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POLYARENE MEDIATORS FOR MEDIATED
REDOX FLOW BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority of
U.S. Provisional Patent Application Ser. No. 61/947,719,
filed Mar. 4, 2014, and entitled “MEDIATED REDOX
FLOW BATTERIES,” the entirety of which is incorporated
herein by reference.

GOVERNMENT RIGHTS

[0002] This invention was made with Government support
under Contract No. DE-AC04-94AL.85000 between Sandia
Corporation and the U.S. Department of Energy. The Gov-
ernment has certain rights in the invention.

BACKGROUND

[0003] The energy content of a battery is proportional to its
operating voltage, and high voltage may be achieved by uti-
lizing anode materials which are oxidized and reduced at very
negative potentials. Currently high energy batteries contain
anodes comprised of alkali metals, alkali metal alloys and/or
lithium intercalated carbon. These high voltage anodes typi-
cally operate outside of the thermodynamic window of their
respective electrolytes and only function through the forma-
tion of a passive film which permits cation transport but
blocks electron transport thereby inhibiting the self-discharge
of' the battery. Although essential for battery operation, these
passive films also limit charge/discharge rates and contribute
to irreversible losses in the cells which, in turn limit, cycle
life.

[0004] These issues can be resolved, in part, by using a
liquid alkali metal anode (e.g., molten sodium) and a solid
electrolyte as demonstrated with the “zebra” cell technology.
However, these cells operate at high temperature.

[0005] Itis also recognized that unlimited cycle life can be
obtained by using solvated transition metal anode and cath-
ode materials as demonstrated by the all-vanadium redox
flow battery system. However, the high solvent content
required to solvate the electroactive vanadium and the low
voltage of the V+2/V+3 redox reaction yield a very low
energy density despite the long cycle life.

[0006] Recently Yazami (U.S. published application 2010/
0141211 and Tan, Grimsdale, Yazami, J. Phys. Chem. B, 116
(2012) p.9056) proposed that polyaromatic hydrocarbons
could be reduced with Li metal to form a solvated electron,
and the solvated electron is stabilized as the ion pair Li+
(polyarene™), which could serve as a “liquid lithium anode.”
In effect, energy is stored at the anode as a soluble anion
radical. This concept may enable virtually unlimited cycle
life at very high negative potential, however, the energy den-
sity is still limited by the high electrolyte content needed to
solvate the radical anion. The capacity of Yazami’s highest
conductivity composition (L1, o, o(THF)4 ,) is 36 mAHr/g
(p=Biphenyl).

[0007] Separators are required for the organic solvent
mediated redox flow battery to prevent the intermixing of the
redox mediators in the electrochemical stack. However, these
separators should be highly stable, and typically more stable
than separators that are used in aqueous systems because the
voltage drop across the separator is significantly larger and
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the organic electrolytes are typically more aggressive against
conventional polymers used for aqueous separators.

SUMMARY

[0008] Mediated redox flow battery systems comprising a
first and second soluble electrochemical mediator are dis-
closed herein. In a general embodiment, the mediator com-
prises a first arene (arene). In a charge cycle, the arene’ is
reduced in the anode chamber of a cell stack of a redox flow
battery to form a first anion radical (anion radical). The anion
radical’ is transferred to a reservoir container that contains a
solid active anode material that is reduced to the charge state
by the anion radical®. Also as a result of this process, the anion
radical® is converted back to the parent arene’. The arene’ is
recycled back to the anode chamber of the cell stack where it
is again reduced to the anion radical® and again recycled back
to the reservoir to reduce more of the solid anode material.
This process continues until complete charge of the solid
active anode material.

[0009] For discharge, a second arene? is circulated to the
reservoir container where it is reduced by the charged active
anode material to form a second anion radical (anion radi-
cal®), whereby as a result of this reaction the anode is also
oxidized. The anion radical® is cycled to the anode chamber of
the cell stack where it is oxidized back to the parent arene” and
then recycled back to the reservoir where it is again reduced
by the solid charged anode. This process is continued until the
anode is discharged, i.e. oxidized.

[0010] Redox potential of arene’ should be more negative
than the redox potential of the solid active anode material, and
the redox potential of arene® must be more positive than redox
potential of the solid active anode material. Arene’ and arene®
are dissolved in the same electrolyte solution.

[0011] Inan embodiment, a similar process can take place
at the solid cathode reservoir using different mediators with
redox potentials that bracket the redox potential of the solid
active cathode material. An ion exchange separator is sup-
plied in the cell stack to prevent intermixing of anode and
cathode mediators.

[0012] A highly stable separator and excellent solvent
mediators for the mediated redox flow battery are also pre-
sented herein. In a general embodiment, a redox flow battery
includes a half-cell electrode chamber coupled to a current
collector electrode, and a polymeric lithium and/or sodium
ion conducting separator coupled to the half-cell electrode
chamber. The half-cell electrode chamber comprises a first
redox-active mediator and a second redox-active mediator,
and the first redox-active mediator and the second redox-
active mediator are circulated through the half-cell electrode
chamber into an external container. The external container
includes an active electrode material. The active electrode
material has a redox potential between a redox potential of the
first redox-active mediator and a redox potential of the second
redox-active mediator. The first mediator includes a first
arene, and the first arene is a polyaromatic hydrocarbon,
biphenyl, or a substituted derivative of either thereof.

