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1

ELECTRIC ENERGY SOURCES SUCH ‘AS FUEL
CELLS AND BATTERIES

This application is a continuation of our copending
application Ser. No. 160,170 filed July:6, 1971, now
abandoned, which was a divisional application of Ser.
No. 845,945, filed on July 24, 1969, now-issued as U.S.
Pat. No. 3,660,888 on May 9, 1972. Another divisional
application Ser. No. 160,169, filed July 6, 1971, issued
as U.S. Pat. No. 3,826,686 on July 30, 1974,

FIELD OF THE INVENTION

This invention is in the field of electric energy
sources and, more particularly, in the area of fuel cells,
batteries and similar electrochemical systems.

DESCRIPTION OF THE PRIOR ART

The prior art of electric energy sources such as fuel
cells is well described in several references. Three
which are especially noteworthy are:

Liebhafsky and Cairns, Fuel Cells and Fuel Batteries,

Wiley, 1968.
Backer, Hydrocarbon Fuel Cell Technology, Aca-
demic Press, 1965.
Hart and Womack, Fuel Cells: Theory and Applica-
tion, Chapman and Hall, 1967.
Questions about the problems and progress of prior
systems are answered there and in the references cited
by the authors.

As described by Liebhafsky and Cairns in Chapter 4
of their book, the overvoltage of a fuel cell (the differ-
_ence between the theoretical and measured voltages) is

" the sum of the overvoltages or energy losses of each of
the elements and interfaces between elements in a fuel
cell. The description of the characteristics of the 47
components of cell overvoltage identified in Lieb-
hafsky and Cairns’ FIG. 4.6-2 will be left to their text.
The salient point to note is that present research indi-

. cates that the performance of present fuel cells is lim-
ited because of overvoltages associated with the elec-
trodes J

" The electrodes are the sites of thre¢-phase reactions
(gas-electrolyte-metal) where gas and electrolyte meet
to form ions and generate or receive electrons passing
through the external electric load. In order to increase
the power output of a fuel cell system, either the reac-
tion mechanism at the electrode must be improved to
lower electrode overvoltages or the active surface area
of the electrode must be raised to increase the total
electrode current at a given overvoltage.

For the last several years fuel cell designers have
concentrated on increasing the active surface area of
electrodes by resorting to metal powder and metal fiber

5

225-50 of the Baker reference where electrode sinter-
ing at 700° C. is described.

In a typical prior-art, molten carbonate system, an-
other limitation is observed. There, an electrode com-
prises a porous mat of powdered (10 micron diameter)
or fiber (50 micron diameters) metals flooded with
molten carbonate; generally an eutectic mixture of
(Li,Na,K),CO;. While the electrode may be only a
fraction of a millimeter thick, the gas will diffuse to a

0 depth of only a few microns in the electrode, thereby

3

electrodes having smaller and smaller particle and fiber
diameters. As the diameters are decreased, the number
of particles and fibers in a given volumé increases and -

therefore the total surface area increases.

There are limits, however, on how small particle and
fiber diameters can become before electrode costs and
fabrication difficulties escalate. Further, performance
tradeoffs can be reached in powdered metal electrodes
as the resistance of the electrode to the flow of electro-
lyte and gas increases with both age and decréasing
pore size. For molten carbonate systems, these ‘prob-
lems are summarized by Liebhafsky and Cairns in
Chapter 12 of their book and by Broers, et al at pp.

contributing a significant component to the total cell
overvoltage, because only a thin portion of the elec-
trode is entering into the three-phase cell reaction.
Increasing the gas pressure only serves to push the
electrolyte from the electrode unless a sealed system is
used and this is not a good technical or economic alter-
native.

Therefore, what is needed is an electrode which has
a high active surface area to maximize the total elec-
trode current and a thin electrolyte diffusion layer
which facilitates the gas reaching active metal reaction
sites to thereby lower the electrode overvoltage. The
electrodes of this invention meet these requirements.

DESCRIPTION OF A PREFERRED EMBODIMENT

The fuel cell electrodes of this invention are charac-
terized by a high surface area of metal fiber wicks
which support thin electrolyte layers through which gas
can readily diffuse to reach the electrode surfaces. One
embodiment is illustrated in the drawings in which:

FIG. 1 is a sectional view of a fuel cell of this inven-
tion

FIG. 2 is a front view of an electrode of the fuel cell
of FIG. 1

FIG. 3 is a sectional view of a can and tube matrix
containing a fiber metal wick.

