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(57) Abstract: A rechargeable metal halide battery shows increased metal halide utilization with the introduction of electronegative
heteroatom-enriched conductive additives into a metal halide cathode incorporated into an electrically conductive material. The elec-
tronegative heteroatom-enriched conductive additives include nitrogen-doped catbon, such as nitrogen-doped single layer graphene,
and oxygen-enriched carbon, such as acid-treated carbon black. The modified batteries utilize 20-30% more metal halide than unmod-
ified batteries resulting in enhanced specific capacity and energy density.
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METAL HALIDE CATHODE WITH ENRICHED
CONDUCTIVE ADDITIVE

JOINT RESEARCH AGREEMENT
[0001] The subject matter of this disclosure describes activities undertaken within the scope of a
joint research agreement that was in place before the effective date of the instant application. The
parties to the joint research agreement are International Business Machines Corporation (Armonk,
New York, USA) and Mercedes-Benz Research and Development North America, Inc. (Sunnyvale,
California, USA).

TECHNICAL FIELD
[0002] The present invention relates generally to rechargeable metal halide batteries, and more

specifically to rechargeable metal halide batteries with enriched cathodes.

BACKGROUND OF THE INVENTION
[0003] Rechargeable batteries are in high demand for a wide range of applications, from small
batteries for industrial and medical devices, to larger batteries for electric vehicles and grid energy
storage systems. There are two types of rechargeable batteries currently in use: (1) batteries that run
via electrochemical intercalation/de-intercalation behavior of acting ions and (if) batteries that run
via conversion reaction of active electrode/electrolyte materials. The most well-known and widely
used rechargeable batteries are lithium-ion batteries, which use an intercalated lithium compound as
one electrode material and have the lithium ion move back and forth in the pond of electrolyte.
Lithium-ion batteries suffer from shortcomings that need to be overcome in order to meet the high
standard of demand in the market. Slow charging/discharging rates and the high cost of cathode
materials, such as lithium nickel manganese cobalt oxide (NMC), lithrum nickel cobalt aluminum
oxide (NCA), lithium cobalt oxide (LCO), and lithium iron phosphate (LFP), prohibit lithium-ion

batteries from moving into a wide range of applications.
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SUMMARY OF THE INVENTION
[0001] The present invention overcomes the need in the art by providing a rechargeable metal
halide battery with increased metal halide utilization and high specific capacity through the
introduction of electronegative heteroatom-enriched conductive additives into the metal halide
cathode.
[0002] In one embodiment, the present invention relates to a battery, comprising: an anode; an
electrolyte comprising at least one ion-conducting salt and at least one solvent; and a cathode
comprising a metal halide incorporated into an electrically conductive material that includes an
electronegative heteroatom-enriched carbon, wherein the electrolyte is in contact with the anode, the
cathode, and an oxidizing gas.
[0003] In one aspect, the present invention relates to a method of fabricating a rechargeable
metal halide battery comprising: forming a battery stack comprising an anode, an electrolyte
comprising at least one 1on-conducting salt and at least one solvent, a cathode comprising a metal
halide incorporated into an electrically conductive material that includes an electronegative
heteroatom-enriched carbon, and a separator positioned between the anode and the cathode; and
introducing an oxidizing gas into the battery stack, wherein the electrolyte is in contact with the
anode, the cathode, and the oxidizing gas.
[0004] In other embodiments and aspects, the electronegative heteroatom is selected from the
group consisting of fluorine, chlorine, oxygen, and nitrogen.
[0005] In further embodiments and aspects, the electronegative heteroatom-enriched carbon
comprises nitrogen-doped catbon and/or oxygen-enriched carbon.
[0006] In a further embodiment, the present invention relates to a battery, comprising: an
anode; an electrolyte comprising at least one ion-conducting salt and at least one solvent; and a
cathode comprising a metal halide incorporated into an electrically conductive material that includes
nitrogen-doped carbon, wherein the electrolyte 1s in contact with the anode, the cathode, and an
oxidizing gas.
[0007] In another embodiment, the present invention relates to a battery, comprising: an anode;
an electrolyte comprising at least one ion-conducting salt and at least one solvent; and a cathode
comprising a metal halide incorporated into an electrically conductive material that includes oxygen-

enriched carbon, wherein the electrolyte is in contact with the anode, the cathode, and an oxidizing

£4as.
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[0008] In other aspects and embodiments, the weight ratio of the nitrogen-doped carbon to the
electrically conductive material ranges from 100:0 to 1:99.

[0009] In further aspects and embodiments, the nitrogen-doped (N-doped) carbon is selected
trom the group consisting ot N-doped carbon black, N-doped graphene, N-doped carbon
nanotubes, N-doped carbon dots, and combinations thereof.

[0010] In other aspects and embodiments, the oxygen-enriched carbon has an oxygen to carbon
ratio between 0.015 and 0.045.

[0011] In further aspects and embodiments, the oxygen-enriched carbon is formed by acid
treatment of carbon with an inorganic acid and/or an organic acid.

[0012] In other aspects and embodiments, the inorganic acid is selected from the group
consisting of hydrogen fluoride (HF), hydrogen chloride (HCI), hydrogen bromide (HBr), hydrogen
iodide (HI), perchloric acid (HCIOy), sulfuric acid (H2SOy), nitric acidd (HNOj3), and combinations
thereof.

[0013] In further aspects and embodiments, the organic acid is selected from the group
consisting of oxalic acid (C:H2Oy), citric acid (CsHsOv), succinic acid (C4HeOy), tartaric acid
(C4HOg), malic acid (C4HOs) butyric acid (C4HzO2), and combinations thereof.

[0014] In other aspects and embodiments, the electrically conductive material comprises a
porous carbon material selected from the group consisting of carbon black, carbon nanotubes,
carbon nanofibers, carbon dots, activated carbon, amorphous carbon, graphite, graphene, graphene
oxide, and combinations thereof.

[0015] In further aspects and embodiments, the electronegative heteroatom-enriched carbon 1s
tormed by treating the electrically conductive material with a procedure selected from the group
consisting of chemical treatment with oxidizing agents, plasma treatment, ozone treatment, chemical
vapor deposition, pyrolysis, and combinations thereof.

[0016] In further aspects and embodiments, the porous carbon is in the form of particles,
powders, paper, foam, fibers, sheets, discs, rods, and/or foils.

[0017] In other aspects and embodiments, metal halide in the cathode has a weight percentage
in the range ot 40% to 90%.

