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OXYANION-BASED ERERGY STORAGE

RELATED APPLICATIONS

{0361} This application claims the bencfit of priority to U.S. Provisional Patent
Application No. 63/381,099, filed October 26, 2022, and to U.S. Provisional Patent
Application No. 63/363,020, filed Apnil 14, 2022, the entire contents of which are herchy

incorporated by reference for all purposes.

BACKGROUND

[0002] Energy storage technologies are playing an increasingly important role in
electric power grids; al a most basic level, these cnergy storage assets provide smoothing o
better match generation and demand on a grid. The services performed by cnergy storage
devices are beneficial to electric power grids across multiple time scales, from nulliseconds
to years. Today, energy storage technologies exist that can support timescales from
milliseconds to hours, but there is a need for long and ultralong {collectively, >8h) energy
storage systems. Of benefit are potentially low-cost rechargeable battery chemistrics that can

enabie long duration large scale energy storage.

SUMMARY

{80631 Systems, methods, and device of the various embodiments may support energy
storage devices in which electrochemical oxidation and reduction of one or more redox-active
oxyanions occurs during charging and/or discharging of the energy storage device.

{6004} Various embodiments may incinde an energy storage device, comprising: at
fcast one clectrode configured such that electrochemical oxidation and reduction of one or
more redox-active oxXyanions occurs during charging and/or discharging of the engrgy storage
device.

{0085} Various embodiments may inchide an energy storage device, comprising:
negative electrode materials comprising sulfate and sulfite; and positive electrode materials
coraprising oxygen, wherein the energy storage device is configured to be rechargeable.

[0006] Various embodiments inclade halogen oxyanion-based electrodes and related
batteries and systems, Various embodiments include electrochemical electrode reactions

comprising halogen oxyanions. Various embodimments may include an electrode in an
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clectrochemical device comprising an electrode reaction, of redox reaction, of a halogenated
OXyanion species.

{0007} Various embodiments include reversible CI{IHYCI(IVY) clectrodes, processes
for making reversible CIHD/CIIV) electrodes, and batteries and battery systems including
reversible CIAINYCHIV) electrodes. Various embodiments may include a divect veversible
CIHLYCIIVY) cathode, for example coupled with CIO; storage, in a battery and/or battery
system. Various embodirnents may include an indivect CIHD/CIEV) electrode, for exampic
without CI(¥: storage, in a battery and/or battery system. Such indirect CHHDY/CKIV)
clectrode may be., for example, based on a 3-Chemical Chiorine Dioxide Reaction.

{0008} A first exarople implementation may include an alkaline electrolyte with a
polysulfide electrode and Na{'lO; electrode. Such an example has been observed o have an
apen circuit voitage (OCV) of 1.50 volis (V). A second example implementation may
include an alkaline electrobyte with an ron clectrode and NaCl(; clectrode. Such an
exarople is calculated to have an OCV of 1.84V. A third example implementation may
inchude a neutral electrolyte with an iron electrode and NaCl(Op electrode. Such an example
is calcuiated to have an OCV of 1.39V. A fourth example implementation may include an
acidic electrobyte with a hydrogen electrode and NaClGs electrode. Such an example is
calculated to have an OCV of 1.27V.

{30091 Various embodiments may include an electrochemical system, comprising: a
first clectrode; and a second electrode, wherein the electrochemical system stores energy
and/or discharges energy by an electrode reaction of a halogenated oxyanion species. In
some embodiments, the storing of energy and/or the discharging of encrgy by the clectrode
reaction of the halogenated oxyanion specics comprises storing energy and discharging
energy by a veversable electrode reaction between a chlorine containing ion and chlorine
dioxide. In some embodiments, the chloring contaimng ion comprises a salt. In some
embodiments, the salt is an alkali metal salt. In some embodiments, the electrochemical
system comprises a storage battery. In some embodiments, the system may further comprise
a currentt collector comprising a metal or metal compound. In some embodiments, the corrent
collector comprises carbon. In some embodiments, the systen is a bulk energy storage
systern is 2 long duration energy storage (LODES) system.

{8018} Various embodiments may include a method, comprising: storing and/or
discharging energy by an electrode reaction of a halogenated oxyanion species. In some
embodiments, storing and/or discharging energy by an electrode reaction of a halogenated

oxyanion species comprises storing and/or discharging encrgy by a reversable electrode
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reaction between a chiorine containing ion and chiorine dioxide. In some embodiments, the
chlorine containing ion comprises a salt. In some ernbodiments, the salt is an alkali metal
salt. in some emnbodiments, the storing and/or discharging are performed as part of operating
a battery in a bulk energy storage system. In some embodiments, the bulk energy storage
system is a long duration energy storage (LODES) system.

{60111 Various embodiments may inchude an energy storage device, comprising:
negative electrode materials; and positive electrode materials comprising chlorine dioxide

and chlorite, wherein the energy storage device is configured to be rechargeable.

DESCRIPTION OF THE DRAWINGS

{30121 The accompanying drawings, which are incorporated herein and constitfute
part of this specification, illustrate cxample ermbodiments of the claims, and together with the
general description given above and the detailed description given below, serve to explain the
features of the claims.

{0013] FIGS. 1-4 are schematic views of electrochemical energy storage devices,
according to various embodiments of the present disclosure,

[0014] FIGS. 5A and 5B are schematic views showing discharging and charging of an
energy storage device of FIG. 1, according to various embodiments of the present disclosure.

[6015] FIGS. 64 and 6B are schematic views showing discharging and charging of an
energy storage device of FI. 2, according to various embodiments of the present disclosure.

{0616} FIGS. 7-15 illustrate various exampie systems in which one ot more aspocts of
the various embodiments may be used as part of bulk cnergy storage systems.

{8017} FIG. 16 1s a schematic representation of an electrochemical cell, according to
various embodiments of the present disclosure.

{6018} FIG. 17 is a graph of cyclic voltarametry results for NaCl0; bearing sclutions
in acidic and alkaline electrolyte.

[6019] FIG. 18 is a schematic representation of an iron-chiorine dioxide battery and
reactions occurring during discharge or charge.

{0020] FIG. 19A is a schematic representation of a formation reaction in which
chlorine dioxide is produced.

160211 FIG. 198 is a schematic representation of a battery configuration in
which a separate CiOz-enriched phase is separated from the electrolyte due to differences in

density and, thus, less likely to come into contact with the carrent collectors or electrodes.
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[6622] FIG. 20 is a schematic representation of an Fe - chlorine dioxide battery
{0623} FIG. 21 is a schematic representation of an Fe - chlorine dioxide battery

cell inchuding a co-planar arrangement of electrodes, optional separator layer, and chiorine
dioxide layer separated from liguid electrolyte of the cell under the force of gravity due to a
density difference.

{0024} FIG. 224 is a Pourbaix diagram showing that highly concentrated electrolytes
facilitate higher cell voltages by suppressing clectrolyte decomposition.

{0025} FIG. 22B is a schematic diagram of oxygen evoelution reaction rates for a high-
sait concentration electrolyte (10 M NaCl0O4) and a lower-salt concentration electrolyte (1 M
NaCl(u) when clectrical potential exceeds equilibrinm potential for the oxygen evolution
reaction.

160261 FIG. 23A is a schematic representation of operation of a battery system in
which Ci(), is produced as needed to supply the reaction of ClO; to Cl0:, with the baticry
system shown charging.

[6627] FIG. 23B is a schematic representation of operation of the battery
systermn of FYG. 23A duaring discharging.

[0028] FIG. 23C a schematic representation of operation of the battery system
of FIG. 23A durning discharging, with the battery system comprising additional storage tanks.

{30291 FIG. 24A is a graph showing cyclic voltammetry {CV) of cells including
10mM NaClOs on a glassy carbon electrode (GCE, 3nwn dia.) af a scan rate of 100 mV/sec.

{0030 FIG. 24B is a2 graph showing CV for 10mM NaClOs on a glassy carbon
clectrode ((FCE, 3ram dia.y in 1M Na(l electrolyte at different scan rates.

10631} FiG. 24C is a graph showing a Randles — Sevcik analysis hased on data
from FIG. 248.

[0032] FIG. 25 is a graph showing cyclic voltammetry (CV) results of 10mM
NaCl0: in 1M KOH solution using a glassy carbon electrode (3rmm dia.) at a scan rate of 100
mV/sec in a water-jacketed glass cell, at 3°C and 20°C.

[80633] FIG. 26A is a perspective view of a planar Zn/ClO; battery cell.

16034} FIG. 26B is 2 front, partially transparent view of the planar Zn/ClO; hattery
celf of FIG. 26A.

[0035] FIG. 26C is an exploded view of the planar Zn/CiOs battery cell of FIG. 26A.

{036] FIG. 27A is a graph of the charge and discharge capacity of the full cell of
FIGS. 26A-26(.
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{8037} FIG. 27B is a graph of the charge and discharge capacity of the cathode of the

fuil cell of FEGS. 26A-26C versus a reference electrode capacity.

PBETAILED DESCRIPTION

{6038} Embodiments will be described in detail with reference to the accompanying
drawings. Whercver possible, the same reference numbers will be used throughout the
drawings to refer to the same or like parts. References made to particular examples and
implementations are for tlustrative purposes and are not intended to limit the scope of the
claims. The following description of the embodiments of the disclosure is not intended to
timit the disclosure to these embodiments but rather to enable a person skilled in the art to
make and usc this disclosure. Unless otherwise noted, the accompanying drawings are not
drawn to scale.

{6039} As used herein unless specified otherwise, the recitation of ranges of values
herein is merely intended to serve as a shorthand method of referring individoally to cach
separate value falling within the range. Unless otherwise indicated herein, each mdividual
value within a range is incorporated into the specification as if it were individually recited
herein.

{340} The following examples arc provided to illustrate various embodimenis of the
present systemis and methods of the present disclosure. These exarnples are for illustrative
purposes, may be prophetic, and should not be viewed as limiting, and do not otherwise limit
the scope of the present disclosure.

{0041} it is noted that there is no requirement to provide or address the theory
underlying the novel and groundbreaking processes, materials, performance or other
beneficial features and properties that are the subject of, or associated with, embodiments of
the present disclosure. Nevertheless, various theories are provided in this specification to
further advance the art in this area. The theories put forth in this specification, and unless
cxpressly stated otherwise, in no way limit, restrict or narrow the scope of protection o be
afforded the claimed invention. These theories may not be required to utilize the present
disclosure. It is further understood that the present disclosure may lead to new, and
hergtofore nnknown theories to explain the function-features of embodiments of the methods,
articies, materials, devices, and system of the present disclosure, and such later developed

theories shall not limit the scope of protection afforded the present disclosure.
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{0042} The various embodiments of systems, equipment, techniques, methods,
activities, and operations set forth in this specification may be used for various other
activities and in other ficlds in addition to those set forth herein. Additionally, these
embodiments, for example, may be used with other equipment or activities that may be
developed in the futore and with existing equipment or activities which may be modified, in-
part, based on the teachings of this specification. Further, the various emnbodiments and
examples set forth in this specification may be used with each other, in whole or in part, and
in different and various combinations. Thus, for example, the configurations provided in the
various cmbodiments of this specification may be used with each other. Thus, the
configurations provided in the various embodiments of this specification may be used with
each other. For example, the components of an embodiment having A, A’ and B and the
components of an embodiment having A”’,  and D can be used with each other in various
combination, e.g., &, C, D, and A. A" C and D, ete., in accordance with the tcaching of this
Specificaton. The scope of protection afforded the present disclosure should not be limited
to a particular embodiment, configuration or arrangement that is set forth in a particolar
cmbodiment, exaraple, or in an embodiment in a particular figure.

{0043} As used herein, unless stated otherwise, room termnperature is 25° C. And,
standard temperatare and pressure is 25° C and | atmosphere. Unless expressly stated
otherwise all tests, test results, physical properties, and values that are temperature dependent,
pressure dependent, or both, are provided at standard ambient temperature and pressure.

{0044} Embodiments of the present disclosure include apparatuses, systems, and
methods for long-duration, and ultra-long-duration energy storage. Herein, “long duration”
andfor “ultra-long duration” may refer to periods of encrgy storage of & hours or longer, such
as periods of energy storage of 8 hours, periods of energy storage ranging from 8 howurs 1o 20
hours, periods of energy storage of 2 hours, periods of energy storage ranging from 20 hours
{0 24 hours, periods of energy storage of 24 hours, periods of energy storage ranging from 24
howrs to a week, periods of energy storage ranging from a week to a year {e.g., such as {rom

several days to several weeks to several months}, ete. In other words, “long duraton”™ and/or

“ultra-long duration” energy storage devices or sysicms may refer to energy storage devices
or systems that may be configured to store energy over time spans of days, weeks, or scasons.
For example, the encrgy storage devices or systems may be configured to store energy
generated by solar cells during the summer months, when sunshine is plendfol and solar
power generation exceeds power grid requirements, and discharge the stored energy during

the winter months, when sunshine may be insafficient to satisfy power grid requirements.
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{0045} Other embodiments include backup power for telecommunications, data
centers, electronic devices, transportation signals, medical facilitics, or buildings. The
duration of power delivery from the battery may range from a few moimutes to a few hours.
The durations of encrgy storage and/or power delivery described herein are provided merely
as examples and are not intended to be limiting.

[3046] Various embodiments provide systems for ultra-long (days, weeks, months,
years} energy storage based upon electrochemical oxidation and redaction of oxyanions that
include, but are not limited to, electrochemical reactions of agueocus solutions of nitrogen,
sulfur, and phosphorus oxyanions. The present systems have advantages in cost, scalability,
and safety compared to existing energy storage technologies.

{6047} Existing electrochemical energy storage technologies have a high cost of
energy capacity ($/kWh), making it economically infeasible to scale them to durations greater
than 8 hours. This high cost is largely aticibuted to the use of expensive raw materials as
cnergy storage roedia. The presently deseribed system offers slira-low cost electrochemical
criergy storage by utilizing abundant oxyanion chemical feedstocks for energy storage.

{0048] Various ernbodiments may include chemical reactants for such an
electrochermical energy storage system, supporting materials, such as electrolytes and
additives, and/or components of an elecwrochemical cell or energy storage system. Various
embodiments may include the electrochemical cell and its design, as well as auxiliary
subsystems aiding in the function of the energy storage systerm. Various embodiments may
inchude a system comprising the clectrochemical cell and subsystems aiding in its function,
including but not limited to, subsystems delivering and removing gaseous reactants,
subsysterns delivering and removing lquid reactants, subsysteros providing for
interconnection of the cnergy stovage system with clectricity inpuis and outputs, thermal
management subsysterms, and/or subsystems providing for electrical or mechanical control of
the systerm, inchuding but not Hmited to batiery management systems {(sometimes referred o
as BMSs). Various embodiments may also include systems comprising said cnergy storage
systern and a source of electricity, including but not limited 10 a source of rencwable
clectricity.

{0049} As used herein the term “redox” may refer to a reduction-oxidation reaction in
which a redoction process and an oxidation process occur at the same time. During redox,
one reactant foses an electron, thereby being oxidized (ie., entering an oxidation stale} and

the other reactant gains an electron, therehy being reduced {i.c., entering a reduction staie).
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Redox-active species may be species changing oxidation state {e.g., undergoing reduction or
undergoing oxidation) in a reduction-oxidation reaction.

{0058} Various ernbodiments include elecirodes, electrochemical couples, batteries,
and energy storage systems comprising redox-active oxyanions, including without himitation
nitrate (NCs™), nitrite (NG2P), sulfate (SO0, sulfite (SO, hyposutfite {(Sh™), phosphate
(PO, phosphite (POs™), hypophosphite (PO, and the like, or combinations thereof. In
some embodiments, the redox-active oxyanions may include more highly oxidized or more
highly reduced species such as, peroxodisulfate (S:0s”), ammonia (NHz), ammonivm
(NH4™), or sulfides such as 877 or H8:. In some embodiments, the redox-active axyanions
may include chlorite (ClO), chilorate (C10O37), chlorine dioxide (ClQ), hypochlorite (CIO7),
and the like, or combinations thereof. In some embodiments, the operation of the energy
storage system comprises reversible reductionfoxidation {redox) of one or more of the
oxyanion species. In some embodiments, the source of the redox-active specics is a salt,
inchuding but not Lmited to a sodium salt, such as sodivm nitrate, sodinm nitrite, sodium
sulfate, sodivum sulfite, analogous potassium salts, or an amnonivim sall such as anmonium
nitrate or ammonivm stifate.

