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ELECTROCHEMICAL CELL, AND PARTICULARLY A CELL WITH
ELECTRODEPOSITED FUEL

FIELD

[0001] The present application relates to an electrochemical cell for generating power, and

more particularly a cell using eletrodeposited fuel.

BACKGROUND

[0002] Electrochemical cells using metal as the fuel are known. Examples of such devices
are shown, for example, in U.S. Patent Nos. 7,276,309; 6,942,105; 6,911,274 and 6,787,260,
which are incorporated herein in their entirety. A short list of disadvantages of these previous
embodiments includes: the buildup of precipitated reaction products in the anode space and
the cathode space, issues related to the feed of the solid particle fuel, the sluggish rate of net
oxidation of the fuel due to the increased concentration of oxidized fuel in the vicinity of the

as yet unoxidized fuel.

[0003] Metal-air cells or batteries that do not use particulates are also known. A metal-air
cell typically comprises an anode of which metal fuel is oxidized, an air breathing cathode at
which oxygen from ambient air is reduced, and an electrolyte for supporting reactions of the

oxidized/reduced ions.

[0004] The present application also endeavors to provide an effective and improved way of
charging or re-charging the cell, which may be used with any type of cell where the fuel is

electrodeposited.

SUMMARY

[0005] One aspect of the invention provides a method for operating an electrochemical cell.
The cell comprises a first electrode comprising a series of permeable clectrode bodies
arranged in spaced apart relation, and a second electrode spaced apart from the first electrode.
A charging electrode is spaced apart from the first electrode. The charging electrode is
selected from the group consisting of (a) the second electrode, and (b) a third electrode. That
is, the charging electrode may the second electrode, or it may be third electrode in the system.

An ionically conductive medium communicates the electrodes and comprises reducible fuel
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ions. The ions may be in free ionic form, or in a molecular or complexed form. The method

comprises:
[0006] A. charging the electrochemical cell by:

[0007] L applying an electrical current between the charging electrode and at
least one of the permeable electrode bodies with the charging electrode functioning as an
anode and the at least one permeable electrode body functioning as a cathode, such that the
reducible fuel ions are reduced and electrodeposited as fuel in oxidizable form on the at least

one permeable electrode body;

[0008] 1l said electrodeposition causing growth of the fuel among the permeable
clectrode bodies such that the electrodeposited fuel establishes an electrical connection

between the permeable electrode bodies; and
[0009] 1il. removing the electrical current to discontinue the charging;

[0010] B. generating electrical current using the electrochemical cell by oxidizing the
fuel on the permeable electrode bodies of the first electrode functioning as an anode and
reducing an oxidizer at the second electrode functioning as a cathode whereby electrons are
generated for conduction from the first electrode to the second electrode via a load, and the

oxidized fuel ions and reduced oxidizer ions react to form a by-product.

[0011] Another aspect of the invention provides a method for charging an electrochemical
cell. The cell comprises a first electrode comprising a series of permeable electrode bodies
arranged in spaced apart relation, and a second electrode spaced apart from the first electrode.
A charging electrode is spaced apart from the first electrode. The charging electrode is
selected from the group consisting of (a) the second electrode and (b) a third electrode. An

ionically conductive medium communicates the electrodes and comprises reducible fuel ions.
[0012] The method comprises:

[0013] i. applying an electrical current between the charging electrode and at least one
of the permeable electrode bodies with the charging electrode functioning as an anode and the
at least one permeable electrode body functioning as a cathode, such that the reducible fuel
ions are reduced and electrodeposited as fuel in oxidizable form on the at least one permeable

electrode body;
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[0014] 1. said electrodeposition causing growth of the fuel among the permeable
clectrode bodies such that the electrodeposited fuel establishes an electrical connection

between the permeable electrode bodies; and
[0015] iii. removing the electrical current to discontinue the charging.

[0016] In a non-limiting embodiment, the electrode bodies may be coupled in parallel with
one another and the load. At least one current isolator may be connected between the terminal
electrode body and the other electrode bodies and the load. The at least one current isolator
prevents conduction to the other electrode bodies of the electrical current applied to the
terminal electrode body during charging. Also, the at least one current isolator permits
conduction of the electrical current from the terminal electrode body to the load when using

the electrochemical cell.

[0017] Other aspects of the present invention will become apparent from the following

detailed description, the accompanying drawings, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] Figure 1 is an exploded, perspective view of an embodiment of an electrochemical

cell system that includes four electrochemical cells;
[0019] Figure 2 is a top view of the electrochemical cell system of Figure 1;

[0020] Figure 3 is a cross-sectional view of the electrochemical cell system of Figure 2,

taken along line ITI-111;

[0021] Figure 4 is a cross-sectional view of the electrochemical cell system of Figure 2,

taken along line IV-1V;

[0022] Figure 5 is a bottom view of a lower base of the electrochemical cell system of

Figure 1;
[0023] Figure 6 is a top view of the lower base of Figure 5;

[0024] Figure 7 is a cross-sectional view of the lower base of Figure 6, taken along line

VII-VIL;

[0025] Figure 8 is an exploded, perspective view of an anode holder and a plurality of

anodes of the electrochemical cell system of Figure 1;

“3—
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[0026] Figure 9 is a top view of the anode holder of Figure &;
[0027] Figure 10 is a bottom perspective view of the anode holder of Figure §;

[0028] Figure 11 is a bottom view of a manifold of the electrochemical cell system of

Figure 1;
[0029] Figure 12 is a bottom view of a cover of the electrochemical cell system of Figure 1;
[0030] Figure 13 is a schematic view of flows within the electrochemical cells of Figure 1;

[0031] Figure 14 is a schematic view of an electrochemical cell with a stack of permeable

electrode bodies for recharging during its current generating operation;
[0032] Figure 15 is a schematic view of the cell of Figure 14 during its charging operation;

[0033] Figure 16 is an isolated schematic view of the clectrode bodies and the

electrodeposited fuel growth thereon;
[0034] Figure 17 shows the progression of the growth in Figure 16;
[0035] Figure 18 shows the continued progression of the growth in Figures 16 and 17;

[0036] Figure 19 is a schematic view similar to Figure 16, but showing an alternative

embodiment; and

[0037] Figure 20 shows a schematic view similar to Figure 16, but showing yet another

alternative embodiment.

DETAILED DESCRIPTION

[0038] The principles of the present invention may be broadly applied to any
electrochemical cell where a fuel, such as a metal fuel, is electrodeposited on the anode. Such
cells may include batteries, such as metal — air batteries, for example. The Figures illustrate
embodiments of various aspects of the inventions claimed. These embodiments are in no way
intended to be limiting, and are intended only as examples for facilitating an understanding of

the principles of the claimed inventions.

[0039] For example, one non-limiting example of an electrochemical cell with which the
principles of the present invention may be used is shown in U.S. Provisional Appln. Ser. No.

61/136,330, filed August 28, 2008, the entirety of which is incorporated herein by reference.
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[0040] Figures 1-4 illustrate another example of an electrochemical cell system, generally
indicated at 1, according to embodiments of the present invention. As illustrated and
described below, the electrochemical cell system 1 includes a plurality of electrochemical
cells 10, and two of the electrochemical cells 10 are more clearly shown in cross-section in
Figure 4. Although a total of four electrochemical cells are illustrated in this embodiment,
more or less electrochemical cells may be included in the system. Indeed, in certain
applications, a large two-dimensional array of parallel electrochemical cells can be created to
provide for increased power output. In other embodiments, the cells may be in series. The

illustrated embodiment is not intended to be limiting in any way and is merely an example.

[0041] As discussed in further detail below, each clectrochemical cell 10 has a cathode 12,
and an anode 14 (two anodes are shown in Figure 1, each representing one of the
electrochemical cells 10). As used herein, the anode 14 is where the fuel of the system is
oxidized. As discussed in further detail below, the anode 14 is comprised of the fuel in the
form of solid fuel electrodeposited on an electroconductive electrode body, but may be
generally referred to as the anode, even when no fuel is present. The electrochemical cell
system 1 may also include an inlet 16, and an oxidizer input 18, which allows an oxidizer to
enter the system. In some embodiments, the cell may be a battery such that the fuel is self-
contained, such as a metal-air battery, and thus there is no need for connecting the input to a

separate fuel source. Likewise, the oxidizer may be self-contained also.

[0042] The electrochemical cell system 1 includes a lower base 20 that is configured to
support the components of the electrochemical cell system 1 described herein. For descriptive
purposes, the electrochemical cell system 1 is illustrated and described as having an
orientation in which the lower base 20 is located at the “bottom” of the system 1, but it should
be understood that the system 1 may be oriented in any way. Thus, any directional references
are made with regard to the orientation as shown in the drawings, and are not intended to limit
a working embodiment to any particular orientation. As discussed in further detail below, the
cathode 12 for each electrochemical cell is a single cathode that is supported by the lower
base 20. The lower base 20 defines an opening 22 for each electrochemical cell 10, and each
opening is configured to be the oxidizer input 18 for the respective electrochemical cell, as
discussed in further detail below. As shown in Figure 1, a gasket 24 is located between the
lower base 20 and the cathode 12 so as to provide a seal between the cathode 12 and the lower
base 20. The gasket 24 is configured to substantially prevent any fluids, such as an

electrolyte, from leaking out of the system.
-5
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[0043] In other embodiments, the cathode for each cell may be provided by smaller,
separate, and individual cathodes instead of a larger “single cathode.” Thus, the use of a

single cathode is not intended to be limiting.

[0044] The lower base 20 is also configured to receive an anode holder 26 that is
constructed and arranged to hold the anode 14 (and in the illustrated embodiment four anodes
are provided). The anode holder 26 will be discussed in greater detail below. The anode 14
may be retained in the anode holder 26 by a retainer 28, such as a clip, although any suitable
securing device may be used. The lower base 20 and the anode holder 26 are configured so
that their respective top surfaces are substantially coplanar, i.e., reside in the same plane, upon
assembly of the system. As further illustrated in Figure 1, the electrochemical cell 10

includes a gasket 30 that extends across the anode holder 26 and the lower base 20.

[0045] A transition member 32 is disposed on top of the gasket 30, and a further gasket 34
is disposed on top of the transition member 32. The transition member 32 is discussed in
further detail below. A manifold 36 is in contact with the gasket 34 on an opposite side of the

transition member 32. The manifold 36 includes the inlet 16 and an outlet 38.