[0018] In further aspects and embodiments, the metal halide comprises (1) a metal 1on selected
from the group consisting of Li", Mg™, Zn", Al", Na”, and combinations thereof; and (if) a halide ion

selected from the group consisting of I, Br, CI, I, and combinations thereof.
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[0019] In other aspects and embodiments, the electrolyte comprises at least one lithium salt as
the at least one ion-conducting salt and the at least one solvent comprises at least one nitrile and/or
at least one heterocyclic compound.

[0020] In further aspects and embodiments, the anode comprises at least one alkali metal
and/or at least one alkaline earth metal.

[0021] In other aspects and embodiments, the oxidizing gas is selected from the group
consisting of oxygen, air, nifric oxide, nitrogen dioxide, and combinations thereof.

[0022] Additional aspects and/or embodiments of the invention will be provided, without

limitation, in the detailed description of the invention that is set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG. 11s a graph showing the charge and discharge behavior of a rechargeable lithrum
iodide (Lil) battery cell assembled with a cathode including nitrogen-doped single layer graphene
(NSLG) as a conductive additive (Example 2).
[0024] FIG. 2 1s a graph showing specific capacity as a function of cycle number for two
rechargeable Lil battery cells, one assembled with a cathode including the conductive additive
NSLG and the other assembled with a cathode including single layered graphene (SLG) as a
conductive additive (Example 3).
[0025] FIG. 3 1s a bar graph showing cell level energy density as a function ot Lil weight
percentage for five rechargeable Lil battery cells assembled with cathodes including a fixed amount
of NSLG and different Lil weight percentages (Example 4).
[0026] FIG. 4 1s a graph showing specific capacity as a function of conductive additive for nine
rechargeable Lil battery cells assembled with cathodes including a fixed amount of Lil and difterent
mixtures of NSLG and Ketjen black (KB) (Example 5).
[0027] FIG. 5 1s a graph showing specific capacity as a function of conductive additive for nine
rechargeable Lil battery cells assembled with cathodes including a fixed amount of Lil and difterent
mixtures of SLG and KB (Comparative Example 1).
[0028] FIG. 6 1s a graph showing charge and discharge behaviors of five rechargeable Lil
battery cells with each cathode subject to one of the following oxygen-enrichment treatments: (1)
unmodified KB (control with no oxygen enrichment), (2) HBr (KB-Br), (3) HBr and oxalic acid
(KB-Br-OA), (4) HI (KB-I), and (5) HI and oxalic acid (KB-I-OA) (Example 8).
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[0029] FIG. 7 1s a graph showing specific capacity as a function of oxygen enrichment for five
rechargeable Lil battery cells with each cathode subject to one of the following oxygen-enrichment
treatments: (1) unmoditied KB (control with no oxygen enrichment), (2) HBr (KB-Br), (3) HBr and
oxalic acid (KB-Br-OA), (4) HI (KB-I), and (5) HI and oxalic acid (KB-I-OA) (Example 9).

[0030] FIG. 8 1s a graph showing charge and discharge behaviors of five rechargeable Lil
battery cells with each cathode subject to one of the following oxygen-enrichment treatments: (1)
unmodified KB (control with no oxygen enrichment), (2) HF (KB-F), (3) HF and oxalic acid (KB-F-
OA), (4) HI (KB-Cl), and (5) HI and oxalic acid (KB-CI-OA) (Example 10).

[0031] FIG. 9 1s a bar graph showing variation in specific discharge capacity of nine
rechargeable Lil battery cells with each cathode subject to one of the following oxygen enrichment
treatments: (1) unmoditied KB (control with no oxygen enrichment), (2) HBr (KB-Br), (3) HBr and
oxalic acid (KB-Br-OA), (4) HI (KB-I), (5) HI and oxalic acid (KB-I-OA), (6) HF (KB-F), (7) HF
and oxalic acid (KB-F-OA), (8) HI (KB-Cl), and (9) HI and oxalic acid (KB-CI-OA) (Example 11).
[0032] FIG. 10 is a bar graph showing variation in specific discharge capacity of nine
rechargeable Lil battery cells with each cathode subject to one of the following oxygen enrichment
treatments: (1) unmoditied graphene oxide (GO) (control with no oxygen enrichment), (2) HBr
(GO-Br), (3) HBr and oxalic acid (GO-Br-OA), (4) HI (GO-I), (5) HI and oxalic acid (GO-I-OA),
(6) HF (GO-F), (7) HF and oxalic acid (GO-F-OA), (8) HI (GO-Cl), and (9) HI and oxalic acid
(GO-CI-OA) (Example 12).

DETAILED DESCRIPTTION OF THE INVENTION
[0033] Set torth below 1s a description of what are currently believed to be preferred aspects
and/or embodiments of the claimed invention. Any alternates or modifications in function,
purpose, or structure are intended to be covered by the appended claims. As used in this

€¢I ¢

specification and the appended claims, the singular forms “a,” “an,” and “the” include plural

22 <<

referents unless the context clearly dictates otherwise. The terms “comprise,” “comprised,”
“comprises,” and/or “comprising,” as used in the specification and appended claims, specity the
presence of the expressly recited components, elements, features, and/or steps, but do not preclude
the presence or addition of one or more other components, elements, features, and/or steps.
[0034] As used herem, the term “metal halide” reters to a corapound having a metal and a
halogen. The metals of metal halides may be any metal in Groups 1 to 16 of the periodic chart but

will typically be Group 1 alkalt metals.
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[0035] As used heremn, the term “cathode” refers to the positive electrode ot a battery cell that
recerves electrons from an external circutt and s reduced during discharging, and transters them to
an external circuit through oxdation during charging. In a metal halide battery, the cathode material
comprises a metal halide as defined above.

52

[0036] As used herem, the term “anode” refers to the negative electrode of a battery cell that
transfers electrons to an external circuit through oxidation during discharging, and receives them
from an external circutt and 18 reduced during charging.

[0037] As used herein, the term “electrolyte” refers to a matersal that provides for 1on transport
between the anode and cathode of a battery cell. An electrolyte acts as a conduit for 1on transport
through its interaction with the anode and the cathode. Upon battery charging, an electrolyte
tacilitates the movement of 1ons from the cathode to the anode, whereas upon discharge, the

electrolyte facilitates the movement of ions from the anode to the cathode. In rechargeable

batteries, the electrolyte promotes ion cycling between the anode and the cathode.

