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(571 ABSTRACT

A high temperature, electrochemically reversible cell
system comprising a divalent cation conducting solid
electrolyte in contact with a positive electrode and a
solid-state negative electrode contacting a divalent cat-
ion conducting molten salt providing ionic mediation to
the solid electrolyte is disclosed. Suitable divalent cati-
ons include Ca2+; Sr2+; Ba2+; Zn2+; Cd2+; Pb2+;
Hg2+; and Mn2+. According to a preferred embodi-
ment, Ca2+ beta”-alumina solid electrolyte is in solid-
state contact to a transition metal doped Ca2+ beta'-
alumina positive electrode, and a solid-state calcium
alloy negative electrode contacts a calcium halide mol-
ten salt providing ionic mediation to the solid-state
Ca2+ beta”-alumina electrolyte.

20 Claims, 1 Drawing Sheet
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1
HIGH TEMPERATURE STORAGE BATTERY

This invention was made as a result of work under
NSF-SBIR Award No. 8460002 awarded by the Na-
tional Science Foundation. The Government has cer-
tain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to rechargeable gal-
vanic cells comprising a divalent cation conducting
solid electrolyte in contact with a positive electrode,
and a solid-state negative electrode contacting a molten
salt providing jonic mediation to the solid electrolyte.
Galvanic cells of this type may be assembled to form
advanced storage battery systems for use in utility load
leveling, electric vehicle propulsion, and aerospace
power source applications.

2. Description of the Prior Art

Both ambient and high temperature battery systems
are currently being considered for applications such as
electric vehicle propulsion and utility load leveling
management. Ambient temperature batteries are typi-
fied by aqueous electrolyte systems such as lead-acid,
zinc-chlorine, zinc-bromine and nickel-zinc. Also, there
has been increasing interest in secondary lithium non-
aqueous systems such as Li/TiS; and and Li/CuCl,.
Ambient temperature aqueous electrolyte systems gen-
erally demonstrate faster electrode kinetics, and can
deliver higher power densities than lithium non-aque-
ous systems, although they generally possess lower
volumetric energy densities.

The discovery that sodium ion conductivity in so-
dium beta-alumina and beta'-alumina type materials at
room temperature is comparable to conductivity in
aqueous solutions greatly enhances the applications of
high conductivity -solid electrolytes. Most work has
focused on the high cationic conductivity in solids con-
ducting monovalent ions, but it is now known that ion
exchange reactions result in replacement of monovalent
sodium ions in sodium beta"-alumina with divalent cati-
ons, such as Ca2+, Sr2+, Ba2+, Zn2+, Cd2+, Pb2+,
Hg2+ and Mn2+. Most of the divalent beta”-aluminas
demonstrate high divalent cationic conductivities of
about 10—!(ohm-cm)—! at temperatures from about
300° to 400° C. for single crystal materials, suggesting
their suitability for use in high temperature secondary
cell applications. G. C. Farrington and B. Dunn, “Diva-
lent Beta” Aluminas: High Conductivity Solid Electro-
lytes for Divalent Cations”, Mat. Res. Bull,, 15:1773
(1980). The ionic conductivities of Ca2+, Sr2+ and
BaZ+ beta”-aluminas are comparable, while the conduc-
tivity of Pb2+ beta”-alumina is greater and approaches
the conductivity of sodium beta”-alumina at tempera-
tures below 25° C. R. Seevers, J. DeNuzzio, and G. C.
Farrington, “Ion Transport in Ca?+, Sr2+, Ba?+ and
Pb2+ Beta” Aluminas”, Office of Naval Research Con-
tract NOOOQ14-81-K-0526, Technical Report No. 2
(1983). Another report relates the structure of divalent
beta”-aluminas to their conductivity. J. O. Thomas, M.
Alden, and G. C. Farrington, “The Relationship Bet-
weeen Structure and Ionic Conductivity in Divalent
B’'-Aluminas”, Solid State Ionics 9 & 10: 301 (1983).
Divalent cations are typically substituted for sodium in
beta"-alumina by immersion in an appropriate molten
salt of the desired divalent cation. E. E. Hellstrom and
R. E. Benner, “Preparation and Properties of Polycrys-
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2
talline Divalent-Cation Beta’-Alumina”, Solid State
Ionics 11: 125 (1983). Divalent beta”-aluminas are gen-
erally stable, they retain the beta”-alumina structure,
and they can be reversibly exchanged from sodium
beta”-alumina.

