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(57) Abstract: A system and method is disclosed for preventing dendrite formation in a fuel cell, battery or metal recovery system.

Typical metal/air fuel cell stacks comprise a plurality of cells electrically coupled together in a serial fashion. Electrolyte is typically

pumped through the cells on a continuous basis using an input and output manifold device having a number of channels equal to
the number of cells comprising the stack. This parallel connection causes the formation of metallic dendrites in the channels, which
can short circuit the fuel cell stack or battery or metal-recovery apparatus. The system and method provides one or more dendrite
elimination zones to prevent the formation of dendrites. The dendrite elimination zones are constructed within each cell or within
each manifold to prevent the electrochemical reaction associated with dendrites from taking place. The dendrite elimination zones
are characterized by the substantial lack of a metal negative electrode, such as zinc, in the volume of the zone, and the substantial

presence of a cell positive electrode through the volume or adjacent to the volume.



10

15

20

25

30

CA 02392518 2002-05-23
WO 01/39291 PCT/US00/31914

SYSTEM AND METHOD FOR PREVENTING THE FORMATION OF
DENDRITES IN A METAL/AIR FUEL CELL, BATTERY OR
METAL RECOVERY APPARATUS

Background of the Invention

Field of the Invention

The present 1invention relates generally to a system and

method for eliminating short circuits caused by the production

of dendrites 1n a fuel cell, battery or metal recovery apparatus.

Related Art

p—

One of the more promising alternatives to conventional

power sources 1n exlstence today 1s the metal/air fuel cell.

These fuel cells have tremendous potential because they are

g~
—

efficient, environmentally safe and completely renewable.

Metal/air fuel cells can be used for both stationary and mobile

applications, and are especlally suitable for use in all types

r

of electric vehicles.

Metal/air fuel cells and batteries produce electricity by

electrochemically combining metal with oxygen from the air.

F

Zinc, Iron, Lithium, and Aluminum are some of the metals that can

be used. Oxidants other than air, such as pure oxygen, bromine,
or hydrogen peroxide can also be used. Zinc/air fuel cells and

batteries produce electricity by the same electrochemical

processes. But =zinc/air fuel cells are not discarded 1like

.

primary batteries. They are not slowly recharged like secondary

batteries, nor are they rebuilt like “mechanically recharged”

batteries. Instead, zinc/air fuel cells are conveniently

refueled in minutes or seconds by adding additional zinc when
necessary. Further, the zinc used to generate electricity is

completely recoverable and reusable.

1
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The zinc/air fuel cell is expected to displace lead-acid
batteries where higher specific energies are required and/or
rapid recharging 1s desired. Further, the zinc/air fuel cell 1is

expected to displace internal combustion engines where zero

emlssions, quiet operation, and/or lower malntenance costs are

important.

In one example embodiment, the zinc “fuel” 1is in the form

P

of particles. Zinc is consumed and releases electrons to drive

alind

a load (the anodic part of the electrochemical process), and

oxygen from ambient air accepts electrons from the load (the
cathodic part). The overall chemical reaction produces zinc

oxide, a non-toxic white powder. When all or part of the zinc

has been consumed and hence transformed into zinc oxide, the fuel

cell can be refueled by removing the reaction product and adding

fresh zinc particles and electrolvyte.

The zinc oxide (Zn0O) product is typically reprocessed into

zinc particles and oxygen in a separate, stand-alone recycling

unit using electrolysis. The whole process is a closed cycle for

zinc and oxygen, which can be recycled indefinitely.

In general, a zinc/air fuel cell system comprises two

F

principal components: the fuel cell itself and a zinc recovery

apparatus. The recovery apparatus is generally stationary and

serves to supply the fuel cell with zinc particles, remove the

zlnc oxide, and convert it back into zinc metal fuel particles.

A metal recovery apparatus may also be used to recover zinc,

copper, or other metals from solution for any other purpose.

The Dbenefits of =zinc/air fuel cell technology over

rechargeable batteries such as lead-acid batteries are numerous.

These benefits include very high specific energies, high energy

P
-

densities, and the de-coupling of energy and power densities.

Further, these systems provide rapid on-site refueling that

requlres only a standard electrical supply. Still further, these

,
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#
vy

systems provide longer life potentials, and the availability of

F

a reliable and accurate measure of remaining energy at all times.

The benefits over internal combustion engines include zero

emlssions, qulet operation, lower maintenance costs, and higher

specific energies. When replacing lead-acid batteries, zinc/air

fuel cells can be used to extend the range of a vehicle or reduce

the weight for increased payload capability and/or enhanced

performance. The zinc/air fuel cell gives vehicle designers

additional flexibility to distribute weight for optimizing

vehicle dynamics.

Typical zinc/air fuel cell stacks comprise a plurality of

cells electrically coupled together serially. During operation

-

of a zinc/air fuel cell stack, a supply of electrolyte 1is

generally pumped through the cells continuously. This can also

be useful in a zinc/air battery or in a zinc recovery apparatus.

Electrolyte 1s typically pumped through the fuel cell stack

using an 1input and output manifold device having a number of

channels equal to the number of cells comprising the fuel cell

stack. This parallel connection causes the formation of dendrites

1n the channels which can short circuit the fuel cell stack and

block electrolyte flow.

A related dendrite formation problem has been addressed in

U.S. Patent No. 3,773,561 to Bjorkman. Howevexr, this patent

proposes a solution to prevent the growth of dendrites and short-

clrcuilting through electrolyte channels when a battery or fuel

cell 1s shut down, and no electrolyte is flowing through the

system.