[0046] As an option, the outlet 38 may be connected to a system that may be used to
separate the by-product of the electrochemical reactions of the electrochemical cell system 1
from the electrolyte, although the by-product does not need to be separated for the electrolyte
to be reused or re-circulated. The by-product may be separated from the electrolyte to prevent
clogging of the cell in some embodiments, but it is not necessary. The separated by-product
may optionally be re-introduced into the electrolyte for reduction on the anode during re-
charging. In other embodiments, the by-product may remain in solution or as a precipitate in
the electrolyte within the cell, which may be used for reduction on the anode for re-charging
the cell. In such embodiments, the inlet 16 and outlet 38 may be connected to a circulation

pump to generate a re-circulating electrolyte flow with no separation of the by-product.

[0047] The entire assembly may be clamped together with a plurality of fasteners (not
shown) that may be inserted into aligned holes 40 provided in the various structures, or with
any other suitable clamp so that the gaskets 24, 30, 34 seal the various components of the
electrochemical cell system 1 together to substantially prevent fluids from leaking out of the
electrochemical cell system 1. Although the overall system is illustrated as having a
substantially rectangular shape, any suitable shape and configuration may be used and the

illustrated configuration is not limiting.
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[0048] The lower base 20 is shown in greater detail in Figures 5-7. As stated above, the
lower base 20 is configured to support the cathode 12. More specifically, the lower base 20
includes a cavity 42 that provides a support surface 44 that is configured to support the
cathode 12. The openings 22 discussed above extend all the way through the lower base 20.
Ribs 46 that separate the openings 22 also partially define the support surface 44 and are
configured to support a center portion of the cathode 12. Thus, the cathode 12 is disposed in
the cavity 42 and engaged with the supporting surface 44 (and the gasket 24 described above)
so that the cathode 12 is exposed through the four “windows” 22 defined by the ribs 46. This
configuration allows for a single cathode 12 to be simultancously used by all four
electrochemical cells 10, as discussed in further detail below. The lower base 20 may also
include threaded openings 48 that are configured to receive the fasteners that are used to
clamp the entire electrochemical cell system 1 together. The lower base 20 may be made

from any suitable non-conductive material, such as plastic.

[0049] The cathode 12 generally comprises a porous body covered on the outer side by a
gas permeable layer through which an oxidizer may diffuse, but the electrolyte may not pass
through. That is, the layer is gas permeable, but not permeable by the electrolyte (i.e., it is
gas permeable but not liquid permeable). As an option, the porous body may also be covered
on the inner side by a liquid permeable layer through which the electrolyte may pass through
so that the electrolyte may contact the porous body. The porous body of the cathode 12 has a
high surface area and comprises a catalyst material that has a high activity for an oxidizer
reduction reaction. In the illustrated embodiment, the cathode 12 has a substantially planar
configuration. As illustrated in Figure 1, the cathode 12 also has a rectangular, more
specifically square, configuration. This illustrated configuration, however, is not limiting, and
the cathode 12 could have any other shape or configuration other than that illustrated, any

may have any composition of materials.

[0050] The cathode may be a passive or “breathing” cathode that is passively exposed, such
as through the windows or openings 22, to the oxidizer source (typically oxygen present in
ambient air) and absorbs the oxidizer for consumption in the electrochemical cell reactions.
That is, the oxidizer, typically oxygen, will permeate from the ambient air into the cathode 12.
Thus, the oxidizer need not be actively pumped or otherwise directed to the cathode, such as
via an inlet. Any part of the cathode 12 by which the oxidizer is absorbed or otherwise
permeates or contacts the cathode 12 may be generically referred to as an “input.” The term

input may broadly encompass all ways of delivering oxidizer to the cathode (and that term
-7 -
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may similarly be used with reference to any way of delivering fuel to the anode). In the
illustrated embodiments, the openings 22 in the lower base 20 define the inputs 18 for

oxidizer, because the openings allow the oxidizer to come into contact with the cathode 12.

[0051] The cathode 12 includes a catalyst material, such as manganese oxide, nickel,
pyrolized cobalt, activated carbon, platinum, or any other catalyst material or mixture of
materials with high oxygen reduction activity in the electrolyte for catalyzing reduction of the
oxidizer, which will be discussed below. The porous body of the cathode 12 may comprise
the catalyst material. In an illustrated embodiment, and particularly for portable applications,
the cathode 12 may have a thickness of about 1 mm or less, and may have a length of about
3.7 cm and a width of about 3.7 cm. Of course, such dimensions are provided as examples
and are not intended to be limiting in any way. Such cathodes are commercially available and

therefore a more detailed description of the cathode is not provided herein.

[0052] Details of the anode holder 26 are shown in Figures 8-10. As shown in Figure 8§,
cach anode 14 is received by an anode receiving space or cavity 50 of the anode holder 26.
As will be discussed in detail below, multiple spaced apart electrode bodies are used to
constitute each anode, as illustrated in Figs. 14-20, for example. Similar to the support
surface 44 of the lower base 20, a support surface 52 (shown in Figure 9) is provided at a
lower end of the anode receiving space 50. The support surface 52 is configured to support
the anode 14 and prevent the anode from contacting the cathode 12 after the electrochemical
cell system 1 has been assembled. As discussed above, each anode 14 may be retained within
the anode receiving space 50 by the retainer 28. The retainer 28 prevents the anode 14 from
“floating” within the anode receiving space 50 after the system has been filled with
electrolyte. The retainer 28 may be a resilient material that presses against the anode holder
26 in the anode receiving space 50 for an interference-type fit. The retainer 28 may be
removed from the anode holder 26 so that the anode 14 may be removed from the anode
holder 26, if needed. In other variations, the anode(s) may be retained by any suitable means,

such as being retained in a non-removable manner.

[0053] Figure 10 illustrates a bottom side of the anode holder 26, i.c., the side that faces the
cathode 12. The bottom side of the anode holder 26 includes a bottom surface 54 that is
configured to directly contact an upper surface of the cathode 12. As shown in Figure 10, a
plurality of recesses 56 are provided in the bottom surface 54 so as to form ribs 58. The ribs

58 of the anode holder 26 are generally aligned with the ribs 46 of the lower base 20 upon

-8
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assembly of the system 1. The ribs 58 substantially separate the four electrochemical cells 10
from each other into four different chambers. The ribs 58 may also be configured to
substantially prevent the electrolyte from flowing between the different electrochemical cells
10. The delineation that is provided by the ribs also allows for a single cathode 12 to be used

for all four electrochemical cells 10 (or whatever number may be used).

[0054] Each recess 56 in the anode holder 26 corresponds to one of the electrochemical
cells 10, and the depth of each recess 56 defines a gap 60 between the anode 14 and the
cathode 12 when the electrochemical cell system 1 is assembled. The gap 60 will typically be
an essentially empty gap for permitting fluid flow from the anode 14 to the cathode 12 and
then back out the return channels 66 (discussed below). Preferably, the gap 60 is essentially
constant, but in some configurations it may be altered. The fluid flow into, through, and out

of the gap 60 will be discussed in further detail below.

[0055] In an embodiment, the gap 60 between the anode 14 and the cathode 12 may have
channels or other features for facilitating flow of electrolyte and oxidized fuel (as discussed
below), but does not have a proton exchange membrane, and instead allows fluid flow of the
electrolyte and oxidized fuel into the gap 60, as discussed below. For example, the gap 60
could be occupied by a porous, non-reactive, and non-conductive spacer that still allows the
flow, such as a spacer having a honeycomb configuration or a porous frit. Preferably, the gap

60 is an open space that allows for convective flow, as discussed in further detail below.

[0056] In the illustrated embodiment, the anode 14 has a substantially cylindrical
configuration. However, this configuration is not intended to be limiting, and the anode could
have any other shape or configuration other than that illustrated. The anode 14 comprises the
multiple electrode bodies as discussed below. Each body is configured to allow the
electrolyte to flow through it, while enabling fuel to be electrodeposited therecon during re-
charging. It is the combination of the body or bodies and the captured fuel particles that
comprise the anode 14. In an embodiment, cach body may be a carbon filter that is made
from carbon fiber, a tightly woven mesh of brass, bronze, stainless steel, nickel, monel, any

other high conductivity material, or any other material.

[0057] Other materials or methods of forming the electrode bodies of anode 14 may be
used. For example, the body may include channels, grooves, bores, pores, mesh, or any other
formations able to receive electrodeposited particles of the fuel from the electrolyte flowing

through or over it. In an embodiment, a body may include one or more screens of brass,

-9_
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bronze, stainless steel, nickel, monel, or any other high conductivity material. A body may be

any other conductor that can act as a reduction site in electrodeposition.

[0058] In addition to holding the anode 14 in place, the retainer 28 may be used to provide
an electrical connection to a load L via an electrical lead 64, such as a wire (shown in Figure 3
and represented schematically as a negative (-) terminal in Figure 13). The electrical lead 64
may be routed from the retainer 28 and out of the electrochemical cell 10 via the transition
member 32, as discussed in further detail below. In embodiments where a conductive screen
is used as at least part of the anode 14, the electrical lead 64 may be connected directly to the

screen.

[0059] Oxidation of the fuel at the anode 14 provides oxidized fuel ions ionically
conducted by the electrolyte. By retaining the fuel on the anode’s electrode bodies, a

continuous source of released or liberated electrons and resulting fuel ions may be provided.

[0060] As illustrated in Figures 8-10, each electrochemical cell 10 has a plurality of return
channels 66 that circumferentially surround and extend parallel to the anode receiving space
50 in the anode holder 26. Each return channel 66 has a cross-sectional area that is
substantially smaller than the cross-sectional area of the anode receiving space 50. Although
a total of sixteen channels 66 are illustrated for each electrochemical cell 10, more or less
channels having any suitable cross-section may be used. The channels 66 are sized to provide
a positive return flow of the electrolyte carrying the by-product of the electrochemical
reaction carried out in the electrochemical cell 10 to the electrolyte and by-product outlet 38.
Specifically, each channel 66 communicates the gap 60 to a return space 68 that is defined by
the anode holder 26 and the gasket 30 that seals a top side of the anode holder 26; and this
return space 68 is communicated to the outlet 38 as discussed below. In the illustrated non-
limiting embodiment, the return space 68 is a common space shared by all four
electrochemical cells 10 of the electrochemical cell system 1. Further, walls providing an
extension of the anode receiving spaces 50 to the transition member 32 separate the return
space 68 from the anode receiving spaces 50 in this region. Such a configuration allows for a
single return out of the electrochemical cell system 1, as discussed in further detail below.
The anode holder 26 is preferably made from a non-conductive, lightweight material, such as

plastic, although any suitable material may be used.

-10 —
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[0061] Other suitable constructions and configurations for the holder 26, the channels 66
and the return space 68 may also be used and the illustrated embodiment is not regarded as
limiting.