Trivalent cations, including Gd3+, N3+ and Eu3+
may also be substantially completely exchanged for
sodium ions in beta”-alumina single crystals to provide
solid electrolytes having rapid trivalent cation mobility
at moderate temperatures. B. Dunn and G. C. Farring-
ton, “Trivalent lon Exchange In Beta"” Alumina”, Of-
fice of Naval Research Contract NOOQ14-81-K-0526,
Technical Report No. 6 (1984). The ionic distribution
in trivalent Gd3+ beta”-alumina, characterized by
X-ray diffraction study, indicates that these materials
may have interesting optical properties, although ionic
conductivity is relatively low. W. Carrillo-Cabrera, J.
O. Thomas and G. C. Farrington, “The Ionic Distribu-
tion in Trivalent Gd3+ Beta”-Alumina”, Solid State
Ionics 9 & 10:245 (1983).

Recent experimental developments in high tempera-
ture galvanic cells have focused primarily on sodium-
sulfur battery systems and lithium alloy-metal suifide
battery systems. The sodium sulfur cells comprise a
sodium beta-alumina type electrolyte, highly reactive
liquid sodium negative electroactive material, and so-
dium polysulfide positive electroactive materials. The
lithium alloy-nickel sulfide systems currently being
developed utilize a molten salt electrolyte. These cell
systems typically operate at 350° C. and 450° C,, respec-
tively, to promote rapid electrode kinetics, thereby
achieving high discharge power densities. The high
temperature operation of these cells has been deter-
mined by the melting point of the sodium polysulfide
oxidant at the cathode of the sodium-sulfur cell and the
melting point of the LiCl-KCl molten salt electrolyte
used in the lithium alloy-metal sulfide battery. High
energy densities for these types of cells are expected
since alkali metals are used for the negative electrode in
both of the systems.

The sodium-sulfur system is considered by many
researchers to be the most promising of the advanced
high temperature battery systems. The sodium ion con-
ductivity of sodium beta-alumina type solid electrolyte
material allows effective separation to be realized by the
highly reactive liquid sodium negative electroactive
material and the sodium polysulfide positive electroac-
tive material. One important drawback of this type of
systein is the containability of molten sodium at 350° C.
in the event of a cell leak or accident. In addition, there
is some evidence of material degradation of sodium ion
conducting beta”-alumina ceramic electrolyte at the
negative electrode side upon extended cell cycling,
which may lead to cell shorting.

Galvanic cells utilizing iron-doped beta-alumina type
cathodes are operable at closer to ambient temperatures
than conventional sodium-sulfur beta-alumina systems.
Cells comprising sodium negative electrodes, beta-
alumina ceramic electrolyte, and sintered beta-alumina
positive electrodes in which some of the aluminum sites
were replaced by iron in the beta-alumina structure
operated at about 120° C. were shown to be electro-
chemically regenerative. “Galvanic Cells Containing
Cathodes of Iron-Doped Beta-Alumina”, J. H.
Kennedy and A. F. Sammells, J. Electrochem. Soc.
121:1 (1974).
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
high energy density, high temperature battery system
which is electrochemically reversible and suitable for
applications such as utility load leveling, electric vehi-
cle propulsion and aerospace power source systems.

It is another object of the present invention to pro-
vide a high energy density, high temperature cell sys-
tem which demonstrates good Faradaic efficiency upon
extended cell cycling and is relatively safe in the case of
a cell rupture or leak.

It is yet another object of the present invention to
provide a high energy density, high temperature cell
system which is not susceptible to erosion and material
degradation at the solid divalent cation conducting
electrolyte/negative electrode interface upon extended
cell cycling.

