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(57) Abrégé/Abstract:
A battery includes a fluid negative electrode and a fluid positive electrode separated by a solid electrolyte at least when the
electrodes and electrolyte are at an operating temperature. The solid electrolyte includes ions of the negative electrode material
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(57) Abrégé(suite)/Abstract(continued):
forming the fluid negative electrode and has a softness less than beta- alumina solid electrolyte (BASE) ceramics. In one example,

the fluid negative electrode comprises lithium (Li), the fluid positive electrode comprises sulfur (S) and the solid electrolyte
comprises lithium iodide (Lil).
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(57) Abstract: A battery includes a fluid negative electrode and a fluid positive electrode separated by a solid electrolyte at least when
the electrodes and electrolyte are at an operating temperature. The solid electrolyte includes ions of the negative electrode material
forming the fluid negative electrode and has a softness less than beta- alumina solid electrolyte (BASE) ceramics. In one example, the
fluid negative electrode comprises lithium (Li), the fluid positive electrode comprises sulfur (S) and the solid electrolyte comprises
lithium iodide (Lil).

[Continued on next page]



CA 03100656 2020-11-17

WO 20197221857 A [IN U000 000000 0 OO

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))



CA 03100656 2020-11-17

WO 2019/221857 PCT/US2019/027344

MOLTEN FLUD APPARATUS WITH SOLID NON-BRITTLE ELECTROLYTE

CLAIM OF PRIORITY

[0001]  This application claims the benefit of priority of U.B. Patent Application
Serial No. 15/082 475, entiled MOLTEN FLUID APPARATUS WITH SOLID NON-
BRITTLE ELECTROLYTE, filed on May 17, 2018, Attorney Docket No. VBC002 and
is incarporated by reference in its entiraty hersin.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002]  This invention was made with Govemnmeant suppord under Contract No.
DE-ACDO2-06CHT1357 and awarded by the Department of Energy. The Govemment
hasg certain rights in the invention.

FIELD

[B083]  This invention generally relates to thermal balteries and more particularly
to methods, davices, and systems with molten fluid electrodes with a solid non-brittle
electrolyte.

BACKGROUND

[0004] A baltery generally includes a positive slectrode {cathode), a negative
electrode {anode) and an slectrolyte. A battery typically includes current colleclors
within the electrodes that divect electrical current {o the terminals of the battery.
Attempts have been made o use fluids for electrodes where one or both of the
glectrodes are maintained in a fluid state by heating the slectrode matenial. These
batteries are sometimes referred fo as thermal batteries or high temperature
batteries and include, for example, devices sometimes referred to as liquid-metal
batteries and rechargeable liquid-metal batteries. Unfortunately, decades of research
and development have not produced a safe and reliable thermal battery using high
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gravimetric energy density (kWh/kg) electrochemical couples such as, for example,
sodium and sulfur or lithium and sulfur.

BRIEF DESCRIPTION OF THE DRAWINGS

(00081 1t is to be understoad that the drawings are solsly for purpose of illustration
and do not define the limits of the appended ciaims. Furthermore, the componenis
in the figures are not necessarily to scale. In the figures, ike reference numerals
designate corresponding parts throughout the different views,

[0008] FIG. 1is a block diagram of an example of a battery including a reaction
chamber having fluid electrodes separated by a non-britlle solid electrolyie.

(0071  FIG. 2 is a block diagram of an example of a battery including a reaction
chamber having fluid electrodes separated by a lithium lodide {Lil) solid electrolvie.
[0008] FIG. 3 iz a flowchart of an example of a method of operating a fluid
slecltrode battery with a solid non-brittle slectralyts.

DETAILED DESCRIPTION

[0008] Tharmal batteries have several advantages over other types of batteries.
The relatively low cost, high snergy density, and high power density of thermal
batteries (high temperaiure batteries) make these types of hatteries highly attractive
for several uses. Unfortunately, the safsty issues with these devices have
congtrained widespread adoption. Due {o highly energetic chemistry, thermal
batteries have suffered from dangerous risks of fire and explosion. Conventional
thermal battery designs include two pools of fluid {i.e., molten) materials separated
by a third matenal. if the third material falls and allows the molten materials fo mix
and react, an immense amount of thermal energy is released in a short period of
time. These conditions often lead to a dangerous fire condition or explosion, Thig
severs limitation still continuas today although the demand for a safe thermal baltery
has existed since iis inception of thermal batteries during World War I, Several
decades of attempts have not resulted in an adequate solttion o the problem. For
exampie, some altempls include using a gravitational flow batlery design in which
one of the molten active materials is contained in a large reservoir located physically
above a smaller reaction chamber where the walls of the reaction chamber are a
solid electrolyte. On the other side of the solid elecirolyte is a large reservoir of the

2.