Thus, what 1s needed 1s a system and method for eliminating

short circuits and electrolyte channel blockage caused by the

production of dendrites 1n an active fuel cell, battery or metal

recovery apparatus, when electrolyte is flowing through the

system.

3
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Invention

Accordingly, the present invention prevents dendrite

formation in zinc/air fuel cells an

d/or other types of fuel

cells, batteries, and/or metal recovery systems. A zinc/air fuel

-

cell stack comprises a plurality of

zinc/alr cells that are

electrically coupled together in a serial fashion to produce

electricity. Typically, electrolvyte comprising highly

concentrated potassium hydroxide (KOH) in agueous solution is

continuously pumped through each of the cells in the fuel cell

stack. Other electrolytes may be use

An 1nput and output manifold device having a number of

d.

pr——
p—

channels equal to the number of cells comprising the stack, 1is

typically employed for pumping electrolyte in and out of each

cell 1n a parallel fashion. The problem is that this parallel

connection comprising electrically conductive electrolyte causes

P

the formation of zinc dendrites in the channels. When the zinc

dendrites grow to a sufficient length into the channel, a

catastrophic short circuit can be formed. Also, the dendrites

can interfere with proper electrolyte

The present 1nvention provides

T

flow.

for one or more dendrite

P

elimination zones (DEZs) to prevent the formation of dendrites.

The dendrite elimination zones are constructed within each cell

Lo prevent the electrochemical reaction associated with dendrite

formation from taking place. Each zone is characterized by the

substantial absence of the metal negative electrode from the

P

volume of the zone, and the substantial presence of the positive

electrode through the volume or adjacent to a surface of the

zone . . In addition, each zone is si

susceptible to dendrite formation, 1.

between the conduit of the manifold a

4

tuated at an area which 1s

e., at about the interface

nd a cell.

SUBSTITUTE SHEET (RULE 26)
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DEZs can be used to eliminate dendrites in zinc/air fuel

cells, batteries, Z1NC recovery systems, and other

electrochemical systems. In one embodiment comprising a zinc/air

fuel cell, the dendrite elimination zone prevents zinc fuel

particles or any electronic conductor in contact with the zinc

particles from being present 1in an area where electrolyte enters

and exits the fuel cells. In one 1implementation, the zinc

negative electrode 1s retracted away from the interface between

—

the conduit of the manifold and the cell such that zinc i1s not

present 1in the area(s) susceptible to dendrite formation. In

another 1mplementation, the positive electrode 18 extended

through the 1interface between the conduit of the manifold and the

cell and into the manifold itself. In addition, no conductor of

electrons 1n contact with the =zinc negative electrode 18

—t

substantially present 1n these zones. Typically, the zones most

susceptible to dendrite formation are in the manifold channel

just beyond the influence of the positive electrode, or near the

—

edge of the cell and adjacent to the manifold channel. These

susceptible zones are characterized by an increasing influence

of higher potential neighboring cells on the local electric field

near the 2zinc negative electrode surface relative to the

F

influence of the positive electrode. Because the negative

F

electrode or a conductor of electrons 1n contact with the

negative electrode 1s no longer present 1n the dendrite

[ =

elimination zone, the electrochemical reaction associated with

the dendrites cannot take place and dendrites are therefore

eliminated.

Brief Description of the Figures

The present 1invention is described with reference to the

accompanyling drawings, wherein:

FIG. 1 depicts a Dblock diagram showing the primary

components of a single zinc/air cell and the associated

5
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electrochemical processes that generate electricity, in

accordance with one embodiment of the present invention.

FIG. 2 1s a graph that depicts electric potential profiles

generated by a typical zinc/air cell.

FIG. 3 1s a Dblock diagram depicting a bipolar stack of

pr—

zinc/air cells in accordance with one embodiment of the present

invention.

FIG. 4 1s an example of a fuel cell system that shows an

alr blower and electrolyte pump in accordance with one embodiment

g

of the present invention.

-

FIG. 5 1s a block diagram that depicts a simplified view of

F

a manifold device used to supply a flow of electrolyte through

each fuel cell 1n a fuel cell stack, according to one embodiment

of the present invention.

FIG. 6 1s a block diagram depicting a simplified view of

three fuel cells connected in series, according to one embodiment

of the present invention.

FIG. 7 1s a block diagram depicting the formation of zinc

dendrites and a solution to the dendrite problem, according to

one embodiment of the present invention.

FIG. 8 1s a block diagram depicting a fuel cell with the

dendrite elimination zones 70 and 72 installed, in accordance

with one embodiment of the present invention.

FIGS. 9-21 are results from an example report used to

describe typical calculations that can be performed for

determining an optimal geometry for dendrite elimination zones

6
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in a fuel cell, according to one embodiment of the present

invention.

In the figures, like reference numbers generally indicate
ldentical, functionally similar, and/or structurally similar

elements.

7
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Detailed Description of the Preferred Embodiments

P —

All of the examples of the present invention presented

hereln are associated with a zinc/air fuel cell system and

apparatus. It 1s i1mportant to note, however, that the present

P

1nvention can be applied to other types of fuel cells, batteries

and/or metal recovery systems. An example of a metal recovery

system 1s a system that recovers zinc from agueous solution by

applying electricity. Accordingly, the examples used herein

depicting zinc/air fuel cells should not be construed to limit

—

the scope and breadth of the present invention.

