxyfluorinated surface feature is determined by XPS.
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[007] As used herein, the phrase “substantially free of” refers to the presences of a
chemical species below the XPS detectable limit. For example, a lithium-stuffed garnet that is
substantially free of Li2COs on its surface has Li2COs on the surface in an amount less than 1
atomic % measured by XPS. As used herein, the phrase “trace amounts of contaminants,”
refers to the presences of a chemical species below the XPS detectable limit.

[008] As used herein, the phrase “dinitrile” or “dinitrile solvent™ refers to a linear
hydrocarbon chain where both ends of the chain are terminated with a cyano (i.e., -C=N)

group. Example dinitrile solvents are characterized by Formula (I):

wherein:

R! R2? R’ and R* are, independently in each instance, selected from -CN, -NO2, -CO2, -SOq,
-H, -S03, -SO2, -CH2-S0s3, -CHF-80s, -CF2-S80;3, -F, -Cl, -Br, and -I; and wherein subscript
m is an integer from 1 to 1000.

[009] Some exemplary nitrile and dinitrile solvents include, but are not limited to,
adiponitrile (hexanedinitrile), acetonitrile, benzonitrile, butanedinitrile (succinonitrile),
butyronitrile, decanenitrile, ethoxyacetonitrile, fluoroacetonitrile, glutaronitrile, hexanenitrile,
heptanenitrile, heptanedinitrile, iso-butyronitrile, malononitrile (propanedinitrile),
malonodinitrile, methoxyacetonitrile, nitroacetonitrile, nonanenitrile, nonanedinitrile,
octanedinitrile (suberodinitrile), octanenitrile, propanenitrile, pentanenitrile, pentanedinitrile,
sebaconitrile (decanedinitrile), succinonitrile, and combinations thereof. In some examples,
the combinations are miscible combinations.

[0010] As used herein, the phrase “organic sulfur-including solvent” refers to a
solvent selected from ethyl methyl sulfone, dimethyl sulfone, sulfolane, allyl methyl sulfone,
butadiene sulfone, butyl sulfone, methyl methanesulfonate, and dimethyl sulfate.

[0011] As used herein, the phrase “bonding layer” refers to an ionically conductive
layer between two other layers, e.g., between the cathode and the solid separator. Exemplary
bonding layers include the gel electrolytes, and related separator bonding agents, set forth in

US Patent Application Publication No. 2017-0331092, which published November 16, 2017,
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the entire contents of which are herein incorporated by reference in its entirety for all
purposes.

[0012] As used herein, the term “HOMO” or “Highest Occupied Molecular Orbital”
refers to the energy of the electron occupying the highest occupied molecular orbital, as
referenced to the vacuum energy. As used herein, the term “LUMO” refers to “Lowest
Unoccupied Molecular Orbital.” HOMO and LUMO energy levels are calculated by DFT
calculations referenced to the vacuum level. Unless otherwise specified, the DFT calculations
use a B3LYP functional for exchange and correlation and a 6-311++g** basis set.

[0013] As used herein, the phrase “stability window” refers to the voltage range
within which a material exhibits no reaction which materially or significantly degrades the
material’s function in an electrochemical cell. It may be measured in an electrochemical cell
by measuring cell resistance and Coulombic efficiency during charge/discharge cycling. For
voltages within the stability window (i.e. the working electrode vs reference electrode within
the stability window), the increase of cell resistance is low. For example, this resistance
increase may be less than 1% per 100 cycles. For example, the material is stable at 4V v. Li.
For another example, the material is stable at 4V or greater v. Li. For another example, the
material is stable at 4V, 4.1V, 4.2V, 4.3V, 4.4V, 4.5V, 4.6V, 47V, 48V, 49V. 5V, 5.1V, or
5.2V v. Li. For example, the material is stable at 5.2V or greater v. Li.

[0014] As used herein, the term ““a high voltage-stable catholyte™ refers to a catholyte
which does not react at high voltage (4.2 V or higher versus Li metal) in a way that materially
or significantly degrades the ionic conductivity of the catholyte when held at high voltage at
room temperature for one week. Herein, a material or significant degradation in ionic
conductivity is a reduction in ionic conductivity by an order of magnitude or more. For
example, if the catholyte has an ionic conductivity of 10E-3 S/cm, and when charged to 4.2V
or higher the catholyte has an ionic conductivity of 10E-4 S/cm, then the catholyte is not
stable at 4.2V or higher since its ionic conductivity materially and significantly degraded at
that voltage.” As used herein, high voltage means 4V or larger versus a lithium metal (i.e., v.
Li) reference electrode (which is at 0V). High voltage may also refer to higher voltage, e.g.,
42,43,44,45,46,4.7,48.49,5.0V orhigher.

[0015] As used herein, “stable at 4V or greater v. Li” refers to a material that does not
react at high voltage 4V or greater with respect to a lithium metal anode in a way that
materially or significantly degrades the ionic conductivity. As used herein, “stable at 4V,

4.1V, 42V, 4.3V,4.4V, 45V, 4.6V, 4.7V, 48V, 49V, 50V, 5.1V, or 52V v. Li,” refers to a
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material that does not react at the recited voltage with respect to a lithium metal anode in a
way that materially or significantly degrades the ionic conductivity.

[0016] As used herein, the term “chemically compatible” means that two or more
materials or chemicals are chemically compatible with each other if the materials can be
physically exposed to each other and the materials do not react in a way which materially or
significantly degrades the electrochemical performance. Herein, electrochemical performance
refers to either ionic conductivity or area-specific resistance (ASR). A material or significant
degradation in ionic conductivity is a degradation by an order of magnitude or more. A
material or significant degradation in ASR is a degradation by a factor of 2 or more when

held at room temperature for one week.

[0017] As used herein, the term “LiBETI” refers to lithium
bis(perfluoroethanesulfonyl)imide.

[0018] As used herein, the term “LiTFSI” refers to lithium
bis(trifluoromethane)sulfonimide.

[0019] As used herein, the term “LiFSI” refers lithium bis(fluorosulfonyl)imide.
[0020] As used herein, the term “LIBOB™ refers to lithium bis(oxalato)borate.
[0021] As used herein, the term “XPS” refers to X-rav photoelectron spectroscopy

which is a surface-sensitive quantitative spectroscopic technique that measures the elemental
composition at the parts per thousand range, empirical formula, chemical state and electronic
state of the elements that exist within a material.

[0022] As used herein, the term “LLZO” refers to a lithium-lanthanum-zirconium-
oxygen-containing compound. If the compound is crystallized into the garnet crystal
structure, then the LLZO is a lithium-stuffed garet, as defined above.

[0023] As used herein, the term “GITT” refers to the Galvanostatic Intermittent
Titration Technique.

[0024] As used herein, the term “EIS” refers to Electrochemical Impedance
Spectroscopy.

[0025] As used herein, the term “ECS” refers to a mixture of ethylene carbonate and

sulfolane. Herein, sulfolane refers to tetrahydrothiophene 1,1-dioxide, having the cyclic

QP
s
(

sulfone structure Shown below: Sewesd

e

s,

[0026] As used herein, “EDS” refers to energy dispersive spectroscopy.
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[0027] As used herein, the term “SCN” refers to succinonitrile.

[0028] As used herein, the term “lithium salt™ refers to a lithium-containing
compound that is a solid at room temperature that at least partially dissociates when
immersed in a solvent such as EMC. Lithium salts may include but are not limited to LiPFe,
LiBOB, LiTFSi, LiFSI, LiAsFs, LiClOs, Lil, LiBETI, or LiBF4.

[0029] As used herein, the term “carbonate solvent” refers to a class of solvents
containing a carbonate group C(=0)(0"). Carbonate solvents include but are not limited to
ethylene carbonate, dimethyl carbonate, propylene carbonate, diethyl carbonate, ethyl methyl
carbonate, dimethyl ethylene carbonate, isobutylene carbonate, nitroethyl carbonate,
Monofluoroethylene carbonate, fluoromethyl ethylene carbonate, 1,2-butylene carbonate,
methyl propyl carbonate, isopropyl methyl carbonate, etc.

[0030] As used herein, area-specific resistance (ASR) is measured by electrochemical
cycling using Arbin or Biologic unless otherwise specified to the contrary.

[0031] As used herein, ionic conductivity is measured by electrical impedance
spectroscopy methods.

[0032] As used herein, a “strong Lewis Acid,” refers to a Lewis acid that is able to
competitively bind with F, OH, HF, PFs, and/or H20, or their anions, e.g., H*, better than H".
Lewis acids are known in the art as chemical species which can accept electrons from a donor
compound or species. A typical Lewis acid is the cation H*. Example strong Lewis acids
include, but are not limited to, lithium bis(perfluoroethanesulfonyl)imide (LIBETT),
bis(trifluoromethane)sulfonimide (LiTFSI), LiBF4, LiPFs, LiAsFs, and lithium
bis(fluorosulfonyl)imide (LiFSI).

III. ELECTROCHEMICAL CELLS

[0033] In one embodiment, set forth herein is a electrochemical cell that includes a
positive electrode, an negative electrode, and a solid-state electrolyte therebetween. The
positive electrode includes a catholyte, which includes a lithium salt; a first solvent selected
from the group consisting of sulfolane, 1,3-propane sultone, sulfolene, thiophene, and
combinations thereof; a second solvent; and a strong Lewis acid additive. The solid-state
electrolyte includes lithium-stuffed gamet; and the negative electrode includes lithium metal.
[0034] In some examples, including any of the foregoing, the a first solvent selected
from sulfolane. In some examples, including any of the foregoing, the a first solvent selected

from 1,3-propane sultone. In some examples, including any of the foregoing, the a first
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solvent selected from sulfolene. In some examples, including any of the foregoing, the a first

solvent selected from thiophene.

[0035] In some examples, including any of the foregoing, the solid-state electrolyte is
a thin film.
[0036] In some examples, including any of the foregoing, the solid-state electrolyte is

a sintered lithium-stuffed garnet thin film.

[0037] In some examples, including any of the foregoing, the lithium salt is selected
from the group consisting of LiPFg, lithium bis(perfluoroethanesulfonyl)imide (LIBETT),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiAsFs, lithium
bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.

[0038] In some examples, including any of the foregoing, the lithium salt is selected
from LiPFs. In some examples, including any of the foregoing, the lithium salt is selected
from lithium bis(perfluoroethanesulfonyl)imide (LIBETT). In some examples, including any
of the foregoing, the lithium salt is selected from bis(trifluoromethane)sulfonimide (LiTFSI).
In some examples, including any of the foregoing, the lithium salt is selected from LiBF4. In
some examples, including any of the foregoing, the lithium salt is selected from LiAsFs. In
some examples, including any of the foregoing, the lithium salt is selected from lithium
bis(fluorosulfonyl)imide (LiFSI).

[0039] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M to 2.0 M.

[0040] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M to 1.5 M.

[0041] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 1.0M to 1.4 M.

[0042] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M, 0.55M, 0.6 M, 0.65M, 0.7 M, 0.75M, 0.8 M, 0.85 M, 0.9 M,
0.95M, or 1.5 M.

[0043] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M, about 0.7 M, about
0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, or about 1.5 M.

[0044] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is about 0.5 M to about 1.5 M. In some examples, including any of the
foregoing, the concentration is about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M,

about 0.7 M, about 0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, about 1.0
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M, about 1.05, about 1.10, about 1.15, about 1.2, about 1.25, about 1.30, about 1.35, about
1.4, about 1.45, or about 1.5 M.

[0045] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is about 0.5 M to about 1.5 M. In some examples, including any of the
foregoing, the concentration is 0.5 M, 0.55 M, 0.6 M, 0.65 M, 0.7 M, 0.75 M, 0.8 M, 0.85 M,
0.9M,0.95M, 1.0M, 1.05, 1.10, 1.15, 1.2, 1.25, 1.30, 1.35, 1.4, 1.45, or 1.5 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
0.5 M. In some examples, including any of the foregoing, the concentration of lithium salt in
the solution is 0.55 M. In some examples, including any of the foregoing, the concentration
of lithium salt in the solution is 0.6 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.65 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.7 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.75 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.8 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.85 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.9 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.95 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 1.5 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is about 0.5 M. In some examples, including any of the foregoing, the concentration
of lithium salt in the solution is about 0.55 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is about 0.6 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is about 0.65
M. In some examples, including any of the foregoing, the concentration of lithium salt in the
solution is about 0.7 M. In some examples, including any of the foregoing, the concentration
of lithium salt in the solution is about 0.75 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is about 0.8 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is about 0.85
M. In some examples, including any of the foregoing, the concentration of lithium salt in the
solution is about 0.9 M. In some examples, including any of the foregoing, the concentration
of lithium salt in the solution is about 0.95 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is about 1.5 M. In some examples,

including any of the foregoing, the first solvent is sulfolane.
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[0046] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M, 0.55M, 0.6 M, 0.65 M, 0.7 M, 0.75M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, or 1.5 M.

[0047] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is 0.5 M to 1.5 M. In some examples, including any of the foregoing, the
concentration is 0.5 M, 0.55 M, 0.6 M, 0.65M, 0.7 M, 0.75 M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, 1.0M, 1.05,1.10,1.15,1.2,1.25,1.30,1.35,1.4,1.45,0or 1.5 M.

[0048] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is 0.5 M to 1.5 M. In some examples, including any of the foregoing, the
concentration is 0.5 M, 0.55 M, 0.6 M, 0.65M, 0.7 M, 0.75 M, 0.8 M, 0.85 M,
0.9M,0.95M, 1.0M, 1.05, 1.10, 1.15, 1.2, 1.25, 1.30, 1.35, 1.4, 1.45, or 1.5 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
0.5 M. In some examples, including any of the foregoing, the concentration of lithium salt in
the solution is 0.55 M. In some examples, including any of the foregoing, the concentration
of lithium salt in the solution is 0.6 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.65 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.7 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.75 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.8 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.85 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.9 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.95 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 1.5 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.5 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.55 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.6 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.65 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.7 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.75 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.8 M. In some examples, including any of the foregoing, the

concentration of lithium salt in the solution is 0.85 M. In some examples, including any of the

19



CA 03118872 2021-05-05

WO 2020/097018 PCT/US2019/059779

foregoing, the concentration of lithium salt in the solution is 0.9 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.95 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 1.5 M. In some examples, including any of the foregoing, the first solvent is
sulfolane.

[0049] In some examples, including any of the foregoing, the second solvent is
selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC), propylmethyl
carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl carbonate (DEC), methyl
propyl carbonate (MPC), 2.5-dioxahexanedioic acid dimethyl ester, tetrahydrofuran (THF),
y-butyrolactone (GBL), gamma butyl-lactone, fluoroethylene carbonate (FEC), fluoromethyl
ethylene carbonate (FMEC), trifluoroethyl methyl carbonate (F-EMC), fluorinated 3-(1,1,2,2-
tetrafluoroethoxy)-1,1,2 2-tetrafluoropropane/1,1,2 2-tetrafluoro-3-(1,1,2,2-

tetrafluoroethoxy )propane (F-EPE), fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-
ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile,
suberonitrile, propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN),
hexanedinitrile, pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate,
methyl propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide
(DMSO), ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane,
methyl benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof. In some
examples, the combinations are miscible combinations.

[0050] In some examples, including any of the foregoing, the second solvent is
selected from ethylene carbonate, dimethyl carbonate (DMC), ethyl-methyl carbonate
(EMC), propylene carbonate (PC), diethyl carbonate (DEC), fluoroethylene carbonate (FEC),
prop-1-ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN),
glutaronitrile (GLN), adiponitrile (ADN), and combinations thereof. In some examples, the
combinations of solvents are those combinations which are miscible.

[0051] In some examples, including any of the foregoing, the second solvent is
selected from ethylene carbonate.

[0052] In some examples, including any of the foregoing, the catholyte has a viscosity
of less than 15 mPa-s at 20 °C.

[0053] In some examples, including any of the foregoing, the catholyte has a water
content less than 200 ppm, or less than 150 ppm, or less than 100 ppm, or less than 60 ppm,
or less than 50 ppm, or less than 40 ppm, or less than 30 ppm, or less than 20 ppm, or less
than 10 ppm.
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[0054] In some examples, including any of the foregoing, the electrochemical cell
further includes a third solvent selected from a linear sulfone.

[0055] In some examples, including any of the foregoing, the linear sulfone is present
at 0 vol % to 15 vol %.