CA 03100656 2020-11-17

WO 2019/221857 PCT/US2019/027344

other molten active material. in the event that the solid electrolyte fails and the two
molten active materials are allowed {0 mix, the hopse is that the solid products that
are formed by the chemical reaction of the mixing of the fwo molten active materials
will fimit the flow of the active materials from the large reservoir located physically
above with the other large reservoir of the other molten active material. The
gravilgtional flow batltery design attempt fails because the solid products that are
intended {o block the flow from the upper reservoir do not form into a cohesive mass
that is able to block the flow at the operating temperature of the thermal battery.
Therefore, the mixing of the two molten active materials is only slowed by this design
and is insufficient o prevent a thermal runaway event. Other attempts include
changing the chemistry of the molten active materials to a metal halide chemistry
such that a solid slectrolyte faillure does not cause a thermal runaway event.
Unfortunately, this technique comes at the cost of decreasing the specific energy
density (kWhikg) and the volumetric energy density (kWhil) to 3 point where the
thermal battery is no longer a viable solution for many applications.
(00101  Research in thermal balteries has even been abandoned by some due to
tha high danger. For example, a major auto manufacturer developed a flget of
electric vehicles that used thermal sodium-sulfur batteries in 1983, During the
testing, two vehicles burst into flames while charging. As a result of these fires, the
manufacturer ended its thermal sodium-sulfur battery program and the ULS.
Department of Enargy stoppad funding thermal battery research. This is despite the
gnormous advantages that a safe thermal battery would provide 1o the electric
vehicle industry as well as other indusiries. The relative light weight and low cost of
thermal batteries clearly make these devices the best chaice for use in electric
vehicles if the danger of fire is mitigated.
[0011]  Thermal batteries provide several advantages over other baltenes
including exhibiting a high gravimeatric energy density (kWh/kg), high volumetric
energy density, high gravimetric power density, and high volumelric power density at
low cast. Conventional thermal batteries with fiuid electrodes, however, suffer from a
significant safety limitation. The electrolyle separators used in conventional thermal
batteries include liquid electrolytes such as molten salls and brittle solid elecirolytes
such as ceramic and glass. Liquid electrolytes are limited in several ways. For
gxample, during operation of these types of batteries, chemical species of the
electrode materials are produced and permeate the slectrolyte decreasing

-3
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performance. Eventually, these byproducts in the electrolvie result in the battery
ceasing {0 operate. Ceramic and glass slectrolvies, on the other hand, can sasily
fail because of theilr britle structure. As discussed above, significant fire conditions
and explosions occur when the mollen slectrode materials come in contact with sach
othar after the solid electrolyie separator is breached.

[0012] Despite decades of research and development, no thermal battery with
fluid electrodes has been proposed that includes a solid electrolyte that is not brittle
and suscaptible to cracking. Solid electrolytes comprising glass or a ceramic have
been the only proposad solid slectrolytes for use in a thermal battery with fluid
electrodes. Thase materials have significantly higher melting points than the melting
points of the electrodes, As a resull, one or both of the electrode materials may enter
the gas phase attemperatures approach the melting point of the glass or ceramic
glectrolyte.

