Office de la Propriete Canadian CA 2772935 C 2016/11/01

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 772 935
Un organisme An agency of

d'Industrie Canada Industry Canada (12) BREVET CANADIEN

CANADIAN PATENT
(13) C

(86) Date de depot PCT/PCT Filing Date: 2010/09/17 (51) CLInt./Int.Cl. HOTM 12/08 (2006.01),

(87) Date publication PCT/PCT Publication Date: 2011/03/24
(45) Date de delivrance/lssue Date: 2016/11/01

HO1M 8/18 (2006.01)

(72) Inventeurs/Inventors:
FRIESEN, CODY A., US;

(85) Entree phase nationale/National Entry: 2012/03/01 KRISHNAN, RAMKUMAR, US:
(86) N° demande PCT/PCT Application No.: US 2010/049361 FRIESEN, GRANT, US
(87) N° publication PCT/PCT Publication No.: 2011/035176 (73) Proprietaire/Owner:

(30) Priorite/Priority: 2009/09/18 (US61/243,970)

FLUIDIC, INC., US

(74) Agent: NORTON ROSE FULBRIGHT CANADA
LLP/S.E.N.C.R.L., S.R.L.

(54) Titre : SYSTEME DE PILE ELECTROCHIMIQUE RECHARGEABLE AVEC UNE COMMUTATION DE MODE DE CHARGE ET DE

DECHARGE D'UNE ELECTRODE DE CHARGE DANS LES PILES

(54) Title: RECHARGEABLE ELECTROCHEMICAL CELL SYSTEM WITH A CHARGING ELECTRODE CHARGE/DISCHARGE MODE

SWITCHING IN THE CELLS

0
Q3 - - A ®
— — — = =
et Mo e N —
10
T o 8 w19
| a \ N I (
9L L1 /i iRy 16 {1
= ~~14
6—“\\‘\4 d_,/".lé 1817
- Jl ‘S __________________
181~ ~-13 1 Ls
]4\“' pf - .--'"""_*__19 ]4"‘-_ ‘\‘16
.

(57) Abrege/Abstract:

One aspect of the present invention provides a rechargeable electrochemical cell system for generating electrical current using a
fuel and an oxidant. The cell system comprises N electrochemical cells each comprising a fuel electrode, an oxidant electrode, a
charging electrode, and an lonically conductive medium communicating the electrodes, wherein N Is an integer greater than or
equal to two. Any number of cells may be used. The cell system includes a plurality of switches that are switcheable to a discharge
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mode coupling the oxidant electrode of each cell to the fuel electrode of the subsequent cell, a charge mode coupling the charging

ectrode of each cell to the fuel electrode of the subsequent cell, and a bypass mode coupling charging electrode or the oxidant
ectrode of a previous cell to the fuel electrode of a subsequent cell.
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ABSTRACT

One aspect of the present mvention provides a rechargeable electrochemical cell system
for gencrating clectrical current usinga fuel and an oxidant. The ccll system comprises N
clectrochemical cells cach comprising a fuel clectrode, an oxidant electrode, a charging
elcctrode, and an 1onically conductive medium communicating the electrodes, wherein N s
an intcger greater than or equal to two. Any number of cells may be used. The ccll system
includes a plurality of switches that are switcheable to a discharge mode coupling the oxidant
clectrode of each cell to the fuel electrode of the subsequent cell, a charge mode coupling the
charging clectrode of cach cell to the fuel clectrode of the subscquent cell, and a bypass mode
coupling charging clectrode or the oxidant electrode of a previous cell to the fuel electrode of

a subscquent cell.
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RECHARGEABLE ELECTROCHEMICAL CELL SYSTEM WITH A CHARGING
ELECTRODE CHARGE/DISCHARGE MODE SWITCHING IN THE CELLS

Field of the Invention

{0001] The present invention relates o a rechargeable clectrochemical cell system
comprising a plurality of cells that each includes a charging electrode in addition to the fuel
and oxidant e¢lectrodes.

Background of the Invention

AR L PP B PN r——— et i o L0 ¥ W

16002} Flectrochemical cell systems with a plurality of individual ¢lectrochemical cells
connccted in series are well known. Each individual cell includes an anode or fuel electrode
at which a fuel oxidation reaction takes place, a cathode or oxidant electrode at which an
oxidant reduction reaction takes place, and an ionically conductive medium for supporting
the transport of ions. The fuel electrode of the first cell is coupled to a first terminal, the
oxidant clectrodc of cach cell within the cell system is connected to the fuel electrode of the
subsequent cell, and the oxidant clectrode of the last cell in the series is connected to a second
tecrminal. Thus, a potential diffcrence is created within cach mdividual cell, and because
these cells arc coupled in serics, a cumulative potential difference is gencrated between the
first and second terminals. These terminals connect to a load, creating a potential difference
that drives current.

j0003] There is a need in the art for a more efficient and effective architecture to cnable

re-charging of such ccll systems.

AAAAAAAAA

[0004] One aspect of the present invention provides a rechargeable clectrochemical cell
system for gencrating clectrical current using a fuel and an oxidant. The ccll system
comprises N electrochemical cells cach comprising a fuel electrode, an oxidant clectrode, a
charging clectrode, and an ionically conductive medium communicating the clectrodes,
wherein N is an integer greater than or equal to two. Any number of cclls may be used.
[0005] A plurality of switches are switchablc betwecen:

[0006] (1) a discharge mode coupling the oxidant clectrode of each cell 1 to N-1 to the
fucl clectrode of the subsequent cell to couple the cells in a discharging series, such that when
the fuel clectrode of cell 1 and the oxidant clectrode of cell N are coupled to a load, oxidation
of fuel at the fuel clectrodes and reduction of an oxidant at the oxidant electrodes creates a
potential differcnce within each cell to thus create a cumulative potential diffcrence anodic at

the fuel electrode of cell 1 and cathodic at the oxidant electrode of cell N for delivering a
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current to the load, and

10007] (2) a charge mode coupling the charging electrode of each cell 1 to N-1 to the fuel
electrode of the subscquent ccll to couple the cells in a charging scries, such that when the
fuel clectrode of cell 1 and the charging clectrode of ccll N are coupled to a power source to
receive a charging potential difference cathodic at the fucl electrode of cell 1 and anodic at
the charging clectrode of cell N, an incremental potential difference is created within cach
cell to reduce a reducible fuel species at the fuel electrode and oxidize an oxidizable oxidant
species at the charging clectrode.

[0008] The plurality of switches are switchable to a bypass mode for a cell (X) of the N
clectrochemical cells by coupling the charging clectrode, in the charge mode, or the oxidant
clectrode, in the discharge mode, of a previous cell (X-1) to the fuel clectrode of a subsequent
cell (X+1). That is, whether the charging or oxidant clectrode of the previous cell is the one
coupled is dependent on whether the cell system 1s 1n charge or discharge mode, respectively.
106009] In an cmbodiment, the cclls are assembled adjacent one another with a non-
conductive barrier separating the oxidant electrode and fuel clectrode of each pair of adjacent
cells such that the only permitted clectrical connection therebetween is via the associated
switch,

[00010]  In another embodiment, cach cell may be a metal-air ccll with the fuel electrode
comprising a metal fuel, the oxidant clectrode comprising an air cathode for reducing oxygen,
and the charging clectrode being an oxygen evolving clectrode for oxidizing an oxidizablc
oxygen species to oxygen.

