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B ABSTRACT

An electrode system includes a reservoir of liquid-metal
reactant, and a wick extending from a submersed loca-
~ tion within the reservoir into the molten electrolyte of
- an electrochemical cell structure. The wick is flooded
‘with the liquid metal and thereby serves as one elec-
trode within the cell. This electrode system has applica-
tion in high-temperature batteries employing molten
alkali metals or their alloys as active material within an
electrode submersed within a molten salt electrolyte. It
- also can be used in electrochemical cells where the
purlﬁcatlon separation or electrowinning of liquid met-
als 1s accomplished.

S Claims, 4 Drawing Figures
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* WICK-AND-POOL ELECTRODES FOR
- ELECTROCHEMICAL CELL

- Matter enclosed in heavy brackets [ 1 anpears in the
original patent but forms no part of this reissue specifica-
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It is also an object to minimize cell shorting from
droplets or bridges of molten metal reactant between

- electrodes

tion; matter printed in ltallcs mdlcates the addltlons made

by reissue.

CONTRACTUAL ORIGIN OF THE INVENTION

“The invention desorlbed herem was made in the
course of, or under, a contract with THE UNITED
STATES ENERGY RESEARCH AND DEVELOP-
MENT ADMINISTRATION |

BACKGROUND OF THE INVENTION

- This invention relates to liquid-metal electrodes for
use in electrochemical cells employed for energy stor-
age or electrochemical separations. It has particular
applicability to high-temperature, secondary electro-
chemical cells with electrodes that use the alkali metals

such as lithium or sodium, alkaline earth metals such as
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calcium, or molten alloys of any of these metals as elec-

trode reactants.

A large amount of work has been done in the devel-

opment of these type electrochemical cells. Both mol-
~ ten and solid alkali metal and alkaline earth metal alloys
are contemplated as negative electrode reactants. Posi-
tive electrodes in such cells often include as reactants
the chalcogens or metal chalcogenides such as the sul-
fides of iron, nickel, cobalt or copper and mixtures of
- these materials. Examples of such secondary cells and
their various components are illustrated in U.S. Pat.
 Nos. 3,933,521, Jan. 20, 1976, to Vissers et al.; 3,933,520,
Jan. 20, 1976, to Gay et al.; 3,941,612, Mar. 2 1976, to
Steunenberg et al.; and 3 947 291 Mar. 30 1976 to Yao
etal. -
- Thus far, the most snccessful lithium electrodes have
been those of the solid lithium alloys, particularly the

intermetallic lithium-aluminum compounds. Although

these solid lithium alloys are simple to fabricate and
provide electrode stability, the lithium-aluminum alloys
have higher equivalent weight and about 300 mV less
anodic potential than elemental lithium metal. Thus, the
use of lithium-aluminum alloys entails some sacrifice in
energy and power. |

Negative electrodes that employ molten elemental"

25

30

33

45

lithium as reactant have been constructed to retain the

lithium within porous metal substrates such as metal
felt, foam or compacted fibers submersed within molten
electrolyte. Although wetting of solid metal substrates
by liquid metal is improved somewhat by alloying lith-
lum with for instance copper or zinc (U.S. Pat. No.
3,881,951) or by coating the substrate with a metal such
as cobalt (U.S. Pat. No. 3,933,521), preferential wetting
of the substrate by electrolyte often occurs upon re-
peated cycling of the electrode. Liquid metal droplets
then form, that is dewetting by the liquid metal occurs,
which may short circuit the cell.

Therefore, in view of the dlfﬁcultles encountered in

the use of liquid metal electrodes it is an object of the
present invention to provide an improved electrode

structure that employs molten metal as the electrode

reactant, .
It is a further object to minimize dewettmg between

~ the electrode substrate and the molten metal reactant

during cell eyclmg
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SUMMARY OF THE INVENTION

In accordance with the present invention a liquid-
metal electrode system for use in a secondary electro-
chemical cell is provided. The system includes a cell
structure containing a volume of liquid electrolyte and

