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(57) ABSTRACT

An electrochemical cell includes a fuel electrode configured
to operate as an anode to oxidize a fuel when connected to a
load. The cell also includes an oxidant electrode configured to
operate as a cathode to reduce oxygen when connected to the
load. The fuel electrode comprises a plurality of scaffolded
electrode bodies. The present invention relates to an electro-
chemical cell system and method of resetting the electro-
chemical cell by applying a charge (i.e. voltage or current) to
the cell to drive oxidation of the fuel, wherein the fuel elec-
trode operates as an anode, and the second cell operates as a
cathode, removing uneven distributions of fuel that may
cause premature shorting of the electrode bodies to improve
capacity, energy stored, and cell efficiency.
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BATTERY RESETTING PROCESS FOR
SCAFFOLD FUEL ELECTRODE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. patent appli-
cation Ser. No. 14/789,382, filed Jul. 1, 2015, which is a
divisional of U.S. Pat. No. 9,105,946, issued Aug. 11, 2015,
which claims the benefit of priority to U.S. Provisional Appli-
cation Ser. No. 61/394,954, filed Oct. 20, 2010, the contents
of all applications being incorporated herein by reference in
their entireties.

FIELD

[0002] The present invention is generally related to an elec-
trochemical cell, and more particularly to a metal-air cell,

BACKGROUND

[0003] Electrochemical cells using metal as the fuel are
known. A type of electrochemical cell is a metal-air cell,
which typically comprises a fuel anode at 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] In some metal-air cells, such as those disclosed in
U.S. patent application Ser. Nos. 12/385,489 and 12/901,410,
both of which are incorporated herein by reference, the fuel
anode comprises a plurality of scaffolded electrode bodies.
Metal fuel is reduced and electrodeposited on the electrode
bodies. One challenge with this type of design is ensuring that
the growth does not prematurely short adjacent electrode
bodies together, thus cutting short the opportunity for dense
growth between the bodies.

[0005] In such scaffolded metal-air cells, manufacturing
error, defects, and wear and tear of the air breathing cathode
may result in some areas of fuel on the electrode bodies not
being oxidized as rapidly as other areas when the cell is in a
current generating mode. When such a cell is then placed in a
charging mode, these areas of built-up fuel may cause pre-
mature formation of electrical connections between the elec-
trode bodies, which may reduce charge capacity, overall cell
efficiency, and energy stored in the battery.

[0006] Among other things, the present application
endeavors to provide an effective and improved way of elimi-
nating the areas of metal fuel from the fuel anode, effectively
resetting the fuel anode of the fuel cell to a fresh chargeable
condition.

SUMMARY

[0007] According to an aspect of the present invention,
there is provided a method for resetting an electrochemical
cell. The electrochemical cell includes a fuel electrode, an
oxidant electrode spaced from the fuel electrode, a charging
electrode selected from the group consisting of (a) the oxidant
electrode, and (b) a third electrode spaced from the fuel and
oxidant electrodes, and an ionically conductive medium con-
tacting the electrodes. The fuel electrode and the oxidant
electrode are configured to, during discharge, oxidize a metal
fuel at the fuel electrode into a reducible fuel species and
reduce an oxidant at the oxidant electrode to generate an
electrical discharge current therebetween for applicationto a
load. The fuel electrode and the charging electrode are con-
figured to, during re-charge, reduce the reducible species of
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the fuel to electrodeposit the fuel on the fuel electrode and
oxidize an oxidizable species of the oxidant by application of
an electrical recharge current therebetween from a power
source. The method includes applying an electrical reset cur-
rent between the fuel electrode and at least one other aforesaid
electrode of the cell with the fuel electrode functioning as an
anode and the other aforesaid electrode functioning as a cath-
ode, such that the metal fuel on the fuel electrode is oxidized
into the reducible fuel species. By other aforesaid electrode, it
is understood that if the charging electrode is the oxidant
electrode, then the other aforesaid electrode is the oxidant
electrode. If the charging electrode is the third electrode,
however, then the other aforesaid electrode may be either the
oxidant electrode or the third electrode. The method may also
include removing the electrical reset current to discontinue
the resetting process.

[0008] According to another aspect ofthe present invention
there is provided an electrochemical cell system comprising
an electrochemical cell and a controller. The electrochemical
cell contains a fuel electrode having a series of permeable
electrode bodies arranged in spaced apart relation for receiv-
ing electrodeposited metal fuel. The cell also has an oxidant
electrode spaced apart from the fuel electrode, and a charging
electrode spaced apart from the fuel electrode. The charging
electrode is selected from the group consisting of (a) the
oxidant electrode, and (b) a third electrode. The cell further
contains an ionically conductive medium communicating the
electrodes. The electrochemical cell system may also have
circuitry configured to provide electrical connections
between the fuel electrode, the oxidant electrode, and the
charging electrode. The system may also contain a power
input circuit and a power output circuit. There may also be a
plurality of switches on the circuitry, configured to selectively
open or close the electrical connections the between the fuel
electrode, the oxidant electrode, the charging electrode, the
power input circuit, and the power output circuit. In the cell
system, the cell is configured to generate an electrical dis-
charge current by oxidizing the metal fuel on the electrode
bodies of the fuel electrode and reducing an oxidizer at the
oxidant electrode. The spaced apart relation of the permeable
electrode bodies of the fuel electrode may enable an electrical
recharge 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. This
configuration may enable reducible fuel ions to be reduced
and electrodeposited from the ionically conductive medium
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. The controller of the
electrochemical cell system may be configured to control an
open state or a closed state of each of the plurality of switches
of the electrochemical cell in response to a control instruc-
tion. The controller may further be configured to selectively
open and/or close the plurality of switches to apply an elec-
trical reset current from a power source to the power input
circuit, and between the fuel electrode and at least one other
aforesaid electrode, with the fuel electrode functioning as an
anode and the other aforesaid electrode functioning as a cath-
ode, such that the metal fuel on the fuel electrode is oxidized
into reducible fuel species. By other aforesaid electrode, it is
again understood that if the charging electrode is the oxidant
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electrode, then the other aforesaid electrode is the oxidant
electrode. If the charging electrode is the third electrode,
however, then the other aforesaid electrode may be either the
oxidant electrode or the third electrode. The controller may
also be configured to selectively open and/or close the plu-
rality of switches to remove the electrical reset current to
discontinue the resetting process.

[0009] Other aspects of the present invention will become
apparent from the following detailed description, the accom-
panying drawings, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the invention will now be
described, by way of example only, with reference to the
accompanying schematic drawings in which corresponding
reference symbols indicate corresponding parts, and in
which:

[0011] FIG. 1 illustrates a cross-sectional view of an elec-
trochemical cell system that includes two electrochemical
cells;

[0012] FIG. 2 illustrates an exploded view of the electro-
chemical cell system of FIG. 1;

[0013] FIG. 3 illustrates an electrode holder of one of the
electrochemical cells of FIG. 1;

[0014] FIG. 4 illustrates the electrode holder of FIG. 3
holding a fuel electrode and a plurality of spacers connected
to the electrode holder;

[0015] FIG. 5 illustrates one of the spacers of FIG. 4 in
greater detail;
[0016] FIG. 6 illustrates a connection between the spacer of

FIG. 5 and the electrode holder of FIG. 3 in greater detail;
[0017] FIG. 7 illustrates a fluidization zone defined in part
by the electrode holder of FIG. 3 in greater detail;

[0018] FIG. 8 schematically illustrates electrical connec-
tions between the electrochemical cell and an external load
and a power supply according to an embodiment of the
present invention

[0019] FIG. 9 schematically illustrates electrical connec-
tions between the electrochemical cell and an external load
and a power supply according to an embodiment of the
present invention.

[0020] FIG. 10 is an isolated schematic view of the elec-
trode bodies of an electrochemical cell having a defect in an
air cathode, showing electrodeposited fuel growth thereon
prior to the initial discharge of the cell;

[0021] FIG. 11 shows the consumption of the metal fuel of
FIG. 10 during discharge;

[0022] FIG. 12 shows the continued consumption of the
metal fuel of FIGS. 10 and 11;

[0023] FIG. 13 shows the growth of the metal fuel of FIGS.
10-12 during the recharging of the electrochemical cell;

[0024] FIG. 14 shows the continued growth of the metal
fuel of FIG. 13;
[0025] FIG. 15 shows the continued growth of the metal

fuel of FIGS. 13 and 14;
[0026] FIG. 16 shows the consumption of the metal fuel of
FIG. 15 during discharge;

[0027] FIG. 17 shows the cell of FIG. 16 in an effectively
depleted state;

[0028] FIG. 18 shows the cell of FIG. 17 configured to be
reset;
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[0029] FIG. 19 shows an isolated schematic view of an
electrochemical cell system comprising an electrochemical
cell similar to that of FIG. 18, further comprising a controller;
and

[0030] FIG. 20 shows a schematic view of an electrochemi-
cal cell system comprising a plurality of modules of the cells
connected by a charge/discharge control system and a main-
tenance subsystem.