[0062] As illustrated in Figure 11, the transition member 32 includes a plurality of supply
ports 70. Each of the ports 70 is configured to be aligned with each anode receiving space 50
of the anode holder 26, and, hence, with each respective anode 14 upon assembly of the
electrochemical cell system 1. As illustrated in Figures 4 and 11, an upstream section 72 of
the port 70 is substantially cylindrical in shape and has a substantially constant diameter, and
a downstream section 74 of the port 70 is substantially frustoconical in shape, such that the
diameter at the downstream-most position is greater than the diameter that is connected to the
upstream section 72. The term “upstream” as used herein is intended to mean closer to the
input 16 than the anode 14, and the term “downstream” as used herein is intended to mean
closer to the anode 14 than the input 16. By having the downstream section 74 of the port 70
in the transition member 32 increase in diameter and cross-sectional area along the flow path
of the fuel and electrolyte, a pressure drop may be created. The creation of the pressure drop
just upstream of the anode 14 may allow for a more constant flow of the electrolyte and any

fuel precipitates as they enter the anode 14.

[0063] The transition member 32 also includes a single return port 76 that is configured to
allow the electrolyte and the by-products of the electrochemical reactions in the
electrochemical cells 10 to flow from the return space 68 in the anode holder 26 towards the
outlet 38. Although a single return port 76 is shown, it is understood that additional ports
may be used to provide passageways for the flow of the electrolyte and by-product away from
the return space 68 and anodes 14. As shown in Figure 11, the return port 76 is connected to
a channel 78 that is configured to receive an electrical lead 80, ¢.g., wire, that may be
connected to the cathode 12 and to the external load L (which is also represented
schematically as a positive terminal in Figure 13). Although the electrolyte and by-products
are not likely to exit the electrochemical cell system 1 via the channel 78 due to the increase
in pressure that would be created by flow through the channel 78, suitable seals may be used
to prevent the electrolyte and by-products from leaking into the channel 78 and out of the

electrochemical cell system 1.

[0064] The clectrical lead 80 for the cathode 12 may be routed through the channel 78 of

the transition member 32, into the return port 76 of the transition member 32, through the
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return space 68 of the anode holder 26, through the anode holder 26 through one of the
channels 66 or though a separate channel 82 that is configured for the electrical lead 80,
through the gap 60, and into contact with the cathode 12. Of course, other paths may be used
to connect the load to the cathode 12. The illustrated embodiment is not intended to be

limiting in any way.

[0065] As shown in Figure 11, an electrical lead channel 82 may be provided for each
electrical lead 64 that connects each anode 14 to the external load. The electrical lead
channels 82 may be similar in configuration as the channel 78 described above. The electrical
lead 64 for cach anode 14 may be routed through the channel 82, into the port 70 and to the
retainer 28 of the anode 14, thereby providing an electrical connection between the anode 14
and the external load. Of course, other paths may be used to connect the load to the anode 14,
and the illustrated embodiment is not intended to be limiting in any way. Connections
between the anode 14 and an external load L and the cathode 12 and the external load L are

schematically illustrated in Figure 13.

[0066] Figure 12 illustrates a bottom (i.c., internal) side 84 of the manifold 36. The bottom
side 84 includes a plurality of inlet pathways 86 that are all connected to the inlet 16. The
pathways 86 are closed off by the top surface of the gasket 34 that is located between the
manifold 36 and the transition member 32. Each of the pathways 86 has a distal end 88 that is
connected to one of the ports 70 of the transition member 32 when the electrochemical cell
system 1 is assembled. As shown, each pathway 86 may be curved so that there is no place
for any precipitates in the electrolyte to collect, i.e., there are no flow “dead spots” that may
clog the flow of the electrolyte and any precipitated by-product particles over time. This also
increases turbulence in the flow to help keep any by-product agitated and suspended in the
flow. The bottom side 84 of the manifold 36 also includes a single outlet pathway 90 that is
configured to connect the return port 76 of the transition member 32 to the electrolyte and by-
product outlet 38. Although the outlet pathway 90 is illustrated as being straight, it may be

curved like the inlet pathways, although such a configuration is generally not necessary.

[0067] Each electrode body of the anode 14 may optionally be communicated to the input
16 for receiving the flow of the electrolyte. In an embodiment, the inlet is aligned directly
with the anode 14. Preferably, the fuel and electrolyte source comprises a single source with
the fuel mixed with the electrolyte. However, it is also within the scope of the present

invention to use separate sources for the fuel and electrolyte and deliver them separately to
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electrochemical cell 10 and mix them just upstream of the anode 14. Or the cell may
normally operate as a battery, with no separate source of fuel, or with an option to inject fuel
particulates as a supplement if additional fuel is needed or desired for a complete recharging.
It is also possible to omit any external source of fuel, and have the cell be a self-contained
battery. Also, as mentioned above, the fuel inlet may receive re-circulated electrolyte from

the return channels, rather than flowing to any separate container, reservoir or separator.

[0068] In the illustrated embodiment, the inlet is in the form of the pathway 86 that is
formed in the manifold 36 and fluidly communicates the input 16 to the anode 14. As
discussed above, the pathway 86 is in fluid communication with the input 16, as well as the
port 70 of the manifold for flowing the electrolyte to the transition member 32. Any suitable

connections, conduits, channels, or passages may be used to flow electrolyte to the anode 14.

[0069] During operation, fuel oxidation occurs to oxidize the fuel into at least oxidized fuel
ions that remain in the electrolyte and electrons for conduction by the anode 14 to the cathode
12 through the external load L, which is connected to the anode 14 and cathode 12 as shown

in Figure 13. The oxidation reaction will be discussed below.

[0070] The electrochemical cell 10 may be configured to provide a pressure differential that
creates a flow of the electrolyte through the anode 14, into the gap 60 and towards the cathode
12, radially away from the anode 14, and back into the channels 66 in the anode holder 26.
Then, the electrolyte flows into the return space 68, through the return port 76 in the transition
member 32, then through the passageway 90 found in the manifold 36, and out the electrolyte
and by-product outlet 38.

[0071] Within the gap 60, a transport flow of the electrolyte flows across the gap 60 from
the anode body 62 of the anode 14 to the cathode 12. The term “transport flow” refers to a
fluid flow of the electrolyte across the gap, which transports the oxidized fuel ions away from
the anode 14 and towards the cathode 12. Thus, the ions are transported convectively by the
flowing electrolyte, rather than relying solely on conduction or diffusion within the
electrolyte. In contrast, in electrochemical cells with proton exchange membranes, the
membrane itself is an electrolyte that transports the oxidized fuel ions by conduction. Here, in
the illustrated embodiment the primary direction of the transport flow is away from the anode
14 to the cathode 12 and then radially outward and back into the return channels 66, as
opposed to the prior art approach where two streams of oxidizer and fuel are caused to flow

along a path parallel to the anode and cathode. Stated differently, a vector or gradient
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describing the flow leaving the anode 14 would initially be primarily oriented from one
electrode to the other (as opposed to being oriented parallel to the electrode) and then be
primarily oriented to the return channels 66 in a return direction substantially parallel but
opposite to the initial vector and radially outward of the flow leaving the anode 14, as shown

in Figure 13. This flow configuration is optional.

[0072] Although the electrochemical cell system 1 may be passively operated, such as by
gravity feed or by motion of the device (e.g., for a portable cell, such as in a watch, kinetic
energy from motion of the user could be used to generate the flow), in an embodiment, a flow
generator, such as a small pump, may be used to generate flow of the electrolyte. The pump
may be any suitable pump, such as a piezoelectric pump, a centrifugal pump, a gear pump, a
peristaltic pump, etc. The pump may be used in various configurations and in electrochemical
cells 10 of various sizes. The flow generator could have any construction or configuration.
Thus, the term flow generator is intended to broadly encompass both active powered and

passive non-powered mechanisms for generating flow.

[0073] As can be seen from Figure 13, the initial flow leaving the anode 14 and the return
flow entering the return channels 66 run counter to one another in an adjacent and overlapping
manner (referred to as counterflow). Preferably, but not necessarily, the return channels 66
peripherally surround the anode 14 and its receiving space 50 so that the initial flow leaving
the anode 14 is surrounded by and within the return flow flowing towards and into the return
channels 66. Preferably, but not necessarily, the anode 14 is at or aligned with the center of
the geometry defined by the return channels, thus providing for an even distribution of the

flow to all the return channels 66.

[0074] Any such electrically powered flow generator may optionally be coupled directly or
indirectly to the anode and cathode so that it can draw power, thus providing a self-powering
electrochemical cell 10. A battery or other alternative power source may be provided to
initially power such a flow generator, and a switch may be used to enable the generator to
draw power from the anode and cathode or the alternative power source as needed. A
controller may switch the flow generator from the initial power source to the electrochemical
cell output power either (i) at a predetermined time after the electrochemical cell operation
has started, or (ii) when it detects that the electrochemical cell power output has reached a

level sufficient to self-power the flow generator.
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[0075] The oxidizer may be delivered to the cathode 12 by a passive transport system. For
example, where oxygen present in ambient air is the oxidizer, simply exposing the cathode 12
to ambient air via the openings 22 may be sufficient to allow diffusion/permeation of oxygen
into the cathode porous body (and the portion where the diffusion enters the cathode may be
regarded as the oxidizer input 18). Other suitable oxidizers may be used (including liquid
oxidizers or oxidizers solvated in an electrolyte) and embodiments described herein are not

limited to the use of oxygen as the oxidizer.

[0076] In other embodiments, an optional pump, such as an air blower, may be used to
deliver the oxidizer to the cathode 12 under pressure. The oxidizer source may be a contained
source of oxidizer. Likewise, when the oxidizer is oxygen from ambient air, the oxidizer
source may be broadly regarded as the delivery mechanism, whether it be passive (e.g., access
openings 22 for the air) or active (e.g., pumps, blowers, etc.), by which the air is permitted to
flow to the cathode 12. Thus, the term “oxidizer source” is intended to encompass both
contained oxidizers and/or arrangements for passively or actively delivering oxygen from

ambient air to the cathode 12.

[0077] During operation, when the anode 14 and the cathode 12 are coupled to the load L,
reaction among at least the oxidizer and the electrons flowing to the cathode 12 will occur at
the cathode, thus reducing the oxidizer. The reduced oxidizer ions may react with the
oxidized fuel ions to complete the electrochemical cell reaction. The oxidizer reduction

reaction will be discussed below.

