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SOLID-STATE SODIUM-BASED SECONDARY CELL HAVING A SODIUM ION
CONDUCTIVE CERAMIC SEPARATOR

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to United States Provisional Patent Application
Serial No.61/258,563, filed November 5, 2009, and entitled “LOW TEMPERATURE
RECHARGEABLE BATTERY WITH SODIUM ION CONDUCTIVE CERAMIC
SEPARATOR;” the entire disclosure of which is hereby incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention relates in general to batteries. More particularly, the present
invention provides a sodium-based secondary cell (or rechargeable battery) with a sodium ion
conductive electrolyte membrane and a negative electrode comprises sodium metal, wherein

the cell operates below the melting point of the sodium metal negative electrode.

BACKGROUND OF THE INVENTION

[0003] Batteries are known devices that are used to store and release electrical energy for
a variety of uses. In order to produce electrical energy, batteries typically convert chemical
energy directly into electrical energy. Generally, a single battery includes one or more
galvanic cells, wherein each of the cells is made of two half-cells that are electrically isolated
except through an external circuit. During discharge, electrochemical reduction occurs at the
cell’s positive electrode, while electrochemical oxidation occurs at the cell’s negative
electrode. While the positive electrode and the negative electrode in the cell do not
physically touch each other, they are generally chemically connected by one or more
ionically conductive and electrically insulative electrolytes, which can be in either a solid
state, a liquid state, or in a combination thereof., When an external circuit, or a load, is
connected to a terminal that is connected to the negative electrode and to a terminal that is
connected to the positive electrode, the battery drives electrons through the external circuit,
while ions migrate through the electrolyte.

[0004] Batteries can be classified in a variety of manners. For example, batteries that are

completely discharged only once are often referred to as primary batteries or primary cells.



WO 2011/057135 PCT/US2010/055718

discharged multiple times depends on the Faradaic efficiency of each charge and discharge
cycle.

[0005] While rechargeable batteries based on sodium can comprise a variety of materials
and designs, many sodium batteries requiring a high Faradaic efficiency employ a solid
primary electrolyte separator... The principal advantage of using a solid ceramic primary
electrolyte membrane is that the Faradaic efficiency of the resulting cell can approach 100%.
Indeed, in almost all other cell designs, negative electrolyte and positive electrolyte solutions
in the cell are able to intermix over time and, thereby, cause a drop in Faradaic efficiency and
loss of battery capacity.

[0006] The primary electrolyte separators used in sodium batteries that require a high
IFaradaic efficiency often consist of ion conductive polymers, porous materials infiltrated with
ion conductive liquids or gels, or dense ceramics. In this regard, most, if not all, rechargeable
sodium batteries that are presently available for commercial applications comprise a molten
sodium metal negative electrode, a sodium B”-alumina ceramic electrolyte separator, and a
molten positive electrode, which may include a composite of molten sulfur and carbon (called
a sodium/sulfur cell), or molten NiCl,, NaCl, FeCl,, and/or NaAICl, (called a ZEBRA cell).
Because these conventional high temperature sodium-based rechargeable batteries have
relatively high specific energy densities and only modest power densities, such rechargeable
batteries are typically used in certain specialized applications that require high specific
energy densities where high power densities are typically not encountered, such as in
stationary storage and uninterruptable power supplies.

[0007] Despite the beneficial characteristics associated with some conventional sodium-
based rechargeable batteries, such batteries may have significant shortcomings. In one
example, because the sodium B”-alumina ceramic electrolyte separator is typically more
conductive and is better wetted by molten sodium at a temperature in excess of about 270° C
and/or because the molten positive electrode typically requires relatively high temperatures
(e.g., temperatures above about 170° or 180° C) to remain molten, many conventional
sodium-based rechargeable batteries operate at temperatures higher than about 270° C (e.g.,
above 300 ° C) and are subject to significant thermal management problems and thermal
sealing issues. For example, some sodium-based rechargeable batteries may have difficulty
dissipating heat from the batteries or maintaining the negative electrode and the positive

electrode at the relatively high operating temperatures. In another example, the relatively
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based batteries require battery components to be resistant to, and operable at, such high
temperatures. Accordingly, such components can be relatively expensive. In yet another
example, because it may require a relatively large amount of energy to heat some
conventional sodium-based batteries to the relatively high operating temperatures, such
batteries can be expensive to operate and energy inefficient.

[0008]  The benefits of a sodium-based battery that can operate below the melting point of
sodium, are clear, however, new technical challenges are encountered. For instance, batteries
that use molten sodium often have the liquid metal negative electrode in direct contact with
the ceramic electrolyte separator, thereby obviating the need for a secondary electrolyte. In
contrast, where the negative electrode comprises solid sodium metal, a secondary liquid
electrolyte disposed between the solid negative electrode and solid primary electrolyte is
required. When such sodium-based secondary batteries are recharged and sodium ions are
reduced at and plated on the negative electrode, sodium dendrites typically form between the
negative electrode and the ceramic electrolyte separator. In some cases, such dendrites can
penetrate the separator and cause the separator to fail. Thus, while sodium-based secondary
batteries operating at low temperatures have been proposed, challenges with such batteries
also exist, including those previously mentioned. Accordingly, it would be an improvement
in the art to augment or even replace certain conventional sodium-based secondary batteries

with other sodium-based secondary batteries.

BRIEF SUMMARY OF THE INVENTION

[0009] The present invention provides a sodium-based secondary cell that is operable at
relatively low temperatures. More specifically, the present invention provides a secondary
cell that is operable below the melting point of sodium metal. While the described solid-state
sodium-based secondary cell may comprise any suitable component, in some non-limiting
implementations, the cell includes a negative electrode compartment comprising a negative
electrode, which is disposed in a non-aqueous negative electrolyte solution (or negative
electrolyte); a positive electrode compartment that includes a positive electrode, which is
disposed in a positive electrolyte solution (or positive electrolyte); and a sodium ion
conductive electrolyte membrane that physically separates the negative electrolyte solution

from the positive electrolyte solution.
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the specification as a sodium negative electrode or a sodium metal negative electrode. It will
be understand by those of skill in the art, however, that in an uncharged or fully discharged
state, the negative electrode may not contain any sodium metal. The teachings of this
invention include a device and method where the secondary cell is assembled in a discharged
state with a sodium ion source available to plate as sodium metal on the negative electrode
during the initial charge.