{8051} In various embodiments, provided are energy storvage devices such as
electrochemical cells {e.g., batteries) that inclade an anode, a cathode, and an aqueous
clectrolyte in which the redox-active oxyanions may be dissolved. The redox-active
oxyanions may he counsidered to he an electrode active material of either the anode or the
cathode, depending on the configuration of the battery.

16052} In some embodiments an energy storage system comprises an electrochemical
cell (e.g., batterv) or stack or clectrochemical cells in which agqueous clectrolyte solutions
comprising oxyanion compounds are stationary {that is, not pumped}. In other embodiments,
the aqueous electrolyte solutions are pumped or otherwise moved through the
electrochemical stack. In some embodiments, the batieries may Operate Using a gascous
reactant, such as air, oxygen, or armunonia. As used herein, the term “atr” may refer to a
general mixuoure of gases making up an atmosphere, such as Earth's atmosphere (¢.g., largely
nitrogen, oxygen, and other elements} or other atmospheres {¢.g., extraterresirial
atmospheres, selected atmospheres, etc.). In some embodiments, gaseous reactants are
passively delivered to the electrochemical cells (that is, ave not pumped or otherwise forced
under pressure), whereas in other embodiments, said gascous reactants are pumped or
otherwise moved to or within the electrochemical cell. In some embodiments, reduction and

oxidation of the gaseous reactant is conducted at a single electrode (also referred to as a bi-
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functional electrode). In other embodiments, reduction and oxidation of the gaseous reactant
are carried out at separate clectrodes. In particular cmbodiments, a gas-diffusion layer (GDL)
clectrode is used for reduction of the gaseocus reactant, andfor 2 gas-evolution efectrode is
used for oxidation of the gascous reactant. In one partcular embodiment, the gaseous
reactant 15 oxygen, and the GDL electrode is an oxygen reduction reaction (ORR) electrode,
and the gas-cvolution clectrode is an oxygen evolution (OER) electrode.

{60531 Exasting scientific Hiterature teaches that sulfite oxidation on graphite is
clectrolytically wreversible. In contrast, the present inventors surprisingly found that the
oxidation of suifite to sulfate in alkaline solution (e.g., pH = 13) occurs reversibly at about
+0.6 V vs SHE {(standard hydrogen electrode) at room temnperature, while the oxygen
evolution reaction (OER) occurs at about +1.4 V vs SHE. Various embodiments may include
a rechargeable sulfate-oxygen, or sulfate-air, battery comprising sulfate and sulfite as the
negative electrode maierials and oxygen and/or air, as the positive electrode materials. In
some embodiments, such a sulfate-oxygen, or sulfate-air, battery may have an open-cell
voltage or operating voltage of about 0.8 V.

{0054} In some embodiments, provided are energy storage devices, such as
electrocherical cells (e.g., batteries) that inclade stationary clectrolytes {e.g.. the electrolyies
are not pumped or gtherwise circulated during operation of the battery}. In othey
embodiments, provided are cnergy storage devices that inchude a circulaied electrolyte. For
cxample, a volume of the electrolyte may be circulated between an electrochemical cell or
stack of electrochemical cells and an electrolyte reservoir. In some embodiments, a gaseous
reactant, such as air, oxygen, of ammonia, may be provided to an electrochemical cell. In
some embodiments, gaseous reactants are passively delivered to the electrochemical cell (that
is, are not pumped or otherwise injected}, whereas in other embodiments, the gaseous
reactants are pumped or stherwise provided to or circulated within the electrochemical cell.
In some embodiments, reduction and oxidation of the gascous reactant is conducted at a
single electrode {also referred o as a bi-functional electrode). In other embodiments,
reduction and oxidation of the gaseous reactant are carvied out at separate electrodes. In
particular emboediments, a gas-dittusion layer (GDL) electrode is used for reduction of the
gascous reactant, and/or a gas-cvolution electrode is used for oxidation of the gascous
reactant. In one particular embodiment, the gaseous reactant 1s oxygen, and the GDL is an
oxygen reduction reaction (ORR) electrode, and the gas-evolution electrode is an oxygen

evolution reaction (OER) electrode,
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{6035} In various embodiments, an electrode, electrochemical cell, battery, and/or
cnergy storage systemn may be configured such that electrochemical oxidation and reduction
of one or more redox-active oxyanions occurs during charging and/or discharging of the
energy storage device. In some embodiments, the electrode, electrochemical cell, battery,
and/or energy storage system may be configured such that electrochemical conversions
between nitrate, nitrite, and/or arameonia occur during charging and/or discharging. In some
embodiments, an electrode may inchude an agueocus solution of sodium nitrate, potassium
nitrate, lithivir nitrate, magnesium nitrate, calcium nitvate, calehwn ammomum nifrale,
sodiurn nitrite, potassium nifrite, lithium nitrite, or mixtures thereof. In some embodiments,
the electrode, electrochemical cell, battery, and/or energy storage system may be configured
such that electrochemical conversions between sulfate, sulfite, hyposulfite, thiosulfate,
dithionite, and/or hydrogen sulfide occur during charging and/or discharging of the energy
storage device. In some embodimnents, an electrode may include an aqueous solution of an
aqueous sobution of sodium sulfate, potassium sulfate, magnesivm sulfate, ammonium
sulfate, sodium sulfite, potassium sulfite, or mixtures thereof. In some embodiments, the
clectrode, electrochemical cell, battery, and/or enecrgy storage systere roay be configured such
that electrochemical conversions between phosphate, phosphite, and hypophosphite ocour
during charging and/or discharging of the energy storage device. In some embodiments, an
clectrode may include an aqueous solution of sodivm phosphate, potassium phosphate,
disodiurn hyvdrogen phosphite, diammoniture hyvdrogen phosphite, or mixtures thereof.,

{6036} In various embodiments, an electrode, electrochemical cell, battery, and/or
crniergy storage systern may comprise one or more biomolecules, cnzymes, and/or
microorganisms which aid the reduction or oxidization of one or more redox-active specics of
the electrode, the electrochemical cell, the battery, and/or the energy storage system. As used
herein “microorganisms” (also referred to as microbes) refers to microbial organisms, sach as
hacteria, protozoa, algae, viruses, cic. According to such embodiments, the redox-aciive
species of may include any electrode-active compound serving as a positive or negative
electrode, and which stores charge by undergoing changes in oxidation state. Such electrode-
active compounds may comprise a solid, liquid, or gas.

[00G37] Solid electrode-active compounds may comprise infercalation compounds in
which the insertion or removal of an ion is accommodated by a change in the valence state of
the host, non-limiting examples of which include hthivm, sodiom, or proton insertion
cathodes and anodes used in lithium-ion, sodium-ion, nickel metal hydride, and Zo-MnQ2

alkaline cells. Solid electrode-active compounds may comprise compounds undergoing a

10
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phase change upon incorporating a working ion, non-Hmiting examples of which inchide the
oxidation of zinc metal to zincate, oxidation of iron to iron hydroxide (Fe(OH)2Z), iron
oxyhydroxide (FeQOH), or iron oxide (e.g., Fe304 or Fe2(03).

{0058} Liqund electrode-active compounds may comprise neat or dissolved salts,
including nitrogen, sulfur, and phosphorus oxyanions, ammonivm, ammonia, and sulfide, as
described elsewhere herein. Liquid electrode-active compounds may also include molecular
species dissolved in a liguid solvent, such as amnonia, nitrogen, oxygen, chlorine, or
bromine dissolved in a nonpolar solvent, or used in the form of a liquid condensed phase
including liquid ammonia, liquid nitrogen, liquid oxygen, liquid chlorine, and the like.

{8059} Gaseous electrode-active compounds may include molecular species such as
ammonia, mirogen, chlorine, and oxygen in gaseous form.

{3060} In various embodiments, the oxidation or reduction of any of the
aforementioned clectrode-active compounds {e¢.g., the solid, liquid, and/or gaseous clectrode-
active compounds discussed above) may be aided (e.g., facilitated, catalyzed, otherwise
improved, gtc.} by biomolecules, enzymes, and/or microorganisms {e.g., bacteria, etc.).

{0061} In some embodiments, the electrode, the electrochemical cell, the battery,
and/or the energy storage system may comprise one or more biomolecules, enzymes,
microorganisims, or any combination thereof. In certain embodiments, the biomolecules,
enzymes, and/or microorganisms (e.g., bacieria, ete.) may serve to catalyze the reduction oy
oxidation of redox-active oxyanions or other species, or 1o reduce or oxidize said oxyanions
or redox-active species by, for example, carrying out eleciron transfer reactions. As a non-
limiting exampie, sulfate-reducing and nifraic-reducing bacteria are known and may be used
to facilitate or promoie the reduction of sulfate to sulfite or hyposulfite, or of nitrate to nitrite.
In some embodiments, the microorganisms used are selected from those present and active in
environmental or natoral denitrification processes, inchuding those where mitrates and mitrates
may be reduced to gascous nitrogen species. In other embodiments, the microorganisms used
are selected from those present and active in the natural sulfur cycle.

{6062} In various embodiments, the microorganisms used are selected from those
tolerant of the chemical and clecrochemical operating conditions of the baticry. As a non-
limiting exampic of such sclection, bioelectrochernical reduction of nitrate has been observed
to depend on whether sulphate ts simultancously present, and on the value of the clectrical
potential. For example, in the absence of sulphate, Shinelia-like and Alicycliphilus-like
bacteria may be exclusively found on carbon felt cathodes, while Ochrobactruni-like and

Sinorhizobium-like bacteria may be found on the cathodes irvespective of sulphate presence
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and over a range of cathode potentials. As another example of selection of microorganisms
for the purposes of the disclosure, acrobic nitrate reduction, defined as reduction in the
presence of atmospheric oxvgen, is preferably conducted by certain soil bacteria in the genera
Pseudomonas, Acromonas, and Moraxella. In some embodiments, said microorganisms may
bie anaerohic, and in other embodiments, said microorganisms may be acrobic.

{00631 Accordingly, the preferred bacteria for oxyanion reduction in some
embodiments of the disclosure may be selected depending on atmospheric conditions,
electrolyte composition, pH, and/or the operating electrical potential of a battery. In various
cmbodiments, said redox reactions may be carried out in acidic solution, near neutral or
neutral pH solution, or alkaline (basic) solution. In some embodiments, the pH may be
between 7 and 14, and the microorganisms used to facilitate reduction or oxidation may
seiected, or genctically evolved, to be tolcrant of high pH environments.

{80641 In some embodiments, the electrodes, electrochenycal cells, batteries, or
cnergy storage systenis of the present disclosure comprise microorganisms from the group
comprising sulphate-reducing bacteria (SRB). SRB are anaercbic microorganisms that are
known to play an Umportant role in both the sulfur and carbon cyeles. In various
embodiments, SRB may be present in the electrodes, electrochemical cells, batteries, or
energy storage systems of the present disclosure to facilitate redox processes of the redox-
active electrodes in accordance with various embodiments. For example, SRBs may inciude
individually, or in combinations, Archacoglobus fulgidus DSM 4304, Caldivirga
maquilingensis IC-167, Desulfotomaculum reducens MI-1, Desulfovibrio vulgaris subsp.
vulgaris strain Hildenborough, Desulfovibrio viigaris subsp. vulgaris DP4, Dessifovibrio
desulfuricans G20, Desulfotaiea psychrophila LSv34, Synthrophobacter fumaroxidans
MPOB, or the like.

{3365} In some embodiments, the anode and/or cathode may comprise a dispersed
metal, including but not limited (0 nanoparticles of iron. In certain embodiments, the efficacy
of the microorganism(s) in promoting reduction or oxidation is imnproved by the presence of
dispersed metal. For example, it has been found that the microbial reduction of nitrate is
cnhanced in the presence of nanoparticulate iron.

[0066] Cortain embodiments of the disclosure comprise a rechargeable battery
wherein charging or partial charging, including the reduction of self-discharge, is
accomplished by microorganisms that reduce one or more oxidized discharge products of the

hattery. For example, in embodiments where discharge of the batiery is accommodated by
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the oxidation of one or more of the herein described redox-active species, charging of the
battery may be accomplished by microorganisms which reduce said redox active species.

{0067] FIG. 1 is a schematic view of an air battery 100, according to various
embodiments of the present disclosure. Referring to FIG. 1, the air battery 100 may include
an ancde 10, a cathode 20 {e.g., an air cathode), and an electrolyte 50 disposed therebetween.
The ancde 10 may include an anode catalyst 12 disposed on a current collector 14, The
current collector 14 may comprise graphite, glassy carbon, disordered carbon, graphene,
graphene oxide, carbon nanofibers, carbon nanotubes, and/or other fullerenic carbons. The
anode catalyst 12 may include, individually, or in combinations, Cu, Ag, Pt, Ti, Fe, Ru, a
Cu/Ni alloy, or the like, for example.

[0068] The cathode 20 may be a bifunctional cathode operable as an oxygen
reduction reaction (ORR) electrods during discharging and operable as an oxygen evolution
reaction (OER) electrode during charging. The cathode 20 may include a cathode catalyst
fayer 22 disposed on a current collector 24, The current collector 24 may comprise graphite,
glassy carbon, disordered carbon, graphene, graphene oxide, carbon nanofibers, carbon
nanotubes, and/or other fullerenic carbons. The cathode catalyst layer 22 may include onc or
more catalysts such as Cu, Ag, Pt, T4, Fe, Ra, a Cu/Ni alloy, combinations thereof, or the like,
for example.

{0369} The clectrolyte 50 may be an aqueous electrolyte comprising redox-active
oxyanions, including, without lirnitation, nitrate (fo)sz’), nitrite (NOQZ’)S sulfate (SO,
sulfite (SO47), hyposulfite (S0,7), phosphate (PO, phosphite (PO:™), hypophosphite
{PO,™), and the like, or combinations thereof. In some embodiments the redox-active
oxyanions may include more highly oxidized or more highly reduced species such as,
peroxodisuifate { S206%), ammonia (NH3), anmonium (NHy™), or sulfides such as 85 or HSs.
In some embodiments, the redox-active oxyanions may inciude chlorite (C1G2-), chlorate
(CiG3a7), chlorine dioxide (Cl02), hypochlorite (Ci{r), and the like, or combinations thercof.
A source of the redox-active species may be a salt, inchiding buot not Hinited to, a sodiom salt,
such as sodium nifrate, sodium nitrite, sodiom sulfate, sodinm sulfite, analogous potassiim
salts, or an ammonium salt such as ammonium nitrate or ammonium sulfate.

{0070] FIG. 2 is a schematic view of an air battery 200, according to various
embodiments of the present disclosure. The battery 200 may be similar to the air battery 100,
as such, only the differences therebetween will be discussed in detail.

{0071 Referring to FIG. 2, the air battory 200 may include a dual cathode 20

including an OEE electrode 26 and an ORR electrode 28, The OEE electrode 26 may be
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formed of a metal mesh, such as a Ni mesh, a Ni alloy mesh, or a stamnless steel mesh, for
cxample. The ORR electrode 28 may include a bydrophobic portion that is exposed to air
and a hydrophilic portion that exposed to the electrolyte 50. The ORR eclectrode 28 may
include ORR catalysts.

{0072} FIG. 3 is a schematic view of a battery 300, according to various
embodiments of the present disclosure. The battery 300 may be similar to the air battery 100,
as such, only the differences therchetween will be discussed in detail.

{8073} Referring to FIG. 3, the battery 300 may include a cathode 20 comprising a
solid-state cathode material layer 29 and a current collector 24. The solid-state cathode
material layer 29 may include cathode catalyst and/or a cathode active material selected from
iron (I and/or won (1) cations, molecular chlorine/chloride, molecular bromine/bromide,
and/or manganese (1) oxide/manganese (1) hydroxide, any combination thereof, or the like.

{60741 FIG. 4 is a schematic view of a battery 400, according to various embodiments
of the present disclosure. The battery 400 may be similar to the air battery 100, as such, only
the differences therebetween will be discussed in detail.