[0078] The fuel may be a metal, such as, for example, iron, zinc, aluminum, magnesium, or
lithium. By metal, this term is meant to encompass all elements regarded as metals on the
periodic table, including but not limited to alkali metals, alkaline earth metals, lanthanides,
actinides, and transition metals, either in atomic or molecular form when collected on the
electrode body. For example, the fuel may be flakes, small spheres, or dendrites of zinc. The
particles may be as small as about 1 um and as large as about 1 mm or even larger. In an
embodiment, the particles have an average size (i.e., effective diameter) of about 300 pm.
However, the present invention is not intended to be limited to any specific fuel, and others
may be used. For example, the fuel may be comprised of a redox active organic solid that is

soluble in the oxidized state and insoluble in the reduced state.

[0079] The clectrolyte may be an aqueous solution. Examples of suitable eclectrolytes

include aqueous solutions comprising sulfuric acid, phosphoric acid, triflic acid, nitric acid,
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potassium hydroxide, sodium hydroxide, sodium chloride, potassium nitrate, or lithium
chloride. The electrolyte may also use a non-aqueous solvent or an ionic liquid. Any
ionically conductive medium may be used. In the non-limiting embodiment described herein,

the electrolyte is aqueous potassium hydroxide.

[0080] To limit or suppress hydrogen evolution at the anode, salts may be added to retard
such a reaction. Salts of stannous, lead, copper, mercury, indium, bismuth, or any other
material having a high hydrogen overpotential may be used. In addition, salts of tartrate,
phosphate, citrate, succinate, ammonium or other hydrogen evolution suppressing additives
may be added. In an embodiment, metal fuel alloys, such as Al/Mg may be used to suppress

hydrogen evolution. These are optional and may be omitted.

[0081] Turning to the specific reactions in one non-limiting embodiment, potassium
hydroxide is used as the electrolyte (which is alkaline), zinc (Zn) particles are used as the fuel,

and oxygen (O,) from ambient air is used as the oxidizer.
[0082] At the anode, the zinc is oxidized, as represented by equation (1):
Zn+40H™ — Zn(OH),* + 2¢ (E° =-1.216V) (1)
[0083] At the cathode, oxygen is reduced, as represented by equation (2):
2¢ +% 0, +H,O — 20H (E°=0.401V) (2)
[0084] In solution, the following reaction occurs as represented by equation (3):
Zn(OH),* — ZnO + H,0 + 20H" (3)

[0085] Thus, the zinc is oxidized at the anode and its positive ion (Zn>") is supported by
four OH ions to create the complex anion Zn(OH)s*. The concentration of OH™ ions in the
electrolyte solution is maintained by the oxidizer reduction reaction at the cathode and the
release of the OH™ ions from reaction of the Zn(OH),* anion. The electrolyte flow transports
the relatively unstable Zn(OH),* ion away from the anode, thus preventing the zinc ion from
reducing back to zinc at the anode 14 (which in turn improves efficiency, as electrons are free
to flow through the load L rather being consumed by reduction of the zincate ion). And, in
the electrolyte, the complex Zn(OH)4> anion reacts in the solution to provide water (H,0),
OH™ ions, and zinc oxide (ZnO), which is present in the electrolyte. The zinc oxide (ZnO) is
formed by the removal of two of the OH™ ions from the zincate anion (Zn(OH)s™ ), the

remaining two OH™ ions react to form one water molecule (H,0O) and the ZnO product.
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[0086] Thus, the overall reaction between the reduced oxidizer (OH") ions and the oxidized
zinc (Zn*") ions provides the intermediary by-product of Zn(OH),>, which ultimately reacts to
become zinc oxide (ZnO). As can be seen from the representative reaction equations set forth
above, the remaining constituents of the reactions balance out (i.e., they are consumed or
created in equal amounts). Thus, in its simplest form of expression, the overall reaction at the
anode reduces the oxidizer at the cathode 12 with electrons received from the load, oxidizes
the fuel particles at the anode to supply electrons to the load, and reacts the reduced oxidizer
ion and oxidized fuel ions to form a by-product, in this case zinc oxide. The transport flow in
the direction from the anode towards the cathode helps support and drive this process and

increases the overall power output.

[0087] Additional intermediary reactions may occur at the anode and/or the cathode and/or
in the gap, and the described reactions are not intended to be exclusive of any side or
intermediary reaction.  Also, the reactions are representative and may be expressed
differently, but the general overall reaction results in the oxidation of zinc and reduction of
oxygen to produce the by-product of zinc oxide (ZnO) and electrical current that drives the
load L. The zinc oxide by-product may flow out of the eclectrochemical cell with the
electrolyte. As an option, the zinc oxide may be recovered from the flow and the zinc may be
separated and reintroduced into the fuel and electrolyte source. Likewise, the zinc oxide may
remain in the electrolyte which is recirculated through the cell, and be re-reduced on the

anode 14 later during charging.

[0088] Although the directional flow in the anode-cathode direction helps increase the
power output, in certain situations or applications, it may be desirable to cease the flow. Even
when the flow is stopped, some power may be generated, although the power output would be
significantly less than when the electrolyte is flowing and transporting the oxidized fuel ions
away from the anode 14 and towards the cathode 12. This “passive operation” state with no
or essentially no flow may be useful for powering devices with a standby mode (e.g., a laptop
computer) or some other mode where only a small amount of power is required. An optional
suitable controller may be used to control whatever flow generator is provided for generating
the flow to switch between this passive state and an active state where the transport flow is

present.

[0089] In designing the various parts, the structures and various channels can be

manufactured on the microfluidic scale to achieve a small, compact size, which is best suited
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to portability. Various techniques from the formation of microelectronics may be used, such
as lithography, thin film deposition, electrochemical processing, and microfluidic processing
methodologies may be used. These techniques may be used to ecnable large scale

manufacturing of electrochemical cells designed in accordance with the present invention.

[0090] The clectrolyte and the resulting product of the fuel/oxidizer reaction (e.g., zinc
oxide) exits the electrochemical cell 10 through the anode holder 26 via the channels 66 of the
anode holder 26.

[0091] Preferably, but not necessarily, an electrochemical cell constructed in accordance
with this invention, including any embodiment described above or below, may be used in
portable applications, such as for powering laptops, cell phones, portable audio players,
wireless e-mail devices, medical equipment, or any other device for which portability by a
person is desirable. However, it should be understood that the present invention may be
practiced on larger scale, non-portable devices, and the advantage of portability is not
intended to be limiting. To the contrary, the present invention is not limited to portability, but
it is believed to be particularly useful for achieving portability. The cell may be configured as

a metal-air battery. It may also be used in automotive applications or as a back-up power
supply.
[0092] As can be seen from this disclosure, the electrochemical cell of the present invention

provides a number of non-limiting advantages, including but not limited to:

[0093] - most metals are stable and non-volatile, thus rendering their use in portable

items relatively safe (as opposed to fuel cells that use a combustible fuel);

[0094] -  the flow in the anode to cathode direction may optionally be used to increase

the overall power output;
[0095] -  the flow rate may optionally be regulated to adjust the power output;

[0096] -  the flow may optionally be stopped to allow the system to operate in a low

power output passive state;

[0097] -  the presence of one or more return channels adjacent to the anode space/cavity
may optionally allow for each individual electrochemical cell to have its own transport and
return flow paths without interfering with the operation of an adjacent electrochemical cell,
thus providing for a wide range of freedom in constructing multiple electrochemical cell

arrays; and
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[0098] -  the optional return channel configuration also provides for a compact design.

[0099] An clectrochemical cell designed in accordance with any aspect of the present
invention need not have all these advantages, and various aspects of the invention may
achieve one, some, or all of these advantages depending on the specific embodiment
implemented. For example, it is not necessary for each individual electrochemical cell to
have its own transport and return flow paths without interference with the operation of an
adjacent electrochemical cell for the cells to operate. In an embodiment, adjacent
electrochemical cells may be configured to operate in series such that the electrolyte may flow

between cells. The illustrated embodiment is not intended to be limiting in any way.

[00100] In the preferred embodiments of the invention, the fuel (metal or otherwise) may be
collected at the anode by electrodeposition. In such an approach, the anode body’s potential
is changed so that it acts as a cathode for the reduction of the fuel ions, thus causing fuel
cations in the electrolyte to be electrodeposited on the body. Thus, the anode body may be
broadly characterized as being a permeable body, which includes any body on which the fuel
can collect (either by filtering, electrodeposition, or otherwise) and through which the

electrolyte can flow.

[00101] The foregoing description of a metal fueled cell is for reference only and is not
intended to be limiting. The present invention, and particularly the electrodeposition
technique described below, may be used in a variety of different cell arrangements, including,
for example, a cell in which the flow is in a direction parallel to the anode and cathode, a cell
in which there is no flow at all, a set for cells connected in electrical and/or fluid series, ctc.
The following description of an electrodeposition technique using multiple bodies for the

anode may be used in the above-identified or any other type of cell.

[00102] This electrodeposition approach may be used advantageously in certain
embodiments where the reaction between the oxidized fuel ions and the reduced oxidizer ions
to form the by-product is reversible. For example, in the embodiment discussed above using
zinc as the fuel, the zinc oxide by-product may be allowed to accumulate and remain in the
electrolyte as a suspension or colloid during operation (or under some conditions the by-
product may remain as zincate ions in the electrolyte). Then, to re-charge the anode body
with zinc fuel, a cathodic potential can be applied to the anode body (which is now acting as a
cathode), to cause the zinc cations from the zinc oxide to deposit on the anode body. An

additional electrode that acts as an anode when the cathodic potential is applied to the anode
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body may also be used. With the ability to discharge and re-charge, the cell may be used as a
re-chargeable battery power supply or a re-chargeable back-up power supply.

[00103] In other aspects of the invention, the general cell architecture and arrangement of
the counterflow between the portion of the flow leaving the anode 14 and the portion of the
flow returning to the return channels may be used with non-particulate fuels and a more
traditional fixed catalytic anode. For example, reference may be made to United States Patent
Application Serial No. 11/962,803, filed December 21, 2007, for teachings of suitable anode,
cathode, electrolyte, fuel, and oxidizer materials in this regard. The general flow arrangement
may also be advantageously used with other types of electrochemical cells as well to enable
systems comprising a number of orthogonal flow type cells to be arranged in parallel. Thus,
the electrode through which the electrolyte flows may be generally referred to as a first
electrode (which will typically be an anode), and the electrode on the opposite of the gap may
be generally referred to as a second electrode (which will typically be a cathode, and
preferably a breathing cathode). And likewise, the corresponding reactant that is oxidized or
reduced at the first electrode may be referred to as the first reactant (which will typically be
the fuel), and the corresponding reactant that is oxidized or reduced at the second electrode
may be referred to as the second reactant (which will typically be the oxidizer). However,
because the components may be reversed, the terms first and second may be used in a more

generic sense to cover either alternative.

