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DESCRIPTION

Technical Field

[0001] The present embodiments relate to batteries. More specifically, the present
embodiments relate to a new type of battery in which the metal that is transported across the
separator may be different than the material that is oxidized/reduced at the electrodes.

Background

[0002] Our society has come to rely on batteries to power a myriad of devices, including
computers, cell phones, portable music players, lighting devices, as well as many other
electronic components. Nevertheless, there is an ongoing need for further advances in battery
technology. For example, there is still a significant need for economical batteries that can
power automobiles or provide load-leveling capabilities for wind, solar or other energy
technologies. Furthermore, the "information age" increasingly demands portable energy
sources that provide lighter weight, higher energy, longer discharge times, more "cycles," and
smaller customized designs. To achieve these advances, technologists continue to work to
develop batteries with higher and higher energy densities while still providing acceptable
safety, power densities, cost, and other needed characteristics.

[0003] U.S. Patent No. 8,012,621, which was filed by Joshi, et. al., is an example of battery
technology that is currently being researched. U.S. Patent No. 8,012,621 describes a battery
cell where a metal hydride is the negative electrode and a nickel hydroxy-oxide electrode is the
positive electrode. In both positive and negative electrode chambers, there is an alkaline
electrolyte comprised of alkali metal hydroxide dissolved in a water solvent. The patent
discloses a substantially nonporous alkali metal ion conductive ceramic membrane to separate
the electrode compartments. In this patent, "substantially nonporous” means that at least a
portion of the cross-section of the membrane has little or no through porosity such that
transport across the membrane primarily must occur through the membrane lattice structure
and channels rather than through pores. During operation of the cell described in this patent,
an alkali cation carries the charge during charging/recharging of the battery (rather than the
hydroxyl ion that is used as part of the reaction at the electrode). Advantages of this system
include a prevention of undesirable species migration from one electrode to another. This
patent may also result in improved columbic efficiency as well as negligible self-discharge
between cycles and during storage.

[0004] Additionally, U.S. Patent Application Serial No. 12/022,381 represents another type of
battery technology. In U.S. Patent Application Serial No. 12/022,381, a battery cell is described
in which a zinc negative electrode is utilized with a multitude of different positive electrode
materials (such as, for example, MnO,, AgO or Ag50, NIOOH, O,, HgO, CdO, Cu0). In all



DK/EP 2707924 T3

these cases, an alkaline electrolyte is utilized on both sides of the cell, and this alkaline
electrolyte is understood to be a water-based material. This system provides the advantage of
having a non-porous membrane separating anode and cathode, resulting in high columbic
efficiency and a prevention of self discharge.

[0005] US 5,648,183 A discloses an Al/S cell with separate anolyte and catholyte
compartments separated by a non-porous K-conducting separator, the electrolyte in both
compartments being an aqueous, alkaline electrolyte.

[0006] At the same time, the above-recited patent documents all utilize an aqueous (alkaline)
electrolyte. However, there are candidate negative and positive electrode materials that are not
compatible with aqueous electrolytes. These aqueous-incompatible electrode materials offer
advantages in terms of cyclability, energy density and cost per energy unit. For example,
magnesium is a relatively low cost and energy dense electrode material with a very negative
reduction potential (relative to hydrogen). In fact, use of a magnesium electrode can result in a
very low cost per energy unit when coupled with many candidate electrodes with higher
reduction potentials. However, magnesium is not compatible with water since it reacts with
water, Aluminum is another low cost electrode material candidate material with similar
advantages to magnesium but also is not compatible with an alkaline, water-based electrolyte.
Thus, magnesium and aluminum cannot be used as the electrode material in the above-recited
systetms.

[0007] Accordingly, there is a need in the industry for a new type of battery that does not
require an aqueous electrolyte and can use materials, such as magnesium and aluminum, as
the electrode material. Such a device is disclosed herein.

SUMMARY

[0008] In a first aspect there is provided a battery comprising a first electrode which is a metal
that is not an alkali metal; a second electrode comprising an oxidized S or h material that is
capable of being electrochemically reduced by the metal of the first electrode; an alkali-ion
conductive, substantially non-porous separator disposed between the first and second
electrode; a first electrolyte contacting the first electrode, the first electrolyte comprising: a
solvent which is non-reactive with the metal;, and a salt bearing an alkali ion that may be
conducted through the separator, wherein the salt is at least partially soluble in the solvent; a
second electrolyte contacting the second electrode wherein the second electrolyte at least
partially dissolves the salt that forms upon the oxidized material being electrochemically
reduced characterised in that the solvent is a polar organic solvent or an ionic liquid.