[0013]  in accordance with the fechniques discussed herein, the safety of a
thermal battery is maximizad by using a solid yet relatively non-brittle electrolyie to
separate the fluid elecirodes. Within the operating temperature range of the baltery,
tha electrolyte matarial has a solid vet relatively soft, less brittle structure compared
o ceramic and glass, making the slectrolyte significantly less susceptible to cracking
and fractures than conventional thermal batteries. The slectrolyte comprises cations
of the negative electrode material and anions. For the examples herein, the anion is
selected to be relatively large and chemically stable with the materials within the
reaction chamber. Therefore, in the examples, the anion is stable with the negative
electrode material, the positive electrade material, and any resulting species of the
materials. For a specific example discussed below, the negative electrode comprises
lithium and the solid slectrolyte is L which comprises lithium cations {(Li™) and indide
anions (). The electrolyte may include other elements and additives in some
circumstances. Even where the additives may have a britlle structure, the overall
structure of the solid electrolyte in accordance with the technigues discussed herein
is less brittle and less susceptible to cracking than ceramic electrolyles and glass
electrolytes. By operating the battery at a tamperature that is near but below the
melting point of the Lil glectrolyte, the electrolyle may become soft and may be less
susceptible 1o cracking and fracture. Applying such a technigue with electrolyte
matarials that have significantly higher melting points, greatly increases the
complexity and cost of the battery since such implementations need to consider the
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electrode materials in the gas phase and the increase in material corrosion at these
slevated temperatures. Thersfore, the example of the lithium sulfur thermal baltery
with a solid lithium iodide electrolyte provides a safer, low cost thermal battery with
high energy densities for use in a variety of applications including electric vehicles.
[00114]  For the examples discussed below, the positive elaectrode and the negative
electrode are in a fluid state when the hatlery is at a temperature within an operating
temperature range of the battery. In some implementations, however, ong of the
alectrodes may be in a solid state when the battery temperature is within the
operating temperature range. In other words, only the positive electrode or the
negative slectrode is in a fluid state while the other is solid within the operating
temperature range. In addition, in some circumstances, the operaling tempsrature
range may include temperatures where both slectrades are fluid and temperatures
where only ong electrode is fuid. When a material is in the fluld state, itis fluid, and
when a matenial is in the non-fluid state, it is non-fuid, For the examples discussed
herein, the slectrode materials are transitioned from a non-fluld state fo a fluid state
by heating and can be referred o as molten electrode materials and molten fluid
glectrode materials.

[0015] FIG. 1is a block diagram of an example of 2 battery apparatus 100
including a reaction chamber 102 having fluid electrodes 104, 106 separated by a
solid electrolvte 108. The llustration in FIG depicts the general principles of the
axample and does not necessarily represent specific shapes, relative sizes,
distances, or other structural dstails of the represented components. In some
circumstances, the structures of two or more blocks may be implemented in a single
component or structure. In addition, functions described as performed in a single
block of FIG. 1 may be implemented in separate structures.

[0016]  As discussed herein, a material is in a fluid state when the matenial has a
consistency sufficiently liguefied 1o allow the matenial to flow from one area o
another, in other words, the viscosity of a fluid material is such that the material can
be directed, pumped, or can otherwise flow from one area 1o another. A Huid material
may, howeaver, have some components that are at least partially solid while others
are in a liquid phase. As a result, 2 fluid material is not necessarily all in a liguid
phase. As discussed herein, a material is in a8 non-fluid state where it is sufficiently
solidified such that & cannot flow. In other words, the viscosity of the material ina
non-fluid state is such that the material cannot be directed, pumped, or otherwise

5.
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allowed to flow from one area o another. A non-fluid material, however, may have
some components that are in a liquid phase as well as others that are in a solid
phase. As referred to herein, & solid electrolyte is any material, mixture, compound,
or other combination of materials that forms an slectrolyte struciure that is in a solid
phase. Although the solid electrolyte is in the solid phase within the operating
temperature range, the slectrolvte material may soften as the temperatire
approaches its melting point. Therefore, when the solid electrolyte 108 is operatad
near its melting point and subjected to stress, { can absarb at least some energy
prior to fracture and exhibits more plastic deformation than glass and ceramics. in
other words, the solid electrolyte 108 is softer and exhibits a higher creep rate than
glass and ceramics at the operaling temperature of the baltery.

[0017]  The battery 100 includes at least a reaction chamber 102 having a
negative electrode region 110 and a positive electrode region 112 separated from
the negative electrode region 110 by the solid electrolyte 108. The negative
electrode region 110 contains a negative electrode material 114 and the positive
slectrode region 112 containg a positive electrode material 116. The battery 100 also
includes a heating system 118 for sufficiently heating the positive and negative
electrode materials in the reaction chamber 102 during operation. The slectrode
materials 114, 116 are maintainad in a fluid state whan the battery 100 is operating
by heating the electrode matenals 114, 116 while maintaining the solid slectrolyie
108 in a solid state. Accordingly, the operating temperature of the reaction chamber
is below the melling point of the solid electrolyte 108, For the example of FIG. 1, the
heating system 118 is an electrical heating system including one or more heating
elemeants that facilitate the heating of the reaction chamber 102 {o place and
maintain the electrode materials 114, 118 in a fluid state. Other types of heating
systams 118 can be used in some circumstances. Tha heating system heals the
reaction chamber such that the negalive electrode material 114 and the positive
electrode material 1186 are in a fluid state while the solid slactrolyte 108 is maintained
inn & solid state.

