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CHEMICAL FORMULATIONS FOR
ELECTROCHEMICAL DEVICE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority as a continuation
of PCT/US2019/032414 filed on May 15, 2019 which
claims the benefit of priority to U.S. Provisional Application
No. 62/673,752, filed May 18, 2018, and U.S. Provisional
Application No. 62/749,046, filed Oct. 22, 2018, each of
which are hereby incorporated by reference 1n their entirety.

This application 1s also related to PCT/US14/066015 filed
on Nov. 17, 2014, U.S. application Ser. No. 15/036,763 filed
on May 13, 2016, PCT/US17/29821 filed on Apr. 27, 2017,
U.S. application Ser. No. 16/305,034 filed on Nov. 28, 2018,
PCT/US2019/032413 filed on May 135, 2019, U.S. Provi-
sional Application No. 62/673,792, filed May 18, 2018, and
U.S. Provisional Application No. 61/972,101, filed Mar. 28,
2014, and U.S. Provisional Application No. 61/905,057,
filed Nov. 15, 2013. The contents of each of these applica-
tions are hereby incorporated by reference in their entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED R&D

This invention was made with U.S. government support
under grant 1721646 awarded by the U.S. National Science
Foundation (NSF) and under contract NNX17CP67P

awarded by the National Aeronautics and Space Adminis-
tration (NASA). The U.S. government has certain rights in
the 1nvention.

FIELD OF THE INVENTION

Embodiments of the invention relate to compositions and
chemical formulations of electrolytes for use in electro-
chemical energy devices, such as batteries and electrochemi-
cal capacitors. Devices using the compositions and methods
of use of the compositions are also provided.

BACKGROUND

Electrochemical energy storage devices, such as batteries
and double layer capacitors, utilize an 1onic conducting
clectrolyte solution to carry charge between positive and
negative electrodes. Typically, these electrolytes are a liquid
at a standard room temperature of 20° C. and standard
pressure (approximately 1.01325 bar). The electrolyte solu-
tions use a mixture of some amount of solvent and salt and
additional components, or additives, for improved electro-
chemical stability of the device. Common component addi-
tives 1include wvinyl carbonate, fluoroethylene carbonate,
lithium bis(oxalato)borate among others. Such additives
help 1n surface modification of electrodes, safety aspects or
in other useful ways. Solubility of salts 1s generally a
function of the primary solvent, rather than additives.

SUMMARY

Embodiments of the present disclosure relate to chemical
formulations, electrolyte compositions, electrochemical
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2

devices using thereof, and methods of use thereof. Some
disclosed embodiments relate to novel formulations for
clectrolytes comprising a liquefied gas solvent.

One embodiment relates to a rechargeable electrochemi-
cal device that includes: an 10nically conducting electrolyte
comprising a liquefied gas solvent and one or more addi-
tives; a housing enclosing the 1onmically conducting electro-
lyte and structured to provide a pressurized condition to the
liquetied gas solvent; and at least two conducting electrodes
in contact with the 1onically conducting electrolyte.

In some embodiments, the liquefied gas solvent 1s capable
ol being placed under a compressive pressure equal to, or
greater than, the liquefied gas solvent’s vapor pressure at a
room temperature when the compressive pressure 1s applied,
thereby keeping the liquefied gas solvent 1n a liquid phase.
In some embodiments, the liquefied gas solvent has a vapor
pressure above an atmospheric pressure of 100 kPa at a room
temperature of 293.15 K.

In some embodiments, the liquefied gas solvent comprises
one or more materials selected from the group consisting of
fluoromethane, difluoromethane, sulfuryl fluoride, sulturyl
chloride, carbon dioxide, 1,1-difluoroethane, chlorometh-
ane, and a combination thereotf. In some embodiments, the
liquetied gas solvent comprises fluoromethane and carbon
dioxide. In some embodiments, the liquefied gas solvent
comprises fluoromethane and sulfuryl fluoride. In some
embodiments, the liquefied gas solvent comprises fluo-
romethane and difluoromethane. In some embodiments, the
liquefied gas solvent comprises ftluoromethane, difluo-
romethane, and carbon dioxide. In some embodiments, the
liquefied gas solvent comprises fluoromethane, sulfuryl
fluoride, and carbon dioxide. In some embodiments, the
ratio of sulfuryl fluoride to fluoromethane 1s lower than 1:9.
In some embodiments, the ratio of sulturyl fluoride to carbon
dioxide 1s about 1:1.

In some embodiments, the one or more gas, liquid, or
solid additives are selected from the group consisting of
non-cyclic carbonate, cyclic carbonate, non-cyclic ether,
cyclic ether, nitrile, and a combination thereof. In some
embodiments, the one or more additives comprises acetoni-
trile. In some embodiments, the one or more additives
comprises tetrahydrofuran. In some embodiments, the one or
more additives comprises dimethyl ether.

In some embodiments, the rechargeable electrochemical
device further comprises one or more lithium salts. In some
embodiments, the molar ratio of the one or more additives
and one or more lithium salts 1s 1n the range from about 0.01
to about 10.

Another embodiment relates to a rechargeable lithium
battery. The rechargeable lithium battery may include an
ionically conducting electrolyte. The ionically conducting
clectrolyte may comprise a liquefied gas solvent. In some
embodiments, the ionically conducting electrolyte may fur-
ther comprise one or more gas, liquid, or solid additives,
selected from the group consisting of non-cyclic carbonate,
cyclic carbonate, non-cyclic ether, cyclic ether, nitrile, and
combinations thereof. In some embodiments, the recharge-
able lithtum battery may also include a housing that encloses
two conducting electrodes and the 1onically conducting
clectrolyte. In some embodiments, the liquefied gas solvent
has a vapor pressure above an atmospheric pressure of 100
kPa at a room temperature of 293.15 K. In some such
embodiments, the liquefied gas solvent may be capable of
being placed under a compressive pressure equal to, or
greater than, the liquefied gas solvent’s vapor pressure at
room temperature when the compressive pressure 1s applied,
thereby keeping the liquefied gas solvent in a liquid phase.
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Alternative or additional embodiments described herein
provide an electrolyte composition comprising one or more
of the features of the foregoing description or of any
description elsewhere herein.

Alternative or additional embodiments described herein
provide a device comprising one or more of the features of
the foregoing description or of any description elsewhere
herein.

Alternative or additional embodiments described herein
provide a method of using the electrolyte composition or
device comprising one or more ol the features of the
foregoing description or of any description elsewhere
herein.

Additional aspects, alternatives and variations as would
be apparent to persons of skill in the art are also disclosed
herein and are specifically contemplated as included as part
of the mnvention. The invention 1s set forth only 1n the claims
as allowed by the patent oflice 1n this or related applications,
and the following summary descriptions of certain examples
are not 1 any way to limit, define or otherwise establish the
scope of legal protection.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a high-pressure window cell containing a
mixture of 0.3 M LiTFSI (lithtum bis(trifluoromethanesulio-
nyljimide) salt in a fluoromethane liquefied gas solvent.
FIG. 1 illustrates that majority of salt 1s non-dissolved nside
this solution of liquefied gas electrolyte.

FIG. 2 shows a high-pressure window cell containing a
mixture of 0.3 M L1TFSI salt and 0.3 M tetrahydrofuran in
a fluoromethane liquefied gas solvent. FIG. 2 illustrates that
the majority of salt 1s well-dissolved 1nside this solution of
liquetied gas electrolyte.

FI1G. 3 illustrates conductivities as a function of tempera-
ture for an electrolyte solution of LiTFSI and tetrahydro-
furan 1 equal molar concentration of 0.1 M, 0.2 M and 0.4
M 1n fluoromethane liquefied gas electrolyte.

FI1G. 4 1llustrates charge-discharge profile of an NMC622
cathode at various charge voltages using an electrolyte
composed of 1 M Li1TFSI and 1 M dimethyl ether 1n 9 parts
fluoromethane and 1 part carbon dioxide.

FI1G. 5 illustrates cell discharge performance of a carbon
and sulfur cathode with lithium metal anode using 1 M
L1TFSI and 0.9 M acetronitrile in 19 parts by volume
fluoromethane and 1 part by volume carbon dioxide.