[0009] In a second aspect there is provided a method of charging or discharging a battery
having a first electrode which is a metal A, wherein metal A is not an alkali metal, a second
electrode comprising an oxidized S or h material capable of being electrochemically reduced
by the metal A, an alkali-ion conductive, substantially non-porous separator disposed between
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the first and second electrode; a first electrolyte contacting the first electrode comprised of a
polar solvent, wherein the polar solvent is a polar organic solvent or an ionic liquid which is
non-reactive with metal A and a salt bearing the alkali-ion, wherein the salt is at least partially
soluble in the polar solvent, and a second electrolyte contacting the second electrode, the
second electrolyte comprising a solvent that at least partially dissolves the alkali salt that forms
upon the reduction of the second electrode; wherein the method is:

1. (i) a method of charging a battery comprising:

applying an electric charging potential to the first and second electrodes to cause the
following reaction to occur at the first electrode:

if A is a divalent metal:

AX, + 2Me™ + 2e” — A + 2MeX;

if A is a trivalent metal:

AX3 + 3Me™ + 3e” — A + 3MeX; and

if A is a monovalent metal:

AX + Met + e- — A + MeX,

X is an anion;

wherein applying the electric charging potential also causes oxidation at the second
electrode resulting in the release of alkali metal ions, Me*, from the solvent and

conducting Me* ions across the alkali ion conducting separator from the second
electrode to the first electrode; or

2. (ii) a method of discharging a battery comprising:

generating an electric potential between the first and second electrodes to cause the
following reaction to occur at the first electrode:

A +2MeX + AXy; — 2Me™ + 2¢7,

if A is a divalent metal,
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A+ MeX+AX — Met + e,

if A is a monovalent metal,

A+ 3MeX + AX3 — 3Me™ + 3¢,

if A is a trivalent metal,
X is an anion;

wherein generation of the electric potential also causes reduction at the second
electrode resulting in anions which form salts with alkali metal ions, Me*; and conducting

Me™ ions across the alkali ion conducting separator from the first electrode to the second
electrode.

[0010] In a third aspect there is provided a use of a rechargeable battery for inhibiting
dendrite formation; the rechargeable battery comprising the first electrode which is a metal,
wherein the metal is not an alkali metal, and a second electrode comprising an S or |, oxidized

material capable of electrochemical reduction by the metal, an alkali-ion conductive,
substantially non-porous separator disposed between the first and second electrodes; and a
first electrolyte contacting the first electrode comprising a polar solvent, which is non-reactive
with the first electrode metal and a salt bearing an alkali-ion where the salt is at least partially
soluble in the polar solvent; and a second electrolyte contacting the second electrode, the
second electrolyte comprising a solvent which at least partially dissolves the alkali salt that
forms upon reduction of the second electrode; characterised in that the polar solvent is a polar
organic solvent or an ionic liquid.

[0011] The present embodiments may be designed in which the charge carrier that transports
across the membrane is a cation that is different from the cation formed/reacted at the surface
of the electrode. By having the cation species that moves across the membrane be different
than the species involved in the reaction, there is a reduction in the tendency of the cell to form
dendrites that may penetrate the membrane. When a metal is formed at the negative electrode
upon recharge of the battery, the cation that is used to form the metal may be derived from a
salt dissolved in the electrolyte rather than from a cation that has transported across the
membrane.

[0012] For example, the present embodiments may be designed in which a magnesium or
aluminum electrode is used in conjunction with a sodium conductive membrane (such as a
NASICON membrane). In this system, sodium ions within the electrolyte will act as a charge
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carrier that will be transported across the membrane. These sodium ions may be from an alkali
metal salt that is dissolved (at least partially) in the electrolyte solution. This alkali metal salt
may be, for example, sodium chloride, sodium hydroxide, sodium triflate or the like of
combinations thereof. This electrolyte solution includes solvent. The solvent may be one of
many polar organic solvents which do not react with magnesium/aluminum such as propanol,
ethylene glycol, glycerine, dimethyl sulfoxide, acetronitrile or combinations of such solvents.
Alternatively ionic liquids such as 1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-
PFg) or Trioctylmethylammonium bis (trifluoromethyl-sulfonyl) imide may be used. During
discharge of the battery, magnesium/aluminum halide or magnesium/aluminum hydroxide or
magnesium/aluminum triflate form as the magnesium/aluminum metal on the electrode surface
oxidizes. As part of this process, sodium ions from the electrolyte solution will transport across
the membrane. During a recharging reaction, the opposite chemical reactions occur. Rather
than having the magnesium/aluminum ions transported across the membrane, such
magnesium/aluminum ions are dispersed throughout the negative electrode compartment
(within the electrolyte solution). Sodium ions transport across the membrane (and not the
magnesium/aluminum ions), thereby reducing the likelihood of dendrite formation. Dendrite
formation can be further minimized or impeded by the addition of polymers stable with the
electrode material and solvent, for example polytetrafluoroethylene (PTFE), Polyvinylidene
Fluoride (PVDF) or the like.