[00104] Figures 14-18 relate more specifically to the electrodeposition of metal fuel on the
first electrode (i.c., the eclectrode that functions as the anode during current generating
operation of the cell). The electrodeposition methodology aspect of this disclosure may be
used in any type of electrochemical cell, and is not limited to the type of cell described above
where the electrolyte flow supports the power generation of the cell. Thus, although the
methodology is described with reference to Figures depicting such a cell, this is not intended
to be limiting. However, the electrodeposition methodology described has particular
advantages in such a cell, as discussed below. Where the same reference numbers are used
between Figures 14-18 and the prior Figures, it should be understood that similar structures
are being referred to, and it is not necessary to repeat the description of those structures herein

with reference to Figures 14-18.

[00105] Figures 14 and 15 show the cell 10 schematically and in somewhat exaggerated

dimensions so the various workings can be better appreciated. Likewise, Figures 16-18 show
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exaggerated views of an electrode being charged with metal fuel isolated from other parts of
the cell 10 so that the growth of the metal fuel electrodeposition can be seen more easily.
This is not intended to be limiting, and is merely for illustrational purposes. As can be seen in
the Figures, the cell 10 comprises a first electrode 14 comprising a series of permeable
electrode bodies 14a-h arranged in spaced apart relation along a flow path (although eight
bodies are shown, any number may be used). The first electrode 14 functions as an anode
during current generation. The cell 10 also comprises a second electrode 12, which functions
as the cathode during current generation. As was the case with the prior embodiment, the
second electrode 12 may be an air breathing cathode that reduces oxygen absorbed from
ambient air. However, it may be any other type of electrode that functions as a cathode
during current generation, and the invention is not necessarily limited to an air breathing
electrode. The second electrode 12 is spaced apart from the first electrode 14, preferably by a

gap 60 similarly to the embodiment as discussed above.

[00106] The cell 10 also includes a charging electrode spaced apart from the first electrode
14. In the illustrated embodiment, the charging electrode is a third electrode 15 spaced apart
from the first electrode 14 on the side opposite the second clectrode 12. In some
embodiments, the third electrode 15 may be spaced apart from the first electrode 14 on the
same side as the second electrode 12, such as by being in the gap 60. However, in some
embodiments, the second electrode 12 may be used during charging as the charging electrode,
and the presence of a separate clectrode dedicated to charging is not necessary. In the
illustrated embodiment, a separate charging electrode 15 is used because most clectrodes
suitable for function as an air breathing cathode do not perform well in the anodic role of a
charging electrode. However, the invention is not intended to be limiting, and it is possible to
select a second electrode that is bi-functional, meaning that it can perform both the role of an
air breathing cathode during current generation and the role of an anodic charging electrode
during charging. Thus, any reference herein to a charging electrode may be regarded as
applying either to the second electrode 12 or a separate electrode 15 functioning as the anode
during charging. More specifically, while the illustrated embodiment is described with
reference to the charging clectrode as a third electrode 15, it should be understood that the
same description could be used where the second electrode 12 is the charging electrode; and it

should be readily understood that the flow (if used) may be oriented accordingly.

[00107] As can be seen in Figures 14 and 15, as an option the permeable bodies 14a-h may

be separated by inert, non-conductive separators 17a-h. These separators 17a-h are designed
)
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to maintain separation and electrical isolation between the permeable electrode bodies 14a-h.
These separators would typically be provided about the periphery of the electrode bodies 14a-
h, so that they are exposed to one another within the open interior of the separators. As an
option, the separators 17a-h may also include structures in this interior region to help maintain
the separation of the permeable electrode bodies 14a-h without significantly impeding flow of
electrolyte therethrough. As an another non-limiting option, the separators may also include
structures, such as a latticed arrangement, in this interior region to assist and direct the growth
morphology of the metal fuel deposition, which is described further below. However, the use
of separators is optional, and other ways of maintaining separation of the permeable electrode
bodies 14a-h may be used, such as rigid mounting points to the surrounding structure that

maintains the separation.

[00108] Similarly to the prior embodiment, the cell further comprises one or more return
channels 66 communicated to the gap 60. But this is not necessary. In particular, in flow-
based cells where the flow is parallel to the anode and cathode, the flow may simply enter one
side and exit the other via ports, and there is no need for the particularly designed return

channels as illustrated.

[00109] Charging the eclectrochemical cell is performed by flowing the -electrolyte
comprising reducible metal fuel ions along the flow path through the permeable electrode
bodies 14a-h. The reducible fuel ions may be present in the electrolyte in any suitable form,
such as in ionic, atomic, molecular or complexed form. As can be seen in Figure 15, in one
possible embodiment, during charging the clectrolyte flow is reversed from the current
generating direction shown in Figure 14, as described above with regard to the prior
embodiment. As a result, the flow runs in a direction from the first clectrode 14 towards the
charging electrode 15. As will be discussed below, this is an optional approach with its own
benefits, and it is within the scope of the invention to keep the flow in the same direction as
during current generation (which may, for example, be the case where the second electrode 12
is used as the charging electrode, or where the charging electrode is a separate electrode on
the same side as the second electrode 12, such as in the gap 60). In other embodiments, such
as where the flow is parallel to the first and second electrodes 12, 14, the flow direction is

immaterial; and in other embodiments there may be no flow at all.

[00110] While the electrolyte comprising reducible metal ions is flowing through the

permeable electrode bodies, an electrical current from an external source, such as a
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potentiostat or any other source capable of delivering electrical current, is applied between the
charging electrode 15 and a terminal one 14a of the permeable electrode bodies 14a-h with the
charging electrode functioning as an anode and the terminal permeable electrode body 14a
functioning as a cathode. As a result, the reducible metal fuel ions are reduced and
electrodeposited as metal fuel in oxidizable form on the terminal permeable electrode body
14a. In the illustrated embodiment, the terminal permeable electrode body 14a is the
electrode body proximate the charging electrode 15. While this is preferred in the context of
the illustrated embodiment, in other arrangements a different one of the permeable electrode

bodies 14a-h may serve as the terminal permeable electrode body, as discussed below.

[00111] In one non-limiting embodiment, the fuel is zinc and the electrolyte is potassium
hydroxide (KOH), which is the same fuel and electrolyte used in the above-described
embodiment. In the electrolyte, the zinc ions may be provided in any suitable reducible form,
and preferably in the form of zinc oxide (ZnO). This is advantageous, as zinc oxide is the by-
product of the current genecrating operation described above with regard to the prior
embodiment, and thus the cell can be re-charged using the reversible by-product of its own
current generating operation. This eliminates the need to supply the fuel from a fresh source
for each charging, as the current generating operation has already created the reducible zinc
oxide in the electrolyte. In such an embodiment, the reduction reaction occurs as follows at

the reduction site:
[00112] ZnO + H,O + 2¢” — Zn + 20H" (€))

[00113] And the corresponding oxidation occurs at the charging electrode 15 functioning as
an anode (also referred to as an oxygen evolving electrode) as follows, oxidizing the oxygen

species to produce oxygen gas that may optionally be off-gassed in any suitable manner:
[00114] 20H — 2¢” + %40, + H,0 (5)

[00115] However, the fuel need not be limited to zinc, and any other metal fuel, including
any of those mentioned above in this application, may also be used. Likewise, the electrolyte
may be different, and may be alkaline or acidic in various embodiments. Also, it is not
necessary that the reducible fuel ions be provided by the by-product of the current generating
operation, and it is within the scope of the invention to use fuels that create by-products that
are not readily reversible. Thus, it is within the scope of the invention that the electrolyte
used for charging be supplied from a separate fuel source with the fuel ions in a suitable form
for reduction and electrodeposition, which fuel source is separate from the electrolyte used
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during current generation and which accumulates the by-product. Likewise, the same
electrolyte could be used in both processes, but the fuel could be provided separately from its

own source during re-charging.

[00116] During the charging, the electrodeposition causes growth of the metal fuel in a flow
permeable morphology among the permeable electrode bodies 14a-14h such that the
clectrodeposited metal fuel establishes an electrical connection between the terminal
permeable body 14a and each subsequent permeable electrode body 14b-h. As a result of this
growth, the reduction and the electrodeposition occur on each subsequent permeable electrode

body 14b-h upon the establishment of the electrical connection.

[00117] By flow permeable morphology, this terms means that the morphology of the metal
growth among the electrode bodies 14a-h is configured such that the electrolyte is still able to
flow through the electrode bodies 14a-h. Thus, the flow is allowed to continue, and the
growth does not exhibit dominant lateral characteristics that would cause complete clogging
or blocking of the pores or openings of the permeable electrode bodies 14a-h. The growth
may have any such configuration. The flow permitted may be in any direction. It is also

possible to have the growth occur without any flow, although flow is preferred.

[00118] For example, the growth may occur as a dense branch morphology or it may be
dendritic. With these morphologies, the growth will have sufficient directionality towards the
next permeable electrode body, thus providing for the establishment of connections between
the adjacent electrode bodies 14a-h while still allowing for the flow to continue passing
therethrough. Also, the growth may occur as a generally uniform plating growth. With a
generally uniform plating growth, it is preferable that the distance between the permeable
electrode bodies 14a-h be less than that of the pores or openings in the bodies, such that the
growth in the direction between the adjacent bodies 14a-h establishes contact between the
adjacent bodies before lateral growth closes the pores or openings. However, it is also
possible for the flow to provide some directionality to the plating growth so that this spacing

is not a critical factor.

[00119] In the illustrated embodiment, the growth exhibited is dendritic, and the growth is in
the direction opposite the charging electrode 15 (i.e., which is also the direction opposite the
flow). Figures 16-18 illustrate the growth morphology in an exaggerated format to better
understand the basic principles of operation. In a practical execution, the growth will

typically be significantly denser throughout the stack of electrode bodies 14a-h.
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[00120] In Figure 16, the initial reduction of the fuel ions and electrodeposition of the metal
fuel is shown. The dendrites are initially electrodeposited on and begin their growth on the
terminal electrode body 14a. This is because electrode body 14a is connected to the external
current, and has a cathodic potential that causes the reduction of the fuel ions and
electrodeposition of the fuel therecon (while the charging electrode 15 is connected the
external load and functions as the anode). In contrast, the remaining electrode bodies 14b-h
are initially inactive and do not function as a reduction site because they are not connected to
the external current. The growth continues with the metal growing as a series of dendrites
from electrode body 14a towards electrode body 14b. This then establishes an electrical
connection between electrode bodies 14a and 14b, which in turn causes electrode body 14b to

now also have the cathodic potential applied to it.