FIG. 6 compares Coulombic efliciency of a cell using
conventional electrolyte (upper panel) with a cell using an
clectrolyte composed of 0.3M L1TFSI and 0.3M tetrahydro-
furan 1 19 parts by volume fluoromethane and 1 part by
volume carbon dioxide (bottom panel). Each of the cells was
composed of a lithium metal counter electrode and a stain-
less steel working electrode.

FI1G. 7 1llustrates charge and discharge characteristics of
a cell using a lithtum metal anode and graphite cathode using
an electrolyte composed of 0.3M LiTFSI and 0.3M tetra-
hydrofuran 1n 19 parts by volume fluoromethane and 1 part
by volume carbon dioxide.

FIG. 8 illustrates solvation 1n exemplary solvent without
an additive.

FI1G. 9 illustrates solvation in an exemplary solvent with
equal molar concentration additive to salt.

FIG. 10 compares vapor pressures of various sulfuryl
halide or thionyl halide liquefied gas electrolytes.
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FIG. 11 shows a high-pressure window cell containing a
mixture of 0.1 M LiTFSI salt in liquefied gas solvents. The

majority of salt was well-dissolved 1nside this solution of
liquetied gas electrolyte.

FIG. 12 illustrates electrolyte conductivities of two types
of liquefied gas electrolyte and of a liquid SOCI2 based
clectrolyte.

FIG. 13 illustrates cell discharge performance of a carbon
cathode with lithium metal anode using 0.5 M LiTFSI and
fluoromethane and SO2F2.

FIG. 14 shows a high-pressure window cell containing a
mixture of 0.5 M LiTFSI salt in several liquefied gas
solvents. The majority of salt was well-dissolved 1nside this
solution of liquefied gas electrolyte.

FIG. 15 illustrates cell discharge performance of a carbon
cathode with lithium metal anode using 0.5 M LiTFSI and
fluoromethane, SO2F2 and CO2

FIG. 16 illustrates computational observations of the
electron athnities of SO2F2, SO2CI12, and SO2CI2.

FIG. 17 illustrates additional catholyte work using lique-
fied gas co-solvents with thionyl halides such as SOF2 and
SOCI2.

DETAILED DESCRIPTION

Reference 1s made herein to some specific examples of the
present mvention, including any best modes contemplated
by the inventor for carrying out the imnvention. Examples of
these specific embodiments are 1llustrated in the accompa-
nying figures. While the imnvention 1s described 1n conjunc-
tion with these specific embodiments, it will be understood
that 1t 1s not intended to limit the invention to the described
or 1llustrated embodiments. To the contrary, 1t 1s intended to
cover alternatives, modifications, and equivalents as may be
included within the spirit and scope of the invention, as
defined by the appended claims.

In the following description, numerous specific details are
set forth 1n order to provide a thorough understanding of the
present imvention. Particular example embodiments of the
present invention may be implemented without some or all
of these specific details. In other instances, process opera-
tions well known to persons of skill in the art have not been
described 1n detail in order not to obscure unnecessarily the
present invention. Various techniques and mechanisms of
the present invention will sometimes be described 1n singu-
lar form for clanty. However, 1t should be noted that some
embodiments include multiple 1terations of a technique or
multiple mechanisms unless noted otherwise. Similarly,
various steps of the methods shown and described herein are
not necessarily performed 1n the order indicated, or per-
formed at all 1n certain embodiments. Accordingly, some
implementations of the methods discussed heremn may
include more or fewer steps than those shown or described.
Further, the techniques and mechanisms of the present
invention will sometimes describe a connection, relationship
or communication between two or more entities. It should be
noted that a connection or relationship between entities does
not necessarily mean a direct, unimpeded connection, as a
variety of other entities or processes may reside or occur
between any two entities. Consequently, an indicated con-
nection does not necessarily mean a direct, ummpeded
connection, unless otherwise noted.

One embodiment 1s an electrochemical device comprising,
an 1onically conducting electrolyte and having one or more
additives. The 1onically conducting electrolyte may com-
prise one or more salts. The one or more additives may be
liquid, solid, or gas at standard room temperature of +20° C.
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and standard pressure (approximately 1.01325 bar). The one
or more salts may be liquid, solid, or gas at standard room
temperature of +20° C. and standard pressure (approxi-
mately 1.01325 bar).

The 1onically conducing electrolyte of the preceding
paragraph may also comprise a solution of one or more
solvents. The one or more solvents may be selected from the
group consisting of liquefied gas solvents, liquid solvents, or
solid solvents. One of skill 1n the art will understand the term
“solid solvent” as referring to a solvent that 1s solid at room
temperature and can form a liquid solution when mixed with
other liquid or liquids. In some embodiments, the solution of
one or more solvents may be a solution of one or more
liquetied gas solvents. Each liquefied gas solvent solution 1s
in a liquid-only phase, or in a combined gas-and-liquid
phase at standard room temperature of +20° C. and standard
pressure (approximately 1.01325 bar) while 1nside a
mechanically rigid container housing the electrolyte.
Because of the nature of the high vapor pressure electrolyte,
some liquid component of the electrolyte may turn to a vapor
component 1f the volume within the electrolyte housing
allows. One or more liquid components may mix with one
Oor more vapor components in equal or unequal ratio 1 both
liquid and vapor states. This ratio of mixing may occur at
any temperature or pressure. While any single component of
liquefied gas solvents may have a vapor pressure above an
atmospheric pressure at room temperature, the mixture of
any number of liquefied gas solvents, any number of addi-
tives, any number of solvents, and any number of salts may
also lower the vapor pressure of the full solution to below an
atmospheric pressure at room temperature. The solution of
one or more liquefied gas solvents may have a vapor
pressure above or below an atmospheric pressure at room
temperature.

The 1onically conducing electrolyte may further comprise
one or more additives (or additive components). The one or
more additive components may be liqud, solid, or gas at
standard room temperature of +20° C. and standard pressure
(approximately 1.01325 bar). In one embodiment, the addi-
tive comprises tetrahydrofuran in equal molar ratio to the
salt 1n a liquefied gas solvent solution such as fluoromethane
with a LiTFSI salt.

Some such embodiments of electrochemical device may
turther comprise a housing, enclosing the 1onically conduct-
ing electrolyte and structured to provide a pressurized con-
dition to the one or more salts and the solution of one or
more solvents, such as liquefied gas solvents, and a pair of
clectrodes 1n contact with the ionically conducting electro-
lyte.

In some embodiments, the 1onically conducting electro-
lyte may comprise lithium bis(trifluoromethanesulifonyl)im-
ide salt. Such an 10nically conducting electrolyte may com-
prise a solution of one or more liquefied gas solvents,
comprising fluoromethane, difluoromethane, carbon diox-
ide, sulturyl fluoride, or a combination thereof. In some such
embodiments, the 1onically conducting electrolyte may com-
prise one or more additives selected from the group con-
s1sting of tetrahydrofuran, acetonitrile, dimethyl ether, dime-
thoxyethane, and combinations thereof. In some
embodiments, the electrochemical device 1s an electro-
chemical energy storage device as described in PCT/
US2014/066015 and PCT/US2017/029821, which are incor-
porated by reference 1n their entireties. In some
embodiments the electrochemical device 1s a rechargeable
battery, ultracapacitor, or supercapacitor. The rechargeable
battery may be a lithium 1on battery or a lithium metal
battery.
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One of skill 1n the art will understand that the terms “one
or more salts,” “one or more solvents” (including “liquefied
gas solvents” and “liquid solvents”), and *“‘one or more
additives,” as used herein in connection with “the 1onically
conducting electrolytes,” refer to one or a plurality of
clectrolyte components.

In some embodiments, the 1onically conducting electro-
lyte can be composed of solvents and salts, wherein the
solvents further comprise only materials which are gaseous
under standard conditions. In some embodiments, the mate-
rials included fluoromethane, difluoromethane and carbon
dioxide. In some embodiments, additional additives are used
that provide a beneficial use as 1t relates to improved salt
solubility and other device performance i1n solution.
Embodiments relate to material additives, which increase
the solubility and other device performance of an electrolyte
salt component. For instance, without such additives, the
solubility of the salt may be limited. However, with such
additives 1included 1n the device, solubility and performance
are 1ncreased as related to electrolyte conductivity, efli-
ciency, and temperature performance. Here, additives may
be treated as an additional component to the overall solvent
solution.