FIG. 1 depicts a block diagram showing the primary

P
p—

components of a single zinc/air cell 1 and the associated

electrochemical processes that generate electricity, 11

accordance with one embodiment of the present invention. The

zinc/air cell 1 comprises a zinc block 2 (also referred to as a

zlnc column 2) . ‘n one empodiment, the zinc column 2 1is formed

using a plurality of zinc particles. One benefit to using zinc

particles rather than a solid block of zinc is that the use of

small particles facilitates the refueling process. In one

embodiment, refueling is accomplished by periodically depositing

F

zlnc particles as necessary. An example of a particle feeding

apparatus can be found 1n the U.S. Patent Application Serial

Number 09/353,422 filed on July 15, 1999, entitled “Particle

'}

Feeding Apparatus For Electrochemical Power Source and Method Of

Making Same”, which 1s incorporated herein by reference in its

entirety. In other embodiments the zinc column 2 is a solid

block of zinc.

As shown, the zinc column 2 forms the negative electrode of

F

the cell 1. An air electrode 6 is the positive electrode of the

cell 1. As shown, oxygen (0;) is supplied through a membrane

g—

portion of the positive electrode 6. A supply of electrolyte 12,

a concentrated potassium hydroxide (KOH) solution consisting of

potassium ions (K'), hydroxyl 41ions (OH ), =zincate ions (a

8
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reaction product) and water (H,O0) is contained within the fuel

cell 1.

As shown 1in FIG. 1, two primary electrochemical reactions
8 and 10 take place at the zinc negative electrode 2 and the

positive electrode 6, respectively. These reactions generate

electricity for the fuel cell 1. At the zinc negative electrode

2, the following reaction takes place:

7Zn + 40H = Zn(0H).* + 2e

Accordingly, the zinc 2 reacts with the hydroxyl in the

electrolyte 12 to form a zinc reaction product, zincate and 2

electrons. As shown, the electrons drive a resgistive load 4.

P
—

This half-reaction 8 generates a theoretical potential of

approximately 1.2 Volts. In one type of zinc-recovery apparatus,

this reaction 1s simply reversed by applying an external voltage.

At the positive electrode 6, a second reaction takes place

as follows:

%02+26+H20920H—

This reaction 10 consumes the 2 electrons from the zinc 2,

as described above, and reacts with water and oxygen to generate

hydroxyl i1ons. This half-reaction 10 produces a theoretical

potential of approximately 0.4 Volts. Thus, the total

theoretical potential for this single fuel cell 1 is the sum of

the potentials from the two reactions 8 and 10, or approximately
1.6 Volts. The practical open-circuit voltage i1s approximately

1.4 Volts. As shown, this potential generates an electron flow

through the load 4 in the direction shown in FIG. 1. In one type

F
p—

Ol zinc recovery apparatus, this reaction is simply reversed by

applying an external voltage.

FIG. 2 1s a graph that depicts the electric potentials in

a typical zinc/air cell. The solid line 13 represents the open

9
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circuit potential and the dashed line 15 represents the potential

P
s

of the fuel cell under typical load conditions.

As shown, the open circuit potential remains constant
through the electrodes and electrolyte in the cell 1 and rises

1n potential at the electrode/electrolyte interfaces 14 and 16.

Specifically, the open circuit potential is defined as zero

through the zinc electrode 2 and rises to a positive potential

at the zinc electrolyte interface 14 as shown. The open circuit

potential remains constant until it reaches the electrolyte/air

positive electrode interface 16. The total open circuit
potential 19 1in this example embodiment 1s approximately 1.4

volts.

The dashed line 15 shows the potential profile under a

typical resistive load, such as the load 4. As indicated, the

potential 1s not constant throughout the interior portions of the

cell under a load condition. Instead, the potential linearly

decreases throughout the electrodes and electrolyte in accordance

with Ohm’s law, and substantially increases at the interfaces 14

p—

and 16. The arrow 17 represents the total potential of the fuel

cell 1 under a typical load condition, which is somewhat less

than the open circuit potential 19.

F
—

FIG. 3 1s a block diagram depicting a bipolar stack 24 of

cells 1. In this example, 10 individual cells 1 are stacked

together to create a bipolar stack 24 having an open-circuit

F=
—

potential of approximately 14 Volts (i.e. 1.4 volts x 10). As

shown, 1n this embodiment, the fuel cell 1 is configured and

designed such that the air positive electrode 6 comprises an

entire surface of each cell 1. In this example, the air positive
electrode surfaces 6 are depicted on the right side of each cell
1. Similarly, the zinc negative electrode current collector 2

.

comprises the entire opposite surface of each fuel cell 1. 1In

this example, the zinc negative electrode current collectors 2

are shown on the left side of each fuel cell 1.

10
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Accordingly, the bipolar stack 24 is created simply by

stacking the fuel cells 1 such that the negative electrode

current collector 2 of each cell is in physical contact with the

positive electrode surface 6 of the adjacent cell 1. As stated

this series connection provides a total open circuit potential

(between the first negative electrode 22 and the last positive
B

electrode 20) of approximately 14 volts. In this fashion,
extremely compact high voltage bipolar stacks 24 can be built.
Further, because no wires are used between the cells and the

electrodes comprise large surface areas, the internal resistance

between the cells 1 1s extremely low.

P

As 1ndicated above, a constant supply of oxygen is regquired

for the electrochemical reaction 10 to take place at the positive

electrodes 6. In one embodiment, a substance that is both porous

and electrically conductive is inserted between the cells 1 to

allow air to flow therein. The substance should be porous so

that air can be pumped through it for supplying oxygen through

the membrane 1n each air positive electrode 6. The substance

also needs to be electrically conductive so that the negative

electrode 1is 1n electrical contact with the adjacent positive

electrode to achieve the low resistance series connection. In

this example embodiment, as shown, nickel foam 6 is inserted

between the cells for this purpose.