[0013] Examples of a negative or first electrode discharge reaction (using magnesium as the
example) are given below. During this discharge reaction, the metal is oxidized into an ionic
state:

Mg + 2NaOH or 23NaCl — MgCl, or Mg(OH), + 2Na* + 2e".

[0014] More generalized, these reactions can be written as follows:

A+ 2MeX — AX, + 2Me* + 2e” (where A is a divalent metal), or

A+ MeX — AX + Me™* + e” (where A is a monovalent metal), or

A + 3MeX — AX3 + 3Me™ + 3e” (where A is a trivalent metal).

[0015] If A is a divalent metal, this metal at the first electrode forms divalent cations upon
oxidation (such as Mg, Ca, Zn or Be). If A is a monovalent metal, this metal at the first
electrode forms monovalent cations upon oxidation (such as Li, Na, and K). If Ais a trivalent
metal, this metal at the first electrode forms trivalent cations upon oxidation (such as Al). Me is
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the alkali metal and MeX is the alkali metal salt, Me™ is the alkali metal ion that may conduct
through the membrane, and X is the anion which may be a halide, or hydroxyl ion.

[0016] Examples of a negative or first electrode recharge reaction (using magnesium as the
example) are given below. During this recharge reaction, the metal is regenerated.

MgCl, or Mg(OH), + 2Na* +2e” — Mg + 2NaOH or 2NaCL

[0017] More generalized, these reactions can he written as follows:

AX5 + 2Me™ + 2e” — A + 2MeX (where A is a divalent metal), or

AX + Me* + e — A + MeX (where A is a monovalent metal), or

AX3 + 3Me™ + 3e” — A + 3MeX (where Ais a trivalent metal).

[0018] Of course, in an electrolytic cell, there must be a positive or second electrode that is
used with the first electrode. During discharge, some of these reactions may be written as
follows:

3S +2Na™ + 2e” — NayS3;

I, + 2Na* + 2e~ — 2Nal; or

S+H,0 +2e” — OH + HS".

[0019] The first two of these second electrode reactions do not require the presence of water.
Accordingly for these reactions, polar organic solvents or ionic liquids may be used to at least
partially dissolve the forming salt (e.g. NasSs, Nal, or NaCl). Ethylene glycol and N-methyl
formamide, dimethyl sulfoxide, etc. are examples of solvents which effectively dissolve the salt,
but are not water-based. In the last electrode reaction indicated above, water may be used as
the solvent. In fact, in such reactions, water is used as a reactant to form hydroxyl ion that is
part of the chemical reaction occurring at the electrode.

[0020] It should be noted that the present embodiments may provide an advance with respect
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to the use of magnesium and/or aluminum in batteries. For example, batteries using
magnesium were difficult to use because the magnesium ions often caused a failure to occur
at the cathode. Specifically, the magnesium ions may be incompatible with the cathode solvent,
may form undesirable compounds at the cathode, and/or may be inculcated (incorporated) into
the electrode or the membrane, etc. However, the present embodiments address the difficulty
associated with magnesium ions at the cathode by essentially converting the system into one
that uses sodium ions, rather than magnesium ions, at the cathode. In other words, it is sodium
ions, not magnesium ions, that will transport across the membrane and will be reacted at the
cathode. Thus, the cathode is separated from magnesium ions, thereby making the cell less
prone to failure and/or less prone to the problems associated with the use of magnesium ions
at the cathode.

Brief Description of the Drawings

[0021]
Figure 1 is schematic diagram of an embodiment of a cell; and

Figure 2 is a schematic diagram of a cell in which magnesium is used at the first electrode and
sulfur is used at the second electrode;

Figure 3 is a schematic diagram of a cell in which aluminum is used at the first electrode and
sulfur is used at the second electrode; and

Figure 4 is a graph of cell voltage over time with respect to a cell having Zn/Zn(OH), at one

electrode and Ni(OH)o/NiOOH at the other electrode as described in the reference example.

DETAILED DESCRIPTION

[0022] Referring now to Figure 1, a schematic view of a battery 100 according to the present
embodiments is illustrated. As shown in Figure 1, the battery 100 includes a first electrode 104
and a second electrode 108. The first electrode 104 may be housed within a first compartment
114 and the second electrode 108 may be housed within a second compartment 118. The first
compartment 114 and the second compartment 118 may be separated by a separator 120. As
known in the art, the first electrode 104 and the second electrode 108 may be connected to a
voltage source 126. When connected to the voltage source, the battery 100 may either be
operated in a charging or recharging mode. Those skilled in the art will appreciate how to
construct the battery 100 so that it may be discharged (and thus produce a voltage) or may be
charged (and thus receive the voltage to recharge the system).