‘a reservoir of liquid metal disposed outside the volume

of liquid electrolyte. A wick is positioned with a portion
of its length submerged within the liquid metal of the
reservoir and a second portion of its length submerged
within the electrolyte of the cell structure. The wick is
constructed of a material having sufficiently more capil-
lary attraction and adhesion for the liquid metal than for
the eleetrolyte to cause liquid metal to be drawn from
the reservoir into the wick position submerged within
the electrolyte. .
In more Speelfic embodlments of the invention the

‘liquid metal is molten lithium or a molten lithium alloy

with an additive metal such as copper. In addition, a
preferred electrolyte includes a molten salt of alkali
metal or alkaline earth metal halides having at least one
fluoride salt. Preferred wicks include vertically pleated,
stainless steel screens or sheets that retain the liquid
metal in V-shaped grooves. The wicks extend above the
electrolyte surface to provide a liquid-metal reservoir in
their upper portions and in some embodiments extend to
liquid-metal pools for additional reservoir capacity. In

~one other embodiment a plurality of wicks extend from

a liquid-metal reservoir to feed the liquid metal reactant
to a number of cells or to a multiple electrode cell.

. A BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is 1llustrated in the accompany-
ing drawrngs wherein - |

FIG. 1 is a perspective view In Cross sectlon of an
electrochemical cell srrmlar to that used to test a liquid-

“metal-wick electrode.

 FIG. 1a is a fragmentary and enlarged cross section

taken at one of the pleat folds of the electrode wick

shown in FIG. 1. |
FIG. 2 is a schematic drawrng of an electrochemical

cell with separate hquld-metal reservous for each of the

two electrodes. B |

" FIG. 3 is a schematic view of an electrode system

'_lnvolvmg a plurality of wicks and cells.

DETAILED DESCRIPTION OF THE
~ PREFERRED EMBODIMENT

In FIG. 1 an eleetroohemtcal cell is shown wrth a cell
contalnment structure 11 containing a volume of molten

electrolyte 13, a negative electrode 15 and a posrtwe .

electrode 17. | |
‘The positive electrode 17 1S of oonventional type and
may include such as a disk stack of compacted materials

- positioned in contact with a central conductor 19. Each

~of these compacts can include the electrode reactant,

e.g. particulate metal sulfides, electrically conductive
- current collector material -and electrolytlc: salt.

The negative electrode 15 is preferrably a. pleated
metal sheet or screen, as shown. This pleated structure
acts as a wick to supply liquid-metal-electrode reactant

_from its upper portion 16 into its lower portion 14 that

is submerged within the electrolyte volume 13. The

~upper portion 16 of wick 15 above the electrolyte 13

surface is thus a reservoir for containing liquid metal.
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This type arrangement is more suitable for use in sys-
tems having ‘a less dense liquid metal  such as lithium
relative to the electrolyte e.g. LiF—LiCl—KCI than
with the more dense metals. Here the llqmd metal tends
to float on the electrolyte surface and is drawn by capil-
lary attraction into the lower portion 16 of the wick
below the electrolyte level as needed for cell operation.

- FIG. 1a shows an enlarged c¢ross-sectional portion of
the pleated wick structure 15. The wick design includes
a pleated or corrugated metal sheet 22 having V-shaped
channels 23 between sides 21 that intersect at ridges 24.
Liquid-metal 25 is shown contained in channels 23 both
above and below the electrolyte 13 surface where it is
held by capillary attraction against the force of gravity
in the portion above the electrolyte level and against the

10

4

The electrolyte selected for use with a molten alkali
metal, such as lithium; as"a negative electrode reactant,
can be a molten electrolytic.salt.combination including
alkali metal halides and alkaline earth metal halides.
Merely by way of example a eutectic composition of
LiCl—KC(l 1s often employed. It has been found that
molten salts that include alkali metal or alkaline earth
metal fluondes, for example, LiCl—LiF, LiBr—LiF,
Lil—LiF and LiCl—CaClh—CaF—KDBr can be ad-
vantageously used to further improve the wetting abil-
ity of the molten lithium. Also,,.:oj:her molten salt combi-
nations in which lithium fluoride is included at levels
not exoeedmg its squblhty, may also be used for this