In one embodiment, a pump is used to supply a constant flow

of air (comprising the oxygen required for the reaction 10) to

the air positive electrodes 6. 1In addition, in one embodiment,

a pump 1s used to supply a constant flow of electrolyte 12

through each of the fuel cells 1. Examples of a system

comprising these components are shown in FIG. 4.

FIG. 4 1s an example of a fuel cell system that includes an
alr blower 26 and electrolyte pump 27, in accordance with one
embodiment of the present invention. Asgs shown, an air blower 26

1s coupled with the fuel cell stack 24. The air blower 26

1
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supplies a constant flow of ambient air comprising oxygen through

the positive electrodes 6 to facilitate the reaction 10.

Simllarly, an electrolyte pump 27 is used to supply the fuel cell

stack 24 with a constant supply of electrolyte 12. An important

F

aspect of the fuel cell 1 is that the bed of zinc particles 2 in

each cell 1 1s contilnually washed by a flow of re-circulating

electrolyte 12. This removes the soluble zinc reaction product
zincate, and therefore reduces precipitation of discharge
products 1n the electrode active area. n addition, the

clrculation of electrolyte 12 removes unwanted heat and helps to

prevent the cells 1 from overheating. As shown, an electrolyte

management unit 28 1s used to remove the zincate and/or heat from

the electrolyte so that the same electrolyte can be re-circulated

through the fuel stack 24.

FIG. 5 1s a block diagram that depicts a simplified view of

a manifold device 30 that 1s used to supply the flow of

electrolyte 12 through each of the cells 1 in the fuel cell stack

24 . Note that a similar manifold device (not shown) 1s used to

remove an equal amount of electrolyte 12 from each cell 1. In

one embodiment, the second manifold is coupled with the cell

stack at the rear bottom portion of the cell stack 24.

Typically, the electrolyte 12 is constantly pumped through each

P

cell 1 during active operation of the bipolar stack 24. A close-

up view deplcting a more accurate example showing the

construction of a typical manifold device 30 1s shown as

reference numeral 30c.

A proplem 1s encountered due to the fact that the manifold

30 1s connected to each cell 1 in the stack 24 during operation.

yar—ter

The electrolyte 12 1is an ionic conductor of electricity.

Consequently, when the manifold 30 i1s coupled with the fuel cell
stack 24 1n the manner shown in FIG. 4, and electrolyte is

flowing therein, a short circuit exists. This can be seen by

noting, for example, that the manifold port 30a is connected to

*

a portion of the fuel cell that is at 0V, while the manifold port

12
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30b 1s connected to a portion of the fuel cell that is at 14V.
This voltage differential causes the negative OH ions to travel

through the manifold 30 toward the higher potentials (in this

example, from left to right). A consequence of this short 1is

> unwanted heat dissipation and an overall power reduction in the

fuel cell stack 24.

This prcoblem can be reduced to negligible wvalues by

P

1ncreasing the resistance of the short circuit path caused by the

manifold 30. In one embodiment, this is accomplished by making

10 the manifold 30 as long and thin as possible. When this is done,

the electrical registance in the manifold 1is increased

substantially and the power dissipation 1s thereby decreased to

acceptable levels.

However, a second problem i1s encountered as a conseguence

15 of the required electrolyte connection and the associated short

circuit through the manifold 30. This problem is described below

wlth reference to FIGS. 6 and 7.

FIG. 6 1s a block diagram depicting a simplified view of

three cells 1 connected 1n series. This figure is useful for

20 describing the source of the short circuit, as described above.
As shown, cell 1 (40) 1s electrically connected to cell 2 (42).

Likewise, cell 2 1s electrically connected to cell 3 (44). A

manifold 30 1s coupled to each of the cells in parallel as shown.

In this example, as shown, the potential of each cell increases

25 from left to right.

Accordingly, as shown, the component of the electric field

along the axis of the manifold branch 30a connected to cell 1 is

pointing toward cell 1, causing the hydroxyl ions to travel in

P

the opposite direction of the electric field toward the higher

30 potential in cells 2 and 3. As stated above, this short circuit

P
P

reduces the overall power of the cell stack, but can be reduced

to acceptable levels by decreasing the diameter and increasing

13
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the length of the manifold 30. However, it has been determined
that another, much more serious problem is encountered. This

P

problem 1s related to the formation of zinc dendrites within the

manifold.

p—

Specifically, the presence of an increasing electric field

F
-

at the zinc/electrolyte interface causes the formation of zinc

dendrites 1n the manifold 30. These zinc dendrites can grow to

form a continuous link throughout the entire manifold and cause

a catastrophic short circuit.

FIG. 7 1s a block diagram that depicts the formation of

zinc dendrites 55 and a solution to the dendrite problem. As

described below, the solution 1ncludes a dendrite elimination

zone that 18 used to eliminate the formation of dendrites in

accordance with one embodiment of the present invention.

gr—

FIG. 7 depicts a top view of two cell stacks 50 and 52. It

should be noted that the cell stacks 50 and 52 depict only two

cells for simplicity. Referring now to cell stack 50, cells 1

and 2 are coupled by an electrolyte manifold 30c for delivering

electrolyte 12 to each cell during operation. As shown, the

electric field 1n each of the cells 1 and 2 extends to the right

in the bulk of the electrolyte separating the air positive

electrode 6 and the zinc negative electrode between interface 14

and 16. This electric field is due to the ohmic voltage drop

across the electrolyte associated with i1onic current flow as

shown in Fig. 2.