Salt solubility 1s primarily a function of the binding
energy between positively and negatively charged iomns,
binding energy between positively charged i1ons and the
solvent, and binding energy between negatively charged
ions and the solvent. These binding energies are a function
of temperature and particular 1ons and solvents 1n solution.
When binding energy between positively and negatively
charged 1ons 1s low compared to binding energy between
ions and solvent molecules, the salt has higher solubility
within the solvent. This 1s due to the solvent’s ability to
cllectively separate the positively and negatively charged
ions and overcome their respective coulombic attraction,
which allows 10ons to solubilize 1 solution without coming
into contact with oppositely charged 1ons in solution. When
binding energy between positively and negatively charged
ions 1s high compared to binding energy between 1ons and
solvent molecules, the salt has lower solubility within the
solvent. This 1s due to the solvents inability to effectively
separate the positively and negatively charged 1ons to over-
come their respective coulombic attraction, which results 1n
positive and negative 1ons coming into contact and separat-
ing out of solution, lowering overall solubility.

FIG. 8 demonstrates a situation where the binding energy
between salt ions 1s larger than that between i1ons and
solvent. In this example, solvent molecule 1 i1s generally
attracted to positive 1on 3, and so several solvent molecules
1 will form a solvation shell around positive 1ion 3. Binding
energy of the negative 1on and the solvent 1n this example 1s
considered to be low, and therefore neglected here. In this
example, four solvent molecules surround the 10on in the
immediate solvation shell. However, the binding energy
between positive 1on 3 and all the solvent molecules 1n the
solvent shell 1s comparatively low to the binding energy
between positive 1on 3 and negative 1on 4. The bindings
between these molecules are represented by a solid line for
binding between positive 1on 3 and solvent 1, and by a
dashed line for binding between positive 1ion 3 and negative
ion 4. In this example, the summation of all binding energies
with the solvent on a single positive 1on represented by solid
lines, 1s comparably lower than the binding energy between
positive 1on 2 and negative 1on 4, represented by the dashed
line. This allows the 1ons to stay 1n contact and lowers the
solubility of the salt 1n solution.
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FIG. 9 demonstrates a situation where the binding energy
between salt 1ons 1s smaller than that between ions and
solvent. In this example, solvent molecule 1 i1s generally
attracted to positive 1on 3, and so several solvent molecules
1 will form a solvation shell around positive ion 3. Binding
energy of the negative 1on and the solvent 1n this example 1s
considered to be low, and therefore neglected here. In this
example, the solvent solution 1s composed of an additional
additive 5 1n equal molar quantity as the salt. This additive
has a higher binding energy with the positive 1on 3 than does
the other solvent molecule 1. The binding between solvent
1 and positive 1on 3 1s represented by a solid line, whereas
binding between additive 5 and positive 1on 1 1s represented
by long dash line 2. In this example, three solvent molecules
1 and one additive solvent molecule 5 will surround the
positive 1on. Again, the solvation shell 1s composed of four
solvent molecules total around a single positive 1on 3;
however, now the solvent shell 1s composed of two diflerent
types of molecules. Now, the binding energy between the
positive 1on 3 and all the solvent molecules 1n the solvent
shell 1s comparatively high relative to the binding energy
between the positive 1on 3 and the negative ion 4. In this
example, the summation of all binding energies with the
solvent on a single positive 10on represented by solid lines
and long dashed lines 1s comparably higher than the binding
energy between positive 1on 2 and negative 1on 4, repre-
sented by the dashed line. This allows for increased sepa-
ration between 1ons and higher solubility of the salt into
solution.

Temperature has an influence on the binding energy of
various materials and so solubility may increase or decrease
with temperature. Further, although average binding ener-
gies of the 1ons comprising a salt may be higher or lower
than average binding energies between 1ons and solvent
molecules, random statistical fluctuations due to kinetic
movement ol molecules or alignment of molecules will
generally show some minor solubility of components 1n
solutions that are generally considered 1nsoluble and gener-
ally show some minor salt precipitation in solutions that are
generally considered soluble.

Frequently, 1on aggregates are formed. This 1s when two
or more 1ons of same or differing charge come into contact
and form a stable particle 1n solution. For example, two
positively charged 1ons and a single negatively charged
aggregate may for a single larger positively charged 1on.
Further, a single 1on may have double or triple charge, such
as often seen with magnesium or aluminum 1ons. While they
are composed of larger aggregates, these 1ons are often still
soluble 1n solution and may contribute to electrolytic con-
ductivity of the electrolyte solution.

One example of a salt with moderate solubility would be
an electrolyte comprised of LiTFSI salt 1n fluoromethane
and carbon dioxide solvent solution, which 1s a liquefied gas
clectrolyte. Since the binding energy of the solvent to the
ions 1s comparably low to the binding energy of the L1 cation
and the TFSI anion, the L1TFSI salt has limited solubility 1n
the solvent.

The present disclosure provides materials that may
improve the solubility of such salts 1n liquetied gas electro-
lytes to improve performance of the device such as increas-
ing conductivity or electrolyte to allow for higher power
devices. Further, these additives may increase other perfor-
mance metrics such as operation temperature or voltage or
high energy electrode materials such as the lithium metal
anode. One example discloses the use of tetrahydrofuran as
an additive 1n equal molar ratio to the salt 1n a liquefied gas
solvent solution such as fluoromethane with LiTFSI salt.
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The use of tetrahydrofuran increases the binding energy
between the solvent solution and the salt 1ons as compared
to a solution of only fluoromethane solution. This increased
binding energy increases separation ol the negatively
charged TFSI anions and the positively charged L1 cations,
thus improving solubility of the salt into the solvent solution.
The increased number of 1on carriers in the solution
improves performance over a range ol temperatures and on
high-energy electrodes, such as the lithium metal anode. The
additives may also form preferred electrode-electrolyte
interfaces (solid electrolyte interface) with either the anode
or cathode. These interfaces may be preferable due to the
characteristics of a thinner interface or higher conduction or
more stability over several cycles.

The above example uses equal molar concentration of
additive and salt, though this 1s not a requirement. Additive
concentration may be higher or lower than the concentration
of the salt. Further, a combination of additives or salts may
be used 1n any respective molar ratios. One advantage to
limiting the additive concentration to less than or equal to
the molar ratio of the salt 1s mmproved electrochemical
stability of the additive. It has been shown in the literature
that electrolyte solutions with high concentrations of salts
show 1ncreased electrochemical stability. This 1s because
most or all solvent molecules are strongly bound to a salt
ion. This binding to a salt ion decreases the chemical
reactivity of the solvent with the electrodes which causes
decomposition. Generally, a free solvent molecule which 1s
not bound to a salt 1on will show decreased electrochemical
stability. In one aspect of the present invention, an additive
such as tetrahydrofuran 1s used 1n equal molar concentration
with L1TFSI 1in fluoromethane. Since fluoromethane 1s a
solvent with excellent electrochemaical stability, the tetrahy-
drofuran 1s the most likely component to first undergo
decomposition at an electrode surface. However, since the
tetrahydrofuran 1s 1n equal molar concentration with the salt,
nearly all tetrahydrofuran molecules are bound to the salt
component at all times. Much like the mentioned electrolyte
solutions with high concentration of salt, the tetrahydro-
furan-in-fluoromethane-based electrolyte behaves as 1t 1t 1s
in a highly concentrated electrolyte since all tetrahydroturan
molecules are coordinated with or bound to a salt 10on, thus
lowering decomposition reactions with the electrodes and
improving electrochemical stability. This results 1n a sur-
prisingly stable electrolyte formulation, which resists both
oxidation reactions at the cathode and reduction reactions at
the anode.

Sometimes a mixture of one solvent and one additive with
a salt will form a soluble and miscible solution. However,
sometimes the addition of another solvent or additive causes
the solution to separate and become non-miscible. An
example of this would be the mixture of 0.3M LiTFSI and
0.3M tetrahydrotfuran 1n liquefied gas fluoromethane, which
shows good miscibility and solubility for all components.
However, a mixture of 0.3M Li1TFSI and 0.3M tetrahydro-
furan 1n a solution of two parts by volume fluoromethane
and one part by volume sulfuryl fluoride, also a liquefied gas
solvent, shows a distinct separation of components from
solution. There 1s a small separation volume, which 1s likely
a highly concentrated salt in a mixture of tetrahydrofuran
and fluoromethane with a second separated volume com-
prised ol fluoromethane and sulturyl fluoride. However,
using dimethoxyethane 1n place of tetrahydrofuran shows a
highly soluble and miscible solution of all components.
Thus, certain additives may improve solubility of compo-
nents 1n certain solutions.