DETAILED DESCRIPTION

[0031] FIGS.1 and 2 illustrate an electrochemical cell sys-
tem 100 that includes two electrochemical cells 10 according
to an embodiment of the invention. Asillustrated, each cell 10
includes a fuel electrode 12, and an oxidant electrode 14 that
is spaced from the fuel electrode 12. The fuel electrode 12
supported by an electrode holder 16. The electrochemical
system 100 also includes a cover 19 that is used to cover the
electrochemical cells 10 on one side of the system 100, while
one of the electrode holders 16 is used to cover the opposite
side of the system 100, as illustrated in FIG. 1.

[0032] In an embodiment, the fuel electrode 12 is a metal
fuel electrode that functions as an anode when the cell 10
operates in discharge, or electricity generating, mode, as dis-
cussed in further detail below. In an embodiment, the fuel
electrode 12 may comprise a permeable electrode body 124,
such as a screen that is made of any formation able to capture
and retain, through electrodepositing, or otherwise, particles
or ions of metal fuel from an ionically conductive medium
that circulates in the cell 10, as discussed in further detail
below.

[0033] The fuel may be a metal, such as iron, zinc, alumi-
num, 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, molecular (including metal hydrides), or alloy form
when collected on the electrode body. However, the present
invention is not intended to be limited to any specific fuel, and
others may be used. The fuel may be provided to the cell 10 as
particles suspended in the ionically conductive medium.
[0034] The ionically conductive medium may be an aque-
ous solution. Examples of suitable mediums include aqueous
solutions comprising sulfuric acid, phosphoric acid, triflic
acid, nitric acid, potassium hydroxide, sodium hydroxide,
sodium chloride, potassium nitrate, or lithium chloride. The
medium may also use a non-aqueous solvent or an ionic
liquid. In the non-limiting embodiment described herein, the
medium is aqueous potassium hydroxide.

[0035] The fuel may be oxidized at the fuel electrode 12
when the fuel electrode 12 is operating as an anode, and an
oxidizer, such as oxygen, may be reduced at the oxidant
electrode 14 when the oxidant electrode 14 is operating as a
cathode, which is when the cell 10 is connected to a load and
the cell 10 is in discharge or electricity generation mode, as
discussed in further detail below. The reactions that occur
during discharge mode may generate by-product precipitates,
e.g., a reducible fuel species, in the ionically conductive
medium. For example, in embodiments where the fuel is zinc,
zinc oxide may be generated as a by-product precipitate/
reducible fuel species. The oxidized zinc or other metal may
also be supported by, oxidized with or solvated in the elec-
trolyte solution, without forming a precipitate. During a
recharge mode, which is discussed in further detail below, the
by-product precipitates, e.g., zinc oxide, may be reversibly
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reduced and deposited as the fuel, e.g., zinc, onto the fuel
electrode 12, which functions as a cathode during recharge
mode. During recharge mode, either the oxidant electrode 14,
or a separate charging electrode 70, described below, func-
tions as the anode. The switching between discharge and
recharge modes is discussed in further detail below.

[0036] The electrode holder 16 defines a cavity 18 in which
the fuel electrode 12 is held. The electrode holder 16 also
defines an inlet 20 and an outlet 22 for the cell 10. The inlet 20
is configured to allow the ionically conductive medium to
enter the cell 10 and/or recirculate through the cell 10. The
inlet 20 may be connected to the cavity 18 via an inlet channel
24, and the outlet 22 may be connected to the cavity 18 via an
outlet channel 26. As illustrated in FIG. 3, the inlet channel 24
and the outlet channel 26 may each provide a meandering
tortuous path through which the ionically conductive medium
may flow. The meandering path defined by the inlet channel
24 preferably does not include any sharp corners in which the
flow of the medium may become stagnated or in which any
particulates in the medium may collect. As discussed in fur-
ther detail below, the length of the channels 24, 26 may be
designed to provide an increased ionic resistance between
cells that are fluidly connected in series.

[0037] For each cell 10, a permeable seal member 17 may
be bonded between sealing surfaces on the electrode holders
16 and/or the cover 19, as appropriate, to enclose at least the
fuel electrode 12 in the cavity 18. The seal member 17 also
covers the inlet and outlet channels 24, 26. The seal member
17 is non-conductive and electrochemically inert, and is pref-
erably designed to be permeable to the ionically conductive
medium in the orthogonal direction (i.e., through its thick-
ness), without permitting lateral transport of the ionically
conductive medium. This enables the ionically conductive
medium to permeate through the seal member 17 for enabling
ion conductivity with the oxidant electrode 14 on the oppos-
ing side to support the electrochemical reactions, without
“wicking” the ionically conductive medium laterally out-
wardly from the cell 10. A few non-limiting examples of a
suitable material for the seal member 17 are EPDM and
TEFLON®.

[0038] In the illustrated embodiment, the cavity 18 has a
generally rectangular, or square, cross-section that substan-
tially matches the shape of the fuel electrode 12. One side of
the cavity 18, specifically, the side of the cavity 18 that is
connected to the inlet channel 24, includes a plurality of
fluidization zones 28 that are each connected to the inlet
channel 24 via a manifold that includes a plurality of cavity
inlets 34 so that when the ionically conductive medium and
precipitates or reducible fuel species enter the cavity 18, the
ionically conductive medium and fuel enter the fluidization
zones 28. As shown in greater detail in FIG. 7, each fluidiza-
tion zone 28 is partially defined by two surfaces 30, 32 that are
angled with respect to each other but do not touch each other
s0 as to define diverging surfaces with respect to an axis that
extends from the inlet 34 through the center of the fluidization
zone 28. In the illustrated embodiment, the surfaces 30, 32
substantially define a “V”’ with an open bottom that is open to
the inlet 34, as illustrated in FIG. 3. Although the illustrated
embodiment shows the surfaces 30, 32 as being relatively
straight, the surfaces may be curved or partially curved, so
long as the surfaces 30, 32 are diverging from the inlet 34.

[0039] The fluidization zones 28 are configured so that as
the ionically conductive medium with particulates flows into
the cavity 18 via the inlet channel 24, the particulates are
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fluidized in the ionically conductive medium, which allows
for the particulates to be more evenly dispersed in the ioni-
cally conductive medium as the ionically conductive medium
contacts the fuel electrode 12. This is particularly advanta-
geous when the electrochemical cell 10 is oriented with the
open bottom of the V-shaped fluidization zones 28 is pointed
downward, as illustrated in FIG. 7. This is because gravity
will tend to cause the particulates to accumulate at the inlet
end of the cavity 18 between the inlet channel 24 and the
outlet channel 26. By fluidizing the particulates in the ioni-
cally conductive medium, and by providing a pressure drop
across the cavity 18, as discussed in further detail below, the
particulates will flow more evenly across the cavity 18, with
substantially less or no accumulation at the inlet end of the
cavity 18. This may improve the efficiency of the cell 10 by
providing a more even distribution of the particulates across
the surface of the fuel electrode 12.

[0040] As illustrated in FIG. 4, a plurality of spacers 40,
each of which extends across the fuel electrode 12 in a spaced
relation to each other, are connected to the electrode holder 16
so that the fuel electrode 12 may be held in place relative to
the electrode holder 16 and to the oxidant electrode 14. In an
embodiment, the fuel electrode 12 may contain a plurality of
permeable electrode bodies 12a-12¢, as illustrated in FIG. 2,
which may be separated by sets of the plurality of spacers 40,
so that each set of spacers 40 is positioned in between adja-
cent electrode bodies to electrically isolate the electrode bod-
ies 12a-12¢ from each other. Within each set of spacers 40
between adjacent electrode bodies, the spacers 40 are posi-
tioned in a spaced relation in a manner that creates so-called
“flow lanes” 42 therebetween, as discussed in greater detail
below. The flow lanes 42 are three-dimensional and have a
height that is substantially equal to the height of the spacers
40. In an embodiment, the spacers may be provided by a
single frame that has cut-outs corresponding to the flow lanes.
In an embodiment, the flow lanes may include a foam or
honeycomb-type structure that is configured to allow the ioni-
cally conductive medium to flow therethrough. In an embodi-
ment, the flow lanes may include an array of pins that are
configured to disrupt the flow of the ionically conductive
medium through the flow lanes. The illustrated embodiment
is not intended to by limiting in any way.

[0041] The spacers 40 are non-conductive and electro-
chemically inert so they are inactive with regard to the elec-
trochemical reactions in the cell 10. The spacers 40 are pref-
erably sized so that when they are connected to the electrode
holder 16, the spacers 40 are in tension, which allows the
spacers 40 to press against the fuel electrode 12, or one of the
electrode bodies 12a-12¢, so as to hold the fuel electrode 12
or bodies thereof in a flat relation relative to the electrode
holder 16. The spacers 40 may be made from a plastic mate-
rial, such as polypropylene, polyethylene, noryl, fluoropoly-
mer, etc. that allows the spacers 40 to be connected to the
electrode holder 16 in tension.

[0042] Inthe embodiment illustrated in FIG. 5, each spacer
has an elongated middle portion 44, and a shaped connecting
portion 46 at each end. The shaped connecting portions 46 are
configured to be held by openings 48 having substantially
similar shapes in the electrode holder 16, as illustrated in FIG.
6. In the illustrated embodiment, the shaped portions 46 and
the openings 48 have a substantially triangular shape,
although the illustrated shape is not intended to be limiting in
any way. The substantially triangular shape provides surfaces
50 on opposite sides of the elongated portion 44 of the spacer
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40 that are configured to contact corresponding surfaces 52 on
the electrode holder 16. Because the surfaces 50, 52 are
angled with respect to a major axis MA of the elongated
portion 44 of the spacer 40 and the tension in the spacer 40
will be along the major axis MA, the forces created by the
tension may be distributed across a larger surface, as com-
pared to a shaped portion having a circular or square shape
with the same area.