[00121] The growth thereafter continues with the fuel ions being reduced and
electrodeposited as metal fuel on electrode body 14b, as shown in Figure 17. This growth
continues with the metal growing as another series of dendrites from electrode body 14b
towards electrode body 14c. This then establishes an electrical connection between electrode
bodies 14a, 14b and 14¢, which in turn causes electrode body 14c¢ to now also have the

cathodic potential applied to it.

[00122] The growth thereafter continues with the fuel ions being reduced and
electrodeposited as metal fuel on electrode body 14c, as shown in Figure 18. This growth
continues with the metal growing as another series of dendrites from electrode body 14c¢
towards electrode body 14d. This then establishes an electrical connection between electrode
bodies 14a, 14b, 14c, and 14d which in turn causes electrode body 14d to now also have the
cathodic potential applied to it. This growth pattern will continue throughout the entire stack
of permeable electrode bodies 14a-h in the first electrode 14. Eventually, the growth on the
last body 14h may reach to the charging electrode, thus shorting the circuit and indicating
completion of the growth.

[00123] Generally, at any given time, the majority of the metal fuel growth will be
associated with the last (i.e., most recent) electrode body to which the cathodic potential has
been applied. That is, in the illustrated embodiment where the electrolyte is flowing
orthogonally through the electrode bodies 14a-14h, it will be associated with the cathodic
electrode body that is the furthest upstream with respect to the electrolyte flow. It is believed

that this occurs because the concentration of fuel ions is greater upstream, and thus many of
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the fuel ions will be reduced from the electrolyte at the first cathodic electrode encountered,
which in turn makes fewer ions available for reduction and deposition on the subsequent
electrode bodies downstream (i.e., towards the terminal electrode body 14a). Thus, in Figure
18, once an electrical connection has been established with electrode body 14d causing it to
have a cathodic potential, the majority of reduction will occur on electrode body 14d and any
dendrites or other growth formations emanating from it in the upstream direction. Likewise,
some reduction and electrodeposition may be associated with electrode body 14c¢ and its
growth formations, but this will be to a lesser extent because the concentration of available
ions will be less. And likewise progressively lesser reduction and electrodeposition will be
associated with electrode bodies 14a and 14b and their growth formations, with body 14a
experiencing the least. This progressively decreasing growth gradient is beneficial, as it
allows the largest amount of reduction and electrodeposition to occur at the freshest reduction
site, but allows some continued electrodeposition to occur downstream at the prior reduction
sites to increase their density (but preferably not so much that the flow therethrough is

impeded). This progressive density of the growth should not be regarded as limiting.

[00124] In the illustrated embodiment, the growth pattern is relatively atypical and worth
noting. Generally, when re-charging an electrochemical cell, dendritic or other growth
morphologies tend to grow from the cathode (i.e., the permeable electrode bodies) towards the
anode (i.c., the charging clectrode 15). This is often regarded as undesirable in the art, and
many electrochemical cells use various means to suppress or avoid such growth, such as the
use of dendrite inhibitors in the electrolyte. However, in the illustrated embodiment, the flow
rate, fuel ion concentration, and the external current (and more particularly the potentials it
applies to the permeable electrode bodies 14a-h and the charging electrode 15) may be
controlled such that the growth is permitted but its direction is reversed. Without being
limited to any specific scientific theory, it is believed that the use of a flow towards the
charging electrode 15 enables diffusion limited aggregation to dominate the general tendency
for the growth to occur towards the charging electrode 15 (i.e., the anode during charging).
With diffusion limited aggregation, the tendency is for the electrodeposition growth to occur
in the direction of the concentration gradient of the reducible fuel ions. In the illustrated
embodiment, because those ions are being reduced as the electrolyte flows over the reduction
sites established by the cathodic potential at the respective electrode bodies 14a-h, the
concentration of ions in the electrolyte on the upstream side (i.e., away from the charging

electrode) is greater than on the downstream side (i.e., towards the charging electrode). Thus,
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by maintaining an appropriate flow rate and concentration in relation to the potential
difference, the differential in concentration upstream and downstream of the reduction sites
can be manipulated to establish the growth of the electrodeposited metal in the direction away
from the charging electrode 15, thus dominating over the general tendency for the growth to

occur in the direction towards the charging electrode 15.

[00125] The parameters governing this particular growth pattern may vary as they are
interrelated. For example, a higher flow rate will typically provide less of a fuel ion
differential at any given reduction site, as in essence the electrolyte volume is exposed to the
reduction potential for less time . This may contribute to growth in the direction towards the
charging electrode, whereas a lower flow rate will contribute to growth away from the
charging electrode. Likewise, a higher potential difference between the charging electrode
and the electrode bodies may also tend to contribute to growth in the direction towards the
charging electrode; whereas a lower potential difference may do the converse. Further, a
higher fuel ion concentration may result in less of a gradient between the upstream and
downstream sides of any given reduction site, also contributing to growth in the direction
towards the charging electrode; whereas a lower concentration may do the converse.
Moreover, other factors, such as temperature, or the pH or other characteristics of the
electrolyte, may contribute to the directionality of the growth. Because all these factors are in
competition and no single one of them overwhelmingly dictates the final growth pattern, they
may be varied and adjusted with respect to one another to achieve the desired growth in the
direction away from the charging electrode so that the stack of electrode bodies can be

charged with the electrodeposited fuel.

[00126] An advantage of achieving growth in this manner is that the competition between
growth directions may allow the growth to occur more slowly among the electrode bodies

14a-h so that it occurs more densely as the growth proceeds among them.

[00127] It is also within the scope of the invention to alter the arrangement and have the
electrode body 14h distal from the charging electrode 15 be the terminal electrode body. In
such an arrangement, the desired growth direction would be towards the charging electrode
15, rather than away from it. In such a situation, it is possible to reverse the flow so that it
flows away from the charging electrode 15 (i.e., in the normal current generating direction of
the illustrated embodiment running from electrode body 14a to electrode body 14h). In this

arrangement, the growth of the fuel towards the charging electrode 15 would be
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overwhelmingly dominant, both because of the natural tendency for metal to grow towards
the charging electrode 15 due to its anodic potential, and because the concentration of fuel
ions would be greater on the upstream side towards the charging electrode 15. While this is
possible and is within the broad scope of the invention, the growth may occur very rapidly
because there is little or no competition in the opposite direction, and the resulting growth
morphology may be less dense. More specifically, because the growth will occur more
rapidly, the connections between the electrode bodies will be established more rapidly, and
thus the growth between each set of electrode bodies will tend to be less dense. This may be

desirable in certain embodiments.

[00128] As mentioned above, it is also possible to have the charging electrode be either the
second electrode 12, or a separate third electrode on the same side as the second electrode,
such as in the gap 60. In this case, the electrode body 14a may be used as the terminal
electrode body for charging purposes, and the flow may run in the direction from the first
electrode 14 towards the charging electrode (i.e., from electrode body 14a to electrode body
14h within the first electrode 14). In such an approach, it would be preferable for the
potential difference to be the dominant factor in the directionality of the electrodeposition,
such that the flow permeable growth grows from the terminal electrode body 14a towards
electrode body 14h. Some competition from the tendency for growth to occur in the direction
of the concentration gradient (i.c., upstrecam) in such an arrangement may beneficially
enhance the growth density. Alternatively, the flow may be reversed to run through the first
electrode away from the charging electrode (i.e., from electrode body 14h to electrode body
14a within the first electrode 14) so that both the potential and the concentration gradient

contribute to directionality of the growth in that direction.

[00129] Likewise, where the charging electrode is either the second electrode 12 or a
separate electrode on the same side as the second electrode 12, the electrode body 14h may be
used as the terminal electrode body for charging purposes, and the flow may run in the
direction from the first electrode 14 towards the charging electrode (i.c., from electrode body
14a to electrode body 14h within the first electrode 14, which is the same as the normal
current generating direction). In this approach, the dominant factor in the directionality of the
electrodeposition may be concentration gradient, such that the flow permeable growth is from
terminal body 14h toward electrode body 14a (i.c., away from the charging electrode). This
is similar in growth pattern to the embodiment illustrated in Figures 14-18, albeit the location

of the charging electrode and the flow direction are reversed. The density achieved by
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competition between the potential driven tendency to grow towards the charging electrode

and the concentration driven tendency to grow upstream in the flow would be present here.

[00130] In other embodiments, it is possible to provide for bi-directional charging of the first
electrode 14. For example, at one or more times during the charging, the electrolyte flowing
in the direction from the first electrode 14 towards the charging electrode 15 may be reversed
to flow in the opposite direction (i.e., from the charging eclectrode 15 towards the first
electrode 14). As a result, both types of growth may be achieved, thus providing bi-
directional growth of the metal fuel both towards and away from the charging electrode 15.
Such an approach may be used with the terminal electrode body being any one of the
electrode bodies 14a-h, including any one of the intermediate clectrode bodies. Thus, the

broadest aspects of the invention are not intended to be limited to uni-directional growth.

[00131] As mentioned before, it is possible to practice this multiple electrode body
deposition technique in a cell with flow that is parallel to the electrodes rather than
orthogonally through them, or in a cell with no flow at all. In such embodiments, it would be
preferable for the terminal electrode body to be the one distal from the charging electrode
(i.e., the electrode functioning as the anode during re-charging) so that the growth towards the
charging electrode progresses through the multiple electrode bodies 14a-14h by its natural

tendency to grow towards the anodic potential.

[00132] To complete the charging, the electrical current is then removed to discontinue the

charging.

[00133] Once the charging is completed, the cell may be used to generate electrical current.
The cell may be operated in any manner, including as described above with respect to the
prior embodiment. The metal fuel is oxidized on the permeable electrode bodies 14a-h of the
first electrode 14 functioning as an anode, and an oxidizer is reduced at the second electrode
12 functioning as a cathode. As a result, electrons are generated for conduction from the first
electrode to the second electrode via a load, and the oxidized fuel ions and reduced oxidizer
ions react to form a by-product in the electrolyte. Preferably, as described above with regard
to the prior embodiment, the electrolyte flows along the flow path in a direction from the first
electrode 14 towards the second electrode 12 (a) through the permeable electrode bodies 14a-
h of the first electrode 14 and towards the second electrode 12 across the gap 60 to transport
at least the electrolyte and the oxidized fuel ions away from the first electrode 14 and towards

the second electrode 12, and (b) then through the one or more return channels 66 to transport
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at least the electrolyte and the by-product formed by the reaction of the oxidized fuel ions and
the reduced oxidizer ions away from the gap 60. While it is preferred that the current
generation occur with the electrolyte flowing through the flow path as described with regard
to the prior embodiment, it is within the scope of the invention to use the charging method
described above with any type of electrochemical cell, including one with parallel flow or one

that does not rely on flow to assist in the current generation.

