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(57) ABSTRACT

Lithium sulfur battery cells that use water as an electrolyte
solvent provide significant cost reductions. Electrolytes for
the battery cells may include water solvent for maintaining
clectroactive sultur species 1n solution during cell discharge
and a suflicient amount of a cycle life-enhancing compound
that facilitates charging at the cathode. The combination of
these two components enhances one or more of the follow-
ing cell attributes: energy density, power density and cycle
life. For instance, in applications where cost per Watt-Hour
(Wh) 1s paramount, such as grid storage and traction appli-
cations, the use of an aqueous electrolyte 1n combination
with mnexpensive sulfur as the cathode active matenal can be
a key enabler for the utility and automotive industries, for
example, providing a cost effective and compact solution for
load leveling, electric vehicles and renewable energy stor-
age. Sultur cathodes, and methods of fabricating lithium
sulfur cells, 1n particular for loading lithium sulfide into the
cathode structures, provide further advantages.

lllustration of solubility level of Li,S {final discharge product in Li-S cell)

3 mol/L of LLS in non-agueous solvent (glyme)

Extremely low solubility {(s1x10? mole/L.)

3 mol/L of Li,S in water
completely dissolved
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Fig. 2B
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3 mol/L of Li.S in water
completely dissolved
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o mMoi/L of LIS N non-aqueous solvent (giyme)
Extreamely low solubility (<1x107 mole/L )
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LITHIUM SULFUR BATTERIES AND
ELECTROLYTES AND SULFUR CATHODES
THEREOFK

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 14/657,695, filed Mar. 13, 20135, titled

LITHIUM SULFUR BATTERIES AND ELECTROLYTES
AND SULFUR CATHODES THEREOF (now allowed),

which claims priority to U.S. Provisional Patent Application
No. 61/9535,101 filed Mar. 18, 2014, titled ELECTRO-
LYTES AND SULFUR CATHODES FOR AQUEOUS
LITHIUM SULFUR BATTERIES, and to U.S. Provisional
Patent Application No. 61/993,609, filed May 15, 2014,
titled ELECTROLYTES AND SULFUR CATHODES FOR
AQUEOUS LITHIUM SULFUR BATTERIES.

[0002] U.S. application Ser. No. 14/657,693, filed Mar. 13,
2015, titled LITHIUM SULFUR BATTERIES AND ELEC-
TROLYTES AND SULFUR CATHODES THEREOF (now
allowed), 1s a continuation-in-part of U.S. patent application
Ser. No. 14/334,573, filed Jul. 17, 2014, titled AQUEOUS
ELECTROLYTE LITHIUM SULFUR BATTERIES, which
1s a continuation of U.S. patent application Ser. No. 13/676,
487, filed Nov. 14, 2012, titled AQUEOUS ELECTRO-
LYTE LITHIUM SULFUR BATTERIES; which 1s a con-
tinuation-in-part of U.S. patent apphcatlon Ser. No. 13/475,

324, filed May 18, 2012, titled AQUEOUS ELECTROLYTE
LITHIUM SULFUR BATTERIES; which 1s a continuation-
in-part of U.S. patent application Ser. No. 13/440,84/, filed
Apr. 5, 2012, titled AQUEOUS ELECTROLYTE LITHIUM
SULFUR BATTERIES; which claims priornty to U.S. Pro-
visional Patent Application Nos. 61/585,589, filed Jan. 11,

2012, titled AQUEOUS LITHIUM-SULFUR BAITT JRY
CELL, and 61/560,134, filed Nov. 15, 2011, titled AQUE-
OUS LITHIUM-SULFUR BAI'T. JRY U.S. patent applica-
tion Ser. No. 13/676,487 also claims prionity from U.S.

Provisional Patent Application Nos. 61/623,031, filed Apr.
11, 2012, taitled AQUEOUS ELECTROLYTE LITHIUM
SULFUR BATTERIES.

[0003] FEach of these applications is incorporated herein by
reference 1n 1ts entirety and for all purposes.

STATEMENT OF GOVERNMENT SUPPORT

[0004] This mnvention was made with Government support
under Award No.: DE-AR0000349 awarded by the
Advanced Research Projects Agency-Energy (ARPA-E),
U.S. Department of Energy. The Government has certain
rights in this imnvention.

FIELD OF THE

DISCLOSURE

[0005] The present disclosure relates generally to the field
ol electrochemical energy storage and power delivery. In
particular, the present disclosure relates to aqueous lithium-
sulfur electrolytes, lithium-sulfur cathodes, and Ilithium-
sulfur battery cells, including tlow cells and systems thereotf,
and methods of making and operating such electrolytes,
cathodes and cells.

BACKGROUND
[0006] The lithium sulfur battery has a theoretical capacity
of 1675 mAhg~' and approximately 2300 Wh/kg. The low

cost and exceptionally high specific capacity of sulfur ren-
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ders 1t an especially attractive battery cathode material for
large-scale energy storage, including electric vehicle and
orid storage applications. Yet aiter more than twenty years of
research and development at various battery companies and
scientific institutions worldwide, key technical problems
with the sulfur electrode have precluded meaningtul com-
mercialization of the L1i—S battery. The present disclosure
addresses the sulfur electrode problem through the use of
novel aqueous electrolyte formulations and cathode struc-
tures.

SUMMARY

[0007] In one aspect the present disclosure provides novel
active sulfur containing aqueous electrolytes (1.e., aqueous
catholytes) for use 1n lithtum sulfur battery cells and lithium
sulfur battery cells thereof.

[0008] The instant aqueous lithium sulfur battery cells
include a lithium anode comprising a lithium electroactive
material such as lithium metal or a carbon intercalation
material; a cathode comprising a solid electron transier
medium; and an aqueous electrolyte 1n electron transier
contact with the cathode but 1solated from direct contact
with the lithium electroactive material of the anode, the
aqueous electrolyte comprising water and electroactive sul-
fur species dissolved therein.

[0009] Identifying the precise chemical nature of the vari-
ous active sulfur species dissolved 1n the electrolyte solution
(1.e., catholyte solution) 1s dithcult, if at all possible. How-
ever, given that the solution 1s electrically neutral, the
overall stoichiometry of the aqueous electrolyte solution,
and 1n particular that as 1t pertains to the dissolved electro-
active species, 1s characterizable and may be expressed
herein, and 1n the claims, in terms of an “active lithium
sulfur stoichiometric ratio” or more simply an “active stoi-
chiometric ratio,” which, as defined herein, 1s the ratio of
active sulfur to active lithrum dissolved in the electrolyte
solution, and 1s represented by the general formula Li1,S,.
For the sake of simplicity, the parameter “x” 1

in the aforesaid
formula 1s sometimes referred to herein, and 1n the claims,
as the “stoichiometric factor.” For instance, the aqueous
clectrolyte solution of battery cells of the instant disclosure
may be characterized as having a stoichiometric factor (1.e.,
x) 1 the range of 1 to 8, for example. For example, an
aqueous electrolyte solution characterized as having a stoi-
chiometric factor of x=8, has an active stoichiometric ratio
of 8:2, which when represented as a quotient 1s 4; or a
stoichiometric factor of x=5 has an active stoichiometric
ratio of 5:2, which as a quotient 1s 2.5.

[0010] By use of the term electron transfer contact 1t 1s
meant that the direct touching contact between the aqueous
clectrolyte solution and the electron transfer medium (ETM)
1s suiliciently mtimate to allow for electron transfer, asso-
cliated with cell discharge and/or charge, to take place
between dissolved active sulfur species and the electron
transfer medium (1.e., the contact suflicient to enable elec-
trochemical redox). In contradistinction to the intimate con-
tact described hereinabove for the electron transfer medium
and the aqueous sulfur catholyte solution, 1t should be
emphasized that the lithium electroactive material (e.g.,
lithium metal) and the aqueous sulfur electrolyte solution are
not 1n direct contact and never touch, and that this complete
touching isolation 1s maintained throughout the course of
battery cell storage and operation. Accordingly, by this
expedient, there 1s no need to adjust or modily or even
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consider the composition of the aqueous electrolyte solution
for chemical compatibility with the lithium electroactive
material. It should be noted that the terms aqueous sulfur
clectrolyte solution and aqueous sulfur catholyte solution are
herein used interchangeably.

[0011] In one aspect the present disclosure provides a
secondary aqueous lithium sulfur battery cell having a novel
aqueous electrolyte that promotes cathodic reversibility dur-
ing cell charging, and by this expedient enhances cycle life
especially when cycling at high area capacity. For instance,
when compared to comparable cells cycled in an aqueous
clectrolyte having a solvent system that 1s substantially neat
water, the instant cells have improved cycling performance
and achieve more than 10 cycles, and preferably more than
50 cycles, and even more preferably more than 100 cycles
at area capacities of about or greater than 1 mAh/cm”,
preferably greater 5 mAh/cm?, and more preferably greater
than 10 mAh/cm” and even more preferably greater than 15
mAh/cm® per discharge/charge cycle. By use of the term
area capacity it 1s meant the apparent (or geometric) area of
the cathode, and in particular the apparent area of the
clectron transier medium.

[0012] In various embodiments the novel aqueous elec-
trolyte includes an aqueous electrolyte solution composed of
clectroactive sulfur species dissolved 1n an aqueous solvent
system comprising at least two solvent components, and the
amount of active sulfur species dissolved (i.e., solubilized)
in the solvent system 1s suitable for a practical lithium sulfur
battery cell of the closed or flow cell type. For example,
depending on the cell state of charge, the sulfur concentra-
tion of the solution may be between about 1 and 15 molar.
In various embodiments the cell 1s closed and pretferably all
of the electroactive sulfur species remain in the solution
phase over the course of cell operation, and for such closed
cells the sulfur concentration 1s typically about 10 molar or
greater (e.g., between 10-15 molar sultur).

[0013] In various embodiments the first solvent compo-
nent 1s water and the second solvent component 1s a cycle-
life enhancing compound that serves to facilitate electro-
chemistry at the cathode, and i particular to facilitate
charging at the cathode. In various embodiments, the water
serves, 1n part, as a reactive solvent for maintaining highly
reduced electroactive sulfur species solubilized 1n the solu-
tion during cell discharge and charge, and as such should be
present 1n suflicient amount to achieve the desired eflect.
The water facilitates electrochemistry at the cathode, espe-
cially when the stoichiometric factor of the solution reaches,
or 1s, a value of about 3 or below 3 (e.g., 3>x>2), or below
2 (e.g., 2>x>1), or approachuing 1 (e.g., x 1s about 1 or 1). The
cycle-life enhancing compound also facilitates cathode elec-
trochemistry, but 1n particular facilitates electrochemistry in
solutions characterized as having a relatively high stoichio-
metric factor, such as that approaching 4, or about 4, or
greater than 4 (e.g., 4<x<35), or greater than 5 (e.g., 4<x<5)
or greater than 6 (e.g., 6<x<7) or greater than 7 (e.g., 7<x<8)
or in some embodiments greater than 8 (e.g., 8<x<12). For
instance, 1 various embodiments the cycle-life enhancing
compound facilitates charging at the cathode such that the
aqueous electrolyte solution achieves, as a result of said
charging, a stoichiometric factor (x) that 1s greater than 3,
and 1n some embodiments greater than 6 and 1n some
embodiments greater than 7 or even greater than 8; for
instance, the stoichiometric factor (x) may have a value
ellected by charge that of 5<x<6, 6<x<7 and 6<x<7, and
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8<x<12. The water solvent component facilitates cathode
reversibility when the stoichiometric factor 1s below 4, and
in particular 1s below 3 or below 2, whereas the cycle-life
enhancing compound, when present 1n suflicient amount,
tacilitates discharge and especially charge when the aqueous
catholyte solution approaches 1its full state of charge. For
example the cycle-life enhancing compound promotes
charging of the electrolyte solution to a stoichiometric factor
otherwise not attainable 1 water were the sole solvent
component (1.e., the solvent 1s neat water); for example, a
stoichiometric factor greater than 5, (e.g., 6,7,8,9,10,11,12)
as discussed 1n more detail below.

[0014] Of particular import to the aforesaid discussion is,
what 1s termed herein, the stoichiometric solubility limit of
the catholyte solution, which 1s a value that corresponds to
the stoichiometric factor at which active polysulfide species
are no longer completely soluble and begin to precipitate out
of the electrolyte solution at practical sulfur concentrations.
By practical sulfur concentrations 1t 1s meant sulfur concen-
trations 1n excess of 1 molar, and more commonly 1n excess
of 3 molar and typically 10 molar or higher. The inventors
determined that for an aqueous lithium polysulfide electro-
lyte having a solvent system of neat water, the “stoichio-
metric solubility limit” 1s about 4.6, which means that at
stoichiometric factors greater than about 4.6 the electrolyte
solution becomes unstable to full dissolution, and, 1n par-
ticular, solid phase active sulfur species precipitate out of the
clectrolyte solution. It should be understood that precipita-
tion ol active sulfur species on charge 1s by itself not
necessarlly a limiting factor for cell performance. Indeed,
non-aqueous lithium sulfur cells are well known for being
loaded with solid phase elemental sulfur 1n the cathode.
However, in aqueous lithium sulfur cells, the inventors
discovered that by formulating the aqueous solvent system
with a cycle-life enhancing compound, the sulfur electrolyte
solutions can achieve stoichiometric factors greater than 5
(c.g., between 5 and 12) and that this leads to enhanced
cathode reversibility, especially for high area capacity
cycling. Accordingly, when present in sutlicient amount, the
cycle-life enhancing compounds extend the stoichiometric
solubility limit of the instant aqueous polysulfide electro-
lytes beyond a stoichiometric factor of 5, and this facilitates
clectrochemical oxidation kinetics at the cathode during cell
charging, and ultimately leads to enhanced cycle life.

[0015] An important utility of the cycle-life enhancing
compound 1s 1ts chemical action during charge 1n aqueous
clectrolyte solutions having a stoichiometric factor greater
than 4 and 1n particular greater than 5. In various embodi-
ments, the chemical action 1s solvolysis, wherein the com-
pound serves as a reactive solvent for solubilizing or main-
taining 1n solution electroactive sulfur species having a
stoichiometric factor of about 4 or greater.

[0016] Thus, in another aspect, the present disclosure
provides an aqueous lithium sulfur battery cell having an
aqueous catholyte solution of practical sulfur concentration
which 1s capable of achieving, over the course of cell
discharge and charge, a broad range of stoichiometric fac-
tors, from about 1 to 12 or from about 1 to 8, or from 1 to
5, or about 2 to 5, or from 1 to 6 or about 2 to 6, or from 1
to 7 or about 2 to 7 depending on the nature and concen-
tration of the cycle-life enhancing compound.

[0017] Accordingly, 1n various embodiments the cell 1s a
solvolysis battery cell, wherein solvolysis 1s relied upon to
achieve an electrolyte solution having a low stoichiometric
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factor on discharge and a high stoichiometric factor on
charge. For instance, on discharge the stoichiometric factor
reaches a value that 1s less than 3 or less than 2 or between
2 and 1, or about 1, and on charge the factor reaches a value
that 1s greater than 4, for instance, between 5 to 6, or
between 6 to 7 or between 7 to 8, or between 8 to 12.
Generally, over the course of battery cell operation, the
active stoichiometric factor of the active species will vary
over a broad range, and 1n particular that including values
between 1 and 8, depending on how deeply the cell 1s
discharged and the charging protocol.

[0018] In various embodiments the cycle life enhancing
compound 1s present 1 a suflicient amount for the instant
cell to achieve more than 10 cycles at greater than 400
mAh/gr of active sulfur, and more preferably greater than
600 mAh/gr of active sulfur, and even more preferably about
1000 mAh/gr of active sulfur or greater. Moreover, the
cycle-life enhancing compound has been found to provide
particular benefit for improving reversibility and thus
enhancing cycle life at high area capacity. In embodiments
the incorporation of the cycle-life enhancing compound
improves electrochemical reversibility such that the cell 1s
capable of achieving extended number of cycles at high
cathode area capacity greater than 5 mAh/cm?, greater than
10mAh/cm” and greater than 15 mAh/cm2, wherein the area
term 1s based on the apparent area of the cathode. For
instance, the instant cell achieving more than 20 cycles with
a cathode area capacity greater than 5 mAh/cm?® (greater

than 10 mAl/cm?, and greater than about 15 mAh/cm®) per
discharge cycle for preferably greater than 50 cycles.

[0019] The cycle-life enhancing compound 1s present 1n
the aqueous eclectrolyte solution as a component of the
aqueous solvent system. In various embodiments the cycle-
life enhancing compound 1s polar and miscible with water,
as such the solvent system 1s homogenous. In embodiments
wherein the cycle-life enhancing compound 1s a solid or a
gas, 1t (the cycle-life enhancing compound) 1s dissolved 1n
the water of the solvent system, and typically fully dis-
solved. In fact, a cycle-life enhancing liquid compound that
1s miscible with water 1n the solvent system, 1s also consid-
ered herein to be dissolved in the water, and that terminology
1s used herein and 1n the claims.

[0020] In various embodiments the cycle-life enhancing
compound modifies the chemistry of the electrolyte such
that the electrolyte solution has a stoichiometric factor
greater than 5, and that refers to the catholyte solution prior
to 1ni1tial cell operation and/or as a result of charging the cell.
A Tactor of greater than 5 1s particularly intriguing 1n that the
highest stoichiometric factor obtainable 1 aqueous sulfur
catholyte having water as the sole solvent has been deter-
mined by the inventors to be about 4.6 at practical sulfur
concentrations typically in the range of 3 to 15 molar.

[0021] In contradistinction to what may be achieved 1n an
clectrolyte having neat water as the sole electrolyte solvent,
in various embodiments the instant battery cell 1s fabricated
such that prior to initial cell operation, the concentration of
clectroactive species dissolved in the aqueous electrolyte
solution has a stoichiometric factor that i1s greater than 5, and
in some embodiments between 5 and 6, or between 6 and 7
or between 7 and 8 or between 8 and 12, and an active sulfur
concentration that 1s at least 5 molar, and preferably greater;
for instance, at least 6 molar; at least 7 molar; at least &
molar; ; at least 9 molar; at least 10 molar; at least 11 molar;
at least 12 molar; at least 13 molar; at least 14 molar; at least
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15 molar. Moreover, 1n certain embodiments thereot all of
the cell capacity (1.e., sulfur capacity), 1s present as electro-
active sulfur species dissolved in the aqueous electrolyte
solution. Furthermore, with reference to the aforesaid
embodiments, 1n addition to the cell having a sulfur molarity
commensurate with a practical fully sealed battery cell, the
stoichiometric factor, given a sutlicient amount of cycle-life
enhancing compound present in the electrolyte, 1s greater
than 5, and 1n some embodiments 1s between 5 and 6, and 1n
other embodiments 1s between 6 and 7 and still yet 1n other
embodiments the stoichiometric factor 1s between 7 and 8 or
between 8 - 12.

[0022] In various embodiments the amount of cycle-life
enhancing compound 1s sutlicient that the instant cell may be
cycled (e.g., at least 10 cycles) to 1ts rated capacity without
clemental sulfur precipitating out of solution during charge.
For instance, the cell achieving more than 10 cycles at
greater than 400 mAh/gr of sulfur, greater than 600 mAh/gr
of sulfur and even more preferably about at least 1000
mAh/gr of sulfur, without said precipitation taking place.

