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ELECTROLYTE COMPOSITIONS FOR RECHARGEABLE METAL HALIDE BATTERY

TECHNICAL FIELD
[0001] The present invention relates generally to rechargeable batteries and, more specifically, to electrolyte
compositions for rechargeable metal halide batteries.
BACKGROUND OF THE INVENTION
[0002] Rechargeable batteries are high in demand for a wide range of applications, from small batteries for
industrial and medical devices, to larger batteries for electric vehicles and grid energy storage systems. Each
application requires a range of electrochemical properties, yet much of the today's battery performance is still
considered a limiting factor for satisfying the high standard of the customers’ needs.
[0003] There are currently two types of rechargeable batteries: batteries that run via electrochemical
intercalation/de-intercalation behavior of acting ions, such as lithium ion batteries; and batteries that run via a
conversion reaction of active electrode/electrolyte materials, such as nickel metal hydride (NiMH) batteries. The
most well-known and widely used rechargeable batteries are lithium-ion batteries that use an intercalated lithium
compound as one electrode material, which allows lithium ions to move back and forth in an electrolyte pond. NiMH
batteries use a nickel hydroxide as a positive electrode, a hydrogen-absorbing alloy as a negative electrode, and an
alkaline electrolyte (e.g., potassium hydroxide).
[0004] Lithium-ion and NiMH batteries have shortcomings that are preventing these batteries from moving
forward into a wider range of applications. These shortcomings include slow charging speeds and the high cost of
the heavy metal cathode materials required to manufacture the batteries.
SUMMARY OF THE INVENTION
[0005] The present invention overcomes the shortcomings in the art by providing a rechargeable metal halide
battery with an optimized electrolyte formulation.
[0006] In one embodiment, the present invention relates to a battery, comprising: an anode; an electrolyte; and
a cathode current collector contacting the electrolyte, wherein the electrolyte facilitates transport of ions between the
anode and the cathode current collector and wherein the electrolyte comprises: (i) a mixed-solvent comprising at

least two organic liquid compounds, wherein at least one of the organic liquid compounds is a glyme-based

compound having the chemical formula, R1O—(CR226 RZZO)n-C R1, wherein, n is an integer greater than 0, R' and

R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and the glyme-based
compound has a volume fraction between 20-70 volume % of the mixed-solvent, (i) a metal halide that functions as
an active cathode material, wherein the metal halide is dissolved in the mixed-solvent, and (iii) an oxidizing gas

dissolved in the mixed-solvent
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[0007] In an embodiment, the present invention relates to an electrolyte for a rechargeable battery comprising:

(i) a mixed-solvent comprising at least two organic liquid compounds, wherein at least one of the organic liquid

compounds is a glyme-based compound having the chemical formula, R1O-(CR22C RQQO)n'C R', wherein, nis an

integer greater than 0, R!and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or

alkylaryl, and the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent, (i) a
metal halide dissolved in the mixed-solvent, and (iii) an oxidizing gas dissolved in the mixed-solvent.

[0008] In a further embodiment, the present invention relates to a rechargeable battery, comprising: an anode;
a cathode current collector; and an electrolyte that facilitates transport of ions between the anode and the cathode
current collector, wherein the cathode current collector is in contact with the electrolyte and the electrolyte comprises:
(i) lithium iodide dissolved in a mixed-solvent, and an oxidizing gas dissolved in the mixed-solvent, wherein the

mixed-solvent comprises 1,2-dimethoxyethane and (ii) at least one additional organic compound.

[0009] In an embodiment, the anode comprises one or more alkali metals and/or one or more alkali earth
metals.

[0010] In an embodiment, the cathode current collector comprises a porous carbon material and/or a metal.
[0011] In an embodiment, the porous carbon material is selected from the group consisting of carbon cloth,

carbon nanoparticles, polymer binders, and combinations thereof.

[0012] In one aspect, the present invention relates to a method of preparing an electrolyte for a metal halide
rechargeable battery, the method comprising: dissolving a metal halide in a mixed-solvent solution; and introducing
an oxidizing gas into the mixed-solvent solution, wherein the mixed-solvent solution comprises at least two organic
liquid compounds, wherein at least one of the at least two organic liquid compounds is a glyme-based compound
having the chemical formula, R1O-(CRZZC RZQO)n-C R1, wherein, n is an integer greater than 0, R'and R? are
independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and the glyme-based compound
has a volume fraction between 20-70 volume % of the mixed-solvent solution.

[0013] In another aspect, the present invention relates to a method of fabricating a metal halide rechargeable
battery, the method comprising: dissolving a metal halide in a mixed-solvent solution to form an electrolyte solution;
forming a soaked separator by soaking a separator in the electrolyte solution; forming a stack comprising an anode,
the soaked separator, and a cathode current collector, wherein the soaked separator is placed between the anode
and the cathode current collector, the cathode current collector is in contact with the electrolyte, and the electrolyte
facilitates transport of ions between the anode and the cathode current collector; introducing an oxidizing gas into the

stack, wherein the mixed-solvent solution comprises at least two organic liquid compounds, wherein at least one of

the at least two organic liquid compounds is a glyme-based compound having the chemical formula, R1O-(CR220

RZQO)n—C R1, wherein, n is an integer greater than 0, R'and R? are independently substituted or unsubstituted alky,
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alkenyl, alkynyl, aryl, or alkylaryl, and the glyme-based compound has a volume fraction between 20-70 volume % of
the mixed-solvent solution.

[0014] In a further aspect, the present invention relates to a method of preparing an electrolyte for a metal
halide rechargeable battery, the method comprising: mixing a metal halide, an oxidizing gas, and ingredients of a
mixed-solvent solution, wherein the mixed-solvent solution comprises at least two organic liquid compounds, wherein

at least one of the at least two organic liquid compounds is a glyme-based compound having the chemical formula,
R’ O-(CRQQC RZQO)n—C R1, wherein, n is an integer greater than 0, R'and R? are independently substituted or

unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and the glyme-based compound has a volume fraction between
20-70 volume % of the mixed-solvent solution.