Note that 1n the area within the manifold, the shunt

current caused by the higher potential of the cells to the right

has two possible paths. Upon entering the cell, the shunt

current can flow directly through the cell separator (not shown)

Lo the air positive electrode 6, or it can flow into the nearby

surface of the zinc electrode 2 and then from the zinc electrode

to the air electrode. It 1s this latter path that leads to zinc

14
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dendrites 55 because the current flow into the zinc electrode

entails a cathodic reaction that deposits zinc. This cathodic

reaction 1s reaction 8, but 1in reverse. Note that this reaction

[~

can occur at the zinc surface or at the surface of any electronic

conductor 1in contact with the zinc negative electrode.

Recall that for a single cell, such as cell 2, zinc 1is
oxlidized at the zinc negative electrode 2 (reaction 8). The
corresponding reduction reaction takes place when oxygen 1is

reduced at the alr positive electrode 6 (reaction 10).

However, when cell 1 and cell 2 are connected together, the
following reactions occur. First, zinc is still oxidized at the
zlnc negative electrode 2 in cell 2. However, the corresponding

reduction reaction 1is not only the oxygen being reduced at the

alr posiltive electrode 6 at cell 2, but a small amount of oxygen

1s reduced at the air positive electrode 6 in cell 1 and a small

amount of zinc 1s reduced at the zinc negative electrode in cell

1. This last reaction is reaction 8 in reverse and is precisely

the same reaction that 18 used to recover zinc from the

electrolyte 1in one type of zinc recovery operation. This

e

substitution reaction is the cause of the zinc dendrites 55.

g
ad

The substitution reaction occurs due the presence of an

electric field as shown, pointing into the =zinc negative
electrode in cell 1 in the electrolyte at the zinc surface.

Referring now to the graph 54, a schematic graph of the electric

potential corresponding to the A-A’ cutaway view 1in the cell

stack 50 1s shown. Note that the potential increases moving away

from the zinc surface, (i.e. the electric field points into the

zilnc surface) . It 1s noted that for the substitution reaction

to take place, two conditions must be present: the availability

- p—
h—

of electrons (from a metal, such as zinc); and the presence of

an electric field pointing towards the metal near its surface in

the electrolyte. A third condition, which is generally always

15
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satisfied, 1s the presence of =zincate in the electrolyte to

supply the zinc for the dendrite to grow.

Accordingly, as shown 1in graph 54, the area in which these

conditions occur 18 the precise area 1n which dendrites are

formed.

The cell stack 52 depicts a solution to this problem 1n

accordance with one embodiment of the present invention. In

particular, a dendrite elimination zone (DEZ) 57 is constructed

to prevent dendrites from forming. The DEZ 6§57 1s a zone

——

characterized by the substantial lack of zinc particles from the

negative electrode 2 1n the region where the electric field 1s

pointing towards the zinc, and the substantial presence of the

positive electrode through this region or adjacent to this region

and extending away from the zinc negative electrode. In one

implementation, zinc particles are removed at a point where the

electrolyte manifold 30 enters and exits the fuel cell 1.

Alternatively, the air positive electrode 6 may be extended into

the electrolyte manifold 30.

Thus, by creating a sufficient dendrite elimination zone 57

around the manifold 30 entrances and exits, dendrites 55 are

prevented from forming. As shown, by the shunt current entering

cell 3, oxygen 1s reduced at the air positive electrode 6, but

zinc 1s not reduced at the negative electrode 2 due to the lack

of zinc and the unavailability of electrons in this area.

b

Referring now to the schematic graph 56, the electric

potential corresponding to the B-B’ cutaway view in the fuel

stack 52 1s shown. Note that the electric potential is steady
1n the region where the zinc is present. Thus, dendrites will
not form 1n this area. The dendrite elimination zone 57 1is

represented by the dotted lines.

16
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FIG. 8 1s a block diagram depicting a fuel cell with the

dendrite elimination zones 70 and 72 installed, in accordance
with one embodiment of the present invention. Note that for

simplicity, the dendrite elimination zones are only shown in the

first and last cell of the stack 24. It 1s 1important to note

that each of the cells i1ncludes two dendrite elimination zones

70 and 72. Accordingly, as shown, a dendrite elimination zone

70 and 72 1s constructed 1in the regions where the manifold 30

enters and exits each fuel cell 1. The exit manifold i1s not

shown 1n this example.

In one embodiment, nylon gcreens are used to construct a

box type structure that forms the dendrite elimination zones 70

and 72. The dimensions used for the DEZs 70 and 72 depend on the

geometry and electrochemical characteristics of the cells 1 used

griin.

1n each particular embodiment of the present invention.

The following 1s an example of calculations that could be

performed to determine the size and shape of an optimal dendrite

elimination zone (DEZ). Note that this is just one example that

1s particular to a specific embodiment of a zinc/air fuel cell

-

1 manufactured by Metallic Power, Inc. of Carlsbad, California.

However, by reading this example, it would be apparent to

persons skilled in the relevant art(s), how to perform similar

calculations and simulations for other fuel cells, batteries,

and/or fuel cell recovery systems having different geometric,

electrical and chemical configurations.

The following example 1s a description of a series of

calculations accomplished with the finite element software

P

"FIDAP” manufactured by Fluent Corporation of Lebanon, NH. to

determine conditions under which this dendrite elimination (DEZ)

area would be effective. It was concluded that a 20mm by 20mm

area should be effective under all practical circumstances.