[0075] Referring to FIG. 4, the battery 400 may include an anolyte 52 (c.g., an
aqueons analyie}, and a catholyie 54 {c.g., an aqueous catholyte), and a separator 60 disposed
therebetween. The separator 60 may be an ion exchange membrane, such as a Nafion™
membrane, available from The Chemours Company of Wilmington, Delaware, United States.
The anolvte 32 may include redox-active oxyanions as discussed above. The catholyte 54
may inchude sodium sulfate, potassium sulfate, magnesium sulfate, ammoniom sulfate,
sodiurn sulfite, potassium sulfite, or mixtures thereof, or the like.

[0076] FIGS. 5A and 5B are scheratic representations of discharging and charging,
respectively, of the air battery 100 (shown in FIG. 1), using nitrogen compounds as active
materials. In particular, the air battery 100 may reduce and oxidize mass-produced nitrogen
compounds, which span a wide spectrum of oxidation siates, to store and discharge power.
For example, as shown in FIGS. 5A and 5B, the air battery 100 may operate using nitrates
{(NGs7) and nitrites (NGy '} as redox-active oxyanions and ambient aiy as a source of hydroxyl
tons.

{0077} Nitrates (NO3™) are the most oxidized class of nitrogen compounds. Nitrate
compounds, such as sodium nitrate and potassium nifrate, are vsed widely in the fertilizer
industry. They are readily soluble in water and demonstrate high chemical stability. Nitrates
can sndergo a two-clectron reduction o become nitrites (NOo-). Nifrifes possess many

sirpilar traits as nitrates i terms of cost, solubility, and stability. Nitrites can undergo an
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additional six-electron reduction to become ammonia {NHz}. A variety of electrocatalysts
can be used to perform reversible electrochemical conversions between these species in
acucous solutions.

[6078] As shown below, half reaction 1 ocears at the anode 10, with NQGs- being
generated during discharging and NCh- being generated during charging, and haif veaction 2
accurs af the cathode 20, with oxygen being reduced during discharging (OH- generation and
0O: consumption} and with oxygen being evolved during charging (H>0O and O gencration),
with the sum of reaction 1 and reaction 2 being net reaction 3:

Reaction I: NGz + HaOgy + 2¢” < NOz g + 20H gy
Reaction 2: 20H g «» HaOp+ % O + 227 and
Reaction 3: NOhag < NOyag + 52 Oz .

130791 The charge process {energy storing} drives net reaction 3 to the right, creating
nitrite (NQOs-) and oxygen. The discharge process is the oxidation of nifrite to create nifraie
{NQOs-). The standard reduction potential of reaction 1 above is .01 V, while that of reaction
215 1.23 V. These two half reactions sum to the overall cell reaction 3, with a standard
potential of 1.22 V.

[0080] FIGS. 6A and 6B are schematic representations of discharging and charging,
respectively, of the air battery 200 (shown in FIG. 2), using nitrogen compounds as active
materials. As shown in FIGS 6A and 6B, during discharging, hydroxyl generation occurs at
the ORR clectrode 28, and during charging, oxvgen evolution reactions occur at the OEE
electrode 26. In other words, the charging and discharging reactions are split between the
two cathode electrodes 26, 28, which may reduce impedance and improve power storage
cificiency.

{6081} The following Table 1 includes oxyanion electrode reactions and
corresponding battery components that may be used in various crmbodiments to store and

discharge power in electrochemical cells of the present disclosure.

Table 1
Half Reactions E® Reagents {atalysts | Electirode Phase
(V3
MO+ HoO+2¢ | 001 NaNGsz, KNOs, Cu, Ag, Anode, Aqueous
« N + 20H NHiNGs, LiNG;, Pt, Cu/MNi ; Cathode
Mg(MNQs)z, alloy
Ca(NOs)y,
CalNOs)2/ NHaNOs
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NGOy + 6HO0 + -(3.12 3 NaNGs, KNOs, Cu/Ni Anode, Agucous,
8¢ «> NH; + NHaNGs, LiNGs, alloy, Ti, | Cathode gas/liquid
SO Mg(NGs)z, Fe, Ru

Ca(NG)2,

CaNOs )/ NH4NGs
NGO+ 5HO + -3.16 3 NaNG:, KNO», Cu/Ni Anode, Agucous,
6¢ <> NHs + LiNG: alloy, Tt, | Cathode gas/tiquid
TOH Fe, Ru
SOF + HO + 2 | -0.93 | NaxSOs, MgSOy, Anode Agqueous
< 8O+ + 200 KaSQ4, (NHapSOs
28047 + 2H0 + | -112 | NaxSGOs, Ko8G: Anode Agueous
2¢ > S04 +
40H
28057 + 3H0 + -(0.57 1 NaxSOs, Ka5Ga Anode Agueous
de” > S0 +
600
SOu% + 6H O + -0.22 1 NaxSO4, MgSO;, Anode Agqueous,
Be e HaS + KsS0s, (NHa»SO4 £48
100H
PO + 2H0 + -1.05 | NasPOy, KoPOy Anode Aqueous
Ze" s HPOs™ +
30H
HPO? + HaO + -0.93 1 NapHPO;, Anode Aqueous
Ze <« HPO: + {(NH4 32 HPOs
20H

{00821 As shown in Table 1, in some embodiments, anumonia may be oxidized during

discharging of an electrochemical cell to generate nitrates and/or nitrites, which may be

reduced during charging of the cell to generate amumnonia. Similar oxidation and reduction

reactions of sulfur species may also occur during charging and discharging of an

electrochemical cell.

{0083} The following Table 2 includes other electrode reactions that may be used to

store and discharge power in clectrochemical cells of the present disclosure.

Table 2
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Half Reaction EY (V) Reagent Klectrode Phase
HO+1n 0+ 20« 20H | 0.40 O Cathode Gas
Fe'* o «» Fe? 0.77 Fe(ly Cathode Agueous
Cla+ e« 2CF 1.34 FeCl Cathode Agqueous, Gas
Bro+e < 2By 1.08 FeBr Cathode Agueous,
Liquid
MOy + 2HoO + 2e7 {1.56 Mni Cathode Selid
Mu(OHy + 20H

{0084} According to various embodiments, the energy capacity of a battery can he
increased at a low marginal cost, which enables energy storage for long durations.
Electrochemical energy 18 stored in a concentrated aqueous solution {containing dissolved
oxyanion and hydroxide species) and air {containing molecular oxygen). In some
embodiments, the aqueous solution may comprise or consist of water and a low-cost chemical
feedstock. Therefore, the anode energy capacity can be increased at a low cost by increasing
the volume of this low-cost solution. Meanwhile, the air cathode has an indefinite supply of
oxygen. The scalability of encrgy capacity allows the encrgy storage device to deliver power
for long durations (> 8 hrs) at a low system cost.

{0085} Another advantage of the present disclosure is its mited potential for self-
discharge. The aqueous clectrolyte may include of a mixture of oxyanions at various
oxidation states. Duc to the stability of these species, all of these species can remain in the
electrolyte simultancously without undergoing self-discharge reactions. The system can
remain in a charged state for long periods of time, on the order of wecks, months, and years.
This facilitates smoothing the scasonal and inter-year variability of abundant but non-
dispatchable energy sources such as wind, solar, or hydroelectric power. However, the
present disclosure is not restricted to use over long durations and may be used over any
charge or discharge duration to which a storage battery may be applied.

{0086} As the present disclosure can use common chemical feedstocks as energy

storage media, it provides for greater operational flexibility than other energy storage
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technologies. For example, nitrites or ampmonia {charged state species) may be generated by
the intended energy storing process, or they may be sourced from any other available sources.
Furthermore, the ammonia (or other storage chemical) synthesized by the energy storing
processes, can be either used as a fuel for the electricity producing step or it may be used in
other chemical processes or sold as a commuodity chemical. Ammonia is most commonly
produced today by the Haber-Bosch process, a thermochemical transformation which has
been practiced on an indusirial scale since the early twentieth century. Thus, the present
technology provides advantages in flexible operation.

{6087} The theoretical volumetric energy density of the various embodiments of the
present disclosure 18 also attractive. Consider the non-lmiting case of a battery with an
aqueous nitrate solution anode and air cathode. The charge storing capacity of concentrated
aqueous sodium nitrate solution (10 M) is 214 Wh/L. This volumetric density is within the
range of Hthivm ion fechunologies (100-200 Wh/l.) and significantly higher than that of
purnped hydro (0.25-1 WhiL), the incumbent long duration storage technology.

{0088} Another advantage of the present disclosure may be improved safety. The
clectrolytes of various embodiments do not require flammable organic solvents. For
example, aqueous clectrolyte solotions including oxyanions pose limited fire risk, as
compared to conventional electrolytes.

130891 Various embodiments may provide devices and/or methods for use in bulk
energy storage systems, such as long duration energy storage (LODES) systerns, short
duration energy storage (SDES) systems, etc. As an example, various embodiments may
provide batteries for bulk energy storage systems, such as batterics for LODES systems,
batteries for SDES systems, and/or batteries for systems needing power delivery for any time
period. Renewable power sources are becoming more prevalent and cost effective.
However, many renewable power sources face an infermittency problem that is hindering
rencwable power source adoption. The impact of the intermittent tendencics of renewable
power sources may be mitigated by pairing renewable power sources with bulk energy
storage systems, such as LODES systems, SDES systems, etc. To support the adoption of
combined power generation, transmission, and storage systems {e.g., a power plant having a
rencwable power generation source paired with a bulk energy storage system and
transnission facilities at any of the power plant and/or the bulk energy storage system)
devices and methods to support the design and operation of such combined power generation,
fransmission, and storage systems, such as the various embodiment devices and methods

described herein, are needed.
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{0080} A combined power generation, transmission, and storage system may be a
power plant including onc or more powey generation Sources {e.g., one or more renewable
pOWer generation SOUrces, one Of more nou-renewable power generations sources,
combinations of renewable and non-renewable power generation sources, €.}, one or more
transmission facilities, and one or more bulk energy storage systems. Transmission facilities
at any of the power plant and/or the bulk encrgy storage systems may be co-optimized with
the power generation and storage system or may impose constraints on the power generation
and storage system design and operation. The combined power generation, transmission, and
storage systems may be configured to meet various output goals, under various design and
operating constraints.

[0091] FIGS. 7-15 illustrate various exampie systems in which one or more aspects of
the various cmbodiments may be used as part of bulk energy storage systems, such as
LODES systems, SPES systems, systems needing power delivery for any time period, ete.
For example, various embodiments described herein with reference to FIGS. 1-6B, such as
clectrochemical cells (or batteries) 100, 200, 300, 400, etc., may be used as batteries for bulk
cnergy storage systerns, such as LODES systems, SDES systems, systems needing power
delivery for any time period, ete. and/or various electrodes as described herein may be ose
as components for bulk energy storage systems. As used herein, the termy “LODES systemn”
may mean a bulk energy storage system configured to may have a rated duration
(energy/power ratio) of 24 hours () or greatey, such as a duration of 24 h, aduration of 24 h
t0 50 h, a duration of greater than 50 h, a duration of 24 h to 150 h, a duration of greater than
150 b, a duration of 24 h to 200 h, a duration greater than 200 h, a duration of 24 hto 560 h, a
duration greater than 300 b, ctc. As further examples, various crmobodiments deseribed herein
with reference to FIGS. 1A-3, such as electrochemical cells (or batteries) 100, 200, 300, 400,
ete., may be used as batteries for backup power systems, such as backup power systems for
iclecommunications, data centers, electronic devices, ransportation signals, medical
facilities, or buildings. The duration of power delivery from the clectrochemical cells (or
batteries) 100, 200, 300, 400, etc. may be of any duration. The durations of energy storage
and/or power delivery described herein generally, and specifically with reference to FIGS. 7-
15, are provided merely as examples and are not intended to be limiting.

[6092] FIG. 7 fthustrates an example systemn in which one or more aspects of the
various embodiments may be used as part of bulk energy storage systemn. While FIG. 7 i3
discussed in relation to an example LODES systern 304, the durations of energy storage

and/or power delivery deseribed with reference to FIG. 7 are provided merely as examples
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and are not intended to imit the scope of the inventon or claims. As a specific example, the
bulk energy storage system incorporating one or morc aspects of the various embodiments
may be a LODES system 304, As an example, the LODES systerm 304 may include various
embodiment batteries described herein, various electrodes described heretn, etc. The LODES
system 304 may be electrically connected to a wind farm 302 and one or more transmission
facilities 306. The wind farm 302 may be clectrically connected to the transmission facilities
306. The transmission facilities 306 may be electrically connected to the grid 308, The wind
farm 302 may generate power and the wind farm 302 may output generated power to the
LODES systern 304 and/or the transmission facilities 306. The LODES system 304 may
store power received from the wind farm 302 and/or the transmission {acilities 306. The
LODES system 304 may output stored power to the transmission facilities 306. The
fransmission facilities 306 may output power received from one or both of the wind farm 302
and LODES systern 304 to the grid 308 and/or may receive power from the grid 308 and
output that power to the LODES system 304, Together the wind farm 302, the LODES
system 304, and the transmission facilities 306 may constitute a power plant 350 that may be
a cornbined power generation, transmission, and storage systern. The power generated by the
wind farm 302 may be directly fed 1o the grid 308 through the transmission facilities 306, or
may be first stored in the LODES syatem 304. In certain cases the power supplied to the grid
308 may come entirely from the wind farm 302, entirely from the LODES system 304, or
from a combination of the wind farm 302 and the LODES system 304. The dispatch of
power from the combined wind farm 302 and LODES systern 304 power plant 350 may be
controlled according {o a determined long-range (mulii-day or even multi-year) schedule, or
may be controlled according to a day-zhead (24 hour advance notice) market, or may be
controlled according to an hour-abead market, or may be controlled in response to real timne
pricing signals,

{30931 As one example of operation of the power plant 350, the LODES system 304
may be used to reshape and “firm” the power produced by the wind farm 302, In one such
example, the wind farm 302 may have a peak generation output {capacity) of 260 megawatts
(MW) and a capacity factor (CF) of 41%. The LODES systern 304 may have a power rating
{capacity} of 106 MW, a rated duration (energy/power ratio) of 150 hours (h}, and an encrgy
rating of 15,900 megawatt hours (MWh}. in another such example, the wind farm 302 may
have a peak generation output {capacity) of 300 MW and a capacity factor (CF) of 41%. The
LODES system 304 may have a power rating of 106 MW, a rated duration (encrgy/power

ratio) of 200 h and an energy rvating of 21,200 MWh. In another such example, the wind farm
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302 may have a peak generation output (capacity) of 176 MW and a capacity factor {CF) of
33%. The LODES systern 304 may have a power rating {capacity) of 88 MW, a rated
duration (energy/power ratio) of 130 h and an energy rating of 13,200 MWHh. In another such
example, the wind farm 302 may have a peak generation output {capacity) of 277 MW and a
capacity factor (CF) of 41%. The LODES system 304 may have a power rating (capacity) of
G7 MW, a rated duration (cnergy/power ratio) of 50 h and an energy rating of 4,850 MWh.
In another such example, the wind farm 302 may have a peak generation output {capacity) of
315 MW and a capacity factor (CF) of 41%. The LODES system 304 may have a power
rating (capacity) of 110 MW, a rated duration {(energy/power ratio) of 23 h and an energy
rating of 2,750 MWh.