[0056] In some examples, including any of the foregoing, the linear sulfone is present
at 5 vol % to 10 vol %.

[0057] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consisting of ethyl methyl sulfone, dimethyl sulfone, dibutyl sulfone,
allyl methyl sulfone, ethyl sulfone, dipropyl sulfone, ethyl phenyl sulfone, diethyl sulfate,
dimethyl sulfate, and combinations thereof. In some examples, the combinations of solvents
are those combinations which are miscible.

[0058] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consist of dibutylsulfone, dipropylsulfone, and combinations thereof.
[0059] In some examples, including any of the foregoing, the catholyte is a eutectic
mixture of solvents.

[0060] In some examples, including any of the foregoing, the eutectic mixture melts
at less than 30 °C.

[0061] In some examples, including any of the foregoing, sulfolane is the solvent
present in the catholyte in the largest volume percent.

[0062] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is from 30:70 vol/vol (v/v) to 50:50 v/v.

[0063] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is either 50:50 v/v or 45:55 v/v.

[0064] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is either about 50:50 v/v or about 45:55 v/v.

[0065] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is from
30:70 v/v to 50:50 v/v.

[0066] In some examples, the ratio of EC:sulfolane, is 45:55 vol%. In some examples,
the ratio - EC:sulfolane - may range from 3:7 to 5:5 v/v, but can be 45:55 vol%.

[0067] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is either

50:50 or 45:55 v/v.
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[0068] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with F, OH, HF, PFs, and/or H20. In some examples, including
any of the foregoing, the strong Lewis acid additive competitively binds with F, OH, HF, PFs,
and/or H20 stronger than it binds to LiPFe.

[0069] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with F, OH, HF, PFs and H20. In some examples, including any
of the foregoing, the strong Lewis acid additive competitively binds with F, OH, HF, PFs, and
H>O stronger than it binds to LiPFs.

[0070] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with an anion decomposition product of PFs. In some examples,
including any of the foregoing, the strong Lewis acid additive competitively binds with F,
OH, HF, PFs, and/or H20 stronger than it binds to LiPFs.

[0071] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with the surface of lithium-stuffed garnet.

[0072] In some examples, including any of the foregoing, the strong Lewis Acid
binds to the surface of lithium-stuffed garnet stronger than it binds to a lithium salt selected
from the group consisting of lithium bis(perfluoroethanesulfonyl)imide (LIBETI),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiPFs, LiAsFe, and lithium
bis(fluorosulfonyl)imide (LiFSI).

[0073] In some examples, including any of the foregoing, the strong Lewis acid
additive is a F- getter from HF. A F- getter refers to a species which sequesters, or reacts with
or bonds with, F~in the presence of HF. A getter may also be referred to as a scavenger. For
example, a F- getter refers to a species which scavenges F~ in the presence of HF. Example F-
getters are disclosed in HAN et al., “Distinct Reaction Characteristics of Electrolyte
Additives for High-Voltage Lithium-Ion Batteries: Tris(trimethylsilyl) Phosphite, Borate, and
Phosphate,” Electrochimica Acta 215 (2016) 455-465 and QI et al., “Lifetime limit of
tris(trimethylsilyl) phosphite as electrolyte additive for high voltage lithium ion batteries,”
RSC Adv., 2016, 6, 38342-38349, 10.1039/C6RA06555D. This exemplified F- getters in these
publications are not exhaustive of all possible F- getters.

[0074] In some examples, including any of the foregoing, the strong Lewis acid
additive is an OH" getter from H20. A OH- getter refers to a species which sequesters, or
reacts with or bonds with, OH" in the presence of H20. A getter may also be referred to as a
scavenger. For example, a OH" getter refers to a species which scavenges OH" in the presence

of H20. Example OH" getters are disclosed in HAN et al., “Distinct Reaction Characteristics
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of Electrolyte Additives for High-Voltage Lithium-Ion Batteries: Tris(trimethylsilyl)
Phosphite, Borate, and Phosphate,” Electrochimica Acta 215 (2016) 455-465 and Ql et al.,
“Lifetime limit of tris(trimethylsilyl) phosphite as electrolyte additive for high voltage
lithium ion batteries,” RSC Adv., 2016, 6, 38342-38349, 10.1039/C6RA06555D. This
exemplified OH" getters in these publications are not exhaustive of all possible OH" getters.
[0075] In some examples, including any of the foregoing, the strong Lewis acid
additive is a trivalent phosphite, phosphate, or borate compound.

[0076] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting of tris(trimethysilyl) phosphite (TTSPi),
tris(trimethysilyl) phosphate (TTSP), trimethoxyboroxine (CsH9B30s, TMOBX), vinylene
carbonate (VC), vinyl ethylene carbonate (VEC), methylene methane disulfonate (MMDS),
prop-1-ene-1,3 sultone (PES), fluoroethylene carbonate (FEC), LiTFSi, LiBOB, 1,3-propane
sultone (PS), succinonitrile, methylene methanedisulfonate (MMDS), trimethylene sulfate
(TMS), triallyl phosphate (TAP), tris(trimethylsilyl) borate, (TMSB) or
tris(pentafluorophenyl)borane (TPFPB), and combinations thereof. In some examples, the
combinations of solvents are those combinations which are miscible.

[0077] In some examples, including any of the foregoing, the strong Lewis acid
additive is TTSPi and/or TTSP.

[0078] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting TTSPi and TTSP.

[0079] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of TMOBX and vinylene carbonate.

[0080] In some examples, including any of the foregoing, the strong Lewis acid
additive is VC.
[0081] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of VC and MMDS.

[0082] In some examples, including any of the foregoing, the strong Lewis acid
additive is a combination of VC and/or PES.

[0083] In some examples, including any of the foregoing, the strong Lewis acid
additive is a combination of PES, MDS, and TTSP.

[0084] In some examples, including any of the foregoing, the strong Lewis acid
additive includes 2 wt. % PES.

[0085] In some examples, including any of the foregoing, the strong Lewis acid

additive includes 1 wt % MMDS and 1 wt % TTSP1.
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[0086] In some examples, including any of the foregoing, the catholyte includes 1.4M
LiPFs, 45 v/v EC, 50 v/v sulfolane, and 5v/v dibutylsulfone.

[0087] In some examples, including any of the foregoing, the strong Lewis acid is
present at 0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the salt plus
solvent mixture.

[0088] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by the chemical formula LixLa;Zr2012 + yAl203, wherein x is from 5.8 to 7.0,
andyis 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, or 1.0.

[0089] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLasM'cM"pZreOF,
LiaLasM'cM"pTaeOF, and LiaLasM'cM"DNbeOF, wherein 4<A<8.5, 1.5<B<4, 0<C<2,
0<D<2; 0<E<2, 10<F<14, and wherein M' and M" are each, independently, selected from the
group consisting of Al, Mo, W, Nb, Ga, Sb, Ca, Ba, Sr, Ce, Hf, Rb, and Ta.

[0090] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by the formula LiaLasM'cM"pZreOF, wherein 4<A<8.5, 1.5<B<4, 0<C=<2,
0<D<3; 0<E<2, 10<F<14, and wherein M' and M" are each, independently, selected from the
group consisting of Al, Mo, W, Nb, Ga, Sb, Ca, Ba, Sr, Ce, Hf, Rb, and Ta.

[0091] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLabZrcAlaMe" Ot wherein
5<a<7.7; 2<b<4; 0<¢c<2.5; 0<d<2; 0<e<2, 10<f<14, and wherein Me" is a metal selected
from the group consisting of Nb, Ta, V, W, Mo, and Sb.

[0092] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLasZrcAldOr wherein
5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 10<f<14.

[0093] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLasZr2012-0.35A1203
wherein 4<x<8.5.

[0094] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLa3Zr2012-0.5A1203
wherein 4<x<8.5.

[0095] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLasZr2012-0.65A1203

wherein 4<x<8.5.

24



CA 03118872 2021-05-05

WO 2020/097018 PCT/US2019/059779

[0096] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLa;Zr2012° Al203 wherein
4<x<8.5.

[0097] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte selected from any one of the following: (a) a solution of 45 vol%
ethylene carbonate and 55 vol% sulfolane, and 1.0 M LiPFs; (b) 45 vol% ethylene carbonate
and 55 vol% sulfolane, and 1.4 M LiPFs; (c¢) 45 vol% ethylene carbonate and 55 vol%
sulfolane, and 1.5 M LiPFg¢; (d) ethylene carbonate:sulfolane, and 1.0 M LiPFs; wherein the
ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; (e) 45 vol% ethylene
carbonate and 55 vol% sulfolane, and 1.4 M LiPFs; (f) ethylene carbonate:sulfolane, and 1.5
M LiPF¢; wherein the ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; 45
vol% ethylene carbonate and 55 vol% sulfolane, and 1.5 M LiPFs; (g) 5 vol% dibutyl or
dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.0 M LiPFs and 2wt % TTSPi; (h) 5 vol%
dibutyl or dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.4M LiPF¢ and 2 wt % TTSPi;
(1) 5 vol% dibutyl or dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.5 M LiPFs and 2wt
% TTSPi; (j) 45 vol% ethylene carbonate and 55 vol% sulfolane, and 1 M LiPFs and 0.3
weight percent (wt %) tris(trimethysilyl) phosphite (TTSPi); (k) 5 volume percent (vol %)
dipropyl sulfone with 45 vol% ethylene carbonate and 50 vol% sulfolane, and 1 M LiPF¢ and
0.3 weight percent (wt %) TTSPi; (1) 45 vol% ethylene carbonate and 55 vol% sulfolane, and
1M LiPFs and 2 weight percent (wt %) tris(trimethysilyl) phosphite (TTSP1); (m) 5 volume
percent (vol %) dipropyl sulfone with 45 vol% ethylene carbonate and 50 vol% sulfolane,
and 1 M LiPF¢ and 2 weight percent (wt %) TTSPi.

[0098] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte selected from any one of the following: (a) a solution of 40-60 vol%
ethylene carbonate and 40-60 vol% sulfolane, and 0.5 M — 2.0 M LiPFg; (b) 40-60 vol%
ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFs; (¢) 40-60 vol% ethylene
carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFs; (d) ethylene carbonate:sulfolane,
and 0.5-2.0 M LiPFs; wherein the ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5
vol/vol; (e) 40-60 vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFs;
(f) ethylene carbonate:sulfolane, and 0.5-2.0 M LiPFs; wherein the ratio of ethylene
carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; 40-60 vol% ethylene carbonate and 40-60
vol% sulfolane, and 0.5-2.0 M LiPFs; (g) 3-8 vol% dibutyl or dipropyl sulfone; 40-60 vol%
EC; 50 vol% sulfolane; 0.5-2.0 M LiPFs and 1-4 wt % TTSP1; (h) 3-7 vol% dibutyl or
dipropyl sulfone; 40-60 vol% EC; 40-60 vol% sulfolane; 0.5-2.0M LiPFs and 1-4 wt %
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TTSPi; (i) 4-6 vol% dibutyl or dipropyl sulfone; 40-60 vol% EC; 40-60 vol% sulfolane; 0.5-
2.0 M LiPFs and 1-3 wt % TTSPi; (j) 40-60 vol% ethylene carbonate and 40-60 vol%
sulfolane, and 1 M LiPF¢ and 0.3 weight percent (wt %) tris(trimethysilyl) phosphite (TTSPi);
(k) 4-6 volume percent (vol %) dipropyl sulfone with 40-60 vol% ethylene carbonate and 40-
60 vol% sulfolane, and 0.5-2.0 M LiPFs and 0.1-0.6 weight percent (wt %) TTSPi; (1) 40-60
vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPF¢ and 1-5 weight
percent (wt %) tris(trimethysilyl) phosphite (TTSPi); (m) 4-6 volume percent (vol %)
dipropyl sulfone with 40-60 vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0
M LiPFs and 1-3 weight percent (wt %) TTSPi.

[0099] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte selected from any one of the following: (a) a solution of 45 vol%
ethylene carbonate and 55 vol% sulfolane, and 1.0 M LiPFs; (b) 45 vol% ethylene carbonate
and 55 vol% sulfolane, and 1.4 M LiPFs; (c¢) 45 vol% ethylene carbonate and 55 vol%
sulfolane, and 1.5 M LiPFg¢; (d) ethylene carbonate:sulfolane, and 1.0 M LiPFs; wherein the
ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; (e) 45 vol% ethylene
carbonate and 55 vol% sulfolane, and 1.4 M LiPFs; (f) ethylene carbonate:sulfolane, and 1.5
M LiPFs; wherein the ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; 45
vol% ethylene carbonate and 55 vol% sulfolane, and 1.5 M LiPFs; (g) 5 vol% dibutyl or
dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.0 M LiPFs and 2wt % TTSPi; (h) 5 vol%
dibutyl or dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.4M LiPF¢ and 2 wt % TTSPi;
(1) 5 vol% dibutyl or dipropyl sulfone; 45 vol% EC; 50 vol% sulfolane; 1.5 M LiPF¢ and 2wt
% TTSPi; (j) 45 vol% ethylene carbonate and 55 vol% sulfolane, and 1 M LiPFs and 0.3
weight percent (wt %) tris(trimethysilyl) phosphite (TTSPi); (k) 5 vol % dipropyl sulfone
with 45 vol% ethylene carbonate and 50 vol% sulfolane, and 1 M LiPF¢ and 0.3 weight
percent (wt %) TTSPi; (1) 45 vol% ethylene carbonate and 55 vol% sulfolane, and 1M LiPFs
and 2 weight percent (wt %) tris(trimethysilyl) phosphite (TTSPi); (m) 5 volume percent (vol
%) dipropyl sulfone with 45 vol% ethylene carbonate and 50 vol% sulfolane, and 1 M LiPFs
and 2 weight percent (wt %) TTSPi.

[00100] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60 vol% ethylene carbonate and 40-60 vol%
sulfolane, and 0.5 M — 2.0 M LiPFs.

[00101] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60 vol% ethylene carbonate and 40-60 vol%

sulfolane, and 0.5-2.0 M LiPFes.
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[00102] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60vol% ethylene carbonate and 40-60vol%
sulfolane, and 0.5-2.0 M LiPFe.

[00103] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of ethylene carbonate:sulfolane, and 0.5-2.0 M
LiPFs; wherein the ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol.
[00104] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60 vol% ethylene carbonate and 40-60 vol%
sulfolane, and 0.5-2.0 M LiPFe.

[00105] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of ethylene carbonate:sulfolane, and 0.5-2.0 M
LiPFs; wherein the ratio of ethylene carbonate:sulfolane ranges from 3:7 to 5:5 vol/vol; 40-60
vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFes.

[00106] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 3-8 vol% dibutyl or dipropyl sulfone; 40-60
vol% EC; 50 vol% sulfolane; 0.5-2.0 M LiPFs and 1-4 wt % TTSPi.

[00107] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 3-7 vol% dibutyl or dipropyl sulfone; 40-60
vol% EC; 40-60 vol% sulfolane; 0.5-2.0M LiPF¢ and 1-4 wt % TTSPi.

[00108] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 4-6 vol% dibutyl or dipropyl sulfone; 40-60
vol% EC; 40-60 vol% sulfolane; 0.5-2.0 M LiPFs and 1-3 wt % TTSPi.

[00109] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60 vol% ethylene carbonate and 40-60 vol%
sulfolane, and 1 M LiPF¢ and 0.3 weight percent (wt %) tris(trimethysilyl) phosphite (TTSP1).
[00110] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 4-6 volume percent (vol %) dipropyl sulfone
with 40-60 vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFsand 0.1-
0.6 weight percent (wt %) TTSPi.

[00111] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 40-60 vol% ethylene carbonate and 40-60 vol%
sulfolane, and 0.5-2.0 M LiPFs and 1-5 weight percent (wt %) tris(trimethysilyl) phosphite
(TTSP).
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[00112] In some examples, including any of the foregoing, the electrochemical cell
includes a catholyte comprising a solution of 4-6 volume percent (vol %) dipropyl sulfone
with 40-60 vol% ethylene carbonate and 40-60 vol% sulfolane, and 0.5-2.0 M LiPFs and 1-3
weight percent (wt %) TTSPi.

IV. LITHIUM-STUFFED GARNET ELECTROLYTE SEPARATORS

[00113] In some examples, set forth herein is a lithium-stuffed garnet electrolyte with a
surface layer of a strong Lewis acid.

