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THREE-CHAMBER ELECTROCHEMICAL BALANCING CELLS FOR
SIMULTANEOUS MODIFICATION OF STATE OF CHARGE AND ACIDITY WITHIN
A FLOW BATTERY

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] Not applicable.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] Not applicable.
FIELD
[0003] The present disclosure generally relates to energy storage and, more specifically,

to electrochemical balancing cells for flow batteries and methods for their use.

BACKGROUND

[0004] Electrochemical energy storage systems, such as batteries, supercapacitors and the
like, have been widely proposed for large-scale energy storage applications. Various battery
designs, including flow batteries, have been considered for this purpose. Compared to other
types of electrochemical energy storage systems, flow batteries can be advantageous, particularly
for large-scale applications, due to their ability to decouple the parameters of power density and

energy density from one another.

[0005] Flow batteries generally include negative and positive active materials in
corresponding electrolyte solutions, which are flowed separately across opposing faces of a
membrane or separator in an electrochemical cell containing negative and positive electrodes.
The flow battery is charged or discharged through electrochemical reactions of the active
materials that occur inside the two half-cells. As used herein, the terms "active material,"
"electroactive material," "redox-active material" or variants thereof will synonymously refer to a
material that undergoes a change in oxidation state during operation of a flow battery or like

electrochemical energy storage system (i.e., during charging or discharging).

[0006] Although flow batteries hold significant promise for large-scale energy storage
applications, they have often been plagued sub-optimal energy storage performance (e.g., round

trip energy efficiency) and limited cycle life, among other factors. Despite significant
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investigational efforts, no commercially viable flow battery technologies have yet been
developed. Certain issues leading to poor energy storage performance, limited cycle life, and

other performance-degrading factors are discussed hereinafter.

[0007] Balanced oxidation and reduction of the active materials within each half-cell of a
flow battery are desirable electrochemical reactions, since these reactions contribute to the flow
battery's proper operation during charging and discharging cycles. Such reactions may be
referred to herein as "productive reactions.” Undesirable parasitic reactions can also occur
within one or both half-cells of flow batteries and related electrochemical systems. As used
herein, the term "parasitic reaction" will refer to any side electrochemical reaction that takes

place in conjunction with productive reactions.

[0008] Parasitic reactions can involve a component of an electrolyte solution that is not
the active material. Electrochemical reactions of an active material that render the active
material unable to undergo reversible oxidation and reduction can also be considered parasitic in
nature. Parasitic reactions that commonly occur in aqueous electrolyte solutions are reduction of
water into hydrogen at the negative electrode and/or oxidation of water into oxygen at the
positive electrode. Furthermore, parasitic reactions in aqueous electrolyte solutions can change
the electrolyte solution's pH, which can destabilize the active material in some instances.
Hydrogen evolution in a negative electrolyte solution, for example, can raise the pH by
consuming protons and forming hydroxide ions. In non-aqueous electrolyte solutions, the
electrolyte solvent can be similarly oxidized or reduced in an undesired parasitic reaction
process. Further, in both aqueous and non-aqueous electrolyte solutions, electrode materials and
other cell components can also undergo parasitic reactions (e.g., carbon or metal corrosion,

separator oxidation, or the like) in some cases.

[0009] Discharge arising from parasitic reactions can also decrease the operating
efficiency and other performance parameters of flow batteries. In the case of a parasitic reaction
that occurs preferentially in one half-cell over the other, an imbalance in state of charge can
result between the negative and positive electrolyte solutions. The term "state of charge" (SOC)
is a well understood electrochemical energy storage term that will refer herein to the relative
amounts of reduced and oxidized species at an electrode within a given half-cell of an
electrochemical system. Charge imbalance between the electrolyte solutions of a flow battery
can lead to mass transport limitations at one of the electrodes, thereby lowering the round-trip
operating efficiency. Since the charge imbalance can grow with each completed charge and

discharge cycle, increasingly diminished performance of a flow battery can result due to parasitic
-2 -
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reactions. Parasitic generation of hydrogen at a negative electrode can further result in
undercharging of the negative electrolyte solution, which can produce a state of charge
imbalance. In addition, parasitic evolution of hydrogen in a negative electrolyte solution can
result in partial discharge of the negative electrolyte solution, thereby further altering the state of

charge balance.

[0010] The pH changes accompanying parasitic reactions can oftentimes be difficult to
address. Small changes in proton and hydroxide ion concentrations can produce dramatic swings
in pH, which can be problematic for some active materials. Without adequate ways to address
pH fluctuations, the working lifetimes of electrolyte solutions can be significantly compromised.
Adjustment of pH through adding an extraneous acid or base to an electrolyte solution can be
further undesirable and problematic due to the accompanying changes in ionic strength and
concentration of the active material. Further, addition of an extraneous acid or base at a rate
sufficient to maintain a desired pH window in an electrolyte solution can sometimes be difficult,
since the rates of parasitic reactions can often be highly variable. Since the pH changes resulting
from parasitic reactions within electrolyte solutions can be additive, buffers may provide only

temporary protection against pH changes until the buffering capacity has been exceeded.

[0011] In addition, conventional approaches for rebalancing state of charge in flow
batteries and other electrochemical systems do not address pH changes in the electrolyte
solutions. Conversely, simple addition of an extraneous acid or base to an electrolyte solution, or
other conventional pH balancing approaches, do not address issues associated with state of
charge imbalance. At the very least, conventional approaches for addressing pH variance and
state of charge imbalance are performed separately, which can increase one or more of cost of
goods, the physical size of a flow battery system, downtime associated with a flow battery's

maintenance, and/or other associated operating costs.

[0012] In view of the foregoing, alternative rebalancing strategies for flow batteries and
related electrochemical systems would be highly desirable in the art. The present disclosure

satisfies the foregoing needs and provides related advantages as well.
SUMMARY

[0013] In some embodiments, the present disclosure provides electrochemical balancing
cells including: a first chamber containing a first electrode, a second chamber containing a
second electrode, a third chamber disposed between the first chamber and the second chamber, a

first cation-selective membrane forming a first interface between the first chamber and the third
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chamber, and a bipolar membrane, a second cation-selective membrane, or a membrane
electrode assembly forming a second interface between the second chamber and the third

chamber.

[0014] In some embodiments, the present disclosure provides flow battery systems
containing a first half-cell containing a first electrolyte solution, and a second half-cell
containing a second electrolyte solution. Both the first half-cell and the second half-cell are in
fluid communication with an electrochemical balancing cell including: a first chamber
containing a first electrode, a second chamber containing a second electrode, a third chamber
disposed between the first chamber and the second chamber, a first cation-selective membrane
forming a first interface between the first chamber and the third chamber, and a bipolar
membrane, a second cation-selective membrane, or a membrane electrode assembly forming a
second interface between the second chamber and the third chamber. The first half-cell is in
fluid communication with the first chamber and the second half-cell is in fluid communication

with the third chamber.