[3018] The solid electrolyte 108 includes at least cations of the negative electrode
material 114 and anions where the anion is selscted fo be relatively large and
chemically stable with the materials within the reaction chamber 102. Some
examples of negative electrode materials 114 include lithium, sadium, potassium,

-6-
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rubidium, and cesium, Some examples of anions include anions of chorine, bromine
and ioding. Other materials can be used in some circumstances.

[0019]  The fluid negative slectrode material 114 in the negative slectrode region
110 forms a fluid negative electrode 104 of the battery 100, The fluid positive
electrode material 1186 in the positive slectrode region 112 forms a fluid positive
electrode 106 of the battery 100. The fluid electrades 104, 106 and the elactrode
materials may include more than a single element. For example, the positive
slectrode region 112 may also contain some reaction products resulting from the
reaction within the battery 100. A first current collector 120 is positioned within the
fluid nagative electrode 104 and second current collactor 122 is positioned within the
positive fluid electrode 106. With the properly placed current collectors 120, 122
within each electrode 104, 108, elactrical energy can be harmessed from the
glectrochemical reaction occurring within the battery between the fluid negative
electrode 104 and the fluid positive electrode 108 through the solid electrolyte 108.
Therefore, the operation of the reaction chamber 102 in the sxample of FiG. 118
similar to the operation of conventional thermal batleries. A significant advantage
over conventional thermal batteries, howaver, includes the solid electrolyte that is
much more resistant to cracking and breaking compared {o conventional solid
electrolytes used in thermal batteries. Although solid electrolytes have been
suggested, none of the conventional techniques contemplate using a solid slectrolyte
other than ceramic or glass. As discussed above, such brittle electrolyte malerials
are susceptible 1o cracking and failure with dangerous consequences.

[0020] The battery apparatus 100 may be implemented with different materials
and electrochemical couples. For the example discussed below with reference to
FIG. 2, the negative electrode comprises lithium (Li} and the positive electrode
comprises sulfur {8). In another example, a sodium-sulfur (Na8) battery includes a
fluid negative electrode comprising sodium {Na) and a fuid positive electrode
comprising sulfur {3}, In addition, other materials may also be used for the
electrodes. Further, the electrode materials may contain mixtures or compounds that
include multiple elements in some circumstances. For example, in some liquid metal
batteries, a molten mixture of sulfur and phosphorus can be used for the fluid
positive electrode.

[0021] The operating temperature, or temperature ranges, of the negative
elecirode region and positive electrode region may be selected based on several
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factors including, for example, the melting point of the negative electrode matenial,
the melling point of the positive electrode material, the boiling point of the negative
electrode material, the boiling point of the positive slectrade material, the eutectic
point of the positive electrode material and resulting chemical species, and the
melting point of the solid electrolyte. For the examples discussed herein, the heating
system 118 maintains the negative electrode region 110 and the postitive elecirode
region 112 of the reaction chamber 102 at the sams temperaiure in order to avoid a
temperature gradient across the solid electrolyte 108, In some situations, the two
regions of the reaction chamber may be mainiained at different temperatures.
[0022] One of the advantages of the sxamples discussed hergin includes having
an aelectrolyte material with a sofiness at the battery operating temperature that
minimizes cracking and fracture. Ag is known, a material generally becomas softer
and exhibits increased flexibility and creep rate under stress al temperatures
approaching their melting point. By including an electrolyte that has a melting point
that is not significantly above the operating temperature range of the battery, the
slectrolyte is maintained in a solid form while exhibiing good sealing properties and
increased softness. Accordingly, the electrolyte performs well as a separator that
separates and seals the two fluid slectrodes from each other while minimizing the
chances of a failure as a rasult of mechanical vibrations or forces. This resulis in a
significant advantage over conventional electrolyte matenials used in thermal
batteries with fluid electrodes. Glass electrolytes have maelting points near 1,700°C
and BASE ceramics have melting points near 2,000°C. These melting points are
significantly highar than the boiling points of electrode materials that exhibit high
power and energy densities in thermal batteries. As mentioned above, Tor example,
lithium sulfur thermal batteries have high energy and powear densities. The boiling
point of sulfur is 444.6°C, significantly lower than the melting points of glass and
BASE ceramics. Operating a lithium sulfur battery at temperatures near the melting
point of conventional electrolytes would place the sulfur in the gas phase
complicating the design. As discussed in the example below, however, the
advantages of a thermal lithium sulfur battery can be realized while minimizing
dangers of electrolyte failure by using an electrolyte matenal with a lower melting
point, greater softness, and better sealing properties than conventional thermal
battery slectrolyte materials.
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[0023] FIG. 2 is a block diagram of an example of a battery 200 including a fluid
lithium (L1) negative slecirode 202 and g fluid suifur (S) positive electrode 204
separated by a lithium lodide (Lil) solid electrolyte 208. Accordingly, the baftery 200
can be referred to as a lithium-sulfur (LiS) battery and is an example of the battery
100 where the fluid negative slactrode 202 comprises lithium, the fluid positive
electrode 204 comprises sulfur and the sclid electrolyte 206 comprises solid lithium
jodide {Lil}. The ilustration in FIG. 2 depicts the general principles of the example
and does not necessarily represent specific shapes, relative sizes, distances, or
other structural details of the represented components. In some circumstances, the
structures of two ar more blocks may be implemented in a single component or
structure. In addition, funclions described as performed in a single block of FIG. 2
may be implemented in separate structures.