[00114] In some examples, set forth herein is a lithium-stuffed garet solid-state
electrolyte having at least one surface passivated with a strong Lewis Acid.

[00115] In some examples, set forth herein is a lithium-stuffed garnet electrolyte with a

surface layer substantially as shown in any one of FIGs. 7-17.

V. PROCESSES FOR MAKING ELECTROCHEMICAL CELLS
[00116] A process for making an electrochemical cell, including: providing a positive
electrode infiltrated with a catholyte, the catholyte including: a lithium salt; a first solvent
selected from the group consisting of sulfolane, 1,3-propane sultone, sulfolene, thiophene,
and combinations thereof; a second solvent; and a strong Lewis acid additive; providing a
sintered lithium-stuffed garnet solid-state separator; and contacting the sintered lithium-
stuffed garnet solid-state separator to the positive electrode.
[00117] In some examples, including any of the foregoing, the contacting is between
one side of the sintered lithium-stuffed gamet thin film or pellet and one side of the positive
electrode.
[00118] In some examples, including any of the foregoing, the process includes

providing a negative electrode which includes lithium metal.

[00119] In some examples, including any of the foregoing, the solid-state electrolyte is
a thin film.
[00120] In some examples, including any of the foregoing, the solid-state electrolyte is

a sintered lithium-stuffed garnet thin film.

[00121] In some examples, including any of the foregoing, the lithium salt is selected
from the group consisting of LiPFg, lithium bis(perfluoroethanesulfonyl)imide (LIBETT),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiAsFs, lithium
bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.
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[00122] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M to 2.0 M. In some examples, including any of the foregoing, the
lithium salt is present at a concentration of 0.5 M to 1.5 M. In some examples, including any
of the foregoing, the lithium salt is present at a concentration of 1.0 M to 1.4 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of 0.5
M, 055M,0.6 M, 0.65M,0.7M, 0.75M, 08 M, 0.85M, 0.9M, 0.95M, or 1.5 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of 0.5
M to 2.0 M. In some examples, including any of the foregoing, the lithium salt is present at a
concentration of 0.5 M to 1.5 M. In some examples, including any of the foregoing, the
lithium salt is present at a concentration of 1.0M to 1.4 M. In some examples, including any
of the foregoing, the lithium salt is present at a concentration of 0.5 M, 0.55 M, 0.6 M, 0.65
M, 0.7M,0.75M, 08 M, 0.85 M, 09 M, 0.95 M, or 1.5 M.

[00123] In some examples, the lithium salt is selected from the group consisting of
LiPFe, lithium bis(perfluoroethanesulfonyl)imide (LIBETTI), bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI), LiBF4, LiAsFs, lithium bis(fluorosulfonyl)imide (LiFSI), at a
concentration of 0.5 M t0 2.0 M.

[00124] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M, about 0.7 M, about
0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, or about 1.5 M.

[00125] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is about 0.5 M to about 1.5 M. In some examples, including any of the
foregoing, the concentration is about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M,

about 0.7 M, about 0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, about 1.0
M, about 1.05, about 1.10, about 1.15, about 1.2, about 1.25, about 1.30, about 1.35, about
1.4, about 1.45, or about 1.5 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is about 0.5 M to about 1.5 M. In some examples,
including any of the foregoing, the concentration is 0.5 M, 0.55 M, 0.6 M, 0.65 M, 0.7 M,
0.75M,08M,085M,09M,095M, 1.0M, 1.05, 1.10,1.15,1.2,1.25,1.30, 1.35, 1.4,
1.45,0r 1.5 M.

[00126] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is 0.5 M to 1.5 M. In some examples, including any of the foregoing, the
concentrationis 0.5 M, 0.55M, 0.6 M, 0.65M,0.7M, 0.75M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, 1.0M, 1.05,1.10,1.15, 1.2, 1.25, 1.30, 1.35, 1.4, 1.45, or 1.5 M. In some examples,

including any of the foregoing, the concentration of lithium salt in the solution is 0.5 M to 1.5
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M. In some examples, including any of the foregoing, the concentration is 0.5 M, 0.55 M, 0.6
M, 0.65M, 0.7 M, 0.75 M, 0.8 M, 0.85 M, 0.9 M, 0.95 M, 1.0 M, 1.05, 1.10, 1.15, 1.2, 1.25,
1.30,1.35,1.4,1.45, or 1.5 M.

[00127] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is 0.5 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.55 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.6 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.65 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.7 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.75 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.8 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.85 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.9 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.95 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 1.5 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is about 0.5 M. In some examples, including any
of the foregoing, the concentration of lithium salt in the solution is about 0.55 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
about 0.6 M. In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is about 0.65 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is about 0.7 M. In some examples, including any
of the foregoing, the concentration of lithium salt in the solution is about 0.75 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
about 0.8 M. In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is about 0.85 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is about 0.9 M. In some examples, including any
of the foregoing, the concentration of lithium salt in the solution is about 0.95 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
about 1.5 M. In some examples, including any of the foregoing, the first solvent is sulfolane.
[00128] In some examples, including any of the foregoing, the concentration of lithium
salt in the solution is 0.5 M. In some examples, including any of the foregoing, the

concentration of lithium salt in the solution is 0.55 M. In some examples, including any of the
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foregoing, the concentration of lithium salt in the solution is 0.6 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.65 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.7 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.75 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.8 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.85 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.9 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.95 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 1.5 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.5 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.55 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.6 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.65 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.7 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 0.75 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.8 M. In some examples,
including any of the foregoing, the concentration of lithium salt in the solution is 0.85 M. In
some examples, including any of the foregoing, the concentration of lithium salt in the
solution is 0.9 M. In some examples, including any of the foregoing, the concentration of
lithium salt in the solution is 0.95 M. In some examples, including any of the foregoing, the
concentration of lithium salt in the solution is 1.5 M. In some examples, including any of the
foregoing, the first solvent is sulfolane.

[00129] In some examples, including any of the foregoing, the second solvent is
selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC), propylmethyl
carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl carbonate (DEC), methyl
propyl carbonate (MPC), 2.5-dioxahexanedioic acid dimethyl ester, tetrahydrofuran (THF),
y-butyrolactone (GBL), gamma butyl-lactone, fluoroethylene carbonate (FEC), fluoromethyl
ethylene carbonate (FMEC), trifluoroethyl methyl carbonate (F-EMC), fluorinated 3-(1,1,2,2-
tetrafluoroethoxy)-1,1,2 2-tetrafluoropropane/1,1,2 2-tetrafluoro-3-(1,1,2,2-
tetrafluoroethoxy )propane (F-EPE), fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-

ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile,
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suberonitrile, propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN),
hexanedinitrile, pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate,
methyl propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide
(DMSO), ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane,
methyl benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof. In some
examples, the combinations are those combinations which are miscible.

[00130] In some examples, including any of the foregoing, the second solvent is
selected from dimethyl carbonate (DMC). In some examples, including any of the foregoing,
the second solvent is selected from ethyl-methyl carbonate (EMC). In some examples,
including any of the foregoing, the second solvent is selected from propylmethyl carbonate.
In some examples, including any of the foregoing, the second solvent is selected from
nitroethyl carbonate. In some examples, including any of the foregoing, the second solvent is
selected from propylene carbonate (PC). In some examples, including any of the foregoing,
the second solvent is selected from diethyl carbonate (DEC). In some examples, including
any of the foregoing, the second solvent is selected from methyl propyl carbonate (MPC). In
some examples, including any of the foregoing, the second solvent is selected from 2,5-
dioxahexanedioic acid dimethyl ester, tetrahydrofuran (THF). In some examples, including
any of the foregoing, the second solvent is selected from y-butyrolactone (GBL). In some
examples, including any of the foregoing, the second solvent is selected from gamma butyl-
lactone. In some examples, including any of the foregoing, the second solvent is selected
from fluoroethylene carbonate (FEC). In some examples, including any of the foregoing, the
second solvent is selected from fluoromethyl ethylene carbonate (FMEC). In some examples,
including any of the foregoing, the second solvent is selected from trifluoroethyl methyl
carbonate (F-EMC). In some examples, including any of the foregoing, the second solvent is
selected from fluorinated 3-(1,1,2,2-tetrafluoroethoxy)-1,1,2,2-tetrafluoropropane/1,1,2,2-
tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)propane (F-EPE). In some examples, including any
of the foregoing, the second solvent is selected from fluorinated cyclic carbonate (F-AEC). In
some examples, including any of the foregoing, the second solvent is selected from
dioxolane. In some examples, including any of the foregoing, the second solvent is selected
from prop-1-ene-1,3-sultone (PES). In some examples, including any of the foregoing, the
second solvent is selected from sulfolane. In some examples, including any of the foregoing,
the second solvent is selected from acetonitrile (ACN). In some examples, including any of
the foregoing, the second solvent is selected from succinonitrile (SCN). In some examples,

including any of the foregoing, the second solvent is selected from pimelonitrile. In some
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examples, including any of the foregoing, the second solvent is selected from suberonitrile. In
some examples, including any of the foregoing, the second solvent is selected from
propionitrile. In some examples, including any of the foregoing, the second solvent is
selected from propanedinitrile. In some examples, including any of the foregoing, the second
solvent is selected from glutaronitrile (GLN). In some examples, including any of the
foregoing, the second solvent is selected from adiponitrile (ADN). In some examples,
including any of the foregoing, the second solvent is selected from hexanedinitrile. In some
examples, including any of the foregoing, the second solvent is selected from
pentanedinitrile. In some examples, including any of the foregoing, the second solvent is
selected from acetophenone. In some examples, including any of the foregoing, the second
solvent is selected from isophorone. In some examples, including any of the foregoing, the
second solvent is selected from benzonitrile. In some examples, including any of the
foregoing, the second solvent is selected from ethyl propionate. In some examples, including
any of the foregoing, the second solvent is selected from methyl propionate. In some
examples, including any of the foregoing, the second solvent is selected from methylene
methanedisulfonate. In some examples, including any of the foregoing, the second solvent is
selected from dimethyl sulfate. In some examples, including any of the foregoing, the second
solvent is selected from dimethyl sulfoxide (DMSO). In some examples, including any of the
foregoing, the second solvent is selected from ethyl acetate. In some examples, including any
of the foregoing, the second solvent is selected from methyl butyrate. In some examples,
including any of the foregoing, the second solvent is selected from dimethyl ether (DME). In
some examples, including any of the foregoing, the second solvent is selected from diethyl
ether. In some examples, including any of the foregoing, the second solvent is selected from
dioxolane. In some examples, including any of the foregoing, the second solvent is selected
from methyl benzoate. In some examples, including any of the foregoing, the second solvent
is selected from 2-methyl-5-oxooxolane-2-carbonitrile. In some examples, the combinations
are those combinations which are miscible.

[00131] In some examples, including any of the foregoing, the second solvent is
selected from ethylene carbonate, dimethyl carbonate (DMC), ethyl-methyl carbonate
(EMC), propylene carbonate (PC), diethyl carbonate (DEC), fluoroethylene carbonate (FEC),
prop-1-ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN),
glutaronitrile (GLN), adiponitrile (ADN), and combinations thereof.

[00132] In some examples, including any of the foregoing, the second solvent is

selected from ethylene carbonate.
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[00133] In some examples, including any of the foregoing, the catholyte has a viscosity
of less than 15 mPa-s at 20 °C.

[00134] In some examples, including any of the foregoing, the catholyte has a water
content less than 200 ppm, or less than 150 ppm, or less than 100 ppm, or less than 60 ppm,
or less than 50 ppm, or less than 40 ppm, or less than 30 ppm, or less than 20 ppm, or less
than 10 ppm.

[00135] In some examples, including any of the foregoing, the process further includes
a third solvent selected from a linear sulfone.

[00136] In some examples, including any of the foregoing, the linear sulfone is present
at 0 vol % to 15 vol %.

[00137] In some examples, including any of the foregoing, the linear sulfone is present
at 5 vol % to 10 vol %.

[00138] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consisting of ethyl methyl sulfone, dimethyl sulfone, dibutyl sulfone,
allyl methyl sulfone, ethyl sulfone, dipropyl sulfone, ethyl phenyl sulfone, diethyl sulfate,
dimethyl sulfate, and combinations thereof.

[00139] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consist of dibutylsulfone, dipropylsulfone, and combinations thereof.
[00140] In some examples, including any of the foregoing, the catholyte is a eutectic
mixture of solvents.

[00141] In some examples, including any of the foregoing, the eutectic mixture melts
at less than 30 °C.

[00142] In some examples, including any of the foregoing, the sulfolane is the solvent
present in the catholyte in the largest volume percent.

[00143] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is from 30:70 v/v to 50:50 v/v.

[00144] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is either 50:50 or 45:55 v/v.

[00145] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is from
30:70 v/v to 50:50 v/v.

[00146] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is either

50:50 or 45:55 v/v.
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[00147] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with F, OH, HF, and/or H20.

[00148] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with F, OH, HF, and H20.

[00149] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with the surface of lithium-stuffed garnet.

[00150] In some examples, including any of the foregoing, the strong Lewis Acid
binds to the surface of lithium-stuffed garnet stronger than it binds to a lithium salt selected
from the group consisting of lithium bis(perfluoroethanesulfonyl)imide (LIBETI),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiAsFs, and lithium
bis(fluorosulfonyl)imide (LiFSI).

[00151] In some examples, including any of the foregoing, the strong Lewis acid
additive is a F- getter from HF.

[00152] In some examples, including any of the foregoing, the strong Lewis acid
additive is an OH- getter from H20.

[00153] In some examples, including any of the foregoing, the strong Lewis acid
additive is a trivalent phosphite, phosphate, or borate compound.

[00154] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting of tris(trimethysilyl) phosphite (TTSPi),
tris(trimethysilyl) phosphate (TTSP), trimethoxyboroxine (CsHsB30s, TMOBX), vinylene
carbonate (VC), vinyl ethylene carbonate (VEC), methylene methane disulfonate (MMDS),
prop-1-ene-1,3 sultone (PES), fluoroethylene carbonate (FEC), LiTFSi, LiBOB, 1,3-propane
sultone (PS), succinonitrile, methylene methanedisulfonate (MMDS), trimethylene sulfate
(TMS), triallyl phosphate (TAP), tris(trimethylsilyl) borate, (TMSB) or
tris(pentafluorophenyl)borane (TPFPB), and combinations thereof.

[00155] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting of tris(trimethysilyl) phosphite (TTSPi).
tris(trimethysilyl) phosphate (TTSP). [00152] In some examples, including any
of the foregoing, the strong Lewis acid additive is selected from trimethoxyboroxine
(CsH9B30es. [00152] In some examples, including any of the foregoing, the strong
Lewis acid additive is selected from TMOBX). [00152] In some examples, including any
of the foregoing, the strong Lewis acid additive is selected from vinylene carbonate (VC).
[00152] In some examples, including any of the foregoing, the strong Lewis acid

additive is selected from vinyl ethylene carbonate (VEC). In some examples, including any of
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the foregoing, the strong Lewis acid additive is selected from methylene methane disulfonate
(MMDS). In some examples, including any of the foregoing, the strong Lewis acid additive is
selected from prop-1-ene-1. In some examples, including any of the foregoing, the strong
Lewis acid additive is selected from3 sultone (PES). In some examples, including any of the
foregoing, the strong Lewis acid additive is selected from fluoroethylene carbonate (FEC). In
some examples, including any of the foregoing, the strong Lewis acid additive is selected
from LiTFSi. In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from LiBOB. In some examples, including any of the foregoing, the
strong Lewis acid additive is selected from 1,3-propane sultone (PS). In some examples,
including any of the foregoing, the strong Lewis acid additive is selected from succinonitrile.
In some examples, including any of the foregoing, the strong Lewis acid additive is selected
from methylene methanedisulfonate (MMDS). In some examples, including any of the
foregoing, the strong Lewis acid additive is selected from trimethylene sulfate (TMS). In
some examples, including any of the foregoing, the strong Lewis acid additive is selected
from triallyl phosphate (TAP). In some examples, including any of the foregoing, the strong
Lewis acid additive is selected from tris(trimethylsilyl) borate. In some examples, including
any of the foregoing, the strong Lewis acid additive is selected from (TMSB) or
tris(pentafluorophenyl)borane (TPFPB).

[00156] In some examples, including any of the foregoing, the strong Lewis acid
additive is TTSPi and/or TTSP.

[00157] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting TTSPi and TTSP.

[00158] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of TMOBX and vinylene carbonate.