[00011]  The system may comprise a first terminal coupled to the fuel electrode of celi |
and a second terminal, wherein the plurality of switches includes a switch switchable between
coupling the oxidant clectrode of cell N to the second terminal in the discharge mode, and
coupling the charging electrode of cell N to the second terminal 1n the charge mode.

[00012)  The plurality of switches may optionally be switchable to a bypass mode for cach
of the cells 1 to N, wherein;

[00013]  in the bypass mode for cell 1, the first terminal is coupled to the fucl electrode of
cell 2;

[00014]  in the 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 a previous cell (X-1) 1s
coupied to the fuel clectrode of the subsequent cell (X+1); and

[00815]  in the bypass mode for cell N, the charging clectrode, in the charge mode, or the
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oxidant electrode, in the discharge mode, of cell N-1 1s coupled to the sccond terminal,
[00016]  The plurality of switches may include a triple throw single pole switch for each
cell, wherein:

[060017]  a static contact for the triplc throw single pole switch for each of cells 1 to N- 1 18
connected to the fuel clectrode of the subscquent cell (X+1) and a static contact for the trniple
throw single pole switch for cell N is connccted to the second terminal,

100018]  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) and a first sclective
contact for the triple throw single pole switch for cell 1 is connected to at least the first
terminal;

100019]  a second selective contact for the triple throw single pole switch for each of cells
1 to N is connected to the charging clectrode of the associated celi (X);

{00020]  a third sclective 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

[00021]  a switch clement for each triple pole single pole switch is switchable between (1)
a bypass position coupling its static contact to its first sclective 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, whereby the charge mode of
the plurality of switches is cstablished by the switch elements being 1n the charging positions
thereof, the discharge mode is established by the switch clements being in the discharging
positions thereof, and cach cell may be bypassed by moving the switch clement associated
therewith to the bypass position in either the charge mode or the discharge mode of the
plurality of switches.

(00022]  As another alternative, the plurality of switches may include a pair of switches
associated with each cell. The pair of switches associated with cach cell may be a pair of
double throw single pole switches.

[00023]  Other objects, features, and advantages of the present invention will become
apparcnt from the following detailed description, the accompanying drawings, and the

appended claims.

Brief Description of the Drawings

(00024}  Figure | is a schematic view of a cell system constructed in accordance with the

present invention,

100025]  Figurc 2 is a schematic view of an alternative embodiment of a cell system
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constructed in accordance with the present invention;

[00026]  Figurc 3 is an exploded cross-scctional view showing two cells in a stack;
[00027]  Figures 4a-4d are schematic views of an alternative embodiment of a cell system
constructed in accordance with the present invention, with switches thercof in ditferent
opcrational states; and

[00028]  Figures 5a-5d arc schematic views of another alternative embodiment of a ccll
system constructed in accordance with the present invention, with switches thercof in

diffcrent operational states.

AA P SARAALL
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

[00029]  The Figures illustrate various embodiments of a rechargeable clectrochemical ccli
system 10 for generating clectrical current using a fuel and an oxidant. The cell system 10
may have any arrangement and architecture, and the illustrated cmbodiments are not intended
to be limiting.

[00030]  The cell system 10 comprises N electrochemical cells 12. The number N 1s any
integer greater than or equal to two, and is not limited to any particular number. Each cell 12
comprises a fuel clectrode 14, an oxidant electrode 16, a charging clectrode 138, and an
ionically conductive medium communicating the electrodes 14, 16, 18. Each ccll 12 15
prefcrably encased to prevent leakage of the ionically conductive medium, which may be an
electrolyte or any suitable medium for enabling ton transport during charging/discharging.
For example, a conventional liquid or semi-solid clectrolyte solution may be used, or a room
temperature ionic liquid may be used. Figure 1is a schematic diagram showing the basic
arrangement of electrodes and cclls for facilitating an understanding of the cell operation.
[00031]  The fuel electrode 14 (also referred to as an anode during discharge) may have
any construction or configuration. Preferably, it is formed of an clectroconductive material,
such as an electroconductive mesh screen. The fucl clectrode 14 may also be formed of
multiple electrode bodies. The embodiment in Figure 3 shows the multiple electrode bodies
14a-14c, separated by non-conductive, electrochemically inert 1solators 15a-15¢, which arc
permeable by the electrolyte. Fig 3 shows 3 electrode bodies that form the fucl clectrode 14
separated by 3 clectrochemically inert isolators. However, the arrangement and architecture
arc not intended to be limiting. For example, the number of clectrode bodices, size and spacing
can be arbitrarily varied from pm to several mm. The fuel electrode 14 1s the electrode at
which oxidation occurs during discharge, and on which fuel ts clectrodeposited during

recharging. Prefcrably, the fuel is a metal or other fucl selected such that, when deposited on
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the fuel electrode, 1t can be oxidized to liberate electrons and provide oxidized fuel 1ons in the
electrolyte that can later be reduced and clectrodeposited onto the fuel electrode 14 during
recharging.

[60032] Preferably, the fuel is a metal, such as zinc, manganese, iron or aluminum. The
fuel may also be a non-metal that 1s capable of being reduced and clectrodeposited from its
oxidized form in the electrolyte onto the fuel clectrode 14, and oxidized from its deposited
form on the fucl electrode 14. Thus, a fuel that i1s reversible between oxidation and reduction
1s preferred.

[00033] Thc oxidant electrode 16 (also referred to as the cathode during discharge) may
also have any construction or configuration, and may have any type of oxidant supplhied to it
for the reduction reaction during discharging. In the illustrated ecmbodiment, the oxidant
electrode is an air breathing cathode (also referred to as an air cathode).  With an air cathode
as the oxidant electrode 16, during discharging the oxidant clectrodc 16 absorbs oxygen from
the ambicnt air, and reduccs the oxygen, thus forming a reduced oxygen species, which may
ultimately react with the oxidized fucl in the cell 12 in the electrolyte or at an electrode. The
oxygen or other oxidant need not necessarily be derived from ambient air, and may be
delivered from a contained source as well.

[00034]  Thus, during a discharging operation, within each individual cell 12 fuel 1s
oxidized at the fuel clectrode 14 and an oxidant is reduced at the oxidant electrode 14, thus
creating a potential difference between the fuel and oxidant electrodes 12, 14 with the fuel
electrode having an anodic potential and the oxidant clectrode 16 having a cathodic potential
(relative to one another). The reduced oxidant specics and oxidized fucl may react within the
cell 12 to form a by-product, from which the oxidized fuel may be later reduced and
clectrodeposited on the fuel electrode 14 as will be discussed below.