[0013] In an embodiment, a redox flow battery includes a
half-cell electrode chamber coupled to a current collector
electrode. The half-cell electrode chamber comprises a first
redox-active mediator and a second redox-active mediator,
wherein the first redox-active mediator and the second redox-
active mediator are circulated through the half-cell electrode
chamber into an external container. The external container
includes an active electrode material. The active electrode



US 2015/0255803 Al

material has a redox potential between a redox potential of the
first redox-active mediator and a redox potential of the second
redox-active mediator. The first mediator comprises a first
arene, wherein the first arene is biphenyl or a substituted
derivative thereof.

[0014] In an embodiment, a battery includes an anode
including an anode chamber coupled to an anode current
collector electrode, a cathode including a cathode chamber
coupled to a cathode current collector electrode, and a sepa-
rator disposed between the anode and cathode, the separator
comprising polyethylene oxide.

[0015] The above description presents a simplified sum-
mary in order to provide a basic understanding of some
aspects of the systems and/or methods discussed herein. This
summary is not an extensive overview of the systems and/or
methods discussed herein. It is not intended to identify key/
critical elements or to delineate the scope of such systems
and/or methods. Its sole purpose is to present some concepts
in a simplified form as a prelude to the more detailed descrip-
tion that is presented later.

[0016] Additional features and advantages are described
herein, and will be apparent from the following Detailed
Description and the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a diagram of an exemplary redox flow
battery.

DETAILED DESCRIPTION
[0018] Redox flow batteries and storing and releasing

energy are disclosed herein. In alternative embodiments, a
mediated redox flow battery employs anion radicals with very
negative redox potentials (close to the Li+/Li and Na+/Na
potentials) that participate as chemical mediators in redox
reactions on the surface of high capacity electrode materials.
Arenes, such as polyaromatic hydrocarbons (polyarenes), or
biphenyl, and substituted derivatives of either thereof can be
reversibly oxidized and reduced at very negative potentials in
selected solvents. Examples of these arenes include methyl-
naphthalene, naphthalene, acenaphthalene, pyrene,
anthracene, coronene, perylene, tetracene, fluorine, azulene,
chrysene. The reduction of these arenes is kinetically very fast
and yields an anion radical (arene™) which readily oxidizes
back to the parent arene.

[0019] This unique approach combines the concept of the
liquid solvated anion radical anode with redox flow battery
technology to dramatically increase the energy density of
redox flow batteries as will be illustrated below. In order to
avoid the tremendous limitation imposed by the high electro-
lyte content required to solvate the anion radical as in a
conventional redox flow battery, we propose that the anion
radical® (a first mediator) will be circulated along with elec-
trolyte and a second mediator to a reactor container that is
external to the cell stack, which will serve as a plug-flow-
reactor. The container will include an active (primary) anode
material that in an embodiment will be in a dense, solid form,
such as a packed bed of particulate material.

[0020] Ina charge cycle, the anion radical' will chemically
reduce the solid primary anode material in the reactor con-
tainer to the charged state and the parent arene' will then
circulate back to the electrode stack for electrochemical
reduction (regeneration) back to the arene anion radical®
(arene™). To discharge the primary anode, a second mediator,
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which may also be a solvated arene” is included in the system.
The discharge process operates in a similar manner as the
charge process, but with the second mediator, while the first
mediator is inactive in this process.

[0021] With reference to FIG. 1, illustrated is an exemplary
mediated redox flow battery 1 in accordance with the present
disclosure. The redox flow battery includes two half-cell elec-
trode chambers—a cathode cell chamber 2 and an anode cell
chamber 4. The two half-cell chambers 2, 4 are coupled to,
and separated by, a separator 6. At the terminal end of the
cathode cell chamber 2 is a cathode current collecting elec-
trode 7 and at the terminal end of the anode cell chamber 4 is
an anode current collecting electrode 9. Two electrolyte and
mediator solutions flow through the half-cell chambers 2, 4.
In an embodiment, porous current collectors are placed up
against the separator 6 and the electrolyte flows past the
back-side of the current collector in serpentine flow channels.
[0022] Thus, a first electrolyte and mediators flows through
the cathode cell chamber 2 and a second electrolyte and
mediators flow through the anode cell chamber 4.

[0023] The flow battery 1 further includes a cathode con-
tainer 8 and an anode container 10 in which additional
amounts of the first and second mediator and the first and
second electrolyte are stored and circulated. In the mediated
redox flow battery 1, the cathode and anode containers 8, 10
also contain an active electrode material 22, 24, respectively,
an active cathode 22, and an active anode 24. The active
electrode material 22, 24, is depicted as a bed of solid par-
ticulate or spherical bead material, but other forms could be
used. A material with a high surface area may be preferred in
some embodiments to provide better access to reactive sur-
faces of the solid for redox reactions with the mediators. Inan
embodiment, the active electrode material is non-flowable
and does not circulate out of the cathode and anode containers
8, 10. The high density of the solid material allows for
improved charge density over storing charge in a liquid.
[0024] In an embodiment, the containers 8, 10 and active
electrode materials 22, 24 are configured as plug-flow reac-
tors and function as plug-flow reactors hosting redox reac-
tions between the mediators and the active electrode materi-
als.

[0025] Moreover, in the embodiment of FIG. 1, the medi-
ated redox flow battery 1 includes a cathode pump 12 and an
anode pump 14. The cathode pump 12 causes the liquid
electrolyte and first and second mediators to flow from the
cathode container 8 into the cathode cell chamber 2, where
the electrolyte and mediators can flow through the cathode
cell chamber 2 and return to the cathode container 8. Simi-
larly, the anode pump 14 can cause the electrolyte and media-
tors to flow from the anode container 10 into the anode cell
chamber 4, where the electrolyte and mediators can flow
through the anode cell chamber 4 and return to the anode
container 10. In alternative embodiments, the components
may be arranged to provide gravimetric flow of the mediators
and electrolyte.

