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(57) Abstract: Systems, methods, and devices of various aspects include using tin and/or antimony as an additive to an electrolyte and/
or electrode in an electrochemical system, such as a battery, having an iron-based anode. In some aspects, the addition of tin and/or
antimony may improve cycling of the iron-based anode. Systems, methods, and devices of various aspects include using high hydroxide
concentration electrolyte in an electrochemical system, such as a battery. In some aspects, a high hydroxide concentration electrolyte
may increase the stored amount of charge stored in the cell (i.e., the capacity of the battery material) and/or decrease the overpotential

(i.e., increase the voltage) of the battery.
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ELECTROLYTE FORMULATIONS AND ADDITIVES FOR IROM ANOBE
ELECTROCHEMICAL SYSTEMS

RELATED APPLICATIONS

{6001} This application claims the benefit of priority to U.S. Provisional Patent Application
No. 63/181,757 entitled “"ELECTROLYTE FORMULATIONS AND ADDITIVES FOR
IRON ANODE ELECTROCHEMICAL SYSTEMS” filed April 29, 2021, the entive contents

of which arc hereby incorporated by reference for all purposes.
BACKGROUND

{6002} Energy storage technologies are playing an increasingly important role in electric
power grids; at a most basic level, these encrgy storage assets provide smoothing to better
match generation and demand on a grid. The services performed by energy storage devices
are beneficial to clectric power grids across multiple tme scales, from milliseconds to years,
Today, energy storage technologics exist that can support timescales from milliseconds to
hours, but there 1s a need for long and ulira-long duration (collectively, > 8h} energy storage

systemis.

{0083] Iron-based negative electrode electrochemical systems (or said another way iron-
based anode electrochemical sysiems) are attractive options for clectrochemical energy
storage. However, it can be difficult to achicve high performance in iron-based negative
electrodes, especially at lower discharge rates, such as discharge rates associated with full
discharge times of greater than about 8 hours, such as 8 hours, more than 8 hours, 8-16 hours,
16 hours, more than 16 hours, 16-24 hours, 24 hours, more than 24 hours, 24-30 hours, 30
hours, more than 30 hours, etc. Direct reduced iron (“DRI) s an excellent candidate for an
ivon-hased negative electrode due to DRY's costs, but electrodes {abricated from DRI can face

challenges in realizing performance increases, despite promising material properties of DRI

{6004] fron-based alkaline electrochemical systems are attractive options for long duration
energy storage at grid scale due to the low entitlermnent cost of ron and alkaline electrolyte
components. However, iron-based materials suffer from several drawbacks in alkaline
clectrolyies, especially comapetition with the hydrogen evolution reaction and self-discharge.
Farther, grid scale energy storage requires the use of raw materials which are lower cost, and
thus can be of lower purity, than traditional iron electrode maierials. As a result, it can be

difficult to cycle the iron electrode materials, and especially a moetallic ircu-iron hydroxide
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reaction (step 1 reaction). In most von electrode systems, this step | reaction can be critical
for cnabling high round trip efficiency of the battery.
{6005] Thus, there exists a need to improve the design and composition of electrochemical

systems having tron-based materials, such as iron-based negative electrodes, to enhance the

performance of such systeros.

{0086] This Background section s intended to introduce various aspects of the art, which
may be associated with embodiments of the present inventions. Thus, the foregoing
discussion in this section provides a framework for better understanding the present

inventions, and is not to be viewed as an admission of prior art.
SUMMARY

{0087] Systems, methods, and devices of various aspects include osing @n and/or antimony
as an additive to an electrolyte and/or electrode in an electrochemical system, such as a
battery, having an iron-based anode. In some aspects, the addition of tin and/or antimony

may improve cycling of the ron-based anode.

{6008} Embodiments may include a battery, comprising: a first electrode, comprising direct
reduced won (DRI} or ancther sponge tron powder; an electrolyie; and a second electrode,

wherein the first electrode or the electolyte includes an additive containing an element that
bas a low hydrogen evolution reaction (HER) activity and/or improves charging {reduction}

of the first electrode. In some embodiments, the element comprises tin and/or antiroony.

{0009] Systems, methods, and devices of various aspects include using high hydroxide
concentration electrolyte in an electrochemical systern, such as a battery. In some aspects, a
high hydroxide concentration electrolyte may increase the stored amount of charge stored in
the cell {i.c., the capacity of the battery material) and/or decrease the overpotential (i.e.,

increase the voltage) of the battery.

{0018] Embodiments may include a battery, comprising: a first electrode, comprising divect
reduced ron (DRI} or another sponge iron powder; an electrolyte comprising a hydroxide;
and a second electrode, wherein the electrolvie further comprises an additive, said additive
comprising at least one of tin, lead, or antimony. In some embodiments, a total hydroxide

concentration in the electrolyte may be about 6 M or greater.

{0011] Various embodiments may include alkyl polyglucosides used as a co-additive with

metallic HER inhibitors. Various embodiments may include incorporation of tin into a
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cwrent collector. Various embodiments may include tn incorporation into sponge irons.
Various embodiments may include hydrogen oxidation catalysts and/or hydrogen getters as
additives to an anode of an electrochemical cell. Various embodiments may include

lignosuifonate used as an electrolyte additive and/or an anion selective membranes.

DESCRIPTION OF THE DRAWINGS

{0012] The accompanying drawings, which are incorporated herein and constitute part of this
spectfication, tlustrate example embodiments 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.

{6013] FIG. 1 is a schematic of an electrochemical cell, according to various embodiments of
the present disclosure.

{0014] FIGS. 2A-2C are tin pourbaix diagrams.

{0015] FIG. 3 is an antimony pourbaix diagram.

{6016] FIG. 4 shows graphs of experimental results for different DRI types using different
hydroxide concentrations according to various embodirnents.

[8017] FIG. 5 1s a solubility diagram for KOH vs temperature.

{0018] FIG. 6 is a phase diagram of a K2Sn{OH} - KOH - H20 system at 25.0 °C.

{8019] FIG. 7 Hlustrates aspects of an electrochemical cell including a lignosulfonate
membrane in accordance with various embodiments.

{6020] FIGS. 8-16 iHlustrate various example systems in which one or more aspects of the
various embodiments may be used as part of bulk energy storage systems.

DETAILED DESCRIPTION

{0021] The various embodiments will be described in detail with reference to the
accompanying drawings. Wherever possible, the same reference mumbers will be used
throughout the drawings to refer to the same or like parts. References made to particular
cxamples and implementations are for illustrative purposes and are not intended to Hiut the
scope of the claims. The following description of the embodiments of the invention is not

intended (o hmit the invention to these embodiments but rather (o enable a person skilled in
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the art to make and use this invention. Unless otherwise noted, the accompanying drawings

are not drawn {o scale.

{6022] As used herein, unless stated otherwise, room temperature is 25° C. And, standard
temperature and pressure is 25° C and 1 atmosphere. Unless expressly stated otherwise all
tosts, test results, physical propertics, and values that are temperature dependent, pressure
dependent, or both, are provided at standard ambient temperature and pressure.

TR

{6023] (Generally, the term “about”™ and the symbod as uscd herein unless specified
otherwise is meant to encompass 4 variance or range of £10%, the experimental or instrurent

error associated with obtaining the stated vahie, and preferably the larger of these.

{0024] As used herein uniess specified otherwise, the recitation of ranges of values berein i3
merely intended to serve as a shorthand method of referring individoally to each separate
value falling within the vange. Unless otherwise indicated herein, each individual value

within a range is incorporated into the specification as it it were individually recited hercin.

{6025] As used herein, unless specified otherwise the terms %, weight % (abbreviated wt%},
and rass % are used interchangeably and refer to the weight of a first component as a
percentage of the weight of the total, e.g., formulation, mixture, particle, pellet, agglomerate,
material, strocture or product. As used herein, unless specified otherwise “volume %" and
“% volome” and similar such terms refer to the vohime of a first component as a percentage

of the volume of the total, e.g., formulation, mixture, particle, peliet, agglomerate, material,

structure or product.

{6026] As used herein, unless specified otherwise the term “molar”, abbroviated "M is used
to refer to molar concentration, also called molarity, defined as the mumber of moles per liter
{mool/L) of a substance in a solution. As an example, a substance at a concentration of 1

maol/L in a solution is referred to herein as being 1 M or at a concentration of 1 M. Similarly,

a millimolar (mM) is used herein to mean one thousandth of a mole per liter.

{0027] It 1s noted that there is no requirement (o 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 inventions.
Nevertheless, variouns theories are provided in this specification to further advance the art in
this arca. The theories put forth in this specification, and unless expressly stated otherwise, in
no way Hmit, restrict or narrow the scope of protection to be afforded the claimed inventions.

These theories may not be requived or practiced to utilize the present inventions. It is further



WO 2022/232465 PCT/US2022/026844

understood that the present inventions may lead to new, and heretofore unknown theories to
cxplain the tunction-features of embeodiments of the methods, articles, materials, devices and
systemn of the present inventions; and such later developed theories shall not Hmit the scope

of protection afforded the present invengons.

{6028} 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
fields 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 future; and,
with existing cquipment or activities which may be modified, in-part, based on the teachings
of this specification. Fuorther, the various embodiments and examples set forth in this
specification may be used with cach other, in whole or in part, and in different and various
combinations. 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”’, C and D can be used
with ¢ach other in various combinations, e.g., A, C, D, and A. A” Cand D, cic., in
accordance with the teaching of this Specification. Thas, the scope of protection afforded the
present inventions should not be imited to a particelar embodiment, configuration or
arrangement that is set forth in a particular embodiment, example, or in an embodiment in a

particular figure.

{80298] As used herein, unless specified otherwise, the terms specific gravity, which is also
called apparent density, should be given their broadest possible meanings, and geunerally
mean weight per unit volume of a structure, e.g., volumetric shape of material. This property
would include internal porosity of a particle as part of its volume. It can be measured with a

fow viscosity fiuid that wets the particle surface, among other techniques.

{6038] As used herein, unless specified otherwise, the terms actual density, which may also
be calied truc density, should be given their broadest possible meanings, and general mean
weight per unit volume of a material, when there are no voids present in that material, This
measurement and property essentally elimunates any internal povosity from the material, e.g.,

it does not include any voids in the material.
{60317 Thus, a collection of porous foarn balls (e.g., Nerf® balls) can be used to illustrate the
relationship between the three density properties. The weight of the balls filling a container

would be the buik density for the balls:
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Bulk Density = welght of balls

volume of container filled
{0032] The weight of a single ball per the ball’s spherical volume would be its apparent

density:

weight of one ball

Apparent Densily =
Pr T polume of that ball

{6033] The weight of the material making up the skeleton of the ball, i.e., the ball with ali

voird volume removed, per the remaining volome of that material would be the skeletal

density:

weight of material

Skeletal Density = - i p—
volume of void free material

{0034] As used herein, unless specified otherwise, the term aggiomerate and aggregate

should be given their broadest possible meanings, and in geveral mean assernblages of

particles in a powder.

{6035] The following examples are provided to itlustrate various embodiments of the present
systems and methods of the present invenuons. These examples are for tllustrative purposes,
may be prophetic, and should not be viewed as Hmiting, and do not otherwise limit the scope

of the present fnventions.

{0036] Various embodiments are discussed in relation to the use of direct reduced iron {DRI)
as a material in a battery (or cell), as a component of a battery {(or cell) and combinations and
variations of these. In various embodirents, the DRI may be produced from, or may be,
material which is obtained from the reduction of nataral or processed iron ores, without
reaching the meltng temperature of iron. In various embodiments the iron ore may be
taconite or magnetite or hematite or goethite, ete. In various embodiments, the DRI may be in
the form of pellets, which may be spherical or substantially spherical. In various
embodiments the DRI may be porous, containing open and/or closed internal porosity. In
varicus ¢mbodiments the DRI may comprise materials that have been further processed by
hot or cold briguetting. In various embodiments, the DRI may be produced by reduocing ivon
ore pellets to form a more metallic (more veduced, less highly oxidized) material, such as iron
metal (Fe), wustite (FeO), or a composite pellet comprising iron metal and residual oxide
phases. In various non-limiting embodiments, the DRI may be reduced iron ore tacosnite,
direct reduced (“DR”) taconite, reduced “Blast Furnace (BF) Grade” pellets, reduced
“Electric Arc Furnace (EAF)-Grade” pellets, “Cold Divect Reduced Iron (CDRIY” peliets,

direct reduced iron (DRI} pellets, Hot Briquetted Iron (HBD, or any combination thereof.
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In the iron and steelmaking indusiry, DRI s sometimes referred to as “sponge tron;” this
usage is particularly common in India.

{6037] Embodiments of iron materials, including for example embodiments of DRI materials,
for use in various embodiments described herein, including as electrode materials, may have,
one, more than one, or all of the material properties as described in Table 1 below. As used
in the Specification, including Table 1, the following terms, have the following meaning,
unless expressly stated otherwise: “Specific surface area” means, the total surface area of a
material per unit of mass, which includes the surface arca of the pores in a porous structine;
“Carbon content” or “Carbon (wt%)” means the mass of total carbon as percent of total mass
of DRI, "Cementite content” or “Cementite {wit%)” means the mass of FesC as percent of
total mass of DRI; “Total Fe (wt%)” means the mass of total iron as percent of total mass of
DRI; “Metallic Fe (wi%)” means the mass of iron in the Fe” state as percent of total mass of
DRI; and “Metallization” means the mass of iron in the Fe® state as percent of total iron mass.
Weight and volume percentages and apparent densities as used herein are anderstood o
cxclude any electrolyte that has infiltrated porosity or fugitive additives within porosity

unless otherwise stated.

Table 1

Material Property Embodiment Range
Specific surface area™ 0.01 - 25 m¥yg
Actual density®* 4.6-7.1 glee
Apparvent densigy ™ H* 23-65glc
Minimum doors, 90% vorume ™ 10 - 56 pm
MBI dpore, 50% surtace srea™ * 5% Pramo - 15 pm
Total Fe (wi%)? a5 - 100 %
Metallic Fe (wi%)™ 46 - 100 %
Metallization (%)™ 39 - 100 %
Carbon (wi% Y™ 86-S%
Felt (wi Y 1-9%
Fe™t (wt%)® 0-25%
Si0) (wt %)¥ 0-15%
Ferrite {wide, XRD)?® 22-97%
Wustite (FeQ, wid%, XRD)PSS 0-13%
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Goethite (FeOOH, wi%, X R )P5588 0-23%
Cementite (FerxC, wi%, XRDy K 80 %

{6038] *Specific surface area preferably determined by the Brunauver-Emmett-Teller
adsorption metbod ("BET™), and more preferably as the BET is set forth in 150 9277 (the
entire disclosure of which is incorporated herein by reference); recognizing that other tests,
such as methylene blue (MB) staining, cthylene giveol monocthyl ether (EGME) adsorption,
clectrokinetic analysis of complex-ion adsorption and a Protein Retention (PR} method may

be employed to provide results that can be correlated with BET resulis,

{0039] **Actal density preferably determined by helivim (He) pyenometry, and more
preferably as is set forth in ISO 12154 (the entire disclosure of which is incorporated herein
by reference}; recognizing that other tests may be emploved to provide results that can be
correlated with He pycrometry resulis. Actual density may also be referred to as “true

density” or “skeletal density” in the art.

{6044] *** Apparent density preferably determined by immersion in water, and morg
preferably as is set forth in ISO 15968 (the entire disclosure of which is incorporated herein
by reference}; recognizing that other tests may be emploved to provide results that can be
correlated with He pycnometry resulis. Porosity may be defined as the ratio of apparent

density to actual density:

wpparent density

Porosily = -
actual density

FO041] *** %00, 90% comme preferably determined by mercury (Hg) intrusion porosimetry, and
more preferably as is set forth in 15O 15901-1 (the entire disclosure of which is incorporated
herein by reference); recognizing that other tests, such as gas adsorption, may be employed to
provide reselis that can be corelated with Hg intrusion resudts, doose, 909 vorume 18 the pore

diameter above which 90% of the total pore volume exists.

[O042] %55 e, 509 surface area Preferably determined by mercury (Hg) intrusion porosimetry,
and more preferably as is set forth in SO 15901-1 (the entire disclosure of which is
incorporated herein by reference); recognizing that other tests, such as gas adsorption, may be
employved to provide results that can be correlated with Hg intrusion vesults. doore, 50% surface area

is the pore diameter above which 50% of frec surface area exists.
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{0043] #Total Fe (wt%) preferably determined by dichromate titrimetry, and more preferably
as is set forth in ASTM E246-10 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as titrimetry after tin(ll) chioride reduction,
titrimetry after titanium(i1) chloride reduction, inductively coupled plasma (ICP)
spectrometry, may be employed to provide resules that can be correlated with dichromate

fitrimetry.

{0044] #iMetallic Fe (wt%) preferably determined by iron(Ii) chloride titrimetry, and more
preferably as 8 set forth in 150 16878 (the entire disclosure of which is incorporated herein
by reference); recognizing that other tests, such as bromine-methanol titimetry, may be

employed to provide resuits that can be correlated with wron(il} chloride titrimetry.

{6045] #HiMetallization (%) preferably determined by the ratio of metallic Fe to total Fe,

cach as preferably determined by the methods previously described.

{0046] 8 Carbon (wt% ) preforably determined by infrared absorption after corabustion in
an induction farnace, and more preferably as is set forth in 18O 9556 (the entire disclosure of
which is incorporated herein by reference); recognizing that other tests, such as various
combustion and inert gas fusion techniques, such as are described in ASTM E1019-18 may
he emploved to provide results that can be correlated with infrared absorption after

combustion in an induction furnace.