[00159] In some examples, including any of the foregoing, the strong Lewis acid
additive is VC.
[00160] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of VC and MMDS.

[00161] In some examples, including any of the foregoing, the strong Lewis acid
additive is a combination of VC and/or PES.

[00162] In some examples, including any of the foregoing, the strong Lewis acid
additive is a combination of PES, MDS, and TTSP.

[00163] In some examples, including any of the foregoing, the strong Lewis acid

additive includes 2 wt. % PES.
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[00164] In some examples, including any of the foregoing, the strong Lewis acid
additive includes 1 wt % MMDS and 1 wt % TTSPi.

[00165] In some examples, including any of the foregoing, the catholyte includes 1.4M
LiPF6, 45 v/v EC, 50 v/v sulfolane, and 5 v/v dibutylsulfone.

[00166] In some examples, including any of the foregoing, the Lewis acid is present at
0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the salt plus solvent
mixture.

[00167] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by the chemical formula LixLa;Zr2012 + yAl203, wherein x is from 5.8 to 7.0,
andyis 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, or 1.0.

[00168] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLasM'cM"pZreOF,
LiaLagM'cM"pTaeOF, and LialLaBM'cM"bNbeOF, wherein 4<A<8.5, 1.5<B<4, 0<C<2,
0<D<2; O<E<2, 10<F<14, and wherein M' and M" are each, independently, selected from the
group consisting of Al, Mo, W, Nb, Ga, Sb, Ca, Ba, Sr, Ce, Hf, Rb, and Ta. In some
examples, M' and M" are the same element selected from the from the group consisting of Al,
Mo, W, Nb, Sb, Ca, Ba, Sr, Ce, Hf, Rb, and Ta. However, unless stated explicitly to the
contrary, M' and M" are not the same element.

[00169] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLapnZrcAlaMe":Or wherein
5<a<7.7; 2<b<4; 0<¢c<2.5; 0<d<2; 0<e<2, 10<f<14, and wherein Me" is a metal selected
from the group consisting of Nb, Ta, V, W, Mo, and Sb.

[00170] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LiaLasZrcAldOr wherein
5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 10<f<14.

[00171] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLasZr2012-0.35A1203
wherein 4<x<8.5.

[00172] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLa3Zr2012-0.5A1203
wherein 4<x<8.5.

[00173] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLasZr2012'0.65A1203

wherein 4<x<8.5.
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[00174] In some examples, including any of the foregoing, the lithium-stuffed garnet is
characterized by a formula selected from the group consisting of LixLa;Zr2012° Al203 wherein

4<x<8.5.

VI. PROCESSES FOR MAKING POSITIVE ELECTRODE CATHOLYTES
[00175] In some examples, set forth herein is a process for making a catholyte. The
process includes mixing a lithium salt; a first solvent selected from the group consisting of
sulfolane, 1,3-propane sultone, sulfolene, thiophene, and combinations thereof; a second
solvent; and a strong Lewis acid additive.

[00176] In some examples, this catholyte is used to soak a positive electrode before it
contacts a lithium-stuffed garnet solid-state separator.

[00177] In some examples, including any of the foregoing, the lithium salt is selected
from the group consisting of LiPFg, lithium bis(perfluoroethanesulfonyl)imide (LIBETT),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiAsFs, lithium
bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.

[00178] In some examples, including any of the foregoing, the lithium salt is LiPFe.
[00179] In some examples, including any of the foregoing, the lithium salt is lithium
bis(perfluoroethanesulfonyl)imide (LIBETTI).

[00180] In some examples, including any of the foregoing, the lithium salt is

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI).

[00181] In some examples, including any of the foregoing, the lithium salt is LiBF4.
[00182] In some examples, including any of the foregoing, the lithium salt is LiAsFs.
[00183] In some examples, including any of the foregoing, the lithium salt is lithium
bis(fluorosulfonyl)imide (LiFSI).

[00184] In some examples, including any of the foregoing, the lithium salt is LiBF4 or
LiPFé.

[00185] In some examples, including any of the foregoing, the lithium salt is LiBF4
and LiPFe.

[00186] In some examples, including any of the foregoing, the lithium salt is present at

a concentration of 0.5 M to 2.0 M.
[00187] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M to 1.5 M.
[00188] In some examples, including any of the foregoing, the lithium salt is present at

a concentration of 1.0M to 1.4 M.
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[00189] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M, 0.55M, 0.6 M, 0.65 M, 0.7 M, 0.75M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, or 1.5 M. In some examples, including any of the foregoing, the lithium salt is present at a
concentration of 0.5 M to 2.0 M. In some examples, including any of the foregoing, the
lithium salt is present at a concentration of 0.5 M to 1.5 M. In some examples, including any
of the foregoing, the lithium salt is present at a concentration of 1.0M to 1.4 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of 0.5
M, 0.55M,0.6 M, 0.65M,0.7M, 0.75M, 0.8 M, 0.85M, 0.9M, 0.95 M, or 1.5 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of
about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M, about 0.7 M, about 0.75 M, about 0.8
M, about 0.85 M, about 0.9 M, about 0.95 M, or about 1.5 M. In some examples, including
any of the foregoing, the concentration of lithium salt in the solution is about 0.5 M to about
1.5 M. In some examples, including any of the foregoing, the concentration is about 0.5 M,
about 0.55 M, about 0.6 M, about 0.65 M, about 0.7 M, about 0.75 M, about 0.8 M, about
0.85 M, about 0.9 M, about 0.95 M, about 1.0 M, about 1.05, about 1.10, about 1.15, about
1.2, about 1.25, about 1.30, about 1.35, about 1.4, about 1.45, or about 1.5 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
about 0.5 M to about 1.5 M. In some examples, including any of the foregoing, the
concentration is 0.5 M, 0.55 M, 0.6 M, 0.65M, 0.7 M, 0.75 M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, 1.0M, 1.05,1.10,1.15, 1.2, 1.25, 1.30, 1.35, 1.4, 1.45, or 1.5 M. In some examples,
including any of the foregoing, the concentration is 0.5 M. In some examples, including any
of the foregoing, the concentration is 0.55 M. In some examples, including any of the
foregoing, the concentration is 0.6 M. In some examples, including any of the foregoing, the
concentration is 0.65 M. In some examples, including any of the foregoing, the concentration
is 0.7 M. In some examples, including any of the foregoing, the concentration is 0.75 M. In
some examples, including any of the foregoing, the concentration is 0.8 M. In some
examples, including any of the foregoing, the concentration is 0.85 M. In some examples,
including any of the foregoing, the concentration is 0.9 M. In some examples, including any
of the foregoing, the concentration is 0.95 M. In some examples, including any of the
foregoing, the concentration is 1.5 M. In some examples, including any of the foregoing, the
concentration is about 0.5 M. In some examples, including any of the foregoing, the
concentration is about 0.55 M. In some examples, including any of the foregoing, the
concentration is about 0.6 M. In some examples, including any of the foregoing, the

concentration is about 0.65 M. In some examples, including any of the foregoing, the
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concentration is about 0.7 M. In some examples, including any of the foregoing, the
concentration is about 0.75 M. In some examples, including any of the foregoing, the
concentration is about 0.8 M. In some examples, including any of the foregoing, the
concentration is about 0.85 M. In some examples, including any of the foregoing, the
concentration is about 0.9 M. In some examples, including any of the foregoing, the
concentration is about 0.95 M. In some examples, including any of the foregoing, the
concentration is about 1.5 M. In some examples, including any of the foregoing, the first
solvent is sulfolane.

[00190] In some examples, including any of the foregoing, the lithium salt is present at
a concentration of 0.5 M, 0.55M, 0.6 M, 0.65 M, 0.7 M, 0.75M, 0.8 M, 0.85 M, 0.9 M, 0.95
M, or 1.5 M. In some examples, including any of the foregoing, the lithium salt is present at a
concentration of 0.5 M to 2.0 M. In some examples, including any of the foregoing, the
lithium salt is present at a concentration of 0.5 M to 1.5 M. In some examples, including any
of the foregoing, the lithium salt is present at a concentration of 1.0M to 1.4 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of 0.5
M, 0.55M,0.6 M, 0.65M,0.7M, 0.75M, 0.8 M, 0.85M, 0.9M, 0.95 M, or 1.5 M. In some
examples, including any of the foregoing, the lithium salt is present at a concentration of 0.5
M, 055M,0.6 M, 0.65M,0.7M, 0.75M, 0.8 M, 0.85M, 0.9M, 0.95 M, or 1.5 M. In some
examples, including any of the foregoing, the concentration of lithium salt in the solution is
0.5 M to 1.5 M. In some examples, including any of the foregoing, the concentration is 0.5
M, 0.55M, 0.6 M, 0.65 M, 0.7 M, 0.75 M, 0.8 M, 0.85 M, 0.9 M, 0.95 M, 1.0 M, 1.05, 1.10,
1.15,1.2,1.25,1.30,1.35, 1.4, 1.45, or 1.5 M. In some examples, including any of the
foregoing, the concentration of lithium salt in the solution is 0.5 M to 1.5 M. In some
examples, including any of the foregoing, the concentration is 0.5 M, 0.55 M, 0.6 M, 0.65 M,
07M,075M,08M,085M,09M,095M, 1.0M, 1.05,1.10, 1.15, 1.2, 1.25, 1.30, 1.35,
1.4, 1.45, or 1.5 M. In some examples, including any of the foregoing, the concentration is
0.5 M. In some examples, including any of the foregoing, the concentration is 0.55 M. In
some examples, including any of the foregoing, the concentration is 0.6 M. In some
examples, including any of the foregoing, the concentration is 0.65 M. In some examples,
including any of the foregoing, the concentration is 0.7 M. In some examples, including any
of the foregoing, the concentration is 0.75 M. In some examples, including any of the
foregoing, the concentration is 0.8 M. In some examples, including any of the foregoing, the
concentration is 0.85 M. In some examples, including any of the foregoing, the concentration

is 0.9 M. In some examples, including any of the foregoing, the concentration is 0.95 M. In
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some examples, including any of the foregoing, the concentration is 1.5 M. In some
examples, including any of the foregoing, the concentration is 0.5 M. In some examples,
including any of the foregoing, the concentration is 0.55 M. In some examples, including any
of the foregoing, the concentration is 0.6 M. In some examples, including any of the
foregoing, the concentration is 0.65 M. In some examples, including any of the foregoing, the
concentration is 0.7 M. In some examples, including any of the foregoing, the concentration
is 0.75 M. In some examples, including any of the foregoing, the concentration is 0.8 M. In
some examples, including any of the foregoing, the concentration is 0.85 M. In some
examples, including any of the foregoing, the concentration is 0.9 M. In some examples,
including any of the foregoing, the concentration is 0.95 M. In some examples, including any
of the foregoing, the concentration is 1.5 M. In some examples, including any of the
foregoing, the first solvent is sulfolane.

[00191] In some examples, including any of the foregoing, the second solvent is
selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC), propylmethyl
carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl carbonate (DEC), methyl
propyl carbonate (MPC), 2.5-dioxahexanedioic acid dimethyl ester, tetrahydrofuran (THF),
y-butyrolactone (GBL), gamma butyl-lactone, fluoroethylene carbonate (FEC), fluoromethyl
ethylene carbonate (FMEC), trifluoroethyl methyl carbonate (F-EMC), fluorinated 3-(1,1,2,2-
tetrafluoroethoxy)-1,1,2 2-tetrafluoropropane/1,1,2 2-tetrafluoro-3-(1,1,2,2-

tetrafluoroethoxy )propane (F-EPE), fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-
ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile,
suberonitrile, propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN),
hexanedinitrile, pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate,
methyl propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide
(DMSO), ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane,
methyl benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof. In some
examples, the combinations are those which are miscible.

[00192] In some examples, including any of the foregoing, the second solvent is
selected from ethylene carbonate, dimethyl carbonate (DMC), ethyl-methyl carbonate
(EMC), propylene carbonate (PC), diethyl carbonate (DEC), fluoroethylene carbonate (FEC),
prop-1-ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN),
glutaronitrile (GLN), adiponitrile (ADN), and combinations thereof.

[00193] In some examples, including any of the foregoing, the second solvent is

selected from ethylene carbonate.
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[00194] In some examples, including any of the foregoing, the catholyte has a viscosity
of less than 15 mPa-s at 20 °C.

[00195] In some examples, including any of the foregoing, the catholyte has a water
content less than 200 ppm, or less than 150 ppm, or less than 100 ppm, or less than 60 ppm,
or less than 50 ppm, or less than 40 ppm, or less than 30 ppm, or less than 20 ppm, or less
than 10 ppm.

[00196] In some examples, including any of the foregoing, the process further includes
a third solvent selected from a linear sulfone.

[00197] In some examples, including any of the foregoing, the linear sulfone is present
at 0 to 15 vol %.

[00198] In some examples, including any of the foregoing, the linear sulfone is present
at 5 to 10 vol %.

[00199] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consisting of ethyl methyl sulfone, dimethyl sulfone, dibutyl sulfone,
allyl methyl sulfone, ethyl sulfone, dipropyl sulfone, ethyl phenyl sulfone, diethyl sulfate,
dimethyl sulfate, and combinations thereof.

[00200] In some examples, including any of the foregoing, the linear sulfone is
selected from the group consist of dibutylsulfone, dipropylsulfone, and combinations thereof.
[00201] In some examples, including any of the foregoing, the catholyte is a eutectic
mixture of solvents.

[00202] In some examples, including any of the foregoing, the eutectic mixture melts
at less than 35 °C. In some examples, including any of the foregoing, the eutectic mixture
melts at less than 34 °C. In some examples, including any of the foregoing, the eutectic
mixture melts at less than 33 °C. In some examples, including any of the foregoing, the
eutectic mixture melts at less than 32 °C. In some examples, including any of the foregoing,
the eutectic mixture melts at less than 31 °C. In some examples, including any of the
foregoing, the eutectic mixture melts at less than 30 °C. In some examples, including any of
the foregoing, the eutectic mixture melts at less than 29 °C. In some examples, including any
of the foregoing, the eutectic mixture melts at less than 28 °C. In some examples, including
any of the foregoing, the eutectic mixture melts at less than 27 °C. In some examples,
including any of the foregoing, the eutectic mixture melts at less than 26 °C. In some
examples, including any of the foregoing, the eutectic mixture melts at less than 25 °C. In
some examples, including any of the foregoing, the eutectic mixture melts at less than 24 °C.