[0026] Furthermore, an electrical circuit is completed
through the components listed above and through an electri-
cal component 16. If the electrical component 16 is an elec-
trical power source, then the mediated redox flow battery 1
can be charged. If the component 16 is an electrical power
load, then the mediated redox flow battery 1 can be dis-
charged.

[0027] Inan embodiment, the mediated redox flow battery
has a high voltage capability in a single cell. The voltage may
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range from, 1 to 4 volts, such as 1.5 and 3 volts, or 2 to 3.5
volts. If necessary, the voltage of the battery cell stack may be
adjusted by adding cells in a conventional manner for a flow
battery.

[0028] Having described the general structure and opera-
tive contents of the exemplary mediated redox flow battery 1
further details of the components and the process of storing
and releasing energy will now be described.

[0029] In a method of storing and releasing electrical
energy by mediating electrochemical reactions, the soluble
electrochemical mediator comprising a first arene that is
reduced in the anode chamber (of the cell stack) of a redox
flow battery to form a first anion radical. The first anion
radical is circulated to an external container that contains a
solid anode material that is reduced to the charge state by the
first anion radical, and the first anion radical is converted back
to the parent first arene. The first arene is recycled back to the
anode chamber stack where it is again reduced to the first
anion radical and again recycled back to the container to
reduce more of the solid anode. This process continues until
complete charge of the anode.

[0030] For discharge, a second arene is circulated to the
container where it is reduced by the charged anode to form a
second anionradical. The second anionradical is cycled to the
anode chamber (of the cell stack) where it is oxidized back to
the parent second arene and recycled back to the container,
where it is again reduced by the solid charged anode. This
process may continue until the anode is discharged.

[0031] The redox potential of the first arene should be more
negative than the redox potential of the solid anode, and the
redox potential of the second arene should be more positive
than the redox potential of the anode. The first arene and
second arene are dissolved in the same electrolyte solution
and are circulated through the system together. lonic conduct-
ing membrane should be supplied in the cell stack to prevent
intermixing of anode and cathode mediators, and to allow for
the passage of ions, such as Li ions.

[0032] The same process can take place on the cathode side
of the mediated redox flow battery using mediators with
redox potentials that bracket the redox potential of the solid
cathode material. In an embodiment, the flow rates may be
different in the anode and cathode.

[0033] Factors limiting the number of charge-discharge
cycles that can be applied are the abilities of each battery
component (charge-transfer materials, mediators, solvents,
membrane, electrode support, or hardware) to resist chemical
breakdown or phase transition after long-term aging or expo-
sure to abusive conditions.

[0034] The ion conducting membrane is a selective barrier
that allows passage of certain ionic species to balance charge
and complete the electrical circuit while preventing mediator
molecules from passing through. During battery discharge,
while a cathode mediator is being reduced and an anode
mediator is being oxidized, the charge may be balanced by the
transport of lithium ions through the membrane from the
anode side to the cathode side. Alternatively, the charge may
be balanced by the transport of anions from the supporting
electrolyte, such as, for example, triflate (trifluoromethane
sulfonate) anion, from the cathode side to the anode side.
During battery charge, while a cathode mediator is being
oxidized and an anode mediator is being reduced, the charge
may be balanced by the transport of lithium ions through the
membrane from the cathode side to the anode side. Alterna-
tively, the charge may be balanced by the transport of anions
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from the supporting electrolyte, such as, for example, triflate
(trifluorometahne sulfonate) anion, from the cathode side to
the anode side. Optimum performance will be achieved if the
membrane prevents any mediator molecules from passing
through from one side of the cell to the other while allowing
passage of ions from the supporting electrolyte.

[0035] One of skill in the art will appreciate that the
described process for anode and cathode half-cells may be
paired together to form a complete mediated redox flow bat-
tery process with both half-cells working in conjunction and
the electrode chambers being electrically coupled through,
e.g. aseparator membrane that functions to allow ionic charge
to pass through but not to allow the mediators themselves to
pass through.

[0036] Having described the general structure and process
of'an embodiment of the mediated redox flow battery, further
details on the materials and properties of the components are
provided below.

[0037] In an embodiment, a fully mediated flow battery
system with a given chemistry has a total of four mediator
compounds, two for the positive electrode and two for the
negative electrode. However, in an embodiment, a flow bat-
tery half-cell can be paired with a conventional or even a
non-flowing half-cell to form a battery.

[0038] The first and second mediators function to shuttle
charge to and from the active anode or cathode in the con-
tainer to the cell stack through the redox process described in
detail above. The use of redox mediators provides certain
features to the system. First, the mediators allow for the active
materials to be stored in the external tank instead of being
transported between the external storage tank and the elec-
trochemical cell. Second, the active materials can be dense
solids implemented in a packed bed arrangement, allowing
for precise control of the electrode properties without con-
ductive additives or binders. This leads to higher energy den-
sity, and performance. Third, this technology avoids the
energy-consuming task of pumping high viscosity active
materials.

[0039] The concentration of the mediators will affect
energy density and overall battery efficiency. In an embodi-
ment, the first and second mediators are approximately in
equal amounts in the system, such as 45:55 to 55:45 by molar
ratio of first mediator to second mediator. In another embodi-
ment, the first and second mediators may have more widely
unbalanced molar ratios ranging from 10:90 to 90:10, or
25:75 to 75:25.