FIG. 1 illustrates a fuel cell 10 comprising a pair of
manifolds 12 and 14 for gases, electrolyte 16 and two
electrodes 18 and 20 interfaced between the electro-
lyte and the adjacent interior space-12' and 14’ of the
contiguous manifolds 12 and 14. A fluid fuel, such as
hydrogen gas (H;) or a hydrocarbon such as methane
(CH,), is pumped into the interior space 12’ of the
manifold 12 containing the fuel electrode or anode 18
while'an oxidizing gas, such as air or oxygen, is pumped
into the interior space 14’ of the manifold 14 contain-
ing the oxidizer electrode or cathode 20. The external
electric load is connected to the electrodes 18 and 20
by wires (not shown) passing through the manifolds.

In the present embodiment the electrolyte is a molten
carbonate which may be an eutectic mixture of lithium,
sodium and potassium carbonates and may contain a
mixture of finely divided ceramic powders such as mag-

‘nesium oxide. Although it is a solid at room tempera-

tures, the electrolyte becomes molten and resembles a
liquid or a paste, depending on the concentration of
ceramic powders, when heated to operating tempera-
tures of approximately 700° C. In order to contain it,
the electrolyte is impregnated in a porous ceramic
matrix which may be made of a material such as mag-
nesia.

Each of the electrodes 18 and 20 comprises a layer of
electrically conductive material 22 and 24 to which are
secured wicks 26 and 28 of fine metal fibers extending
beyond the respective layers’ 22 and 24 surface into the
gas manifolds. In this embodiment the layers 22 and 24

‘comprise electrolyte-permeable, metallic films painted

on the sides of the electrolyte matrix. The wicks 26 and
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28 are secured, as by sintering, to the films 22 and 24
in a direction substantially normal to the plane of the
films or the electrode electrolyte interfaces.

The choice of metals (including alloys) for the elec-
trodes depends on the gas and operating temperatures
selected. For a molten carbonate system operating at
700° C with a hydrogen or hydrocarbon fuel, such as
methane, and oxygen or air, nickel is reccommended as
the material for the anode 18 and silver is recom-
mended as the material for the cathode 20.

The success of the electrodes is largely dependent on
the proper orientation and preparation of the wicks 26
and 28. As shown in FIG. 2 the wicks comprise a few
fine metal fibers and are spaced apart from each other.
The purpose of this structuring is to facilitate the flood-
ing of each of the wicks with electrolyte while prevent-
ing the flooding of electrolytes between adjacent wicks.
Since the gas will only diffuse through a few microns of
electrolyte film, the diameter of the wicks should be
maintained at about several times the gas diffusion
distance so that most, if not all, of the surface area of
the individual wick fibers is accessible to the gas as a
reaction site. By making the wicks 26 and 28 as long as
Y% inch very large electrode surfaces covered by thin
electrolyte films are available as reaction sites. Thus
the double effect of increasing active surface area to
increase total electrode current and making more elec-
trode surface available to the gas at a shallow diffusion
distance to lower electrode overvoltage is achieved.

Further, overvoltage components caused by poor
diffusion characteristics of H,O and CO, through thick
electrolyte films are also reduced. Reaction products
are readily transported to the electrode surface and
escape into the manifolds.

This construction also obviates the need for trading
off the overvoltage component caused by poor ion
diffusion characteristics in thin electrolyte films against
the overvoltage component caused by poor gas diffu-
sion characteristics in thick electrolyte films. In prior
art electrodes, the width of the electrolyte film had to
be carefully balanced if the sum of the overvoltage
components described was to be minimized. In the
electrodes of this invention, no such dilemma exists
because the wicks provide both thin films for good gas
diffusion and high electrolyte volume to facilitate rapid
movement of ions and reaction products. This latter
effect is achieved because the wicks are highly porous
and because the individual fibers are parallel to the
flow of ions and chemical products rather than perpen-
dicular as in prior art electrodes in which the particles
or fibers constituted a substantial fluid impedance.