17
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It should be noted that the DEZ need not be cuboid or any
particular shape, and it can be located partially or entirely in

the manifold adjacent to the cell.

This dendrite elimination zone (DEZ) was installed in the

P

corner of the zinc negative electrode 2 at the point where the

electrolyte conduit 30 enters the cell. As shown above,

dendrites 55 tend to form in this vicinity due to shunt current

flowing along the conduit from adjacent cells. On entering the

cell there are two possible paths for the shunt current: it can

flow directly through the cell electrolyte and separator to the

alr positive electrode 6, or it can flow into the nearby surface

gr—

of the bed of zinc particles 2 and then from the bed through the

separator to the air electrode 6.

It 1s this latter path that leads to zinc dendrites 55

because the current flow into the zinc bed 2 entails a cathodic

reaction (l.e. reaction 8 in reverse) that deposits zinc. The

P

purpose of the calculations was to determine conditions under

which this current flow into the zinc could be avoided.

The calculations are ones which determine the distribution

of current and potential in the three dimensional volume of one

cell 1. FIG 9 shows the geometry employed in the calculations

for this example. When looking at this figure it is best to

F

think of the z direction 80 as being upwards with the x direction

82 and y direction 84 pointing somewhat away from the observer.
The true upward direction when the cell i1s in an operating

position is the minus y direction.

The observer’s view 1s from above the cell turned on its

side with the separator 86 on top. The conduilt 30 bringing

electrolyte (and shunt currents) to the cell is the long cuboid

structure, as shown. The DEZ 90 i1s seen as the small cuboid at

P

the rightmost end of the conduit 30. Two of the vertical walls

92 and 94 of the DEZ 90 are surfaces of the zinc bed, one

18
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vertical wall 96 1is the top (physically) of the cell and the last
vertical wall 98 1s partly the mouth of the conduit 30 and partly

the side of the cell. The large plate-like volume (broken up
into four sub-volumes in this figure) 1s the separator
(contailning electrolyte) 86. The calculations below determine

e

the distribution of current and potential in these volumes.

s

Electrochemists think of such distributions as “primary,”

“secondary” and “tertiary” distributions. The first 1s the
distribution that results when reaction Kkinetics and mass
transport play no role, but rather the distribution is determined
solely by conduction i1in the electrolyte 12. Kinetics are added
1n secondary distributions and mass transport 1in tertiary

P
—

distributions. The calculations carried out below have been of

the primary distribution. The calculations then entail solving

Laplace’s equation in the three volumes: conduit 30; DEZ 90: and

separator 86.

The calculations make allowance for the fact that the

electrolyte conductivity in the separator 86 may be less than

that of the electrolyte 12 in the DEZ 90. Furthermore, to avoid
naving an 1lnconveniently long and skinny conduit 30 (the actual

dimensions are 5mm by 3.4mm by 250mm in this example) in the

calculations, 1ts geometry was set to that shown in FIG. 9

(1.e.2mm by 2mm by 20mm long) .

_

Further, the conductivity of the electrolyte 12 is adjusted

P

sO that the resistance of the conduit 30 ig that of the actual

conduit. The calculated solutions satisfy the regquirement that
the current density is continuous across the boundaries between

the volumes. Because it is only potential gradients that have

physical significance, the potential can be arbitrarily set to

any value. 1In this example, a choice was made to set potential

to zero 1n the electrolyte on the air side of the separator. The

N el

potential i1n the electrolyte at the left (far) end of the conduit

was set to 1.

19
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Laplace’s equation 1s a linear equation; conseguently the

potential and current distribution simply change by a factor of

10 1f the potential at the end of the conduit is increased by a

factor of 10. The same 1s true for any other factor and

therefore the choice of 1, for this potential, yields results for

all other potentials by simple multiplication. The potential at

Z

[T]

the electrolyte at the zinc surfaces 94 and 92 bounding the D

90 was assumed uniform and was varied 1n the calculations. This

was the principal parameter that was varied, the other being the

—

size (1n the y and x directions) of the DEZ 90. Calculations

P

were carried out for DEZs that were 5mm by 5mm and for DEZs 20mm

by 20mm.

The actual computations were done using the software FIDAP.

This software 1s 1ntended for solving problems in fluid flow,

heat and mass transport 1n complicated 3D geometry. It is

commonly used to solve heat conduction problems but rarely used

F

for calculation of electrical conduction 1n electrochemical

cells. Fortunately both are equivalent because they entail the
solution of Laplace’s equation with analogous boundary
conditions.

The potential in the electrical conduction case becomes the

temperature 1n the heat conduction case and the current density

1n the former becomes the heat flux 1n the latter. The only

untidy aspect of the calculations is that the plots that are the

output from FIDAP have legends etc. that contain “temperature”

and “heat flux.”

The Results

FIG. 10 shows the computed potential distribution for the

P

case of a 5mm by 5mm DEZ 90. Despite the label that refers to

Cemperatures, 1t 1s potential contours that are displayed in FIG.

10. The results are for a plane passing through the axis of the

condulit 30 and parallel to the x-z plane. The DEZ 90 1is a little

20
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gr—

to the left of center and the end 100 of the conduit 30 is on the

far left. On the right 1s the gap 102, occupied Dby the

separator, between the zinc bed and the air electrode. The

separator also extends across the top 104 of the DEZ 90 and the

potential on the upper surface of this separator 1s the

(arbitrary) zero.