[0043] Once the spacers 40 have been connected to the
electrode holder 16 via the end portions 46, the flow lanes 42
are defined across the cavity 18 of the electrode holder 16.
The spacers 40 are configured to essentially seal off one flow
lane 42a from an adjacent flow lane 425, that is separated by
one of the spacers 40 so that the ionically conductive medium
is guided to generally flow in substantially one direction.
Specifically, the ionically conductive medium may generally
flow in a fuel direction FD across the fuel electrode 12, from
the inlet channel 24 to the outlet channel 26. A suitable
pressure drop is generated between the inlet channel 24 and
the fluidization zones 28 so that the ionically conductive
medium may flow across the cavity 18 and to the outlet
channel 26, even when the cell 10 is oriented such that the
flow is substantially upward and against gravity. In an
embodiment, the ionically conductive medium may also per-
meate through the fuel electrode 12, or an individual perme-
able electrode body 12a-12¢, in a second direction SD and
into a flow lane that is on the opposite side of the fuel elec-
trode 12 or permeable electrode body 12a-12c¢.

[0044] As illustrated in FIG. 8, the fuel electrode 12 is
connected to an external load L so that electrons given off by
the fuel as the fuel is oxidized at the fuel electrode 12 flow to
the external load L. The external load L. may be coupled to
each of the permeable electrode bodies 12a-12¢ in parallel, as
described in detail in U.S. patent application Ser. No. 12/385,
489, filed on Apr. 9, 2009 and incorporated herein by refer-
ence.

[0045] The oxidant electrode 14 functions as a cathode
when the oxidant electrode 14 is connected to the external
load L and the cell 10 operates in discharge mode. When
functioning as a cathode, the oxidant electrode 14 is config-
ured to receive electrons from the external load L and reduce
an oxidizer that contacts the second electrode 14. In an
embodiment, the oxidant electrode 14 comprises an air
breathing electrode and the oxidizer comprises oxygen in the
surrounding air.

[0046] The oxidizer may be delivered to the oxidant elec-
trode 14 by a passive transport system. For example, where
oxygen present in ambient air is the oxidizer, simply exposing
the oxidant electrode 14 to ambient air via openings in the
cell, such as the openings that are provided by grooves 54 in
the cover 19 and grooves 56 in the electrode holder 16 pro-
vided in the center of the electrochemical cell system 100,
may be sufficient to allow diffusion/permeation of oxygen
into the oxidant electrode 14. Other suitable oxidizers may be
used and embodiments described herein are not limited to the
use of oxygen as the oxidizer. A peripheral gasket 15 may be
positioned between the periphery of the oxidant electrode 14
and the cover 19 or electrode holder 16, as appropriate, to
prevent the ionically conductive medium from leaking
around the oxidant electrode 14 and into the area in the
grooves 54, 56 for air exposure.

[0047] In other embodiments, a pump, such as an air
blower, may be used to deliver the oxidizer to the oxidant
electrode 14 under pressure. The oxidizer source may be a
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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 or
active (e.g., pumps, blowers, etc.), by which the air is permit-
ted to flow to the oxidant electrode 14. Thus, the term “oxi-
dizer source” is intended to encompass both contained oxi-
dizers and/or arrangements for passively or actively
delivering oxygen from ambient air to the oxidant electrode
14.

[0048] Electricity that can be drawn by the external load L.
is generated when the oxidizer at the oxidant electrode 14 is
reduced, while the fuel at the fuel electrode 12 is oxidized to
an oxidized form. The electrical potential of the cell 10 is
depleted once the fuel at the fuel electrode 12 is entirely
oxidized or oxidation is arrested due to passivation of the fuel
electrode (as described in greater detail below). A switch 60
may be positioned in between the oxidant electrode 14 and the
load L so that the oxidant electrode 14 may be connected and
disconnected from the load L, as desired.

[0049] To limit or suppress hydrogen evolution at the fuel
electrode 12 during discharge mode and during quiescent
(open circuit) periods of time, salts may be added to retard
such a reaction. Salts of stannous, lead, copper, mercury,
indium, bismuth, or any other material having a high hydro-
gen overpotential may be used. In addition, salts of tartrate,
phosphate, citrate, succinate, ammonium or other hydrogen
evolution suppressing additives may be added. In an embodi-
ment, metal fuel alloys, such as Al/Mg may be used to sup-
press hydrogen evolution.

[0050] After the fuel in the cell 10 has been entirely oxi-
dized, or whenever it is desirable to regenerate the fuel within
the cell 10 by reducing the oxidized fuel ions back to fuel, the
fuel electrode 12 and the oxidant electrode 14 may be
decoupled from the external load L and coupled to a power
supply PS with the use of suitable switches 62, as illustrated
in FIG. 8. The power supply PS is configured to charge the
cell 10 by applying an electrical current between the fuel
electrode 12 and the oxidant electrode 14 such that the reduc-
ible species of the fuel is reduced and electrodeposited onto
the permeable electrode bodies 12a-12¢ and the correspond-
ing oxidation reaction takes place at the oxidant electrode 14,
which is typically oxidation of'an oxidizable species to evolve
oxygen, which may be oft-gassed from the cell 10. As
described in detail in U.S. patent application Ser. No. 12/385,
489, filed on Apr. 9, 2009 and incorporated herein by refer-
ence, as an option only one of the permeable electrode bodies,
such as 12a, may be connected to the power supply PS so that
the fuel reduces onto the permeable electrode body and pro-
gressively grows to and on the other permeable electrode
bodies 126-12¢, one by one. The switches 62 may control
when the cell 10 operates in discharge mode and in charge
mode. Additional switches 64 may isolate each of the perme-
able electrode bodies, so that one, some, or all of the perme-
able electrode bodies are connected or disconnected to the
remainder of the cell 10.

[0051] Any suitable control mechanism may be provided to
control the action of the switches 60, 62, 64 between the open
and closed positions. For example, a relay switch that is
biased toward the open position may be used, with an induc-
tive 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 the permeable elec-
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trode bodies 12a-12¢ could be used to provide the connection/
disconnection to and from the load, and to and from each
other.

[0052] FIG. 9 shows an embodiment where a third elec-
trode 70 is provided to function as the charging electrode,
rather than the oxidant electrode 14. As illustrated in FIG. 2,
the third electrode 70 may be positioned between the fuel
electrode 12 and the oxidant electrode 14, with a spacer 72
and the seal member 17 being positioned between the third
electrode 70 and the oxidant electrode 14. The spacer 72 is
non-conductive and has openings through which the ionically
conductive medium may flow.

[0053] In the embodiment described above with respect to
FIG. 8, the oxidant electrode 14 functions as the cathode
during power generation/discharge, and as the anode during
charging, as described above. In FIG. 9, the load is coupled in
parallel to each of the permeable electrode bodies 12a-12¢ of
the fuel electrode 12, and also to the third electrode 70 during
recharge. During current generation, the fuel on the fuel elec-
trode 12 is oxidized, generating electrons that are conducted
to power the load L and then conducted to the oxidant elec-
trode 14 for reduction of the oxidizer (as discussed in more
detail above).

[0054] Itis also possible in any of the embodiments of the
invention to apply the cathodic potential simultaneously to all
the electrode bodies 12a-12¢ of the fuel electrode 12, rather
than to just one to produce body-by-body progressive growth.
Progressive growth emanating from one terminal is advanta-
geous because it provides more density. Specifically, the
growth in the previously connected electrode bodies contin-
ues as each subsequent body is connected by the progressing
growth. With all the electrode bodies subject to the same
potential, the growth will only occur until a short occurs
between the charging electrode, which is the oxidant elec-
trode 14 in the embodiment of FIG. 8 and the third electrode
70 in the embodiment of FIG. 9, 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.

[0055] The embodiments illustrated in FIGS. 8 and 9
should not be considered to be limiting in any way and are
provided as non-limiting examples of how the cell 10 may be
configured to be rechargeable. U.S. patent application Ser.
No. 12/885,268, filed on Sep. 17, 2010, the entire content of
which is incorporated herein by reference, describes embodi-
ments of a rechargeable electrochemical cell system with
charge/discharge mode switching in the cells.

[0056] In addition, any of the embodiments of the switches
described above (e.g., to enable the charge mode, and dis-
charge mode) may also be used with a plurality of electro-
chemical cells having a dynamically changing oxygen evolv-
ing (i.e., charging) electrode/fuel electrode, such as the
progressive one described in U.S. patent application Ser. No.
13/230,549, incorporated in its entirety herein by reference.
For example, as described in U.S. patent application Ser. No.
13/230,549, each cell 10 may also have its own plurality of
switches associated with the electrode bodies to enable pro-
gressive fuel growth.