[0015] In another aspect, the present invention relates to a method of fabricating a metal halide rechargeable
battery, the method comprising: mixing a metal halide, an oxidizing gas, and ingredients of a mixed-solvent solution
to form an electrolyte solution; forming a soaked separator by soaking a separator in the electrolyte solution; forming
a stack comprising an anode, the soaked separator, and a cathode current collector, wherein the soaked separator is
placed between the anode and the cathode current collector, the cathode current collector is placed in contact with
the electrolyte solution, and the metal halide acts as an active cathode material; wherein the mixed-solvent solution

comprises at least two organic liquid compounds, wherein at least one of the at least two organic liquid compounds is

a glyme-based compound having the chemical formula, R1O-(CR22C RZQO)n—C R!, wherein, n is an integer greater

than 0, R' and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and the
glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent solution.

[0016] In other embodiments and aspects, each R and each R? are independently selected from the group
consisting of a C1-Cqg linear alkyl, a C3-C1g branched alkyl, a C3-C1g cydlic alkyl, a Cp-Cqg linear alkenyl, a Cz-C1g
branched alkenyl, a C3-C1o cyclic alkenyl, and a Cs-C1g aryl.

[0017] In further embodiments and aspects, each R' and each R? are independently selected from the group
consisting of a C1-C1g linear alkyl halide, a C3-C1q branched alkyl halide, a C3-C1g cyclic halide alkyl group, a Co-Cqg
linear alkenyl halide group, a C3-C1g branched alkenyl halide group, a C3-C1g cyclic alkenyl halide group, and a
Cs-Cp aryl halide group.

[0018] In other embodiments and aspects, each R and each R? are independently selected from the group
consisting of an X4-X1q linear alkyl, an X3-X1¢ branched alkyl, a X3-X1g cyclic alkyl, a Xo-X1g linear alkenyl, a X3-X1o

branched alkenyl, a X3-X1g cyclic alkenyl, and a X5-X19 aryl, wherein each X is a carbon, a nitrogen, an oxygen, or a

silicon atom.
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[0019] In further embodiments and aspects, at least one hydrogen atom of the linear, branched, or cyclic alkyl,
alkenyl, and aryl R andlor R? groups is substituted with a halogen atom.

[0020] In other embodiments and aspects, at least one carbon atom of the linear, branched, or cyclic alkyl,
alkenyl, and aryl R" andlor R? groups is replaced with a nitrogen, an oxygen, or a silicon atom.

[0021] In further embodiments and aspects, the glyme-based compound is 1,2-dimethoxyethane.

[0022] In other embodiments and aspects, the metal halide is lithium iodide.

[0023] In further embodiments and aspects, the mixed-solvent/organic compound comprises a nitrile compound
and/or a heterocyclic compound.

[0024] In other embodiments and aspects, the nitrile is methoxyproprionitrile and/or ethylene glycol
bis(propionitrile).

[0025] In further embodiments and aspects, the heterocyclic compound is 1,3-dioxolane.

[0026] In other embodiments and aspects, the electrolyte further comprises an additional lithium salt selected

from the group consisting of lithium nitrate (LINO3), lithium fluoride (LiF), lithium bis(trifluoromethanesulfonyl)imide
(LITFSI; LiCoFeNO4Sy), lithium trifluoromethanesulfonate (LICF3SOz), lithium hexafluorophosphate (LiPFeg), lithium

hexafluoroarsenate (LiAsFg), lithium perchlorate (LiClO4), and lithium tetrafluoroborate (LiBFa4).

[0027] In further embodiments and aspects, the oxidizing gas is selected from the group consisting of oxygen,
air, nitric oxide, nitrogen dioxide, and mixtures and combinations thereof.

[0028] In other embodiments and aspects, the metal halide is dissolved in the mixed-solvent at a cathode loading
amount of > 25 mg/cm2 (metal halide/cathode surface area).

[0029] In further embodiments and aspects, the metal halide is dissolved in the mixed-solvent at a cathode loading
amount of 24-31 mg/cm2 (metal halide/cathode surface area).

[0030] In other embodiments and aspects, the metal halide is dissolved in the mixed-solvent at a cathode loading
amount of at least 28 mg/om2 (metal halide/cathode surface area).

[0031] In further embodiments and aspects, the metal halide is dissolved in the mixed-solvent at a cathode loading
amount of at least 31 mg/om2 (metal halide/cathode surface area).

[0032] Additional aspects and embodiments of the invention will be provided, without limitation, in the detailed
description of the invention that is set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0033] FIG. 1 is a graph showing the volume fraction working range and best performance range for the metal

halide battery electrolyte glyme-based solvent described herein against metal halide loading concentration.
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[0034] FIG. 2A and 2B plot performance of metal halide battery cells with different volume fractions of 1,2-
dimethoxyethane (DME) and methoxypropionitrile (MPN) at a lithium-iodide (Lil) loading of ~10 mg/cmz. FIG. 2Ais a

graph showing charge-discharge profiles at a current density of 5 mAlem?, and FIG. 2B is a column chart displaying

discharge specific capacities against the DME volume fraction shown in FIG. 2A.

[0035] FIGS. 3A and 3B plot performance of metal halide battery cells with different volume fractions of DME
and MPN at an Lil loading of ~37 mg/cmz. FIG. 3A is a graph showing charge-discharge profiles at a current density

of 1 mA/em? and FIG. 3B is a column chart displaying discharge specific capacities against the DME volume fraction

shown in FIG. 3A.
[0036] FIG. 4 is a graph showing normalized capacities of various volume fractions of DME against various Lil
loadings.

[0037] FIGS. 5A and 5B plot performance of metal halide battery cells with an Lil loading of ~10 mg/cm2 ata

current density of 5 mA/cm’. FIG. 5A s a graph showing cycle life variation with different volume fractions of

ethylene glycol bis(propionitrile) (EGBP) solvent in 0.5 volume fraction of glyme-based compound mixed electrolyte.
FIG. 5B is a graph showing cycle life comparison of MPN: DME (50:50 in volume) alone and MPN:DME (50:50 in
volume) containing 10% EGBP by volume.