[0023] The separator 120 that is used in the battery 100 may be an alkali-ion conductive
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substantially non-porous separator 120 that is disposed between the first and second
electrodes 104, 108. As used herein, the term "substantially nonporous” means that at least a
portion of the cross-section of the separator 120 has little or no through porosity such that
transport across the separator 120 primarily must occur through the separator's lattice
structure and channels rather than through pores. Because the separator 120 is "alkali-ion
conductive," alkali metal ions (such as, for example, sodium ions, lithium ions, potassium ions,
etc.) may pass through the separator 120. In other words, the alkali metal ions may pass
through the separator 120 from the first compartment 114 to the second compartment 118
(and vice versa). Generally, the separator 120 will be a "specific alkali ion conductor,” meaning
that it is specifically designed to transport a certain, specific alkali metal ion across the
membrane (such as, for example, specifically transporting sodium ions across the separator
120, specifically transporting lithium ions across the separator, etc.).

[0024] In some embodiments, the separator 120 is a substantially non-porous, electronically
insulating, ceramic separator material. In other embodiments, the separator 120 is a
substantially non-porous glass separator material. In other embodiments, the separator 120
comprises a material having the formula Me414xZroSixP3.xO 12 where 0.1=x<3, where Me is Na,
K, or Li. In further embodiments, the separator 120 comprises a material having the formula
Na1+xZr2SixP3.4x012 where 0.12x<3. Yet additional embodiments may be made in which the

separator 120 comprises a material having the formula MesRESi4O42 where Me is Na, K, or Li,

where RE is Y, Nd, Dy, or Sm, or any mixture thereof. Other embodiments are designed in
which the separator 120 comprises a non-stoichiometric alkali-deficient material having the
formula (MesRESi4O12)1.5, (RE203-2Si05)0, where Me is Na, K, or Li, where RE is Nd, Dy, or
Sm, or any mixture thereof and where & is the measure of deviation from stoichiometry.
Additional embodiments may be designed in which the separator 120 comprises a material
with the formula Liq4+,AlyTio_(PO4)3 or Lij 3Alg3Tiq 7(PO4)s. It should be noted that regardless
of the particular material used to construct the separator 120, this separator 120 may be a
monolithic flat plate, a monolithic tube, a monolithic honeycomb, or supported structures of the
foregoing. In further embodiments, the separator 120 may comprise a layered alkali ion
conducting ceramic-polymer composite membrane. This type of ceramic-polymer composite
membrane may comprise alkali ion-selective polymers layered on alkali ion conducting ceramic
solid electrolyte materials. Yet additional embodiments may be designed in which the separator
120 is a NaSICON, KSICON or LiSICON membrane obtained from Ceramatec, Inc., which is
located in Salt Lake City, Utah. Other types of alkali-ion conductive substantially non-porous
separators may also be used in the present embodiments.

[0025] In some embodiments, the separator 120 is selected from the group consisting of a
glass separator material, an electronically insulating, ceramic separator material, and a layered
alkali ion conducting ceramic-polymer composite membrane comprising alkali ion-selective
polymers layered on alkali ion conducting ceramic solid electrolyte material.

[0026] The first and second electrodes 104, 108 will now be described. The first electrode 104
comprises a metal. This metal is designed as metal "A" 104a. This metal may be, for example,
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magnesium or aluminium. More generally, the metal may be Mg, Al, Ca, Fe, Zn or Be. During
discharge of the battery 100, the metal at the first electrode 104 will be converted from its
metallic state to its ionic state. These reactions may be represented as follows:

A+ 2MeX — AXo,+ 2Me™ + 2e” (where A is a divalent metal), or

A + MeX — AX + Me™ + e” (where A is a monovalent metal), or
A + 3MeX — AX3 + 3Me™ + 3e” (where Ais a trivalent metal).
For example, if magnesium is the metal, this discharge reaction may be written as follows:

Mg + 2NaOH or 2NaCl — MgCl, or Mg(OH), + 2Na™ + 2e".

[0027] As noted above, the battery 100 may also be recharged. During this recharge reaction,
the metal is regenerated.

AXo + 2Me™ + 2e” — A + 2MeX (where A is a divalent metal), or

AX + Me* + e — A + MeX (where A is a monovalent metal), or

AX3 + 3Me™ + 3e” — A + 3MeX (where Ais a trivalent metal).

[0028] For example, if magnesium is the metal, this recharging reaction may be written as
follows:

MgCl, or Mg(OH), + 2Na* + 2e” — Mg + 2NaOH or 2NaCl.

[0029] As described herein, the charging/discharging reactions of the first electrode 104 will
produce or consume ions of the metal 104a. These ions are present in the first compartment
114 (as shown by "A" ions 142). More specifically, as shown in Figure 1, a first electrolyte 134
is present in the first compartment 114 (proximate the first electrode 104) and the ions that are
produced/consumed during the reactions of the first electrode 104 constitute part of this first
electrolyte 134. The first electrolyte 134 contacts the first electrode 104.
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[0030] The first electrolyte 134 also comprises a quantity of an alkali metal salt, as
represented in Figure 1 as MeX 144. This alkali metal salt may be an alkali metal halide, an
alkali metal hydroxide, an alkali metal ftriflate, etc. Of course, this MeX may actually

disassociate into Me™ ions and X ions. Accordingly, for purposes of clarity. Figure 1 also shows

quantities of Me* ions 144a and X ions 144b. As explained herein, the alkali metal Me* may
be conducted through the separator 120 during the discharging reaction (as indicated by arrow
150) so that it can access the second compartment 118.