{00477 #HHHHE Fe™ (wt%) preferably determined by titrimetry, and more preferably as is set
forth in ASTM D3872-05 (the entire disclosure of which is incorporated herein by reference);
recognizing that other tesis, such as Mosshauver spectroscopy, X-ray abscrption spectroscopy,

etc., may be employed to provide resulis that can be correlated with titrimetry.

{00487 $ Fe’* (wi%) preferably determined by the mass balance refation between and among
Total Fe (wi%), Metallic Fe (wt%), Fe?* (wi%) and Fe’* (wit%). Specifically, the equality
Total Fe (wt%) = Metallic Fe (wi%) + Fe? (wt%) + Fe™ (wt%) must be true by conservation
of mass, so Fe™* (wt%} may be calculated as Fe®* (wit%) = Total Fe (wt%) - Metallic Fe

(wt%) - Fe? (wih).

[0049] §5 510 (wt %) preferably determined by gravimetric methods, and more preferably
as is set forth in 150 2598-1 (the entive disclosure of which is incorporated herein by
reference); recognizing that other tests, such as reduced molybdosilicate spectrophotometric
methods, x-ray diffraction (XRD), may be employed to provide results that can be corrclated

with gravivoetric methbods. In certain methods, the Si0Oz wit% is not determined divectly, bot
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rather the Si concentration (inclusive of neutral and ionic species) is measured, and the Si(;
wt% is calculated assuming the stoichiometry of Si0s; that ts, 2 1:2 molar ratio of Si:0 s
assumed.

{0050] 585 Ferrite (wi%, XREy) preferably determined by x-ray diffraction (XRD}.

[B051] $583% Wustite (FeO, wi%, XRD) preferably deterruined by x-ray diffraction (XRD).
{0052] $553%8 Goethite (FeQOH, wtdh, XRD) preferably determined by x-ray diffraction
{(XRD.

160531 + Cementite (Fes(C, wt¥%, XRD) preferably determined by x-ray diffraction (XRD).
{3034] Additionally, embodiments of iron materials, including for example embodiments of
DRI materials, for use in various embodiments described herein, including as clectrode
materials, may have onc or more of the following properties, features or characteristics,
{noting that values from one row or one column may be present with values in different rows
or columns) as set forth in Table 1A,

Table 1A

Fe total (wt %) { > 60% > 70% > &0% ~83-04%
S0y (wit %) < 12% < 7.5% 1-16% 1.5-7.5%
AbOs (wi %) 1< 10% < 5% 0.2-5% 0.3-3%
MgO (wt %3 < 106% < 5% 0.1-10% 0.25-2%
CaQ (wt %)y < 10% <5% 0.9-10% 0.75-2.5%
T (wt %) < 10% <2.5% (3.05-5% 0.25-1.5%
Size (largest <200 mm ~50t0 ~ 130 ~2t0~30mm | ~4 o ~20 mm
cross-sectional eres]

distance, e.g. for

4 sphere the

diameter)

Actaal Density |~ 5 ~5.8t0~6.2 ~4.0t0 ~6.5 < 7.8
(gfcm’y&&

10
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Apparent <78 » 5 > 4 34~36
Density

Bulk Density <7 > 1.5 ~24 0 ~3.4 ~1.510~2.0
(kgliH]S)&&&&

Porosity >15% >30% ~ 20% o ~90% | ~50% to ~70%
(G yResss

{6055] ! Total Fe (wi%) preferably determined by dichromate ttrimetry, and more preferably
as is set forth in ASTM E246-10 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as titrimetry after tin(il) chioride reduction,
titrimetry after titantom(HI) chloride reduction, inductively coupled plasma (ICP)
spectrometry, may be employed to provide resulis that can be correlated with dichromate
{itrimetyy.

[0036] 1! Si0 (wt %) preferably determined by gravimetric methods, and more preferably as
is set forth in 150 2598-1 (the entire disclosure of which is incorporated herein by reference};
recognizing that other tests, such as reduced molybdosilicate spectrophotometric methods, x-
ray diffraction (XRI), may be employed to provide results that can be correlated with
gravimetric rethods. In cortain methods, the S0, wit% is not determined directly, but rather
the Si concentration (inclusive of neutral and ionic species) is measured, and the 510 wit% is

calculated assuming the stoichiometry of Si0O»; that is, 2 1:2 molar ratio of S1:0 is assumed.

{6057] 111 AL Qs (wt %) preferably determined by flame atomic absorption spactrometyic
method, and more preferably as is set forth in 150 4688-1 (the entire disclosure of which is
incorporated herein by veference); recognizing that other tests, such as x-ray diffraction
(XRD), may be emploved io provide resukes thai can be correlated with flame atomic
absorption spectrometric roethod. In certain methods, the AlbOz wi% is not determined
directly, but rather the Al concentration (inclusive of neutral and ionic species) is measured,
and the AlGs wi% is calculated assuming the stoichiometry of AlsGs; that is, a 2:3 molar
ratin of AlL{ s assumed.

[0058] 111 Mg (wt %) preferably determined by flame atomic absorption spectrometric
method, and more preferably as is set forth in ISG 10204 (the entive disclosure of which is
incorporated herein by reference); recognizing that other tests, such as x-ray diffraction

{(XRD}, may be emploved to provide results that can be correlated with flame atomic
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absorption spectrometric method. In certain methods, the MgO wit% is not determined
directly, but rather the Mg concentration {inchusive of ncutral and ionic species) s measured,
and the MgO wt% is calculated assurning the stoichiometry of Mg(y; that s, a 1:1 molar ratio

of Mg:O is assumed.

method, and more preferably as is set forth in IS0 10203 (the entirve disclosure of which is
incorporated herein by reference); recognizing that other tests, such as x-ray diffraction
(XRD), may be employed o provide results that can be correlated with flame atomic
absorption spectrometric method. In certain methods, the Ca( wit% is not determined
directly, but rather the Ca concentration {inclusive of neutral and ionic species) is meastred,
and the CaO wit% is caiculated assuming the stoichiometry of CaQ; that is, a 1:1 molar ratio

of Ca:( is assumed.

{0060] & Ti0: (wt %) preferably determined by a diantipyrylmethane spectrophotometric
method, and more preferably as is set forth in 150 4691 {the entire disclosure of which is
incorporated herein by reference); recognizing that other tests, such as x-ray diffraction
(XRD), may be employed o provide results that can be correlated with the
diantipyrylmethane spectrophotometric method it In certain methods, the TiO: wt% s not
determined divectly, but rather the Ti concentration {inclusive of neutral and ionic specics) is
measured, and the TiOz wi% is calculated assuming the stoichiometry of TiOx; that i, 2 1:2

molar ratio of Ti:0 is assumed.

{6061] && Actoal density preferably determined by helinm (He) pyenometry, and more
preferably as is set forth in ISO 12154 (the entire disclosure of which is incorporated herein
by reference); recognizing that other fests may be emploved o provide resuits that can be
correlated with He pycnometry results. Actual devsity may also be referred o as “true
density” or “skeletal density” in the art.

{0062] &&& Apparent density preferably determined by immersion in water, and more
preferably as is set forth in ISO 15968 (the entire disclosure of which is incorporated herein
by reference); recognizing that other fests may be emploved o provide resuits that can be

correlated with He pycoometry resuis,

[0063] &&&& Bulk Density (kg/m’) preferably determined by measuring the mass of a test
portion introduced into a contfainer of known volume uned its surface is level, and more

preferably as is set forth in Method 2 of 150 3852 (the entire disclosure of which is
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incorporated herein by reference); recognizing that other fests may be employed to provide

resules that can be corrglated with the massing method.

[0064] &&&&& Porosity determined preferably by the ratio of the apparent density to the

actual density:

apparent density

Porosity = -
actual density

{6065] The properties set forth in Table 1, may also be present in embodiments with, in
addition to, or instead of the properties in Table 1A, Greater and lesser values for these

properties may also be present in various embodiments.

[3066] In embodiments the specific surface area for the peliets can be from about 0.05 m?%/g

I

to about 35 m¥g, from about 0.1 m¥g to about § m¥g, from about 0.5 m¥g to about 10 m¥/g,

from about 0.2 m¥g tw about 5 m%/g, from about 1 m*/g t about 5 m¥/g, from about 1 m*/g o

about 20 m%/g, greater than about 1 m?/g, greater than about 2 m%/g, less than about 5 m

b=

2
/g,

less than about 15 m%/g, less than about 20 m%e, and combinations and variations of these, as
fess than abowt 15 m¥/g, less than about 20 m¥g, and combinations and variations of these, as

well as greater and smaller values.

{6067] In general, iron ore pellets are produced by crushing, grinding or milling of iron ore to
a fine powdery form, which is then concentrated by removing impurity phases {80 called
“oanguc”) which arc liberated by the grinding operation. In general, as the ore is ground to
finer (smaller} particle sizes, the purity of the resuliing concentrate is increased. The
concentrate 1s then formed into a pellet by a pelletizing or balling process {using, for
cxample, a drum or disk pelletizer). I general, greater energy input is required to prodace
higher purity ore pellets. lron ore pellets are commonly marketed or sold under two principal
categorics: Blast Furnace (BF) grade pellets and Direct Reduction (DR Grade) (also
sometimes referred to as Electric Arc Furnace (EAF) Grade) with the principal distinction
being the content of 510 and other impurity phases being higher in the BF grade pellets
relative to DR Grade peliets. Typical key specifications for a DR Grade peliet or feedstock
are a total Fe content by mass percentage in the range of 63-69 wit% such as 67 wt% and a
Sk content by mass percentage of less than 3 wi% such as 1 wit%. Typical key
spectfications for a BF grade pellet or feedstock are a total Fe content by mass percentage in
the range of 60-67 wi% such as 63 wi% and a 5i(3; content by mass percentage in the range

of 2-8 wt% such as 4 wit9%.

{6068] In certain emnbodiments the DRI may be produced by the reduction of a “Blast

Farnace” pellet, in which case the resulting DRI may have material propertics as described in
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Table 2 below. The use of reduced BF grade DRI may be advantageous dug to the lesser

input cnergy required to produce the peliet, which translates to a lower cost of the finished

matertal.

Table 2

Material Property

Embodiment Range

Spectfic swtace area™

.21 - 25 m¥yg

Actual density™*

55-6.7 glee

Apparent density™ ¥

3.1-4.8 glec

Minimum dpore. 9% volume T FEE

SO no - 50 wm

Minimum dpo re. 30% surlace aiea Ak

Tam- 10 ppm

7 i

Total Fe (wi% )

§1.8-892 %

Metallic Fe (wt% )"

68.7-832 %

Metallization (%Y

84-93%

Carbon (wi% Y™

0.03-0.35%

F€2+ (‘Wt 9% )##ﬁ##

2-87%

Fe™t (wt%)®

08-52%

Si0n (wt %)%

Ferrite {wi%, XRD)S

Wustite (FeQ, wid%, XRD)PSS

Soethite (FeQOOH, witd, XRID)HS 0-11%
Cementite (FexC, wit%, XRD)* 4-80%

{0069] *Specific surface arca preferably determuined by the Brumaoer-Emmett-Telier

adsorption method ("BET™), and more preferably as the BET is set forth in IS0 9277 (the

entire disclosure of which is incorporated herein by refercnce); recognizing that other tests,

suach as methylene blue (MB) staining, ethylene glycol monoethyt ether (EGME) adsorption,

clectrokinetic analysis of complex-ion adsorption and a Protein Retention (PR} method may

be erployed o provide results that can be correlated with BET results,

{0076] **Actual density preferably deternmined by helivm (He) pycnometry, and more

preferably as is set forth in [SO 12154 (the entire disclosure of which is incorporated herein

by reference); recognizing that other tests may be employed to provide results that can be
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correlated with He pycnometry results. Actual density may also be veferred to as “true
density” or “skeletal density” in the art.

{0071] #** Appavent density preferably determined by immersion in water, and roore
preferably as is set forth in [SO 15968 (the entire disclosure of which is incorporated herein
by reference); recognizing that other tests may be employed to provide results that can be
correlated with He pycnometry results. Porosity may be defined as the ratio of apparent
density to actual density:

apparent density

Porosity = - -
Y actual density

FO072] ¥ doore, 90% voume preferably determined by mercury (Hg) intrasion porosimetry, and
more preferably as is set forth in ISO 15901-1 (the entire disclosure of which is incorporated

herein by reference); recognizing that other tests, such as gas adsorption, may he emploved o
provide resulis that can be correlated with Hg intrusion results. doore, 90% vomme 18 the pore

diameter above which 90% of the total pore volume exists.

[O073] #5%5%G e, 50% swiface awes Preferably determined by mercury (Hg) intrusion porosimetry,
and more preferably as is set forth in ISO 15901-1 (the entire disclosure of which is

incorporated herein by reference); recognizing that other tests, such as gas adsorption, may be
emaployed fo provide resulis that can be correfated with Hg intrusion results. dyore, 50% swrface area

is the pore diameter above which 50% of free surface area exists.

{0074] #Total Fe (wt%) preferably determined by dichromate titrimetry, and more preferably
as is set forth in ASTM E246-10 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as titvimetry after tin(ll) chloride reduction,
titrimetry after titanium(HI) chloride reduction, inductively coupled plasma (ICP)
spectrometry, roay be emploved o provide results that can be correlated with dichromate
frimetry.

{6075] #Metaliic Fe (wi%) preferably determined by iron(H1) chlornide titrimetry, and more
preferably as is set forth in ISO 16878 (the entire disclosure of which is incorporated herein
by reference); recognizing that other tests, such as bromine-methanol titimetry, may be

eraployed to provide resulis that can be corvefated with iron(11l) chloride titrimetry.

{6076] #HiMetathzation (%) preferably determined by the ratio of metallic Fe to total Fe,

cach as preferably determined by the methods previously described.
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{6077] 4 Carbon (wit%) preferably determined by infrared absorption after combustion in
an induction furnace, and more preferably as is set forth in ISO 9556 (the entire disclosure of
which is incorporated hercin by reference); recognizing that other tosts, such as various
combustion and inert gas fusion techniques, such as are described in ASTM E1019-18 may
te emploved to provide sesults that can be correlated with infrared absorption after

combustion in an induction furnace.

[BO78] #HHHHE Fe?' (wi%) preferably determined by tiimetry, and more preferably as is set
forth in ASTM D3872-05 (the entire disclosure of which is incorporated herein by reference);
recognizing that other tests, such as Mossbauer speciroscopy, X-ray absorption spectroscopy,

etc., may be employed to provide results that can be correlated with titrimetry.

(00797 Fe™* (wit%) preferably determined by the mass balance relation between and among
Total Fe (wit%), Metallic Fe (wt%), Fe® (wt%) and Fe® (wit%). Specifically, the equality
Total Fe (wi%) = Metallic Fe (wt%) + Fe? (wt%) + Fe™* (wt%) must be true by conservation
of mass, so Fe™* (wt%) may be calculated as Fe* (wt%) = Total Fe (wt%) - Metallic Fe

(Wt} - Fe?* (wi%).

{00801 338 S10; (wt %) preferably determined by gravimetric methods, and more preferably
as is set forth in 180 2598-1 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as reduced molyhdosilicate spectrophotometric
methods, x-ray diffraction (XRD), may be employed (o provide resulis that can be correlated
with graviroeiric methods. In certain methods, the 510> wt% is not deternuined divectfy, but
rather the 51 concentration {inclusive of neutral and ionic species) is measured, and the S10;
wt% is calculated assuming the stoichiometry of 5i(h; that is, a 1:2 molar ratio of 51:0 is

assuined.
{B081] $$8 Ferrite (wt%, XRD) preferably determined by x-ray diffraction (XRD).
[B082] 5585 Wustite (FeQ, wt¥%, XRD) preferably determined by x-ray diffraction (XRD).

{B083] 3585$ Goethite (FeDOH, wt%, XRIDY) preferably determined by x-ray diffraction
{(XRI).

{0084] + Cementite {(FesC, wit%, XRD) preferably determined by x-ray diffraction (XRD).

{6085] The properties set forth in Table 2, may also be present in embodiments with, in
addition to, or instead of the properties in Tables 1 and/or 1A, Greater and lesser values for

these propertics may also be present in various embodiments.
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{0086] In certain embodiments the DRI may be produced by the reduction of a DR Grade
pellet, in which case the resulting DRI may have material propertics as described in Table 3
below. The use of reduced DR grade DRI mayv be advantageous due to the higher Fe content

in the pellet which increases the energy density of the battery.