[0038] FIG. 6 is a graph showing cycle life variation with different volume fractions of DME with 1,3-dioxolane
(DOL) at a Lil loading of ~10 mg/c;m2 and a current density of 3 mA/om?,

DETAILED DESCRIPTION OF THE INVENTION
[0039] Set forth below is a description of what are currently believed to be preferred aspects and/or
embodiments of the claimed invention. Any alternates or modifications in function, purpose, or structure are intended
to be covered by the appended claims. As used in this specification and the appended claims, the singular forms “a,”
“an,” and “the” include plural referents unless the context clearly dictates otherwise. The terms “comprise,”
“comprised,” “comprises,” and/or “comprising,” as used in the specification and appended claims, specify the
presence of the expressly recited components, elements, features, and/or steps, but do not preclude the presence or
addition of one or more other components, elements, features, and/or steps.
[0040] As used herein, the term “anode” refers to the negative or reducing electrode of a battery cell that
releases electrons to an external circuit and oxidizes during an electrochemical process.
[0041] As used herein, the term “cathode” refers to the positive or oxidizing electrode of a battery cell that
acquires electrons from the external circuit and is reduced during the electrochemical process.
[0042] As used herein, the term “electrolyte” refers to a material that provides ion transport between the anode

and cathode of a battery cell. An electrolyte acts as a catalyst for battery conductivity through its interaction with the



WO 2021/219319 PCT/EP2021/058446

anode and the cathode. Upon battery charging, an electrolyte promotes the movement of ions from the cathode to
the anode and on discharge, the electrolyte promotes the movement of ions from the anode to the cathode.

[0043] As used herein, the term “oxidizing gas” refers to a gas that induces a reduction-oxidation (redox)
reaction in a redox battery. Examples of oxidizing gases include, without limitation, oxygen, air, nitric oxide, nitrogen
dioxide, and mixtures and combinations thereof. As is known to those of skill in the art, a redox reaction is a reaction
that transfers electrons between (i) a reducing agent that undergoes oxidation through the loss of electrons and (ii)
an oxidizing agent that undergoes reduction through the gain of electrons. A redox battery is a rechargeable
electrochemical cell where chemical energy is provided by two electrolytes separated by an ion-exchange
membrane. In operation, ion exchange, accompanied by a flow of electric current, occurs through the ion-exchange
membrane while the electrolytes circulate in their respective spaces.

[0044] As used herein, the term “metal halide” refers to a compound having a metal and a halogen. The
metals of metal halides may be any metal in Groups 1 to 16 of the periodic chart but will typically be Group 1 alkali
metals. The halides of the metal halides will be any halogen in Group 17 of the periodic chart. One metal halide
used in the rechargeable batteries described herein is “lithium-iodide” or “Lil,” which is a lithium and iodine compound
that is used as a cathode material and dissolved in electrolyte.

[0045] As used herein, the term “glyme” refers to a glycol ether class of solvents that do not carry free hydroxyl

groups. Due to their lack of functional groups, glyme solvents are chemically inert and aprotic (lacking H

atoms/incapable of H-bonding) polar solvents. Glymes have the general chemical formula; R1O-(CRZZC RZQO)n-C

R'. Examples of glyme solvents include, without limitations, 1,2-dimethoxyethane (DME), 1,2-diethoxyethane, 2-
methoxyethyl ether (diglyme), 1,2-Bis(2-methoxyethoxy)ethane (triglyme), and Bis[2-(2-methoxyethoxy)ethyl] ether
(tetraglyme). Glymes are less volatile and less toxic than most organic solvents used in traditional battery
manufacturing processes.

[0046] As used herein, the term “nitrile” refers to an organic chemical that contains at least one cyano
functional group in which the carbon and nitrogen atoms have a triple bond, i.e., C=N". Examples of nitriles include,

without limitation, acetonitrile, acrylonitrile, propionitrile, methoxyacetonitrile, methoxypropionitrile (MPN),
propylnitrile, cyclopentanecarnonitrile, 4-cyancbenzaldehyde, and ethylene glycol bis(propionitrile) (EGBP). Like
glymes, nitriles are chemically inert, aprotic polar solvents.

[0047] As used herein, the term “heterocyclic compounds’ is used in its traditional sense to refer to a ring-
structured chemical compound that has at least two different elements as members of its ring. As is known to those
of skill in the art, the list of heterocyclic compounds is too extensive to list; thus, for purposes of this disclosure, the
following list provides three examples of saturated and unsaturated heterocyclic compounds having nitrogen, oxygen,
and sulfur as heteroatoms. It is understood that this list of heterocyclic compounds is intended to be exemplary and

not limiting. Examples of saturated 3-atom rings include, without limitation, aziridine, oxirane, and thiirane.
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Examples of unsaturated 3-atom rings include, without limitation, azirine, oxirene, and thiireen. Examples of
saturated 4-atom rings include, without limitation, azetidine, oxetane, and thietane. Examples of unsaturated 4-atom
rings include, without limitation, azete, oxete, and thiete. Examples of saturated 5-atom rings include, without
limitation, pyrrolidine, oxolane, and thiolane. Examples of unsaturated 5-atom rings include, without limitation,
pyrrole, furan, and thiophene. Examples of saturated 6-atom rings include, without limitation, piperidine, oxane, and
thiane. Examples of unsaturated 6-atom rings include, without limitation, pyridine, pyran, and thiopyran. Examples
of saturated 7-atom rings include, without limitation, azepane, oxepane, and thiepane. Examples of unsaturated 7-
atom rings include, without limitation, azepine, oxepine, and thiepine. Examples of saturated 8-atom rings include,
without limitation, azocane, oxocane, and thiocane. Examples of unsaturated 8-atom rings include, without limitation,
azocine, oxocine, and thiocine. Examples of saturated 9-atom rings include, without limitation, azonane, oxonane,
and thionane. Examples of unsaturated 9-atom rings include, without limitation, azonine, oxonine, and thionine.
[0048] Metal halide batteries are redox batteries that use metal halide as a cathode in the presence of an
oxidizing gas. Unlike lithium-ion and NiMH batteries, metal halide batteries are not manufactured with heavy metals;
thus, metal halide batteries have potentially lower manufacturing costs than traditional lithium ion or NiMH batteries.
In order to be suitable replacements for lithium-ion and NiMH batteries, metal halide batteries require optimization.
[0049] Described herein is a rechargeable battery comprising an anode, an electrolyte, and a metal halide
cathode current collector contacting the electrolyte, wherein the electrolyte comprises (i) a mixed-solvent comprising
at least two different organic liquid compounds, wherein at least one of the organic liquid compounds is a glyme-
based compound having the chemical formula of R1O-(CR22C R220)n—C R' nisan integer greater than 0, R!and R?
are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and the volume fraction of the
glyme-based compound is between 20 and 70 volume % of the total mixed-solvent, (i) a metal halide that functions
as an active cathode material, wherein the metal halide is dissolved in the mixed-solvent, and (iii) an oxidizing gas
also dissolved in the mixed-solvent.