[0023] The pH of the aqueous electrolyte solution, absent
the cycle-life enhancing compound, 1s generally relatively
high, and in embodiments the pH of the electrolyte 1s greater
than 12 (e.g., between 12 and 13 or about 13 or greater than
13). Moreover, regarding pH of the electrolyte solution, 1n
vartous embodiments the amount of cycle-life enhancing
compound present in the aqueous electrolyte 1s suflicient to
cllect a pH of the aqueous solvent system (1.¢., the solution
devoid of electroactive sulfur) that 1s greater than 12, e.g.,
about 13 or 14. Notably, aqueous sulfur electrolyte solutions
of practical sulfur concentrations are strongly basic and the
addition of the cycle-life enhancing compound has eflec-
tively no significant bearing on the pH of the electrolyte
solution, given that the high concentration of dissolved
active sulfur species, which on 1ts own eflects a solution pH
generally greater than 12, and can be as high as 13 or 14.

[0024] In various embodiments the cycle-life enhancing
compound 1s not a metal salt or even an 10nic salt, but rather
a covalently bound molecule, and thus when present 1n
suilicient amount to enhance electrochemical reversibility at
the cathode, it generally decreases the conductivity of the
clectrolyte relative to the same electrolyte devoid of the
cycle-life enhancing compound. Moreover, at very high
dissolved sulfur concentrations (e.g., 1n excess of 15 molar
sulfur) the presence of the cycle-life enhancing compound
can increase viscosity to levels impractical for use 1 a
closed or flow battery cell.

[0025] The aqueous solvent system comprises a substan-
tial amount of water as a reactive solvent. Typically the
volume percent of water 1n the aqueous solvent system 1s
greater than 10%. More typically the volume percent of
water 1n the aqueous solvent system 1s >10-20%; between
>20%-30%; between >30%-40%; between >40%-50%:;
between >50%-60%: between >60%-70%: between >70%-
80%: between >80%-90%:; between >90%-95%. Further-
more, as 1t pertains to water 1n the aqueous solvent system,
the amount of water in the solvent system 1s, 1n various
embodiments, greater than 10%, greater than 20%, greater
than 30%, greater than 40%, greater than 50%, greater than
60%, greater than 70%, greater than 80%, greater than 90%.
The volume of water suflicient to serve its purpose as an
clectrolyte medium for supporting the 1onic current through
the battery cell and for serving as a reactive solvent for
maintaining electroactive sulfur species in solution (1.e.,




US 2017/0365853 Al

dissolved 1n the aqueous electrolyte solution) during cell
discharge, and for providing a medium for facilitating charg-
ing at or near the end of discharge, e.g., when the active
stoichiometric factor 1s less than 3 (e.g., about 2 or 1).
[0026] Accordingly, 1n various embodiments the instant
battery cell 1s a secondary battery cell. In various embodi-
ments the amount of cathodic cycle-life enhancing com-
pound 1s suflicient to yvield a cell whereby the total capacity
1s provided by dissolved active sulfur species, and the
delivered capacity of said dissolved sulifur species corre-
sponds to a value that 1s greater than 700 mAh/gram of
dissolved sulfur over at least 2 cycles. Moreover, the cycle-
life enhancing compound facilitates charging at the cathode
and especially serves to facilitate charging at or near the cell
state of Tull charge. For istance, 1n various embodiments the
cycle-life enhancing compound facilitates charging at the
cathode so that at stoichiometric factors greater than 4,
greater than 5 or between 6 and 7 or between 7 and 8, the
cell does not unduly polarize on charge, and the cell voltage
reaches a stoichiometric factor of 4-5 or 5-6 or 6-7 or 7-8
without undue cell polarization. For instance, in various
embodiments the cell achieves at least 10 cycles and on each
charge cycle the active stoichiometric ratio of the aqueous
clectrolyte solution reaches a value greater than 5 with
mimmal or no precipitation of solid phase suliur; or the cell
achieves at least 10 cycles and on each charge cycle the
active stoichiometric ratio of the aqueous electrolyte solu-
tion reaches a value greater than 6 with minimal or no
precipitation of solid phase sulfur; or the cell achieves at
least 10 cycles and on each charge cycle the active stoichio-
metric ratio of the aqueous electrolyte solution reaches a
value greater than 7 with minimal or no precipitation of solid
phase sulfur.

[0027] In various embodiments the aqueous electrolyte
solution has an active stoichiometric ratio represented by the

chemical formula Li1,S,, with x having a value between 1
and 7.

[0028] In various embodiments the cycle life enhancing
compound 1s present in an amount suflicient to support an
aqueous electrolyte solution having an active stoichiometric
ratio represented by the chemical formula L1,S,, wherein x
1s greater than 3.

[0029] In various embodiments the cycle life enhancing
compound 1s present 1in an amount suflicient to support an
aqueous electrolyte solution having an active stoichiometric
ratio represented by the chemical formula Li,S_, wherein x
1s 1n the range selected from the group consisting of 3<x<6,
6<x<7, 7<x<8. In embodiments thereof the amount of cycle
life enhancing compound present in the aqueous solvent
system 1s at least 0.1 molar, at least 0.5 molar, or at least 1.0
molar. In embodiments thereof the amount of cycle life
enhancing compound present 1n the aqueous solvent system
1s 1n the molar range selected from the group consisting of
0.1<z<1.0; 1.0<z <2.0; 2.0<z<3.0; 3.0<z<4.0; 4.0<z<5.0;
5.0<z<6.0; 6.0<z<7.0; 7.0<z <8.0; 8.0<z<9.0; 9.0<z<10.0;
10.0<z<b 11.0.

[0030] In embodiments thereof the amount of cycle life

enhancing compound present 1n the aqueous solvent system
1s 1n the range of 1-60 vol %.

[0031] In embodiments thereof the amount of cycle life
enhancing compound present 1n the aqueous solvent system
1s 1n the range of 5-30 vol %.

[0032] In embodiments thereot, prior to 1nitial cell opera-
tion, the concentration of electroactive sulfur species dis-
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solved 1n the aqueous electrolyte solution 1s at least 5 molar;
at least 6 molar; at least 7 molar; at least 8 molar; at least 9
molar; at least 10 molar; at least 11 molar; at least 12 molar;
at least 13 molar; at least 14 molar; at least 15 molar.

[0033] In embodiments thereot, prior to mitial cell opera-
tion, all of the sulfur capacity of the cell 1s present as
clectroactive sultfur species dissolved in the aqueous elec-
trolyte solution. In embodiments thereot the cell 1s cycled to
its rated capacity without precipitating elemental sulfur
during charge. In embodiments thereof the rated capacity of
the cell based on the weight of electroactive sultur 1n the cell
1s greater than 500 mAh/gr of sulfur, preferably greater than

600 mAh/gr and even more preferably greater than 1000
mAh/gr of sultur.

[0034] In various embodiments the pH of the electrolyte
absent the cycle life enhancing compound is greater than 12.

[0035] In various embodiments the suflicient amount of
cycle life enhancing compound would, absent the dissolved
clectroactive sulfur species, bring the electrolyte pH to a
value greater than 12.

[0036] In various embodiments the cycle life enhancing
compound 1s not a metal salt.

[0037] In various embodiments the compound at the
molecular level 1s a covalently bound molecule that dis-
solves 1n neat water but does not dissociate 1n neat water.

[0038] In various embodiments the volume percent of
water 1n the aqueous solvent system 1s at least 10%.

[0039] In various embodiments the volume percent of
water 1n the solvent system 1s selected from the group
consisting of between >10-20%; between >20%-30%:;
between >30%-40%:; between >40%-50%: between >50%-
60%: between >60%-70%; between >70%-80%: between
>80%-90%; between >90%-95%.

[0040] In various embodiments the amount of water 1n the
solvent system 1s selected from the group consisting of
greater than 10%, greater than 20%, greater than 30%,
greater than 40%, greater than 50%, greater than 60%,
greater than 70%, greater than 80%, greater than 90%.

[0041] In various embodiments the aqueous lithium sulfur
battery cell 1s a secondary battery. In embodiments thereof
the amount of said cathodic cycle life enhancing compound
1s suflicient to yield a cell whereby the total capacity 1is
provided by dissolved active sulfur species, and the deliv-
ered capacity of said dissolved sulfur species corresponds to
a value that 1s greater than 700 mAh/gram of dissolved
sulfur over at least 2 cycles. In embodiments thereof, upon
charging the cell beyond a stoichiometric factor of x=4 to
x=35 the cell does not unduly polarize; that 1s the cell does not
polarize to the extent that the cell voltage remains below 3

Volts.

[0042] In various embodiments the cell achieves at least
10 cycles and on each charge cycle and the active stoichio-
metric ratio of the aqueous electrolyte solution reaches a
value greater than 5 with minimal or no precipitation of solid
phase sulfur.

[0043] In various embodiments the cell achieves at least
10 cycles and on each charge cycle the active stoichiometric
ratio of the aqueous electrolyte solution reaches a value
greater than 6 with minimal or no precipitation of solid
phase sulfur.

[0044] In various embodiments the cell achieves at least
10 cycles and on each charge cycle the active stoichiometric
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ratio of the aqueous electrolyte solution reaches a value
greater than 7 with minimal or no precipitation of solid
phase sulfur.

[0045] In various embodiments the cycle-life enhancing
compound 1s an organic compound, and in particular a polar
organic compound. In certain embodiments thereof it (the
cycle-life enhancing compound) 1s a protic organic com-
pound. The cycle-life enhancing organic compound may be
a solid or liquid or gas in the standard state (which by
standard state 1t 1s meant the neat compound at 25° C. and
1 atm). In embodiments thereof 1t 1s a protic organic
compound that 1s a liquid 1n the standard state. In various
embodiments the cycle-life enhancing organic compound 1s
a nitrogen-containing (N-containing) organic compound. In
certamn embodiments thereof the cycle-life enhancing
organic N-containing compound 1s a liquid or a solid 1n the
standard state. The cycle-life enhancing organic mitrogen
containing liquid compound may be protic. In particular
embodiments the cycle-life enhancing organic nitrogen con-
taining compound 1s an amine, which may be a primary
amine, a secondary amine, and 1n some embodiments 1t 1s a
tertiary amine.

[0046] In various embodiments the cycle-life enhancing
organic compound 1s represented by the general formula:

.
RITZ O

RZ R

wherein R' is H or an organic radical (i.e., functional group),
R* is H or an organic radical, and R> is H or an organic
radical. In some embodiments, at least one of said R groups
1s an organic functional group (also sometimes referred to
herein as a radical). In various embodiments one of said R
groups contains an amine functional group, or two of said R
groups contain an amine functional group, and optionally
both amine groups are different or the same. In other
embodiments all three R groups contain amine functional
groups, and optionally all three are different or all three are
the same or two are the same. In yet other embodiments none
of said R groups contain ether or hydroxyl groups.

[0047] In various embodiments the cycle-life enhancing
organic compound 1s an amine selected from the group
consisting of ethylenediamine, diethylenetriamine, trimeth-
ylamine, n-propylamine, methylamine, dimethylamine, eth-
ylamine, diethylamine, isopropylamine, diisopropylamine,
dimethylaminopropylamine, diethylenetriamine, allylamine,
tetracthylenediamine, tetramethylpropylenediamine, pen-
tamethyldiethylenetriamine, cyclopropylamine, 2-methoxy-
cthylamine, (2-methoxyethyl)methylamine, 3-methoxypro-
pylamine, bis(2-methoxyethyl)amine,
2-methoxyisopropylamine, 2,2-dimethoxyethylamine, 3
-cthoxy-1-propanamine, 2-(2-aminoethoxy)ethylamine, and
2,2-(ethylenedioxy)bis(ethylamine).

[0048] In embodiments one of said R groups 1s an
hydroxyl functional group or two of said R groups are
hydroxyl functional groups, and are optionally the same or
different. In embodiments all of said R groups are hydroxyl
functional groups, and are optionally the same or different or
two are the same

[0049] In various embodiments the organic compound is
selected from the group consisting of 2-(ethylamino)ethanol,
cthanolamine, diethanolamine, N-methylethanolamine,
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N-methyldiethanol, 2-amino-2-methyl-1-propanol, N,N-di-
methyl ethanol amine, 2-(2-aminoethoxy)ethanol.

[0050] In embodiments one of said R groups 1s an ether
functional group or two of said R groups are ether functional
groups, and are optionally the same or different. In embodi-
ments all of said R groups are ether functional groups, and
are optionally the same or different or two are the same.
[0051] In various embodiments at least one of said R
groups 1s selected from the group consisting of optionally
substituted C,-C,, alkyl group, optionally substituted
C,-C,, alkenyl group, and optionally substituted C,-C,,
alkynyl group, wherein a substituted group 1s derived from
the unsubstituted parent structure in which one or more
hydrogen atoms are exchanged for another atom or a group
ol atoms.

[0052] In various embodiments at least one of said R
groups 1s selected from the group consisting of optionally
substituted C,-C, , cycloalkyl, optionally substituted C,-C, ,
cycloalkenyl, and optionally substituted 3-10 membered
heterocyclyl, wherein a substituted group 1s derived from the
unsubstituted parent structure in which one or more hydro-
gen atoms are exchanged for another atom or a group of
atoms.

[0053] In embodiments at least one of said R groups 1is
selected from the group consisting of optionally substituted
carbo- and heterocyclic 5-10 membered aryl, or a benzylic
group, wherein a substituted group 1s derived from the
unsubstituted parent structure in which one or more hydro-
gen atoms are exchanged for another atom or a group of
atoms.

[0054] In various embodiments the cycle-life enhancing
organic compound 1s selected from the group consisting of
cthylenediamine, 2-methoxyethylamine, bis(2-methoxy-
cthyl)amine, 2-(methylamino)ethanol, n-propylamine,
methylamine, dimethylamine, ethylamine, diethylenetri-
amine.

[0055] In various embodiments the cycle life enhancing
organic compound 1s a nitrogen containing heterocyclic
compound. In embodiments thereof the nitrogen containing
heterocyclic compound has the general formula:

(Y),— (X)m

\ /

N

|

R
[0056] wherein m, n=1, 2, 3, 4, 5, and (m+n) 1s less than

6; and

[0057] {further wherein X 1s selected from the group con-

sisting of

[0058] X is CR'R* (optionally substituted methylene
group), where R' and R represent H or an organic radical,
or

[0059] X is CR' (when N-heterocycle is unsaturated or
aromatic) where R' represents H or an organic radical, or

[0060] X 1s N (X 1s nitrogen atom when N-heterocycle 1s
unsaturated or aromatic), or

[0061] X is NR” (X is NR” group), where R represents H
or an organic radical, or

[0062] X 1s O (X 1s oxygen atom), or
[0063] X 1s S (X 1s sulfur atom).
[0064] In various embodiments the nitrogen containing

heterocycle 1s selected from the group of saturated N-het-
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erocycles, aromatic N-heterocycles, and unsaturated N-het-
erocycles, that optionally contain X=X, X=Y, X=N, Y=N
double bonds where X 1s not oxygen atom and is not sulfur
atom.

[0065] In embodiments the nitrogen containing hetero-
cycle 1s miscible with water.

[0066] In various embodiments the mitrogen containing
heterocycle 1s a liquid 1n the standard state. For example the
liquid may be morpholine, pyrrolidine, piperidine, pyridine,
aziridine, 1,4-thiazine.

[0067] In various embodiments the mitrogen containing
heterocycle 1s a solid 1n the standard state.

[0068] In various embodiments the cycle-life enhancing
liquid 1s selected from the group consisting of 1midazole,
thiomorpholine, piperazine.

[0069] In various embodiments the cycle-life enhancing
organic compound 1s an alcohol. For example, suitable
alcohols 1include methanol, ethanol, n-propanol, 1-propanol.
[0070] In various embodiments the cycle-life enhancing
organic compound 1s a glycol. Suitable glycols include
cthylene glycol, glycerol, and polyglycols such as polyeth-
ylene glycol.

[0071] In various embodiments the cycle-life enhancing
organic compound 1s a glycol ether, such as ethylene glycol
monomethyl ether (2-methoxyethanol), diethylene glycol
monoethyl ether (carbitol), diethylene glycol monomethyl
cther (methyl carbitol), ethylene glycol monoethyl ether
(2-ethoxyethanol), echylene glycol monopropyl ether
(2-propoxyethanol, ethylene glycol monoisopropyl ether,
cthylene glycol monobutyl ether, diethylene glycol mono-
n-butyl ether.

[0072] In various embodiments the organic compound 1s a
polar aprotic liquid; for 1nstance, a polar aprotic liquid may
be a linear or cyclic ether. Particular polar aprotic liquids are
tetrahydrofuran (THF), 4-methyl-1,3-dioxolane (4-Me-
DIOX), tetrahydropyran (THP)), glymes (e.g., 1,2-dime-
thoxyethane (DME/monoglyme), diglyme, triglyme,
tetraglyme and higher glymes.

[0073] In various embodiments the cycle-life enhancing

organic compound 1s an amide, such as formamide, N,N-
dimethylacetamide  (DMA),  N,N-dimethylformamide

(DMF), N-methylformamide, N-ethylformamide, N,N-di-
cthylacetamide, N,N-diethylformamide.

[0074] In vanious embodiments the aforesaid cycle-life
enhancing compounds are miscible with water when a liquid
and or soluble 1n water when a solid 1n the standard state.
[0075] In various embodiments the cycle-life enhancing
compound 1s ammonia. In embodiments the amount of
ammonia 1n the aqueous solvent 1s greater than 5% (m/m).
In embodiments the amount of ammonia in the aqueous
solvent 1s between 5 to 35% (m/m). In embodiments the
amount ol ammonia 1n the aqueous solvent 1s between 14 to
33% (m/m). In embodiments the amount of ammonia pres-
ent 1n the aqueous solvent system 1s at least 0.1molar, at least
0.5 molar, or at least 1.0 molar. In embodiments the amount
of ammonia present in the aqueous solvent system 1s 1n the
molar range of: 0.1<z<1.0; 1.0<z<2.0; 2.0<z<3.0; 3.0<z
<4.0; 4.0<z<5.0; 5.0<z<6.0; 6.0<z<7.0; 7.0<z<8.0;
8.0<z<9.0; 9.0<z<10.0; 10.0 <z<11.0.

[0076] In various embodiments the aqueous lithium sulfur
battery cell provides a medium for twolold solvolysis of
clectroactive sulfur species, the firstiold solvolysis taking
place during discharge and the secondiold solvolysis taking,
place during charge, the water serving to solubilze, via
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hydrolysis, active sulfur species on discharge and the cycle
life enhancing compound serving as a reactive solvent for
solubilizing electroactive sulfur species on charge. In vari-
ous embodiments the first solvolysis causes highly reduced
clectroactive sulfur species to remain dissolved 1n the elec-
trolyte solution on discharge and wherein the active stoi-
chiometric ratio of said solution on discharge 1s L1,S, with
X less than 3, and the second solvolysis causes highly
oxidized electroactive sulfur species to remain dissolved 1n
the electrolyte solution on charge, wherein the active stoi-
chiometric ratio of said solution on charge 1s represented by
L1,S. with x greater than 5. In accordance with the solvoly-
s1s, the water serves as a reactive solvent for hydrolyzing
active sulfur species in solution, especially when the active
stoichiometric factor 1s less than 3 (e.g., about 1), and the
cycle-life enhancing compound, dissolved in the water of
the solvent system, also serves as a reactive solvent for
solubilizing active sulfur species, especially when the aque-
ous electrolyte solution 1s has a stoichiometric factor greater

than 5.