Because the wicks comprise micron-size metal fibers,
special processes are required to manufacture the elec-
trodes and the fuel cells. These processes also form a
part of the invention.

The first step in the process of making the fuel cells
of FIGS. 1 and 2 is to paint two opposing sides of elec-
trolyte matrix 16, already flooded with electrolyte, with
a metallic paint to form conducting layers or films 22
and 24. The metallic paint may comprise a mixture of
fine nickel and aluminum powders suspended in a vola-
tile organic base.

The second step is to secure the wicks 26 and 28 to
the conducting layers or films 22 and 24 while the
metallic paint is still wet. A process is preferred where
only the end portions of each of the plurality of metal
fibers forming the wicks is secured to the electrically
conductive material. One such technique is flocking
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where the wicks or fibers are accellerated into the
conducting surface by a force, such as electrostatic or
electromagnetic attraction (or by pneumatic pressure)
which tends to orient them in a preferred direction.
Because the orientation of the wicks and the relative
position of individual filaments within the wicks is im-
portant it is more convenient to partially fabricate the
wicks before flocking.

In the case of the anode wicks 22, one method com-
prises inserting or packing nickel wire 40 of FIG. 3 into
a matrix of tubes 42 of a second metal such as alumi-
num which are held together by a can 44 which also
may be aluminum. In place of wire, particulate struc-
tures, such as fibers or powders, can be used or the
matrix and its contents can be heated to liquify the
contents during reducing. The can 44, its matrix 42 and
its nickel contents are reduced in diameter, by drawing
or extruding, until the nickel wires 40 reach micron-
size diameters. During the reducing step, the matrix 42
and its contents may be heat treated to relieve stresses
and to promote metallic diffusion of aluminum from
the tubes of matrix 42 into the nickel wire or fiber 40,
for a purpose to be described later. One of the tech-
niques of producing fine metal filaments which can be
used here is more fully described in U.S. Pat. No.
3,277,564 to Webber and Wilson.

Once the can 44 and its contents are reduced in size
to the proper diameters, the can 42, which can be sev-
eral feet long, is cut into a large number of segments
having the desired wick length. These segments, which
contain the wick, are then flocked or otherwise set on
end into the wet conducting layer film 22. In this em-
bodiment, the wicks or segments are oriented in a di-
rection substantially normal to the layer 22’s surface
and extend beyond the surface. In other embodiments,
skewed rather than normal orientations may be de-
scribed to facilitate gas flow or reduce turbulence.

The next step in the process is to secure permanently
the wicks or segments to the conducting layer 22 and to
secure permanently the layer 22 to the electrolyte ma-
trix 16. The electrolyte 16 matrix-electrode 18 com-
posite is then raised to the sintering temperature of
nickel. The volatile organic base of the metallic film
vaporizes, thereby stabilizing the film 22 and securing it
to the sides of the matrix 16. The metal fibers 40 sinter
to the film 22 with a strong mechanical and electrical
connection.

The next step in the process is to remove the alumi-
num tubes 42 and the aluminum can 44. This is accom-
plished by immersing the electrode 18 in concentrated
KOH which attacks aluminum (but not nickel) to re-
lease the nickel fibers which form the wicks 26. KOH
also removes the aluminum in the metallic film 22
making it porous and permeable to the electrolyte.

As noted earlier, small amounts of aluminum diffuse
into the nickel films 40 during the heat treating stage of
the can reducing step. When KOH is used to release the
nickel fibers, a Raney-nickel-like surface is created on
the wick fibers. The surface of the fibers will be rough,
thereby providing an increased active surface area over
that attainable with smooth finished fibers.

The process for fabricating the anode 18 also may be
used for fabricating the cathode 20. In place of nickel,

S silver may be used. The choice of the second metal for

the matrix of tubes 42 and the can 44 depends on the
mechanical and chemical properties of the material
selected for the cathode.
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The mechanical characteristics of the wicks 26 and
28 can be changed by varying the relative diameters of
the wires 40 and the tubes 42 to control fiber size and
separation. The spacing of individual wicks is con-
trolled by the outer diameter of the can 44 and the
flocking technique. One easy method of controlling the
amount of open area between the wicks is to mix solid
chunks or wire segments of the matrix or can material
(i.e., aluminum) with the wick segments in the storage
basket of the flocking machine. These solid chunks or
wires will keep the wick segments separated during
flocking and will be removed easily when the wick
fibers are released from the tube matrix.