[0057] For example, in an embodiment, during charging,
the charging electrode of each cell 10 may be coupled to the
fuel electrode 12 of the subsequent cell 10, In an embodiment,
during charging, a first electrode body 12a of the fuel elec-
trode 12 may have a cathodic potential and the rest of the
electrode bodies and/or a separate charging electrode may
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have an anodic potential. In such an embodiment, during the
progressive fuel growth of the fuel electrode 12, the fuel may
grow on the first electrode body 12a having the cathodic
potential and cause a short with the adjacent electrode body
125 having the anodic potential. The adjacent electrode body
1256 may then be disconnected from the source of anodic
potential such that through electrical connection, the adjacent
electrode body 125 also has the cathodic potential. This pro-
cess may continue with the rest of the electrode bodies until
no further growth is possible (i.e., the cathodic potential has
shorted to the last electrode body having an anodic potential
or a separate charging electrode). A plurality of switches may
be provided to connect/disconnect the electrode bodies to one
another and/or to sources of cathodic or anodic potential.
Thus, in such embodiments having progressive fuel growth,
the charging electrode may be a separate charging electrode
from the fuel electrode 12 or may be at least the adjacent
electrode body of the fuel electrode 12, up to all the other
electrode bodies, having an anodic potential. In other words,
the charging electrode may be a separate charging electrode,
an electrode body having an anodic potential located adjacent
to the at least one electrode body having a cathodic potential,
and/or a group of electrode bodies having an anodic potential
located adjacent to the at least one electrode body having a
cathodic potential.

[0058] Thus, the charging electrode, as that term is used in
the broader aspects of this application, need not necessarily
be a static or dedicated electrode that only plays the anodic
charging role (although it may be), and it may at times be a
body or bodies within the fuel electrode to which an anodic
potential is applied. Hence, the term dynamic is used to refer
to the fact that the physical element(s) functioning as the
charging electrode and receiving an anodic potential during
charging may vary.

[0059] During discharging, the oxidant electrode 14 of a
cell 10 may be operatively connected to the fuel electrode 12
of the subsequent cell 10 and fuel consumption would be
through the electrode bodies (wherein the electrical connec-
tion between the electrode bodies are through fuel growth). If
a cell 10 is not functioning properly or for other reasons, the
cell 10 may also be bypassed using the bypass switching
features, as described in U.S. patent application Ser. No.
12/885,268.

[0060] Also, in some embodiments, the cells may be
designed as “bi-cells,” That term refers to a pair of air elec-
trodes that are on opposing sides of a fuel electrode. During
discharge, the air electrodes are at generally the same
cathodic potential and the fuel electrode is at an anodic poten-
tial. Typically, a pair of dedicated charging electrodes may be
disposed in the ionically conductive medium between the air
electrodes and the fuel electrode. During charging, the charg-
ing electrodes are at generally the same anodic potential, and
the fuel electrode is at a cathodic potential (alternatively, the
charging electrode may dynamically charge, as described
above). Thus, the air electrodes may share a common termi-
nal, and the fuel electrode has its own terminal, and the
charging electrodes may also share a common terminal. As
such, electrochemically speaking, such a bi-cell may be
regarded as a single cell (although within the bi-cell, certain
aspects of the cell, such as bi-directional fuel growth, may
cause a bi-cell to be considered as two cells for certain pur-
poses; however, at a higher level for mode discharging and
connection management, those aspects are less relevant and
the bi-cell can be viewed as a single cell). In an embodiment,
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the pair of air electrodes may correspond to the oxidant elec-
trode 14, the fuel electrode may correspond to the fuel elec-
trode 12, and the pair of charging electrodes may correspond
to the third electrode 70.

[0061] Returning to FIG. 4, after the ionically conductive
medium has passed through the fuel electrode 12, the medium
may flow into the outlet channel 26 that is connected to the
outlets 36 of the cavity 18 of the electrode holder 16 and the
outlet 22. The outlet 22 may be connected to the inlet 20 in
embodiments where the medium is recirculated in the cell 10,
or to an inlet of an adjacent cell, as discussed in further detail
below, when a plurality of cells 10 are fluidly connected in
series. In an embodiment, the outlet 22 may be connected to
a vessel to collect the medium that has been used in the cell
10.

[0062] The cells 10 illustrated in FIGS. 1 and 2 may be
fluidly connected in series. Details of embodiments of cells
that are connected in series are provided in U.S. patent appli-
cation Ser. No. 12/631,484, filed Dec. 4, 2009 and incorpo-
rated herein by reference in its entirety. The outlet 22 of a first
cell 10 may be fluidly connected to the inlet 20 of a second cell
10, and the outlet 22 of the second cell 10 may be connected
to the inlet 20 of a third cell, and so on. Although the embodi-
ment of FIGS. 1 and 2 illustrates two cells 10, additional cells
may be stacked and fluidly connected to the illustrated cells.
Due to the meandering, tortuous paths that are created by the
inlet channel 24 and the outlet channel 26, described above
and illustrated in FIGS. 3 and 4, the length of the flow pas-
sageways for the medium via the channels 24, 26 is greater
than the distance between the fuel electrode 12 and the oxi-
dant electrode 14 in each of the cells 10. This creates an ionic
resistance between the pair of fluidly connected cells that is
greater than an ionic resistance within an individual cell 10.
This may reduce or minimize internal ionic resistance loss of
the stack of cells 100, as discussed in U.S. patent application
Ser. No. 12/631,484, filed Dec. 4, 2009.

[0063] In operation, the fuel electrode 12, which already
has metal fuel deposited thereon, is connected to the load L
and the oxidant electrode 14 is connected to the load L. The
ionically conductive medium enters the inlet 20 under posi-
tive pressure and flows through the inlet channel 24, the inlets
34 of the cavity 18, and into the fluidization zones 28 of the
flow lanes 42. The ionically conductive medium flows across
the permeable electrode bodies 12a-12c¢ in the flow lanes 42
defined by the elongated middle portions 22 of the spacers 40.
The ionically conductive medium may also permeate through
the permeable electrode bodies 12a-12¢ of the fuel electrode
12. The ionically conductive medium simultaneously con-
tacts the fuel electrode 12 and the oxidant electrode 14,
thereby allowing the fuel to oxidize and conduct electrons to
the load L, while the oxidizer is reduced at the oxidant elec-
trode 14 via the electrons that are conducted to the oxidant
electrode 14 by the load L. After the ionically conductive
medium has passed through the flow lanes 42, the medium
flows out of the cavity 18 via the outlets 36 of the cavity 18,
through the outlet channel 24, and out the outlet 22 of the cell
10.

[0064] When the potential of the cell 10 has been depleted
or when it is otherwise desirable to recharge the cell 10, the
fuel electrode 12 is connected to the negative terminal of the
power supply PS and the charging electrode, which is the
oxidant electrode 14 in the embodiment illustrated in FIG. 8
and the third electrode 70 in the embodiment illustrated in
FIG. 9, is connected to the positive terminal of the power
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supply PS. In the charging or recharge mode, the fuel elec-
trode 12 becomes the cathode and the charging electrode 14,
70 becomes the anode. By providing electrons to the fuel
electrode 12, fuel ions may reduce into fuel and redeposit
onto the permeable electrode bodies 12a-12¢ while the ioni-
cally conductive medium circulates through the cell 10 in the
same manner as described above with respect to the discharge
mode.

[0065] The flow lanes 42 provide directionality and distri-
bution of the ionically conductive medium across the fuel
electrode 12. The fluidization zones 28 agitate the particulates
and precipitates that have been formed during discharge
mode of the cell 10 within the ionically conductive medium
and prevent the particulates from settling out of the medium at
the bottom of the cavity, which allows the particulates to flow
with the ionically conductive medium across the fuel elec-
trode 12. The flow lanes 42 may also prevent the particulates
from settling and/or covering the electrodes. When the cell 10
is in charging mode, the improved distribution of the particu-
lates across the fuel electrode 12 allow for a more uniform
deposition of the reduced fuel onto the fuel electrode 12,
which improves the density of the fuel on the fuel electrode
12, and increases the capacity and energy density of the cell
10, thereby enhancing the cycle-life of the cell 10. In addition,
by having the ability to control the distribution of the precipi-
tates or reaction by-product during discharge, early passiva-
tion/deposition of the by-product on the fuel electrode 12 may
be prevented. Passivation, which can comprise areas of fuel
being covered by an oxide, preventing consumption of the
fuel therein during discharge and/or further fuel growth
thereon during charge, leads to lower fuel utilization and
lower cycle life, which is undesirable.

[0066] It may be appreciated that the electrochemical cell
system 100 depicted herein is merely exemplary, and in other
embodiments the functions or components of the electro-
chemical cells 10 or the electrochemical cell system 100 may
vary. For example, in various embodiments, the ionically
conductive medium may flow through multiple cells 10, or
may circulate within a single cell 10. In some embodiments,
the ionically conductive medium might generally not flow in
the cell 10. It may be appreciated that portions of the electro-
chemical cell system 100, such as but not limited to one or
more cells 10 therein, and/or the constituent portions thereof,
may vary across embodiments. For example, various portions
of each electrochemical cell 10 or other components of the
electrochemical cell system 100 may be of any suitable struc-
ture or composition, including but not limited to being formed
from plastic, metal, resin, or combinations thereof. Accord-
ingly each cell 10 may be assembled in any manner, including
being formed from a plurality of elements, being integrally
molded, or so on. In various embodiments the cell(s) 10
and/or the housing(s) thereof may include elements or
arrangements from U.S. Pat. No. 7,722,988 and/or one or
more of U.S. patent application Ser. Nos. 12/385,217,12/385,
489, 12/549,617, 12/631,484, 12/776,962, 12/885,268,
13/028,496, 13/083,929, 13/167,930, 13/185,658, 13/230,
549, and 61/414,579, each of which are incorporated herein in
their entireties by reference. As such, embodiments of the
present invention are not limited to the management of the
reaction by-product that is generated during discharge mode,
as described above, and reversibly reduced and electrodepos-
ited as the fuel during recharge. Rather, embodiments of the
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present invention can be used where the reducible fuel species
is different from the reaction by-product and is supplied sepa-
rately.