[0077] In embodiments thereof the cycle-life enhancing
compound 1s an organic compound. In embodiments thereof
the secondiold solvolysis takes place via aminolysis. In
embodiments thereof the organic compound 1s an amine or
a compound comprising an amine functional group. In
embodiments thereol the secondiold solvolysis takes place
via ammonolysis. In embodiments thereof the cycle-life
enhancing compound 1s ammonia. In embodiments thereof
the pH of the electrolyte absent the cycle life enhancing
compound 1s greater than 12. In embodiments thereof the
sulfur molarity of the aqueous electrolyte solution 1s greater
than 5 molar. In embodiments thereof the active stoichio-
metric ratio of the aqueous electrolyte solution 1s between 5
and 6 and the secondiold solvolysis maintains all of the
active sulfur species 1n solution. In embodiments thereof the
active stoichiometric ratio of the aqueous electrolyte solu-
tion 1s between 6 and 7 and the secondiold solvolysis
maintains all of the active sulfur species in solution. In
embodiments thereof the active stoichiometric ratio of the
aqueous e¢lectrolyte solution 1s between 7 and 8 and the
secondfold solvolysis maintains all of the active sulfur
species 1 solution.

[0078] In various embodiments during the course of cell
operation, the active stoichiometric ratio of the aqueous
clectrolyte solution 1s greater than 5. In various embodi-
ments the active stoichiometric ratio of the aqueous solution
1s greater than 6. In various embodiments the active stoi-
chiometric ratio 1s greater than 7. In various embodiments
the active stoichiometric ratio of the aqueous electrolyte
solution 1s between 5 and 6. In various embodiments the
active stoichiometric ratio of the aqueous electrolyte solu-
tion 1s between 6 and 7. In various embodiments the active
stoichiometric ratio of the aqueous electrolyte solution 1s
between 7 and 8.

[0079] In embodiments thereof the cell may be discharged
to an active stoichiometric ratio of less than 3 and subse-
quently charged to an active stoichiometric ratio greater than
5> without undue cell polarization. In embodiments thereof
the instant cell may be discharged to an active stoichiometric
ratio of less than 3 and subsequently charged to an active
stoichiometric ratio greater than 6 without undue cell polar-
ization. In embodiments thereotf the cell may be discharged
to an active stoichiometric ratio of less than 3 and subse-
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quently charged to an active stoichiometric ratio greater than
7 without undue cell polarization.

[0080] With regard to the aforesaid embodiments, 1n vari-
ous embodiments the amount of cycle life enhancing com-
pound 1s suflicient to prevent elemental sulfur from precipi-
tating out of the electrolyte solution having an active
stoichiometric ratio that 1s greater than 5.

[0081] With regard to the aforesaid embodiments the
active sulfur concentration 1n the cell 1n the fully charged
state 15 generally greater than 1 molar and typically greater
than 3 molar and for a closed cell preferably 10 molar or
greater (e.g., 11 molar, 12 molar, 13 molar, 14 molar or 15
molar active sulfur concentration).

[0082] In various embodiments the aqueous electrolyte
includes a novel combination of electro-active lithium sulfur
species (e.g., lithium polysulfides), water and one or more
nitrogen-containing compounds (sometimes referred to
herein as an N-compound or N-solvent), wherein the water
and N-compound serve as a solvent for the electro-active
lithium sulfur species. The solvent combination of water and
the N-compound 1s synergistic 1n that the combination yields
superior performance compared to that of an electrolyte
based on water or the N-solvent alone.

[0083] In some embodiments the N-compound 1s organic
and exemplified by that of an amine. In embodiments thereof
the amine may be a primary, secondary or tertiary amine
such as that represented by the following general formula:

R! "'7N\

3
R2 &

wherein R’ is H or an organic radical (i.e., functional group),
R? is H or an organic radical, and R> is H or an organic
radical.

[0084] In some embodiments the N-compound 1s an
organic compound having an amine functional group. In
other embodiments the N-compound 1s heterocyclic.

[0085] In other embodiments the N-compound 1s ammo-
nia

[0086] Preferably the N-compound has a high Gutmann
donor number. Typically, the aqueous electrolyte 1s a liquid
and at least a portion of the electro-active lithium sulfur
species are dissolved 1n the water/amine based electrolyte or
the water/ammonia based electrolyte. In various embodi-
ments the proportion of amine to water or that of ammomnia
to water results in a miscible mixture. Combinations of
water, amines and ammonia are also contemplated herein for
their use 1n the instant aqueous electrolytes.

[0087] Other solvents may be added to the aforementioned
instant electrolytes, and these solvents include protic com-
pounds such as alcohols and glycol ethers as well as polar
and non-polar aprotic solvents. Typically the combination of
water and the N-compound (be 1t an amine or ammonia or
a combination thereol) accounts for more than 50% of the
solvent volume 1n the electrolyte; for instance, from 50% to
75%., or from 75% to 90% and 1n certain embodiments water
and the N-containing compound(s) are the sole solvents 1n
the electrolyte.

[0088] In another aspect, the disclosure provides an aque-
ous lithium sulfur battery cell having an anode structure
comprising an electroactive matenal, a cathode comprising
a solid electron transfer medium, an aqueous electrolyte 1n
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contact with the electron transfer medium, and active sulfur
species 1n contact with the aqueous electrolyte, and wherein
the anode electroactive material 1s 1solated from direct
contact with the aqueous electrolyte. Notably, while the
anode electroactive materal 1s 1solated from touching (i.e.,
directly contacting) the aqueous electrolyte, 1t 1s nonetheless
configured i1n the anode structure to be in lithium 1on
communication with the aqueous electrolyte. Moreover,
because the aqueous electrolyte does not touch the anode
clectroactive material but does directly contact the cathode
the term “aqueous catholyte” (or more simply “catholyte™)
1s used interchangeably with the term “aqueous electrolyte”.

[0089] In various embodiments, the aqueous electrolyte 1s
clectroactive 1n that i1t contains dissolved active sulfur spe-
cies that undergo electrochemical redox at the cathode
during discharge and charge. Without limitation, the dis-
solved redox active sulfur species may include sulfide
anions (S°7), hydrosulfide anions (HS™), and polysulfide
anions including S_*~ with x>1 (e.g., S,*7, S,°7, S, S.°7,
S.”7) and related radical anions S.”, and combinations
thereof.

[0090] In various embodiments, the amount of water 1n the
catholyte 1s significant (i.e., not merely a trace amount). In
various embodiments the volume percent of water or N-sol-
vent relative to the total liquid solvent volume in the
catholyte 1s greater than 3%, 10%, 20%, 30%, 40%, 50%.,
60%, 70%, 80%, and greater than 90%. In certain embodi-
ments water and the N-solvent are the only solvents 1n the
catholyte (i.e., water and the N-solvent constitute 100% of
the solvent volume of the catholyte). In various embodi-
ments water or the N-solvent 1s the main liquid solvent 1n the
catholyte. By use of the term main liquid solvent, it 1s meant
that the volume percent of the main solvent in the catholyte
1s greater than the volume percent of any other liquid
solvent.

[0091] Water has unique properties. In the aqueous sulfur
catholyte solutions described herein, the presence of water
provides a number of benefits, including high solubility for
active sulfur species, including lithium sulfide (L1,S), very
high 10nic conductivity even at high sulfur concentrations,
and fast dissolution kinetics. The combination of high solu-
bility, high conductivity, and fast dissolution kinetics pro-
vides compelling lithium sulfur battery performance.

[0092] Accordingly, in various embodiments the cell 1s
tabricated with an aqueous catholyte having a high concen-
tration of active sulfur species already dissolved therein. In
other words, the cell has a significant amount of dissolved
active sulfur species adjacent the electron transier medium
even betore the cell has been 1nitially operated (e.g., initially
discharged and/or mitially charged), and by this expedient
the fast electro-kinetics of solution phase redox can be used
to advantage, especially, but not exclusively, for applications
that require high current drain immediately upon start up.
For instance, in various embodiments, prior to initially
operating the cell, the active sulfur concentration of dis-
solved active sulfur species 1n the aqueous electrolyte 1s
greater than 0.5 molar sulfur, 1 molar sulfur, 2 molar sulfur,
3 molar sulfur, 4 molar sulfur, 5 molar sulfur, 6 molar sulfur,
7 molar sulfur, 8 molar sulfur, 9 molar sulfur, 10 molar
sulfur, 11 molar sulfur, or greater than 12 molar sulfur.
Herein and 1n the claims, by the use of the term “molar
sulfur” 1t 1s meant the number of moles of sulfur per liter of
clectrolyte. Moreover, by use of the phrase “just prior to
initially operating the cell” or “prior to 1imitial cell operation™
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it 1s meant, herein and 1n the claims, to mean the first (i.e.,
initial) electrochemical operation activated by the user and
in particular 1t refers to one or the other of cell discharge or
cell charge, whichever 1s caused to occur, by the user, first.
In other words, 1incidental self-discharge (e.g., on storage)
does not qualify herein or in the claims as an mmitial cell
operation.

[0093] Moreover, because it can be diflicult to 1dentity the
precise chemical nature of the various active sulfur species
existing in the catholyte solution, the composition of the
active species 1n the catholyte (1.e., active catholyte com-
position) 1s sometimes expressed herein, and 1n the claims,
in terms of an “active lithium sulfur stoichiometric ratio” or
more sumply an “active stoichiometric ratio” which 1s the
ratio of active sulfur to active lithium dissolved in the
electrolyte, and represented by the general formula L1,S .
Furthermore, it should be understood that the “active stoi-
chiometric ratio” as used herein 1s exclusive of any non-
active lithium salts and/or non-active sulfur salts that may be
added to the electrolyte for any purpose, including, e.g., to
enhance lithium 1on conductivity in the case of, e.g., a
non-active Li1Cl salt, or a non-active sulfur containing salt
such as, e.g., L1SO,CF,.

[0094] Accordingly, 1n various embodiments, the active
lithium sulfur stoichiometric ratio 1n the catholyte prior to,
in particular just prior to, initial cell operation 1s [1,S; L1,S_
(x>1); L1,S, (1<x=5); L1,S, (4<x<5); L1,S, (3<x<4); L1,S,
(2<x<3); L1,5,; L1,S5; L1,S; L1,S.; or L1,S_ (x>5), and the
concentration of the dissolved active sulfur species 1s typi-
cally significant, e.g., greater than 1 molar sulfur. For
instance, 1 particular embodiments, especially for cells
using a lithium metal or lithium alloy as the electroactive
anode material, the active stoichiometric ratio just prior to
initial cell operation 1s L1,S_with the following range for x:
2=x=<5, and the active sulfur concentration 1s between 10 to
1’7 molar sulfur. For example, a catholyte composition
having an active stoichiometric ratio of about L1,S,, and at
concentrations greater than 10 molar sultur (e.g., 11, 12, 13,
14, 15, 16 or 17 molar sulfur). In another particular embodi-
ment, especially useful for cells which are fabricated in the
tully or mostly discharged state (e.g., having an anode
clectroactive material that 1s devoid of active lithium), the
active stoichiometric ratio of the catholyte just prior to 1nitial
cell operation 1s L1,S, and the active sulfur concentration 1s
typically greater than 1 molar sulfur, and preferably greater
than 2 molar sulfur, and more preferably greater than 3
molar sulfur (e.g., 3 molar, 4 molar, or 5 molar sulfur).

[0095] Another advantage of the aqueous catholyte 1s that
it may serve as a medium into which high concentrations of
tully or partially reduced active sultur species (e.g., [1,S)
may be quickly dissolved during charge. In this way, high
capacity cells in accordance with embodiments of the mstant
disclosure may be deeply discharged repeatedly since the
cell reaction product on discharge (e.g., Li1,S) 1s readily
dissolved and therefore more readily oxidized on charge.
Thus, 1n various embodiments, the cell 1s formulated and
operated such that a significant portion of the sulfur ampere-
hour capacity, at the end of discharge, 1s present in the form
of solid phase lithium sulfide.

[0096] Furthermore, the combination of high solubility
and fast dissolution kinetics of L1,S 1n water also enables a
practical method of making an aqueous lithium sulfur cell
that 1s assembled in the fully discharged state, and which
makes use of alternative anode electroactive materials that
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are different than that of lithium metal, such as carbon
intercalation materials, metals, semi-metals, intermetallics
and alloys thereof (e.g., silicon) capable of reversibly 1nsert-
ing (e.g., alloying) and de-inserting (de-alloying) lithium
and combinations thereotf such as carbon silicon composites.
For example, one method in accordance with the present
disclosure 1nvolves: 1) providing an anode devoid of active
lithium (e.g., a carbon intercalation anode) i1n the fully
discharged state (1.e., entirely un-intercalated); 11) providing
an aqueous sulfur catholyte comprising water and dissolved
lithium sulfide; 111) providing a cathode comprising an
clectron transfer medium for electrochemical oxidation of
dissolved lithium sulfide; 1v) configuring the anode, catho-
lyte and cathode into a battery cell; and 1v) charging the
battery cell. Accordingly, 1n various embodiments the instant
cell comprises both dissolved lithium sulfide and a signifi-
cant amount of solid phase lithium sulfide 1n contact with the
aqueous electrolyte. For instance, 1n various embodiments
the molar quantity of active sulfur as solid phase lithium
sulfide 1s greater than that of active sulfur dissolved in the
clectrolyte by a factor of at least 2, or at least 3, or at least
5 or at least 10. Moreover, 1n the same or separate embodi-
ments, the full charge capacity of the cell just prior to 1nitial
cell operation 1s derived from the ampere-hour capacity of
dissolved active sulfur species in the catholyte combined
with the ampere-hour capacity of solid phase lithium sulfide.
Furthermore, 1n the same or separate embodiments upon cell
fabrication and just prior to 1mtial cell operation the anode
clectroactive material 1s substantially devoid of active
lithium, and the 1nitial cell operation 1s to charge the battery.
For example, the anode electroactive material may be an
intercalation material capable of electrochemically interca-
lating lithium upon electro-reduction 1 the presence of
lithium 1ons, or an alloying material capable of electro-
chemically alloying with lithtum upon electro-reduction 1n
the presence of lithium i1ons, or a matenal capable of
forming a lithium inter-metallic phase upon electro-reduc-
tion 1n the presence of lithium 1ons. For example, in par-
ticular embodiments the anode electroactive maternial 1s an
intercalating carbon, silicon, or a composite of said silicon
and carbon.

[0097] Inapplications where high pulse power and size are
paramount performance benefit may be gained by taking
advantage of the facile electro-kinetics of solution phase
redox in combination with the high solubility of polysulfide
species 1n water. For instance, 1n various embodiments, the
cell 1s formulated and operated such that the ampere-hour
capacity 1n the cell, at full state of charge, 1s solely present
as dissolved active sulfur species in the catholyte. In par-
ticular the cell may be fabricated in the fully charged state

devoid of solid phase active sulfur (e.g., devoid of elemental
sulfur).

[0098] The use of water and protic N-compounds as a
catholyte solvent clearly provides considerable benefit, but
it also presents significant challenges in a lithium-sulfur
battery. In particular, the use of water 1s constrained by its
reactivity with electroactive lithium matenals (e.g., lithium
metal). Accordingly, the present disclosure makes use of
lithium anode structures wherein the electroactive lithium 1s
isolated from contacting the aqueous sulfur catholyte. In
vartous embodiments, a protected lithium electrode 1s
employed which contains a lithium electroactive material
protected from the external environment by a substantially
impervious lithium 1on conductive protective membrane
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architecture. Thus 1n accordance with this aspect of this
disclosure, the aqueous catholyte 1s disposed in the cell such
that 1t directly contacts the electron transfer medium but
does not contact the electroactive material of the anode (e.g.,
lithium metal or carbon intercalation material).

[0099] A further challenge to the use of water 1n a lithium-
sulfur cell 1s the hydrolysis of dissolved lithium sulfide
(L1,S) in the catholyte and the resulting generation of
hydrogen sulfide (H,S). According to some embodiments of
the present disclosure, a lithium-sultur cell can comprise a
housing configured to contain and withstand the pressure of
such gas generation to maintain cell integrity and safety.
According to further embodiments, the pH of the electrolyte
(catholyte) can be adjusted to reduce or prevent L1,S hydro-
lysis. This 1s particularly achieved with basic pHs, for
example greater than 7, or from about 9 to 12 and up to 14.
However, the disclosure 1s not limited to basic electrolytes,
and 1t 1s contemplated herein that the pH may be adjusted to
values below pH 7 (1.e., acidic) or about pH 7 (1.e., neutral
catholyte) using acidic salts and bullering agents.

[0100] Further relating to sutable electrolyte/catholyte
formulations in accordance with the present disclosure,
compositions and methods are provided to enhance contact
between the aqueous electrolyte and the cathode electron
transfer medium, for example an electronically conductive
matrix such as a carbon or metal mesh, foam or other high
surface area, typically porous, structure. Such improved
contact enhances utlilization and rate performance of the
cell. Electrolyte/catholyte compositions 1n this regard can
include a surfactant to wet the catholyte to the conductive
matrix. Also or alternatively, the matrix can be surface
treated prior to contact with the electrolyte to enhance
wetting, for example being soaked 1 a wetting agent,
followed by displacement of the wetting agent with the
aqueous catholyte solution of polysulfides. Still further 1n
this regard, the catholyte may include dissolved organosul-
tur as a cathode active material. The organosulfur compound
or compounds can self-wet to the cathode electron transter
matrix.

[0101] Another aspect of the present disclosure relates to
the cathode structure.

[0102] Whle the disclosure has generally been made with
reference to embodiments having electroactive catholyte
(1.e., a catholyte containing dissolved active sulfur species)
and/or electroactive fully reduced solid phase lithium sulfide
loaded 1n the cathode, the disclosure 1s not limited as such,
and embodiments are contemplated herein that have fully
oxidized solid phase electroactive sulfur (e.g., elemental
sulfur) or active organosulfur compounds incorporated 1n
the cell during fabrication as an exclusive source of active
sulfur or 1n combination with an electroactive sulfur catho-
lyte. Notwithstanding the aforementioned sultur containing
cathode configurations, 1n various embodiments the cell 1s
fabricated absent elemental sulfur, and the cathode 1s,
thereby, devoid of elemental sulfur just prior to 1nitial cell
operation.

[0103] The disclosure also relates to methods of manufac-
ture ol aqueous lithtum-sulfur battery cells. In one aspect,
such a method involves loading the cathode with lithium
sulfide, particularly in the form of L1,S. In various embodi-
ments the methods include one or more of cryogenics,
sublimation drying, technmiques to mitigate formation of
lithium hydroxide hydrates, and mechanical loading of
lithium sulfide particles (e.g., L1,S powder).
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[0104] In various embodiments the instant cells are seli-
contained and sealed 1n a hermetic casing wherein the
entirety of the cell capacity 1s dertved from electroactive
sulfur and electroactive lithium disposed in the casing
during cell manufacture. These fully sealed cells may be of
the primary or secondary type.