US RES0,031 E

9

Disclosed here are additives that may be used in liquefied
gas electrolytes to improve salt solubility. In some embodi-
ments, the additives are used in combination with fluo-
romethane as a primary solvent and lithtum based salts. In
some embodiments, other liquefied gas solvents such as
difluoromethane, trifluoromethane, fluoroethane, tetrafluo-
roethane, pentafluoroethane, 1,1-difluoroethane, 1,2-difluo-
roethane, 1,1,1-trifluoroethane, 1,1,2-trifluoroethane, 1,1,1,
2-tetrafluoroethane, 1,1,2,2-tetrafluoroethane,
pentatluoroethane, chloromethane, chloroethane, thionyl
fluoride, thionyl chloride fluoride, phosphoryl fluoride,
phosphoryl chloride fluoride, sulfuryl fluoride, sulfuryl chlo-
ride fluoride, 1-fluoropropane, 2-fluoropropane, 1,1-ditluo-
ropropane, 1,2-difluoropropane, 2.2-fluoropropane, 1,1,1-

tritfluoropropane, 1,1,2-tritluoropropane, 1,2,2-
tritluoropropane, fluoroethylene, cis-1,2-fluoroethylene,
1,1-fluoroethylene, 1-fluoropropylene, 2-propylene, chlo-

rine, chloromethane, bromine, i1odine, ammonia, nitrous
oxide, molecular oxygen, molecular nitrogen, carbon mon-
oxide, carbon dioxide, dimethyl ether, sultur dioxide, carbon
disulfide, hydrogen fluoride, hydrogen chloride or any com-
bination thereof may also be used as liquefied gas solvent in
combination with these additives. In some embodiments, the
liquefied gas solvents can be fluoromethane. In some
embodiments, the liquefied gas solvents can be difluo-
romethane. In some embodiments, the liquefied gas solvents
can be chloromethane. In some embodiments, the liquefied
gas solvents can be 1,1-difluoroethane. In some embodi-
ments, the liquefied gas solvents can be sulfuryl fluoride. In
some embodiments, the liquefied gas solvents can be thionyl
chloride or thionyl fluoride. In some embodiments, the
liquetied gas solvents can be selected from the group con-
sisting of fluoromethane, difluoromethane, sulfuryl fluoride,
chloromethane, carbon dioxide, 1,1-difluoroethane and any
combination thereof. In some embodiments, the liquefied
gas electrolyte includes a single liquefied gas solvent or a
combination of liquefied gas solvents and one or more
additive and one or more salt. These additives may be
gaseous, liquid or solid at standard room temperature of
+20° C. and standard pressure (approximately 1.01325 bar).
Further, any of the gaseous additives may also be used as
primary solvent. In some embodiments, the amount of the
primary solvent or mixture of primary solvents 1s greater
than about 10%, about 20%, about 30%, about 40%, about
50%, about 60%, about 70%, about 80%, about 90%, about
95%, about 98%, or about 99% by weight based on the total
weight of the liquefied gas electrolyte. In some embodi-

ments, the amount of the primary solvent 1s less than about
99%, about 98%, about 95%, about 90%, about 80%, about

70%., about 60%, about 50%, about 40%, about 30%, or
about 20% by weight, based on the total weight of the
liquetied gas electrolyte. In some embodiments, the amount
of the additive 1s less than about 80%, about 70%., about
60%, about 50%, about 40%, about 30%, about 20%, about
10%, about 5%, about 2%, or about 1% by weight, based on
the total weight of the liquefied gas electrolyte.

In some embodiments, the liquefied gas solvents comprise
a mixture of two solvents. In some embodiments, the
liquetied gas solvents comprise a mixture of three solvents.
In some embodiments, the liquefied gas solvents comprises
a mixture of four, five, six, seven, or more solvents. In some
embodiments, the liquefied gas solvents comprise fluo-
romethane, sulfuryl fluoride, and carbon dioxide. In some
embodiments, the liquefied gas solvents comprise fluo-
romethane and carbon dioxide. In some embodiments, the
liquetied gas solvents comprise sulfuryl fluoride and carbon
dioxide. In some embodiments, the liquefied gas electrolyte
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comprises of fluoromethane, difluoromethane, and carbon
dioxide. In some embodiments, the liquefied gas solvents
comprise halogenated hydrocarbon and sulfuryl halide. In
some embodiments, the liquefied gas solvents comprise
halogenated hydrocarbon, sulfuryl halide, and carbon diox-
1de. In some embodiments, the molar ratio of the additive to
the salt 1s greater than about 0.01, about 0.05, about 0.1,
about 0.2, about 0.30, about 0.5, about 0.7, about 0.9, about
0.95, about 0.98, about 1.0, about 1.05, about 1.1, about 1.5,
about 2, about 3, about 5, about 10, or about 100. In some
embodiments, having a lower molar concentration additive
as compared to salt such of about 0.9, about 0.95, or about
0.98 may be favorable 1n order to guarantee that the majority
ol additive material in the electrolyte generally 1s binding or
coordinated to an 1on in the electrolyte, thus increasing
clectrochemical stability of the cell. In some embodiments,
the molar ratio of the additive to the salt 1s less than 0.8,
0.85,0.9,0.95,0.98,099,10,1.1,1.2,13,1.4,0or 1.5. In
some embodiments, the molar ratio of the additive to the salt
1s less than about 0.8, about 0.85, about 0.9, about 0.95,
about 0.98, about 0.99, about 1.0, about 1.1, about 1.2, about
1.3, about 1.4, or about 1.5. In some embodiments, the molar
ratio of the additive to the salt 1s 1n the range of about 0.5
to about 1.0, about 0.8 to about 0.98, about 0.9 to about 1.0,
or about 0.9 to about 0.98. In some embodiments, having a
higher molar concentration additive as compared to salt such
of about 1.1, about 1.2, or about 2.0 may be favorable 1n
order to guarantee maximum solubility of salt for improved
performance due to higher number of 10n charge carriers in
solution. In some embodiments, multiple additives are used,
cach of which may have molar ratio to the salt 1s greater than
about 0.01, about 0.05, about 0.1, about 0.2, about 0.30,
about 0.5, about 0.7, about 0.9, about 0.93, about 0.98, about
1.0, about 1.05, about 1.1, about 1.5, about 2, about 3, about
5, about 10, or about 100. In some embodiments, the salt
concentration in the electrolyte solution 1s greater than about
0.1, about 0.3, about 0.5, about 0.8, about 1.0, about 1.3,
about 1.5, about 1.8, about 2.0, about 3.0, about 4.0, about
5.0, or about 8.0 moles per liter of solution.

In some embodiments, the liquefied gas electrolyte can
include one or more additives. In some embodiments, the
liquetied gas electrolyte can include one additive. In some
embodiments, the liquefied gas electrolyte can include two,
three, four, or more additives. In some embodiments, the
additive can be a noncyclic carbonate, a cyclic carbonate, a
non-cyclic ether, a cyclic ether, or a nitrile compound, or any
combination thereof. In some embodiments, the additive 1s
tetrahydrofuran. In another embodiment, the additive 1s
acetonitrile. In another embodiment, the additive 1s dimethyl
cther. In another embodiment, the additive 1s fluoroethylene
carbonate. In another embodiment, the additive 1s dimethyl
carbonate.