[0040] Improvements to system energy density and effi-
ciency may be realized by assembling a flow battery system
where the difference between mediator potential and lithium-
insertion potential is very small, only large enough to provide
a driving force for electron transfer. In an embodiment, the
redox potentials of the mediators for the positive or negative
electrode are within 150 mV of the redox potential of the
corresponding charge-transfer compound (i.e., the active
electrode that is stored in the container). For example, the
redox potentials of the mediators for the positive or negative
electrode are selected to be within 10 to 125 mV, or 10 to 100
mV of the redox potential of the corresponding charge-trans-
fer compound. Thus, the extra voltage required by mediation
during charge or discharge is minimized so that the round-trip
voltage efficiency, discharge voltage, and effective energy
content of the system are maximized.

[0041] In an embodiment, the first, second, or first and
second mediators, for either the anode or cathode side of the
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flow battery cell are arenes. For example, an anode may
comprise an arene selected from: biphenyl, or polyarenes
such as methylnaphthalene, naphthalene, acenaphthalene,
pyrene, anthracene, coronene, perylene, tetracene, fluorene,
azulene, and chrysene, and substituted derivatives of any
thereof. The arene may comprise both substituted and unsub-
stituted arene rings. The substituted arene may include one or
more substituent groups, R, wherein each R is independently
selected from a linear, branched, cyclic, or aromatic alkyl
group having 1-50 carbon atoms, optionally functionalized
with a functional group including O, S, or N.

[0042] The class of arenes provides a broad spectrum of
redox potentials needed for this application (see for example:
Buchanan et al Organic Mass Spec., 19, (1984) p.486; Holy,
Chem. Rev. 74 (1974) p.243). However these potentials are
influenced by solvent interactions. Stabilization afforded by
solvation, however, is not uniform, exerting greater influence
on smaller anion radicals. Cations that are not coordinated (or
weakly coordinated) with the solvent form contact ion pairs
with the opposing anion radical, whereas strongly coordi-
nated cations form solvent-separated ion pairs with the anion
radical. Kinetics of anion radical reactions that involve sol-
vent shell (or solvent coordination) reorganization are influ-
enced by these counter ion interactions.

[0043] In an embodiment, to provide substantial and sur-
prising improvement to the efficiency and energy density of
the mediated redox flow battery, a class of redox-active
mediators with excellent redox potential and stability are
employed. Biphenyl in particular, is capable of receiving the
most negative charge, and this corresponds to a higher energy
density. The highly negative biphenyl radical is only stably
solubilized in a few solvents and is reactive against many
separator materials. The thermodynamic and kinetic proper-
ties of biphenyl or a substituted derivative thereof are
matched to a solvent system, a compatible separator, and the
active electrode (charge-storing) material in the external con-
tainers. The properties of the biphenyl anion radical are gov-
erned by the molecular structure, the counter cation, and the
solvent interactions. The molecular structure defines the elec-
tron affinity which is proportional to the redox potential of the
biphenyl or substituted derivative thereof.

[0044] Anion radicals undergo two types of reactions of
consequence for energy storage applications. In the first reac-
tion, the aromatic nucleus simply serves as a reservoir for the
single unpaired electron. When brought into contact with a
receptor (discharged primary anode material), the electron is
quickly transferred to the receptor and the primary anode is
charged. This is the dominant and preferred reaction for
energy storage. This direct charge transfer is typically not
strongly influenced by solvation. In the second reaction, radi-
cal anions behave as strong bases which can extract protons
from weakly acidic substances. This deprotonation can ini-
tiate the dearomatization and quenching of the arene radical
itself. This mechanism represents the fundamental basis for
the very common and versatile Birch dearomatization reac-
tions. This reaction is a deleterious side-reaction for energy
storage.

[0045] In an embodiment, the primary anode (in the plug
flow reactor) is Li, Sn alloy and Li*(arene™) is present as a
first mediator. The Li*(arene™), e.g. Li*biphenyl™™ is referred
to as “Li*f™™ herein. In THF solvent (as described by Tan,
Grimsdale, Yazami, J. Phys. Chem. B, 116 (2012) p.9056,
Li, op; o(THF)g ), the radical will reduce the primary anode,
Li, Sn (x=0) to Li, ;Sn. This represents a charge capacity of
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587 mAHr/g. To discharge the primary anode, a second arene,
e.g. pyrene, or a as used herein, is included in the anode
electrolyte at the same molar concentration as the biphenyl.
Pyrene will oxidize the Li, ;Sn to Li, ;Sn, yielding the sol-
vated ion pair Li*a™", which is cycled to the electrode stack to
regenerate the parent pyrene. Thus, the overall charge reac-
tion is:

B+Lit+e —Li'p™~ [1.1]

2Li*Bp +Lig ¢Sn—Li, ¢Sn+2p Mediated Charge[1.2]

The reaction in [1.1] occurs in the electrode stack. The reac-
tion in [1.2] occurs in the plug flow anode reservoir reactor.
The overall discharge reaction is:

Lita™—oa+Li*+e™ [2.1]

204Li; ¢Sn—=2Li*a" " +Lig ¢Sn Mediated Discharge[2.2]

The reaction in [2.1] occurs in the electrode stack. The reac-
tion in [2.2] occurs in the plug flow anode reservoir reactor. It
should be noted that the discharge reaction is not merely the
reverse of the charge reaction.