A number of other variations in the construction of
electrochemical electrodes are also possible. In place
of a painted metal film, conducting layers 22 and 24
may comprise random or woven webs mechanically
secured to the electrolyte matrix 16. Where the use of
an electrolyte matrix 16 is not desired, tightly woven
layers 22 and 24 of metal fibers or finely perforated
metal sheets may serve as sides of an electrolyte con-
tainer, particularly in the case of aqueous electrolytes
such as H;PO,. Further fibers may be flocked directly
to the conducting layer without being placed in a tube
matrix or cans.

These electrodes will also serve as anodes or cath-
odes in primary and secondary batteries and other
electrochemical systems in addition to fuel cells. To
build primary and secondary batteries, for example,
aqueous or molten compounds, mixtures or solutions
(not necessarily carbonates) may serve as the electro-
lyte and one or more manifolds may be sealed to con-
tain an anode fluid (such as a molten metal) or a cath-
ode fluid. These, as well as a number of other variations
in the structure and process of manufacture of fuel cells
and electrodes are possible within the spirit and scope
of this invention.

Accordingly, we claim:

1. An electrical energy source comprising:

manifolds for fluids;

an electrolyte; and

electrodes interfacing between the electrolyte and

the interior space of the manifolds, one electrode

comprising:
a permeable, electrically conductive metallic layer
in contact with the electrolyte, and a plurality of
metal fiber wicks, each wick characterized by:
a. being substantially separated from each other
wick such that the space therebetween will not
support any substantial volume of electrolyte,

b. being secured to the conductive layer,

c. extending from the conductive layer in parallel
arrangement, and

d. comprising a plurality of substantially solid
textile metal fibers closely spaced but defining
a parallel of spaced void compartments sepa-
rating the metal fibers in such a manner that
the void spaces can support electrolyte be-
tween the fibers in these void spaces and
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wherein the fibers extend into the adjacent
interior space of the contiguous manifold.
2. The electric energy source of claim 1 wherein:
the fibers are oriented in a direction substantially
normal to the surface of the electrically conductive
layer. .
3. The electric energy source of claim 1 wherein:
the electrolyte is molten.

4, The electric energy source of claim 3, wherein:
the molten electrolyte is a mixture of at least two
carbonates selected from a group consisting of

sodium carbonate
lithium carbonate, and
potassium carbonate.
5. The electric energy source of claim 1 comprising
in addition:
an electrolyte matrix containing the electrolyte, sides
of the matrix being in contact with adjacent elec-
trode conducting layers.
6. The electric energy source of claim 5 wherein:
the matrix is a ceramic.
7. The electric energy source of claim 5 wherein:
the matrix is a porous magnesia body impregnated
with electrolyte.
8. The electric energy source of claim 1 wherein:
the metallic layer comprises metallic film.
9. The electric energy source of claim 4 wherein:
the film comprises metallic paint.
10. The electric energy source of claim 1 wherein:
the wicks are substantially identical.
11. A fuel cell comprising:
manifolds for gases;
porous ceramic electrolyte matrix containing an elec-
trolyte which contains at least one carbonate se-
lected from a group consisting of
sodium carbonate
lithium carbonate
potassium carbonate; and .
two electrodes each interfacing between the electro-
lyte and the adjacent interior space of a contiguous
manifold, one electrode comprising
a layer of electrically conductive, permeable film
on a side of the matrix, and
a plurality of metal fiber wicks, each wick charac-
terized by:

a. being substantially separated from each other
wick such that the space therebetween will not
support any substantial volume of electrolyte,

b. being secured to the conductive layer,

c. extending from the conductive layer in parallel
arrangement, and

d. comprising a plurality of substantially solid
textile metal fibers closely spaced but defining
a parallel of spaced void compartments sepa-
rating the metal fibers in such a manner that
the void spaces can support electrolyte be-
tween the fibers in these void spaces and
wherein the fibers extend into the adjacent

interior space of the contiguous manifold.
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