[0050] In one embodiment, the metal halide is dissolved in the mixed-solvent prior to the introduction of the
oxidizing gas. In another embodiment, the metal halide and the oxidizing gas are introduced together into the mixed-
solvent. In a further embodiment, the mixed-solvent solution is mixed ahead of time and added to the metal halide
and oxidizing gas to form the electrolyte solution. In another embodiment, the individual ingredients of the mixed-
solvent solution are added, in no particular order or sequence, with the metal halide, or the metal halide and the

oxidizing gas, to form the electrolyte solution.

[0051] In another embodiment, each individual R' and R? of the glyme-based compound is independently
selected from the group consisting of a C1-C1g linear alkyl, a C3-C1g branched alkyl, a C3-C1g cydlic alkyl, a Co-C1o

linear alkenyl, a C3-C1g branched alkenyl, a C3-C1g cydlic alkenyl, and a Cs-C1g aryl group.
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[0052] In a further embodiment, the alkyl, alkenyl, and/or aryl group of the R"and Ry of the glyme-based
compound is substituted with a halogen atom. Each R'and each R? may thus be independently selected from the
group consisting of a C1-C1g linear alkyl halide, a C3-C1g branched alkyl halide, a C3-C1g cyclic halide alkyl group, a
C2-Cp linear alkenyl halide group, a C3-C1g branched alkenyl halide group, a C3-C1q cyclic alkenyl halide group, and
a Cs-Cqg aryl halide group.

[0053] In another embodiment, some or all of the carbon atoms of the alkyl, the alkenyl, and/or the aryl of the

R' and R? of the glyme-based compound is replaced by an element selected from the group consisting of a nitrogen
atom, an oxygen atom, and a silicon atom. Each R' and each R? may thus be independently selected from the
group consisting of an X1-X1g linear alkyl, an X3-X1o branched alkyl, a X3-X19 cyclic alkyl, a Xo-X1g linear alkenyl, a
X3-X10 branched alkenyl, a X3-X19 cyclic alkenyl, and a X5-X1g aryl, wherein each X is a carbon, a nitrogen, an

oxygen, or a silicon atom.

[0054] The addition of a glyme-based solvent to an electrolyte solution improves the performance of metal
halide batteries within a volume fraction range. The amount of the glyme-based solvent to be added to an electrolyte
solution is approximately 20% to approximately 70% of the total volume of the solution. The remaining 20-70%
volume of the solution is the metal halide (e.g., Lil in solid form) and one or more additional solvents forming a mixed-
solvent electrolyte solution. Such additional solvents include, without limitation, nitriles and/or heterocyclic
compounds. Example 1 describes a general procedure for fabrication of a metal halide battery cell using lithium-
iodide (Lil) as an active cathode material, carbon nanoparticle as a conductive additive to the cathode, a lithium metal
foil anode, a glyme-based solvent, a nitrile-based solvent, and a heterocyclic compound.

[0055] Metal halides that may be used to prepare the electrolyte formulations described herein include any
metal halide that comprises a salt that dissociates into: (i) an ion selected from the group consisting of I', Br', CI', and
F": and (ii) an ion selected from the group consisting of Li*, Mg®*, AI**, and Na.

[0056] In one embodiment, the active cathode material may comprise one or more of Li, Mg, Al, and Na. Solely
for purposes of illustration, and without intending to be limiting, the metal halide, Lil, will be described herein as an

exemplary metal halide for the active cathode material.

[0057] In another embodiment, the electrolyte may include one or more lithium salts (in addition to Lil).

Examples of such additional lithium salts include, without limitation, lithium nitrate (LINO3), lithium fluoride (LiF),
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI; LiCoFsNO4Sy), lithium trifluoromethanesulfonate (LICF3SO3),
lithium hexafluorophosphate (LiPFg), lithium hexafluoroarsenate (LiAsFs), lithium perchlorate (LiCIO4), and lithium

tetrafluoroborate (LiBF4).
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[0058] Oxidizing gases that may be used for the electrolyte include, without limitation, oxygen, air, nitric oxide,
nitrogen dioxide, and mixtures and combinations thereof,

[0059] Examples of materials that may be used for the anodes of the rechargeable batteries described herein
include, without limitation, one or more alkali metals and/or one or more alkali earth metals.

[0060] Examples of materials that may be used for the cathode current collectors of the rechargeable batteries
include, without limitation, porous carbon materials and compatible metals. Examples of porous carbon materials
include, without limitation, carbon cloth, carbon nanoparticles, polymer binders, and combinations thereof. Examples
of compatible metals include, without limitation, stainless steel, copper, nickel, titanium, aluminum, and combinations
and alloys thereof.

[0061] As will be appreciated by those of skill in the art, the batteries described herein will be manufactured for
sale in a cell package. Examples of such cell packages include, without limitation, pouch cells, cylindrical cells,
prismatic cells, coin cells, and SWAGELOK® cells (Swagelok Company, Solon, OH, USA).

[0062] The working range and performance of metal halide batteries manufactured with glyme-based
electrolytes depend upon the amount of metal halide loaded in the cell. Where the metal halide battery has an
optimal amount of both Lil loading and glyme-based solvent, the resulting metal halide battery has a high capacity at
fast charging rates. InFIG. 1, at an Lil loading between approximately 8-12 mg/om2, the battery operates with a

glyme-based electrolyte (e.g., DME:MPN; Example 2) at a volume fraction between 0.0 to 0.7. Within this Lil loading

and electrolyte volume fraction, the metal halide battery shows best performance at an Lil loading of ~10 mg/om2 and

an electrolyte volume fraction of ~0.5. By contrast, at an Lil loading between approximately 35-38 mg/cmz, the

battery operates with a mixed-solvent glyme-based electrolyte at a volume fraction between 0.25-0.4. Within this Lil

loading and electrolyte volume fraction, the metal halide battery shows best performance at an Lil loading of ~37
mg/cm2 and an electrolyte volume fraction of ~ 0.3.

[0063] Example 2 describes the procedure for preparing glyme-based mixed-solvent electrolyte solutions with
low Lil loading of ~10 mg/om2, DME as the glyme, and MPN as the nitrile. Several electrolyte solutions were

prepared with the following seven volume ratios of DME:MPN: 90:1, 80:20, 70:30, 50:50, 30:70, 10:90, and 0:100.

FIGS. 2A and 2B show the performance of the different volume fractions on the metal halide battery at the ~10
mg/cm2 Lil loading. FIG. 2A shows the charge-discharge profiles of the battery at a current density of 5 mA/em?, and

FIG. 2B shows the discharge specific capacities of the battery versus the DME volume fraction. FIGS. 2A and 2B

show that of the seven different mixed-solvent electrolyte solutions, the DME:MPN 50:50 electrolyte solution
demonstrated the highest specific capacity of 1.65 mAh/cm?.