[0046] This mediated charge will require 12.5 g of Li+f™
solution for every gram of Li, ;Sn that is reduced to Li, (Sn,
or 1 g of Li+f " solution should be regenerated and cycled
12.5 times through the Sn reactor. Likewise 12.5 g of a solu-
tion will be required to oxidize one g of Li, (Snto Li, cSn. If
the redox flow battery anode reservoir is designed to contain
1 kg of Sn and 100 g of a+f solution, then each anion radical
will circulate 125 times to achieve a full charge/discharge
cycle between Li, ;Sn and Li, ;Sn and the total capacity of
the primary anode plus the arene solution will be 410 m AHr/g
compared to 72 mAHr/g for the a+f arene solution alone.
This compares to about 25 mAHr/g for a vanadium redox flow
battery.

[0047] Inan embodiment, the mediated redox flow battery
half-cell may have a total charge capacity almost equal to the
charge capacity of the solid anode material. The overall bat-
tery capacity and corresponding energy density will depend
on the engineering design particularly the weight ratio of the
solid anode to the arene solution and upon the concentrations
of the arenes. It will also depend on the weight ratio of the
solid cathode and cathode mediators and their concentrations.

[0048] During charge, all of the pyrene is converted to
Li+a™™ and it does not (and thermodynamically cannot) take
part in the charge reaction for the primary anode; and during
discharge all of the biphenyl is unreduced and it does not (and
thermodynamically cannot) take part in the discharge reac-
tion of the primary anode. This thermodynamic voltage sepa-
ration between the two redox mediators should bracket the
thermodynamic potential of the primary anode material
(Li,Sn in this example) by design. The roundtrip efficiency
will depend on the relative potentials of the o and p redox
reactions compared to the redox potential of the primary
anode. These redox potentials, in turn, depend on the electron
affinities of the respective arenes and solvent stabilization of
the corresponding anion radicals.

[0049] Since all electronic charge is carried to and from the
primary anode by convective flow of anion radicals (not elec-
tronic conductors), very large stoichiometric currents can be
used with no ohmic losses except across the separator mem-
brane in the electrode stack (flow of 1 M solution of ™ 1
ml/sec=stoichiometric current of 100 A).
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[0050] These concepts which were described in application
to the anode of the redox flow battery are similarly applied to
the cathode using different redox mediators appropriate to the
primary cathode material.

[0051] Inthe exemplary redox flow battery, the electrolyte
contains a dissolved salt, such as a lithium or sodium salt in a
solvent. The solvent should be selected to dissolve the media-
tors used in the system. The solvent may also be selected to
stabilize the ionic radicals and facilitate the redox reaction. In
an embodiment, the solvent is non-aqueous.

[0052] Radical anions behave as strong bases that can
extract protons from weakly acidic substances. For this rea-
son, very negative (thermodynamically negative) anion radi-
cals should be paired with stabilizing solvents. Solvents suit-
able for use with the very negative mediators include: THF
(tetrahydrofuran), DME (dimethoxyethane), and glycol
ethers, such as diglyeme, triglyme, and tetraethyleneglycol
dimethylether solvent (TEGDME, also known at tetraglyme).
Glycol ethers support high concentrations of anion radicals
and strongly coordinate with cations. In an embodiment, the
solvent is non-aqueous such as diglyeme, triglyme, and tet-
raethyleneglycol dimethylether. Certain mediators, such as
biphenyl are soluble in TEGDME up to about 5 Molar, such
as0.5Mto4.5Mor3 Mto4.8M.

[0053] Inamediated redox flow battery the active electrode
material is housed completely in the exterior container. The
active electrode material functions to store charge and par-
ticipate in redox reactions with the mediators that flow into
the electrode chambers of the battery cells. In an embodiment
the active electrode in the external container is configured to
operate as a plug-flow reactor.

[0054] In an embodiment, a lithium alloy may be used as
the external charge storing active electrode (anode). Lithium
may be alloyed with a metal such as Sn, Bi, Sh, Ga, or Si.
Intermetallics (for Li) such as InSb, Cu,Sns, and Cu,Sb may
also be used. Sodium may also be used instead of lithium.
[0055] In an embodiment, the primary anode (in the plug
flow reactor) is Li_Sn alloy. x=0 at full discharge, and ranges
up to 2.6 at full charge.

[0056] When an alloy material, e.g., tin is reduced to form
a lithium tin alloy there is a large volume of expansion. Small
volume conventional batteries are limited because of this
changing volume and corresponding stress on the separator. If
the separator is punctured in a conventional battery that
houses the active electrodes closely together a dangerous
reaction can take place. However, with the design of the
battery disclosed herein safety is enhanced by putting the
active materials in separate containers. In addition, thicker
electrodes tend to reduce power and energy densities.

[0057] The overall battery capacity and corresponding
energy density will depend partly on the weight ratio of the
primary anode to the arene solution. For example, the ratio of
solid anode weight to arene solution weight may range from
100:1 to 100:30, such as 100:2 or 100:3 to 100:6. The same
weight ratios apply for the cathode.

[0058] The stack electrodes, (cathode and anode), in an
exemplary mediated redox flow battery cell are current col-
lectors. In an embodiment, the current collector electrodes are
a porous, high surface area material, such as carbon or metal
foam. In an embodiment, the electrode is selected so that it
will function as a current collector and will not chemically
react with either of the mediators or electrolyte. In an embodi-
ment, the electrodes may be loaded with catalyst to facilitate
the charge exchange with the mediator and improve kinetics.
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Unlike a conventional battery, the stack electrodes of a redox
flow battery do not function to store charge, the electrode only
moves the electrons in and out of the solution. It does not
expand or contract, or change oxidation state.