[0038] As used herein, the term “oxidizing gas” refers to a gas that induces a reduction-
oxidation {redox) reaction i a battery cell. Examples of oxidizing gases include, without boutation,

oxygen, air, nitric oxde, nitrogen dioxide, and combinations thereof. As 1s known to those of skill
in the art, a redox reaction is a reaction that transters electrons between (1) a reducing agent that
undergoes oxidation through the loss of electrons and (i) an oxidizing agent that undergoes
reduction through the gain of electrons. Within the context of the present invention, the oxidizing
gas works in concert with the electrolyte to form a stable SEI (solid-electrolyte interphase) layer on
the surface of electrodes of a rechargeable metal halide battery, and promote the redox reaction of
active cathode materials.

[0039] As used herein, the terms “enrichment” and “enriched” refer to a chemical process that
increases the ettficiency of a battery component. Examples of chemical enrichment include, without
limitation, doping and moditication. The term “doped” as used herein refers to the intentional
introduction of impurities into a batrery component for the purpose of modulating its electrical
and/ort structural properties. The terms “modification” and/or “modified” as used herein refer to
the process ot changing the surface chemistry of a battery component. Within the context of the
present invention, the term “doped” is used to reter to the modification of a conductive carbon
additive with nitrogen, and the term “enriched” is used to refer to the modification of a conductive

carbon additive with oxygen.
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[0040] As used herein, the term “heteroatom” is used to refer to atoms other than carbon or
hydrogen.
[0041] As used herein, the term “electronegative” is used to refer to the tendency of an atom to

attract a bonding pair of electrons. Examples of electronegative elements include, without
limitation, fluorine, chlorine, oxygen, and nitrogen.

[0042] In one embodiment, the rechargeable metal halide battery comprises an anode, a cathode
comprising a metal halide and an electrically conductive material, an electrolyte, and an oxidizing gas,
wherein the electrolyte 1s in contact with the anode, the cathode, and the oxidizing gas. In another
embodiment, the rechargeable metal halide battery comprises an anode, a cathode comprising a
metal halide incorporated into an electrically conductive material, an 1on-conducting electrolyte, and
an oxidizing gas, wherein the electrolyte 1s in contact with the anode, the cathode, and the oxidizing
gas.

[0043] In a further embodiment, the anode may be comprised of at least one alkali metal
and/or at least one alkaline earth metal. In another embodiment, the metal halide comprises (1) a
metal ion selected from the group consisting of Li*, Mg”, Zn", Al", Na”, and combinations theteof;
and (11) a halide 10n selected from the group consisting of I', Br, CI', I, and combinations thereof.
In a further embodiment, the total amount of metal halide in the cathode is in the range of 40% to
90% by weight. In another embodiment, the total metal halide in the cathode 1s in the range of 50%
to 90%. Ina further embodiment, the total metal halide in the cathode 1s in the range ot 60% to
90%. In another embodiment, the total metal halide in the cathode 1s in the range ot 60% to 90%.
In a further embodiment, the total metal halide in the cathode 1s in the range of 70% to 80%.

[0044] In another embodiment, the electrically conductive material comprises an electronegative
heteroatom-enriched carbon, wherein the electronegative heteroatoms are selected from the group
consisting of fluorine (F), chlorine (Cl), oxygen (O), nitrogen (N), and combinations thereot. In
another embodiment, the electronegative heteroatom-enriched carbon is nitrogen-doped (N-doped)
carbon and/or oxygen-enriched carbon. In one embodiment, the N-doped carbon is selected from
the group consisting of N-doped carbon black, N-doped graphene, N-doped carbon nanotubes, N-
doped carbon dots, and combinations thereof. In another embodiment, the oxygen-enriched
carbon is formed by acid treatment of carbon with an inorganic acid and/or an organic acid. Ina
turther embodiment, the weight ratio of the nitrogen-doped carbon to the electrically conductive
material ranges from 100:0 to 1:99. In another embodiment, the weight ratio of the nitrogen-doped

carbon to the electrically conductive material ranges from 100:0 to 2.5:97.5. In a further



WO 2022/013658 PCT/1IB2021/055728

embodiment, the weight ratio of the nitrogen-doped carbon to the electrically conductive material
ranges from 100:0 to 5:95. In another embodiment, the oxygen-enriched carbon has an oxygen to
carbon ratio between 0.015 and 0.045. In a further embodiment, the oxygen-enriched carbon has an
oxygen to carbon ratio between 0.020 and 0.045. In another embodiment, the oxygen-enriched
carbon has an oxygen to carbon ratio between 3.0 and 4.0.

[0045] In a further embodiment, the electrically conductive material is a porous carbon material
selected from the group consisting of carbon black, carbon nanotubes, carbon nanofibers, carbon
dots, activated carbon, amorphous carbon, graphite, graphene, graphene oxide, and combinations
thereof. In another embodiment, the porous carbon material may be in the form of particles,
powders, paper, foam, fibers, sheets, discs, rods, and/or foils. In a further embodiment, the
electrically conductive material may be treated to form the electronegative heteroatom-enriched
carbon with a physical and/or chemical treatment of the carbon and/or precursor material.
Examples of such treatments include, without limitation, chemical treatment with oxidizing agents
(such as inorganic and/or organic acids), plasma treatment, ozone treatment, chemical vapor
deposition, pyrolysis, and combinations thereof. For example, the N-doped carbon and the oxygen-
enriched carbon may be formed through physical and/or chemical treatment of the electrically
conductive material.

[0046] In a further embodiment, the electrolyte comprises a solvent and is ion-conducting.
Examples of solvents for the electrolyte include, without limitation, nitriles, heterocyclic
compounds, glymes, and combinations thereof. Examples of rutriles include, without imitation,
acetonttrile, acrylonitale, propionitrile, methoxyacetonitrile, 3-methoxypropionitrile (MPN),
propylnitrile, cyclopentanecarnonitrile, 4-cyanobenzaldehyde, and ethylene glycol bis(propionitrile)
(EGBP). Examples ot heterocyclic compounds include, without irmtation, tive- and six-membered
angs, such as for example, pyrrolidine, oxolane, 1,3-dioxolane, thiolane, pyrrole, furan, thiophene,
pipendine, oxane, thiane, pyadine, pyran, and thiopyran. Esamples of glymes mnclude, without
himitation, 1,2-dimethoxyethane (DME), 1,2-diethoxyethane, 2-methoxyethyl ether (diglyme), 1,2-
bis(2-methoxyethoxy)ethane (triglyme), and bis[2-(2-methoxyethoxy)ethyl] ether (tetraglyme). In
one embodiment, the solvent for the electrolyte comprises at least one nitrile and/or at least one
heterocyclic compound. For ion-conductivity, the electrolyte may comprise one or more ion-
conducting salts. Examples ot ion-conducting salts include, without limitation, lithium salts, such as
lithium nitrate (LiNO3), lithium fluoride (LiF), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI;
LiCEFsNO,Sy), lithium trifluoromethanesulfonate (LiCF:SO3), lithium hexatluorophosphate (LiPFg),
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lithium hexatluoroarsenate (LiAsF), lithium perchlorate (LiClOs), lithium tetrafluoroborate (LiBFy),
and combinations thereot.