In one embodiment, the additive may be of a non-cyclic
carbonate compound selected from the group consisting of
dimethyl carbonate, ethyl methyl carbonate, propyl methyl
carbonate, butyl methyl carbonate, diethyl carbonate, propyl
cthyl carbonate, butyl ethyl carbonate, dipropyl carbonate,
propyl butyl carbonate, dibutyl carbonate, fluoromethyl
methyl carbonate, difluoromethyl methyl carbonate, trifluo-
romethyl methyl carbonate, bis(fluoromethyl) carbonate,
bis(difluoromethyl) carbonate, bis(trifluoromethyl) carbon-
ate, fluoromethyl ethyl carbonate, difluoromethyl ethyl car-
bonate, trifluoromethyl ethyl carbonate, fluoroethyl ethyl
carbonate, difluoroethyl ethyl carbonate, trifluoroethyl ethyl
carbonate, tetratfluoroethyl ethyl carbonate, pentatfluoroethyl
cthyl carbonate, hexatluoroethyl ethyl carbonate, bis(fluo-
roethyl) carbonate, bis(difluoroethyl) carbonate, bis(tritluo-
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roethyl) carbonate, bis(tetratluoroethyl) carbonate, bis(pen-
tatluoroethyl) carbonate, bis(hexafluoroethyl) carbonate,
and any combination thereof.

In another embodiment, the additive may be of a cyclic
carbonate compound selected from the group consisting of
vinyl carbonate, ethylene carbonate, propylene carbonate,
1,2-butylene carbonate, trans-butylene carbonate, tluoroeth-
ylene carbonate, difluoroethylene carbonate, trifluoroethyl-
ene carbonate, tetratluoroethylene carbonate, chloroethylene
carbonate, dichloroethylene carbonate, trichloroethylene
carbonate, tetrachloroethylene carbonate, fluoromethyl eth-
ylene carbonate, difluoromethyl ethylene carbonate, trifluo-
romethyl ethylene carbonate, bis(fluoromethyl) ethylene
carbonate, bis(difluoromethyl) ethylene carbonate, bis(trii-
luoromethyl) ethylene carbonate, and any combination
thereof.

In another embodiment, the additive may be of a non-
cyclic ether compound selected from the group consisting of
methyl propyl ether, methyl butyl ether, diethyl ether, ethyl
propyl ether, ethyl butyl ether, dipropyl ether, propyl butyl
cther, dibutyl ether, ethyl vinyl ether, divinyl ether, glyme,
diglyme, triglyme, tetraglyme, 1,1,2,2-tetrafluoro-3-(1,1,2,
2-tetrafluoroethoxy)-propane, trifluoro(trifluoromethoxy)
methane, perfluoroethyl ether, fluoromethyl methyl ether,
difluoromethyl methyl ether, trifluoromethyl methyl ether,
bis(fluoromethyl) ether, bis(difluoromethyl) ether, fluoro-
cthyl methyl ether, difluoroethyl methyl ether, trifluoroethyl
methyl ether, bis(fluoroethyl) ether, bis(difluoroethyl) ether,
bis(trifluoroethyl) ether, 2-fluoroethoxymethoxyethane, 2,2-
difluoroethoxymethoxyethane, methoxy-2,2,2-trifluoroeth-
oxyethane, ethoxy-2-fluoroethoxyethane, 2,2-difluoroeth-
oxyethoxyethane, cthoxy-2,2,2-trifluoroethoxyethane,
methyl nanofluorobutyl ether, ethyl nanofluorobutyl ether,
2-tluoroethoxymethoxyethane, 2,2-difluoroethoxymethoxy-
cthane, methoxy-2,2,2-trifluoroethoxyethane, ethoxy-2-
fluoroethoxyethane, 2,2-difluoroethoxyethoxyethane,
cthoxy-2,2,2-trifluoroethoxyethane, bis(trifluoro)methyl
cther, dimethyl ether, methyl ethyl ether, methyl vinyl ether,
pertluoromethyl-vinylether, and any combination thereof.

In another embodiment, the additive may be of a cyclic
cther compound selected from the group consisting of
propylene oxide, tetrahydrofuran, tetrahydropyran, furan,
12-crown-4, 12-crown-5, 18-crown-6, 2-methyltetrahydro-
turan, 1,3-dioxolane, 1,4-dioxolane, 2-methyloxolane, (1,2-
propylene oxide), ethylene oxide, octatluorotetrahydrofuran,
and any combination thereof.

In another embodiment, the additive may be of a nitrile
compound selected from the group consisting of acetonitrile,
propionitrile, butanenitrile, pentanenitrile, hexanenitrile,
hexanedinitrile, pentanedinitrile, butanedinitrile, propanedi-
nitrile, ethanedinitrile, 1sovaleronitrile, benzonitrile, pheny-
lacetonitrile, cyanogen chloride, hydrogen cyanide, ethane-
dinitrile, and any combination thereof.

In an exemplary electrochemical device using a liquefied
gas electrolyte composed of one or more liquefied gas
components with any combination of one or more liquid
components, one or more solid components, or one or more
salt components, the electrodes are composed of any com-
bination of two electrodes of intercalation type such as
carbons life graphite, graphene, graphene oxide, carbon,
activated carbon, or lithium titanate, titanium disulfide,
molybdenum disulfide, lithium 1ron phosphate, lithium
cobalt phosphate, lithtum nickel phosphate, lithium cobalt
oxide, lithium nickel manganese oxide, lithium nickel man-
ganese cobalt oxide, lithtum nickel cobalt aluminum oxide
or chemical reaction electrode such as with chemicals of
sulfur, oxygen, carbon dioxide, nitrogen, sulfur dioxide,
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thionyl fluoride, thionyl chloride fluoride, sulfuryl fluoride,
sulfuryl chloride fluoride, carbons like graphene, graphene

oxide, or of a metallic electrode with lithium metal or
sodium metal or metal alloy including lithium, sodium, tin,
aluminum, or any combination thereof. These components
may be combined with various binder polymer components
including polyvinylidene fluoride, carboxymethyl cellulose,
styrene-butadiene rubber, or polytetratluoroethylene in order
to maintain structural integrity of the electrode.

Further, the one or more liquefied gas solvent solution or
clectrolyte may be combined with one or more salts 1nclud-
ing one or more of lithium bis(trifluoromethanesulionyl)
imide (L1TFSI), lithium bis(fluorosulfonylyimide (LiFSI),
lithium hexafluorophosphate (Li1PF6), lithium perchlorate,
lithium hexafluoroarsenate, lithium tetrachloroaluminate,
lithium tetragaliumaluminate, lithium bis(oxalato)borate,
lithium hexatluorostannate, lithium difluoro(oxalato)borate,
lithium bis(fluorosulionyl)imide, lithium aluminum {fluo-
ride, lithium chloroaluminate, lithium tetrafluoroborate,
lithium tetrachloroaluminate, lithium difluorophosphate,
lithium tetrafluoro(oxalato)phosphate, lithium difluorobis
(oxalato)phosphate, lithium borate, lithium oxolate, lithium
thiocyanate, lithium tetrachlorogallate, lithium chloride,
lithium bromide, lithium 1odide, lithium carbonate, lithium
fluoride, lithium oxide, lithium hydroxide, lithium nitride,
lithium super oxide, lithtum azide, lithium deltate, di-lithium
squarate, lithium croconate dihydrate, dilithium rhodizon-
ate, lithium oxalate, di-lithium ketomalonate, lithium di-
ketosuccinate or any corresponding salts with the positive
charged lithium cation substituted for sodium or magnesium
or any combinations thereof. Further useful salts include
those with positively charged cations such as tetramethyl-
ammonium, tetracthyl ammonium, tetrapropylammonium,
tetrabutylammonium, triethylmethylammonium ammo-
nium, N,N-diethyl-N-methyl-N(2Zmethoxyethyl Jammonium,
N,N-Diethyl-N-methyl-N-propyl ammonium, N,N-dim-
cthyl-N-ethyl-N-(3-methoxypropyl Jammonium, N,N-Dim-
cthyl-N-ethyl-N-benzyl Ammonium, N,N-Dimethyl-N-
cthyl-N-phenyl ethyl ammonium, N-Ethyl-N,N-dimethyl-
N-(2-methoxyethyl)ammonium, N-Tributyl-N-
methylammonium, N-Trimethyl-N-hexylammonium,
N-Trimethyl-N-butylammonium,  N-Trimethyl-N-propy-
lammonium, 1,3-Dimethylimidazolium, 1-(4-Sulfobutyl)-3-
methylimidazolium, 1-Allyl-3H-imidazolium, 1-Butyl-3-
methylimidazolium, 1-Ethyl-3-methylimidazolium,
1-Hexyl-3-methylimidazolium, 1-Octyl-3-methylimidazo-
lium, 3-Methyl-1-propylimidazolium, H-3-Methylimidazo-
lium, Trhexyl(tetradecyl)phosphonium, N-Butyl-N-meth-
ylpiperidinium, N-Propyl-N-methylpiperidinium, 1-Butyl-
1-Methylpyrrolidinium, 1-Methyl-1-(2-methoxyethyl)
pyrrolidinium, 1-Methyl-1-(3-methoxypropyl)
pyrrolidinium, 1-Methyl-1-octylpyrrolidinium, 1-Methyl-1-
pentylpyrrolidinium, N-Propyl- or N-methylpyrrolidinium
paired with negatively charged anions such as acetate,
bis(fluorosulfonyl)imide, bis(oxalate)borate, bis(trifluo-
romethanesulfonyl)imide, bromide, chloride, dicyanamide,
diethyl phosphate, hexafluorophosphate, hydrogen sulfate,
10odide, methanesulfonate, methyl-phophonate, tetrachloro-
aluminate, tetra tluoroborate, and trifluoromethanesulfonate.