It is yet another object of the present invention to
provide a high energy density, high temperature cell
system wherein the solid electrolyte and solid-state
positive electroactive material comprise a monolithic
solid-state assembly, with the solid electrolyte exclu-
sively ionically conductive and the positive electrode
both ionically and electronically conductive; the nega-
tive electroactive material comprises a solid-state mate-
rial; and an appropriate molten sait is provided as an
ionic mediating agent between the solid-state electro-
Iyte and the solid-state negative electroactive material.

The high temperature, high energy density cell sys-
tem of the present invention comprises a divalent cation

. conducting solid electrolyte, such as divalent cation
. conducting beta”-alumina; positive electroactive mate-
rial, such as a divalent cation conducting beta”-alumina
lattice type structure doped with an immobile transition
metal species; and solid-state negative electroactive

" . material with an appropriate molten salt provided as an

. . ionic mediating agent between the solid-state negative
. electroactive material and the divalent cation conduct-
ing solid electrolyte. Since a molten salt is provided as
_an jonic mediating agent between the negative elec-

troactive material and the solid-state electrolyte, mate-
rial degradation which has been observed in sodium-sul-
fur type cells at the negative electrode/solid-state elec-
trolyte interface is prevented by the presence of the
molten salt. Redox chemistry at the negative electrode
according to the present invention occurs at the elec-
troactive material/molten salt interface rather than at
an electroactive material/solid electrolyte interface and
material degradation is reduced. The positive electrodes
utilized in this cell system according to one embodiment
may have the same nominal composition as divalent
cation conducting beta”’-alumina electrolyte, and addi-
tionally a significant fraction of the A3+ sites in the
beta”-alumina structure may be substituted by transition
metal redox species. Transition metal ions may be incor-
porated into the spinel block of the beta”-alumina solid
electrolyte by direct high temperature solid-state reac-
tion.

In an especially preferred embodiment of the present
invention, Ca2+ beta”-alumina solid electrolyte is in
solid-state contact to a transition metal doped Ca2+
beta"-alumina positive electrode, with a solid-state neg-
ative electrode comprising a calcium alloy, and prefera-
bly comprising a silicon containing calcium alloy with a
Ca2+ molten salt providing ionic mediation the electro-
lyte and the negative electrode.
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The anticipated reactions occurring during discharge
at each electrode of, for example, a calcium cell of the
present invention can be represented as follows:

(Cathode) Oxidant electrode: M("+ 1 4 e——M?+
(Anode) Reductant electrode: Ca—CaZ+ 4-2e~

Overall reaction: Ca+2M("1+1—Ca2+ 42 M7+

where M is an immobile transition metal, such as Fe3+,
Cr3+, Co3+, and the like located in a beta”-alumina
lattice structure of the positive electrode.

Upon electrochemical cycling, the positive electrode
material is not expected to undergo any chemical phase
change. Electroneutrality is maintained within the over-
all solid state cathode structure since the electrochemi-
cal reduction reaction involves conversion of M3+ to
M2+ followed by migration of a divalent cation from
the solid electrolyte bulk toward a site close to the
transition metal species.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described in detail with
the aid of the accompanying drawings, in which:

FIG. 1 shows a highly schematic diagram of a high
energy density, high temperature cell of the present
invention; and

FIG. 2 shows the cell of the present invention embod-
ied in a tubular electrochemical cell arrangement.

DESCRIPTION OF PREFERRED
EMBODIMENTS

As shown in the highly schematic diagram of FIG. 1,
high temperature rechargeable cell 19 comprises posi-
tive electrode 11 in solid-state contact to solid-state
electrolyte 12, and solid-state negative electrode 13 in
contact to electrolyte 12 by means of mediating agent
14. Current collectors 15 and 16 are provided to en-
hance current collection from the positive and negative
electrodes, respectively.

Solid-state electrolyte 12 comprises a divalent cation
conducting solid and preferably comprises divalent
cation conducting beta”-alumina. Divalent beta”-
aluminas suitable for use as solid electrolytes according
to the present invention include: Ca?+ beta”-alumina;
Sr2+ beta”-alumina; Ba2+ beta”-alumina; Zn2+ beta”-
alumina; Cd2+ beta”-alumina; Pb2+ beta”-alumina;
Hg2+ beta”-alumina; Mn2+ beta”-alumina; and other
divalent cation conducting beta”-aluminas exhibiting
similar ionic conductivities. CaZ+ beta"-alumina is espe-
cially preferred for use in the present invention, but the
following descriptions of Ca2+ beta”-alumina electro-
lyte and calcium cells are intended to be illustrative and
not limitative of the present invention.