[0011]  Generally, the sodium negative electrode comprises an amount of sodium metal
that remains in the solid state as the cell operates. In this regard, the sodium negative
electrode may comprise any suitable type of sodium, including, without limitation, a pure
sample of sodium, an impure sample of sodium, and/or a sodium alloy. Indeed, in some non-
limiting implementations, the negative electrode comprises a sodium sample that is
substantially pure.

[0012] The non-aqueous negative electrolyte solution (or secondary electrolyte) may
comprise any suitable electrolyte that is capable of transporting sodium ions, that is
chemically compatible with the materials of the negative electrode and the sodium conductive
electrolyte membrane, and that otherwise allows the cell to function as intended. Some non-
limiting examples of suitable negative electrolyte solutions comprise organic electrolytes and
ionic liquids. However, it is theorized that because certain ionic liquids have a higher ionic
conductivity than the sodium ion conductive membrane and/or because some ionic liquids
can act as a surfactant, such ionic liquids may impede dendrite formation on the negative
electrode better than some organic electrolytes.  Accordingly, in some non-limiting
implementations, the negative electrolyte solution comprises an ionic liquid.

[0013] While the ionic liquid may have any suitable characteristic, in one embodiment,
the ionic liquid generally comprises one or more large asymmetric organic cations and one or
more inorganic anions. Additionally, in some non-limiting implementations, the ionic liquid
comprises cations and/or anions that can be aromatic, comprise one asymmetrical tail, and/or
have a variety of other suitable chemical features. In other embodiments, the ionic liquid is
not asymmetric when comparing the cation with the anion. The cation may be large and the
anion small, or vice versa. For example, in one embodiment, the ionic liquid is tri ethyl
sulfonium, in which all three ligands are the same. Furthermore, because long-chain
hydrocarbon tails tend to increase the viscosity of the ionic liquid, thus reducing the ionic

conductivity of the ionic liquid, in some non-limiting implementations, the cations in the
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[0014] The positive electrode in the positive electrode compartment can comprise any
suitable material that allows the cell to function as intended. Indeed, in some non-limiting
implementations, the positive electrode comprises a wire, felt, mesh, plate, tube, or other
suitable positive electrode configuration. Furthermore, some examples of suitable positive
electrode materials include, but are not limited to, nickel, nickel oxyhydroxide (NiOOH)
(e.g., when the cell is at least partially charged), nickel hydroxide (Ni(OH),) (e.g., when the
cell is at least partially discharged), sulfur composites that are not molten at the cell’s
operating range, and/or any other suitable positive electrode material.

[0015] The positive electrolyte solution in the positive electrode compartment can
comprise any suitable material that is capable of conducting sodium ions to and from the
electrolyte membrane and that otherwise allows the cell to function as intended. Some
examples of suitable positive electrolyte materials include, but are not limited to, sodium
hydroxide, water, glycerol, borax, sodium tetraborate decahydrate, sodium metaborate
tetrahydrate, boric acid, sodium borohydride, sodium borate, sodium phosphate, sodium
hydrogen phosphate, sodium glycerol, sodium carbonate, ethylene, propylene, one or more
ionic liquids, and any suitable combination thereof, Indeed, in some non-limiting instances,
the positive electrolyte solution comprises an aqueous sodium hydroxide solution. In still
other non-limiting instances, the positive electrolyte comprises sodium tetraborate
decahydrate dissolved in excess water at a concentration of about 50%, by weight, + 10%.
[0016] The sodium ion conductive electrolyte membrane (or primary electrolyte) can
comprise any membrane (which is used herein to refer to any suitable type of separator) that:
selectively transports sodium ions, that is stable at the cell’s operating temperature, that is
stable when in contact with the non-aqueous negative electrolyte system and the positive
electrolyte solution, that is sufficiently ionically conductive at the cell’s operating
temperature, and that otherwise allows the cell to function as intended. Indeed, in some non-
limiting implementations, the electrolyte membrane comprises a NaSICON-type membrane
that is substantially impermeable to water. Accordingly, in such implementations, the water
impermeable electrolyte membrane can allow the positive electrolyte solution to comprise an
aqueous solution, which would react violently if it were to contact the sodium negative
electrode.

[0017] Where the electrolyte membrane comprises a NaSICON-type membrane, the

membrane can comprise any suitable kind of NaSICON-type membrane, including, without
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that includes a dense NaSICON layer and a porous NaSICON layer, or a dense NaSICON
layer with a cermet layer, such as a NiO/NaSICON cermet layer.

[0018]  The described cell may operate at any suitable operating temperature that allows
the negative electrode to remain in a solid state. Indeed, in some instances, the cell functions
(e.g., is discharged and/or recharged) while the cell’s temperature is less than a temperature
selected from about 100° C, about 98° C, about 80° C, about 60° C, about 40° C, about 30° C,
about 20° C and about 10 ° C. Indeed, in some non-limiting implementations, the cell
functions at temperature that is about 25° C = 10° C.

[0019] These features and advantages of the present invention will become more fully
apparent from the following description and appended claims, or may be learned by the

practice of the invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE SEVERAL DRAWINGS

[0020] In order that the manner in which the above-recited and other features and
advantages of the invention are obtained and will be readily understood, a more particular
description of the invention briefly described above will be rendered by reference to specific
embodiments thereof that are illustrated in the appended drawings. Understanding that the
drawings are not made to scale, depict only some representative embodiments of the
invention, and are not therefore to be considered to be limiting of its scope, the invention will
be described and explained with additional specificity and detail through the use of the
accompanying drawings in which:

[0021] Figure 1 depicts a schematic of a representative embodiment of a solid-state
sodium-based secondary cell, wherein the cell is in the process of being discharged;

[0022]  Figure 2 depicts a schematic of a representative embodiment of the solid-state
sodium-based secondary cell, wherein the cell comprises a non-aqueous ionic liquid
secondary electrolyte, and wherein the cell is in the process of being recharged;

[0023]  Figure 3 depicts a schematic of a solid-state sodium-based secondary cell, wherein
the cell is in the process of being recharged; and

[0024]  Figure 4 depicts a graph representing membrane conductivity at 90° C using a
variety of representative embodiments of suitable positive electrolyte solutions;

[0025] Figure 5 depicts a computer generated graph illustrating experimental results

showing the current response of a representative embodiment of the solid-state sodium-based

6



WO 2011/057135 PCT/US2010/055718

[0026] Figures 6 and 7 each depict a computer generated graph illustrating experimental
results showing the electrical potential measured from a different embodiment of the solid-

state sodium-based secondary cell over an extended period of time.