[0094] FIG. 8 illustrates an example system in which one or more aspects of the
varicus ¢rabodiments may be used as part of bulk cnergy storage system. While FIG. 8 s
discussed in relation to an example LODES systern 304, the durations of energy storage
and/or power delivery deseribed with reference to FIG. 8 are provided merely as examples
and are not intended to imit the scope of the inventon or claims. As a specific example, the
bulk energy storage system incorporating onc or more aspects of the various embodiments
may be a LODES systern 304, As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes descnibed herein, ete. The system
of FIG. 8 may be similar to the system of FHG. 7, except a photovoltaic (PV) farm 402 may
he substituted for the wind farm 302. The LODES systern 304 may be clectrically connected
to the PV farm 402 and one or more transmission facilities 306. The PV farm 402 may be
clectrically connected to the transmission facilities 306. The transmission facilities 306 may
be electrically connected to the grid 308, The PV farma 402 may gencerate power and the PV
farm 402 may outpot generated power to the LODES systern 304 and/or the wansmission
facilities 306. The LODES system 304 may store power received from the PV farm 402
and/or the transmission facilities 306, The LODES system 334 may output stored power to
the transmission factlities 306. The ransmission facilities 306 may output power received
from one or both of the PV farm 402 and LODES system 304 to the grid 308 and/or may
receive power from the grid 308 and output that power fo the LODES system 304, Together
the PV farm 402, the LODES systemn 304, and the transmission facilities 306 may constituic a
power plant 450 that may be a combined power generation, transmission, and storage systemi.
The power generated by the PV farm 402 may be directly fed to the grid 308 through the
rransmission facilities 306, or way be first stored in the LODES systern 304, In certain cases

the power supplied 1o the grid 308 may come entively from the PV farm 402, entively from
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the LODEDS system 304, or from a combination of the PV farm 402 and the LODES system
304. The dispatch of power from the combined PV farm 402 and LODES system 384 power
plant 450 may be controlled according to a determined long-range (mulii-day or even multi-
year) schedule, or may be controlled according to a day-ahead (24 hour advance notice}
market, or may be controlied according to an hour-ahead market, or may be controlled in
response to real time pricing signals.

[0095] As one example of operation of the power plant 450, the LODES systern 304
may be used to reshape and “firm” the power produced by the PV farm 402, In one such
cxample, the PV farm 402 may have a peak generation output (capacity} of 490 MW and a
capacity factor (CF) of 24%. The LODES system 304 may bave a power rating {(capacity) of
340 MW, avated duration {energy/power ratio) of 150 h and an energy rating of 51,000
MWh. In another such exampie, the PV farm 402 may have a peak generation output
(capacity) of 680 MW and a capacity factor (CF) of 24%. The LODES systern 304 moay have
a power rating (capacity) of 410 MW, a rated duration (energy/power ratio) of 200 h, and an
energy rating of 82,000 MWh. In another such example, the PV farm 402 may have a peak
generation output (capacity) of 330 MW and a capacity factor (CF) of 31%. The LODES
systern 304 may have a power rating {capacity) of 215 MW, a rated duration (encrgy/power
ratio} of 150 h, and an energy rating of 32,250 MWh. In another such example, the PV famm
402 may have a peak generation sutput (capacity) of 510 MW and a capacity factor (CF) of
249%. The LODES system 304 may have a power rating (capacity) of 380 MW, a rated
duration {energy/power ratio) of 50 h, and an energy rating of 19,000 MWh. In another such
cxample, the PV farm 402 may have a peak generation output (capacity} of 630 MW and a
capacity factor (CF) of 24%. The LODES system 304 may have a power rating (capacity; of
380 MW, arated duration (energy/power ratio) of 25 h, and an energy rating of 9,500 MWh.

[0096] FIG. 9 illustrates an example system in which one or more aspects of the
varicus ¢rabodiments may be used as part of bulk cuergy storage system. While FIG. 9 is
discussed in relation to an example LODES systern 304, the durations of energy storage
and/or power dehivery described with reference to FIG. 9 are provided mervely as examples
and are not intended to limit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating onc or more aspects of the various embodiments
may be a LODES systern 304, As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes descnibed herein, ete. The system
of FIG. 9 may be similar to the systems of FIGS. 7 and §, except the wind farm 302 and the

photovoltaic (PV) farm 402 may both be power generators working together in the power
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plant 500. Together the PV farm 402, wind farm 302, the LODEDS systemn 304, and the
transmission facilities 306 may constitute the power plant 300 that may be a combined power
gencration, transmission, and storage system. The power generated by the PV farm 402
and/or the wind farm 302 may be directly fed to the grid 308 through the wansmission
facilities 306, or may be first stored in the LODES system 304. In certain cases the power
supplicd to the grid 308 may come entirely from the PV farm 402, entively from the wind
farm 302, entirely from the LODES systemn 304, or from a combination of the PV farm 402,
the wind farm 302, and the LODES system 304. The dispatch of power from the combined
wind farm 302, PV farm 402, and LODES system 304 power plant 500 may be controlied
according to a determined long-range {multi-day or even multi-year) schedule, or may be
controlled according to a day-ahead (24 howr advance notice) market, or may be controtled
according to an hour-ahead market, or may be controlled in response to real time pricing
signals.

{00971 As one example of operation of the power plant 500, the LODES systern 304
may be used to reshape and “firm” the power produced by the wind farm 302 and the PV
farra 402, In one such example, the wind farm 302 way have a peak generation output
{capacity) of 126 MW and a capacity factor (CF) of 41% and the PV farm 402 may have a
peak generation output {capacity} of 126 MW and a capacity factor (CF) of 24%. The
LODES system 304 may have a power rating {capacity) of 63 MW, a rated duration
(energy/power ratio) of 1530 b, and an energy rating of 9,450 MWh. in another such example,
the wind farm 302 may have a peak generation output {(capacity) of 170 MW and a capacity
factor (CF) of 41% and the PV farm 402 may have a peak generation output {capacity) of 110
MW and a capacity factor (CF) of 24%. The LODES systern 304 may have a power rating
{capacity) of 57 MW, a rated duration (energy/power ratio) of 200 h, and an energy rating of
11,400 MWh. In another such example, the wind farm 302 may have a peak generation
output {capacity) of 185 MW and a capacity factor (CF) of 31% and the PV farm 402 may
have a peak generation output {capacity) of 70 MW and a capacity factor (CF) of 31 The
LODES system 304 may have a power rating {capacity) of 61 MW, a rated duration
{encrgy/power ratio) of 150 h, and an energy rating of 9,150 MWh. In another such example,
the wind farm 302 may have a peak gencration output (capacity) of 135 MW and a capacity
factor (CF) of 41% and the PV farm 402 may have a peak generation output {capacity) of 90
MW and a capacity factor (CF) of 24%. The LODES system 304 may have a power rating
(capacity) of 68 MW, a rated duration (energy/power ratio} of 50 h, and an energy rating of

3,400 MWh. In another such example, the wind farm 302 may have a peak generation output
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{capacity) of 144 MW and a capacity factor (CF) of 41% and the PV farm 402 may have a
peak generation sutput (capacity) of 86 MW and a capacity factor (CF) of 24%. The LODES
systern 304 roay have a power rating {capacity) of 72 MW, a rated duration {energy/power
ratio} of 25 h, and an energy rating of 1,800 MWh.

[0098] FIG. 10 illustrates an example system in which one or more aspects of the
various crmbodiments may be used as part of bulk encrgy storage system. While FIG. 1 15
discussed in relation to an example LODES systern 304, the durations of energy storage
and/or power dehivery described with reference to FIG. 10 are provided merely as examples
and are not intended to limit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating one or more aspects of the various embodiments
may be a LODES system 304. As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes described herein, etc. The LODES
system 304 may be electrically connected to one or more transmission facilities 306. In this
manner, the LODES system 304 may operate in a “stand-alone” manner to arbiter energy
around market prices and/or to avoid transmission constraints. The LODES system 304 may
be electrically connected t© one or more transmission facilities 306, The transmission
facilities 306 may be elecirically connected to the grid 308, The LODES system 304 may
store power received from the transmission factlities 306. The LODES system 304 may
output stored power to the transmission facilities 306, The transmission facilities 306 may
output power received from the LODES systern 304 to the grid 308 and/or may receive
power from the grid 308 and output that power to the LODES system 304

{0099} Together the LODES system 304 and the transmission facilitics 306 may
constinte a power plant 600. As an exarople, the power plant 600 may be situated
downstrearn of a transmission constraing, close to electrical consumption. In such an example
downstream situated power plant 600, the LODES system 3(4 may have a duration of 24h to
560h and may undergo one or more full discharges a year to support peak electrical
consumptions at times when the transmission capacity is not sufficient to serve castomers.
Additionally in such an example downstream situated power plant 600, the LODES system
304 may undergo scveral shallow discharges (daily or at higher frequency) to arbiter the
difference between nighttime and daytime clectricity prices and reduce the overall cost of
electrical servvice to customer. As a further example, the power plant 600 may be situated
upstream of a transmission constraing, close to electrical generation. In such an example
upstream sitiated power plant 600, the LODES system 304 may have a duration of 24hto
500k and may undergo one or more full charges a year to absorh excess

generation at times

g
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when the transmission capacity 1s not sufficient to distribute the electricity to customers.
Additionally in such an example upstream sitzated power plant 600, the LODES system 304
may undergo several shallow charges and discharges (daily or at higher frequency) to arbiter
the difference between nighttime and daytime electricity prices and maximize the value of the
output of the generation facilities.

100100 FiG. 11 tHustrates an examople system in which one or more aspecis of
the various embodiments may be used as part of bulk energy storage system. While FIG. 11
is discussed in relation to an exampie LODES system 304, the durations of energy storage
and/or power delivery described with reference to FIG. 11 are provided merely as cxamples
and are not intended to limit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating one or more aspects of the various embodiments
may be a LODES system 304. As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes described herein, etc. The LODES
system 304 may be electrically connected to a coramercial and industrial (C&§ customer
702, such as a data center, factory, ete. The LODES system 334 may be electrically
connected {0 one or more fransmoission facilities 306. The transmission facilities 306 may be
electrically connected to the grid 308, The transmission facilities 306 may receive power
from the grid 308 and output that power to the LODES system 304, The LODES system 304
may store power received from the transmission facilitics 306, The LODES system 304 may
output stored power o the C&I customer 702, In this manner, the LODES systern 304 may
operate to reshape electiicity purchased from the grid 308 to maich the consumption pattern
of the C&I customer 702,

10G101] Together, the LODES systern 304 and transmission facilities 306 may
constitite a power plant 700. As an example, the power plant 700 may be situated close to
electrical consumption, i.e., close to the C&I customer 702, such as between the grid 308 and
the C&1 customer 702. In such an example, the LODES system 304 may have a duration of
24h to S00h and may buy electricity from the markets and therchy charge the LODES system
304 at times when the electricity is cheaper. The LODES system 304 may then discharge to
provide the C&I cusiomer 702 with electricity at times when the market price is expensive,
therefore offseiting the market purchases of the C&{ customer 702. As an aliernative
configaration, rather than being situated between the grid 308 and the C&1 customer 702, the
power plant 700 may be situated between a renewable source, such as a PV farm, wind farm,
ete., and the transmission facilities 306 may connect fo the renewable source. Insuch an

alternative example, the LODES system 304 may bave a duration of 24h 1o 500k, and the
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LODES system 304 may charge at times when renewable output may be available. The
LODES system 304 may then discharge to provide the C&l customer 702 with renewable
generated clectricity so as to cover a portion, or the entivety, of the C&1 customer 702
electricity needs.

[06102] FIG. 12 illustrates an example system i which one or more aspects of
the various embodiraents may be used as part of bulk energy storage system. While Fi(G. 12
is discussed in relation to an exarople LODES system 304, the durations of energy storage
and/or power dehivery described with reference to FIG. 12 are provided merely as examples
and are not intended to limit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating one or more aspects of the various embodiments
may be a LODES system 304. As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes described herein, etc. The LODES
system 304 may be electrically connected to a wind farm 302 and one or more transmission
facilities 306. The wind farm 302 may be electrically connected to the ransmission facilities
306. The wansmission facilities 306 may be electrically connected to a C&1 customer 702,
The wind farmo 302 may generate power and the wind farm 302 may output generated power
to the LODES system 304 and/or the transmission facilities 306. The LODES system 304
may store power received from the wind farm 302,

[00103] The LODES system 304 may ouiput stored power to the transmission
facilities 306. The transmission facilities 306 may output power received from one ot both of
the wind farm 302 and LODES system 304 to the C&I customer 702. Together the wind
farm 302, the LODES systermn 304, and the transmission facilities 306 may constifuic a power
plant 800 that may be a combined power generation, transmission, and storage systera. The
power generated by the wind farm 302 may be directly fed to the C&l customer 702 through
the transmission facilities 306, or may be first stored in the LODES system 304. In certain
cases, the power supplied to the C&I customer 702 may come entirely from the wind farm
302, entively from the LODES system 304, or from a cornhination of the wind farm 302 and
the LODEDS system 304. The LODES system 304 may be used to veshape the electricity
generated by the wind farm 302 to match the consumption pattern of the C&I customer 702,
o one such example, the LODES system: 304 may have a duration of 24h to 500h and may
charge when renewable generation by the wind farm 302 exceeds the C&1 customer 702 {oad.
The LODES system 304 may then discharge when renewable generation by the wind farm

302 falls short of C&I customer 702 load so as to provide the C&l1 customer 702 with a firm
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renewable profile that offsets a fraction, or all of, the C&I customer 702 electrical
consumption.

10G104] FIG. 13 illustrates an example systern in which one or more aspects of
the various embodiments may be used as part of bulk energy storage system. While FIG. 13
is discussed in relation to an example LODES system 304, the durations of energy storage
and/or power delivery described with reforence to FIG. 13 are provided merely as examples
and are not intended to Hmit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating one or more aspects of the various embodiments
may be a LODES system 304. As an example, the LODES system 304 may include various
embodiment batteries described berein, various electrodes described herein, ete. The LODES
system 304 may be part of a power plant 800 that is used to integrate large amounts of
rencwable generation in microgrids and harmonize the output of rencwable generation by, for
exaraple a PV farre 402 and wind farm 302, with existing thermoal generation by, for examople
a thermoal power plant 902 (e.g., a gas plant, a coal plant, a diesel generator set, ete., ot a
combination of thermal generation methods), while renewable generation and thermal
generation supply the C&l customaer 702 foad at high avalability. Microgrids, such as the
microgrid constituted by the power plant 900 and the thermal power plant 902, may provide
availability that is 90% or higher. The power generated by the PV farm 402 and/or the wind
farm 302 may be directly fad to the C&l customer 702, or may be first stored in the LODES
system 304.

[00105] In certain cases the power supplied to the C&I customer 702 may come
entirely from the PV farm 402, entirely from the wind farm 302, entirely from the LODES
systern 304, entirely frorm the thermal power plant 902, or from any combination of the PV
farr 402, the wind farm 302, the LODES systern 304, and/or the thermal power plant 902,
As examples, the LODES system 304 of the power plant 900 may have a duration of 24h to
500h. As a specific cxample, the C&T customer 702 load may have a peak of 160 MW, the
LODES system 304 may have a power rating of 14 MW and duration of 150 h, natural gas
may cost $6/miltion British thermal anits (MMBTU}, and the renewable penetration may be
38%. As another specific example, the C&l customer 702 load may have a peak of 100 MW,
the LODES system 304 may have a power rating of 25 MW and duration of 150 h, natural
gas may cost S&MMBTL, and the renewable pevetration may be 65%.