[0059] In an embodiment, the separator is an ion conduct-
ing polymer and is inert to chemical reaction with any of the
mediators, their charged radical derivatives, the solvent, and/
or electrolyte in the system. In an embodiment, the ion con-
ducting separator selectively transports lithium ions or
sodium ions. The separator should not allow the mediators in
their parent or redox states to pass through. In an embodi-
ment, the ion conducting polymer does not facilitate
exchange of ions, which is in contrast to ion exchange mem-
branes. In an embodiment, the redox flow battery is exclusive
of'ion exchange membranes.

[0060] In an embodiment, the separator comprises
polyphenylene oxide (PPO) or a polyphenylene oxide gel,
polyethylene oxide (PEO) or a polyethylene oxide gel. In an
embodiment, the PEO separator is plasticized with the sol-
vent tetracthyleneglycol dimethylether (TEGDME).
TEGDME is stable against reduction at about the Na/Na+
redox potential (Na/Na+ redox potential=+0.132V vs Li/Li+
redox potential) and enables the use of very negative redox
mediators, such as the arenes described herein, and very
negative anodes in the external container. The voltage win-
dow for TEGDME is also greater than 4 volts. This enables
the use of very positive cathodes and corresponding cathode
redox mediators.

[0061] Inan embodiment, to fully utilize this large voltage
window, radical anion redox mediators, such as the arene
radicals discussed herein, are utilized at the anode because
they are reversibly oxidized and reduced at very negative
potentials and they are stable in TEGDME. However, several
of these radicals are highly reactive with most other solvents
and polymeric material used in conventional separators by
deprotonation and/or dearomatization (Birch reaction). They
also react readily with fluorinated polymers such as PTFE and
Nafion™, which also used in separators.

[0062] Biphenyl yields the most negative potential of all
polyaromatic hydrocarbons upon reduction to the radical
anion (biphenyl radical anion=3+-). Its redox potential in
TEGDME is pe-/f=+0.06 V vs Na/Na+ when reduced at
0.1m concentration with Na+ counterions. Since *-is stable
in TEGDME, it follows that it should be stable against the
polymer polyethylene oxide (PEO) which is comprised of the
same ethylene oxide repeat units.

TEGDME H,C—(0O—CH,—CH,),—O—CH,

PEO=(O—CH2—CH2),

[0063] Inanembodiment, the PEO material may beused by
itself as the separator without the TEGDME plasticizer. The
PEO or PEO and TEGDME gel separator is not limited to use
with only the arene mediators or in mediated redox flow
batteries.

[0064] Inan embodiment, the PEO has a molecular weight
(M) ranging, for example from 100,000 to 1,000,000, such
as 200,000 to 750,000, or 400,000 to 650,000.

[0065] Because of the design of the mediated redox flow
battery, the separator is not subject to the expansion and
contraction forces of other types of batteries. Thinner sepa-
rator materials may be used, for example, having thicknesses
0f 0.005 inches to 0.0005 inches, such as 0.0025 to 0.00075,
or 0.001 to 0.0009.
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[0066] Inan embodiment, the mediated redox flow battery
disclosed herein can mitigate key concerns involving both
performance and safety of high capacity batteries. The battery
of the present disclosure may be integrated into an electrical
grid storage system, wherein, for example, an intermittent,
but renewable source, such as wind-generated power, wave-
generated power, solar power, or other power sources are used
to charge the battery.

[0067] Of significant importance to large scale energy stor-
age, the charged primary anode and charged primary cathode
are not maintained in the electrode stack in close proximity.
Instead they are stored in safely separated reservoirs. Any
short circuit or mechanical failure or separator breach in the
cell stack does not involve at catastrophic liberation of heat.
Instead these failure modes represent simple benign electron
transfer between small quantities of relatively dilute solution
of'radical anions and polycyclic hydrocarbons. This very high
energy density technology is inherently safe.

Examples

[0068] By way of example and not limitation, the following
examples are illustrative of various embodiments of the
present disclosure.

[0069] In an example, polyethylene oxide (PEO) (Sigma-
Aldrich, average molecular weight 600,000 (Mv) was dis-
solved in acetonitrile (AN) to make a 5 wt. % PEO solution.
This solution was maintained over 4A molecular sieves for
several days before use.

[0070] Sodium triflate (NaTFS) was dissolved in AN to
make a 4 wt. % NaTFS solution. This solution was also stored
over 4 Angstrom molecular sieves.

[0071] These stock solutions were blended together with
TEGDME (also stored over 4 A molecular sieves) to make
several solutions of varying compositions which, upon cast-
ing onto glass or stainless steel substrates yielded polymeric
films after evaporation of the AN solvent.

[0072] The molar composition of the resulting polymeric
film is designated [na:peo:tegdme], where na represents the
number of moles of Na, peo represents the number of moles
of oxygen (in PEO), and tegdme represents the number of
moles of TEGDME. For example, a film with composition|[1:
8:2] contains eight moles of oxygen (in PEO) for every mole
of Na, and 2 moles of TEGDME for every mole of Na. This
film would comprise 17.6 wt. % NaTFS, 36.4 wt. % PEO and
46.0 wt. % TEGDME. If it is assumed that the PEO and
TEGDME form a uniform solid (gel) electrolyte, and it is
assumed that the NaTFS is dissolved in that electrolyte, then
the Na+ concentration is 1.25 molal in the dry film.