[0024]  In addition {o considerations such as melling point, softness, and cost,
selection of an electrolyte material for the LIS thermal battery includes svaluating
ionic transfer properties and the chemica! stability of the material with lithium, sulfur
and the Li:5n gpecies. Experiments performed by the inventor have revealed that
lithium iodide is chamically stable with lithium, sulfur and the LizSw speacies at
elevated temperatures.

[0028] The operation of the LiS baltery 200 is in accordance with the operation
described with reference to the battery 100 of FIG. 1. The heating system 118
maintains the reaction chamber 102 at the appropriate temperature to facilitate the
desired reaction betwesn the sulfur and iithium through the lithium iodide electrolyte
208. For the example of FIG. 2, the temperature of the negative elecirode region 114
and the positive glectrode region 112 is maintained at a temperature around 400
degrees Ceisius (°C). Az discussed ahove, the operating temperature may be based
on several factors including the characteristics of the materials of the slectrodes and
solid electrolyte. For the example of FIG. 2, some of the characleristics that can be
considered include the melting point of lithium iodide, 469°C, the boiling point of
sulfur, 444.6°C, and the sutectic metlting point of lithium polysulfide products {LiaBm),
365°C. A temperature range that is above the eutactic melling point of lithium
polysulfide products but below the melting point of Lil provides the tempersture
range of 365°C 1o 468°C that can be used in some circumstances. Maintaining the
temperature below the hoiling point of sulfur may be useful and provide a range of
365°C {0 444°C that can be used in other circumstances. A suitable temperature
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range, however, includes temperatures betwesan 375°C and 425°C. The wider
termperature range of 115.21°C 1o 468°C can also be used in still other situations.
For the examples herein, the lemperatures of tha negative electrode region 114 and
the positive electrode region 112 are maintained at approximately the same
temperature. Among other advantages, such a scheme avoids a temperature
gradient across the solid Lil electrolyte 208. In some situations, however, the
temperatures may be different between the electrode regions. Other temperaturs
ranges and schemes can be used as long as the elecirode materials are fluid and
the slectrolyte is solid. As a result, the temparature of the positive electrode region
112 should be above the melting point of sulfur, 115.21°C, and the negative
glectrode region 114 should be above the melting point of lithium, 180.5°C.

[0026] During operstion of the battery 200, the reaction may result in other
compounds or products being formed. For example, in addition to the positive
electrode region containing sulfur, the region may also contain di-lithium polysulfide
species (LizSn whare n is two or higher) and di-lithium sulfide (LizS). Typically, the
reaction through the electrolyte will resull is several different chemical species such
as LixS8n wheare m is an integer equal to one or more. Any number of chemical
species may result and may include, for example LS, LixBs, LieSs, and Li:Ss
products as well as others in some circumstances.