[0105] In other embodiments the instant cells are config-
ured 1n a battery tlow cell system, wherein an aqueous sulfur
catholyte 1s caused to flow, and/or circulate, into the cell,
and, 1 various embodiments, through an inter-electrode
region between the lithium anode and the cathode electron
transfer medium. In some embodiments both the aqueous
catholyte and the electroactive lithium are flowable and
during operation are caused to tlow through the cell.
[0106] In another aspect the disclosure provides an elec-
trochemical device component comprising the aforesaid
aqueous lithium sulfur battery cell and an electronic com-
ponent that interfaces with the battery cell to monitor cell
voltage and/or the amount of electrical charge passed during
cell discharge, and 1s further programmed to prevent battery
overdischarge and/or overcharge.

[0107] In another aspect the disclosure provides methods
ol operating a battery cell.

[0108] In various embodiments these methods include
programming the electronic component to prevent the aque-
ous lithium sultur battery cell from overdischarging to a
voltage at which molecular hydrogen would evolve from the
cathode, and/or programming the electronic component to
prevent the aqueous lithium sulfur battery cell from over-
charging to a voltage at which oxysulfur compounds will
form.

[0109] It should be understood that aqueous lithium-sulfur
battery cells in accordance with the present disclosure are
not merely different from conventional non-aqueous Li—S
battery cells by their substitution of a non-aqueous electro-
lyte solvent with an aqueous electrolyte solvent system. The
use of water 1n the electrolyte can result 1n a solvent system
that 1s not just a spectator, but actually participates in the
clectrochemical reactions at the cathode, reacting to form
and dissolve new species. Described herein therefore 1s an
entirely new class of battery cells having entirely different
chemistry than conventional Li—S battery cells (as evi-
denced by the dramatic difference 1n their voltage profiles),
and to the formulation, engineering, operation and manu-
facturing challenges associated therewith.

[0110] These and other aspects of the present disclosure
are described 1mn more detail, including with reference to
figures, 1n the description which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0111] FIG. 1 1s a schematic cross section of a battery cell
in accordance with various embodiments of the present
disclosure.

[0112] FIGS. 2A-B illustrates an electron transfer medium
in accordance with various embodiments of the present
disclosure.

[0113] FIG. 3 1s a qualitative illustration of a Pourbaix
diagram for water and active sulfur species in catholyte 1n
accordance with the present disclosure.

[0114] FIG. 4 1s a photograph comparing the solubility of
L1,S 1 water with that 1n a non-aqueous solvent.

[0115] FIGS. SA-D illustrate various alternative configu-
rations of a protective membrane architecture 1n accordance
with the present disclosure.
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[0116] FIG. 6 1s a schematic cross section of a battery tlow
cell system 1n accordance with an embodiment of the present
disclosure.

[0117] FIG. 7 1s a schematic cross section of a battery tlow
cell system 1n accordance with an alternative embodiment of
the present disclosure.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0118] Reference will now be made in detail to specific
embodiments of the disclosure. Examples of the specific
embodiments are illustrated 1n the accompanying drawings.
While the disclosure will be made 1n conjunction with these
specific embodiments, 1t will be understood that 1t 1s not
intended to limit the disclosure to such specific embodi-
ments. On the contrary, 1t 1s intended to cover alternatives,
modifications, and equivalents as may be included within
the spirit and scope of the disclosure. In the following
description, numerous specific details are set forth 1n order
to provide a thorough understanding of the present disclo-
sure. Embodiments of the present disclosure may be prac-
ticed without some or all of these specific details. In other
instances, well known process operations have not been
described 1n detail so as to not unnecessarily obscure the
present disclosure.

[0119] A lithium sulfur cell 1n accordance with various
embodiments of the instant disclosure 1s shown 1 FIG. 1.
The cell 100 includes a cathode 110 comprising an electron
transter medium, a protected lithium anode 120, an aqueous
clectrolyte 1n contact with the electron transfer medium and
in various embodiments also 1n contact with an exterior
surface of the protected lithium anode, and active sulfur
species 1n contact with the aqueous electrolyte (e.g., lithium
polysulfides, lithium sulfide, lithtum hydrosulfide, dissolved
therein and/or present 1n the solid phase (e.g., solid phase
L1,5).

[0120] The protected lithium anode 120 includes a lithium
clectroactive matenial layer 122 and a substantially imper-
vious lithium 10n conducting protective membrane architec-
ture 126 on the surface of the lithium active layer 122. The
membrane architecture 1s substantially impervious to water
and has a first surface chemically compatible 1n contact with
the lithium electroactive layer and a second surface, oppos-
ing the cathode, which 1s chemically compatible 1n contact
with water, and in particular chemically compatible in
contact with the catholyte employed 1n the cell. In some
embodiments the cell further includes a porous separator
maternal layer 130 interposed between the cathode and the
protected anode, and containing 1n 1ts pores at least a portion
ol the aqueous electrolyte (1.¢., aqueous catholyte). In other
embodiments the cell 1s absent a separator and 1t 1s contem-
plated herein that the membrane architecture second surface
directly contacts the cathode, which, in said embodiments, 1s
generally porous with catholyte filling the pore spaces.
[0121] The cathode 110 i1ncludes a solid electron transier
medium having an “exterior surface” that 1s chemically
compatible 1 contact with the catholyte and on which
dissolved active sulfur species are electro-reduced during
cell discharge and electro-oxidized on charge. With refer-
ence to FIGS. 2A-B, 1n various embodiments the electron
transier medium 200A/2008B may be a porous three-dimen-
sional structure 200A or planar 200B and substantially dense
or otherwise porous (e.g., a planar mesh). Whether dense or
porous, the medium should be sufliciently electronically
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conductive to support the electrical current through the cell
and 1ts exterior surface capable of supporting the electron
transier current. When porous, the solid electron transier
medium may take the form of a porous matrix such as a
woven or non-woven fiber network (e.g., a metal or carbon
fiber cloth or paper) or a through porous monolithic solid
body (e.g., a metal or carbon foam). When planar, the
medium may simply be a metal or carbonaceous sheet or foil
or open mesh of suflicient thickness and conductivity to be
self-supporting, or the planar medium may be a composite
having a first layer, typically thin and electronically con-
ductive, that defines the exterior surface and a second layer
serving as a substrate support, and optionally further pro-
viding current collection when electronically conductive.

[0122] The electron transfer medium has an exterior sur-
face that may be porous or dense but 1s defined, at least 1n
part, by a material that, in contact with the catholyte,
facilitates electron transfer, and, in particular, facilitates
clectrochemical redox of active sulfur species. Continuing
with reference to FIGS. 2A-B, in various embodiments the
clectron transfer medium 200A/200B 1s a porous matrix
composed of a core component (1.e., underlying matrix
structure) 210A/210B having an exterior layer component
220A/2208B that provides the exterior surface in contact with
the catholyte. The core component generally provides sub-
strate support and may, when conductive, facilitate current
collection, whereas a primary function of the exterior layer
1s to provide some benefit to the electrochemical perfor-
mance, and 1n particular that pertaining to electron transier
(e.g., Tacilitating sulfur redox, suppressing water decompo-
sition, or both). The exterior layer may be porous or dense.
In various embodiments, a dense exterior layer i1s also
preferably contiguous and therefore substantially covers the
core surface in 1ts entirety. In other embodiments, a porous
exterior layer 1s suitable, especially when the surface com-
position of the core 1s compatible with the catholyte and
does not catalyze hydrogen evolution, as described in more
detail below. Furthermore, when porous or dense, the exte-
rior layer may include high surface area particles that
clectro-catalyze sultur redox and/or increases the effective
surtace area for electrical benefit.

[0123] In some embodiments the core, electronically con-
ductive, supports current collection, while the exterior layer
primarily serves to support and preferably enhance electro-
chemical sulfur redox. Suitable electronically conductive
core materials include metals, preferably of lightweight
(e.g., aluminum). In other embodiments the core 1s elec-
tronically msulating and the exterior layer provides electron
transier and 1s sufliciently conductive so that it may provide
some or all of the current collector function. The insulating
core may be composed of any suitable insulating material of
suilicient mechanical integrity and 1s preferably although not
necessarily chemically compatible 1in contact with the catho-
lyte. Suitable 1nsulating core materials include, but are not
limited to, glasses and polymers. In certain embodiments the
exterior layer 1s dense and substantially free of defects that
otherwise would allow water from the electrolyte to seep
into contact with the core material, and potentially reduce 1ts
strength or mechanical itegrity. To prevent this from hap-
pening, 1n preferred embodiments the core material 1s also
chemically compatible 1n contact with the catholyte and
even more preferably 1s a material that does not swell or lose
mechanical strength when 1n contact with water, and spe-
cifically does not mechanically degrade or change shape 1f
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exposed to the active electrolyte. In various embodiments
additional layers may be incorporated between the imnsulating
or conductive core and the exterior layer to support current
collection and/or provide or improve interface compatibility
and/or adhesion. For example, the insulating core of an
underlying matrix structure may have a first metal coating
(e.g., aluminum) serving as an intermediary layer to provide
current collection and a second coating covering the alumi-
num that defines, in whole or in part, the exterior surface for
the purpose of facilitating sulfur redox.

[0124] The electron transier medium may be uncatalyzed,
relying solely on the medium matenial (e.g., carbon) to
facilitate the electrochemical redox reactions, or, in some
embodiments, the electron transfer medium may contain a
catalyst on 1ts surface, such as a particulate catalyst or the
catalyst may be formed on the underlying carbon or metal
matrix as a coating. In some embodiments the exterior layer
1s a porous high surface area film composed of electronically
conductive particles (e.g., high surface area carbons includ-
ing nano-carbons, carbon blacks and functionalized carbons)
that preferably electro-catalyze at least one or both of
electro-reduction and electro-oxidation of active sulfur. In
other embodiments, as described in more detail below, the
exterior layer may be a dense, preferably thin, electromically
conductive layer, such as a thin dense film of a metal, metal
alloy, or metal compound (e.g., a metal sulfide) for the
purposes of providing one or more of electronic conduction,
facilitation of sulfur redox, and expansion of the voltage
stability window of the catholyte, as described 1n more detail
below.

[0125] With regard to the voltage window of the catholyte,
a significant 1ssue may arise during discharge once the cell
voltage drops below a “critical voltage” corresponding to the
thermodynamic potential for water reduction, as the cell
clectrochemistry 1s made complicated by the potentiality of
water decomposition, and in particular H, evolution. The
issue 1s 1illustrated pictorially with reference to FIG. 3,
showing a Pourbaix diagram of water compared to an
illustrative Pourbaix diagram of sultfur redox without assign-
ing voltages to the sultur electro-reduction/oxidation reac-
tions. As can be seen 1n the illustration, the critical voltage
varies with pH. For instance at pH 12 the critical voltage
versus lithium 1s about 2.3 Volts and decreases with increas-
ing pH values, reaching about 2.2 Volts at pH 14. As
illustrated, albeit quite qualitatively, at cell voltages below
the voltage stability window of water (1.e., below the critical
voltage) there exist significant active sulfur ampere-hour
capacity; however, the practicality of harnessing that capac-
ity 1s complicated by water decomposition.

[0126] Inthis regard, the present disclosure provides cath-
ode structures having electron transfer mediums that enable
the instant cells to be discharged to voltages beyond the
thermodynamic potential for water reduction, and thereby
ciliciently harmess the additional ampere-hour capacity
which exists at cell voltages below the critical voltage, and
preferably do so without evolving any H,. Thus, 1n various
embodiments the instant cells are operated having a dis-
charge voltage cutofl (i.e., the discharge 1s caused to stop
when the cell voltage reaches the voltage cutofl value) that
approaches the critical voltage as described above, and 1n
certain embodiments hydrogen evolution 1s sufliciently sup-
pressed by the electron transfer medium to allow the value
of the discharge voltage cutoil to be about that of the critical
voltage, and in particular embodiments thereof, the dis-
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charge voltage cutoll 1s a value beyond the critical voltage
(e.g., 1n embodiments the critical voltage may be about 2.4
Volts, 2.3 Volts, 2.2 Volts or about 2.1 Volts and the
prescribed cutoll voltage 1s below that value; for example
the voltage cutofl of the cell 1s about 2.3V, 2.2 Volts, 2.1
Volts, and 2.0 Volts, respectively). Accordingly, 1n various
embodiments, the exterior surface of the electron transfer
medium provides at least a dual functionality: a first function
to facilitate electrochemical reduction/oxidation of the
active sulfur species and a second function to mnhibit hydro-
gen evolution. For example, the exterior surface may be
defined 1n whole or in part by a material that facilitates sulfur
redox but has a high overpotential for H, evolution (1.e., a
high overpotential for the hydrogen evolution reaction
(HER)). By this expedient the cell may be efliciently dis-
charged to voltages below the critical voltage without evolv-
ing H,. Preferably the exterior surface has an overpotential
for the HER of at least 50 mV (the overpotential 1s >50 mV),
and 1 embodiments disclosed herein the overpotential 1s
beyond/greater than 100 mV, >200 mV, >300 mV, >400 mV,
>500 mV, >600 mV, and 1n certain embodiments >700 mV
and >800 mV. For mstance, with regard to cell voltages, the
use of a high overpotential electron transfer medium allows
aqueous lithium sulfur cells of the instant disclosure to be
discharged to cell voltages below 2.4 V, preferably below 2.3
V, even more preferably below 2.2V, below 2.1V and yet

even more preferably below 2.0 V, below 1.9 V, below 1.8
V, below 1.7V, below 1.6 V and below 1.5V.

[0127] Accordingly, in various embodiments at least a
portion and in certain embodiments the entirety of the
exterior surface of the electron transier medium 1s defined
by a material having a high overpotential for H, evolution.
Suitable classes of such materials include metals, metal
alloys (e.g., amalgams), and metal compounds such as metal
chalcogenides, especially metal sulfides. Particularly suit-
able metals include lead, cadmium, indium, nickel, gallium,
tellurium, manganese, and zinc, or some combination
thereof. Particularly suitable metal alloys include amalgams.
Particularly suitable metal sulfides include cobalt sulfide,
copper sulfide, nickel sulfide, and zinc sulfide, or some
combination thereof. The thickness of the exterior layer 1s a
tradeoll between burdening the cell with extra weight and
other considerations such as one or more of the composition
of the core material, mechamical strength, conductivity and
coating process. For instance, in embodiments the exterior
layer thickness may be 1n the range of 50 microns to values
below 1 micron (e.g., about 0.5 microns or 0.25 microns).
The composition of the exterior layer (e.g., that which
includes metal sulfide) may be varied across 1ts thickness,
either gradually or discretely. For example, the exterior layer
may be formed in two steps, first the metal of the metal
sulfide may be coated, directly or indirectly, onto the core
component surface, and then the metal layer sulfidized to
form a thin layer of metal sulfide, which in embodiments
may be thin and dense, for example less than 10 nm, e.g.,
about 5 nm, about 2 nm or about 1 nm. Such thin films are
also selif-healing 1n that 1f a portion of the metal sulfide film
were to flake off or start cracking, the underlying metal layer
surface would subsequently react with sulfur in the catholyte
to reform the sulfide film.

[0128] In a particular embodiment the porous electron
transier medium 1s composed of a core component (e.g., a
glass or polymer fiber mat) and a metal sulfide exterior layer
(e.g., cobalt sulfide or lead sulfide). The core component
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may be electronically insulating, and the metal sulfide
formed by first applying a layer of the metal of the sulfide
on the core (e.g., coating the core with lead) and then
sulfidizing the metal coated core surface via treatment 1n a
sulfur contamning environment. Thus depending on the
method of sulfidization, the exterior layer may be entirely
composed of the metal sulfide (e.g., lead sulfide) or a
combination of the metal (e.g., lead) and metal sulfide (e.g.,
lead sulfide). The metal layer may be applied using coating
methods applicable for both electromically conductive and
insulating core structures, as are known 1n the art generally,
including evaporation, dip coating from the melt, electro-
deposition and electro-less deposition. Alternatively, the
core component may itself be composed of a material with
a high overpotential for H, (e.g., a porous lead or porous
cobalt matrix). However, the use of a heavy metal core
material may unduly burden the overall cell weight, so in
preferred embodiments the core material 1s composed of a
maternal of light weight and preferably low density, such as
carbon (e.g., graphitic like fibers or carbon foams), light
welght metals such as aluminum, or 1norganic materials such
as silica or other glasses, or organic materials such as
polymers (e.g., polymer fibers) which preferably are not
swelled by water (e.g., the polymer core composed of
polypropylene, polyethylene, or a combination thereol).
Hollow cores are also contemplated herein for providing an
exceptional lightweight advantage. Carbon 1s a particularly
usetul core material as it can be fabricated imnto a number of
porous formats including porous fiber matrices and foams,
and 1s also electronically conductive and thus capable of
supporting current collection, which enables the use of
exceptionally thin exterior layers. For example, less than 5
micron thick, preferably less than 1 micron, and even more
preferably less than 0.5 micron, and yet even more prefer-
ably the thickness of the exterior layer i1s less than 0.25
microns. In the same or separate embodiments, especially
when the core 1s electronically insulating, an intermediate
clectronically conductive layer, such as a metal, semi-metal,
or metal compound, (e.g., an aluminum layer) may be
applied as a coating between the core and the exterior layer
to provide current collection support, or the exterior layer
itself may be of suflicient thickness to support the electrical
current. For instance an intermediate metal layer such as
aluminum having thickness between 0.25 microns and 10
microns, and more preferably between 0.5 microns and 5
microns; for example, about 0.5 microns, about 1 micron,
about 2 microns, about 3 microns, about 4 microns, and
about 5 microns. Thereafter the exterior layer applied to the
surface of the intermediary layer using one or more of the
alorementioned coating techniques, or other coating tech-
niques generally known 1n the arts.

[0129] In various embodiments, the composition of the
exterior surface may be modified via surface treatments, and
in particular, sulfidization to form a sulfide composition
suitable for supporting, and preferably, electro-catalyzing
sulfur redox. The step of sulfidization may be carried out
in-si1tu within the cell by using a sulfur based catholyte. And
while 1n-situ processing has the clear advantage of simplic-
ity, 1t also leads to a concomitant loss 1n active sulfur cell
capacity, since at least some of the sulfur that would have
otherwise provided cell capacity 1s consumed by the sul-
fidization treatment, and for high surface area porous matrix
structures, the loss of active sulfur capacity can be signifi-
cant. Accordingly, imn preferred embodiments, especially
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usetul for sulfidizing porous matrix structures but not lim-
ited as such and thus also includes sulfidizing planar and/or
dense core structures, the sulfidization step 1s carried out
ex-situ 1n a sulfur environment remote from the cell. For
instance, the core material composed of the metal of the
metal sulfide, or a core component coated with said metal
may be placed 1n a bath of an aqueous lithium polysuliide
solution similar to or i1dentical 1n nature to the catholyte
utilized 1n the cell, and allowed to stand 1n the bath for a time
suilicient to form a suitable metal sulfide film, and prefer-
ably one which 1s substantially dense and pore free.