EXAMPLES

In contrast to conventional electrolyte liquid solvents,
liquetied gas solvents, which have a vapor pressure substan-
tially higher than standard pressure at room temperature,
may have a minimal solubility of salts which limit device
performance. The addition of certain chemical additives
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substantially increases solubility of salts 1n the liquefied gas
clectrolytes, which increases performance of electrochemi-
cal devices. The increase 1n solubility 1s observed with a
mimmal equal molar ratio of additive-to-salt ratio.

Example 1

The solubility of lithium salts were examined 1n fluo-
romethane. The solubility was visually examined via high
pressure sight glass window. FIG. 1 shows the solubility of
the salt lithium bis(trifluoromethanesulfonyl)imide in fluo-
romethane at a concentration of 0.3 moles salt per liter (0.3
M) at room temperature. The majority of salt remains
non-dissolved. However, 1t 1s known a small amount of salt
does dissolve at concentrations less than 0.3 M to form a
conductive solution, since functional battery devices have
been constructed and show high performance. In order to
improve solubility of salts, an additional additive may be
added to the solution to improve salt disassociation. FIG. 2
shows a solution of 0.3M LiTFSI+0.3M tetrahydrofuran, a
cyclic ether, 1n fluoromethane. This solution shows excellent
solubility of L1TFSI salt, even with only equal molar ratios
ol tetrahydrofuran to salt at room temperature. This solution
has the advantage of utilizing fluoromethane solvent benefits
as a solvent, including low temperature performance of
devices, low viscosity for high 1on mobility, with the ben-
efits of tetrahydrofuran, which 1s good for disassociation of
lithium salts and high reduction resistance at low potentials.
It 1s also known to show high performance with lithium

metal due to the preferred electrode mterface that 1s formed
in tetrahydrofuran-containing electrolytes.

Example 2

Similar to Example 1, several additional additives 1n place
ol tetrahydrofuran have been used to improve solubility of
[L1TFSI 1n fluoromethane; select additives that are tested
include acetonitrile, ethylene carbonate, dimethyl carbonate,
dimethoxyethane, fluoroethylene carbonate, among several
others. Salt concentrations in these experiments vary from
0.1 M to 1M with high solubility of L1TFSI and the additive
in an equal molar concentration 1 fluoromethane. These
solutions generally showed high solubility and good misci-
bility without phase separation from temperatures from as
low as =78° C. up to around +40° C., where two phase
separation may occur 1n some instances.

Example 3

Sulturyl fluoride 1s a relatively non-reactive gas and 1s
used in the fumigant industry. It has limited solubility in
most organic solvents but 1s miscible with fluoromethane, as
examined with a high pressure window cell similar to FIG.
1 and FIG. 2. A mixture of 0.3M LiTFSI and 03 M
tetrahydrofuran was added to a mixed solvent solution of 2
parts by volume fluoromethane and 1 part volume sulfuryl
fluoride. This solution shows a distinct liquid line separating
two phases, presumably a mixed LiTFSI-tetrahydrofuran-
fluoromethane solution 1n one phase and a fluoromethane-
sulfuryl fluoride solution 1n the second phase. In place of the
tetrahydrofuran additive, dimethoxyethane was used 1n a
solution comprising 0.3M Li1TFSI and 0.3 M dimethoxy-
cthane and added to a mixed solvent solution of 2 parts by
volume fluoromethane and 1 part sulfuryl fluoride. This
solution mixed well. This solution may be useful 1n primary
battery devices using sulfuryl fluoride as a catholyte.
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Example 4

Conductivity measurements were conducted for solution

having various concentration of LiTFSI and tetrahydrofuran
(THF) 1n fluoromethane (CH,F). FIG. 3 shows the electro-

lytic conductivity of solutions composed of 0.1, 0.2 and 0.4
M LiTFSI with equal molar concentration tetrahydrofuran in
fluoromethane. The conductivity of these solutions increases
steadily with increasing concentration, as expected when
salt 1s fully solubilized into solution. The maximum con-
ductivity approaches around 4 mS/cm at a concentration of
0.4M LiTFSI with 0.4M THEF 1n fluoromethane. Further, the
high temperature limit remains around +44° C. due to the
super critical point of fluoromethane. Upon cooling, salt 1s
naturally solubilized back into solution, and conductivity
returns back to nominal. Excellent low temperature conduc-
tivity remains at temperatures as low as —60° C., demon-
strating the excellent performance possible when used 1n
clectrochemical devices at low temperatures.

Example 5

A cell composed of an NMC622 cathode
(L1N10.6Mn0.2C00.202) and L1 metal anode was con-
structed with electrolyte composed of 1 M LiTFSI and 1 M
dimethyl ether 1n 9 parts fluoromethane and 1 part carbon
dioxide. The cell was charged and discharged to various
potentials from 4.2 to 4.5 V vs. Li. Discharge capacity per
gram active cathode was as expected from 150~180 mAh/g.
Performance 1s shown in FIG. 4.

Example 6

An electrochemical cell composed of a lithium metal
anode and a cathode comprised of a mixture of sulfur and
carbon was formed and tested with an electrolyte comprised
of 1 M LiTFSI and 0.9 M acetronitrile 1n 19 parts by volume
fluoromethane and 1 part by volume carbon dioxide. This
cell has approximately 5 mAh/cm2 capacity and was dis-
charged at approximately a 50 uA rate at room temperature
with discharge performance shown 1n FIG. 5. Performance
was fair but required a low discharge rate to extract high

capacity.

Example 7

The use of a lithium metal anode could substantially
increase the energy density of battery devices, however,
require a significant improvement 1n efliciency to make a
usetul device. Cells composed of a lithium metal electrode
and a stainless steel counter electrode were built and used to
test lithium metal plating and stripping etliciency of lithium
metal. Electrolyte solutions of 0.3M LiTFSI and 0.3M
tetrahydrofuran i 19 parts by volume fluoromethane and 1
part by volume carbon dioxide were used. These cells were
used to plate 0.5 mAh/cm?2 lithium metal onto the stainless-
steel working electrode at a current of 0.5 mA/cm2 at room
temperature over several hundred cycles. A high voltage
cutofl of 1V 1s used for a stripping limit, upon when the
current was reversed, and plating resumed. As seen 1n FIG.
6, the average coulombic efliciency of this cell shows an
impressive 99.73% over nearly 600 cycles. This 1s a sur-
prisingly high efliciency and shows substantial improvement
over conventional electrolytes which rarely show eflicien-
cies over ~98%. A constant over potential of approximately
60 mV 1s also seen and grows little over cycling. Cryogenic
scanning electron microscopy 1mages ol comparative cells
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alter one cycle of plating using conventional liqud electro-
lyte (IM LiPF, in ethylene carbonate:dimethyl carbonate
1:1 by mass) and the above described liquefied gas electro-
lyte solution. The SEMs shows a comparatively highly
smooth surface and dense volume for the liquefied gas
clectrolyte system as compared to the conventional liqud
clectrolyte system. This smooth surface demonstrates little
dendritic growth, and the highly dense platted volume 1s a
result of the relatively high coulombic efliciency of this cell.
This high efliciency lithtum metal anode may be paired with
a variety of cathodes to form a very high energy cell.