[0047] Rechargeable roetal halide battenes fabricated with the components desoribed herein
may further mnchide a separator between the anode and the cathode. In one embodiment, a battery
stack 15 forroed by placing a separator hetween the anode and the metal halide cathode. Inoa turther
embodirnent, the battery stack 13 formed by placing the separator between the anode and the
clectrically conductive materal, the latter of which includes the metal halide cathode and the
electronegative heteroatom-enriched carbon, In another embodiment, an electrodyte solution as
described hereircis used o soak the separator prios (o ncorpotation o the bartery stack. loa
turther embodiment, the elecrrolyte solution iz introduced into the battery stack etther during or
after formation of the stack. In another erobodument, an oxidizing gas is intreduced jnto the battory
stack. In operation, the metal halide battery 1s charged after introduction of the oxidizing gas to the
battery stack. To return the battery to an idle state, the oxidizing gas may be removed by purging
the battery with an inert gas. Examples of inert gases include, without limitation, argon (Ar),
nitrogen (N), helium (He), neon (Ne), xenon (Xe), krypton (Kr), and combinations thereof.

[0048] Metal halide batteries with modified cathodes as described herein utilize 20-30% more
metal halide than batteries with unmoditied cathodes resulting in enhanced specitic capacity and
energy density. FIGS. 2 and 7, which are discussed below, show such enhanced specific capacity
and energy density for nitrogen-doped and oxygen-enriched carbon cathodes, respectively. It is to
be understood that the nitrogen-doped and oxygen-enriched carbon cathodes described in the
tigures and examples are meant to be non-limiting examples of electronegative heteroatom-enriched
carbon cathodes.

[0049] The introduction ot nitrogen-doped carbon as a conductive additive to the cathode of a
rechargeable metal halide battery exhibits an energy density > 1000 Wh/L (FIG. 3) and increases
the usage of the metal halide active material within the battery cell by close to 100% compared to
rechargeable metal halide batteries assembled with unmoditied carbon (FIG. 5). Even at a metal
halide loading above 30 mg/cm® in a single battery cell, a metal halide cathode mixed with nitrogen-
doped carbon results in the battery reaching its theoretical capacity of > 200 mAh/g (FIG. 2).
[0050] FIG. 1 shows the charge/discharge behavior of a lithium iodide (Lil) battery cell
assembled with nitrogen-doped single layer graphene (NSLG) as a cathode conductive material

(Example 2). The battery achieves a specific capacity of 6.5 mAh/ cm? after charging at a current
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density of 0.5 mA/cm?® and discharging at a current density of 0.1 mA/cm?; the specific capacity
being equivalent to ~1000 Wh/L of cell level energy density.

[0051] FIG. 2 compares a Lil battery cell with an NSLG-treated cathode against a Lil battery
cell with a cathode treated with undoped pristine single layer graphene (SLG) (Example 3). The
incorporation of NSLG into the cathode results in the battery showing 20% higher specific capacity
in the first charge/discharge cycle over the battery with the SLG-treated cathode. The battery with
the NSLG-treated cathode also maintains a specific capacity above 100 mAh/g (normalized by the
amount of Lil) for more than 50 cycles. By contrast, the capacity of the battery with the SLG-
treated cathode had almost completely faded at 40 cycles.

[0052] FIG. 3 shows cell level energy density as a function of Lil weight percentage for five
nitrogen-doped Lil battery cells prepared with NSLG treated cathodes and the following Lil weight
percentages: 50%, 60%, 70%, 80%, and 90% (Example 4). Of the five ditferent Lil weight
percentages, the battery with the 80% weight percentage of Lil in the cathode achieved the highest
cell level energy density reaching 1100 Wh/L. While the batteries with the 50%, 60%, and 70%
weight percentages of Lil showed increasing cell level energy with increasing Lil weight percentage,
when the Lil weight percent reached 90%, the cell energy density of the battery was reduced to 600
Wh/L. The results of FIG. 3 demonstrate that cathode composition optimization is important to
maximize cell level energy density.

[0053] FIG. 4 shows the specific capacity of nine Lil battery cells with cathodes enriched with
the conductive additives NSLG and Ketjen black (KB) in the following weight ratios (NSLG:KB):
100:0, 60:40, 40:60, 20:80, 10:90, 5:95, 2.5:97.5, 1:99, and 0:100 (Example 5). Of the nine batteries,
the battery with the NSLG:KB weight ratio of 40:60 has the highest specific capacity, reaching 420
Ah/L. A comparison of the specific capacities of the cathodes with the NSLG:KB weight ratios of
100:0 (~410 Ah/L) versus 1:99 (~ 390 Ah/L) shows a specific capacity loss of less than 5%
normalized by the cathode volume. By contrast, a comparison of the specific capacities of the
cathodes with the NSLG:KB weight ratios of 100:0 (~410 Ah/L) versus 0:100 (~280 Ah/L) shows
a specitic capacity loss of more than 30%. The results of FIG. 4 demonstrate that even a small
amount of a nitrogen-doped conductive additive can improve the specific capacity of a metal halide
battery.

[0054] FIG. 5 shows the specific capacity of nine Lil battery cells assembled with cathodes
enriched with the conductive additives single layer graphene (SLG) and KB in the following weight
ratios (SLG:KB): 100:0, 60:40, 40:60, 20:80, 10:90, 5:95, 2.5:97.5, 1:99, and 0:100 (Comparative
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Example 1). Unlike the batteries with the NSLG:KB enriched cathodes, the batteries with the
SLG:KB enriched cathodes show a downward trend in specific capacity (normalized by cathode
volume) relative to the amount of SLG in the battery cell.