[00271  In some situations, additional materials may be added to the positive
slectrode material and/or to the negative electrode material. For example,
phosphorus can be included in the positive electrode material resulting in a fluid
phosphorus-sulfur positive electrode. Therefore, another exampie of the fluid
elactrode battery apparatus 100 is a lithium phosphorus-sulfur (LIPS) battery. In one
exampie, therefore, the positive electrode material comprises sulfur and, in ancther
gxample, the positive electrode material comprises sulfur and phasphorous.
Examples of suitable temperature ranges for the reservoirs and reaction chamber for
a LIPS baltery include the ranges discussad above with reference to the LiS battery
200 of FIG, 2.

[0028] Therafore, for the example discussed with reference fo FiG. 2, the fire
danger of a lithium thermal battery is minimized by using a solid fithium lodide {(Lil}
electrolyte. Lil provides the appropriate electrochemical properties for use as an
electrolyte in a thermal lithium battery such as LiS battery while having a melting
point adequately above the melting point of fithium, the melting point of sulfur, and

-10-
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the sutectic melting point of lithium polysulfide products (LinSn). In addition, the Lil
slectrolvie is chemically stable with lithium and sulfur as well as with LizBw species.
Within the operating temperature range the Lil electrolyte remains solid but exhibits
mare plastic deformation than glass and more than a ceramic such as BASE
because #s operating femperature is much closer its malting point.

[00R28]  In some circumstances, therefore, the selaction of malerials and
operational temperature ranges for use in the thermal battery are at least somewhat
based on the melting point of the elecirolyte material. A useful ratio of 2 material's
temperature is the homologous temperature, Tw. The homologous temperature is the
ratio of the material's absolute temperature o its absolute melting point temperature.
The homologous temperature is very useful because materials behave in similar
ways when heated. For instance, when a material’'s temperature is much lower than
its melting point temperature, the material is typically hard and its creep rate under
stress is negligible. However, when a material's temperature approaches its melling
poirt, then the material softens and #s creep rate under stress increases. As an
example, the homologous temperatures for the BASE and sodium borate glass solid
slactrolyte in a sodium-sulfur battery operating at 350°C are 0.27Typ and 0.32Twe
respectively. At these homologous temperatures, the BASE and sodium borate glass
are hard and exhibil a negligible creep rate under stress. By selecling 8 combination
of materials that result in an operating temperature where at least one electrode is
fluid and the slectrolyie material is below, but relatively near, iis melting point. the
solid glectrolyte is less brittle and more effectively separates and seals the glectrode
materials from gach other. In most circumstances, the low end of the operating
temperature range is at least above 35 percent of the absolute melting point of the
solid electrolvie (i.e., Tu of the solid electrolyte is 0.38Twe). As the low end of the
operating temperature rangs is increased, the electrolyte is likely to have an
increased soffness and be less triltle. Therefore, the low end may be above 50, 60,
70, or 80 percent of the absolute melling point of the glectrolvie (e, Tu = 0.5Twe,
08Twe, 0.7Twe, 0.8Twe). In many circumstances, the high end of the operating
femperature range may be fimited by the boifing point of one of the elecirode
materials. In order {o avoid having the electrods entering the gas phase, the high
end of the operating temperature range should at least be lower than the lower
boiling points of the positive elecirode material and the negative electrode material.
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in some circumstances, the high end can be less that 98 percent of the lowest
slectrode material's absolute bolling point. In stil] other situations, the high end can
be less than 95 percent of the lowest electrode material’s absolute boiling point.
[0030] Applying these relationships to a lithium sulfur battery, sultable operating
temperature ranges are in accordance with those discussed above. For example,
operating the LIS battery with a Lil solid electrolyte in a temperature range of 380°C
{0 410°C is a range that is contained within the range from 88 percent of the absolute
metlting point of lithium iodide {i.e., Ty = 0.88Twe) {0 95 percent of the absolute
boiling point of sulfur,

[0031]  FIG. 3 is a flowchart of an example of a method of aperating a fluid
glectrode battery. The steps of FIG. 3 can be performed in a different order than
shown and some steps may be combined into a single step. Additional steps may he
performed and some steps may be omitted. For example, step 302, step 304, and
step 306 are performed simultaneously in many circumstances. Although the
method may be performed in any apparaius having the appropriate structurg,
components and materials, the example discussed with reference fo FIG. 3 is
performed in a thermal battery such as the battery 100 discussed with reference o
FiG. 1 or the baltery 200 discussed with reference to FIG. 2 above.

[0032] Atstep 302, a negative electrode material is haated to place the negative
glectrode material in the negative region of the reaction chamber into a fluid sfate. By
adequately heatling the negative region of the reaction chambaer, a fluid negative
electrode is formed from the heated negative electrode material.