[0015] In other various embodiments, the present disclosure provides methods including:
providing an electrochemical balancing cell containing a first chamber containing a first
electrode, a second chamber containing a second electrode, a third chamber disposed between
the first chamber and the second chamber, a first cation-selective membrane forming a first
interface between the first chamber and the third chamber, and a membrane electrode assembly
or a second cation-selective membrane forming a second interface between the second chamber
and the third chamber; introducing a first electrolyte solution containing a first active material
into the first chamber; introducing a second electrolyte solution containing a second active '
material into the third chamber; introducing water or an acidic aqueous solution into the second
chamber; applying a potential across the electrochemical balancing cell so as to induce a current
therein, such that the second electrode is a positive electrode and the first electrode is a negative
electrode; and converting water into oxygen and protons in the second chamber and reducing the
first active material in the first chamber under the potential. The protons migrate into the second
electrolyte solution in the third chamber. The membrane electrode assembly contains a cation-
selective membrane and an oxygen-formation catalyst. An oxygen-formation catalyst is
disposed in the second chamber when a second cation-selective membrane forms the second

interface.
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[0016] In still other various embodiments, the present disclosure provides methods
including: providing an electrochemical balancing cell containing a first chamber containing a
first electrode, a second chamber containing a second electrode, a third chamber disposed
between the first chamber and the second chamber, a cation-selective membrane forming a first
interface between the first chamber and the third chamber, and a bipolar membrane forming a
second interface between the second chamber and the third chamber; introducing a first
electrolyte solution containing a first active material into the first chamber; introducing a second
electrolyte solution containing a second active material into the third chamber; introducing an
alkaline aqueous solution into the second chamber; applying a potential across the
electrochemical balancing cell so as to induce a current therein, such that the second electrode is
a positive electrode and the first electrode is a negative electrode; and converting hydroxide ions
into oxygen and water in the second chamber and reducing the first active material in the first
chamber under the potential, while converting water into protons and hydroxide ions at the
bipolar membrane. The protons migrate into the second electrolyte solution in the third chamber
and the hydroxide ions migrate into the second chamber. An oxygen-formation catalyst is

present in the second chamber.

[0017] The foregoing has outlined rather broadly the features of the present disclosure in
order that the detailed description that follows can be better understood. Additional features and
advantages of the disclosure will be described hereinafter. These and other advantages and

features will become more apparent from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] For a more complete understanding of the present disclosure, and the advantages
thereof, reference is now made to the following descriptions to be taken in conjunction with the

accompanying drawings describing specific embodiments of the disclosure, wherein:
[0019] FIGURE 1 shows a diagram demonstrating the reactions associated with parasitic
generation of hydrogen in the negative half-cell of an illustrative flow battery;

[0020] FIGURE 2 shows a schematic of an illustrative flow battery containing a single

electrochemical cell;

[0021] FIGURE 3 shows a diagram of an illustrative electrochemical balancing cell of

the present disclosure;
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[0022] FIGURE 4 shows a diagram of an illustrative flow battery system in which both
half-cells of an exemplary flow battery are fluidly connected to the electrochemical balancing

cell of FIGURE 3;

[0023] FIGURE 5 shows a diagram of the electrochemical balancing cell of FIGURE 3
upon introduction of a positive electrolyte solution to the first chamber of the cell, a negative
electrolyte solution to the third chamber of the cell, and water or an acidic aqueous solution to

the second chamber of the cell in the presence of an applied potential;

[0024] FIGURE 6 shows a diagram of the electrochemical balancing cell of FIGURE 3
upon introduction of a positive electrolyte solution to the first chamber of the cell, a negative
electrolyte solution to the third chamber of the cell, and an alkaline aqueous solution to the

second chamber of the cell in the presence of an applied potential;

[0025] FIGURE 7 shows an illustrative plot of voltage versus current density for a

negative aqueous electrolyte solution treated under "acidic" rebalancing conditions at 45°C;

[0026] FIGURE 8 shows an illustrative plot of voltage versus current density for a

negative electrolyte solution treated under "alkaline" rebalancing conditions at 45°C; and

[0027] FIGURES 9-11 show comparative data of an electrochemical balancing cell

operated under "acidic" and alkaline conditions.
DETAILED DESCRIPTION

[0028] The present disclosure is directed, in part, to electrochemical balancing cells that
can simultaneously adjust pH and balance state of charge in electrolyte solutions. The present
disclosure is also directed, in part, to flow batteries in fluid communication with an
electrochemical balancing cell that can simultaneously adjust pH and balance state of charge in
electrolyte solutions. The present disclosure is also directed, in part, to methods for
simultaneously adjusting pH and balancing state of charge in electrolyte solutions using an

electrochemical balancing cell.

[0029] The present disclosure may be understood more readily by reference to the
following description taken in connection with the accompanying figures and examples, all of
which form a part of this disclosure. It is to be understood that this disclosure is not limited to
the specific products, methods, conditions or parameters described and/or shown herein. Further,
the terminology used herein is for purposes of describing particular embodiments by way of

example only and is not intended to be limiting unless otherwise specified. Similarly, unless
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specifically stated otherwise, any description herein directed to a composition is intended to refer
to both solid and liquid versions of the composition, including solutions and electrolytes
containing the composition, and electrochemical cells, flow batteries, and other energy storage
systems containing such solutions and electrolytes. Further, it is to be recognized that where the
disclosure herein describes an electrochemical cell, flow battery, or other energy storage system,
it is to be appreciated that methods for operating the electrochemical cell, flow battery, or other

energy storage system are also implicitly described.

[0030] It is also to be appreciated that certain features of the present disclosure may be
described herein in the context of separate embodiments for clarity purposes, but may also be
provided in combination with one another in a single embodiment. That is, unless obviously
incompatible or specifically excluded, each individual embodiment is deemed to be combinable
with any other embodiment(s) and the combination is considered to represent another distinct
embodiment. Conversely, various features of the present disclosure that are described in the
context of a single embodiment for brevity's sake may also be provided separately or in any sub-
combination. Finally, while a particular embodiment may be described as part of a series of
steps or part of a more general structure, each step or sub-structure may also be considered an

independent embodiment in itself.

[0031] Unless stated otherwise, it is to be understood that each individual element in a
list and every combination of individual elements in that list is to be interpreted as a distinct
embodiment. For example, a list of embodiments presented as "A, B, or C" is to be interpreted

as including the embodiments "A," "B," "C," "A or B," "A or C," "B or C," or "A, B, or C."