Table 3

Material Property Embodiment Range

Specific surface area™ 0.1 - 0.7 m%/g as received or 0.19 - 25 m?/g
after performing a pre-charge formation
step

Actual density™* 4.6-7.1 gice

Apparent density™** 2.3-57 giee

Mintoum dpose, 20% votame T FFF 50 om - 30 um

Minimum dpore, 50% surface area ™ T FF Iom- 10 um

Total Fe (wi%)" 80 -94 %

Metallic Fe (wi%)"* 64 -94 %

Metallization (% " B0 - 100 %

Carbon (wt% 0-5%

Fe?* {witGe i 0-8%

Fe** (wt%)® 0-10%

SOy (wt By 1-4%

Ferrite (wt%, XRD)# 22 -80 %

Wastite (Fe(), wife, XR[3) 0-13%

Goethite (FeOOH, wi%, XRD)HS 0-23%

Cementite (FerxC, wi%, XRDy K 80 %

{0087 *Specific surface arca preferably determined by the Brunaver-Emmett-Telier
adsorption method (“BET™), and more preferably as the BET is set forth in 1503 9277 (the
entirve disclosure of which is incorporated herein by reference); recogmizing that other tests,
such as methylene blue (MB) staining. ethylene glyeol moncethyl ether (EGME) adsorption,
clectrokinetic analysis of complex-iton adsorption and a Protein Retention (PR) moethod may

be eraployed to provide resulis that can be correlated with BET vesults,
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{0088] **Actoal density preferably determined by helium (He) pycnometry, and more
preferably as 8 set forth in 150 12154 (the entire disclosure of which is incorporated herein
by reference); recognizing that other tests may be employed to provide resulis that can be
correlated with He pyenometry results. Actual density may also be referred to as “true

density” or “skeletal density” in the art.

{60891 -

preferably as is set forth in [SO 15968 (the entive disclosure of which is incorporated herein

*Apparent density preferably determined by immersion in water, and more

by reference); recognizing that other tests may be employed o provide resulis that can be
corrciated with He pyenometry results. Porosity may be defined as the ratio of apparent

density to actual density:

apparent density

Porosity = :
) actual density

[B098] ¥ d e, 90% votume preferably determined by mercury (Hg) intrusion porosimetry, and
more preferably as is set forth in 50 15901-1 (the entive disciosure of which is incorporated

herein by reference); recognizing that other tests, such as gas adsorption, may be eraployed to
provide results that can be correlated with Hg intrusion results. doore, 90% volume 18 the pore

diameter above which 90% of the total pore volume exists.

[O091] %% e, 50% swrface area preferably determined by mercury (Hg) intrusion porosimetry,
and more preferably as is set forth in ISO 15901-1 (the enure disclosure of which is
incorporated herein by reference); recognizing that other tests, such as gas adsorption, may be
cmploved (o provide resuits that can be correlated with Hg intrusion resulis. dpore, 50% surfuce area

is the pore diameter above which 50% of free surface area exists.

{0092 #Total Fe (wt%) preferably determined by dichromate titrirneiry, and more preferably
as is set forth in ASTM H246-10 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as titrimetry after tin(Il) chioride reduction,
titrimetry after titantm{H1) chioride reduction, inductively coupled plasma (ICP)
spectrometry, may be employed to provide resulis that can be correlated with dichromate
titrimetyy.

{6093] #Metallic Fe (wt%) preferably determined by ron(iH1) chloride titrimetry, and more

preferably as is set forth in ISO 16878 (the entire disclosure of which is incorporated herein
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by reference}; recognizing that other tests, such as bromine-methanol titimetry, may be

cmploved (o provide resuits that can be correlated with ron(Iil) chloride tifrimetry.

[0094] #HuiMetallization (%) preferably determived by the ratio of metallic Fe to total Fe,

cach as preferably determined by the methods previously described.

{0093] #H Carbon (wi%) preferably determuned by infrared absorption after combustion in
an induction furnace, and more preferably as is set forth in ISO 9556 (the entire disclosure of
which is incorporated hercin by reference); recognizing that other {osts, such as various
combastion and inert gas fusion techniques, such as are deseribed in ASTM E1019-18 may
be eraployed to provide results that can be correlated with infrared absorption after

combustion in an induction furnace.

[0096] HEHHE Fe™ (wi%) preferably determined by titrimetry, and more preferably as is set
forth in ASTM D3872-05 (the entire disclosure of which is incorporated herein by veference);
recognizing that other tests, such as Mossbauer speciroscopy, X-ray absorption spectroscopy,

etc., may be employed to provide results that can be correlated with titrimetry.

{0097] S Fe’ (wi%) preferably determined by the mass balance relation between and among
Total Fe (wt%), Metallic Fe (wit%), Fe?* (wt%) and Fe'* (wt%). Specifically, the equality
Total Fe (wt%) = Metallic Fe (wt%} + Fe? (wit%) + Fe’* (wt%) must be true by conservation
of mass, so Fe’* (wi%) may be calculated as Fe** (wt%) = Total Fe (wt%) - Metallic Fe

(Wt} - Fe?* (wi%).

{0098] 35 Si0: (wt %) preferably determined by gravimetric methods, and more preferably
as is set forth in ISO 2598-1 (the entire disclosure of which is incorporated herein by
reference); recognizing that other tests, such as reduced molyhdosilicate spectrophotometric
methods, x-ray diffraction (XRD), may he emploved to provide resulis that can be corvelated
with gravimetric methods. In certain methods, the 510> wt% is not determined directly, but
rather the Si concentration (inclusive of neutral and tonic species) is measured, and the S10;
wit7 is calculated assuming the stoichiometry of 5i0»; that is, a 1:2 molar ratio of 51:0 is

assumed.
{0099] $558 Ferrite (wi%, XRD) preferably determined by x-ray diffraction (XRD).

{00104} $$88 Wustite (FeO, wt%, XRD) preferably determined by x-ray diffraction
(XRD).
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{00101} $$883 Goethite (FeOOH, wt%, XRD) preferably determined by x-ray
diffraction (XRD).

{00162} + Cementite (FeaC, wi%, XRD) preferably determined by x-ray diffraction
(XRD».
{60103} The properties set forth in Table 3, may also be present in embodiments with,

in addition o, or instead of the properties in Tables 1, 1A, and/or 2. Greater and lesser values

for these properties may also bie present in various ecmbodiments.

{00104} An electrochemical cell, such as a battery, stores electrochemical energy by
using a difference in electrochemical potential generating a voltage difference between the
positive and negative electrodes. This voitage difference produces an eleciric current if the
clectrodes are connected by a conductive element. In a battery, the negative electrode and
positive electrode are connected by external and internal resistive clements in series.
Generally, the external element conducts electrons, and the internal element (electrolyie)
conducts ions. Because a charge imbalance cannot be sustained between the negative
electrode and positive electrode, these two flow streams must supply ions and electrons at the
same rate. In operation, the electronic current can be used o drive an external device, A
rechargeable battery can be recharged by applying an opposing voltage difference that drives
an electric current and lonic current flowing in the opposite direction as that of a discharging

battery in service.

{00165] Embodiments of the present invention include apparatus, systems, and
methods for long-duration, and ultra-long-duration, low-cost, energy storage. Hereln, “long
duration” and/or “ulira-long duration” may refer to periods of energy storage of 8 hours or
fonger, such as periods of energy storage of 8 hours, periods of energy storage ranging from &
hours to 20 hours, periods of energy storage of 20 hours, periods of energy storage ranging
from 20 hours to 24 hours, periods of encrgy storage of 24 hours, periods of energy storage
ranging from 24 hours to a week, periods of energy storage ranging from a week to a year
{e.g., such as from several days to several weeks 1o several months), cte. In other words,
“long duration” and/or “ultra-long duration” energy storage cells may refer to
clectrochemical cells that may be configured to store encrgy over time spans of days, wecks,
or seasons. For example, the electrochemical cells may be configured to store energy

generated by solar cells during the summer months, when the sunshine is plentful and solar
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power generation exceeds power grid requirements, and discharge the stored energy during

the winter months, when the sunshine may be insufficient o satisfy power grid requirements.

{00106] In general, in an embodiment, the long duration energy storage cell canbe a
fong duration electrochemical cell. In general, this long duration clectrochemical cell can
store electricity gencrated from an electrical generation system, when: (i) the power source or
fuel for that generation is available, abundant, inexpensive, and combinations and variations
of these; (it) when the power requirernents or electrical needs of the electrical grid, customer
or other user, are less than the amount of electricity gencrated by the electrical generation
systern, the price paid for providing such power to the grid, customer or other user, is below
an econontically efficient point for the generation of such power (¢.g., cost of gencration

exceeds market price for the electricity), and combinations and variations of these; and (iti)

i

combinations and variations of (i) and (1) as well as other reasons. This electricity stored

\

n
the long duration electrochermical cell can then be distributed to the grid, customer or other
user, at times when it s economical or otherwise needed. For example, the electrochemical
cells may be configured to store energy gencrated by solar cells during the summer months,
when sunshine is plentiful and solar power generation exceeds power grid requirements, and
discharge the stored energy during the winter months, when sunshine may be insufficient to

satisfy power grid requirerneints.

{00107} According to other embodinents, the present invention includes apparatus,
systems, and methods for encrgy storage at shorter durations of less than about § hours. For
cxample, the electrochemical cells may be configured to store energy generated by solar celis
during the divirnal cycle, where the solar power generation in the middle of the day may
exceed power grid requirements, and discharge the stored energy during the evening hours,
when the sunshine may be insufficient to satisty power grid reguirerents. As another
cxample, said invention may include encrgy storage used as backup power when the
clectricity supplied by the power grid is insufficient, for installations including homes,
coramercial buildings, factories, hospitals, or data centers, where the required discharge

duration may vary from a few minutes o scveral days.

{60108] in some embodiments, an electrochemical cell inchudes a negative electrode, a
positive clectrode, an electrolyte, and a separator disposed between the positive clectrode and
the negative electrode (for example as shown in FIG. 1), FIG. 1 illustrates an example

electrochemical cell 100, sach as a battery, including a negative electrode and electrolyte 102

separated from a positive clectrode and electrolyte 103 by a separator 104. The separator 104
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may be supported by a polypropylene mesh 185 and a polyethylene frame 108 of the cell 184
Current collectors 107 may be associated with respective ones of the negative electrode 102
and positive electrode 103 and supported by polyethylene backing plates 106, In some
embodiments, the temperature of the electrochemical cell 100, may be controlled, such as by
insulation around the cell 100 and/or a heater 1530. For example, the heater 150 may raise the
temperature of the cell 100 and/or specific components of the cell, such as the electrolyte
102, 103, The configuration of the electrochemical cell 100 in FIG. 1 1s merely an example
of one electrochemical cell configuration according to various embodimenis and is not
intended to be limiting. Other configurations, such as electrochemical cells with different
type roeshes and/or without the polypropylene mesh 105, electrochemical cells with different
type frames and/or without the polyethylene frame 108, electrochemical ceils with different
type current collectors and/or without the current collectors, electrochemical celis with
different type backing plates and/or without the polyethylene backing plates 106,
clectrochemical cells with different type insolation and/or without insulation, and/or
electrochemical cells with ditferent type heaters and/or without a heater 150, may be
substituted for the example configuration of the electrochemical cell 100 shown in FIG. 1 and

other configurations are in accordance with the varioss embodirents.

{60109} In some embodiments, a plurality of electrochemical cells 100 in FIG. 1 may
be connected electrically in series to form a stack. In cortain other embodiments, a plurality
of electrochemical cells 100 may be connected electrically in parallel. In certain other
cmbodiments, the electrochemical colis 100 are connected in a mixed series-paraliel electrical

configuration to achicve a favorable cornbination of delivered current and voltage.

{00114} According to various embodiments, the negative electrode is comprised of
pelictized, briquetted, pressed or sintered iron-bearing compounds. Such iron-bearing
compounds roay comprise one or more forms of ron, ranging from highly reduced (more
metallic) iron to highly oxidized (more ionic) iron. In various embodiments, the pellets may
inchude various iron compounds, such as iron oxides, hydroxides, sulfides, carbides, or
cornbinations thereof. In various embodirnents, said negative electrode may be sintered iron
agglomerates with various shapes. In some embodimenis, atomized or sponge iron powders
can be used as the feedstock maicrial for forming sintered iron clectrodes. In some
embodiments, the green body may further contain a binder such as a polymer or inorganic
clay-like material. In various embodiments, sintered iron agglomerate peliets may be formed

in a firnace, such as a continuous feed calcining furnace, batch feed calcimng furnace, shaft
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furnace, rotary calciner, rotary hearth, etc. In various embodiments, pellets may comprise
forms of reduced and/or sintered ron-bearing precursors known to those skilled in the art as
direct reduced wron (DRI, and/or its byproduct materials. Various embodiments may include
processing pellets, including DRI pellets, using electrical, electrochemical, mechanical,
chemical, and/or thermal processes before introducing the pellets into the electrochemical

cell.

(60111 According to various embodiments, an electrochemical cell, such as cell 108
of FI(3. 1, includes a negative electrods (also referred to as an anode), a positive electrode
{(also referred to as a cathode), and an electrobyte. The negative clectrode may be an iton
material. The electrolyte may be an agueous solution. In certain embodiments the electrolyte
may be an alkaline solution (pH >10). In certain embodiments, the electrolyte may be a near-

neutral solution (10 > pH > 4).

{00112} In one example, half-cell reactions on the negative electrode as ocowring on
discharge and oxidation in the alkaline electrolyte are: step 1) Fe + 20H & Fe(OHp + 2¢7;
and step 2) 3Fe{OH) + 20H" S FesOy + 4H0 + 2. In a step 1, iron hydroxide may be
formed on the surface of the iron forming the negative clectrode. In step 2, the iron
bydroxide is subsequently oxidized further to form magnetite. There is a net volume increase
upon discharge that is taken up in the porosity of the negative electrode. The theoretical
capacity on the basis of metallic iron according to the negative electrode reactions in this

exarople is 960 roAb/ghe in step 1, 320 mAh/ghe in step 2.

{00113] ron-based electrodes {(also referred to as Fe anodes) are difficuit to recharge
due to competition with hydrogen {(Ha} evolution, a side-reaction that does not lead to
recharging of the battery, because electrons are diverted to Hy rather than stored in a2 more
redhiced fron-bearing negative electrode. Additionally, the ability of electrons to move
through the anode may also hinder the charge and discharge reactions. When there is no, or a
fimited, pathway to move clectrons through the anode, the efficiency of charge and discharge
of the anode may decrease. Another issue that can hinder recharging in iron-based electrodes
is pore clogging. In some cases, methods to increase swface area of the iron-based anodes
can also lead to pore clogging of the anode. When the pores of the anode clog, the ions
cannot get in and out of the anode, and the anode cannot be recharged. Coupled with
difficulty in recharging the Fe anode, this clogging leads to large losses in specific discharge

capacity.
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{00114] In various embodiments, one or more additives, such as lead (Pb), tin (Sn),
antimony {Sb}, copper (Cu), silver {(Ag), gold {An), ctc. may be added to an electrochemical
cell. The addition of one or more additives in accordance with various embodiments ray
improve charging of ap tron-based negative electrode (Fe anode). In various embodiments,
the one or more additives may include elements that in their metallic form have a low
hydrogen evolution reaction (HER). In various embodiments, the electrochemical cell into
which the one or more additives are added may inclode an electrolyte that inchides one or
more hydroxide. In varicus embodiments, the electrochemical cell into which the one or

more additives are added may include an electrolyte that does not include hydroxides.

{00115} in various embodiments, additives that suppress hydrogen evolution, such as
metals with low hydrogen evolution reaction (HER ) activity {(such as lead (Ph), tin (5Sn),
antimony (3h}, ¢tc.) may be added to an electrochemical cell to thereby improve charging of
the wron-based negative electrode (Fe anode). In various embodiments, additives that
suppress hydrogen evolution, such as metals with low hydrogen evolution reaction (HER)
activity (such as lecad (Pb), tin (Sn}, antimony (S), ctc.} may be added to the electrolyte
and/or anode of the electrochemical cell.

1

{60116} A Jow hydrogen evolution reaction (HER) activity additive may be defined
relative to the HER activity of wron. In a first example, , an addutive that has a hydrogen
evolution reaction (HER) exchange current density lower than that of iron may be considered
a low hydrogen evolution reaction {HER) activity additive.. In a sccond example, a cell
coraprising a low HER activity additive has a reduced rate of hydrogen evolution in the cell,
{e.g., as measured through in sifi sensing of hydrogen generation} compared 1o a cell not
comprising the low HER activity additive. In a third example, a cell comprising a low HER
activity additive produces less hydrogen at a given state of charge than a comparable cell not
comprising the low HER activity additive. In one set of examples, significantly lower HER
activity may be a 50% or greater reduction in BER activity. In a further set of examples,

significantly lower hydrogen generation may be a 10% or greater reduction in HER activity.

{00117} A low HER activity additive may also be defined by the coulombic efficiency
of the tron anode contaiming cell. A low HER activity additive would increase the coulombic
cfficiency of the cell from that of a cell containing the iron anode material alone. A
significantly higher coulombic efficiency ray be =5% higher than a cell containing the anode
material alope. In various embodiments, a low HER activity additive may be added to an

clectrochemical cell in a solid form (c.g., metallic form) and/or in a liquid form.
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{00118} In various embodiments, additives that improve the conductive network in the
irom anode, such as highly conductive metals (tin {Sn), copper {Cu), silver (Ag), gold (Au)) or
derivatives thercof may be added to an electrochemical cel to thereby improve charging of
the ron-based negative electrode (Fe anode). In various embodiments, additives that
improve the conductive network in the iron, such as highly conductive metals {tin (Sn),
copper (Cu), sibver (Ag), gold (Au)) or derivatives thereof, may be added to the electrolyte
and/or anode of the electrochemical cell. A highly conductive metal may be a metal elerment

that has an electrical resistivity below 125 nano ohm-metres (n82-m).