[0067] In some metal-air fuel cells, including those of the
type described, wherein there is at least an oxidant electrode
and a scaffolded fuel electrode, imperfections in the oxidant
electrode may reduce cell efficiency. FIGS. 10-16 show iso-
lated schematic views of the cell 10, illustrating the growth
morphology throughout the stack of electrode bodies 12a-12¢
in an exaggerated format to better understand the effect of
such imperfections. Similar to FIG. 9, FIGS. 10-16 show an
embodiment where a third electrode 70 is provided to func-
tion as the charging electrode, rather than the oxidant elec-
trode 14. As was illustrated in the embodiment of FIG. 2, the
third electrode 70 seen in the embodiments in FIGS. 10-16 is
positioned between the fuel electrode 12 and the oxidant
electrode 14. The third electrode 70 may have the spacer 72
and the seal member 17 being positioned between the third
electrode 70 and the oxidant electrode 14. Also seen in FIGS.
10-16 is an imperfection 110 on the oxidant electrode 14. The
detailed description of FIGS. 10-16 below demonstrates
some undesirable effects of the imperfection 14 during the
discharging and recharging of the cell 10.

[0068] InFIG.10,thecell10is inacharging mode, wherein
the fuel electrode 12 and the third electrode 70 are connected
to a power supply. In this configuration, the fuel electrode 12
becomes the cathode, and the charging electrode 70 becomes
the anode. By providing electrons to the fuel electrode 12,
fuel ions may reduce into fuel and electrodeposit onto the
permeable electrode bodies 12a-12¢ as a fuel growth 120,
while the ionically conductive medium circulates through the
cell 10. In the illustrated embodiment of the scaffolded con-
figuration of the electrode bodies 12a-c, when the fuel elec-
trode 12 is initially connected to the power supply, only
electrode body 12a is electrically connected to the power
supply. Therefore only electrode body 12« initially has a
cathodic potential applied to it. During charging, as fuel ions
are reduced into fuel deposited on the permeable electrode
body 124 as the fuel growth 120, electrical connections even-
tually form with permeable electrode body 125, creating a
cathodic potential on electrode body 1254, as was described
above. The fuel growth 120 seen in FIG. 10 exemplifies the
cell 10 during its initial charging, or after a full re-setting (as
discussed below), prior to any initiation of a discharging
mode. At the stage of charging seen, the fuel growth 120 has
electrically connected electrode bodies 12a and 125 through
dense growth. The fuel growth 120 started to accumulate on
electrode body 125, however has not yet accumulated suffi-
ciently to form an electrical connection with electrode body
12c.

[0069] Turning now to FIGS. 11 and 12, the cell 10 is in a
discharge or electricity generation mode. When the cell 10 is
connected to a load, as was described above, the fuel may be
oxidized at the fuel electrode 12, with the fuel electrode 12
operating as an anode, and an oxidizer (i.e. oxygen) may be
reduced at the oxidant electrode 14, with the oxidant elec-
trode 14 operating as a cathode. Due to the imperfection 110
of the oxidant electrode 14, oxidation of the fuel growth 120
may not be generally uniform, as may be the case with a
hypothetical ideal cell 10. Instead, as seen in FIG. 11, the
imperfection 110 may cause an area of under-oxidation 130,
wherein the fuel growth 120 has not been oxidized into the
ionically conductive medium to the same extent as in sur-
rounding areas. In some cases, the location of the area of
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under-oxidation 130 on the electrode bodies 12a-c may cor-
respond to the location of the imperfection 110 on the oxidant
electrode 14.

[0070] Some areas of under-oxidation 130 may remain on
the electrode bodies 12a-c even after the oxidation of fuel has
caused there to no longer be an electrical connection between
the electrode bodies 12a-c. An example of this may be seen in
FIG. 12, where an area of under-oxidation 130 remains on
electrode body 126 even though electrode body 1254 is no
longer electrically connected to electrode body 12a. In the
illustrated embodiment, because there is no electrical connec-
tion between electrode bodies 12a and 125, there is no further
oxidation of the metal fuel in the area of under-oxidation 130
on electrode body 125. One effect of this residual area of
under-oxidation 130 on the unconnected electrode body 125
of'the illustrated embodiment can be reduced capacity of the
cell 10, resulting from the unutilized potential of the fuel in
the area of under-oxidation 130. Depending on factors such as
the nature of the imperfection 110, or for other reasons, such
as passivation, some areas of under-oxidation 130 might not
be oxidized and participate in electricity generation, even
when the electrode body (i.e. electrode body 124) remains
connected to the load. For example, passivation can lead to
some or all of the area of under-oxidation 130 being covered
by an oxide, preventing further oxidation even when the elec-
trode body remains connected to the load. Again, such passi-
vation of fuel can also occur on other areas of electrode bodies
12a-c, not associated with imperfection 110 creating local-
ized or broader areas that might not be oxidized and partici-
pate in electricity generation, and may prevent fuel growth
thereon during subsequent charging.

[0071] FIGS. 13-16 show that such areas of under-oxida-
tion 130 may also reduce the capacity of the cell 10 when the
cell 10 is placed in a charging mode while areas of under-
oxidation 130 exist on the electrode bodies 12a-c. F1G. 13, for
example, shows the cell 10 returned from the electricity gen-
erating mode of FIG. 12 to a charging mode, wherein the fuel
electrode 12 and the third electrode 70 are reconnected to the
power supply. As seen, the fuel growth 120 builds on and
generally follows the contours of electrode body 124, includ-
ing on the unconsumed fuel growth 120 existing thereon, such
as the area of under-oxidation 130. Although shown in exag-
gerated form in FIG. 13, it can be seen that an electrical
connection may form between electrode body 12a and elec-
trode body 124 at the area of under-oxidation 130 prior to
anywhere else between the electrode bodies 12a-b. Once this
electrical connection is formed, and a cathodic potential is
applied to electrode body 125, fuel growth 120 accumulates
on electrode body 125. In some embodiments, once this elec-
trical connection forms, the fuel growth on prior electrode
bodies, such as electrode body 12a¢, may be reduced due to
initiation of growth on the newly connected body, preventing
dense growth throughout the stack of permeable electrode
bodies 12a-b, thus reducing overall capacity and cell effi-
ciency.

[0072] Asseeninthe transition from FIG. 13 to FIG. 14, the
fuel growth 120 on electrode body 125 may generally follow
the contours of the surface of the electrode body 125, includ-
ing on the area of under-oxidation 130 remaining on electrode
body 125 trom the prior discharge of the cell 10 seen in FIGS.
11 and 12. The continued accumulation of fuel growth 120,
including on the area of under-oxidation 130 on the electrode
body 1254, eventually may form an electrical connection with
electrode body 12¢. Again this electrical connection may
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occur in the area of under-oxidation 130 prior to anywhere
else between electrode bodies 125 and 12¢.

[0073] Because the initial charging of the cell 10 seen in
FIG. 10 did not accumulate fuel growth 120 on electrode body
12¢, there was no area of under-oxidation 130 on electrode
body 12¢ remaining from the initial discharge utilizing the
oxidant electrode 14 with the imperfection 110. Therefore, as
seen in FIG. 15, wherein the recharging of the cell 10 has
progressed such that the fuel growth 120 is occurring for the
first time on electrode body 12¢, the fuel growth 120 there
may again be generally uniform. However, as FIG. 16 dem-
onstrates, once the cell 10 is placed back into an electricity
generating mode, a new area of under-oxidation 130 may
begin to form on electrode body 12¢ as a result of the imper-
fection 110.

[0074] In summary, areas of under-oxidation 130 on the
scaffold electrode body 12¢ cause non-uniform electrical
field and current distribution, which may lead to non-uniform
deposits and poor cycleability of the fuel electrode 12. Also,
the overpotential for fuel (i.e. zinc) deposition on the con-
ducting scaffold electrode body 12¢ (i.e. formed from nickel
or copper) is higher than the overpotential for fuel deposition
on fuel present in under-oxidized areas, which may further
result in non-uniform fuel growth 130, which may lower the
charge capacity and result in poor cycleability of the fuel
electrode 12.

[0075] One can visualize the problem of non-uniform
growth with an under-oxidation area by envisioning a board
with a coat of paint 3 mm thick, and drawing a circle around
an area representing the area of under-oxidation 130. During
“discharge,” all 3 mm of the paint is removed from the area
around the circle (which is analogous to the fuel being oxi-
dized off the electrode body), but in the circled “under-oxi-
dation” area only 2 mm of the paint’s thickness is removed,
leaving a 1 mm “deposit” of paint in the “under-oxidation”
area. During recharging, as the paint is reapplied in an even
manner (which is analogous to the fuel being deposited on the
electrode body), the “under-oxidation” area within the circle
will reach the 3 mm thickness, but the surrounding area will
only have 2 mm of paint thickness. Using this analogy, it can
be appreciated how the area of under-oxidation 130 can
bridge the gap between adjacent electrode bodies 12a-c more
quickly, leaving less fuel (or paint in the analogy) deposited
around it. Of course, this analogy is exaggerated and in reality
a defect may cause under-oxidation to ditfer by a very small
percentage—but over a number of cycles this small percent-
age can exacerbate and create the same problem.