The far left 104 of the conduit is at potential 1 and the

P

potential of the electrolyte at the zinc surface has been set to

0.5 1n this calculation. This 1s the potential at the right side

-t

of the DEZ. Current flows down the gradient of potential (along

the electric field) and the contours of potential in this figure

mean that current flow and electric field at the zinc surface 1s

away from the zinc, 1.e., the reaction at the zinc surface 1is

anodic, rather than cathodic, and dendrites should not form. A

shunt current flows out of the conduit (the potential gradient

1s downward exliting the mouth) but none of this current reaches

the zinc.

FIG. 11 1s a plot of results for a view perpendicular to

that of FIG 10, for the same conditions. This is a view parallel
to the z directilion. In normal (operating) position the top of the

cell would be the bottom of this figure. Again the conduit 1is

on the left and the DEZ i1is nearly centered. The arrows indicate

P

the direction of current flow on the zinc surface (top and right

of the DEZ). The length of the arrow indicates the magnitude of

the current density at that point. Several arrowheads are
visible at each arrow because the computer shows all the arrows
(at various z positions). The important result, in conformity

F

with that of FIG 10, 1s that none of the arrows point into the

I

Z1nc.

For the calculations yielding the results of FIGS. 10 and

- pr—

11, a value of 0.5 was used for the potential of the electrolyte

1n the DEZ at the surface of the zinc bed. Intuitively, as the

potential of the zinc surface 1s lowered there must be some point

2]
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at which current starts to flow into that surface. For example

[} p—
-

1f the electrolyte at the zinc surface is at zero potential, then

1t 1s at the same potential as the air side of the separator and

current will flow i1nto it just as easily as into the separator.

P

S Accordingly, a series of calculations were carried out in

which the potential of the electrolyte at the zinc surface was

gradually reduced, first to 0.1, then to 0.05, then to 0.003 and

0.0025. FIG. 12 shows the results for 0.0025; the viewpoint 1is

that of FIG. 10 except that the scale 1s somewhat enlarged.

F

10 Inspection of the contours reveals that the potential gradient

1s still downwards moving away from the zinc surface, 1i.e.,

current flow 1s away from the zinc. This is confirmed in FIG.

13, which has the same viewpoint as FIG. 11 where all the

'-

currents are flowing out of the zinc into the DEZ.

P

15 Note however that the magnitudes of the currents are

substantially less in FIG. 13 than FIG. 11; the magnitudes can

be discerned from the arrow lengths 1in comparison to the

reference vector length on the upper right.

The electrolyte potential at the zinc surface has been

g—

20 further reduced to 0.002 in FIGS. 14 and 15. Inspection of FIG.

pr=—
—

14 shows that now the down slope of the potential is into the

zlnc near the bottom on the figure. This i1s confirmed in FIG.

15 where the arrowheads are pointing into the zinc surface.

From these results, 1t can be seen that somewhere between

25 0.0025 and 0.002, the potential at the zinc surface becomes low

enough that shunt currents can start to cause dendrites on the

zinc surface. When the potential at the zinc surface is even

lower at 0.001, FIGS. 16 and 17, the current flow into the zinc

1s predominantly into the surface. Another view of the current

30 distribution on the =zinc surfaces (including the surface up

agalnst the separator 86) appears as Figure 18. Dendrite

22
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produclng currents are largest on parts of the zinc surface that

are furthest from the separator and closest to the conduilt mouth.

Calculations for FIGS. 10-18 were carried out using a 5mm

by 5mm DEZ. Results for a 20mm by 20mm DEZ appear in FIGS. 19

- 21. In FIGS. 19 and 20, which have the same viewpolnts as

FIGS. 10 and 11 but different scales, the electrolyte at the zinc

-

surface has a potential of 0.2 and the potential down slope 1is

seen to be away from the zinc with the current everywhere away
from the zinc on this surface. The potential at the zinc surface

was then lowered to 0.05, to 0.025, to 0.005, to 0.0005 and

finally to 5x107 . ©Only in the last case shown in FIG. 21 was

p—

there any occurrence of current flow into the zinc.

Conclusions

The results above suggest that a 5mm by 5mm DEZ would be

effective 1n preventing dendrites provided the potential of the

electrolyte at the zinc bordering the DEZ, with respect to the

gr—

electrolyte on the air side of the separator, was at least %

percent of the potential i1n the electrolyte at the end of the

conduit remote from the cell (also with respect to the

electrolyte on the air side of the separator). A 20mm by 20mm

DEZ should be effective at even lower potentials (better than

0.05%). The potential of the electrolyte at the zinc surface,

with respect to the electrolyte on the air side of the separator,

lncreases as the cell current i1s 1ncreased.

Consequently the cell 1s at most risk of dendrites at low

current. FIG. 18 allows one to estimate the discharge rate high

——

enough to avold dendrites. The mass of arrows to the left of the

figure indicates the current flow through the separator 86.
Looklng at the reference wvector, or the "“Max(imum) Vec({tor)

Plot (ted) on the upper right it is clear that these arrows have

a value of approximately 0.7x10°. To convert this to real units

1t 1s necessary to multiply by the electrolyte conductivity

23
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.
p—

(about 50 ohm™* meter ™) and a scale factor of 1000 and by the

voltage at the end of the conduit (say 10V in a worst case),

giving 350A/m”.

FIG. 18 1s for 0.001 as the potential i1n the electrolyte at

the zinc but dendritic currents appeared significant at 0.002

(FIG. 15) and were absent at 0.0025 (FIG. 13). This being a

primary current distribution, the current density through the

separator at 0.0025 would be 350A/m® x (0.0025/0.001) = 870A/m*

= 0.087A/cm’. As the separator is 27cm by lécm, this yields a

p—

current or 0.087

necegsary to avoid

X 27 x 16 = 38 Amp as being the minimum

dendrites. For a 20mm X 20mm DEZ, the minimum

necessary is 9A. As this current is well below normal operating

currents there should be no difficulty with dendrites when a 20mm

by 20mm (or larger

) DEZ 1s used.