[0032] In the present disclosure, the singular forms of the articles "a," "an," and "the"
also include the corresponding plural references, and reference to a particular numerical value
includes at least that particular value, unless the context clearly indicates otherwise. Thus, for
example, reference to "a material" is a reference to at least one of such materials and equivalents

thereof.

[0033] In general, use of the term "about" indicates approximations that can vary
depending on the desired properties sought to be obtained by the disclosed subject matter and is
to be interpreted in a context-dependent manner based on functionality. Accordingly, one having
ordinary skill in the art will be able to interpret a degree of variance on a case-by-case basis. In

some instances, the number of significant figures used when expressing a particular value may
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be a representative technique of determining the variance permitted by the term "about." In other
cases, the gradations in a series of values may be used to determine the range of variance
permitted by the term "about." Further, all ranges in the present disclosure are inclusive and

combinable, and references to values stated in ranges include every value within that range.

[0034] As discussed above, energy storage systems that are operable on a large scale
while maintaining high efficiency values can be extremely desirable. Flow batteries have
generated significant interest in this regard, but there remains considerable room for improving
their operating characteristics. Parasitic reactions are one factor that can compromise the
operating efficiency of flow batteries. Types of parasitic reactions that can occur in flow
batteries include, for example, generation of hydrogen and oxidation by oxygen. Hydrogen
generation in the negative electrolyte solution of flow batteries can be especially problematic due

to pH changes and the state of charge imbalance accompanying this parasitic reaction.

[0035] The parasitic reaction of hydrogen evolution in the negative half-cell of a flow
battery can occur as shown below in Reaction 1 below.

2H,O + 2" — H, + 20H° (Reaction 1)
During ideal charging conditions, all current passed through the flow battery charges the active
materials in the negative and positive electrolyte solutions. When Reaction 1 occurs, however, a
fraction of the current is directed to hydrogen evolution, not charging of the active material in the
negative electrolyte solution. As a result, at the end of the charging cycle, the state of charge of
the negative electrolyte solution is lower than that of the positive electrolyte solution, assuming
no parasitic reactions occurred in the positive electrolyte solution. Upon generation of hydrogen
and hydroxide ions in the negative half-cell of the flow battery, the pH of the negative electrolyte
solution can increase, as discussed above. A corresponding oxidation of the active material in
the positive half-cell occurs in conjunction with the negative parasitic reaction, along with cation
migration to the negative electrolyte solution to offset the charge of the generated hydroxide
ions, thereby leading to a state of charge imbalance. Reduction of the active material in the
negative electrolyte solution also occurs concurrently with this process. FIGURE 1 shows a
diagram demonstrating the reactions associated with parasitic generation of hydrogen in the
negative half-cell of an illustrative flow battery. As shown in FIGURE 1, free cations (e.g., K"
or other alkali metal ions) from the oxidized iron hexacyanide complex in the positive half-cell
of flow battery 1 migrate through separator 20 to counterbalance the negative charge associated

with the hydroxide ions in the negative electrolyte solution and/or the increased charge
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associated with the reduced active material. Although FIGURE 1 has shown an iron
hexacyanide complex as a specific active material undergoing oxidation in the positive half-cell
of flow battery 1, it is to be recognized that such disclosure is exemplary and non-limiting in
order that the sequence of reactions can be better understood. In the interest of clarity,
concurrent reduction of the active material in the negative electrolyte solution is not shown in
FIGURE 1. As discussed further below, the electrochemical balancing cells of the present
disclosure can remedy the resulting pH change in the negative electrolyte solution while
simultaneously addressing the resulting state of charge imbalance between the positive and

negative electrolyte solutions.

[0036] A particularly attractive class of flow batteries makes use of coordination
complexes as an active material in one or both electrolyte solutions. As used herein, the terms
"coordination complex," "coordination compound," and "metal-ligand compound" will refer to
any compound having a metal bound to one or more ligands through a covalent bond. While
coordination complexes can improve the operating performance of flow batteries, they can be

especially susceptible toward pH changes, as discussed hereinafter.

[0037] Although parasitic reactions can be undesirable for all types of flow batteries, the
pH changes accompanying hydrogen evolution can be especially problematic for electrolyte
solutions containing coordination complexes. Oftentimes, such substances can be stable only
within a narrow pH window, and generation of even small amounts of protons or hydroxide ions
within the electrolyte solution can result in wild pH swings that can comprise the operability of a
flow battery. Further, pH regulation of electrolyte solutions by adding an external acid or base
can be problematic to manage due to changes in ionic strength and/or decreased concentration of
the active material. While buffers can be utilized in some instances to forestall pH changes, they
cannot be used in all cases, and it may not be possible to provide sufficient buffering capacity to

maintain an electrolyte solution in a usable condition over its anticipated working lifetime.

[0038] Conventional approaches for rectifying a state of charge imbalance between two
electrolyte solutions involve reducing either of 1) the active material in a positive electrolyte
solution or 2) the active material in a negative electrolyte solution within a two-chamber
electrochemical balancing cell, thereby bringing the two electrolyte solutions back into balance
with one another. Oxidation of water is performed under both approaches in the chamber
opposite that where modification of the active material takes place. Both of these approaches

have significant limitations, as discussed hereinafter.

-9.
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[0039] In one rebalancing approach, water is oxidized to oxygen and protons in one
chamber of a two-chamber electrochemical balancing cell under the influence of an iridium
oxide catalyst associated with a membrane electrode assembly. An active material in the
positive electrolyte solution, such as an iron hexacyanide complex, undergoes reduction in a
corresponding half-reaction within the other chamber of the two-chamber electrochemical
balancing cell. Protons generated from the oxidation of water can migrate across the membrane
electrode assembly to offset the increased negative charge in the reduced active material in the
positive electrolyte solution. Although this rebalancing approach can occur at low voltages of
around 1 V and can bring the positive electrolyte solution back into charge balance with the
negative electrolyte solution, it does nothing to address the pH change that initially occurred in
the negative electrolyte solution. A further disadvantage of this approach is that additional
hydrogen can be evolved within the electrochemical balancing cell itself, depending on the

degree of electrode polarization.

[0040] In another rebalancing approach, water can again be oxidized to oxygen and
protons in one chamber of a two-chamber electrochemical balancing cell under the influence of
an iridium oxide catalyst associated with a membrane electrode assembly. In this case, an active
material in the negative electrolyte solution, such as a transition metal complex (e.g., a transition
metal catecholate complex), undergoes reduction in a corresponding half-reaction within the
other chamber of the two-chamber electrochemical balancing cell. Protons generated from the
oxidation of water can again migrate across the membrane electrode assembly to offset the
increased negative charge in the reduced active material. Although both pH and the state of
charge of the negative electrolyte solution can be addressed in this rebalancing approach, it too
can be problematic due to the high operating voltages (~3 V) needed to successfully reduce the
active material in the negative electrolyte solution. Such high operating voltages can result in
excessive operating costs and other difficulties. Further, high operating voltages of this

magnitude can result in hydrogen generation within the electrochemical balancing cell itself.