Divalent cation conducting beta”-alumina materials
for use as solid-state electrolytes in the present inven-
tion preferably comprise the respective lithinm and
magnesium stabilized materials possessing the following
initial nominal composition: CaxLiyAli04017.6, and
CaxMg:Al104017 wherein x is from about 0.65 to about
1.0, and preferably x is from about 0.75 to about 0.90; y
is from about 0.20 to about 0.40, and preferably y is
from about 0.27 to about 0.33; and z is from about 0.50
to about 0.80, and preferably z is from about 0.60 to
about 0.70. Divalent cation conducting beta”-alumina
electrolytes may be prepared by heating stoichiometric
amounts of the appropriate metal oxides at about 1000°
10 1200° C. to effect direct solid-state reactions forming
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sodium beta”-alumina, and ion exchanging divalent
cations for Na+ by immersion of the solid-state sodium
beta”-alumina in a divalent cation molten salt. Ion ex-
change to divalent cation conducting beta"-alumina
may also be carried out in situ during cell assembly.

Positive electrode 11 may comprise any positive elec-
troactive material which is compatible with the nega-
tive electroactive material and preferably comprises a
solid-state divalent cation conducting material which is
both ionically and electronically conductive. Suitable
divalent cations comprise: Ca2+; Sr2+; Ba2+; Zn2+;
Cd2+; Pb?+; Hg?+; and the like. Ca?+ is especially
preferred. The divalent cationic conductivity of posi-
tive electrode 11 is, of course, matched to that of solid-
state electrolyte 12 so that both materials have approxi-
mately the same conductivity with respect to the same
divalent cation. Solid-state intercalation compounds
such as beta and beta”-aluminas, polysulfide species,
and the like, are suitable for use as positive electrodes
1.

According to a preferred embodiment, positive elec-
trode 11 comprises a divalent cation conducting beta’’-
alumina type lattice structure incorporating a transition
metal redox species into immobile Al3+ lattice sites. A
significant fraction of the A+ sites in the beta”-
alumina spinel block structure are substituted for redox
transition metal species such as Fe3+, Cr3+, Co3+,
Ti4+, V4+, Mn3+, Ni2+, Cu?+, and the like. Fe3+,
Cr3+, and Co3+ are especially preferred. Any transition
metal redox species which imparts sufficient electronic
conductivity and provides sufficiently separated elec-
trode potentials to give cells with usable voltages is
suitable for use in the present invention. Incorporation
of an immobile transition metal redox species into a
beta"-alumina type lattice structure may be achieved by
direct solid-state reaction between the appropriate
metal oxides at elevated temperatures in the atmo-
sphere. After synthesis of the above preferred Ca2+
beta”-alumina materials doped with transition metal
redox species, they possess the following respective
compositions:

Cag 34Li0.20A110.4—aM4017.6, and
Cag 33Mgp.67A110.3-gM017

where M=Fe3+, Cr3+, Co3+, Tit+, Vé4+, Mn3+,
Ni2+, Cu?+, and the like, and a is from about 1 to about
8 and preferably a is about 5.

Current collection from the positive electrode is pref-
erably achieved by a current collector comprising a
metallic paint providing good electronic contact to the
cathode, or a vacuum evaporated material such as mo-
lybdenum, gold, and the like. Suitable metallic paints
may be prepared and utilized as follows: a metallizing
mixture comprising 16 gm Mo powder, 4 gm Mn pow-
der, 10 ml carbowax, 5 ml amyl acetate and 5 ml ace-
tone is initially ball-milled for several days; the resulting
metallic paint may be applied onto the surfaces of the
positive electrode; the paint is preferably allowed to dry
for one day at 200° C.; and the whole assembly is then
heated to 900° C. under argon for several hours. Posi-
tive electrode 11 may be provided in solid-state contact
to electrolyte 12 by directly sintering or fusing to pro-
vide a monolithic structure.