{60119 n various erobodiments, tin (S} and/or tin-containing compaunds may be
included (e.g., added, present, ete.) in an electrochemucal cell, such as in the electrolyte, as
part of an electrode, as a reservoir in the electrochemical cell, ete. The inclusion of tin and/or
fin containing compounds may decrease the propensity for hvdrogen evolution at the iron
anode, and thereby promote more effective recharging of the iron electrode; that is, upon
recharging, move of the step 1 reaction capacity can be reversed, yielding more metallic iron
in the charged state. In a subsequent dischargze step, this resulis in a greater step 1 reaction
capacity. Without being hound by any particular scientific interpretation or particular theory
of operation, it is believed that the increase in hydrogen evolution overpotential may resule
from the deposition of tin on the iron anode, resulting in a HER activity reduction on the iron
anode compared to the HER activity without the presence of tin. The reduction in HER
activity may also resolt from an alloying, formation of a surface phase, or complexation of tin
with the iron anode material. Regardiess of the mechanism of action, the noted benefit of
cchls comprising tin is an increase in charging efficiency for the iron anode in comparison o
the charging efficiency without the presence of tin. Tin may be highly soluble in an alkaline
sohation (pH »10) clectrolyte and the inclusion of tin and/or tin containing compounds in
clectrolyte may resulf in the tin in the elecrolyie plating the iron ancde. For example, FIG. 6
is a phase diagrarmn of a KoSn(OH)e - KOH - HzO systern at 25.0 °C. The solid cucles in FIG.
& represent the solution composition and the darkened circles represent the wet residue
composition. As shown in FIG. 6, maximum solubility at 25.0 °C for 6 M of KOH is 0.272
M KaSn(OH)s and for 10-13 M OH is closer to 6 mM KoSn((OH)s. The deposition of tin on
the iron anode may increase the step 1 reaction capacity, i.e., Fe + 20H $ Fe(OHy + 2¢
which may result from the formation of a new phase, FeSnOy, that may allow for better
recharging of the tron anode. This inclusion of tin in the iron anode may also introduce a

sccondary high potential reaction, i.e., FeSn + n OH- & FeSaOx + m e-, improving total high
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potential discharge capacity due to a more efficient or altered charging mechanism. The
inclusion of tin and/or tin confaining compounds may improve cycling of ron anodes in
clectrochernical cells. In various emnbodiments, the tin and/or tin containing compounds may
include metallic tin, stannates, and/or any other source of tin. As specific examples, metallic
tin (Sn}, sodium stanpate pihydrate (NaxSnOs-3Ho0), potassium stannate trihydrate
(KaSn(s- 3HLO), tin oxide {(Sn(:), cylindrite (PhaSnsFeShoS14), copper tron tin sulfide
{(CuxFeSnSy), lead-tin alloys (60/40 So/Ph solder, 63/37 Sn/Pb solder, Terne T alloy: 10-20%
Sn, balance Pb), zine-tin alloys (Terne I alloy: 10-20% Sn, balance £n), or tin sulfide (SuS
or SnS,) may be inciuded in an electrochemical celi, such as in the electrolyie and/or in the
electrode. In various embodiments, tin sources may be solid sources or tin and/or soluble

sources of tin. FIGS. 2ZA-2ZC are pourbaix diagrams of tin.

{00120] in various embodiments, the tin and/or tin containing compounds may be
inchuded as part of the electrolyie in an electrochemical cell. As examples, the tin and/or tin
containing compounds may be added to the electrolyte in amounts such that the added tin
and/or tin containing compounds represent from about 8.1 millimolar (mM) to about the
saturation limit of the tin and/or tin containing compounds in the clectrolyte. As specific
examples, the tin and/or tin containing compounds may be present in the electoolyte ina
concentration of 0.1 mM, 0.1 mM o 10 mM, 0.1 mM to 100 mM {(or 0.1 M}, 10 mM, 10 mM
to 100 mM (or 0.1 M), 10 ;M o 50 mM, 50 mM, 50 mM o 100 mM (or 0.1 M), 100 mM
{or 0.1 M), 100 M (or 0.1 M) to 1 M, 1 M, 100 oM {or 8.1 M) to 750 maM (or .75 M), 750
mM {or .75 M}, 100 mM (or (.1 M) to 500 mM {or .5 M), 500 mM (or .5 M}, 100 mM (or .1
M) 1o 600 mM (or .6 M), 600 mM {or .6 M), 100 mM {(or 0.1 M) 1o 670 oM {or .67 M), 670
mM (or .67 M), 5300 mM {(or 0.5 M) to 670 M (or .67 M), 600 mM (or 0.6 M} to 670 mM
{or .67 M), 650 mM (or .65 M) to 670 mM (or .67 M), 650 mM {or .65 M}, 0.1 mM to the
saturation fimit of the tin and/or tin containing compounds in the electrolyte, 10 mM to the
saturation fimit of the fin and/or tin containing compounds in the electrolyie, 50 mM to the
saturation fimit of the tin and/or tin containing compounds in the electrolyte, 100 mM (or .1
M} to the saturation limit of the tin and/or tin containing compounds in the electrolyte, 500
mM {or .5 M) to the saturation {imit of the tin andfor tin containing compounds in the
electrolyte, 600 mM {(or 0.6 M) to the saturation limit of the tin and/or tin containing
compounds in the electrolyte, 630 mM (or 0.65 M) to the saturation limit of the tin and/or tin
containing compounds in the electrolyte, 650 mM (or 0.65 M) to the saturation Hoit of the tin

and/or tin containing compounds in the electrolyte, 670 mM (or 0.67 M) to the saturation
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Limit of the tin and/or tin containing compounds in the electrolyte, 750 mM (or .75 M) to the
saturation limit of the tin and/or tin containing compounds in the electrolyte, below the
saturation limit of the tin and/or tin containing compounds in the clectrolyte, at the saturation
timit of the tin and/or tin containing compounds in the electvolyte, etc. As further exampies,
the tin and/or tin containing compounds may be added o the electrolyte in amounts such that
the added tin and/or fin containing compounds represent about 0.01 wi% to about 20 wi% of
the electrolyte. As specific examples, the tin and/or tin containing compounds roay be
present in the electrolyte at 0.01 wi%, 0.01 wt% to 0.1 wi%, 0.1 wi%, 0.01 wt% to 5 wit%,

0.1 wt% to S wt¥h, 0.1 wt% to 20 wt%, 5 wt %, 5 wt% to 20 wt %, 20 wi%, etc.

{00121} In various embodiments, the tin and/or tin containing compounds may be
included as patt of the anode in an electrochemical cell. For exampile, the tin and/or tin
containing compounds may be incorporated into the anode, such as mixed with the ron
source for the anode, depostted on the surface of the anode, incorporated into a bed of the
anode, et As examples, the tn and/or tin containing compounds may be added to the anode
in amounts such that the added tin and/or tin containing compounds represent about 8.1 wit%
to about 20 wt% of the anode based on the dry mass of the anode (no electrolyte inchided in
the wt% figures). As specific examples, the tin and/or tin containing compounds may be
present in the anode at 0.1 wt%, 0.1 wit%h to 6 wit%, 0.1 wt% to 1 wi%, about T wt%, about 1
wi% to about 3 wt%, about 3 wit%, about 3 wt% to about &6 wi%, about 1 wit% to about 6
wi%, about 6 wi%, 6 wit% to 20 wt%, 0.1 wi% 10 5 wit%, (.1 wt% to 8.5 wt9%, about §.5 wt'p,
0.5 wt% to S wt¥, about 53 wit%, 5 wt% to 6 wt9%, 5 wit% to 7 wt %, 6 wt% to 7 wt %, about 7
wt%, about 20 wt%, ctc. Additionally, the tin and/for tin containing compounds may be
added to the anode in amounts such that resulting tin incorporated into the anode velative to
the active material weight of the ancde (e.g., relative 1o the active iron material weight of the
anode) is from about (.044 wt% tin to about 20 wt% tin, such as about 0.044 wi% tin, 0.044
wi% tin to 0.1 wit% tin, about 8.1 wit% un, 0.1 with tin to 6 wit% tin, 0.1 wt% tin to 1 wi% tin,
about 1 wt% tin, about | wt% tin to about 3 wi% tn, about 3 wit% tin, about 2 wt% tin to
about 6 wt% tin, about I wt% tin to about 6 wt% tin, about 6 wi% tin, 6 wt% {in to 20 wt%
tin, 0.1 wit% tin to 3 wt% tn, about 5 wit% tin, 5 wi% tinto 6 wt% tin, 5 wt% tin to 7 wi% tin,
6 witdh tin to 7 wt 9% tin, about 7 wt% tin, 6 wt% un to 10 wit% tin, about 10 wt% tin, 10 wt%

tin to 20 wit% tn, about 20 wi% tin, eic.

{30122} In various embodiments, a stannate, such as sodium stannate tribydrate

{NaxSn(h 3HL0), potassium stannate trihydrate (RaSn(:- 3Ha0), ete., may be added, or
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present, i an electrochemical cell. In various embodiments, a stannate, such as sodium
stannate wihydrate (Na>Sn(s- 3H20), potassivm stannate trihydrate (KoSn(s3-3H)0), etc., may
be added, or present, in amnounts of from about .1 wt% to about 20 wt% in the Fe anode or
electrolyte of an electrochemical cell, such as a battery. As examples, a stannate, such as
sodium stannate trihydrate (NaxSnGs-3H:0), potassium stannate tribydrate (KoSnQOs-3H O,
cte., may be added, or present, in the Fe anode or electrolyie of an electrochemical cell, such
as a hattery, 1n amounts of about .1 wt%, about 0.1 wit% to about 15 wt%, about 15 wit%,

about 15 wit% to about 20 wt%, about 20 wi%, etc.

{60123] In one cxperirnent, 0.1 M sodium stannate (NazSnQs-3H:0) was dissolved in a
& M potassium hydroxide-based electrolyte to provide a source of tin for incorporation into
the anode. Specifically, after the sodium stannate was dissolved, the coraposition of the
clectrolyte with the sodinm stannate added was 5.95 M KOH, 0.05 M LiOH, 0.007 M Na»S,
and 0.1 M NaxSn02-3H:0, and the experiment showed tin was incorporated into, adsorbed
by, or found with the anode. The cell demonstrated increased wtal capacity, step 1 capacity,
and increased voltaic efficiency, which leads to longer round-trip efficiency, over the entire
course of cycling (20+ cycles). In various embodiments, as the electrolyie composition is
adjusted, for example by the use of NaGH as part of the electrolyte in addition to or in place
of KOH, similar molar concentrations may be used as those which result from the recited
weight percent additions in potassivm hydroxide-based electrofyte in order to achieve similar
levels of performance. Other experiments have dernonstrated that suifide, such as NazS, may
not need to be included in the clectrolyte when sulfide may be included in the anode or
clectrochemical cell. In such an experireny, after the sodium stannate was dissolved, the
composition of the electrolyte with the sodium stannate added and prior to contact with the

anode or other electrodes was 5.95 M KCGH, (.05 M LiOH, and 0.04 M Na>Sn{;-3H»>O.

{00124} In another experiment, 5 wi% sodium stannate (NaxSn(Os-3H20), representing
2.22 wt% Sn to active iron material, was mixed with the iron source for the anode before
testing. Specifically, after the sodium stannate was dissolved, the composition of the
clectrolyte with the sodium stannate added was 5.95 M KOH, .05 M LiOH, (.01 M NapS, 5
wt%e NaxSnGs-3H:0 and the experiment showed tin was incorporated into the anode, in

addition to increased total and step 1 capacity.

{00125] In some embodiments, tin oxide (Sn32) may be dissolved n the electrolyte at

concentrations of 0.01 wit% to 20 wt.%. In some aspects, the Sn(; source may be cassiterite
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ore. In some aspects, the SnO» source may be a refined and/or purified Sn(3; material relative
t0 mined cassiterite ore.

{001 2s] {n some embodiments, cylindrite (FbaSnaFeSbaS:4) may be added to the
electrolyte and/or electrode.

{30127} In some embodiments, copper ron tin sulfide (CuaFeSnS4) may be added to

the electrolyte and/or electrode.

{60128] in some embodiments, metallic fin may be added to the electrolyte and/or
electrode.
{60129} In some embodiments, tin sulfide (SnS or SnS1) may be added to the

electrolyte andfor electrode.

{00134} In certain embodiments where the tin or tin-containing compound is a solid,
the specific surface area of the solid (m*/g as measured by the Brunaver—Emomett—Teller
method of gas adsorption) may be optimized to provide a specified level of veactivity such
that there is a constant flux of tin into the liquid phase, or to maintain the tin concentration in

the liquid electrolyie phase at or above a certain critical concentration.

{00131} In some embodiments, an electrolyte for use with an iron negative electrode
may confain a tin-containing on. The specific type or the tin-containing ion may vary based
on the pH and the potential of the solution. In alkaline electrolytes, the tin jon may be Sn(s™
or Sn{OH)™. In some embodiments, the concentration of the tin-containing ion may be
selected to be such that the dissolved tin in solution represents between 0.01 and 20 percent

of the weight of active material ivon in the negative electrode.

{00132} In various emmbodiments, tin and/or tin containing compounds may be included
in the clectrochemical cell in any suitable manner to result in tin being incorporated into the
iron anode. As examples, the tin and/or tin containing compounds may be supplied into the
electrochemical cells in any of the various manners discussed for placing additives in an

electrochemical cell.

{00133} In some embodiments, the tin and/or tin containing compounds may be
deposited on the anode and/for cathode of the electrochemical cell, such as by electroless
deposition. In some erobodiments, a tin rescrvoir may be provided in the clectrochemical
cetl. The tin reservoir may allow for more tin to be added to the electrochemical cell than the

sclubility limit would otherwise allow. In some embodiments, the tin reservoir may be
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connected to a source of oxidizing electrical potential to facilitate the dissolution of the tin
due to formation of a tin-containing soluble ionic species. In some embodiments, the tin
and/or tin containing compounds may be super saturated into the electrolyvie. In some
embodiments, the tin and/or tin containing compounds may be disposed as a foil, rod, or
other form factor in the electrolyte and may dissolve inio the electrolyte over time. In certain
cmbodiments, an electrode held at a more positive (more anodic) potential may be initially
tin-coated. As one non-limiting example, in an iron-air battery, a positive air electrode may
be initially un-coated, such that tin species are galvamcally driven off the positive electrode
and into solution. In certain embodiments, this air clectrode may be an oxygen evolution
reaction {OER) elecirode. Tin {or tin-bearing) coatings could be, for example, applied by
processes known to those skilled in the art as “hot dip,” or otherwise. When that tin coated
electrode is mnitially polarized to an anodic potential, while in contact with an alkaline
clectrolyte, the tin specics may dissolve into solution electrochemically and form stannate in
the electrolyte. In various emnbodiments, the tin-coating can be applied on any portion of the
oxidizing surfaces. In some embodiments, there may be a block or other shaped structure of
tin attached to the OER electrode and/or oxygen reduction reaction (ORR) electrode and the

block or other shaped structure of tin may corrode away therchy adding tin to the electrolyte.

{60134] In various embodiments, as the electrochemical cell is operated, tin and/or tin
containing compounds may be added to the clectrochemical cell. For example, tin and/or tin
containing compound inserts may be replaced in the electrochemucal cell, additional tin
and/or tin containing compounds may be pumped into and/for otherwise added to the
clectrochemical cell, and/or tin and/or tin containing compounds may be added in other
manners so as 1o maintain a selected molar amount and/or wit% of tin and/or tin containing

compounds in the electrolyte and/or electrodes.

{00135) In various embodients, antimony (Sb) and/or antimony confaining
compounds may be included {g.g., added, present, etc.} in an electrochemical cell, such as in
the electrolyte, as part of an electrode, as a reservoir in the electrochemical cell, ete. The
antimony and/or antimony containing compounds may be substituted for the tin and/or tin
containing compounds discussed above and may operate in a similar manner to coat the ron
anode and reduce or suspend the HER reaction to help improve the chargingfrecharging of

the electrochemical cell. FIG. 3 is an antimony pourbaix diagram.

{00136} Various embodiments include using tin-bearing compound(s) and/or antimony

bearing compound(s) as additive(s) to an clectrolyte and/or elecirode in an electrochemical
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system, such as a battery, having an iron-based anode. I various embodiments, the additon
of stannate may improve toial capacity, step 1 capacity, Coulombic efficiency, voltaic

cfficiency, and cvcling of the iron-based anode.

{60137} Various embodiments may include electrochemical cells including an iron
anode having high bydroxide concentration clectrolytes, such as hydroxide concentrations at
or above about 6 M (e.g., about 6 M, 6 M, about 6 M or greater, about 5 M to abouwt 7 M, 6 M
to 7 M, about 7 M or greater, about 7 M to about 11 M, about 7 M to about 10 M, about 7.5
M to about 9.5 M, greater than 7.5 M to less than 9.5 M, etc.). High hydroxide concentration
clectrolytes may enable better step 1 reaction, te., Fe + 20H & Fe(OHk + 227 Various
cmbodiments may include highly concentrated alkaline electrolvies including high hvdroxide
concentrations, such as hydroxide concentrations at or above about 6 M {e.g., about 6 M, 6
M, about 6 M or greater, about 6 M to about 7 M, 6 M to 7 M, about 7 M or greater, about 7

7

M to about 11 M, about 7 M to about 10 M, about 7.5 M to about 9.5 M, greater than 7.5 M
to less than 8.5 M, cic.), for iron electrode electrochenmical cells, such as wron anode batteries.
In various embodiments, hydroxides in the electrolytes may include any one or more of
KOH, NaOH, LiOH, RbOH, CsOH, FriOH, Be(OH):, Ca(OH)y, Mg(OH), Sr{OH)2, Ra(GH):,
Ba{OH) and mixtures thereof. In various embodiments, KOH, NaOH, and LiOH are
combined in ratios whereby [ROH] > [NaOH] » [LIOH]. Various embodiments may inclade
around 4M KOH, 2M Na(H, 0.05M LiOH, or other combinations thereof, In various
cmbodiments, KOH, NaOH, and LiOH are combined in ratios whereby [NaOH] > {KOH] >
{LAOH]. Vartous embodiments may include arcund 4M NaGH, 2M KOH, 0.05M LiOH, or

other combinations thereof.