[0055] Example 7 outlines a procedure for preparing oxygen-enriched carbon. The
introduction of oxygen-enriched carbon as a conductive additive to the cathode of a rechargeable
metal halide battery enhances the specific capacity of the battery resulting in the battery using
20-30% more metal halide than metal halide batteries assembled with unmodified carbon (FIGS.
6-10).

[0056] In one embodiment, the oxygen-enriched carbon may be formed by chemucally
modifying a carbon material with one or more acids. For example, in Example 7, two different
types of carbon powder, carbon black (KB) and graphene oxide (GO), are oxidized to immobilize
oxygen moieties on the surface of carbon powder particles. In Example 7, the carbon powders were
treated with a hydrohalic acid followed by an oxalic acid; however, it 1s to be understood that other
inorganic and/or organic acids may be used to acid-treat a carbon material to form oxygen-enriched
carbon. Examples of inorganic acids that may be used for acid treatment include, without limitation,
hydrogen fluoride (HF), hydrogen chloride (HCI), hydrogen bromide (HBr), hydrogen i1odide (HI),
perchloric acid (HCIOs), sulturic acid (H2SOy), nitric acid (HNO:s), and combinations thereof.
Examples of organic acids that may be for acid treatment of include, without limitation, oxalic acid
(C2H20), citric acid (CsHsOv), succinic acid (C4HsOy), tartaric acid (C4HOs), malic acid (C4HOs)
and butyric acid (C4HzO2), and combinations thereof. For cathodes with carbon conductive
additives, acid treatment forms an oxidized carbon material that improves the utilization rate of the
active metal halide of a rechargeable metal halide battery cell (FIGS. 6-10, Examples 8-12).

[0057] FIG. 6 compares the charge/discharge cycling performance of five Lil battery cells with
each cathode enriched with the conductive additive KB and one of the following acid treatments:
(1) unmoditied KB (no acid treatment), (2) KB treated with HBr (KB-Br), (3) KB treated with HBr
and oxalic acid (KB-Br-OA), (4) KB treated with HI (KB-I), and (5) KB treated with HI and oxalic
acid (KB-I-OA) (Example 8). While the batteries with the oxygen-enriched cathodes (batteries (2)-
(5)) show improved specitfic capacity compared to the KB-enriched cathode (battery (1)), the battery
with the cathode enriched with KB-Br-OA shows the highest specific capacity at 165 mAh/g of Lil,
representing a 25% increase over the 125 mAh/g specific capacity of the battery with the KB-

enriched cathode.
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[0058] FIG. 7 compares the extent of oxygen enrichment, defined by the ratio of the oxygen to
carbon atomic % (O/C), as measured by x-ray photoelectron spectroscopy, for five Lil battery cells
with cathodes with each cathode enriched with the conductive additive KB and one of the tollowing
acid treatments: (1) unmodified KB (no acid treatment), (2) KB-Br, (3) KB-Br-OA, (4) KB-I, and
(5) KB-I-OA (Example 9) The battery with the cathode enriched with KB-Br-OA shows the
highest specific capacity at 165 mAh/g of Lil with an enrichment extent of 3.5% O/C. The battery
with the cathode enriched with KB-I-OA also shows a high specific capacity of 155 mAh/g of Lil
with an enrichment extent of 3.7% O/C. In FIG. 7, the range of improvement in the specific
capacity of the batteries with the oxygen-enriched cathodes ranges from ~1.6% O/C to ~4.6%
O/C.

[0059] FIG. 8 compares the charge/discharge cycle performance of five Lil battery cells with
each cathode enriched with the conductive additive KB and one of the following acid treatments:

(1) unmoditied KB (no acid treatment), (2) KB treated with HF (KB-F), (3) KB treated with HF and
oxalic acid (KB-F-OA), (4) KB treated with HCI (KB-Cl), and (5) KB treated with HCl and oxalic
acid (KB-CI-OA) (Example 10). While the batteries with the oxygen-enriched cathodes (batteries
(2)-(5)) show improved specific performance compared to the battery with the KB-enriched cathode
(battery (1)), the battery with the cathode enriched with KB-F-OA shows the highest specific
capacity at 155 mAh/g of Lil, representing a 20% increase over the 125 mAh/g specific capacity of
the battery with the KB-enriched cathode.

[0060] FIG. 9 compares the discharge capacities of nine Lil battery cells with each cathode
enriched with the conductive additive KB and one of the following acid treatments: (1) unmodified
KB (no acid treatment), (2) KB-Br, (3) KB-Br-OA, (4) KB-1, (5) KB-I-OA, (6) KB-F, (7) KB-F-OA,
(8) KB-Cl, and (9) KB-CI-OA (Example 11). While all of the batteries with the oxygen-enriched
cathodes (batteries (2)-(9)) show improved specific performance compared to the battery with the
KB-enriched cathode (battery (1)), the battery with the cathode enriched with KB-Br-OA shows the
highest specific capacity at 165 mAh/g of Lil, representing a 30% increase over the 125 mAh/g
specific capacity ot the battery with the KB-enriched cathode.

[0061] FIG. 10 compares the discharge capacities of nine Lil battery cells with each cathode
enriched with the conductive additive graphene oxide (GO) and one of the following acid
treatments: (1) unmoditied graphene oxide (GO), (2) GO treated with HBr (GO-Br), (3) GO
treated with HBr and oxalic acid (GO-Br-OA), (4) GO treated with HI (GO-I), (5) GO treated with
HI and oxalic acid (GO-I-OA), (6) GO treated with HF (GO-F), (7) GO treated with HF and oxalic
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acid (GO-F-OA), (8) GO treated with HCl (GO-Cl), and (9) GO treated with HCI and oxalic acid
(GO-CI-OA) (Example 12). While all of the oxygen-enriched cathodes (batteries (2)-(9)) show
improved specific capacity compared to the battery with the GO-enriched cathode (battery (1)), the
battery with the cathode enriched with GO-I-OA shows the highest specific capacity at 140 mAh/g
of Lil, representing a 25% increase over the 105 mAh/g specific capacity of the battery with the
GO-enriched cathode.

[0062] The descriptions of the various aspects and/or embodiments of the present invention
have been presented for purposes of illustration, but are not intended to be exhaustive or limited to
the embodiments disclosed. Many moditications and variations will be apparent to those ot
ordinary skill in the art without departing from the scope of the described embodiments. The
terminology used herein was chosen to best explain the principles of the aspects and/or
embodiments, the practical application or technical improvement over technologies found in the
marketplace, or to enable others of ordinary skill in the art to understand the aspects and/or

embodiments disclosed herein.