[00106] FIG. 14 illustrates an example system i which one or more aspects of
the various embodirpents may be used as part of bulk energy storage system. While FiG. i4

is discussed in relation to an exarople LODES system 304, the durations of energy storage
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and/or power dehivery described with reference to FIG. 14 are provided merely as examples
and are not intended to limit the scope of the invention or claims. As a specific example, the
bulk energy storage system incorporating onc or more aspects of the various embodiments
may be a LODES system 304. As an example, the LODES system 304 may include various
embodiment batteries described herein, various electrodes described heretn, etc. The LODES
system 304 may be used to augment a nuclear plant 1002 (or other inflexible generation
facility, such as a thermal, a biomass, etc., and/or any other type plant having a ramp-rate
lower than 50% of vated power in one hour and a high capacity factor of 80% or higher) to
add flexibility to the combined output of the power plant 1000 constituted by the combined
LODES systern 304 and nuclear plant 1002, The nuclear plant 1002 may operate at high
capacity factor and at the highest efficiency point, while the LODES system 304 may charge
and discharge to effectively reshape the output of the nuclear plant 1002 o match a customer
clectrical consumption and/or a market price of electricity. As cxamples, the LODES system
304 of the power plant 1000 may have a deration of 24h to 500h. 1n one specific example,
the nuclear plant 1002 may have 1,000 MW of rated output and the nuclear plant 1002 may
be forced into prolonged periods of minumum stable generation or cven shutdowns because of
depressed market pricing of electricity. The LODES system 304 may avoid facility
shutdowns and charge at times of depressed market pricing; and the LODES system 304 may
subsequently discharge and boost total output generation at times of inflated market pricing.
1001071 FiG. 15 tHustrates an examople system in which one or more aspecis of
the various embodiments may be used as part of bulk energy storage system. While FIG. I5
ts discussed in relation to an example LODES system 304 and SDES system 1102, the
durations of encrgy storage and/or power delivery described with reference to FI(G. 15 are
provided merely as examples and are not intended to Lmit the scope of the invention or
claims. As a specific example, the bulk energy storage system incorporating one or more
aspects of the various embodiments may be a LODES system 304, As an example, the
LODES system 304 may include various embodirnent batteries described herein, various
electrodes described herein, etc. The LODES system 304 may operate in tandem with a
SDES system 1102, Together the LODES system 304 and SDES systera 1102 may counstituic
a power plant 1100, As an example, the LODES system 304 and SDES system 1102 may be
co-optimized whereby the LODES system 304 may provide various services, including long-
duration back-up and/or bridging through multi-day fluceuations (e.g., multi-day fhuctuations
in market pricing, renewable generation, electrical consumption, etc.), and the SDES system

1102 may provide various services, including fast ancillary services {e.g. voltage control,
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frequency regulation, etc.) and/or bridging through intra-day fluctuations {e.g., intra-day
fluctuations in market pricing, rencwable generation, electrical consumption, ctc.). The
SIES system 1102 may have durations of less than 10 hours and round-trip efficiencies of
greater than 80%. The LODES system 304 may have durations of 24h to 500h and round-uip
efficiencies of greater than 40%. In one such example, the LODES system 304 may have a
duration of 150 hours and support customer electrical consumption for up to a week of
renewable under-generation. The LODES systern 304 may also support customer electrical
consumption during intra-day under-generation events, augmenting the capabilities of the
SDES system 1102, Further, the SDES systern 1102 may supply customers during intra-day
under-generation events and provide power conditioning and quality services such as voltage
control and frequency regulation.

[3108] Having described above certain aspects of energy storage systems, devices,
and comoponents including aqueous oxyanion electrolytes, atiention is now specifically
directed to description of aspects of halogen oxyanion-based clectrodes and related batteries
and systems. For the sake of clear and efficient description, aspects of the energy storage
systerns, devices, and components described above are not necessarily repeated in the
description of halogen oxyanion-based electrodes and related batteries and systems described
below. However, unless otherwise specified or made clear from the context, it shall be
understood that various aspecis of the energy storage systems, devices, and components
described above may be combined with the halogen oxyanioun-based electrodes and related
batteries and systems described below. For example, unless a contrary intent is explicitly
indicated or is clear from the coniext, any onc or more of the various, different halogen
oxyanion-based clectrodes and related batteries and systems described below may be uscs as
part of bulk energy storage systerns, such as LODES systerns, SDES systems, systems
needing power delivery for any time period, otc., such as the examples described above with
respect to FIGS. 7-15

[60109] In some embodiments, an electrochemical cell includes a negative electrode,
a positive electrode, an electrolyte, and a separator disposed between the positive clectrode
and the negative clectrode (for cxample as shown in FIG. 16). FIG. 16 illustrates an cxampic
clectrochemical cell 1000, such as a battery, including a negative clectrode and electrolyte
1002 separated from a positive electrode and electrolyie 1003 by a separator 1004, The
separvator 1004 may be supported by a polypropylene mesh 1005 and a polyethylene frame
1008 of the electrochemical cell 1000, Current collectors 1007 may be associated with

respective ones of the negative electrode 1002 and positive electrode 1003 and supported by
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polyethvylene backing plates 1006. In some embodiments, the temperature of the
clectrochemical cell 1000, may be controlied, such as by insulation around the
clectrochernical cefl 1000 and/or a beater 1058, For exarople, the heater 1050 may raise the
temperature of the electrochemical cell 1000 and/or specitfic components of the cell, such as
the electrolyte 1002, 1003, The configuration of the electrochemical cell 1000 1n FIG. 161s
merely an example of one electrochemical cell configuration according to various
embodiments and is not intended to be luniting. Other configurations, such as
electrochemical cells with different type meshes and/or without the polypropylene mesh
1005, electrochemical cells with different type frames and/or without the polyethylene frame
1008, clectrochemical cells with different type current coliectors andfor without the current
collectors, electrochemical cells with different type backing plates and/or without the
polyethylene backing plates 1006, clectrochemical cells with different type insulation and/or
without insulation, and/or electrochemical cells with different type heaters and/or without a
heater 1050, may be substituted for the example configuration of the electrochemucal cell
1000 shown in FIG. 16 and other configurations are in accordance with the various
crobodiments.

[60118] In some embodiments, a phirality of electrochemical cells {or batteries) 1000
in FIG. 16 may be connected electrically in series to form a stack. In certain other
embodiments, a plurality of electrochemical cclis 1000 may be connected clectrically in
parallel. In certain other embodiments, the electrochemical cells 1000 are connected in a
mixed serics-parallel electrical configuration to achieve a favorable combination of delivered
current and voltage.

{00111] Various embodiments include halogen oxyanion hased electrodes and related
batteries and systems. Various embodiments include electrochemical electrode reactions
compeising halogen oxyanions. Various embodiments may include an electrode in an
electrochemical device comprising an electrode reaction, or redox reaction, of a halogenated
OXyanion species.

[60112] Various embodiments inchide reversible CI(IHY/CHIV) electrodes, processes
for making reversible CI{HIYCIIV} electrodes, and batieries and battery systems including
reversible CIHID/CHIV) clectrodes. Various crmabodiments may include a direct reversible
CHHD/CIVY) cathode, for example coupled with ClOs storage, in a battery and/or battery
system. Various embodiments may include an indivect CIHD/CI(EV) electrode, for example
without ClO; storage, in a battery and/or batiery systern. Such indirect CIHD/CHIV)

electrode may be, for exarople, based on a 3-Chemical Chiorine Dioxide Reaction.

30



WO 2023/201068 PCT/US2023/018696

[00113] A first example implementation may include an alkaline electrolyte with a
polysulfide clectrode and NaCl(h electrode. Such an example has been observed to have an
open circuit voitage (OCV) of 1.50 volts (V). A second example implementation may
include an alkaline electrolyte with an iron electrode and Na('l(: electrode. Such an
example is calculated to have an OCV of 1.84V. A third example implementation may
include a neutral electrolyte with an ron electrode and NaCl(O; electrode. Such an example
is calculated to have an OCV of 1.39V. A fourth example implementation roay include an
acidic electrolyte with a hydrogen electrode and NaClO» electrode. Such an exampie is
calculated to have an OCV of 1.27V.

[60114] Various embodiments may include an electrode in an electrochemical device
compeising an electrode reaction, or redox reaction, of a halogenated oxyanion species.
Various embodiments may include certain chemical species involved in said redox reactions,
one ot moore of which may be a balogenated oxyanion. The reactant or product of said redox
reaction roay comprise an ionic or electrically neutral chemical species. In some
crbodiments, the electrochemical device is a storage battery, which may include batteries of
the primary type, which is understood to mean that the battery is provided in a charged or
partially charged state and discharged once, or may be batteries of secondary type, which is
understood 10 mean rechargeable batteries which may be recharged or partially recharged at
fcast once before being discharged again. In some embodiments, said redox reaction may
comprise oxidation of said halogenated oxyanion specics. In other embodiments, said redox
reaction may comprise reduction of said halogenated oxyanion species. I some
cmbodiments, said redox reaction may comprise the reversible oxidation and reduction of
said chemical species. In various embodiments, the current collector at which said redox
reaction occurs may be sclected to allow such highly reversible reaction, by which it is meant
that the overpotential for oxidation or reduction ts relatively small. Such curmrent collectors
may comprisc various metals or metal compounds as described herein, and preferably, may
comprise carbon. Said electrode may comprise the positive clectrode or the negative
clectrode of said electrochemical device. In some embodiments, the halogen may be chlorine
or broming.

{00115] In addition to chemical compositions used in said redox reactions, electrodes,
and electrochemical devices, varicus embodiments may inclode materials used in said
electrochemical devices, the design of said devices, and systems and methods of use of said

devices and systems.
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[60116] An example of the redox reactions of the various embodiments is the
clectrochemical reaction between chlorine (1) oxyanion (CI02-) and chiorine (1Y) dioxide
(CHO2), which in sorme emnbhodiments may be carried out in an agueous clectrolvte. The
chlorine (M) oxyanion {i.e., chlorite contaiming compound} may be provided in the form of a
chlorite salt, inchuding but not limited to HCIOG:, LiCIOs, NaClOsz, KCH:, RBCID,, and
UsCl(,, which may dissociate at least partially in the clectrolyie used. Such reversible
halogenated oxyanion electrodes may be operated in acidic, neustval, or alkaline aqueocus
clectrolytes.

[06117] In acidic electrolyte, the electrode half-cell reaction may be:

ClOs+ H' + e @ HCIO, EY=1.277V vs SHE {(Bg. 1)

[00118] In neutral or alkahne electrolyie, the electrode half-cell reaction may be:

ClOn{ag) + & & ClOy E" = 0.954V vs SHE {Bg. 2)

[03119] The solubility of NaCl0; in water is substantial, being:
8.4mol_NaClO/1L._H:0 at 25deg(C; and 4.3mol_NaClO»/L_Ha0O at 17degC.

[60128] Accordingly, in use as an electrochemiical battery, an agoeous electrolyie may
have a substantial concentration of CIGy™ or HCIO:, resuliing in a desirably high storage
capacity or cnergy density.

[80121] According to the above electrode half-cell veactions, Cl(;, chlorine dioxide,
may be the product of the oxidation reaction. The solubility of CIO: in water is relatively low,
being 0.12mol_ClO/L_H20 at 20degC. The boiling point of Cl10; at 1 atmosphere pressure
is about §1degC, and said boiling point increases with the applied pressure. The freering
point of CIG; is about -68degC. In some embodiments, at least a portion of the chiorine
dioxide produced by electrochemical oxidation is present within or as a phase separate and
distinct from the agueous electrolyte. Said phase may be a liquid phase, or a solid phase. In
some embodiments, the operating temperatore of the battery is low enough, and the pressuare
to which the reactants arc subjected is high cnough, so that at least some of the chiorine
dioxide produced is present as a scparate phase. In some embodiments, the clectrochemical
device is sealed, and is under internal pressure during at least some of its state-of-charge
range.

[006122] In some embodiments, the current collector for the reversible CI{HD/CIIV)
electrode comprises a carbon-based material, a metal or metal alloy, or an electronically
conductive compound. Said carbon-based material may comprise glassy carbon, disordered

carbon, graphite, carbon black, activated carbon, carbon fiber, carbon nanotubes, heteroatom
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doped carbon nanotube, graphene, heteroatom doped graphene, graphene oxide, or other
carbonaceous material. In certain embodiments, the carbon-based current collector comprises
the form of a carbon plate, carbon felt, carbon foam, reticulated carbon, carbon cloth, carbon
paper, or other form. Said metal or metal alloy may comprise iron, carbon steel, stainless
steel, titanium, nickel, copper, silver, platinum, paliadium, or other metal. Said electronically
conductive compounds may comprise ractal carbides, raetal sulfides, metal nitrides, maetal
oxides, or allovs of such compounds.

[66123] In certain embodiments, the reversible CIHD/CI(IV) electrode contains
oxygen cvolution inhibitors or suppressants. In certain embodiments, the reversible
CIHD/CIAV) electrode contains electrocatalysts inchuding but not Hmited to, noble metals
and alloys, noble metal oxides, transition metals and alloys, transition metal oxides, and the
fike. In certain embodiments, the reversible C1HD/CHIV) clecirode is a gas diffusion
clectrode containing hydrophobic polymers such as PTFE, FEP, polvethylene, polypropylene,
or a combination thercof.

[60124] In some embodiments, the current collector is in the form of solid plate,
perforated plate, felt, foam, wool, mesh, or other form. In some embodiments, the current
collector is a conductive substrate coated by one or more of the preceding electrode or
catalyst materials.

{60125] Reversible CIALYCIAY) electrode

{60126] The oxidation reaction from chlorite (CI02-) to chiorine dioxide (CIO2), and

the reduction reaction back to chlorite, is surprisingly found to be highly reversible with low
overpotential in either direction, and in acidic or aikaline electrolyte, as shown in the
following cxamples.

108127] Example 1: CHHT/CHIV) redox reaction in alkaline solution

[00128] Three-clectrode cyclic voltammetry was conducted at room temperature
(about 23°C in this context) using a glassy carbon working clectrode, a platinum counter
electrode, and an Ag/AgCl reference electrode 3M NaCly. The electrolyte contained 10 mM
NaClO, dissolved in reverse osmosis deionized (RODT) water, and 1M KOH, producing pH
~ 14. A polypropyiene laboratory cell was used. The working electrode potential was swept
from -1.2V to 1.0V (with respect to Ag/AgCh at a rate of 100 moV/sec and the current was
recorded. An example of the results is shown in FIG. 17, A peak centered at about 8.8V i3
observed during the oxidation sweep {from low to high potential), while a peak centered at
about 0.7V is obscrved during the reduction sweep.

1881281 Example 2. CHHD/CHIV) redox reaction in acidic solution
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[00138] Three-electrode cyclic voltammetry was conduocted at room temperature
{about 23°C in this confext) using a glassy carbon working electrode, a platinum counter
clectrode, and an Ag/AgClreference electrode (3M NaCll)., The electrolyte contained 10 mM
NaCl(: dissolved in reverse osmosis detonized (RODI) water, and 9 mM HzS0;, producing
pH = 2. A polypropyleng laboratory cell was used. The working electrode potential was
swept from -0.6V o 1.4V (with respect to Ag/Ag(Cl) at a rate of 100 mV/sec and the current
was recorded.  An exaropie of the results ts shown in FHG. 17, A pesk centered at about 0.8V
is observed duaring the oxidation sweep (from low 10 high potential), while a peak centered at
about 0.7V is observed during the reduction sweep.

{60131] Thus, as may be appreciated from the results of Example | and Example 2
above, the CIHD/CUIV) redox reaction is shown to be highly reversible in both acidic and
atkaline solution.

1861321 Direct reversible CIIYCHIV) electiode {with ClO storage)

{601 33] Depending on the temperature and pressure, chlorine dioxide can be stored in
the form of a gas, Liguid, liquid solution, solid, or a combination thersof. A chlorite bearing
corapound, including for example NaCl(Qs, NaBr(,, KCIO,, or KBr(O;, may be stoved as a
dissolved solation. in some ernbodiments, the chlorite bearing compound and chlorine
dioxide may be stored in the same enclosure. In some embodiments, the chlorite containing
compound and chlorine dioxide may each be stored in separate enclosure. In certain
embodiments, chlorine dioxide may be stored at a temperature = 11°C. In certain
embodiments, the reversible CIDY/CKIV) clectrode may include a chlorite stabilizer. In
certain embodiments, the reversible CHUID/CIIV) electrode may contain a chlorine dioxide
stabilizer. Such stabilizers may reduce or eliminate decomposition of chlorine dioxide to
other compounds, or decrease the self-discharge rate of the battery. In certain cmbodiments,
the reversible CHID/CIAV) electrode may be used in a tank cell configuration where the
active species are contained within the cell embodiment. In certain embodiments, the
reversible CIHD/CKIV) clectrode may be in a tlow cell configuration where the active
species are pumped to the cell from an external storage vessel. In some embodiments as a
storage battery, during charge, CI{(11l} is oxidized to CI(IV), and the electrical energy is stored
in the form of chlorine dioxide. During discharge, CI(1V) is reduced to CI(JI), and the
clectrical energy is released to the external circuit.

1001341 An ron - chidorine dioxide battery

[60135] A CI(ID/CIV) electrode, such as any one or more of the CHUD/ACIAV)

electrode described above, may be used as a reversible clectrode. As described in greater
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detail below, embodiments of the reversible CHID/CI(IV) electrode mnclude: direct reversible
CIIHVCHIV) cathode (with CHO» storage) and indirect CIHD/CKEY) electrode (without (C1O;
storage) (hased on 3-Chernical Chlorine DHoxide Reaction).