[00134] In the illustrated embodiment of Figures 14-18, as an option the permeable electrode
body 14h proximate to the second electrode 12 may be used as the terminal electrode body for
purposes of connecting to the load to which current is delivered (irrespective of whether it
was the terminal electrode body for purposes of charging). While as a practical matter
oxidation may occur throughout the stack of eclectrode bodies 14a-h, the consumption
progresses through the electrode stack in the direction towards the second electrode 12.
Specifically, the consumption progresses from the electrode body 14a distal to the second
electrode progressively through to the proximate electrode body 14h. It is believed that this
occurs because oxidized fuel ions are generated in the stack upstream of the proximate
electrode body 14h, but because they continue to be exposed to the anodic electrode bodies
and their growth formations, which are functioning as oxidation sites, they tend to re-reduce.
This provides a “cascading” effect, with the fuel at the upstream anodic sites oxidizing and re-
reducing progressively through the stack, which in turn causes the fuel to be progressively
consumed in the direction of the second electrode. Ultimately, as an overall net result of the
oxidation occurring throughout the stack, oxidized fuel ions enter the gap and travel away
from the proximate electrode body 14h, thus enabling the remaining fuel cell reaction to occur
in the gap as described above. Thus, the overall net reaction will provide for a continuous
generation of electrons based on the transport of oxidized fuel ions away from the proximate
electrode body 14h. This action is enhanced by the use of the transport flow described above,
which actively transports the oxidized fuel ions away from the electrode body 14h. As such,
the progression of fuel consumption begins (with respect to the non-limiting illustrated
embodiment) at electrode body 14a and its associated growth formation, and then works
through the eclectrode stack with each electrode body becoming disconnected and inactive
until the fuel at electrode body 14h is finally consumed. This is not intended to be limiting,
and other arrangements for enabling consumption of the fuel may be provided, and the flow

may be in any direction or not used at all.
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[00135] Figures 19 and 20 show alternative embodiments where each of the bodies 14a-14h
in the stack is coupled to the load. Using such an approach is desirable, as during power
generation (i.e., discharge), oxidization may be occurring throughout the stack, thus liberating
electrons for conduction to the load. By connecting terminals for current collection purposes
to all the electrode bodies 14a-14h, these electrons can be collected directly from each
electrode body. Morcover, this arrangement is desirable because it still allows for current
collection from oxidation reactions on-going at eclectrode bodies that have become
“disconnected” from the other electrode bodies by consumption of the growth between the
bodies. Such a condition may occur during power generation or discharge based on various
factors. In some embodiments, this may be preferred over using a single terminal for

purposes of connection to the load, as discussed above.

[00136] However, having all the electrode bodies connected together in parallel may not be
desirable when attempting to create the progressive growth of fuel described above. Instead,
it is desirable to have one (or a select few) electrodes connected to the external circuit during

charging.

[00137] Figure 19 shows an embodiment similar to Figure 16, but with the load coupled in
parallel to each of the electrode bodies 14a-14h of the first electrode 14, and also to the
second electrode 12 (which in this case is not the same as the charging electrode 15 and is
spaced apart by the gap as shown in Figures 14 and 15). Thus, during current generation, the
fuel on the first electrode 14 is oxidized, generating electrons that are conducted to power the
load and then conducted to the second electrode 12 for reduction of the oxidizer (as discussed
in more detail above). Figure 19 also schematically illustrates a power supply used for
charging purposes coupled between the charging electrode 15 and the electrode body 14a. As
discussed above in more detail, the power supply applies a potential difference between the
terminal electrode body 14a and the charging electrode 15 such that the fuel is reduced and
electrodeposited onto the terminal electrode body 14a and the corresponding oxidation
reaction takes place at the charging electrode 15. To ensure that the growth occurs in a
progressive manner through the stack from electrode body 14a in the direction towards
electrode body 14h as discussed above, one or more current isolators 90 are provided to

isolate the other electrode bodies 14b-14h from the circuit connected to the power supply.

[00138] The current isolators 90 prevent current from flowing among the electrode bodies

14a—14h, except as enabled by the progressive growth of the fuel during charging. The
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current isolators 90 also isolate the electrode bodies 14b—14h from direct connection with the
power supply, such that the only connection is that established by the progressive growth.
Stated differently, the isolators 90 prevent the potential of the power supply from being
applied directly to those electrode bodies 14b-14h via the circuit during charging. As such,
the only way for the electrical current/potential to be applied to those electrode bodies 14b-
14h is via the electrodeposited growth within the stack as described above.  The current
isolators 90 may take any form, and no particular isolator should be regarded as limiting. For
example, a current isolator 90 may be provided by one or more diodes that are oriented to
allow electrons to flow from an electrode bodies 14a-14h to the circuit portion comprising the
load, but prevent any current flow in the opposite direction. Likewise, a current isolator 90
may be a switch that is closed during power generation/discharge to connect an electrode
body 14a-14h to the circuit portion comprising the load, and that is open during charging to
disconnect and isolate the electrode body 14a-14h from that circuit. Any suitable control
mechanism may be provided to control the action of the switch between the open and closed
positions. For example, a relay switch that is biased toward the open position may be used,
with an inductive coil coupled to the power supply that causes closure of the switch when
charging begins. Further, a more complex switch that allows for individual connection to a
plurality of the electrode bodies 14a-14h could be wused to provide the
connection/disconnection to and from the load, and to and from each other. Also, the current
isolators may be different elements, such as a switch for current isolator 90 at electrode body
14a, and one-way diodes at the other electrode bodies 14b-14h. The flow of electrons is
shown in dashed and solid arrows in Figure 19 to illustrate the general functionality of the
current isolator(s). Any other suitable electrical component that provides such isolation may

be used.

[00139] Also, the configuration of Figure 19 may be altered to work with any of the
alternative embodiments described herein, or any other embodiments within the scope of the
invention. For example, if another electrode body (e.g., body 14h) is used as the terminal
electrode body during charging, then the power supply may be coupled to that electrode body
and one or more current isolators may be used during charging to isolate the electrode body

from the circuit comprising the load and the other electrode bodies.

[00140] Figure 20 shows an embodiment where the second electrode 12 is also the charging
electrode (hence, it has been labeled both 12 and 15 in the Figure). Thus, the second

electrode 12 functions as the cathode during power generation/discharge, and as the anode
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during charging, as described above. In Figure 20, the load is coupled in parallel to each of
the clectrode bodics 14a-14h of the first electrode 14, and also to the second electrode 12.
Thus, during current generation, the fuel on the first electrode 14 is oxidized, generating
electrons that are conducted to power the load and then conducted to the second electrode 12
for reduction of the oxidizer (as discussed in more detail above). Figure 20 also schematically
illustrates a power supply used for charging purposes coupled between the second electrode
12 and the terminal electrode body 14a. As discussed above in more detail, the power supply
applies a potential difference between the terminal electrode body 14a and the second
electrode 12 such that the fuel is reduced and electrodeposited onto the terminal electrode
body 14a, and the corresponding oxidation reaction takes place at the second electrode 12
(functioning as the charging clectrode). To ensure that the growth occurs in a progressive
manner through the stack from electrode body 14a in the direction towards electrode body
14h as discussed above, one or more current isolators 90 are provided to isolate the other
electrode bodies 14b-14h from the circuit connected to the power supply. Also, one or more,
and in this case a pair, of optional second current isolators 92 are provided to isolate the
power supply from the electrodes 12, 14 and 15 during power generation. An optional third
current isolator is provided to isolate the second electrode 12 and the power supply from the

circuit comprising the load and the other electrode bodies 14a-14h during charging.

[00141] Similarly to the current isolator in Figure 19, the current isolators 90 in Figure 20
prevent current from flowing directly between the other electrode bodies 14b-14h and the
power supply via the circuit during charging, and also among the electrode bodies, except as
enabled by the progressive growth of the fuel. Stated differently, the isolators 90 prevent the
potential of the power supply from being applied directly to those electrode bodies 14b-14h
via the circuit during charging. Thus, the electrical current/potential is only applied to
electrode bodes 14b-14h via the electrodeposition growth within the stack as described above.
Preferably, the current isolator 90 in Figure 20 is a switch that moves between open and
closed positions, as a diode would not provide an isolation function in the illustrated design.
Likewise, the second current isolators 92 prevents current from flowing between the
electrodes and the power supply during power generation, but allows current to flow from the
power supply during charging; and the third current isolator 94 prevents current from flowing
between the second electrode and the circuit portion comprising the load and the other
electrode bodies 14a-14h during charging, but allows current to flow from the load to the

second electrode 12 during power generation. These second and third current isolators may
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be omitted in some systems. As such, the only way for the electrical current/potential to be
applied to those electrode bodies 14b-14h is via the electrodeposited growth within the stack
as described above. The current isolators may take any form, including those mentioned

above, and no particular isolator should be regarded as limiting.

[00142] It is also possible in any of the embodiments of the invention to apply the cathodic
potential simultaneously to all the electrode bodies of the anode, rather than to just one to
produce body-by-body progressive growth. Progressive growth emanating from one terminal
is advantageous because it provides more density. Specifically, the growth in the previously
connected electrode bodies continues as ecach subsequent body is connected by the
progressing growth. However, progressive growth takes more time than applying the
cathodic potential to multiple electrode bodies simultancously. With all the electrode bodies
subject to the same potential, the growth will only occur until a short occurs between the
charging electrode 12/15 and the electrode body proximate to it. Thus, it is possible to have a
faster, but less dense, growth in this manner, which may be amenable to certain re-charging

needs.

[00143] The foregoing illustrated embodiments have been provided solely for illustrating the
structural and functional principles of the present invention and are not intended to be
limiting. For example, the present invention may be practiced using different fuels, different
oxidizers, different electrolytes, and/or different overall structural configuration or materials.
Thus, the present invention is intended to encompass all modifications, substitutions,

alterations, and equivalents within the spirit and scope of the following appended claims.
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WHAT IS CLAIMED IS:

1. A method for operating an electrochemical cell, wherein the cell comprises:

a first electrode comprising a series of permeable electrode bodies arranged in spaced
apart relation;

a second electrode spaced apart from the first electrode;

a charging electrode spaced apart from the first electrode, the charging electrode being
selected from the group consisting of (a) the second electrode, and (b) a third electrode;

an ionically conductive medium communicating the electrodes, the ionically
conductive medium comprising reducible fuel ions;

wherein the method comprises:

A. charging the electrochemical cell by:

L. applying an electrical current between the charging electrode and at
least one of the permeable electrode bodies with the charging electrode functioning as an
anode and the at least one permeable electrode body functioning as a cathode, such that the
reducible fuel ions are reduced and electrodeposited as fuel in oxidizable form on the at least
one permeable electrode body;

1. said electrodeposition causing growth of the fuel among the permeable
clectrode bodies such that the electrodeposited fuel establishes an electrical connection
between the permeable electrode bodies; and

1. removing the electrical current to discontinue the charging;

B. generating electrical current using the electrochemical cell by oxidizing the
fuel on the permeable electrode bodies of the first electrode functioning as an anode and
reducing an oxidizer at the second electrode functioning as a cathode whereby electrons are
generated for conduction from the first electrode to the second electrode via a load, and the

oxidized fuel ions and reduced oxidizer ions react to form a by-product.