{00138] Conventionally, iron-based batteries have not been operated for more than
about sixteen hours, with durations of four to twelve hours being more typical. Said another
way, conventionally, iron-based batteries have not been operated in a discharge mode for
more than about sixteen hours, with durations of four to twelve hours being more typical for
the discharge mode time periods. As such, conventionally, iron-based batteries have been
tested at relatively high rates of discharge, such as 1 hour to & hour durations to discharge the
full capacity of the couventional iron-based batteries. These shorter conventional discharge
timnes and relatively high discharge rates for conventional testing, have left the impact of
tonger discharge times, such as longer than 24 hours, 24 hours to 30 hours, more than 30
howrs, 30 hours o 100 hours, more than 100 hours, 100 hours to 150 hours, more than 150

howrs, etc., on iron-based electrochemical cells unexplored. Specifically, the impact of high
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hydroxide electrolytes, such as hydroxide electrolytes having about 6 M or higher hydroxide
in the clectrolyte, has not been previcusly explored for iron-based electrochemical cells
baving longer discharge tunes, such as longer than 24 bours, 24 howurs to 30 hours, roore than
30 hours, 30 hours to 100 hours, more than 100 hours, 100 hours to 150 hours, more than 150

hours, etc.

{00139] The inventors have found through experimentation that hydroxide
concentrations less than about 6 M with certain anode matenials result in worse performance
than in higher hydroxide concentrations, such as hydroxide concentrations of about 6M, 6M,
or greater than 6 M, with those certain anode materials. The inventors have specifically
found a much stronger influence of the hydroxide content on performance than would be
expected from prior litcrature when using lower purity (and thus lower cost) materials and
cycling at lower rates. Thus, in the business context of fong duration, vlira low cost grid
scale cnergy storage, high hydroxide contents have a anigue and unanticipated advantage for
battery performance and are not only usetuld for increasing the stored amount of charge stored
in the cell (i.e., the capacity of the battery material), but also usefully decrease the
overpotential (i.e., increase the voltage) of the battery. High hydroxide concentration, such as
hydroxide concentration at or above about 6 M, is umintuitive to pursue because it results in
an electrolyte with lower conductivity, higher viscosity, and higher cost than lower hydroxide
clectrolytes. The inventors have found that at durations of longer than 24-30 hours,
hydroxide contents have a very strong influence on battery capacity, with preferved hydroxide
concentrations being greater than 7 M in the electrolyie. Up fo about 11 M hydroxide
concentrations have been tested with enbanced performance even at these very high
concentrations. The upper limit of the hydroxide concentration is the solubility limit, which
is displayed for KOH in FIG. 5. The solubility limit is temperature-dependent and an
electrochemical cell, such as a hattery, may be insulated and/or otherwise heated to achieve
higher operating temperatures and thus higher hydroxide solubtlity. In some embodiments,
surpassing the solubility Hit in order to have an excess supply of solid hydroxides may be
beneficial in order {o preserve the highest possible concentration of hydroxide when side
reactions in the electrolyie lead o a net loss in hydroxide. In various cmbodiments,
hydroxide replenishment may also be achieved by dosing the electrolyte with hydroxide salts

throughout the lifetime of the battery.

{60146] Various embodiments may include an electrochemical cell, such as a battery,

having an iron negative electrode (also referred to as an tron anode) and an electrolyte having
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a total hydroxide concentration therein of above 7 M. In some embodiments, the electrolyte
may have a total hydroxide concentration of above 7 M and up to or past a solubility Limit of
bydroxide in the electrolyte. In some embodiments, the clectrolyte may have a total
hydroxide concentration of above 7 M including greater than 6 M KOH+NaOH therein and
greater than 0.05 LiOH. In some embodiments, the electrolyte may have a total hydroxide
concentration of less than or equal to 11 M therein. In some emmbodiments, the electrolvie
may have a total hydroxide concentration of less than or equal to 11 M with less than or equal
to 1 M LiOH therein and less than or equal to 10 M KOH therein. In some embodiments,
when the electrolyte is KOH based, the total hydroxide concentrations may be greater than 7
M and less than 10 M. In some embodiments, when the electrolyie 1s KOHR based, the total

hydroxide concentrations may be greater than 7.5 M and less than 9.5 M.

{60141} In some embodiments, sulfide may be included as an additional additive in the
clectrolyte with suifide concentrations between 0.001 M and 0.5 M, typically as sodium
sulfide. Other salts may be used to add sulfide to the electrolyte, such as potassium sulfide.
In some ermbodiments, ne additional sulfide may be added to the clectrolyte. For example,
the electrolyte may have no sulfide therein. In some embodiments, sulfide may be present in
other aspects of the electrochemical cell, such as in the form of additives o the anode. As
one cxample, sulfide or a sulfide-containing compound may be an additive to the anode when
the electrolyte has no sulfide therein. In various embodiments, other electrolyte additives
known in the art to enhance performance or iron electrodes may also be vsed in the
clectrolyte. In various embodiments, the solvent in the clectrolyte may be generally water,

and preferably high purity water, such as de-ionized water.

{00142} FIG. 4 shows graphs of experimental results for different DRI types using
different hydroxide concentrations according to various embodiments. Through cycling with
an anode half-cell at different concentrations of hydroxide electrolyte, it was found that 6 M
hydroxide in the electrolyte results in worse performance than those at higher concentrations
of hydroxide, such as 7 M or greater concentrations of hydroxide, across multiple different
lower purity iron materials (denoted on the graph in FIG. 4 as “DRI Type”, specifically four
different lower purity ivon materials labeled “17, *27, 37, and “4” in FIG. 4. More
specifically, it was found that in increasing the electrolyte hydroxide content leads o an
increase in capacity achieved via the following on oxidation reaction, i.e., the step 1

reaction Fe + 20H = Fe(OH) + 2¢°. By increasing the capacity achicved through the step 1
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reaction, not only is the total energy stored in the battery increased, but the voltaic efficiency

of the cell is increased, leading to an overall increase in round trip cfficicncy.

{00143} Various erobodiments inclode using high hydroxide concentration electrolyie,
such as a 7 molar (M) hydroxide concentration or greater, in an electrochemical system, such
as a hattery. In various embodiments, a high hydroxide concentration clectrolyie, such as a7
M hydroxide concentration or greater, may increase the amount of charge stored in the cell
{i.c., the capacity of the battery material), tnprove the coulombic efficiency (i.e., increase the
fraction of clectrons stored in the intended charge product(s) as opposed {o wasted in a side

reaction}, and/or decrease the overpotential (i.¢., increase the voltage) of the battery.

{60144} In various embodiments, alkyl polygiucosides may be used as a co-additive

with metallic HER inhibitors.

{00145} A variety of additives are used in batteries {o optimize performance across
various metrics, including accessible capacity and Coulombic efficiency among others.
Some classes of additives that are good HER inhibitors can also be electrochemically active
in the same or a similar potental window to the electrode of interest (e.g., metallic HER
inhibitors or conductive additives). Since these additives can reversibly deposit on the
electrode, the mucrostructure of the electrode evolves over time and can form dendrites or

passivating films that short the cell or cause other failures.

{60146 in various embodiments, organic additives, such as the class of compounds
known as alkyl polyglocosides (APGs) may be used to control the chernical or
electrochemical deposition of metatlic ions 1o prevent the formation of dendrites or engender
and maintain specific architecturcs on the surface of an electrode. APGs are organic
surfactants derived from glucose and a fatty alcohol. The alcohol functional groups of APGs
may impart tmproved solubility in aguecus solutions. Molecules of APG are believed to
adsord at the iron surface and limit the rate of deposition of additives at the surface,
cncouraging the formation of even, controlled deposits on the surface. In some embodiments,
organic additives including, but not limited to, APGs may be included as additional additives
in the electrolyte. In some embodiments, the organic additives may be included in the
clectrolyte after the first charge (i.e., “dosed” into the cell). In some embodiments, the
organic additives may comprise other surfactant chemustries, including, but not imited to,
Linear alkylbenzene sulfonates, lignin sulfonates, fatty alcohol ethoxylates, and/or alkylphenol

cthoxylates.
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{00147] Various embodiments may include incorporation of tin into a current collector.

{60148 Additives that slow hydrogen evolution or lower HER activity on the iron
electrode may be used to improve the efficiency of iron oxide redoction. These additives
may be incorporated in various ways and in different form faciors o maximize interaction
and effect with the electrode of interest. In various embodiments, additives that lower HER

activity may be incorporated into the current collector.

{00149} Various emmbodiments may include incorporating tin or other meta¥/species
into the curvent collector. In various embodiments, the metalfspecies incorporated into the
carrent collector may be a HER inhibiting metal/species or a metal/species that lowers HER
activity. In some embodiments, a metal/species including, but not lunited to, tin is plated on
the current collector. In some embodiments, a metal/species including, but not lunited to, tin
is plated on the curvent collector in a layer thick enough to provide an amount of tin, or other
HER inhibiting species, equivalent to or less than (.1M upon dissolution in the electrolyte. In
some embodiments, a metal/species including, but not limited to, tin is coated by means of a
bot tin dip on one or both sides of a current collector in contact with the anode. n some
embodiments, a metal/species including, but not Hmited to, tn is electroplated on the current
collector. In some embodiments, the current collector is stainless steel, carbon steel, or
nickel. In some embodiments, a mixture of a metal/species including, but not lmited to, tin

and lead, are used.

{60156 Various erabodiments may include tin incorporation into sponge irons.
{00151} Tin can be a performance-enhancing additive in electrochemical energy

storage systems using iron negative clectrodes. More homogensous incorporation of tin-
containing additives is anticipated to enhance performance of iron electrodes. Low cost iron
sponge-based materials may not be produced with tin incorporated, potentially hmiting the
performance of these materials due to inhomogeneous incorporation. Similarly, sulfide
additives have been shown to enhance the performance of iron negative clectrodes, including
Nas§, FeS, SnS, SaS., MnS, and ZnS. Homogencous incorporation of any solid-state
additive into sponge iron precursors may be ditficult, especially in a cost-effective manner.
{00152} in various embodiments, prior to reduction of the sponge iron, desired
additives may be incorporated into the powder mixture that is vsed to produce the sponge
iron. In various embodiments, the additive may be incorporated in such a manner as to assure

it arrives in the final product in the desired state (as opposcd o evaporating away ot
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otherwise changing state in a way that would irreversibly lead o the additive losing
function).

[30153] In some embodiments, a casstterite ore concentrate or some other sowrce of tin
oxides, such as Sn(d:, may be incorporated into an wron ore concentraie for use in making
Direct Reduced Iron (DR such that it does not evaporate during the firing steps, and is then
co-reduced with the fron oxides to yield a tin-containing sponge after the reduction process
completes. In some embodiments, sodivm, zine, or manganese sulfide is added to an iron
oxide powder that is reduced to form an iron oxide sponge containing sodium sulfide, zinc
sulbfide, or mangancse sulfide. In some embodiments, materials containing multiple desired
solid state additives, e.g., cylindrite (PbSnsFeSbrS14), or a combination of materials, arg
incorporated into iron ore concentrate prior to reduction. In some embodiments, tin, or other

desired solid state additives, are incorporated into the iron ore concentrate prior o reduction.

{30154 In various embodiments, if the solid state additive is soluble in the electrolyte,
the solid state additive may be a pore former to increase the porosity of the ivon electrode as
well. In one example, a tin-based additive may be provided that dissolves in the electrolyie
for the iron negative electrode. In such cases the additive performs multiple design roles at

ONCE.

{30135} Various embodiments may include hydrogen oxidation catalysts and/or

hydrogen getters as additives to an anode of an electrochemical cell.

{00156] During the operation of an electrochenucal encrgy storage (ESS), electrodes of
the ESS participate in electrochemical reduction and oxidation reactions. Hydrogenisa
possible product of a reduction reaction of an ESS from a protic clectrolyte or an aqueous
electrolyie produced at a negative electrode (negode). In sorne embodiments, evolution of
hydrogen via electrolysis of an electolyte may be desired (for example, i a flow battery
where an anolyte comywises soluble hydrogenated products). However, in other
cmbodiments, such as in & metal-air battery, the evolution of hydrogen {for example, during
charging of 4 metal ncgode) may have undesirable consequences on operation and health of
the ESS.

{00157} A first undesirable consequence of hydrogen evolution at a metal negode
during charging may be formation of hydrogen gas bubbles. The formanon of bubbles within
the electrolyte may adversely impact performance of the ESS by limiting contact between the

clectrolyte and a surface of the nogode. Limiting contact between the electrolyie and the

36



WO 2022/232465 PCT/US2022/026844

surface of the negode may have knock-on adverse effects, such as hmting rate performance
of the ESS, and causing inhomogeneities in the current distribution (hot spots) on the surface
of the negode. The formation of hydrogen gas may lead to a pressure build-up, for example
in an BSS that comprises a sealed compartment or a guasi-sealed compartment, the
compartment further comprising a reduced-metal negode {ivon negode). Further, the pressure
build-up roay adversely Unpact safety and health of the ESS by causing a leak in the
compartment or being a source of fuel for an uncontrolled combustion or reduction side

reaction within the ESS.

{60158 A second undesirable consequence of hvdrogen evolution at a metal negode
during charging may be the conversion of electrical charge into parasitic side product, which
is useless for productive charging or discharging, for example decreasing the efficiency of the
{00159] Various embodiments may mitigate the adverse effects that resulis from the
cvolution of hydrogen. In some embodiments, the adverse effects that resulis from the
cvolution of hydrogen may be mitigated by inclusion of a molecular hydrogen getter, for
trapping hydrogen in a soluble or quasi-soluble form. A getter may be a degasser, absorber,
or scavenger. Examples of reversible getters include zirconium, magnesium-nickel alioys;
AB 5 Lanthanide-Nickel alloys, graphitic materials (graphite, graphene, low-dimensional
carbon materials}; phenyl propargyl ether; dimerized phenyl propargyi ether.  Additionally,
irreversible getters may be used in various emboediments in conjunction with, or on place of,
reversible getters. In various embodiments, the getter may be a surface in contact with the
electrolyte. In various embodiments, the getter moay be a filler material mixed into the anode
composite. In various embodiments, the getter may be a molecular component of the
clectrolyte. The purpose of the getter may be to sequester Hs - combating the bubbles
(rechanical/surface blocking effect), isolating Ho to prevent its consumption as a fuel in a
combustion reaction or side reaction and capturing the hydrogen so that it can be consumed

in HOR adding to a reversible capacity of the ESS.

301607 in some embodiments, the adverse effects that results from the evolution of
hydrogen may be mitigated by inclusion of a HOR catalyst. The purpose of the catalyst may
be to cnable consumption of hydrogen in productive oxidation {HOR) on discharge, add to a
reversible capacity of the ESS and improving Coulombic efficiency (and by extension round-

trip energy efficiency of the ESS system).
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{00161} Various embodiments may include lignosuifonate used as an electrolyte

additive and/or an anion selective membranes.

{00182} The irveversible loss of sulfide from tron anodes over the course of eycling in
an electrochemical cell or through calendar aging is one of the main causes for the loss of
accessible capacity in an ivon anode over time. Sulfide may be added to the anode or
clectrolyie of an wron-based battery to activate the anode material. Soroe amouont of sulfide
may be released on reduction of the tron during charge. After release from the iron surface,
the sulfide can then migrate to the positive electrode and rapidly and rreversibly oxidize. In
the absence of an applied potential, oxidation can still occur in the presence of an clectrode
with a sufficiently positive open civcuit potential or an oxidizing agent {e.g., oxygen). This
oxidation leads to the accumulation of oxidized sulfur species, such as suifate, in the
clectrolyte and at the positive electrode. In cortain electrolytes, the suifate will precipitate as
an alkali sulfate salt, occluding the active area of the electrodes by clogging the poves through
chemisorption or physisorption or physically block blocking diffusion paths to the electrode

surface through the accumulation of precipitate in the electrolytc.

160163] I various embodiments, additives can be added to the anode or electrolyte to
reduce the migration of the sulfide to the positive electrode or consume the sulfide or sulfate
released from the anode.  In various embodiments, additionally or alternatively, anion-
selective membrancs or separators can be introduced between the negative and positive

clectrode to impede (or further impede) migration of specific ions.

{00154] In various embodiments, lignin and its derivatives, such as lignosuifonate,
may be used as additives in the electrolyie, as part of a membrane, and/or as a sulfide sink in
a battery containing an iron anode. In caustic sofution, lignin may react with sulfide and its
oxidized byprodacts to produce lignosulfonate, and may prevent the migration of sulfide to
the positive electrode by reacting with the sulfide betfore it can reach the positive electrode.
The resulting lignosulfonate may then chelate impuritics in the electrolyte, preventing the
potentially barmful chemicals or 1ons from interacting with either electrode. In various
embodiments, the Hgnosulfonate can be incorporated into the system via electrical connection

to the anode, in a permeable container adjacent to the anode, and/or in the electrolyte.