[0041] Given the general issues associated with pH and state of charge modification
within electrolyte solutions, the present inventor discovered alternative rebalancing approaches
that can achieve simultaneous modification of pH and state of charge in both electrolyte
solutions of a flow battery simultaneously. Namely, the inventor discovered that by utilizing a
three-chamber electrochemical balancing cell and processing both electrolyte solutions through

the electrochemical balancing cell at the same time, concurrent adjustme}lt of pH and state of
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charge can be realized. Advantageously, such an approach can affect both a pH decrease in the
negative electrolyte solution and a reduction of the active material in the positive electrolyte
solution, thereby directly offsetting the two primary detrimental effects resulting from parasitic
generation of hydrogen. Advantageously, such modification strategies can take place without
addition of an extraneous acid or base to the electrochemical balancing cell. Further, low
operating voltages can be utilized, thereby avoiding issues associated with excessive energy
consumption and possible generation of additional hydrogen in the electrochemical balancing
cell. Therefore, utilization of a three-chamber electrochemical balancing cell of the present
disclosure can afford the advantages discussed above for two-chamber electrochemical balancing
cells without the associated disadvantages of either two-chamber cell configuration. The three-
chamber cell architecture and further details directed to its operation will be discussed in more

detail hereinbelow.

[0042] Before further discussing the balancing strategies discovered by the present
inventor, illustrative flow battery configurations and their operating characteristics will first be
described in greater detail hereinafter. Unlike typical battery technologies (e.g., Li-ion, Ni-metal
hydride, lead-acid, and the like), where active materials and other components are housed in a
single assembly, flow batteries transport (e.g., via pumping) redox-active energy storage
materials from storage tanks through an electrochemical stack containing one or more
electrochemical cells. This design feature decouples the electrical energy storage system power
from the energy storage capacity, thereby allowing for considerable design flexibility and cost
optimization. FIGURE 2 shows a schematic of an illustrative flow battery containing a single
electrochemical cell. Although FIGURE 2 shows a flow battery containing a single
electrochemical cell, approaches for combining multiple electrochemical cells together are

known and are discussed hereinbelow.

[0043] As shown in FIGURE 2, flow battery system 1 includes an electrochemical cell
that features separator 20 between the two electrodes 10 and 10' of the electrochemical cell. As
used herein, the terms "separator” and "membrane” will refer to an ionically conductive and
electrically insulating material disposed between the positive and negative electrodes of an
electrochemical cell. Electrodes 10 and 10" are formed from a suitably conductive material, such
as a metal, carbon, graphite, and the like, and the materials for two can be the same or different.

Although FIGURE 2 has shown electrodes 10 and 10" as being spaced apart from separator 20,
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electrodes 10 and 10' can also be disposed in contact with separator 20 in more particular

embodiments, or a porous material can intervene between the two.

[0044] Pump 60 affects transport of first active material 30 from tank 50 to the
electrochemical cell. The flow battery also suitably includes second tank 50' that contains
second active material 40. Second active material 40 can be the same material as first active
material 30, or it can be different. Second pump 60' can affect transport of second active
material 40 to the electrochemical cell. Pumps can also be used to affect transport of active
materials 30 and 40 from the electrochemical cell back to tanks 50 and 50' (not shown in
FIGURE 2). Other methods of affecting fluid transport, such as siphons, for example, can also
suitably transport first and second active materials 30 and 40 into and out of the electrochemical
cell. Also shown in FIGURE 2 is power source or load 70, which completes the circuit of the

electrochemical cell and allows a user to collect or store electricity during its operation.

[0045] It should be understood that FIGURE 2 depicts a specific, non-limiting
configuration of a particular flow battery. Accordingly, flow batteries consistent with the spirit
of the present disclosure can differ in various aspects relative to the configuration of FIGURE 2.
As one example, a flow battery system can include one or more active materials that are solids,
gases, and/or gases dissolved in liquids. Active materials can be stored in a tank, in a vessel

open to the atmosphere, or simply vented to the atmosphere.

[0046] The illustrative flow batteries described hereinabove can be placed in fluid
communication with an electrochemical balancing cell of the present disclosure, which will now
be described in greater detail. In various embodiments, electrochemical balancing cells of the
present disclosure can include a first chamber containing a first electrode, a second chamber
containing a second electrode, a third chamber disposed between the first chamber and the
second chamber, a first cation-selective membrane forming a first interface between the first
chamber and the third chamber, and a bipolar membrane, a second cation-selective membrane, or
a membrane electrode assembly forming a second interface between the second chamber and a

third chamber.

[0047] In some embodiments, the first electrode can be a negative electrode and the
second electrode can be a positive electrode. As used herein, the terms "negative electrode" and
"positive electrode" are electrodes defined with respect to one another, such that the negative
electrode operates or is designed or intended to operate at a potential more negative than the

positive electrode (and vice versa), independent of the actual potentials at which they operate, in
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both charging and discharging cycles. The negative electrode may or may not actually operate or
be designed or intended to operate at a negative potential relative to a reversible hydrogen
electrode. Maintaining the first electrode as a negative electrode and the second electrode as a
positive electrode can allow oxidation of water or hydroxide ions to occur in concert with

reduction of the active material in a positive electrolyte solution, as discussed hereinafter.

[0048] As used herein, the term "membrane electrode assembly" will refer to a layered
structure containing an ion-selective membrane and a catalyst. The ion-selective membrane can
be a cation-selective membrane in some embodiments or an anion-selective membrane in other
embodiments. In more particular embodiments, a membrane electrode assembly suitable for
forming the second interface in the electrochemical balancing cells disclosed herein can include
a cation-selective membrane and an oxygen-formation catalyst. Further disclosure regarding cell
configurations in which a membrane electrode assembly is present are discussed in additional

detail hereinbelow.

[0049] As used herein, the term "bipolar membrane" will refer to a non-porous ion-
exchange membrane having two oppositely charged ion-exchange layers overlaying and
contacting one another. In more particular embodiments, the bipolar membrane can include a
first ion-exchange material that is substantially permeable toward anions (i.e., an anion-exchange
membrane) and a second ion-exchange material that is substantially permeable toward cations
(i.e., a cation-exchange membrane). The first ion-exchange material, in turn, is substantially
impermeable toward cations and the second ion-exchange material is substantially impermeable
toward anions. More particularly, a bipolar membrane can include an anion-exchange membrane

and a cation-exchange membrane that are disposed in a layered structure.