2. A method according to claim 1, wherein the reducible fuel ions are reducible

metal fuel ions and the electrodeposited fuel is electrodeposited metal fuel.

3. A method according to claim 2, wherein during said charging the
electrochemical cell:
the electrical current is applied between a terminal one of the permeable electrode

bodies with the charging electrode functioning as the anode and the terminal electrode body
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functioning as the cathode, such that the reducible metal fuel ions are reduced and
electrodeposited as metal fuel in oxidizable form on the terminal permeable electrode body;
said electrodeposition causing growth of the metal fuel among the permeable electrode
bodies such that the electrodeposited metal fuel establishes an electrical connection between
the terminal electrode body and each subsequent permeable electrode body with said
reduction and deposition occurring on each subsequent permeable clectrode body upon

establishment of said electrical connection.

4. A method according to claim 3, wherein the ionically conductive medium is an
electrolyte.
5. A method according to claim 4, wherein during said charging the

electrochemical cell the electrolyte flows along a flow path through the permeable electrode
bodies, and said electrodeposition causes growth of the metal fuel in a flow permeable

morphology.

6. A method according to claim 5, wherein during the charging the electrolyte

flows in a direction from the first electrode towards the charging electrode.

7. A method according to claim 6, wherein the growth of the metal fuel is in a

direction away from the charging electrode.

8. A method according to claim 7, wherein the terminal permeable electrode body

is the electrode body proximate the charging electrode.

9. A method according to claim 5, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

10. A method according to claim 6, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.
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11. A method according to claim 7, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

12. A method according to claim &, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

13. A method according to claim 5, wherein during the charging the electrolyte

flows in a direction from the charging electrode towards the first electrode.

14. A method according to claim 13, wherein the growth of the metal fuel is in a

direction towards the charging electrode.

15. A method according to claim 14, wherein the terminal permeable electrode

body is the electrode body distal the charging electrode.

16. A method according to claim 13, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

17. A method according to claim 14, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

18. A method according to claim 15, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

19. A method according to claim 5, wherein during the charging the electrolyte

flow is reversed to flow in a direction from the charging electrode towards the first electrode.
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20. A method according to claim 19, wherein the growth of the metal fuel is bi-

directional both towards and away from the charging electrode.

21. A method according to claim 20, wherein the terminal permeable electrode
body is an intermediate electrode body between the electrode bodies proximate and distal the

charging electrode.

22. A method according to claim 19, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

23. A method according to claim 20, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

24. A method according to claim 21, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

25. A method according to claim 5, wherein the reducible fuel ions used in
charging the electrochemical cell are provided by the by-product in the electrolyte formed by

the oxidized fuel ions and reduced oxidizer ions.

26. A method according to claim 5, wherein a gap is provided between the first
and second electrodes, and the cell further comprises one or more return channels
communicated to the gap;

wherein said generating an electrical current using the electrochemical cell further
comprises:

flowing electrolyte along the flow path in a direction from the first electrode towards
the second electrode (a) through the permeable clectrode bodies of the first electrode and
towards the second electrode across the gap to transport at least the electrolyte and the
oxidized fuel ions away from the first electrode and towards the second electrode, and (b)
then through the one or more return channels to transport at least the electrolyte and the by-
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product formed by the reaction of the oxidized fuel ions and the reduced oxidizer ions away

from the gap.

27. A method according to claim 26, wherein during the charging the electrolyte

flows in a direction from the first electrode towards the charging electrode.

28. A method according to claim 27, wherein the growth of the metal fuel is in a

direction away from the charging electrode.

29. A method according to claim 28, wherein the terminal permeable electrode

body is the electrode body proximate the charging electrode.

30. A method according to claim 26, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

31. A method according to claim 27, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

32. A method according to claim 28, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

33. A method according to claim 29, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

34. A method according to claim 26, wherein during the charging the electrolyte

flows in a direction from the charging electrode towards the first electrode.
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35. A method according to claim 34, wherein the growth of the metal fuel is in a

direction towards the charging electrode.

36. A method according to claim 35, wherein the terminal permeable electrode

body is the electrode body distal the charging electrode.

37. A method according to claim 34, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

38. A method according to claim 35, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

39. A method according to claim 36, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

40. A method according to claim 26, wherein during the charging the electrolyte

flow is reversed to flow in a direction from the charging electrode towards the first electrode.

41. A method according to claim 40, wherein the growth of the metal fuel is bi-

directional both towards and away from the charging electrode.

42. A method according to claim 41, wherein the terminal permeable electrode
body is an intermediate electrode body between the electrode bodies proximate and distal the

charging electrode.

43. A method according to claim 40, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.
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44. A method according to claim 41, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

45. A method according to claim 42, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

46. A method according to claim 26, wherein the reducible fuel ions used in
charging the electrochemical cell are provided by the by-product in the electrolyte formed by

the oxidized fuel ions and reduced oxidizer ions.

47. A method according to claim 3, wherein the electrode bodies are coupled in
parallel with one another and the load, and wherein at least one current isolator is connected

between the terminal electrode body and the other electrode bodies and the load,

wherein said at least one current isolator prevents conduction of the electrical current

applied to the terminal electrode body during charging to the other electrode bodies, and

wherein said at least one current isolator permits conduction of the electrical current

from the terminal electrode body to the load when using the electrochemical cell.

48. A method for charging an electrochemical cell, wherein the cell comprises:

a first electrode comprising a series of permeable electrode bodies arranged in spaced
apart relation;

a second electrode spaced apart from the first electrode;

a charging electrode spaced apart from the first electrode, the charging electrode being
selected from the group consisting of (a) the second electrode, and (b) a third electrode;

an ionically conductive medium communicating the electrodes, the ionically
conductive medium comprising reducible fuel ions;

wherein the method comprises:

L. applying an electrical current between the charging electrode and at

least one of the permeable electrode bodies with the charging electrode functioning as an

anode and the at least one permeable electrode body functioning as a cathode, such that the

-41 —



WO 2009/142848 PCT/US2009/040658

reducible fuel ions are reduced and electrodeposited as fuel in oxidizable form on the at least
one permeable electrode body;

1. said electrodeposition causing growth of the fuel among the permeable
clectrode bodies such that the electrodeposited fuel establishes an electrical connection
between the permeable electrode bodies; and

1. removing the electrical current to discontinue the charging.

49. A method according to claim 48, wherein the reducible fuel ions are reducible

fuel ions and the electrodeposited fuel is electrodeposited metal fuel.

50. A method according to claim 49, wherein during said charging the
electrochemical cell:

the electrical current is applied between a terminal one of the permeable electrode
bodies with the charging electrode functioning as the anode and the terminal electrode body
functioning as the cathode, such that the reducible metal fuel ions are reduced and
electrodeposited as metal fuel in oxidizable form on the terminal permeable electrode body;

said electrodeposition causing growth of the metal fuel among the permeable electrode
bodies such that the electrodeposited metal fuel establishes an electrical connection between
the terminal electrode body and each subsequent permeable electrode body with said
reduction and deposition occurring on each subsequent permeable clectrode body upon

establishment of said electrical connection.

51. A method according to claim 50, wherein the ionically conductive medium is

an electrolyte.

52. A method according to claim 51, wherein during said charging the
electrochemical cell the electrolyte flows along a flow path through the permeable electrode
bodies, and said electrodeposition causes growth of the metal fuel in a flow permeable

morphology.

53. A method according to claim 52, wherein during the charging the electrolyte

flows in a direction from the first electrode towards the charging electrode.
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54. A method according to claim 53, wherein the growth of the metal fuel is in a

direction away from the charging electrode.

55. A method according to claim 54, wherein the terminal permeable electrode

body is the electrode body proximate the charging electrode.

56. A method according to claim 52, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

57. A method according to claim 53, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

58. A method according to claim 54, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

59. A method according to claim 55, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

60. A method according to claim 52, wherein during the charging the electrolyte

flows in a direction from the charging electrode towards the first electrode.

61. A method according to claim 60, wherein the growth of the metal fuel is in a

direction towards the charging electrode.

62. A method according to claim 61, wherein the terminal permeable electrode

body is the electrode body distal the charging electrode.

-43 —



WO 2009/142848 PCT/US2009/040658

63. A method according to claim 60, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

64. A method according to claim 61, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

65. A method according to claim 62, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

66. A method according to claim 52, wherein during the charging the electrolyte

flow is reversed to flow in a direction from the charging electrode towards the first electrode.

67. A method according to claim 66, wherein the growth of the metal fuel is in a

bi-directional both towards and away from the charging electrode.

68. A method according to claim 67, wherein the terminal permeable electrode
body is an intermediate electrode body between the electrode bodies proximate and distal the

charging electrode.

69. A method according to claim 66, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

70. A method according to claim 67, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.

71. A method according to claim 68, wherein said growth of the metal fuel is

selected from the group consisting of dense branch morphology growth and dendritic growth.
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72. An electrochemical cell comprising:

a first electrode comprising a series of permeable electrode bodies arranged in spaced

apart relation;
a second electrode spaced apart from the first electrode;

a charging electrode spaced apart from the first electrode, the charging electrode being

selected from the group consisting of (a) the second electrode, and (b) a third electrode;

an imically conductive medium communicating the electrode, the imically conductive

medium comprising reducible fuel ions;

wherein the spaced apart relation of said permeable electrode bodies of the first
electrode enables an electrical current to be applied between the charging electrode and at
least one of the permeable anode bodies with the charging electrode functioning as an anode
and the at least one permeable electrode body functioning as a cathode, such that the reducible
fuel ions are reduced and electrodeposited as fuel in oxidizable form on the at least one
permeable electrode body, whereby the electrodeposition causes growth of the fuel among the
permeable electrode bodies such that the electrodeposited fuel establishes an electrical

connection between the permeable electrode bodies.
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