DETAILED DESCRIPTION OF THE INVENTION

k-1

[0027] Reference throughout this specification to “one embodiment,” “an embodiment,”
or similar language means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present
invention. Thus, appearances of the phrases “in one embodiment,” “in an embodiment,” and
similar language throughout this specification may, but do not necessarily, all refer to the
same embodiment.  Additionally, while the following description refers to several
embodiments and examples of the various components and aspects of the described
invention, all of the described embodiments and examples are to be considered, in all
respects, as illustrative only and not as being limiting in any manner.

[0028] Furthermore, the described features, structures, or characteristics of the invention
may be combined in any suitable manner in one or more embodiments. In the following
description, numerous specific details are provided, such as examples of suitable negative
electrodes, positive electrodes, negative electrolyte solutions, positive electrolyte solutions,
sodium ion conductive electrolyte membranes, etc., to provide a thorough understanding of
embodiments of the invention. One having ordinary skill in the relevant art will recognize,
however, that the invention may be practiced without one or more of the specific details, or
with other methods, components, materials, and so forth. In other instances, well-known
structures, materials, or operations are not shown or described in detail to avoid obscuring
aspects of the invention.

[0029] As stated above, secondary cells can be discharged and recharged and this
specification describes cell arrangements and methods for both states. Although the term
“recharging” in its various forms implies a second charging, one of skill in the art will
understand that discussions regarding recharging would be valid for, and applicable to, the
first or initial charge, and vice versa. Thus, for the purposes of this specification, the terms

" L

“recharge,” “recharged” and “rechargeable” shall be interchangeable with the terms “charge,”

“charged” and “chargeable” respectively.
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secondary cell that is operable below the melting point of sodium metal. While the sodium-
based secondary cell can comprise any suitable component, Figure 1 shows a representative
embodiment in which the solid-state sodium-based secondary cell 10 comprises a negative
electrode compartment 15, which includes a sodium metal negative electrode 20 disposed in a
non-aqueous negative electrolyte solution 25; a positive electrode compartment 30, which
comprises a positive electrode 35 that is disposed in a positive electrolyte solution 40; a
sodium ion conductive electrolyte membrane 45 that separates the negative electrolyte from
the positive electrolyte; a first terminal 50; and a second terminal 55. To provide a better
understanding of the described cell 10, a brief description of how the cell functions is
provided below. Following this discussion, each of the cell’s components shown in Figure 1
is discussed in more detail.

[0031] Turning now to the manner in which the solid-state sodium secondary cell 10
functions, the cell can function in virtually any suitable manner. In one example, Figure 1
illustrates that as the cell 10 is discharged and electrons (e’) flow from the negative electrode
20 (e.g., via the first terminal 50), sodium is oxidized at the negative electrode 20 to form
sodium ions (Na"). Figure 1 shows that these sodium ions are respectively transported from
an interface surface 60 of the negative electrode 20, through the negative electrolyte 25,
through the sodium ion conductive electrolyte membrane 45, and to the positive electrolyte
40.

[0032] In a contrasting example, Figure 2 shows that as the solid-state sodium-based
secondary cell 10 is recharged and electrons (e¢7) flow into the solid sodium negative electrode
20 (e.g., via the second terminal 55) from an external power source (not shown), such as a
recharger, the chemical reactions that occurred when the cell was discharged (as shown in
Figure 1) are reversed. Specifically, Figure 2 shows that as the cell 10 is recharged, sodium
ions (Na") are respectively transported from the positive electrolyte 40, through the sodium
ion conductive electrolyte membrane 45, through the non-aqueous negative electrolyte 25,
and to the negative electrode 20, where the sodium ions are reduced and plated 65 as sodium
metal on the negative electrode’s interface surface 60.

[0033] Referring now to the various components of the cell 10, the cell (as mentioned
above) can comprise a negative electrode compartment 15 and a positive electrode
compartment 30. In this regard, the two compartments can be any suitable shape and have

any other suitable characteristic that allows the cell 10 to function as intended. By way of
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compartments can have any suitable spatial relationship with respect to each other. Tor
instance, while Iigure 2 shows that the negative electrode compartment 15 and the positive
electrode compartment 30 can be adjacent to each other, in other embodiments (not shown),
one compartment (e.g., the negative electrode compartment) is disposed, at least partially,
within the other compartment (e.g., the positive electrode compartment), while the contents
of the two compartments remain separated by the sodium ion conductive electrolyte
membrane 45 and any other compartmental walls.

[0034] With respect to the sodium metal negative electrode 20, the cell 10 can comprise
any suitable sodium negative electrode 20 that allows the cell to function (e.g., be discharged
and/or recharged) as intended. Some examples of suitable sodium negative electrode
materials include, but are not limited to, a sodium sample that is substantially pure, an impure
sodium sample, and a sodium alloy comprising any other suitable sodium-containing negative
electrode material. That said, in certain embodiments in which the cell is assembled in a
discharged state using sodium salts in the positive electrolyte 40 and the cell is then charged
to move sodium ions through the electrolyte membrane 45 to the negative electrode,
electrochemical reduction can occur at the negative electrode resulting in a negative electrode
that comprises or consists of an amount of sodium that is substantially pure when the
secondary cell is at least partially charged. In such embodiments, because the melting point
of pure sodium is around 98° C, the sodium negative electrode may be kept below that
temperature as the cell operates. Of course, where the sodium negative electrode comprises a
sodium alloy or an impure sodium metal, the melting point of the negative electrode may be
higher than 98° C and the cell may be able to operate at a temperature above 98° C without
melting the negative electrode.

[0035] With regards to the non-aqueous negative electrolyte solution 25 (or secondary
electrolyte), the negative electrolyte may comprise any suitable non-aqueous electrolyte that
is chemically compatible (e.g., does not react chemically) with the materials of the sodium
metal negative electrode 20 and the electrolyte membrane 45 and which is capable acting as
an interphase to conduct sodium ions (Na*) between the negative electrode and the electrolyte
membrane. Some non-limiting examples of suitable non-aqueous negative electrolytes may
include organic electrolytes and ionic liquids.