Negative electrode 13 preferably comprises a solid-
state alloy of the corresponding divalent species present
in solid-state electrolyte 12, and may comprise Ca and
alloys thereof, Sr and alloys thereof, Ba and alloys

20

45

60

65

6

thereof, Zn and alloys thereof, Cd and alloys thereof,
Pb and alloys thereof, Hg and alloys thereof, Mn and
alloys thereof, and the like. According to a preferred
embodiment, negative electrode 13 comprises Ca or a
solid-state alloy thereof. Silicon containing calcium
alloys, such as Ca;Si; CaSi; Ca;Si) - »By; and CazSiy—(x-
+5)BxM, where M=Mg or Al, and x and y are bo-
th< 1.0, are especially preferred.

Ionic transport between solid-state negative electrode
13 and solid-state electrolyte 12 is provided by ionic
mediating agent 14 comprising an appropriate divalent
cation conducting molten salt. The divalent cationic
conductivity of ionic mediating agent 14 is, of course,
matched to that of solid-state electrolyte 12. Binary
calcium halide molten salts such as CaCl;-Caly and
ternary calcium halide molten salts such as CaCl,-Cal;-
CaBr; are especially preferred for use with Ca2+ con-
ducting solid electrolytes. A eutectic molten salt com-
prising CaCly(51.4m/0)-Caly is especially preferred.
Suitable molten salts for use with other divalent cation
conducting electrolytes are known to the art.

Current collection from the negative electrode is
preferably achieved by a current collector comprising
low carbon steel, molybdenum, high chromium steel,
and the like.

According to one especially preferred cell configura-
tion of the present invention, solid-state negative elec-
trode 13 comprises Ca)Si; molten salt mediating agent
14 comprises CaCly(51.4m/0)-Cal; eutectic; solid-state
electrolyte 12 comprises Ca2+ beta"-alumina and solid-
state positive electrode 11 comprises Cap g4Lip29Fes 4.
1Fes017.58. This cell configuration possesses an open-
circuit voltage of about 1.67 V at 590° C. and demon-
strates excellent electrochemical reversibility.

FIG. 2 shows a tubular electrochemical cell arrange-
ment suitable for use with high temperature cells of the
present invention. Solid-state negative electrode 13 is
provided in the central area of the cell and is immersed
in divalent cation conducting molten salt mediating
agent 14 which is contained by electrolyte 12 compris-
ing divalent cation conducting solid-state material hav-
ing a high ionic conducitivity, solid-state electrolyte 12
being in solid-state contact to positive electrode 11
comprising a solid-state divalent cation conducting
material having a high ionic and electronic condutivity.
Current collector 15 is provided to achieve current
collection from the positive electrode and current col-
lector 16 is provided to achieve current collection from
the central negative electrode 13. Suitable electrode
feed through means 18, providing a seal from the atmo-
sphere, are known to the art. Gas inlet 19 and gas outlet
20 may be provided for passage of an inert gas, such as
argon.

Heating elements 17 are provided peripherally to the
exterior surface of the tubular electrochemical cell ar-
rangement shown in FIG. 2 to provide the required cell
operating temperatures. Preferred cell operating tem-
peratures depend upon the melting point of the molten
salt mediating agent 14 utilized. For example, for cells
utilizing the eutectic binary calcium halide molten salt
CaCl;y-Caly, cell operating temperatures of about 590°
C. are suitable. Operating temperatures for cells of the
present invention are chosen to provide the molten salt
mediating agent in a molten, liquid form, while main-
taining the solid-state electrodes and electrolyte in their
solid-state forms. The high temperature cells according
to this invention are preferably operated without direct
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contact to the atmosphere. The high temperature cell
systems of the present invention may be adapted to
many other suitable configurations, and a plurality of
cells may be assembled to provide high energy density,
high temperature storage batteries.

The following example sets forth specific cell compo-
nents and their method of manufacture for the purpose
of more fully understanding preferred embodiments of
the present invention and is not intended to limit the
invention in any way.