Example 8

A cell comprised of a lithium metal anode and a graphite
cathode was used to test the ability of the liquefied gas
clectrolyte to form a stable solid electrolyte interphase on
the graphite electrode. An electrolyte solution of 0.3M
L1TFSI and 0.3M tetrahydrofuran in 19 parts by volume
fluoromethane and 1 part by volume carbon dioxide were
used. The cell cycled fairly well over tens of cycles, how-
ever, capacity did drop over cycling, as shown 1n FIG. 7.

Example 9

The solubility lithium salts were examined in sulfuryl
fluoride, a mixture of fluoromethane and sulfuryl fluoride,
and mixtures of fluoromethane, sulturyl fluoride with a THF
additive. The solubility was visually examined via high
pressure sight glass window. FIG. 11 shows the solubility of
the salt lithium bis(trifluoromethanesulfonyl)imide 1n sulfu-
ryl fluoride at a concentration of 0.1 moles salt per liter (0.1
M) at room temperature. The same concentration of salt
dissolved in a mixture of fluoromethane, sulfuryl fluoride

(1:9) with 0.1 M THF additive. Electrolytic conductivity
measurements of these solutions are shown in FIG. 12.

Example 10

An electrochemical cell composed of a lithium metal
anode and a cathode comprised of carbon was formed and
tested with an electrolyte comprised of 0.5 M LiTFSI and
fluoromethane to sulfuryl fluoride (1:9 vol). This cell was
discharged at approximately a 1 mA/g rate at room tem-
perature, with discharge performance shown 1n FIG. 13.

Example 11

The solubility lithium salts was examined 1n a mixture of
fluoromethane and sulfuryl fluoride, a mixture of fluo-
romethane, carbon dioxide, and sulfuryl fluoride. THF was
added as an additive. FIG. 14 shows the solubility of the salt
lithium bis(trifluoromethanesulionyl)imide i the various
solvents at a concentration of 0.5 moles salt per liter (0.5 M)
at room temperature.

Example 12

An electrochemical cell composed of a lithium metal
anode and a cathode current collector comprised of carbon
was formed and tested with an electrolyte comprised of 0.5
M LiTFSI and a mixture of fluoromethane to sulfuryl
fluoride (1:9 vol), a mixture of sulfuryl fluoride, carbon
dioxide, and fluoromethane (1:1:18 vol), and a mixture of
carbon dioxide and fluoromethane (1:19 vol). This cell was
discharged at approximately a 1 mA/g rate at room tem-
perature, with discharge performance shown 1n FIG. 15.
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Although exemplary embodiments and applications of the
invention have been described herein including as described
above and shown in the included example Figures, there 1s
no 1ntention that the invention be limited to these exemplary
embodiments and applications or to the manner 1n which the
exemplary embodiments and applications operate or are
described herein. Indeed, many variations and modifications
to the exemplary embodiments are possible as would be
apparent to a person of ordinary skill in the art. The
invention may 1include any device, structure, method, or
functionality, as long as the resulting device, system or
method falls within the scope of one of the claims that are
allowed by the patent office based on this or any related
patent application.
The mnvention claimed 1s:
1. A rechargeable electrochemical device, comprising:
an 1onically conducting electrolyte comprising a liquefied
gas solvent and one or more additives;
a housing enclosing the 1onically conducting electrolyte
and structured to provide a pressurized condition to the
liquetied gas solvent; and
at least two conducting electrodes 1n contact with the
ionically conducting electrolyte;
wherein:
the liquetied gas electrolyte operates at a vapor pressure
above an atmospheric pressure of 100 kPa at a room
temperature of 293.15 K; and

the liquefied gas solvent 1s capable of being placed
under a compressive pressure equal to, or greater
than, the liquefied gas electrolyte’s vapor pressure at
room temperature when the compressive pressure 1s
applied, thereby keeping the liquefied gas electrolyte
in a liquid phase.

2. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprise a non-cyclic
carbonate compound.

3. The rechargeable electrochemical device of claim 2,
wherein the non-cyclic carbonate compound is selected from
the group consisting of dimethyl carbonate, ethyl methyl
carbonate, propyl methyl carbonate, butyl methyl carbonate,
diethyl carbonate, propyl ethyl carbonate, butyl ethyl car-
bonate, dipropyl carbonate, propyl butyl carbonate, dibutyl
carbonate, fluoromethyl methyl carbonate, difluoromethyl
methyl carbonate, trifluoromethyl methyl carbonate, bis
(fluoromethyl) carbonate, bis(difluoromethyl) carbonate, bis
(trifluoromethyl) carbonate, fluoromethyl ethyl carbonate,
difluoromethyl ethyl carbonate, trifluoromethyl ethyl car-
bonate, fluoroethyl ethyl carbonate, difluoroethyl ethyl car-
bonate, trifluoroethyl ethyl carbonate, tetratluoroethyl ethyl
carbonate, pentatluoroethyl ethyl carbonate, hexafluoroethyl
cthyl carbonate, bis(fluoroethyl) carbonate, bis(ditluoro-
cthyl) carbonate, bis(trifluoroethyl) carbonate, bis(tetratluo-
roethyl) carbonate, bis(pentafluoroethyl) carbonate, bis
(hexafluoroethyl) carbonate, and any combination thereof.

4. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprises a non-cyclic
cther compound.

5. The rechargeable electrochemical device of claim 4,
wherein the non-cyclic ether compound 1s selected from the
group consisting of: methyl propyl ether, methyl butyl ether,
diethyl ether, ethyl propyl ether, ethyl butyl ether, dipropyl
cther, propyl butyl ether, dibutyl ether, ethyl vinyl ether,
divinyl ether, glyme, diglyme, triglyme, tetraglyme, 1,1,2,
2-tetrafluoro-3-(1,1,2,2-tetrafluoroethoxy)-propane, trifluo-
ro(trifluoromethoxy )methane, perfluoroethyl ether, fluorom-
cthyl methyl ether, difluoromethyl methyl ether,
tritluoromethyl methyl ether, bis(fluoromethyl) ether, bis
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(difluoromethyl) ether, fluoroethyl methyl ether, difluoro-
cthyl methyl ether, trifluoroethyl methyl ether, bis(fluoro-
cthyl) ether, bis(difluoroethyl) ether, bis(trifluoroethyl)
cther, 2-fluoroethoxymethoxyethane,  2,2-difluoroeth-
oxymethoxyethane, methoxy-2,2,2-trifluoroethoxyethane,
cthoxy-2-fluoroethoxyethane,  2,2-difluoroethoxyethoxy-
cthane, ethoxy-2,2,2-trifluoroethoxyethane, methyl non-
afluorobutyl ether, ethyl nanofluorobutyl ether, 2-fluoroeth-
oxymethoxyethane, 2,2-difluoroethoxymethoxyethane,
methoxy-2,2,2-trifluoroethoxyethane, ethoxy-2-fluoroeth-
oxyethane, 2,2-difluoroethoxyethoxyethane, ethoxy-2,2,2-
tritfluoroethoxyethane, bis(trifluoro)methyl ether, dimethyl
cther, methyl ethyl ether, methyl vinyl ether, perfluorom-
cthyl-vinylether, and any combination thereof.

6. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprise a cyclic ether
compound.

7. The rechargeable electrochemical device of claim 6,
wherein the cyclic ether compound 1s selected from the
group consisting of: propylene oxide, tetrahydrofuran, tet-
rahydropyran, furan, 12-crown-4, 12-crown-5, 18-crown-6,
2-methyltetrahydrofuran, 1,3-dioxolane, 1,4-dioxolane,
2-methyloxolane, (1.,2-propylene oxide), ethylene oxide,
octafluorotetrahydrofuran, and any combination thereof.

8. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprise a nitrile com-
pound.

9. The rechargeable electrochemical device of claim 8,
wherein the nitrile compound 1s selected from the group
consisting of: acetonitrile, propionitrile, butanenitrile, pen-
tanenitrile, hexanenitrile, hexanedinitrile, pentanedinitrile,
butanedinitrile, propanedinitrile, ethanedinitrile, 1sovale-
ronitrile, benzonitrile, phenylacetonitrile, cyanogen chlo-
ride, hydrogen cvanide, ethanedinitrile, and any combina-
tion thereof.