{30165] In some embodiments, lignin, lignosul{onate, or a mixture of the two may be
added directly to the electrolyte solution (e.g., 5.85 M KOH, 0.05 M LiCH. .01 M Na:5)

before cycling, immediately prior to cycling, or during cycling in ranges between 0.1vol%
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and 10vol%. In some embodiments, hignosulfonate-type additives including, but not limited
to, sodivm lignosulfonate may be included as additional additives in the electrolyte with
concentrations between 0.1 vol% and 10 vol%. In some embodiments, the lignosulfonate-
type may be included with concentrations between 0.1 vol% and 1 vol%. In some
embodiments, the lignosulfonate-type additives may be included with concentrations between
1 vol% and 10 vol%. In some embodiments, the lignosulfonate-type additives may be
inchuded in the electrolyte after some period of formation cycling (i.e., “dosed” into the cell).
In some embodiments, the Hgnosulfonate-type additives may be included in the elecurolyte
after the sulfide in solution is determined to be below a certain threshold {c.g., <1.0E-3M or
<1.0E-6M). In some embodiments, the lignosulfonate-type additives may comprise other

chemistries, including, but not limited to, other functionalized sulfonic acids.

{00166} In some embodiments, lignin, lignosulfonate, or a2 mixture of the two may be
added to the anode directly. In some embodiments, lignosuifonate-type additives including,
but not linited to, sodium lignoswlfonate may be included as additives in the anode directly.
In some ermbodiments, the lignosulfonate-type may be inchided as additives in the anode
directly. In some embodiments, the lignosulfonate-type additives roay be included as
additives in the anode. It some embodiments, the lignosulfonate-type additives may be
inchuded in the anode prior to assembly info an clectrode. In some embodiments, the

lignosulfonate-type additives may be incorporated on the outside of the anode after forming.

{00167} In various embodiments, lignin, lignosulfonate, or a mixture of the two may be
coated on a membrance placed in an electrochemical cell. FHG. 7 illusirates aspects of an
electrochemical cell including a lingosulfonate roernbrane in accordance with various
embodiments. In some embodiments, lignin, hgnosaifonate, or a mixture of the two may be
coated on a membrane (€.g., cellulose, Celgard, ete.), which is then placed between the Fe
negative electrode and Ni positive clectrode. The cell may be then filled with an electrolyie
solution containing sulfide {e.g., 5.95M KOH, 0.05M LiOGH, 0.01M NasS} and cycled
normally. In some embodiments, lignin, lignosulfonats, or a mixture of the two are coated on
a membrane {¢.g., ccliulose, Celgard, etc.), which 18 then placed between the Fe negative
electrode containing a sulfide source and Ni positive clectrode. The cell may then be filled
with an clectrolyte solution without sulfide {c.g., 3.95M KOH, 0.05M LiGH) and cycled
normally. In some embodiments, ligunin, lignosulfonate, or a mixture of the two are coated on
a membrane {e.g., cethilose, Celgard, etc.), which is then placed between the Te negative

clectrode containing a sulfide source and Ni positive electrode. The cell may then be filled
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with an electrolyte solution containing sulfide {e.g., 5.95M KOH, 0.05M LiOH, 0.01M NazS)

and cycled normally.

{001s8] Various erobodiments may provide devices and/or methods for ase in bulk
energy storage systems, such as long duration energy storage (LODES) systems, short
duration energy storage {SDES) systerns, efc. As an example, various embodiments may
provide batteries for bulk encrgy storage systems, such as batteries for LODES systems.
Renewable power sources are becoming more prevalent and cost effective. However, many
rencwable power sources face an intermittency problem that is hindering renewable power
source adoption. The impact of the intermittent fendencies 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 systemas {¢.g., a power plant having a rencwable power
generation souree paired with a bulk energy storage system and transmission 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, transmission, and storage sysicms,

such as the various embodiment devices and methods described herein, are needed.

{60169} A combined power gencration, transmission, and storage systom may be a
power plant including one or more power gencration sources {e.g., one or more rencwable
power generalion sources, one or more non-renewable power generations sources,
combinations of renewable and non-renewable power generation sourees, £C.), on¢ of more
transmission facilities, and one or more bulk cnergy storage systems. Transroission facilities
at any of the power plant and/or the bulk energy storage sysiems may be co-optimized with
the power generation and storage systeim or may impose constrainis on the power generation
and storage system design and operation. The combined power generation, transroission, and
storage systems may be configured to mecet various output goals, under various design and

operating constramts.

{00174 FIGS. 8-16 illustrate various example systerns in which one or more aspects of
the various embodiments may be used as part of bulk energy storage systerns, such as
LODES systems, SDES systems, etc. For example, various embodiments described herein
with reference to FIGS. 1-16 may be used as baiteries for bulk energy storage systems, such
as LODES systems, SDES systerus, etc. and/or various electrodes as deseribed herein roay be
used as components for bulk energy storage systems. As used herein, the term “LODES

system’ may mean energy Age cm configured ay have a rated ati
systermy’” may mean a bulk energy storage system configured to may have a rated duration
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{energy/power ratio) of 24 hours (h) or greater, such as a duration of 24 h, a duration of 24 h
to 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 dwration of 24 hto 500 b, a

duration greater than 500 b, ete.

{00171} FIG. § illustrates an examople system in which one or more aspects of the
various ermnbodiments may be used as part of bulk energy storage system. As a specific
cxample, the bulk energy storage systerm incorporating one or more aspects of the various
cmbodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various electrodes described herein,
etc. The LODES system 2404 may be electrically connected to a wind farm 2402 and one or
more transmission facilities 2406, The wind farm 2402 may be clectrically connected to the
transmission facilitics 2406. The transmission facilitics 2406 may be clectrically connected
to the grid 2408. The wind farm 2402 may geverate power and the wind farro 2402 may
output generated power to the LODES system 2404 and/or the wansmission facilities 2406.
The LODES system 2404 may store power received from the wind farm 2402 and/or the
transinission facilities 2406, The LODES system 2404 may output stored power to the
transmission facilities 2406. The transmission faciiiies 2406 may output power received
from ong or both of the wind farm 2402 and LODES system 2404 to the grid 2408 and/or
may receive power from the grid 2408 and output that power to the LODES svystem 2404,
Together the wind farm 2402, the LODES system 2404, and the transroission facilities 2406
may constitiie a power plant 2400 that may be a combined power generation, transmission,
and storage system. The power generated by the wind farm 2402 may be directly fed to the
grid 2408 through the transmission facilities 2406, or may be first stored in the LODES
system 2404, In certain cases, the power supplied to the grid 2408 may come entirely from
the wind farm 24072, entively from the LODES system 2404, or from a combination of the
wind farm 2402 and the LODES system 2404. The dispaich of power from the cormbined
wind farm 2402 and LODES system 2404 power plant 2400 may be controlied according to a
determined long-range (multi-day or even multi-year) schedule, or may be controlicd
according to a day-ahead (24 hour advance notice) market, or may be controlled according to

an hour-ahead market, or may be controlled in response o real time pricing signals.

{60172} As one example of operation of the powsr plant 2400, the LODES system
2404 may be used to reshape and “firn” the power produced by the wind farm 2402, In one

such example, the wind farm 2402 may have a peak generation output (capacity) of 260
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megawatts {(MW) and a capacity factor (CF) of 41%. The LODES system 2404 may have a
power rating {capacity) of 106 MW, a rated duration {energy/power ratio) of 150 hours (h},
and an energy rating of 15,900 megawatt hovrs (MWh). In another such example, the wind
farm 2402 may have a peak generation cutput {capacity) of 300 MW and a capacity factor
(CE) of 41%. The LODES system 2404 may have a power rating of 106 MW, a rated
duration {(encrgv/power ratio) of 200 h and an energy rating of 21,200 MWh. In another such
example, the wind farro 2402 may have a peak generation output (capacity) of 176 MW and a
capacity factor (CF) of 53%. The LODES system 2404 may have a power rating {capacity)
of 88 MW, a rated duration {energy/power ratio} of 150 h and an energy rating of 13,200
MWh. In another such exarople, the wind farm 2402 may have a peak generation ouiput
{capacity) of 277 MW and a capacity factor (CF) of 41%. The LODES system 2404 may
have a power rating (capacity) of 97 MW, a rated duration (cnergy/power ratio) of 53¢ h and
an coergy rating of 4.850 MWh. In another such example, the wind farm 2402 may have a
peak generation output (capacity) of 315 MW and a capacity factor (CFy of 41%. The
LODES system 2404 may have a power rating {capacity) of 110 MW, a rated duration

{encrgy/power ratio) of 25 h and an energy rating of 2,730 MWh,
gY/P £) £

{00173} FIG. 9 illustrates an example system in which one or more aspects of the
varicus embodiments may be used as part of bulk cnergy storage system. As a speeific
cxample, the bulk energy storage system incorporating one or more aspects of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various elecitrodes described herein,
cte. The system of FIG. 9 may be similar fo the system of FIG. 8, except a photovoltaic (PV)
farm 2502 may be substituted for the wind farm 2402, The LODES systern 2404 may be
electrically connected to the PV farm 2502 and one or more transmission facilities 2406, The
PV farm 2502 may be electrically connected to the transmission facilities 2406. The
transmission facilities 2406 may be electrically connected to the grid 2408, The PV farm
2592 may generate power and the PV farm 2502 may output generated power to the LODES
systemn 2404 and/or the transmission facilities 2406. The LODES system 2404 may store
power received from the PV fare 2502 and/or the transmission facilities 2406, The LODES
system 2404 may output stored power o the transmission facilitics 2406, The wansmission
facihities 2406 may output power received from one or both of the PV farm 2502 and LODES
system 2404 to the grid 2408 and/or may receive power from the grid 2408 and output that

power to the LODES system 2404. Together the PV farm 2502, the LODES system 2404,
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and the wansmission facilities 2406 may constitute a power plant 250{ that may be a
combined power generation, transmission, and storage systerm. The power generated by the
PV farm 2502 may be directly fed to the grid 2408 through the transmission facilities 2446,
or may be first stored in the LODES system 2404. In certain cases, the power supplied to the
grid 2408 may come entively from the PV farm 2502, entively from the LODES system 2404,
or from a combination of the PV farm 2502 and the LODES system 2404. The dispatch of
power from the combined PV farmm 2502 and LODES system 2404 power plant 2500 may be
controlled according to a determined long-range (multi-day or even multi-year) schedule, or
may be controlled according to a day-ahead (24 hour advance notice) market, or may be
controlled according to an hour-ahead market, or may be controlled in response to real time

pricing signals.

{00174} As one example of operation of the power plant 2500, the LODES systern
2404 may be used to reshape and “firnt” the power prodaced by the PV farm 2502, Tnone
such example, the PV farm 2502 may have a peak generation output (capacity) of 490 MW
and a capacity factor (CF) of 24%. The LODES system 2404 may have a power rating
{capacity) of 340 MW, a rated duration (energy/power ratio) of 150 h and an energy rating of
51,000 MWh. In another such example, the PV farm 2502 may have a peak generation output
(capacity) of 680 MW and a capacity factor (CF) of 24%. The LODES system 2404 may
have a power rating (capacity} of 410 MW, a rated duration (encrgy/power vatin) of 200 h,
and an energy rating of 82,000 MWh. In another such example, the PV farm 2502 may bhave
a peak generation output (capacity) of 330 MW and a capacity factor (CF) of 31%. The
LODES systern 2404 may have a power rating {capacity) of 215 MW, a rated duration
{energy/power ratio) of 150 h, and an energy rating of 32,250 MWh. In another such
example, the PV farm 2502 may have a peak generation output (capacity) of 510 MW and a
capacity factor (CF) of 24%. The LODES systern 2404 may have a power rating {capacity}
of 380 MW, a rated duration {energy/power ratio} of 50 b, and an energy rating of 19,000
MWh. In another such example, the PV farm 2502 may have a peak generation output
{capacity} of 630 MW and a capacity factor (CF) of 24%. The LODES system 2404 may
bave a power rating (capacity) of 380 MW, a rated duration (energy/power ratio} of 25 h, and

an energy rating of 9,500 Mwh.

{60175} FIG. 10 illustrates an exaraple system in which one or more aspects of the
various ermnbodiments may be used as part of bulk energy storage system. As a specific

cxample, the bulk energy storage systerm incorporating one or more aspects of the various
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embodiments may be a LODES system 2404. As an example, the LODES systemn 2404 may
include various embodiment batteries described herein, various elecitrodes described herein,
ete. The system of FIG. 10 may be similar to the systems of FIGS. 8 and 9, except the wind
farm 2402 and the photovoltaic (PV) farm 2302 may both be power generators working
together in the power plant 2600, Together the PV farm 2502, wind farm 2402, the LODES
system 2404, and the transmoission facilities 2406 may constiiute the power plant 2600 that
may be a combined power generation, transyuission, and storage system. The power
generated by the PV farm 2502 and/or the wind farm 2402 may be directly fed to the grid
2408 through the transmission facilities 2406, or may be first stored in the LODES system
2404, In certain cases, the power supplied to the grid 2408 may come entively from the PV
farm 2502, entively from the wind farm 2402, entively from the LODES system 2404, or from
a combination of the PV farm 2502, the wind farm 2402, and the LODES system 2404. The
dispatch of power from the combined wind farm 2402, PV farm 2502, and LODES systern
2404 power plant 2600 may be controlled according to a determuined long-range (multi-day or
even mult-year} schedule, or may be controlied according to a day-ahead (24 hour advance
notice} moarket, or may be controlled according to an hour-zhead market, or may be controlled

in response to real time pricing signals.

{60176} As one example of operation of the power plant 2600, the LODES system
2404 moay be used to reshape and “firm” the power produced by the wind faro 2402 and the
PV farm 2502, In one such example, the wind farm 2402 may have a peak generation output
{capacity) of 126 MW and a capacity factor {CF) of 41% and the PV farm 2502 may have a
peak generation ouiput (capacity) of 126 MW and a capacity factor (CF) of 24%. The
LODES systern 2404 may have 4 power rating {capacity) of 63 MW, a rated duration
(energy/power ratio) of 150 h, and an energy rating of 9,450 MWh. In another such example,
the wind farm 2402 may have a peak generation output {capacity) of 170 MW and a capacity
factor (CF) of 41% and the PV farm 2502 may have a peak generation output {capacity} of
110 MW and a capacity factor (CF) of 24%. The LODES system 2404 may have a power
rating (capacity) of 57 MW, a rated duration {energy/power ratioy of 200 h, and an energy
vating of 11,400 MWh. In another such exarople, the wind farm 2402 may have a peak
generation output {capacity) of 105 MW and a capacity factor {CF) of 51% and the PV famm
2502 may have a peak generation cutput (capacity) of 70 MW and a capacity factor (CF) of
31 The LODES system 2404 may have a power rating (capacity) of 61 MW, a rated duration

{energy/power ratio) of 150k, and an energy rating of 9,150 MWh. in another such example,
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the wind farm 2402 may have a peak generation output (capacity) of 135 MW and a capacity
factor (CF) of 41% and the PV farm 2502 may have a peak generation output (capacity} of 90
MW and a capacity factor (CF) of 24%. The LODES systern 2404 may have a power rating
{capacity) of 68 MW, a rated doration (enevgy/power ratio) of 50 h, and an epergy rating of
3,400 MWh. In another such example, the wind farm 2402 may have a peak generation
output (capacity} of 144 MW and a capacity factor (CF) of 41% and the PV farm 2502 may
have a peak generation output (capacity) of 96 MW and a capacity factor (CF) of 24%. The
LODES system 2404 may have a power rating {capacity) of 72 MW, a rated duration

-

{encrgy/power ratio) of 25 h, and an energy rating of 1,800 MWh

{00177] FIG. 11 illustrates an example system in which one or more aspects of the
varicus embodiments may be used as part of bulk cnergy storage system. As a speeific
cxample, the bulk energy storage system incorporating one or more aspects of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various electrodes described herein,
ctc. The LODES system 2404 may be clectrically connected to one or more {ransmission
facilities 2406. In this manner, the LODES systern 2404 may operate in a “stand-alone”
manner o arbiter energy around market prices and/or to avoid transmission constraints. The
LODES system 2404 may be clectrically connected to one or more transmission facilitics
2406, The transnussion facilities 2406 may be electrically connected to the grid 2408, The
LODES system 2404 may store power received from the transmission facilities 2406, The
LODES system 2404 may output stored power o the transmission facilitics 2406. The
transmission facilities 2406 may output power received from the LODES systerm 2404 to the
grid 2408 and/or may receive power from the grid 2408 and output that power to the LODES

system 2404

{00178} Together the LODES systern 2404 and the transmission facilities 2406 may
constituie a power plant 900. As an example, the power plant 900 may be sifuated
downstream of a transmission constraint, close to clecirical consumption. In such an example
downstrearn situated power plant 2700, the LODES system 2404 may bave a duration of 24h
to 300h and may undergo one or more full discharges a year to support peak elecirical
consumyptions at times when the transmission capacity is not sufficient to serve customers.
Additionally in such an exampic downstream situated power plant 2700, the LODES system
2404 may undergo several shallow discharges (daily or at higher frequency) to arbiter the

difference between nighttime and daytime electricity prices and reduce the overall cost of
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clectrical service to customer. As a further example, the power plant 2700 may be situated
upstream of a ransmission consiraing, close to clectrical generation. In such an example
upstream situated power plant 2700, the LODES system 2404 may have a duration of 24h to
540h and may undergo one or move full charges a year to absorb excess generation at times
when the transmission capacity is not sutficient to distribute the electricity to customers.
Additionally in such an examople upstream situated power plant 2700, the LODES system
2404 yoay undergo several shallow charges and discharges (daily or at higher frequency) to
arbiter the difference between nighttime and daytime electricity prices and maximnze the

value of the output of the gencration facilities.