EXAMPLE

A cell of the general type shown in FIG. 1 was fabri-
cated according to the following procedures. Sodium
ion conducting beta”-alumina recessed pellets were
fabricated by Ceramatec Inc., located at 163 West 1700
South, Salt Lake City, Utah 84115, and possessed the
initial nominal composition:

Nay 6sLi0.20A110.44017.58-

These pellets were 16 mm i diameter and 4 mm thick.
In the center of each of these pellets, a circular recess 13
mm in diameter and 3 mm deep was machined. This
resulted in the solid electrolyte possessing a wall thick-
ness of 1 mm. between the positive and negative elec-
trodes in the galvanic cells.

Ton exchange of Ca2+for sodium was accomplished
by total immersion of the recessed pellet in molten
CaCl; at about 800° C. for about 60 hours. This was
performed in a muffle furnace using a ceramic crucible
containing a lid. Removal of the exchanged recessed
pellets was accomplished by plucking out of the melt at
temperature and allowing to cool close to room temper-
ature. The recessed pellet was then thoroughly rinsed
successively with distilled water and methanol, and
after heating again to about 700° C. in the atmosphere,
introduced (while still warm) into a vacuum desiccator
over molecular sieves.

Preparation of positive electrode materials compris-
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tures was achieved by initially ball milling stoichiomet-
ric amounts of Al,O», Li;CO3and Fe,03, together with
CaQ to provide divalent conductivity. This was per-
formed over 72 hours for each batch (=50 g) using an
alumina ball mill and ethylene giycol as a grinding aid.
The final particle size of the ground material was in the
1-2.5 micron range. This powder was then fired at
1000° C. for four hours to promote solid-state reaction
and achieve a first approximation to a beta’’-alumina
type structure. After this initial firing the powder was
returned to the alumina ball mill and reground together
with 2 ml of a 10 ¥/o carbowax 1000 solution, as a
binding agent, for a further 48 hours. Using this material
cathode pellets were pressed at 80,000 psi in a KBr type
die using a Carver Laboratory press. These pellets were
then initially heated for 2-3 hours at 200° C. for removal
of the binding agent, followed by firing at 1000° C. for
four hours.

The solid-state negative electrode comprised CazSi,
and the mediating agent comprised the binary eutectic
calcium halide molten salt CaCly(51.4"/0)-Cal,.

Excellent electrochemical reversibility was observed
for the cell Ca;Si/CaCl;, Cal/Ca2+ beta”-alumina/46-
m/o Fe;Os3-beta”’-alumina. Upon extended cycling Fara-
daic efficiencies approaching theoretical could be ob-
served. The initial open-circuit for this specific cell was
around 1.67 V. Examination of the solid electrolyte in
the area of the recess indicated complete stability for
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the molten salt/solid electrolyte interface region for a
cell subjected to repeated charge/discharge cycling.

While in the foregoing specification this invention has
been described in relation to certain preferred embodi-
ments thereof, and many details have been set forth for
purpose of illustration, it will be apparent to those
skilled in the art that the invention is susceptible to
additional embodiments and that certain of the details
described herein can be varied considerably without
departing from the basic principles of the invention.

I claim:

1. A high temperature electrochemical cell compris-
ing:

a solid-state divalent cation conducting electrolyte;

a positive electrode in contact with said electrolyte;

a solid-state negative electrode contacting a divalent

cation conducting molten salt mediating agent pro-
viding ionic mediation between said solid-state
negative electrode and said solid-state electrolyte.

2. A high temperature electrochemical cell according
to claim 1 wherein said divalent cation is selected from
the group consisting of: Ca2+; Sr2+; Ba2+;Zn2+;
;Cd2+;Pb2+; Hg2+; and Mn2+,

3. A high temperature electrochemical cell according
to claim 1 wherein said electrolyte is selected from the
group consisting of: Ca2+ beta”-alumina; Sr2+ beta’-
alumina; Ba2+ beta”-alumina; Zn2+ beta”-alumina;
Cd?+ beta”-alumina; Pb2+ beta”-alumina; Hg2+ beta'’-
alumina; and Mn2+ beta”-alumina.

4. A high temperature electrochemical cell according
to claim 1 wherein said divalent cation is Ca2+ and said
solid-state electrolyte comprises Ca2+ beta”-alumina.