[00035]  The oxidant electrode 16 may be made from a varicty of materials, including but
not limited to carbon, flouropolymers, nickel, silver, mangancse oxide, pore formers and any
combination thereof. The present disclosure is not intended to be limiting in that regard.
[00036]  The charging electrode 18 is positioned between the fucl electrode 14 and the
oxidant electrode 16. However, it may be in another location, such as being on the side of the
fucl electrode 14 opposite the oxidant electrode 16. The charging electrode 18 is used only
during charging of the cell, and functions as an anode (during charge) in that capacity.
Specifically, during charge, an anodic potential is applied to the charging clectrode 18 and a

cathodic potential is applied to the fuel clectrode 14. As such, the fuel electrode 14 behaves
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as a cathode during charge, and scrves as a reduction site for a reducible fuel species, such as
the oxidized fucl specics created 1n the cell during discharging.  Similarly, the charging
clectrode 18 will oxidize an oxidizabie oxygen species, such as the reduced oxidant specics
crcated in the cell duning discharging. Thus, when the ccll 12 15 a metal-air cell, the reducible
metal fucl specices 1s being reduced and electrodeposited on the fuel electrode 14, and the
oxidizable oxygen species is being oxidized to oxygen gas, which may be off-gassed from the
ccll 12. In this embodiment, the charging electrode 18 may be an oxygen cvolving clectrode
(OEE).

[00037] The oxadizable oxidant specics may be any species of the oxidant available for
oxidation at the charging electrode. For example, the species may be a frec 1on, or an ion
bondced to or coordinated with other ions or constitucnts in the ionically conductive medium.
For example, in an aqueous electrolytic solution whete oxygen 1s the oxidant, oxygen ions are
oxidized, which may be available from an oxide of the fuel (e.g., ZnO when zinc 1s the fuel),
hydroxide ions (OH"), or water molecules (H;0). Similarly, the reducible fuel species may
be any species of the fuel available for reduction at the fuel electrode. For example, the
reducible fuel species may be a free ion, or an ion bonded to or coordinated with other ions or
constituents in the ionically conductive medium. For example, when the fuel 1s a metal, 1ons
of the metal are reduced and clectrodeposited on the fuel electrode, which may be available
from an oxide of the metal, a salt of the metal dissolved in the ionically conductive medium,
or ions of the mctal supported by or coordinated with other ions or constitucnts in the
medium.

[00038] The charging clectrode 18 may be made from a varicty of materials, including but
not limited to electroconductive mesh coated with catalyst such as nickel, nickel particles
whose diameter range from few nm to scveral um held together by a binder such as
fluoropolymer, high surface area clectrocatalyst such as nickcl and its alloys (for example,
Ni-Co, Ni-Pt) clectrodeposited on clectroconductive mesh.

(00039]  The individual cells 12 may have any construction or configuration. For
example, they may usc a flowing liquid electrolyte. The electrolyte flow may run through
each cell parallel to the electrodes 14, 16, 18, and that flow may be recirculated within cach
cell 12. Likewise, a flow that is generally orthogonal to the clectrodes 14, 16, 18 may also be
used, and it may be recirculated within each cell 12. Any suitable pump may be used for
gcnerating the flow. It is also possible to deliver parallel flows of elcctrolyte to all the cells

from the same flow source, such as a common pump, and re-circulate the parallel outputs of
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the same. It is also possible to maintain the electrolyte for each individual cell 12 on its own
flow circuit 1solated from the flows of the other cells to climinate any power loss due 1o
mixecd potentials. In other embodiments, there may be no flow, and the clectrolyte may
simply remain within cach individual cell 12, The particular architecture for managing the
oxidation and reduction reactions within the cells 12 themsclves is not intended to be
limiting,

100040]  As mentioned above, Figure 3 shows a representative structural arrangement for a
stack of the cclis 12. This example is provided solcly for illustrative purposes and is not
intended to be limiting. A stack of two cells 12 is shown in exploded, cross-sectional view
for illustrating the basic internal structural arrangement. A pair of outer housing bodics 40,
42 arc provided at the ends, and these are formed of a non-conductive, electrochemically mert
material, such as polymer or polymer-composite. A non-conductive, electrochemically mert
barrier 19 is provided between the cells 12, which may also be made of a polymer or polymer
composiie,

{60041]  The housing body 40 and barrier 19 cach have a recess 44 for recetving the fucl
electrode 14, which is shown as comprising the multiple electrode bodies 14a-14c, as well as
their associated isolators 15a-15¢. The charging clectrode 18 18 positioned adjacent to
isolator 15¢, and thus is separated from the fuel clectrode 14 in each cell 12. Another
electrochemically incrt and non-conductive isolator, which is permcable to the electrolyte or
other ionically conductive medium, 46 is positioned adjacent the charging electrode 18 for
cach cell 12.

[00042]  Permeable seal members 48 arc bonded to scaling surfaces 50 on the housing
bodics 40, 42 and barrier 19. In cach cell 12, the permeable scal 48 encloscs the fuel
clectrode 14, the charging clectrode 18, and the various separators 15a-15¢ and 46 n the
recesses 44. The seal members 48 are non-conductive and electrochemically inert, and are
preferably designed to be permeable to the clectrolyte {(or other ionically conductive medium)
in the orthogonal direction (i.c., through its thickness), without permitting lateral transport of
the electrolyte. This enables the clectrolyte 12 to permeate through the seal members 48 for
enabling ion conductivity with the oxidant electrode 16 on the opposing side to support the
electrochemical reactions, without “wicking” the electrolyte 12 laterally outwardly from the
cell 12. A few non-limiting examples of a suitable material for the seal member 48 are
EPDM and teflon.

100043]  The scal members 48 also cover a scries of inlet and outlet fluid paths 52, 54,
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respectively. These inlet and outlet fluid paths 52, 54 permit the electrolyte to flow nto and
out of the ccils 12 with the flow within the cell running parallel to and between the fuel
electrode 14 bodies 14a-14¢ and the charging electrode 18. This encloses the flowing
clectrolyte within these paths. The entire configuration of thesc paths 52, 54 1s not shown, as
the particular configuration is not ¢sscntial. Any construction or configuration may be used,
and the flow paths may be coupled 1n series between the cells 12 or flow may be dehivered to
the cells in parallel. No particular fiow management 1s limiting.