EXPERIMENTAL
[0063] The following examples are set forth to provide those of ordinary skill in the art with a
complete disclosure of how to make and use the aspects and embodiments of the invention as set
torth herein. While efforts have been made to ensure accuracy with respect to variables such as
amounts, temperature, etc., experimental error and deviations should be taken into account. Unless
indicated otherwise, parts are parts by weight, temperature is degrees centigrade, and pressure is at

or near atmospheric. All components were obtained commercially unless otherwise indicated.

EXAMPLE 1

CELL FABRICATION WITH NITROGEN-DOPED CATHODE
[0064] The following materials were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St.
Louis, MO, USA): 3-methoxypropionitrile (MPN), lithium nitrate (LiNO3), polytetratluoroethylene
(PTFE), and lithium iodide (Lil). The MPN and LiNO:; were individually dried and stored in an
argon filled glovebox (< 0.1 ppm H2O, O2). Cathode current collectors were made with the
combination of PTFE as a polymeric binder and one or more ot the following conductive carbon
additives: carbon black (KB), undoped pristine single layer graphene (SLG), and nitrogen-doped
single layer graphene (NSLG). KB was purchased from Lion Specialty Chemicals (Lion Special
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Chemicals Co., Ltd, Tokyo, JP). SLG and NSLG were purchased from ACS Materials (ACS
Materials, LLC, Pasadena, CA, USA) and dried at 120 °C overnight before use. A lithium iodide
(Lil) cathode was prepared by incorporating the Lil onto the cathode current collector. The Lil
cathode was evaluated with a lithium metal anode. A CELGARD® (Celgard, LLC, Charlotte, NC,
USA) separator was placed in between the lithium metal anode and the Lil cathode. An electrolyte
solution of MPN and LiNO; was used to wet the separator. All cell assembly was done in the argon
tilled glovebox. All cell components were placed in a cell equipped with inlet and outlet
SWAGELOK® (Swagelok Company, Solon, OH, USA) tubing for oxygen flow. After oxygen was
introduced from the inlet tubing outside ot the argon filled glovebox, the cell was completely sealed
by closing the valves of both the inlet and the outlet tubing. Cathode formulation was kept constant
throughout at 72% Lil (~25-30 mg/cm?), 18% carbon (~5-6 mg/cm?), and 10% binder.

EXAMPLE 2
NITROGEN DOPED SINGLE LAYER GRAPHENE (NSLG) AS A
CATHODE CONDUCTIVE ADDITIVE
[0065] Battery cell performance was measured for a rechargeable Lil battery assembled
according to Example 1 with ~30 mg/cm® of Lil loading and NSLG as a cathode conductive
additive. The battery was charged at a current density of 0.5 mA/cm® and discharged at a current
density of 0.1 mA/cm® FIG. 1 shows the first cycle charge/discharge performance profile for the
battery (voltage, V vs Li"/Li- v. specific gravity, mAh/cm?).

EXAMPLE 3
NITROGEN DOPED SINGLE LAYER GRAPHENE (NSLG) VERSUS
UNDOPED PRISTINE SINGLE LAYER GRAPHENE (SLG) AS
CATHODE CONDUCTIVE ADDITIVES
[0066] Battery cell cycle performance was compared between two rechargeable Lil batteries
prepared according to Example 1 with NSLG as a cathode conductive additive in one battery and
SLG as a cathode conductive additive in the other battery. FIG. 2 shows the results of the cycle

performance test (specific capacity, mAh/g v. cycle number).

EXAMPLE 4

14



WO 2022/013658 PCT/1IB2021/055728

CELL LEVEL ENERGY DENSITY WITH
NITROGEN-DOPED SINGLE LAYER GRAPHENE (NSLG) AS A
CATHODE CONDUCTIVE ADDITIVE.

[0067] Battery cell level energy density was tested for five rechargeable Lil batteries assembled
according to Example 1 with a fixed amount of the conductive additive NSLG and the following
different Lil weight percentages: 50%, 60%, 70%, 80%, and 90%. FIG. 3 shows the results of the
cell level energy density test (energy density, Wh/L v. Lil wt%), where Lil wt% = Lil weight/total
weight of cathode including Lil, NSLG, and binder x 100.

EXAMPLE 5
NITROGEN-DOPED SINGLE LAYER GRAPHENE (NSLG) AND KETJEN BLACK (KB)
AS CATHODE CONDUCTIVE ADDITIVES

[0068] Battery cell specitic capacity was evaluated for nine rechargeable Lil batteries assembled
according to Example 1 with each battery having cathodes with the same Lil loading and the
tollowing NSLG:KB weight ratios: 100:0, 60:40, 40:60, 20:80, 10:90, 5:95, 2.5:97.5, 1:99, and 0:100.
FIG. 4 shows the results of the specific capacity evaluation (specific capacity, Ah/L v. NSLG:KB
wt%), where NSLG:KB wt ratio (%) = mass NSLG /(mass NSLG + mass KB) x 100.

COMPARATIVE EXAMPLE 1
UNDOPED PRISTINE SINGLE LAYER GRAPHENE (SLG) AND KETJEN BLACK (KB)
AS CATHODE CONDUCTIVE ADDITIVES

[0069] Battery cell specitic capacity was evaluated for nine rechargeable Lil batteries assembled
according to Example 1 with each battery having cathodes with the same Lil loading and the
tollowing SLG:KB weight ratio: : 100:0, 60:40, 40:60, 20:80, 10:90, 5:95, 2.5:97.5, 1:99, and 0:100.
FIG. 5 shows the results of the specific capacity evaluation (specific capacity, Ah/L v. SLG:KB
wt%), where SLG:KB wt ratio (%) = mass SLG/(mass SLG + mass KB) x 100.