[0050] FIGURE 3 shows a diagram of an illustrative electrochemical balancing cell of
the present disclosure. As shown in FIGURE 3, electrochemical balancing cell 100 contains first
chamber 110, second chamber 120, and third chamber 130. Third chamber 130 is disposed
between first chamber 110 and second chamber 120. First, second and third chambers 110, 120
and 130 have corresponding inlets 111, 121 and 131 and outlets 112, 122 and 132 depending
therefrom, which allow first and second electrolyte solutions to be introduced to and withdrawn
from an appropriate chamber of electrochemical balancing cell 100. Further disclosure to this
effect follows below. First chamber 110 contains first electrode 114, and second chamber 120
contains second electrode 124. More particularly, first electrode 114 can be a negative electrode
and second electrode 124 can be a positive electrode. Electrodes 114 and 124 allow a potential
-13 -
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to be applied across electrochemical balancing cell 100 in order to affect oxidation of water or
hydroxide ions to promote pH and state of charge adjustment within the first and second
electrolyte solutions. The first electrolyte solution can be present in first chamber 110, and the
second electrolyte solution can be in third chamber 130 according to the disclosure herein.
Second chamber 120 contains water, an acidic aqueous solution, or an alkaline aqueous solution
according to the disclosure herein. In at least some of the present embodiments, at least one of
the first electrolyte solution and the second electrolyte solution within the electrochemical

balancing cell is an aqueous electrolyte solution, such as that received from a flow battery.

[0051] With continued reference to FIGURE 3, electrochemical balancing cell 100
includes a first cation-selective membrane at first interface 140 between first chamber 110 and
third chamber 130, and a membrane electrode assembly, a second cation-selective membrane, or
a bipolar membrane at second interface 150 between second chamber 120 and third chamber
130. As indicated above, particular membrane electrode assemblies can include a cation-
exchange membrane in their layered structure. Since active materials based upon coordination
complexes often bear an overall negative charge, the use of a cation-exchange membrane at first
interface 140 can allow the active material to be substantially retained in its original electrolyte
solution within first chamber 110. Similarly, the inclusion of a cation-exchange membrane by
itself, within a membrane electrode assembly, or within a bipolar membrane at second interface
150 can prevent crossover of an active material into second chamber 120. Illustrative
coordination complexes bearing an overall negative charge are discussed hereinbelow. Particular
configurations containing a membrane electrode assembly, a second cation-selective membrane,

or a bipolar membrane at second interface 150 are also discussed in further detail hereinbelow.

[0052] Suitable cation-exchange membranes that can be present at first interface 140 or
at second interface 150 (by itself, in a membrane electrode assembly, or in a bipolar membrane)
of electrochemical balancing cell 100 are not considered to be particularly limited. Suitable
cation-exchange membranes can frequently bear sulfonic acid groups due to their high degree of
disassociation into sulfonate anions. Accordingly, in some embodiments, the cation-exchange
membrane can include a sulfonated polymer, such as a sulfonated, perfluorinated polymer.
NAFION (DuPont) is representative example of such a cation-exchange membrane. In other
embodiments, the cation-exchange membrane can be a sulfonated hydrocarbon, such as a

sulfonated polyetheretherketone or a sulfonated polysulfone.
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[0053] Suitable anion-exchange membranes for inclusion in a bipolar membrane at
second interface 140 can include those bearing, for example, quaternary ammonium functional

groups or phosphonium groups.

[0054] Because bipolar membranes include both a cation-exchange membrane and an
anion-exchange membrane, they can exclude the passage of positively charged materials and
negatively charged materials in both directions. Thus, a bipolar membrane can substantially
exclude crossover of active materials within electrochemical balancing cell 100, provided that
the active material retains an overall positive or negative charge in both its oxidized and reduced
forms. The cation-exchange membrane and the anion-exchange membrane can include those
discussed above in any combination. When second electrode 124 is a positive electrode, for
example, the anion-exchange membrane can face second chamber 120 and the cation-exchange
membrane can face third chamber 130. While they can exclude active material crossover, a
bipolar membrane can, however, allow outward migration of a negatively charged substance and
a positively charged substance to occur from an interface between the cation-exchange

membrane and the anion-exchange membrane, as discussed further herein.

[0055] In some configurations, electrochemical balancing cells of the present disclosure
can include a membrane electrode assembly that forms the second interface between the second
chamber and the third chamber. In more specific embodiments, the membrane electrode
assembly can include a cation-selective membrane and an oxygen-formation catalyst. As used
herein, the term "oxygen-formation catalyst" will refer to a catalyst that is capable of converting
water or hydroxide ions into oxygen under an applied potential. Some oxygen-formation
catalysts can function under neutral or acidic conditions and affect conversion of water into
oxygen and protons. Oxygen-formation catalysts included within a membrane electrode
assembly in the embodiments of the present disclosure can include those that function suitably
under neutral or acidic conditions. Other oxygen-formation catalysts can function under alkaline
conditions and affect conversion of hydroxide ions into oxygen and water, as discussed

hereinbelow.

[0056] As indicated above, oxygen-formation catalysts suitable for inclusion in a
membrane electrode assembly can include those which function effectively under neutral or
acidic conditions. In more particular embodiments, an iridium oxide catalyst can be a suitable

oxygen-generation catalyst for inclusion in the membrane electrode assembly within the
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electrochemical balancing cells of the present disclosure. Iridium-ruthenium oxide catalysts or

other noble metal catalysts can also be used suitably in this regard.

[0057] In some alternative configurations, electrochemical balancing cells of the present
disclosure can include a second cation-selective membrane at the second interface between the
second chamber and the third chamber. In such configurations, an oxygen-generation catalyst
can be present in the second chamber, instead of being associated with a membrane electrode
assembly. Electrochemical balancing cells utilizing a second cation-exchange membrane at the
second interface can be used in similar situations as those described above in which a membrane

electrode assembly is present.

[0058] In some configurations, electrochemical balancing cells of the present disclosure
can include a bipolar membrane forming the second interface between the second chamber and
the third chamber. When second electrode 124 is a positive electrode, the layer containing the
anion-exchange membrane can face second chamber 120 and the layer containing the cation-
exchange membrane can face third chamber 130. Under an applied potential, water can
disassociation at the interface of the bipolar membrane. In the foregoing bipolar membrane
configuration, anions (i.e., hydroxide ions) can migrate to the second chamber and cations (i.e.,

protons) can migrate to the third chamber.