[0031] The first electrolyte 134 also comprises a solvent 154, such as a polar solvent. The salt
MeX 144, as well as the ions 142, 144a, 144b, will be at least partially soluble in the solvent
154. The solvent is designed such that it will not react with metal ions ("A" ions). In some
embodiments, the solvent may be propanol, ethylene glycol, glycerine, dimethyl sulfoxide,
acetronitrile or combinations of such solvents. Alternatively ionic liquids such as 1-Butyl-3-
methylimidazolium hexafluorophosphate (BMIM-PFg) or Trioctylmethylammonium  bis

(trifluoromethyl-sulfonyl) imide may be used as the solvent 154.

[0032] The second electrode 108 will now be described. The second electrode 108 comprises
an oxidized S or Io material that is capable of being electrochemically reduced by the metal of

the first electrode 104 (during the discharging reaction).

[0033] A second electrolyte 138 will also be positioned within the second compartment 118
(proximate the second electrode 108.) The second electrolyte 138 contacts the second
electrode 108. This second electrolyte 138 will at least partially dissolve the reduced material
162 that is being produced as part of the electrochemical reduction reaction (which is
designated as Reduced Material 162 in Figure 1). In order to facilitate such dissolving of the
reduced material 162, the second electrolyte 138 may comprise a solvent 158 (such as a polar
solvent). In some embodiments, the second electrolyte 138 may comprise the same
materials/chemicals that are used to construct the first electrolyte 134. However, in other
embodiments the first electrolyte 134 and the second electrolyte 138 may comprise different
materials/chemicals. Examples of the chemicals that may be used as the second solvent 158
include propanol, ethylene glycol, glycerine, dimethyl sulfoxide, acetronitrile or combinations of
such solvents. Alternatively ionic liquids such as 1-Butyl-3-methylimidazolium
hexafluorophosphate (BMIM-PFg) or Trioctylmethylammonium bis (trifluoromethyl-sulfonyl)

imide may be used as the second solvent 158.

[0034] The second electrolyte 138 may further comprise a quantity of the alkali metal ions

(Me*) 144a. These ions 144a may be conducted through the separator 120 (such as, for
example, during a recharging reaction in which the reduced material 162 is oxidized back onto
the second electrode 108 and alkali metal ions arc produced). This conduction of the ions 144a
through the separator 120 is shown by arrow 155.

[0035] It should be noted that the metal that is used as the "A" metal 104a of the first
electrode 104 is not an alkali metal. For example, the "A" metal 104a may be magnesium or
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aluminum. The "A" ions 142 that are produced/consumed during the charging/discharging of
the battery 100 are not the ions that will be transported across the separator 120. Rather, alkali
metal ions 144a are transmitted across the separator 120. Such alkali metal ions 144a are not
reacted at the electrodes 104, 108 during charging or recharging. Having the materials at the
electrodes be different than the alkali metal that flows across the separator 120 may be
advantageous in that it limits or reduces the possibility of dendrite formation. Specifically,
because the materials that are oxidized/reduced at the electrodes do not "flow" into another
compartment, the likelihood that such materials will form a dendrite that penetrates the
separator 120 is substantially reduced and/or eliminated.

[0036] Referring now to Figure 2, another example of a battery 200 is shown. The battery 200
is similar to the battery 100 of Figure 1. However, the difference between Figure 1 and Figure
2 is that the battery 200 provides a specific example of the materials used in the battery cell.
Specifically, in the embodiment of Figure 2, the "A" metal used as the first electrode 104 is
magnesium and the alkali metal salt 144 is NaCl or NaOH. (In other words, the metal used in
the electrode is Mg metal 104a.) The alkali metal ions 144a are sodium ions while the ions

144b are either OH" ions or CI" ions. Mg?* ions 142 are formed from the oxidation reaction at
the first electrode 104. The separator 120 is a material that may conduct sodium ions across
the separator 120, such as, for example, a NaSICON membrane available from the

Ceramatec, Inc., company of Salt Lake City, Utah. (In this system, 2Na* ions may transport
across the NaSICON membrane for every Mg?* ion formed.) The solvent 154 is selected such

that NaOH or NaCl (and the Na*, OH", CI" and Mg2+ ions) will at least partially dissolve in the
solvent.