In some examples, including any of the foregoing, the eutectic mixture melts at less than 23
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°C. In some examples, including any of the foregoing, the eutectic mixture melts at less than
22 °C. In some examples, including any of the foregoing, the eutectic mixture melts at less
than 21 °C. In some examples, including any of the foregoing, the eutectic mixture melts at
less than 20 °C. In some examples, including any of the foregoing, the eutectic mixture melts
at less than 19 °C. In some examples, including any of the foregoing, the eutectic mixture
melts at less than 18 °C. In some examples, including any of the foregoing, the eutectic
mixture melts at less than 17 °C. In some examples, including any of the foregoing, the
eutectic mixture melts at less than 16 °C. In some examples, including any of the foregoing,
the eutectic mixture melts at less than 15 °C. In some examples, including any of the
foregoing, the eutectic mixture melts at less than 14 °C. In some examples, including any of
the foregoing, the eutectic mixture melts at less than 13 °C. In some examples, including any
of the foregoing, the eutectic mixture melts at less than 12 °C. In some examples, including
any of the foregoing, the eutectic mixture melts at less than 11 °C. In some examples,
including any of the foregoing, the eutectic mixture melts at less than 10 °C. In some
examples, including any of the foregoing, the eutectic mixture melts at less than 9 °C. In
some examples, including any of the foregoing, the eutectic mixture melts at less than 8 °C.
In some examples, including any of the foregoing, the eutectic mixture melts at less than 7
°C. In some examples, including any of the foregoing, the eutectic mixture melts at less than
6 °C. In some examples, including any of the foregoing, the eutectic mixture melts at less
than 5 °C. In some examples, including any of the foregoing, the eutectic mixture melts at
less than 4 °C. In some examples, including any of the foregoing, the eutectic mixture melts
at less than 3 °C. In some examples, including any of the foregoing, the eutectic mixture
melts at less than 2 °C. In some examples, including any of the foregoing, the eutectic
mixture melts at less than 1 °C. In some examples, including any of the foregoing, the
eutectic mixture melts at less than 0 °C. In some examples, the eutectic mixture melts at
greater than 34 °C. In some examples, the eutectic mixture melts at greater than 33 °C. In
some examples, the eutectic mixture melts at greater than 32 °C. In some examples, the
eutectic mixture melts at greater than 31 °C. In some examples, the eutectic mixture melts at
greater than 30 °C. In some examples, the eutectic mixture melts at greater than 29 °C. In
some examples, the eutectic mixture melts at greater than 28 °C. In some examples, the
eutectic mixture melts at greater than 27 °C. In some examples, the eutectic mixture melts at
greater than 26 °C. In some examples, the eutectic mixture melts at greater than 25 °C. In
some examples, the eutectic mixture melts at greater than 24 °C. In some examples, the

eutectic mixture melts at greater than 23 °C. In some examples, the eutectic mixture melts at
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greater than 22 °C. In some examples, the eutectic mixture melts at greater than 21 °C. In
some examples, the eutectic mixture melts at greater than 20 °C. In some examples, the
eutectic mixture melts at greater than 19 °C. In some examples, the eutectic mixture melts at
greater than 18 °C. In some examples, the eutectic mixture melts at greater than 17 °C. In
some examples, the eutectic mixture melts at greater than 16 °C. In some examples, the
eutectic mixture melts at greater than 15 °C. In some examples, the eutectic mixture melts at
greater than 14 °C. In some examples, the eutectic mixture melts at greater than 13 °C. In
some examples, the eutectic mixture melts at greater than 12 °C. In some examples, the
eutectic mixture melts at greater than 11 °C. In some examples, the eutectic mixture melts at
greater than 10 °C. In some examples, the eutectic mixture melts at greater than 9 °C. In
some examples, the eutectic mixture melts at greater than 8 °C. In some examples, the
eutectic mixture melts at greater than 7 °C. In some examples, the eutectic mixture melts at
greater than 6 °C. In some examples, the eutectic mixture melts at greater than 5 °C. In some
examples, the eutectic mixture melts at greater than 4 °C. In some examples, the eutectic
mixture melts at greater than 3 °C. In some examples, the eutectic mixture melts at greater
than 2 °C. In some examples, the eutectic mixture melts at greater than 1 °C. In some
examples, the eutectic mixture melts at greater than 0 °C. In some examples, the eutectic
mixture melts at a temperature between the temperatures recited in this paragraph.

[00203] In some examples, including any of the foregoing, the sulfolane is the solvent
present in the catholyte in the largest volume percent.

[00204] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is from 30:70 v/v to 50:50 v/v.

[00205] In some examples, including any of the foregoing, the ratio of the second
solvent to the first solvent is either 50:50 v/v or 45:55 v/v.

[00206] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is from
30:70 v/v to 50:50 v/v.

[00207] In some examples, including any of the foregoing, the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is either
50:50 v/v or 45:55 v/v.

[00208] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with F, OH, HF, and/or H20.

[00209] In some examples, including any of the foregoing, the strong Lewis acid

additive competitively binds with F, OH, HF, and H:O.
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[00210] In some examples, including any of the foregoing, the strong Lewis acid
additive competitively binds with the surface of lithium-stuffed garnet.

[00211] In some examples, including any of the foregoing, the strong Lewis Acid
binds to the surface of lithium-stuffed garnet stronger than it binds to a lithium salt selected
from the group consisting of lithium bis(perfluoroethanesulfonyl)imide (LIBETTI),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), LiBF4, LiAsFs, and lithium
bis(fluorosulfonyl)imide (LiFSI).

[00212] In some examples, including any of the foregoing, the strong Lewis acid
additive is a F- getter from HF.

[00213] In some examples, including any of the foregoing, the strong Lewis acid
additive is an OH- getter from H20.

[00214] In some examples, including any of the foregoing, the strong Lewis acid
additive is a trivalent phosphite, phosphate, or borate compound.

[00215] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting of tris(trimethysilyl) phosphite (TTSPi),
tris(trimethysilyl) phosphate (TTSP), trimethoxyboroxine (C3HoB30s, TMOBX), vinylene
carbonate (VC), vinyl ethylene carbonate (VEC), methylene methane disulfonate (MMDS),
prop-1-ene-1,3 sultone (PES), fluoroethylene carbonate (FEC), LiTFSi, LiBOB, 1,3-propane
sultone (PS), succinonitrile, methylene methanedisulfonate (MMDS), trimethylene sulfate
(TMS), triallyl phosphate (T AP), tris(trimethylsilyl) borate, (TMSB) or
tris(pentafluorophenyl)borane (TPFPB), and combinations thereof.

[00216] In some examples, including any of the foregoing, the strong Lewis acid
additive is TTSPi and/or TTSP.

[00217] In some examples, including any of the foregoing, the strong Lewis acid
additive is selected from the group consisting TTSPi and TTSP.

[00218] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of TMOBX and vinylene carbonate.

[00219] In some examples, including any of the foregoing, the strong Lewis acid
additive is VC.
[00220] In some examples, including any of the foregoing, the strong Lewis acid

additive is a combination of VC and MMDS.
[00221] In some examples, including any of the foregoing, the strong Lewis acid

additive 1s a combination of VC and/or PES.
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[00222] In some examples, including any of the foregoing, the strong Lewis acid
additive is a combination of PES, MDS, and TTSP.

[00223] In some examples, including any of the foregoing, the strong Lewis acid
additive includes 2 wt. % PES

[00224] In some examples, including any of the foregoing, the strong Lewis acid
additive includes 1 wt % MMDS and 1 wt % TTSPi.

[00225] In some examples, TTSPi is present in the catholyte solution at about 0.5 wt %
to about 4 wt %, about 0.5 wt % to about 3 wt %, about 0.5 wt % to about 2 wt %, or about
0.5 wt % to about 1 wt %. In some examples, TTSPi is present in the catholyte solution at
about 1 wt % to about 2 wt %.

[00226] In some examples, MMDS is present in the catholyte solution at about 0.5 wt
% to about 4 wt %, about 0.5 wt % to about 3 wt %, about 0.5 wt % to about 2 wt %, or about
0.5 wt % to about 1 wt %. In some examples, MMDS is present in the catholyte solution at
about 1 wt % to about 2 wt %.

[00227] In some examples, including any of the foregoing, the catholyte comprises
about 0.5 wt % to about 4 wt % MMDS, and 0.5 wt % to about 4 wt % TTSPi. In some
examples, including any of the foregoing, the catholyte comprises about 0.5 wt % to about 2
wt % MMDS, and 0.5 wt % to about 2 wt % TTSPi. In some examples, including any of the
foregoing, the catholyte comprises about 0.5 wt % to about 1 wt % MMDS, and 0.5 wt % to
about 1 wt % TTSPi.

[00228] In some examples, the catholyte comprises MMDS and TTSPi in about a 1:1
wt % ratio. In some examples, the catholyte comprises MMDS and TTSPi in about a 10:1 wt
% ratio to about a 1:10 wt % ratio.

[00229] In some examples, including any of the foregoing, the catholyte includes 1.4
M LiPFs, 45 v/v EC, 50 v/v sulfolane, and 5 v/v dibutylsulfone.

[00230] In some examples, including any of the foregoing, the Lewis acid is present at
0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the salt plus solvent
mixture

[00231] In some examples, including any of the foregoing, the second solvent is
ethylene carbonate (EC). In some examples, including any of the foregoing, the second
solvent is diethylene carbonate. In some examples, including any of the foregoing, the second
solvent is dimethyl carbonate (DMC). In some examples, including any of the foregoing, the
second solvent is ethyl-methyl carbonate (EMC). In some examples, including any of the

foregoing, the second solvent is propylmethyl carbonate. In some examples, including any of
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the foregoing, the second solvent is nitroethyl carbonate. In some examples, including any of
the foregoing, the second solvent is propylene carbonate (PC). In some examples, including
any of the foregoing, the second solvent is diethyl carbonate (DEC). In some examples,
including any of the foregoing, the second solvent is methyl propyl carbonate (MPC). In
some examples, including any of the foregoing, the second solvent is 2,5-dioxahexanedioic
acid dimethyl ester. In some examples, including any of the foregoing, the second solvent is
tetrahydrofuran (THF). In some examples, including any of the foregoing, the second solvent
is y-butyrolactone (GBL). In some examples, including any of the foregoing, the second
solvent is fluoroethylene carbonate (FEC). In some examples, including any of the foregoing,
the second solvent is fluoromethyl ethylene carbonate (FMEC). In some examples, including
any of the foregoing, the second solvent is trifluoroethyl methyl carbonate (F-EMC). In some
examples, including any of the foregoing, the second solvent is fluorinated 3-(1,1,2,2-
tetrafluoroethoxy)-1,1,2,2-tetrafluoropropane/1,1,2,2-tetrafluoro-3-(1,1,2,2-
tetrafluoroethoxy)propane (F-EPE). In some examples, including any of the foregoing, the
second solvent is fluorinated cyclic carbonate (F-AEC). In some examples, including any of
the foregoing, the second solvent is dioxolane. In some examples, including any of the
foregoing, the second solvent is prop-1-ene-1,3-sultone (PES). In some examples, including
any of the foregoing, the second solvent is sulfolane. In some examples, including any of the
foregoing, the second solvent is acetonitrile (ACN). In some examples, including any of the
foregoing, the second solvent is succinonitrile (SCN). In some examples, including any of the
foregoing, the second solvent is pimelonitrile. In some examples, including any of the
foregoing, the second solvent is suberonitrile. In some examples, including any of the
foregoing, the second solvent is propionitrile. In some examples, including any of the
foregoing, the second solvent is propanedinitrile. In some examples, including any of the
foregoing, the second solvent is glutaronitrile (GLN). In some examples, including any of
the foregoing, the second solvent is adiponitrile (ADN). In some examples, including any of
the foregoing, the second solvent is hexanedinitrile. In some examples, including any of the
foregoing, the second solvent is pentanedinitrile. In some examples, including any of the
foregoing, the second solvent is acetophenone. In some examples, including any of the
foregoing, the second solvent is isophorone. In some examples, including any of the
foregoing, the second solvent is benzonitrile. In some examples, including any of the
foregoing, the second solvent is ethyl propionate. In some examples, including any of the
foregoing, the second solvent is methyl propionate. In some examples, including any of the

foregoing, the second solvent is methylene methanedisulfonate. In some examples, including
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any of the foregoing, the second solvent is dimethyl sulfate. dimethyl sulfoxide (DMSO), In
some examples, including any of the foregoing, the second solvent is ethyl acetate. In some
examples, including any of the foregoing, the second solvent is methyl butyrate. In some
examples, including any of the foregoing, the second solvent is dimethyl ether (DME). In
some examples, including any of the foregoing, the second solvent is diethyl ether. In some
examples, including any of the foregoing, the second solvent is dioxolane. In some
examples, including any of the foregoing, the second solvent is gamma butyl- lactone In
some examples, including any of the foregoing, the second solvent is methyl benzoate. In
some examples, including any of the foregoing, the second solvent is 2-methyl-5-
oxooxolane-2-carbonitrile. In some examples, including any of the foregoing, the second
solvent is selected from the group consisting of succinonitrile (SCN), glutaronitile (GLN),
sulfolane, ethylene carbonate (EC), ethyl-methyl carbonate (EMC), and combinations
thereof.

[00232] In some examples, including any of the foregoing, the catholyte comprises any
solution or electrolyte disclosed in US Patent Application Publication No.
US20170331092A1, which published November 16, 2017, titled as Solid electrolyte
separator bonding agent, the entire content of the application is incorporated by reference in
its entirety for all purposes.

[00233] In some examples, including any of the foregoing, the catholyte has a water
content less than 200 ppm, or less than 150 ppm, or less than 100 ppm, or less than 60 ppm,
or less than 50 ppm, or less than 40 ppm, or less than 30 ppm, or less than 20 ppm, or less
than 10 ppm. The water content of the solvent or the full electrolyte mixture moisture is
measured by Karl Fischer coulometric titration, using a Mettler Toledo C20. The catholyte
“Coulomat CG-K” and the anolyte “Hydranal AK” are used in the titration and the electrolyte
is directly injected into the system for moisture analysis.

[00234] In some examples, including any of the foregoing, the catholyte includes a
solution selected from those disclosed in US Patent Application Publication No.
US20170331092A1, which published November 16, 2017, titled as SOLID ELECTROLYTE
SEPARATOR BONDING AGENT, the entire content of the application is incorporated by
reference in its entirety for all purposes.

[00235] In some examples, including any of the foregoing, the temperature of the
process is about 20 °C. In some examples, including any of the foregoing, the temperature of
the process is about 25 °C. In some examples, including any of the foregoing, the temperature

of the process is about 30 °C. In some examples, including any of the foregoing, the
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temperature of the process is about 35 °C. In some examples, including any of the foregoing,
the temperature of the process is about 40 °C. In some examples, including any of the
foregoing, the temperature of the process is about 45 °C. In some examples, including any of
the foregoing, the temperature of the process is about 50 °C. In some examples, including any
of the foregoing, the temperature of the process is about 55 °C. In some examples, including
any of the foregoing, the temperature of the process is about 60 °C. In some examples,
including any of the foregoing, the temperature of the process is selected from the group
consisting of 20 °C, 25 °C, and 30 °C. In some embodiments, the at least a surface of a
sintered thin film garnet is soaked in the electrolyte solution at a temperature that ranges from
about 20 to about 60°C. In some embodiments, the temperature ranges from 20 to 25°C, 20 to
30°C, 20 to 35°C, 20 to 40°C, 20 to 45°C, 20 to 50°C, 25 to 30°C, 25 to 35°C, 25 to 40°C, 30
to 35°C, 30 to 40°C, 35 to 40°C, 35 t0 45°C, 35 to 50°C, or 40 to 50°C.

[00236] In some embodiments, the temperature is selected from the group consisting of
about 20°C, about 25°C, about 30°C, about 35°C, about 40°C, about 45°C, about 50°C, and
about 55°C.

[00237] In some embodiments, the temperature is selected from the group consisting of
20°C, 25°C, 30°C, 35°C, 40°C, 45°C, 50°C, and 55°C.

[00238] In some embodiments, the temperature is 35 °C, 40 °C, 45 °C, 50 °C, 55 °C,

or 60 °C.

[00239] In some embodiments, the temperature is 60 °C.

[00240] In some examples, including any of the foregoing, the temperature is 60 °C.
[00241] In some examples, including any of the foregoing, the top surface or bottom

surface, or both, are fluorinated and comprise trace amounts of contaminants. In some
examples, the trace amount of contaminant is less than 1.0 wt %, 0.9 wt %, 0.8 wt %, 0.7 wt
%, 0.6 wt %, 0.5 wt %, 0.4 wt %, 0.3 wt %, 0.2 wt %, or 0.1 wt %.

VII. METHOD OF USING A CATHOLYTE OR ELECTROCHEMICAL CELL
SET FORTH HEREIN

[00242] In some examples, set forth herein is a method of using an electrochemical

cell, set forth herein, including holding the electrochemical cell at a voltage of 3.9 V (v. Li)

or greater.

[00243] In some examples, the voltage is less than 5V (v. Li). In some examples, the

voltage is less than 4.9V (v. Li). In some examples, the voltage is less than 4.8V (v. Li). In

some examples, the voltage is less than 4.7V (v. Li). In some examples, the voltage is less
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than 4.6V (v. Li). In some examples, the voltage is less than 4.5V (v. Li). In some examples,
the voltage is less than 4.3V (v. Li). In some examples, the voltage is less than 4.2V (v. Li).
In some examples, the voltage is less than 4.1V (v. Li). In some examples, the voltage is less
than 4V (v. Li). In some examples, the voltage is held for at least 1 hour, at least 1 day, at
least 30 days, or at least 1 year.

[00244] In some examples, including any of the foregoing, the electrochemical cell is
at a 100% state-of-charge. In some examples, including any of the foregoing, the
electrochemical cell is at a 90% state-of-charge. In some examples, including any of the
foregoing, the electrochemical cell is at a 80% state-of-charge. In some examples, including
any of the foregoing, the electrochemical cell is at a 70% state-of-charge. In some examples,
including any of the foregoing, the electrochemical cell is at a 60% state-of-charge. In some
examples, including any of the foregoing, the electrochemical cell is at a 50% state-of-charge.
[00245] In some examples, including any of the foregoing, the electrochemical cell is
at a 100% state-of-charge.