[0036] Where the negative electrolyte solution 25 comprises an organic electrolyte, the

negative electrolyte may comprise any organic electrolyte that is suitable for use with the
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compound, a sodium salt, and/or a polar aprotic organic solvent, such as acetonitrile, acetone,
tetrahydrofuran, methyl ethyl ketone, dimethyl sulfoxide, and/or ethyl acetate.

[0037] It should be noted that some organic electrolytes may have shortcomings. Indeed,
as illustrated in Figure 3, where the negative electrolyte 25 comprises an organic electrolyte
70, the organic electrolyte may allow sodium ions (Na") to be reduced (e.g., during recharge)
unevenly on the interface surface 60 and to form dendrites 75 due to slight variations in the
electric field through the organic electrolyte 70. Because such dendrites 75 may eventually
contact and even penetrate the electrolyte membrane 45 to cause ceramic failure, in certain
embodiments, certain ionic liquids, which may impede dendrite growth, are used in place of
organic electrolytes.

[0038] Where the non-aqueous negative electrolyte 25 comprises an ionic liquid 80 (as
shown in Figure 2), the ionic liquid may comprise any suitable chemical that is chemically
compatible with the materials of the negative electrode 20 and the electrolyte membrane 45
and that has a high ionic conductivity. In this regard, in some embodiments, the ionic liquid
comprises or consists of an organic cation and an inorganic anion.

[0039] Where the ionic liquid comprises an organic cation, the organic cation can have
any suitable characteristic, including, without limitation, being relatively large in size. Some
examples of suitable organic cations include, but are not limited to, N-methoxyethyl-N-
methyl-pyrrolidinium, butylmethyl-pyrrolidinium, propylmethyl-pyrrolidinium, triethyl-
sulfonium, diethylmethylsulfonium, ethyl-dimethyl-ammonio-(trimethylammonio)-
dihydroborate, pyridinium, pyrrolidinium, quaternary ammonium, quaternary phosphonium,

trisulfonium, and sulfonium compounds, as shown below.

R “’/ \Nm Ry

Pyridinium Pyrrolidinium
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A S
Rz/ \ R; Rz/ \ R; R1/ \ R;
R4 R4 R»

Ammonium Phosphonium Sulfonium

[0040] The substituent groups Rj, R», R3, and/or R4 on the cation in the ionic liquid can
have any suitable characteristic. Indeed, in one non-limiting example, at least one of the
substituents R;, R», R3, and/or Ry 1s different from the other substituents so that the cation is
asymmetric. Indeed, in some embodiments, three out of four quaternary substituents are the
same. In other embodiments, however, two of the four quaternary substituents are the same.
In still other embodiments, all four substituents are different from each other.

[0041] In another non-limiting example, the substituent groups on the ionic liquid can
comprise any suitable chemical group. Indeed, in some embodiments, R;, R», R3, and/or R4
comprise a C1 to C10 alkyl, alkenyl, alkynyl, ether, ketone, or similar group. In other
embodiments, R;, Ry, R3, and/or R4y comprise a C1 to C5 alkyl, alkenyl, alkynyl, ether,
ketone, or similar group. More specifically, in some embodiments, the cation comprises a
functional group that is aromatic, such as phenyl. In selecting the size of R, Ry, R, and Ry,
it is notable that longer carbon chains tend to decrease ion mobility and conductivity and tend
to increase viscosity. Thus, in some embodiments, three of R, R», R3, and R4 are short and
one is long. Short chains may be defined as containing three or fewer carbons. Examples of
a short Ry, R;, R3, or Ry, may include methyl, ethyl, or propyl chains. Long chains may be
defined as containing more than three carbons.

[0042] In other embodiments, two substituents are short, one is medium, and one is long.
In yet other embodiments, all of the substituents are different, but selected to provide
acceptable ion mobility and conductivity.

[0043] Referring now to the inorganic anions that can be found in the ionic liquid, the
ionic liquid can comprise any suitable inorganic anion. Indeed, some examples of suitable
inorganic anions include, but are not limited to, aluminum trichloride (AICl;)
hexaflourophosphate (PFy), tetraflouroborate (BFy4), trifluoromethylsulfonate (CF;SO%),

bis(trifluoromethanesulfonyl)imide ((CF;SO,),N’), and/or any other suitable anion. In one
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characteristic, in some embodiments, anions in the ionic liquid are fluorinated.

[0044] Some examples of suitable ionic liquids 80 include, but are not limited to,
methanesulfonyl chloride aluminum trichloride, ether-substituted quaternary ammonium
chloride aluminum trichloride, n-butylmethylpyrrolidinium
bis(trifluoromethanesulfonyl)imide, benzyldimethylpropylammonium chloride aluminum
trichloride, octylmethylimidazolium bis(trifluoromethanesulfonyl)imide,
butylmethylpyridinium bis(trifluoromethanesulfonyl)imide, butylmethylpyridinium
tetrafluoroborate, tributylmethylammonium chloride aluminum trichloride, any other suitable
ionic liquid, and/or any combination of such anions and cations.

[0045] The ionic liquid 80 may have any suitable characteristic that allows it to be
chemically compatible with the negative electrode 20 and the electrolyte membrane 45 and to
have a relatively high ionic conductivity, which, in some embodiments, is higher than the
ionic conductivity of the electrolyte membrane 45. For example, in one embodiment where a
NaSICON-type electrolyte membrane separates the negative electrolyte solution from the
positive electrolyte solution, the electrolyte membrane has a lower ionic conductivity than the
negative electrolyte solution. Indeed, in some embodiments, the ionic liquid is in the liquid
state at STP, has little or no vapor pressure at STP, has a relatively low viscosity at STP,
and/or decomposes rather than boils at high temperatures. Accordingly, in some instances,
the ionic liquid may be referred to as a room temperature ionic liquid (“RTIL”) or a room
temperature melt, Additionally, in some embodiments, one or more cations and/or anions in
the ionic liquid are asymmetrical.

[0046] In addition to the aforementioned components, in some embodiments, the ionic
liquid 80 optionally includes an organic or inorganic additive that can aid in the
electrochemical oxidation or reduction of the sodium ions. While the organic or inorganic
additive may function in any suitable manner, in some instances, the presence of an additive
increases the degree of dissociation of the sodium ion in the ionic liquid. In any case, the
ionic liquid can comprise any suitable organic or inorganic additive. In this regard, some
examples of suitable additives to the ionic liquid include, without limitation, an additive that;
is acidic in nature, comprises one or more small halogenated compounds, comprises one or
more chlorinated compounds, comprises a fluorinated compound, comprises a sodium-based
salt, and/or comprises any other suitable additive or combinations thereof. Some examples of

such additives include, without limitation, hydrochloric acid (HCl), sulfonyl chloride
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salt additives that can be added to the ionic liquid to increase the free sodium ion in the ionic
liquid, thereby increasing the sodium ion conductivity, include, but are not limited to, NaCl,
Nal, NaBr, NaClOy, or a similar sodium salt.