[0076] One aspect of the present invention is a method of
forcing oxidation of the otherwise unoxidized metal fuel
remaining in the area of under-oxidation 130, placing the cell
10 in a resetting mode to perform a resetting process. The
areas of under-oxidation 130 may result from non-uniform
fuel growth, passivated fuel, or for any other reason. Such
forced oxidation of the metal fuel may eliminate the areas of
under-oxidation 130, so as to prevent the formation of pre-
mature electrical connections between electrode bodies 12a-¢
in the areas of under-oxidation 130 prior to the formation of
electrical connections elsewhere in the fuel electrode 12. By
preventing such premature electrical connections, the effi-
ciency of cell 10 may improve by allowing dense fuel growth
120 between the scaffolded electrode bodies 12a-c.

[0077] The forced oxidation of the metal fuel may also or
alternatively eliminate passivated fuel deposits, restoring the
electrode bodies 12a-c to a zero state of charge. Such forced
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oxidation of passivated regions of metal fuel, by a resetting
process at potential and current conditions corresponding to a
transpassive region, may eliminate the areas of under-oxida-
tion 130. Thus, the formation of premature electrical connec-
tions between electrode bodies 12a-c in the areas of underoxi-
dation 130 prior to the formation of electrical connections
elsewhere in the fuel electrode 12 may be prevented. By
preventing such premature electrical connections, the effi-
ciency and charge capacity of cell 10 may improve by allow-
ing dense fuel growth 120 between the scaffolded electrode
bodies 12a-c.

[0078] In some embodiments, the forced oxidation of the
metal fuel may be desirable as a routine or preventative main-
tenance procedure. In an embodiment, forcing oxidation of
the metal fuel may be utilized so as to place the cell 10 in a
transpassive regime, reducing the potential for some of the
metal fuel to passivate. For example, as the metal fuel on the
electrode bodies 12a-c is depleted, the voltage will begin to
drop, and the current will begin to spike, through the cell 10.
In a zinc-air battery, zinc may be oxidized without passivation
at potentials of 800 mV or above using an external load or
resistor circuit. By continuing to drain the cell 10 under these
conditions, the cell 10 may enter a passivation regime,
wherein passivation of the fuel becomes more likely. By
applying a small current to force oxidation of the remaining
fuel at that time, discussed in greater detail below, the cell 10
may be in a transpassive regime, where the oxide on the metal
fuel surface may be porous and the metal fuel under the oxide
may continue oxidation.

[0079] During operation of the cell 10, a decision may be
made as to whether a reset of the cell 10 would benefit the
charge capacity of cell 10. In some embodiments, the reset-
ting process may be repeated a plurality of times. A decision
to perform the resetting process may be made based on any
suitable consideration. For example, in an embodiment, the
passage of any set interval of time may be used to trigger a
resetting process. Inan embodiment, a randomized interval of
time may be utilized. In some embodiments, the decision to
reset the cell 10 may be based on the passage of an interval of
time from when the cell 10 was known to be in an efficient
state, such as prior to the first discharge of the cell, or since the
previous iteration of the resetting process. For example, in
some embodiments the cell 10 may be reset every 500 hours
of discharge, or after fifty charge-discharge cycles. In some
embodiments the duration of the reset process may range
from ten minutes to one hour. The present invention is not
intended to be limited to the duration of the reset process or
the interval between resets on the cell 10.

[0080] Another consideration that may be utilized to deter-
mine if the resetting process should be initiated on the elec-
trochemical cell 10 may include a measurement of the charge
capacity of the electrochemical cell 10. If a sensor were to be
attached to the electrochemical cell 10, for example, to mea-
sure the charge capacity of the cell 10, the sensed present
charge capacity could be compared to a value taken at a
previous time, preferably at a time when it is known that no
area of under-oxidation 130 exists on the electrode bodies
12a-c¢ (such as prior to the first discharge of the cell 10, or
immediately following a previous resetting process). If, for
example, the present charge capacity is less than the previous
charge capacity by a greater than threshold amount, it may be
determined that a resetting process should be initiated. As
another non-limiting example, a sensor to detect the presence
of unoxidized metal fuel when the cell 10 is depleted of
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charge may also be used to determine if the resetting process
is needed. Again, a threshold amount of unoxidized metal fuel
may be determined as permissible in the cell 10 despite the
charge depleted state. In an embodiment, it may be deter-
mined that the resetting process should be initiated if a
detected or computed charge capacity for the cell 10 is
reduced to between 50-80% of a rated charge capacity.
[0081] In another embodiment, the resetting process may
be initiated if the charge capacity in a previous cycle is lower
than a target value before all of the electrode bodies are
electrically connected to each other, potentially indicating
non-uniform growth 130 of electrodeposited fuel. Electrical
connections between the electrode bodies may be detected by
a resistance or voltage measurement circuit. The resetting
process may also be initiated if the charge capacity of a cell in
a stack consisting of cells connected in series is lower than the
average charge capacity of the stack. The reset may be per-
formed on the individual cells or an array of cells through an
electrical circuit comprising switches to connect or discon-
nect cells to the power supply during the reset process. In
another embodiment, reset current may be applied after any
given partial or complete discharge of the cell.

[0082] In some embodiments, the decision to initiate the
resetting process may be made based upon a voltage or cur-
rent measurement of the cell 10. Such a measurement may be
useful when the reset process is a routine maintenance opera-
tion, to prevent the fuel from sufficiently depleting to place
the cell in a passivation regime, or for any other reason. For
example, in an embodiment, once the voltage of the cell
reduces to a threshold amount, it may be determined that the
resetting process should be initiated. In an embodiment, when
the cell 10 is supplying between approximately 0.7 and 1 V
under a load, the resetting process may be initiated. Likewise,
if the current begins to increase over the cell 10, then the
resetting process may also be desired. In an embodiment, the
resetting process would be desired if the current through the
cell 10 is measured at between approximately 10-75 mA/cm?.
[0083] If it is determined that a resetting process is to be
initiated on the electrochemical cell 10, then the method may
continue. In some embodiments, the method may comprise
flowing (or continuing to flow) the ionically conductive
medium through the cell 10, including in various embodi-
ments through the inlets 34 and into the flow lanes 42, or into
the fluidization zones 28. The method may also comprise
applying an electrical reset current from a power source
between the fuel electrode 12 and the oxidant electrode 14,
such that the fuel electrode 12 functions as an anode and the
oxidant electrode 14 functions as a cathode. In such an
embodiment, oxygen is reduced at the oxidant electrode 14,
and any remaining fuel is oxidized at the fuel electrode 12. In
another embodiment, the method may comprise applying the
electrical reset current from a power source between the fuel
electrode 12 and the third electrode 70 (i.e. the charging
electrode). In such an embodiment, water is reduced at the
third electrode 70, and any remaining fuel is oxidized at the
fuel electrode 12. In an embodiment wherein the third elec-
trode has a low hydrogen evolution potential, the water reduc-
tion and hydrogen evolution reaction occurs preferably over
the fuel reduction/deposition reaction. In either embodiment,
any fuel passivated by its oxide can be removed by maintain-
ing the potential in the transpassive regime.

[0084] Theapplication ofthe electrical reset current may be
such that the metal fuel growth 120, and in particular the area
of under-oxidation 130 on the electrode bodies 12a-c are
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oxidized into reducible fuel species, such as reducible fuel
ions. The amount of electrical reset current may be any suit-
able amount that may drive the electrochemical reaction that
may oxidize the metal fuel on the electrode bodies 12a-c. In
an embodiment, the electrical reset current, averaged over the
area of the total electrode, may correspond to approximately
greater than 0 mA/cm? through 10 mA/cm?, and preferably
1-2mA/cm?, for example, when the metal fuel is zinc, and the
oxidizer from the reduction reaction with the air at the oxidant
electrode 14, or from the reduction reaction with water at the
third electrode 70.

[0085] Depending on the configuration of the cell 10, the
electric current may be applied to each, one, some, or all of the
electrode bodies 12a-c of the fuel electrode 12. For example,
FIG. 17 illustrates the cell 10 having progressed in the dis-
charge mode from the partially discharged condition seen in
FIG. 16 to a mostly discharged condition, wherein the areas of
under-oxidation 130 are no longer providing sufficient power
output to supply the load. Since, as seen, electrode bodies 125
and 12¢ are no longer electrically connected to electrode body
124, the resetting process may not be effective in oxidizing
the area of under-oxidation 130 on those electrode bodies
12b-c. In an embodiment, to ensure that such a configuration
in the cell 10 oxidizes metal fuel on subsequent electrode
bodies 125-c, the resetting process may comprise connecting
the fuel electrode bodies of the cell 10 externally, so that
electrical connections are formed between the electrode bod-
ies 12a-c, before applying electrical reset current to oxidize
the metal fuel. In an embodiment, the cell 10 may comprise
selectively closed electrical connections between the elec-
trode bodies 12a-c, so that the areas of under-oxidation 130
may be oxidized on each, some, or all of the electrode bodies
12a-c.