[00044]  In cach cell 12, the oxidant clectrode 16 1s on the side of the scal membér 4%
oppositc the fuel clectrode 14 and the charging electrode 18. A peripheral gasket 56 cxtends
around the periphery of the oxidant electrode 16 and provides a seal between the oxidant
clectrode 18 and the adjacent structure (the opposing wall of barrier 19 or the outer housing
body 42, as illustrated). This prevents any electrolyte from leaking around the oxidant
electrode 16 and into the arca for air exposurc. Preferably, the oxidant electrode 16 1s
permeable to the oxidant, but impermeablc to the clectrolyte or other ionically conductive
medium, to thus prevent leakage of the ionically conductive medium through the oxidant
clectrode, but permit absorption of the oxidant. This characteristic may optionally cnable the
oxygen gas generated at the charging electrode 18 during re-charging to off-gas from the celi.
The surfaces of the barrier 19 and housing body 42 have grooves 58 that extend to the
cxterior and are open to the ambient air. This cnables the air to flow in and contact the
oxidant clectrode 16 to provide the reduction of oxygen, as discussed heretn.

[00045]  The cxample of Figure 3 is not limiting, and is provided solely for context to
supplement the schematic illustrations of Figures 1 and 2. Any cell construction or
configuration may be used. With an understanding of the cell system provided, attention is
turned to the bypass switching aspect of the invention.

[00046]  As will be discussed in further detail below, each of the cells 12 within the system
10 is connected in scries. This is established by a plurality of switches 20 switchable
between:

[00047] (1) A discharge mode. In the discharge mode, the switches 20 couple the oxidant
clectrode 16 of each cell 1 to N-1 to the fuel clectrode 14 of the subsequent cell to couple the
cells in a discharging serics. That is, the oxidant electrode 16 of cell 1 is coupled to the fuel
electrode 14 of cell 2, the oxidant clectrode 16 of cell 2 is coupled to the fuel electrode 14 of
cell 3, and so on, with the oxidant clectrode 16 of cefl N-1 being coupled to the fuel electrode

14 of cell N. As a result, when the fucl electrode of cell 1 and the oxidant clectrode of cell N



CA 02772935 2016-05-26

are coupled to a load, oxidation of fuel at the fuel clectrodes 14 and reduction of the oxadant
at the oxidant clectrodes 16 creates a potential difference within each cell 12 to thus create a
cumulative 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. The charging electrodes 18 do
not have a potential applicd to them, and they are not connected as part of the series circuitry.
[00048]  (2) A charge modc. In the charge mode, the switches 20 couple the charging
electrode 18 of cach cell 1 to N-1 to the fuel clectrode 14 of the subsequent cell to couple the
cclls in a charging series. As a result, when the fuel electrode 14 of ccll 1 and the charging
electrode 18 of cell N are coupled to a power source to receive a charging potential difference
cathodic at the fuel clectrode 14 of cell | and anodic at the charging electrode 18 of cell N, an
incremental potential difference is created within cach cell to reduce the reducible fuel
specics at the fuel clectrode 14 and oxidize the oxidizable oxidant specics at the charging
elcctrode 18. The oxidant electrodes 16 do not have a potential applied to them, and they are
not connected as part of the serics circultry.

[00049] As mentioned above, the cells 12 are assembled adjacent one another with the
non-conductive barrier 19 scparating the oxidant electrode 16 and fucl electrode 14 of cach
pair of adjacent cells 12 such that the only permitted electrical connection thercbetween 1§ via
the associated switch 20. In the art, the non-conductive, insulating property of the barrier
may be referred to as monopolar. In the illustrated embodiment, the electrodes 14, 16, 18
and barricrs 19 are arranged generally parallel to one another so that the overall arrangement
is that of a stack.

[00050]  Preferably, in an embodiment where the cells 12 are metal-air cells, cach barrier
19 has the series of grooves 58 formed on the surface thereof facing the adjacent oxidant
clectrode and opening as ports to the ambient atmosphere, thus allowing ambient air to enter
through those ports and grooves for exposure to the air breathing oxidant electrode 16 (1.¢.,
the air cathode). Other variations, including any typc of port, may be uscd for delivering air
or any other oxidant to the oxidant clectrode 16. Figure 1 shows the barrier 19 schematically
with some spacing exaggerated to clearly depict the various electrodes, and its working
structural configuration may take any suitable form, such as that shown in Figure 3.

[00051]  In the illustrated embodiment of Figure 1, there arc N switches 20, meaning onc
switch for cach ccll 12. The first switch 20 sclectively couples to cither the oxidant clectrode
16 or charging electrode 18 of the first cell 12 and couples to the fuel electrode 14 of the

second cell 12. That is, the switch has a static contact connected to the fuel electrode 14 of
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the second cell, and has a switch element 26 movable between connection with two other
selective contacts: onc for connection to the oxidant clectrode 16 of the first cell 12 and the
other for connection to the charging clectrode 18 of the first ccll 12. This type of switch is
commonly referred to as a singlc pole double throw switch. For a fucl clectrode 14 with
muitiple bodies, such as in Figure 3, the connection of the fuci electrode contact may be madc
to all the bodics 1n parallel or to a tenmuinal body. Movement of the switch clement 26 to
connect to onc of those two contacts cstablishes the selcction between the discharge and
charge modes, as it ¢stablishes the connection between the oxidant or charging clectrode
16/18 of the first cell with the fuel electrode 14 of the second cell.  Figure 1 shows the
switches 20 in the charge mode, thus coupling the fuel clectrodes 14 and charge electrodes 18
of subscquent ceils 12 together. The discharge mode 1s represented by the position of
switches 20 in dashed lines.

{60052]  The second switch 20 sclectively couples to cither the oxidant electrode 16 or
charging electrode 18 of the second ccll 12 and couples to the fuel clectrode 14 of the third
cell 12 in the same manner as the first switch docs between the first and second cells. The
third switch 20 likewisc selectively couples to cither the oxidant clectrode 16 or charging
clectrode 18 of the third cell 12 and couples to the fuel clectrode 14 of the fourth cell 12. This
continues on for each of cells 1 to N-1, so that the N-1th switch selectively coupies cither the
oxidant electrode 16 or charging electrode 18 of the N-1th cell 12 and couples to the fucl
clectrode 14 of the Nth cell. As such, it can be gencrally described that within the cell system
10, for any arbitrarily selected cell X among cells 1 to N-1, the associated switch 20
selectively couples cither the oxidant or charging clectrode of that cell X to the tuel clectrode
of the subscquent cell X+1.

[00053] The system 10 has a first terminal 22 and a second terminal 24. The term
terminal 10 is broadly used to describe any input/output connection for coupling the system
10 to a load (during discharging) and a power source (during charging). In the illustrated
embodiment, the first terminal 22 is coupled to the fuel electrode of the first cell 12. With
regard to thc second terminal 24, it is coupled to an Nth one of the switches 20. This Nth
switch 20 functions the same as the other switches above, except that it sclectively couplces to
cither the oxidant clectrode 16 or the charging electrode 18 of the Nth cell, and is coupled to
the sccond terminal 24 instcad of the fuel electrode of a subsequent cell.  The switch element
26 of this Nth switch 20 is selectively moved in the samc way as the other switches 20 to

cstablish the charge and discharge modes.