[0064] Example 3 repeats the experiment of Example 2, but with a high Lil loading of ~37 mg/cm2 and the
following slightly different volume ratios of DME:MPN in the electrolyte solution: 50:50, 40:60, 30:70, 20:80, 10:90,
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and 0:100. FIGS. 3A and 3B show the performance of the different volume fractions on the metal halide battery at
the ~37 mg/cm2 Lil loading. FIG. 3A shows the charge-discharge profiles of the battery at a current density of 1

mA/em? and FIG. 3B shows the discharge specific capacities of the battery versus the DME volume fraction. FIGS.
3A and 3B show that of the six different mixed-solvent electrolyte solutions, the DME:MPN 30:70 electrolyte solution
demonstrated the highest specific capacity of 10.6 mAh/em?. In Example 4, the performance of a metal halide
battery was tested with different volume fractions of DME:MPN (from 0:100 to 90:10 in steps of 10) and five different
Lil loadings (10, 18, 24, 31, and 27 mA-hr/cmz). FIG. 4 plots the various volume fractions of the glyme-based
solvent, DME, against the various Lil loadings. FIG. 4 shows that the discharge capacities and voltaic efficiencies of

the battery vary depending upon the DME volume fraction. For example, at an Lil loading of ~10 mg/cmz, the
normalized discharge capacities are between ~ 75-100% (i.e., greater than 1 mAh/ch) from O to 0.8 volume fraction
of DME at a current density of 5 mAlom?, with a highest value at 0.5 volume fraction of DME (i.e., 1.6 mAh/omQ). As

shown in FIG. 4, 25 mg/cm2 is the loading limit of the metal halide in the absence of the glyme-based additive
described herein. With the addition of the glyme-based additive, the effective cathode loading of the metal

halide/cathode surface area increases to > 25 mg/cmz. In one embodiment, the cathode loading of the metal
halide/cathode surface area is in the range of 24-31 mg/cmz. In a further embodiment, the cathode loading of the
metal halide/cathode surface area is in the range of at least 28 mg/cmz. In another embodiment, the cathode loading

of the metal halide/cathode surface area is 31 mg/omQ.

[0063] Examples 2, 3, and 4 show that at higher loadings of Lil, the performance of a metal halide battery may
suffer from increased shuttling behavior during charge resulting in reduced specific discharge capacities. The
reduced capacity of a metal halide battery, however, can be improved by adjusting the composition of the solvents in
the electrolyte. For example, the cycle life of the rechargeable metal halide battery described herein may be
improved by including a nitrile or heterocyclic compound in the mixed-solvent electrolyte.

[0066] Example 5 describes the addition of the ethereal dinitrile, ethylene glycol bis(propionitrile) (EGBP) to a
glyme-based electrolyte solution. As shown in FIG. 5A, the addition of EGBP to a glyme-based electrolyte solution
comprising DME and MPN improves the cycle life of a metal halide battery. In FIG. 5A, the cycle life improvement
was observed within the range of 6.5% to 12.5% volume fraction of the EGBP, with the highest value of ~100% cycle
life improvement seen at 10% volume fraction of EGBP. FIG. 5B shows that the inclusion of EGBP to the glyme-
based electrolyte doubles the cycle number of a metal halide battery without causing a significant reduction in the

specific capacity of the battery. In FIG. 5B, the specific capacity of the electrolyte solution with the EGBP showed a

reduction of ~ 0.2 mAh/cm? in the specific capacity of the metal halide battery cell at an Lil loading of ~10 mg/cm2
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and a current density of 5 mAlcm?. While the electrolyte solution without the EGBP had a higher overall specific

gravity (~1.3 mAh/cm2), the cycle life of the metal halide battery stopped at approximately 200, versus over 400 with

the inclusion of the EGBP.
[0067] Example 6 describes the addition of the heterocyclic compound, 1,3-dioxolane (DOL) to a glyme-based
electrolyte solution. As shown in FIG. 6, the addition of DOL to a DME electrolyte solution results in increased
capacity retention over an electrolyte solution of just DME alone.
[0068] The descriptions of the various aspects and/or embodiments of the present invention have been
presented for purposes of illustration, but are not intended to be exhaustive or limited to the embodiments disclosed.
Many modifications and variations will be apparent to those of ordinary skill in the art without departing from the
scope and spirit of the described embodiments. The terminology used herein was chosen to best explain the
principles of the embodiments, the practical application or technical improvement over technologies found in the
marketplace, or to enable others of ordinary skill in the art to understand the aspects and/or embodiments disclosed
herein.
EXPERIMENTAL
[0069] The following examples are set forth to provide those of ordinary skill in the art with a complete
disclosure of how to make and use the aspects and/or embodiments of the invention as set forth herein. While
efforts have been made to ensure accuracy with respect to variables such as amounts, temperature, etc.,
experimental error and deviations should be taken into account. Unless indicated otherwise, parts are parts by
weight, temperature is degrees centigrade, and pressure is at or near atmospheric. All components were obtained
commercially unless otherwise indicated.
EXAMPLE 1
GENERAL PROCEDURE FOR CELL FABRICATION

[0070] Lil was used as the active cathode material for cell fabrication. The Lil was placed in a vial and dried
on a hot plate inside an argon filled glovebox (< 0.1 ppm H20, Oy) at 120 °C for over 12 hours. A glyme-based

compound, a nitrile-based compound, and a heterocyclic compound were stored in separate vials with 20 mg of
molecular sieve (4 A) overnight. Next, mixed-solvent electrolyte solutions were prepared with the following
compounds in volume ratios of 90:10, 80:20, 70:30, 5050, 30:70, and 10:90: (i) the glyme-based compound and the
nitrile-based compound, and separately, (i) the glyme-based compound and the heterocyclic compound. Each
mixed-solvent electrolyte solution was used to soak a quartz filter separator on top of the lithium metal anode.
Carbon nanoparticle was used as a conductive additive to cathode materials. Lil was dissolved in the mixed-solvent
electrolyte solution. All cell assembly was carried out in a glovebox. A lithium metal foil anode, the electrolyte wetted

separator, and the carbon cathode were placed in order within a Swagelok-type cell equipped with both inlet and
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outlet tubing for oxygen flow. Oxygen gas was introduced from the inlet tubing, purged, and completely replaced the
argon gas inside the cell.
EXAMPLE 2
CAPACITY VARIATION WITH DIFFERENT VOLUME FRACTIONS OF GLYME-BASED SOLVENT IN
ELECTROLYTE SOLUTION AT RELATIVELY LOW LOADING OF Lil (~10 mglem?)