[0059] In configurations in which a bipolar membrane forms the second interface in the
electrochemical balancing cell, the electrochemical balancing cell can most suitably function
under alkaline conditions in the second chamber. An oxygen-generation catalyst can likewise be
present in configurations in which a bipolar membrane is present in the electrochemical
balancing cell, but a different catalyst can be used in light of the alkaline pH conditions present
in the second chamber. Further, in contrast to electrochemical balancing cell configurations
having a membrane electrode assembly at the second interface, an oxygen generation catalyst
can be disposed in the second chamber when a bipolar membrane is present. Suitable oxygen-
generation catalysts for oxidizing hydroxide ions to oxygen under alkaline conditions include,
for example, nickel or nickel-based catalysts. In some embodiments, the nickel or nickel-based
catalyst can be disposed on a metal mesh, such as a titanium mesh, which is present in the second
chamber. These types of oxygen-generation catalysts can be advantageous for their lower costs

compared to iridium-based oxygen-generation catalysts.
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[0060] The electrochemical balancing cells described hereinabove can be placed in fluid
communication with a flow battery, thereby providing a flow battery system. More specifically,
such flow battery systems can include a first half-cell containing a first electrolyte solution, and a
second half-cell containing a second electrolyte solution, where both the first half-cell and the
second half-cell are in fluid communication with the electrochemical balancing cell. The
electrochemical balancing cell can include any of the various cell configurations described

hereinabove.

[0061] In more specific embodiments, the first half-cell can be in fluid communication
with the first chamber of the electrochemical balancing cell, and the second half-cell can be in
fluid communication with the third chamber of the electrochemical balancing cell. In still more
particular embodiments, the first half-cell can be a positive half-cell and the second half-cell can
be a negative half-cell. Equivalently, the first electrolyte solution can be a positive electrolyte
solution such that the positive electrolyte solution is in fluid communication with the first
chamber, and the second electrolyte solution can be a negative electrolyte solution such that the
negative electrolyte solution is in fluid communication with the third chamber. This particular
configuration can be particularly advantageous for addressing the pH and state of charge changes
resulting from parasitic hydrogen generation, as discussed above. In various embodiments, the
flow battery can be configured to circulate the first and second electrolyte solutions between the

flow battery and the appropriate chambers of the electrochemical balancing cell.

[0062] FIGURE 4 shows a diagram of an illustrative flow battery system in which both
half-cells of an exemplary flow battery are fluidly connected to the electrochemical balancing
cell of FIGURE 3. Flow battery 200 of FIGURE 4 is substantially similar in structure to that
shown in FIGURE 2, although certain details have been omitted and/or simplified in FIGURE 4
in the interest of clarity. Although FIGURE 4 has shown electrochemical balancing cell 100 as
being connected to outlet lines leaving negative half-cell 11 and positive half-cell 12 of flow
battery 200, it is to be recognized that such placement is illustrative in nature. For example,
electrochemical balancing cell 100 can alternately be connected at tanks 30 or 40, and/or at inlet

lines entering negative half-cell 11 and positive half-cell 12.

[0063] As shown in FIGURE 4, negative half-cell 11 of flow battery 200 is placed in
fluid communication with third chamber 130 of electrochemical balancing cell 100, and positive
half-cell 12 of flow battery 200 is placed in fluid communication with first chamber 110 of
electrochemical balancing cell 100, Second chamber 120 of electrochemical balancing cell can
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contain water, an acidic aqueous solution, or a basic aqueous solution, any of which can be
circulated therethrough (not shown in FIGURE 4) while the first and second electrolyte solutions
are being circulated through first chamber 110 and third chamber 130, respectively.
Considerations for choosing a particular aqueous medium for circulation through second
chamber 120 are addressed in further detail hereinbelow. In either configuration, operation of
electrochemical balancing cell 100 by applying a potential across it can allow a pH decrease to
be affected in the second electrolyte solution in third chamber 130 while simultaneously
affecting reduction of the active material in the first electrolyte solution within first chamber 110.
As indicated above, by introducing the positive electrolyte solution of a flow battery into first
chamber 110 and the negative electrolyte solution of a flow battery into third chamber 130, the
configuration shown in FIGURE 4 can mitigate the pH and state of charge changes brought

about by parasitic generation of hydrogen.

[0064] As indicated above, an oxygen-generation catalyst can be either associated with a
membrane electrode assembly at the second interface between the second chamber and the third
chamber, or the oxygen-generation catalyst can be present in the second chamber itself. The
nature of the oxygen-generation catalyst and its location can be dictated by the nature of the
aqueous medium contained in the second chamber of the electrochemical balancing cell. The
choice of a particular aqueous medium and a corresponding particular oxygen-generation
catalyst can be dictated by chemical compatibility and cost concerns. For example, when a
neutral or acidic aqueous solution is present in the second chamber, more expensive iridium-
based catalysts can be more suitable. In contrast, when an alkaline aqueous solution is present in
the second chamber, less expensive nickel-based catalysts can be more suitable. Reaction rates
and potential catalyst selectivity issues may also need to be factored into one's choice of a

suitable oxygen-generation catalyst for a particular situation.

[0065] In some embodiments, at least one of the first electrolyte solution and the second
electrolyte solution can constitute an aqueous electrolyte solution. In more particular
embodiments, both the first electrolyte solution and the second electrolyte solution can constitute
an aqueous electrolyte solution. Further description of suitable aqueous solutions follows

hereinbelow.

[0066] In some or other more specific embodiments, at least one of the first electrolyte
solution and the second electrolyte solution can contain a coordination complex as an active
material. In some embodiments, both the first electrolyte solution and the second electrolyte
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solution can contain a coordination complex as an active material. Additional disclosure on

illustrative coordination complexes follows hereinafter.

[0067] Due to their variable oxidation states, transition metals can be highly desirable for
use as the active materials of a flow battery. Cycling between the accessible oxidation states can
result in the conversion of chemical energy into electrical energy. Lanthanide metals can be used
similarly in this regard in alternative embodiments. Particularly desirable transition metals for
inclusion in a flow battery include, for example, Al, Cr, Ti and Fe. For purposes of the present
disclosure, Al is to be considered a transition metal. In more specific embodiments, the
transition metal can be Ti. Other suitable transition and main group metals that can be present in
the coordination compounds of the present disclosure include, for example, Ca, Ce, Co, Cu, Mg,
Mn, Mo, Ni, Pd, Pt, Ru, Sr, Sn, V, Zn, Zr, and any combination thereof. In various
embodiments, the coordination compounds can include a transition metal in a non-zero oxidation
state when the transition metal is in both its oxidized and reduced forms. Cr, Fe, Mn, Ti and V

can be particularly desirable in this regard.