[0033] Atstep 304, a positive electrode material is heated {o place the positive
electrode material in the positive region of the reaction chamber into a fluid state. By
adeguately heating the positive region of the reaction chamber, a fluid positive
electrode is formed from the heated positive electrode material.

[0034] Al step 306, the electrolvie is maintained in a solid state. The reaction
chamber is heated to adequately heat the electrode materials without melting the
electrolyte. The solid electrolyte is in 8 solid state butl is less brittle than glass and
ceramics. The solid electrolyte, therefore, exhibils more plastic deformation than
glass and mare than a ceramic within the operating temperaturs range of the thermal
battery because the operating temperature is much closer to the solid electrolyte’s
melting point.
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[0038] 1t should be understood that, depending on the example, certain acts or
avents of any of the methods described herein can be performed in a different
sequence, may be added, merged, or lsft out altogether (e.4., not all described acts
or events are necessary for the practice of the method). Moreover, in cerlain
examples, acts or evenis may be performed concurrently, rather than sequentially or
even reversed. In addition, while certain aspects of this disclosure are described as
being performed by a single module or component for purposes of clarity, it should
be understood that the functions described in this disclosure may be performed by
any suitable combination of componants.

[0038] Clearly, other embodiments and modifications of this invention will ocour
readily to those of ordinary skill in the art in view of these teachings. The above
description is Hlustrative and not restrictive. This invention is to be limited only by the
following claims, which include all such embodiments and modifications when
viswed in conjunction with the above specification and accompanying drawings. The
scope of the invention should, therefore, be determined not with referance to the
above description, but instead should be determined with reference {0 the appended
claims along with their full scops of equivalents.

(00371 Whatis claimed is
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CLAIMS
1. An apparatus comprising:

& negative fluid electrode comprising a negative electrode maternial, the
nagative fluid electrode being fluid at least within an operating temperaturs range of
the apparatus;

a positive fuid electrode being fluid at least within the operaling temperature
range of the apparatus, and

a solid electrolyte positioned between the negative fluid electrode and the
positive fluid electrode, the solid electrolyte comprising cations of the negative
electrode material and in 2 solid stale at least within the operating temperature range
of the apparatus, the operating temperature range of the apparatus contained within
a range between 30 percent of an absolule melting point of the solid electrolyte and
98 percent of the absolute melting point.

2. The apparatus of claim 1, wherein the operating temperature range is
contained within a range between 40 percent of the absolute melting point of the
solid electrolyte and 95 percent of the absolute melling point.

3. The apparatus of claim 2, wherein the operating temperature range is
contained within a range between 50 percent of the absolute melting point of the
solid electrolyte and 95 percent of the absolute melting point.

4, The apparatus of claim 3, wherein the operaling temperalure range is
contained within a range between 70 percent of the absolute melling point of the
solid electrolvte and 85 percent of the absolute melting point.

5. The apparatus of claim 4, wherein the operating temperature range is
contained within a range between 80 percent of the absolute melting point of the
solid elactrolyte and 95 percent of the absolute melting point.
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8. The apparatus of claim §, wherain the operating temperature range is
contained within a range betweaen 88 percent of the absolute melting point of the
salid electrolvie and 95 percent of the absolute melting point.

7. The apparatus of claim 1, wherein an upper temperature of the operating
temperatire range is below a lowsst boiling point of a positive elactrode botling point
of the positive fluid elecirode and a negative electrode boilling point of the fluid

negative slectroda.

8. The apparatus of claim 7, whersin the upper temperature of the operating
temperature range is below 85 percent of the lowest absolute boiling pointof a
positive slectrode absolute boiling point of the positive fluid electrode and a negative
glectrode absolute boiling point of the fluid negative electrods.

9. The apparatus of claim 8, wharein the upper temperature of the operating
temperature range is helow 95 percent of the lowest absolute boiling pointof a
positive electrode absolute boiling point of the positive fluid slectrode and a negative
electrode boiling point of the fluid negative slechrode.

10, An apparatus comprising:

a negative fluid electrode comprising lithium, the {ithium being fluid at least
within an operating temperature of the apparatus;

2 positive fluid slectrode comprising sulfur, the sulfur being fluid at least within
the operating temperature of the apparatus; and

a solid lithium iodide electrolyte positioned between the negative fluid
glectrode and the positive fluid electrode, the solid lithium iodide electrolvie
comprising lithium cations and being solid at least within the operating temperature
of the apparatus.