[00246] In some examples, including any of the foregoing, the ASR of the
electrochemical cell is stable to within 10 % for at least 1 day.

[00247] In some examples, including any of the foregoing, the ASR of the
electrochemical cell is stable to within 10 % for at least 30 days.

[002438] In some examples, including any of the foregoing, the interfacial lithium-
stuffed garnet/positive electrode ASR of the electrochemical cell is stable to within 10 % for
at least 1 day.

[00249] In some examples, including any of the foregoing, the interfacial lithium-
stuffed garnet/positive electrode ASR of the electrochemical cell is stable to within 10 % for
at least 30 days.

[00250] In some examples, including any of the foregoing, the method includes
charging and discharging the electrochemical cell between 0 and 4.5 V.

[00251] In some examples, set forth herein is a method of using an electrochemical cell

set forth herein, including holding the electrochemical cell at a voltage of 3.9 V (v. Li) or

greater.

[00252] In some examples, including any of the foregoing, the voltage is less than 5V
(v. Li).

[00253] In some examples, including any of the foregoing, the method further includes

charging and discharging the electrochemical cell between 0 and 4.5 V.
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[00254] In some examples, including any of the foregoing, set forth herein is a method
including, providing a catholyte or electrochemical cell set forth herein and holding the
catholyte or electrochemical cell at high voltage for an extended period of time.

[00255] In some examples, including any of the foregoing, the high voltage is a
voltage higher than 4 V (v. Li). In some examples, including any of the foregoing, the high
voltage is a voltage higher than 4.1 V (v. Li). In some examples, including any of the
foregoing, the high voltage is a voltage higher than 4.2 V (v. Li). In some examples,
including any of the foregoing, the high voltage is a voltage higher than 4.3 V (v. Li). In
some examples, including any of the foregoing, the high voltage is a voltage higher than 4.4
V (v. Li). In some examples, including any of the foregoing, the high voltage is a voltage
higher than 4.5 V (v. Li). In some examples, including any of the foregoing, the high voltage
is a voltage less than 5 V (v. Li).

[00256] In some examples, including any of the foregoing, the interface between a
lithium-stuffed gamet separator and a positive electrode does not show an appreciable
increase in ASR during the extended period of time. In some examples, including any of the
foregoing, an appreciable increase in ASR is an increase in ASR of 50% or more. In some
examples, including any of the foregoing, an appreciable increase in ASR is an increase in
ASR of 40% or more. In some examples, including any of the foregoing, an appreciable
increase in ASR is an increase in ASR of 30% or more. In some examples, including any of
the foregoing, an appreciable increase in ASR is an increase in ASR of 20% or more. In some
examples, including any of the foregoing, an appreciable increase in ASR is an increase in
ASR of 10% or more. In some examples, including any of the foregoing, an appreciable
increase in ASR is an increase in ASR of 9% or more. In some examples, including any of
the foregoing, an appreciable increase in ASR is an increase in ASR of 8% or more. In some
examples, including any of the foregoing, an appreciable increase in ASR is an increase in
ASR of 7% or more. In some examples, including any of the foregoing, an appreciable
increase in ASR is an increase in ASR of 6% or more. In some examples, including any of
the foregoing, an appreciable increase in ASR is an increase in ASR of 5% or more. In some
examples, including any of the foregoing, an appreciable increase in ASR is an increase in
ASR of 4% or more. In some examples, including any of the foregoing, an appreciable
increase in ASR is an increase in ASR of 3% or more. In some examples, including any of
the foregoing, an appreciable increase in ASR is an increase in ASR of 2% or more. In some
examples, including any of the foregoing, an appreciable increase in ASR is an increase in

ASR of 1% or more.
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[00257] In some examples, including any of the foregoing, the extended period of time
is at least 1 minute.

[00258] In some examples, including any of the foregoing, the extended period of time
is at least 60 minutes. In some examples, including any of the foregoing, the extended period
of time is at least 1 hour. In some examples, including any of the foregoing, the extended
period of time is at least 1 day. In some examples, including any of the foregoing, the
extended period of time is at least 1 week. In some examples, including any of the foregoing,
the extended period of time is at least 1 month. In some examples, including any of the
foregoing, the extended period of time is at least 1 year. In some examples, including any of
the foregoing, the extended period of time is less than 10 years.

[00259] In some examples, including any of the foregoing, the ASR of the lithium-

stuffed garnet separator does not vary by more than 10% over a surface area of at least 10
2

mm-,

[00260] In some examples, including any of the foregoing, the ASR of the lithium-
stuffed gamet separator does not vary by more than 10% as a function of time for at least 1
day.

[00261] In some examples, including any of the foregoing, the ASR of the lithium-
stuffed gamet separator does not vary by more than 10% as a function of time for at least 365
day.

[00262] In some examples, including any of the foregoing, the ASR of the lithium-

stuffed garnet separator does not increase by more than 10%.

[00263] In some examples, including any of the foregoing, the area specific resistance
(ASR) less than 100Qcm? at 45 °C. In some examples, the ASR is less than 90, 80, 70, 60,
50, 40, 30, 20, or 10 Qcm? at 45 °C.

[00264] In some examples, including any of the foregoing, the ASR is less than 30 Q
cm? at 45°C. In some examples, the ASR is less than 10 Q cm? at 45°C. In some examples,
the ASR is less than 5 Q cm? at 45°C. In some examples, the ASR is less than 30 Q ¢cm? at
25°C. In some examples, the ASR is less than 10 Q ¢cm? at 25°C.

[00265] In some examples, including any of the foregoing, the ASR stability is as
shown in FIG. 2 or FIG. 5. In some examples, the ASR is less than 10 Q ¢cm? at 25°C.

VIII. DEVICES AND VEHICLES
[00266] In some examples, set forth herein is an electrochemical device including an

electrolyte set forth herein.
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[00267] In some examples, set forth herein is an electrochemical device including a
catholyte set forth herein.

[00268] In some examples, set forth herein is an electrochemical device including a
sintered lithium-stuffed garnet thin film set forth herein.

[00269] In some examples, set forth herein is an electric vehicle including an
electrochemical device set forth herein.

[00270] In some examples, set forth herein is an electric vehicle including an
electrochemical device which includes a sintered lithium-stuffed garnet thin film set forth
herein.

[00271] In some examples, set forth herein is an electric vehicle which includes a
sintered lithium-stuffed garnet thin film set forth herein.

[00272] EDS chemical analysis presented in the Examples, herein, shows the changes
in surface chemistry of the lithium-stuffed garnet are consistent with surface fluorination and
progressive loss of carbonate, when additives are not present and the electrochemical cell is
charged above 4.2V.

[00273] In some examples, herein, in additional to eliminating HF from the catholyte,
the addition of TTSPi (tris-trimethylsilylphosphite) stabilizes and protects the surface of
lithium-stuffed garmet solid-state separators against degradation (oxidation) above 4.2V. For
example, catholytes with up to 2wt % TTSPI (1.4M LiPFs in ECS) are more stable after 3
day and 7 day potentiostatic holds at 4.3V, 45 °C, when compared to ECS electrolyte without
TTSPi. The catholyte garnet interfacial impedance increases by ~1 Q*cm? per day at this

condition, compared to ~5 Q*cm? per day without the TTSPi additive.

IX. EXAMPLES

[00274] Reagents, chemicals, and materials were commercially purchased unless
specified otherwise to the contrary. Pouch cell containers were purchased from Showa
Denko. The Electrochemical potentiostat used was an Arbin potentiostat. Electrical
impedance spectroscopy (EIS) was performed with a Biologic VMP3, VSP, VSP-300, SP-
150, or SP-200. Electron microscopy was performed in a FEI Quanta SEM, a Helios 6001, or
a Helios 660 FIB-SEM. XRD was performed in a Bruker D8 Advance ECO or a Rigaku
MiniFlex 2 with Cu K-o radiation, 6mm slit width, at a scan time of 76 ms per step or 0.4
seconds per step, and at room temperature. Viscosity is measured by Rheometry on an Anton

Parr Modular Compact Rheometer MCR302.
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[00275] Milling was performed using a Retsch PM 400 Planetary Ball Mill. Mixing
was performed using a Fischer Scientific vortex mixer, a Flaktek speed mixer, or a Primix
filmix homogenizer. Casting was performed on a TQC drawdown table. Calendering was
performed on an IMC calender. Light scattering was performed on a Horiba, model: Partica,
model no: LA-950V2, general term: laser scattering particle size distribution analyzer.
[00276] X-ray photoelectron spectroscopy (XPS) measurements were performed on a
Thermo Scientific Model K-Alpha 1 XPS instrument. Monochromatic and Al X-ray source
with X-ray energy of 1486.6 eV was used with a spot size of 400 um. The base pressure

when the measurement was conducted is 2*10® mbar or below.

EXAMPLE 1: MAKING AND TESTING CATHOLYTES
[00277] A series of mixtures were prepared and the viscosity of each mixture analyzed.
[00278] In one series, ethylene carbonate and sulfolane was mixed in volumetric ratios
of 1:9, 3:7, and 5:5, respectively. The viscosity for each sample in this series is shown in the
left panel of Fig. 1. At 20 °C and a shear rate of 1000 [1/s], the viscosity of ethylene
carbonate: sulfolane solutions range from 5 to 11 mPa-s.
[00279] In a second series, sulfolane was mixed with ethyl methyl sulfone in
volumetric ratios of 7:3, 8:2, and 9:1, respectively. The viscosity for each sample in this
series is shown in the right panel of Fig. 1. At 20 °C and a shear rate of 1000 [1/s], the

viscosity of ethyl methyl sulfone: sulfolane solutions were less than 15 mPa-s.

EXAMPLE 2: MAKING AN ELECTROCHEMICAL CELL
HAVING CATHOLYTES WITH AND WITHOUT ADDITIVES

[00280] This Example demonstrates a process for making an electrochemical cell.
[00281] Electrochemical cells were assembled in Swagelok cells.
[00282] Three catholyte solutions (Catholyte Solution A, Catholyte Solution B, and

Catholyte Solution C) were prepared. The solutions were first mixed and then the lithium
salts and additives were added last. Additives are reported on a per mass basis, with respect to
the mass of the catholyte solution into which the additives are added. Solvent components to
solutions are reported on a per volume basis, with respect to the total volume of the catholyte
solution.

[00283] Catholyte Solution A included 45 vol% ethylene carbonate and 55 vol%
sulfolane. The catholyte also included 1M LiPFe.
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[00284] Catholyte Solution B included 45 vol% ethylene carbonate and 55 vol%
sulfolane. The catholyte also included 1M LiPFs and 0.3 weight percent (wt %)
tris(trimethysilyl) phosphite (TTSP1).

[00285] Catholyte Solution C included 5 volume percent (vol %) dipropyl sulfone
with 45 vol% ethylene carbonate and 50 vol% sulfolane. The catholyte also included 1M
LiPFs and 0.3 weight percent (wt %) TTSPi.

[00286] A positive electrode was prepared. The positive electrode had 4mAh*cm?
loading on aluminum foil; the active region was 90-120 um thick and had approximately 70
vol% active material of NMC 622 with particle size dso 6-20 um. The cathode was calendered
and infiltrated with a Catholyte Solutions A, B, or C.

[00287] Lithium-stuffed gamet thin film solid-state electrolyte separators were
prepared. Certain procedures in US Patent Application Publication No. US20170214084A1,
which published May 8, 2018, entitled ANNEALED GARNET ELECTROLYTE
SEPARATORS, the entire contents of which are herein incorporated by reference in their
entirety for all purposes, were employed. Lithium-Stuffed Gamet Powder was prepared.
Calcined lithium-stuffed gamet powder was produced by the following series of steps. First,
lithium hydroxide (LiOH), aluminum nitrate [AI(NO3);9H20], zirconia (Zr0z), and
lanthanum oxide (La203) were massed (i.e., weighed) and mixed into a combination wherein
the molar ratio of the constituent elements was Li7.1Zr2La3012+0.5Al203. This combination
was mixed and milled, using wet-milling techniques and ZrO> milling media, until the
combination had a dso particle size of 100 nm — 5 um. Also included with the milling media
was a Rhodaline™ dispersant. The milled combination of reactants was separated from the
milling media after milling. The dso particle size of the milled reactants was assessed. The
separated milled reactants was then placed in an alumina crucible and calcined at about nine-
hundred degrees Celsius (900 °C) for approximately six (6) hours in an oven with a
controlled oxidizing atmosphere in contact with the calcining reactants. The calcination
process burned and/or combusted residual solvents as well as the dispersant, binder, and
surfactant. The calcination caused the inorganic reactants to react to form the lithium-stuffed
garnet. The calcined product was removed from the alumina crucibles after it cooled to room
temperature. The product was characterized by a variety of analytical techniques, including x-
ray powder diffraction (XRD) and scanning electron microscopy. This product is referred to
as calcined lithium-stuffed garnet and has an empirical formula of approximately was

Li7.1Zr2La3012+0.5A1205.
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[00288] The milled and calcined product were then mixed with a plasticizer (S160), a
binder (B72). In a second series, an acrylic, polyvinylbuturate (PVB), or polyvinylacetate
(PVA) was used. The solvent was a mixture of dimethyl ether/tetrahydrofuran (DME/THF).
The organic components constituted 10-20 weight percent of the slurry. The remainder of the
slurry was the solid calcined lithium-stuffed garnet having the empirical formula of
approximately Li7.1Zr2L.a3012+0.5A1205.
[00289] The slurry mixture was then tape casted to produce 10 um - 200 um thin films
of calcined but unsintered lithium-stuffed garnet in combination with surfactants, binders,
plasticizers, and dispersants.
[00290] The tape cast thin films were allowed to dry. These dry calcined by unsintered
thin films are referred to as green films.
[00291] The green films were placed between garnet ceramic setter plates and calcined
in an oven filled with an Argon:H20 mixture (calcination step) followed by an Argon:H»
mixture and heated to 1200°C for six (6) hours (sintering step). Setter plates were used as
substantially set forth in International PCT Patent Publication Application No.
WO02016168691 A1, which published October 20, 2016, entitled LITHIUM STUFFED
GARNET SETTER PLATES FOR SOLID ELECTROLYTE FABRICATION, the entire
contents of which are herein incorporated by reference in their entirety for all purposes. The
setter plates were made primarily of lithium-stuffed garnet formed into a setter. In some
samples, the green films were sintered at 1125 °C for 6 hours in an oven with a controlled
atmosphere in contact with the calcining reactants.
Full cells
[00292] Three full cells were made:
a. One positive electrode was soaked in Catholyte Solution A, positioned on top
of a lithium-stuffed garnet solid-state separator, and sealed in a pouch cell.
b. One positive electrode was soaked in Catholyte Solution B, positioned on top
of a lithium-stuffed garnet solid-state separator, and sealed in a pouch cell.
¢. One positive electrode was soaked in Catholyte Solution C, positioned on top
of a lithium-stuffed garnet solid-state separator, and sealed in a pouch cell.
[00293] Lithium metal negative electrodes were evaporated onto the lithium-stuffed
garnet solid-state separator on the side opposite of each positive electrode. A nickel foil

negative current collector was attached to the anode.
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[00294] The electrochemical stack was vacuum sealed inside a pouch cell with tabs
leading outside the cell. The cell was placed under pressure. The full cells were sealed inside
Mylar, heat-sealed pouch cells.

[00295] The electrochemical cells were held at 4.3V (v. Li) with a trickle current for
up to 30 days at 45 °C. As shown in FIG. 2, the median charge ASR was the lowest for
Catholyte Solution C, containing electrolytes with 2 wt % TTSPi and a 5 vol% linear
sulfone (dipropyl sulfone) co-solvent. The electrochemical cell without the TTSPi additive
(Catholyte Solution A) was observed to have an ASR growth up to 30x the initial ASR.
Catholyte Solution B had median charge ASR in between that of Catholyte Solutions A and
C.

EXAMPLE 3: MAKING SYMMETRIC ELECTROCHEMICAL CELLS

Svymmetric cells

[00296] Symmetric electrochemical cells were prepared by stacking positive
electrodes, soaked in Catholyte Solutions A, B, or C, on top of a lithium-stuffed garnet
solid-state separator.