[
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(00054]  In an altcrnative cmbodiment, the Nth switch 20 can be omitted, and the sccond
terminal 24 can be replaced with two separate terminals, onc coupled to the oxidant electrode
16 of the Nth cell, which 1s coupled to the load during discharging, and the other coupled to
the charging electrode of the Nth cell, which 1s coupled to the power source during charging.
Thus, a switch 20 would not be usced for the Nth cell, as the connectivity of the Nth cell’s
oxidant and charging clectrodes 16, 18 to the load and power source, respectively, can be
managed via their respective terminals.

[00055] The switches 20 may be controlicd by a controller, shown schematically at 30.
The controlicr may be of any construction and configuration. It may comprise hard-wired
circuitry that simnply manipulates the switches 20 based on an input determining whether the
cell should be in discharge or charge mode. The controller 30 may also include a
microprocessor for executing more complex decisions, as an option. The controller 30 may
also function to manage connectivity between the load and the power source and the first and
Nth cells (and particularly the fuel electrode 14 of the first cell, and the oxidant/discharge
clectrode 16/18 of the Nth cell).

{00056]  In any cmbodiment, the switches 20 (or any other switch described hercin) may
be of any type, and the term switch is broadly intended to describe any device capable of
switching between the modes or states described. For example, the switches 20 may be of
single pole double throw type as shown. They may be of the pivoting, sliding or latching
relay type. Also, semiconductor based switches may be used as well. The switches may be
activated electrically (clectromechanical relay) or magnetically or by other methods known (o
those familiar in the art. Any other suitablc type of switch may be used, and the examples
herein are not hmiting,

100057]  Figure 2 shows an alternative embodiment similar to Figure 1, except that a scries
of bypass switches 32 have been added to the plurality of switches. Each bypass switch 32 18
coupled between the fuel electrode 14 from that ccll 12 to the fucl clectrode 14 of the
subscquent cell 12. That is, for any given cell X, the fuel clectrode 14 in cell X 1s connected
or shunted to the fuel electrode 14 in cell X+1 when the bypass switch 32 for cell X 1s 1n
closed position, thereby achicving bypass of ccll X either during charge or discharge. Morc
particularly, in the embodiment of Fig. 2, cach bypass switch 32 has two contacts: (a) one
contact connected to the static contact of the switch 20 of the previous cell 12 (or in the case
of the first bypass switch 12 for cell 1, this contact is connected to the terminal 22), which 1s

also connected to the fuel electrode 14 of the cell 12 associated with the bypass switch 32,
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and (b) another contact connected to the fuel electrode 14 of the subsequent cell 12 (or in the
casc of the bypass switch for the Nth cell, to the terminal 24). When the switch element 33 of
any given bypass switch 32 for cells 2 to N-1 1s closed, this couples the static contact of the
previous cell’s switch 20 (and thus the oxidant or charging elcctrode 16, 18 of that previous
cell 12) to the fucl electrode 14 of the subscquent cell 12. For the first cell 12, when the
switch element 33 of the bypass switch 32 1s closed, the bypass switch 32 couples the
terminal 22 to the fuel clectrode 14 of the second ccll 12. And for the Nth cell, when the
switch clement 33 of the bypass switch is closed, the bypass switch 32 couples the static
contact of the N-1th celi’s switch 20 (and thus the oxidant or charging electrode 16, 18 of that
N-1th cell 12) to the terminal 24,

[00058] When cell X 1s in bypass modce, switch 20 in cell X is preferably in a position
such that charging clectrode of cell X is connected to fuel electrode of cell X+1 to avoid
shorting of fuel clectrode and oxidant clectrode in cell X. Normally, each bypass switch 32 1s
in an opcn condition, and thus plays no role in the circuitry or opcration of the cell system 10.
However, if the controller 30 detects that any given cell is not operating properly (which may
jeopardize the whole system because the cells 12 arc in scries), the bypass switch 32 for that
cell may be switched to a closed position, thus bypassing the problematic cell as a result of
the connection ¢stablished by the closed bypass switch 32. In particular, the oxidant/charging
electrode 16, 18 of the prior cell in the series (or the terminal 22 if the first cell 12 1s being
bypassed) can be coupled to the fuel electrode 14 of the subsequent cell in the series {(or the
terminal 24 if the Nth cell is being bypasscd), thus bypassing the problematic cell while
maintaining the series conncctions between the remaining opcerating cells 12,

[060059] A ccil can be bypassed for a number of reasons that affect the performance of the
stack. For example, a short between charging electrode and fuel clectrode 1n a cell during
charge (detected by voltage measurcment) leads to expensc of parasitic power during charge.
An electrical short lcads to a sudden drop in voltage between the charging and fucl electrodes
as the current is shuntcd between the charging and fuel clectrodes. Another example 1s
during discharge, where any cell that has a higher kinetic or ohmic loss affects the round trip
cfficicncy and discharge power of the stack. Also, consumption of fuel in a cell during
discharge earlicr than other cells can lead to voltage reversal in the cell and stack power loss,
and can be prevented by bypassing the cell when the discharge voltage falls below a critical
valuc. Complete consumption of zinc or other fucl during discharge lcads to a sudden drop mn

voltage between the fuel and oxidant electrodes. Any other criteria to detect the performance
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of cells may be used, and the cxamples herein are not limiting. Certain cells may not mect
performance requirements (for cxample, maximum power during discharge) due to yield
1ssues and problems related to fabrication and assembly of clectrodes. Thesc cells can be
permanently placed in bypass mode. Other cells may meet performance requirements
mitially, however may have cycle life issucs and can be placed in bypass mode after the
performance falls below a required limit. Thus, bypass mode provides an option to increase
rchiability and performance of the stack.

[00060]  Thc voltage or potential difference between the fuel and charging clectrodes
during charge and between the fuel and oxidant electrodes during discharge may be measured
by techniques known in the art. For example, a voltmeter (digital or analog) or potentiometer
or other voitage measuring device or devices may be coupled between cach or the pairs of
clectrodes. The controller 30 may include appropriate logic or circuitry for actuating the
appropriatc bypass switch{cs) in responsc to detecting a voltage recaching a predetermined
threshold (such as drop below a predetermined threshold).

[00061] It is also preferable to include such a bypass switch between the fuel electrode 14
of the first ccll 12, or the first terminal 22, so as to provide the same bypass for the first ccll
12. Likewise, the bypass switch 32 for the Nth cell 12 in the series would be provided
between the fuel electrode contact of the N-1th switch 20 that couples to the fuel clectrode 14
of the Nth cell and the sccond terminal 24, thus enabling the Nth cell to be bypassed and
couple the oxidant/charging clectrode 16/18 of the N-1th cell to the second terminal 24,
[00062)  Figures 4a-4d schematically illustrate another embodiment using pairs of single
polc double throw switches as the plurality of switches to provide the switching between
charging and discharging, as well as the bypassing functionality. The cell 12 componcents arc
the samc, and thus the same references numbers are used for common components. As can
be seen Figurcs 4a-4d, each cell has a pair of single pole double throw switches. Switch 80
includes a switch clement 82 that is statically connccted to one contact, and sclectively moves
between connection to two other selective contacts: one that is coupled to the fuel clectrode
14 of its associated cell 12, and another that is coupled to the charging clectrode 18 of its
associated cell 10. In the casc of the switch 80 for the first cell 12, the contact coupled to the
first ccll’s fuel electrode 14 is also coupled to the terminal 22. Switch 84 also includes a
switch element 86 that is statically coupled to both the fuel electrode 14 of the subscquent
cell and the contact of the subscquent switch 80 to which that subsequent fuel clectrode 14 1s

coupled. The switch element 86 is selectively moved between connection to two other
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contacts: one that is coupled to the oxidant electrode 16 of its associated ccll 12, and another
that 1s coupled to the static contact of its cell’s switch 80. In the case of the switch 84 for the
Nth cell 12, its static contact 1s coupled to the terminal 24.