[0068] In some embodiments, at least one of the active materials within a flow battery
can include a coordination complex bearing at least one catecholate ligand or substituted
catecholate ligand. Sulfonated catecholate ligands can be particularly desirable substituted
catecholate ligands due to their ability to promote solubility of coordination complexes in which
they are present. In some or other embodiments, at least one of the active materials within a flow
battery can include an iron hexacyanide complex. Iron hexacyanide complexes can be
particularly desirable for use as a positive active material in combination with a transition metal
coordination complex bearing a catecholate ligand or substituted catecholate ligand as a negative

active material due to the high open circuit voltages that can be obtained.

[0069] In more specific embodiments, the coordination complex can have a formula of
DgM(L ) (L2)(Ls),

wherein M is a transition metal; D is ammonium, tetraalkylammonium (Cy-Cy4 alkyl), or an alkali

metal ion (e.g., Li", Na" or K"); g ranges between 0 and 6; and Ly, L, and L; are ligands. In

more specific embodiments, at least one of L, L, and L; can be a catecholate ligand or a

substituted catecholate ligand. In other embodiments, each of L;, L, and L; can be a catecholate

ligand or substituted catecholate.

[0070] Other ligands that can be present in coordination complexes within a flow battery,
alone or in combination with one or more catecholate or substituted catecholate ligands, include,
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for example, ascorbate, citrate, glycolate, a polyol, gluconate, hydroxyalkanoate, acetate,
formate, benzoate, malate, maleate, phthalate, sarcosinate, salicylate, oxalate, urea, polyamine,
aminophenolate, acetylacetonate, and lactate. Where chemically feasible, it is to be recognized
that such ligands can be optionally substituted with at least one group selected from among C.¢
alkoxy, C\.6 alkyl, C,¢ alkenyl, C alkynyl, 5- or 6- membered aryl or heteroaryl groups, a
boronic acid or a derivative thereof, a carboxylic acid or a derivative thereof, cyano, halide,
hydroxyl, nitro, sulfonate, a sulfonic acid or a derivative thereof, a phosphonate, a phosphonic
acid or a derivative thereof, or a glycol, such as polyethylene glycol. Alkanoate includes any of
the alpha, beta, and gamma forms of these ligands. Polyamines include, but are not limited to,
ethylenediamine, ethylenediamine tetraacetic acid (EDTA), and diethylenetriamine pentaacetic

acid (DTPA).

[0071] Other examples of ligands can be present include monodentate, bidentate, and/or
tridentate ligands. Examples of monodentate ligands that can be present in a coordination
complex within a flow battery include, for example, carbonyl or carbon monoxide, nitride, oxo,
hydroxo, water, sulfide, thiols, pyridine, pyrazine, and the like. Examples of bidentate ligands
that can be present in a coordination complex include, for example, bipyridine, bipyrazine,
ethylenediamine, diols (including ethylene glycol), and the like. Examples of tridentate ligands
that can be present a coordination complex include, for example, terpyridine, diethylenetriamine,

triazacyclononane, tris(hydroxymethyl)aminomethane, and the like.

[0072] As indicated above, at least one of the first electrolyte solution and the second
electrolyte solution can constitute an aqueous electrolyte solution in which an active material is
dissolved. As used herein, the term "aqueous" will refer to the condition of water being the
predominant component of a mixture or solution. As used herein, the term "aqueous electrolyte
solution" will refer to a homogeneous liquid phase with water as a predominant solvent in which
an active material is at least partially solubilized, ideally fully solubilized. This definition
encompasses both solutions in water and solutions containing a water-miscible organic solvent as

a minority component of an aqueous phase.

[0073] [ustrative water-miscible organic solvents that can be present in aqueous
electrolyte solutions include, for example, alcohols and glycols, optionally in the presence of one
or more surfactants or other components discussed below. In more specific embodiments, an
aqueous electrolyte solution can contain at least about 98% water by weight. In other more

specific embodiments, an aqueous electrolyte solution can contain at least about 55% water by
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weight, or at least about 60% water by weight, or at least about 65% water by weight, or at least
about 70% water by weight, or at least about 75% water by weight, or at least about 80% water
by weight, or at least about 85% water by weight, or at least about 90% water by weight, or at
least about 95% water by weight. In some embodiments, an aqueous electrolyte solution can be

free of water-miscible organic solvents and consist of water alone as a solvent.

[0074] In further embodiments, an aqueous electrolyte solution can include a viscosity
modifier, a wetting agent, or any combination thereof. Suitable viscosity modifiers can include,
for example, corn starch, corn syrup, gelatin, glycerol, guar gum, pectin, and the like. Other
suitable examples will be familiar to one having ordinary skill in the art. Suitable wetting agents
can include, for example, various non-ionic surfactants and/or detergents. In some or other
embodiments, an aqueous electrolyte solution can further include a glycol or a polyol. Suitable
glycols can include, for example, ethylene glycol, diethylene glycol, and polyethylene glycol.
Suitable polyols can include, for example, glycerol, mannitol, sorbitol, pentaerythritol, and
tris(hydroxymethyl)aminomethane. Inclusion of any of these components in an aqueous
electrolyte solution can help promote dissolution of a coordination complex or similar active
material and/or reduce viscosity of the aqueous electrolyte solution for conveyance through a

flow battery, for example.

[0075] In addition to a solvent and a coordination complex as an active material, an
aqueous electrolyte solution can also include one or more mobile ions (i.e., an extraneous
electrolyte). In some embodiments, suitable mobile ions can include proton, hydronium, or
hydroxide. In other various embodiments, mobile ions other than proton, hydronium, or
hydroxide can be present, either alone or in combination with proton, hydronium or hydroxide.
Such alternative mobile ions can include, for example, alkali metal or alkaline earth metal
cations (e.g., Li*, Na", K, Mg®*, Ca®" and S$r*") and halides (e.g., F~, CI, or Br). Other
suitable mobile ions can include, for example, ammonium and tetraalkylammonium ions,
chalcogenides, phosphate, hydrogen phosphate, phosphonate, nitrate, sulfate, nitrite, sulfite,
perchlorate, tetrafluoroborate, hexafluorophosphate, and any combination thereof. In some
embodiments, less than about 50% of the mobile ions can constitute protons, hydronium, or
hydroxide. In other various embodiments, less than about 40%, less than about 30%, less than
about 20%, less than about 10%, less than about 5%, or less than about 2% of the mobile ions

can constitute protons, hydronium, or hydroxide.