[0130] Continuing with reference to FIG. 1 the cathode
110 may be assembled 1n the cell devoid of elemental solid
sulfur, and the entirety of the sulfur capacity loaded 1nto the
cell via the catholyte 1n the form of dissolved active sulfur
species or via solid phase active sulfur species such as
typically Li1,S or some combination of dissolved active
sulfur (e.g., dissolved Li1,S) and solid phase Li1,S. Alterna-
tively, the cathode may include some form of solid elemental
sulfur, including crystalline sulifur, amorphous sulfur, pre-
cipitated sulfur, and sulfur solidified from the melt. Elemen-
tal sulfur includes the various polyatomic molecules of
sulfur, especially the octasulfur allotrope characterized as
cyclo-S, ring, and polymorphs thereof such as a.-octasulfur,
3-octasuliur, and y-octasuliur. For example, elemental sulfur
(in the form of sulfur particulates including nano-sized
sulfur particles) may be incorporated 1n the cell as a material
component of the cathode, wherein, e.g., the sulfur may be
admixed with high surface area or activated carbon particles
and an appropnate binder (PTFE, PvDF and PEO) for
adhering the material components in a suitable liquid carrier
for formulating a slurry to be coated onto or impregnated
into the porous matrix structure. Slurry formulations, with or
without solid elemental sulfur, and coating methods suitable

for use herein for incorporating solid phase active sulfur into
the cathode are described 1n U.S. Pat. Nos.: 6,030,720,

6,200,704, and 6,991,662, each of which 1s hereby fully
incorporated by reference for all that they describe, and 1n
particular for the slurry formulations and coating methods
described. In the same or separate embodiments the active
sulfur in the cathode may be or further include electroactive
organosulfur compounds, including those described 1 U.S.
Pat. Nos.: 4,833,048; 4,917,974; 35,162,175; 35,516,598,
hereby fully incorporated by reference, in particular for their
disclosure relating to organosulfur compound composition
and use.

[0131] In alternative embodiments, the cells may be
assembled having all of the sulfur capacity loaded 1n the
cathode, e.g., 1n the form of elemental sulfur. In other
embodiments, sulfur 1s present in the cathode as a solid
phase electroactive material as well as 1n the aqueous
catholyte 1n the form of dissolved polysulfide species. In
some embodiments the cell 1s assembled using a cathode
that 1s loaded with solid phase L1,S, and by this expedient,
the cell may be assembled in the fully or partially discharged
state, wherein all or a portion of the active lithium 1s stored
in or nearby the cathode during cell assembly. The as
assembled cell 1s then subsequently charged, e.g., to full
charge capacity, prior to initial discharge. Embodiments 1n
accordance with this aspect of the instant disclosure are
described in further detail below, and in particular in the
section entitled Aqueous Lithium Sulfur Cells Assembled 1n
the Discharged State.
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[0132] Invarious embodiments a significant amount of the
lithium and sulfur capacity i1s present in the cell prior to
initial cell operation, and 1s 1n the form of a fully or hughly
reduced solid lithium sulfur material; for instance, in the
form of solid phase L1,S. The solid phase Li,S loaded
typically 1n contact with the catholyte such that concomitant
with cell charging solid phase lithtum sulfide will dissolve
into the catholyte. In embodiments the amount of solid phase
lithium sulfide present 1n the cell prior to 1nitial cell opera-
tion 1s of an amount which provides more active sulfur than
that already dissolved in the catholyte. For instance, the
following embodiments are contemplated wherein the
weight ol water 1n the catholyte relative to the weight of
active solid phase lithium sulfide (e.g., L1,S) pre-loaded 1n
the cell corresponds to the following ratio (R): R<10, R=<6,
R=5, R=4, R<3, R<2 and R<1.3. In particular embodiments,
the cell 1s fabricated with said ratio 1 accordance with the
following ranges: [1.15=R<1.7]; [1.7=R<2.3]; [2.3=R<2.9];
[2.9=<R <3.5]; [3.5=R<4.0]; [4.0«R<5.0]; [5.0 =R<7.0]; and
[7.0=R=<10.0].

[0133] In various embodiments the porous cathode has a
bimodal pore size distribution.

[0134] For instance,_the first fraction of pores are mac-
ropores (radir>100 nm), preferably large marcropores (ra-
di1>1 um), making up 70%-75%-80%-85%-90% of the total
cathode porous volume; and the second fraction consists of
micropores (radii<l nm) or small mesopores (radi1 between
]l nm and 10 nm), making up most or all of the remaining
porous volume.

[0135] In a particular embodiment activated carbon cloth
may be used as a cathode component, and the spaces
between carbon fibers constitute the first porous fraction
while the pores on the surface of the fibers constitute the
second porous Iraction.

[0136] In another particular embodiment, mesoporous car-
bon black may be deposited onto a porous carbon substrate
(cloth, paper etc.), where spaces between carbon fibers
constitute the first porous fraction and pores 1n the carbon
black constitute the second porous fraction.

[0137] In various embodiments the bimodal cathode 1s
loaded with liquid catholyte and the cells are built 1n the
charged state.

[0138] In a particular embodiment the bimodal porous
cathode 1s loaded with liquid catholyte containing long chain
polysulfides L1,S (where n=>4). The first porous fraction
maximizes cathode loading with sulfur-containing catholyte
and provides the volume for accommodation of solid dis-
charge product L1,S, and the second porous fraction pro-
vides suflicient surface area for the electrochemical reac-
tions.

[0139] In various embodiments the cathode may be loaded
with solid discharge product Li,S (1.e., the cells are built in
a discharged state).

[0140] In a particular embodiment, the Li—S cell,
assembled 1n a discharged state, and includes a carbon anode
typically devoid of lithium (or other anode electroactive
material devoid of active lithium) and a porous cathode
loaded with solid Li1,S. To compensate for irreversible Li
loss during the initial intercalation/de-1ntercalation cycles of
the carbon anode, the liqud catholyte has an excess of Li,
which can be 1n the form of a soluble L1 compound, such as
L10OH, LiCl, LiNO, or the like. The first porous fraction of

the cathode maximizes cathode loading with solid L1,S and
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L1,S —containing catholyte. And the second porous frac-
tion provides sullicient surface area for electrochemical
reactions.

[0141] In various embodiments the cathode surface 1s
pre-treated to 1mprove wetting with catholyte and reduce
amount of consumed sulfur. For instance, prior to cell
assembly, the porous cathode i1s filled with Li1,S, solution
and then washed with water. The treatment causes a reaction
between the sulfur of the pre-treating solution and the
cathode surface. By this expedient, active sulfur in the
battery cell 1s not consumed by reactions with surface
groups on the carbon cathode during cell cycling.

[0142] In one aspect the present disclosure provides meth-
ods for loading a porous cathode with solid L1,S. Preferably
the L1,S 1s loaded 1n the first porous fraction where 1t 1s
thermodynamically favorable.

[0143] In various embodiments a cryogenic method
involving water extraction 1s used to load the cathode with
solid L1,S. For instance, a porous carbon cathode 1s soaked
in hot saturated solution of L1,S 1n water. In order to increase
solubility of Li1,S and prevent the loss of H,S due to
hydrolysis this operation 1s preferably performed 1n a closed
vessel. The carbon material 1s cooled down below the
cryohydrate point of the L1,S—H,O system. As a result, the
solution decomposes mto two solid phases: Li1,S and ice. At
the next step, water 1s extracted with a solvent, which: 1s
miscible with water; doesn’t react with or dissolve Li,S,
[L1OH, and H,S, at least at low temperatures; has a melting
point below the cryohydrate poimnt of Li1,S—H,O system
(e.g., <—40--50° C.); can be easily removed by evaporation.
Among the promising solvents are Methanol (m.p. -97° C.),
Acetone (m.p. -93° C.), and Tetrahydrofuran (m.p. —108°
C.). Finally, the carbon cathode is rinsed with neat solvent
to wash out traces of water and then the solvent i1s removed
in vacuum or in a dry and oxygen-free atmosphere.

[0144] In various embodiments a Sublimation drying pro-
cess 1s used to load L1, S 1nto the cathode, and preferably into
the first porous fraction. For instance, a porous carbon
cathode may be soaked 1n hot saturated solution of L1,S 1n
water and then cooled down and frozen as described above.
The cathode 1s then filled with a frozen material that is
placed into a cooled vacuum chamber so water can evapo-
rate under deep vacuum directly from the solid state without
melting. During sublimation, the frozen maternial should stay
at a temperature below the cryohydrate point of the L1,S—
H,O system. The end result 1s a dry porous carbon matrix

filled with solid Li1,S.

[0145] In various embodiments the drying i1s caused to
take place 1n an atmosphere that prevents formation of L1OH
hydrates. For instance, the porous carbon cathode may be
soaked 1n hot saturated solution of L1,S 1n water. Drying of
L1,S located 1n the pores of carbon either with the use of
vacuum or at elevated temperature 1s complicated, since
formed H,S5 gas 1s more volatile than water vapor and
therefore leaves the system first. This results 1n an excess of
L1OH 1n the system. Li1OH 1s known to form mono- and
tri-hydrate crystals and in this way the system will retain
water. To eliminate H, S loss, drying 1s performed 1n a closed
vessel filled with H,S gas in the presence of agents that
strongly absorb water vapor, but do not interact with H,S.
(Examples are P,O., H,S0,, Mg(ClO,),, CaCl,). The dry-
ing process can be performed at or below atmospheric
pressure and at or above room temperature.
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[0146] In various embodiments L1,S 1s loaded into the cell
using mechanical loading of dry L1,S powder 1nto a porous
matrix that may serve as a cathode or otherwise does not
have cathode properties (1.e., sulfur redox does not take
place on the porous matrix). For instance, carbon porous
matrix may be used for L1,S loading and should be thicker
than the required cathode thickness and also should have a
high total porosity (more than 60%, more than 75%, more
than 90%, more than 95%) and a large fractions of mac-
ropores and/or large mesopores. The loading 1s done 1n a dry,
oxygen-iree atmosphere. The carbon matrix 1s agitated dur-
ing Li1,S powder loading to fill a larger fraction of porous
space. After the excess of L1,S powder 1s removed, the
matrix can be compressed to achieve the target cathode
thickness.

[0147] In a particular embodiment, a second carbon
porous layer may be incorporated 1n the cell, with both pore
s1ze distribution and carbon surface chemistry optimized for
use 1 aqueous L1i—S cells. This second carbon porous layer
1s placed in direct contact with a L1,S layer or a matrnx
loaded with Li1,S powder.

[0148] In another embodiment, a porous matrix for Li1,S
powder loading 1s fabricated from a metal, in particular,
from stainless steel. In another embodiment, the porous
matrix 1s fabricated from polymeric materials, for instance
PP and PE. In one particular embodiment, dry Li1,S powder
1s pressed into pellets or thin layers that are placed in the
cathode compartment in contact with carbon porous layer. In
one embodiment, L1,S powder 1s mixed with binders prior
to the pressing operation. In another embodiment, the L1,S
1s mixed with inert inorganic powders, such as silica, alu-
mina, etc. prior to the pressing operation. Conductive fillers,
such as short carbon fibers and carbon powders, also can be
used.

[0149] In various embodiments, the amount of L[i1,S
loaded 1nto the cell as a solid 1s significantly larger than the
amount of L1,S 1n the dissolved (hydrolyzed) form present
in the electrolyte.

[0150] In another embodiment, dry L.12S may be coated or
pressed directly onto a cathode current collector (metal, in
particular SS ExMet, screen, or the like)

[0151] Aqueous Sulfur Catholyte

[0152] In accordance with aspects of this disclosure, the
aqueous catholyte contains a significant amount of water
(1.e., not merely a trace amount), and the catholyte 1s
disposed in the cell such that i1t directly contacts the cathode.
In certain embodiments water serves as the main liqud
solvent of the sulfur catholyte (i.e., electrolyte 1n contact
with the sulfur cathode), and 1n particular embodiments
water and an N-solvent are the only catholyte solvent. In
some embodiments the N-solvent 1s the main solvent.

[0153] In accordance with this aspect of the disclosure, a
significant (non-trace) amount of water 1s incorporated 1n the
catholyte. In various embodiments the volume percent of
water 1n the catholyte relative to the total liquid solvent
volume 1s greater than 5%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, and greater than 90%. In certain embodi-
ments water and the N-solvent are the only liquid solvent in
the catholyte (1.e., water and the N-solvent constitutes 100%
of the solvent volume of the catholyte). In various embodi-
ments water 1s the main solvent in the catholyte.

[0154] Water has umique properties. In aqueous sulfur
catholyte solutions, water chemically interacts with the
active sulfur species to provide a number of benefits. In
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various embodiments the water serves as a medium 1nto
which a large concentration of active sulfur species may be
dissolved (e.g., including sulfide anion (S*7), polysulfide
anion (S_*~ with x>1), hydrosulfide anion (HS™), and com-
binations thereotf). In various embodiments, the catholyte
composition just prior to mmtially operating the cell, which
1s typically the catholyte composition upon cell fabrication
and sealing, includes a significant concentration of dissolved
active sulfur species. For mstance, an active sulfur concen-
tration 1n the catholyte of greater than 0.5 molar sulfur,
greater than 1 molar sulfur, greater than 2 molar sulfur,

- ™

greater than 3 molar sulfur, greater than 4 molar sulfur,

greater than 5 molar sulfur, greater than 6 molar sulfur,
greater than 7 molar sulfur, greater than 8 molar sulfur,

- .

greater than 9 molar sulfur, greater than 10 molar sulfur,

greater than 11 molar sultur, greater than 12 molar sulfur,
greater than 13 molar sulfur, greater than 14 molar sulfur,
greater than 15 molar sulfur, greater than 16 molar sulfur or

greater than 17 molar sulfur may be used.

[0155] Moreover, because it can be diflicult to identity the
precise chemical nature of the various active sulfur species
existing in the catholyte solution at any given time during
the course of discharge or charge, the composition of the
active species in the catholyte 1s sometimes expressed
herein, and 1n the claims, in terms of an “‘active stoichio-
metric ratio” which 1s the ratio of active sulfur to active
lithium dissolved 1n the electrolyte, and that ratio 1s repre-
sented by the general formula Li1,S_. Furthermore, 1t should
be understood that the “active stoichiometric ratio” as used
herein 1s exclusive of any non-active lithium salts and/or
non-active sulfur salts that may be added to the electrolyte
for any purpose, including, e.g., to enhance lithium 1on
conductivity in the case of e.g., a non-active Li1Cl salt, or a
non-active sulfur containing salt such as, e.g., LiSO,CF;.

[0156] Accordingly, in embodiments, the catholyte, just
prior to mitially operating the cell, has an active stoichio-
metric ratio of Li1,S; Li,S_ (x>1); Li1,S, (1<x5); Li,S_
(4<x<3); L1,S. (3<x <4); L128 (2<x<3); L[1,S,; leS3:
L1,S,; L1,S;; or L1,S_ (x>5). For example, an active stoi-
chiometric ratio of about L1,S, about [1,S,, about L1,S;,
about L1,S,, and about Li1,S..

[0157] In various embodiments, the lithium sulfur cells of
this aspect of disclosure include an aqueous catholyte having
a high concentration of dissolved active sulfur species. In
embodiments, the sulfur concentration of active sulfur spe-
cies 1n the catholyte 1s greater than 0.5 molar sulfur, greater
than 1 molar sultur, greater than 2 molar sultur, greater than
3 molar sulfur, greater than 4 molar sulfur, greater than 5
molar sulfur, greater than 6 molar sulfur, greater than 7
molar sulfur, greater than 8 molar suliur, greater than 9
molar sulfur, greater than 10 molar sultur, greater than 11
molar sulfur, greater than 12 molar sulfur, greater than 13
molar sulfur, greater than 14 molar sulfur, greater than 15
molar sulfur, greater than 16 molar sulfur or greater than 17
molar sulfur.

[0158] Inparticular embodiments, the active lithium sulfur
stoichiometric ratio 1n the catholyte just prior to initial cell
operation 1s L1,S; L1,S_ (x>1); L1,S, (1<x35); L1,S_ (4<x<5);
L1,S (3<x<4); L1,S, (2<x<3); L1,S,; L1,5;; L1,5,; L1,S5; or
L1,S_(x>5), and the concentration of the dissolved active
sulfur species 1s typically significant, e.g., greater than 1
molar sulfur. For mstance, in particular embodiments, espe-
cially for cells using a lithium metal or lithtum alloy as the
electroactive anode material, the active stoichiometric ratio
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just prior to initial cell operation 1s L1,S, with the following
range for X: 2=x=5, and the active sulfur concentration 1s
between 10 to 17 molar sulfur. For example, a catholyte
composition having an active stoichiometric ratio of about
L1,S,, and at concentrations greater than 10 molar sulfur
(e.g., 11,12, 13, 14, 15, 16 or 17 molar sulfur) may be used.
In another particular embodiment, especially useful for cells
which are fabricated 1n the fully or mostly discharged state
(e.g., having an anode electroactive material that 1s devoid
of active lithium), the active stoichiometric ratio of the
catholyte just prior to 1nitial cell operation 1s L1,S, and the
active sulfur concentration 1s typically greater than 1 molar
sulfur, and preferably greater than 2 molar sulfur, and more
preferably greater than 3 molar sulfur (e.g., 3 molar, 4 molar,
or 5 molar sulfur).

[0159] Of particular note 1s the high solubility and facile
dissolution of L1,S (lithtum sulfide) in water. In non-aque-
ous aprotic solvents lithium sulfide solubility 1s severely
limited, and Li1,S 1s generally considered to be insoluble.
Water 1s shown herein to provide an excellent solvent for
lithium sulfide (L1,S), and this feature 1s used for advantage
in various embodiments of the mstant disclosure in order to
achieve high ampere-hour (Ah) capacity per unit volume of
catholyte, and ultimately high cell energy density as well as
improved reversibility on deep discharge. A visual compari-
son 1s provided in FIG. 4, illustrating that water has at least
a 1000 fold greater solubility for L1,S than that of tetraglyne
(a common non-aqueous solvent employed in conventional
non-aqueous L1/S cells).

[0160] Accordingly, 1n various embodiments the aqueous
catholyte serves as a medium 1nto which high concentrations
of L1,S dissolve. Thus, by this expedient, aqueous lithium
sulfur cells yielding a high ampere-hour capacity per unit
volume of catholyte can be realized, and these high capacity
cells may be deeply discharged repeatedly since the reaction
product (e.g., L1,S) 1s readily dissolved and therefore more
readily oxidized on charge. Thus, 1n various embodiments,
at the end of discharge a significant portion of the sulfur
ampere-hour capacity 1s present 1n the cell in the form of
solid phase discharge product (e.g., L1,S). For instance, 1n
embodiments, the end of discharge ratio comparing the
number of moles of sulfur as solid phase sulfur (e.g., L1,S)
to the number of moles of sulfur dissolved 1n the catholyte
(e.g., as L1,S) 1s greater than 2; greater than 3; greater than
S5, or greater than 10.