[00063]  The operation of these switches 80 and 84 will now be described, and may be
controlicd by the controller 30 with appropriate logic and/or circuitry therein.

[00064] In Figure 4a, the switches are 1n a state for normal charging. Each of the switch
clements 82 and 86 are moved to positions to couple the charging clectrode 18 of their
associated ccll 12 to the fuel electrode 14 of the subsequent ccll 12 (or i the casc of the
switches 80, 84 for the Nth cell, to the terminal 24). Specifically, each switch clement 82 1s
moved to connect with the contact coupled to the charging clectrode 18 of its associated cell
12, and each switch clement 86 1s moved to conncct with the contact that 1s coupled to the
static contact of switch 80. Thus, the oxidant electrodes 16 are disconnected from the circuit.
[00065] In Figure 4b, the switches are in a state for normal discharging. Each of the
switch elements 86 arc moved to positions to couplc the oxidant clectrode 16 of therr
associated ccll 12 to the fucl electrode 14 of the subsequent cell 12 (or n the casc of the
switch 84 for the Nth cell, to the terminal 24). Specifically, cach switch clement 86 1s moved
to conncct with the contact coupled to the oxidant electrode 16 of its associated cell 12. The
position of the switch clements 82 of switches 80 1s irrelevant in this normal discharging
state, as none of the switch elements 86 are connected to the static contacts of switches 80,
and therefore the switches 80 are disconnected from the circuit (as are the charging electrodes
18).

[000666]  Figurc 4¢ shows a state for charging whercin the sccond cell 12, for example, 15
bypassed. In this state, all the switches 80, 82, except switch 80 associated with the second
cell 12, arc in the same position as shown in Figure 4a. IHowcever, the switch 80 for the
second cell 12 is positioned differently. Specifically, the switch element 82 of the second
ccll’s switch 80 is moved to a position connected to the contact that is coupled to the static
contact of the switch 84 for the first cell 12 (in the case of cell X being bypassed, the first cell
being the X-1th cell, the sccond cell being Xth cell). Thus, this couples the chargimg
clectrode 18 of the first (X-1th) cell 12 to the fuel electrode 14 of the subsequent third celi 12
(the X+1th cell). As such, the second or Xth cell is effectively by-passed, as current flow 1s
established between the charging clectrode 18 of the first (X-1th) cell 12 and the fuel
clectrode 14 of the third (X+1th) cell 12 via the switches 80, 82 associated with the sccond

cell 12. Likewise, in the situation wherc the Nth cell is the cell being bypassed, the current
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flow would be cstablished between the charging electrode 18 of the N-1th cell 12 and the
terminal 24 via the switches 80, 82 associated with the Nth cell. And wherc the first cell is
the cell being bypasscd, the current flow would be established between the terminal 22 and
the fuel electrode 14 of the second ccll wia the switches 80, 82 associated with the first cell.
[00067]  Figurc 4d shows a state for discharging whercin the second cell 12, for example,
is bypasscd. In this state, all the switches 80, 82, except switches 80, 82 associated with the
sccond cell 12, are i1 the same position as shown in Figure 4b. However, the switches 80 and
82 for the sccond cell are positioned differently (as was noted above, the position for switch
80 for the non-bypassed cells 15 not important, and cither position could be selected; however,
in this circuit arrangement the position of second ceil’s switch 80 does perform part of the
bypassing functionality for the second cell 12). Specitically, the switch clement 82 of the
second cell’s switch 80 is moved to a position connected to the contact that is coupled to the
static contact of the switch 84 for the first cell 12 (the X-1th cell, the second cell being Xth
cell again). Also, the switch clement 86 of the second cell’s switch 84 1s moved to a position
connected to the static contact of the second (Xth) cell’s switch 80, Thus, this couples the
oxidant electrode 16 of the first (X-1th) cell 12 to the fuel electrode 14 of the third (X+1th)
cell 12, As such, the second or Xth cell is effectively by-passed, as current flow 1s
established between the oxidant electrode 16 of the first (X-1th) cell 12 and the fucl clectrode
14 of the third (X+1th) cell 12 via the switches 80, 82 assoctated with the second celi 12,
Likcwise, in the situation where the Nth cell is the cell being bypassed, the current flow
would be established between the oxidant electrode 16 of the N-1th cell 12 and the terminal
24 via the switches 80, 82 associated with the Nth cell. And where the first cell 1s the cell
being bypassed, the current flow would be established between the terminal 22 and the tuel
electrode 14 of the second cell via the switches 80, 82 associated with the first ccli.

[00068] The configuration in Fig 4 allows for placing ccll X in by pass mode without
shorting fuel electrode and charging electrode of cell X as is the case in the configuration
shown in Fig 3.

[00069]  Figures 5a-5d schematically illustrate another embodiment using single pole
triple throw switches to provide the switching between charging and discharging, as well as
the bypassing functionality. Each cell 12 has such a switch 90 associated thercwith. Each
switch 90 has a switch element 92 that is statically connected to one contact. For the 1 to N-
1th cclls, the static contact of the switch 90 1s coupled to the fuel electrode 14 of the

subsequent cell 12. The switch element 92 sclectively moves between connection to three
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other selective contacts: a first onc coupled to at least the static contact of the previous cell’s
switch 90, as wcll as the fuel clectrode 14 of its associated previous cell 12, a second one
coupled to the charging clectrode 18 of its associated cell 12, and a third one coupled to the
oxidant electrode 16 of 1ts associated cell. In the case of the switch 90 for the first ccll 12, the
first sclective contact is coupled to the terminal 22, as well as the first cell’s fucl electrode 14,
For the Nth cell, the static contact of the switch 90 i1s coupled to the terminal 24,

100070]  The operation of these switches 90 will now be described, and may be controllced
by the controller 30 with appropriate logic and/or circuitry therein.

[06071]  Figurc 5a shows the switches 90 in a state for normal charging. Each of the
switch elements 92 1s moved to a position connected to the sccond sclective contact that is
coupled to the charging electrode 18 of its associated cell 12. This couples the charging
clectrode 18 of the associated cell 12 to the fucl clectrode 14 of the subsequent cell (or in the
case of the Nth cell, the charging clectrode 18 of the Nth ccll is coupled to the terminal 24).
Thus, the oxidant clectrodes 16 are disconnected from the circuit.