[0073] To measure the specific ionic conductivity of each
film, the corresponding acetonitrile solution was pipetted into
a stainless steel CR2032 button cell can and evaporated to
dryness in the glove box, the can was then held at 40° C.on a
hot plate in the glove box for about three hours, then held
under vacuum at ambient temperature over-night. This pro-
cedure yielded a film 2+0.5 mils thick in the bottom of the
can. On the following day the button cell was assembled in the
glove box using two 20 mil thick stainless steel spacers and a
wave spring. This yielded a conductivity cell with two stain-
less steel blocking electrodes.

[0074] Before specific conductivity measurements were
made, each button cell was thermally cycled from room tem-
perature to 50° C. three times to anneal stresses in the film and
at the stainless steel/film interfaces. Specific conductivity
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measurements were made about one hour after thermal
equilibration. The results are shown in Table 1.

[0075] Table 1 summarizes the specific conductivities and
respective activation energies for all the sample film compo-
sitions.

TABLE 1

Specific Conductivities for PEO-TEGDME-NaTFES Separators.

Acti-
Button Na* Sp Cond vation
Cell Composition Conc  wt. % 45° C. Energy
Sample Id  [na:peo:tegdme] molal TEGDME (Ohm*cm)* eV
BC3 [1:8:1] 1.74 30 1.8E-4 1.0
BC4 [1:8:2] 1.25 46 5.1E-4 0.88
BC11 [1:8:4] 0.81 63 5.1E-4 1.01
BC9 [1:6:1] 2.05 34 9.2E-5 0.59
BC7 [1:6:2] 1.41 50 6.8E-4 1.1
BC16 [1:6:4] 0.87 67 7.8E-4 0.94
BC21 [1:4:1] 2.51 39 1.9E-4 0.49
BC13 [1:4:2] 1.61 56 6.4E-4 0.33
BC14 [1:4:4] 0.94 72 8.6E-4 0.82
BC15 [1:6:0] 3.78 0 6.8E-7 0.73
[0076] TEGDME was added to each film as a plasticizer to

reduce the crystallinity and increase the free volume. This
resulted in about 3 orders of magnitude increase in the con-
ductivity of the films compared to the NaTFS-PEO film con-
taining no plasticizer.

[0077] To test the PEO films in a redox flow cell, larger
(about 5 cmx5 cm) films were cast onto glass plates and air
dried in a laboratory fume hood. After dryness, the film was
heated on a hot plate at 40° C. for about three hours. A 1.5 in.
diameter circle was cut into the film, and the disc was peeled
off of the glass substrate and stored under vacuum until
assembly in the redox flow cell. These films were also 2+0.5
mils thick.

[0078] The test cell consisted of stainless steel plates with
machined flow fields behind 7.9 cm® 10 AA carbon paper disc
electrodes (SGL Technologies GmbH). The design assured
compression of the electrodes against the separator using a
“zero gap” configuration. See D. Aaron, Q. Liu, Z. Tang, G.
Grim, A. Papandrew, A. Turhan, T. Zawodzinski and M.
Mench, Journal of Power Sources, 206 (2012) p.450, and Q.
Liu, G. Grim, A. Papandrew, A. Turhan, T. Zawodzinski and
M. Mench, J. Electrochem. Soc., 159(8) (2012) A1246. A
Celgard™ 2500 separator was placed on one side or both
sides of the separator to help prevent short circuits. In some
cases 10 wt. % Al,O; powder was added to the polymer film
to make it more ridged. The test cell had a solution of biphenyl
and biphenyl anion radical (in TEGDME) on both sides ofthe
separator. On the anode side biphenyl was reduced to biphe-
nyl anion radical and on the cathode side biphenyl anion
radical was oxidized to biphenyl. Na was transported through
the film. This test exercised the separator in the radical anion
environment and demonstrated that it was chemically stable
in the environment for the duration of the test, which was
about 1 month.

[0079] The resistance of the test cell containing biphenyl
anion radicals remained constant for one month indicating
that the separator is stable in the presence of the biphenyl
anion radical for this period. Post mortem of the cell showed
no visible physical or chemical deterioration of the PEO.
[0080] The TEGDME plasticized PEO films serve as stable
separators for anion radical mediated redox flow batteries
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which utilize TEGDME electrolytes. The area specific resis-
tance of the separator at room temperature is about 40
Ohm*cm?. This is 4x to 6x higher than the conventional
separators in commercial lithium batteries.

[0081] All patents, patent applications, publications, tech-
nical and/or scholarly articles, and other references cited or
referred to herein are in their entirety incorporated herein by
reference to the extent allowed by law. The discussion of
those references is intended merely to summarize the asser-
tions made therein. No admission is made that any such
patents, patent applications, publications or references, or any
portion thereof, are relevant, material, or prior art. The right to
challenge the accuracy and pertinence of any assertion of
such patents, patent applications, publications, and other ref-
erences as relevant, material, or prior art is specifically
reserved.

[0082] In the description above, for the purposes of expla-
nation, numerous specific details have been set forth in order
to provide a thorough understanding of the embodiments. It
will be apparent however, to one skilled in the art, that one or
more other embodiments may be practiced without some of
these specific details. The particular embodiments described
are not provided to limit the invention but to illustrate it. The
scope of the invention is not to be determined by the specific
examples provided above but only by the claims below. In
other instances, well-known structures, devices, and opera-
tions have been shown in block diagram form or without
detail in order to avoid obscuring the understanding of the
description. Where considered appropriate, reference numer-
als or terminal portions of reference numerals have been
repeated among the figures to indicate corresponding or
analogous elements, which may optionally have similar char-

acteristics.