[0161] Furthermore, the combination of high solubility
and fast dissolution kinetics of L1,S 1n water also enables a
practical method of making an aqueous lithium sulfur cell
that 1s assembled in the fully discharged state, and which
makes use of alternative lithium electroactive materials that
are different than that of lithium metal, such as carbon
intercalation materials, alloys (e.g., of silicon) and combi-
nations thereof such as carbon silicon composites. For
example, one method 1n accordance with the present dis-
closure volves: 1) providing a carbon anode 1n the fully
discharged state (1.¢., entirely un-intercalated); 11) providing
an aqueous polysulfide catholyte comprising water and
dissolved lithium sulfide; 1) providing a cathode compris-
ing an electron transier medium for electrochemical oxida-
tion of dissolved lithium sulfide; 1v) configuring the anode,
catholyte and cathode into a battery cell; and 1v) charging the
battery cell.

[0162] Whereas the fast dissolution kinetics of Li,S
enables repeated deep discharge, additional benefit may be

15
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gained by taking advantage of the facile electro-kinetics of
solution phase redox 1n combination with the high solubility
of polysulfide species 1n water. Thus, 1n various embodi-
ments, the cell 1s formulated such that at full state of charge
the catholyte contains a high concentration of dissolved
active sulfur species, and 1n certain embodiments the cell 1s
formulated and operated such that the ampere-hour capacity
of sultur 1n the cell at full state of charge 1s solely present as
dissolved species 1n the catholyte.

[0163] Without intending to be limited by theory, lithium
sulfide dissolution 1n water involves hydrolysis that 1s
believed to take place in accordance with the following
equilibrium:

S +HOH—HS +OH"

[0164] Thus the pH of highly concentrated aqueous catho-
lyte solutions of Li1,S dissolved in water 1s generally quite
high and typically greater than pH 10, and more typically
greater than pH 11 or even higher, e.g., about pH 12, about
pH 13, or about pH 14. However, the disclosure 1s not
exclusively limited to cells having an aqueous sulfur catho-
lyte of such high pH, as the pH may be tailored using pH
adjusting additives, including base, basic salts (e.g., L1iOH),
acidic salts (e.g., HC1) and bufllering agents as are known to
those of skill in the art. Thus, 1n various embodiments the
catholyte may be formulated having a pH that renders it
acidic (1.e., pH<7), basic (1.e., pH>7), or neutral (pH about
7).

[0165] The aqueous catholyte may further comprise a
supporting lithium salt to maintain a consistent and high
conductivity over the entire discharge and/or improve sta-
bility. Typically the supporting salt concentration is 1n the
range of 0.05 to 1.5 moles/liter (e.g., about 0.25 moles/liter).
Examples of suitable supporting salts include a variety of
lithium cation salts. For instance, lithium halides (e.g., LiCl,
L1Br), LiSO,CF;, LiN(CF;50,), and LIN(SO,C,F.),. Typi-
cally present 1n the catholyte to a concentration of about 0.05
to 1.5 molar lithium, e.g., 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,

0.9, or 1.0 molar lithium.

[0166] Flectroactive aqueous catholytes in accordance
with the instant disclosure comprise water and an active
sulfur species dissolved therein. In various embodiments the
active sulfur species are formed 1n the catholyte by reacting
one or more precursor materials with each other and/or with
water. In one embodiment a first precursor of lithium sulfide
and a second precursor of elemental sulfur are reacted 1n
stoichiometric amounts in the presence of water to vield
active sulfur species 1n solution. Preferably, to mitigate the
undesirable formation of insoluble products of oxidation, the
water should be deoxygenated (i.e., the water should be
substantially devoid of molecular oxygen), which may be
carried out by any suitable method known in the art,
including boiling of the water and/or purging the water with
an oxygen free gas, such as nitrogen. The purging step
continued until the desired level of oxygen has been reached.
For instance, the concentration of molecular oxygen 1n the
catholyte 1s preferably less than 1000 ppm, and more pret-
erably less than 500 ppm and even more preferably less than
100 ppm, or less than 50 ppm or even 10 ppm.

[0167] In various embodiments the aqueous catholyte fur-
ther comprises one or more non-aqueous solvents. In various
embodiments the volume percent of non-aqueous solvents 1n
the catholyte ranges from about 1% to as much as 90% by
volume; for example, between 1% and 10%, between 10%
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and 20%, between 20% and 30%, between 30% and 40%,
between 40% and 50%, between 50% and 60%, between

60% and 70%, between 70% and 80%, between 80% and
90%.

[0168] Non-aqueous solvents suitable for use herein to
improve performance include aprotic and protic organic
solvents (solids and liquids, typically liquids or solid poly-
cthylene oxide) and 1onic liquids. In particular, 1n some
embodiments protic organic solvents may be used.

[0169] Examples of suitable non-aqueous aprotic and pro-
tic solvents include ethers (e.g., 2-Methyltetrahydrofuran

(2-MeTHF), Tetrahydrofuran (THF), 4-Methyldioxolane
(4-MeDIOX), Tetrahydropyran (THP) and 1,3-Dioxolane
(DIOX)) glymes (e.g., 1,2-dimethoxyethane (DME/mono-
glyme), di-glyme, ftri-glyme, tetra-glyme and higher
glymes), carbonates (e.g., cyclic carbonates such as propyl-
ene carbonate (PC), ethylene carbonate (EC), acyclic car-
bonates such as dimethyl carbonate (DMC), ethylmethyl
carbonate (EMC) and diethyl carbonate (DEC), formates
(e.g., Methyl Formate) and butyrolactone (GBL). Other
suitable aprotic solvents include those having a high donor
number (1.e., donor solvents) such as hexamethylphosphor-
amide, pyridine, N,N-diethylacetamide (DMAC), N,N-di-
cthylformamide, dimethylsulfoxide (DMSO), tetramethylu-
rea (TMU), N,N-dimethylacetamide, N,N-
dimethylformamide (DME), tributylphosphate,
trimethylphosphate, N,N,N',N'-tetracthylsulfamide, tetraeth-
ylenediamine, tetramethylpropylenediamine, and pentam-
cthyldiethylenetriamine. Preferred donor solvents have a
donor number of at least 15, more preferably between about
15 and 40 and most preferably between about 18-40. Par-
ticularly preferred donor solvents include N,N-diethylior-
mamide, N,N-dimethylformamide (DMF), dimethylsuliox-
ide (DMSO), N,N-dimethylacetamide (DMAC); {for
example, DMF. Suitable acceptor solvents which can be
characterized as Lewis acids (they may be protic or aprotic
solvents) and promote solvation of anions. Examples
include alcohols such as methanol, glycols such as ethylene
glycol and polyglycols such as polyethylene glycol as well
as nitromethane, triflouroacetic acide, trifluoromethanesul-
tonic acid, sultur dioxide and boron triflouride, and ethylene
glycol (EG). Others include nitriles (e.g., acetonitrile (AN),
higher mitriles, propionitrile, succinonitrile, butyronitrile,
benzonitrile), amides (e.g., formamide, N-methylforma-
mide, N,N-dimethylformamide, N,N-diethylformamide,
(DMF), acetamide, N-methylacetamide, N,N-dimethylac-
ctami de (DMAC), N,N-diethylacetamide, N,N,N'N'tetra-
cthylsulfamide, tetramethylurea (TMU), 2-pyrrolidone,
N-methylpyrrolidone, N-methylpyrrolidinone), amines
(e.g., butylamine, ehtylenediamine, triethylamine, pyridine,
1,1,3,3 -tetramethylguanidine (TMG), tetracthylenediamine,
tetramethylpropylenediamine,  pentamethyldiethylenetri-
amine, organosulfur solvents (e.g., dimethylsulifoxide
(DMSQ), sulfolane, other sulfones, dimethylsulfite, ethylene
sulfite, and organophosphorous solvents (e.g., tributylphos-

phate, trimethylphosphate, hexamethylphosphoramide
(HMPA)).
[0170] In the same or separate embodiments a non-aque-

ous solvent may be added to the aqueous catholyte to effect
dissolution of elemental sulfur. The addition of such a
solvent (e.g., toluene or carbon disulfide, preferably toluene)
can enable charging to elemental sulfur (dissolved or pre-
cipitated).
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[0171] While the use of non-aqueous solvents such as
aprotic organic solvents, typically liquids, but not limited as
such, may be useful for facilitating the dissolution of high
order polysulfide species, protic solvents and ionic liquds
may also be incorporated in the aqueous catholyte to further
enhance dissolution of lithium sulfide or more generally
improve cell performance.

[0172] For instance, 1n particular embodiments the aque-
ous catholyte comprises water and a protic solvent that 1s
non-aqueous, especially protic organic solvents that are
capable of dissolving a significant amount of L1,S. Particu-
larly suitable non-aqueous protic solvents are organic sol-
vents such as alcohols, diols, triols and polyols, especially
alcohols (e.g., methanol and ethanol) and diols (e.g., ethyl-
ene glycol). Addition of the non-aqueous protic solvent 1s
particularly usetul in cells that may be operated at tempera-
tures below the freezing temperature of water and yet still
require high solubility for lithium sulfide. Accordingly, in
vartous embodiments the catholyte 1s formulated with an
amount ol a non-aqueous protic solvent to achieve a desired
freezing point temperature (1.e., melt temperature), includ-

ing formulations wherein the melt temperature 1s less than 0°
C., less than =5° C., less than —10° C., less than —=15° C., less

than -20° C., less than -30° C., and less than —-40° C.
Moreover, 1t 1s contemplated herein that the non-aqueous
protic solvent may be present in high concentration in the
catholyte, including 10%-20%, 20%-30%, 30%-40%, 40%-
50%, 50%-60%, 60%-70%, 70%-80%, 80%-90% (ec.g., any
such volume percentages of methanol, ethanol or ethylene
glycol or combinations thereol).

[0173] Contact between the aqueous electrolyte and the
cathode electron transfer medium, for example an electroni-
cally conductive matrix such as a carbon or metal mesh,
foam or other high surface area, typically porous, structure,
may be enhanced by electrolyte additives and/or co-sol-
vents. Such improved contact enhances utlilization and rate
performance of the cell. Electrolyte/catholyte compositions
in this regard can include a surfactant, such as a polyol or
polyglycol, for example PEG, to wet the catholyte to the
conductive matrix. Also or alternatively, the matrix can be
surface treated prior to contact with the electrolyte to
enhance wetting, for example being soaked 1 a wetting
agent, such as methanol or ethylene glycol, followed by
displacement of the wetting agent with the aqueous catho-
lyte solution of polysulfides. Still further in this regard, the
catholyte may include dissolved organosulfur as a cathode
active material. The organosultur compound or compounds
can self-wet to the cathode electron transier matrix.

[0174] Inaccordance with various embodiments, the aque-
ous electrolyte includes a combination of solvents and
lithium sulfur electro-active species typically dissolved
therein. The solvent combination includes at least water and
a second solvent that contains nitrogen (i1.e., the second
solvent 1s a nifrogen containing compound, sometimes
referred to herein as an N-solvent or N-compound). Typi-
cally the N-solvent 1s protic and has a high Gutmann donor
number.

[0175] The aqueous electrolye may further include a
lithium salt or other salt dissolved therein for the purpose of
enhancing conductivity or lithium 1on transference. How-
ever, 1n various embodiments it 1s contemplated that the only
dissolved lithium species 1n the electrolyte are those which
are associated with the electro-active lithtum sulfur species
(e.g., lihtium polysuflides).
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[0176] In various embodiments the catholyte solvent sys-
tem 1s based on a solvent combination of water with protic
and aprotic solvents and other compounds. These solvent
systems may include those containing water and other protic
solvents, dissolved solids, or gases. In various embodiments
the solvent system contains water and polar protic solvents.
Such solvent systems allow for preparation of catholytes that
are superior to the catholytes based on any type of individual
solvent, including water or an organic solvent. Such catho-
lytes combine very high solubility of long chain polysul-
fides, high solubility of cell discharge products (LL1,S or
short chain polysulfides), appreciable solubility of elemental
sulfur, which 1s the final charge product, high 10nic conduc-
tivity, and improved wetting of carbon materials used as
cathodes of L1—S batteries.

[0177] The protic solvents may be various N-containing
compounds having high Gutmann donor number. The pre-
terred catholyte compositions include aqueous ammonia,
water-amine solvent combinations, and solvent systems of
water-N-heterocyclic compound.

[0178] In various embodiments the catholyte composition
comprises primary, secondary, or tertiary amines or amimo-

nia and are represented by a general formula:

K
RI“Z7 R3
RZ

wherein R' is H or an organic radical, R* is H or an organic
radical, and R> is H, or an organic radical.

[0179] In various embodiments at least one of R*, R*, and
R” is an organic radical. In some preferred embodiments at
least one of R', R* or R” contains one or more amine groups.
In other preferred embodiments at least one of R', R* or R°
contains one or more hydroxyl groups. In other preferred
embodiments at least one of R', R* or R> contains one or
more ether groups.

[0180] For instance, in some embodiments, at least one of
R', R and R’ is an organic radical selected from the group
consisting of an optionally substituted C,-C,, alkyl group,
optionally substituted C,-C,, alkenyl group, and optionally
substituted C,-C,, alkynyl group. A “substituted group™ 1s
derived from the unsubstituted parent structure 1n which one
or more hydrogen atoms are exchanged for another atom or
a group of atoms. In other embodiments, at least one of R”,
R* and R represents an organic radical selected from the
group consisting of an optionally substituted C,-C,,
cycloalkyl, optionally substituted C,-C,, cycloalkenyl, and
optionally substituted 3-10 membered heterocyclyl. In yet
other embodiments at least one of R', R* and R’ represents
an organic radical selected from the group consisting either
of an optionally substituted carbo- and heterocyclic 5-10
membered aryl, or a benzylic group.

[0181] In various embodiments R"> R?, and R” are organic
radicals, which do not contain ether groups or hydroxyl
groups. In the most preferred embodiments, at least one of
R', R* or R° contains one or more amine groups. The
particular examples include: ethylenediamine, diethylenetri-
amine, trimethylamine, n-propylamine, methylamine, dim-
cthylamine, ethylamine, diethylamine, 1sopropylamine,
duisopropylamine, dimethylaminopropylamine, diethylen-
ctriamine, allylamine, tetraethylenediamine, tetramethylpro-
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pylenediamine, pentamethyldiethylenetriamine, cyclopro-
pylamine,or their combinations.

[0182] In some embodiments at least one of R', R* or R’
contains one or more hydroxyl groups. For example, 2-(eth-
ylamino)ethanol, ethanolamine, diethanolamine, N-methyl-
cthanolamine, N-methyldiethanolamine, 2-amino-2-methyl-
1 -propanol, N,N-dimethylethanolamine, 2-(2-aminoethoxy)
ethanol, or their combinations.

[0183] In some embodiments at least one of R', R* or R’
contains one or more ether groups. The particular examples
include: 2-methoxyethylamine, (2-methoxyethyl ) methylam-
ine, 3-methoxypropylamine, bis(2-methoxyethyl)amine,
2-methoxyisopropylamine, 2,2-dimethoxyethylamine, 3
-ethoxy-1-propanamine, 2-(2-aminoethoxy)ethylamine,
2,2'-(Ethylenedioxy)bis(ethylamine), or some combination
thereof.

[0184] Particular mstant catholytes include: 1) 12 M sulfur
as L1,S. m 20% (v/v) 2-methoxyethylamine; 11) 14.6 M
sultur as L1,S; 1n 40% 2-methoxyethylamine; and 12 M
sulfur as 1,5, 1n 60% 2-methoxyethylamine; 12 M sulfur as
L1,S, 1n 20% (v/v) ethylenediamine; and 12 M sulfur as
L1,S- 1 40% (v/v) ethylenediamine.

[0185] Preferable volume fraction of amine 1n the solvent
system 1s from 1% to 60%. The most preferable volume
fraction 1s 1n the range 5-50%.

[0186] Preferable amines have pKa values of the corre-
sponding conjugate acids greater or equal to 5. Even more
preferable amines have pKa values of the corresponding
conjugate acids greater or equal to 7. The most preferable
amines have pKa values of the corresponding conjugate
acids greater or equal to 9.

[0187] In various embodiments the instant catholytes has
water and an N-compound as the solvent system and the
catholyte 1s in equilibrium with an excess of elemental
sulfur.In various embodiments the instant catholyte has
60%, 40%, and 20% (v/v) of 2-methoxyethylamine, or 20%
cthylenediamine (v/v) of 2-methoxyethylammonium poly-

sulfide 1n water with 20%, 40%, and 60% (v/v) of
2-methoxyethylamine, accordingly.

[0188] In various embodiments the aqueous catholyte
solution (1.e., catholyte) has a solvent system that 1s water
and 2-methoxyethylamine as the cycle-life enhancing com-
pound. In embodiments thereolf the volume ratio of
2-methoxyethylamine in the solvent system 1s between >10
to 20%, between >20 to 30%, between >30 to 40%, between
>40 to 50%, and between >50-60%.

[0189] In various embodiments all R, R?, and R’ repre-
sent H (ammonia) In other words the nitrogen containing

solvent 1s ammonia. These include catholytes comprising 12
M S as L1,S; in 14% (m/m) NH,, And 16.0 M S as L1,S; 1n

28% (m/m) NH;, and 16.5 M S as les in 14% (m/nl) NH,.
Preferable mass fractions of ammonia in water are in the

range from 5 to 35% (m/m). The most preferable mass

fraction of ammonia in water 1s 1n the range from 14 to 33%.
In various embodiments the N-solvents are ammonia, eth-
ylenediamine, 2-methoxyethylamine, bis(2-methoxyethyl)
amine, 2-(methylamino)ethanol, n-propylamine, methylam-
ine, dimethylamine, ethylamine, diethylenetriamine.

[0190] In various embodiments the N-solvents are N-het-
erocyclic compounds represented by general formula
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where m, n=1, 2, 3, 4, 5, and (m+n) 1s less than 6;

[0191] X is CR'R” (optionally substituted methylene
group), where R* and R” represent H or an organic radical,
or

[0192] X is CR' (when N-heterocycle is unsaturated or
aromatic) where R' represents H or an organic radical, or

[0193] X 1s N (X 1s nitrogen atom when N-heterocycle 1s
unsaturated or aromatic), or

[0194] X is NR® (X is NR” group), where R represents H

or an organic radical, or

[0195] X 1s O (X 1s oxygen atom), or
[0196] X 1s S (X 1s sulfur atom).
[0197] In various embodiments N-heterocycle 1s saturated

N-heterocycle, or aromatic N-heterocycle, or unsaturated
N-heterocycle that may contain X=X, X=Y, X=N, Y=N
double bonds where X 1s not oxygen atom and 1s not sulfur
atom.

[0198] In other embodiments the N-heterocyclic com-
pound 1s a solvent that 1s miscible with water. The most
preferable N-heterocyclic solvents are: morpholine, pyrro-
lidine, piperidine, pyridine, aziridine, 1,4-thiazine.

[0199] In some embodiments N-heterocyclic compounds
are 1n the form of solids dissolved in water. The preferable
solid N-heterocyclic compounds are: imidazole, thiomor-
pholine, piperazine.

[0200] Preferably the N-heterocyclic compounds are the
compounds with pKa values of the conjugate N-H acids
greater than 5.