[0086] As seen in the non-limiting embodiment in FIG. 18,
the switches 64 may be utilized to selectively move between
an open and a closed electrical connection, permitting or
preventing the electrical reset current to be applied to each of
the electrode bodies 12a-c. The switches 64 may be of any
suitable form. Additionally, as described above, any suitable
control mechanism may be provided to control the action of
the switches 64 between open and closed positions. For
example, as seen in FIG. 19, the electrochemical cell 10 may
be part of an electrochemical cell system 140, which may
further comprise a controller 150. As discussed in greater
detail below, in some embodiments multiple cells 10 may be
in the electrochemical system 140. The controller 150 may be
of any suitable type or configuration, including but not lim-
ited to a processor, a computer, electronic circuitry, and so on.
The controller 150 may be configured to have embedded
control instructions. In an embodiment, the controller 150
may comprise an input to receive control instructions. In an
embodiment, the controller 150 may be configured to selec-
tively control an open state or a closed state of each of the
plurality of switches 64 in response to the control instruc-
tions. For example, depending on the control instructions, the
configuration of the plurality of switches 64 may place the
electrochemical cell system 140 in the charging mode, the
discharging mode, or the resetting mode. In an embodiment,
the controller 150 may also control some of the plurality of
switches 64 to control connections to a power input circuit
(shown in FIG. 19 as the “Power Supply”) and a power output
circuit (shownin FIG. 19 as the “Load”). Such a configuration
may be useful so that manual disconnection and reconnection
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of'such electrical connections are not necessary when chang-
ing the mode of the electrochemical cell system 140.

[0087] The processor of the controller 150, which may or
may not be comprised within the electrochemical cell system
140, may be configured to implement the resetting process
based on any suitable consideration. In an embodiment, the
controller 150 may be configured to first determine if the
resetting process is needed for the electrochemical cell 10.
Such a determination may be based on a number of condi-
tions, including but not limited to the charge capacity of the
cell, the passage of a time interval, or the passage of a number
of charge and/or discharge cycles. For example, determining
if the resetting process is needed may comprise sensing a
present charge capacity for the cell, and comparing the
present charge capacity to an initial, previous, or threshold
charge capacity. If the present charge capacity if less than the
initial, previous, or threshold charge capacity by a threshold
amount, the controller 150 may be configured to determine
that a resetting process is needed, and to implement the pro-
cess. As another example, determining if the resetting process
is needed may comprise determining if a predetermined
amount of elapsed time has occurred since the cell 10 was last
discharged or last reset. As another example, determining if
the resetting process is needed may comprise determining ifa
predetermined amount of elapsed time has occurred since the
cell 10 was last discharged or last reset. In an embodiment, the
predetermined amount of time may contain a randomized
time interval. As another example, determining if the reset-
ting process is needed may comprise determining if a prede-
termined number of charges and/or discharges have occurred
since the electrochemical cell was initially charged, or last
reset. In an embodiment, the predetermined number of
charges and/or discharges may be randomized.

[0088] Eventually, the resetting process may be determined
to be complete, and the electrical reset current may be
removed from the fuel cell 10 to discontinue the resetting
process. The determination to discontinue the resetting pro-
cess may be achieved by any suitable means. In embodiments
having an electrochemical cell system 140 with a controller
150, the determination to discontinue the resetting process
may be made through the controller 150. Such a determina-
tion may be made from any suitable consideration, For
example, in an embodiment the elapse of an interval of time,
such as one known to be sufficient to completely oxidize all
but a threshold amount of metal fuel in the cell 10, may be
used to determine the completion of the resetting process. In
an embodiment, the lack of detection of presence of metal
fuel above a threshold value may also be used to signal that
the cell 10 has been reset, In an embodiment, a detection of
the amount of reducible fuel species in the ionically conduc-
tive medium above a threshold value may also be used. In an
embodiment, a measurement of charge capacity of the cell 10
may also be used. In one non-limiting example, the measure-
ment of charge capacity may be taken at a set time interval
following the commencement of the resetting process, and
may be compared to a measurement taken prior to the start of
the resetting process, including preferably a measurement
taken when the cell 10 is known to be operating with an ideal
charge capacity.

[0089] As noted above, in some embodiments multiple
cells 10 may be assembled into electrochemical cell system
140. As shown in FIG. 20, in an embodiment electrochemical
cell system 140 contains N modules 160 that are connected by
a charge/discharge control system 170. Each module 160 may
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contain one or more cells 10. The charge/discharge control
system 170 may include connections to and from the power
supply (when the cell system 140 is in a charging mode), and
the load (when the cell system 140 is in a discharge mode). In
an embodiment, the charge/discharge control system 170
may include controller 150 and switches 64 associated with
each module 160. In an embodiment each cell 10 may have its
own associated switches 64, and may have its own controller
150, that may be controlled by a master controller within the
charge/discharge control system 170. In an embodiment, the
charge/discharge control system 170 may connect each mod-
ule 160 with one or more control lines 180, which may com-
municate with the controller 150 associated with each cell or
module, or may communicate directly with the switches 64
for each cell or module. As shown, each module 160 may be
electrically connected to the charge/discharge control system
170 through module terminals 190.

[0090] As shown in the illustrated embodiment of FIG. 20,
electrochemical cell system 140 may further contain a main-
tenance subsystem 200. In an embodiment, maintenance sub-
system 200 may be electrically connected to the modules 160
by maintenance terminals 210. In an embodiment, mainte-
nance subsystem 200 may be connected to the charge/dis-
charge control system 170 by a maintenance bus 220, which
may, for example, connect a controller 150 within the main-
tenance subsystem 200 to a controller within the charge/
discharge control system 170. In an embodiment, mainte-
nance subsystem 200 may be connected to controllers 150 or
switches 64 within each module 160 directly, or may connect
to the controllers 150 or switches 64 within each module 160
through the maintenance bus 220, the charge/discharge con-
trol system 170, and the control lines 180. In an embodiment,
the maintenance subsystem 200 may contain its own control-
ler 150.

[0091] Inan embodiment, sensors may be provided in one
ormore of the cells 10, the modules 160, the charge/discharge
control system 170, the maintenance subsystem 200, or any
other portion of electrochemical cell system 140. The sensors
may be configured to communicate with controllers 150, so as
to provide information that may determine how to control
switches 64 associated with the modules 160, the charge/
discharge control system 170, and/or the maintenance sub-
system 200. In an embodiment, sensors may provide infor-
mation based upon the current, voltage, fuel growth status,
charge capacity measurement, or any other indicia of the
status or health of cells 10, modules 160 and/or electrochemi-
cal cell system 140. In an embodiment, the charge/discharge
control system 170 and/or the maintenance subsystem 200
may be configured to selectively isolate one or more of cells
10 within modules 160, or one or more modules 160, so as to
perform maintenance on the cells 10 and/or the modules 160.
In an embodiment, switches 64 may include one or more
bypass switches to isolate the one or more cells 10 and/or the
one or more modules 160. In various embodiments, the main-
tenance subsystem 200 and/or the charge/discharge control
system 170 may be configured to isolate one or more cells 10
within each module 160, or isolate one or more modules 160
within the electrochemical cell system 140.

[0092] As an example, in the illustrated embodiment, if it
were determined that a reset procedure would be desirable on
the 2"¢ module 160, such as by measuring a voltage drop or a
current spike on the 2”4 module 160, the charge/discharge
control system 170 may electrically disconnect switches 64
associated with module terminals 190 associated with the 24
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module 160, so that only the 1 and 3" through Nth modules
160 are connected to the power supply 160 during charging or
the load during discharging. In an embodiment, the 2" mod-
ule 160 may then be connected to the maintenance subsystem
200 through maintenance terminals 210. In an embodiment,
the reset current may then be provided to the 2”¢ module 160,
to force oxidation of any remaining metal fuel on the 2*¢
module 160, including, for example, passivated deposits, or
areas of under-oxidation 130. In an embodiment, the reset
current may be provided by the power supply, by the mainte-
nance terminals 210, via the charge/discharge control system
170, the maintenance bus 220, and the maintenance sub-
system 200. In an embodiment, a separate power supply
associated with the maintenance subsystem 200 may provide
the reset current. In an embodiment where, for example, the
reset current is to be applied to the 2”¢ module 160, the reset
current may be drawn or diverted from the current generated
by the other modules 160 (i.e. the 1°* and 3’%-N” modules
160). In such an embodiment, the reset current provided by
the other modules 160 may be provided from maintenance
terminals 210 for the other modules 160, through the main-
tenance subsystem 200, and through the maintenance termi-
nals 210 for the modules 160 to which the reset current is to be
applied. In other such embodiments, the reset current may be
provided by the other modules 160 from the module terminals
190, through the charge/discharge control system 170, the
maintenance bus 220 and the maintenance subsystem 200.