{60072]  Figurc 5b shows the switches in a state for normal discharging. Each of the
switch elements 92 is moved 1o a position connccted to the third sclective contact that 1s
coupled to the oxidant electrode 16 of its assocrated cell 12, This couples the oxidant
clectrode 16 of the associated cell 12 to the fuel electrode 14 of the subsequent cell (or in the
case of the Nth cell, the oxidant electrode 16 of the Nth cell is coupled to the terminal 24).
Thus, the charging electrodes 18 arc disconnected from the circut.

[00073]  Figure 5¢ shows a state for charging whercin the second ccll 12, for cxample, 18
bypassed. In this state, all the switches 90, except switch 90 associated with the sccond cell
12, are in the same position as shown in Figurc 5a. Howcver, the switch 90 for the sccond
cell 12 is positioned differently. Specifically, the switch element 92 for the switch 90 of the
second cell 12 (the Xth cell) is moved to a position connected to the first selective contact
that is coupled to static contact of the switch 90 for the first (X-1th ccll). This couples the
charging clectrode 18 of the first (X-1th) cell 12 to the fuel electrode 14 of the third (X+1th)
cell 12.  As such, the second or Xth cell is effectively by-passed, as current flow 1s
cstablished between the charging electrode 18 of the first (X-1th) cell 12 and the fucl
clectrode 14 of the third (X+1th) cell 12 via the switch 90 associated with the sccond cell 12.
Likewise, in the situation where the Nth ccll is the cell being bypassed, the current flow
would be established between the charging clectrode 18 of the N-1th cell 12 and the terminal

24 via the switch 90 associated with the Nth cell. And where the first cell 1s the cell being
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bypassed, the current flow would be established between the terminal 22 and the fuel
electrode 14 of the sccond cell via the switch 90 associated with the first cell.

[00074]  Iigurc 5d shows a state for discharging wherein the second cell 12, for example,
is bypassed. In this state, similarly to Figure Sc, all the switches, cxcept switch 90 associated
with the second cell 12, are in the same position as shown in Figure 5b. However, the switch
90 for the sccond cell 12 1s positioned differently. Specifically, the switch clement 92 for the
switch 90 of the second cell 12 (the Xth cell) is moved to a position connected to the first
sclective contact that 1s coupled to static contact of the switch 90 for the first (X-1th ccli), just
as i the case in the bypass condition of Figure 5¢. In Figure 54, this couples the oxidant
clectrode 16 of the first (X-1th) ccll 12 to the fuel electrode 14 of the third (X+1th) cell 12.
As such, the sccond or Xth ccll 1s cffectively by-passed, as current flow is established
between the oxidant electrode 16 of the first (X-1th) cell 12 and the fuel clectrode 14 of the
third (X+1th) cell 12 via the switch 90 associated with the second cell 12, Likewise, 1n the
situation where the Nth cell is the ccll being bypassed, the current flow would be cstablished
between the oxidant clectrode 16 of the N-1th cell 12 and the terminal 24 via the switch 90
associated with the Nth cell, And where the first cell 1s the cell being bypassed, the current
fiow would be established between the terminal 22 and the fuel clectrode 14 of the second
cell via the switch 90 associated with the first cell, just as is the casc with the state of Figure
Sc¢.

[00075]  With any of these embodiments, the bypassing switches can also be used to
bypass a group of adjacent cells, if it becomes necessary to do so. Thus, for example, 1t a
group of three cells was being by-passed (¢.g., cclls X to X+2), these by-passing switches
would also enable those cells to be bypassed from the ccll prior to the group (i.c., cell X-1) to
the cell subsequent to the group (i.c., cell X+3), as can be appreciated from circuitry depicted.
Thus, broadly speaking, each of these embodiments with bypassing functionality may be
generally characterized as having its switches being capable of cstablishing a bypass mode
for a cell. In this bypass mode, the current (referring to the actual direction of clectron tlow)
that would normally be applied to the fucl electrode 14 of that cell (cell X) during charging is
re-directed or shunted so as to be applied to the fuel clectrode of the subscquent cell (X+1), or
the terminal 24 in the case of the Nth cell. Similarly, the current that would be drawn from to
the fuel electrode 14 of that cell X during discharging would be drawn from the fuel clectrode
14 of the subsequent cell (X+1), or the terminal 24 in the case of the Nth cell.  Preferably,

this is done with the oxidant and charging electrodes 16, 18 of that cell X disconncceted by the
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switching, thus avoiding the crecation of an electrochemical connection between the fuel
clectrode 14 and the oxidant/charging electrodes 16/18 of that cell X, as 1s shown in the
cmbodiments of Figs. 4 and 5. Any suitable switching arrangement, including but not Iimited
to thosc illustrated may be used.

100076] It should be appreciated that any of the embodiments of the switches described
above (e.g., to cnable the charge mode, discharge mode, bypass mode) may also be used with
a plurality of electrochemical celis having a dynamically changing oxygen cvolving
electrode/fucl electrode.

[06077] For example, the fucl electrode 14 may include a plurality of permeable clectrode
bodies, which may be screens that are made of any formation able to capture and rctain
particles or ions of metal fucl from an ionically conductive medium that circulates in the ccll
12. Each of the permeable elcctrode bodics may be electrically isolated from each other
using, for examplc, non-conductive and clectrochemically nert spacers. In some
cmbodiments, cach cell 12 may also have its own plurality of switches associated with the
clectrode bodies to enable progressive fuel growth.

[00078]  During charging, the charging clectrode 18 of cach ccll 12 may be coupled to the
fuel clectrode 14 of the subsequent cell 12. In onc embodiment, during charging, a first
electrode body (Y) of the fuel electrode 14 may have a cathodic potential and the rest of the
clectrode bodies and/or a separate charging electrode may have an anodic potential. In such
an embodiment, during the progressive fuel growth of the fuel electrode 14, the fuel may
grow on the first clectrode body (Y) having the cathodic potential and causc a short with the
adjacent clectrode body (Y+1) having the anodic potential. The adjacent clectrode body
(Y+1) may then be disconnected from the source of anodic potential such that through
clectrical connection, the adjacent clectrode body (Y+1) also has the cathodic potential.  This
process may continuc with the rest of the electrode bodics until no further growth is possible
(i.c., the cathodic potential has shorted to the last electrode body having an anodic potential
or a separatc charging electrode). A plurality of switches may be provided to
connect/disconnect the clectrode bodies to one another and/or to sources of cathodic or
anodic potential. Thus, in such embodiments having progressive fuel growth, the charging
electrode 18 may be a separate charging clectrode from the fuel clectrode 14 or may be at
least the adjacent electrode body, up to all other electrode bodies, having an anodic potential.
In other words, the charging clectrode 18 may be a separate charging clectrode, an electrode

body having an anodic potential located adjacent to the at least one electrode body having a
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cathodic potential, and/or a group of electrode bodics having an anodic potential located
adjacent to the at lecast one electrode body having a cathodic potential.