[0083] It should also be appreciated that reference through-
out this specification to “one embodiment”, “an embodi-
ment”, “one or more embodiments”, or “different embodi-
ments”, for example, means that a particular feature may be
included in the practice of the invention. Similarly, it should
be appreciated that in the description various features are
sometimes grouped together in a single embodiment, figure,
or description thereof for the purpose of streamlining the
disclosure and aiding in the understanding of various inven-
tive aspects. This method of disclosure, however, is not to be
interpreted as reflecting an intention that the invention
requires more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive
aspects may lie in less than all features of a single disclosed
embodiment. Thus, the claims following the Detailed
Description are hereby expressly incorporated into this
Detailed Description, with each claim standing on its own as
a separate embodiment of the invention.

What is claimed is:
1. A redox flow battery comprising:

ahalf-cell electrode chamber coupled to a current collector
electrode; and

apolymeric lithium and/or sodium ion conducting separa-
tor coupled to the half-cell electrode chamber, wherein
the half-cell electrode chamber comprises a first redox-
active mediator and a second redox-active mediator,
wherein the first redox-active mediator and the second
redox-active mediator are circulated through the half-
cell electrode chamber into an external container,
wherein

Sep. 10, 2015

the external container comprises an active electrode
material;

the active electrode material has a redox potential
between a redox potential of the first redox-active
mediator and a redox potential of the second redox-
active mediator; and

the first mediator comprises a first arene, wherein the
first arene is a polyaromatic hydrocarbon, biphenyl,
or a substituted derivative of either thereof.

2. The redox flow battery of claim 1, wherein the second
mediator comprises a second arene, wherein the second arene
is a polyaromatic hydrocarbon, biphenyl, or a substituted
derivative of either thereof, with the proviso that the second
mediator is not the same as the first mediator.

3. The redox flow battery of claim 1, wherein the first and
second mediator are dissolved in a non-aqueous solvent.

4. The redox flow battery of claim 3, wherein the solvent is
selected from the group consisting of: diglyme, triglyme,
tetraethyleneglycol dimethylether, and mixtures thereof.

5. The redox flow battery of claim 1, wherein the first or
second arene is biphenyl or a substituted derivative thereof.

6. The redox flow battery of claim 1, wherein the first,
second, or first and second arene is substituted, and includes
one or more substituent groups, R, wherein each R is inde-
pendently selected from a linear, branched, cyclic, or aro-
matic alkyl group having 1-50 carbon atoms, optionally func-
tionalized with a functional group including O, S, or N.

7. The redox flow battery of claim 1, wherein the active
electrode in the external container is in a plug-flow reactor
configuration.

8. The redox flow battery of claim 1, wherein the first
mediator is soluble in a solvent at a molarity 0.5 M to 5 M.

9. The redox flow battery of claim 1, wherein the half-cell
electrode chamber is an anode cell chamber and the electrode
is an anode.

10. A redox flow battery comprising:

a half-cell electrode chamber coupled to a current collector
electrode, wherein the half-cell electrode chamber com-
prises a first redox-active mediator and a second redox-
active mediator, wherein the first redox-active mediator
and the second redox-active mediator are circulated
through the half-cell electrode chamber into an external
container, wherein

the external container comprises an active electrode mate-
rial;

the active electrode material has a redox potential between
aredox potential of the first redox-active mediator and a
redox potential of the second redox-active mediator; and

the first mediator comprises a first arene, wherein the first
arene is biphenyl or a substituted derivative thereof.

11. The redox flow battery of claim 10, wherein the second
mediator comprises a second arene, wherein the second arene
is substituted or unsubstituted, with the proviso that the sec-
ond arene is not the same as the first arene.

12. The redox flow battery of claim 10, wherein a single
cell of the battery has a voltage of 1 to 4.

13. The redox flow battery of claim 10, wherein the first and
second mediator are dissolved in a non-aqueous solvent.

14. The redox flow battery of claim 13, wherein the solvent
is selected from the group consisting of: tetrahydrofuran,
dimethoxyethane, diglyme, triglyme, tetraethyleneglycol
dimethylether and mixtures thereof.

15. The redox flow battery of claim 13, wherein the second
arene is selected from the group consisting of: biphenyl,
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methylnaphthalene, naphthalene, acenaphthalyne, pyrene,
anthracene, coronene, perylene, tetracene, fluorene, azulene,
and chrysene, and substituted derivatives of any thereof, with
the proviso that the second arene is not the same as the first
arene.

16. A battery comprising:

an anode including an anode chamber coupled to an anode

current collector electrode;

a cathode including a cathode chamber coupled to a cath-

ode current collector electrode; and

a separator disposed between the anode and cathode, the

separator comprising polyethylene oxide.

17. The battery of claim 16, wherein the battery is a redox
flow battery.

18. The battery of claim 17, wherein the anode chamber
comprises a redox mediator dissolved in a solvent, the solvent
selected from the group consisting of: tetrahydrofuran,
dimethoxyethane, diglyme, triglyme, tetraethyleneglycol
dimethylether, and mixtures thereof.

19. The battery of claim 16, wherein the separator is a gel
comprising the polyethylene oxide and tetraethyleneglycol
dimethylether.

20. The battery of claim 18, wherein the redox mediator
comprises biphenyl.
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