[0047]  Where the cell 10 comprises the ionic liquid, the ionic liquid may provide the cell
with a number of beneficial characteristics. In one non-limiting example of such a beneficial
characteristic, Iigure 2 shows that the ionic liquid 80 may impede dendrite growth and
encourage sodium ions (Na*) to be reduced (e.g., as the cell 10 is recharged) to form a
substantially smooth plating or layer 65 on the negative electrode 20. The ionic liquid may
perform this function in any suitable manner. Indeed, under one non-binding theory it is
believed that large cations in the ionic liquid may act as surfactants that lower surface energy
at the negative electrode’s interface surface 60 and, thereby, help sodium ions to be evenly
plated on the negative electrode as the cell is recharged. Under another non-binding theory, it
is believed that where the ionic liquid has a higher ion conductivity than the electrolyte
membrane, the ionic liquid may lower the voltage gradient relative to the electrolyte
membrane in a manner that causes sodium ions to be reduced and uniformly plated on the
negative electrode’s interface surface.

[0048] In another example of a beneficial characteristic that can be provided by the ionic
liquid 80, where the ion conductivity of the ionic liquid is higher than the ion conductivity of
the electrolyte membrane 45, the ionic liquid may readily transport sodium ions (Na*) from
the electrolyte membrane 45 to the negative electrode 20. In this manner, the ionic liquid
may prevent the electrolyte membrane from becoming coated with sodium metal as the cell
10 functions.

[0049]  In order to function as intended, the ionic liquid 80 may have any suitable level of
sodium conductivity. In some embodiments, the ionic liquid has a sodium conductivity that
is greater than about 2x10™ mS/cm. In other embodiments, the ionic liquid has a sodium
conductivity that is greater than about 4x10™ mS/cm. In still other embodiments, the ionic
liquid has a sodium conductivity that is greater than about 6x10” mS/cm. In yet other
embodiments, the ionic liquid has a conductivity that is greater than about 1x10” mS/cm. In
still other embodiments, the ionic liquid has a conductivity that is greater than about 1x107
mS/cm. In some embodiments, the conductivity ranges between about 0.1 mS/cm to about
100 mS/cm at temperatures from 25 °C to 100 °C By way of non-limiting illustration, Table 1

shows table indicating some representative AC (alternating current) conductivities of some

13



WO 2011/057135 PCT/US2010/055718

bis(trifluoromethane-sulfonyl)imide (collectively referred to as “NM-NM-P”), propylmethyl-
pyrrolidinium and bis(trifluoromethane-sulfonyl)imide (collectively referred to as “PMP”),
butylmethyl-pyrrolidinium and bis(trifluoromethane-sulfonyl)imide (collectively referred to
as  “BMP”), and ethyl-dimethyl-ammonio-(trimethylammonio)-dihydroborate  and
bis(trifluoromethane-sulfonyl)imide (collectively referred to as (“Et35™).

[0050] Table 1: AC Conductivities of Non-limiting Ionic Liquid Systems

H.Nmwme  Temp., °C ~1000/K  Resistivity, olun-em Conductivity, mS/cn
NM-NM-P 30 33 3732 27

38 32 164.5 6.1
73 20 79.3 12.6

PMP 30 33 287.9 35
46 3.1 i58.9 6.3
66 25 208.9 4.8

BMP 30 33 £30.9 7.6
43 3.1 103.3 9.7
65 29 388 17.0

Et3S 30 33 77.5 129
48 3.1 399 230
70 29 264 37.8

[0051] With regards now to the positive electrode 35, the cell 10 can comprise any
suitable positive electrode that allows the cell to be charged and discharged as intended. TFor
instance, the positive electrode can comprise virtually any positive electrode material that has
been successfully used in a solid-state sodium-based rechargeable battery system. In some
embodiments, the positive electrode comprises a wire, felt, plate, tube, mesh, foam, and/or
other suitable positive electrode configuration. Furthermore, in some non-limiting
embodiments, the positive electrode comprises a material selected from a nickel foam, a
sodium composite that is not molten at the cell’s operating temperature (including, without
limitation, a sodium/sulfur material), nickel hydroxide (Ni{(OH),) (e.g., when the cell is at
least partially discharged), nickel oxyhydroxide (NiOOH) (e.g., when the cell is at least

partially charged), and/or another suitable material.
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the positive electrolyte 40 (as discussed below) comprises an aqueous solution, the reactions
that occur at the negative electrode and at the positive electrode and the overall reaction as

the cell 10 is discharged may occur as illustrated below:

[0053] Negative electrode Na <> Na® + le” (-2.71V)
[0054] Positive electrode NiOOH + H,0 < Ni(OH), + OH" (0.52V)
[0055] Overall Na + NiOOH + H,O « Ni(OH), + NaOH (3.23V)

[00560] Accordingly, some embodiments of the describe cell 10, at least theoretically, are
capable of producing up to about 3.23V.

[0057] Moreover, some examples of reactions that may occur during the discharging and
charging of a cell in which the positive electrode 35 comprises a nickel oxyhydroxide
(NiOOH) electrode, the negative electrode 20 comprises sodium, and the positive electrolyte
40 (as discussed below) comprises an aqueous solution, are shown below:

[0058] (Discharge) NiOOH + H,0 + Na® + ¢ — Ni(OH), + NaOH

[0059] (Charge) Ni(OH), + NaOH — NiOOH +H,O + Na" + e

[0060]  With respect now to the positive electrolyte solution 40, the positive electrolyte can
comprise any suitable sodium ion conductive material that allows the cell 10 to function as
intended. Additionally, in some embodiments, the positive electrolyte has a higher sodium
ion conductivity than does the electrolyte membrane 45 (described below). By way of non-
limiting illustration, Figure 4 depicts a graph representing the conductivity of a sodium ion
conductive electrolyte membrane (e.g., a NaSICON membrane) at 90° C for a variety of
representative embodiments of suitable positive electrolytes. In particular, for each positive
electrolyte shown in Figure 4, Figure 4 shows the membrane conductivity using AC
impedance (e.g., the bar on the left for each positive electrolyte) and DC impedance at 50
mA/cm’ (e. g., the bar on the right for each positive electrolyte).