[0071] Performance of a metal halide battery with a lithium metal anode, a carbon cathode, and a mixed-
solvent electrolyte solution of Lil dissolved in DME and MPN was tested with different volume fractions of DME and
MPN in the electrolyte solution. The following seven DME:MPN volume ratios were used to measure specific
capacities (mAh/ch) of the battery cell normalized by the electrode area: 90:10, 80:20, 70:30, 50:50, 30:70, 10:90,
0:100. The carbon nanoparticle to Lil weight ratio was fixed at 30:70 and the amount of Lil loaded as part of the

cathode materials was fixed at ~10 + 1 mg/omz, Among the seven different DME:MPN volume ratios, the 50:50
volume ratio showed the best specific capacity of 1.65 mAh/em? at a current density of 5 mAlom? (FIGS. 2A and 2B).

Current density was calculated based on an applied current of 2.5 mA and an electrode area of 0.5 cm? (with both
anode and cathode having the same area).
EXAMPLE 3
CAPACITY VARIATION WITH DIFFERENT VOLUME FRACTIONS OF GLYME-BASED SOLVENT IN

ELECTROLYTE SOLUTION AT RELATIVELY HIGH LOADING OF Lil (~37 mg/om?)
[0072] Performance of a metal halide battery with a lithium metal anode, a carbon cathode, and a mixed-
solvent electrolyte solution of Lil dissolved in DME and MPN was tested with different volume fractions of DME and
MPN in the electrolyte solution. The following six DME:MPN volume ratios were used to measure the specific
capacities (mAh/omz) of the battery cell normalized by the electrode area: 50:50, 40:60, 30:70, 20:80, 10:90, 0:100.

The carbon nanoparticle to Lil weight ratio was fixed at 30:70, and the amount of Lil loaded as part of the cathode

materials was fixed at ~37 + 3 mg/cmz. Among the six different DME:MPN volume ratios, the 30:70 volume ratio

showed the best specific capacity of 10.6 mAh/cm? at a current density of 1 mA/om’ (FIGS. 3A and 3B).
EXAMPLE 4
NORMALIZED CAPACITY VARIATION WITH DIFFERENT VOLUME FRACTIONS OF GLYME-BASED SOLVENT
IN ELECTROLYTE SOLUTION AT DIFFERENT Lil LOADINGS

[0073] Performance of a metal halide battery with a lithium metal anode, a carbon cathode, and a mixed-
solvent electrolyte solution of Lil dissolved in DME and MPN was tested with different volume fractions of DME and
MPN and different dissolved Lil concentrations in the DME and MPN mixed-solvent electrolyte solution. Batteries
with ten different DME:MPN ratios between 0:100 and 90:10 were tested at five different Lil loadings (10, 18, 24, 31,
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and 37 mg/cmz). Within each loading, capacity data were normalized to the capacity of the best performing volume
ratio (FIG. 4). Across all tested Lil loadings, the best performing DME:MPN volume ratio was between 70:30 and
20:80.
EXAMPLE 5
CYCLE LIFE VARIATION WITH AN ELECTROLYTE SOLUTION HAVING DIFFERENT VOLUME FRACTIONS OF
GLYME-BASED SOLVENT AND ETHEREAL DINITRILE
[0074] Performance of a metal halide battery with a lithium metal anode, a carbon cathode, and a mixed-
solvent electrolyte solution of Lil dissolved in DME, MPN and different volume fractions of the ethereal dinitrile,
ethylene glycol bis(propionitrile) (EGBP) was tested. The following EGBP volume percentages in 1:1 DME:MPN
were used to measure the cycle life of the battery cell: 0%, 2.5% 5%, 7.5%, 10%, 12.5%, and 15%. The amount of
Lil loaded was fixed at ~20+1 mg/cmz. Among the different volume ratios of the DME:MPN:EGBP mixed-solvent
electrolyte solution, the 45:45:10 volume ratio (the 0.1 EGBP volume fraction) showed the best cycle life behavior
with the highest capacity retention over 450 cycles (FIG. 5A.), which represented an increase of nearly 100%
compared to the 1:1 DME:MPN alone (FIG. 5B.)
EXAMPLE 6
CYCLE LIFE VARIATION WITH AN ELECTROLYTE SOLUTION HAVING
DIFFERENT VOLUME FRACTIONS OF GLYME-BASED SOLVENT AND HETEROCYCLIC COMPOUND

[0075] A metal halide battery with a lithium metal anode, a carbon cathode, and a mixed-solvent electrolyte
solution of Lil dissolved in DME and the heterocyclic compound, 1,3-dioxolane (DOL), was tested with different
volume fraction of DME and DOL in the electrolyte solution. The following three DME:DOL volume ratios were used
to measure the specific capacities (mAh/cmZ) of the battery cell normalized by the electrode area: 80:20, 50:50, and
30:70. The carbon nanoparticle to Lil weight ratio was fixed at 30:70, and the amount of Lil loaded as part of the
cathode materials was fixed at ~10+1 mg/ch. Among the three different volume ratios of the DME:DOL mixed-

solvent electrolyte solution, the 50:50 volume ratio (the 0.5 DME volume fraction) showed the best cycle life behavior

with the highest capacity retention over 500 cycles (FIG. 6).
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CLAIMS

1. A battery, comprising:

an anode;

an electrolyte; and

a cathode current collector contacting the electrolyte, wherein the electrolyte facilitates transport of ions
between the anode and the cathode current collector,

wherein the electrolyte comprises:

(i) a mixed-solvent comprising at least two organic liquid compounds, wherein at least one of the organic liquid
compounds is a glyme-based compound having the chemical formula, R1O-(CR220 Rzgo)n—C R!, wherein,

n is an integer greater than 0,

R'and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent,
(i) a metal halide that functions as an active cathode material, wherein the metal halide is dissolved in the
mixed-solvent, and

(iii) an oxidizing gas dissolved in the mixed-solvent.