- purpose. However, at least about 2 wt % of such as LiF

15

buoyancy force of the electrolyte below its surface. The -

hqmd metal reactant can be retained on both the front
side of the wick 15, as illustrated, and in the channels
formed on the opposite surface of wick 15.
 The electrochemical cell of FIGS. 1 and 1a is pres-
ented to illustrate one embodiment of applicants’ novel
electrode system. However, it will be clear that this
electrode system can be employed in a large number of
electrochemical cell configurations instead of that
shown in FIG. 1. Parallel, rectilinear electrodes includ-
ing one or more with the 11qu1d metal-wick described
herein can also be employed. Such rectilinear, prismatic
type cells lend themselves to multiple electrode ar-
- rangements with three or more electrodes of alternate
polarity within each cell structure. Wick electrodes in
these arrangements advantageously will have their
~ major surfaces, including the ridges, and channels posi-
tioned to face the opposite electrodes.

‘The pleated, metal electrode structure of FIGS. 1 and.

1a has been found to be a preferred wicking configura-
tton. When used with molten lithium or lithium alloys,
it advantageously is constructed of a chromium alloy
steel such as one of the austenitic stainless steels. Such
materials are commercially available as 304, 316 and 347
stainless steels. The wick can be constructed of smooth
sheets, of screens or of other mesh. Somewhat im-
proved liquid metal containment ability has been found
through use of the screen or mesh structure. |

- Thechannels within the pleated electrode are formed
with greater depth than width to enhance the wick’s
ability to contain a liquid metal. Depth-to-width ratios
of about 4 have been found to be suitable. The channel
depth is measured from its apex to its base or opening,
and the width is measured between ridges 24.

~ Other wick electrode structures that have been tried
with fair results include arrays of twisted wire on a plate
substrate, wire rope twisted around a metal rod support,

twisted, braided, looped or otherwise entangled wires

within opened, tubular passageways.
In high temperature, high power electrochemical
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cells the alkali metals, such as lithium and sodium, are

often selected as the negative electrode reactant. Other
liquid metals, such as potassium, sodium potassium al-
loy, calcium, copper, aluminum, zinc, along with mol-
ten alloys of the liquid metals may also be chosen for use
as electrode reactants. In the case of molten lithium, it is
known that its wetting characteristics can be improved
by the addition of molten metal additives, for instance,
by the addition of copper or zinc. Copper at a level of
about 10% weight percent in lithium has been found to.
enhance wetting characteristics of molten 11th1urn on
stainless steel wick structures.

60
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should be included to effectively promote wetting of
stainless steel by molten lithium metal or alloy.

Although FIG. 1 illustrates liquid metal reservotr
within the channels 23 of wick 15, other reservoir struc-
ture can also be employed Additional liquid metal can
float on the surfaee of the electrolyte confined between
a retainer ring and the wick structure. Similarly an
inverted metal cup or reservoir can retain the liquid
metal on the eleetrolyte surface.

A separate reservoir for the liquid metal can also be
used apart from the electrolyte containment. Transter
of the liquid metal from the reservoir to the appropriate
cell clectrode can be aeeomphshed through a w1ok1ng
structure with a portion of its length submerged in the
liquid ‘metal and a portion submerged within the cell
electrolyte. Where the llquld metal is of lower density
than the electrolyte, as in the case of many alkali metal-
molten salt combinations, e.g. molten lithium and the
alkali metal halides, the liquid metal reservoir is dis-
posed with its surface at a lower elevation than the
electrolyte. surface. This will tend to transfer or siphon
liquid metal droplets through the wick from the electro-
Iyte surface to the ‘reservoir. In instances where the
liquid metals are more dense than the electrolyte, the
wick or wicks can’ extend upward from the reservoir
into the electrolyte. In this case, the electrolyte can be
floated on the liquid metal surface within a retainer
structure. Density adjustments to facilitate transfer of
the liquid meétal to a desired location can be accom-
plished’ by the addition of alloying elements such as
sodium to lithium or bromlne containin 8 salts to electro-
lyte. =~ - -
Referrlng now to FIG 2 where the eleetroehemloal
cell 31 i1s shown: supplled by two liquid metal reservoirs
33 and 35. The cell ‘is shown containing a molten, salt

electrolyte 37, and the' reservoirs contain molten metal

or molten metal alloys 39 and 41. Cell 31 is illustrated
with two electrodes 43 and 45 that are part of an elec-
trode ‘wick structure. The wicks ‘can be the pleated
metal wicks illustrated in FIGS. 1 and 1a. A first por-
tion 47 of the wick is submerged within the liquid metal
while a second portion 49 is submerged within the mol-
ten electrolyte 37. As the liquid metal is depleted or
accumulated during operation of the cell, it can be
transferred as: approprlate from reservoir to cell and
from cell to reservoir. - £