[0037] The discharge and charge reactions of this Mg system are summarized below:

Discharge:

Mg + 2NaOH or 2NaCl — MgCl, or Mg(OH), + 2Na™ + 2e”

Charge:

MgCl, or Mg(OH), + 2Na* + 2e- — Mg + 2NaOH or 2NaCl

[0038] With respect to the second electrode 108, this electrode 108 may be a sulfur electrode
that reacts according to the following equations:

Discharge:
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3S +2Na* +2e” — NayS3

Charge:

Na,S3 — 3S + 2Na™ + 2e”

[0039] In this embodiment, the "reduced material" that is formed upon the oxidation of the
magnesium metal is NasS3 162. The solvent 158 is selected such that it will at least partially

dissolve the formed NasSs.

[0040] This particular battery 200 has significant advantages. For example, the use of Mg
metal is desirable as this material is very inexpensive and provides a good electric potential
and battery performance. Also, the Mg may be used in the battery 200 because there is no

water (or very minimal water) in the system. Further, the Mg?* ions that are formed upon
oxidation of the first electrode 104 are not transported across the separator 120; rather, it is
the sodium ions 144a 144a that are carried across the NaSICON membrane.

[0041] Additionally, the present battery 200 shown in Figure 2 provides a significant voltage
potential. For example, a voltage of 1.77 V could be obtained during discharge (depending
upon the concentrations of the relevant species).

[0042] Referring now to Figure 3, another example of a battery 300 is shown. The battery 300
is similar to the battery 200 of Figure 2. However, in the embodiment of Figure 3, the "A" metal
used as the first electrode 104 is aluminum and the alkali metal salt 144 is NaCl or 2NaOH. (In
13* ions 142 will be found in the
|13+

other words, the metal of the first electrode is Al metal 104a.) Al

first electrolyte 134. Thus, the ions 144b are either OH™ ions or CI" ions. Al*" ions are formed

from the electrode 104. The alkali metal ions 144a are sodium ions. The separator 120 is a
material that may conduct sodium ions across the separator 120, such as, for example, a
NaSICON membrane available from the Ceramatec, Inc., company of Salt Lake City, Utah. (In

this system, 3Na* ions may transport across the membrane for every AlI®* ion formed during
the discharging reaction.) The solvent 154 is selected such that NaOH or NaCl (and the Na™,

OH", CI" and AI** ions) will at least partially dissolve in the solvent.

[0043] The discharge and charge reactions of this Al system are summarized below:

Discharge:

Al + 3NaOH or 3NaCl — AICl3 or Al(OH)3 + 3Na™+ 3e”
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Charge:

AICI3 or Al(OH)3 + 3Na* + 36 — Al + 3NaOH or 3NaCl

[0044] With respect to the second electrode 108, this electrode 108 may be a sulfur electrode
that reacts according to the following equations:

Discharge:

4.5S +3Na* +3e” — 1.5 Na,S3

Charge:

1.5 NayS; — 4.5 S + 3Na* + 3¢

[0045] Thus, in this embodiment, the "reduced material" that is formed upon the oxidation of
the magnesium metal is Na>S; 162. The solvent 158 is selected such that it will at least

partially dissolve the formed NaySs.

[0046] This particular battery 300 has significant advantages. For example, the use of Al
metal is desirable as this material is very inexpensive and provides a good electric potential
and battery performance. Also, the Al may be used in the battery because there is no water (or
very minimal water) in the system. Further, the Al ions that are formed upon oxidation of the
first electrode 104 are not transported across the separator 120; rather, it is the sodium ions
144a that are carried across the membrane.

[0047] Additionally, the present battery 300 shown in Figure 3 provides significant voltage
potential. For example, a voltage of 1.05 V could be obtained during discharge (depending
upon the concentrations of the species).

[0048] Referring now to all of the Figures generally, the present embodiments also provide for
a method of charging or discharging a battery. Specifically, a battery is obtained, which may be
any of the batteries 100, 200, 300 described herein. The charging of the battery will occur
when an electric charging potential (voltage) is supplied by the source 126. This application of
the potential causes the following reactions to occur:
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if A is a divalent metal:

AXo + 2Me™ +2e” — A + 2MeX;

if A is a trivalent metal:

AX3 + 3Me™ +3e” — A + 3MeX; and

if A is a monovalent metal:

AX + Me* +e- > A + MeX.

[0049] Additionally, wherein applying the electric charging potential also causes oxidation at
the second electrode 108 resulting in the release of alkali metal ions, Me*, from the solvent

158 and conducting Me* ions 144a across the alkali ion conducting separator 120 from the
second electrode 108 to the first electrode 104.

[0050] The present embodiments also provide for a method of discharging a battery.
Specifically, a battery is obtained, which may be any of the batteries 100, 200, 300 described
herein. As part of the discharging process, an electric potential between the first and second

electrodes 104, 108 is generated at least in part due to the following reaction occurring at the
first electrode 104:

A+ 2MeX — AXy + 2Me™ +2e7,
if A is a divalent metal,

A+ MeX — AX + Me™ +e-,
if A is a monovalent metal,

A + 3MeX — AX3 + 3Me™ +3e",

if A is a trivalent metal.