[60136] The above-described CIEIVCHIV) electrode may be used as a posttive
electrode in a battery. It may be paired with various negative electrodes, including but not
fimited to the following combinations: polysulfide negative electrode NaCl(, alkaline
electrolyte battery (OCV = 1.50V, empirical); iron negative electrode NaClOs alkaline
electrolyte battery (OCV = 1.84V, calculated); iron negative electrode NaCl(Os neutral
clectrolyte hattery (OCV = 1,39V, caleulated); hydrogen negative electrode NaCl(3; acidic
electrolyte battery (OCV = 127V, calculated). Several of these examples are deseribed in
greater detail below.

1301371 More generally, the negative elecirode may include a metal or alloy,
including but not limited to a first-row transition metal (e.g., titanium, vanadium, chromium,
manganese, ivon, cobalt, nickel, copper, or zine), tin, cadmium, lead, magnesiam, calciom,
alominum Hthivm, sodium, poiassium, rubidivm, or cesium. The negative clectrode may
have a half-cell reaction, especially in alkaline clectrolyte, that comprises the formation of an
oxide, hydroxide, or other metal salt during oxidation, corresponding to discharge of the
battery. The metal salt may be solable in the clectrolyte in some instances. In other
instances, the metal salt may remain in solid form and may be at least partially attached to the
metal or alloy. Upon charging, the metal salt may be reduced to a metal or alloy.

[00138] The negative electrode may also have, especially in acidic electrolyte, a half-
cell reaction comprising dissolution of the metal as metal ions or complexes in the electrolyte
upon discharge of saud battery., Upon charging, the metal jons or complexes may be reduced
to the metal or alloy.

[0013%] In some embodiments, the negative electrode comprises sulfur. Sulfur
negative clectrodes may comprise sulfur in any of its oxidation states including elemental
salfur and various polysulfides including So7, 827, 837, 847, and 857 For example, such
polysulfides may be prepared by dissolving in agueous solwtion any one or more of the
comapounds NaxS, NapSy, NasSa, NaxSy, or Na:zSs. The clectrolyte may be alkaline, to avoid
the formation of HaS gas. In a particular embodiment, the clectrolyte s alkaline and the
polysulfide is cycled between the Himits 527 to S47. A battery cell using S27/84% as the
negative electrode redox reaction and C1027/CHh as the positive electrode redox reaction may

have an open circuit voltage of about 1.30 V.
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[00140] In some embodiments, the oxidation or reduction of a positive or negative
clectrode may be facilitated or assisted by a redox mediator compound.

{00141] As an example of such a battery

J?

consider an iron-chlorine dioxide battery,
the operation of which is showmn FIG. 18. Here, the negative electrode when in the charged
state may comprise metallic iron, which may also serve as the pegative current colfector. The
positive current collector may comprise carbon, at which reactions of the positive electrode
compounds {e.g., the oxidation of chiorite to chlorine or chiorine dioxide, or reduction of
chlorate or chlorine dioxide to chlorite or chloride) may take place. The electrolyte may have
an alkaline pH. During discharge, said metallic ivon may be oxidized to ferrous iron
hydroxide, Fe(OH),, ferric iron oxvhydroxide, FeQOOR, or one or more fervous or forric iron
oxides, FeO, Fea(l, or Fea0Os. Tharing discharge, at the carbon positive curvent collector,
{10, may be reduced to chiorite ions, Cl0:. As the battery is increasingly discharged, the
amount of iron oxidation product may increase, as may the amount of chiorite ions. Said
chlorite jons may be partially or completely dissolved in the electrolyte. Upon charging of
the battery, the iron hydroxide or oxide or oxyhydroxide may be partially or completely
reduced to metallic iron, and the chiorite tons may be oxidized to chlorine dioxide.

[60142] Another configuration for an iron-chlorine dioxide battery may comprise an
acidic electrolyte of pH < 7. In such instances, the oxidation of the iron clectrode upon
discharge of the battery may comprise its dissolution as ferrous ion: Fe” = Fe™ + 2¢”. During
charging, dissolved iron tons may be reduced at the negative clectrode, in the reverse of this
reaction.

100143} According to these embodiments, the starting state of the battery may be
charged or partially charged, m which casc there is at least some metallic iron or an tron alloy
at the negative electrode and at least some chlorine dioxide at the positive electrode. This
starting state may be achieved by assembling the battery using metallic fron and chlorine
dioxide as components. Additionally, or alternatively, the starting state may be achieved by
carrying out an initial electrochemical reaction that forms ClOs within the cell, regardiess of
whether the iron-comprising negative electrode undergoes reduction to metallic iron. This
tnitial electrochemical reaction is also herein referred to as “formation” or a “formation
cyele” or “formation reaction,” and has the characteristics that a reduction “side reaction”
occurs at the negative electrode so that oxidation can occur at the positive electrode. This
side reaction may produce a reaction product that 1s a gas, Hguid, or solid, and which may not

thereafter substantially participate in the charge-discharge reactions of the battery.
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[00144] An example of such a formation cycle is shown in Figure 4, where the initial
state of the battery has metallic iron at the negative clectrode. Even if there is no oxidized
iron salt available to be reduced to metallic won, CiOs may be formed, via oxidation of
chlorite at the positive electrode, by charging or “overcharging” the battery such that
hydrogen reduction takes place at the negative electrode. The hydrogen reduction may
produce hydrogen gas that is released from the batiery to the atmosphere such that @ is no
{onger available to participate in a subsequent discharge reaction.

[00145] During the formation reaction, a source of chlorite ions is for forming
chlorine dioxide may include a chlorite compound, such as an alkali chlorite (e.g., NaCi0Os).
As shown in FIGS. 19A-198, the NaCl(n may be dissolved in the electrolyte, or may be
present as a solid immiscible phase, in which instance the electrolyte may be saturated with
NaCl(: or nearly so. The solid NaCl{3» may serve as a reservoir to supply chlorite tons to
the electrolyte for oxidation to chlorine dioxide at the positive electrode.  As chlorine dioxide
is formed, the amount of solid NaClO: may be reduced, up to and including the reduction of
all NaClO» present. As the battery is charged and discharged, the amount of solid NaCl(:
may be negligible if all or most of the NaCl(Q: remains dissolved, or moay vary as the
solability limit of NaClO; in the electrolyte is traversed. That is, solid NaCl{; may be
present at some states of charge of the battery, and may dissolve or precipitate as needed to
maintain a saturated or nearly saturated solution of Na(l0,.

{60146] FIG. 20 is a schematic representation of an iron - chlorine dioxide battery. if
a weakly acidic electrolyte is used, the equilibrivm or open-circuit cell voltage may be about
1.3 V. If an alkaline electrolyte is used, the cell voltage may be about 1.7 V. if a zinc
clectrode is used instead of an iron electrode, the cell voltage may be still higher, at about 2.0
V. The boiling point of ClO» under standard state conditions of 1 atroosphere pressure is
about 11 "C. Accordingly, CIO; produced in the cell may be present as a liquid phase if the
temperature is below about 11 °C under 1 atroosphere pressure, or at higher temperatures,
inchuding room temperature or higher, under a higher pressure. The higher pressure may be
produced by sealing the cell such that, as Cl(h s produced, the internal pressure of the cell
tncreases,

{00147] C1O; has limited solubility in aqueous solution, and has a density of 1.64
g/em® that is bigher than that of typical aqueocus electrolytes. The density of Cl02 may also
bie lower than that of certain electrolyies such as the “water-in-salt” type of electrolyte,
wherein there is a higher concentration of the electrolyic salt than the water solvent.

Accordingly, as shown in FIGS. 19A, 198, 20, and 21, the electrochemical cell may allow a
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chlorine dioxide rich layer {(which may be a separate immiscible phase comprising Hquid or
solid CI0; or a layer of electrolyte enriched in Cl01) to separate(e.g., sinking or tloating)
from the electrolyvte and/or the electrodes under the force of gravity. In some emnbodiments,
at least one electrode has a width-to-length aspect ratio greater than about 2:1, and preferably
greater than about 5:1, including electrodes of rod, sheet, plate, or tube geometwry. In some
cmbodiments, the clectrode is oriented with its shorter or shortest dimension forming an
angle less than about 45 degrees from normal to the interface between a ClOy enriched layer
and a liguid electrolvte. In some embodiments, at least one electrode is a sheet or plate, and
its normal is aligned approximately parallel to normal of the interface between a CiOy
enriched layer and a ligoid electrolyte. By doing 50, a more compact and energy dense
electrochemical cell may be produced, and the distance between electrodes and the CIOs
fayer may be reduced, facilitating transport of reacting chemical species and improving the
rate with which the cell may be charged and discharged.

[60148] In some embodiments, an electrolyte with a high salt concentration is used.
While many typical aqueous electrolytes may have a salt concentration of about 1 M, or even
less, in some instances the salt concentration may exceed T M, or even 5 M or 14 M.
Electrolytes with a salt concentration that exceeds the solvent concentration are sometimes
referved to as “water in salt” electrolytes, to contrast with typical electrolytes in which the salt
is dissolved in water. Without being bound by any particular scientific interpretation, the use
of a highly concentrated electrolyte may allow the CH{IHYCIIV) reaction, or the C10:7/CIO;
reaction, to be conducted with a decreased rate of competing parasitic or “side” reactions
such as the oxygen evolution reaction (OER).

{00149] As shown in FIG. 224, the potential of the ClO;/CIO; reaction is
approximately independent of pH, as the redox reaction does not involve H or OH ions. At
certain electrolyte pH levels, the potental of this redox reaction may exceed the
thermodynamic or equilibrium potential of the GER reaction, and the amount by which it is
exceeded will increase with increasing pH, increasing the driving foree for the OBER reaction.
However, by using a high salt concentration electrolyte, the OER potential may no longer

decrease lincarly with increasing pH as shown by the dashed line labeled “ORR/OER” in

Fi(z. 228, and may flatten instead. Accordingly, the rate of the OER reaction may be
suppressed at the potential of the CiOn/CIOs reaction. FIG. 228 is a schematic diagram of
this effect: A high salt concentration electrolyte, e.g.. 10 M NaCl{k, may have a lower

axygen evolution reaction (OER) rate or current than a lower salt concentration electrolyie,
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e.g., 1 M NaClO4, when the electrical potential exceeds the equilibrium potential for the
OER reaction indicated by the vertical line.

[00150] Indirect CIAYCHIV) electrode without ClO2 storage, and batteries and

systems thereof.

{80151 ] Various embodiments relate to an electrode, electrochemical device, or
system in which the Cl(Qs to ClO: electrochenucal reduction reaction is utilized, while the
reactant Cl10; s produced as needed to supply the reaction rather than being storved as ClOs.
Such a system has the advantage of not needing to store or manage a reservoir of Cl(h, which
is known to be an unstable chemical under certain conditions. The design and operation of
such a system is shown in FIGS. 23A-238.

[00152] Chlorine dioxide may be produced using the chemical reaction: ZNaClO» +
HOCE + HCE — 2C10: + ZNalCl + HO. Chlortte to chlorine dioxide conversion of 95-98% is
possible via this reaction. In various embodiments, a different reaction, 2NaClQs + NaOCl +
NaCl — 2C10: + NaCl + 2Na(OH, is used to prodoce ClOs for the electrode reaction of an
electrochemical battery. In such a battery, the ClO; is electrochemically reduced to chiorite,
CI0y. In instances in which the chlorite/chiorine dioxide reaction comprises the positive
electrode reaction, the reduction of chlorine dioxide to chlorite corresponds to the discharge
reaction of the battery.

[3G153] FIGS. 23A-23Bare schematic representations of the operation of a battery
system §200 in which CiO; is produced as needed o supply the reaction of ClO2 1o CIOy . o
addition to the electrochemical cell 1202, there may be multiple storage vessels or tanks.
There is a ClO, “generation” vessel 1204, a NaClG) storage vessel 1206, and a NaiO+NaCl
storage vessel 1208, cach of which may comprise aqueous clectrolyte. During charge (FIG.
23A), chlorite 1s oxidized in the electrochemical cell fo molecular chlorine, Cls, and
optionally some chlorine dioxide, ClO2 (2CI- - Ze- => Iz HO=1.36V vs SHE). The chlorine
gas is reacted with water to produce sodium hypochlorite, NaCl(3, and sodium chioride,
MNaCl, and stored in the NaCIO+Na(Cl vessel] 208,

[001534] During discharge (FIG. 23B), Na(lO; from the NaClO» storage vessel 1206
18 delivered to the ClG: vessel 1204, and NaCl0 and Na(l are delivered from the
NaCIO+NaCl storage vessel 1208 to the ClOn vessel 1204, These reactants are combined in
the Cl0» vessel 1204 and chemically react to produce CIOy, along with NaCl and NaOH. The
Cl10O: may be partially or completely separated from the agueous solution comprising NaCl
and NaQH, either by forming a gas phase or a largely immiscible condensed phase, such as a

Liguid CiOn enriched phase. A portion of the agqueous solution in the Cl0: vessel 1204, which
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comprises Na('l and NaQOH, is transported to the positive electrode electrocherical cell,
along with the Cl1G:. A portion of the aqucous solution comaprising NaCl and NaOH is
returned fo the NaCiO + NaCl storage vessel 1208, to be reacted with Clz. The CIG; provided
to the positive electrode is reduced to ClO; during discharge of the battery. Discharge thus
produces a solution comprising dissolved NaCl(:. This agueous solution may be recirculated
back to the NaCl(3; storage vessel, o be used in a subsequent discharge cycele.

10031551 The relative arpounts of the solution in the CHO» vessel 1204eirculated to the
electrochemical cell and the NaCl0 + NaCl storage vessel 1208may be varied, but generally
maintains the NaCl and/or NaQH concentrations and solution volumes in the respective
storage vessels.

[60156] Referring now to FIG. 23C, in some embodiments, additional storage vessels
may be added, such as for supplying an initial chloride ion containing feedstock to the
clectrochemical cell for charging, such as an NaCl solution storage vessel 1210, and/or an
MNaCl + NaOH solution storage vessel 1212 (filled the NaCl + NAGH produced by the ClO;
vessel 1204). In some embodiments, solutions may be transported between two or more
storage vessels in the system for various reasons, including the purpose of halancing solution
concentrations.

{00157] In certain embodiments, the pH of the sohstion in the ClO; vessel 1204 is
optimized for CH)» gencration and short term storage. In some embodiments, the pH of the
sofution in the NallOsstorage vessel 1206 is optimized for stable NaClO; storage. o some
embodiments, the pH of the solution in the NaClO+Na('l storage vessel 1208 is optimized for
stable Na(lO storage.

{08158] In some embodiments, the indirect CIHDCIIY) electrode includes a
monofunctional ClO; reducing electrode and a chlorine generation electrode. In certain
embodiments, the chlorine generation electrode contains materials known for use in
chioralkali anodes. In some embodiments, the indivect CHIEN/CIAVY) electrode includes a
bifunctional electrode for both Cl(; reduction process and the chlorine generation process. In
certain embodiments, the pH of the solution in the Cl(; vessel is lower than 7. In certain
cmbodiments, the pH of the solution in the NaClO+Na(l is higher than 7.

{00159] In some embodiments, the battery is a flow battery, in which the
electrocherical cell and one or more of the vessels shown in FIGS. 23A-C are physically
separated and are connected o other components of the system by flow channels or pipes. In
other erabodiments, the electrochemical cell and the vessels or tanks are partially or

completely integrated into the same device, forming separate chambers within an assembly or
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device. In some embodiments, relay controlled valves and pumps are placed in the battery
system to control flow between said cell and vessels or tanks. In some erabodiments, the
flow of fluid between the cell and vessels or tanks is passively driven, including but not
limited to thermally driven flow due to local temperature changes in the sysiem, or gas
pressure driven due to gas generation or conswnption within the system.