The electrochemical’ cell 111ustrated in FIG. 2 is
adapted for electrorefining of liquid metals. A source of
electrical potential 51 1s used to drive liquid metal from
electrode 43 to electrode 45. Contaminated liquid metal
in reservoir 33 can thereby be drawn through the elec-
trode ‘wick from subinerged portion 47 in the reservoir
to submerged- portion 49 within the electrolyte and
eIectroohemloally transferred without its impurities to
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electrode 45. The wicking action-of electrode: 45 then.

transfers the clean liquid metal into. the. reservoir 3§.-A

cell of the type .illustrated in FIG. 2.can-also.be em-

ployed as a source of electrlcal potentlal merely by |

using dlssnnllar metals thh substantlal dlfference in

oxidizing potentials in reservoirs 33 and 35 and b}? re-"

- placing source 51 with a load.

FIG. 3 illustrates one other manner of employmg the

“wick-and-pool electrode system of the present inven-
tion. A plurality of electrochemical cells 57, each in-
cluding two liquid metal wicks 59 as negative elec-
trodes, are illustrated. Each of the wicks 59 includes a
first end portion 61 submerged within a pool of liquid
“metal 63 and a second opposite end portion 65 sub-
merged within the electrolyte of the electrochemical

cell. Liquid metal 63 is thereby conducted through

wicks 59 into wick portion 65 which serves as the nega-

10
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tive electrodes within the illustrated cells. Such cells

employing a common reservoir or pool of liquid metal
~ would appropriately be parallel connected.

20

The following examples are presented in order to

further illustrate the present invention.

EXAMPLE 1

An electreche_mical cell similar to that illustrated in
- FIG. 1 included a positive electrode of FeS as reactant

£

mcreese:i‘ éleétrical” potentxafs “The: deveIOpment in-
clides-a wicking" surface both: for conveying the liquid
métal‘in‘the’ electroehemlcal cell and as the electrode
structure: A" reservoir’ of thé' liquid ‘'metal maintains

wettirig of the glectrode mek and provides additional

| hqmd metal capacnty durmg charge and d1seharge Oper—

1_ ;r;

The embodtments of: the mventlon 1n Wthh an exclu- |

sive property or prmlege 1S elalmed are deﬁned as
follows:

[1. A liquld-metal electrode system for prowdlng

electrode reactant into an electrode within an electro-

chemical cell also including a second electrode of oppo-
site polarity, said system comprising a cell structure
containing a volume of liquid electrolyte, a reservoir

containing said liquid metal outside said volume of lig-

uid electrolyte, a wick having a first portion of its
length in contact with said liquid metal within said

reservoir, and having a second portion of its length

opposite to said first portion submerged within said

volume of electrolyte, said wick having sufficiently

more attraction for said liquid metal than for said elec-
trolyte to draw said liquid metal into said second por-
tion submerged within said electrolyte.}

[2. The electrode system of claim 1 wherein said

- liquid metal comprises llquld lithtum or a molten 11th1um

and a negative electrode of molten lithium. The molten

lithium was alloyed with about 10 weight percent cop-
per and contained within a pleated metal wicking struc-
ture. The wick was constructed of three layers of screen
including a central 40 U.S. sieve series mesh layer and
two outer 325 mesh layers of 304 stainless steel. The
pleated wick included channels of 0.6 cm depth, 0.15 cm
width and about 12 cm submerged in electrolyte. Ap-
- proximately 20% of the wicking structure was em-

- ployed above the surface of the electrolyte level. The
cell included a total of 86 amp hours of FeS, 110 amp
hours Li—Cu and an electrolyte of LiCl—KCl with 2

30°

35

‘weight % LiF. The cell was operated for 70 cycles at 25

amps hour average with 97% coulombic efficiency. The
- L1—Cu alloy was observed to store on both the front
and back of the pleated screen.