[0051] Additionally, generation of the electric potential also causes reduction at the second

electrode 108 resulting in anions which form salts with alkali metal ions, Me*; and resulting in
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conducting Me™ ions across the alkali ion conducting separator 120 from the first electrode 104
to the second electrode 108.

[0052] A method of inhibiting dendrite formation is also taught herein. This method involves
obtaining a battery. This battery may be any of the batteries 100, 200, 300 taught herein. The
batteries 100, 200, 300 have a first electrode 104 comprising the non-alkali metal and a
second electrode 108 comprising the S or |, oxidized material capable of electrochemical

reduction by the metal. The method further comprises the step of disposing an alkali-ion
conductive, substantially non-porous separator 120 disposed between the first and second
electrodes and where a first electrolyte 134 contacting the first electrode 104 comprised of a
polar solvent 154 which is non-reactive with the metal and a salt bearing the alkali-ion where
the salt is at least partially soluble in the polar solvent 154, and second electrolyte 138
contacting the second electrode 108, the second electrolyte 138 comprising a solvent 158
which at least partially dissolves the alkali salt that forms upon reduction of the second
electrode.

[0053] As described in the systems of Figures 1-3, the present embodiments may provide
advantages over previous batteries that use magnesium and/or aluminum-type at the cathode.
For example, batteries using magnesium at the cathode can be difficult to implement because
the magnesium ions may cause the cathode to fail (and thus, fail the battery). Specifically, the
magnesium ions may be incompatible with the solvent used in the cathode side, may react to
form undesirable compounds at the cathode, and/or may be inculcated (incorporated) into the
electrode or the membrane, etc., thereby failing the system. However, the present
embodiments address the difficulty associated with magnesium ions at the cathode by
essentially converting the system into one that uses sodium ions, rather than magnesium ions,
at the cathode. In other words, it is sodium ions, and not magnesium ions, that will transport
across the membrane and will be reacted at the cathode. (In fact, in some embodiments, the
cathode may be essentially free of magnesium/magnesium ions.) Thus, the cathode system is
separated from magnesium ions, thereby reducing the likelihood that the magnesium ions will
react with the cathode, will be incompatible with the cathode solvent, etc. Accordingly, the cell,
as a whole, may be less prone to failure.

REFERENCE EXAMPLE NOT FALLING WITHIN THE SCOPE OF THE CLAIMS

[0054] A Zn/Zn(OH)o anode was utilized with sodium hydroxide electrolyte, while at the
cathode, Ni(OH)o/NiOOH was utilized also with sodium hydroxide electrolyte. A nonporous

NaSICON sodium ion conducting membrane separated anode from cathode. Figure 4 shows a
plot of cell voltage as the current was cycled between an initial discharge then repeated
charging/discharging processes. The membrane is only conductive to sodium ions so the ionic
current was carried by sodium ions while sodium ions did not participate in either anode or
cathode reactions.
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PATENTKRAV
1. Batteri (100), der omfatter:

en forste elektrode (104), der er et metal, der ikke er et alkalimetal; en anden elektrode
(108), der omfatter et oxideret S- eller I>-materiale, der kan reduceres elektrokemisk af den
forste elektrodes (104) metal;

en alkaliion-ledende, i alt vaesentligt ikke-pores separator (120), der er placeret mellem
den forste (104) og den anden elektrode (108);

en forste elektrolyt (134), der er i kontakt med den ferste elektrode (104), hvor den
forste elektrolyt (134) omfatter:

et oplesningsmiddel (154), der ikke reagerer med metallet; og

et salt, der berer en alkaliion, der kan fores gennem separatoren (120), hvor saltet
mindst delvist kan opleses 1 oplesningsmidlet (154);

en anden elektrolyt (138), der er 1 kontakt med den anden elektrode (108), hvor den
anden elektrolyt (138) mindst delvist opleser det salt, der dannes, efter at det oxiderede
materiale er elektrokemisk reduceret;

kendetegnet ved, at oplesningsmidlet er et polart organisk oplesningsmiddel eller en

ionisk vaske.

2. Batteri ifolge krav 1, hvor separatoren (120) er et fast ledende alkalimetalionmateriale,

hvor alkalimetallet er Na, K ¢eller Li.

3. Batteri ifelge krav 1 eller krav 2, hvor separatoren (120) er udvalgt fra gruppen
bestdende af et glasseparatormateriale, et elektronisk isolerende, keramisk separatormateriale
og en lagdelt alkaliion-ledende keramik-polymer-komposit membran, der omfatter alkaliion-

selektive polymerer lagdelt pa et alkaliion-ledende, keramisk fast elektrolytmateriale.