[0076] Flow batteries can provide sustained charge or discharge cycles of several hour

durations. As such, they can be used to smooth energy supply/demand profiles and provide a
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mechanism for stabilizing intermittent power generation assets (e.g., from renewable energy
sources such as solar and wind energy). It should be appreciated, then, that various embodiments
of the present disclosure include energy storage applications where such long charge or
discharge durations are desirable. For example, in non-limiting examples, the flow batteries of
the present disclosure can be connected to an electrical grid to allow renewables integration,
peak load shifting, grid firming, baseload power generation and consumption, energy arbitrage,
transmission and distribution asset deferral, weak grid support, frequency regulation, or any
combination thereof. When not connected to an electrical grid, the flow batteries of the present
disclosure can be used as power sources for remote camps, forward operating bases, off-grid
telecommunications, remote sensors, the like, and any combination thereof. Further, while the
disclosure herein is generally directed to flow batteries, it is to be appreciated that other
electrochemical energy storage media can incorporate the electrolyte solutions and coordination

complexes described herein, including those utilizing stationary electrolyte solutions.

[0077] In some embodiments, flow batteries can include: a first chamber containing a
negative electrode contacting a first aqueous electrolyte solution; a second chamber containing a
positive electrode contacting a second aqueous electrolyte solution, and a separator disposed
between the first and second aqueous electrolyte solutions. The chambers provide separate
reservoirs within the flow battery, through which the first and/or second electrolyte solutions
circulate so as to contact the respective electrodes and the separator. Each chamber and its
associated electrode and electrolyte solution define a corresponding half-cell. The separator
provides several functions which include, for example, (1) serving as a barrier to mixing of the
first and second aqueous electrolyte solutions, (2) electrically insulating to reduce or prevent
short circuits between the positive and negative electrodes, and (3) facilitating ion transport
between the positive and negative electrolyte chambers, thereby balancing electron transport
during charge and discharge cycles. The negative and positive electrodes provide a surface
where electrochemical reactions can take place during charge and discharge cycles. During a
charge or discharge cycle, electrolyte solutions can be transported from separate storage tanks
through the corresponding chambers, as shown in FIGURE 2. In a charging cycle, electrical
power can be applied to the cell such that the active material contained in the second electrolyte
solution undergoes a one or more electron oxidation and the active material in the first
electrolyte solution undergoes a one or more electron reduction, or vice versa. Similarly, in a
discharge cycle the second active material is reduced and the first active material is oxidized to

generate electrical power, or vice versa.
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[0078] The separator can be a porous membrane in some embodiments and/or an
ionomer membrane in other various embodiments. In some embodiments, the separator can be

formed from an ionically conductive polymer.

[0079] Polymer membranes can be anion- or cation-conducting electrolytes. Where
described as an "ionomer," the term refers to polymer membrane containing both electrically
neutral repeating units and ionized repeating units, where the ionized repeating units are pendant
and covalently bonded to the polymer backbone. In general, the fraction of ionized units can
range from about 1 mole percent to about 90 mole percent. For example, in some embodiments,
the content of ionized units is less than about 15 mole percent; and in other embodiments, the
ionic content is higher, such as greater than about 80 mole percent. In still other embodiments,
the ionic content is defined by an intermediate range, for example, in a range of about 15 to
about 80 mole percent. lonized repeating units in an ionomer can include anionic functional
groups such as sulfonate, carboxylate, and the like. These functional groups can be charge
balanced by, mono-, di-, or higher-valent cations, such as alkali or alkaline earth metals.
lonomers can also include polymer compositions containing attached or embedded quaternary
ammonijum, sulfonium, phosphazenium, and guanidinium residues or salts. Suitable examples

will be familiar to one having ordinary skill in the art.

[0080] In some embodiments, polymers useful as a separator can include highly
fluorinated or perfluorinated polymer backbones. Certain polymers useful in the present
disclosure can include copolymers of tetrafluoroethylene and one or more fluorinated, acid-
functional co-monomers, which are commercially available as NAFIONT perfluorinated
polymer electrolytes from DuPont. Other useful perfluorinated polymers can include
copolymers of tetrafluoroethylene and FSO,-CF,CF,CF,CF,-0-CF=CF,, FLEMIONT and
SELEMIONT™,

[0081] Additionally, substantially non-fluorinated membranes that are modified with
sulfonic acid groups (or cation exchanged sulfonate groups) can also be used. Such membranes
can include those with substantially aromatic backbones such as, for example, polystyrene,
polyphenylene, biphenyl sulfone (BPSH), or thermoplastics such as polyetherketones and

polyethersulfones.

[0082] Battery-separator style porous membranes, can also be used as the separator,
Because they contain no inherent ionic conduction capabilities, such membranes are typically

impregnated with additives in order to function. These membranes typically contain a mixture of
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a polymer and inorganic filler, and open porosity. Suitable polymers can include, for example,
high density polyethylene, polypropylene, polyvinylidene difluoride (PVDF), or
polytetrafluoroethylene (PTFE). Suitable inorganic fillers can include silicon carbide matrix

material, titanium dioxide, silicon dioxide, zinc phosphide, and ceria.

[0083] Separators can also be formed from polyesters, polyetherketones, poly(vinyl
chloride), vinyl polymers, and substituted vinyl polymers. These can be used alone or in

combination with any previously described polymer.

[0084] Porous separators are non-conductive membranes which allow charge transfer
between two electrodes via open channels filled with electrolyte. The permeability increases the
probability of active materials passing through the separator from one electrode to another and
causing cross-contamination and/or reduction in cell energy efficiency. The degree of this cross-
contamination can depend on, among other features, the size (the effective diameter and channel
length), and character (hydrophobicity/hydrophilicity) of the pores, the nature of the electrolyte,

and the degree of wetting between the pores and the electrolyte.

[0085] The pore size distribution of a porous separator is generally sufficient to
substantially prevent the crossover of active materials between the two electrolyte solutions.
Suitable porous membranes can have an average pore size distribution of between about 0.001
nm and 20 micrometers, more typically between about 0.001 nm and 100 nm. The size
distribution of the pores in the porous membrane can be substantial. In other words, a porous
membrane can contain a first plurality of pores with a very small diameter (approximately less
than 1 nm) and a second plurality of pores with a very large diameter (approximately greater than
10 micrometers). The larger pore sizes can lead to a higher amount of active material crossover.
The ability for a porous membrane to substantially prevent the crossover of active materials can
depend on the relative difference in size between the average pore size and the active material.
For example, when the active material is a metal center in a coordination complex, the average
diameter of the coordination complex can be about 50% greater than the average pore size of the
porous membrane. On the other hand, if a porous membrane has substantially uniform pore
sizes, the average diameter of the coordination complex can be about 20% larger than the
average pore size of the porous membrane. Likewise, the average diameter of a coordination
complex is increased when it is further coordinated with at least one water molecule. The
diameter of a coordination complex of at least one water molec