2. The battery of claim 1, wherein each R' and each R? are independently selected from the group consisting
of a C4-Cqg linear alkyl, a C3-C4q branched alkyl, a C3-C1g cydlic alkyl, a Co-C1g linear alkenyl, a C3-C4q branched

alkenyl, a C3-Cqq cyclic alkenyl, and a Cs-C1g aryl.

3. The battery of claim 2, wherein at least one hydrogen atom of the linear, branched, or cydlic alkyl, alkenyl,

and aryl R andlor R? groups is substituted with a halogen atom.

4, The battery of claim 2, wherein at least one carbon atom of the linear, branched, or cyclic alkyl, alkenyl, and

aryl R andlor R? groups is replaced with a nitrogen, an oxygen, or a silicon atom.

5. The battery of claim 1, wherein the glyme-based compound is 1,2-dimethoxyethane.

6. The battery of claim 1, wherein the metal halide is lithium iodide.
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7. The battery of claim 1, wherein the mixed-solvent comprises a nitrile compound.

8. The battery of claim 7, wherein the nitrile is methoxyproprionitrile and/or ethylene glycol bis(propionitrile).
9. The battery of claim 1, wherein the mixed-solvent comprises a heterocyclic compound.

10. The battery of claim 9, wherein the heterocyclic compound is 1,3-dioxolane.

1. The battery of claim 1, wherein the electrolyte further comprises:

(iv) an additional lithium salt selected from the group consisting of lithium nitrate (LINO3), lithium fluoride (LiF),

lithium bis(trifluoromethanesulfonyl)imide (LITFSI; LiC2FsNO4Sy), lithium trifluoromethanesulfonate (LICF3SO3),
lithium hexafluorophosphate (LiPFg), lithium hexafluoroarsenate (LiAsFg), lithium perchlorate (LiCIO4), and lithium

tetrafluoroborate (LiBF4).

12, The battery of claim 1, wherein the anode comprises one or more alkali metals and/or one or more alkali
earth metals.

13. The battery of claim 1, wherein the cathode current collector comprises a porous carbon material and/or a
metal.

14, The battery of claim 1, wherein the porous carbon material is selected from the group consisting of carbon

cloth, carbon nanoparticles, polymer binders, and combinations thereof.

15. The battery of claim 1, wherein the oxidizing gas is selected from the group consisting of oxygen, air, nitric

oxide, nitrogen dioxide, and mixtures and combinations thereof.

16. The battery of claim 1, wherein the metal halide is dissolved in the mixed-solvent at a cathode loading

amount of > 25 mg/cm2 (metal halide/cathode surface area).

17. The battery of claim 1, wherein the metal halide is dissolved in the mixed-solvent at a cathode loading

amount of 24-31 mg/cm2 (metal halide/cathode surface area).

18. The battery of claim 1, wherein the metal halide is dissolved in the mixed-solvent at a cathode loading

amount of at least 28 mg/cm2 (metal halide/cathode surface area).
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19. The battery of claim 1, wherein the metal halide is dissolved in the mixed-solvent at a cathode loading

amount of at least 31 mg/cm2 (metal halide/cathode surface area).

20. An electrolyte for a rechargeable battery comprising:

(i) a mixed-solvent comprising at least two organic liquid compounds, wherein at least one of the organic liquid
compounds is a glyme-based compound having the chemical formula, R1O-(CR220 R220)n'C R', wherein,

n is an integer greater than 0,

R'and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent,

(ii) a metal halide dissolved in the mixed-solvent, and
(iii) an oxidizing gas dissolved in the mixed-solvent.
21 The electrolyte of claim 20, wherein each R and each R? are independently selected from the group

consisting of a C1-C1g linear alkyl, a C3-C1g branched alkyl, a C3-C1g cyclic alkyl, a C2-Cqg linear alkenyl, a C3-C1p

branched alkenyl, a C3-C1g cyclic alkenyl, and a Cs-C1g aryl.

22, The electrolyte of claim 20, wherein each R and each R? are independently selected from the group
consisting of a C1-C1g linear alkyl halide, a C3-C1g branched alkyl halide, a C3-C1g cyclic halide alkyl group, a Co-C1g
linear alkenyl halide group, a Cs-C1g branched alkenyl halide group, a C3-C1g cyclic alkenyl halide group, and a

Cs-Cqp aryl halide group.

23. The electrolyte of claim 20, wherein each R"and each R? are independently selected from the group
consisting of an X1-X1g linear alkyl, an X3-X1g branched alkyl, a X3-X1g cydlic alkyl, a Xo-X1q linear alkenyl, a X3-X1o
branched alkenyl, a X3-X1¢ cyclic alkenyl, and a Xs-X1o aryl, wherein each X is a carbon, a nitrogen, an oxygen, or a

silicon atom.

24, The electrolyte of claim 20, wherein the mixed-solvent comprises a nitrile compound and/or a heterocyclic

compound.

25, The electrolyte of claim 20, further comprising:
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(iv) a lithium salt selected from the group consisting of lithium nitrate (LINO3), lithium fluoride (LiF), lithium
bis(trifluoromethanesulfonyl)imide (LITFSI; LiC2FsNO4Sy), lithium trifluoromethanesulfonate (LICF3SOg), lithium
hexafluorophosphate (LiPFs), lithium hexafluoroarsenate (LiAsFs), lithium perchlorate (LiCIO4), and lithium

tetrafluoroborate (LiBF4).

26. The electrolyte of claim 20, wherein the oxidizing gas is selected from the group consisting of oxygen, air,

nitric oxide, nitrogen dioxide, and mixtures and combinations thereof.

27. A rechargeable battery, comprising:

an anode;

a cathode current collector; and

an electrolyte that facilitates transport of ions between the anode and the cathode current collector, wherein
the cathode current collector is in contact with the electrolyte and the electrolyte comprises: (i) lithium iodide
dissolved in a mixed-solvent and (ii) an oxidizing gas dissolved in the mixed-solvent, wherein the mixed-solvent

comprises 1,2-dimethoxyethane and at least one additional organic compound.

28. The rechargeable battery of claim 27, wherein the at least one additional organic compound is a nitrile

compound and/or a heterocyclic compound.

29, The rechargeable battery of claim 27, wherein the electrolyte comprises an additional lithium salt selected

from the group consisting of lithium nitrate (LINO3), lithium fluoride (LiF), lithium bis(trifluoromethanesulfonyl)imide
(LITFSI; LiCoFeNO4Sy), lithium trifluoromethanesulfonate (LICF3SOz), lithium hexafluorophosphate (LiPFeg), lithium

hexafluoroarsenate (LiAsFg), lithium perchlorate (LiClO4), and lithium tetrafluoroborate (LiBFa4).