(000791  Thus, the charging clectrode, as that term is used in the broader aspects of this
application, need not nccessarily be a static or dedicated electrode that only plays the anodic
charging role (although 1t may be), and 1t may at times be a body or bodies within the fuel
clectrode to which an anodic potential is applicd. Hence, the term dynamic 1s uscd to refer to
the fact that the physical element(s) functioning as the charging electrode and receiving an
anodic potential during charging may vary.

[00080] During discharging, the oxidant clectrode 16 of a cell 12 may be operatively
connected to the fuel cell 14 of the subsequent cell 12 and fucl consumption would be
through the electrode bodics (wherein the electrical connection between the clectrode bodies
arc throug_"h fuel growth). If a cell 12 is not functioning properly or for other rcasons, the cell
12 may also be bypassed using the bypass switching fecatures described above.

[00081]  Also, in some embodiments, the cells may be designed as “bi-cells.” That term
refers to a pair of air electrodes that are on opposing sides of a fucl electrode. During
discharge, the air clectrodes are at generally the same cathodic potential and the fuel clectrode
s at an anodic potential. Typically, a pair of dedicated charging clectrodes may be disposed
in the ionically conductive medium between the air electrodes and the fucl clectrode. During
charging, the charging clectrodes are at generally the same anodic potential, and the tuel
clectrode is at a cathodic potential (alternatively, the charging clectrode may dynamically
charge, as described above). Thus, the air electrodes may share a common terminal, and the
fuel electrode has its own terminal, and the charging clectrodes may also sharc 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-dircctional fuel growth,
may cause a bi-cell to be considered as two celis for certain purposes; however, at a higher
level for mode discharging and connection management, those aspects arc less rclevant and
the bi-cell can be viewed as a single cell). The pair of air electrodes correspond to the
oxidant clectrode 16, the fucl electrode corresponds to the fuel electrode 14, and the pair of
charging electrodes correspond to the charging electrode 18.

[00082]  The foregoing illustrated embodiments have been provided solely to illustrate the
structural and functional principles of the present invention, and should not be regarded as
limiting. To the contrary, the present invention is intended to encompass all modification,

substitutions, and alterations within the spirit and scope of the following claims.
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1. A rechargeable electrochemical cell system for gencrating ¢lectrical current

using a fucl and an oxidant, the ccll system comprising:

N clectrochemical cells each comprising a fuel electrode, an oxidant electrode, a
charging clectrode, and an jonically conductive medium communicating the clectrodes,

wherein N is an integer greater than or equal to two,
a plurality of switches switchable to:

(1) a discharge mode coupling the oxidant clectrode of cach cell 1 to N-1 to the fuci
clectrode of the subscquent 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 clectrodes and reduction of an oxidant at the oxidant clectrodes creates a
notential difference within each cell to thus create a cumulative potential differcnce anodic at
the fuel electrode of cell 1 and cathodic at the oxidant clectrode 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 subsequent cell to couple the cells in a charging series, such that when the
fuel electrode of cell 1 and the charging electrode of ccll N are coupled to a power source to
receive a charging potential difference cathodic at the fucl electrode of cell 1 and anodic at
the charging clectrode of cell N, an incremental potential difference is created within each
cell to reduce a reducible fuel specics at the fuel electrode and oxidize an oxidizable oxidant

spceies at the charging clectrode,

wherein the plurality of switches arc switchable to a bypass mode for a ccll (X) of the
N clectrochemical cells by coupling the charging clectrode, in the charge mode, or the
oxidant clectrode, in the discharge mode, of a previous ccll (X-1) to the fucl electrode ot a

subsequent ccll (X+1).

2. An clectrochemical cell system according to claim 1, wherem the cells are
asscmbled adjacent one another with a non-conductive barrier scparating the oxidant
clectrode and fuel electrode of cach pair of adjacent cells such that the only permitted

elcctrical connection therebetween is via a said switch,
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3. An electrochemical cell system according to claim 2, wherein cach cell 1s a
metal-air cell with the fucl electrode comprising a metal fucl, the oxidant clectrode
comprising an air cathode for reducing oxygen, and the charging clectrode being an oxygen

evolving clectrode for oxidizing an oxidizable oxygen specics to oxygen.

4. An electrochemical cell system according to claim 3, whercin the metal fuel 1s

sclected from the group consisting of zinc, aluminum, 1ron, and manganesc.

5. An electrochemical cell system according to claim 3, wherein each non-

conductive barrier includes one or more ports for cnabling 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 electrode of cell 1 and a second terminal, wherein the plurality of
switches includes a switch switchable between coupling the oxidant electrode of ccll N to the
second terminal in the discharge mode, and coupling the charging electrode of cell N to the

sccond terminal in the charge mode.

7. An clectrochemical cell system according to claim 6, whercein said plurality of
switches are switchable to a bypass mode for cach of said cells 1 to N, wherein:
in said bypass mode for cell 1, the first terminal is coupled to the fucl
clectrode of ccll 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 clectrode, in the discharge mode, of a previous cell (X-1) 1s

coupled to the fucl electrode of the subsequent cell (X+1); and

in said bypass mode for ccll N, the charging clectrode, in the charge mode, or

the oxidant electrode, in the discharge mode, of cell N-1 is coupled to the second terminal.

8. An clectrochemical ccll system according to claim 7, whercin plurality of

switches include a triple throw single pole switch for each cell, whercin
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a static contact for the triple throw sigle pole switch for each of cells 1 to N-1 1s
connected to the fucl clectrode of the subsequent cell (X+1) and a static contact for the triple

throw singlc polc switch for cell N 1s connected to the sccond terminal,

a first selective contact for the triple throw singic pole switch for cach of cells 2to N
1s connected to at least the static contact of the previous cell (X-1) and a first sclective contact

for the triple throw single pole switch for cell 1 1s connected to at least the first terminal;

a second selective contact for the triple throw single pole switch for cach of cells 1 to

N 1s connected to the charging clectrode of the associated cell {X);

a third selective contact for the triple throw single pole switch for cach of cells 1 to N

1$ connected to the oxidant electrode of the associated cell (X); and

a switch elcment for cach triple pole single pole switch 1s switchable between (1) a
bypass position coupling its static contact to s first sclective contact, (2) a charging position
coupling its static contact to its second sclective contact, and (3) a discharging position
coupling its static contact to its third selective contact, whereby said charging modc 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 bypassced by moving the switch element associated
therewith to the bypass position in cither the charge mode or the discharge mode of said

plurabity of switches.

9. An electrochemical cell system according to claim 7, whercein said plurality of

switches includes a pair of switches associated with cach cell.

10.  An clectrochemical cell system according to claim 9, wherein said pair of

switches associated with each cell is a pair of double throw single pole switches.
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