11.  The apparatus of claim 10, wherein the operating temperature range of the
apparatus is contained with the range of 365°C 10 444°C.
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12.  The apparatus of claim 11, wherein the operaling temperature range of the
apparatus is contained with the range of 375°C to 425°C.

13.  The apparatus of claim 11, wherein the operating temperature range of the
apparatus is contained with the range of 380°C to 410°C.

14, The apparatus of claim 10, further comprising:

& heating system arranged and configured to heat the fluid negative slectrode,
the fluid positive electrode and the solid lithium iodide electrolyte to an operating
temperature of the apparatus.

15. A thermal lithium baltery comprising:

a reaction chamber having a negative electrods region and a positive
electrode region separated from the negative electrode region by 8 solid lithium
indide slectrolyte comprising lithium cations and in a solid state af least when a
temperature of the reaction chamber is within an opsrating temperature range of the
hattery;

a fluid negative electrode contained within the negative electrode region and
comprising lithium, the fluid negative electrode in a fluid stale at least when the
temperature of the reaction chamber ig within the operaling temperature rangs of the
battery; and

a fluid positive electrode contained within the positive electrode region and
comprising sulfur, the fluid positive electrode in a fluid state least when the
temperature of the reaction chamber s within the operating temperature range of the
battery.

16.  The baltery of claim 15, wherein the operating temperature range of the
apparatus is contained within the range of 365°C to 444°C,

17.  The batlery of claim 18, wherein the operating temperature range of the
apparatus is contained within the range of 375°C to 425°C.
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18.  The batlery of claim 17, wharein the operating temperature range of the
apparatus is contained within the range of 380°C to 410°C.

19, The battery of claim 15, further comprising:

a heating system arranged and configured o heat the reaction chamber o an
operating temperature within the operating temperature range of the battery.

20.  The baltery of claim 15, wherein the positive electrode material comprises
phosphorous (P).

21, An apparatus comprising:

a negative fluid electrode comprising a negative electrode material, the
negative fluid electrode being fluid at least within an operating temperature range of
the apparatus;

a positive fluid slectrode being fuid at least within the operating femperature
range of the apparatus; and

a solid electrolyte positioned between the negative fluid electrode and the
positive fluid electrode, the solid electrolyte comprising cations of the negative
slectrode material, being solid at lsast within the operating temperature range of the
apparatus, and having a softness less than a beta-alumina solid electrolyte (BASE)
ceramic at least within the operating temperature range of the apparatus.

22, The apparatus of claim 21, wherein the operating temperature range of the
apparatus is contained within the range of 365°C {o 444°C.

23. The apparatus of claim 22, wherein the operating temperalure range of the
apparatus is contained within the range of 375°C to 425°C.

24.  The apparatus of claim 23, wherein the operating {femperature range of the
apparatus is contained within the range of 390°C to 410°C.
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25, The apparatus of claim 21, wherein the negative electrode material comprises
lithium (L), the positive electrode material comprises sulfur {S), and the solid
alectrolyte comprises lithium (L) cations.

268. The apparatus of claim 25 wherein the solid electrolyte comprises fithium
iodida (Lil),

27. The appsratus of claim 25, whersin the positive electrode material comprises
phosphorous (P).

28,  The apparatus of ¢laim 21, further comprising:

a heating system arranged and configured to heat the fluid negative electrode,
the fluid positive electrode and the solid electrolyte to an operating temperature of
the apparatus.
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" START

HEAT A NEGATIVE ELECTRUDE MATERIAL IN A NEGATIVE ELECTRODE
REGION OF A REACTION CHAMBER TO PLACE THE NEGATIVE
ELECTRODE MATERIAL INTO A FLUID STATE

302
'/-*3

v
HEAT A POSITIVE ELECTRODE MATERIAL IN A POSITIVE ELECTRODE 304
REGION OF THE REACTION CHAMBER TO PLACE THE POSITIVE dh
ELECTRODE MATERIAL INTO A FLUID STATE

MAINTAIN AN ELECTROLYTE BETWEEN THE NEGATIVE REGION AND Ve 306
THE POSITIVE REGION N A SOLID STATE WHILE EXHIBITING MORE
PLASTIC DEFORMATION THAN GLASSE

FIG. 3
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