[0061] Some examples of suitable materials in the positive electrolyte 40 include, but are
not limited to, sodium hydroxide, glycerol, water, borax, sodium tetraborate decahydrate,
sodium metaborate tetrahydrate, sodium silicate, boric acid, sodium borohydride, sodium
phosphate, sodium hydrogen phosphate, sodium glycerol, sodium carbonate, ethylene,
propylene, an ionic liquid (as discussed above), another suitable liquid, and any suitable
combination of the foregoing. By way of illustration, in some embodiments, the positive
electrolyte 40 comprises one or more of the following solutions: sodium hydroxide and

water; sodium hydroxide, borax, and water; glycerol and sodium hydroxide; glycerol, sodium
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[0062] The various ingredients in the positive electrolyte 40 can have any suitable
concentration that allows the cell 10 to function as intended. For instance, in some
embodiments, the positive electrolyte comprises from about O to about 50% (e.g., between
about 4% and about 50%) sodium hydroxide, by weight; from about 0 to about 96% glycerol,
by weight; from about 0 to about 45% borax, by weight; from about 0 to about 60% sodium
tetraborate decahydrate, by weight (e.g., between about 40% and about 60%); and from about
0 to about 93% water, by weight. By way of non-limiting illustration, Table 2 (shown below)
provides some non-limiting examples of suitable positive electrolyte solutions.

Table 2: Positive electrolyte Solutions

50% Sodium Hydroxide and 50% Water (filler)

15% Sodium Hydroxide, 28% Glycerol, and 57% Water (filler)

4% Sodium Hydroxide and 96% Glycerol (filler)

4% Sodium Hydroxide, 16% Water, and 80% Glycerol (filler)

45% Borax and 55% Glycerol (filler)

40% Borax and 60% Water (filler)

7.5% Sodium Hydroxide and 92.5% Water (filler)

35% Sodium Hydroxide and 65% Water (filler)

15% Sodium Hydroxide and 85% Water (filler)

15% Sodium Hydroxide 28% Borax, and 57% Water (filler)

25% Sodium Hydroxide and 75% Water (filler)

25% Sodium Hydroxide, 28% Borax, and 47% Water (filler)

50% Sodium Tetraborate Decahydrate, and 50% Water (filler)

[0063] While the positive electrolyte solutions 40 in Table 2 are shown to have specific
concentrations, in other embodiments, the concentrations of the sodium hydroxide, borax,
sodium tetraborate decahydrate, and/or glycerol in such solutions can each be modified by
+10%, by weight, and the concentration of the water or glycerol filler can be changed
accordingly.

[0064]  As previously mentioned, the cell 10 comprises a sodium ion selective electrolyte
membrane 45 (or primary electrolyte). In this regard, the membrane is selective to the
transport of sodium ions and provides a permeation barrier between the negative electrolyte
25 and positive electrolyte 40 liquids. Thus, the negative electrolyte and positive electrolyte

liquids need not be the same. Additionally, a distinguishing feature between the electrolyte
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which also conducts sodium ions, may also conduct any assortment of other cations, anions,
and electrons.

[0065] The sodium ion conductive electrolyte membrane 45 can comprise any suitable
material that selectively transports sodium ions and permits the cell 10 to function with a
non-aqueous positive electrolyte or an aqueous positive electrolyte. In some embodiments,
the electrolyte membrane comprises a NaSICON-type (sodium Super Ion CONductive)
material. In such embodiments, the NaSICON-type material may comprise any known or
novel NaSICON-type material that is suitable for use with the described cell 10. Some
suitable examples of NaSICON-type compositions include, but are not limited to,
Na3Zr;S1,P013, NajxSixZr:P3 01, (where x is selected from 1.6 to 2.4), Y-doped NaSICON
(Nay x4y 21y Y (S1,P3, 012, Nay 7o Yy Si,P3,015. (where x = 2, y = 0.12), and Fe-doped
NaSICON (NasZr/sles/sP3012).  Indeed, in certain embodiments, the NaSICON-type
membrane comprises NasSipZr,PO;p,.  In still other embodiments, the NaSICON-type
membrane comprises a known or novel composite, cermet-supported NaSICON membrane.
In such embodiments, the composite NaSICON membrane can comprise any suitable
component, including, without limitation, a porous NaSICON-cermet layer that comprises
NiO/NaSICON or any other suitable cermet layer, and a dense NaSICON layer. In yet other
embodiments, the NaSICON membrane comprises a monoclinic ceramic.

[0066] Where the cell’s electrolyte membrane 45 comprises a NaSICON-type material,
the NaSICON-type material may provide the cell 10 with several beneficial characteristics.
In one example, because NaSICON-type materials, as opposed to a sodium p”-alumina
ceramic electrolyte separator, are substantially impermeable to water, NaSICON-type
materials can allow the cell to include a positive electrolyte, such as an aqueous positive
electrolyte, that would otherwise be incompatible with the sodium negative electrode 20.
Thus, the use of a NaSICON-type membrane as the electrolyte membrane can allow the cell
to have a wide range of battery chemistries. As another example of a beneficial characteristic
that can be associated with NaSICON-type membranes, because such membranes selectively
transport sodium ions but do not allow the negative electrolyte 25 and the positive electrolyte
40 to mix, such membranes can help the cell to have minimal capacity fade and to have a
relatively stable shelf-life at ambient temperatures.

[0067] When the cell 10 is fully charged, the electrolyte membrane 45 may be disposed

any suitable distance X (as shown in Figure 1) away from the from the interface surface 60 of

17



WO 2011/057135 PCT/US2010/055718

100 pum, about 80 um, about 60 um, about 50 um, about 30 um, and about 20 pm. Indeed, in
some embodiments, when the cell is fully charged, the distance X between the negative
electrode and the electrolyte membrane is about 50 um # about 15 um. In some
embodiment, the smaller the distance between the membrane and the electrode the better. It
may be desireable to have enough distance to accomdate all the Na ions when the cell 10 is
fully charged, and therefore in one embodiment, the distance X will be the smallest at that
point in time. However at a fully discharged state the distance will be the greatest because all
of the Na will have been transferred to the cathode side, which of course must be able to
accomdate the volume change.