EXAMPLE 6
CELL FABRICATION WITH OXYGEN-ENRICHED CATHODE
[0070] The following materials were purchased from Sigma-Aldrich (Sigma-Aldrich Corp., St.
Louis, MO, USA): 3-methoxypropionitrile (MPN), lithium nitrate (LiNO3), polytetratluoroethylene
(PTFE), dimethoxyethane (IDME), and lithium iodide (LiI). The MPN, DME, and LiNO; were
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individually dried and stored 1n an argon filled glovebox (< 0.1 ppm H2O, Oz). A carbon disc was
made with PTFE as a polymeric binder and the modified carbon types described in Examples 8-12.
For each carbon type, the two-step modification process resulted in eight different freestanding
cathodes. A lithium iodide (Lil) cathode was prepared by incorporating the Lil onto one of the
eight different freestanding carbon discs. All the cathodes were evaluated with lithium metal anodes.
A CELGARD® (Celgard, LLC, Charlotte, NC, USA) separator was placed in between the lithium
metal anode and the Lil cathode. An electrolyte solution of MPN, DME, and LiNO; was used to
wet the separator. All cell assembly was done in the argon filled glovebox. All cell components
were placed in a cell equipped with inlet and outlet SWAGELOK® (Swagelok Company, Solon,
OH, USA) tubing for oxygen flow. After oxygen was introduced from the inlet tubing outside ot
the argon filled glovebox, the cell was completely sealed by closing the valves of both the inlet and

the outlet tubing.

EXAMPLE 7

PREPARATION OF OXYGEN-ENRICHED CARBON
[0071] Carbon moditication was carried out in a two-step process. In step 1, carbon was
treated with H-X acid (X = F, Cl, Br, I) to decorate the carbon surface with carboxylic acid groups.
In step 2, the carbon from step 1 was treated with oxalic acid (Sigma-Aldrich Corp., St. Louis, MO,
USA) to further increase the oxygen content of the carbon surface. The resulting material was
tiltered and dried for use in cathodes after undergoing step 1 only, as well as step 1 and step 2 in
sequence. Carbon powder (KB or Graphene Oxide (GO)) was measured out, mixed with 9:1 (v/v)
H,O: EtOH solution at a mass concentration of 1 mg/mL and sonicated in a bath sonicator for 30
minutes. To this mixture, concentrated H-X (X = Br, I, F, CI) was added at a concentration of 5
mL H-X/100 mL of solution. Carbon/H-X solutions were sealed with parafilm and left to stir for
16 hours. After stirring, the solutions were transferred to centrifuge tubes and centrifuged at 10,000
rpm for 20 minutes. The supernatant solution was decanted out of the tube leaving the carbon.
The carbon-containing centrifuge tube was then tilled DI-H2O and sonicated for 20 minutes. This
procedure was carried out three or more times until the post-centrifuged supernatant solution
reached a neutral pH as measured by pH paper. The resulting carbon was dried inside a vacuum
oven at 65 °C. The carbon powder from step 1 was measured out, mixed with 9:1 (v/v) HO:EtOH
solution at mass concentration of 1 mg/ml., and sonicated in a bath sonicator for 30 minutes. To

this mixture, solid oxalic acid was added at a concentration of 15 mg/mL of carbon solution. The
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carbon/oxalic acid solutions were sealed with parafilm and left to stir for 5 hours. After stirring, the
solutions were transferred to centrifuge tubes and centrifuged at 10,000 rpm for 20 minutes. The
supernatant solution was decanted out of the tube leaving the carbon. The carbon containing
centrifuge tube was then filled with H2O and sonicated for 20 minutes. This procedure was carried
out three or more times until the post-centrifuged supernatant solution reached a neutral pH as

measured by pH paper. The resulting catbon was dried inside a vacuum oven at 65 °C.

EXAMPLE 8
OXYGEN-ENRICHED KETJEN BLACK (KB) AS A CATHODE CONDUCTIVE
ADDITIVE; ACID TREATMENT WITH HBr, HI, AND OXALIC ACID

[0072] The charge/discharge cycle performance was tested for five rechargeable metal halide
battery cells with oxygen-enriched cathodes. The battery cells were assembled according to
Examples 6 and 7 with each cathode enriched with the conductive additive KB and one of the
tollowing acid treatments: (1) unmodified KB (control, no acid treatment), (2) KB treated with HBr
(KB-Br), (3) KB treated with HBr and oxalic acid (KB-Br-OA), (4) KB treated with HI (KB-I), and
(5) KB treated with HI and oxalic acid (KB-I-OA). The carbon nanoparticle to Lil weight ratio was
fixed as 30:70, and the amount of Lil loaded as part of the cathode materials was fixed as ~13%1

mg/cm® The results of the cycle performance test are shown in FIG. 6.

EXAMPLE 9
OXYGEN-ENRICHED KETJEN BLACK (KB) AS A CATHODE CONDUCTIVE
ADDITIVE; EXTENT OF OXYGEN ENRICHMENT

[0073] The extent of oxygen enrichment for the five battery cells of Example 8 was tested. The
extent of oxygen enrichment was defined as the ratio of the oxygen to carbon atomic % (O/C), as
measured by x-ray photoelectron spectroscopy for each of the five carbons used in the Lil cathodes
of Example 8. XPS analysis was performed using a Physical Electronics Quantum ESCA
Microprobe (Physical Electronics, Chanhassen, MN, USA) with a monochromatic Al K, X-ray
source at 1486.6 eV operating at 15 kV with a flux ot 50 watts and an 80-20 beam diameter of 200
microns. Spectra were charge corrected so that the Cls maxima aligned with a binding energy ot

284.8 eV. The results of the oxygen enrichment test are shown in FIG. 7.

EXAMPLE 10
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OXYGEN-ENRICHED KETJEN BLACK (KB) AS A CATHODE CONDUCTIVE
ADDITIVE; ACID TREATMENT WITH HF, HCI, AND OXALIC ACID
[0074] The charge/discharge cycle performance was tested for five rechargeable metal halide
battery cells with oxygen-enriched cathodes treated with ditferent acids from those ot Example 8.
The battery cells were assembled according to Examples 6 and 7 with each cathode enriched with
the conductive additive KB and one of the following acid treatments: (1) unmoditied KB (control,
no acid treatment), (2) KB treated with HF (KB-F), (3) KB treated with HF and oxalic acid (KB-F-
OA), (4) KB treated with HCI (KB-CI), and (5) KB treated with HCI and oxalic acid (KB-CI-OA).
The carbon nanoparticle to Lil ratio in weight was fixed as 30:70, and the amount of Lil loaded as

part of the cathode materials was fixed as ~13%1 mg/cm®. The results of the cycle performance test

are shown in FIG. 8.