{00179] FIG. 12 illustrates an example system in which one or more aspects of the
varicus embodiments may be used as part of bulk cnergy storage system. As a speeific
cxample, the bulk energy storage system incorporating one or more aspects of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various electrodes described herein,
ctc. The LODES system 2404 may be electrically connected to a commercial and industrial
{(C&D custorner 2802, such as a data center, factory, etc. The LODES systemn 2404 may be
electrically connected to one or more transmission facilities 2406. The wansmission facilities
2406 may be electrically connected to the grid 2408, The transmission facilities 2406 may
receive power from the grid 2408 and output that power to the LODES system 2404, The
LODES system 2404 may store power received from the transmission facilities 2406, The
LODES system 2404 may output stored power to the C&I customer 2802, In this manner,
the LODES system 2404 may operate to reshape electricity purchased from the grid 2408 to

match the consuraption patiern of the C&I customer 2802,

{00180] Together, the LODES system 2404 and transmission facilities 2406 may
constitute a power plant 2800. As an example, the power plant 2800 may be situated close to
electrical consumption, 1.e., close to the C&I customer 2802, such as between the grid 2408
and the C&f customer 2802, In such an example, the LODES systern 2404 may have a
duration of 24h to 500h and may buy clectricity from the markets and thercby charge the
LODES systern 2404 at times when the electricity is cheaper. The LODES system 2404 roay
then discharge to provide the &1 customer 2802 with electricity at times when the market
price is expensive, thercfore offsetting the market purchases of the C&I customer 2802, As
an alternative configuration, rather than being situated between the grid 2408 and the C&1

customer 2802, the power plant 2800 may be situated between a renewable source, such as a
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PV farm, wind farm, etc., and the transmission facilities 2406 may connect to the renewable
source. in such an alternative example, the LODES system 2404 may have a duration of 24h
to 5300h, and the LODES systern 2404 may charge at times when renewable output may he
available. The LODES system 2404 may then discharge to provide the C&I customer 2802
with renewable generated electricity so as to cover a portion, or the entirety, of the C&l

customer 28072 electricity needs.

{00181} FIG. 13 ilustrates an example system in which one or more aspects of the
various cmbodiments may be used as part of bulk energy storage system. As a specific
cxample, the bulk encrgy storage system incorporating onc or more aspecis of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various electrodes described herein,
cte. The LODES system 2404 may be electrically connected to a wind farm 2402 and one or
more ransmission facilities 2406, The wind farm 2402 may be electrically connected to the
transmission facilities 2406. The transmission facilitics 2406 may be electrically connected
0 a C&I custorner 2802, The wind farm 2402 may generate powser and the wind farm 2402
may output generated power to the LODES systern 2404 and/or the ransmission facilities

2406, The LODES system 2404 may store power received from the wind farm 2402.

{00182} The LODES systern 2404 may output stoved power fo the transmission
facilities 2406. The wansmussion facilities 2406 may output power received from one or both
of the wind farm 2402 and LODES system 2404 to the C&I customer 2802, Together the
wind farra 24072, the LODES system 2404, and the transmuission facilities 2400 may
constitute a power plant 2900 that may be a combined power generation, ransmission, and
storage system. The power generated by the wind farm 2402 may be directly fed to the C&I
customer 2802 through the transmission facilitics 2406, or may be first stored in the LODES
system 2404, In certain cases, the power supplied to the C&I customer 2802 may come
entirely from the wind farm 2402, entirely from the LODES system 2404, or from a
combination of the wind farm 2402 and the LODES system 2404, The LODES system 2404
may be used to reshape the eleciricity generated by the wind farm 2402 1o maich the
consuruption pattern of the C&1 customer 2802, In one such example, the LODES system
2404 may have a duration of 24h to 500h and may charge when renewable generation by the
wind farm 2402 exceeds the C&l customer 2802 load. The LODES system 2404 may then

discharge when renewable generation by the wind farm 2402 falls short of C&T customer
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28802 load so as to provide the C&1 customer 2802 with a firm renewable profile that offsets a

fraction, or all of, the C&i customer 2802 electrical consumption.

{00183] FIG. 14 illustrates an example system in which one or more aspects of the
varicus embodiments may be used as part of bulk cnergy storage system. As a speeific
cxample, the bulk energy storage system incorporating one or more aspects of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various electrodes described herein,
ctc. The LODES system 2404 may be part of a power plant 3000 that is used {o integrate
large amounts of renewable gencration in raicrogrids and barmonize the output of rencwable
generation by, for example a PV farm 2502 and wind farm 2402, with existng thermal
generation by, for example a thermal power plant 3002 (e.g., a gas plant, a coal plant, a diesel
generator set, efc., or a combination of thermal generation methods), while renewable
generation and thermal generation supply the C&I customer 2802 load at high availability.
Microgrids, such as the microgrid constituted by the power plant 3000 and the thermal power
plant 3002, may provide availability that is 90% or higher. The power generated by the PV
farm 2302 andfor the wind farm 2402 may be divectly fed to the C&1 customer 2802, or may

be first stored in the LODES system 2404,

{00184) In certain cases, the power supplied to the C&l customer 2802 may come
entirely from the PV farmo 2502, entirely from the wind farm 2402, entirely from the LODES
system 2404, entirely from the thermal power plant 3002, or from any combination of the PV
farm 2302, the wind farm 2402, the LODES system 244, and/or the thermal power plant
3002, As examples, the LODES system 2404 of the power plant 3000 may have a duration
of 24h to 500h. As a specific example, the C&I customer 2802 load may have a peak of 100
MW, the LODES system 2404 may have a power rating of 14 MW and duration of 150 h,
natural gas may cost $6/million British thermal units (MMBTL), and the rencwable
penetration may be 58%. As another specific exampie, the C&I customer 2802 load may
have a peak of 100 MW, the LODES system 2404 may have a power rating of 25 MW and
duration of 150 h, natural gas may cost $&/MMBTU, and the renewable penetration may be
63%.

{00185} FIG. 15 iHustrates an exarople system in which one or mote aspects of the
various ermnbodiments may be used as part of bulk energy storage system. As a specific
cxample, the bulk energy storage systerm incorporating one or more aspects of the various

cmbodiments may be a LODES system 2404. As an example, the LODES system 2404 may
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include various embodiment batteries described herein, various electrodes described herein,
etc. The LODES system 2404 may be used to augment a nuclear plant 3102 {or other
inflexible gencration faciity, such as a thermal, a biomass, etc., and/or any other type plant
having a ramp-rate lower than 50% of rated power in one howr and a high capacity factor of
80% or higher) to add flexibility to the combined output of the power plant 3100 constituted
by the commbined LODES systern 2404 and nuclear plant 3102, The nuclear plant 3102 may
operate at high capacity factor and at the highest efficiency point, while the LODES systemn
2484 may charge and discharge to effectively reshape the output of the nuclear plant 3102 to
match a customer electrical consumption andfor a market price of electricity. As examples,
the LODES system 2404 of the power plant 3100 roay have a duration of 24h to S00h. Tnone
specific example, the nuclear plant 3102 may have 1,000 MW of rated output and the nuclear
plant 3102 may be forced inte prolonged periods of minimum stable generation or even
shutdowns because of depressed market pricing of clectricity. The LODES system 2404 may
avoid facility shutdowns and charge at times of depressed market pricing; and the LODES
system 2404 may subsequently discharge and boost total output generation at times of

inflared market pricing.

{00186] FIG. 16 illustrates an example system in which one or more aspects of the
varicus embodiments may be used as part of bulk cnergy storage system. As a speeific
cxample, the bulk energy storage system incorporating one or more aspects of the various
embodiments may be a LODES system 2404. As an example, the LODES system 2404 may
include various embodiment batteries described herein, various elecitrodes described herein,
ctc. The LODES system 2404 may operate in tandem with a SDES system 3202, Together
the LODES system 2404 and SDES system 3202 may constitute a power plant 3200, As an
example, the LODES system 2404 and SDES system 3202 may be co-optimized whereby the
LODES system 2404 may provide various scrvices, including long-duration back-up and/or
bridging through multi-day flucteations {e.g., multi-day fluctuations in market pricing,
renewable generation, electrical consumption, etc.), and the 3DES system 3202 may provide
various services, including fast ancillary services {e.g. voiltage conirol, frequency regulation,
ctc.) andfor bridging through intra-day fluctuations {c.g., inira-day fluctuations in market
pricing, renewable generation, electrical consumption, etc.). The SDES system 3202 may
have durations of less than 10 hours and round-trip efficiencies of greater than 80%. The
LODES system 2404 may have durations of 24h to 500h and round-trip efficiencies of

greater than 40%. In one such example, the LODES system 2404 may have a duration of 150
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howrs and support customer electrical consumption for up to a week of renewable under-
generation. The LODES system 2404 may also support customer electrical consumption
during intra-day under-generation events, augmenting the capabilitics of the SDES system
3202. Farther, the SDES system 3202 may supply customers during intra-day under-
generation events and provide power conditioning and quality services such as voltage

control and frequency regulation.

{00187} Various examples of aspects of the various embodiments arve described in the
following paragraphs.

{00188] Example 1. A battery, comprising: a first electrode, comprising ivon; an

1

clectrolyte; and a second electrode, wherein the first electrode or the clectrolyte includes an
additive. Example 2. The batiery of example 1, wherein the additive contains an clerent
that has a low hydrogen evolution reaction (HER}) activity and/or improves charging of the
first electrode. Example 3. The battery of any of examples 1-2, wherein the ivon comprises
direct reduced wron (DRI and/or another sponge ron powder. Example 4. The battery of any
of cxamples 1-3, wherein the element comprises tin and/or antimony. Exaraple 5. The
battery of example 4, wherein the additive comprises sodium stannate tribydrate

(Nax$n0s 3HO), metallic tin, potassium stannate rihydrate (KoSaGs-3H:O), tin oxide
(SnO7), cylindrite (PhaSnyFeSba8 1), copper iron tin sulfide (CuaFeSnS4), lead-tin alloys
{60/40 Sn/Ph solder, 63/37 Sn/Ph solder, Terne 1 alloy: 18-20% Sn, balance Ph), zinc-tin
alioys {Terne H alloy: 18-20% Sh, balance Zn)}, or tin sulfide (5nS or 5nS»). Examplc 6. The
battery of any of exaraples 1-5, wherein the additive s in the clectrolvie in a concentration of
(.1 mM or greater. Hxample 7. The battery of example 6, wherein the additive is in the
electrolyte in a concentration of about 10 mM. Example 8. The battery of example 6.
wherein the additive is in the electrolyte in a concentration of about 160 oM. Example 9.
The battery of example 6, wherein the additive is in the electrolyte in a concentration of about
10 mM to about 100mM. Example 10. The battery of example 6, wherein the additive is in
the electrolyte in a concentration of about 650 mM, or whersin the additive is in the
clectrolyte in a concentration of about 56 oM. Example 11, The battery of example 6,
wherein the additive is 1n the electrolyie in a concentration of about 670 mM. Example 12,
The battery of exaraplce 6, wherein the additive is in the electrolyic in a concentration of about
750 mM. Example 13. The battery of example 6, wherein the additive is in the electrolyte at
or below a saturation limit. Example 14, The battery of any of examples 1-5, whercin the

additive is in the first electrode in an amount from about 8.1 wt % of the first electrode to
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about 20 wt % of the first electrode. Example 15, The battery of example 14, wherein the
additive is in the first electrode in an amount of about 1 wi%. Example 16. The battery of
cxample 14, wherein the additive is in the first electrode in an amount of about 6 wt%.
Example 17. The battery of example 14, wherein the additive is in the first electrode in an
amount of about I wi% to 10 wi%. Example 18. The battery of any of examples 1-17,
wherein the electrolyte comprises lithium hydroxide (LAOH), potassium bydroxide (KOH)
and/or sodium hydroxide (NaOH), and optionally sodium sulfide (Na»x8). Example 19. The
battery of any of examples 1-18, wherein the additive is plated on the second electrode.
Example 20. The battery of any of examples 1-19, wherein the additive s disposad in a
reservoir suspended in the electrolyte. Example 21. The batiery of any of examples 1-3 and
18-20, wherein the additive comprises antimony. Example 22, The battery of any of
examples 1-21, wherein the clectrolyte comprises one or more hydroxide and a total
hydroxide concentration in the efectrolyte is about 6M or greater. Exarople 23. The batiery
of any of examples 1-21, wherein the electrolyte comprises one or more hydroxide and a total
hydroxide concentration in the electrolyte is greater than 7 M. Example 24. The battery of
cxample 23, wherein the total hydroxide concentration in the clectrolvie is greater than 7 M
and less than orequal to 11 M. Exarople 25, The battery of example 24, wherein the
electrolyte includes greater than 6 M of combined KOH and NaOH and greater than or equal
to .05 M of LIOH. Example 26. The battery of example 24, wherein the electrolyte
inchides greater a conceniration of KOH, NaQH, and LiOH such that a molar concentration
of KOH is greater than a molar concentration of NaOH and the molar concentration of NaOH
is greater than a molar concentration of LiOH. Example 27. The battery of exampie 23,
wherein the total hydroxide concentration in the clectrolyte is greater than 7 M and less than
10 M. Exarople 28. The hattery of example 23, wherein the total hydroxide concentration in
the elecorolyte is greater than 7.5 M and less than 9.5 M. Example 29. The battery of any of
examples 27-28, whercin the electrolyte includes KOH. Example 30, The battery of any of
examples 22-29, wherein the electrolyte includes at least 3.05 M of LiOH. Example 31, The
battery of any of examples 22-30, wherein the electrolyte includes any one or more of KOH,
NaQOH, LiOH, RbOH, CsOH, FrOH, Be(OH), Ca(OH), Mg{OH),, Sr{OH), Ra(OH),
Ba(OH) and mixtures thereof. Exarmaple 32, The battery of any of examples 22-31, wherein
the electrolyte includes a sulfide. Example 33. The battery of example 32, wherein the
sulfide concentration in the electrolyte is between 0.001 M and 0.5 M. Example 34. The
hattery of any of examples 21-30, wherein the electrolyte does not include 3 suifide.

Example 35. The battery of any of examples 1-34, wherein the additive is at least partially a
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solid. Example 36. The battery of example 35, wherein a surface area of the solid is selected
to provide a level of reactivity such that there is a constant flux of additive into the liguid
clectrolyte phase and/or to maintain the additive concentration in the liquid clectrolyte phase

at or above a selected concentration.

{00189} Example 37. A battery, comprising: a first electrode, comprising iron; an
clectrolyte; and a second electrode, wherein the electrolyie comprises one or more hydroxide.
{00194} Example 38. The battery of example 37, wherein the iron is direct reduced
iron (DRI) or another sponge iron powdet.

{60191} Exaraple 39. A battery, comprising: a first electrode, comprising divect
reduced ron (DRI} or another sponge iron powder; an electrolyte comprising an hydroxide;
and a second electrode, wherein the first clectrode or the electrolyte further comprises an
additive, said additive comprising at least one of tin, lead, or antimony.

{80192} Example 40. The battery of any of examples 37-39, wherein a total hydroxide
concentration in the electrolyte is about 6 M or greater. Example 41. The battery of any of
cxamples 37-39, wherein a total hydroxide concenivation in the clectrolyte is greater than 7
M. Example 42. The battery of example 41, wherein the total hydroxide concentration in the
electrolyte is greater than 7 M and less than orequal to 11 M. Example 43. The battery of
example 42, wherein the electrolyte includes greater than 6 M of combined KOH and NaOH
and greater than or equal to 0.05 M of LiOH. Example 44. The battery of example 42,
wherein the electrolyte includes greater a concentration of KOH, NaOH, and LiOH such that
a molar concentration of KOH is greater than a molar concentration of NaOH and the molar
concentration of NaOH is greater than a molar concentration of LIOH. Example 45, The
battery any of examples 37-39, wherein the total bydroxide coneentration in the electrolyte is
greater than 7 M and less than 10 M. Example 46. The battery of any of examples 37-3%,
wherein the total hydroxide concentration in the electrolyte is greater than 7.5 M and less
than 9.3 M. Example 47. The battery of any of examples 45-46, wherein the clectrolyte
includes KOH. Example 48, The battery of any of examples 37-47, wherein the electrolyie
includes at least 0.05 M of LiOH. Example 49. The battery of any of cxamples 37-48,
wherein the clectrolyte includes any one or more of KOH, NaOH, LiOH, RbOH, (UsOH,
Fr(OH, Be(OH), Ca(OH), Mg(OR). Ste{OH})s, Ra{OH):, Ba{OH) and mixowes thereof.
Example 30. The battery of any of examples 37-49, wherein the electrolyte includes a

suffide. Example 51. The batiery of example 50, wherein the sulfide concentration in the
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electrolyte is between 0.001 M and 0.5 M. Example 52. The battery of any of examples 37-
49, wherein the electrolyte does not include a suifide.