[60160] Reversibie Chiorite/Chlorine Dioxide Anion Redox Couple

[60161] Decarbomization of global electricity prodoction will require significant
amounts of power storage to be deployed. This creates challenges in terms of both the
availability and the scaling of mining and cxtraction of critical metals such as Li, Co, Ni, V,
or Sb, depending on the elemental requirements of the storage technology being used. For
battery chemistries that do meet cost and scalability criteria, additional criteria such as energy
efficiency (typically represenied by coulombic and voltaic cfficicncy), durability {cycle and
calendar life), operating temperature, and safety, come into consideration. However, the
ranked importance of such criteria may be unigue o cach application. There exists a
continging need for new redox couples for rechargeable batteries that can meet corrent and
future needs.

[60162] The agueous chlorine dioxide/chlorite (CI02/CH0:) redox couple has
exceptional electrochemical reversibility using catalyst-free, low-cost carbon electrodes. The
farge crustal abundance of chlorine, which ts the highest amongst halogens and is greater than
that of nitrogen, makes chlorine attractive as the basis for low-cost, large-scale storage. In
particular, the chlorite ton 1s widely available at low cost when sourced from sodinm chioriie
{(NaCliO»). Furthermore, since oxidation to chlorine dioxide occurs at a standard potential of
§.954V vs SHE, the CIO-/Cl0y redox couple is atiractive as a positive electrode that can be
paired with a wide range of possible negative electrodes, which include fow-cost candidates
such as Zn or Fe metal electrodes, or S in the form of dissolved polysulfide species. The
following Table 3 sununarizes the theoretical equilibrium cell voltages of rechargeable
batteries using chiorine oxyanton electrochemical couples {e.g., CHID/CIIV) couples) as the

positive electrode in neotral and alkaline electrolytes.

Table 3
Positive Negative electrode | Electrolyte Theoretical Equilibrium
clectrode ceil voltage
CiOn / CHOy Zn/ Zn{OHL Alkaline 2.5V
Ci0y / CIOy ZntZn’ Neutral 1.72v
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Cl0O; / GOy Fe / Fe(OHY Alkaline 1.85V
CiO, / GO Fe / Fett Neutral 1.40V
Cion / CiOy 85784 Alkaline 138V

{00163} As indicated in Table 3, an alkaline Zn/Cl(» battery can have a 2.15V
cquilibrivtra celf voltage, which ranks amongst the highest of aqucous battery systems. As
used herein, the term the “chemical cost of storage encrgy” is defined as the estimated cost of
starting clectrode materials and electrolyie divided by stored energy and is used as a metric
that represents the minimum cost of any batiery systerm in U.S. dollars per kilowatt hour
{thus, chemical cost of storage is represented symbolically herein as “$X/kWh”, where X is
the value), and shall be understood to be based on 2022 U.S. dollars. The ClO/Cl{ based
battery chemistries described berein, assuming the use of NalliO, as a starting material, have
estimated chemical costs of $3/kWh-$10/kWh. This estimated chemical cost range compares
favorably to comparable estimates of Li-ion chemistries (820/AWh-330/kWh, vanadiam
redox flow batteries (~3100/kWh), and ron-air batteries ($1.3/kWh). Rechargeable Zo/ClO)
cells are described herein as an example of this chemisiry.

(0031641 Whale the electrochemical oxidation of chlorite to chlorine dioxide is the
basis for significant commercial production of CI(z, an industrial chemical most widely used
for disinfection, the reverse reaction {electrochemical reduction to ClG;) has not been
cxtensively studied. Without wishing to be bound by theory, it is believed that the reaction
ClO2- «» CIO2 + e~ is highly revessible, since only electron transfer 5 required, rather than
atomic bond breaking or formation {e.g., as in chiorine oxidation 2Cl «» Ch + 2e-). Simple
clectron transfer is advantageously used for several transition metal cations vsed as redox-
active battery electrodes in agueous solution {e.g., Fe(Hy/Fe(llD, VUID/VALD, VAVYV(Y),
CrdD/Ce(I), CeD/Ce(IV), ete), particularly in flow batteries.

{00165] FIG. 244 is a graph showing cyclic voltammetry {CV) of cells including
10mM NaClOq on a glassy carbon electrode (GCE, 3raom dia.) at a scan rate of 100 mV/sec.
FIG. 248 is a graph showing CV for 10mM NaClO: on a glassy carbon electrode (GCE,
3mm dia.) in 1M Na('l clectrolyte at different scan rates. FIG. 24C is a graph showing a
Randles-Sevcik analysis based on data from FIG. 10B. AL CV experiments were perforrned
at room temperature (19°C +/- 1°C) vsing an Ag/AgCl (3M Na(l) reference elecirode and a

platinum wire counier clectrode.
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[00166] Reforring to FIG. 24A, CV curves were taken at the same temperature and
sweep rate for acidic, near neutral, and alkaline solutions spanning pH 2 to 14. The
supporting electrolyte in the alkaline solution was 1M KOH (about pH 14). The supporting
electrolyte in near-neutral solution was 1M NaCl. The supporting electrolyte in the acidic
sclation was 0.5M NazSOs + 9mM HoSOy (about pH 2). AH CV curves were from the third
UV cycie. The arrows in the figure indicate the scan direction. The increase in current at
higher potential is attributed to the oxygen evolation reaction {OER).

[60167] FIG. 24A compares {V curves taken for acidic, near neutral, and alkaline
solutions spanning pH 2 to 14, showing that the equilibrivm potential of the reaction is
independent of pH. This suggests that, as posited above, the half-cell reaction involves
electron transfer only. The equilibrium potentials were all within 10 mV of the expected
potential of 0.954V (vs. SHE), assuming the standard electrode potential of Ag/Ag(Cl 3M
NaClis 209 mV vs. SHE. If protons were involved in the reaction, a potential shift of 59V
per pH onit would have been expected to be observed for a 1-clectvon transfer process.

[00168] A pH shift is seen for the oxygen evolution reaction {(OER), which ocours at a
tower potential (at ~0.9V vs Ag/AgCl in the alkaline CV curve than in the neutral or acidic
condition in FIG. 10A. These resolts also show the clear separation in potential between
CIG,/CIOy vedox and OER, which may be necessary to avoid parasitic loss during charging
duc to the OER mechanism. To ecliminate other possible explanations of the highly reversibie
clectrochemical process other than the proposed ClO» /ClO: couple, cyclic voltammmetry of
NaCl0s and NaClO in 1M KOH was performed and electochemical signals were noticed in
cither case. Further evidence supporting chlorine dioxide formation in the clectrochemical
reaction was the obscrvation of is characteristic yellow color in the aqueous clectrolyte after
oxidation. In bulk electrolysis half-cells, when using a high surface area vitreous carbon
electrode, this was observed as an increase the extent of reaction, as well as in full cells
described below.

[60169] Referring to FIG. 248, CV curves in near-neutral solution at room
temperature are shown for sweep rates from 100 to 5 mV/sec. There was a minimal drift of
the equilibrivm voltage (<2ZmV) with scan rate. The electrolyte iR corrected peak-to-peak
separation slightly increased from 72mV 1o 95mV at 100 mV/sec.

[00170] Referring 1o FIG. 24C, the Randalls-Seveik analysis of the results in FIG.
10B show highly lincar cathodic and anodic fits, indicative of a diffusion conwolled
clectrochemical reaction. The diffusivity of the “reduced/discharged” active species (i.c.,

chlorite) was estimated from the slope of the anodic peak aurrent (i.c., above the X-axis) to
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be 7.0x10° em?/sec. The diffusivity of the “oxidized / charged” active species (i.e., chlorine
dioxide) was estimated from the slope of the cathodic peak current (1.e., below the X-axis) to
be 5.7x107% ecm¥sec. A difference in diffusivity of the charged and the discharged species is
expected due to different solvation structures for the chlorite ion and the chlorine dioxide
molecule in the elecurolyte.

[0171] As a storage electrode, C100 may be stored in either a gaseous or Hauid
phase. The carrently described experiments span the boiling point of ClO;, which is 11°C at
ong atmosphere pressure. These experiments confirm that the reaction has good
clectrochemical reversibility both above and below the boiling point of Ci3s, as described in
greater detail below. Indeed, the separation 1n potential between oxidation and reduction
pealks, as well as the magnitude of the peak currents, are nearly the same between 5°C and
20°C. For practical application in battery systems, storage as a condensed phase is desirabie
for higher energy density and ease of containment. Note that liquid CiQ, is immiscible with
aqueous electrolytes and has a higher density of 1.64 gfcm3. These features facilitate the
storage of Cl(3; as a separate liquid phase, without resorting to high pressures and facilitates
the use density-based scparation, as described in greater detaid below.

[00172] FIG. 25 18 a graph showing cyclic voliammetry (CV) resuits of 10mM
NaCl(: in 1M KOH solution using a glassy carbon electrode (3mm dia.) at a scan rate of 100
mV/sec in a water-jacketed glass celi, at 5°C and 20°C. The cell temperature was controlled
by circulating water held at the temperature of interest. An Ag/AgCl (3M Na(l) reference
clectrode and a platingm wire counter electrode were used i the cells.

[60173] To demonstrate use of the C10:/CIO; couple in a full cell, Zn-Cl0; cells
were prepared and tested while operating with near-neutral electrolyte at teraperature of 0.5 =
(.5°C, where any CIO; phase produaced is Hgnd. The Zn-ClOs couple has the haghest
theoretical equilibrium cell voltage of the anode-cathode combinations considered above,
1.72V (Table 3), which is about 8.5V higher than that of several well-known agueous
rechargeable chemistries such the Fe-Ni “Edison” battery (1.4V), Ni-Cd battery (1.2 V),
vanadium redox flow battery (1.26V), and the all-Fe redox battery (1.2V). In alkaline media,
when Zin metal and NaCl(» (dissolved in the clectrolyte) are used as the starting materials, &
is necessary to perform a first charging step to produce Cl{J, at the negative electrode, during
which hydrogen evolution occurs at the positive electrode, according to the negative
electrode half-cell charging reaction {Reaction 43}, the positive electrode half-cell charging
reaction (Reaction 53, and the full cell charging reaction (Reaction 6):

Reaction 4.  2H20 + Ze- «» He + 20H;
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Reaction 5: 2CI0s- <+ 2CI0G + 2¢7; and
Reaction 6 2H:O + 2CI0; «» Hp + 20H- + 2CHDs.

[80174] With C1O» formed, the cell is in the fully charged state with Zn and ClOz
present at negative and positive clectrodes, respectively, and may be operated reversibly, with
the negative clectrode half-cell discharging reaction (Reaction 7}, the positive clectrode half-
cell discharging reaction (Reaction 8}, and the fusll cell charging reaction (Reaction 9):

Reaction7:  Zn + 20H > Zn{OH} + 2¢’;
Reaction & 2CI0: + 2¢ « 2CIH0: 7 and
Reaction 9:  Zn + 20H + 2C10: « Zn(OH)» + 2CI0;~

{30175] Assuming a balanced ceil with equal capacity at the negative and positive
electrodes, an alkaline electrolyte containing NaCl(3; as the sole source of working chlorite
ions, and assuming that the ClO: formed vpon charge 1s present as a pure Hoawd, the
theorctical energy density is calculatable. This energy density is primarily limited by the
solubility of NaCl(, in the electrolyvte, which was independently determined to be 2 M and 3
M at 0°C and 20°C, respectively. The corresponding calewlated cnergy density values are 77
Wh/L and 106 Wh/L, and the estimated chemical cost of stored energy (cost of Zn and
electrolyte components divided by the stored energy) is 7.3%/kWh. This estimated chemical
cost is significantly lower than estimates for Li-ion, Ni-Cd and NiMH batteries ($30/kWh-
R0%5/kWh) as well as estimates for vanadiam redox flow batteries (1008/kWh) and is
comparable to estimates for primary Zn/MnO2 and high temperature rechargeable Na/NiCi2
batteries.

[00176] Referring 1o FIGS. 26A-26C, a full cell 1300 may include end plates 1302,
anode gaskets 13034, an anode plate 1306, an anode 1308, a RE plate 1318, an RE plate gasket
1312, membrane plates 1314, membrane gaskets 1315, a merabrane 1316, cathode gaskets
1318, a cathode plate 1320, and a cathbode 1322, A first instance of the anode gasket 1304 is
disposed between a first instance of the end plate 1302 and the anode plate 1306, A second
instance of the anode gasket 1304 is sandwiched between the anode plate 1306 and the RE
plate 1310, The anode 1308 is disposed between the anode plate 1306 and the RE plate 1310
with the second instance of the anode gasket 1304 providing sealing about the anode 1308.
The RE platc 1310 is disposed between the second instance of the anode gasket 1304 and the
RE plate gasket 1312, A first instance of the membrane plate 1314 is disposed between the
RE plate gasket 1312 and a first instance of the membrane gasket 1315, The membrane 1316

is sandwiched between the first instance of the membrane gasket 1315 and a second instance

45



WO 2023/201068 PCT/US2023/018696

of the membrane gasket 1315. The second instance of the membrane plate 1314 is disposed
between the second instance of the membrane gasket 1313 and a first instance of the cathode
gasket 1318, In turn, the first instance of the cathode gasket 1318 is disposed hetween the
second instance of the membrane plate 1314 and the cathode plate 1320, The cathode 1322 is
disposed between the cathode plate 1320 and a second instance of the cathode gasket 1313,

A second instance of the end plate 1302 supports the second instance of the cathode gasket
1318 to the cathode plate 1320 such that the cathode 1322 is sandwiched between the cathode
plate 1320 and the second instance of the end plate 1302.

{60177} Inidal full-cell experiments conducted in three-electrode beaker-type celis
led to the flat cell design as shown, which was used to obtain the results below. Two likely
parasitic reactions were recognized in the initial full-cell experiments conducted in three-
electrode beaker-type cells, and the cell design was adapted to reduce such reactions.
Without wishing to be bound by theory, one such parasific reaction is helieved to be the
reaction that ocours between Zn metal and ClOy, forming sohid Zn{OH) and water. The
constructed full cell included a zine sheet negative electrode and vitreous carbon foam
positive clectrode, separated by a Nafion™ 117 membrane (available from The Chemours
Company of Wilroington, Delaware, United States) that was pre-soaked in an NaOH solution
to provide Na+ ton conductivity, while significantly blocking the crossover of chlorite tons,
thereby mitigating this side reaction.

[00178] Again without wishing to be bound by theory, a second parasific reaction is
believed to be the disproportionation reaction ClGz + HzO < C10y + CIGy + 2HY. To
reduce the Likelihood of this reaction, the Cl(; may be exsolved as a scparate liquid phase,
taking advantage of its low solubility in water, thus reducing contact. Additionally, or
alternatively, separating ClO» from water may include providing a separate, immiscible,
organic phase in which the ClGO: is soluble, as an accumulator phase. This approach
decreases encrgy density but has the advantage of lowering the vapor pressure of Cln.
Several organic hiquids having significant solability for CIOs are known; here a synthetic
saturated hydrocarbon solvent was selected with a similar range of carbon number 1o that of
Diesel fuel, a CIO; solubility of about 4 /L., and that segregates as a surface layer on the
acueous electrolyte due to its lower deunsity (FIGS. 26A and 268). For the proportions of
each material used in the presently described experiments, two-thirds of the ClG» produced
resides in the accumulator phase at equilibrivm and is separated from the aqueous electrolyte

in which disproportionation may occur. The distribution of Cl(O, between the accumulator
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phase and the aqueous electrolyte may be further varied through the choice of organic phase
and the relative amounts of these two phasces.

{00179 FIGS. 27A and 278 arc graphs showing charge and discharge capacity and
the cathode vs. reference electrode capacity, of the fuil cell 1300 shown in FIGS. 26A-26C.
Referring to FIGS. 13A and 138, the results obtained from a representative Zn-ClO: full cell
tosted at 0.3°C & 0.5°C, plotted as ccll voltage vs capacity for a capacity-limited cycling
regiren wherein galvanostatic charging at a current density of 5 mA/em? up to a capacity
himit of 10 mAb was performed, followed by discharging to a voltage limit of .8V, The
positive electrolyte included a 1.5 mL volume of 1.895 mol/L Na(ClO; solution, on top of
which floated 6 mL of a hydrocarbon solvent in which Cl10s is soluble. The negative
electrolyte included a 3 mL volume having 0.96 mol/L “nCls and .98 mol/L Nall. A
silver/silver chioride (Ag/Ag(l) wire pseudo reference clectrode was placed in the negative
electrolyte of the cell. A piece of sodiated Nafion™ 117 (Na-N117, available from The
Chemowrs Company of Wilmington, Delaware, United States) separated the positive
clectrolyte and the negative electrolyte.