EXAMPLE 11
OXYGEN-ENRICHED KETJEN BLACK (KB) AS A CATHODE CONDUCTIVE
ADDITIVE; DISCHARGE CAPACITY

[0075] The discharge capacities of nine rechargeable metal halide battery cells with
oxygen-enriched cathodes was tested. Nine battery cells were assembled according to Examples 6
and 7 with each of the cathodes enriched with the conductive additive KB and one of the following
acid treatments: (1) unmodified KB (control, no acid treatment), (2) KB treated with HBr (KB-Br),
(3) KB treated with HBr and oxalic acid (KB-Br-OA), (4) KB treated with HI (KB-I), (5) KB treated
with HI and oxalic acid (KB-I-OA), (6) KB treated with HF (KB-F), (7) KB treated with HF and
oxalic acid (KB-F-OA), (8) KB treated with HCI (KB-Cl), and (9) KB treated with HCl and oxalic
acid (KB-CI-OA). The carbon nanoparticle to Lil ratio in weight was fixed as 30:70, and the amount
of Lil loaded as part of the cathode materials was fixed as ~13+1 mg/ cm?®. The results of the

discharge capacity test are shown in FIG. 9.

EXAMPLE 12
OXYGEN-ENRICHED GRAPHENE OXIDE (GO) AS A CATHODE CONDUCTIVE
ADDITIVE; DISCHARGE CAPACITY
[0076] The discharge capacities of nine rechargeable metal halide battery cells with
oxygen-enriched cathodes were tested, but with a different conductive additive than in Example 11.

Nine battery cells were assembled according to Example 6 and 7 with each cathode enriched with
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the conductive additive graphene oxide (GO) and one of the following acid treatments: (1)
unmodified GO (control, no acid treatment), (2) GO treated with HBr (GO-Br), (3) GO treated
with HBr and oxalic acid (GO-Br-OA), (4) GO treated with HI (GO-I), (5) GO treated with HI and
oxalic acid (GO-I-OA), (6) GO treated with HF (GO-F), (7) GO treated with HF and oxalic acid
(GO-F-OA), (8) GO treated with HCl (GO-CI), and (9) GO treated with HCI and oxalic acid (GO-
Cl-OA). The carbon nanoparticle to Lil ratio in weight was fixed as 30:70, and the amount of Lil
loaded as part of the cathode materials was fixed at ~13+1 mg/cm® The results of the discharge

capacity test are shown in FIG. 10.

19



WO 2022/013658 PCT/1IB2021/055728

WE CLATM:
1. A battery, comprising;
an anode;

an electrolyte comprising at least one ion-conducting salt and at least one solvent; and
a cathode comprising a metal halide incorporated into an electrically conductive material that
includes an electronegative heteroatom-enriched carbon,

wherein the electrolyte 1s in contact with the anode, the cathode, and an oxidizing gas.

2. The battery of claim 1, wherein the electronegative heteroatom is selected from the

group consisting of fluorine, chlorine, oxygen, and nitrogen.

3. The battery of claim 1, wherein the electronegative heteroatom-enriched carbon

comprises nitrogen-doped carbon.

4. The battery of claim 3, wherein the weight ratio of the nitrogen-doped carbon to the

electrically conductive material ranges from 100:0 to 1:99.
5. The battery of claim 3, wherein the nitrogen-doped (N-doped) carbon 1s selected
trom the group consisting ot N-doped carbon black, N-doped graphene, N-doped carbon

nanotubes, N-doped carbon dots, and combinations thereof.

6. The battery of claim 1, wherein the electronegative heteroatom-enriched carbon

comprises oxygen-enriched carbon.

7. The battery of claim 6, wherein the oxygen-enriched carbon has an oxygen to carbon

ratio between 0.015 and 0.045.

8. The battery of claim 6, wherein the oxygen-enriched carbon is formed by acid

treatment of carbon with an inorganic acid and/or an organic acid.
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9. The battery of claim 8, wherein the inorganic acid 1s selected from the group
consisting of hydrogen fluoride (HF), hydrogen chloride (HCI), hydrogen bromide (HBr), hydrogen
iodide (HI), perchloric acid (HCIOy), sulfuric acid (H2SOy), nitric acidd (HNOj3), and combinations

thereof.

10. The battery of claim 8, wherein the organic acid 1s selected from the group consisting
of oxalic acid (C:H20Oy), citric acid (CeHO7), succinic acid (C4HqOy), tartaric acid (C4HqOg), malic
acid (C4HOs) butyric acid (C4H505), and combinations thereof.

11. The battery of claim 1, wherein the electrically conductive material comprises a
porous carbon material selected from the group consisting of carbon black, carbon nanotubes,
carbon nanofibers, carbon dots, activated carbon, amorphous carbon, graphite, graphene, graphene

oxide, and combinations thereof.

12. The battery of claim 11, wherein the electronegative heteroatom-enriched carbon 1s
tormed by treating the electrically conductive material with a procedure selected from the group
consisting of chemical treatment with oxidizing agents, plasma treatment, ozone treatment, chemical

vapor deposition, pyrolysis, and combinations thereof.

13. The battery of claim 11, wherein the porous carbon material is in the form of

patticles, powders, paper, foam, fibers, sheets, discs, rods, and/or foils.

14. The battery of claim 1, wherein the metal halide in the cathode has a weight

percentage in the range ot 40% to 90%.

15. The battery of claim 1, wherein the metal halide comprises (1) a metal ion selected
from the group consisting of Li", Mg™, Zn", Al", Na”, and combinations thereof; and (if) a halide ion

selected from the group consisting of I', Br, CI, I, and combinations thereof.
16. The battery of claim 1, wherein the electrolyte comprises at least one lithium salt as

the at least one ion-conducting salt, and the at least one solvent comprises at least one nitrile and/or

at least one heterocyclic compound.
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17. The battery of claim 1, wherein the anode comprises at least one alkali metal and/or

at least one alkaline earth metal.

18. The battery of claim 1, wherein the oxidizing gas 1s selected from the group

consisting of cxygen, awr, mitric oxide, nitrogen dioxide, and combinations thereof.

19. A method of fabricating a rechargeable metal halide battery comprising;

torming a battery stack comprising an anode, an electrolyte comprising at least one ion-
conducting salt and at least one solvent, a cathode comprising a metal halide incorporated into an
electrically conductive material that includes an electronegative heteroatom-enriched carbon, and a
separator positioned between the anode and the cathode; and

introducing an oxidizing gas into the battery stack,

wherein the electrolyte 1s in contact with the anode, the cathode, and the oxidizing gas.

20. The method of claim 19, wherein the electronegative heteroatom-enriched carbon

comprises nitrogen-doped carbon.

21. The method of claim 19, wherein the electronegative heteroatom-enriched carbon

comprises oxygen-enriched carbon.
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