[00297] The electrochemical stack was vacuum sealed inside a Swagelok cell with
posts leading outside the cell. FIG. 3 shows the configuration in which these symmetric cells
were assembled. The cells are also placed under pressure. In this configuration, the
impedance of the cathode-electrolyte-garnet interface can be isolated within the Swagelok
cell. The symmetric stack of NMC-garnet-NMC allowed for the measurement of the
interfacial charge transfer that was deconvoluted from other impedance responses observed in
full cells. The positive electrode was charged to 3.9V before building into the stack. 3.9V
represents approximately 50% state of charge of the cathode, and allows the examined cell to
differentiate the positive electrode charge transfer resistance from the gamnet charge transfer.
[00298] Electrical impedance spectroscopy was performed on the electrochemical
cells. The results are shown in FIG. 4. The EIS scan of a symmetric Swagelok cell allows for
facile measurement of the garnet charge transfer resistance.

[00299] FIG. 5 shows ASR results of a series of symmetric electrochemical cells were
prepared. The concentration of catholytes in the positive electrode included a series of
additives at 0.3 wt %. Certain series of test catholytes included about 50 ppm HF.

[00300] Without being bound by theory, it is believed that the major mode of ASR
growth is related to increases in the garnet surface charge transfer, as measured by impedance

spectroscopy. The TTSPi additive may mitigate a mode of ASR growth caused by surface
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fluorination of the lithium-stuffed gamet. Fluorine anions may be introduced into the lithium-
stuffed garnet by any one or more of the anionic series of PF¢” decomposition products. The
surface species on the lithium-stuffed garnet may include LiF, AlF3, or other metal fluorides
derived from the degradation of cell components and which result in high impedance, i.e.,

ASR growth.

EXAMPLE 4: SURFACE ANALYSIS OF LITHIUM-STUFFED GARNET
SEPARATORS IN ELECTROCHEMICAL CELLS WITH CATHOLYTES HAVING
OR NOT HAVING ADDITIVES

[00301] A lithium-stuffed garnet surface was soaked in an catholyte with elevated
levels of HF. The electrolyte was a solution including ECS in a ratio of 3:7 EC:Sulfolane, IM
LiPFs, and an additional 50ppm of HF. The surface showed evidence of acid etching along
grain boundaries, using both secondary electron and backscattering SEM imaging techniques.
These SEM results are shown in FIG. 6.

[00302] Without wishing to be bound by theory, this etching may be the result of a
reaction between HF and the lithium-stuffed garnet and may be responsible for the increase in
ASR observed in FIG. 2 when additives are absent and unable to suppress fluorination
reactions.

[00303] This example shows that fluorination of the surface of lithium-stuffed garnet

occurs and may result in detrimental electrochemical performance.

EXAMPLE 5: SURFACE ANALYSIS OF LITHIUM-STUFFED GARNET
SEPARATORS IN ELECTROCHEMICAL CELLS WITH CATHOLYTES HAVING
OR NOT HAVING ADDITIVES
[00304] This example shows surface analysis data for the surface chemistry layer that

formed on the lithium-stuffed garnet solid-state separators when exposed to the catholyte
solutions having additives. The Example also shows surface analysis data for the damage
done on the lithium-stuffed garnet solid-state separators when exposed to the catholyte
solutions not having additives and at high voltages.

[00305] Electrochemical cells were prepared as in Example 2 except that the cells were
assembled in pouch cells and not in Swagelok cells.

[00306] The lithium-stuffed garnet solid-state separators were removed from cycled

cell after about 20 days, in which the cells were held at 4.3V and 45 °C.
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[00307] One electrochemical cell included the TTSPi additive. The electrolyte with the
TTSPi additive was a solution of ECS in a EC:Sulfolane ratio of 45:55 vol/vol, 1.4 M LiPFe,
and 2 wt % TTSPi. This sample is shown in FIG. 7. Regions of high contrast are observed
between darker and brighter areas, which indicates differences in thickness of the chemical
layer at the garnet film interface.

[00308] Images were then collected at low incident electron beam energy of 1kV to
enhance chemical speciation of the interface. The majority of the area is bright
(corresponding to the energy-dispersive electron spectra) and contains almost no carbon or
fluorine in the surface layer. See FIGs. 8-9. Instead, the spectrum was dominated by the O,
La and Zr elements, presumably from the gamet single ion conductor. This confirms that the
interface between the liquid and solid electrolytes is very thin in the bright regions. This is
likely what allows for fast lithium conduction at this interface. The patchy dark regions are
comprised of a carbon rich layer.

[00309] One electrochemical cell did not include the TTSPi additive. This control
without additive was a solution of ECS in a EC:Sulfolane ratio of 45:55 vol/vol and 1.4 M
LiPFs. FIG. 10 shows an image of this sample. Low contrast between the darker and brighter
areas indicates a more uniform chemical composition at the film interface. Images were
collected at low incident electron beam energy of 1kV to enhance chemical speciation of the
interface. FIG. 11 shows that the film interface is uniformly rich in carbon and fluoride from
the decomposition of electrolyte salt and solvent.

[00310] In another round of experiments, lithium-stuffed gamet solid-state separators,
from newly prepared electrochemical cells following the steps in Example 2, were removed
from cycled cell after about 20 days, in which the cells were held at 4.25 V (v. Li) and 45 °C.
[00311] The catholyte did not contain any additives to protect the interface from
damage at high oxidation potential. The catholyte included 3:7 EC:Sulfolane + 1M LiPFs.
The white and dark contrast regions correspond to differences in surface layer chemistry
homogeneity. See FIG. 12. Images were collected at low incident electron beam energy of
1kV to enhance chemical speciation of the interface. See FIGs. 13-14.

[00312] In another round of experiments, lithium-stuffed gamet solid-state separators,
from newly prepared electrochemical cells following the steps in Example 2, were removed
from cycled cell after about 20 days, in which the cells were held at 4.05 V (v. Li) and 45 °C.
[00313] The catholyte did not contain any additives to protect the interface from
damage at high oxidation potential. The image does not show dramatic differences in contrast

indicating the surface chemistry layer is more homogenous than cells that were charged to
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higher oxidation potentials. See FIG. 15. Images were collected at low incident electron
beam energy of 1kV to enhance chemical speciation of the interface. See FIGs. 16-17.
[00314] The embodiments and examples described above are intended to be merely
illustrative and non-limiting. Those skilled in the art will recognize or will be able to
ascertain using no more than routine experimentation, numerous equivalents of specific
compounds, materials and procedures. All such equivalents are considered to be within the

scope and are encompassed by the appended claims.
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EMBODIMENTS

1. An electrochemical cell comprising, a positive electrode, a negative electrode,
and a solid-state electrolyte therebetween;
wherein the positive electrode comprises a catholyte comprising:

a lithium salt;

a first solvent selected from the group consisting of sulfolane,
1,3-propane sultone, sulfolene, thiophene, and
combinations thereof;

a second solvent; and

a strong Lewis acid;

wherein the -state electrolyte comprises lithium-stuffed garnet; and

wherein the negative electrode comprises lithium metal.
2. The electrochemical cell of embodiment 1, wherein the solid-state electrolyte
is a thin film.
3. The electrochemical cell of embodiments 1 or 2, wherein the solid-state
electrolyte is a sintered lithium-stuffed garnet thin film.
4, The electrochemical cell of any one of embodiments 1-3, wherein the lithium
salt is selected from the group consisting of LiPFs, lithium
bis(perfluoroethanesulfonyl)imide (LIBETT), bis(trifluoromethane)sulfonimide (LiTFSI),
LiBF4, LiAsFg, lithium bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.
5. The electrochemical cell of any one of embodiments 1-4, wherein the lithium
salt is present at a concentration of about 0.5 M to about 2.0 M.
6. The electrochemical cell of any one of embodiments 1-5, wherein the lithium
salt is present at a concentration of about 0.5 M to about 1.5 M.
7. The electrochemical cell of any one of embodiments 1-6, wherein the lithium
salt is present at a concentration of about 1.0 M to about 1.4 M.
8. The electrochemical cell of any one of embodiments 1-6, wherein the lithium
salt is present at a concentration of about 0.5 M, about 0.55 M, about 0.6 M, about 0.65
M, about 0.7 M, about 0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, or
about 1.5 M.
9. The electrochemical cell of any one of embodiments 1-8, wherein the first

solvent 1s sulfolane.
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10. The electrochemical cell of any one of embodiments 1-9, wherein the second
solvent is selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC),
propylmethyl carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl
carbonate (DEC), methyl propyl carbonate (MPC), 2,5-dioxahexanedioic acid dimethyl
ester, tetrahydrofuran (THF), y-butyrolactone (GBL), gamma butyl-lactone,
fluoroethylene carbonate (FEC), fluoromethyl ethylene carbonate (FMEC), trifluoroethyl
methyl carbonate (F-EMC), fluorinated 3-(1,1,2,2-tetrafluoroethoxy)-1,1,2,2-
tetrafluoropropane/1,1,2,2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)propane (F-EPE),
fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-ene-1,3-sultone (PES),
sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile, suberonitrile,
propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN), hexanedinitrile,
pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate, methyl
propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide (DMSO),
ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane, methyl
benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof.

11. The electrochemical cell of embodiment 10, wherein the second solvent is
selected from ethylene carbonate, dimethyl carbonate (DMC), ethyl-methyl carbonate
(EMC), propylene carbonate (PC), diethyl carbonate (DEC), fluoroethylene carbonate
(FEC), prop-1-ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN),
glutaronitrile (GLN), adiponitrile (ADN), and combinations thereof.

12. The electrochemical cell of embodiment 10 or 11, wherein the second solvent
is ethylene carbonate.

13. The electrochemical cell of any one of embodiments 1-12, wherein the
catholyte has a viscosity of less than 15 mPa-s at 20 °C.

14. The electrochemical cell of any one of embodiments 1-14, wherein the
catholyte has a water content less than 200 ppm, or less than 150 ppm, or less than 100
ppm, or less than 60 ppm, or less than 50 ppm, or less than 40 ppm, or less than 30 ppm,
or less than 20 ppm, or less than 10 ppm.

15. The electrochemical cell of any one of embodiments 1-14, wherein the
electrochemical cell further comprises a third solvent selected from a linear sulfone.

16. The electrochemical cell of embodiment 15, wherein the linear sulfone is
present at O to 15 vol %.

17. The electrochemical cell of embodiment 16, wherein the linear sulfone is

present at 5 to 10 vol %.
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18. The electrochemical cell of any one of embodiments 15-17, wherein the linear
sulfone is selected from the group consisting of ethyl methyl sulfone, dimethyl sulfone,
dibutyl sulfone, allyl methyl sulfone, ethyl sulfone, dipropyl sulfone, ethyl phenyl
sulfone, diethyl sulfate, dimethyl sulfate, and combinations thereof.

19. The electrochemical cell of embodiment 18, wherein the linear sulfone is
selected from the group consist of dibutylsulfone, dipropylsulfone, and combinations
thereof.

20. The electrochemical cell any one of embodiments 1-19, wherein sulfolane is
the solvent present in the catholyte in the largest volume percent.

21. The electrochemical cell any one of embodiments 1-12, wherein the ratio of
the second solvent to the first solvent is from 30:70 vol/vol (v/v) to 50:50 v/v.

22. The electrochemical cell any one of embodiments 1-12, wherein the ratio of
the second solvent to the first solvent is either 50:50 v/v or 45:55 v/v.

23. The electrochemical cell of embodiment 21, wherein the first solvent is
sulfolane, wherein the second solvent is EC, and wherein the ratio of EC:sulfolane is from
30:70 v/v to 50:50 v/v.

24. The electrochemical cell of embodiment 22, wherein the first solvent is
sulfolane, wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is
either 50:50 v/v or 45:55 v/v.

25. The electrochemical cell of any one of embodiments 1-24, wherein the strong
Lewis acid competitively binds with F, OH, HF, and/or H20.

26. The electrochemical cell of any one of embodiments 1-25, wherein the strong
Lewis acid competitively binds with F, OH, HF, and H:O.

27. The electrochemical cell of any one of embodiments 1-26, wherein the strong
Lewis acid competitively binds with the surface of lithium-stuffed gamet.

28. The electrochemical cell of any one of embodiments 1-27, wherein the strong
Lewis Acid binds to the surface of lithium-stuffed garnet stronger than it binds to a
lithium salt selected from the group consisting of lithium
bis(perfluoroethanesulfonyl)imide (LIBETT), bis(trifluoromethane)sulfonimide (LiTFSI),
LiBF4, LiAsFs, and lithium bis(fluorosulfonyl)imide (LiFSI).

29. The electrochemical cell of any one of embodiments 1-28, wherein the strong
Lewis acid is a F- getter from HF.

30. The electrochemical cell of any one of embodiments 1-29, wherein the strong

Lewis acid is an OH- getter from H20.
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31. The electrochemical cell of any one of embodiments 1-30, wherein the strong
Lewis acid is a trivalent phosphite, phosphate, or borate compound.

32. The electrochemical cell of any one of embodiments 1-31, wherein the strong
Lewis acid is selected from the group consisting of tris(trimethysilyl) phosphite (TTSPi),
tris(trimethysilyl) phosphate (TTSP or TTSPa), trimethoxyboroxine (CsHoB30s,
TMOBX), vinylene carbonate (VC), vinyl ethylene carbonate (VEC), methylene methane
disulfonate (MMDS), prop-1-ene-1,3 sultone (PES), fluoroethylene carbonate (FEC),
LiTFSi, LiBOB, 1,3-propane sultone (PS), succinonitrile, trimethylene sulfate (TMS),
triallyl phosphate (TAP), tris(trimethylsilyl) borate (TMSB), tris(pentafluorophenyl)
borane (TPFPB), tris(trimethylsilyl) borate, (TMSB) or tris(pentafluorophenyl)borane
(TPFPB), and combinations thereof.

33. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is
TTSPi and/or TTSP.

34, The electrochemical cell of embodiment 32, wherein the strong Lewis acid is
selected from the group consisting TTSPi and TTSP.

35. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is a

combination of TMOBX and vinylene carbonate.

36. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is
VC.
37. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is a

combination of VC and MMDS.

38. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is a
combination of VC and/or PES.

39. The electrochemical cell of embodiment 32, wherein the strong Lewis acid is a
combination of PES, MMDS, and TTSP.

40. The electrochemical cell of embodiment 32, wherein the strong Lewis acid
comprises 2 wt. % PES.

41. The electrochemical cell of embodiment 1, wherein the strong Lewis acid
comprises 1 wt % MMDS and 1 wt % TTSPi.

42, The electrochemical cell of embodiment 1, wherein the catholyte comprises
1.4 M LiPFs, 45 v/v EC, 50 v/v sulfolane, and 5 v/v dibutylsulfone.

43. The electrochemical cell of any one of embodiments 1-42, wherein the Lewis
acid is present at 0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the

salt plus solvent mixture.
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44, The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by the chemical formula LixLa3Zr2012 + yAl203,
wherein x is from 5.8 t0 7.0, and y is 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, or 1.0.

45, The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LiaLagM'cM"pZreOr, LialLasM'cM ' 'pTagOr, and LiaLagM'cM"pNbeOF, wherein
4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<14, and wherein M' and M" are each,
independently, selected from the group consisting of Al, Mo, W, Nb, Ga, Sb, Ca, Ba, Sr,
Ce, Hf, Rb, and Ta.

46. The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LiaLapnZrcAlaMe"Or wherein 5<a<7.7; 2<b<4; 0<¢<2.5; 0<d<2; 0<e<2, 10<f<14, and
wherein Me" is a metal selected from the group consisting of Nb, Ta, V., W, Mo, and Sb.
47. The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LiaLanZrcAldOs wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 10<f<14.

48. The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LixLasZr2012:0.35A1203 wherein 4<x<8.5.

49, The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LixLa3Zr2012:0.5A1203 wherein 4<x<8.5.

50. The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of
LixLasZr2012:0.65A1205 wherein 4<x<8.5.

51. The electrochemical cell of any one of embodiments 1-42, wherein the
lithium-stuffed garnet is characterized by a formula selected from the group consisting of

LixLa3Zr2012- Al2O3 wherein 4<x<8.5

52. A lithium-stuffed garnet electrolyte with a surface layer of a strong Lewis
acid.
53. A lithium-stuffed garnet solid-state electrolyte having at least one surface

passivated with a strong Lewis Acid.
54, A lithium-stuffed garnet electrolyte with a surface layer substantially as shown

in, or characterized by, any one of FIGs. 7-17.
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55. A process for making an electrochemical cell, comprising:
providing a positive electrode infiltrated with a catholyte, the catholyte
comprising:

a lithium salt;

a first solvent selected from the group consisting of sulfolane,
1,3-propane sultone, sulfolene, thiophene, and
combinations thereof;

a second solvent; and

a strong Lewis acid ;

providing a sintered lithium-stuffed garnet solid-state separator; and
contacting the sintered lithium-stuffed garnet solid-state separator to the
positive electrode.
56. The process of embodiment 55, wherein the contacting is between one side of
the sintered lithium-stuffed garnet thin film or pellet and one side of the positive
electrode.
57. The process of embodiment 55 or 56, further comprising providing a negative

electrode comprises lithium metal.