EXAMPLE II

Another electrochemical cell similar in construction
to that illustrated in FIG. 1 but with a porous, aluminum

- central electrode was operated as an Li/LiAl cell. The

cell was operated for 30 cycles at 10 amp hours each (4

amp charge 2 amp dlscharge) w1th no sign of hthlum
dewetting or shorting.

EXAMPLE III (CELL WPA.- 1)

45+
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alloy. ]

3. The electrode system of claim 1] 10 wherein smd
electrolyte includes [an alkali metal or alkaline earth
metal fluoride} af least 2 weight percent LIF.

4. The electrode system of claim [1} 70 wherein a
plurahty of wicks are submerged within a single reser-
voir of liquid metal at their first portions and each of
said wicks extending to one of a number of cell struc-
tures within which their second portions are submerged
in molten electrolyte to serve as electrodes. |

[5. The electrode system of claim 1 wherein said
wick comprises a pleated metal structure having a por-
tion submerged within said liquid electrolyte for use as

-an electrode within said electrochemical cell, said

pleated structure includes a V-shaped channel contain-

ing liquid metal for use as an electrode reactant.]

[6. The electrode system of claim 5 wherein said
V-shaped channel has greater depth than width.]

7. The electrode system of claim [67] /0 wherein said
V-shaped channels have-a depth to width ratio of about

[8. The electrode system of claim 5 wherein said
pleated metal structure comprises a plurality of screen
layers of chromium alloy steel. ]

9. The electrode system of claim [1] /0 wherein said

- wick 1s formed into an inverted U-shape having two

An electrochemical cell havmg a separate reservoir

of lithium metal with about 10 weight % copper was
tested. The liquid-lithium alloy was conducted from the
reservoir through a metal wick into a wick portion

submerged below the electrolyte level to serve as a

negative electrode. The wick was constructed of about
300 loops of 0.013 cm, stainless steel wire passing
through a 0.635 cm O.D. stainless steel pipe. Window
openings through the pipe wall exposed additional por-
tions of the wire beneath the electrolyte surface. This
Iithium electrode was operated opposite a conventional
FeS positive electrode for about 3 cycles at 1.3 to 1.8
volts to illustrate its operability.
- It will be clear that the present invention provides an
improved electrode system for employing liquid metals
as electrode reactants which will permit operation at

‘side portlons the first of said side pOI‘tIOHS being sub-
- mersed 1n said hqmd metal and the seeond in said liquid
55

electrolyte. .

10. In a lxqmd—metal electrode System Jfor providing
electrode reactant consisting of liquid lithium alloy with
about 10 weight percent copper into a negative electrode
within a secondary electrochemical cell also including a

60 positive electrode containing FeS as a reactant, said system

65"

comprising a cell structure containing a volume of liquid
alkali-metal halide electrolyte, a reservoir containing said
lithium-copper alloy, an austenitic stainless steel wick hav-
ing a first portion of its length in contact with said liquid
lithium-copper alloy within said reservoir and having a
second portion of its length opposite to said first portion,
submerged within said volume of electrolyte to serve as said

“negative electrode, said wick having sufficiently more at-



| B | | |
" traction for said liquid lithiym-copper alloy than for said
electrolyte to draw said liquid lithium-copper alloy into
said second portion submerged within said electrolyte, ‘the
improvement wherein said austenitic stainless steel wick
throughout its first and second portions consists of a plural-
ity of screen layers pleated so as to have a plurality of
longitudinal V-shaped channels alternating with longitudi-
- nal V-shaped ridges across the width of the screen layers,

5

10
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20

“trolyte.

Re. 30,392

- said channels having greater depth than width to effectively

retain lithium-copper-alloy within said first portion as a

reservoir and within said second portion as the negative

electrode, said first portion of said wick extending above
the upper surface and outside the volume of said first elec-

* & X *  *%
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