[0093] Insomeembodiments, the electrochemical cell sys-
tem 140 may contain one or more voltage regulators and/or
one or more current regulators. Such voltage or current regu-
lators may be part of each cell 10, each module 160, the
charge/discharge control system 170, or the maintenance sub-
system 200. In an embodiment the voltage regulator and/or
the current regulator may be configured to convert power
from the power supply or from the other modules 160 so as to
provide the reset current as described above. In an embodi-
ment, the current regulator may be configured such that the
reset current is above 0 mA/cm?2 through approximately 10
mA/cm?2. The direction of the reset current is such that the
fuel electrode is oxidized electrochemically. In an embodi-
ment, the voltage regulator may be configured such that the
reset current corresponds to a reset voltage (the difference
Vc-Va between the Ve of the oxidant electrode 14 and the
voltage Va of the fuel electrode 12) of above approximately
-1V and below approximately 1V. In an embodiment, the
reset current may be applied to the cell 10 and/or the module
160 while the voltage measured across the cell 10 and/or
module 160 is below approximately 0.5V/cell. In an embodi-
ment, once the voltage across the cell 10 and/or module 160
falls below —-0.5V/cell (or another threshold voltage, depend-
ing on the materials), the regulation of the reset current may
switch to be based on voltage. Such a switch at the threshold
voltage may be useful to keep the voltage so that oxidation of
the metal fuel in the cell 10 and/or module 160 remains in the
transpassive regime. In some embodiments the reset current
may be applied for a set duration of time. In some embodi-
ments, the current supplied by the cell 10 and/or the module
160 may be monitored, and the reset current may be discon-
tinued once the current supplied by the cell 10 and/or the
module 160 drops below a threshold amount, indicating that
the metal fuel has been consumed.

[0094] In some embodiments, the reset process may be
preceded by the oxidation of fuel in the cell 10 under con-
trolled voltage or current conditions, such as by using an
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electronic circuit containing a variable load to remove most of
the fuel present on the fuel electrode 12. The voltage or
current may be selected such that no passivation of fuel
occurs. For example, the cell 10 may be discharged at a fixed
potential of approximately 1V. The transition to implement-
ing the reset process may be triggered based on a lower
threshold limit for the current, for example approximately
0.2A flowing through the load. In an embodiment having
constant voltage, the discharge voltage may range from
approximately 0.7-1.1V (the difference between voltage of
the oxidant electrode 14 and the fuel electrode 12), and the
current limit for transition to reset process may range from
approximately 0.25 mA/cm?2 to approximately S mA/cm2. In
the case of constant current, the discharge current may range
from approximately 0.25 mA/cm2 to approximately 5
mA/cm?2 and the voltage limit for transition to reset process
may range from approximately 0.65V-1.1V. Optionally in an
embodiment, all of the fuel electrode bodies 12a-c may be
externally connected through a switch, as described earlier.
[0095] Where electrodes are referred to herein, it should be
understood that various structures in some embodiments may
function as one or more electrodes in different ways depend-
ing on the operational mode of the device. For example, in
some embodiments where the oxidant electrode is bi-func-
tional as a charging electrode, the same electrode structure
acts as an oxidant electrode during discharging and as a
charging electrode during charging. Similarly, in the embodi-
ment where the charging electrode is a dynamic charging
electrode, all of the bodies of the fuel electrode act as the fuel
electrode during discharging; but during charging one or
more of the bodies act as the fuel electrode by receiving
electrodeposited fuel and one or more other of the bodies act
as the charging electrode to evolve the oxidant (e.g., oxygen),
and the fuel electrode grows as the electrodeposited growth
connects to more of the bodies. Thus, reference to an elec-
trode is expressly defined as either a distinct electrode struc-
ture or the functional role a structure capable of multiple
electrode functions may play during different operational
modes of the cell (and thus the same multi-functional struc-
ture may be considered to satisty multiple electrodes for this
reason).

[0096] 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 electro-
lytes, and/or different overall structural configuration or
materials. Thus, the present invention is intended to encom-
pass all modifications, substitutions, alterations, and equiva-
lents within the spirit and scope of the following appended
claims.

[0097] The subject matter claimed in this application was
made under a joint research agreement qualifying under 35
U.S.C. §103 (¢)(2) and (3) to which Fluidic, Inc. and Arizona
Science and Technology Enterprises, LLC acting as the
exclusive master licensee for Arizona State University are
parties.

What is claimed is:

1. A rechargeable electrochemical cell system for generat-
ing electrical current using a fuel and an oxidant, the cell
system comprising:

a plurality of modules, each comprising N electrochemical

cells each comprising a fuel electrode, an oxidant elec-
trode, a charging electrode, and an ionically conductive



US 2016/0064789 Al

medium communicating the electrodes, wherein N is an
integer greater than or equal to two; and
a plurality of switches switchable to:

(1) a discharge mode coupling the oxidant electrode of
each cell 1 to N-1 to the fuel electrode of the subse-
quent cell to couple the cells in a discharging series,
such that when the fuel electrode of cell 1 and the
oxidant electrode of cell N are coupled to a load,
oxidation of fuel at the fuel electrodes and reduction
of an oxidant at the oxidant electrodes creates a poten-
tial difference within each cell to thus create a cumu-
lative potential difference anodic at the fuel electrode
of cell 1 and cathodic at the oxidant electrode of cell N
for delivering a current to the load, and

(2) a charge mode coupling the charging electrode of
each cell 1 to N-1 to the fuel electrode of the subse-
quent cell to couple the cells in a charging series, such
that when the fuel electrode of cell 1 and the charging
electrode of cell N are coupled to a power source to
receive a charging potential difference cathodic at the
fuel electrode of cell 1 and anodic at the charging
electrode of cell N, an incremental potential differ-
ence is created within each cell to reduce a reducible
fuel species at the fuel electrode and oxidize an oxi-
dizable oxidant species at the charging electrode,

wherein the plurality of switches are switchable to abypass
mode for a cell (X) of the N electrochemical cells by
coupling the charging electrode, in the charge mode, or
the oxidant electrode, in the discharge mode, of a previ-
ous cell (X-1) to the fuel electrode of a subsequent cell
X+1);
wherein:

the plurality of switches include a triple throw single
pole switch for each cell;

a static contact for the triple throw single pole switch for
each of cells 1 to N-1 is connected to the fuel elec-
trode of the subsequent cell (X+1);

a first selective contact for the triple throw single pole
switch for each of cells 2 to N is connected to at least
the static contact of the previous cell (X-1);

a second selective contact for the triple throw single pole
switch for each of cells 1 to N is connected to the
charging electrode of the associated cell (X); and

a third selective contact for the triple throw single pole
switch for each of cells 1 to N is connected to the
oxidant electrode of the associated cell (X); and

wherein each of the plurality of modules is connected by a
charge/discharge control system configured to selec-
tively electrically isolate one or more of the N electro-
chemical cells within each module through control of
the plurality of switches, and selectively electrically iso-
late each module from one or more other modules of the
plurality of modules.

2. An electrochemical cell system according to claim 1,

wherein the cells are assembled adjacent one another with a
non-conductive barrier separating the oxidant electrode and

12
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fuel electrode of each pair of adjacent cells such that the only
permitted electrical connection therebetween is via one of the
plurality of switches.

3. An electrochemical cell system according to claim 2,
wherein each cell is a metal-air cell with the fuel electrode
comprising a metal fuel, the oxidant electrode comprising an
air cathode for reducing oxygen, and the charging electrode
being an oxygen evolving electrode for oxidizing an oxidiz-
able oxygen species to oxygen.

4. An electrochemical cell system according to claim 3,
wherein the metal fuel is selected from the group consisting of
zine, aluminum, iron, and manganese.

5. An electrochemical cell system according to claim 3,
wherein each non-conductive barrier includes one or more
ports for enabling oxygen to flow to the air cathode.

6. An electrochemical cell system according to claim 1,
further comprising a first terminal coupled to the fuel elec-
trode of cell 1 and a second terminal, wherein the plurality of
switches includes a switch switchable between coupling the
oxidant electrode of cell N to the second terminal in the
discharge mode, and coupling the charging electrode of cell N
to the second terminal in the charge mode.

7. An electrochemical cell system according to claim 6,
wherein said plurality of switches are switchable to a bypass
mode for each of said cells 1 to N, wherein:

in said bypass mode for cell 1, the first terminal is coupled
to the fuel electrode of cell 2;

in said bypass mode for any cell X of cells 2 to N-1, the
charging electrode, in the charge mode, or the oxidant
electrode, in the discharge mode, of the previous cell
(X-1) is coupled to the fuel electrode of the subsequent
cell (X+1); and

in said bypass mode for cell N, the charging electrode, in
the charge mode, or the oxidant electrode, in the dis-
charge mode, of cell N-1 is coupled to the second ter-
minal.

8. An electrochemical cell system according to claim 7,

wherein

a static contact for the triple throw single pole switch for
cell N is connected to the second terminal,

a first selective contact for the triple throw single pole
switch for cell 1is connected to at least the first terminal;
and

a switch element for each triple throw single pole switch is
switchable between (1) a bypass position coupling its
static contact to its first selective contact, (2) a charging
position coupling its static contact to its second selective
contact, and (3) a discharging position coupling its static
contact to its third selective contact, wherein said charg-
ing mode of said plurality of switches is established by
said switch elements being in said charge positions
thereof, said discharge mode is established by said
switch elements being in said discharging positions
thereof, and each cell may be bypassed by moving the
switch element associated therewith to the bypass posi-
tion in either the charge mode or the discharge mode of
said plurality of switches.
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