[0068] With reference now to the terminals 50 and 55 (shown in Figure 1), the cell 10 can
comprise any suitable terminals that are capable of electrically connecting the cell with an
external circuit, including without limitation, to one or more cells. In this regard, the
terminals can comprise any suitable material and any suitable shape of any suitable size.
[0069] In addition to the aforementioned components, the cell 10 can optionally comprise
any other suitable component. By way of non-limiting illustration, Iigure 3 shows an
embodiment in which the cell 10 optionally comprises a heat management system 85. In
such embodiments, the cell can comprise any suitable type of temperature management
system that is capable of maintaining the cell within a suitable operating temperature range.
Some examples of such temperature management systems include, but are not limited to, a
heater, a cooler, one or more temperature sensors, and appropriate temperature control
circuitry.

[0070] The described cell 10 may function at any suitable operating temperature. In other
words, as the cell is discharged and/or recharged, the sodium negative electrode may have
any suitable temperature that allows it to remain solid. Indeed, in some embodiments, the
cell functions at an operating temperature below about 100° C. In other embodiments, the
cell functions at operating temperatures below about 98° C. In still other embodiments, the
cell functions at operating temperatures below about 80° C. In still other embodiments, the
cell functions at operating temperatures below about 60° C. In yet other embodiments, the
cell functions at operating temperatures below about 40° C. In yet other embodiments, the
cell functions at operating temperatures below about 30° C. In yet other embodiments, the
cell functions at operating temperatures below about 20° C. For instance, in some

embodiments, the cell functions at operating temperatures which are about 25° C + 10° C.
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temperature below the boiling temperature of an aqueous electrolyte in the cell. It will be
appreciated by those of skill in the art where the sodium-based electrode is a sodium alloy,
the cell may function at an operating temperature below the sodium alloy. Additionally,
where the cell is pressurized, the operating temperature of the cell may be higher. In one
embodiment the cell may function at a temperature less than or equal to about 120° C. Indeed
in some embodiments, the operating temperature of the cell is such that the negative or
sodium-based electrode is in solid form.

[0072] In addition to the aforementioned advantages and characteristics of the described
cell 10, the cell may have several other beneficial characteristics. In one example, the
described cell may impede or prevent dendrite growth on the negative electrode 20 as the cell
is recharged. Accordingly, the lifespan of the cell may be increased over some conventional
sodium-based rechargeable batteries. In another example, the described cell may function at
relatively low operating temperatures. As a result, the cell may require little to no energy to
heat and/or dissipate heat from the cell as the cell functions. Additionally, because the cell
can operate at a lower temperature than certain conventional sodium-based rechargeable
batteries, the cell may be less dangerous to use or handle. In still another example, because
the cell may be recharged multiple times, does not release hazardous chemicals as it
functions, and requires less thermal energy than some conventional batteries, the cell may be
relatively environmentally friendly.

[0073] The following examples are given to illustrate various embodiments within the
scope of the present invention. These are given by way of example only, and it is understood
that the following examples are not comprehensive or exhaustive of the many types of
embodiments of the present invention that can be prepared in accordance with the present
invention.

[0074] Example 1

[0075]  In this example, an embodiment of the solid-state sodium-based secondary cell 10
was fabricated and tested. In this regard, the system included a solid sodium negative
electrode 20, a NaSICON electrolyte membrane 45, and an organic negative electrolyte 25.
This system further included a sodium ion solution between the sodium metal negative

electrode and the NaSICON membrane, thereby removing the Na™ + le” <> Na® reaction from
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[0076] A NaSICON tube with a closed end was rough surface ground on a 40 micron grit
polishing wheel. The tube dimensions were approximately: 14.7 mm O.D. with a wall
thickness of 1.4 mm. A 2.5 cm diameter NaSICON disk, about Imm thick, was surface
polished to a 0.33 micron surface finish. Both NaSICON parts were dried in-vacuo overnight
at about 450° C and then brought into an argon-filled glove box. The organic electrolyte
solution was 1M sodium triflate in dimethoxyethane with benzophenone. The solution was a
deep purple color indicating the ketyl free radical was present and the solution was free of
water. All tests were performed in an argon-filled glove box.

[0077] The NaSICON tube was operated at a fixed 0.25V for about 24 hrs and then the
voltage was inverted. As a result, the sodium was transferred from the outside to the interior
of the tube. The current response measured for this process is shown in Ligure 5.
Specifically, Figure 5 shows that the current began at about 7.3 mA and slowly increased to
about 8.5 mA over 24 hrs. The organic electrolyte solution, which is very volatile, was
refreshed after about 26 hours. The test was stopped when it was observed that the tube had
cracked in the solution/gas/NaSICON interface region. The interior cracked edges of the
NaSICON tube were decorated with sodium metal indicating that sodium dendrites
penetrated the tube causing failure.

[0078]  This example demonstrates the feasibility of a solid-state sodium based secondary
cell comprising a solid metal sodium negative electrode, a sodium ion conductive ceramic
primary electrolyte membrane, and a non-aqueous ionic negative electrolyte solution
disposed between the negative electrode and the electrolyte membrane.

[0079] Example 2

[0080] In a second example, Figures 6 and 7 show some non-limiting experimental results
that indicate the electrical potential measured over an extended period of time from two
embodiments of the solid-state sodium-based secondary cell. In this regard, the cells used to
obtain the results in both figures comprised a solid sodium metal negative electrode in contact
with an ionic liquid. With respect to the ionic liquids used in the cells, the cell used to obtain
the results shown in Figure 6 comprised N-methoxyethyl-N-methyl-pyrrolidinium and
sodium bis(trifluoromethane-sulfonyl)imide, and the cell used to obtain the results shown in
Figure 7 comprised propylmethyl-pyrrolidinium and bis(trifluoromethane-sulfonyl)imide.
Additionally, the ionic-liquid-containing negative electrolyte in both cells was in contact with

a NaSICON membrane. Finally, in both cells, the positive electrode comprised a nickel mesh
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[0081] The experimental results shown in Figures 6 and 7 illustrate that embodiments of
the described cell are functional for extended periods of time. Indeed, Figure 6 shows results
for a cell that functioned for about 350 hours before the cell began to leak.