[0201] In various embodiments the catholyte further
includes alcohols and glycol ethers. Examples include alco-
hols such as methanol, ethanol, n-propanol, 1-propanol.
Glycols such as ethylene glycol, glycerol, and polyglycols
such as polyethylene glycol. Glycol ethers such as ethylene
glycol monomethyl ether (2-methoxyethanol), diethylene
glycol monoethyl ether (carbitol), diethylene glycol monom-
cthyl ether (methyl carbitol), ethylene glycol monoethyl
cther (2-ethoxyethanol), ehylene glycol monopropyl ether
(2-propoxyethanol, ethylene glycol monoisopropyl ether,
cthylene glycol monobutyl ether, diethylene glycol mono-
n-butyl ether.

[0202] In various embodiments the catholyte further
includes mixtures containing water and polar or non-polar
aprotic solvents. Mixtures of water with polar aprotic sol-
vents can be used to increase the mean chain length of
polysulfides. The preferable solvents are the solvents that
have high Gutmann donor numbers._Examples of suitable
non-aqueous aprotic solvents that can be used in combina-
tion with water include linear and cyclic ethers (e.g. tetra-
hydrofuran (THF), 4-methyl-1,3-dioxolane (4-MeDIOX),
tetrahydropyran (THP)), glymes (e.g., 1,2-dimethoxyethane
(DME/monoglyme), diglyme, trniglyme, tetraglyme and
higher glymes). Other suitable aprotic solvents include
amides such as formamide, N,N-dimethylacetamide
(DMA), N,N-dimethylformamide (DMF), N-methyliorma-
mide, N-ethylformamide, N,N-diethylacetamide, N,N-di-
cthylformamide.

[0203] In various embodiments methods may be used to
increase chain length of polysulfides. The chain length can
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be 1increased using various methods. For instance, increasing
the temperature can be used to increase polysuliide chain
length 1n the catholyte. For example, the mean chain length
in 10 M S lithium polysulfide, water solution 1n equilibrium
with elemental sulfur 1s determined to be 5.0 at 70° C.
Alternatively, decreasing the pH of the electrolyte may be
used to increase polysulfide chain length. In particular
embodiments, various acids are added to partially neutralize
hydroxide 10ons in the aqueous catholyte and by this expe-
dient shifts the equilibrium towards polysulfide anions with
higher chain length.

[.ithium Anode

[0204] TTypically, when using a protected lithium electrode
as described below 1n which a solid electrolyte membrane
provides 1solation of the electroactive matenal against con-
tact with the aqueous catholyte, the catholyte 1s devoid of
certain extrancous 1ons which would otherwise interfere
with the cell functionality, including contaminating the
membrane via diffusion into the conductive atomically
formed channels. Accordingly, in various embodiments of
the 1nstant disclosure the aqueous catholyte 1s substantially
devoid of alkali metal cations other than lithium, and more
preferably substantially devoid of all metal cations other
than lithium. For example the catholyte 1s devoid of sodium
and potassium 1ons, which 1s to mean that there 1s substan-
tially no sodium or potassium ions in the electrolyte.

[0205] The cell comprises a L1 anode. The lithium elec-
troactive material of the anode 1s typically in layered form
and may be L1 metal or a L1 metal alloy (e.g., silicon) or L1
intercalation material (e.g., lithiated carbon) or 1n a particu-
lar embodiment a silicon carbon composite. In one example,
a L1 metal foil may be used. In another example lithium 1on
anodes, which are well known 1n the battery art, are used as
the electroactive lithium material layer (e.g., a carbon inter-
calation material coated on a copper current collector).
Electroactive lithium materials, including intercalation host
compounds and lithium alloys and lithium metal are well
known 1n the lithium battery art. In certain embodiments the
anode 1s lithium metal (e.g., 1n fo1l or sintered form) and of
suflicient thickness (1.e., capacity) to enable the cell to
achieve the rated discharge capacity of the cell. The anode
may take on any suitable form or construct including a green
or sintered compact (such as a water or pellet), a sheet, film,
or fo1l, and the anode may be porous or dense. Without
limitation, the lithium anode may have a current collector
(e.g., copper foil, or suitable expandable metal) pressed or
otherwise attached to it in order to enhance the passage of
clectrons between 1t and the leads of the cell. Without
limitation the cell may be anode or cathode limited. When
anode limited, the complete discharge (corresponding to
rated capacity) will substantially exhaust all the lithium in
the anode. When cathode limited, some active lithium will
remain subsequent to the cell delivering 1ts rated capacity.
[0206] The anode 1s protected with a protective membrane
architecture chemically stable to both the anode and the
environment of the adjacent sulfur cathode. The protective
membrane architecture typically comprises a solid electro-
lyte protective membrane and an interlayer. The solid elec-
trolyte protective membrane 1s sometimes referred to herein
as 1on membrane. The protective membrane architecture 1s
in 1onic continuity with the L1 anode and 1s configured to
selectively transport L1 1ons while providing an impervious
barrier to the environment external to the anode. Protective
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membrane architectures suitable for use with embodiments
described 1n this disclosure are described 1n applicants” U.S.
Pat. Nos. 7,645,543; 7,666,233, 8,048,571; and 7,282,295,
incorporated by reference herein in their entirely, and 1n
particular for their description of protective membrane struc-
tures and architectures.

[0207] FIGS. 5A-D illustrate representative protective
membrane architectures from these disclosures suitable for
use with embodiments described in this disclosure. The
protective membrane architectures provide a barrier to 1so-
late a L1 anode from ambient and/or the cathode side of the
cell while allowing for eflicient 1on L1 metal 1on transport
into and out of the anode. The architecture may take on
several forms. Generally 1t comprises a solid electrolyte
layer that 1s substantially impervious, ionically conductive
and chemically compatible with the external ambient (e.g.,
air or water) or the cathode environment.

[0208] Referring to FIG. 5A, the protective membrane
architecture can be a monolithic solid electrolyte 502 that
provides 1onic transport and 1s chemically stable to both the
active metal anode 3501 and the external environment.
Examples of such matenals are lithium hatnium phosphates
(c.g., having a NASICON like structure) such as Li,_
M _Hf,__(PO,), where M 1s Cr, In, Fe, Ta, Sc, Lu, Al, or Y
(e.g., wherein 0=X=0.5, and LiHIPO,, LISICON (the
lithium-stable analog to NASICON), Li.lLa;Ta,O,, and
Li;La,Nb,O,,, Na.MS1,0,, (M: rare earth such as Nd, Dy,
(Gd) and the garnet-like structures described below. These
include Lis A G_M,0,, (where A 1s a monovalent, diva-
lent, trivalent, or tetravalent cation; (G 1s a monovalent,
divalent, trivalent, or tetravalent cation; where M 1s a
trivalent, tetravalent or pentavalent cation, and O=x<3,
O=y=3, 0=z=<3 and O can be partly or completely replaced by
divalent and/or trivalent anions such as N°~. Particular
examples include Li,AlLa,B,O,, where B 1s Nb or Ta or
some combination thereol and A may be Ca, Sr, Ba or a
combination  thereof, especially Li.Bala,Ta,O,,;
Li.La,M,O,, (where M=Nb, Ta or some combination
thereol) e.g., LiLa,Ta.O,, or Li.La,Nb,O,, or Li,,
A G,__7r,0,, where A 1s a divalent cation, G 1s a trivalent
cation, O=x=3 and O can be partly or completely replaced by
divalent and/or trivalent anions such as N°~(e.g., Li,, A La
1 Zr,0O,, such as Li,La,Zr,O,, or e.g., wherein A 1s Zn
such as 11 - 7Zn La ,_ _7Zr,0O,, and the like such as and
Li,. A lLa, Hi,O,, (e.g., where A1s Zn or Li-La,Zr,0O,,).
These materials and methods for making them are described
in U.S. Pat. No.: 7,901,658 to Weppner and Thangadurai and
US Patent Publication No.: 2010/0203383 to Weppner, and
are hereby incorporated by reference, 1n particular for their
disclosure relating to the composition and making of these
matenals. As well as L1, Lay(Zr ., A,_ )O,, wherein A 1s at
least one selected from the group consisting of Sc, 11, V, Nb,
Hi, Ta, Al, S1, Ga, Ge, and Sn, such as Li. _ Las(Zr,,
Nb,_ ))O,, where x=0-2, and including elements substituted
for Zr such as Sc, Ti, V, Y, Hf, Ta and Nb or the like (e.g.,
Lis --LayZr, -:Nb, ,-O,,, such garnet-like lithium 10n con-
ductors are described in US Patent Pub. No.: 2011/0244337

to Ohta et al which 1s hereby incorporated by reference.

[0209] More commonly, the 10n membrane architecture 1s
a composite composed of at least two components of dii-
ferent materials having different chemical compatibility
requirements, one chemically compatible with the anode, the
other chemically compatible with the exterior; generally
ambient air or water, and/or battery electrolytes/catholytes.
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By “chemical compatibility” (or “chemically compatible™) 1t
1s meant that the referenced material does not react to form
a product that i1s deleterious to battery cell operation when
contacted with one or more other referenced battery cell
components or manufacturing, handling, storage or external
environmental conditions. The properties of diflerent 1onic
conductors are combined 1n a composite material that has
the desired properties of high overall 1onic conductivity and
chemical stability towards the anode, the cathode and ambi-
ent conditions encountered in battery manufacturing. The
composite 1s capable of protecting an active metal anode
from deleterious reaction with other battery components or
ambient conditions while providing a high level of 1onic
conductivity to facilitate manufacture and/or enhance per-
formance of a battery cell in which the composite 1s incor-
porated.

[0210] Referring to FIG. 3B, the protective membrane
architecture can be a composite solid electrolyte 510 com-
posed of discrete layers, whereby the first maternial layer 512
(also sometimes referred to herein as “interlayer™) is stable
to the active metal anode 501 and the second matenal layer
514 1s stable to the external environment. Alternatively,
referring to FIG. 5C, the protective membrane architecture
can be a composite solid electrolyte 520 composed of the
same materials, but with a graded transition between the
materials rather than discrete layers.

[0211] Generally, the solid state composite protective
membrane architectures (described with reference to FIGS.
5B and C have a first and second material layer. The first
material layer (or first layer material) of the composite 1s
ionically conductive, and chemically compatible with an
active metal electrode material. Chemical compatibility 1n
this aspect of the disclosure refers both to a material that 1s
chemically stable and therefore substantially unreactive
when contacted with an active metal electrode matenal. It
may also refer to a material that 1s chemically stable with air,
to facilitate storage and handling, and reactive when con-
tacted with an active metal electrode matenal to produce a
product in-situ that 1s chemically stable against the active
metal electrode material and has the desirable 10nic conduc-
tivity (1.e., a first layer material). Such a reactive material 1s
sometimes referred to as a “precursor’” material. The second
material layer of the composite 1s substantially impervious,
ionically conductive and chemically compatible with the
first material. Additional layers are possible to achieve these
aims, or otherwise enhance electrode stability or perfor-
mance. All layers of the composite have high 1onic conduc-
tivity, at least 107'S/cm, generally at least 107°S/cm, for
example at least 107>S/cm to 107*S/cm, and as high as
10~°S/cm or higher so that the overall ionic conductivity of

the multi-layer protective structure is at least 10~’S/cm and
as high as 107°S/cm or higher.

[0212] A fourth suitable protective membrane architecture
1s 1llustrated 1n FIG. 5D. This architecture 1s a composite 530
composed of an interlayer 532 between the solid electrolyte
534 and the active metal anode 501 whereby the interlayer
1s includes a non-aqueous liqud, gel or solid polymer
clectrolyte polymer phase anolyte. Thus, the architecture
includes an active metal 1on conducting separator layer with
a non-aqueous anolyte (1.e., electrolyte in contact with the
anode electroactive material), the separator layer being
chemically compatible with the active metal and in contact
with the anode; and a solid electrolyte layer that 1s substan-
tially impervious (pinhole- and crack-free) 1onically con-
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ductive layer chemically compatible with the separator layer
and aqueous environments and 1n contact with the separator
layer. The solid electrolyte layer of this architecture (FIG.
5D) generally shares the properties of the second material
layer for the composite solid state architectures (FIGS. 5B
and C). Accordingly, the solid electrolyte layer of all three
of these architectures will be referred to below as a second
material layer or second layer.

[0213] A wide variety of materials may be used 1n fabri-
cating protective composites 1n accordance with the present
disclosure, consistent with the principles described above.
For example, in the solid state embodiments of FIGS. 5B
and 3SC, the first layer (material component), in contact with
the active metal, may be composed, in whole or 1n part, of
active metal nitrides, active metal phosphides, active metal
halides active metal sulfides, active metal phosphorous
sulfides, or active metal phosphorus oxynitride-based glass,
as well as lithium hatnium phosphates and the garnet like
structures described above in reference to the monolithic
membrane architecture (e.g., L1, A La ;_ . 7Zr,0O,, and Li.,
A G.M,0,, such as LigBal.a,1a,0,, and the others as
described herein above. Specific examples include Li;N,
L1,P, Lil, LiBr, LaCl, LiF, L1,S—P,S5, L1,S—P,S._Lil and
L1PON. Active metal electrode materials (e.g., lithium) may
be applied to these maternials, or they may be formed as
reaction products in situ by contacting precursors such as
metal nitrides, metal phosphides, metal halides, red phos-
phorus, 10odine, nitrogen or phosphorus containing organics
and polymers, and the like with lithium. A particularly
suitable precursor material 1s copper nitride (e.g., Cu,N).
The 1n situ formation of the first layer may result from an
incomplete conversion of the precursors to their lithiated
analog. Nevertheless, such composite reaction products
tormed by incomplete conversions meet the requirements of
a first layer material for a protective composite 1 accor-
dance with the present disclosure and are therefore within
the scope of the disclosure.

[0214] For the anolyte imterlayer composite protective
architecture embodiment (FIG. 5D), the protective mem-
brane architecture has an active metal 1on conducting sepa-
rator layer chemically compatible with the active metal of
the anode and 1n contact with the anode, the separator layer
comprising a non-aqueous anolyte, and a substantially
impervious, 1onically conductive layer (*second” layer) in
contact with the separator layer, and chemically compatible
with the separator layer and with the exterior of the anode.
The separator layer can be composed of a semi-permeable
membrane i1mpregnated with an organic anolyte. For
example, the semi-permeable membrane may be a micro-
porous polymer, such as are available from Celgard, Inc. The
organic anolyte may be in the ligmd or gel phase. For
example, the anolyte may include a solvent selected from the
group consisting ol organic carbonates, ethers, lactones,
sulfones, etc, and combinations thereof, such as EC, PC,
DEC, DMC, EMC, 1,2-DME or higher glymes, THE,
2MeTHE, sulfolane, and combinations thereot 1,3-dioxolane
may also be used as an anolyte solvent, particularly but not
necessarlly when used to enhance the safety of a cell
incorporating the structure. When the anolyte 1s 1n the gel
phase, gelling agents such as polyvinylidine fluoride (PVdF)
compounds, hexafluropropylene-vinylidene fluoride copoly-
mers (PVdi-HFP), polyacrylonitrile compounds, cross-
linked polyether compounds, polyalkylene oxide com-
pounds, polyethylene oxide compounds, and combinations
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and the like may be added to gel the solvents. Suitable
anolytes will, of course, also include active metal salts, such
as, 1n the case of lithhum, for example, LiPF., LiBF_,
LiAsF,, LiSO,CF, or LiN(SO,C,F;),. One example of a
suitable separator layer 1s 1 M LiPF . dissolved 1n propylene
carbonate and impregnated 1in a Celgard microporous poly-
mer membrane.

[0215] The second layer (material component) of the
protective composite may be composed of a material that 1s
substantially impervious, 1onically conductive and chemi-
cally compatible with the first material or precursor, includ-
ing glassy or amorphous metal 1on conductors, such as a
phosphorus-based glass, oxide-based glass, phosphorus-
oxynitride-based glass, sulfur-based glass, oxide/sulfide
based glass, selenide based glass, galllum based glass,
germanium-based glass, Nasiglass; ceramic active metal 1on
conductors, such as lithium beta-alumina, sodium beta-
alumina, L1 superionic conductor (LISICON), and the like;
or glass-ceramic active metal 1on conductors. Specific
examples include LiPON, Li,PO..11,S.51S,, L1,S.GeS,.
Ga,S;, L1,0.11A1,0,, Na,O.11A1,0,, L1,_Ti, Al (PO,),
(0.1=x=<0.9) and crystallographically related structures, L1,
Hi,_ Al (PO,), (0.1=x<0.9), [1,7r,S1,PO,,, Na.ZrP,O,,,
Li-Silicates, L1, ;La, 1105, L1:MS1,0, , (M: rare earth such
as Nd, Gd, Dy) Li1.ZrP,0O,,, L1, T1P 0O, ,, Li;Fe,P,0O,, and
L1,NbP,O,,, and combinations thereof, optionally sintered
or melted. Suitable ceramic 10n active metal 10n conductors
are described, for example, 1 U.S. Pat. No. 4,985,317 to
Adachi et al., incorporated by reference herein 1n its entirety
and for all purposes.

[0216] A particularly suitable glass-ceramic material for
the second layer of the protective composite 1s a lithtum 10n
conductive glass-ceramic having the following composition:

Composition mol %

P,O4 26-55%
510, 0-15%
GeO- + T10, 25-50%
in which GeO, 0-50%
T10, 0-50%
Zr0O, 0-10%
M,0, 0-10%
Al,O,4 0-15%
Ga, 0, 0-15%
Li,O 3-25%

and containing a predominant crystalline phase composed of
L1, (M,AlGa) (Ge |_/T1), (PO,); where X<0.8 and
0<Y=<1.0, and where M 1s an element selected from the
group consisting of Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm and
Yb and/or Li,,,,,0O/T1_S1P;_ O,, where 0=X<0.4 and
0<Y =0.6, and where Q 1s Al or Ga. The glass-ceramics are
obtained by melting raw materials to a melt, casting the melt
to a glass and subjecting the glass to a heat treatment. Such
materials are available from OHARA Corporation, Japan

and are further described in U.S. Pat. Nos. 5,702,995,
6,030,909, 6,315,881 and 6,485,622, incorporated herein by

reference.

[0217] Another particularly suitable material for the sec-
ond layer of the protective composite 1s a lithium 1on
conducting oxide having a garnet like structure. These
include those described above with reference to the mono-
lithic membrane architecture, and include Li.Bal.a,Ta,O,:

Li,La,Zr,0,,, LisLa;Nb,O,,. LisLa;M,0,, (M=Nb, Ta)Li
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- A lLa,_ 7Zr,O,, where A may be Zn. These materials and
methods for making them are described i U.S. Patent
Application Pub. No.: 2007/0148533 (application Ser. No:
10/591,714), hereby incorporated by reference 1n 1ts entirety,
and suitable garnet like structures are also described in
International Patent Application Pub. No.: W0O/2009/
003695 which 1s hereby incorporated by reference for all
that 1t contains, and in particular for its description of
garnet-like structures.

[0218] Another particularly suitable material for the sec-
ond layer of the protective composite 1s a lithium 1on
conducting oxide having a gamnet like structure. These
include those described above with reference to the mono-
lithic membrane architecture, and include Li,Bal.a,Ta,O,,;
Li1,La;Zr,0,,, Li.La;Nb,O,,, Li<La;M,O,, (M=Nb, Ta)Li
- A la;_7Zr,0O,, where A may be Zn. These matenals and
methods for making them are described i U.S. Patent
Application Pub. No.: 2007/0148533 (application Ser. No:
10/591,714), hereby incorporated by reference 1n 1ts entirety,
and suitable garnet like structures are also described 1n
International Patent Application Pub. No.: WQO/2009/
003695 which 1s hereby incorporated by reference for all
that it contains, and in particular for 1its description of
garnet-like structures.