{00180] The open-circuit voltage (QCV) of the cell was 1.7V, close to the theoretical
value, after charging to 10% state-of-charge (SOC). Reversible cycling was observed, with a
coulombic efficiency of 92-96% over the first 50 cycles. By comparison, beaker-type cells
without either the Nafion membrane or the organic solvent accumulator exhibited a
coulombic efficiency of less than 50%.

[00181] For the flat cells, after about 50 cycles, a step change in charge voltage
cmerged at a high SOC. A similar feature is scen in the plot of cathode-reference potential
vs. capacity in FIG. 248, demonstrating that the step change is related to 4 positive electrode
reaction. It is believed that thas featore can be attributed to the onset of OFER at the cathode,
which is associated with a loss of working CIO»/CIO, resulting in OER when the cell is
“overcharged.” The voltage plateau at 1.9-2.0 V (vs Ag/AgCl) in FIG. 248 is considerably
higher than the theoretical OER potential in a near-ncutral solution of 0.6V (vs Ag/AgCH).
However, the existence of a high kinetic overpotential for OER at the surface of carbon
clectrodes is well-known. Without wishing to be bound by theory, it is believed that loss of
ClO-/CI0O: may be attributable to any one or more of incomplete blocking of chlorite
crossover to the Ao electrode, partial disproportionation of ClO2 in the electrolyte, or
possible feakage of ClO; from the cell.

{00182] These loss mechanisms may be further mitigated by improvements in cell

design, including implementation in half-flow or flow-batiery designs. Treating the cell in
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FIGS. 26A-26C as the power-generating stack of a flow battery, the ClO2 product could be
stored in a tank and circulated (o the positive electrode. The zinc negative clectvode is likely
stationary, but circulation of the alkaline clectrolyte mav have similar advantages to those in
Zu-air cell designs such as suppression of metal dendrites. The independent scaling of tank
storage and stack power generation that is inherent in flow-battery designs means that the
system could be tailored to address storage needs over a wide range of durations, including
{ong-duration storage. Finally, the rapid redox kinetics comnbined with stability of C1O2 in
the liguid phase at ambient pressures below about 11°C suggests that chlorite based batteries
may be especially attractive for low temperature stationary storage, including arctic,
Antarctic, and/or exiraterrestrial applications.

[60183] According to vartous embodiments, the CIO,/CIOh electrochemical reaction
is shown to be highly reversible in acidic, near-neutral, and alkaline electrolytes while using
fow-cost carbon electrodes. Its equilibrium potential (0.954 V vs SHE) (s pH-independent
and facilitates high aqueous cell voltages of 1.38-2.15 V when used as a positive electrode in
conjunciion with negative electrodes such as Zn, Fe, or § electrodes. This anion redox couple
may facilitate production of low-cost aqueous rechargeable batteries, free or substantially free
of resource-constrained metals. The rapid reaction Kinetics and stability of the CiO; phase at
low temperatures also suggests that chlorite-based batteries may be favorable for applications
in cold environments.

[60184] The foregoing method descriptions are provided merely as illustrative
cxamples and are not intended to require or tmply that the steps of the various embodiments
must be performed in the order presented. As will be appreciated by one of skill in the art the
order of steps in the foregoing embodiments may be performed in any order. Words such as
“thereafter,” “then,” “next,” etc. are not necessarily intended to limit the order of the steps;
these words may be ssed o ginde the reader through the deseription of the methods. Farther,
any reference to claim elements in the singular, for example, using the articles “a,” “an” or
“the” is not to be construed as bmiting the element to the singular.

[00185] Various examples are provided below to iHustrate aspects of the
various cmbodimenis. Example 1. An electrode which perforias electrochemical oxidation
and reduction of oxyanions. Exarnople 2. The electrode of exarople 1 which performs
electrochernical conversions between nitrate, nitrite, and amyponia, the electrode comprising
an agueous solution of sodiom nitrate, potassium mitrate, Hihivum nitrate, magnesiwm nitrate,
calcium nitrate, calcium ammonivm nitrate, sodium nitrite, potassium nitrite, lithivm nitrite,

or mixtures thereof. Example 3. The electrode of example 1 which performs electrochemical
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conversions between sulfate, sulfite, hyposulfite, thiosulfate, dithionite, and hydrogen sulfide,
the electrode comprising an agueous solufion of sodium suifate, potassium sulfate,
maguesivm sulfate, ammmonium sulfate, sodivm sulfite, potassium sulfite, or muxtures thereof.
Example 4. The electrode of example 1 which performs electrochemical conversions
between phosphate, phosphite, and hypophosphite, the electrode comprising an aqueous
sofution of sodium phosphate, potassium phosphate, disodiur hvdrogen phosphite,
diammontuom hydrogen phosphite, or mixtures thereof. Exarople 5. An energy storage
device in which: the device charges with electrical encrgy by an electrochemical process; the
device releases electrical energy by an clectrochemical process; and one or more electrodes
are as described by examples 2, 3, or 4, wherein an electrochermical reaction of oxyanions
occurs. Example 6. The device in example S wherein the cathode uses atmospheric oxygen
and is comprised either of: a single bifunctional clectrode with performs both oxidation and
reduction of atmospheric oxygen; or a dual electrode cathode, with distinct electrodes to
perform oxidation and reduction of atmospheric oxygen. Exampie 7. The device in example
5 wherein the cathode comprises of iron (ITH/iron (1) cations, moelecular chlorine/chloride,
molecular bromine/bromide, and/or manganese () oxide/mangancse (1) hyvdroxide.
Hxample 8. The device in example § wherein both the anode and cathode comprise aqueous
sclations of oxyanions, separated by an ton-exchange membrane. Example 9. The device in
example 5 wherein reduction of oxyanions is performed by microbial activity. Example 10
The device in example 5 wherein the energy storage media is cycled in a flow battery,
Example 11, A bulk energy storage system, comprising at least ong energy storage device of
any of examplas 5-10; and/or at least one energy storage device having an electrode of any of
cxamples 1-4. Example 12. The bulk energy storage system of example 11, wherein the bulk
energy storage systern is a long or ulira-long duration energy storage system.

[00186] Example Al. An energy storage device, comprising: at least one electrode
configured such that electrochemical oxidation and veduction of one or more redox-active
oxyanions occurs during charging and/or discharging of the energy storage device. Example
A2, The energy storage device of example Al, whercin at least one of the one or more
redox-active oxyanions comprise nitrate (NOs™), nitrite (NCh™), sulfate (SOG4, sulfite (807
}, hyposulifite (SO;7), phosphate (PO, phosphite (POs™), hypophosphite (PO,
peroxodisulfate (S206%), ammonia (NH3), anunonium (NHP), 827, HS,, chiorite (CIO2),
chlorate (C1O37), chlorine dioxide (CIGg), or hypochlorite (CHO7). Example A3, The energy
storage device of example Al, wherein the encrgy storage device is configured such that

electrochemical conversions between nitrate, nitrite, and/or ammonia occur during charging
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and/or discharging of the energy storage device. Example A4, The energy storage device of
cxample A3, wherein the electrode comprises an agqueous solution of sodium nitrate,
potassium nitrate, ithium nifrate, magnesium nitrate, calcium nifrate, calcium ammoniom
nitrate, sodium nifrite, potassium pitrite, lithiom mitnte, or mixgures thereof, Bxample AS.
The energy storage device of example A1, wherein the energy storvage device is configured
such that electrochemical conversions between sulfate, sulfite, hyposulfite, thiosulfate,
dithionite, and/or hydrogen sulfide ocour during charging and/or discharging of the energy
storage device. Example A6. The encrgy storage device of example AS, wherein the
clectrode comprises an agueous solution of an agueous solution of sediurn sulfate, potassium
sutfate, magnesium sulfate, aromonium solfate, sodium sulfite, potassiom sulfite, or mixtures
thereof. Example A7. The energy storage device of example Al, wherein the encrgy storage
device is configured such that clectrochemical conversions between phosphate, phosphite,
and bypophosphite occur during charging and/or discharging of the energy storage device.
Examople AR, The energy storage device of example Al, wherein the electrode comprises an
aqueous solution of sodium phosphate, potassium phosphate, disodium hydrogen phosphite,
diammonium hydrogen phosphite, or mixtures thercof. Example A9. The encrgy storage
device of example Al, wherein the one or more redox-active oXyamons comprise nitrate
and/or nitrite anions. Example A10. The energy storage device of any of examples A1-A8,
wherein the electrode comprises a bifunctional air electrode configured to perform oxygen
reduction reactions and oxygen evolution reactions. Examaple All. The energy storage
device of any of examples AI-A9, wherein the electrode comprises a dual electrode
configuration comprising: an oxygen reduction reaction (ORR) electrode; and an oxygen
evolution reaction (OER) electrode separaie from the ORR electrode. Example A12. The
energy storage device of any of examples A1-All, wherein the electrode is a cathode that
comprises a cathode active material selected from iron (B)}iron (If) cations, molecular
chlorine/chloride, molecular bromine/bromide, mangancse (I} oxide/manganese (i}
hydroxide, or any combination thereof. Example A13. The energy storage device of any of
examples A1-AlZ, comprising: an anode; and a cathode, wherein the anode and/or the
cathode are the electrode according to examples A1-Al2 and both the anode and the cathode
coraprise aqueous solutions of oxyanions; and an ion exchange membrane disposed between
the anode and the cathode. Example Al4. The energy storage device of any of examples
A1-Al13, further comprising: one or more biomolecules, one or more enzymes, and/or one or
more microorganisms disposed within the encrgy storage device, wherein the one or more

biomolecules, the one or more enzymes, and/or the one or more microorganisms aid in
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oxidation and/or reduction of the one or more redox-active oxyanions during charging and/or
discharging of the encrgy storage device. Example A5, The encrgy storage device of
cxample Al4d, wherein the one or more biomolecules, one or more enzyvmes, and/or one or
more microorganisms disposed within the encrgy storage device are at least one
microorganism. Example Al6. The energy storage device of example A1S, wherein the at
fcast one microorganism is a bacteria. Example A17. The energy storage device of example
A16, wherein the bacteria is a sulphate-reducing bateria. Example A18. The energy storage
device of any of examples AT-Al7, wherein the energy storage device is a flow battery.
Example A19. An energy storage device, comprising: negative electrode materials
comprising sulfate and sulfite; and positive electrode materials comprising oxygen, wherein
the energy storage device is configured to be rechargeable. Example A28, A bulk energy
storage systcm, COmprising onc or more energy siorage devices of any of examples AT-AlS.
Exarople A21. The bulk encrgy storage systern of examnple AZ0, wherein the bulk energy
storage system i3 a long or sltra-long duration encrgy storage syster.

[00187] Example Bl. 1. Anelectrochemical system, comprising: a first electrode;
and a second electrode, wherein the electrochemical system stores energy and/or discharges
energy by an electrode reaction of a halogenated oxyanion species. Example B2, The
electrochemical system of example B1, wherein the storing of encrgy and/or the discharging
of energy by the clectrode reaction of the halogenated oxXyanion species comprises storing
cnergy and discharging cncrgy by a reversable clectrode reaction between a chlorine
containing ion and chlorine dioxide. Example B3. The electrochemical system of example
B2, wherein the chlorine containing ion comprises a salt. Example B4, The electrochemical
systern of exarople B3, wherein the salt is an alkali metal salt. Example BS. The
electrochermical system of any of examples B1-B4, wherein the electrochenucal systemn
comprises a storage battery. Example B6. The electrochemical system of any of examples
B1-BS, fturther comprising a current collector comprising a metal or metal compound.
Exarople B7. The electrochemical system of example B6, wherein the corrent collector
comprises carbon. Hxample B8, The electrochemical system of any of examples B1-B7,
wherein the system is a bulk cnergy storage system is a long duration energy storage
(LODES) system. Example B9, A method of operating an clectrochemical system, the
method comprising: storing and/or discharging energy by an electrode reactionof 2
halogenated oxyanion species. Example B10. The method of exampie B9, wherein storing
and/or discharging cnergy by an electrode reaction of a halogenated oxyanion species

comprises storing and/or discharging energy by a reversable electrode reaction between a
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chlorine containing ion and chlorine dioxide. Example B11. The method of example B1{,
wherein the chlorine containing ion comprises a salt. Example B12. The method of example
B11, wherein the salt is an alkali metal salt. Examople 813, The method of any of examples
B9-B12Z, wherein the storing and/or discharging ave performed as part of operating a battery
in a bulk energy storage system. Example Bl4. The method of example B13, wherein the
ik energy storage systern is a long duration energy storage (LODES) systern. Example
B15. Anencrgy storage device, comprising: negative electrode materials; and positive
clectrode materials comprising chlorine dioxide and chlorite, wherein the energy storage
device is configured to be rechargeable. Example B16. The energy storage device of
example B1S, further comprising an electrolyte, wherein the negative electrode materials
compeise carbon, zine, tron, or sulfur. Example 17, A bulk energy storage system,
comyHising one or more energy storage devices of any of cxamples B15-B16. Exarmapic BB,
The bulk encrgy storage system of example B17, wherein the bulk energy storage system is a
long or ultra-long duration energy storage system.

[00188] The preceding description of the disclosed embodiments is provided to enable
any person skilled in the art to make or usc the described embodiment. Further, any step of
any embodiment described herein can be vsed i any other embodiment.  Various
modifications to these embodiments will be readily apparent to those skilled in the art, and
the generic principies defined hercin may be applied to other erabodiments without departing
from the scope of the disclosure. Thus, the present disclosure 18 not intended to be limited to
the embodiments shown herein but is to be accorded the widest scope consistent with the

following claims and the principles and novel features disclosed herein.
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What is claimed is:

1. An electrochemical system, comprising:
a first electrode; and
a second electrode,
wherein the electrochemical system stores energy and/or discharges energy by an

clectrode reaction of a halogenated oxyanion species.

2. The electrochemical system of claim 1, wherein the storing of energy and/or the
discharging of cnergy by the electrode reaction of the halogenated oxyanion species
comprises storing energy and discharging cnergy by a reversable clectrode reaction between a

chlorine containing ton and chlorine dioxide.

3. The electrochemical system of claim 2, wherein the chlorine containing ion comprises a

saltf.

4. The electrochemical systern of claim 3, wherein the salt is an alkali metal salt.

5. The clectrochemical system of any of claim 1, wherein the electrochemical system

comprises a storage battery.

6. The electrochemical systern of any of claim 1, further comprising a current collector

coraprising a metal or metal compound.

7. The electrochemical system of claim 6, wherein the current collector comprises carbon.

8. The electrochemical system of any of claim 1, wherein the systermn is a bulk energy storage

system is a long duration energy storage (LODES) system.
9. A method of operating an clectrochemical systern, the method comprising:

storing and/or discharging energy by an electrode reaction of a halogenated oxyanion

species.
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1. The method of claim 9, wherein storing and/or discharging energy by an electrode
reaction of a halogenated oxyanion species comprises storing and/or discharging energy by a

reversable electrode reaction between a chlorine containing ion and chlorine dioxide.

11. The metheod of claim 10, wherein the chlorine containing ion comprises a salt.

12. The method of claim 11, wherein the saltis an altkali metal salt.

13. The method of any of claim 9, wherein the storing and/or discharging are performed as

part of operating a battery in a bulk energy storage system.

14. The methed of claim 13, wherein the bulk energy storage system is a long duration

energy storage (LODES) syster.

15. An energy storage device, comprising:
negative electrode materials; and
positive electrode materials comprising chlorne dioxide and chlorite,

wherein the energy storage device is configured to be rechargeable.

16 The energy storage device of clatro 15, further comprising an electrolyte, wherein the

negative electrode materials comprise carbon, zing, wron, or sulfur.

7. A bulk energy storage system, comprising the energy storage devices of of claims 15.
17 A bulk energy storage system, comprising the cnergy storage devices of of claims 15
1&. The bulk energy storage system of claim 17, wherein the bulk energy storage system

is a long or ultra-long duration energy storage system.
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