{00193] Exaraple 33. A bulk energy storage syster, comprising: a stack of one or
more batteries, wherein at least one of the one or more batteries comprises a battery of any of
examples 1-52. Example 54. The bulk energy storage system of example 33, wherein the
bulk energy storage system is a long duration energy storage (LODES) system. Example 35.
The buolk energy storage system of example 54, wherein the LODES system is configured to
discharge for a period greater than 24 hours. Exampie 56. The bulk energy storage system of
cxample 35, wherein the LODES system is configured to discharge for a period greater than
system is configured to discharge for a period greater than 100 howrs. Example 58. The bulk
energy storage system of example 55, wherein the LODES system is configured to discharge
for a period greater than 1390 hours.

{80194} Example 59. A method of operating a battery having an iron-based electrode,
comprising: adding an additive of any of examples 1-36 to the battery; and/or adding a
bydroxide according to any of examples 37-52 to the battery. Exarople 60. The mwethod of
example 39, wherein the iron-based electrode comprises DRI or another sponge iron powder.
Example 61. The method of example 59, further comprising adding one or more organic
additives to an electrolyte of the battery. Example 62. The method of exarmple 61, wherein
the one or more organic additives comprise one or more alkvl polvglucosides. Example 63.
The method of any of examples 59-62, further comprising incorporatng tin into a current
collector of the battery. Example 64. The method of any of examples 59-62, further
coraprising, prior to reduction of sponge ron, incorporating sclected additives into a powder
mixture that is used to produce the sponge wron. Example 65, The method of any of
examples 59-64, further comprising adding a HOR catalyst to the battery. Example 66. The
method of any of examples 59-65, further comprising trapping hydrogen in a soluble or
quasi-soluble form. Example 67. The method of any of examples 59-66, further comprising:
adding additives o the anode and/or electrolyie to reduce migration of sulfide to the positive
clectrode or consume the sulfide or sulfate released from the anode; and/or adding anion-
sclective membrancs or separators to impede migration of specific tons. Example 68. The
method of example 67, wherein the additives and/or anion-selective membranes or separators

comprise Bgnin and its derivatives, such as lignosulfonate.
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{00195} Example 69. A method comprising adding one or more organic additives to an
clectrolyte of a battery. Example 70. The method of example 69, wherein the one or more
organic additives comprise one or more alkyl polyghucosides.

{00196] Example 71. A method comprising incorporating tin into a current collector of
a battery.

{00197} Example 72. A method comprising, prior to reduction of sponge iron,
incorporating selected additives into a powder mixture that is used to prodoce the sponge iron
and forming an electrode of the battery from the produced sponge iron.

{00198} Example 73. A method comprising adding a HOR catalyst to the battery.
[00199] Example 74. A method comprising frapping hydrogen in a soluble or quasi-
soluble form.

{60200] Example 75. A method comprising: adding additives to an anode andfor
clectrolyte of a battery to reduce migration of sulfide to 4 positive electrode or consume the
salfide or sulfate released from the anode; and/or adding anion-selective rernbranes or
separators to the battery to impede migration of specific ions. Example 76. The method of
cxample 75, wherein the additives and/or anion-selective mernbranes or separators compyise
lignin and its derivatives, such as lignosutfonate.

{00201} Example 77. A battery of any of examples 1-52 and/or a bulk energy storage
system of any of examples 53-58, wherein the electrolyte includes one or more organic
additives. Example 78. The battery and/or bulk energy storage systern of example 77, wherein
the one or more organic additives compnse one or move atkyl polyglucosides.

{00202} Exaraple 79. A battery of any of examples 1-52, 77, and 78 and/or a bulk energy
storage system of any of exaroples 53-58, 77, and 78, further coroprising 2 current collecior
having incorporated tin therein.

{00203} Example 80. A battery of any of examples 1-52, and 77-79 and/or a bulk energy
storage system of any of examples 53-58 and 77-79, whersin the DRI or another sponge iron
powder comprises selected additives that were incorporated info a powder mixture that was
used to produce the DRI or another sponge tron powder.

{00204} Example 81. A batiery of any of examples 1-52, and 77-80 and/or a bulk energy
storage syster of any of examples 33-58 and 77-80, further comprising a HOR catalyst and/or
a hydrogen getter.

{00205} Example 82. A battery of any of examples 1-52, and 77-81 and/or a bulk energy
storage systemn of any of examples 53-58 and 77-81, fucther comprising: additives in the first

clectrode andfor electrolyte to reduce migration of sulfide 1o the second electrode or consurme
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the sulfide or sulfate released from the first electrode; and/or an anton-selective membrane or
scparator to impede migration of specific ions. Example 83. The battery and/or bulk energy
storage systern of example 82, wherein the additives and/or anion-selective rembrane or
separator comprise lignin and s derivatives, such as lignosulfonate.

{00206] Example 84. A battery and/or bulk energy storage system, wherein the
clectrolyte includes one or more organic additives. Example 85. The battery and/or bulk
cnergy storage system of example 84, wherein the one or more organic additives comprise one
or more atkyl polyglucosides.

{00207} Example 86. A battery andfor bulk energy storage system wherein a current
collector has incorporated tin therein.

{00208} Example 87. A battery and/or bulk energy storage system, having an electrode
comprising DRI or another sponge wron powder comprising sclected additives that were
incorporated into a powder mixture that was used to produce the DRI or another sponge tron
powder.

{00204] Example 88. A battery and/or bulk energy storage system comprising a HOR
catalyst and/or a hydrogen getter,

{00219] Example 89, A battery and/or bulk energy storage systern comprising: additives
in a first electrode andfor an electrolyte to reduce migration of sulfide (o a second electrode or
consume the sulfide or sulfate released from the first electrode; and/or an anion-selective
membrane or separator to impede migration of specific ions. Exarapie 90. The battery and/or
bulk energy storage system of example 89, wherein the additives and/or anion-selective
membrane or separator comprise fignin and its derivatives, such as lignosulfonate.

{00211} The foregoing method descriptions are provided merely as ilhusirative
examples and are not intended to reguire or imaply 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

27 & 39 4%

“thereafter,” “then,” “next,” ete. are not necessarily intended to limit the order of the steps;
these words may be used to guide the reader through the description of the methods. Further,
any reference to claim elements in the singular, for example, using the articles “a,” “an” or
“the” is not to be construed as limiting the element to the singular.

{00212} The preceding description of the disclosed embodiments is provided to enable
any person skilled in the art 1o make or use the described embodiment. Various modifications
to these embodiments will be readily apparent to those skilled in the art, and the generic

principies defined hercin may be applicd to other embodiments without departing from the
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scope of the disclosare. Thus, the present invention is not intended to be bmited to the
cmbodiments 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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Clatms

What is claimed is:

1. A battery, comprising:
a first elecirode, comprising direct reduced ron (DRI} or another sponge iron powder;
an elecwrolyte; and
a second electrode,
wherein the first electrode or the electrolyte includes an additive containing an
element that has a low hydrogen evolution reaction (HER) activity and/or immproves charging

of the first electrode.

2. The battery of claim 1, wherein the element comprises tin and/or antimony.

3. The battery of claim 2, wherein the additive comprises sodium stannate trihydrate
(Nax$e0s- 3H20), metallic tin, potassium stanpate trihydrate (K2SnGs-3H20), tin oxide
(Sn02), cylindrite (PhaSnyFeSbaS ), copper iron tin sulfide (CurFeSnSy), lead-tin alloys
(60/40 Sn/Ph solder, 63/37 Sn/Pb solder, Terne ¥ alloy: 16-20% Sn, balance Pb), zinc-tin
alioys (Terne H alloy: 18-20% Sn, balance Za}, or tin sulfide (818 or SnSo).

4. The battery of claim 2, wherein the element comprises tin.

5. The battery of any of claims 1-4, wherein the additive is in the electrolyic in a

concentration of 0.1 mM or greater,

6. The battery of claim 3, wherein the additive is in the electrolyte in a concentration

between 1 mM and 110 mM.

7. The battery of claim 5, wherein the additive is in the electrolyte in a concentration

between 100 mM and 1 M.

8. The battery of claim 3, wherein the additive is in the electrolyte in a concentration of

about 10 mM to about 100mM.
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3. The battery of claim 35, wherein the additive is in the electrolyte in a concentration of

about 650 mM.

16 The battery of claim 5, wherein the additive is in the electrolyte in a concentration of

about 50 mM.

11. The battery of claim S, wherein the additive is in the electrolyte in a concentration of

about 670 mM.

12. The battery of claim 5, wherein the addinve is in the electrolyte in a concentration of

about 758 mM.

13. The battery of claim 5, whercin the additive is in the electrolyte at or below a saturation

frvut.

14. The battery of any of claims 1-4, wherein the additive is in the fist electrode m an

amount from about 0.1 wt % of the first electrode to about 20 wt % of the first electrode.

15. The battery of claim 14, wherein the additive is in the first electrods in an amount of

about 1 wt%.

16. The battery of claim 14, wherein the additive is in the first electrode in an amount of

about 6 wi%.

17. The battery of claim 14, wherein the additive is in the first electrode in an amount of

about 1 wt% to 10 wt%.
18. The battery of any of claims 1-17, wherein the electrolyte comprises lithium hydroxide
{(LiOH), potassium hydroxide (KOH) and/or sodium hydroxide (Na(OH), and optionally

sodium sulfide (Na2S).

19. The battery of any of claims 1-1§, wherein the additive is plated on the second electrode.
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2¢. The battery of any of claims 1-19, wherein the additive is disposed in a reservoir

suspended in the electrolyie.

2%, The battery of any of claims 1-2 and 5-20. wherein the additive comprises antimony.

22. The battery of any of claims 1-21, wherein the clectrolyte includes a sulfide.

23. The battery of claim 22, wherein the sulfide concentration in the electrolyte is between

0.001 Mand 0.5 M.

24. The battery of any of claims 1-21, wherein the electrolyte does not include a sulfide.

25. The battery of any of claims 1-24, wherein the additive is at least partially a solid.

26. The battery of claim 25, wherein a surface area of the solid is selected to provide a level
of reactivity such that there is a constant flux of additive into the liquid electrolyie phase
and/or to maintain the additive concentration in the hquid electrolyte phase at or above a

selected concentration.

27. A battery, comprising:
a first electrode, comprising divect reduced ron (DRI} or another sponge iron powder;
an clectrolyte comprising an hydroxide; and
a second electrode,
wherein the first electrode or the electrolyte further comprises an additive, said

additive comprising at least one of tin, lead, or antimony.

28. The battery of claim 27, wherein a total hydroxide concentration in the electrolyie is

about &6 M or greater,

29, The battery of claim 27, wherein a total hydroxide concentration in the clectrolyte is

greater than 7 M.

3. The battery of claim 29, wherein the total hydroxide concentration in the clectrolyte is

greater than 7 M and less than or equal to 11 M.
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31. The battery of claim 30, whetein the electrolyte includes greater than 6 M of combined

KOH and NaOH and greater than or equal to 0.05 M of LIOH.

32. The battery of claim 30, wherein the electrolyte inciudes greater a concentration of KOH,
NaOH, and LiOH such that a molar concentration of KOH s greater than a molar
concentration of NaOH and the molar concentration of NaOH is greater than a molar

concentration of LiCH.

33, The battery of claim 27, wherein the total hydroxide concentration in the electrolyte is

greater than 7 M and less than 10 M.

34. The battery of claim 27, wherein the total hydroxide concentration in the electroiyte is

greater than 7.5 M and less than 9.5 M.

35, The battery of any of claims 33-34, wherein the electrolyie includes KOH.

36. The battery of any of claims 27-35, wherein the electrolyte includes at least 0.05 M of

LAOH.

T2

37. The battery of any of claims 27-36, wherein the electrolyte includes any one or more of
KOH, NaOH, LiOH, RbOH, CsOH, FrOH, Be(OH)», Ca{OH), Mg(OH}), Sr{OH)., Ra(OH):,
Ba(OH), and mixtures thereof,

38. The battery of any of claims 27-37, wherein the electrolvie includes a sulfide.

39, The battery of claim 38, wherein the sulfide concentration in the electrolyte is between

0.001 M and 0.5 M.

40, The battery of any of claims 27-37, wherein the electrolyie does not include a sulfide.

41. A bulk energy storage system, comprising:

a stack of one or more batteries, wherein at least one of the one or more batteries

comprises a battery of any of claims 1-40.
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42. The bulk energy storage system of claim 41, wherein the bulk energy storage system is a

long duration energy storage (LODES) system.

43. The bulk energy storage system of claim 42, wherein the LODES system is configured to

discharge for a period greater than 24 hours.

44. The bulk energy storage system of claim 43, wherein the LODES system is configured to

discharge for a peried greater than 30 hours.

45. The bulk energy storage system of claim 42, wherein the LODES system is configured to

discharge for a period greater than 100 hours.

45. The bulk energy storage system of claim 42, wherein the LODES system is configored to

discharge for a period greater than 150 hours.
47. A method of operating a battery having an iron-based electrode, comprising:
adding an additive of any of claims 1-26 to the battery; and/or

adding a hydroxide according to any of claims 27-40 to the battery.

48. The method of claim 47, further comprising adding one or more organic additives to an

clectrolyte of the battery.

49. The method of claim 48, wherein the one or move organic additives comprise one or more

atkyl polyglucosides.

58, The method of any of claims 47-49, further comprising incorporating fin o a current

collector of the battery.

51, The method of any of claims 47-49, further comprising, prior to reduction of sponge iron,

incorporating selected additives into a powder mixture that is used to produce the sponge iron.

32. The method of any of claims 47-31, further comprising adding a HOR catalyst o the

battery.
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53. The method of any of claims 47-51, further comprising trapping hydrogen in a soluble or
quasi-soluble form.
54. The method of any of claims 47-53, further comprising:

adding additives o the anode and/or electrolyie to reduce migration of sulfide to the
positive electrode or consume the sulfide or sulfate released from the anode; and/or

adding anon-sclective membranes or separators to tmpede migration of specific ions.

55. The method of claim 54, wherein the additives and/or amon-selective membranes or

separators comprise tignin and its derivatives, such as lignosulfonate.

36. A mcthod comprising adding one or more organic additives to an electrolyvte of a battery.

57. The method of claim 56, wherein the one or more organic additives comprise one or more

alkyl polyglucosides.

58. A method comprising incorporating tin into a current coliector of a battery.

39. A method comprising, prior to reduction of sponge iron, incorporating sclected additives
into a powder mixture that is used to produce the sponge iron and forming an electrode of the
battery from the produced sponge iron.

60. A method comprising adding a HOR catalyst to the battery.

61. A mcthod comprising trapping hydrogen in a soluble or guasi-soluble form.

62. A method comprising:

adding additives to an anode and/or electrolyte of a battery to reduce migration of
subfide to a positive electrode or consume the sulfide or sulfate released from the anode; and/or

adding anion-selective membranes or separators to the battery to impede migration of

specific 1ons.
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63. The method of clatm 62, wherein the additives and/or anion-selective membranes or

scparators comprise lignin and its derivatives, such as lignosulfonate,

64. A battery of any of claims 1-40 and/or a bulk energy storage system of any of claims 40-

45, wherein the electrolyte includes one or more organic additives.

65. The battery and/or bulk energy storage system of claim 64, wherein the one or more

organic additives comprise one or more alkyl polyglucosides.

66. A battery of any of claims 1-40, 64, and 65 and/or a bulk energy storage system of any of

claims 41-46, 64, and 65, further comprising a current collector having incorporated tin therein.

67. A batiery of any of claims 1-40, and 64-66 and/or a bulk evergy storage system of any of
claims 41-46 and 64-66, wherein the DRI or another sponge fron powder comprises selected
additives that were incorporated into a powder mixture that was used to produce the DRI or

another sponge iron powder.

68. A battery of any of claims 1-40, and 64-67 and/or a bulk energy storage system of any of

claims 41-46 and 64-67, further comprising a HOR catalyst and/or a hydrogen getter,

69. A battery of any of claims 1-40, and 64-68 and/or a bulk energy storage system of any of
claims 41-46 and 64-68, further comprising:
additives in the first electrode and/or electrolyte to reduce migration of sulfide to the

second electrode or consurne the sulfide or sulfate released from the first electrode; andfor

an anion-selective membrane or separator to impede migration of specific ions.
70. The battery and/or bulk energy storage system of clairn 69, wherein the additives and/or
anion-selective membrane or separator comprise lignin and s derivatives, such as

lignosulfonate.

71, A battery and/or bulk energy storage system, wherein the electrolyte includes one or more

organic additives.

63



WO 2022/232465 PCT/US2022/026844

7Z. The battery and/or bulk energy storage system of claim 70, wherein the one or more

organic additives comprise ong or more alkyl polygiucosides.

73. A battery and/or bulk energy storage system wherein a cunrent collector has incorporated

tin therein.

74 A hattery and/or bulk energy storage systern, having an electrode comprising DRI or
another sponge iron powder comprising selected additives that were incorporated info a powder

mixture that was used to produce the DRI or another sponge iron powder.

75. Abattery and/or bulk energy storage system comprising a HOR catalyst and/or a hydrogen

gotier.

76. A battery and/or bulk energy storage system comprising:
additives in a first electrode and/or an electrolyte to reduce migration of sulfide to a
second electrode or consure the sulfide or sulfate released from the first electrode; and/or

an anion-selective membrane or separator to impede migration of specific ions.
77. The battery and/or bulk energy storage system of claim 76, wherein the additives and/or

anion-selective merchrane or separator comptise lignin and Us dexivatives, such as

Lignosulfonate.
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