30. The rechargeable battery of claim 27, wherein the anode comprises one or more alkali metals and/or one or

more alkali earth metals.

31 The rechargeable battery of claim 27, wherein the cathode current collector comprises a porous carbon

material and/or a metal.

32. The rechargeable battery of claim 27, wherein the oxidizing gas is selected from the group consisting of

oxygen, air, nitric oxide, nitrogen dioxide, and mixtures and combinations thereof.
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33. The rechargeable battery of claim 27, wherein the lithium iodide is dissolved in the mixed-solvent at a

cathode loading amount of > 25 mg/cm2 (lithium iodide/cathode surface area).

34, The rechargeable battery of claim 27, wherein the lithium iodide is dissolved in the mixed-solvent at a

cathode loading amount of 24-31 mg/cm:2 (lithium iodide/cathode surface area).

35. The rechargeable battery of claim 27, wherein the lithium iodide is dissolved in the mixed-solvent at a

cathode loading amount of at least 28 mglcm2 (lithium iodide/cathode surface area).

36. The rechargeable battery of claim 27, wherein the lithium iodide is dissolved in the mixed-solvent at a

cathode loading amount of at least 31 mg/c;m2 (lithium iodide/cathode surface area).

37. A method of preparing an electrolyte for a metal halide rechargeable battery, the method comprising:
dissolving a metal halide in a mixed-solvent solution; and
introducing an oxidizing gas into the mixed-solvent solution,

wherein the mixed-solvent solution comprises at least two organic liquid compounds, wherein at least one of
the at least two organic liquid compounds is a glyme-based compound having the chemical formula, R1O-(CR220
R?0)n-C R!, wherein,
n is an integer greater than 0,
R'and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent solution.

38. The method of claim 37, wherein each R' and each R? are independently selected from the group
consisting of a C1-C1g linear alkyl, a C3-C1g branched alkyl, a C3-C1g cyclic alkyl, a Co-Cqg linear alkenyl, a C3-C1g

branched alkenyl, a C3-C1g cydlic alkenyl, and a Cs-C1g aryl.

39. The method of claim 37, wherein at least one hydrogen atom of the linear, branched, or cyclic alkyl, alkenyl,

and aryl R' andlor R? groups is substituted with a halogen atom.

40. The method of claim 37, wherein at least one carbon atom of the linear, branched, or cyclic alkyl, alkenyl,

and aryl R' andlor R? groups is replaced with a nitrogen, an oxygen, or a silicon atom.
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41, The method of claim 37, wherein the mixed-solvent solution comprises a nitrile compound and/or a

heterocyclic compound.

42. A method of fabricating a metal halide rechargeable battery, the method comprising:

dissolving a metal halide in a mixed-solvent solution to form an electrolyte solution;

forming a soaked separator by soaking a separator in the electrolyte solution;

forming a stack comprising an anode, the soaked separator, and a cathode current collector, wherein the
soaked separator is placed between the anode and the cathode current collector, the cathode current collector is
placed in contact with the electrolyte solution, and the metal halide acts as an active cathode material;
introducing an oxidizing gas into the stack,

wherein the mixed-solvent solution comprises at least two organic liquid compounds, wherein at least one of
the at least two organic liquid compounds is a glyme-based compound having the chemical formula, R1O-(CR220
R%0),-C R!, wherein,
n is an integer greater than 0,
R'and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent solution.

43, The method of claim 42, wherein each R' and each R? are independently selected from the group
consisting of a C1-C1g linear alkyl, a C3-C1g branched alkyl, a C3-C1g cyclic alkyl, a Co-Cqg linear alkenyl, a C3-C1g

branched alkenyl, a C3-C1g cydlic alkenyl, and a Cs-C1g aryl.

44, The method of claim 42, wherein at least one hydrogen atom of the linear, branched, or cyclic alkyl, alkenyl,

and aryl R' andlor R? groups is substituted with a halogen atom.

45, The method of claim 42, wherein at least one carbon atom of the linear, branched, or cydlic alkyl, alkenyl,

and aryl R' and/or R? groups is replaced with a nitrogen, an oxygen, or a silicon atom.

46. The method of claim 42, wherein the mixed-solvent solution comprises a nitrile compound and/or a

heterocyclic compound.

47. The method of claim 42, wherein the metal halide is dissolved in the mixed-solvent solution at a cathode

loading amount of > 25 mg/om2 (metal halide/cathode surface area).
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48, The method of claim 42, wherein the metal halide is dissolved in the mixed-solvent solution at a cathode

loading amount of 24-31 mg/c:m2 (metal halide/cathode surface area).

49, The method of claim 42, wherein the metal halide is dissolved in the mixed-solvent solution at a cathode

loading amount of at least 28 mg/cm2 (metal halide/cathode surface area).

50. The method of claim 42, wherein the metal halide is dissolved in the mixed-solvent solution at a cathode

loading amount of at least 31 mg/cm2 (metal halide/cathode surface area).

51. A method of preparing an electrolyte for a metal halide rechargeable battery, the method comprising:
combining a metal halide, an oxidizing gas, and ingredients of a mixed-solvent solution, wherein the mixed-

solvent solution comprises at least two organic liquid compounds, wherein at least one of the at least two organic
liquid compounds is a glyme-based compound having the chemical formula, R1O—(CR220 Rzgo)n—C R!, wherein,
n is an integer greater than 0,

R'and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent solution.

52. A method of fabricating a metal halide rechargeable battery, the method comprising:

forming an electrolyte solution comprising a metal halide, an oxidizing gas, and ingredients of a mixed-
solvent solution;

forming a soaked separator by soaking a separator in the electrolyte solution; and

forming a stack comprising an anode, the soaked separator, and a cathode current collector, wherein the
soaked separator is placed between the anode and the cathode current collector, the cathode current collector is
placed in contact with the electrolyte solution, and the metal halide acts as an active cathode material;

wherein the mixed-solvent solution comprises at least two organic liquid compounds, wherein at least one of the at
least two organic liquid compounds is a glyme-based compound having the chemical formula, R1O—(CR220 R22O)n-C
R1, wherein,

n is an integer greater than 0,

R' and R? are independently substituted or unsubstituted alky, alkenyl, alkynyl, aryl, or alkylaryl, and

the glyme-based compound has a volume fraction between 20-70 volume % of the mixed-solvent solution.
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