10. The rechargeable electrochemical device of claim 1,
wherein the liquefied gas solvent comprises one or more
materials selected from the group consisting of: fluorometh-
ane, difluoromethane, sulturyl fluoride, sulturyl chloride,
carbon dioxide, 1,1-difluoroethane, chloromethane, nitrous
oxide, and a combination thereof.

11. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprise a cyclic car-
bonate compound.

12. The rechargeable electrochemical device of claim 11,
wherein the cyclic carbonate compound 1s selected from the
group consisting ol: vinyl carbonate, ethylene carbonate,
propylene carbonate, 1,2-butylene carbonate, trans-butylene
carbonate, tluoroethylene carbonate, difluoroethylene car-
bonate, trifluoroethylene carbonate, tetratfluoroethylene car-
bonate, chloroethylene carbonate, dichloroethylene carbon-
ate, trichloroethylene carbonate, tetrachloroethylene
carbonate, fluoromethyl ethylene carbonate, difluoromethyl
cthylene carbonate, trifluoromethyl ethylene carbonate, bis
(fluoromethyl) ethylene carbonate, bis(difluoromethyl) eth-
ylene carbonate, bis(trifluoromethyl) ethylene carbonate,
and any combination thereof.

13. The rechargeable electrochemical device of claim 3,
wherein the liquefied gas solvent comprises fluoromethane,
sulfuryl fluoride, and/or carbon dioxide.

14. The rechargeable electrochemical device of claim 1,
wherein the one or more additives comprises acetonitrile,
tetrahydrofuran, and/or dimethyl ether.

15. The rechargeable electrochemical device of claim 1,
turther comprising one or more lithium salts.
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16. The rechargeable electrochemical device of claim 1,
wherein the electrochemical device 1s a rechargeable battery,
ultracapacitor, or supercapacitor.

17. The rechargeable electrochemical device of claim 16,
wherein the rechargeable battery 1s a lithium 10n battery or
lithium metal battery.

18. The rechargeable electrochemical device of claim 1,
wherein the electrodes comprise one or more of graphite,
carbon, graphene, graphene oxide, activated carbon, lithium
titanate, titanium disulfide, molybdenum disulfide, lithium
iron phosphate, lithium cobalt phosphate, lithium nickel
phosphate, lithium cobalt oxide, lithium nickel manganese
oxide, lithium nickel manganese cobalt oxide, and lithium
nickel cobalt aluminum oxide.

19. The rechargeable electrochemical device of claim 1,
wherein the electrodes are metallic electrodes and comprise
one or more of lithtum metal, sodium metal or a metal alloy
including lithium, sodium, tin, aluminum, or any combina-
tion thereof.

20. The rechargeable electrochemical device of claim 16,
wherein the electrodes further comprise various binder poly-
mer components selected from the group consisting of:
polyvinylidene fluoride, carboxymethyl cellulose, styrene-
butadiene rubber, and polytetrafluoroethylene.

21. A rechargeable lithium battery, comprising:

an 1onically conducting electrolyte comprising a liquefied
gas solvent and one or more additives selected from the
group consisting of: non cyclic carbonate, cyclic car-
bonate, non-cyclic ether, cyclic ether, nitrile, and com-
binations thereof;

a housing enclosing two conducting electrodes and the
ionically conducting electrolyte, wherein the liquefied
gas electrolyte operates at a vapor pressure above an
atmospheric pressure of 100 kPa at a room temperature
of 293.15 K, and the liquefied gas solvent 1s capable of
being placed under a compressive pressure equal to, or
greater than, the liquefied gas electrolyte’s vapor pres-
sure at room temperature when the compressive pres-
sure 1s applied, thereby keeping the liquefied gas elec-
trolyte 1n a liquid phase.

22. The rechargeable lithium battery of claim 21, wherein
the hiquefied gas solvent comprises one or more materials
selected from the group consisting of: fluoromethane, dif-
luoromethane, sulfuryl fluoride, sulturyl chloride, carbon
dioxide, 1,1-difluoroethane, chloromethane, nitrous oxide,
and a combination thereof.

23. An ionically conducting electrolyte comprising: one
or more liquefied gas solvents comprising at least one or
movre of fluoromethane, difluoromethane and sulfury! fluo-
ride, and further comprising carbon dioxide, one or more
[ithium salts, and one or more additives.

24. The ionically conducting electrolyvte of claim 23,
wherein the one orv more lithium salts comprises lithium
bis(fluorosulfonyl)imide (LiFSI).

25. The ionically conducting electrolyte of claim 23,
wherein the one or more lithium salts comprises lithium
bis(triftuoromethanesulfonyl)imide (LiTFSI).

26. The ionically conducting electrolvte of claim 23,
wherein the one or more additives comprises vinyl carbon-
ate.

27. The ionically conducting electrolyvte of claim 23,
wherein the one or more additives comprises ethylene car-
bonate.

28. The ionically conducting electrolvte of claim 23,
wherein the one or more additives comprises fluoroethylene
carbonate.
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29. The ionically conducting electrolyvte of claim 23,
wherein the one ov more additives comprises tetvahydvo-
furan.

30. The ionically conducting electrolyte of claim 23,
wherein the molar ratio of the one or more additives and one
or more lithium salts is in the vange of about 0.01 to about
10.

31. The ionically conducting electrolyvte of claim 23,
wherein the one or more additives is in equal molar ratio to
the one or more salts.

32. The ionically conducting electrolyte of claim 23,
wherein the liquefied gas solvent has a vapor pressure above
an atmospheric pressurve of 100 kPa at a room temperature
of 293.15 K.

33. The ionically conducting electrolyvte of claim 23,
wherein the electrolvte comprises both fluovomethane and
difluoromethane.

34. The ionically conducting electrolyte of claim 23,
wherein the electrolyte comprises fluoromethane.

35. A rechargeable battery device comprising the ioni-
cally conducting electrolvte of claim 23, and further com-
prising a housing enclosing the ionically conducting elec-
trolyte and structured to provide a pressurized condition to
the liquified gas solvent, and at least two conducting elec-
trodes in contact with the ionically conducting electrolyte.

36. The rechargeable battery device of claim 35, wherein
the average coulombic efficiency of the device is greater
than 98% over 600 cycles.

37. An ionically conducting electrolyte comprising: one
or more liquefied gas solvents comprising at least one or
movre of fluovomethane, difluoromethane and sulfuryl fluo-
ride, and further comprising carbon dioxide, one or more
[ithium salts, and one or more additives, wherein the elec-
trolyte has a conductivity over 0.5 mS/cm at a room tem-

perature of 293.15 K.
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38. The ionically conducting electrolyte of claim 37,
wherein the liquified gas solvent comprises fluoromethane,
the lithium salt comprises LiTFSI, and the additive com-
prises tetrahydrofuran.

39. The ionically conducting electrolyvte of claim 37,
wherein the lithium salt and the additive are in equal molar
concentrations.

40. The ionically conducting electrolyte comprising: one
or movre liquefied gas solvents comprising at least one or
more of fluovomethane, difluoromethane and sulfuryl fluo-
ride, and further comprising carbon dioxide, one or more
[ithium salts, and one or more additives, wherein the elec-
trolyte has a lithium plating stripping efficiency of over
98.0% under a 0.5 mA/cm” curvent and 0.5 mAh/cm’
charged passed.

41. The ionically conducting electrolvte of claim 40,
wherein the liquified gas solvent comprises fluoromethane,
the lithium salt comprises LiTFSI, and the additive com-
prises tetrahydrofuran.

42. The ionically conducting electrolvte of claim 40,
wherein the lithium salt and the additive arve in equal molar
concentrations.

43. A rechargeable battery device comprising an ionically
conducting electrolyte comprising one or move liquefied gas
solvents comprising at least one ov more of fluoromethane,
difluoromethane and sulfuryl fluovide, and further compris-
ing carbon dioxide, one or more lithium salts, and one or
movre additives, a housing enclosing a ionically conducting
electrolyte and structured to provide a pressurized condition
to the liquified gas solvent, and at least two conducting
electrodes in contact with the ionically conducting electrvo-
lvte comprising a graphite anode and a cathode, whevein the
electrolyte maintains over 90% efficiency on the graphite
anode after 5 cycles.
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