4, Batteri ifolge et hvilket som helst af kravene 1 til 3, hvor metallet omfatter aluminium,

magnesium, calcium, zink, beryllium eller jern.

5. Batteri ifolge et hvilket som helst foregéende krav, hvor den ferste elektrolyt (134) og
den anden elektrolyt (138) er identiske.

6. Fremgangsmade til opladning eller afladning af et batteri med en forste elektrode, der er

ct metal A, hvor metal A ikke er et alkalimetal, en anden clektrode, der omfatter et oxideret S-
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cller I-materiale, der kan reduceres clektrokemisk af metallet A, en alkali-ion ledende, 1 alt
vasentligt ikke-pores separator, der er placeret mellem den ferste og den anden elektrode; en
forste eclektrolyt, der er 1 kontakt med den forste elektrode bestdende af et polert
oplesningsmiddel, hvor det polare oplesningsmiddel er et polert organisk oplesningsmiddel
eller en ionisk vaske, der ikke reagerer med metal A, og et salt, der baerer alkaliionen, hvor
saltet mindst delvist kan opleses i det polare oplesningsmiddel, og en anden elektrolyt, der er 1
kontakt med den anden elektrode, hvor den anden elektrolyt omfatter et oplesningsmiddel, der
mindst delvist opleser det alkalisalt, der dannes efter reduktion af den anden elektrode; hvor
fremgangsmaden er:

(1) en fremgangsmaéde til opladning af et batteri, der omfatter:

péafering af et elektrisk ladningsspanding til den ferste og den anden elektrode for at
bevirke, at folgende reaktion opstér ved den ferste elektrode:

hvis A er et divalent metal: AX; +2Me" + 2¢” — A + 2MeX;

hvis A er et trivalent metal: AX3 + 3Me" + 3¢ — A + 3MeX; og

hvis A er et monovalent metal: AX + Me" + e — A + MeX, X er en anion;

hvor péfering af den elektriske ladningsspending ogsd bevirker oxidering ved den
anden elektrode, hvilket resulterer i frigivelse af alkalimetalioner, Me", fra oplosningsmidlet og
ledende Me" ioner over den alkaliion-ledende separator fra den anden elektrode til den forste
clektrode; eller

(i)  en fremgangsmaéde til afladning af et batteri, der omfatter:

generering af elektrisk spending mellem den ferste og den anden elektrode for at
bevirke, at folgende reaktion opstér ved den ferste elektrode:

A +2MeX —AX, +2Me" + 2 ¢, hvis A er et divalent metal,

A +MeX — AX +Me" + ¢, hvis A er et monovalent metal,

A +3MeX — AXs3 +3Me" + 3¢, hvis A er et trivalent metal,

X er en anion;

hvor generering af den elektriske spending ogsd bevirker reduktion ved den anden
elektrode, hvilket resulterer i anioner, der danner salte med alkalimetalioner, Me™; og ledende

Me" ioner over den alkaliion-ledende separator fra den forste elektrode til den anden elektrode.

7. Fremgangsmade ifelge krav 6, hvor separatoren er et fast alkalimetalion-superion-

ledende materiale, hvor alkalimetallet er Na, K, eller Li.

8. Fremgangsmade ifelge krav 6 eller krav 7, hvor metallet A omfatter aluminium,
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magnesium, calcium, zink, beryllium eller jern.

9. Fremgangsmade ifelge et hvilket som helst af kravene 6 til 8, hvor metallet A enten er

et divalent eller trivalent metal.

10.  Anvendelse af et genopladeligt batteri til hemning af dendritdannelse, hvilket
genopladeligt batteri omfatter:

den forste elektrode, der er et metal, hvor metallet ikke er et alkalimetal, og en anden
clektrode, der omfatter et oxideret S- cller I>-materiale, der kan reduceres elektrokemisk af
metallet;

en alkaliion-ledende, 1 alt veesentligt ikke-pores separator placeret mellem den forste og
den anden elektrode; og

en forste elektrolyt, der er 1 kontakt med den ferste elektrode, og som omfatter et polaert
oplesningsmiddel, der ikke reagerer med det forste elektrodemetal, og et salt, der berer en
alkali-ion, hvor saltet mindst delvist kan opleses i1 det polere oplesningsmiddel; og en anden
elektrolyt, der er 1 kontakt med den anden elektrode, hvor den anden elektrolyt omfatter et
oplesningsmiddel, der mindst delvist opleser det alkalisalt, der dannes efter reduktion af den
anden elektrode;

kendetegnet ved, at det polere oplesningsmiddel er et polert organisk

oplesningsmiddel eller en ionisk veeske.

11.  Anvendelse ifelge krav 10, hvor den ferste elektrolyt og den anden elektrolyt er

identiske samme.

12.  Anvendelse ifelge krav 10, hvor oplesningsmidlet, der anvendes som en del af den

forste elektrolyt, omfatter en ionisk vaske.
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