[0219] The composite should have an inherently high
ionic conductivity. In general, the 10nic conductivity of the
composite is at least 1077 S/cm, generally at least about 107°
to 107> S/cm, and may be as high as 107 to 10~ S/cm or
higher. The thickness of the first precursor material layer
should be enough to prevent contact between the second
maternal layer and adjacent materials or layers, i particular,
the active metal of the anode. For example, the first material
layer for the solid state membranes can have a thickness of
about 0.1 to 5 microns; 0.2 to 1 micron; or about 0.25
micron. Suitable thickness for the anolyte interlayer of the
fourth embodiment range from 5 microns to 50 microns, for
example a typical thickness of Celgard 1s 25 microns.

[0220] The thickness of the second material layer 1s pret-
erably about 0.1 to 1000 microns, or, where the 1onic
conductivity of the second material layer is about 10™7 S/cm,
about 0.25 to 1 micron, or, where the 1onic conductivity of
the second material layer is between about 10~* about 10~
S/cm, about 10 to 1000 microns, preferably between 1 and
500 microns, and more preferably between 10 and 100
microns, for example about 20 microns.

[0221] Seals and methods of making seals which are
particularly suitable for sealing protected anodes described
hereinabove and elsewhere, including compliant and rigid
seals, are fully described in US Patent Publication No.:
2007/0037058 and US Patent Publication No.: US 2007/
0051620 to Visco et al., and are hereby incorporated by
reference 1n their entirety, and 1n particular for their descrip-
tions of cell seals and sealing techniques.

Optional Separator

[0222] With reference to FIG. 1 an optional separator
component 130 may be interposed between the membrane
architecture and the sultur cathode. Various separator mate-
rials suitable for use herein are known in the battery arts.
These separators include porous 1norganic mats, micropo-
rous polymer sheets, and gels. In a particular embodiment
the separator 1s a hydrogel comprising water impregnated a
polymer. In some embodiments the polymer 1tself may also
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serve as a solid solvent for the dissolution of active sultfur
species, such as PEO and polyalcohols (e.g., polyvinyl

alcohol).

[0223] In various embodiments the mstant battery cell 1s
tabricated such that the entirety of the cathode capacity 1s
loaded into the cell upon fabrication as dissolved polysulfide
species (e.g., the active stoichiometric ratio of L1,Sx with x
1s >1 e.g., about L1,S,, about L1,S;, about L1,S,, and about
[1,S;). In certain embodiments solid phase sulfur 1s added
to further enhance cell capacity (1.e., the cathode active
species derived from a combination of dissolved polysulfide
species and solid elemental sulfur. In some embodiments the
entirety of the cathode active sulfur 1s loaded into the
cathode as solid elemental sultur. While 1n other embodi-
ments, as described herein, the catholyte 1s 1n a fully reduced
state composed of L1,S dissolved in water, and 1n some
embodiments thereof solid phase L1,S may be dispersed 1n
the catholyte or present as a solid particle in the pores of the
cathode or separator.

[0224] In accordance with various embodiments of the
instant disclosure a significant amount of the cathode
ampere-hour capacity 1s derived from the active aqueous
sulfur catholyte, and that amount 1s typically greater than
10%:; for instance, greater than 20%, greater than 30%,
greater than 40%, greater than 50%, greater than 60%,
greater than 70%, greater than 80%, greater than 90%, and
in certain embodiments 100%.

[0225] Aqueous Lithium Sulfur Cells Assembled in the
Discharged State

[0226] The fast kinetics of dissolution and high solubility
of lithium sulfide 1n water allows for a practical lithium
sulfur cell that makes use of alternative anodes (e.g., anodes
other than lithtum metal) which are entirely devoid or
mostly devoid of active lithrum when incorporated 1n the
cell during assembly, and remain in that state until the cell
1s 1mnitially operated via an electrochemical charge. By this
expedient, aqueous lithium sulfur cells assembled in the
discharged state and having anodes of exceptional revers-
ibility are enabled herein for providing battery cells of long
cycle life, low cost, and/or improved air stability for manu-
facturing. In accordance with such embodiments and con-
tinuing with reference to FIG. 1, 1 various embodiments
thereol the instant cell includes a protected lithium anode,
similar 1n structure to that described above, having a lithium
clectroactive layer devoid of active lithium prior to 1nitial
cell operation (1.e., the cell assembled having an anode with
an electroactive layer devoid of active lithium). Suitable
such electroactive layers include those coated on a current
collector as are known 1n the lithium 1on battery field. The
anode layers composed of anode electroactive materials
including those commonly referred to as intercalation mate-
rials, insertion materials, alloying matenals, intermetallic
maternials and the like, which 1n the fully discharged state
(1.e., Tully or mostly 1n a reduced oxidation state), and when
incorporated into the cell during manufacture are entirely
devoid, or mostly devoid, of active lithium. Particularly
suitable such materials include carbons capable of electro-
chemically intercalating lithium, metal compound interca-
lation materials, such as metal oxide compounds including
transition metal oxides such as molybdenum oxide, tungsten
oxide, titanium oxides, (e.g., mndium tin oxide), lithium
titanium oxides of compositions L1, 110,, L1,11.0,,, pref-
erably with a potential within about 1V of the lithium
potential, materials capable of alloying with lithium elec-
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trochemically wherein the matenal 1s electro-reduced such
as metals and semi-metals (e.g., aluminum, silver, indium,
tin, bismuth, lean, silicon, germanium, antimony and com-
binations thereof binary and ternary metal and/or semi-metal
alloys and the like) metal alloys (e.g., antimony alloys
including Cu,Sbh, CoSbh, MnSb, InSb) and semi-metals (e.g.,
silicon), semi-metal alloys, and such metal alloy interme-
tallics and combinations thereof including composites such
as composites including alloys (e.g., composite silicon
alloys) such as carbon intercalation metal or semi-metal
material composites (e.g., C—S1, C—Sn, Sn-M-C, Sb-M-C,
S1-M-C, where M 1s a metal such as 11, V, Cr, Mn, Fe and
Co, especially Sn—Co—C and Sb—Cu—C, such as
Cu,Sb—C, and Si—Co—C), and others such as alloying
metal or semi-metal alloys combined with C and/or S10_ to
form such composites alloys.

[0227] Inaccordance with this aspect of the disclosure, the
cell 1s constructed in the discharged state, and typically 1n
the fully discharged state using for instance an aqueous
catholyte having dissolved therein Li1,S. In preferred
embodiments, to enhance the net capacity of the cell, solid
phase L1,S may be incorporated on the cathode side of the
cell out of contact with the anode electroactive material but
in contact with the catholyte, and typically at least a portion
of the Li1,S 1n contact with the cathode; however, the
disclosure 1s not meant to be limited as such and 1t is
contemplated herein that the Li,S may be loaded 1n a
separator component disposed between the anode protective
membrane architecture and the cathode, or disposed in a
region of the cell removed from the electron transier
medium, the Li12S 1n a remote region nearby the cathode but
not necessarily in contact with the electron transfer medium
(e.g., not 1n contact with the electron transfer medium). In
operation the instant cell 1s caused by a user or the cell
manufacturer to undergo an 1initial charging step. During
charge lithrum intercalates into the anode (e.g., into the
clectroactive carbon) and active sulfur 1s electro-oxidized at
the electron transfer medium.

[0228] In vyet another embodiment rather than load the
protected anode with an electroactive layer, lithium metal 1s
plated onto a current collector disposed adjacent to the
protective membrane architecture (e.g., a copper fo1l current
collector). By this expedient, the entirety of the metal
lithium 1s denived from the reduced lithium polysulfide
species 1n the electrolyte and electro-reduced to form the
lithium within the anode. By this expedient, the cell is
assembled 1n a state wherein the protected anode 1s not only
devoid of active lithium it 1s entirely devoid of an electro-
active material prior to the mnitial charging operation. This
embodiment 1s particularly advantageous as it provides a
highly cost effective technique for effectively fabricating an
aqueous lithium metal sulfur battery without having to
supply lithium metal i foil or coated form on a current
collector substrate because the entirety of the lithtum metal
1s generated as a result of electrochemically charging the
cell. In some embodiments 1t 1s preferable to have a thin
wetting layer on the surface of the current collector (e.g., an
aluminum layer) or a thin layer of lithium pre-deposited on
the current collector (e.g., less than 20 micron layer) prior to
cell assembly, the thin layer of lithium serving to provide a
surface for facile electrochemical lithium deposition.

[0229] Flow Cell and Flow Cell System

[0230] With reference to FIG. 6 there 1s 1illustrated a
representative embodiment of an aqueous lithium sulfur
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flow cell battery system 600 in accordance with this aspect
of this disclosure. The system includes a reactor cell 660 1n
which there 1s positioned a lithium anode 120 and a sulfur
cathode 110 configured, 1n one embodiment, 1 a spatially
apart relationship, therewith defining an inter-electrode
region 650 through which an aqueous sulfur catholyte 1s
caused to flow during operation. In various embodiments the
lithium anode 1s a protected lithium electrode as described
above and the sulfur cathode likewise as described above. In
a slightly modified embodiment the sulfur cathode, a porous
three dimensional body, 1s positioned 1n direct contact with
the first surface of the protected anode solid electrolyte
membrane architecture (1.e., not 1n a spatially apart relation-
ship) and the aqueous catholyte 1s caused to flow 1nto the
pores of the cathode structure.

[0231] Continuing with reference to FIG. 6 the system
further comprises an external reservoir system, which may
take the form of a storage tank 620 for storing the aqueous
sulfur catholyte to be flowed through the inter-electrode
region or channel. The reservoir system may also include
pipeworks 610 for tluidly coupling the tank to the reactor,
and a pump 603 for circulating the electrolyte through the
channel. The pipeworks may have valves (not shown) for
closing or opening the reactor cell to the storage tank. The
pump may be operated for circulating the electrolyte through
the channel, and the valves may be used to control the flow
of catholyte through the reactor.

[0232] The aqueous catholyte provides the electroactive
sulfur species, which are electrochemically reacted at the
sulfur electrode during charge and discharge. In operation,
the aqueous catholyte from the storage tank 1s caused to flow
by and/or through the sulfur cathode, and dissolved poly-
sulfide species are electro-reduced when the system 1s
delivering electricity (during discharge) and electro-oxi-
dized when storing electricity on charge.

[0233] Since the ampere-hour capacity of the cathode 1s
provided by the aqueous catholyte in the storage tank, the
sulfur cathode 1s typically assembled in the reactor cell
devoid of elemental sulfur. For instance, the sulfur cathode
may be a carbon matrix optionally coated with a catalyst to
facilitate polysulfide redox while mhibiting hydrogen evo-
lution. Moreover, during system assembly, while the lithium
clectroactive material of the anode may be incorporated in a
tully charged state (e.g., 1n the form of a lithium metal foil),
in preferred embodiments 1t 1s an 1ntercalation material or
alloy material that is incorporated in the fully discharged
state (1.e., devoid of any active lithium). Carbon matenals
such as graphitic or synthetic carbons capable of reversibly
intercalating lithtum are a particularly suitable lithium elec-
troactive material for use in the instant flow cell system.
Others include lithium alloying materials, as described
above, such as silicon and tin which are capable of revers-
ibly absorbing/desorbing lithium electrochemically, as well
as composite carbon silicon materials.

[0234] Held in the storage tank, the aqueous catholyte
cllectively provides the cathode fuel for the electrochemical
reaction at the sulfur cathode, and the aqueous catholyte
embodiments described above with reference to the battery
cell embodiment 1llustrated 1n FIG. 1 are suitable for use
herein as a cathode fuel. The aqueous catholyte fuel com-
prises polysulfide species dissolved i water. In embodi-
ments the concentration of the dissolved polysulfide species
in the aqueous electrolyte 1s in the range of 0.5 to 1 molar
sulfur, 1 to 2 molar sulfur, 2 to 3 molar sulfur, 3 to 4 molar
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sulfur, 4 to 5 molar sulfur, 5 to 6 molar sulfur, 6 to 7 molar
sulfur, 7 to 8 molar sulfur, 8 to 9 molar sultur, 9 to 10 molar
sulfur, and in some embodiments the concentration of poly-
sulfide species 1s greater than 10 molar sulfur, greater than
11 molar, greater than 12 molar, greater than 13 molar,
greater than 14 molar, greater than 15 molar, and greater
than 16 molar. In other embodiments a catholyte of like
sulfur concentration as that of the ranges listed immediately
above 1s based on one or more alcohol solvents or comprises
an alcohol solvent as an additional component of the aque-
ous catholyte. Particularly suitable such alcohols include
those described above and especially methanol, ethanol, and
glycols (list others here).

[0235] In one embodiment the system 1s assembled with
the lithrum electroactive material in the discharged state
(e.g., carbon intercalation material devoid of intercalated
lithium), and the aqueous catholyte comprising highly
reduced polysulfide species, e.g., dissolved Li1,S. For
example, the aqueous catholyte can be a solution of about 3
molar L1,S dissolved 1in water, and 1s typically greater than
1 molar L1,S. Aqueous sulfur catholyte storage tanks having
enhanced sulfur capacity (1.e., greater sulfur capacity per
unit volume) may be achieved by adding additional solid
lithium sulfide to the catholyte beyond its solubility limuit
(1.e., a saturated water solution of L1,S). Because of the fast
kinetics of lithium sulfide dissolution 1n water, additional
catholyte capacity may be added to the tank by dispersing or
suspending solid phase lithtum sulfide in the aqueous catho-
lyte.

[0236] Continuing with reference to the above embodi-
ment, the system 1s assembled 1n the fully discharged state
so 1t must undergo an 1nitial charge reaction to lithiate the
carbon intercalation material. The initial charge may be
conducted via electro-oxidation of the reduced aqueous
catholyte (e.g., 3 molar L1,S water solution) or a condition-
ing catholyte formulation comprising lithium may be used,
for instance one 1 which sulfur 1s not the electroactive
species. For example, the mitial charge may be completed by
using a water based lithium nitrate catholyte solution that 1s
circulated or caused to tlow past the cathode, whereupon the
water 1s electro-oxidized and oxygen evolved, while at the
anode lithium 10ons from the conditioning catholyte electro-
reductively intercalate into the carbon. The conditioning
catholyte flowing through the channel may be electro-
oxidized until the reaction i1s complete and the carbon 1is
suiliciently or fully lithiated. Thereafter, the conditioning
catholyte tank 1s replaced by a tank of aqueous sulfur
catholyte.

[0237] In embodiments wherein the lithtum electroactive
material 1s fully or mostly charged via the lithiation step
described above (e.g., by using a conditioning catholyte), the
aqueous catholyte may then be formulated 1n an oxidative or
highly oxidative state; for instance, as elemental sulfur
dispersed or suspended in a water solution typically also
comprising a dissolved lithium salt (e.g., lithium hydroxide)
to support the 1onic current. It 1s contemplated that solvents
capable of dissolving elemental sulfur such as toluene may
be added to the catholyte 1n order to dissolve some of the
dispersed solid sultfur and by this expedient facilitate electro-
reduction at the sultur cathode.

[0238] Various compositions of the as formulated catho-
lyte storage tanks are contemplated. In various embodiments
the tlow cell 1s operated such that the active stoichiometric
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lithium sulfur ratio 1s L1,S, with (1<x<5), (x=5), or (x>5),
with a sulfur concentration in the range of 1 to 16 molar.
[0239] In the aforementioned flow cell embodiments, the
lithium electroactive material 1s stationary, which 1s to mean
that 1t 1s non-tlowing and incorporated as a component of the
protected lithium electrode, e.g., typically in the form of a
layer such as a sintered layer or a coating on a current
collector as 1s well known 1n the field of lithtum 1on
batteries. Thus, the capacity of the anode 1s set once the
coating 1s formed and the system 1s assembled.

[0240] In an alternative embodiment, with reference to the
flow cell system 700 illustrated 1n FIG. 7, the structure of
FIG. 6 1s supplemented by a reactor cell 760 configured for
through flow of a tflowable lithium electroactive material
(e.g., an electroactive lithium slurry) between an anode
current collector 122 on which the electrochemical reactions
take place and the second surface of a substantially imper-
vious lithium 1on conducting membrane architecture 126.
Flowable lithum electroactive materials suitable for use

heremn are described in US Patent Application Pub. Nos.:
2011/0200848 of Chiang et al., published Aug. 18, 2011 and

2010/0323264 of Chiang et al., published Dec. 23, 2011, and
cach of these 1s hereby incorporated by reference for all that
they contain 1n this regard. Generally these are anode
particles dispersed 1n an ionically conductive carrier fluid
that 1s compatible with the anode particles over the range of
oxidation state encompassing full charge to full discharge.
Particularly suitable anode particulates are intercalation car-
bons or alloy materials such as silicon, or a combination of
these (e.g., carbon-silicon composite). The anode current
collector 122 1s disposed 1n the cell 1n spaced relation to the
protective membrane architecture, thus defimng a channel
702 through which the lithium electroactive slurry 1s caused
to flow, for mstance via pumping action. The tlow system
includes a second external reservoir system for the lithium
anode, which may take the form of a storage tank 720B for
storing the lithium anode slurry and pipeworks 710B for
fluidly coupling the tank to the reactor cell, and a pump
703B for circulating the slurry through the channel, similar
to that which 1s described above for circulating the sulfur

catholyte.
[0241] Conclusion
[0242] Various embodiments have been described 1n this

disclosure. However a person of ordinary skill in the art will
recognize that various modifications may be made to the
described embodiments without departing from the scope of
the claims. Accordingly, the present embodiments are to be
considered as 1llustrative and not restrictive, and the claimed
invention 1s not to be limited to the details given herein.

1-141. (canceled)
142. An electrochemical device component comprising:
an aqueous lithium sulfur battery cell comprising:
a lithium anode comprising electroactive lithium,
a cathode comprising an electron transfer medium, and
an aqueous electrolyte disposed in contact with the

electron transtfer medium but i1solated from direct
contact with the electroactive lithium; and

an electronic component interfacing with the battery cell
to prevent hydrogen evolution at the cathode during
cell discharge.

143. An electrochemical device component comprising:
an aqueous lithium sulfur battery cell comprising:

a lithium anode comprising electroactive lithium,

a cathode comprising an electron transfer medium, and
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an aqueous electrolyte disposed in contact with the
clectron transter medium but isolated from direct
contact with the electroactive lithium; and
an electronic component interfacing with the battery cell
to prevent the formation of oxysulfur compounds at the
cathode during cell discharge.
144. An electrochemical device component comprising:
an aqueous lithium sulfur battery cell comprising:
a lithium anode comprising electroactive lithium,
a cathode comprising an electron transfer medium, and
an aqueous electrolyte disposed in contact with the
clectron transfer medium but isolated from direct
contact with the electroactive lithium; and
an electronic component mnterfacing with the battery cell
to prevent hydrogen evolution at the cathode during
cell discharge and prevent the formation of oxysuliur
compounds at the cathode during cell charge.
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