While wvarious embodiments of the present i1invention have

been described above, 1t should be understood that they have been

F

presented by way of example only, and not limitation. Thus, the

gr—

breadth and scope of the present i1nvention should not be limited

by any of the above-described exemplary embodiments, but should

be defined only 1in

equivalents.

accordance with the following claims and their

24
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What is Claimed is:

1. A system for prevéntiqg the formation of dendrites

in an electrochemical power source or metal-recovery system

|
comprising:

|
" two or more cells coupled: together, wherein each cell
comprises a metal-containing negative electrode (2)

immersed in an .glectfrolyte (12), and a positive
electrode (6): | '

at least one manifold (3(5) comprising a plurality of
conduits (30a, 30b) ffor providing or removing the
electrolyte to/from t:hje two or more cells; and
|
a dendrite elimination: zone! (70) situated at about an
interface between a conduit:and ; cell, the zone characterized

by an offset between the negativﬁ electrode, or any electronic
)

conductor in electrical contact with the negative electrode
(2), and the positive electrode i(6), sufficient to avoid
formation of dendrites within t@e zone, |

:
}
|

2. The system. of claim 1, wherein the = dendrite

elimination zone (70 is within the conduit (30a, 30b).
S ‘

)
|

3. The system of claim 1, wherein the dendrite
elimination zone (70) 1is withinf both the cell and the c¢onduit

(30a, 30b). : §.

4. The system of claim fl, wherein the electrochemical

power source comprises a metal/air fuel cell.

5. The system of claimj 1, wherein the electrochemical
power source comprises a metal/air battery.

z
|
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- 6. The system of claim 1} wherein the electrochemical

f | ,
power source comprises a zinc/air fuel cell.

:
.‘
i

7. The system of claim 15 wherein the electrochemical

power source comprlses a zxnc/alr battery.

f

!
)
!
|

8. The system of claim j., wherein the metal-recovery

system comprlses a zinc recoverys system.

!

9., The system of cla:.m 1, wherein the metal negative

electrode (2) 1s comprised of a plurallty of zinc particles.

i
!

|
The system of claim 1 further comprising a plurality

10,
72), wherein the dendrite

of dendrite elimination zones §70,
elimination zones (70, 72) .are located within each cell at one

or more manifold entrances and one or more manifold exits.

l
|
11. The system of claim 1' further comprising a plurality

|
of dendrite elimination zones (70), wherein the dendrite
elimination 2zones are loqated. within each manifold conduit

(30a, 30b). ; |
é
12. The system of claim 9, . wherein the dendrite

elimination =zone (70} 1is coristmcted to prevent the zinc
particles from entering the denfdrite elimination zone. -

.i
!
:
!

' 13. The system of claim 1, wherein the dendrite

elimination zone (70) 1is posit:ioned in each cell or conduit in
. | ' |
a region where shunt currents from cother cells are present.
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;
14. The system of .clainf\ 1, wherein the dendrite
elimination zone (70) is constructed using a porous screen

that forms one or more surfaces t%f a volume.
|
'

|
15. The system of claim 14, wherein the porous screen

comprises a mesh material that is a poor electron conductor.
i

16. The system of claim 14 wherein the zone comprises a

rectangular block. :
l

17. The system of claim 1 wharein the conduits (30a,
30b) of the manifold are conflgured to provide or remove metal

l

particles to/from the cells.

LR N T abiiry e B “ .

whaerein the zone (7Q0) is such

18. The system of claim 1
is

that any shunt current pasmng through the manifold (30)
substantially routed to the p051t1ve electrode (6).

!

- -y

S
19, A method for preventfing the formation of dendr.iteg

P {
in an electrochemical power source or metal recovery system

two or more cells écoupled together, wherein each

comprising
and a positive

cell includes a metal negativjé electrode (2)
electrode (6), and each cell is coupled to at least one other

with a manifold (30) containiné a conductive solution therein,

the method comprising the steps of:

operating the power source or metal recovery Ssystem,
whereby a main current flows from one electrode to

the other; and

)
}
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|
routing a shunt current from the manifold (30) to the

positive electrode (6)_§ of the cell while bypassing
the negative electrode :(2).

!
{

20. The method of claim 1§, wherein the electrochemical
power source comprises a zinc/ ai;f fuel cell.
21. The method of claim 1;9, wherein the metal negative

electrode (2) 1is comprised of a blurality of zinc particles.
5
i
|

| ' .
22. The method of claim |19, .wherein the routing step

occurs by retracting the negative electrode (2) away from the
manifold (30) relative to the po;sitive electrode (0).

23. The method of claim :19, wherein the routing step
occurs by extending the posi.ft.ive electrode (6) into the

manifold (30} relative to the negative electrode (2).

vt P et wgp r——-— P r—

z
!
!
)

24. The method of claim; 19, wherein the routing step
occurs by increasing the main; current between the negative
electrode (2) and the positive electrode (6).

i
:
{
?

‘
4
!

25. The method of c¢laim 19, wherein the ‘routing step
occurs by increasing the feleci:ric field within the layer of
conducting fluid between the :negative electxode (2) and the

positive electrode (6).

y
1
*

26. The method of claim 19, wherein the routing step
occurs by substantially avoiding any electric field

: |
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