5. A high temperature electrochemical cell according
to claim 4 wherein said solid-state electrolyte is selected
from the group consisting of: CaxLiyAl104017.6 and
Ca,Mg; Alj0.4017, where x is from about 0.65 to about
1.0; y is from about 0.20 to about 0.40 and z is from
about 0.50 to about 0.80.

6. A high temperature electrochemical cell according
to claim 3 wherein said positive electrode comprises a
solid-state divalent cation conducting transition metal
doped beta"-alumina.

7. A high temperature electrochemical cell according
to claim 6 wherein said transition metal is selected from
the group consisting of Fe3+; Cr3+; Co3+; Ti¢+; V4+;
Mn3+; Ni2+; and Cu?+.

8. A high temperature electrochemical cell according
to claim 6 wherein said transition metal doped solid-
state positive electrode is selected from the group con-
sisting of: Cao g4Lio20Al10.40Fec017.16; Cao.ssMgo.-
67Al10.3..Fec017; Cag.34Li0.29A110.4-2Cr4017.6;
Cap.33Mgo.67A110.3-2C0.017; Cap.s4Lin 20Al10.4-
aC0,4017.6; and Cao.s3Mgo.67A110.3.4C04,017 where a is
from about 1 to about 8.

9. A high temperature electrochemical cell according
to claim 6 wherein said solid-state negative electrode is
selected from the group consisting of: Ca and alloys
thereof; Sr and alloys thereof; Ba and alloys thereof; Zn
and alloys thereof; Cd and alloys thereof; Pb and alloys
thereof: Hg and alloys thereof; and Mn and alloys
thereof.

10. A high temperature electrochemical cell accord-
ing to claim 9 wherein said solid-state negative elec-
trode comprises a silicon-containing calcium alloy.

11. A high temperature electrochemical cell accord-
ing to claim 10 wherein said solid-state negative elec-
trode is selected from the group consisting of: Ca;Si;



4,749,634

9
CaSi; Ca3SiixBx; CaxSit(x+,bxMgy; and CasSiy.
(x+y)BxAly.

12. A high temperature electrochemical cell accord-
ing to claim 10 wherein said molten salt mediating agent
comprises a calcium halide molten salt.

13. A high temperature electrochemical cell accord-
ing to claim 12 wherein said molten salt mediating agent
is selected from the group consisting of: CaCly; CaClz-
Caly; and CaCl;-Cal;-CaBrs.

14. A high temperature electrochemical cell accord-
ing to claim 12 wherein said molten salt mediating agent
is initally a eutectic composition.

15. A high temperature electrochemical cell accord-
ing to claim 1 wherein said solid-state electrolyte com-
prises Ca2+beta”-alumina; said positive electrode com-
prises Cagg4Lio.20Als 4FesO17.58; said solid-state nega-
tive electrode comprises Ca;Si; and said molten salt
mediating agent comprises CaCly-Cal; eutectic salt.

16. A high temperature electrochemical cell accord-
ing to claim 1 additionally comprising a current collec-
tor in contact to said positive electrode and a current
collector in contact to said solid-state negative elec-
trode.

17. A high temperature electrochemical cell accord-
ing to claim 16 wherein said positive electrode current
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10
collector is selected from the group consisting of: a
metallic paint and molybdenum; and said negative elec-
trode current collector is selected from the group con-
sisting of: low carbon steel, molybdenum, and high
chromium steel.

18. A high temperature electrochemical cell accord-
ing to claim 1 in a concentric tubular arrangement
wherein said solid-state negative electrode is.aligned at
a central area of said cell along a central axis and is
immersed in said molten salt mediating agent, said mol-
ten salt mediating agent is contained by said solid-state
electrolyte, and said solid-state electrolyte is in contact
to said positive electrode.

19. A high temperature electrochemical cell accord-
ing to claim 1 additionally comprising external heating
means.

20. A high temperature electrochemical cell accord-
ing to claim 1 wherein said solid-state negative elec-
trode comprises a calcium alloy; said molten salt medi-
ating agent comprises a calcium halide eutectic; said
solid-state electrolyte comprises a Ca2+beta”-alumina;
and said positive electrode comprises a transition metal
doped Ca?+beta”-alumina,

* % % x *