[0082] While specific embodiments and examples of the present invention have been
illustrated and described, numerous modifications come to mind without significantly
departing from the spirit of the invention, and the scope of protection is only limited by the

scope of the accompanying claims.
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a negative electrode compartment comprising a negative electrode disposed in a non-
aqueous, ionic, negative electrolyte solution, wherein the negative -electrode
electrochemically oxidizes to release sodium ions during discharge and electrochemically
reduces sodium ions to sodium metal during charge;

a positive electrode compartment comprising a positive electrode disposed in a
positive electrolyte solution; and

a sodium ion conductive electrolyte membrane that separates the negative electrolyte
solution from the positive electrolyte solution, and

wherein the negative electrode is solid when the cell functions.

2. The secondary cell of claim 1, wherein the cell functions at an operating temperature
below about 100° C.

3. The secondary cell of claim 1, wherein the cell functions when the operating
temperature is below about 60° C.

4. The secondary cell of claim 1, wherein the cell functions when the operating
temperature is about 25° C £ 10° C.

5. The secondary cell of claim 1, wherein the electrolyte membrane comprises a
NaSICON-type material.

6. The secondary cell of claim 1, wherein the negative electrolyte solution comprises an
organic cation and an inorganic anion that are each chemically stable in the presence of
sodium metal, sodium ions, and the electrolyte membrane.

7. The secondary cell of claim 6, wherein the negative electrolyte solution comprises an
asymimetric organic cation.

8. The secondary cell of claim 1, wherein the negative electrolyte solution comprises a
cation selected from N-methoxyethyl-N-methyl-pyrrolidinium, butylmethyl-pyrrolidinium,
propylmethyl-pyrrolidinium, triethyl-sulfonium, diethylmethylsulfonium, ethyl-dimethyl-
ammonio-(trimethylammonio)-dihydroborate,  pyridinium,  pyrrolidinium, quaternary
ammonium, quaternary phosphonium, trisulfonium, and sulfonium.

9. The secondary cell of claim 1, wherein the ionic negative electrolyte solution
comprises an anion selected from aluminum trichloride hexafluorophosphate,

tetrafluoroborate, trifluouromethylsulfonate, bis(trifluoromethane-sulfonyl)imide.
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11. The secondary cell of claim 1, wherein the positive electrolyte solution comprises a
combination of substances selected from water, sodium hydroxide, sodium silicate, glycerol,
borax, sodium metaborate tetrahydrate, sodium tetraborate decahydrate, boric acid, sodium
borohydride, sodium borate, sodium phosphate, sodium hydrogen phosphate, sodium
glycerol, sodium carbonate, ethylene, and propylene.

12. The secondary cell of claim 1, wherein the negative electrode comprises sodium metal
when the secondary cell is at least partially charged.

13. The secondary cell of claim 12, wherein the negative electrode and the electrolyte
membrane are separated by a distance of less than about 100 pm when the cell is fully
charged.

14. A sodium-based secondary cell, comprising:

a negative electrode compartment comprising a negative electrode disposed in a non-
aqueous, ionic, negative electrolyte solution, wherein the negative electrode
electrochemically oxidizes to release sodium ions during discharge and electrochemically
reduces sodium ions to sodium metal during charge, and wherein the negative electrode
comprises sodium metal when the secondary cell is at least partially charged;

a positive electrode compartment comprising a positive electrode disposed in a
positive electrolyte solution; and

a NaSICON-type electrolyte membrane that separates the negative electrolyte solution
from the positive electrolyte solution; and

wherein the negative electrode is solid when the cell functions, and wherein the cell
functions at an operating temperature below about 100° C, and wherein the negative electrode
and the electrolyte membrane are separated by a distance of less than about 100 um when the
cell is fully charged.

15. The secondary cell of claim 14, wherein the cell functions when the operating
temperature is about 25° C £ 10° C.

16. The secondary cell of claim 14, wherein the negative electrolyte solution comprises a
cation selected from N-methoxyethyl-N-methyl-pyrrolidinium, butylmethyl-pyrrolidinium,
propylmethyl-pyrrolidinium, triethyl-sulfonium, diethylmethylsulfonium, ethyl-dimethyl-
ammonio-(trimethylammonio)-dihydroborate,  pyridinium,  pyrrolidinium, quaternary

ammonium, quaternary phosphonium, trisulfonium, and sulfonium.
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18. The secondary cell of claim 14, wherein the negative electrolyte solution comprises
an organic cation and an inorganic anion that are each chemically stable in the presence of
sodium metal, sodium ions, and the electrolyte membrane.
19. The secondary cell of claim 17, wherein the halogenated compound is selected from
hydrochloric acid, sulfonyl chloride, dichloromethane, carbon tetrachloride, and a salt of a
trifluoroacetate ion.
20. The secondary cell of claim 14, wherein the positive electrolyte solution comprises a
combination of substances selected from water, sodium hydroxide, sodium silicate, glycerol,
borax, sodium metaborate tetrahydrate, sodium tetraborate decahydrate, boric acid, sodium
borohydride, sodium borate, sodium phosphate, sodium hydrogen phosphate, sodium
glycerol, sodium carbonate, ethylene, and propylene.
21. The secondary cell of claim 14, wherein the electrolyte membrane has a lower ionic
conductivity than the negative electrolyte solution.
22. A method for providing electrical potential from a sodium-based secondary cell, the
method comprising:
providing a sodium-based secondary cell comprising:
a negative electrode compartment comprising a negative electrode disposed in
a non-aqueous, ionic, negative electrolyte solution, wherein the negative electrode
electrochemically oxidizes to release sodium ions during discharge and
electrochemically reduces sodium ions to sodium metal during charge;
a positive electrode compartment comprising a positive electrode disposed in a
positive electrolyte solution; and
a sodium ion conductive electrolyte membrane that separates the negative
electrolyte solution from the positive electrolyte solution, wherein the electrolyte
membrane has a lower ionic conductivity than the negative electrolyte solution;
maintaining an operating temperature of the cell below the melting point of the
negative electrode; and
connecting an external circuit to the cell so that the negative electrode oxidizes to
release the sodium ions and to allow the cell to discharge electricity.
23. The method of claim 22, wherein the negative electrolyte solution comprises

bis(trifluoromethane-sulfonyl)imide.
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25. The method of claim 22, further comprising charging the cell by passing an electrical
potential between the negative electrode and the positive electrode to cause at least a portion
of the sodium ions to be plated on the negative electrode.
26. The method of claim 25, wherein the negative electrolyte solution impedes dendrite
formation on the negative electrode as the cell is charged.
27. The Method of claim 22, wherein the negative electrode comprises sodium metal

when the secondary cell is at least partially charged.
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