58. The process of embodiment 56, wherein the solid-state electrolyte is a thin
film.
59. The process of embodiment 56, wherein the solid-state electrolyte is a sintered

lithium-stuffed garnet thin film.

60. The process of any one of embodiments 55-59, wherein the lithium salt is
selected from the group consisting of LiPFs, lithium bis(perfluoroethanesulfonyl)imide
(LIBETI), bis(trifluoromethane)sulfonimide (LiTFSI), LiBF4, LiAsFs, lithium
bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.

61. The process of any one of embodiments 55-59, wherein the lithium salt is
present at a concentration of about 0.5 M to 2.0 M.

62. The process of any one of embodiments 55-59, wherein the lithium salt is
present at a concentration of about 0.5 M to about 1.5 M.

63. The process of any one of embodiments 55-62, wherein the lithium salt is
present at a concentration of about 1.0 M to about 1.4 M.

64. The process of any one of embodiments 55-62, wherein the lithium salt is

present at a concentration of about 0.5 M, about 0.55 M, about 0.6 M, about 0.65 M,
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about 0.7 M, about 0.75 M, about 0.8 M, about 0.85 M, about 0.9 M, about 0.95 M, or
about 1.5 M.

65. The process of any one of embodiments 55-64, wherein the first solvent is
sulfolane.
66. The process of any one of embodiments 55-65, wherein the second solvent is

selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC), propylmethyl
carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl carbonate (DEC),
methyl propyl carbonate (MPC), 2,5-dioxahexanedioic acid dimethyl ester,

tetrahy drofuran (THF), y-butyrolactone (GBL), gamma butyl-lactone, fluoroethylene
carbonate (FEC), fluoromethyl ethylene carbonate (FMEC), trifluoroethyl methyl
carbonate (F-EMC), fluorinated 3-(1,1,2,2-tetrafluoroethoxy)-1,1,2,2-
tetrafluoropropane/1,1,2,2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)propane (F-EPE),
fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-ene-1,3-sultone (PES),
sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile, suberonitrile,
propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN), hexanedinitrile,
pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate, methyl
propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide (DMSO),
ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane, methyl
benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof.

67. The process of embodiment 66, wherein the second solvent is selected from
ethylene carbonate, dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC),
propylene carbonate (PC), diethyl carbonate (DEC), fluoroethylene carbonate (FEC),
prop-1-ene-1,3-sultone (PES), sulfolane, acetonitrile (ACN), succinonitrile (SCN),
glutaronitrile (GLN), adiponitrile (ADN), and combinations thereof.

68. The process of embodiment 67, wherein the second solvent is selected from
ethylene carbonate.

69. The process of any one of embodiments 55-68, wherein the catholyte has a
viscosity of less than 15 mPa-s at 20 °C.

70. The process of any one of embodiments 55-69, wherein the catholyte has a
water content less than 200 ppm, or less than 150 ppm, or less than 100 ppm, or less than
60 ppm, or less than 50 ppm, or less than 40 ppm, or less than 30 ppm, or less than 20
ppm, or less than 10 ppm.

71. The process of any one of embodiments 55-70, wherein the process further

comprises a third solvent selected from a linear sulfone.
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72. The process of embodiment 71, wherein the linear sulfone is present at 0 to 15
vol %.
73. The process of embodiment 71 or 72, wherein the linear sulfone is present at 5

to 10 vol %.

74. The process of any one of embodiments 72-73, wherein the linear sulfone is
selected from the group consisting of ethyl methyl sulfone, dimethyl sulfone, dibutyl
sulfone, allyl methyl sulfone, ethyl sulfone, dipropyl sulfone, ethyl phenyl sulfone,
diethyl sulfate, dimethyl sulfate, and combinations thereof.

75. The process of any one of embodiments 72-74, wherein the linear sulfone is
selected from the group consist of dibutylsulfone, dipropylsulfone, and combinations
thereof.

76. The process any one of embodiments 55-75, wherein sulfolane is the solvent
present in the catholyte in the largest volume percent.

77. The process any one of embodiments 55-76, wherein the ratio of the second
solvent to the first solvent is from 30:70 v/v to 50:50 v/v.

78. The process any one of embodiments 55-75, wherein the ratio of the second
solvent to the first solvent is either 50:50 v/v/ or 45:55 v/v.

79. The process of embodiment 55-78, wherein the first solvent is sulfolane,
wherein, the second solvent is EC, and wherein the ratio of EC:sulfolane is from

30:70 v/v to 50:50 v/v.

80. The process of embodiment 79, wherein the first solvent is sulfolane, wherein,
the second solvent is EC, and wherein the ratio of EC:sulfolane is either 50:50 or 45:55
V/v.

81. The process of any one of embodiments 55-80, wherein the strong Lewis acid
competitively binds with F, OH, HF, and/or H20.

82. The process of any one of embodiments 55-81, wherein the strong Lewis acid
competitively binds with F, OH, HF, and H20.

83. The process of any one of embodiments 55-82, wherein the strong Lewis acid
competitively binds with the surface of lithium-stuffed garnet.

84. The process of any one of embodiments 55-83, wherein the strong Lewis Acid
binds to the surface of lithium-stuffed gamet stronger than it binds to a lithium salt
selected from the group consisting of lithium bis(perfluoroethanesulfonyl)imide
(LIBETI), bis(trifluoromethane)sulfonimide (LiTFSI), LiBF4, LiAsFs, and lithium
bis(fluorosulfonyl)imide (LiFSI).
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85. The process of any one of embodiments 55-84, wherein the strong Lewis acid
is a F- getter from HF.

86. The process of any one of embodiments 55-85, wherein the strong Lewis acid
is an OH- getter from H20.

87. The process of any one of embodiments 55-86, wherein the strong Lewis acid
is a trivalent phosphite, phosphate, or borate compound.

88. The process of any one of embodiments 55-87, wherein the strong Lewis acid
is selected from the group consisting of tris(trimethysilyl) phosphite (TTSP1),
tris(trimethysilyl) phosphate (TTSP), trimethoxyboroxine (C3HsB30¢, TMOBX),
vinylene carbonate (VC), vinyl ethylene carbonate (VEC), methylene methane
disulfonate (MMDS), prop-1-ene-1,3 sultone (PES), fluoroethylene carbonate (FEC),
LiTFSi, LiBOB, 1,3-propane sultone (PS), succinonitrile, trimethylene sulfate (TMS),
triallyl phosphate (TAP), tris(trimethylsilyl) borate (TMSB), tris(pentafluorophenyl)
borane (TPFPB), and combinations thereof.

89. The process of embodiment 88, wherein the strong Lewis acid is TTSPi and/or
TTSP.
90. The process of embodiment 88, wherein the strong Lewis acid is selected from

the group consisting TTSPi and TTSP.

91. The process of embodiment 87, wherein the strong Lewis acid is a
combination of TMOBX and vinylene carbonate.

92. The process of embodiment 87, wherein the strong Lewis acid is VC.
93. The process of embodiment 87, wherein the strong Lewis acid is a
combination of VC and MMDS.

94. The process of embodiment 87, wherein the strong Lewis acid is a
combination of VC and/or PES.

95. The process of embodiment 87, wherein the strong Lewis acid is a

combination of PES, MMDS, and TTSP.

96. The process of embodiment 87, wherein the strong Lewis acid comprises 2 wt.
% PES
97. The process of embodiment 55, wherein the strong Lewis acid comprises 1 wt.

% MMDS and 1 wt % TTSPi.
98. The process of embodiment 55, wherein the catholyte comprises 1.4 M LiPFe,
45 v/v EC, 50 v/v sulfolane, and 5 v/v dibutylsulfone.
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99. The process of any one of embodiments 55-95, wherein the Lewis acid is
present at 0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the salt
plus solvent mixture.

100. The process of any one of embodiments 55-95, wherein the lithium-stuffed
garnet is characterized by the chemical formula LixLasZr2012 + y Al20s, wherein x is from
581t07.0,andyis 0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, or 1.0.

101. The process of any one of embodiments 55-95, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of
LiaLagM'cM"pZreOr, LialLasM'cM ' 'pTagOr, and LiaLagM'cM"pNbeOF, wherein
4<A<8.5, 1.5<B<4, O<C<2, 0<D<2; O<E<2, 10<F<14, and wherein M' and M" are
each, independently, selected from the group consisting of Al, Mo, W, Nb, Ga, Sb, Ca,
Ba, Sr, Ce, Hf, Rb, and Ta.

102. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of
LiaLavZrcAlaMe"Or wherein 5<a<7.7; 2<b<4; 0<¢c<2.5; 0<d<2; 0<e<2, 10<f<14, and
wherein Me" is a metal selected from the group consisting of Nb, Ta, V., W, Mo, and Sb.
103. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of LiaLanZrcAlaOr
wherein 5<a<7.7; 2<b<4; 0<c<2.5; 0<d<2; 10<f<14.

104. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of
LixLa3Zr2012-0.35A1205 wherein 4<x<8.5.

105. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of
LixLa3Zr2012-0.5A1203 wherein 4<x<8.5.

106. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of
LixLa3Zr2012-0.65A1205 wherein 4<x<8.5.

107. The process of any one of embodiments 55-99, wherein the lithium-stuffed
garnet is characterized by a formula selected from the group consisting of

LixLasZr2012- Al2Os wherein 4<x<8.5.

108. The lithium-stuffed garnet electrolyte of embodiment 52 or any one of
embodiments 1-54, wherein the lithium-stuffed garnet electrolyte is in an electrochemical

cell and in contact with a positive electrode having a catholyte in the positive electrode.

70



CA 03118872 2021-05-05

WO 2020/097018 PCT/US2019/059779

109. A method of using an electrochemical cell of any one of embodiments 1-54,

comprising holding the electrochemical cell at a voltage of 3.9 V (v. Li) or greater.

110. The method of embodiment 109, wherein the voltage is less than 5V (v. Li).
111. The method of embodiment 109, further comprising charging and discharging
the electrochemical cell between 0 and 4.5 V.

112. An electrochemical cell made by the process of embodiments 55-107.

113. A rechargeable battery comprising the electrochemical cell of any one of

embodiments 1-54, or 112 or the lithium-stuffed garet electrolyte of embodiment 108.
114. An electric vehicle comprising the rechargeable battery of embodiment 113.
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What is claimed is:
1. An electrochemical cell comprising, a positive electrode, a negative electrode, and a
solid-state electrolyte therebetween;
wherein the positive electrode comprises a catholyte comprising:

a lithium salt;

a first solvent selected from the group consisting of sulfolane,
1,3-propane sultone, sulfolene, thiophene, and
combinations thereof;

a second solvent; and

a strong Lewis acid;

wherein the solid-state electrolyte comprises lithium-stuffed garnet; and

wherein the negative electrode comprises lithium metal.

2. The electrochemical cell of claim 1, wherein the solid-state electrolyte is a thin
film.
3. The electrochemical cell of claim 1 or 2, wherein the lithium salt is selected

from the group consisting of LiPFg, lithium bis(perfluoroethanesulfonyl)imide (LIBETT),
bis(trifluoromethane)sulfonimide (LiTFSI), LiBF4, LiAsFs, lithium
bis(fluorosulfonyl)imide (LiFSI), and combinations thereof.

4, The electrochemical cell of any one of claims 1-3, wherein the lithium salt is
present at a concentration of about 0.5 M to about 2.0 M.

5. The electrochemical cell of any one of claims 1-4, wherein the second solvent
is selected from dimethyl carbonate (DMC), ethyl-methyl carbonate (EMC),
propylmethyl carbonate, nitroethyl carbonate, propylene carbonate (PC), diethyl
carbonate (DEC), methyl propyl carbonate (MPC), 2,5-dioxahexanedioic acid dimethyl
ester, tetrahydrofuran (THF), y-butyrolactone (GBL), gamma butyl-lactone,
fluoroethylene carbonate (FEC), fluoromethyl ethylene carbonate (FMEC), trifluoroethyl
methyl carbonate (F-EMC), fluorinated 3-(1,1,2,2-tetrafluoroethoxy)-1,1,2,2-
tetrafluoropropane/1,1,2,2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)propane (F-EPE),
fluorinated cyclic carbonate (F-AEC), dioxolane, prop-1-ene-1,3-sultone (PES),
sulfolane, acetonitrile (ACN), succinonitrile (SCN), pimelonitrile, suberonitrile,
propionitrile, propanedinitrile, glutaronitrile (GLN), adiponitrile (ADN), hexanedinitrile,
pentanedinitrile, acetophenone, isophorone, benzonitrile, ethyl propionate, methyl

propionate, methylene methanedisulfonate, dimethyl sulfate, dimethyl sulfoxide (DMSO),

72



CA 03118872 2021-05-05

WO 2020/097018 PCT/US2019/059779

ethyl acetate, methyl butyrate, dimethyl ether (DME), diethyl ether, dioxolane, methyl
benzoate, 2-methyl-5-oxooxolane-2-carbonitrile, and combinations thereof.
6. The electrochemical cell any one of claims 1-5, wherein the ratio of the second
solvent to the first solvent is from 30:70 vol/vol to 50:50 v/v.
7. The electrochemical cell of any one of claims 1-6, wherein the strong Lewis
acid is a trivalent phosphite, phosphate, or borate compound.
8. The electrochemical cell of claim 7, wherein the strong Lewis acid is selected
from the group consisting TTSPi and TTSP.
9. The electrochemical cell of claim 1, wherein the strong Lewis acid comprises
1 wt % MMDS and 1 wt % TTSPi.
10. The electrochemical cell of claim 1, wherein the catholyte comprises 1.4 M
LiPFs, 45 v/v EC, 50 v/v sulfolane, and 5 v/v dibutylsulfone.
11. The electrochemical cell of any one of claims 1-10, wherein the strong Lewis
acid is present at 0.2 wt % to 5 wt %, where the wt % is based on the total net mass of the
salt plus solvent mixture.
12. The electrochemical cell of any one of claims 1-11, wherein the lithium-
stuffed garnet is characterized by a formula selected from the group consisting of
LisLagM'cM"pZreOF, LiaLasM'cM"pTaeOr, and LiaLagM'cM"pNbeOF, wherein
4<A<8.5, 1.5<B<4, 0<C<2, 0<D<2; 0<E<2, 10<F<14, and wherein M' and M" are each,
independently, selected from the group consisting of Al, Mo, W, Nb, Ga, Sb, Ca, Ba, Sr,
Ce, Hf, Rb, and Ta.
13. The electrochemical cell of any one of claims 1-11, wherein the lithium-
stuffed garnet is characterized by a formula selected from the group consisting of
LiaLavZrcAlaMe"Or wherein 5<a<7.7; 2<b<4; 0<¢c<2.5; 0<d<2; 0<e<2, 10<f<14, and
wherein Me" is a metal selected from the group consisting of Nb, Ta, V., W, Mo, and Sb.
14. A process for making an electrochemical cell, comprising:

providing a positive electrode infiltrated with a catholyte, the catholyte

comprising:

a lithium salt;

a first solvent selected from the group consisting of sulfolane,
1,3-propane sultone, sulfolene, thiophene, and
combinations thereof;

a second solvent; and

a strong Lewis acid;
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providing a sintered lithium-stuffed garmet solid-state separator; and
contacting the sintered lithium-stuffed garnet solid-state separator to the
positive electrode.
15. A method of using an electrochemical cell of any one of claims 1-13,

comprising holding the electrochemical cell at a voltage of 3.9 V (v. Li) or greater.

16. The method of claim 15, wherein the voltage is less than 5V (v. Li).

17. The method of claim 15, further comprising charging and discharging the
electrochemical cell between 0 and 4.5 V.

18. An electrochemical cell made by the process of claim 14.

19. A rechargeable battery comprising the electrochemical cell of any one of
claims 1-13.

20. An electric vehicle comprising the rechargeable battery of claim 19.
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